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Preface

These informal notes are largely concerned with metric spaces, sequences and
series, and continuous mappings. In particular, compactness, completeness,
connectedness, and related notions will play central roles.

There are many textbooks in analysis, in which the reader can find much
more information. These notes are intended to complement such textbooks,
some of which can be found in the bibliography.

The abstract notion of a metric space is one of the main topics discussed in
these notes, and is defined in Section 1.1. Basic examples include the real line,
the complex plane, and n-dimensional FEuclidean spaces, with their standard
Euclidean metrics.

Some important properties of the real numbers that will be needed here are
discussed in Sections 1.2 and 1.3. Some readers may be familiar with properties
like these already, and otherwise more information can be found in many texts,
including ones in the bibliography.

Many readers probably have at least some familiarity with sequences and
series of real numbers. Here we shall consider convergence of sequences in arbi-
trary metric spaces, as well as some topics related to infinite series of real and
complex numbers. As usual, we shall focus on some of the more theoretical
aspects, rather than some of the typical examples that many readers may have
seen previously.

One of the motivations for the study of continuity and convergence is the
theory behind calculus. Some readers may have some familiarity with this al-
ready, and otherwise some of the results discussed here can be used to make
precise well-known arguments related to differentiation and integration. Some
related matters will be discussed beginning in Chapter 5.

Some additional topics related to those discussed here will be mentioned in
Section 4.15. Some related aspects of history may be found in [7, 8, 12, 13, 27,
32, 33, 34, 35, 59, 60, 63, 76, 83, 84, 85, 87, 89, 90, 91, 92, 93, 95, 108, 110,
125, 144, 188], for instance. Some related songs may be found in [148, 149, 150].
Some remarks concerning the clarity of explanations in mathematics may be
found in [94]. The reader may also be interested in [25].

A question came up about the axiom of choice, and we shall not deal with this
much here. The axiom of choice is implicitly used in some proofs, particularly
with a sequence of choices. Sometimes the axiom of choice is implicitly used,
and a slightly different argument would not require it. A very nice reference
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for some topics like these is [122]. Some more information may be found in
[104, 165], for instance.

Countability and uncountability of sets are discussed at the beginning of
Chapter 2, without getting into cardinalities of sets too much. This is discussed
further in [122] too. The reader may also be interested in Gédel’s paper [77] on
the continuum hypothesis. This is mentioned in [122] as well.

I would like to dedicate these notes to the memory of my undergraduate
advisor, Dr. Richard M. Summerville.
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Chapter 1

Metric spaces

1.1 The definition, and some examples

Definition 1.1.1 A metric space is a set M together with a nonnegative real-
valued function d(x,y) defined for x,y € M that satisfies the following three
conditions. First, for each x,y € M, we have that

(1.1.2) d(z,y) =0 if and only if = =wy.

Second, d(x,y) should be symmetric in x and y, so that

(1.1.3) d(z,y) = d(y,x) for every x,y € M.

The third condition is that

(1.1.4) d(z,z) < d(z,y) +d(y,z) for every x,y,z € M,

which is called the triangle inequality. Under these conditions, d(-,-) is said to

define a metric on M.

1.1.1 The standard Euclidean metric on the real line

As a basic example, the real line R is a metric space with respect to the standard
Euclidean metric. If z is a real number, then the absolute value |z| of x is defined
as usual by

(1.1.5) |t = = whenz>0
= —x when z <0.

It is well known and not difficult to see that
(1.1.6) |z +y| < |z| + |y

for every z,y € R. More precisely, we have equality in (1.1.6) when z and y
have the same sign, and otherwise there is some cancellation in the left side.
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2 CHAPTER 1. METRIC SPACES

The standard FEuclidean metric on R is defined by
(1.1.7) d(z,y) = |z —yl.

One can check directly that this satisfies the requirements of a metric on R. In
particular, (1.1.4) follows from (1.1.6) in this situation.

1.1.2 The standard Euclidean metric on R"

Let n be a positive integer, and let R™ be the usual space of n-tuples of real
numbers. Thus an element of R™ can be given as

(118) T = (xla"'axn)a
where x1,...,2z, € R. The standard Euclidean metric on R" is defined by
n 1/2
(1.1.9) d(z,y) = (Z(xj - yj)Q) )
j=1

using the nonnegative square root on the right side. It is easy to see that this
satisfies the first two requirements (1.1.2), (1.1.3) of a metric. It is well known
that (1.1.9) satisfies the triangle inequality (1.1.4), but this is more complicated
when n > 2, and we shall not give a proof here.

1.1.3 Some more metrics on R"

One can check that

n

(1.1.10) d(z,y) =Y |z; -yl
j=1
and
1/ _ L .
(1.1.11) d"(z,y) = max |z; —yjl

also define metrics on R™. In particular, the triangle inequality for (1.1.10)
and (1.1.11) can be obtained from (1.1.6). If n = 1, then (1.1.9), (1.1.10), and
(1.1.11) are all the same as (1.1.7).

1.1.4 The discrete metric
Let M be any set. If x,y € M, then put

(1.1.12) dlz,y) = 0 whenzx=y
= 1 when z #y.

One can check that this defines a metric on M. This is called the discrete metric
on M.



1.2. SUPREMUM AND INFIMUM 3

1.1.5 Subsets of metric spaces

Now let (M, d(z,y)) be an arbitrary metric space, and let E be a subset of M.
It is easy to see that the restriction of d(z,y) to x,y € E defines a metric on E.
Thus E may be considered as a metric space as well, using this metric.

1.2 Supremum and infimum

Definition 1.2.1 Let A be a subset of the real line. A real number b is said to
be an upper bound for A if for every a € A we have that a <b. A real number
¢ is said to be the least upper bound or supremum of A in R if it satisfies the
follwing two conditions. First,

(1.2.2) ¢ is an upper bound for A.
Second,
(1.2.3) if b € R is an upper bound for A, then ¢ <b.

It is easy to see that such a ¢ is unique when it exists. More precisely, if
c,c’” € R both satisfy these two conditions, then one can check that ¢’ < ¢”
and ¢’ < ¢’. This implies that ¢’ = ¢’, as desired.

1.2.1 The least upper bound property of R

An important feature of the real numbers is the least upper bound property. This
says that if A is a nonempty subset of R with an upper bound in R, then A has
a least upper bound in R. As before, we shall also refer to this as the supremum
of A in R, which may be denoted sup A.

The least upper bound property is an important difference between the real
line and the set Q of rational numbers. If A is a nonempty subset of Q with an
upper bound in Q, then the supremum of A in R may not be an element of Q.

There are well-known ways in which R can be obtained from Q, but we shall
not pursue this here.

1.2.2 Lower bounds and the infimum

Definition 1.2.4 Let A be a subset of R again. A real number y is said to be
a lower bound for A if for every x € A we have that y < z. A real number z
is said to be the greatest lower bound or infimum of A in R if it satisfies the
following two conditions. First,

(1.2.5) z is a lower bound for A.

Second,
(1.2.6) if y € R is a lower bound for A, then y < z.
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One can check that such a z is unique when it exists, as before. In this case,
z may be denoted inf A.

If A is not the empty set § and A has a lower bound in R, then A has a
greatest lower bound in R. To see this, put

(1.2.7) B ={y € R:yis alower bound for A}.

Thus B # @, by hypothesis, and every element of A is an upper bound for B.
The least upper bound property for R implies that B has a least upper bound
in R. One can verify that sup B also satisfies the requirements of the greatest
lower bound for A, as desired.

Alternatively, let —A be the set of real numbers of the form —a, with a € A.
Of course, —A # (), because A # ). If y € R is a lower bound for A, then —y is
an upper bound for —A. Hence —A has a supremum in R. One can check that
—sup(—A) satisfies the requirements of the infimum of A.

1.3 Additional properties of R

The archimedean property of the real numbers is the following:

(1.3.1) if x and y are positive real numbers, then

there is a positive integer n such that y < nz.
Here is another important property of the real line:
(1.3.2) if a,b € R and a < b, then there is an r € Q such that a < r <.

It is not too difficult to see that each of these two properties implies that other.
There is a well-known argument by which the archimedean property can be
obtained using the least upper bound property of R. Alternatively, (1.3.2) can
be obtained from standard constructions of R from Q.

1.3.1 Existence of nth roots

Let x be a positive real number, and let n be a positive integer. It is well known
that there is a unique positive real number y such that

(1.3.3) y" =

The uniqueness of y can be verified directly, but the existence of y is more
complicated. Let A be the set of nonnegative real numbers ¢ such that

(1.3.4) t" < .

Note that 0 € A, so that A # (). If z < 1, then it is easy to see that 1 is an
upper bound for A. Otherwise, if > 1, then one can check that x is an upper
bound for A. In both cases, A has an upper bound in R, which implies that A
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has a supremum in R. It is well known that y = sup A satisfies (1.3.3), but we
shall not prove this here.

If m is another positive integer, then one can define /™ to be the positive
nth root of ™ > 0. Using this, one can define " when r € Q and r >
0. More precisely, one can verify that this does not depend on the particular
representation for r as a ratio of positive integers. Note that " > 1 when x > 1,
and 2" <1 when z < 1.

If t is a positive real number, then one can define x! as a positive real number
too. More precisely, if > 1, then one can take z! to be the supremum of the set
of positive real numbers of the form x", where r € Q and 0 < r < ¢. Otherwise,
if 0 < x <1, then one can reduce to the previous case, by considering 1/z.

1.4 Open balls and open sets
Let (M,d(x,y)) be a metric space.

Definition 1.4.1 If x is an element of M and r is a positive real number, then
the open ball in M centered at x with radius r is defined to be the set of y € M
such that d(z,y) <r, ie.,

(1.4.2) B(z,r)={y e M :d(z,y) <r}.

A subset U of M is said to be an open set in M with respect to d(-,-) if for
every x € U there is a positive real number r such that

(1.4.3) B(z,r) CU.

Note that M is automatically an open subset of itself. The empty set is an
open set in M as well.

1.4.1 Open balls are open sets

Proposition 1.4.4 If z € M and t is a positive real number, then B(z,t) is an
open set in M.

To see this, let an element z of B(z,t) be given. Thus d(z,z) < ¢, so that
r=1t—d(z,z) > 0. It suffices to show that

(1.4.5) B(x,r) C B(z,t).

To do this, let y be an arbitrary point in B(z, ), so that d(x,y) < r. Using the
triangle inequality, we get that

(1.4.6) dly,z) < d(y,z)+d(z,2) <r+d(z,z) =t

This means that d(y,z) < t, and hence y € B(z,t). This shows that (1.4.5)
holds, as desired.
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1.4.2 Some more open sets

Proposition 1.4.7 If z € M and t is a nonnegative real number, then
(1.4.8) V(z,t) ={w e M :d(z,w) >t}

s an open set in M.

To prove this, let © € V(z,t) be given, so that » = d(x,z) — ¢ > 0. Under
these conditions, one can use the triangle inequality to show that

(1.4.9) B(z,r) CV(z,1).

The details are left as an exercise.

1.4.3 Open intervals in R
If a and b are real numbers with a < b, then
(1.4.10) (a,0)={reR:a<z<b}

is the open interval in R from a to b. It is easy to see that this is an open set
in R, with respect to the standard Euclidean metric. This is the same as the
open ball in R centered at the midpoint (a + b)/2 of the interval with radius

(b—a)/2.

1.5 Limit points and closed sets

Let (M, d(z,y)) be a metric space, and let E be a subset of M.

Definition 1.5.1 A point p € M is said to be a limit point of E in M if for
every positive real number r there is a point ¢ € E such that d(p,q) < r and

PF#q.

Note that a limit point of E in M may or may not be an element of E.

1.5.1 A property of limit points

Proposition 1.5.2 If p € M is a limit point of E, then for each r > 0 there
are infinitely many elements of E in B(p,r).

Let » > 0 be given, and suppose for the sake of a contradiction that there
are only finitely many elements of F in B(p,r). Let q1,...,q, be a list of the
elements of E in B(p,r) that are not equal to p. Put

1.5.3 t= min d i
(1.5.3) nin d(p,g;),
which is a positive real number. By construction, there are no elements of E in

B(p,t), except perhaps p, contradicting the hypothesis that p be a limit point
of £'in M.
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1.5.2 Closed sets in metric spaces

Definition 1.5.4 A subset E of M is said to be a closed set with respect to
d(-,-) if for every p € M such that p is a limit point of E, we have that p € E.

If E C M has only finitely many elements, then the previous proposition
implies that F has no limit points in M, and hence that F is a closed set in M.
Observe that M is automatically a closed set in itself.

1.5.3 Closed intervals in R
If a,b € R and a < b, then the closed interval in R from a to b is defined by
(1.5.5) [a,b] ={zx e R:a <z <b}.

It is easy to see that this is a closed set in R, with respect to the standard
Euclidean metric.

1.5.4 Complements of subsets of M
If A and B are sets, then let A\ B be the set of points in A and not in B, i.e.,
(1.5.6) A\B={x€ A:z ¢ B}.

If M is a set and F is a subset of M, then M \ F is called the complement of
FE in M. In this case, we have that

(1.5.7) M\ (M\ E)=E.
Let (M, d(z,y)) be a metric space again.

Proposition 1.5.8 A subset E of M is a closed set if and only if M \ E is an
open set in M.

Suppose first that F is a closed set, and let us check that M \ E is an open
set. Let p € M \ E be given. Note that p is not a limit point of E, because
p & E and FE is a closed set. This implies that there is an r > 0 such that
B(p,r) does not contain any elements of E, except perhaps p. It follows that
B(p,r) does not contain any elements of F, because p ¢ E. Equivalently, this
means that
(15.9) B(p,r) C M\ E,
as desired.

Conversely, suppose that M \ F is an open set in M, and let us show that
E is a closed set. If p € M \ E, then there is an r > 0 such that (1.5.9) holds,
because M \ E is an open set. This is the same as saying that

(1.5.10) B(p,m)NE =.

In particular, this means that p is not a limit point of E in M. It follows that
every limit point of E in M is contained in F, as desired.

Using the proposition, we get that a subset U of M is an open set if and
only if M \ U is a closed set. More precisely, this follows from the proposition
with E = M\ U.
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1.6 Unions, intersections, and closures

Let (M,d(z,y)) be a metric space.

1.6.1 Finite intersections of open sets

Proposition 1.6.1 If Uy,...,U, are finitely many open subsets of M, then
their intersection ﬂ?zl U; is an open set in M as well.

Let = be an arbitrary element of ﬂ;;l Uj, so that x € U; for each j =

1,...,n. Thus, for each j = 1,...,n, there is a positive real number r; such
that
(162) B(I’,T’j) Q Uj

because U; is an open set in M. Put

(1.6.3) r=min(ry,...,r),
and note that r > 0. Clearly

(1.6.4) B(z,r) C B(z,rj) CU;

for each j =1,...,n, so that

(1.6.5) B(z,r) C ﬁ U;,

j=1

as desired.

1.6.2 Finite unions of closed sets

Corollary 1.6.6 IfE1,..., E, are finitely many closed subsets of M, then their
Union U?:1 Ej; is a closed set too.

It suffices to show that the complement M \ (U?Zl Ej> of the union is an

open set in M, by Proposition 1.5.8. It is well known and not difficult to check
that

n n

(1.6.7) M\ ( U Ej) O (M\Ej).

j=1 j=1
We also have that M \ E; is an open set in M for each j = 1,...,n, because
E; is a closed set by hypothesis. Proposition 1.6.1 implies that the right side of
(1.6.7) is an open set in M, as desired.
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1.6.3 Arbitrary unions of open sets

Proposition 1.6.8 Let A be a nonempty set, and suppose that U, is an open
subset of M for each o € A. Under these conditions, | J U, is an open set
m M.

acA

Let x € UaeA U, be given, so that there is an index ag € A such that
x € Uy,. Because U,, is an open set in M, by hypothesis, there is a positive
real number r such that

(1.6.9) B(z,r) C Ug,-

This implies that

(1.6.10) B(x,r) C | J Ua,
acA

as desired.

1.6.4 Arbitrary intersections of closed sets

Corollary 1.6.11 If A is a nonempty set, and E,, C M is a closed set for each
a € A, then (e g Eo is a closed set in M.

One can verify that

(1.6.12) M\ ( N Ea) = J M\ Ey),

acA acA

as before. Note that M \ E, is an open set for every a € A, because E, is a
closed set, by hypothesis. Thus the right side of (1.6.12) is an open set too, by
Proposition 1.6.8. This implies that [ .4 Fo is a closed set, by Proposition
1.5.8.

Alternatively, suppose that p € M is a limit point of (), Eo. If B is
any element of A, then one can check that p is a limit point of Ej3, because
MNaca Lo € Eg. This implies that p € Eg, because Ejg is a closed set in M.
It follows that p € (), c4 Ea, because the previous statement holds for every
B € A. This shows that (1, 4 Eu contains all of its limit points in M, as desired.

1.6.5 Closures of subsets of M

Definition 1.6.13 Let E be a subset of M. The closure of E in M is the set
E consisting of all p € M such that p € E, p is a limit point of E, or both.

IfECMisa closed set, then E = E, because E contains its limit points
in M. Conversely, if £ = E, then E contains all of its limit points in M, and

hence E is a closed set.

Proposition 1.6.14 If E is any subset of M, then E is a closed set in M.
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It is enough to show that M \ E is an open set in M, as in Proposition 1.5.8.
Let p € M\ E be given, so that p ¢ E and p is not a limit point of E. The latter
implies that there is a positive real number r such that B(p,r) does not contain
any elements of E, other than p. This means that B(p,r) does not contain any
elements of F, because p ¢ E. Equivalently, B(p,r) C M \ E. Using this, one
can verify that

(1.6.15) B(p,r) C M\ E,

as desired. Alternatively, one can show that every limit point of Ein M is a
limit point of E, and hence an element of F.

1.7 Compactness

Let (M,d(z,y)) be a metric space, and let K be a subset of M.

Definition 1.7.1 A family {U, }aca of open subsets of M is said to be an open
covering of K in M if

(1.7.2) K< | Ua
acA

If every open covering of K in M can be reduced to a finite subcovering of K,
then K is said to be compact in M. More precisely, K is compact in M if
for every open covering {Us}aca of K in M, there are finitely many indices
Qay, ..., an € A such that

(1.7.3) K| JUa,
j=1
It is easy to see that finite subsets of M are compact.

1.7.1 An example of a compact set in the real line

Let us consider a couple of examples in the real line, equipped with the standard
Euclidean metric. Consider

(1.7.4) K={0U{l/j:jeZ,},

where Z_ denotes the set of positive integers. We would like to show that this
set is compact in R. To do this, let {U,}aca be an arbitrary open covering of
K in R. In particular, there is an ay € A such that 0 € U,,, because 0 € K.
This implies that there is a positive real number r such that

(1.7.5) (=7r,7) C Uays

because U,, is an open set in R. Let n be a positive integer such that 1/r < n,
as in the archimedean property for R. Equivalently, 1/n < r. If n = 1, then it
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follows that K C U,,. Otherwise, if n > 1, then for each j =1,...,n—1, let o
be an element of A such that 1/j € Uy,. Under these conditions, we get that

(1.7.6) K C | U,

as desired.

1.7.2 An example of a noncompact subset of R

Next, let us show that the open unit interval (0, 1) is not compact in R. Thus
we would like to find an open covering of (0,1) in R for which there is no finite
subcovering. One way to do this is to use the family of open intervals of the
form (1/4,1), where j is a positive integer greater than or equal to two. Each of
these open intervals is an open set in R with respect to the standard Euclidean
metric, and it is easy to see that

(1.7.7) U1 =01,

However, one can check that (0, 1) is not contained in the union of finitely many
of these intervals. More precisely,

(1.7.8) (1/5,1) € (/G +1),1)

for each j > 2. This implies that the union of finitely many intervals of the form
(1/4,1) is equal to a single such interval.

1.7.3 The limit point property
Let (M,d(z,y)) be any metric space again.

Definition 1.7.9 A subset E of M is said to have the limit point property if
for every subset L of E such that L has infinitely many elements, there is a
point p € E that is a limit point of L in M.

If E C M has only finitely many elements, then F automatically has the
limit point property.
1.7.4 Compact sets have the limit point property
Proposition 1.7.10 If K C M is compact, then K has the limit point property.

Let L be an infinite subset of K, and suppose for the sake of a contradiction
that L has no limit point in K. Let p € K be given, so that p is not a limit point
of L. This means that there is a positive real number r(p) such that B(p, r(p))
does not contain any elements of L, except perhaps p itself. The family of open
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balls B(p,r(p)) of this type, with p € K, is an open covering of K, because
p € B(p,r(p)) for each p € K. If K is compact, then there are finitely many
elements pq,...,p, of K such that

C=

(1.7.11) K | Bpjr(p;))-

1

.
Il

In particular, it follows that

(1.7.12) L < \JBpj,r(p;)),

-

I
-

J

because L C K, by hypothesis. This implies that L has at most n elements,
because p; is the only element of B(p;,r(p;)) that can be in L. This contradicts
the hypothesis that L have infinitely many elements, as desired.

1.8 Bounded sets

Let (M,d(z,y)) be a metric space.

Definition 1.8.1 A subset E of M is said to be bounded in M with respect to
d(-,-) if there is a point p € M and a positive real number r such that

(1.8.2) E C B(p,r).

The empty set is considered to be a bounded set in M, even when M = ().

1.8.1 Compact sets are bounded

Proposition 1.8.3 If K C M is compact and p € M, then there is a positive
real number r such that

(1.8.4) K C B(p,r).

Let p € M be given, and observe that

(1.8.5) U B.j) =M.

j=1
It follows that the family of open balls B(p, j), j € Z, is an open covering of K
in M. If K is compact, then there are finitely many positive integers j1, ..., jn
such that

C =

(1.8.6) K < {J B(p.ji)-
!

This implies that (1.8.4) holds with

1

(187) r:max(jla-"vjn)a

as desired.
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1.8.2 Sets with the limit point property are bounded

Proposition 1.8.8 If E C M has the limit point property and p € M, then
there is a positive real number r such that E C B(p,r).

Suppose for the sake of a contradiction that for each positive integer j,
(1.89) E ¢ B(p,j).

Thus, for each positive integer j, there is an element of E whose distance to p
is at least j. Let us now choose, for each positive integer j, such a point z; € E
with

(1.8.10) d(p.z}) > j.
Let
(1.8.11) L={z;:jeZ}

be the set of points in E that have been chosen in this way.

Suppose for the sake of a contradiction that L has only finitely many ele-
ments. This implies that there is an « € E such that = z; for infinitely many
J. In this case, we would have that

(1.8.12) d(p,z) = j

for infinitely many positive integers j, by (1.8.10). However, the archimedean
property for R implies that there is a positive integer n such that d(p,x) < n,
so that (1.8.12) holds for only finitely many j € Z.

Thus L has infinitely many elements. If E has the limit point property, then
there is a point ¢ € E such that ¢ is a limit point of L in M. In particular, this
implies that B(g, 1) contains infinitely many elements of L, as in Proposition
1.5.2. Tt follows that
(1.8.13) d(g,z;) <1

for infinitely many j € Z,, by the definition (1.8.11) of L. Using this and the
triangle inequality, we get that

(1.8.14) d(p,x;) < d(p,q) +d(g,x;) < d(p,q) +1

for infinitely many j € Z;. Combining this with (1.8.10), we obtain that
(1.8.15) j<dp.q)+1

for infinitely many j € Z. This is a contradiction, because (1.8.15) holds for
only finitely many positive integers j, as before.

1.9 Compactness and closed sets

Let (M,d(x,y)) be a metric space.
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1.9.1 Compact sets are closed

Proposition 1.9.1 If K C M is compact, then K is a closed set in M.

Let p € M \ K be given, and let us show that p is not a limit point of K.
If j is a positive integer, then V(p,1/j) consists of the elements of M whose
distance to p is larger than 1/j, as in (1.4.8). Remember that this is an open
set in M, as in Proposition 1.4.7. It is easy to see that

(1.9.2) U (p,1/5) = M\ {p}.

This implies that the family of sets V(p,1/j), j € Z, is an open covering of K
in M, because p € M \ K, by hypothesis.

If K is compact, then there are finitely many positive integers ji, ..., j, such
that
n
(1.9.3) U (. 1/42)-

This means that
(1.9.4) K CV(p,r),

where r is the positive real number defined by
(1.9.5) 1/r = max(j1,...,Jn)-

In particular, there are no elements of K in B(p,r), so that p is not a limit point
of K, as desired.

1.9.2 Closed sets contained in compact sets are compact

Proposition 1.9.6 Suppose that K C M is compact, and that E C M is a
closed set. If E C K, then E is compact in M.

To see this, let {Uy}aca be an arbitrary open covering of E in M. Note
that M \ E is an open set, because F is a closed set, as in Proposition 1.5.8.
We also have that

(1.9.7) KCM=EU(M\E)C (UU) (M \ E).
acA

This implies that the collection of U,, o € A, together with M \ E, forms an
open covering of K in M.

If K is compact, then there are finitely many indices aq,...,a, € A such
that

(1.9.8) (O ) (M\ E).
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In particular, this means that
(1.9.9) EC ( U Uaj) UM\ B),
j=1
because E C K, by hypothesis. Of course, this implies that
(1.9.10) EC | U,
j=1

as desired.

1.10 Relatively open sets

Let (M, d(x,y)) be a metric space, and let Y be a subset of M. Remember that
the restriction of d(z,y) to x,y € Y defines a metric on Y, so that ¥ may be
considered as a metric space as well.

Definition 1.10.1 A subset E of Y is said to be relatively open in Y if E is
an open set in'Y with respect to the restriction of d(z,y) to z,y €Y.

Suppose for instance that M = R?2, equipped with the standard Euclidean
metric, and Y is a line in R?. One can have open line segments in Y that are
relatively open in Y, and not open as subsets of M.

Let (M,d(z,y)) be any metric space again, and let Y be a subset of M. If
x € Y and r is a positive real number, then let By (x,r) be the corresponding
open ball in Y, with respect to the restriction of d(-,-) to Y. Thus

(1.10.2) By(z,r)={yeY :d(z,y) <r} = B(z,r)NY,

where we continue to use B(z,r) for the open ball in M centered at z with
radius . By definition, a subset E of Y is relatively open in Y if and only if for
every x € E there is an r > 0 such that

(1.10.3) By (z,r) C E.

1.10.1 A characterization of relatively open subsets of V'

Proposition 1.10.4 A subset E of Y is relatively open in Y if and only if there
s an open subset U of M such that

(1.10.5) E=UnNY.

To prove the “if” part, suppose that U C M is an open set, and let us check
that £ = U NY is relatively open in Y. Let x € E be given, so that z € U
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in particular. Because U is an open set in M, there is an » > 0 such that
B(z,r) CU. This implies that

(1.10.6) By(z,r)=B(z,r)NY CUNY =E,
as desired.

Conversely, suppose that F is a relatively open subset of Y. Thus, for each
x € E, there is a positive real number r(z) such that

(1.10.7) By (z,r(x)) C E.

Put

(1.10.8) U= Blx,r(x)).
rck

This may be interpreted as being the empty set when E = (). Observe that U
is an open set in M, because open balls are open sets, and a union of open sets
is an open set too, as in Propositions 1.4.4 and 1.6.8.

We would like to verify that (1.10.5) holds in this situation. It is easy to see
that E C U, because x € B(z,r(z)) for every x € E. This implies that

(1.10.9) ECUNY,

because F C Y, by hypothesis. Using the definition (1.10.8) of U, we get that

(1.10.10) UNY = ( U B(x,r(x))) nY = |J Bla,r(@)nY).
zeE z€E
It follows that
(1.10.11) UnY = |J By(z,r(x)) CE,
zelR

as desired, using (1.10.2) in the first step, and (1.10.7) in the second step.

1.10.2 Compactness and relatively open sets

Proposition 1.10.12 Let K be a subset of Y. Under these conditions, K is
compact as a subset of M if and only K is compact as a subset of Y, with respect
to the restriction of d(-,-) to Y.

Suppose first that K is compact as a subset of Y, and let us check that K
is compact as a subset of M. Let {U,}aca be an arbitrary open covering of K
in M. If « € A, then U, is an open subset of M, and hence U, NY is relatively
open in Y, by the previous proposition. We also have that

(1.10.13) Kg(LJ&JﬂY:lJﬂ@ﬁYL
acA acA
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because K is contained in each of (J,. 4 Ua and Y, by hypothesis. This shows
that {U, NY }4ca is an open covering of K in Y. If K is compact as a subset

of Y, then there are finitely many indices aq,...,a, € A such that
(1.10.14) K ¢ |Jw., nY).
j=1

This implies that K C U;l:l Uy, as desired.

Conversely, suppose that K is compact as a subset of M, and let us show
that K is compact as a subset of Y. To do this, let {F,}aca be an arbitrary
open covering of K in Y. This means that F, is a relatively open subset of Y
for each o € A, and that

(1.10.15) K< | Ea
acA

If o € A, then there is an open subset U, of M such that
(1.10.16) E,=U,NnY,

by Proposition 1.10.4. This leads to an open covering {Ugs }aea of K in M. If
K is compact in M, then there are finitely many indices aq,...,a, € A such
that K C (Jj_, Ua,. It follows that

(1.10.17) Kc(|Jva)ny = O(Uaj NY)=JEa,.

j=1 j=1 j=1

as desired, because K C Y.

1.11 Sequences of closed intervals

Proposition 1.11.1 Let I, I3, I3, ... be an infinite sequence of closed intervals
in the real line. If
(1.11.2) I C I

for every positive integer j, then
o0
(1.11.3) (1L #0.
j=1

If j € Z, then there are real numbers a;, b; such that
(1.11.4) aj S bj

and I; = [a;,b;], by the definition of a closed interval in Subsection 1.5.3. We
also have that
(1.11.5) aj S G541 and bj+1 S bj
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for every j > 1, because of (1.11.2). Put
(1.11.6) A={aj:jeZ,}.

Note that A # (), because a; € A.
Let us check that
(1.11.7) a; <b

for all positive integers j and [. If j <[, then
(1118) Qj <qaq < bl.
Similarly, if j > [, then

(1.11.9) a; < bj < bl.

Thus, for each positive integer [, b; is an upper bound of A. This implies that
the supremum of A exists in R, and satisfies

(1.11.10) sup A < b

for every I > 1. Of course, a; < sup A for every j > 1, by construction. It
follows that
(1.11.11) sup A € I;

for every j > 1, as desired.

1.11.1 Some more properties of the intersection of the I;’s

Put
(1.11.12) B={b:leZ,},

which is another nonempty set of real numbers. Using (1.11.7), we get that a;
is a lower bound for B for each j > 1. This means that the infimum of B exists
in R, and satisfies

(1.11.13) a; <inf B

for every j > 1. We also have that inf B < b; for every [ > 1, so that

(1.11.14) inf B € I

for every j > 1.
Observe that
(1.11.15) sup A <inf B,

by (1.11.10) or (1.11.13). One can check that

(1.11.16) () L = [sup A, inf B].
j=1

However, this is not needed for Proposition 1.11.1.



1.12. COMPACTNESS OF CLOSED INTERVALS 19

1.12 Compactness of closed intervals

Theorem 1.12.1 Let a and b be real numbers, with a < b. Under these con-
ditions, the closed interval I = [a,b] is a compact subset of the real line, with
respect to the standard Fuclidean metric.

Let {U,}aca be an arbitrary open covering of I in R, and suppose for the
sake of a contradiction that I cannot be covered by finitely many U,’s. Put

(1.12.2) L=]a,(a+b)/2] and R=[(a+b)/2,b],

which are the closed intervals corresponding to the left and right halves of I. In
particular,

(1.12.3) LUR=I,
and
(1.12.4) length(L) = length(R) = length(I)/2,

where length(I) = b—a is the usual length of an interval. It follows from (1.12.3)
that at least one of L and R cannot be covered by finitely many U,’s, because
of the analogous property for I. Let us now choose I; to be either L or R, in
such a way that I; cannot be covered by finitely many U,,’s.

1.12.1 A sequence of closed intervals

Continuing in this way, we can find an infinite sequence I, Io, I3, ... of closed
intervals in the real line with the following properties. First,

(1.12.5) I €I and [Ij4q C I for every j > 1.
Second,
(1.12.6) length(l) = length(I)/2 and

length(l;4+1) = length(I;)/2 for every j > 1.
Third,
(1.12.7) for each j € Z, I; cannot be covered by finitely many U, ’s.

More precisely, suppose that I; = [a;,b;] has been chosen in this way for
some positive integer j. Put

(1.12.8) Lj=laj,(a; +b;)/2] and R; = [(a; +b;)/2,bj],
so that

(1.12.9) I;=L;UR;

and

(1.12.10) length(L;) = length(R;) = length(I;)/2.

Using (1.12.7) and (1.12.9), we get that at least one of L; and R; cannot be
covered by finitely many U,’s. We take I;11 to be either L; or R;, in such a
way that I;;; cannot be covered by finitely many U, ’s.
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1.12.2 Using the nonemptiness of the intersection of the
Ij,S

Note that ﬂ‘;’;l I; # 0, by (1.12.5) and Proposition 1.11.1. Let 2 be an element
of ﬂ;’;l I;, which is also an element of I, because I; C I. This implies that
there is an ap € A such that z € U,,, because I is covered by the U,’s. It
follows that

(1.12.11) (x —rx+71) C Uy,

for some positive real number r, because U, is an open set in R. If j € Z is
sufficiently large, then one can check that

(1.12.12) length(I;) =277 length(I) < .
In this case, we have that
(1.12.13) I C(x—rx+71) CUs,,

because x € I;. This contradicts (1.12.7), as desired.

1.13 Cells in R"

Let n be a positive integer. If Aq,..., A,, are n sets, then their Cartesian product
may be denoted
(1.13.1) A x - x Ay
or
(1.13.2) 1T 4
j=1

This is the set of n-tuples @ = (a1,...,a,) such that a; € A; for each j =
1,...,n.

Now let ay,b1,...,an, b, be real numbers with a; < b; foreach j =1,...,n,
and put I; = [a;, b;] for every j =1,...,n. The Cartesian product

(1.13.3) c=1[5

of I,...,I, is called a cell in R™. The diameter of C' is defined by

n

(1.13.4) diam C = (Z(bj - aj)Q) 1/2.

j=1

This is the same as the maximum of the distances between elements of C, with
respect to the standard Euclidean metric on R”.
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1.13.1 Nested sequences of cells

Proposition 1.13.5 IfCy,Cs, Cs, ... is an infinite sequence of cells in R™ such
that
(1.13.6) Cit1 € C

for every positive integer I, then
(1.13.7) ()i #0.
1=1

This is the same as Proposition 1.11.1 when n = 1, and we can reduce to

that case otherwise. If [ € Z, then there are n closed intervals I; 4,...,I,; in
R such that .
(1.13.8) =] L

j=1
as in (1.13.3). Using (1.13.6), we get that
(1.13.9) I C 1,
for every positive integer [ and j = 1,...,n. This implies that
(1.13.10) ()L #0

1=1

for every j = 1,...,n, by Proposition 1.11.1. If z = (x1,...,2,) has the
property that

(1.13.11) vj € ()1
1=1

for each j =1,...,n, then

(1.13.12) re()C,
1=1

as desired.

1.13.2 Some unions of smaller cells

Proposition 1.13.13 If C is any cell in R™, then C can be expressed as the
union of 2" cells, each of which has one-half the diameter of C'.

As before, C' can be expressed as in (1.13.3), where I; = [a;,b;] is a closed
interval in R for each j = 1,...,n. Let L; = [a;,(a; + b;)/2] and R; =
[(a; +b;)/2,b;] be the left and right halves of I; for each j = 1,...,n, so that
I; = L UR; for every j = 1,...,n. Consider the cells in R" that can be
obtained by taking the Cartesian product of n closed intervals, where for each
Jj =1,...,n, the jth interval is either L; or R;. It is easy to see that there
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are 2™ of these cells. One can check that the union of these 2™ cells is equal
to C'. One can also verify that the diameter of each of these 2™ cells is equal
to diam C'/2. This uses the fact that the lengths of L; and R; are equal to
length(f;)/2 for each j =1,...,n.

1.14 Compactness of cells

Theorem 1.14.1 If C is a cell in R™ for some positive integer n, then C is
compact, with respect to the standard Euclidean metric on R".

Of course, this is the same as Theorem 1.12.1 when n = 1, and we can use
essentially the same argument here. Let {U, }oca be an arbitrary open covering
of C'in R™, and suppose for the sake of a contradiction that C' cannot be covered
by finitely many U,’s. Under these conditions, we can find an infinite sequence
of cells C1,C5, Cs, ... with the following properties. First,

(1.14.2) C; CCj_4 for every I > 1,
where we put Cy = C, for convenience. Second,

(1.14.3) diam C; = diam C}_1 /2 for every | > 1.
Third,

(1.14.4) for each | € Z, C; cannot be covered by finitely many U, ’s.

To see this, suppose that C; has already been chosen in this way for some
nonnegative integer [. Using Proposition 1.13.13, we can express C; as the
union of 2™ cells, each of which has one-half the diameter of C;. At least one
of these 2™ cells cannot be covered by finitely many U, ’s, because otherwise C;
could be covered by finitely many U,’s. We take Cj11 to be one of these 2™
cells, in such a way that Cj41 cannot be covered by finitely many U, ’s.

1.14.1 Using the nonemptiness of the intersection of the
Cl’S

It follows that ()2, C; # 0, by Proposition 1.13.5. Let x be an element of
M=, Ci, which is an element of C' in particular. Thus there is an ag € A such
that x € U,,. Because U,, is an open set in R", there is a positive real number
r such that

(1.14.5) B(z,1) C Ug,-

Here B(xz,r) is the open ball in R™ centered at x with radius r with respect to
the standard Euclidean metric. Let [ be a positive integer that is large enough
so that

(1.14.6) diam C; = 27" diam C' < 7.
It is easy to see that
(1.14.7) C; C B(z,r) C Uy,

because x € C). This contradicts (1.14.4), as desired.
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1.14.2 Closed and bounded subsets of R" are compact

Corollary 1.14.8 If E C R" is closed and bounded, with respect to the stan-
dard Fuclidean metric, then E is compact.

Indeed, one can find a cell C C R”™ such that E C C, because F is bounded
in R™. To get that F is compact, one can use the compactness of C' and the
hypothesis that E be a closed set, as in Proposition 1.9.6.

1.15 Totally bounded sets

Let (M,d(z,y)) be a metric space.

Definition 1.15.1 A subset E of M is said to be totally bounded with respect
to d(-,-) if for every positive real number r there are finitely many elements
ZT1,...,Ty of M such that

(1.15.2) EC O B(zj,r).

If £ = (), then this condition is interpreted as holding with n = 0, even if
M =10.

1.15.1 Compact sets are totally bounded
Proposition 1.15.3 If K C M is compact, then K is totally bounded.

Let » > 0 be given. The collection of open balls B(x,r) centered at el-
ements x of K and with radius r forms an open covering of K in M. If K
is compact, then there are finitely many elements x1,...,x, of K such that
K CUj_, B(zj,r), as desired.

1.15.2 The limit point property implies total boundedness

Proposition 1.15.4 If E C M has the limit point property, then E is totally
bounded in M.

Let » > 0 be given again. We would like to show that E is contained in the
union of finitely many open balls in M of radius r. Of course, this is trivial
when E = (), and so we may suppose that there is an element x; of E. If

(1.15.5) E C B(xy,r),

then we can stop. Otherwise, we let x5 be an element of E \ B(z1,r).

Suppose that z1,...,z, € E have been chosen in this way for some positive
integer n. If £ C U?:l B(z;,7), then we can stop. Otherwise, we let ,,11 be
an element of

(1.15.6) E\ ( 0 B(a:j,r)).
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Suppose for the sake of a contradiction that this process does not stop after

finitely many steps. In this case, we get an infinite sequence z1,xs,x3,... of
elements of E such that
(1.15.7) d(zj,z) >r

for all positive integers j, [ with j < [. Let
(1.15.8) L={z;:j€Z,}

be the set of points that have been chosen in this way. Note that L has infinitely
many elements, because x; # x; when j < [. Of course, L C FE, by construction.

If E has the limit point property, then there is a point p € E such that p
is a limit point of L in M. This implies that B(p,r/2) contains infinitely many
elements of L, as in Proposition 1.5.2. In particular, there are positive integers
J, U such that j <l and z;,2; € B(p,r/2). It follows that

(1.15.9) d(zj,x) <d(zj,p)+dp,x;) <r/2+71/2=r,

using the triangle inequality in the first step. This contradicts (1.15.7), as
desired.



Chapter 2

Metric spaces, continued

2.1 Countable sets

To say that a nonempty set A has finitely many elements means that there is a
finite sequence 1, ..., x, of elements of A in which every element of A occurs
exactly once. In this case, the number of elements of A is the positive integer
n. The empty set corresponds to taking n = 0.

Definition 2.1.1 A set A is said to be countably infinite if there is a sequence
{ch};‘;l of elements of A in which every element of A occurs exactly once. More
precisely, this means that x; € A for every j € Z, and for every a € A, there
is a unique positive integer j such that ; = a.

Of course, the set Z of positive integers is countably infinite, since we can
take x; = j for every j > 1. The set Z of all integers is countably infinite as
well. To see this, one can take

(2.1.2) rj = j/2 when j is even
—(j—1)/2 when j is odd.

2.1.1 More on countability and sequences

Proposition 2.1.3 Let A and B be sets, and let {:L]};";l be a sequence of
elements of B in which every element of A occurs at least once. More precisely,
this means that x; € B for every j > 1, and for every a € A there is a positive
integer j such that x; = a. Under these conditions, A has only finitely or
countably many elements.

Of course, if A =), then A has only finitely many elements. Otherwise, let
J1 be the smallest positive integer such that x;, € A. If this is the only element
of A, then we can stop. Otherwise, let jo be the smallest positive integer such
that z;, € A and z,;, # x;,. Note that j; < ja, by construction.

25
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Suppose that positive integers j; < --- < j, have been chosen in this way
for some n € Zy. If x;,,...,x;, are all of the elements of A, then we can stop.
Otherwise, let j,41 be the smallest positive integer such that z;, ., € A and
zj,., # xj for each I =1,...,n. By construction, j, < j,1, since otherwise
Jn+1 would have been chosen earlier in the process.

If this process stops after finitely many steps, then A has only finitely many
elements. Otherwise, we get an infinite sequence {xj, }7°, of elements of A in
which every element of A occurs exactly once, so that A is countably infinite.

Corollary 2.1.4 If A is a subset of a countably infinite set B, then A has only
finitely or countably many elements.

2.1.2 A lemma about unions of sequences of finite sets

Lemma 2.1.5 If A, Ay, As, ... is an infinite sequence of finite sets, then their
union U;; A; has only finitely or countably many elements.

In this situation, it is not difficult to find a sequence in which every element
of U;’;l Aj occurs at least once, by listing the elements of A; for each j € Z,
one after the other. To get that U;il A;j has only finitely of countably many
elements, one can use Proposition 2.1.3.

Let us use the lemma to show that the set Z3 = Z, x Z of all ordered
pairs of positive integers is countably infinite. Put

(2.1.6) A, ={(j.1)€Z: : j+1l=n+1}

for each positive integer n. It is easy to see that A,, has exactly n elements for
every n, and that

(2.1.7) U A, =22
n=1

It follows that Zﬁ_ is countably infinite, by Lemma 2.1.5, and because Zf_ obvi-
ously has infinitely many elements. One can also use the fact that the A,,’s are
pairwise disjoint, to enumerate the elements of Zi more directly.

2.1.3 Sequences of countable sets

Proposition 2.1.8 Let Ay, As, As, ... be an infinite sequence of sets, each of
which has only finitely or countably many elements. Under these conditions,
U;il Aj has only finitely or countably many elements as well.

By hypothesis, for each positive integer j, there is an infinite sequence
{z;1}72, in which every element of A; occurs at least once. Let {(jn,{n)}2%,
be a sequence of elements of Zi in which every element of Z3 occurs once.
It follows that every element of U;’;l Aj occurs at least once in the sequence
{2j,1,}nz1- This implies that (J;Z, A; has only finitely or countably many
elements, as in Proposition 2.1.3.
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Let us now use the proposition to show that the set Q of rational numbers
is countably infinite. If j is a positive integer, then let A; be the set of integer
multiples of 1/j. It is easy to see that A; is countably infinite for each j > 1,
because the set Z of all integers is countably infinite. It follows that Q =
U;’;l A; is countably infinite, as desired.

2.1.4 Cartesian products of countable sets

Proposition 2.1.9 Let n be a positive integer, and let Ay,..., A, be n count-
ably infinite sets. Under these conditions, H?’Zl Aj is countably infinite too.

Of course, this is trivial when n = 1, and the n = 2 case corresponds to the
countability of Zi. If n > 2, then there is a simple one-to-one correspondence
between [[7_; A; and (H;:ll Aj) x Ap. More precisely, if a = (a1,...,a,) is

an element of [[7_, A;, then
(2.1.10) ((a1,...,an—1),an)

defines an element of (H”fl Aj) x Ay, and every element of (Hnil Aj) x Ay

j=1 j=1
corresponds to a unique element of H?Zl Aj; in this way. Thus the countability
of H;‘L:1 A;j can be obtained from the countability of H;:ll A; and the n = 2
case. This permits one to prove the proposition by induction.

2.2 Uncountable sets

Definition 2.2.1 A set is said to be uncountable if it is neither finite nor
countably infinite.

Let B be the set of all infinite sequences = {z;}52, such that for each
Jj€Zy, x; =0o0r 1. It is well known that B is uncountable. To see this, let

x(1),2(2),2(3),... be any infinite sequence of elements of B. Thus, for each
leZy, x(l) ={z;(1)}32, is an infinite sequence with terms in {0,1}. Put
(22.2) yj =1—x;(j) €{0,1}

for each j € Z,, so that y = {y; }?‘;1 defines an element of B. If [ is any positive
integer, then y # x(1), because y; # x;(1), by construction. This shows that the
elements of B cannot all be listed by a sequence, so that B is uncountable. This
is Cantor’s diagonalization argument.

There is a standard way to associate to each x € B an element of the closed
unit interval [0, 1]. It is well known that every element of [0,1] corresponds to
an element of B in this way, but some elements of [0, 1] may correspond to more
than one element of B. More precisely, it is well known and not too difficult
to show that at most two elements of B can correspond to the same element
of [0,1]. In fact, this only happens for countably many elements of B, and
hence countably many elements of [0, 1]. One can use this to show that [0, 1] is
uncountable, because B is uncountable.
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2.2.1 Perfect subsets of metric spaces

Definition 2.2.3 Let (M, d(x,y)) be a metric space. A subset E of M is said
to be perfect in M if E is a closed set, and if every element of E is a limit point
of E.

Closed intervals in the real line of positive length are perfect, for instance,
with respect to the standard Euclidean metric on R. If F is a nonempty perfect
subset of R™ for some positive integer n, with respect to the standard Euclidean
metric, then it can be shown that E is uncountable. This can be extended to a
broad class of metric spaces using the Baire category theorem. Another type of
example of a perfect set in R will be discussed in Section 2.9.

2.3 Separable metric spaces

Let (M,d(z,y)) be a metric space.

2.3.1 Dense subsets of metric spaces

Definition 2.3.1 A subset E of M is said to be dense in M if every element
of M 1is either an element of E, a limit point of E, or both.

Equivalently, E C M is dense in M if the closure E of E in M is equal to
M.

2.3.2 The definition of separability, and some examples

Definition 2.3.2 If there is a dense set E C M such that E has only finitely
or countably many elements, then M is said to be separable as a metric space.

It is easy to see that the set Q of rational numbers is dense in the real
line, with respect to the standard Euclidean metric. Thus R is separable, with
respect to the standard metric, because Q is countably infinite, as in Subsection
2.1.8.

Similarly, if n is a positive integer, then let Q™ be the set of x € R™ such
that z; € Q for each j =1,...,n. One can check that Q" is dense in R", with
respect to the standard Euclidean metric. It follows from Proposition 2.1.9 that
Q" is countably infinite, so that R"™ is separable with respect to the standard
metric.

2.3.3 A characterization of separability

Proposition 2.3.3 Separability of M is equivalent to the following condition:
for every r > 0 there is a subset E(r) of M such that E(r) has only finitely or
countably many elements and

(2.3.4) U B,r) =M
z€E(r)
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If M is separable, then there is a dense set £ C M with only finitely or
countably many elements. In this case, one can check that (2.3.4) holds with
E(r) = E for every r > 0.

Conversely, suppose that M satisfies the condition described in the statement
of the proposition. This implies that for each positive integer j there is a subset
E(1/j) of M with only finitely or countably many elements such that (2.3.4)
holds with r =1/j. Put

(2.3.5) E=JEQ/)),
j=1

which has only finitely or countably many elements, by Proposition 2.1.8. One
can check that E is dense in M, using (2.3.4) for r = 1/j, j € Z;. This means
that M is separable, as desired.

2.3.4 Total boundedness implies separability
Corollary 2.3.6 If M is totally bounded, then M is separable.

Indeed, if M is totally bounded, then for each r > 0 there is a finite subset
E(r) of M that satisfies (2.3.4).

2.4 Bases

The topics in this section are a bit abstract, and one may wish to skip this at
first. We shall say more about this in the next section.
Let (M,d(z,y)) be a metric space.

Definition 2.4.1 A collection B of open subsets of M is said to be a base for
the topology of M if for every x € M and r > 0 there is a V € B such that
x €V and V C B(x,r).

If B is a base for the topology of M and W C M is an open set, then
(2.4.2) W= J{v:VeB VCw}

More precisely, the right side of (2.4.2) is automatically contained in W, by
construction. In order to verify the opposite inclusion, let an arbitrary element
2z of W be given. Thus there is an r > 0 such that B(x,r) C W, because W
is an open set in M. This implies that there is a V' € B such that x € V and
V C B(z,r) C W, as in Definition 2.4.1. It follows that x is an element of the
right side of (2.4.2). This means that W is contained in the right side of (2.4.2),
as desired.

Conversely, let B be a collection of open subsets of M, and suppose that
every open subset of M can be expressed as the union of some elements of B.
Let x € M and r > 0 be given, and remember that B(z,r) is an open set
in M. By hypothesis, B(x,r) can be expressed as a union of elements of 5.
In particular, there is a V' € B such that 2 € V and V C B(x,r), because
x € B(z,r). This shows that B is a base for the topology of M.
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2.4.1 Some examples of bases

Of course, the collection of all open subsets of M is a base for the topology of
M. The collection of all open balls in M is a base for the topology of M as well,
because of the way that open sets in M are defined. The collection of open balls
in M with radius of the form 1/j for some positive integer j is a base for the
topology of M too, because of the archimedean property of the real numbers.

Proposition 2.4.3 Let E be a subset of M, and let Bg be the collection of open
balls in M of the form B(x,1/j), with x € E and j € Zy. If E is dense in M,
then Bg is a base for the topology of M.

It is easy to see that F has to be dense in M in order for Bg to be a base
for the topology of M.

Suppose that F is dense in M, and let us check that Bg is a base for the
topology of M. Let x € M and r > 0 be given, as in Definition 2.4.1. The
archimedean property for the real numbers implies that there is a positive integer
j such that 2/j < r. Because F is dense in M, there is a y € E such that
d(x,y) < 1/j. Thus B(y,1/j) € Bg and = € B(y,1/j). One can also verify that

(2.4.4) B(y,1/j) € B(=,7),
using the triangle inequality. More precisely, if z € B(y, 1/j), then
(2.4.5) d(z,2) < d(w,y) +d(y,2) < 1/j +1/5 =2/ <,

so that z € B(x,r), as desired.

2.4.2 Separability and countable bases

Corollary 2.4.6 If M is separable, then there is a base for the topology of M
with only finitely or countably many elements.

Suppose that M is separable, and let E be a dense subset of M with only
finitely or countably many elements. It suffices to check that the collection Bg
defined in Proposition 2.4.3 has only finitely or countably many elements. If j
is a positive integer, then let Bg ; be the collection of open balls of the form
B(z,1/7), with € E. Observe that

(2.4.7) Bg = | Be,,

j=1

by the definition of Bg. It is easy to see that Bg ; has only finitely or countably
many elements for each j € Z, because E has only finitely or countably many
elements, by hypothesis. More precisely, one can list the elements of F with a
finite or infinite sequence, and use that to list the elements of Bg ; with a finite
or infinite sequence. This implies that (2.4.7) has only finitely or countably
many elements, by Proposition 2.1.8.
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2.4.3 Necessity of separability

Proposition 2.4.8 If there is a base B for the topology of M such that B has
only finitely or countably many elements, then M is separable.

Let B be a base for the topology of M. If V € B and V # ), then let us pick
a point zy in V. Let
(2.4.9) E={ay:VeB V#0}

be the set of points in M that have been chosen in this way. One can check
that E is dense in M, because B is a base for the topology of M. If B has
only finitely or countably many elements, then E has only finitely or countably
many elements. More precisely, if one can list the elements of B with a finite
or infinite sequence, then one can list the elements of E with a finite or infinite
sequence too. In this case, we get that M is separable, as desired.

2.5 Lindelof’s theorem

The topics in this section are also a bit abstract, and one may wish to skip this
at first. More precisely, the conclusion of the next theorem is quite interesting,
and one may wish to skip the proof at first.

Let (M, d(z,y)) be a metric space.

Theorem 2.5.1 (Lindel6f’s theorem) Suppose that there is a base B for the
topology of M with only finitely or countably many elements. If {Ua}aca is any
family of open subsets of M, then there is a subset A1 of A such that Ay has
only finitely or countably many elements and

(2.5.2) U Ua= U V.

a€Ay acA

Note that the hypothesis of Lindel6f’s theorem is the same as saying that
M is separable as a metric space, as in the previous section. Lindel6f’s theorem
will be used in the proof of Theorem 2.7.1.

2.5.1 The proof of Lindelof’s theorem

To prove Lindel6f’s theorem, let a@ € A be given, and put

(2.5.3) B, ={VeB:VCU,}.

Note that

(2.5.4) Ue= |J V.
VeBa

as in (2.4.2), because B is a base for the topology of M, and U, is an open set
in M. Put _
(2.5.5) B= ] Ba.

a€cA
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It is easy to see that

(2.5.6) Uv=U U Vv=U V.,

Veg a€AVeEB, acA

using the definition (2.5.5) of B in the first step, and (2.5.4) in the second step.
If V € B, then let us pick a(V) € A such that V' € B, (y), which means that

(2.5.7) V C Uy
Let _
(2.5.8) Ay ={a(V):V e B}

be the collection of elements of A that have been chosen in this way. Observe
that B has only finitely or countably many elements, because B has only finitely
of countably many elements, by hypothesis, and B C B, by construction. This
implies that A; has only finitely or countably many elements as well. More
precisely, the elements of B can be listed by a finite or infinite sequence, which
can be used to list the elements of A; by a finite or infinite sequence.

We also have that

(2.5.9) U Ue=U Vw2 V=" Ua

a€A; Veg' VEg acA

using the definition (2.5.8) of A; in the first step, (2.5.7) in the second step, and
(2.5.6) in the third step. Of course,

(2.5.10) U vac U Ua

a€A; acA

automatically, because A; C A. Combining (2.5.9) and (2.5.10), we get (2.5.2),
as desired.

2.6 Countable open coverings

Let (M, d(z,y)) be a metric space.

Proposition 2.6.1 Suppose that E C M has the limit point property. If Uy, Us,

Us, ... is a sequence of open subsets of M such that
(2.6.2) Ec|Ju;,
j=1

then there is a positive integer n such that

(2.6.3) Ec|Ju;
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Suppose for the sake of a contradiction that

n

(2.6.4) Ez |Ju;
for every n € Z. Let us choose, for each n € Z, a point
(2.6.5) wn € B\ ( U Uj).

j=1

Let
(2.6.6) L={z,:neZ}

be the set of points in E that have been chosen in this way.

2.6.1 Checking that L has infinitely many elements

Let us check that L has infinitely many elements. Otherwise, if L has only
finitely many elements, then there is an © € E such that * = z,, for infinitely
many n € Z. Because x € E, there is a positive integer jo such that x € Uy,
by (2.6.2). It follows that x, # = when n > jy, by (2.6.5). This means that
T, = x for only finitely many n, which is a contradiction, as desired.

2.6.2 Using the limit point property

If E has the limit point property, then there is a point p € F that is a limit
point of L in M. Using (2.6.2), we get that there is a positive integer j; such
that p € Uj,. Because Uj, is an open set in M, by hypothesis, there is a positive
real number r such that

(2.6.7) B(p,r) CUj,.

We also have that B(p,r) contains infinitely many elements of L, because p is
a limit point of L, as in Proposition 1.5.2. This implies that x,, € B(p,r) for
infinitely many n € Z,..

It follows that
(2.6.8) Ty € Uj,

for infinitely many n € Zy, by (2.6.7). However, (2.6.8) can only hold when
n < ji, by (2.6.5). This is a contradiction, as desired.

2.7 Getting compactness

The proof of the next theorem uses Lindel6f’s theorem, as well as other re-
sults discussed previously. One should not consider the next theorem as being
completely established here unless one has gone through the proof of Lindelof’s
theorem, as well as that of Corollary 2.4.6.

Let (M, d(z,y)) be a metric space.
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Theorem 2.7.1 If E C M has the limit point property, then E is compact.

Remember that the converse was given in Proposition 1.7.10.

2.7.1 The case where £ = M

Suppose first that M has the limit point property, and let us show that M is
compact. Remember that M is totally bounded in this situation, as in Propo-
sition 1.15.4. This implies that M is separable, as in Corollary 2.3.6. It follows
that there is a base B for the topology of M with only finitely or countably
many elements, as in Corollary 2.4.6.

Let {Uqy}aca be an arbitrary open covering of M, as a subset of itself. Thus
Uaca Ua = M. Lindel6f’s theorem implies that there is a subset A; of A such
that A; has only finitely or countably many elements, and

(2.7.2) U Ua=M.
a€A,

If A; has only finitely many elements, then we can stop. Otherwise, suppose
that A; is countably infinite. In this case, we can use Proposition 2.6.1 to find
a finite subset Ay of A; such that

(2.7.3) McC | U
aEAy

In both cases, we get a finite subcovering of M from {U, }qca, as desired.

2.7.2 Subsets of M

Suppose now that F is a subset of M with the limit point property. Remember
that F may be considered as a metric space as well, with respect to the restric-
tion of d(x,y) to x,y € E. Tt is easy to see that F has the limit point property
as a subset of itself, because of the corresponding property of E in M. Using
this, the previous argument implies that F is compact as a subset of itself. It
follows that F is compact as a subset of M, as in Proposition 1.10.12.

2.8 Connectedness

Let (M,d(z,y)) be a metric space.

2.8.1 Separated subsets of M

Definition 2.8.1 A pair A, B of subsets of M are said to be separated in M
if
(2.8.2) ANB=ANB=0.
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If we take A = (0,1) and B = (1,2) in the real line, then their closures
with respect to the standard Euclidean metric on R are given by A = [0,1] and
B =[1,2]. It follows that A and B are separated in R, although their closures
are not disjoint in R.

2.8.2 Connected sets

Definition 2.8.3 A subset E of M is said to be connected in M if E cannot
be expressed as the union of two nonempty separated subsets of M.

2.8.3 Connected subsets of R

Theorem 2.8.4 A subset E of the real line is connected with respect to the
standard metric on R if and only if it has the following property:

(2.8.5) ifr,ye BE,weR, andx <w <y, thenw € E.

Suppose first that (2.8.5) does not hold, and let us show that E is not
connected in R. By hypothesis, there are x,y € E and w € R such that
r<w<yandw¢E. Put

(2.8.6) A={ueFE:u<w} and B={u€FE:w<u}.

Thus x € A and y € B, so that A,B # (), and E = AU B, because w € E. It is
easy to see that

(2.8.7) AC{ueR:u<w} and BC{ueR:w<u}

This implies that (2.8.2) holds, so that A and B are separated in R. It follows
that F is not connected in R, as desired.

2.8.4 Suprema, infima, and closures

Before proceeding to the other half of the theorem, let us mention the following
useful fact.

Proposition 2.8.8 If A is a nonempty subset of R with an upper bound in R,
then sup A € A. Similarly, if B is a nonempty subset of R with a lower bound
in R, then inf B € B.

This can be verified directly from the definitions, and the details are left as
an exercise.

Let us now prove the “if” part of Theorem 2.8.4. Thus we suppose that
(2.8.5) holds, and we would like to show that E is connected in R. Suppose for
the sake of a contradiction that E is not connected, so that there are nonempty
separated sets A, B C R such that £ = AU B. Let = be an element of A, and
let y be an element of B. We may as well suppose that = < y, since otherwise
we could interchange the roles of A and B.
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Note that AN [z,y] is a nonempty subset of R with an upper bound in R,
and put
(2.8.9) z =sup(A Nz, yl]).

Clearly = < z < y, because x € ANJz,y|, and y is an upper bound for ANz, y].
Using Proposition 2.8.8, we get that z is in the closure of AN [z,y] in R. It
is easy to see that this implies that z € A. It follows that z ¢ B, because
AN B = (), by hypothesis.

Using (2.8.5), we get that z € E. This implies that z € A, because z ¢ B.
Of course, z < y, because z < y and z # y, since y € B and z ¢ B. We can use
(2.8.5) again to get that (z,y) C E, because z < z. It follows that

(2.8.10) (z,9) C B,
because E' = AU B, and (z,y) is disjoint from A, by the definition (2.8.9) of
z. This means that z € B. This contradicts the hypothesis that AN B = (), as

desired.

2.9 The Cantor set

Put Ey = [0,1] and E; = [0,1/3]U[2/3,1]. Equivalently, E; is obtained from Ej
be removing the open middle third (1/3,2/3). Similarly, we can remove the open
middle thirds (1/9,2/9) and (7/9,8/9) from [0,1/3] and [2/3, 1], respectively,
to get

(2.9.1) E,=[0,1/9]U[2/9,1/3]U[2/3,7/9] U[8/9,1].

Continuing in this way, we can define a subset E; of R for every nonnegative
integer j with the following properties. First, for each j > 0, E; is the union
of 27 pairwise-disjoint closed intervals of length 377. Second, Ej; 1 is obtained
from E; by removing the open middle thirds of each of the 27 closed intervals
in E; just mentioned. In particular,

(2.9.2) Ejt1 CEj

for every j > 0.
The middle-thirds Cantor set is defined to be

(2.9.3) E=()E;.
j=0

Note that E; is a closed set in R with respect to the standard Euclidean metric
for every j > 0, because it is the union of finitely many closed sets. It follows
that E is a closed set in R too.

2.9.1 Some elements of F

If j is a nonnegative integer, then let A; be the set of 277! elements of [0, 1]
that occur as endpoints of the 27 closed intervals that make up E;. Thus
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Ay ={0,1}, A, ={0,1/3,2/3,1}, As = {0,1/9,2/9,1/3,2/3,7/9,8/9,1}, etc.
By construction,
(2.9.4) A; CE;

for every j > 0. We also have that
(2.9.5) A; C A

for every j > 0. More precisely, A;11 consists of the elements of A;, together
with the endpoints of the open middle thirds of the closed intervals that make
up Ej.

Let us check that
(2.9.6) A; CE

for all nonnegative integers j, [. If j <[, then
(2.9.7) A; C A CE,

using (2.9.5) in the first step, and (2.9.4) in the second step. Similarly, if j > [,
then
(2.9.8) A; CE; CE,

using (2.9.4) in the first step, and (2.9.2) in the second step. It follows that
(2.9.9) A;CE

for every j > 0.
Observe that

(2.9.10) A={]J4
§=0

is countably infinite. Clearly
(2.9.11) ACE,

by (2.9.9). Let us check that every element of E is a limit point of A, with
respect to the standard metric on R.

2.9.2 Every element of F is a limit point of A

If x € £ and j is a nonnegative integer, then x € E;, and hence z is contained
in one of the 2/ closed intervals I that make up Ej. The endpoints of I are
elements of A; C A, at least one of which is different from z. The distance from
x to the endpoints of I is less than or equal to the length of I, which is 377.
Using this, it is easy to see that x is a limit point of A, as desired.

In particular, every element of E is a limit point of F, because of (2.9.11).
This shows that E is perfect with respect to the standard metric on R, because
FE is a closed set.
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Sequences and series

3.1 Complex numbers

Every complex number z can be expressed in a unique way as z = x4y i, where
z,y € R and i2 = —1. In this case,  and y are known as the real and imaginary
parts of z, respectively.

3.1.1 Complex conjugates and absolute values

The complex conjugate of z is the complex number

(3.1.1) Z=x—yi.

The absolute value or modulus of z is the nonnegative real number
(3.1.2) 2| = (2% 4 y?)V/2.

Note that the complex conjugate of Z is z, and that |z| = |z|.

3.1.2 Addition and multiplication

Addition and multiplication of real numbers can be extended to the set C of
complex numbers in a standard way. If z,w € C, then one can check that

(3.1.3) ztw=ZzZ+w

and

(3.1.4) ZW=ZW.
We also have that

(3.1.5) 2% = |z

for every z € C. It follows that

(3.1.6) lzw]? = zwZw = 2ZwW = |2]
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for every z,w € C, so that
(3.1.7) |z w| = |2 |w].

If z € C and 2z # 0, then |z| > 0, and
(3.1.8) z(z/]2)?) = 1,

which means that z/|z|? is the multiplicative inverse of z in C.

3.1.3 The triangle inequality

It is well known that
(3.1.9) |z +w| < |z| + |w]|

for every z,w € C, which can be verified directly. If we identify (z,y) € R?
with z = x + yi € C, then the absolute value of a complex number corresponds
exactly to the standard Euclidean norm on R?. Thus (3.1.9) is the same as the
triangle inequality for the standard Euclidean norm on R?2.

It is easy to see that
(3.1.10) d(z,w) = |z — w|

defines a metric on C, which is the standard metric on C. This corresponds
exactly to the standard Euclidean metric on R?2.

3.2 Convergent sequences
Let (M,d(x,y)) be a metric space.

Definition 3.2.1 A sequence {z;}32, of elements of M is said to converge to
an element x of M if for every positive real number € there is a positive integer
L such that

(3.2.2) d(zj,x) <e

for every j > L.

3.2.1 TUniqueness of the limit

Proposition 3.2.3 If {Ij}?il is a sequence of elements of M that converges
tox € M and to x' € M, then x = 2.

Suppose for the sake of a contradiction that x # 2/, so that d(z,z’) > 0.
Because {7,}72, converges to x in M, there is a positive integer L such that

(3.2.4) d(zj,z) < d(z,z")/2
for every j > L. Similarly, there is an L’ € Z such that

(3.2.5) d(zj,x") < d(z,2")/2
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for every j > L', because {;}32, converges to 2’ in M. If j > max(L, L), then
it follows that

(3.2.6) d(z,2') < d(z,z;)+d(z;,2") < d(z,2")/2+ d(z,2")/2 = d(z,2'),

using the triangle inequality in the first step. In particular, this holds when
j = max(L, L"), which is a contradiction, as desired.

If {x;}52, is a sequence of elements of M that converges to an element x of
M, then x is called the limit of {z;}32,, and we put

(3.2.7) lim z; = z.

Jj—oo

We may also say that x; tends to x as j — oo in this case, or z; — = as j — oo.

3.2.2 Bounded sequences

Definition 3.2.8 A sequence {z;}32, of elements of M is said to be bounded
in M if the set
(3.2.9) {z;:je€Zy}

of its terms is bounded in M.

3.2.3 Convergent sequences are bounded

Proposition 3.2.10 If {Ij}?i1 is a sequence of elements of M that converges
to an element x of M, then {x;}72, is bounded in M.

Because {;}52, converges to z in M, there is a positive integer L such that
(3.2.11) d(zj,z) <1

for every j > L. If L = 1, then it follows that the set of the terms in this
sequence is contained in B(z, 1), as desired. Otherwise, put

(3.2.12) r=max{d(z;,z):j=1,...,L — 1},

which is a nonnegative real number. It is easy to see that

(3.2.13) d(zj,z) <r+1

for every j > 1, so that the set of terms in the sequence is contained in B(z, r+1),
as desired.

3.2.4 Monotonic sequences of real numbers

Proposition 3.2.14 (a) Let {z;}32; be a sequence of real numbers that in-
creases monotonically, in the sense that

(3.2.15) Zj S Tj41
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for every j > 1. If the set of x;’s, j € Zy, has an upper bound in R, then
{z;}32, converges to a real number x, with respect to the standard Euclidean
metric on R.

(b) Let {y; }3)0:1 be a monotonically decreasing sequence of real numbers, so
that

(3.2.16) Yi+1 S Y

for every j > 1. If the set of y;’s has a lower bound in R, then {y; 521 converges
to a real number y, with respect to the standard metric on R.

To prove (a), put A = {z; : j € Z;}, and = = sup A. Let ¢ > 0 be given,
and note that x — € is not an upper bound for A, by definition of the supremum.
Thus there is a positive integer L such that

(3.2.17) r—e<zxL.

Of course, z; < x for every j > 1, because x is an upper bound for A. If j > L,
then

(3.2.18) T; > x> T — €,

because the z;’s increase monotonically. It follows that
(3.2.19) |z —z|=x—z; <e

for every j > L, as desired. Part (b) can be shown in essentially the same way,
or by reducing to the previous case.

3.3 Sums and products

In this section, we consider some basic properties of convergent sequences of
complex numbers. Of course, this uses the standard metric on C.

3.3.1 Sums of convergent sequences

Proposition 3.3.1 Let {2;}52; and {w;}72; be sequences of complex numbers
that converge to complex numbers z and w, respectively. Under these conditions,
{zj +w;}32, converges to z +w in C.

Thus
(3.3.2) lim (z; + w;) = lim z; + lim wyj,
where more precisely the limits on the right exist by hypothesis, and the exis-
tence of the limit on the left is part of the conclusion. To see this, let € > 0 be
given. Because {z; 521 converges to z in C, there is a positive integer L; such
that
(3.3.3) |zj — 2] < €/2
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for every j > L,. Similarly, because {w; };’021 converges to w in C, there is an
Ly € Z such that

(3.3.4) lw; —w| < €/2
for every j > Lo. If j > max(Lq, Ls), then it follows that
(3.3.5) |(zj +w;) — (e +w)| = |(z—2)+ (w; —w)|
<z =z wy —w| <€/24€/2=F¢,

as desired.

3.3.2 A lemma about products

Lemma 3.3.6 If {a;}32, is a sequence of complex numbers that converges to
0, and {b;}32, is a bounded sequence of complex numbers, then {a;b;}52; con-
verges to 0 in C.

The boundedness of {b;}32; in C implies that there is a positive real number
B such that
(3.3.7) bj| < B

for every j > 1. Let € > 0 be given. Because {a; };";1 converges to 0 in C, there
is a positive integer L such that

(3.3.8) la;| < €/B
for every j > L. This implies that
(3.3.9) |a; b;| = |a;|[bj| < Bla;| < B(e/B) =€

for every j > L, as desired.

3.3.3 A lemma about constant multiples

Lemma 3.3.10 Let {2;}32, be a sequence of complex numbers that converges
to a complex number z. If c € C, then {cz;}32, converges to cz in C.

Equivalently, this says that

(3.3.11) lim (cz;) = c( lim zj),

j—o0 j—o0

where the limit on the right exists by hypothesis, and the existence of the limit
on the left is part of the conclusion.

Of course, if ¢ = 0, then cz; = 0 for every j > 1, cz = 0, and the lemma is
trivial. Thus we may suppose that ¢ # 0. Let € > 0 be given. Because {2;}52,
converges to z in C, there is a positive integer L such that

(3.3.12) |zj — 2| < €/]|c]
for every j > L. This implies that
(3.3.13) lezj —cz| =|c||z; — 2] < |c|(¢/]c]) = €

for every j > L, as desired.
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3.3.4 Products of convergent sequences

Proposition 3.3.14 If{2;}52, and {w;}52, are sequences of complex numbers
that converge to z,w € C, respectively, then {z; w; };";1 converges to zw in C.

As before, this can be summarized by saying that

(3.3.15) lim (z; w;) = ( lim zj) ( lim wj),
where the limits on the right exist by hypothesis, and the existence of the limit
on the left is part of the conclusion.
Observe that
(3.3.16) zjwj = zj (w; —w) + z; w

for every j7 > 1. The hypothesis that {wj}‘]?‘;l converges to w in C is equiv-
alent to saying that {w; — w}52; converges to 0. We also have that {z;}32;
is a bounded sequence in C, because it converges, as in Proposition 3.2.10. It
follows that {z; (w; —w)}32; converges to 0 in C, as in Lemma 3.3.6. Using
Lemma 3.3.10, we get that {z; w}32, converges to zw in C. Thus the right
side of (3.3.16) is the sum of two convergent sequences in C. This implies that
{#jw;}32, converges to zw, by Proposition 3.3.1, as desired.

3.3.5 Sequences of reciprocals

Proposition 3.3.17 If {zj};?';l is a sequence of nonzero complex numbers that
converges to a nonzero compler number z, then {1/2;}3%, converges to 1/z in

C.

This means that
(3.3.18) lim (1/2;) = 1/(]-1320 zj),

where the existence of the limit on the right is part of the hypothesis, and the
existence of the limit on the left is part of the conclusion.
Let us begin by observing that

(3.3.19) 1/2; —1/z = (2 — 2;)/(2; 2)
for every j > 1. Thus
(3.3.20) 11/2; = 1/2] = |z = 2;|/(1%]]2)

for every j > 1. We should first deal with the factor of |z;| in the denominator.
Because {z; 521 converges to z and z # 0, there is a positive integer Lo such

that

(3.3.21) lz; — 2| < |z|/2

for every j > Ly. Using the triangle inequality, we get that

(3-3.22) 2l <Mzl + |2 = 2] < [z] +121/2
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when j > Lg. This implies that

(3.3.23) |z]/2 < |2

for every j > Ly. Combining this with (3.3.20), we get that
(3.3.24) 125 — 1/2] < (2/122) |z — 2

for every j > Ly.

Let € > 0 be given. Because {z;
integer L such that
(3.3.25) lzj — 2| < (|2]*/2) €

for every j > L. If j > max(Lyg, L), then it follows that

o0

j=1 converges to z, there is a positive

(3.3.26) 1/25 = /2] < (2/12) (|2 /2) e = €,

as desired.

3.4 Subsequences and sequential compactness

Definition 3.4.1 Let {:z:j}j?‘;l be a sequence of elements of some set, and let
{i}2, be a strictly increasing sequence of positive integers, so that ji < ji41
for every I > 1. Under these conditions, {xj, };°, is called a subsequence of

{xj}jo'il‘

Note that a sequence may be considered as a subsequence of itself.

Let (M, d(z,y)) be a metric space. If {z;}52, is a sequence of elements of
M that converges to an element = of M, and if {x; };°, is a subsequence of
{z;}32,, then it is easy to see that {x;, }72, converges to = in M as well. This
uses the fact that j; > [ for every [ > 1.

3.4.1 Sequential compactness

Definition 3.4.2 A subset K of M is said to be sequentially compact if for
every sequence {x;}32, of elements of K there is a subsequence {x;}72, of
{z;}32, and an element x of K such that {x; }7°, converges to x in M.

Proposition 3.4.3 A subset K of M is sequentially compact if and only if K
has the limit point property in M.

3.4.2 The limit point property implies sequential com-
pactness
Suppose first that K has the limit point property, and let us show that K is

sequentially compact. Let {z; };‘;1 be any sequence of elements in K, and let
L = {z; : j € Z1} be the set of terms in this sequence. If L has only finitely
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many elements, then there is an 2 € K such that z; = = for infinitely many
Jj € Z,. Equivalently, this means that there is subsequence {z;, }{2, of {x;}72,
such that z;, = x for every I > 1. Of course, {z;,}$2; converges to z in this
case.

Suppose now that L has infinitely many elements. If K has the limit point
property, then there is a point x € K that is a limit point of L in M. This
implies that for every r > 0, there are infinitely many elements of L in B(z,r),
as in Proposition 1.5.2. It follows that for each r > 0,

(3.4.4) d(z,z;) <r

for infinitely many j € Z,..
Using this, we can find a subsequence {z;, }7°; of {z;}32, such that

(3.4.5) d(z,zj,) <1/n

for every n > 1. More precisely, we can first choose j; € Z, so that (3.4.5)
holds with n = 1. If j,, € Z, has been chosen for some positive integer n, then
we can choose jn+1 € Zy so that j,+1 > jn and (3.4.5) holds with n replaced
with n + 1. It is easy to see that {z;, }72, converges to z in M, because of
(3.4.5).

3.4.3 Sequential compactness implies the limit point prop-
erty

Conversely, suppose that K C M is sequentially compact, and let us show that
K has the limit point property. Let L be an infinite subset of K, and let {z; }JO‘;I
be an infinite sequence of distinct elements of L. If K is sequentially compact,
then there is a subsequence {z, }72, of {z;}52, that converges to an element z
of K in M. Let r > 0 be given, so that d(z;,,z) < r for all but finitely many
1 € Z,. This implies that there are infinitely many elements of L in B(z,r), so
that z is a limit point of L in M, as desired.

3.5 Cauchy sequences and completeness

Let (M,d(x,y)) be a metric space.

3.5.1 Cauchy sequences

Definition 3.5.1 A sequence {x;}32, of elements of M is said to be a Cauchy
sequence if for every € > 0 there is a positive integer L such that

(3.5.2) d(zj,z) <e

for every 5,1 > L.
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3.5.2 Convergent sequences are Cauchy sequences

Proposition 3.5.3 If a sequence {wj}‘j‘;l of elements of M converges to an
element x of M, then {z;}32, is a Cauchy sequence in M.

Let € > 0 be given. Because {x;}32, converges to x in M, there is a positive
integer L such that
(3.5.4) d(zj,z) <e€/2

for every j > L. If 5,1 > L, then it follows that
(3.5.5) d(zj, ;) < d(zj,z) +d(z, ) <€/2+€/2=¢,

as desired.

3.5.3 Cauchy sequences are bounded

Proposition 3.5.6 If {z;}32, is a Cauchy sequence in M, then {x;}32, is
bounded in M.

By hypothesis, there is a positive integer L such that
(3.5.7) d(zj,x) <1

for every j,0 > L. If L =1, then we get that «; € B(z1,1) for every j > 1, as
desired. Otherwise, put

(3.5.8) r =max{d(z;,zr):j=1,...,L — 1},
which is a nonnegative real number. In this case, we have that x; € B(zp,r+1)

for every j > 1, as desired.

3.5.4 Cauchy sequences with convergent subsequences

Proposition 3.5.9 Let {7;}52; be a Cauchy sequence of elements of M. If
there is a subsequence {xj, }721 of {x;}52, that converges to an element x of
M, then {x;}32, converges to x in M.

Let € > 0 be given. Because {;}52, is a Cauchy sequence in M, there is a
positive integer L such that

(3.5.10) d(zj,2;) <€/2
for every j,1 > L. Similarly, there is a positive integer N such that
(3.5.11) d(z;,,x) <€/2

for every n > N, because {z;, }72, converges to z in M. If I > L, n > N, and
jn > L, then we get that

(3.5.12) d(zy,z) < d(xp,zj,) +d(z),,x) <€e/2+€/2=¢.
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As before, j, > n for every positive integer n, so that j, > L when n > L. In
particular, if n = max(L, N), then j, > L and n > N. Using this, we obtain
that

(3.5.13) d(z;,x) <€

for every [ > L, as desired.

Corollary 3.5.14 If K C M is sequentially compact, {z;}32; is a Cauchy
sequence in M, and x; € K for every j > 1, then {%}?il converges to an
element of K in M.

3.5.5 Complete metric spaces

Definition 3.5.15 If every Cauchy sequence of elements of M converges to an
element of M, then M 1is said to be complete as a metric space.

Corollary 3.5.16 If n is a positive integer, then R™ is complete with respect
to the standard Euclidean metric.

Let {7;}52; be a Cauchy sequence of elements of R". It is easy to see that
there is a cell €' in R" such that z; € C for every j > 1, because {z;}52; is
bounded in R", as in Proposition 3.5.6. Remember that C' is compact in R", so
that C has the limit point property and is sequentially compact, by Proposition
1.7.10, Theorem 1.14.1, and Proposition 3.4.3. Thus {z;}32, converges to an
element of C', as in Corollary 3.5.14.

3.6 Some particular sequences

In this section, we consider the convergence of some particular sequences of real
or complex numbers, with respect to the standard metrics on R and C.

3.6.1 {1/57}%,

Let p be a positive real number, so that a” can be defined as a positive real
number for every positive real number a, as in Section 1.3. It is well known that

(3.6.1) lim 1/47 = 0.
Jj—o0

To see this, let € > 0 be given. Observe that
(3.6.2) 1/57 < e

if and only if
(3.6.3) i> (/e
This holds for all but finitely many positive integers j, by the archimedean
property of the real numbers.

This is all a bit simpler when p = 1/k for some positive integer k. If p is
any positive real number, then there is a positive integer k such that 1/k < p,
by the archimedean property, which can be used to reduce to that case.
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3.6.2 {« };‘;1
If a is a nonnegative real number with a < 1, then

(3.6.4) lim o/ = 0.

J—00

This is trivial when a = 0, and so we may as well suppose that a > 0.
Put b=1/a—1> 0. It is easy to see that

(3.6.5) (1+0)7 >1+0bj

for every positive integer j, using induction, for instance. This implies that
(3.6.6) ad =(14+b)77 <1/(1+bj)

for every j > 1, and (3.6.4) follows easily from this.

3.6.3 {jo‘ CL]}JO-il
Let a be a positive real number, and let us show that

(3.6.7) lim j*a’ = 0.

j—o0
This follows from (3.6.6) when a > 0 and a < 1.

Otherwise, the archimedean property for the real numbers implies that there
is a positive integer k such that o < k. Note that a'/¥ < 1, so that

(3.6.8) lim jo/k a3/% =0,

Jj—oo
as before. This implies that
(3.6.9) j%a’ = (j4F YV 50 as j — oo,

as desired.

1
3.6.4 {p'/7}2,

If p is a positive real number, then

(3.6.10) lim p'/7 =1.

j—o0

Suppose first that p > 1, so that p'/7 > 1 for every j € Z. Let € > 0 be given,
and observe that

(3.6.11) P <1+e
if and only if _
(3.6.12) p<(1+4e€).

This holds for all but finitely many j € Z, by (3.6.5), with b = e. Thus (3.6.10)
holds when p > 1.
If 0 < p <1, then we can apply the previous argument to 1/p, to get that

(3.6.13) lim 1/p'/7 =1.
j*}OO

This implies (3.6.10), by Proposition 3.3.17.
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3.6.5 {jYi},
In fact,
(3.6.14) lim j'7 =1.
j—o0
Let € > 0 be given, and note that j'/7 > 1 for every j € Z,. As before,
(3.6.15) V<14
if and only if
(3.6.16) i< (1+e),

which is the same as saying that
(3.6.17) jl+e 7 <1

The left side of (3.6.17) tends to 0 as j — oo, as in (3.6.7). This implies that
(3.6.17) holds for all but finitely many j € Z, as desired.
If z is a complex number such that |z| < 1, then

(3.6.18) lim 27 = 0.

j—o0

More precisely,

(3.6.19) |27| = |2)? = 0 asj— oo,

by (3.6.4).

3.7 Infinite series

Definition 3.7.1 Let a1, a0, as,... be an infinite sequence of complex numbers.
The infinite series Z;’;l a; is said to converge if the corresponding sequence of
partial sums

(3.7.2) Sn=Y_a;
j=1

converges as a sequence of complex numbers, with respect to the standard metric
on C. In this case, we put

o0
(3.7.3) > a;= lim s,

j=1

Sometimes we may wish to consider infinite series Z;’io a; starting at j = 0,
or some other integer.
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3.7.1 Sums and constant multiples

Proposition 3.7.4 Let Z;X;l a; and Z;’;l b; be convergent series of complex
numbers.
(a) Under these conditions, Z;‘;l(aj +b;) converges too, with
(3.7.5) D aj+b) = a;+ > b
j j=1 j=1

Jj=1

(b) If ¢ is a complex number, then 3 72 ca; converges, with

(3.7.6) icaj =c iaj.
j=1 j=1

If n is any positive integer, then

n

(3.7.7) Z(aj +0b;) = Xn:aj + zn:bj

j=1

and
(3.7.8) anj =c Zaj.

Thus Proposition 3.7.4 follows from the analogous statements for sequences of
complex numbers.

3.7.2 The Cauchy criterion

Proposition 3.7.9 An infinite series Zj‘;l a; of complex numbers converges
if and only if the following condition holds: for every e > 0 there is a positive
integer L such that

n

>4

j=l

for all positive integers I, n with n > 1> L.

(3.7.10) <e

One can check that this condition is equivalent to saying that the corre-
sponding sequence of partial sums (3.7.2) is a Cauchy sequence with respect to
the standard metric on C. Thus the proposition follows from the completeness
of C with respect to the standard metric, which is the same as the completeness
of R? with respect to the standard Euclidean metric.

Corollary 3.7.11 If Z;’;l a; s a convergent series of complex numbers, then
{a;}52, converges to 0 as a sequence of complex numbers.

This follows by taking I = n in (3.7.10).
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3.7.3 Absolute convergence

Definition 3.7.12 An infinite series Z;’;l a; of complexr numbers is said to

converge absolutely if Z;’il la;j| converges as an infinite series of nonnegative
real numbers.

3.7.4 Absolute convergence implies convergence

Proposition 3.7.13 If Z;)il a; is an absolutely convergent series of complex
numbers, then Z;’il aj converges.

Observe that
(3.7.14)

n n
Do <Y layl
: g

J=l

for all positive integers [, n with [ < n, by the triangle inequality. One can use
this to obtain Proposition 3.7.13 from Proposition 3.7.9.

3.7.5 Infinite series with nonnegative terms

Proposition 3.7.15 Let 2;0:1 a; be an infinite series of nonnegative real num-

bers. Under these conditions, Z;il a; converges if and only if the corresponding
sequence of partial sums (3.7.2) is bounded.

If Zjoil a; is a convergent series of complex numbers, then the correspond-
ing sequence of partial sums is bounded, as in Proposition 3.2.10. If a; is a
nonnegative real number for each j > 1, then it is easy to see that the partial
sums are monotonically increasing. In this case, the boundedness of the partial
sums implies that they converge as a sequence of real numbers, as in Proposition
3.2.14.

3.7.6 The comparison test

Proposition 3.7.16 (Comparison test) Let E;‘;l a;j be an infinite series of
complex numbers, and let Z;’;l b; be an infinite series of nonnegative real num-
bers. If|aj| < b; for everyj > 1 and Z;’;l b; converges, then Z;’;l a; converges
absolutely.

Observe that

(3.7.17) Dolal <> b
j=1 j=1

for every positive integer n. If Z;’;l b; converges, then its sequence of partial
sums is bounded. This implies that the partial sums of Z;’il la;| are bounded
as well, so that this series converges too.
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3.7.7 Geometric series

Let z be a complex number, and let us consider the corresponding geometric
series Z;io z?. Here 27 is interpreted as being equal to 1 when j = 0.
If n is a nonnegative integer, then

n n n n n+1
(3.7.18) (1—=2) sz = sz — sz'H = sz — sz =1-z"th
j=0 j=0 j=0 j=0 j=1
This implies that
(3.7.19) d A =(1=2"/1 - 2).
j=0

when z # 1.
If |2 < 1, then we get that 3272 2J converges, with

(3.7.20) i 2 =1/(1-2),

by (3.6.18). Note that Z;io 2J converges absolutely in this case, by the same
argument for |z|.

If |z] > 1, then
(3.7.21) |29 = |z > 1

for every j > 0. This means that {zj};";o does not converge to 0, so that
Z;io 2J does not converge.

3.8 Power series

Let ag, a1, a9,as,... be an infinite sequence of complex numbers, and consider
. ) oo .
the corresponding power series Zj:o a; 27, for z € C.

3.8.1 An absolute convergence property

Propositipn 3.8.1 If Z;io aj 2) converges absolutely for some z € C, then
E?io a; w? converges absolutely for every w € C with |w| < |z|.

Indeed, if |w| < |z|, then
(3.8:2) laj wj] = laj| lwl’ < Jag| |2}’ = |a; 27|

for every nonnegative integer j. Thus Proposition 3.8.1 follows from the com-
parison test.
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3.8.2 Another absolute convergence property

Proposition 3.8.3 If 3272y aj 27 converges for some nonzero complex number
z, then Z;io a; w? converges absolutely for every w € C with |w| < |z|.

If Y7 ga; 2 converges, then {a; 27}32, converges to 0, by Corollary 3.7.11.
This implies that {a; 2’ };?';0 is a bounded sequence in C, as in Proposition
3.2.10. It follows that there is a nonnegative real number C' such that

(3.8.4) la; 27| < C

for every j > 0.
Let w € C be given, and observe that

(3.8.5) laj w?| = la; 27| (lwl’ /|2") < C (lw]/2])’

for every j > 0, by (3.8.4). If |w| < |z|, then Z;’;O(\w|/|z|)3 is a conver-
gent geometric series, as in the previous section. Of course, this implies that
pane (Jw|/|2])? converges too, as in Proposition 3.7.4. Proposition 3.8.3 now
follows from the comparison test.

3.8.3 The radius of convergence

Let E be the set of complex numbers z such that Z;io a; 23 does not converge,
and put
(3.8.6) E,={]z|: z € E}.

This is a set of nonnegative real numbers, which is not empty when E # ().
Definition 3.8.7 The radius of convergence p of Z;io aj 27 is defined by
(3.8.8) p =inf Fy

when E # 0, and by p = +oo when E = ().

3.8.4 A characterization of the radius of convergence

Proposition 3.8.9 (a) If w € C satisfies [w| > p, then 3272 a; w’ does not
converge.

(b) If w € C satisfies |w| < p, then E;io ajwl converges absolutely.

(c) The radius of convergence of Z;io aj 27 is uniquely determined by the
properties in (a) and (b).

To prove (a), let w be a complex number such that Y 7 a; w’ converges. If
z € C satisfies |z] < |w|, then Z;io aj 27 converges absolutely, by Proposition
3.8.3. This implies that |w]| is a lower bound for Ej, so that |w| < inf By = p
when F # ). If E = (), then |w| < p = +oo holds trivially.
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If Z;io ajw’ does not converge absolutely, then Z;io aj 27 does not con-
verge for any z € C with |w| < |z|, by Proposition 3.8.3 again. This implies
that E # (), and that p = inf F1 < |w].

If 0 < p < +oo satisfies the conditions in (a) and (b), then £ = () when
p = +oo, and E # (), inf F; = p when p < oco. Alternatively, if 0 < p/, p”" < 400
both satisfy both (a) and (b) in place of p, then one can check directly that
p ="

3.9 Cauchy’s condensation test

Theorem 3.9.1 (Cauchy’s condensation test) Let {a;}52; be a monoton-
ically decreasing sequence of nonnegative real numbers. Under these conditions,
Z] L a; converges if and only if > p- 2F 4o converges.

3.9.1 The “if” part

Suppose first that Z;’;O 2% 4o converges, so that the corresponding sequence of

partial sums Y ,_, 2% aor are bounded. We would like to show that the partial

sums for Z;’;l a; are bounded, which would imply that the series converges.
If k£ is any nonnegative integer, then

ok+1_1 ok+1_q
(3.9.2) Y oa;< > an =2 ay.
j=2F j=2F

If [ is a positive integer, n is a nonnegative integer, and I < 2"*!, then we get
that

l n 2Ft1_1
(3.9.3) da; <Y Y a4 <Z2 g
j=1 k=0 j=2F

Thus the boundedness of the partial sums of > 7 h—0 2% g4 implies the bounded-

ness of the partial sums for > j—1;, as desired.

3.9.2 The “only if” part
Similarly, if k is a positive integer, then

2k

(3.9.4) oy < > ay
j=2k-141

If n is a positive integer, then we obtain that

o
(3.9.5) 22 a2k_a1+22 a2k<a1+22 Z a; <2 a;.
j=1

k= 1] —9k— 141

It follows that the partial sums of Zzozo 2% ay. are bounded when the partial
sums of Z;’;l a; are bounded, as desired.
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3.9.3 Some examples of series of this type

Let p be a positive real number, and note that a; = 1/j? defines a monotonically
descreasing sequence of positive real numbers. In this situation,

(3.9.6) 2k g = 2007k — (21-P)k,

Thus the Cauchy condensation test implies that Z;’il 1/4P converges exactly
when

oo
(3.9.7) > @)k

k=0
converges. The latter is a geometric series that converges exactly when
(3.9.8) 2177 <1,

which holds if and only if p > 1.

3.10 Another criterion for convergence

Theorem 3.10.1 Let {aj};?ozo be a sequence of complexr numbers, and suppose
that the sequence of sums

(3.10.2) An = "a;
§=0

18 bounded. Also let {bj};?';o be a monotonically decreasing sequence of non-
negative real numbers that converges to 0. Under these conditions, Z;io a;b;
converges.

Put A_; =0, so that a; = A; — A;_; for every nonnegative integer j. Let
n be a nonnegative integer, and observe that

(3103) ZCL]' bj = Z(Aj - Ajfl) bj = ZA] bj — ZAj*l bj.
j=0 j=0

§j=0 §=0
The last sum on the right can be reexpressed as

n—1

(3.10.4) D Ajabi= " Ajbji = Ajbj— Apbpyr.
=0

j=—1 =0
Thus

(3105) Z Q. bj = Aj bj — Z AJ bj+1 + An bn+1
7=0

0 =0

|

Aj (bj - bj+1) + Ap byt

<
I
=)

Lemma 3.3.6 implies that {A, b,+1}52, converges to 0, because {A,}52, is a
bounded sequence, and {b,1}52, converges to 0.
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3.10.1 A related series

It suffices to show that -

(3.10.6) > Aj (b —bjea)
=0

converges, by the remarks in the preceding paragraph.
If n is a nonnegative integer, then

n n+1

(3.10.7) Y (bj—bjy1) =Y by =D b1 = bi— Y b;=by—bup1.
- ; ; =

n n
J Jj=0 Jj=0 Jj=0
This implies that E;io(bj — bj+1) converges, because {b,41}5%, converges as
a sequence of real numbers.
Because {4, }52, is bounded, there is a nonnegative real number C' such that

(3.10.8) [A4;| < C

for every j > 0. It follows that

(3.10.9) |45 (bj = bj41)| < C'(bj — bjt1)

for every j > 0, because b; — b1 > 0, by hypothesis.
Of course,

(3.10.10) > C (b —bjs1)

Jj=0

converges, because Z;io(bj —bj4+1) converges. Thus the comparison test implies
that (3.10.6) converges absolutely, as desired.

3.10.2 Leibniz’ alternating series test

If a; = (—1)7 for every nonnegative integer j, then A, is equal to 1 when j is
even, and to 0 when j is odd. In particular, {4,}22, is bounded. In this case,
Theorem 3.10.1 corresponds to Leibniz’ alternating series test.

3.10.3 Some more complicated examples
Let z be a complex number, and suppose that
(3.10.11) aj =z

for every nonnegative integer j. If |z| < 1, then the comparison test implies
that -7 b; 2/ converges absolutely when {b;}72, is bounded.
Suppose that z # 1, so that

(3.10.12) A, :zn:zj =(1-2""/1-2)
=0
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for every nonnegative integer n, as in (3.7.19). If |z| = 1, then
(3.10.13) |Au| = [1 = 21 |/]1 = 2| < (1+ 2" )1 — 2| = 2/]1 — 2|

for every n > 0, so that {4,,}22, is a bounded sequence of complex numbers.

3.11 Extended real numbers

The set of extended real numbers is defined to be the set of real numbers together
with two additional elements, denoted +o00 and —oco. The standard ordering on
the real line can be extended to the set of extended real numbers, by putting

(3.11.1) —00 < < +00

for every = € R.

If A is any set of extended real numbers, then the notions of upper and lower
bounds for A in the set of extended real numbers can be defined in the usual
way. In particular, 400 is automatically an upper bound for A, and —oo is
automatically a lower bound for A.

3.11.1 Suprema and infima of sets of extended real num-
bers

The notions of supremum or least upper bound and infimum or greatest lower
bound for A in the set of extended real numbers can be defined in the same
way as before too. The supremum and infimum of A in the set of extended real
numbers always exists, as follows.

If +00 € A, or if AN R has no upper bound in R, then sup A = 4o0. If
+o0o ¢ A, and AN R is nonempty and has an upper bound in R, then sup A
is the same as the supremum of AN R in R. Otherwise, if A C {—oo}, then
sup A = —oo.

Similarly, if —oo € A or AN R has no lower bound in R, then inf A = —occ.
If —oo € A and AN R is nonempty and has a lower bound in R, then inf A is
the same as the infimum of ANR in R. If A C {400}, then inf A = +c0.

Note that

(3.11.2) inf A <sup A
when A # ().

3.11.2 Sums and products of extended real numbers

Sums and products of extended real numbers are defined in some situations, as
follows. If z € R, then we put

(3.11.3) z+ (4+00) = (+00) + . =~+00, x4+ (—0)=(—00)+ = —00.
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We also put
(3.11.4) (+00) + (+0) = +00, (—00) + (—o0) = —o0.

The sum of 400 and —oo is not defined.
If x is a nonzero extended real number, then we put

(3.11.5) x (+00) = (+00)x = 400, z(—00) = (—00)z =—00
when z > 0, and
(3.11.6) x (+00) = (+o0)x = —00, z(—00) = (—00)z = +00

when & < 0. The product of 0 with +00 is not defined.

We put z/(+00) = 2/(—00) = 0 when = € R, and these quotients are not
defined when z = +oo. Although 1/0 is not defined, it may be appropriate to
interpret it as being 400, when dealing with nonnegative extended real numbers.

3.11.3 Sequences in R tending to +0o0 or —oco

Let {x;}52, be a sequence of real numbers.

Definition 3.11.7 We say that x; tends to 400 as j — oo, or £; — 400 as
Jj — o0, if for every nonnegative real number R there is a positive integer L such
that

(3.11.8) x; > R for every j > L.

Similarly, we say that x; tends to —oo as j — 0o, or x; — —00 as j — 00, if
for every nonnegative real number R there is a positive integer L such that

(3.11.9) xj < —R for every j > L.

Thus, if = is any extended real number, then the condition that x; — x as
j — oo is defined, using convergence with respect to the standard Euclidean
metric on R when z € R, and the previous definition when = +o0. It is easy
to see that this can hold for at most one z.

3.11.4 Some properties of sequences of real numbers

Proposition 3.11.10 Let {z;}72,, {y;}32, be sequences of real numbers, let
x, y be extended real numbers, and suppose that x; — x and y; — y as j — oo.
(a) If x +y is defined as an extended real number, then x; +y; — x +y as
j — o0.
(b) If vy is defined as an extended real number, then x; y; — xy and j — 0.

Of course, this follows from previous results when z,y € R. It is not difficult
to prove (a) and (b) directly in the other cases. Suppose that z = 400, for
instance. If the set of y;’s has a lower bound in R, then it is easy to see that
xz; +y; — 00 as j — oo. In particular, this holds when y; — y as j — o0
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and y # —oo. Similarly, suppose that there is a positive real number a and a
positive integer Ly such that

(3.11.11) Y >a

for every j > Lg. Using this, one can check that z;y; — 400 as j — oco. If
y; — y as j — oo, then this condition holds when y > 0.

If {x;}52, is a sequence of nonzero real numbers such that [z;| — oo as
J — oo, then

(3.11.12) 1/z; =0 asj— oo.
If {z; }joil is a sequence of positive real numbers that converges to 0, then

(3.11.13) 1/z; = +00 as j — oo.

3.11.5 Subsequences of sequences in R

Proposition 3.11.14 If {x;}52, is any sequence of real numbers, then there
is a subsequence {zj,}72, of {x;}32, and an extended real number x such that
x5, — x asl — oo.

Suppose first that there are real numbers a and b such that
(3.11.15) a<z; <b forevery j>1.

Remember that [a,b] is a compact subset of the real line with respect to the
standard Euclidean metric, which implies that [a, b] has the limit point property,
and hence is sequentially compact, by previous results. This means that there
is a subsequence of {x;}32, that converges to an element of [a, b], as desired.

Next, suppose that the set of x;’s has no upper bound in R. This implies
that for each positive integer n,

3.11.16 x; >n for infinitely many j > 1,
J

since otherwise the set of x;’s would have a finite upper bound. We would like
to find a subsequence {z;, }i2, of {z;}32, such that

(3.11.17) xj >1 foreveryl>1,

which implies that z;, — oo as j — oo. We can start by choosing j; to be
any positive integer such that x;, > 1. If j; has been chosen for some positive
integer [, then can choose j;41 to be a positive integer such that j;41 > 7; and
xj, > 141, using (3.11.16).

Similarly, if the set of z;’s does not have a lower bound in R, then one can
find a subsequence that tends to —oo. This can be shown in essentially the same
way, or by reducing to the previous case.
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3.12 Limits superior and inferior

Let {z;}32, be a sequence of real numbers, and let £ be the set of extended
real numbers = for which there is a subsequence {z;, }72, of {z;}32; such that

(3.12.1) xj — x as | — oo.
Note that E # 0, by Proposition 3.11.14.
Definition 3.12.2 The upper limit or limit superior of {Ij};?’;l s defined by

(3.12.3) limsup z; = sup F.

j—o0

Similarly, the lower limit or limit inferior of {x;}52, is defined by

(3.12.4) liminfz; = inf E.
Jj—o0
Thus
(3.12.5) liminf z; <limsupz;.
J—00 Jj—o00

If there is an extended real number x such that ; — x as j — oo, then

(3.12.6) E={z},

and

(3.12.7) limsupz; = liminf z; = .
j—o0 J—0

3.12.1 A characterization of the upper limit of a sequence

Proposition 3.12.8 Put y = limsup;_,  x;.
(a) If z € R satisfies y < z, then x; < z for all but finitely many j > 1.
(b) If w € R satisfies w < y, then x; > w for infinitely many j > 1.
(¢) There is only one extended real number y that satisfies the conditions in

(a) and (b).

Suppose for the sake of a contradiction that z € R, y < 2, and z; > 2 for
infinitely many j > 1. Equivalently, this means that there is a subsequence
{2, 12, of {z;}32, such that

(3.12.9) xj >z forevery > 1.

Using Proposition 3.11.14, we can get a subsequence {z;, }2; of {x;}{2, and
an extended real number = such that xj; — x as n — oo. It is easy to see
that {z;, }52; may also be considered as a subsequence of {z;}32,, so that
x € E. One can also check that z > z, because xj, >z for every n > 1, by
(3.12.9). Thus x > y, because y < z, by hypothesis. This contradicts the fact
that y = sup F, as desired.
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If w < y, then w is not an upper bound for F, by definition of the supremum.
This means that there is an « € F such that w < z. In this case, there is a
subsequence {7, };2;, of {z;}32, such that z; — x as | — oo. It is easy to
see that x; > w for all but finitely many [ > 1, because w < z. In particular,
x; > w for infinitely many j > 1, as desired.

Suppose that for the sake of a contradiction that y’ and y” are distinct
extended real numbers that satisfy the conditions in (a) and (b) in place of
y. We may as well suppose that ¢y’ < y”, since otherwise we can interchange
the roles of ¢ and y”. This implies that there is a real number r such that
y' <r <y”. Using (a) for y and z = r, we get that z; < r for all but finitely
many j > 1. However, part (b) for ¥’ and w = r implies that z; > r for
infinitely many j > 1, which is a contradiction.

3.12.2 A characterization of the lower limit of a sequence

Proposition 3.12.10 Put u = liminf;_, ;.
(a) If t € R satisfies t < u, then x; >t for all but finitely many j > 1.
(b) If v € R satisfies uw < v, then x; < v for infinitely many j > 1.
(¢) There is only one extended real number u that satisfies the conditions in

(a) and (b).

This can be shown in essentially the same way as before. Alternatively, one
can check that
(3.12.11) —liminf z; = limsup(—z;),

Jj—oo j—o0

and use this to reduce to the previous proposition.

3.12.3 Equality of the upper and lower limits
Corollary 3.12.12 Suppose that

(3.12.13) limsupz; = lilginf zj,

j—o0 o0
and let x be their common value. Under these conditions, x; — x as j — oo.

This can be verified using part (a) of each of Propositions 3.12.8 and 3.12.10.

3.12.4 Some variants of these definitions and results

The definitions of the upper and lower limits used here correspond to Definition
3.16 on p56 of [192]. The characterization of the upper limit in Proposition
3.12.8 is analogous to Theorem 3.17 on p56 of [192]. However, instead of part
(b) of Proposition 3.12.8, part (a) of Theorem 3.17 in [192] states that

(3.12.14) y =limsupz; € E.

Jj—o0
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It is easy to see that this implies part (b) of Proposition 3.12.8. Conversely, it
is not too difficult to show that (3.12.14) can be obtained from parts (a) and
(b) of Proposition 3.12.8.

Although part (c¢) of Proposition 3.12.8 is stated in the same way as the last
part of Theorem 3.17 in [192], its meaning is a bit different, because it uses part
(b) of Proposition 3.12.8 instead of (3.12.14).

Sometimes upper and lower limits are defined or characterized in other ways,
as in Definition 1.13 on p14 of [191]. In that definition, it is mentioned that the
upper limit satisfies (3.12.14) and is the largest extended real number with this
property, which means that the definition in [191] is equivalent to the one used
in [192]. This could also be obtained from Proposition 3.12.8.

Upper and lower limits are also discussed in Section 2.9 beginning on p46
of [82], for instance, and the initial definitions are basically the same as in
[191]. Theorem 2.9 L on p50 of [82] states that the upper and lower limits as
defined there satisfy the conditions in parts (a) and (b) of Propositions 3.12.8
and 3.12.10, respectively, and the converse is mentioned afterwards. The fact
that (3.12.14) holds is shown in the proof of Theorem 2.9 M on p51 of [82].
Exercises 2 and 3 on p51 of [82] basically show that the definitions of the upper
and lower limits used there are equivalent to those used in [192] and here. Upper
and lower limits of sequences of sets are discussed in Section 2.12 on p65 of [82].

3.12.5 Upper limits of sums of sequences of real numbers

If {a;}52, and {b;}32, are sequences of real numbers, then it is well known that

(3.12.15) limsup(a; + b;) < limsup a; + limsup b;,

Jj—o0 Jj—o0 Jj—o0o

as long as the right side is defined as an extended real number, which is to say
that it is not a sum of 400 and —oo. This corresponds to part (b) of Exercise
4 on p32 of [191], and to Exercise 5 on p78 of [192].

3.13 Applications for infinite series

Proposition 3.13.1 (The root test) Let
(3.13.2) > a;
j=1

be an infinite series of complex numbers, and put

(3.13.3) o = limsup |a;| /7.

j—o0

The series (3.13.2) converges absolutely when o < 1, and does not converge
when a > 1.
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3.13.1 The proof of the root test, and some additional
remarks

Suppose first that o < 1, and let 8 be a real number such that o < 8 < 1.
Using part (a) of Proposition 3.12.8, we get that

(3.13.4) ;"7 < B
for all but finitely many j > 1. Equivalently, this means that
(3.13.5) la;| < B

for all but finitely many 7 > 1. It is easy to see that Z;’;l laj| converges in this

case, in comparison with the convergent geometric series Zj‘;l B,
Now suppose that a > 1, and let v be a real number such that 1 < v < a.
Part (b) of Proposition 3.12.8 implies that

(3.13.6) laj|Y7 >
for infinitely many j > 1. This is the same as saying that
(3.13.7) la;| > ~7

for infinitely many j > 1. If we take v = 1, then we get that {a;}32; does
not converge to 0 as a sequence of complex numbers, so that Z]Oil a;j does not
converge. We can also take v > 1, to obtain that {a;}32, is not even bounded.

If a; = 1 for every j > 1, then a = 1, and Z]oil a; does not converge. If
aj = 1/j? for every j > 1, then >°2% | a; converges, and a;/j = (G2 5 1as
j — oo, so that a = 1.

3.13.2 The root test and the radius of convergence of a
power series

As an application of the root test, let
o .
(3.13.8) Zaj 27
§=0

be a power series with complex coefficients, which obviously converges absolutely
when z = 0. Also let a be as in (3.13.3) again, which can be defined without
using the j = 0 term. If z is a nonzero complex number, then one can check
that
(3.13.9) limsup |a; 27|17 = |2| .

J—00
The root test implies that (3.13.8) converges absolutely when |z|a < 1, and that
(3.13.8) does not converge when |z|a > 1. It follows that

(3.13.10) p=1/a

is the radius of convergence of (3.13.8), which is interpreted as being +o0o when
a=0.
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3.13.3 The ratio test

Proposition 3.13.11 (The ratio test) An infinite series 37, a; of nonzero
complex numbers converges absolutely when

(3.13.12) limsup(|a;1]/la;|) <1,

J—00

and does not converge when

(3.13.13) liminf(|aj41[/la;]) > 1.
j—o0

If (3.13.12) holds, then let 8 be a real number such that

(3.13.14) limsup(|ajt+1l/la;|) < B < 1.
Jj—o0

Part (a) of Proposition 3.12.8 implies that there is a positive integer L; such
that

(3.13.15) |ajal/la;l < B
for every j > L. This means that

(3.13.16) |aj 1] < B a
for every j > Ly, so that

(3.13.17) laj| < 877" ay, |

for every j > Li. Using this, the convergence of Z;’;l |a;| can be obtained from
o0

the convergence of the geometric series > i1 B,
If (3.13.13) holds, then let v be a real number such that

(3.13.18) liminf(|a;1]/|aj]) > v > 1.
J—00

Part (a) of Proposition 3.12.10 implies that there is a positive integer Lo such
that
(3.13.19) |aj1l/las] >~

for every j > Lo. Thus
(3.13.20) |aj 1] > v laj|

for every j > Lo, and hence
(3.13.21) laj| > ~77 "2 lag,|

for every j > Lo. In particular, this implies that {a;}52, does not converge to
0 when v = 1, so that Z;’;l a; does not converge. If we take v > 1, then we
get that |a;| — oo as j — oc.
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3.14 Rearrangements of infinite series
Let 7 be a one-to-one mapping from the set of positive integers onto itself. Thus
w(j) € Z4 for every j € Z,, and every positive integer k can be expressed as

7(j) for exactly one j € Z,, which may be denoted 7~1(k).
If Z;’;l a; is an infinite series of complex numbers, then

(3.14.1) > g

is called a rearrangement of 23011 a;. If a; = 0 for all but finitely many j > 1,

then it is easy to see that a,(;) = 0 for all but finitely many j > 1 too, and that
(3.14.2) D argy = a;.
j=1 j=1

3.14.1 Rearrangements with nonnegative terms

Suppose for the moment that a; is a nonnegative real number for each j > 1.
If I, n are positive integers such that

(3.14.3) max{r(j):1<j <} <m,
then

l n
(3.14.4) D any <D ay.
j=1 j=1

Similarly, if

(3.14.5) max{7r 1(j):1<j<I}<n,
then
l n
(3.14.6) D a; <Y an).
j=1 j=1

If Z;’;l a; converges, then one can use (3.14.4) and (3.14.6) to check that
=1 Gx(j) converges, and that (3.14.2) holds.

3.14.2 Rearrangements of absolutely convergent series

If Zjoil a; is an absolutely convergent series of complex numbers, then it is easy
to see that Z;’;l ar(;) is absolutely convergent as well, by applying the remarks
in the preceding paragraph to E;’;l laj].

In order to show that (3.14.2) holds in this situation, suppose first that a;
is a real number for each j > 1. Put

(3.14.7) a} = max(ay,0)
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and

(3.14.8) a; = —min(a;,0) = max(—a;,0)

for each j > 1. Note that a},a; >0,
(3.14.9) a; = a;r —ay, and |a;| = a;r +aj

for each j. If follows that Z;’il a; converges absolutely if and only if Z;’;l a;r

o'e) — . .
and 77, a; both converge, in which case

o0 o0

(3.14.10) f:aj => af =) a;.
j=1 j=1 j=1

One can use this to obtain (3.14.2) from the analogous statements for 3372, a;r
and 3377 a; .

If the a;’s are complex numbers, then one can reduce to the real case, by
considering the real and imaginary parts.

Alternatively, if [ and n are positive integers that satisfy (3.14.5), then one

can check that . . -
(3.14.11) Dty =D ai| < > agl.
j=1 j=l+1

j=1 J

One can use this to get (3.14.2) when Z;}il a; converges absolutely.

3.14.3 Convergence without absolute convergence

Suppose that Z;’il a; is an infinite series of real numbers that converges, but
does not converge absolutely. One can check that neither Z;’il aj nor Z;’il a;
converge under these conditions.

One can use this to show that there are rearrangements of Z;‘;l a; that do
not converge, as well as rearrangements whose sum can be any real number. This
corresponds to Theorem 3.5 D and Exercises 4, 5 on p77, 80 of [82], respectively,
and Theorem 3.54 on p76 of [192].

See [45, 51, 71, 75, 102, 103, 138, 187, 197, 203] for more on rearrangements

of infinite series.

3.15 Cauchy products of infinite series

Let Y 72y a; and Y7)° by be infinite series of complex numbers. Put

(3.15.1) =Y ajbn_;
j=0

for every nonnegative integer n. The corresponding infinite series ZZO:O Cp 18
called the Cauchy product of 3772 a; and 37,2, b.



3.15. CAUCHY PRODUCTS OF INFINITE SERIES 67

If a; = 0 for all but finitely many j > 0, and b; = 0 for all but finitely many
[ > 0, then one can verify that ¢, = 0 for all but finitely many n > 0, and that

(3.15.2) icn - (iaj) (ibl).

3.15.1 Cauchy products of series with nonnegative terms

Suppose for the moment that a; is a nonnegative real number for every j >
0, and that b; is a nonnegative real number for every [ > 0, so that ¢, is a
nonnegative real number for every n > 0. If N is a nonnegative integer, then it
is easy to see that

N N N
(3.15.3) S (Xa)(Xn)
n=0 §=0 1=0
Similarly, if N7 and Ny are nonnegative integers, then one can check that
Ny N2 N1+Na
(3.15.4) (Ya) (b)Y e
j=0 1=0 n=0

If 372 pa; and 7% b converge, then one can use (3.15.3) to get that
>0 Cn converges, with

(3.15.5) S e < (Zaj) (Zbl).
n=0 j=0 1=0
In this case, one can also use (3.15.4) to get that
(3.15.6) (iaj) ( 3 bl) < icn,
=0 1=0 n=0

so that (3.15.2) holds.

3.15.2 Cauchy products and absolute convergence

If the a;’s and b;’s are complex numbers, then
n
(3.15.7) Jeal < lag] b1
j=0

for every n > 0. The sum on the right is the same as the nth term of the
Cauchy product of > 372 |a;| and 37,2 [b|. If these two series converge, then
their Cauchy product converges too, as in the preceding paragraph.
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Under these conditions, ZZOZO |cn| converges as well, by the comparison test.
More precisely, we have that

5155) Sled < (Slasl) (10
n=0 j=0 1=0

Thus >°7 ¢, converges absolutely when 377 a; and >7,°, b converge
absolutely. One can check that (3.15.2) holds in this situation, by reducing to
the case of convergent series of nonnegative real numbers, as in the previous
section. This corresponds to the theorem on p78 of [82], although (3.15.2) is
established another way there.

If at least one of Z;io aj and ) ;2 by converges absolutely, and the other
converges, then Theorem 3.50 on p74 of [192] states that > - ¢, converges,
and that (3.15.2) holds. Example 3.49 on p73 of [192] shows that Y > ¢, may
not converge, even if 332 a; and 37;°, b both converge.

See [139] for more on Cauchy products.



Chapter 4

Continuous mappings

4.1 Continuity at a point

Let (M, d(z,y)) and (N, p(u, v)) be metric spaces, and let f be a function defined
on M with values in N. This is also known as a mapping from M into N, which
may be expressed by f: M — N.

Definition 4.1.1 We say that f is continuous at a point x € M if for every
€ > 0 there is a § > 0 such that

(41.2) p(f(x), f(y)) <e
for every y € M with d(z,y) < 4.

4.1.1 Characterizing continuity in terms of convergent se-
quences

Proposition 4.1.3 A mapping f from M into N is continuous at © € M if
and only if for every sequence {IJ};";l of elements of M that converges to x,

{f(xj)};‘;l converges to f(z) in N.

Suppose first that f is continuous at z, and let {x;}32; be a sequence of
elements of M that converges to x. Also let € > 0 be given, and let § > 0 be
as in Definition 4.1.1. Because {x,}$2, converges to = in M, there is a positive
integer L such that
(4.1.4) d(z,z;) <o

for every j > L. This implies that

(4.1.5) p(f (), f(x;)) <e

for every j > L, by (4.1.2), as desired.
Conversely, we would like to show that f is continuous at = when it has this
property in terms of sequences. Let € > 0 be given, and suppose for the sake of

69
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a contradiction that there is no é > 0 as in Definition 4.1.1. This means that
for every § > 0 there is a point () € M such that d(z,z(0)) < ¢ and

(4.1.6) p(f(@), f(@(5)) > e.

If j is a positive integer, then we can apply this with 6 = 1/, to get a point
x; € M such that

(4.1.7) d(z,2;) <1/j
and
(4.1.8) p(f(x), f(x;)) = €.

This leads to a sequence {z;}52; of elements of M that converges to = in M,
and for which {f(z;)}32; does not converge to f(z) in NV, as desired.

4.1.2 Continuous complex-valued functions

Proposition 4.1.9 Let (M,d(-,-)) be a metric space, and let f, g be complex-
valued functions on M. Suppose that f and g are continuous at a point x € M,
with respect to the standard metric on C. Under these conditions, [ + g and
f g are continuous at x as well. If, for every w € M, f(w) # 0, then 1/f is
continuous at x too.

This follows from Proposition 4.1.3, and previous results about convergent
sequences of complex numbers.

4.1.3 Some examples of continuous functions

Definition 4.1.10 Let (M,d(-,-)) and (N, p(-,-)) be metric spaces. A mapping
f from M into N 1is said to be continuous on M if f is continuous at every
point x € M.

One can use Proposition 4.1.9 to show that
(4.1.11) polynomial functions on R™ are continuous,
with respect to the standard Euclidean metric on R™. Similarly,
(4.1.12) rational functions are continuous,

when the denominator is not zero.
If z and w are complex numbers, then one can check that

(4.1.13) |1z| = Jw|| < |z —w],

using the triangle inequality. One can use this to show that the absolute value
defines a continuous real-valued function on the complex plane, with respect to
the standard FEuclidean metrics on R and C.
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4.2 Compositions and inverse images

Let (M,d(z,y)) and (N, p(u,v)) be metric spaces.

4.2.1 Continuity and open sets

Proposition 4.2.1 A mapping f from M into N is continuous if and only if
for every open set V. C N, its inverse image

(4.2.2) FfV)y={zeM: fx)cV}
s an open set in M.

Suppose that f is continuous, and let an open set V' C N be given. Let
x € f~1(V) be given, so that f(z) € V. Because V is an open set in N, there
is an € > 0 such that

(4.2.3) {ze N :p(f(x),z) <e} CV.

Using the continuity of f at x, we get that there is a d > 0 such that if y € M
satisfies d(x,y) < d, then p(f(z), f(y)) < €, and hence f(y) € V. This shows
that

(4.2.4) {ye M :d(z,y) <6} C fH(V),

as desired.

Conversely, suppose that f has the property described in the proposition,
and let us show that f is continuous on M. Let © € M be given, and let us
show that f is continuous at x. To do this, let € > 0 be given, and note that

(4.2.5) V={2eN:p(f(x),z) <e}

is an open set in N, because it is an open ball. Thus f~!(V) is an open set in
M, by hypothesis. Of course, f(x) € V, by construction, so that x € f=1(V).
It follows that there is a § > 0 such that (4.2.4) holds, by the definition of an
open set. If y € M satisfies d(x,y) < d, then we get that y € f~1(V), so that
f(y) € V, as desired.

4.2.2 Continuity and closed sets

Corollary 4.2.6 A mapping f from M into N is continuous if and only if for
every closed set E C N, f~Y(E) is a closed set in M.

It is easy to see that
(4.2.7) fTUNNE) =M\ f7Y(B)

for every F C N. Using this, one can check that the condition in Corollary
4.2.6 if equivalent to the one in Proposition 4.2.1, because a subset of a metric
space is a closed set if and only if its complement is an open set.
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4.2.3 Compositions of continuous mappings

Proposition 4.2.8 Let (My,d;(-,-)), (Ma,da(-,-)), and (Ms,ds(-,-)) be metric
spaces, let f be a continuous mapping from My into My, and let g be a contin-
wous mapping from My into Ms. Under these conditions, the composition go f
of f and g is continuous as a mapping from My into Ms.

More precisely, g o f is defined by putting (g o f)(w) = g(f(w)) for every
w € M.

To prove the proposition, let x € M; be given, and let us check that go f is
continuous at x. Let € > 0 be given, and let us use the continuity of g at f(x)
to get that there is an n > 0 such that

(4.2.9) d3(g(f(2)),g(u)) <e

for every u € My with da(f(z),u) < n. The continuity of f at = implies that
there is a § > 0 such that

(4.2.10) da(f(2), f(y)) <n

for every y € M7 with d;(z,y) < d. In this case, we can take u = f(y) in (4.2.9),
to get that
(4.2.11) ds(g(f(x)), 9(f(y))) <e,

as desired.

4.2.4 Another proof using convergent sequences

Alternatively, if {x; };’;1 is any sequence of elements of M; that converges to x,
then

(4.2.12) {f(z;)}52, converges to f(z)
in Ms, because f is continuous at x. This implies that
(4.2.13) {g(f(x;))}721 converges to g(f(x))

in Ms, because ¢ is continuous at f(z), as desired.

4.2.5 A proof using open sets

We can also use the characterization of continuity in Proposition 4.2.1. Let W
be an open subset of M3, so that

(4.2.14) g (W) is an open subset of My,
by the continuity of g. This implies that

(4.2.15) f~Y (g™t (W)) is an open set in Mj,
by the continuity of f. It is easy to see that

(4.2.16) (go YT W) =g~ (W),
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directly from the definitions. Thus
(4.2.17) (go f)~*(W) is an open set in Mj,

as desired.

4.3 Images of compact sets
Let (M,d(z,y)) and (N, p(u,v)) be metric spaces.

Theorem 4.3.1 If f is a continuous mapping from M into N and K is a
compact subset of M, then

(4.3.2) fIK)={f(x): 2 € K}
s a compact subset of N.

Let {Us}aca be an arbitrary open covering of f(K) in N. Thus U, is an
open subset of N for every a € A, so that f~(U,) is an open set in M for
every a € A, by Proposition 4.2.1. One can check that

(43.3) KU rwa,

acA

because f(K) C ,eu Uas by hypothesis. This shows that {f~(Us)}aca is an
open covering of K in M.

If K is compact in M, then it follows that there are finitely many indices
ai,...,an € A such that

(4.3.4) K< r'(Wa,).
j=1
Using this, one can verify that
(4.3.5) FK) C | U,
j=1
as desired.

4.3.1 Continuity and sequential compactness

Alternatively, suppose that K is sequentially compact in M, and let us show
that
(4.3.6) f(K) is sequentially compact in N.

Let {z;}32, be an arbitrary sequence of elements of f(K). If j is any positive
integer, then let us choose z; € K such that

(4.3.7) fzj) = 2.
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Because K is sequentially compact, there is a subsequence {z;, }7°; of {z;}32,
that converges to an element = of K in M. Thus

(438) {Zjl}loil = {f(le)}?il

is a subsequence of {2;}%2, that converges to f(x) € f(K) in N, because f is
continuous at x, by hypothesis.

4.3.2 The extreme value theorem

Corollary 4.3.9 (Extreme value theorem) Suppose that f is a continuous
real-valued function on M, with respect to the standard Euclidean metric on R.
If K is a nonempty compact subset of M, then there are points p,q € K such
that

(4.3.10) fp) < f(z) < fla)

for every x € M.

Theorem 4.3.1 implies that f(K) is a compact subset of the real line, so
that f(K) is closed and bounded. Of course, f(K) # 0, because K # (), by
hypothesis, so that the supremum and infimum of f(K) exist in R. In this
situation, the supremum and infimum of f(K) are elements of f(K), because
f(K) is a closed set in R, as in Proposition 2.8.8. This is the same as saying
that the maximum and minimum of f are attained on K, as desired.

4.4 Uniform continuity
Let (M,d(z,y)) and (N, p(u,v)) be metric spaces.

Definition 4.4.1 A mapping f from M into N is said to be uniformly contin-
uous on M if for every e > 0 there is a § > 0 such that

(4.4.2) p(f(z), f(y)) <e

for every x,y € M with d(z,y) < 4.

Note that uniform continuity implies ordinary continuity. In order to get an
example where the converse does not hold, one can take M = N = R with the
standard Euclidean metric, and put f(z) = 22 for every z € R. One can check
that f is not uniformly continuous on R, using the fact that

(4.4.3) f@)—fly)=2" -y’ =(@+y) (z-y)

for every z,y € R.

Alternatively, let us take M to be the open unit interval (0,1) in the real
line, equipped with the restriction of the standard Euclidean metric on R to
(0,1). If we put f(z) = 1/ for every = € (0,1), then one can verify that f is
not uniformly continuous on (0, 1).
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4.4.1 Uniform continuity and compactness

Let (M,d(z,y)) and (N, p(u,v)) be arbitrary metric spaces again.

Theorem 4.4.4 If f is a continuous mapping from M into N, and if M is
compact, then f is uniformly continuous on M.

Let € > 0 be given. If x € M, then there is a positive real number d(x) such
that

(4.4.5) p(f(x), f(y)) <e€/2
for every y € M with d(z,y) < d(x). Let B(x) be the open ball in M centered

at « with radius 6(x)/2. The collection of these open balls B(x), € M, is an
open covering of M, because x € B(x) for every € M, and open balls in M

are open sets. If M is compact, then there are finitely many elements x1, ..., x;
of M such that l
(4.4.6) M C | B(z)).
j=1
Put
(4.4.7) 0 =min{o(z;)/2:1<j <1},

which is a positive real number. Let w and y be elements of M such that
d(w,y) < 6. Using (4.4.6), we get that there is a j € {1,...,l} such that
w € B(z;), so that d(z;,w) < (z;)/2. It follows that

(448)  dley,y) < dlay,w) +d(w,y) < 8a;)/2+6 < 3(x).
This implies that
(4.4.9) p(f(w), f(y) < p(f(w), fz5)) + p(f(25), f(y) <€/2+€/2=¢,

as desired.

4.4.2 Another proof using sequential compactness

Alternatively, let € > 0 be given again, and suppose for the sake of a contradic-
tion that there is no § > 0 that satisfies the condition in the definition of uniform
continuity. This means that for every ¢ > 0 there are points z(4),y(6) € M
such that d(x(d),y(d)) < d and

(4.4.10) p(f((8)), f(y(8))) = €.

If j is a positive integer, then we can take 6 = 1/j, to get points z;,y; € M
such that d(z;,y;) < 1/j and

(44.11) p(f(), F () = €.

Because M is compact, and thus sequentially compact, there is a subsequence
{zj, 12, of {x;}52, that converges to z € M. Using the same sequence of indices
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{51321, we get a corresponding subsequence {y;, }7°; of {y;}32;. It is easy to
see that {y;, }7°, converges to  in M in this situation as well.

This implies that {f(z;)}2, and {f(y;,)};2, both converge to f(z) in N,
because f is continuous at x, by hypothesis. Of course,

(4.4.12) p(f(25); F(y5,)) < p(f(25), f(2)) + p(f (@), f(y;,))

for every I > 1, by the triangle inequality. The right side of (4.4.12) is as small
as we want when [ is sufficiently large, because {f(z;)};°, and {f(y;)}%,
converge to f(x) in N. This contradicts (4.4.11), as desired.

4.5 Images of connected sets
Let (M,d(z,y)) and (N, p(u,v)) be metric spaces.

Theorem 4.5.1 If f is a continuous mapping from M into N, and if E is a
connected subset of M, then f(E) is connected as a subset of N.

Suppose for the sake of a contradiction that f(FE) is not connected in N.
This means that there are nonempty separated subsets A, B of N such that
f(E)=AUB. Put

(4.5.2) Ay =fYA)NE, B =f'BnNE.

It is easy to see that A;UB; = E, by construction. We also have that Ay, By # 0,
because A and B are nonempty subsets of f(E).

We would like to check that A; and Bj are separated in M. Observe that
A; C f71(A) C f71(A), where A is the closure of A in N. Remember that A
is a closed set in N, so that f~1(A) is a closed set in M, as in Corollary 4.2.6.
Using this, one can check that the closure A7 of A; in M is contained in f~1(A).
This implies that

(4.5.3) A NB, Cf AN fYB).
However, f~1(A)N f~Y(B) = f~Y(ANB) = f~(0) = 0, because A and B are

separated in N. It follows that A; N B; = (). One can show that A; N B; =
in the same way, so that A; and By are separated in M. This means that F is

not connected in M, as desired.

4.5.1 The intermedate value theorem

Corollary 4.5.4 (Intermediate value theorem) Let a and b be real num-
bers with a < b, and let f be a continuous real-valued function on the closed
interval [a,b], with respect to the standard Euclidean metric on R and its re-
striction to [a,b]. If t € R satisfies f(a) < t < f(b) or f(b) < t < f(a), then
there is an = € (a,b) such that f(x) =t.
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Let us first extend f to a real-valued function on the real line, by putting
f(y) = f(a) when y € R satisfies y < a, and f(z) = f(b) when z € R satisfies
z > b. It is easy to see that this extension is continuous on R. Remember that
[a,b] is connected as a subset of the real line, as in Theorem 2.8.4. It follows
that f([a,b]) is connected in R as well, by the previous theorem. If ¢ is as in the
statement of the corollary, then we get that ¢t € f([a,b]), using Theorem 2.8.4
again.

4.6 Uniform convergence

Let M be a set, and let (N, p(u,v)) be a metric space. Also let {f;}52, be a
sequence of mappings from M into N, and let f be another mapping from M
into V.

4.6.1 Pointwise and uniform convergence

Definition 4.6.1 We say that {f; 524 converges to f pointwise on M if for
everyx € M, {f;(z)}52, converges to f(x) in N. We say that { f;}52, converges
to f uniformly on M if for every € > 0 there is a positive integer L such that

(4.6.2) p(fi(z), f(z)) <e

for every x € M and j > L.

It is easy to see that uniform convergence implies pointwise convergence. To
get an example where the converse does not hold, let us take M to be the closed
unit interval [0,1], N = R with the standard Euclidean metric, and f;(z) = z7
for every z € [0,1] and j > 1. We have seen that {f;}52; converges pointwise to
the real-valued function f defined on [0, 1] by putting f(z) = 0 when 0 < z < 1,
and f(1) = 1. However, one can check that {f;}32, does not converge to f
uniformly on [0, 1].

4.6.2 Uniform convergence and continuity

Theorem 4.6.3 Let (M,d(-,-)) and (N, p(,-)) be metric spaces, and let

(4.6.4) ke

be a sequence of mappings from M into N that converges uniformly to a mapping
f from M into N. If x € M and f; is continuous at x for every j > 1, then f
15 continuous at x too.

Let € > 0 be given. Because {f; 521 converges to f uniformly on M, there
is a positive integer L such that

(4.6.5) p(fi(w), f(w)) <¢€/3



78 CHAPTER 4. CONTINUOUS MAPPINGS

for every w € M and j > L. By hypothesis, f; is continuous at z, and so there
is a dr, > 0 such that

(4.6.6) p(fr(@), fLy)) <e€/3

for every y € M with d(z,y) < dr. It follows that

p(f(x), f(y)) < p(f(@), fL(z)) + p(fr(z), fr(y)) + p(fL(y), f(y))
(4.6.7) < €/3+¢/3+¢/3=c¢

for every y € M with d(x,y) < 01, as desired.

4.6.3 Weierstrass’ criterion for uniform convergence

The following criterion for uniform convergence is due to Weierstrass.

Proposition 4.6.8 Let a1,as,as,... be an infinite sequence of complex-valued
functions on a set M, and let Ay, As, As, ... be an infinite sequence of nonneg-
ative real numbers. Suppose that

(4.6.9) |aj(z)] < A;

for everyx € M and j > 1, and that Z;.O:1 A; converges. Note that Z;i1 a;(x)
converges absolutely for every x € M, by the comparison test. Under these
conditions, the sequence of partial sums Z;-lzl a;(x) converges to Z]Oil aj(z)

uniformly on M as n — oo, with respect to the standard metric on C.

If x € M and n is a positive integer, then one can verify that

(46.10) > a;(@) = a;(@)| =] D a@)|< D la@)]< D A
j=1 =1 j=n+1 j=n+1 j=n-+1
Of course,
(4.6.11) A=) A=) 4
j=n+1 j=1 j=1

tends to 0 as n — oo, because Zji1 A; converges. The proposition follows
easily from these two statements.

4.7 Continuity of power series

Let 3272, ¢; 27 be a power series with coefficients in C.
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4.7.1 Continuity on a closed disk

Proposition 4.7.1 Suppose that Z;io |c;] rJ converges for some positive real
number r. Consider the complex-valued function defined on the closed disk

(4.7.2) {z€eC:|z| <7}

by
(4.7.3) f(z)= Z cj 2,
=0

where the series converges absolutely by the comparison test. Under these con-
ditions, f is continuous on (4.7.2), with respect to the standard metric on C
and its restriction to (4.7.2).

If j is a nonnegative integer, then
(4.7.4) e 271 = lel 12 < le|r?

on (4.7.2). Thus the sequence of partial sums

(4.7.5) > e
§=0

converges to f(z) uniformly on (4.7.2), by Weierstrass’ criterion. We also have
that (4.7.5) is continuous on the complex plane for every n > 0, and in particular
the restrictions of these functions to (4.7.2) are continuous. The continuity of
f on (4.7.2) now follows from Theorem 4.6.3.

4.7.2 Continuity on an open disk, or the whole plane

Proposition 4.7.6 Let R be a positive extended real number, and suppose that
Z;io lcj| 77 converges for every positive real number r with r < R. Consider
the complex-valued function defined on

(4.7.7) {z€C:|z| <R}

by (4.7.3), where the series converges absolutely by the comparison test. Under
these conditions, [ is continuous on (4.7.7), with respect to the standard metric
on C, and its restriction to (4.7.7).

Let a point zg € C with |z9| < R be given, and let us check that f is con-
tinuous at zp, as a complex-valued function defined on (4.7.7). The restriction
of f to (4.7.2) is continuous when 0 < r < R, as in the previous proposition. If
|20] < r < R, then one can check that the continuity of f at zy as a function on
(4.7.2) implies the continuity of f at zo as a function on (4.7.7).
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4.8 The supremum metric

Let M be a set, and let (N, p(u,v)) be a metric space.

4.8.1 Bounded functions

Definition 4.8.1 A mapping f from M into N is said to be bounded if f(M)
s a bounded set in N.

Now let (M, d(z,y)) be a metric space as well. The space of all continuous
mappings from M into N may be denoted C'(M,N). The space of all map-
pings from M into N that are both bounded and continuous may be denoted
Cyp(M,N). If M is compact, then every continuous mapping from M into N is
bounded, by Theorem 4.3.1.

4.8.2 Defining the supremum metric

Suppose from now on in this section that M # @. If f and g are bounded
continuous mappings from M into N, then one can check that p(f(x), g(z)) is
bounded as a real-valued function on M. Put

(4.8.2) 0(f,g) = sup{p(f(z),g(x)) : x € M},

which is a nonnegative real number. If f(z) = g(z) for every z € M, then

p(f(z),g(x)) =0 for every z € M, and 6(f,g) = 0. Conversely, if 6(f,g) = 0,

then p(f(x),g(x)) = 0 for every x € M, so that f(z) = g(z) for every x € M.
It is easy to see that

(4.8.3) 0(f,9) =0(g, ),

because p(-,-) is symmetric. Let h be another bounded continuous mapping
from M into N, and observe that

(4.8.4) p(f(x), h(z)) < p(f(x),9(x)) + p(g(x), h(x)) < O(f,9) + 6(g, )

for every x € M. This implies that

(4.8.5) 0(f.h) < 0(f,9)+0(g.h).

Thus 0(-,-) defines a metric on Cy(M, N), which is known as the supremum
metric.

4.8.3 Convergence with respect to the supremum metric

Proposition 4.8.6 A sequence {f; 521 of bounded continuous mappings from
M into N converges to f € Cy(M, N) with respect to the supremum metric if
and only if {f; 521 converges to f uniformly on M.
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Suppose first that { fj};?ozl converges to f with respect to the supremum
metric, and let € > 0 be given. By definition of convergence of a sequence in a
metric space, there is a positive integer L such that

(4.8.7) 0(f5, f) <e
for every j > L. If x € M, then it follows that
(4.8.8) p(fi(x), f(x)) <O(f;, f) <€

for every j > L. This means that {f; 52, converges to f uniformly on M, as
desired.

Conversely, suppose that {f;}52; converges to f uniformly on M. Thus, for
each € > 0, there is a positive integer L(e) such that

(4.8.9) p(fj(@), f(z)) <e
for every x € M and j > L(e). Tt follows that
(4.8.10) 0(fj, f) <e

for every j > L(e), by the definition of the supremum metric. This means that
(4.8.11) 0(f;, f) <e/2<e

for every j > L(e/2), so that {f;}32, converges to f with respect to the supre-
mum metric.

4.9 Completeness of Cy(M, N)

Let (M,d(x,y)) and (N, p(u,v)) be nonempty metric spaces.

Theorem 4.9.1 If N is complete as a metric space with respect to p(-,-), then
Cy(M, N) is complete with respect to the supremum metric.

4.9.1 Pointwise convergence of Cauchy sequences

Let {f;}52, be a Cauchy sequence of elements of Cy,(M, N), with respect to the
supremum metric. This means that for every e > 0 there is a positive integer
L(e) such that

(19.2) 0f;, i) < c
for every j,1 > L(e). If x € M, then we get that
(4.9.3) p(fi(x), fi(z)) <0(f;, fr) <e

for every j,1 > L(e). This shows that {f;(z)}52, is a Cauchy sequence in N. It
follows that {f;(x)}52, converges in N, because N is complete by hypothesis.
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4.9.2 Checking uniform convergence

Put
(4.9.4) f(2) = lim f(x)

j—o0o
for every x € M, which defines a mapping from M into N. One can check that
(4.9.5) p(f(z), fi(z)) <e
for every x € M and | > L(e), using (4.9.3) and (4.9.4). More precisely, this
uses the fact that

(4.9.6) p(f(x), filz)) < p(f (@), f;(@)) + p(fi(2), fi(2))
for all 7 > 1, by the triangle inequality. This implies that
(4.9.7) {fi}i2, converges to f uniformly on M.

It follows that
(4.9.8) f is continuous on M,

by Theorem 4.6.3, and because f; is continuous on M for every | > 1, by
hypothesis.

4.9.3 Boundedness of the limit

One can verify that
(4.9.9) f is bounded on M,

using (4.9.5) with e = 1 and [ = L(1), and the boundedness of fr;) on M, by
hypothesis. Thus f € Cy(M, N), and { f;};°, converges to f with respect to the
supremum metric, because of uniform convergence, as in the previous section.

4.10 The limit of a function

Let (M,d(z,y)) and (N, p(u,v)) be metric spaces, let E be a subset of M, and
suppose that p € M is a limit point of E. Also let f be a function defined on F
with values in N, and let ¢ be an element of N.

Definition 4.10.1 We say that the limit of f(x), as « € E approaches p, is
equal to g, if for every € > 0 there is a § > 0 such that

(4102) o(f(x),q) < e
for every x € E with d(p,z) < 6 and x # p.

In this case, we put

(4.10.3) lleng flx)=gq,

or simply

(4.10.4) lim f(z) = gq,
T—p

when E = M, or it is clear which set E being used.
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4.10.1 Characterizing limits in terms of convergent se-
quences

Proposition 4.10.5 Under the conditions just mentioned, (4.10.3) holds if and
only if for every sequence {xj}‘;';l of elements of E that converges to p in M

and satisfies xj # p for each j > 1, we have that {f(x;)}52, converges to q in
N.

This is analogous to Proposition 4.1.3, and we omit the details. One can use
this to get the uniqueness of the limit, when it exists, from the corresponding
statement for convergent sequences.

4.10.2 Limits of complex-valued functions

Proposition 4.10.6 Let f and g be complex-valued functions on E, and sup-
pose that the limits of f(x) and g(x), as x € E approaches p, exist, with respect
to the standard metric on C. Under these conditions,

(4.10.7) lim (f(z) + g(2)) = lim f(z) + lim g(z)
and

(4.10.8) lim (£(2) g(w)) = (Tim f(2)) ( Tim g(x)).
We also have that .
(4.10.9) lim 1/f(x) = (ygg f(x))

when f(x) # 0 for every x € E, and the limit on the right is not zero.

This follows from the previous proposition, and the corresponding statements
for convergent sequences of complex numbers.
4.10.3 Limits and continuity

Let f be a mapping from M into a metric space N again. If p € M is a limit
point of M, then it is easy to see that f is continuous at p if and only if

(4.10.10) lim f(z) = f(p)-

If p is not a limit point of M, then one can check that f is automatically
continuous at p.

4.11 One-sided limits

Let a and b be real numbers with a < b, and let (N, p(u, v)) be a metric space.
Also let f be a function defined on the open interval (a,b) in the real line with
values in N. If p € R satisfies a < p < b, then put

(4.11.1) E.(p)={zxeR:p<z<b}.
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The limit of f(x) as x € (a,b) approaches p from the right is defined by

(4.11.2) flpt) = lim f(z)=lim "f(z),

when the limit on the right side exists, with respect to the standard Euclidean
metric on R. Similarly, if p € R satisfies a < p < b, then put

(4.11.3) E_(p)={zeR:a<z<p}

The limit of f(x) as x € (a,b) approaches p from the left is defined by

(4.11.4) flp=) = lim f(z)= lim ~f(z),

when the limit on the right side exists. If p € (a,b), then it is easy to see that

(4.11.5) lim f(z)

r—p

exists if and only if the one-sided limits (4.11.2) and (4.11.4) exist and are equal,
in which case (4.11.5) is equal to the common value of the one-sided limits.

4.11.1 Monotonically increasing functions

Definition 4.11.6 A real-valued function f on (a,b) is said to be monotoni-
cally increasing on (a,b) if for every x,y € (a,b) with © < y, we have that

(4.11.7) f(z) < fy).

Proposition 4.11.8 Let f be a monotonically increasing real-valued function
n (a,b). If p € (a,b), then the one-sided limits of f at p exist, with respect to
the standard Euclidean metric on R, and satisfy

(4.11.9) flp—) < fp) < flp+).
If q is another element of (a,b), and p < q, then
(4.11.10) fp+) < fla—).

Let p € (a,b) be given, and put
(4.11.11) Al(p) = {f(z): p<az<b
and
(4.11.12) A_(p)={f(z)a<z<p}

Note that f(p) is a lower bound for A, (p), and an upper bound for A_(p),
because f is monotonically increasing on (a,b). In this situation, the one-sided
limits of f at p are given by

(4.11.13) f(p+) =inf AL (p)
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and
(4.11.14) f(p—) =sup A_(p).

To prove (4.11.13), let € > 0 be given. Observe that there is a point z(e) in
(p, b) such that
(4.11.15) f(z(e)) < inf Ay (p) + €,

by definition of the infimum. If p < 2 < z(e), then
(4.11.16) inf A, (p) < f(2) < F(a(e)) < inf Ay (p) + e,

using the monotonicity of f in the second step. This implies (4.11.13), and the
argument for (4.11.14) is analogous.

It is easy to obtain (4.11.9) from (4.11.13) and (4.11.14). If p < ¢ < b, then
let 2 be an element of (p,q). Using (4.11.13) and the analogue of (4.11.14) for
q, we get that
(4.11.17) flp+) < fz) < flg—).

More precisely, this also uses the fact that f(x) is an element of A, (p) and
A_(q). This implies (4.11.10).

4.11.2 Continuity of monotone functions

Theorem 4.11.18 If f is a monotonically increasing real-valued function on
(a,b), then f is continuous at all but finitely or countably many points in (a,b),
with respect to the standard Euclidean metric on R and its restriction to (a,b).

Because the one-sided limits of f exist at every point in (a,b), f is continuous
at p € (a,b) if and only if

(4.11.19) flpt) = flp—) = f(p).
It follows that f is not continuous at p exactly when
(4.11.20) fp=) < flp+),

by (4.11.9). In this case, we can choose a rational number r(p) € (f(p—), f(p+)).
If f is not continuous at ¢ € (a,b) and p < ¢, then

(4.11.21) r(p) < f(p+) < flg—) < r(q),

by (4.11.10). Thus we get a one-to-one correspondence between the set of discon-
tinuities of f in (a,b) and a set of rational numbers, which implies the theorem.

4.12 Prescribing jump discontinuities

Consider the real-valued function defined on the real line by

(4.12.1) I(z) = 0 whenz<0
= 1 when z > 0.
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This may be called the unit step function on R, as in Definition 6.14 on p129
of [192]. Note that I(z) is monotonically increasing on R, and that it is discon-
tinuous at 0.

If u € R, then

(4.12.2) Ilz—u) = 0 whenz<wu
= 1 whenz>u
is monotonically increasing on R, and discontinuous at u. One can use linear

combinations of these functions with positive coefficients to get monotonically
increasing functions on R with discontinuities at any finite set of points.

4.12.1 Some infinite series of functions
Let {t;}52, be an infinite sequence of real numbers, and let {c;}32; be an infinite

sequence of complex numbers such that

(4.12.3) > el
j=1

converges. Put

(4.12.4) fl@)=> ¢ I(x—t;)
j=1

for each z € R, where the series on the right converges absolutely, by the
comparison test. If c¢; is a nonnegative real number for each j, then it is easy
to see that f is a monotonically increasing real-valued function on R.

The sequence of partial sums

(4125) icj I((E—t]’)
J=1

converges to f uniformly on R, by Weierstrass’ criterion, as in Section 4.6. If
z € R and x # t; for each j, then it follows that

(4.12.6) f is continuous at z,

as before. If the ¢;’s are distinct elements of R, and ¢; # 0 for each j, then one
can check that f is discontinuous at t; for each [. More precisely, the one-sided
limits of f at t¢; exist for each [, and satisfy

(4.12.7) flit) = fi—) = a

in this case.

This type of construction is described another way in Remark 4.31 on p97
of [192]. This description is mentioned in Theorem 6.16 on p130 of [192], and
some of its properties are indicated in Exercise 8 on p166 of [192].
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4.13 Some limits of limits

Let (M,d(z,y)) and (N, p(u,v)) be metric spaces, let E be a subset of M, and
suppose that p € M is a limit point of E. Also let {f; }]O';l be a sequence of
mappings from FE into N that converges uniformly to a mapping f from E into
N. Suppose that for each j > 1,

(4.13.1) g; = lim f;(z),

zeEE
T—p

where the existence of the limit on the right is part of the hypothesis. Under
these conditions, one can show that

(4.13.2) {g;}52, is a Cauchy sequence in N.

4.13.1 When {g;}52, converges in N

Suppose in addition that
(4.13.3) {g;}721 converges to an element g of N,

which holds automatically when IV is complete. Using this, one can also show
that
(4.13.4) ller% flz) =q.

T —p
This corresponds to Theorem 7.11 on p149 of [192] when N is the complex plane,
with the standard metric, and to part of Exercise 17 on pl68 of [192] when N
is any complete metric space. This is analogous to Theorem 4.6.3, and it can
be used to obtain that result as well.

4.14 Path connectedness

Let (M,d(z,y)) be a metric space.

4.14.1 Continuous paths and connectedness

Proposition 4.14.1 Let a and b be real numbers with a < b, and let p be
a continuous mapping from the closed interval [a,b] into M, with respect to
the restriction of the standard Fuclidean metric on R to [a,b]. Under these
conditions, p([a,b]) is a connected subset of M.

As in an earlier proof, it is helpful to extend p to a mapping from the real
line into M, by putting p(t) = p(a) when ¢ < a, and p(t) = p(b) when ¢ > b. It
is easy to see that this extension is continuous as a mapping from R into M. It
follows that p([a,b]) is a connected subset of M, because [a,b] is connected in
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4.14.2 Path connected sets

Definition 4.14.2 A subset E of M 1is said to be path connected if for every
pair of points x,y € E there is a continuous mapping p from the closed unit
interval [0,1] into M such that p(0) = z, p(1) = y, and p(t) € E for every
t € [0,1]. This uses the restriction of the standard Fuclidean metric on R to
[0,1].

4.14.3 Path connected sets are connected
Proposition 4.14.3 If E C M is path connected, then E is connected in M.

Suppose for the sake of a contradiction that E is not connected in M, so
that there are nonempty separated subsets A, B of M such that AUB = E. Let
x be an element of A, and let y be an element of B. If E is path connected in
M, then there is a continuous mapping p from [0, 1] into M such that p(0) = z,
p(1) =y, and p([0,1]) C E.

Put
(4.14.4) Ay =Anp([0,1]), Bi=Bnp(0,1]).
Observe that
(4.14.5) A1 U B; = p([0,1]),

because p([0,1]) € E = AU B. By construction, z € A; and y € By, so that
A1, B1 # 0. One can check that A; and B; are separated in M, because A and
B are separated in M, and A; C A, By C B. This implies that p([0, 1]) is not
connected in M, which is a contradiction, as desired.

4.14.4 Convex subsets of R"

Definition 4.14.6 Let n be a positive integer. A subset E of R™ is said to be
convex if for every z,y € E and t € R with 0 <t <1, we have that

(4.14.7) (1-t)z+tycE.

It is easy to see that convex subsets of R™ are path connected, with respect
to the standard Euclidean metric on R™. Note that connected subsets of the
real line are convex.

4.14.5 More on path connectedness

Proposition 4.14.8 Let M and N be metric spaces, and let f be a continuous
mapping from M into N. If E is a path-connected subset of M, then f(E) is
path connected in N.

This follows from the definition of path connectedness, and the fact that
compositions of continuous mappings are continuous.

It is well known and not too difficult to show that connected open subsets
of R™ are connected. However, there are examples of connected subsets of R?
that are not path connected.
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4.15 Integral metrics and other topics

In the first part of this section, the reader is supposed to be familiar with the
Riemann integral of a continuous function on a closed interval in the real line.
Let a, b be real numbers, with a < b, and let

(4.15.1) C([a,b]) = C([a,b],R)
be the space of continuous real-valued functions on [a,b]. More precisely, this
uses the standard Euclidean metric on R, and its restriction to [a, b].

4.15.1 The L' metric on C([a,b])
If f,g € C([a,b]), then put

b
(415.2) i(f9) = [ 11@) - g(o)]da

One can check that this defines a metric on C([a, b]). In particular, d1(f,g) > 0
unless f = g on [a, b].

4.15.2 Comparison with the supremum metric

Remember that continuous real-valued functions on [a,b] are automatically
bounded, because [a,b] is compact. The supremum metric on C([a,b]) is de-
fined by

(4.15.3) 0(f,9) = sup{|f(z) — g(z) : a <z < b},
as in Section 4.8. It is easy to see that
(4.15.4) di(f,9) < (b—a)0(f,g)

for every f,g € C([a,]).

In particular, if { f; 524 1s a sequence of continuous real-valued functions on
[a,b] that converges uniformly to a continuous real-valued function f on [a,b],
then {f;}52, converges to f with respect to di (-, ).

However, C([a, b]) is not complete as a metric space with respect to (4.15.2).
To get a complete metric space, one can use the Lebesgue integral.

4.15.3 Isometric mappings and completions

Let (M,d(z,y)) and (N, p(u,v)) be metric spaces. A mapping ¢ from M into
N is said to be an isometry if

(4.15.5) p(o(x), ¢(y)) = d(z,y)

for every x,y € M. A completion of M may be defined as an isometry from
M onto a dense subset of a complete metric space. It is well known that every
metric space has a completion, which is unique up to isometric equivalence.
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4.15.4 The Baire category theorem

Suppose that M is complete. If Uy, Us, Us, ... is an infinite sequence of dense
open subsets of M, then the Baire category theorem states that ﬂ‘;il U; is dense
in M too. ‘

4.15.5 The contraction mapping theorem

A mapping ¢ from M into itself is said to be a contraction if there is a nonneg-
ative real number ¢ < 1 such that

(4.15.6) d(d(x), o(y)) < cd(z,y)

for every =,y € M. In this case, if M is also nonempty and complete, then the
contraction mapping theorem states that there is a unique w € M such that

o(w) = w.

4.15.6 Brouwer’s fixed-point theorem

Let n be a positive integer, and let

(4.15.7) B, = {x ER":) a? < 1}

j=1

be the closed unit ball in R™. Suppose that f is a continuous mapping from
B,, into itself, with respect to the restriction of the standard Euclidean metric
on R™ to B,,. Brouwer’s fized-point theorem says that there is an x € B,, such
that f(z) = . This can be obtained from the intermediate value theorem when
n=1.

4.15.7 Weierstrass’ approximation theorem

Let @ and b be real numbers, with a < b. Suppose that f is a continuous
real-valued function on [a,b], with respect to the standard Euclidean metric
on R and its restriction to [a,b]. Under these conditions, a famous theorem of
Weierstrass says that f can be uniformly approximated by polynomials on [a, b].



Chapter 5

Differentiating functions of
one variable

5.1 Functions on subsets of R

Let E be a nonempty subset of the real line, and let f be a real-valued function
on F. In this and the next sections, we always use the standard Euclidean
metric on R, and its restriction to E.

5.1.1 The derivative of a real-valued function

If
(5.1.1) x € E is a limit point of E,

then the derivative of f at x as a function on F may be defined as usual by

’ . f(w) B f(l‘)
(5.1.2) f(@) = }”IEI% T w—z
when this limit exists. In this case, f is said to be differentiable at x, as a
function on FE.
Of course, one is often particularly interested in functions defined on some-
thing like an interval in the real line. Some of the usual arguments work for
other types of subsets of R, and some arguments involve more properties of E.

See [129, 130] for some topics related to functions defined on rational numbers.

5.1.2 Differentiability implies continuity

If f is differentiable at x as a function on F, then

(5.1.3) f is continuous at x as a function on F.

91
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Indeed, under these conditions, we have that

tim (F(w) — @) = tim (L2220 )

22 AN
(5.1.4) = (1 (M2 2) (i 0 - o)
— ()-0=0, -

where the second step is as in Section 4.10.

5.1.3 Differentiability of sums and products

Let g be another real-valued function on F that is differentiable at z. It is easy
to see that

(5.1.5) f + g is differentiable at z,
with
(5.1.6) (f +9)(2) = f'(z) + g'(z).

This uses the analogous statement for limits of sums in Section 4.10.
One can also check that

(5.1.7) f g is differentiable at x,
with
(5.1.8) (f9)'(z) = f'(z) g(z) + f(z) g'(2),

which is the usual product rule for the derivative. This can be obtained in a
standard way from the usual results about limits of products in Section 4.10.

5.1.4 Differentiability of reciprocals

Suppose that

(5.1.9) flw) #£0

for each w € E, so that

(5.1.10) 1/f

defines a real-valued function on F too. In this case, one can show that
(5.1.11) 1/f is differentiable at z,

with

(5.1.12) (1/) (@) = —f'(x)/ f(x)*.

This uses the fact that 1/f is continuous at = as a function on E, because of
(5.1.3). Note that (5.1.12) could be obtained from the product rule, if one knows
(5.1.11).
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More precisely, one can consider 1/f as a real-valued function on the set

(5.1.13) {we E: f(w) # 0},

even if f(w) = 0 for some w € E. If f(x) # 0, then (5.1.13) contains every
w € E that is sufficiently close to x, because f is continuous at z. In particular,
this means that « is a limit point of (5.1.13), because x is a limit point of E in
R, by hypothesis.

Of course, the quotient rule for the derivative can be obtained from (5.1.12)
and the product rule.

5.2 The chain rule

Let E be a nonempty subset of the real line again, and let f be a real-valued
function on E. Suppose that x € F is a limit point of E, and that f is differen-
tiable at . Let E; be another subset of the real line, and suppose that

(5.2.1) f(B) C By,
and that
(5.2.2) f(z) is a limit point of Ej.

Also let g be a real-valued function on E7, and put

which is a real-valued function on E.

5.2.1 The statement and some indications of the proof

If
(5.2.4) g is differentiable at f(z),

then the chain rule states that

(5.2.5) h is differentiable at z,
with
(5.2.6) (z) =g'(f(2) f'(2).

This is very easy to see when g is a linear function on R. Using this, one can
reduce to the case where

(5.2.7) g(f(@) =0,

which is a bit simpler.
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5.2.2 Differentiating inverse functions

Suppose for the moment that f is a one-to-one function on F, and that g is the
inverse of f on

(5.2.8) E, = f(E),
so that
(5.2.9) h(w) = g(f(w)) = w

for every w € E. Tt is easy to see that (5.2.2) holds in this case, because f is
continuous at x, as in the previous section. If (5.2.4) holds, then

(5.2.10) § (@) @) = W) =1
This means that f/(z) # 0, and that
(5:2.11) J(F@) = 1/1'(@).

5.2.3 Functions on open intervals

Suppose for the moment again that
(5.2.12) E = (a,b)

for some real numbers a, b with a < b, although one could also permit a = —oo
or b = 4o00. Suppose also that f is differentiable at every w € (a,b), with

(5.2.13) f'(w) > 0.

One can use the mean value theorem to get that f is strictly increasing on (a, b).

One can also check that f((a,b)) is an open interval in R, or an open half-
line, or R. If ¢ is the inverse of f on f((a,b)), then part of Exercise 2 on p114
of [192] states that

(5.2.14) g is differentiable at every point in f((a,b)).

5.2.4 More on the differentiability of the inverse function

Let E be any nonempty subset of R again, and suppose that z € E is a limit
point of E, as before. Suppose that f is one-to-one on E, and let g be the
inverse of f on (5.2.8). Suppose also that f is differentiable at x, as usual, with
f'(x) #0. If
(5.2.15) g is continuous at f(z),
as a real-valued function on (5.2.8), then one can show that (5.2.4) holds. This
corresponds to Theorem 7.5 E on pl74 of [82], at least when E is an interval
in R, which may be unbounded, as well as open, closed, or half-open and half-
closed, as on p2 of [82].

More precisely, (5.2.15) implies that if w € E and f(w) is close to f(x), then

(5.2.16) w = g(f(w)) is close to x = g(f(z)).
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Otherwise, let 7o be a positive real number, and let gy be the restriction of g to
(5.2.17) f(EN(z—ro,x+10)).

If ro is small enough, then one can check that gy is continuous at f(x) as a
function on (5.2.17), using the hypothesis that f'(x) # 0.

5.3 One-sided derivatives

Let E be a nonempty subset of R again, and let f be a real-valued function on
E. If x € E, then put

(5.3.1) Ef(z)={we E:w>uz}
and

(5.3.2) E-(z)={we E:w<uz}.
If

(5.3.3) x is a limit point of E*(z),

then the derivative of f at x from the right as a function on F is defined by

- fw) = f(2)
5.3.4 ' = 1 EA SR s
( ) f+ (:L.) we)lEIP(w) w—x ’
when this limit exists.
Similarly, if
(5.3.5) x is a limit point of E~(x),

then the derivative of f at x from the left as a function on F is defined by

(5.3.6) f(z)=lim M,
wewE;T(m) w—
when this limit exists. These are the same as the derivatives at x of the restric-
tions of f to ET(z) and E~(x), respectively, when they exist.
If z is a limit point of ET(z) or E~(x), then it is easy to see that z is a limit
point of EZ. One can check that the converse holds as well.

Suppose for the moment that
(5.3.7) r is a limit point of £ (x) and E~(z),

so that x is a limit point of F in particular. If f is differentiable at x as a
function on F, then it is easy to see that the derivatives of f at x from the left
and right exist, with
(5.3.8) fi(z) = fL(z) = f'(2).

Conversely, if the derivatives of f at x from the left and right exist and are
equal to each other, then f is differentiable at x as a function on E, with the

derivative of f at x as in (5.3.8). This is very similar to a remark in Section
4.11.
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5.4 More on one-sided derivatives

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Suppose for the moment again that

(5.4.1) f has a local maximum at z,

as a function on E, so that
(5.4.2) fw) < f(x)

for all w € E that are sufficiently close to z. If z is a limit point of E*(z), and
if the derivative of f at x from the right as a function on F exists, then it is
easy to see that

(5.4.3) fi(x) <o0.

Similarly, if « is a limit point of E~(x), and if the derivative of f at = from the
left as a function on FE exists, then

(5.4.4) f(z) >0.

If (5.3.7) holds, and if f is differentiable at = as a function on E, then it follows
that
(5.4.5) f'(xz) =0,

because of (5.3.8).
Similarly, suppose for the moment that

(5.4.6) f has a local minimum at z,

as a function on E, so that
(5.4.7) f(z) < f(w)

for all w € E that are sufficiently close to . If z is a limit point of E*(z), and
if the derivative of f at x from the right as a function on E exists, then

(5.4.8) fi(x) > 0.

If z is a limit point of E~(z), and if the deriviative of f at z from the left as a
function on E exists, then
(5.4.9) f (z) <0.

If (5.3.7) holds, and if f is differentiable at = as a function on E, then (5.4.5)
holds, because of (5.3.8), as before. Of course, these statements correspond to
those in the preceding paragraph for —f.

These remarks are related to Rolle’s theorem and the mean value theorem
when FE is a closed interval in R. Remember that Rolle’s theorem uses the
extreme value theorem, as in Corollary 4.3.9. One might consider analogous
types of arguments when FE is the Cantor set, as in Section 2.9, for instance.

See [18, 47, 56, 127, 210] for some additional topics concerning the mean
value theorem. Some related matters are discussed in [66, 68].
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5.4.1 The generalized mean value theorem

Let a and b be real numbers with a < b, and let f, g be continuous real-valued
functions on [a, b] that are differentiable at every point in (a,b). Under these
conditions, the generalized mean value theorem states that there is an x € (a,b)
such that

(5.4.10) (f(b) = f(a)) g'(z) = (9(b) — g(a)) ' (),
as in Theorem 5.9 on pl07 of [192]. To see this, put
(5.4.11) h(t) = (f(b) — f(a)) g(t) — (9(b) — g(a)) f(2)

for every t € [a,b]. This is a continuous real-valued function on [a,b] that is
differentiable at every point in (a,b), with

(5.4.12) h(a) = f(b) g(a) — f(a) g(b) = h(b).

One can use Rolle’s theorem to get a point « € (a,b) such that h'(z) = 0, and
(5.4.10) follows from this.

5.5 The Darboux property

Let a and b be real numbers with a < b, and let f be a real-valued function on
[a, b] that is differentiable at every point in [a,b]. Suppose that A € R satisfies

(5.5.1) flla) <A< f'(b)
(5.5.2) () <A< fl(a).

Under these conditions, there is an = € (a, b) such that
(5.5.3) f(z) =\

To see this, it is convenient to suppose that (5.5.1) holds, and otherwise one
can use an analogous argument when (5.5.2) holds, or reduce to this case. Let
g be the real-valued function defined on [a, b] by

(5.5.4) g(w) = f(w) = Aw,

(5.5.5) g =f -\

In particular,

(5.5.6) g'(a)=f'(a) =2 <0
and

(5.5.7) g = f () —A>0,
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because of (5.5.1).

The extreme value theorem implies that g attains its minimum at a point
x € [a,b]. One can check that « € (a,b) in this case, using (5.5.6) and (5.5.7),
as in the previous section. It follows that

(5.5.8) g (x)=0,

as in the previous section again. This implies (5.5.3), by (5.5.5). Of course, the
same conclusion can be obtained from the intermediate value theorem when f’
is continuous on [a, b].

5.5.1 Another property of the derivative

Let f be a real-valued function on the real line that is differentiable at every
point in R. Put

(5.5.9) fi(@) =5 (f(z+ (1/7)) — f(z))
for every € R and positive integer j, and observe that
(5.5.10) T f(@) = f'()

for every x € R. Pointwise limits of continuous functions are said to be of
Buaire class one. Thus f’ is of Baire class one. Some related references include
[31, 39, 40, 41, 62].

5.6 Some examples

Let [ be a positive integer, and consider the function f; defined on the real line
by

(5.6.1) filr) = 2%sin(z™!) when z #0

0 when z = 0.

We shall use standard properties of trigonometric functions here, although one
could avoid this by using other nonconstant periodic differentiable functions on
R. If ¢ # 0, then f; is differentiable at x, with

(5.6.2) fi(x) = 2z sin(z™") +2? (=127 cos(z™)

= 2z sin(z™!) — 12" cos(z™).

One can check directly that f; is differentiable at 0, with

(5.6.3) 17(0) = 0.
Note that
(5.6.4) lim (2 z sin(z~!)) =0,

x—0
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because sin(x~!) is bounded for x # 0. If I = 1, then (5.6.2) reduces to
(5.6.5) fi(z) =2z sin(1/z) — cos(1/x)

for & # 0. It is easy to see that f] is not continuous at 0. If I > 1, then f/(z) is
not even bounded for z # 0 near 0.

Clearly (5.6.5) is bounded on bounded subsets of R\ {0}. Of course, it is
well known that
(5.6.6) lim (¢! sin(t)) = sin’(0) = 1.

t—0

One can use this with ¢t = 1/x to get that
(5.6.7) fi(z) = 1 as x — +oo.

In particular, this implies that (5.6.5) is bounded on R\ {0}. Similarly, if I > 1,
then one can use (5.6.6) with ¢t = 27! to get that

(5.6.8) fl(x) = 0 as z — +oo.

See [123] for more on some related examples, and their properties.

5.7 Lipschitz mappings

Let (M,d(-,-)) and (N, p(-,-)) be metric spaces. A mapping f from M into N
is said to be Lipschitz if there is a nonnegative real number C' such that

(5.7.1) p(f (), f(w)) < Cd(x,w)

for all x,w € M. In this case, we may say that f is Lipschitz with constant C,
to indicate the role of C'. It is easy to see that

(5.7.2) Lipschitz mappings are uniformly continuous.
Note that
(5.7.3) f is Lipschitz with constant C' = 0 on M

if and only if f is constant on M.

5.7.1 Real-valued functions on subsets of the real line

Let E be a subset of the real line, and let f be a real-valued function on F.
Note that f is Lipschitz with constant C' > 0 on F exactly when

(5.7.4) [f (@) = fw)] < Cla —wl

for all z,w € E. This uses the standard Euclidean metric on R, and its restric-
tion to FE.
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Suppose that x € E is a limit point of F, and that f is differentiable at x.
If f is Lipschitz with constant C' on E, then one can check that

(5.7.5) [f' (@) < C.

Let a and b be real numbers with a < b, and let f be a continuous real-valued
function on [a,b]. Suppose that f is differentiable at every point in (a,b), and
that there is a nonnegative real number C such that (5.7.5) holds for every
x € (a,b). Under these conditions, one can verify that

(5.7.6) f is Lipschitz with constant C' on [a, b],

using the mean value theorem.

Let E be a subset of the real line again, and let f be a real-valued function
on E. Suppose that x¢ € E is a limit point of F, and that f is differentiable at
xg. If €y is a positive real number, then one can check that there is a positive
real number dg such that

’f(w) — f(xo)

<|f'(z0)| + €0
w — X9

(5.7.7)

for every w € F with w # xg and |w — x| < dg. This implies that

(5.7.8) [f(w) = f(zo)l < (If'(20)| + €0) [w — o]

for every w € E with |w— x| < dp, because (5.7.8) holds trivially when w = x.
This may be considered as a type of pointwise Lipschitz condition for f at
xg. In particular, this implies that f is continuous at xyp. Remember that the
continuity of f at xp was also mentioned in Subsection 5.1.2.



Chapter 6

Integrating functions of one
variable

6.1 Suprema and infima of functions

Let E be a nonempty set, and let f be a real-valued function on E. Suppose
that f is bounded on E, so that f(F) is a nonempty bounded subset of the real
line. Under these conditions, we may use the notation

(6.1.1) szgf(x) =sup f(F) =sup{f(z) : z € E}
and

(6.1.2) 1relgf(x) = inf f(E) = inf{f(x): x € E}.
Of course,

(6.1.3) inf f(x) < sup f(a).

6.1.1 Multiplication by a real number

If t € R, then it is easy to see that
(6.1.4) t f is a bounded real-valued function on £

too. If t > 0, then one can check that

(6.1.5) igg“f(x” =1 (ilelgf(w))
and
(6.1.6) inf (t f(@)) = t ( inf f(2)).

101
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Similarly, if ¢ < 0, then

(6.1.7) sup(t f(r)) =t (_nf f(x))
and
(6.1.8) inf (¢ f(2)) =t (2‘52 f(@)).

6.1.2 Sums of bounded functions

Let g be another bounded real-valued function on E, and observe that
(6.1.9) f + g is bounded on E

as well. One can verify that

(6.1.10) igg(f(x) +g(x)) < (iggf(x)) + (2229(@)
and
(6.1.11) inf (f(@) +g(«)) > ( inf f(2)) + ( inf g(x)).

6.2 More on suprema and infima of functions

Let us continue with the same notation and hypotheses as in the previous sec-
tion. We also have that

(6:21) sup(f(a) +9(a)) = (sup f(2)) + ( inf o(x)
and
(6.2.2) inf (f(2) +9(@) < (inf f@)) + (:gg 9(@)).

This can be verified directly, or using the previous inequalities and some of the
earlier remarks with ¢t = —1.

6.2.1 Products of nonnegative functions

Suppose for the moment that
(6.2.3) fig>0on E.

Under these conditions, one can check that

(6.2.4) jlellbz(f(w)g(x)) < (2telgf(w)) (zggg(w))
and
(6.2.5) inf (£(@) g(@)) = (inf f(@)) ((inf g(a)).
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6.2.2 Some monotonicity properties

Suppose for the moment again that

(6.2.6) f(z) < g(x)

for every x € E. In this case, it is easy to see that

(6.2.7) sup f(z) < sup g(x)
zelE el

and

(6.2.8) Inf f(z) < inf g(z).

6.2.3 Some more monotonicity properties

If £y is a nonempty subset of F, then

(6.2.9) sup f(z) < sup f(x)
z€FEqy rzeFE

and

(6.2.10) ;relef(x) < zlenéo f(x).

6.3 Darboux sums

Let a and b be real numbers, with a < b, and let

103

(6.3.1) P = {t;}j0

be a partition of [a,b]. More precisely, this is a finite sequence of real numbers
with

(6.3.2) a=ty<t; <---<t_1 <t,=b.

It is convenient to include the case where a = b here, but the various sums and
integrals that we shall consider will be equal to 0 when this happens. Similarly,
if t;_1 = t; for some j > 1, then the corresponding term in each of the sums

that we shall consider will be equal to 0.

6.3.1 Upper and lower Darboux sums
Let f be a bounded real-valued function on [a, b], and put
(6.3.3) M; =sup{f(z) :t;_1 <z <t;}

and
(634) m; = 1nf{f(m) : tj_l S x S tj}
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for each j =1,...,[. Consider

(6.3.5) UP, f) =Y M;(t; —t;1)
and

!
(6.3.6) L(P,f) = ij (tj —tj 1)

as on pl121 of [192], for instance. These are the upper and lower Darboux sums
associated to f and P, respectively.

6.3.2 Riemann sums

If
(6.3.7) w; € [tj—1,t5], 1 <j <1,
then
l
(6.3.8) L(P.f) < Z —tj-1) SUP.f).
The sum in the middle is the Riemann sum associated to f, wy,...,w;, and the

partition P.

6.4 Darboux—Stieltjes sums

Let us continue with the same notation and hypotheses as in the previous sec-
tion. Also let a be a monotonically increasing real-valued function on [a, ], so
that

(6.4.1) Oé(tj) — Oé(tjfl) Z 0

for each j =1,...,l. Consider

(6.4.2) U(P, f,a ZMJ a(tj-1))
and
(6.4.3) L(P, f, ij —a(t; 1)),

as on p122 of [192]. These are the upper and lower Darbouz sums or Darboux—
Stieltjes sums associated to f, P, and «, respectively.
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6.4.1 Riemann—Stieltjes sums

If wy,...,w; are as in (6.3.7), then

!
(6.4.4) L(P, f.a) <) flwy) (alty) = altj1)) S U(P, f,a).
j=1

The sum in the middle is the Riemann—Stieltjes sum associated to f, the points
w1, ..., w;, the partition P, and a.

6.4.2 A basic sum using «

Of course, if a(z) = x on [a,b], then (6.4.2) and (6.4.3) are the same as (6.3.5)
and (6.3.6), respectively. Note that

l l l
D (alty) —altj1) = D alty) =D alti1)

l -1
(6.4.5) = ) alt) =Y alty) = alb) — a(a).
j=1 7=0

6.5 More on Darboux sums

Let us continue with the same notation and hypotheses as in the previous two
sections. Clearly
(6.5.1) m; S Mi

for each j. This implies that

(6.5.2) L(P, f,a) <U(P, f,a),
which could also be obtained from (6.4.4). In particular,
(6.5.3) L(P, f) <U(P, [),

which follows from (6.3.8) as well.

6.5.1 Some basic estimates for upper and lower sums

If we put

(6.5.4) M =sup{f(z):a <z <b}
and

(6.5.5) m = inf{f(x):a <z <b},
then

(6.5.6) M = max M;

1<5<1
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and
(6.5.7) m= min m;.

Using this, we get that

l
(658)  U(P, f,a) <Y M(a(ty) — altj1)) = M (a(b) — a(a))

and
l
(6.5.9)  L(P, f,a) 2 Zm (alt;) —altj-1)) = m(a(b) — a(a)).
In particular,
(6.5.10) UP,f)<M(b-a)
and
(6.5.11) L(P,f) >m(b—a),

as on pl121 of [192]. Note that equality holds in these four inequalities when P
is the partition of [a, b] consisting only of a and b, so that [ = 1.

6.5.2 Refinements of partitions

Let P* = {t;}}_, be another partition of [a,b]. We say that
(6.5.12) P* is a refinement of P

if for each j =0,1...,1 thereis a k € {0,1,...,0*} such that
(6.5.13) t; =tr.

This means that [t;_1,¢;] may be partitioned further by P* for each j = 1,...,1.
In this case, one can show that

(6.5.14) U(P*, f,a) <U(P, f,«)
and
(6.5.15) L(P, f,a) < L(P*, f,a),

as in Theorem 6.4 on p123 of [192].

6.6 Upper and lower integrals

Let us continue with the same notation and hypotheses as in the previous three
sections. The upper and lower Riemann integrals of f on [a,b] are defined by

—b

(6.6.1) /fm:@WRﬁ
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and

b
(6.6.2) / fdz = sup L(P, f),

respectively, as on pl121 of [192]. More precisely, this infimum and supremum
are taken over all partitions P of [a, b].
6.6.1 Some basic estimates for upper and lower integrals

Remember that
(6.6.3) m(b—a) < L(P,f) <UP, f) < M (b—a)

for all such partitions P, as in (6.5.3), (6.5.10), and (6.5.11), where M and m
are as in (6.5.4) and (6.5.5), respectively. This implies that the infimum and
supremum in (6.6.1) and (6.6.2) exist in R, with

—b

(6.6.4) m(b—a) < / fdx
and ,
(6.6.5) / Fdo < M(b—a).
We also have that :b
(6.6.6) / Fdz < M(b—a)
and .
(6.6.7) / Fdo>m(b—a).

6.6.2 Upper and lower Riemann—Stieltjes integrals of f

Similarly, the upper and lower Riemann—Stieltjes integrals of f with respect to
a on [a,b] are defined by

—b

(6.6.8) /af da = infU(P, f,a)
and
b
(6.6.9) / fda=sup L(P, f,«a),
P

—Q

respectively, as on pl122 of [192]. These are the same as in (6.6.1) and (6.6.2)
when «a(z) = x on [a, b].
Note that

(6.6.10) m(a(b) —afa)) < L(P, f,a) <U(P, f,a) < M (a(b) — a(a))
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for all partitions P of [a, b], as in (6.5.2), (6.5.8), and (6.5.9). This implies that
the infimum and supremum in (6.6.8) and (6.6.9) exist in R, with

—b

(6.6.11) m(a(b) —ala)) < / fda
and ,
(6.6.12) / fda < M (a(b) — a(a)).
In addition,

—b
(6.6.13) fda < M (a(b) — ala))
and ,
(6.6.14) fda>m(a(b) —ala)).

6.7 Common refinements

Let us continue with the same notation and hypotheses as in the previous four
sections. Let P; and P, be any two partitions of [a, b], as in the previous section.
It is not too difficult to see that there is a partition P* of [a, b] such that
(6.7.1) P* is a refinement of both Py, Ps.

The smallest such common refinement of P; and Py can be obtained using all
of the points in [a, b] that occur in P; and P, listed in order.

6.7.1 Using common refinements

Under these conditions, we have that
(6.7.2) L(P1, f,a) < L(P*, f,a) SU(P”, f,e) SU(P2, [, ).

This uses (6.5.15) in the first step, (6.5.2) in the second step, and (6.5.14) in
the third step. One can use this to get that

(6.7.3) /bfda < /bf da,

as in Theorem 6.5 on p124 of [192]. In particular,

(6.7.4) /bfdx < /bf dz.
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6.7.2 Some remarks about upper and lower sums
If P = {t;}_, is a partition of [a,b], then

l
(675)  UP.f.0) = L(P.f.a) = S (M, —my) (a(t) — alt;—1)).

j=1

by (6.4.2) and (6.4.3). Remember that M; and m; are as in (6.3.3) and (6.3.4),
respectively, so that
(676) Mj — mj Z 0

for each j in particular.

6.7.3 A property of refinements

Let P, P* be partitions of [a,b], and suppose that P* is a refinement of P.
Observe that

(6.7.7) U(P*, f,a) — L(P*, f,a) < U(P, f,a) — L(P, f, ),

because of (6.5.14) and (6.5.15). This is related to part (a) of Theorem 6.7 on
p125 of [192], and its proof.

6.8 Riemann—Stieltjes integrals

We continue with the same notation and hypotheses as in the previous sections.
It

(6.8.1) /bfdx = /bf dz,

then f is said to be Riemann integrable on [a,b], as on p121 of [192]. In this
case, the Riemann integral of f on [a,b] is denoted

(6.8.2) /b fd,

and defined to be the common value in (6.8.1). The Riemann integral may also
be expressed as

b
(6.8.3) / (@) da.

6.8.1 Riemann—Stieltjes integrability

Similarly, if
—b

(6.8.4) /bfda = /af da,



110 CHAPTER 6. INTEGRATING FUNCTIONS OF ONE VARIABLE

then f is said to be Riemann—Stieltjes integrable with respect to « on [a,b], as
on pl22 of [192]. The corresponding Riemann—Stieltjes integral

(6.8.5) / " fda

is defined to be the common value in (6.8.4), and this may also be expressed as

b
(6.8.6) / f(x) da(x).

This is the same as in the previous paragraph when «(x) = z on [a, b], as usual.

6.8.2 A characterization of integrability

One can show that f is Riemann—Stieltjes integrable with respect to « on [a, ]
if and only if for every e > 0 there is a partition P of [a, b] such that

(6.8.7) UP, f,a) = L(P, f,a) <e,

as in Theorem 6.6 on p124 of [192]. More precisely, it is somewhat easier to see
that f is Riemann—Stieltjes integrable with respect to a on [a,b] if and only if
for every € > 0 there are partitions P;, P2 of [a, b] such that

(688) U(P27f7a) 7L(,P17f705) <€

In order to get (6.8.7) from (6.8.8), one can take P to be a common refinement
of Py and Py, and use (6.5.14), (6.5.15).

6.9 Continuity and integrability

Let us continue with the same notation and hypotheses as in the previous sec-
tions. If
(6.9.1) f is continuous on [a, ],

then one can show that

(6.9.2) f is Riemann—Stieltjes integrable with respect to « on [a, b],

as in Theorem 6.8 on p125 of [192]. This uses the fact that f is uniformly
continuous on [a, b], because [a, b] is compact.

If ¢ is a real number, then ¢ may be considered as a constant function on
[a,b], and it is easy to see that

b
(6.9.3) / cda = ¢ (a(b) — afa)).
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6.9.1 Some more criteria for integrability

If

(6.9.4) f is continuous at all but finitely many points in [a, b],
and if

(6.9.5) o is continuous at those points,

then one can show that (6.9.2) holds, as in Theorem 6.10 on p126 of [192].
If

(6.9.6) f is monotonic on [a, b],
and
(6.9.7) « is continuous on [a, b],

then (6.9.2) holds, as in Theorem 6.9 on p126 of [192].

6.9.2 A related example
If

(6.9.8) f(x) = 0 when z € [a,}] is irrational
= 1 when z € [a,D] is rational,
then can check that

—b

(6.9.9) / fda=a(b) —ala)

a

and

b
(6.9.10) / fda =0,

This implies that f is not Riemann—Stieltjes integrable with respect to a on
[a, b] when « is not constant on [a,b]. In particular, f is not Riemann integrable
on [a,b] when a < b, as in Exercise 4 on p138 of [192].

6.10 More on Riemann—Stieltjes integrals
We continue with the same notation and hypotheses as in the previous sections.

Let I(x) be the unit step function on the real line, as in Section 4.12. Also let
w be a real number with

(6.10.1) a<w<b,
and put
(6.10.2) ay(z) =I(z —w)

for « € [a, b], which is a monotonically increasing real-valued function on [a, b].
If
(6.10.3) f is continuous at w,
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then (6.9.2) holds, with a = «,, and

b
(6.10.4) / fdaw = f(w).

This corresponds to Theorem 6.15 on p130 of [192], which is stated for w # a.

The argument for w = a is very similar, but if w = b, then «,, =0 on [a, b],
because of the way that I(z) is defined. Some related results are mentioned in
Exercise 3 on p138 of [192]. In particular, one can consider functions defined on
R in the same way as I(x) when x # 0, and equal to 1 or 1/2 at = 0.

6.10.1 A remark about approximating integrals by sums

Suppose that (6.9.2) holds, and let P = {tj}z':o be a partition of [a,b]. Of
course,

b
(6.10.5) L(P, f.0) < / fda <UP, f,a),

by definition of the integral. If w; € [t;_1,t;], 1 < j < [, then one can use
(6.4.4) and (6.10.5) to get that

l b

S fwy) (alty) — alt;—1)) - / f da

a

(6.10.6) < U(P’.ﬁ Oé) _L(Pvf?a)'

j=1

In particular, if (6.8.7) holds for some € > 0, then

< €.

b
S° f(wy) (alty) — alty 1)) - / fda

j=1

(6.10.7)

This corresponds to part (c) of Theorem 6.7 on p125 of [192].

6.11 Multiplying functions by constants

Let us continue with the same notation and hypotheses as in the previous sec-
tions again. Let r be a positive real number, so that

(6.11.1) r f is a bounded real-valued function on [a, b].

If P is a partition of [a, b], then one can check that

(6.11.2) UP,rf,a) =rU(P, f,a)
and
(6.11.3) L(P,r f,a) =rL(P, f,a),

using some remarks in Subsection 6.1.1.
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This implies that

(6.11.4) /erdar/ifdoz
and
(6.11.5) /brfda—r/bfda,

using the same remarks from Subsection 6.1.1. If f is Riemann—Stieltjes inte-
grable with respect to « on [a, b], then it follows that

(6.11.6) r f is Riemann—Stieltjes integrable with respect to « on [a, ]
too, with

b b
(6.11.7) / rfda=r / fda,

as in part (a) of Theorem 6.12 on p128 of [192].

6.11.1 Multiplication by —1

Of course,
(6.11.8) —f is a bounded real-valued function on [a, b]

as well. If P is a partition of [a, b], then one can verify that

(6.11.9) U(P,—f,a) = —L(P, f, )
and
(6.11.10) L(P,~f,a) = =U(P, f,a),

using some other remarks in Subsection 6.1.1.

This means that
—b

(6.11.11) /a—fdaz—/bfda
;
(6.11.12) /b — fda= —/af do,

—Q

using these same remarks from Subsection 6.1.1. If f is Riemann—Stieltjes inte-
grable with respect to a on [a,b], then we get that

(6.11.13) —f is Riemann—Stieltjes integrable with respect to « on [a, b],

with

(6.11.14) /ab—fda:—/abfda.
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6.11.2 Multiplying o by » > 0

Let r be a positive real number again, and note that
(6.11.15) r« is a monotonically increasing real-valued function on [a, b].

If P is a partition of [a, b], then it is easy to see that

(6.11.16) UP, f,ra)=rU(P, f,a)
and
(6.11.17) L(P,f,ra)=rL(P, f,«a).
This implies that

—b —b
(6.11.18) / fd(ra) = 7'/ fda
and , ,
(6.11.19) / fdra)= r/ fda,

using some remarks from Subsection 6.1.1 again. If f is Riemann—Stieltjes
integrable with respect to « on [a, b], then we get that

(6.11.20) f is Riemann—Stieltjes integrable with respect to r a on [a, ],
with

b b
(6.11.21) / fd(ra)=r / fda.

This corresponds to part of part (e) of Theorem 6.12 on p128 of [192].

6.12 Adding two functions

We continue with the same notation and hypotheses as in the previous sections.
Let g be another bounded real-valued function on [a, b], so that

(6.12.1) f =+ g is bounded on [a, b]

as well. If P is a partition of [a, b], then one can check that

(6.12.2) UP,f+g,0) <U(P, f,a) +U(P,g,a)
and
(6.12.3) L(P,f+g,a) > L(P, f,a) + L(P, g, a),

using the remarks about suprema and infima of sums of functions in Subsection
6.1.2.
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Let P; and P, be arbitrary partitions of [a,b], and let P* be a common
refinement of them, as in Section 6.7. Observe that

—b

[ G+ada < UL S+g.0) SUP L)+ UPLg.0)
(6.12.4) < UPfoa)+U(P2,g,0),
where the first step is as in Subsection 6.6.2, the second step is as in (6.12.2),
and the third step is as in Subsection 6.5.2. One can use this to get that

—b —b —b

(6.12.5) /(f+g)da§/ fda+/ gda.
Similarly,
b
[ G+gda = LPt g+ g.) 2 L L) + L g.0)
(6.12.6) > L(P1, f,a)+ L(Pa,g,q).
This implies that
b b b
(6.12.7) /(f+g)daz/ fda+/ gda.

6.12.1 Sums of integrable functions

If f and g are Riemann—Stieltjes integrable with respect to a on [a, ], then it
follows that

(6.12.8) f + g is Riemann—Stieltjes integrable with respect to a on [a, b],
with

b b b
(6.12.9) /(f+g)da:/ fda+/ g da.

This corresponds to another part of part (a) of Theorem 6.12 on p128 of [192].

6.12.2 Some related results

Let f and g be any two bounded real-valued functions on [a, b] again. If P is a
partition of [a, b], then one can verify that

(6.12.10) UP,f+g,0) >U(P, f,a) + L(P,g,a)
and
(6.12.11) L(P,f+g,a) < L(P, f,a) + U(P, g, ),

using the remarks at the beginning of Section 6.2. These inequalities can also
be obtained from those mentioned at the beginning of the section using some of
the remarks in the previous section.
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One can use these inequalities to get that

(6.12.12) /:(f+g) da>/ifda+/bgda
and , , :
(6.12.13) /(f+g)da</ fda+/agda,

as before. This could also be obtained from the analogous inequalities mentioned
earlier and some of the remarks in the previous section.

If g is Riemann—Stieltjes integrable with respect to « on [a,b], then we get
that

(6.12.14) /i(f+g)da=/ifda+/abgda
?(?Clllw) /Z(erg)doz/ifdoHr/abgda.

6.13 Another monotonically increasing function

We continue with the same notation and hypotheses as in the previous sections,
starting in Section 6.3. Let 8 be another monotonically increasing real-valued
function on [a, ], so that

(6.13.1) a + f is monotonically increasing on [a, b]

too. If P is a partition of [a, b], then it is easy to see that

(6.13.2) UP, f,a+p)=UP,f,a)+UP,fB)
and
(6.13.3) L(P, f,a+B) = L(P, f,a) + L(P, f, B).
This implies that

—b —b
(6.13.4) U(P,ﬁa—kﬁ)z/ fda+/ fdg
and . .
(6.13.5) L(P,f,a+B) < / fda +/ fdg.
It follows that . :b :b
(6.13.6) / fd(a—l—ﬁ)Z/ fda—l—/ fapg
and

(6.13.7) /bfd(a+ﬁ)§/bfda+/bfd6.
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6.13.1 More on these upper and lower integrals

Let P; and P, be arbitrary partitions of [a,b], and let P* be a common refine-
ment of them. Note that

—b
/ fdla+8) < UP"fia+B8)=U(P f.a)+UP"[,5)

(6138) < U(Plaf7a) +U(,P27f76)’

which implies that

(6.13.9) / fdla+p) < / fda—l—/ fdp.
Combining this with (6.13.6) we obtain that
—b —b —b
(6.13.10) / fda+8) = / fda +/ Fdp.
Similarly,

b
/ fda+8) > L(P*,f.a+p)=L(P* f.a)L(P",1.5)

(6.13.11) > L(P1, f,a) + L(P2, f, B),
and thus . . .
(6.13.12) / fdla+8) > / fda+/ fds.
This means that - - -
(6.13.13) / fdla+p) = / fda+/ fdg,

because of (6.13.7).

6.13.2 Integrability with respect to a + (3

One can use (6.13.10) and (6.13.13) to get that

(6.13.14) f is Riemann—Stieltjes integrable with respect to o+ £ on [a, b
if and only if

(6.13.15) f is Riemann—Stieltjes integrable with respect to
both « and 8 on [a, b].

In this case, we have that

(6.13.16) /abfd(a—l—ﬁ):/abfda—i—/abfdﬁ,

as in part (e) of Theorem 6.12 on p128 of [192].



Chapter 7

More on differentiation and
integration

7.1 Some inequalities with integrals

Let us continue with the same notation and hypotheses as in the previous chap-
ter, starting in Section 6.3. Let g be another bounded real-valued function on
[a, b] again, and suppose that

(7.1.1) flz) < g(x)

for every x € [a,b]. If P is a partition of [a, b], then it is easy to see that

(7.1.2) U(P, f,a) <U(P,g,a)
and
(7.1.3) L(P, f,a) < L(P,g,a).
This implies that

—b
(7.1.4) / fda<U(P,g,q)
and b
(7.1.5) L(P, f,0) < / gda,

by definition of the upper and lower integrals, as in Subsection 6.6.2.
It follows that .

(7.1.6) /if do < /agda

and

(7.1.7) /bfda < /bg da,

118
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because P is arbitrary. If f and g are Riemann—Stieltjes integrable with respect
to « on [a,b], then we get that

(7.1.8) /abfda < /abgda.

This corresponds to part (b) of Theorem 6.12 on p128 of [192].

7.1.1 A simple estimate for the absolute value of the in-
tegral

If f is Riemann—Stieltjes integrable with respect to « on [a, b], then

(7.1.9) ( inf f(q:)) (a(b)—a(a))g/abfdag( sup f(q:)) (a(b) — ala))

a<z<b a<z<b

as in Subsection 6.6.2. The first inequality implies that

(7.1.10) —/abfda < —( it /@) (o) - ala)
= (3w (@) (@) - ata),

where the second step is as in Subsection 6.1.1.
One can check that

(7.1.11) sup \f(x)|:max( sup f(z), sup (—f(x)))

a<z<b a<z<b a<z<b

/abfda

This corresponds to part (d) of Theorem 6.12 on p128 of [192].

It follows that

(7.1.12)

< (_sup |f(@)]) (o) - ala).

a<z<b

7.2 Subintervals of [a, b

We continue with the same notation and hypotheses as in the previous sections
again, starting in Section 6.3. Let ¢ be a real number with

(7.2.1) a<c<b,
so that [a, ¢] and [, ] are closed intervals in R with
(7.2.2) [a,c] U [c,b] = [a,b].

If P; and P, are partitions of [a,c] and [c,b], respectively, then we can
combine them to get a partition P; o of [a,b]. Of course, the restrictions of
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f to [a,c] and [c,b] define bounded real-valued functions on the two intervals.
Similarly, the restrictions of a to [a, ¢] and [¢, b] define monotonically increasing
real-valued functions on these intervals. It is easy to see that

(723) U(Pl}g,f,a) = U(Pl,f,a> +U(P2af7 a)
and
(7.2.4) L(Py1a, f,a) = L(Py, f,a) + L(Pa, f, ).

This implies that

—b

(7.2.5) / fda <U(Py, f,0) + U(P2, f, )

a
and

(7.2.6)

b
fda Z L(Plvfa Ot) + L(P27f7 a)'

[~

One can use this to get that

(7.2.7) /Zf da §/:fdoz+if da
and
(7.2.8) /bfdozZ/Cfdoz—i—/bfdoz.

7.2.1 Starting with an arbitrary partition of [a, b]

Let P be any partition of [a,b], and let P* be a partition of [a,b] that is a

refinement of P that contains ¢, which can be obtained by adding ¢ to P, if

necessary. Using P*, we get partitions P; and Pj of [a, ] and [c, b], respectively.
Observe that

(7.2.9)  U(P,f,a) >U(P*, f,a) = U(P}, f,« +U(7’2,f7)

/fda+/fda

where the first step is as in Subsection 6.5.2, the second step is as in (7.2.3),
and the third step is as in Subsection 6.6.2. This implies that

(7.2.10) /Zf da Z/Zf da—f—/ifda,

so that
—b —c —b

(7.2.11) /afdaz/afdoz—i—/cfdm

Y
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Similarly,

(7.212)  L(P,f,a) < L(P*,f,a) = L(P;,f, &)+ L(Pi, f,a)

/ fda+ / fda,
which implies that

(7.2.13) /bfda§/cfdo<—|—/bfda7

IN

and thus , ,
(7.2.14) / fdaz/ fd0<+/ fdo.

These statements could also be obtained from the previous ones using the re-
marks in Section 6.11.

7.2.2 Integrability on [a, 0]

One can use (7.2.11) and (7.2.14) to get that f is Riemann-Stieltjes integrable
with respect to « on [a,b] if and only if

(7.2.15) the restrictions of f to [a,c] and [c, b]

are Riemann—Stieltjes integrable with respect to «.

In this case, we have that

(7.2.16) /abfda:/acfda+/cbfda,

as in part (c) of Theorem 6.12 on p128 of [192].

7.2.3 Integrability on subintervals of |[a, b

If f is Riemann—Stieltjes integrable with respect to a on [a,b], then one can
repeat the argument in the preceding paragraph to get that

(7.2.17) the restriction of f to any closed subinterval of [a, b]

is Riemann—Stieltjes integrable with respect to «

as well.

7.3 Derivatives of integrals

We continue with the same notation and hypotheses as before, starting in Sec-
tion 6.3. Suppose that f is Riemann—Stieltjes integrable with respect to « on
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[a,b]. If z € [a,b], then the restriction of f to [a,x] is Riemann—Stieltjes inte-
grable with respect to «, as in the previous section, and we put

(7.3.1) F(z) = /w f da.

Similarly, if y € [z,b], then the restrictions of f to [a,y] and [x,y] are
Riemann—Stieltjes integrable with respect to «, and

(7.3.2) Fly) - F(z) = / " Fda,

as in the previous section.
Observe that

P - F@) = | [ fdo < (s 170)]) (aly) ~ate)
(7.3.3) < (aiggblf(v)l)(a(y)—a(x)),

where the second step is as in Subsection 7.1.1. One can use this to get that
(7.3.4) F is continuous at any point in [a,b] at which « is continuous.

This basically corresponds to the first part of Theorem 6.20 on p133 of [192].

7.3.1 Using the Riemann integral

Suppose from now on in this section that ¢ < b, and that a(u) = u on [a, b], so
that f is Riemann integrable on [a, b]. Put

(7.3.5) Flz) = / " r)at

for each x € [a,b], as before. If y € [z,b], then

y
(7.3.6) Fy) - F(z) = / f(t)dt,
as before.
If
(7.3.7) f is continuous at a point w € [a, b],

then it is well known and not too difficult to show that
(7.3.8) F is differentiable at w,

with
(7.3.9) F'(w) = f(w).



7.4. INTEGRALS OF DERIVATIVES 123

This is the second part of Theorem 6.20 on p133 of [192].
More precisely, suppose first that

(7.3.10) a<w<b,
and let h > 0 be given, with h < b — w. Observe that

(7.3.11) F(w+h) — F(w) _ 1 /1zz+h

; s

w

because of (7.3.6). If f is continuous at w, then one can check that

(7.3.12) Jim Flw ”2 = F@) _ ).

Of course, if f is constant on [a, b], then (7.3.11) is the same as the constant
value of f. One can use this to reduce to the case where f(w) = 0, which is a
bit simpler.

Similarly, suppose now that

(7.3.13) a<w<b,

and let h > 0 be given, with h < w — a. In this case,

(7.3.14) Flw) - f(w —h) _ % /wh F(t)dt,

using (7.3.6) again. If f is continuous at w, then one can verify that

. Flw)—F(w-—nh)
(7.3.15) hlg(r)l_i_ h

as before.

7.4 Integrals of derivatives

Let a and b be real numbers with a < b, and let F; be a real-valued function on
[a,b]. Suppose that

(7.4.1) F, is differentiable at every point in [a, b],
and put

(7.4.2) f=F

on [a,b]. If

(7.4.3) f is Riemann integrable on [a, b],

then Theorem 6.21 on pl34 of [192] says that

b
(7.4.4) / f(z)dz = Fy(b) — Fi(a).

This is a version of the fundamental theorem of calculus. Of course, (7.4.3)
includes the condition that f be bounded on [a, b].
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7.4.1 The case where f is continuous on [a, b]

If f is continuous on [a,b], and F is as in (7.3.5), then F' is differentiable at
every point in [a, b], as in the previous section, and we have that

(7.4.5) (F,—F) =F —F =0

on [a,b]. This means that F; —F is constant on [a, b], by the mean value theorem.
In this case, (7.4.4) follows from the definition of F.

7.4.2 When the derivative is Riemann integrable on [a, D]

Otherwise, let P = {t; }é':o be a partition of [a, b], and note that

l
(7.4.6) > (Fu(ty) = Fi(tj1)) = Fi(b) — Fi(a),
j=1
as in (6.4.5). The mean value theorem implies that for each 7 = 1,...,1 there

is an r; € [t;_1,t;] such that
(7.4.7) Fi(t;) = Fi(tj-1) = Fi(ry) (t; — tj-1).

This means that
l
(7.4.8) D Filry) (t — tj-1) = Fi(b) - Fi(a),
=1

by (7.4.6).
If f is bounded on [a,b], then

(7.4.9) ZF’ r;) ti1) <UP, f),

by definition of the upper and lower Darboux sums associated to f and P, as
in Subsection 6.3.1. Thus
(7.4.10) L(P,f) < Fi(b) — F1(a) < U(P, f),

by (7.4.8). It follows that

(7.4.11) /f ydx < Fy(b /f

by definition of the upper and lower integrals, as in Section 6.6. If (7.4.3) holds,
then we get that (7.4.4) holds.
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7.5 More on Riemann—Stieltjes integrability

Let us continue with the same notation and hypotheses as before, starting in
Section 6.3. Let aq, by be real numbers with a; < by, and suppose that

(7.5.1) ar < f<b
on [a,b]. Also let ¢ be a continuous real-valued function on [a1,b1], and note

that ¢ is bounded on [a1, b1], because [a1, by] is compact. Thus ¢o f is a bounded
real-valued function on [a, b].

7.5.1 Integrability of ¢o f

If f is Riemann-Stieltjes integrable with respect to « on [a, b], then
(7.5.2) ¢o f is Riemann—Stieltjes integrable with respect to o on [a, b]

too. This is Theorem 6.11 on p127 of [192]. This uses the fact that ¢ is uniformly
continuous on [ay, b1], because [a, b1] is compact. Basically, one can show that

(7.5.3) UP,pof,a) = L(P,po f,a)
is arbitrarily small when
(7.5.4) U(P, f.a) = L(P, f, )

is sufficiently small.

7.5.2 Integrability of products

In particular, if f is a bounded real-valued function on [a, ] that is Riemann—
Stieltjes integrable with respect to «, then

(7.5.5)  f? is Riemann-Stieltjes integrable with respect to o on [a, b].

Let g be another bounded real-valued function on [a, b] that is Riemann—Stieltjes
integrable with respect to . Under these conditions, part (a) of Theorem 6.13
on pl29 of [192] says that

(7.5.6)  f g is Riemann—Stieltjes integrable with respect to « on [a, b].

This uses the fact that

(7.5.7) fg=0/2)((f+9)° - f* = 9.
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7.5.3 Integrability of |f]|

Similarly,
(7.5.8)  |f| is Riemann—Stieltjes integrable with respect to a on [a, b],

as in part (b) of Theorem 6.13 on p129 of [192]. Note that

(7.5.9) /abfdoz,—/abfdag/ab|f|da,

because f, —f < |f| on [a,b]. This means that

/abfda s/abﬂda,

(7.5.10)

as in [192].

7.6 Differentiability of o

Let us continue with the same notation and hypotheses as in the previous sec-
tions. Suppose that a < b,

(7.6.1) « is differentiable at every point in [a, b],
o’ is bounded on [a, b], and
(7.6.2) o’ is Riemann integrable on [a, b].

Under these conditions, Theorem 6.17 on 131 of [192] states that a bounded
real-valued function f on [a,b] is Riemann—Stieltjes integrable with respect to
a on [a,b] if and only if

(7.6.3) f ' is Riemann integrable on [a, b],
in which case . )
(7.6.4) / fda = / f(z)d (z)dx.

a a

Note that (7.6.3) holds when f is Riemann integrable on [a, b], because of (7.6.2),
as in the previous section.

7.7 Changing variables
Let ap and by be real numbers with ag < by, and let ¢ be a continuous real-

valued function on [ag, bp] that is also monotonically increasing on [ag, bo]. If y,
z are real numbers with ag <y < z < by, then

(7.7.1) o([y, 2]) = [¢(y), o(2)].
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More precisely,

(7.72) o(ly, 2]) € [6(y), o(2)],
because ¢ is monotonically increasing on [ag, by], and
(7.7.3) [¢(y), ¢(2)] < o([y, 2]),

by the intermediate value theorem.

7.7.1 Compositions with ¢

Put a = ¢(ap) and b = ¢(bo), so that a < b. Let a be a monotonically increasing
real-valued function on [a,b], as usual, and put

(7.7.4) B =aod.

It is easy to see that this is a monotonically increasing real-valued function on
[ag, bo]. Also let f be a bounded real-valued function on [a, b], as before, so that

(7.7.5) g=1fo¢

is a bounded real-valued function on [ag, by].

7.7.2 Partitions of [ay, by

Let Py = {to,; }2'0:0 be a partition of [ag, by]. Note that

(7.7.6) Py ={o(toi)} o

is a partition of [a, b]. One can check that

(7.7.7) U(Po,g,8) = U(P, f,)

and

(778) L(P07gaﬂ) :L(ngfaa)v

as in (38) on p133 of [192]. This uses the fact that
(7.7.9) d([to,j—1,t0,4]) = [¢(to,j-1), (Lo )]

for each j =1,...,lp, as in (7.7.1).

7.7.3 Partitions of [a, b]

Observe that every partition of [a, b] is of the form (7.7.6) for some partition Py
of [ag, bo]. One can use this and (7.7.7), (7.7.8) to get that

71)0

(7.7.10) /a gdp :/Zf da

and

(7.7.11) /bogdﬁ:/bfda.
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7.7.4 Integrability on [ag, bo]

In particular, if f is Riemann-Stieltjes integrable with respect to a on [a, b,
then

(7.7.12) g is Riemann-Stieltjes integrable with respect to 3 on [ag, bg],

with

(7.7.13) / " gdp = / ' fda,

as in Theorem 6.19 on pl32 of [192]. Although this theorem is stated for the
case where ¢ is strictly increasing on [ag, bg], we do not really need this here.
If ¢ is strictly increasing on [ag, bp], then we get a one-to-one correspondence
between partitions of [ag, by] and [a, b], but this is not really needed.

7.7.5 Some additional remarks

Of course, if

(7.7.14) o(y) = &(2)

for some y,z € [ag,bg] with y < z, then ¢ is constant on [y, z]|, because ¢ is
monotonically increasing on [ag, bp]. This implies that g and § are constant on
[y, z] as well.

More precisely, the previous argument shows that (7.7.12) holds if and only
if f is Riemann—Stieltjes integrable with respect to « on [a,b]. If ¢ is strictly
increasing on [ag, bo], then one can also look at the “only if” part in terms of
the inverse of ¢.

7.8 Some sums of step functions

We continue with the same notation and hypotheses as before, starting in Sec-
tion 6.3 again. Let I(z) be the unit step function on the real line, as in Section
4.12, and let {w;}32, be a sequence of elements of (a,b). Also let {c;}52, be
an infinite sequence of nonnegative real numbers such that

(7.8.1) Z ¢;j converges,
j=1
and put
(7.8.2) a(z) =Y cjl(z —wy)
j=1

for each x € [a,b], where the series on the right converges by the comparison
test. This defines a monotonically increasing real-valued function on [a, b].
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7.8.1 Riemann—Stieltjes integrals with respect to «

If f is continuous on [a, b], then Theorem 6.16 on p130 of [192] states that
b o
(7.8.3) / fda=3"¢; f(w,).
a ]:1

Note that the series on the right converges absolutely, by the comparison
test, because f is bounded on [a, b]. More precisely, in [192], the w;’s are asked
to be distinct, but this does not really seem to be needed, although there may
not be any reason to consider repetitions. One could permit w; to be equal to
a for some j, but not b, because of the way that I(x) is defined, as in Section
6.10.

One could use analogous arguments to get that f is Riemann—Stieltjes inte-
grable with respect to a on [a, b] when

(7.8.4) f is continuous at w; for each j,

in addition to being bounded on [a, b], and that (7.8.3) holds in this case.

7.8.2 Some related sums

Let n be a positive integer, and put

n

(7.8.5) an(z) = ¢ Iz — wy)

Jj=1

for each x € [a,b]. This is a monotonically increasing real-valued function on
[a,b]. If f is continuous at each of wy,...,w,, then it is easy to see that f is
Riemann—Stieltjes integrable with respect to a,, on [a,b], with

b n
(7.8.6) / Fdan =3¢ flwy),
a j=1

using remarks in Section 6.10 and Subsections 6.11.2 and 6.13.2.
Similarly,

o0

(7.8.7) Bn(x) = Z ¢; I(z — wj)

Jj=n+1

defines a monotonically increasing real-valued function on [a, b], with
(7.8.8) an () + Bn(z) = a(z)

for each = € [a,b]. Observe that

—b
(7.8.9) / FdBn < M (Ba(b) = Bula) = M S ¢
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and

(7.8.10) /fdb’nzm(b’n(b)—ﬂn(a)):m i Cjs

< _a j=n-+1

where the first steps are as in Subsection 6.6.2, and the second steps follow from
the definition (7.8.7) of S,.

Of course, the right sides of (7.8.9) and (7.8.10) tend to 0 as n — oo, because
Z;‘;l c¢;j converges, by hypothesis. To get the conclusions mentioned earlier, one
can use (7.8.8) and the remarks in Subsection 6.13.2.

7.9 Limits of integrals

Let a and b be real numbers with a < b, and let { f;}32; be a sequence of bounded
real-valued functions on [a, b] that converges uniformly to a real-valued function
f on [a,b]. Note that

(7.9.1) f is bounded on [a, b]

as well, as mentioned in Subsection 4.9.3. Let o be a monotonically increasing
real-valued function on [a, b], as before.
Of course, {f; — f}32, converges to 0 uniformly on [a,b]. It is easy to see

that
—b

(7.9.2) lim (fi—fda=0
j—oo J 4

and .

(7.9.3) lim (fi — f)da=0,
J—ijia

using the remarks in Susection 6.6.2.
It is not too difficult to show that

—b —b
(7.9.4) lim / fjda = / fda
J—0o0 a a
and
b b
(7.9.5) lim / fjda = / fda,
j—o0 J J
using the remarks in Section 6.12. This also uses (7.9.2), (7.9.3), the facts that
(7.9.6) fi=f+i—1
and
(7.9.7) f=H+U=1
for each j.
If

(7.9.8) f; is Riemann—Stieltjes integrable with respect to « on [a, b]
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for each j, then it follows that
(7.9.9) f is Riemann-Stieltjes integrable with respect to a on [a, b,
with
b b
(7.9.10) lim / fida= / fdo,
J—)OO a a
]

as in Theorem 7.16 on pl51 of [192].
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from the right, 95
diagonalization argument, 27
diameter, 20
differentiable functions, 91
discrete metric, 2

Fuclidean metric, 1
Euclidean metrics, 2
extended real numbers, 57
extreme value theorem, 74

fundamental theorem of calculus, 123

generalized mean value theorem, 97
geometric series, 52
greatest lower bounds, 3, 57

imaginary part, 38

infimum, 3, 57

intermediate value theorem, 76
intervals, 6, 7

inverse images, 71
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isometries, 89

least upper bound property, 3
least upper bounds, 3, 57
Lebesgue integrals, 89
limit points, 6

limit inferior, 60

limit of a function, 82
limit point property, 11
limit superior, 60

limits of sequences, 40
Lindelo6f’s theorem, 31
Lipschitz mappings, 99
lower bounds, 3, 57
lower limits, 60

lower sums, 104

mappings, 69

metric spaces, 1

metrics, 1

modulus, 38

monotone sequences, 40, 41
monotonically increasing functions, 84

one-sided limits, 84
open balls, 5

open coverings, 10
open intervals, 6
open sets, 5

partitions of intervals, 103
common refinements, 108
refinements, 106

path connected sets, 88

perfect sets, 28

pointwise convergence, 77

power series, 52

product rule, 92

Q, 3,27
quotient rule, 93
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radius of convergence, 53
ratio test, 64

real part, 38
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separable metric spaces, 28
separated sets, 34
sequential compactness, 44
standard metric on C, 39
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uniform convergence, 77
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Weierstrass’ criterion, 78
Weierstrass’ theorem, 90

Z, 25
Z., 10



