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Preface

These notes were originally written to accompany the introductory graduate-level
analysis sequence at the University of Texas at Tyler. A first draft emerged when
I taught the sequence for the first time in the 2016-2017 academic year, and I sub-
sequently revised and rewrote large parts of the notes while teaching those courses
again in 2018-2019.

While I had taught undergraduate analysis courses before, these notes represent
my first attempts at teaching graduate-level analysis. There was no single textbook
that I felt completely comfortable following, so we ended up assimilating ideas from
several different sources throughout the two incarnations of these courses. The
suggested texts included the following:

e Real Analysis by Norman B. Haaser and Joseph A. Sullivan

Principles of Mathematical Analysis by Walter Rudin

Introductory Real Analysis by A. N. Kolmogorov and S. V. Fomin

Measure and Integral: An Introduction to Real Analysis by Richard L. Whee-
den and Antoni Zygmund

e Real Analysis by H. L. Royden and P. M. Fitzpatrick
e Real Analysis: Modern Techniques and their Applications by Gerald B. Folland

My vacillating approach to choosing a textbook grew from my desire to bridge the
gap between a standard undergraduate course in real analysis and introductory
courses in measure theory and functional analysis at the Ph.D. level. Consequently,
the only prerequisite is a good foundation in undergraduate real analysis. (Some of
the material—particularly in the later chapters—does require a solid understanding
of some ideas from linear algebra as well.) These notes were originally intended
for a masters-level course, but the early chapters could potentially be used for a
second-semester undergraduate course as well.

The ultimate goal in the first half of these notes (which corresponds to the first
semester of our sequence) is to study Lebesgue’s theory of measure and integration
on the real line. However, in order to fully appreciate the necessity of the Lebesgue
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iv Preface

integral, one must have a firm grasp on sequences and series of functions. This topic
is not generally addressed in a first-semester undergraduate real analysis course, so
I felt that it deserved mentioning in this course. Many of the important results
occur within a much broader discussion about analysis on abstract metric spaces,
which is yet another topic to which students should have some exposure. We also
use this initial study of metric spaces as an opportunity to investigate some classical
theorems from analysis, including the Baire Category Theorem, the Arzela-Ascoli
Theorem, and the Stone-Weierstrass Theorem.

The later chapters lack a single objective, but instead aim to introduce students
to more advanced concepts that naturally spring from the study of the Lebesgue in-
tegral. One chapter focuses on abstract measure and integration, and we encounter
the celebrated Fubini-Tonelli and Radon-Nikodym theorems along the way. After-
ward, we transition to some topics in functional analysis, namely those pertaining
to Banach and Hilbert spaces.

Finally, I would like to include a note to the students. For young mathematicians,
analysis (together with abstract algebra) is one of the most important classes you
will take. However, thanks to its abstract and technical nature, it is also one of
the most difficult courses you will take. You should not get discouraged, though.
Analysis is something that you must have a firm grasp on if you wish to study pure
mathematics (or even applied math as well) in the future.
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Chapter 1

Introduction

Let us begin with a brief overview of this course. Our ultimate goal is to study
Lebesgue measure and construct the Lebesgue integral on the real line (and in R"™).
We will now give a survey of where we are headed, as well as some of the ideas that
we will need to deal with first.

1.1 Toward a Better Integration Theory

Though you may not have seen exactly why, the Riemann integral that you first
encounter in real analysis (or really in calculus) has some serious drawbacks. There
is one example that you have likely seen that gives some indication of the sorts of
things that can go wrong.

Example 1.1.1. Dirichlet’s function xq : [0, 1] — R is defined by

xq(z) = {1 ?fxe @

0 ifzegQ.
Recall that xq is discontinuous everywhere. It also fails to be Riemann integrable.
To see this, let P = {zg,z1,...,2,} be a partition of [0, 1], and consider the associ-

ated upper and lower Darboux sums. Recall that the upper sum is

Ulxq, P ZM i~ Ti-1),

where M; denotes the supremum of xq on the interval [z;_1,2;]. It is easy to see
that M; = 1 for all i, so we have

Ulxq,P)=1.
Similarly,

XQa Zmz LTj — Lj— 1



2 Introduction

where m; is the infimum of xq on [z;_1,;]. Clearly m; = 0 for all i, so
L(xq,P)=0.
Thus for any partition P of [0, 1], we have
L(xq,P)=0#1=U(xq,P).

However, recall that a function f : [0,1] — R is Riemann integrable if and only if
given any € > 0, there is a partition P of [0, 1] such that

Thus xq is not Riemann integrable.

It is not hard to see what goes wrong with Dirichlet’s function. Since Q is
dense in R, we can’t possibly choose a partition that makes the upper and lower
Darboux sums sufficiently close to one another. In other words, the Riemann sums
are simply impossible to control. Lebesgue found a clever way of getting around this
issue—he realized that one should partition the range of a function instead of the
domain, as we do with the Riemann integral. Given a function f : [a,b] — R, we
can approximate the integral as follows: given an interval [y;—1,y;] in the codomain,
one needs to measure the size of the set

A ={z€la,b]:yi-1 < f(z) i}
We will denote the size of this set by p(A4;). We then form the sum

> vin(Ay),
i=1

where y is a sample point from the interval [y;—1,v;]. Roughly speaking, we are
approximating the area under the graph of f with a collection of horizontal “rectan-
gles”, with u(A;) giving us the “width” of the i*" rectangle. After taking some sort
of limit of sums like this, we should obtain the true area under the curve, which we
would denote by [ f.

Of course we will need to make this construction much more precise later on.
We will see that the “size” u(FE) of a set E is called the Lebesgue measure of F,
and it generalizes the notion of “length” from intervals to more complicated sets.
We will also show that u(Q) = 0, so the integral of Dirichlet’s function over the unit
interval is

/XQ:1-,u(Qﬂ[0,1])+0-M(Iﬂ[0,1]):1-0+0-1:0.

A natural question to ask is the following: who cares? Why would anyone ever care
to integrate Dirichlet’s function? No one is losing sleep over the fact that xq is not
Riemann integrable. Lebesgue’s theory is necessary for other reasons—the Riemann
integral has other fatal flaws that are are a little more subtle.
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Example 1.1.2. Here is the real reason that the Riemann integral is insufficient.
Recall that Q is a countable set, so we can enumerate the rationals that lie in [0, 1],
say

QN 0,1 = {q1,92,qs,---}-

Now define a sequence of functions f, : [0,1] — R by
1 if x = q; for some k <n
falz) = .
0 otherwise

Notice that each f,, is Riemann integrable, since it has only finitely many disconti-
nuities. Additionally, f, — xq pointwise, meaning that for each x € [0, 1], we have

fn(z) = xq(z). However,

since the limit function xq is not even Riemann integrable.

The previous example illustrates the real issue with the Riemann integral: it
does not play well with limits and convergence. The Lebesgue integral does not
have this issue—there are several nice convergence theorems that tell us when we
can interchange limits and integrals in the Lebesgue sense.

Before we can take up our study of measure theory, we need to investigate some
concepts that are not always standard fare in an undergraduate analysis sequence.
Foremost among these concepts is the notion of a sequence or series of functions. We
simply cannot appreciate the convergence theorems that come with the Lebesgue
integral otherwise. We will therefore begin with a study of abstract metric spaces
in the next chapter, after which we will look at sequences and series of real-valued
functions on metric spaces. After that, we can begin to develop Lebesgue’s theory
of measure and integration.
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Chapter 2

Metric Spaces

The goal of this chapter is to revisit some ideas from your undergraduate courses
in analysis, and approach those concepts from a more sophisticated perspective. In
particular, we will study metric spaces, which are sets equipped with the minimum
structure necessary to discuss limits and continuity. Consequently, they provide a
general framework in which to study these ideas.

2.1 Basic Definitions and Examples

When you first encounter analysis, much of what you do only relies on the ability to
measure the distance between two real numbers (or between two complex numbers,
or two vectors in R", depending on the setting). In particular, concepts like limits
and continuity are defined in terms of “closeness.” It seems then that much of what
you learn in an undergraduate real analysis course should carry over to other set-
tings. The most abstract such setting, where we are only able to measure distances,
is that of metric spaces.

Definition 2.1.1. A metric space is a pair (X,d), where X is a nonempty
set and d : X x X — R is a function (called a metric) satisfying the following
properties:

1. (Positive definiteness) For all x,y € X, d(z,y) > 0, and d(z,y) = 0 if and
only if x = y.

2. (Symmetry) For all z,y € X, d(z,y) = d(y, x).

3. (Triangle inequality) For all z,y,z € X, d(z,y) < d(z,z) + d(z,y).

As we discussed in the introductory paragraph, you already know some simple
examples of metric spaces from real and complex analysis.
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Example 2.1.2. Define d: R x R — R by

Then (R, d) is a metric space. All the properties of a metric (especially the triangle
inequality) are verified in an undergraduate analysis class. We will refer to this
metric as the standard metric on R.

Example 2.1.3. Define d: C x C — R by d(z,w) = |z — w|, where |-| denotes the
modulus of a complex number:

la + bi| = Va? + b2.

Then d defines a metric on C. This is generally proven in a basic complex analysis
class. It will also follow from one of our later examples.

Now we will look at some examples of metric spaces that are perhaps less familiar.
The first one is somewhat odd, so naturally it will become one of our recurring
examples.

Example 2.1.4. Let X be any set, and define d : X x X — R by

d(z,y) 0 ife=y
T,Y) =
Y 1 ifxF#y.

Then d is a metric on X, called the discrete metric. Clearly d is positive definite by
definition, and it is surely symmetric. We just need to verify the triangle inequality.
Let z,y,2z € X. If x = y, then d(z,y) = 0 and the triangle inequality is trivial.
Suppose then that x # y. Then we must also have either x # z or y # z, meaning
that either d(z,z) =1 or d(y,z) = 1 (or perhaps both). Thus

d(z,y) =1 < d(z,z) +d(z,y),
so the triangle inequality holds.

Example 2.1.5. We can turn R" into a metric space in a natural way using some-
thing you have undoubtedly seen before. Recall that we already have a way of mea-
suring distances in R" via the Euclidean distance formula: given = = (z1,x2,...,zy)
and ¥y = (y1,v2,...,Yn) in R", we can define

d(z,y) = V(31— 11)? + (@2 — 12)2 + -+ + (20 — yn)*

Of course we expect this to define a distance function, but we still need to prove that
it satisfies the axioms for a metric. We certainly have d(z,y) > 0 for all z,y € R",
and if d(z,y) = 0, then it must be the case that

(21— y1)* + (22 —y2)> + -+ (2 —yn)* = 0.
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But this can only happen if z; = y; for 1 <i <n, so x = y. Thus d is positive defi-
nite. It should also be clear that d is symmetric. The triangle inequality, however,
is somewhat more complicated. We really need to prove that for all z,y,z € R",

n 1/2 n 1/2 n 1/2
(Z(fﬁi - yi)2> < (Z(Cﬂz - Zi)2> + (Z(Zi - yi)2> : (2.1)

=1 =1 =1

To make the computations simpler, we will define a = z — z and b = z — y, so
x—y=a+b. Then (2.1) becomes

n 1/2 n 1/2 n 1/2
(Z(ai + bi)Q) < (Z a?) + (Z b?) : (2.2)
=1 i=1

i=1

This inequality still should not be obvious at all. To prove it, we will need something
called the Cauchy-Schwarz inequality. This inequality can be proven in myriad
ways, often using complex numbers. We will give a clever vector-based proof from
[Wad03]. (We will see another clever, though much more sophisticated proof of a
general version of the Cauchy-Schwarz inequality in Chapter 6.)

Proposition 2.1.6 (Cauchy-Schwarz inequality). For all a,b € R",

n n /2 / 1/2
1 =1 =1

1=

Proof. Notice that the left side is precisely the dot product

a-b= iaz‘bi,
i=1

n 1/2 n 1/2
lall = (Zﬁ) » bl = (Z b?)
=1 =1

where ||-|| denotes the usual norm (or magnitude) of a vector in R™. Therefore, the
Cauchy-Schwarz inequality can be stated more succinctly as

while

a-b < lall][b]-

We will focus on proving this inequality. Note that it holds trivially when b = 0.
Therefore, assume b # 0 and let
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Then we have

(a—tb) -b=a-b—t|p|*=a-b—a-b=0,
SO
la —tb||* = (a — tb) - (a — tb)

=(a—th)-a—t(a—tb)-b
=a-a—tla-b)—0

= Jaf? - 0
2]
Since ||a — tb|| > 0, we have
ol = @0
1]
r (a-b)2 < |lal|?||b||>. Taking square roots then yields the result. O

Now we can go back to our proof of the triangle inequality. If we square the
right hand side of (2.2) we get

n 1/2 n 1/2\ 2 n n n 12 , 1/2
(Z a?) + (Z b?) => al+ > b +2 (Z a?) (Z b?)
i=1 i=1 i=1 i=1 i=1 i=1
> ia?—i-ib?—i—iQaibi
i=1 i=1 i=1

= Z(ai + bi)2
=1

by the Cauchy-Schwarz inequality. Now (2.1) follows by taking square roots.

During the verification of the triangle inequality in the last example, we used
something special about the Euclidean metric on R". Indeed, when proving the
Cauchy-Schwarz inequality we observed that our metric was related to the norm or
magnitude of a vector in R™. In fact, whenever we have a notion of magnitude for
vectors, we automatically obtain a metric from it.

Let us first recall some facts about vector spaces. If F is a field (which we will
always take to be C or R), recall that a vector space over F is an abelian group
(V,+) together with a map (o, z) — ax from F x V — V satisfying the following
axioms:

l. a(v+w)=axr+ay for all a € F and all z,y € V;

2. (a1 + a2)z = oz + age for all g, a9 € F and all x € V;
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3. (vpag)x = aq(agx) for all aj,as € F and all z € V;
4. 1-z =z for all x € V, where 1 € F denotes the multiplicative identity.

The prototypical example of a vector space over R is the Euclidean space R", though
we will encounter some more exotic examples shortly.
Definition 2.1.7. Let V be a vector space over R or C. A norm on V is a

function ||-|| : V' — R satisfying the following conditions:

1. (Positive definiteness) ||z|| > 0 for all x € V, and ||z|| = 0 if and only if
z=0.

2. (Triangle inequality) ||z + y|| < [|z|| + [[y|| for all z,y € V.

3. (Homogeneity) ||azx| = |a|||z| for all « € R and z € V.

Example 2.1.8. In the previous example, we were using the Euclidean norm
(also called the 2-norm) on R™:

lelly = /aT + a3+ 4 af.

As in our example, any normed vector space becomes a metric space in a natural
way—to compute the distance between two vectors, we simply find the length of the
vector between them. The proof of the following proposition is left as an exercise to
the student.

Proposition 2.1.9. If V' is an R-vector space and ||| : V' — R is a norm on
V', then

d(z,y) = ||z =yl

defines a metric on V.

There are actually many other ways to define norms on R™. The next two
examples illustrate the most commonly studied ones besides the Euclidean norm.

Example 2.1.10. Define the 1-norm (sometimes called the taxicab or Manhat-
tan norm!) on R" by

2l =[] + 2] + - + [zal

!These alternative names come from the fact that in two dimensions, the 1-norm records the
distance one would travel if they were required to move only in the x and y directions. It is exactly
how one would measure distance when driving along a city grid, as opposed to the “as the crow
flies” distance afforded by the Euclidean norm.
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The proof that [|-||; defines a norm is fairly straightforward. Certainly we have
|z]|; > 0 for all z € R", and ||z|; = 0 implies z; = 0 for 1 <i < n, so x = 0. The
triangle inequality follows simply by applying the usual triangle inequality in R to
each term in the sum: given x,y € R",

2 +ylly = |21 +yl + |22 + g2l + - + [0 + ynl
<zl + il + |22l + [y2| + - + |zl + [yl
= llzlly + 1lyll;-

Homogeneity is also easy: given a € R and x € R™, we have
lax||, = |ax1] + |aze| + - - - + |owy]

= || (Je1] + |zo| + - + |zn])

= lellz]];-

Thus |||, is a norm on R", and consequently d(z,y) = ||z — y||; defines a metric
on R™.

Example 2.1.11. One can also define the co-norm on R" by

Jall oo = max ]

As with the 1-norm, it is easy to check that |||, is positive definite and homoge-
neous. The triangle inequality is also not hard to verify: if z,y € R", then

|2 + i < 5] + ly;| < max || + max |y;]
forall1 <j<mn,so
12+ ylloo = maxfa; + ;| < max |2;| + max|yi| = |lz]l + |yl o-

Thus the triangle inequality holds and ||| is a norm.

It will often behoove us to consider more exotic metric spaces beyond those that
come from R™. In particular, certain things that work in R (or R™) may fail in
general metric spaces. In order to properly investigate these issues when the time
comes, we will need some more interesting examples at our disposal. We have one
such example already, namely the discrete metric space associated to a set X. We
can obtain three more examples by looking at infinite-dimensional versions of our
three metric spaces associated to R™.

Example 2.1.12. Instead of considering R™, which consists of n-tuples of real
numbers, we could study collections of infinite sequences of real numbers. However,
we can’t simply study the set of all sequences. We need to include extra conditions
in order to guarantee that we obtain norms like the ones we have defined on R™.
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The first space that we will define is an “infinite-dimensional” analogue of R"
equipped with the 1-norm:

- {(%)f& :z; € R and Z || < oo}.

i=1

In other words, ¢! is the set of all absolutely summable sequences of real numbers.
It is straightforward to check that this set forms a vector space over R, where the
addition and scalar multiplication are defined entrywise: given z = (z;)°, and
y = ()2 in £, define

r+y = (T +yi)ics,
and if @« € R we have ax = (ax;){2;. Notice that the summability criterion is
exactly what we need to extend the 1-norm to ¢': for all z € ¢!, we can define

o0
lzlly =D il
i=1

Note that this sum is guaranteed to converge thanks to our definition of ¢', so we
have a well-defined function ||-||; : ! — R.. To prove it is a norm, we can apply facts
about the 1-norm on R" to partial sums and then take limits. Notice first that for
all z € ¢! and each n > 1, we have

n

> lail >0,

i=1

SO
n
Jall, = tim 3" fai] > 0.

Moreover, if ||z||; = 0, then for all n > 1 we have

n
[@nl <Y lzil < Jllly =0,
i=1

since the partial sums are monotonically increasing. Thus |z,| = 0 for all n > 1,
meaning that = 0. Thus ||-||; is positive definite. Now let 2,y € ¢!. Then for all

n > 1 we have
n n n
i=1 i=1

i=1
by the triangle inequality for the 1-norm on R™. Taking limits, we obtain

n

n n
o vl = Jim 3o+ < fim 3l + Jin 3l = el + ol
1= 1= 1=
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Therefore, the triangle inequality holds for [|-||,. Finally, let « € R and = € ¢!

Then for all n > 1,
n n
> laxi| =lal ) |l
i=1 i=1

$0
n n
Jaal, = lm > Jaai| = laf lim 3" fai| = al o]
i=1 i=1
Thus ||-||; is a norm on ¢!, so d(z,y) = ||z — yl|,; defines a metric on ¢'.

Example 2.1.13. In a similar fashion to how we built ¢!, we could construct an
analogue of R™ with the Euclidean norm by considering square summable sequences
of real numbers. We denote this set by ¢2:

02— {(%)f; cz; € R and fo < oo}.
i=1

The definition guarantees that

00 1/2
el = (Zx?)
=1

gives a well-defined function [|-||, : 2 — R. It is left as an exercise (Exercise 2.1.4)
to show that ||||, defines a norm on £2.

Example 2.1.14. Finally, we can produce an infinite-dimensional version of the
space (R",||||,,) by replacing the maximum with a supremum. Doing so forces us
to consider bounded sequences of real numbers:

/> — {(a:z)fil rx; € R and sup |z;] < oo} )

We can then equip £°° with a norm by simply taking the supremum of each sequence:
2] oo = sup |z;].
K]

The proof that |||, defines a norm is similar to the finite-dimensional case, except
taking suprema is much more delicate than taking maxima.

We begin by observing that given any x € £*°, |x;| > 0 for all 4, so sup |z;| > 0.
Moreover, if ||z||,, = 0, then we have

|z;| < suplzj| =0

for all 4, so |z;| = 0 for all i. Thus = 0 and ||z||, is positive definite.
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Next we will verify the triangle inequality. Let x,y € £°°, and notice that for all
1 we have
|z; + il < ] + [yl

Therefore, taking the supremum of the right hand side yields
i + yi| < sup |z;] + sup[y;]
for all 7. Now the right hand side is an upper bound for the left, so it must dominate
the least upper bound of the left hand side. In other words,
sup |z; + y;| < sup || + sup [y;],

which says precisely that ||z + |, < ||#]/o + ||¥ll- Thus the triangle inequality
holds.
Finally, suppose a € R and x € £°°. Then by the properties of the supremum,

laz|lo = sup o] = sup |af|zi] = |afsup || = [of 2],
50 |||/, is @ norm on £*°.

There is one more example that deserves mentioning right now. This metric
space is one that we will revisit and study in detail later on.

Example 2.1.15. Let X = C0, 1], which denotes the set of all continuous functions
f:10,1] = R. For each f € X, define

[flloe = sup |f(2)].

z€[0,1]

Notice that this supremum exists, since a continuous function on a closed interval
is automatically bounded.? We claim that [|-|| _ defines a norm on C10, 1].

It is obvious that || f||,, > 0 for all f € C0,1]. Moreover, if || f||,, = 0, then for
all z € [0, 1] we have

0<[f()] < sgplf(y)l = [Iflle =0,

so f(x) = 0 for all € [0,1]. Thus f = 0, so |||, is positive definite. It is also
straightforward to check that ||-|| . is homogeneous: given a € R and f € C[0,1],
we have

loz]loe = sup af ()] = || sup[f(2)] = |allz] -
X x

All that remains is the triangle inequality. Let f, g € C[0,1]. Then for all z € [0, 1]
we have

[f (@) + g(x)] < |f(2)] + lg(2)] < Sup £ ()] +Sl;plg(y)| = [[flloo + N9l

In fact, a continuous function on [0,1] must assume a maximum, we could actually replace
“sup” with “max” here.
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by the usual triangle inequality for R. Thus || f|| + [|9]|,, is an upper bound for
|f(z) + g(x)| as x ranges over [0, 1], meaning that

1 + 9llee = sup[f(2) + g(2)] < [[flloc + ll9lloc-

Thus the triangle inequality holds, so |||, is a norm.

Before closing out this section, let’s introduce a couple more definitions that
will be useful from time to time. First observe that if (X, d) is a metric space and
E C X, then the restriction of d to E yields a metric on E. (More precisely, we can
restrict the function d to E x E.) Thus (E,d) is a metric space in its own right.

Definition 2.1.16. Let (X, d) be a metric space, and let E C X. The metric
space (E,d) obtained by restricting d to E x E is called a subspace of (X, d).

Example 2.1.17. We can think of Q as a subspace of R by equipping Q with the
restriction of the standard metric:

d(rys) =|r —s| forr,s € Q.

In the last example, we could think of the inclusion ¢ : Q — R as a map between
metric spaces. By construction, it preserves the distance between two rational num-
bers when Q and R are equipped with their standard metrics. More generally, one
can consider distance-preserving maps between arbitrary metric spaces.

Definition 2.1.18. Suppose (X1,d;) and (X2, d2) are metric spaces. A function
f: X7 — X is called an isometry if

dg(f(ﬁ), f(y)) = dl(xvy)

for all x,y € X;.

It is an exercise to show that any isometry is necessarily injective. In the event
that there is a bijective isometry f : X7 — Xo, we say that the metric spaces (X1, dy)
and (X2, dz) are isometric.

Exercises for Section 2.1

Exercise 2.1.1 ([Rud76], Exercise 2.11). Determine whether each of the functions
d: R x R — R specifies a metric on R.

(a) d(z,y) = (x —y)?
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(b) d(z,y) = /| —y|
(c) d(z,y) = |2 — ¢?|
(d) d(z,y) = [z — 2y

[z —yl
e) d(z,y) =
(© dlay) =
Exercise 2.1.2. Let V' be a R-vector space. If ||-|| : V' — R is a norm on V, prove

that the map d: V x V — R defined by
d(z,y) = |z -yl
is a metric on V.

Exercise 2.1.3 ([HS91], Exercise 4.2.2). Let (X,d) be a metric space. Prove the
quadrilateral inequality:

|d(w, z) — d(z,y)| < d(w,z) +d(z,y)
for all w,x,y,z € X.

Exercise 2.1.4. Earlier we defined the space of square-summable sequences of real

2= {(372)221 : fo < oo}.
o 1/2
]l = (Zﬁ)
i=1

defines a norm on 2. Conclude that ¢2 is a normed vector space, hence a metric

numbers:

Prove that

space.

Hint: As with ¢!, first consider the n'" partial sum of the given series. Apply what
we already proved about the Euclidean norm on R"™, and then take limits.

Exercise 2.1.5. Let (X1, d;) and (X3, d2) be metric spaces, and suppose f : X —
X5 is an isometry. Prove that f is injective.

2.2 Topology of Metric Spaces

In real analysis, the standard metric on R opens up all kinds of tools for studying
functions on the real line. In particular, one only needs a notion of distance to
determine when a sequence converges, or when a function is continuous, among
other things. Many of these concepts can also be phrased in terms of open and
closed sets, both of which make sense in a general metric space. The initial building
blocks are open balls, which are defined purely in terms of the metric. Throughout
this section, let (X, d) denote an arbitrary metric space.



16 Metric Spaces

Definition 2.2.1. Given x € X and r > 0, the open ball of radius r centered
at x is the set

By(z)={ye€ X :d(z,y) <r}.

Before going any further, let’s think about what the open balls look like in some
common examples of metric spaces. In some cases we will obtain a geometric picture
to go along with our metric.

Example 2.2.2. If we equip R with its standard metric, the open balls are precisely
the open intervals. That is, given £ € R and r > 0, the corresponding open ball is

B, (x) = (x —r,x+7r).

Example 2.2.3. Now consider R? endowed with the Euclidean norm ||||,. For
simplicity, we will try to describe the ball B;(0), which is called the open unit
ball. This ball is precisely the set

By(0) = {z € R?: ]}, < 1},

and using the fact that ||z||, < 1 if and only if 23 + 23 < 1, we see that B;(0) is just
the open disk of radius 1 centered at the origin.

Z2

I

What if instead we consider R? with the “taxicab” norm |[-||;? Now the open
unit ball looks like
B1(0) = {z € R%: |z1| + |2o| < 1}.

In the first quadrant, ||z||; < 1 simply means z; + 22 < 1, so the ball is bounded
by the line o = 1 — 2;. In the second quadrant, we have z; < 0, so |lz||; < 1 is
equivalent to —z1 + 29 < 1, or 9 < 1 4+ x1. Continuing in this fashion, we see that
the unit ball looks like a diamond centered at the origin.
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Z2

Finally, let’s think about what the open balls in R? look like when we use the
norm ||-|| . Since ||z]|, < 1if and only if |z1] < 1 and |z2| < 1, we have

B1(0) = {z € R? : |x1], |za| < 1}.

Thus the ball is bounded by the lines 1 = +1 and x5 = +1, and we obtain a square
centered at the origin.

x2

1 I

Note that in any of these three cases, an arbitrary open ball B, (x) can be obtained
from the unit ball B;(0) via a translation and a dilation.

Example 2.2.4. Let X be a set equipped with the discrete metric. What do the
open balls look like? The answer will depend on the radius r. If x € X and r < 1,
the only point y € X satisfying d(z,y) < r is y = . That is,

By(x) = {y € X : d(z,y) < r} = {u}.
If r > 1, then for all y € X we have d(z,y) <1< r, so B.(z) = X.
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The notion of “closeness” afforded by open balls in a metric space allows us to
define what it means to be “inside” a set, in a certain sense.

Definition 2.2.5. Let £ C X. A point z € X is an interior point of F if there
is an r > 0 such that B,(z) C E.

The set of all interior points of F is called the interior of E, which is denoted
by E° or int(FE).

Definition 2.2.6. A set U C X is open if every point x € U is an interior point
of U. Equivalently, U is open if U = U°.

Example 2.2.7. In any metric space X, the empty set and X are both open.

One would expect there to be many more open sets than just ) and X.? Given
the name, we might guess that any open ball is an example of an open set.

Proposition 2.2.8. Let z € X and r > 0. Then B,(x) is an open set.

Proof. Let y € By(x) and put s = d(z,y). Then we claim that B,_s(y) C B,(x).
Given any point z € B,_4(y), we have

d(z,z) <d(z,y) +d(y,x) <r—s+s=r

by the triangle inequality. Therefore, z € B,.(x). It follows that B,_(y) C B,(x),
so By(zx) is open. O

Likewise, since the interior of a set F consists of precisely the interior points of
E, one would hope that E° is always an open set. This result is far from being tau-
tological, however. It requires us to show that any interior point of E is necessarily
an interior point of E°.

Proposition 2.2.9. Let E C X. The interior E° is open.

Proof. Let x € E°. Then x is an interior point of E, so there exists r > 0 such that
B,(z) C E. We need to show that B, (z) C E°. Let y € B,(z). Since B,(z) is open
by Proposition 2.2.8, there exists s > 0 such that

Bi(y) € By(z) C E,

so y € E°. Since y € B,(z) was arbitrary, B,(x) C E°, so E° is open. O

3Indeed, these are the only open sets precisely when X carries the indiscrete topology, which is
metrizable if and only if X consists of a single point.
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It is also useful to note that we can often build new open sets out of old ones
via unions and intersections.?

Proposition 2.2.10. Let {U;}icr be a family of sets U; C X such that each U;

is open. Then the union | J,c; U; is open.

Proof. Let x € Uie[ U;. Then x € U;, for some iy € I, so there exists r > 0 such
that
B,(z) C Ui, € | Ui
el

Thus z is an interior point of | J;.; U;, and it follows that the union is open. O

Note that in Proposition 2.2.10, there is no restriction on the size of the index
set. The union of arbitrarily many open sets is always open. On the other hand,
the intersection of a family of open sets is only guaranteed to be open if the family
is finite.

Proposition 2.2.11. Let {U;}" , be a finite collection of sets U; C X with each
U; open. Then the intersection (;_, U; is open.

Proof. Let x € 0?21 U;. Then x € U; for 1 < i < n, so for each ¢ there is an r; > 0
such that B, (z) C U;. Set
r = min r;.
1<i<n
Then B, (z) C By,(xz) C U for all ¢, and it follows that B,(x) C (i, U;. Hence the
intersection is open. [

Example 2.2.12. To see why the finiteness condition in Proposition 2.2.11 is nec-
essary, we need only look at R. For each n € N, set

Then each U, is open, but
n=1

which is not open.

4Propositions 2.2.10 and 2.2.11 together with Example 2.2.7 say that the open sets in a metric
space (X, d) form a topology on X.
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Example 2.2.13. Let (X, d) be a discrete metric space. We claim that every subset
of X is open. Given E C X, write

E=|]J{z}.

zel

Recall that B;(x) = {z}, so {z} is open for each x € X. Therefore, E is a union of
open sets, hence open by Proposition 2.2.10.

With these basic results for open sets out of the way, we turn to the dual notion—
that of a closed set.

Definition 2.2.14. A set I’ C X is said to be closed if its complement F°¢ is
open.

Example 2.2.15. Some simple examples of closed sets are the closed balls: given
x € X and r > 0, define the closed ball of radius r centered at x to be

Byla] ={y e X :d(z,y) <r}.
It is left as an exercise to show that any closed ball is a closed set.

We immediately have some results about unions and intersections of closed sets,
which follow easily from the corresponding facts about open sets.

Proposition 2.2.16. Let {F;},cr be a family of closed sets in X. Then the
intersection [,y F is closed.

Likewise, if {F;} is a finite collection of closed sets in X, then \J!_, F; is
closed.

Proof. The first assertion follows from Proposition 2.2.10 and De Morgan’s law.
Observe that if {F;};cs is any collection of closed sets,

el iel

is open by Proposition 2.2.10 since each Fy is open. Thus (), F; is closed.
Similarly, given a finite collection {F;}:°; of closed sets, we have

o) -
=1 =1

This set is open by Proposition 2.2.11 since each F} is open. O
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Example 2.2.17. Given what we have seen for open sets, it should not be surprising
that an infinite union of closed sets need not be closed. Consider the closed subsets
of R defined by

for n € N. Then each F;, is closed, but

G Fy = (0,2]
=1

is not closed.

Example 2.2.18. Let (X, d) be a discrete metric space, and let £ C X. Then E°
is open, since all subsets of X are open. Thus F is closed, and it follows that all
subsets of a discrete metric space are simultaneously open and closed.

Definition 2.2.19. A subset of a metric space is said to be clopen if it is both
open and closed.

Remark 2.2.20. We have just seen that in a discrete space, all sets are clopen. In
contrast, the only clopen subsets of R are the trivial ones — () and R. We will see
later that the existence of nontrivial clopen sets in an arbitrary metric space X is
closely tied to connectedness.

There is an alternative definition of closed set in terms of limit points. This
definition will often be more useful than the one we have given, since it allows one
to use sequences to characterize when a set is closed.

Definition 2.2.21. Let £ C X. We say a point x € X is a limit point of F if
for any r > 0, the open ball B,(x) contains a point y € E with y # .

It is worth noting that a limit point of a set £ may or may not belong to £. The
limit points of F are precisely the points z that can be approximated arbitrarily
closely by points of F other than x. This may very well be true for some (if not all)
points of E, but also for points outside of E, as the following figure illustrates.
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Notice that the point x; does not lie in E, but nevertheless any open ball centered
at x1 contains points of E. (Notice that any ball must also contain points from FE°€.)
Thus x1 is a limit point of E. On the other hand, the point x5 belongs to E, and
it is also a limit point of E. Finally, we can find an open ball centered at xz that
contains no points of F, so it cannot be a limit point of E.

The discussion so far is a little misleading in one regard. We saw above that the
point xo both belongs to F and is a limit point of F. Indeed, it is clear from the
way the picture is drawn that xo is an interior point of £. It need not be the case
in general that every point of F is a limit point of E.

Example 2.2.22. Define £ C R by
E={l:neN}u{o}.

It should be clear that 0 is a limit point of E, since given any r > 0, 1/n € B,(0)
for any n > 1/r. Moreover, it is the only point of E that is also a limit point of E.
Given n € N, let = L and set r = z — %H Then B,(z) N E = {x}, so = is not a
limit point of E.

We have now seen how a point « € E can fail to be a limit point of EF—there

must be an open ball centered at x that contains no other points of E.

Definition 2.2.23. Let £ C X. A point x € F is an isolated point of E if
there exists 7 > 0 such that B,(z) N E = {x}.
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Based on our earlier examples, it appears that there is a dichotomy between
points of a set £ C X—they are either limit points of £ or isolated points of E.
The proof of this fact is a straightforward exercise.

Proposition 2.2.24. Let E C X. A point x € E is an isolated point of E if and
only if it is mot a limit point of E.

The argument we gave in Example 2.2.22 to show that every point other than 0
was isolated can be strengthened to obtain the following result.

Proposition 2.2.25. Let E C X and suppose x € X is a limit point of E. Then
every open ball centered at x contains infinitely many points of E.

Proof. Suppose, to the contrary, that there exists » > 0 such that B,(z) contains
only finitely many points of E distinct from x. That is,

B.(z)NE ={x1,29,...,25}
with z; # x for 1 <i <n. Put

ro = min d(z, x;).
Then 0 < rg < r since d(x,z;) > 0 for all i, and x; & By, (x) for all 7. Since
By, (x) C By(z), it follows that By, (x) contains no point of E except possibly
itself. But this contradicts the assumption that x is a limit point of E. ]

Corollary 2.2.26. A finite subset of a metric space has no limit points.

As promised earlier, we now come to an alternative characterization of closed
sets, which is phrased in terms of limit points.

Proposition 2.2.27. A set F C X 1is closed if and only if it contains all of its
limit points.

Proof. Suppose first that F' is closed, and let x € F¢. Since F€ is open, there exists
r > 0 such that B,(z) C F°. But then B,(x) contains no points of F', so  cannot
be a limit point of F. Thus any limit points of F' must belong to F'.

Conversely, suppose F' contains all of its limit points, and let € F°. Then z is
not a limit point of F', so there exists r > 0 such that B,(z) contains no points of
F. That is, B,(x) C F¢, so x is an interior point of F'°. Since x € F° was arbitrary,
F¢ is open, hence F' is closed. O
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Corollary 2.2.28. If E C X is finite, then it is closed. In particular, singletons
i a metric space are closed.

Proof. If E is finite, then it has no limit points by Corollary 2.2.26. Therefore, F/
vacuously contains all of its limits points, so it is closed. O

Now we come to one last idea regarding closed sets. First, let us introduce a bit
of notation: given E C X, we let E’ denote the set of all limit points of E.

Definition 2.2.29. Let £ C X. The closure of F is the set E = E U E'.

Since the closure of a set E is formed by adjoining the limit points of F, one
might expect that E is the minimal way of building a closed set from E.

Proposition 2.2.30. Let F C X.
(a) E is a closed set.
(b) E = E if and only if E is closed.

(c) E is the smallest closed set containing E. That is, if E C F and F is
closed, then E C F.

Proof. To prove (a), let x € (E)°. Then x ¢ E and z is not a limit point of E. Thus
there exists 7 > 0 such that B,(zr) C E°. We claim that in fact B,.(x) C (E)¢. To
that end, suppose there is a limit point y of E in B,(z). Since B,(z) is open, there
is an s > 0 such that Bs(y) C B,(z). Also, since y is a limit point of E, Bs(y) must
contain some point z € E. But then z € B,(x), which contradicts the fact that
B,(z) C E°. Therefore, B,(x) C (E)¢, so E is closed.

It follows immediately from (a) that if £ = E, then E is closed. Suppose then
that E is closed. Then E' C E, so E = EUE' = E. Thus (b) holds.

Finally, suppose F' is a closed set with £ C F. Then any limit point of E is
necessarily a limit point of F, so E’ C F since F is closed. Thus E C F. O

Though we won’t use the following concept much, it is worth mentioning in order
to provide some closure to our earlier discussion about limit points. We saw that a
limit point of a set E need not belong to E, provided it lies on the “edge” of E.

Definition 2.2.31. Let £ C X. The boundary of F is the set 0E = E\E°.
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Remark 2.2.32. There are some equivalent characterizations one could take for
the boundary of a set. One could also define OF = E N E¢, or we could take OF to
be the set of points = with the property that any open ball centered at x contains
points of both £ and E*.

It is not hard to see that any limit point of F that does not belong to F is
necessarily a boundary point of . However, there are a couple of less-than-satisfying
things that can happen. In particular, a boundary point of E must be a limit point
of either E or E°, but it need not be a limit point of both.

Example 2.2.33. Let X = [0,1] equipped with the metric inherited from the
standard metric on R. Let E = (0,1]. Then E = [0,1] and E° = (0,1), so
OF = {0,1}. Notice that both 0 and 1 are limit points of E, but neither is a limit
point of E€. In particular, £¢ = {0}, which has no limit points in X.

Example 2.2.34. Let X = R with its standard metric, and let x € R. If we let
E = {z}, then E is closed and E° = (), so OE = {z}. However, z is not a limit
point of E. It is a limit point of £, however.

We will finish our discussion of basic topology with one last topic that generalizes
a familiar result from R.

Definition 2.2.35. Let £ C X. We say F is dense in X if E = X. Equivalently,
FE is dense in X if every point x € X is a point of E or a limit point of E.

Example 2.2.36. It is well-known that Q is dense in R, since every real number
is a limit point of the rationals.

The last example is quite interesting for other reasons. Recall that R is an
uncountable set, while Q is countable. Thus R is much larger than Q from a set-
theoretic standpoint. However, Q is dense in R, so it manages to “fill up” the reals
in a topological sense. That is, we have the ability to approximate any real number
arbitrarily well with elements of Q, which is a much more manageable set.

Definition 2.2.37. A metric space X is separable if it contains a countable
dense subset.

Example 2.2.38. As described above, R is separable. More generally, R" is sep-
arable since Q" is countable and dense. To see this, let x € R", and let € > 0 be
given. For each 1 < i < n, choose a rational number ¢; with |z; — ¢;| < €/y/n. Put
q=1(q1,92,---,qn). Then

n

n 9
€
ch—QH§= E (xi_Qi)Q < Eln:&?zv
1=

=1

so ||z —q||, < e. It follows that z is a limit point of Q".
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Example 2.2.39. One can extend the arguments of the previous example to show
that ¢? is separable. The countable dense subset is

E = {(ql)fil :q; € Q for all 7+ and ¢; = 0 for all but finitely many z}
It is an exercise to verify that E is countable and dense in ¢2.

Example 2.2.40. Let (X,d) be a discrete metric space. Since every subset of X
is closed, the only dense subset is X itself. Thus X is separable if and only if X is
countable.

Separability for metric spaces is closely related to another kind of countability
condition. This condition involves identifying a family of “basic” open sets that
generate all the open sets in the metric space via unions. One such family consists
precisely of the open balls.

Proposition 2.2.41. Any open set in a metric space X can be written as a union
of open balls.

Proof. Suppose U C X is open. Then for each z € U, there is an r, > 0 such that
B, (z) CU. Thus

U Br.(x) CU.

zelU

But each x € U belongs to the ball B, (z), so we clearly have the reverse contain-
ment as well. Thus U = {J, ¢y Br, (2). O

Definition 2.2.42. A family B = {B;};c; of open sets in a metric space X is
called a base if every open set in X can be written as a union of sets from B.

The existence of a countable base is quite desirable, since it allows one to describe
any open set using only countably many basic open sets.’ It turns out that any
separable metric space automatically has this property. The converse is also true,
but it is left as an exercise.

Proposition 2.2.43. If X is a separable metric space, then X has a countable
base.

SIf a general topological space has a countable base, it is said to be second countable.
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Proof. Since we already know the open balls form a base for X, we will try to refine
this base and produce a countable family of open balls that do the job. In particular,
suppose D is a countable dense subset of X, and consider the family

B = U{Bq(y)3q€Q}-

yeD

Then B is a union of countably many countable sets, so it is countable. It just
remains to see that B is a base for X.

Let U C X be an open set. Then for each x € U there is a r, > 0 such that
B,,(z) C U. Choose a rational number 0 < g, < r, for each z, and observe that
By, (xz) C By, (z) C U. Since D is dense in X, for each € X we can find y, € D
such that d(x,y;) < gz/2. Then an application of the triangle inequality shows that

By, j2(yz) € By, (x) CU

for each z € U. Furthermore, x € By /5(y,) for all x € U. An argument like the
one from the proof of Proposition 2.2.41 shows that

U= Ba.aye):

zelU

Thus U is a union of elements from B, so B is a base for X. O

Exercises for Section 2.2

Exercise 2.2.1. Let £ C X. Prove E° is the largest open set contained in F. That
is, if U is an open subset of X with U C F, then U C E°.

Exercise 2.2.2 ([HS91], Exercise 4.3.3). Let (X, d) be a metric space. Given xz € X
and r > 0, define the closed ball of radius r centered at x to be

B, x]={y € X :d(z,y) <r}.

(a) For all z € X and all r > 0, prove that B,[z] is a closed set.

(b) Show by example that B,[z] # B,(x) in general. That is, the closure of an
open ball may not coincide with the corresponding closed ball.

Exercise 2.2.3 ([HS91], Exercise 4.3.7). Let (X, d) be a metric space, and suppose
A, BC X. If Aisopen and AN B # (), show that AN B # 0.

Exercise 2.2.4. Prove Proposition 2.2.24: Given £F C X, a point x € F is an
isolated point of E' if and only if it is not a limit point of FE.

Exercise 2.2.5 ([Rud76], Exercise 2.9 (e) & (f)). Let E be a subset of a metric
space X.
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(a) Do E and E always have the same interiors? Prove or give a counterexample.
(b) Do E and E° always have the same closures? Prove or give a counterexample.

Exercise 2.2.6 ([HS91|, Exercise 4.3.5 modified). Let A and B be subsets of a
metric space X.

(a) Show that A°UB° C (AU B)° and A°N B° = (AN B)°.

(b) Show that AUB = AUB and AN B C AN B.

(c) Give examples to show that the inclusions in both (a) and (b) can be strict.
Exercise 2.2.7. Let F C X. Prove that the boundary 0F is closed.
Exercise 2.2.8. Let X = /2, and define £ C X by

E = {(2;){2; : #; = 0 for all but finitely many indices i}.
(a) Prove that E is dense in £2.
(b) Now consider the subset of E consisting of sequences with rational terms:
Eq={(ri)2, € E:r; € Qforall i}
Show that Eq is countable.

(c) Show that Eq is dense in ¢2. Conclude that ¢* is a separable metric space.

Exercise 2.2.9 ([HS91], Exercise 4.3.11). Show that if X is a metric space with a
countable base, then X is separable.

2.3 Sequences

Let us first recall from real analysis that a sequence of real numbers is simply a
function f : N — R. Of course we usually write our sequences as lists, say (z,)02 4,
where x,, = f(n). One can then analyze convergence for sequences of real numbers
only using the usual notion of distance on the real line. Certain phenomenon, such as
monotonicity, will only make sense in R, but convergence relies only on the presence
of a metric.

Throughout this section, let (X, d) denote an arbitrary metric space. As in the
reals, we will think of sequences as both functions f : N — X and lists of points in
X indexed by N:

(Tn)pry, where z, = f(n).

The definition of convergence then looks like the familiar one from R, albeit with
the metric d substituted for the standard metric on R.
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Definition 2.3.1. A sequence (z,,)2%, in a metric space X is said to converge
to a point z € X if given any € > 0, there exists NV € N such that n > N implies

d(xn,z) < €.

We will write li_)m Ty = x Or T, — T to signify that (z,)5; converges to x.
n—oo

We will begin with some elementary facts about sequences, all of which generalize
familiar results from R. Indeed, the proofs are almost identical to the ones from the
real case.

Proposition 2.3.2. Any sequence in a metric space X has at most one limit.

Proof. Let (z,,)52; be a sequence in X, and suppose z,, — x and z, — y for some
z,y € X. Let € > 0 be given. Then there exist Ni, No € N such that n > N;
implies

d(xn, ) <

D™

and n > Ny implies
d(wn,y) < 5-
Now take N = max{Ny, No}. Then for all n > N we have

d(z,y) < d(z,2,) +d(zn,y) <5+ 5 =¢
Since this holds for all £ > 0, we must have d(z,y) =0, so x = y. O

We need a quick definition before we prove our next result. We say a sequence
(xn)52 4 in a metric space is bounded if there exists a point z € X and a number
M > 0 such that

d(xp,x) <M

for all n. In other words, all the terms in the sequence lie inside some sufficiently
large open ball.

Proposition 2.3.3. If a sequence (z,,)22, converges, then it is bounded.

Proof. Assume z, — =z for some z € X, and set ¢ = 1. Then we know there
exists N € N such that d(xz,,z) < 1 for all n > N. In other words, the open
ball By (z) contains all points that occur as terms in the sequence, except possibly

x1,T2,...,xN—1. For 1 <i < N —1, set r; = d(x;, ), and put
M = max{ry,ra,...,rN-1,1}.
Then for all n € N we have d(z,,z) < M. Hence (z,)5; is bounded. O
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As one might guess, we can characterize the limit points of a set £ C X using
sequences from F.

Proposition 2.3.4. Let E C X. A point x € X is a limit point of E if and only
if there is a sequence (x,)5>, in E such that z, — x and x,, # x for all n.

Proof. Suppose first that x is a limit point of E. Then for each n € N, there exists
Zn € E such that x,, # z and d(z,,x) < % It is then easy to see that the sequence
(xn)52, converges to z by construction.

Conversely, suppose there is a sequence (z,,)3%; in E with the prescribed prop-
erties. Since z, — z, given any € > 0, there exists n € N such that d(z,,z) < ¢
and x,, # x. This shows that x is a limit point of E. O

Even though an arbitrary sequence (z,,)22; in a metric space may not converge,
the set of points that occur as terms in the sequence,

{zr € X :x =z, for some n > 1}

may very well have plenty of limit points. These limit points arise precisely from

the subsequences of ()% ;.

Definition 2.3.5. Let (z,)2; be a sequence, and suppose
nyE<ng <ng<---

is an increasing sequence of natural numbers. The sequence (x,, )72, is called a

subsequence of (z,)° ;.

One should think of a subsequence as a way of selecting some of the terms from
the original sequence, provided we adhere to the following two rules:

e We choose the terms in the same order in which they appeared in the original
sequence.

e Each term of (z,,)72, is selected at most once.

In this vein, we could equally well start with an increasing function f : N — N
(which corresponds to selecting the indices ny,ng,...) and define a subsequence by

(f(k))izr, Where f(k) = ng.

The following proposition is a straightforward result about subsequences. Its
proof is left as an exercise.
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Proposition 2.3.6. If a sequence (z,,)22; converges to x, then every subsequence
of (xn)5 also converges to x.

As mentioned above, we can also characterize the limit points of a sequence in
terms of subsequential limits.

Proposition 2.3.7. Let (2,)02, be a sequence, and consider the set

E={xeX:x=u, for somen > 1}.

A point x € X is a limit point of E if and only if there is a subsequence (xn, )72,
converging to x with x,, # x for all k.

Proof. Suppose first that x is a limit point of . Then there exists n; € N such that
d(2p,,2) < 1 and z,,, # 2. Similarly, we can find ny > ny such that d(z,,,z) < %
and z,, # z. (Notice that we can force ny > n; because any open ball centered at x
must contain infinitely many points of £.) Continuing inductively, we can construct
a sequence np < ng < --- of natural numbers such that d(z,,,x) < % and x,, # x
for all k. Thus (xy, )72, is the desired subsequence.

The converse is much less delicate. A subsequence (xy, )72, of (z,)52; with the
specified properties is a sequence in E by definition, so = limy_,., o} is necessarily
a limit point of FE. ]

We will revisit subsequences a little later on. Many of the interesting phenomena
for subsequences arise when studying compactness, so we will suspend this discussion
until then.

Now we turn to an idea that also generalizes a well-known concept from sequences
of real numbers. Recall that some sequences “desperately want” to converge, even
though there may not be anything to which they can converge.

[es)
n=1

Definition 2.3.8. A sequence (x,)
there exists N € N such that

is said to be Cauchy if given any € > 0,

d(Tp, xm) < €

for all n,m > N.

In other words, a sequence is Cauchy if its terms can be made arbitrarily close
to one another by going far enough out in the sequence. It is not hard to see that
this condition will always be satisfied by convergent sequences.



32 Metric Spaces

Proposition 2.3.9. If (z,)02 is convergent, then it is Cauchy.

Proof. Let € > 0, and choose N € N such that d(z,,z) < § for all n > N. Then
for any n,m > N, we have

d(wn, m) < d(wn, @) + d(z,20) < 5 +5 = ¢
by the triangle inequality. Thus (x,); is a Cauchy sequence. 0

The converse to the last proposition is not true in a general metric space. For
example, we know that there are Cauchy sequences in Q (equipped with its standard
metric) that do not converge to rational numbers. (Take a sequence of successively
better decimal approximations to v/2, for example.) Thus metric spaces in which
all Cauchy sequences converge are special.

Definition 2.3.10. A metric space (X, d) is said to be complete if every Cauchy
sequence in X converges in X.

Example 2.3.11. It is well-known that R is complete with respect to its standard
metric. On the other hand, Q is not complete (as we mentioned above).

Example 2.3.12. The Euclidean space (R", ||-||5) is complete. This follows from
an exercise in this section, together with the completeness of R.

Suppose (z);2; is a Cauchy sequence in R". We will write ,; to denote the
ith coordinate of the vector zy; that is,

T = (Th1, Th2, - - Thyn)-

Let € > 0 be given. Since (xj)72, is Cauchy, there exists N € N such that for all
J,k =N,
|z; — 2y <e.

But for 1 < i < n it is easy to check that
50 — 2l < lzj — el <e

Thus ()72 is a Cauchy sequence in R for each 4. Since R is complete, xy; — xo
for some zg; € R. Define

xo = (20,1, 70,2, - -, Z0,n)-

Then x; — x¢ by Exercise 2.3.3 since the sequence converges coordinatewise.
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Example 2.3.13. It is possible to adapt the arguments of the previous example to
show that ¢? is complete. The details are left as an exercise. Note, however, that
convergence of the individual coordinates in a sequence is not sufficient to guarantee
convergence in £2.

Example 2.3.14. Any discrete metric space is complete. (Exercise 2.3.5)

There is one more example of a complete metric space that is worth mentioning
right now. The proof incorporates some classical arguments from analysis, and we
will revisit these ideas later.

Theorem 2.3.15. For any closed interval [a,b], the space C([a,b],R) is complete
with respect to the metric induced by the norm ||-|| .

Proof. Suppose (f,)2, is a Cauchy sequence in C([a,b],R). Let € > 0 be given,
and choose N € N such that || f, — fiu|| < € for all n,m > N. Notice that for each
x € [a,b], we have

[fn(@) = fm(2)] < Sup [fay) = fm (@)l = 1fn = finlloo <€

for all n,m > N. Thus (f,(2))s, is a Cauchy sequence in R, so it converges. We
can then define f : [a,b] — R by

f(x) = lim f,(z).

n—oo

We claim that given € > 0, there exists N € N such that n > N implies

[fu(z) = fl2)] <e

for all x € [a,b]. That is, there is an N that works for all x simultaneously. Well,
we know that (f,)52, is Cauchy, so we can find N € N such that n,m > N implies

|fn(@) = fm(2)] < §

for all z € [a,b]. We intend to hold n fixed and let m — oco. To be more precise,
observe that for each = € [a,b], there is a natural number N, > N such that
|fm(z) — f(z)| < § for all m > N,. Given x € [a,b], for all n > N and any m > N,
we have

[fn(@) = f@)] < |fa() = fn(@)] + [fm(2) = f2)| < 5+ 5 =&

Notice then that the N we have found is independent of x € [a,b], and our claim
holds.
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Now we aim to show that f is continuous on [a,b]. Let 2y € [a,b] and € > 0 be
given. By the previous claim, we can find NV € N such that

[fn(@) = f@)] <3

for all z € [a,b]. Furthermore, since fy is continuous there is a 6 > 0 such that
|z — zo| < ¢ implies

|fn(z) = fa(zo)| < 5

It then follows that whenever |x — xg| < 4,

[f(@) = f(zo)| < |f(2) = fn(@)| +[fn (@) = fn(@o)| + [ fv(wo) = f(zo)]
<s+§5+5
=Ee&.

Therefore, f is continuous at . Since xg was arbitrary, f is continuous on [a, b].

All that remains is to see that f, — f in C([a,b],R). We have really done all
the required work already—Dby the earlier claim, given € > 0 there exist N € N such
that |fn(z) — f(z)| < e for all « € [a,b]. But then we have

1fn = flloo = sup |fn(x) = f(2)] < €
for all n > N, so f,, = f. ]

In many of the examples we have considered, the metric was induced by a norm
on a vector space. A normed vector space that happens to be complete with respect
to its natural metric has a special name. We will study these spaces in more detail
later on.

Definition 2.3.16. A complete normed vector space is called a Banach space.

2.3.1 The Completion of a Metric Space

We will now investigate a phenomenon that we have already seen in the case of R.
Recall that Q is an incomplete metric space, but it can be “completed” to obtain
the real numbers. That is, one can construct a larger number system in which every
Cauchy sequence of rationals is convergent. Such a construction was carried out by
Dedekind, who tried to remedy the failure of the least upper bound property for
Q instead of working directly with Cauchy sequences. He defined real numbers to
be Dedekind cuts of rational numbers, which represent the least upper bounds of
subsets of Q.

Dedekind’s construction will not work in an arbitrary metric space, since it is
unlikely that the least upper bound property will make sense there. We can still
“complete” a general metric space, though we will need to use the Cauchy sequence
approach in order to do so.
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Definition 2.3.17. Let (X, d) be a metric space. We say a metric space (Y, d’)
is a completion of (X,d) if Y is complete and there is an isometry ¢ : X — Y
such that ¢(X) is dense in Y.

The stipulation that X maps onto a dense subset Y is not just meant to mimic
the fact that Q is dense in R. It encodes the idea that Y should be the minimal
complete metric space containing X as a subspace.

As we have already promised, every metric space has a completion. Furthermore,
that completion is unique up to isometry.

Theorem 2.3.18. Any metric space (X,d) has a unique completion (X,d).

The proof is quite technical, so we proceed via a series of lemmas. The general
strategy is based on the proof of Theorem 7.4 in [KF70]. We begin by letting X
denote the set of all Cauchy sequences in X. We then define a relation on X as
follows: given two Cauchy sequences (z,,), (yn) € X, we say (xy,) ~ (y,) if

nh_}n;o d(xn, yn) = 0.

This relation is meant to identify Cauchy sequences if they are “trying to converge”
to the same limit, even though that limit may not exist.

Lemma 2.3.19. The relation ~ defines an equivalence relation on X.

Proof. 1t should be obvious that ~ is reflexive and symmetric. Transitivity will
follow from a straightforward application of the triangle inequality. Suppose (z;,),
(yn), (zn) € X with (z,,) ~ (yn) and (yn) ~ (2). Then given € > 0, there exists
N7 € N such that n > Ny implies

d(Tn,yn) < §.
Similarly, there is an Ny € N such that
d(Yn, 2n) < §
for all n > Nj. If we let N = max{Nj, Ny}, then n > N implies
d(n, 2n) < d(Tn, Yn) + d(Yn, 2n) < §+ 5 =&,
s0 (zy) ~ (2pn). Thus ~ is transitive. O

Now we let X = X/ ~ denote the set of equivalence classes under ~. This will
provide the underlying set for the completion of X, but we need to equip it with a
metric. To that end, define d: X x X — R by

A [(g)]) = lim d(zn, yn).
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Lemma 2.3.20. The function d defines a metric on X.

Proof. Before we can verify that d is a metric, we need to check two things. First,
we need to know that the limit on the right hand side even exists. That is, given
two Cauchy sequences (z,,) and (yy) in X, we claim that lim d(z, y,) exists. This
actually follows from the quadrilateral inequality (or really a modified version of it).
Let € > 0 be given, and choose N € N such that n,m > N implies

d(Zn, Tm) < 5 and  d(Yn,ym) < 5.
Then the quadrilateral inequality implies

‘d(xny yn) - d(xm’ ym)| < d(linv xm) + d(yn7 ym) <e€

for all n,m > N. Thus (d(zy,yn))52; is a Cauchy sequence in R, so it converges.
Now we need to check that d is well-defined. That is, if we have (z,,) ~ () and
(yn) ~ (y,) in X, then we need

d([(n)], [(yn)]) = d([(@3)] [(W))])-

Well, we know that d(x,,z),) — 0 and d(y,,y,,) — 0 as n — co. Given £ > 0, there

exists N € N such that d(z,, ) < § and d(yn,y;,) < § for all n > N. Therefore,

d(x'/m y1/’L) < d(ﬂ?%, J:n) + d(l‘nv yn) + d(yna yqlq)
< % + d(xmyn) + %
= d(xna yn) +e.
A similar argument shows that
d(@n, yn) < d(2h,yn) + ¢,
SO
|d(2n,yn) — d(a,y)| < €

for all n > N. Therefore d(z,,y,) and d(z],,y,,) must converge to the same limit,
so it follows that d is well-defined.

The proof that d satisfies the axioms for a metric is now fairly straightforward.
Clearly d(i,7) > 0 for all 7,5 € X. If d([(wn)], [(yn)]) =0, then

Jim_d(zn, yn) = 0,

80 (zn) ~ (yn) in X. Thus [(x,)] = [(yn)], and d is positive definite. It is easy
to see that d is symmetric since d is. For the triangle inequality, observe that if
(zn); (Yn); (2n) € X, then

d([(n)], [(yn)]) = lim d(an, yn)
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< lim [d(zn, 2n) + d(2n, yn)]

n—oo
= lim d(zp, z,) + lim d(zn,yn)
n—oo n—0o0

= d([(@a)), [(z)]) + d([z0)]: [(9)])-

Therefore, d is a metric. O

Next, we will show that X contains an isometric copy of X. Given z € X, we
let (z) € X denote the associated constant sequence. We can then define a map
t: X — X by

u(z) = [(z)]-
Lemma 2.3.21. The map ¢ : X — X is isometric. Moreover, (X)) is dense in X.

Proof. Let z,y € X. Observe that

d(e(x), () = d([(#)]. [(v)]) = lim_d(x,y) = d(z,y),

so ¢ is an isometry. Note that this implies ¢ is automatically injective.
Now we show ¢(X) is dense in X. Let [(x,)] € X and let € > 0. Since (z,,) is
Cauchy, choose N € N such that d(zn,z,) < § for all n,m > N. Set y = xx and

consider ¢(y) = [(y)] in X. Then we have
() ) = Jim d(y.z) < 5 <.

It follows that Be([(zy)) contains a point of ¢(X) for all [(z,)] € X and all € > 0,

so ¢(X) is dense in X. O
Lemma 2.3.22. The metric space (X,d) is complete.

Proof. Let (Z,,) be a Cauchy sequence in X. Since 1(X) is dense in X, for each
n € N we can find y, € X such that

d(&n, t(yn)) < -

We claim that (y,) is a Cauchy sequence in X. Given € > 0, find an N € N such
that N > 3/e and

d(Zn, Tm) < §

for all n,m > N. Then whenever n,m > N we have

d(Yn, Ym) = d(L(yn)7 L(ym))
< CZ(L(yn),i'n) + CZ(azn,ifm) + c;l(fvm, L(ym))
<iieqld
<s+5+5
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=e.
Now define Z = [(yy,)]. Then for all n we have

d(in, z) < d(a; t(yn) )

d(t(yn), #n)
< lim d(yg, yn) +
k—oco

1
n
n’
S0 &, — & as n — oo. Therefore, (X, d) is complete. O

To make the notation a little easier to handle, we will identify X and its image
1(X) in X. That is, we will suppress the ¢ and think of X as a subset of X.

All that remains is to see that the completion is unique. When we say it is
unique, we mean any other completion of (X,d) is “isomorphic” (X d) in the
appropriate sense for metric spaces.

Lemma 2.3.23. Suppose (Y,d') is another completion of (X,d). Then there is a
surjective isometry ¢ : Y — X that restricts to the identity map on X.

Proof. Let y € Y. Since Y is a completion of X, we know X is dense in Y, so there
is a sequence (z5,) in X that converges to y. This sequence is necessarily Cauchy in
X (and therefore in Y as well). Viewing X as a subset of X, we must have that (z,)
is Cauchy in X. Since X is complete, x,, — z for some = € X. Define p:Y > X
by

o(y) =x = lim z,,

n—oo

where the limit is taken in X. We claim first that this definition does not depend
on the approximating sequence (z,). To see this, suppose (y,) is another sequence
15

in X such that y, — y in Y. Then we must have d(zpn,yn) = d'(2n,yn) < §5 and
d(zn,x) < § for sufficiently large n, so

d(ymx) < Ci(yna xn) + d(xmx) < % + % =&

eventually. Thus y, — & = ¢(y) in X, so ¢ is well-defined.

Now we claim that ¢ : ¥ — X is isometric. The previous computations show
that this is certainly the case when we restrict ¢ to X, but we need to see that ¢
respects the metrics d’ and d. Let z,y € Y, and suppose (z,) and (y,,) are sequences
in Y with z,, — = and y,, — y. Then by construction =, — ¢(z) and y, — ¢(y) in
X, so 3

d(¢(2),(y)) = lm d(zn,yn) = d'(z,y).

Thus ¢ is an isometry, hence it is also injective. Surjectivity follows from the density
of X in X: given z € X, find a sequence (z,,) in X converging to z in X. Then (z,,),
viewed as a sequence in Y, converges to a point y € Y. We then have o(y) =z, so
@ is surjective. Thus (Y, d’ ) and (X, d) are isometric. Moreover, ¢ clearly restricts
to the identity on X. O
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The uniqueness of the completion of a metric space lets us answer one last
question: what if (X, d) was complete to begin with?

Proposition 2.3.24. Let (X,d) be a complete metric space. Then any comple-
tion of (X,d) is isometric to (X,d).

Proof. Let (Y,d’) be a completion of (X,d). Since (X,d) is complete and X is
certainly dense in itself, there is a bijective isometry ¢ : Y — X. That is, (Y, d’) is
isometric to (X, d). O

In other words, if we construct the completion of a complete metric space (X, d)
via Cauchy sequences, we do not obtain anything new.

Exercises for Section 2.3

Exercise 2.3.1 ([HS91], Exercise 4.6.3). Let (z,)22; be a sequence in a metric
space (X, d). Show that if x,, — « for some x € X and (xy, )7 is a subsequence of

(xn)o2;, then z,, — x as well.

Exercise 2.3.2. Let (z,,)22; be a Cauchy sequence in a metric space (X,d), and
suppose (Zn, )52, is a subsequence that converges to a point # € X. Prove that
Ty — L.

Exercise 2.3.3. Let (x1);2, be a sequence of points in R", and write

Ty = (Tr1, Tk2s - - Thyp)

for each k. (That is, z,; denotes the ith entry of the vector z;.) Show that ()72,
converges with respect to the metric coming from the Euclidean norm ||-||, on R"
if and only if the sequence (x;“)io:l converges in R for 1 < i < n.

Exercise 2.3.4. Let (2,)%; be a sequence of points in 2. As in Problem 2, we
write z,; for the ith entry of the vector z,:

Ty = (Tn1,Zn2,...)

Prove that if (,,)°°, converges in ¢2, then the sequence (z,;)°; converges for all
i. Show by example that the converse fails—that is, find a sequence (z,)72; such
that ()22, converges for all i, but (z,,)5°; does not converge in £2.

Exercise 2.3.5 ([HS91], Exercise 4.6.7). Let (X, d) be a metric space, where d is the
discrete metric on X. Prove that (X, d) is complete. [Hint: What do the Cauchy
sequences look like?]

Exercise 2.3.6. Prove that (2 is complete.
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The following problem is not for the faint of heart, since it pulls in some ideas from
abstract algebra. It is also quite technical.

Exercise 2.3.7. Earlier we described how to construct the completion of an arbi-
trary metric space via equivalence classes of Cauchy sequences. We also discussed
how this approach is not sufficient for constructing R from Q. In particular, one
would need to check that the Cauchy completion of Q has the structure of a totally
ordered field, as R is supposed to have. This exercise is meant to illustrate a way of
reconciling the field structure of R with the Cauchy sequence approach to building
completions.

(a) Let R denote the set of all Cauchy sequences of rational numbers. Prove
that R is a commutative ring with identity with respect to the “pointwise”
operations

(zn) + (Yn) = (T + yn)
and

(b) Define I C R by
I={(zn) € R:zp—0}.

Prove that I is an ideal in R.

(c) Show that if J is an ideal in R that properly contains I, then J contains a
unit. Use this to show that I is a maximal ideal, and conclude that R/ is a
field.

(d) Define a function ¢ : Q — R/I by

p(x) = (x) + 1,

where (z) denotes the constant sequence whose terms are all equal to z. Show
that ¢ is an injective ring homomorphism, so Q is a subfield of R/I.

So far we have constructed a field extension R/I of Q, but we don’t yet know that
it is a complete ordered field. To establish completeness, we can cheat a little bit.
Recall that we defined the completion of a metric space X by placing an equivalence
relation on the set of all Cauchy sequences in X: we declared (z,) ~ (y,) if and
only if d(zp,yn) — 0 as n — oo.

(e) Given two Cauchy sequences © = (z,) and y = (y,) in R, show that = ~ y if
and only if 2 —y € I. Use this fact to conclude that R/I = Q (as sets), so
R/I is a complete metric space containing Q as a dense subset.

(f) All that is left is to show that R/I is an ordered field. Given (z,), (yn) € R,
define (zy,)+1 = (yn)+ 1 in R/I if either (x,, —yn) € I or x, < y, eventually.
Prove that < defines a total order on R/I.
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(g) Prove that for all z,y,z € R/I, if y < z then © + y < x + 2. Also, show that
if ,y > 0, then zy > 0. Conclude that R/ is an ordered field.

By the results of this exercise, R/I is a complete, totally ordered field containing Q
as a subfield, so it is isomorphic to R by Theorem 1.19 of [Rud76].

2.4 The Baire Category Theorem

We are now going to investigate a classical theorem from analysis, which was proven
by René-Louis Baire in the late 19th century. It pertains to Baire’s description of
the relative “size” of a subset of a metric space.

Of course we can describe the size of a set via its cardinality. However, Baire
discovered a way of characterizing certain subsets of metric spaces as “small” or
“large” in a way that incorporates the topology of the underlying space. (We will
see a similar idea when we investigate Lebesgue measure later on.) Baire’s theorem
then says that complete metric spaces are necessarily large. If we think just in terms
of cardinality, the familiar case of R is an informative example—when we complete
Q to build R, we obtain a much larger (i.e., uncountable) set. We will see shortly
that there is a topological distinction between the “sizes” of Q and R as well.

We begin with Baire’s notion of what it means for a set to be small. Since we
are thinking in terms of topology, we may want to incorporate open sets or open
balls into our definitions. Indeed, one should think of open sets as being somewhat
large, or at least not small. Loosely speaking, we will deem a set E to be small if it
has empty interior. More precisely, E should not be dense in any open set.

Definition 2.4.1. Let (X,d) be a metric space. A set £ C X is said to be
nowhere dense if (£)° = ().

Nowhere dense sets can be though of as being quite sparse in their parent metric
space, as the next few examples show.

Example 2.4.2. In R, any singleton is nowhere dense. Since singletons are closed,
for any € R we have {z} = {z}, but {z}° = 0.

Example 2.4.3. On the other hand, if (X, d) is a discrete metric space, then sin-
gletons are not nowhere dense. We still have {z} = {z} for all z € X. However,
recall that every subset of X is open, so {z}° = {z}.

We can reconcile the last two examples with the following observation. The
proof is an exercise.
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Proposition 2.4.4. Let (X,d) be a metric space, and let x € X. The singleton
{x} is nowhere dense if and only if x is not an isolated point of X.

Example 2.4.5. In R?, the set
E={(z,0):z € R}

is nowhere dense. Notice that E is a line in R? (namely the z-axis), so it is closed.
(It is straightforward to show the complement is open.) Thus E = E, so it suffices
to show that E° = (). Fix (z,0) € E, and let r > 0. Then the vector (z, %) does
not belong to F, but it does lie in the open ball B,((x,0)). Thus (z,0) is not an
interior point of F/, and it follows that E is nowhere dense.

The argument from the previous example can be adapted to show that any “one-
dimensional subset” of R? (say, a smooth curve in R?) is nowhere dense in R?. It
can also be modified to prove that a proper subspace of R is nowhere dense in R”.

Example 2.4.6. The set Q is not nowhere dense in R. Note that Q = R, and
R° = R. Nevertheless, we will deem Q to be a “small” set (in Baire’s sense) soon.

It is perhaps not hard to see that if £ C X is nowhere dense, then FE° is dense
in X. (We will prove this shortly.) However, the converse is not true, as the last
example shows. If we consider E instead, we can formulate an equivalent condition
to E being nowhere dense.

Proposition 2.4.7. A set E C X is nowhere dense in X if and only if (E) is
dense in X.

Proof. Suppose first that E is nowhere dense, and let x € X. It suffices to assume
x € E. Then for any 7 > 0, the ball B,.(z) is not contained in E, so it must contain
a point of (E)¢. Thus z is a limit point of (E)¢, so (F)¢ is dense in X.

Now assume conversely that (E)¢ is dense in X. Then given any z € X and
r > 0, the open ball B,(x) must contain a point of (E)¢. This holds in particular if
x € E. Thus for any 2 € E and any r > 0, B.(z) € E. It follows that (E)° =0, so

FE' is nowhere dense. O

We can now state and prove Baire’s theorem. There are two variants of the
theorem, which are related via the last proposition. We will prove the first version,
and then show the second version follows from the first. The proof is adapted from
that of [Fol99, Theorem 5.9].
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Theorem 2.4.8 (Baire Category Theorem). Let (X,d) be a complete metric
space.

1. If {Up}22 is a countable famzly of open sets U, C X with each U, dense
in X, then the intersection [\, Uy, is dense in X.

2. We cannot express X as a countable union U;ff:l FE,, where each E, is
nowhere dense in X.

Proof. We will begin by proving the first statement. Suppose {U,,}7°; is a countable
family of open, dense sets in X. Let 2o € X and 79 > 0, and set W = B, (x¢). It
will suffice to show that W contains a point of (2 U,.

Since U is open and dense, U; N W is nonempty and open. Thus there exists a
point z1 € Uy NW and a number 0 < r; < 1 such that

Br1 (.%1) cCUiNWw.
By shrinking the open ball if necessary, we can actually arrange things so that®
Brl(xl) - Brl(xl) cUNWw.

Similarly, since Uz is open and dense in X, we know Uy N By, (z1) is nonempty and
open. Thus there exists xo € Us N By, (1) and 0 < rg < % such that

B,ﬂ2 (1’2) - Br2 (xg) CcCUsN Brl ($1)

We now continue inductively: for each successive n € N, we find an x,, € X and
0<r, < 2%1 such that

B, (x,) C By, (z,) C Uy N By, ,(zn_1).

Now let € > 0 be given, and choose N € N such that 21\%1 < £. Then for all
n,m > N, we have

T, Tm € Bry (zN),
SO

d(xp, Tm) < 2ry < e.

This shows that the sequence (z,)5; is Cauchy. Since X is complete, z,, — z for
some z € X. We claim that z € (), U, and x belongs to the original open ball
W. Fix n € N, and observe that for all £k > n we have

Tk € BTk (xk) - BTn( - Brn(xn)

5Observe that if 0 < r < 7/, then we have B, (x) C
containing By (z), we must also have B, (z) C B,[z] C

B.[z] C B,/(z). Since B[] is a closed set
B ().
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It follows that = € By, (x,) since this set is closed. Since this holds for any n € N,
we have
x € By, (vn) CU,NBy, (xn—1) CU,NW

for all n € N. It follows that

xeﬂUﬁW (ﬂU)

n=1

so W contains a point of the intersection (2, U,. Thus (2, U, is dense in X.
Now we show that the second formulation of the Baire Category Theorem follows

from the one we have just proven. Suppose {E,, }°°  is a countable family of nowhere

dense sets in X. Then each set (E,)¢ is open and dense by Proposition 2.4.7, so

o0
(N (Ea)*
n=1
is dense. In particular, the intersection is nonempty. Then
00 00 00 ¢
U UEn:<ﬂE;> + X.
n=1 =1 n=1

Thus X is not a countable union of nowhere dense sets. O

Now we will investigate some applications of the Baire Category Theorem. The
first one is straightforward, and it generalizes a result about perfect” subsets of R.

Proposition 2.4.9. If (X,d) is a complete metric space with no isolated points,
then X is uncountable.

Proof. Suppose to the contrary that X is countable, so we can write X = {x,}2°,
Since X has no isolated points, each singleton {z,,} is nowhere dense by Proposition
2.4.4. Thus

X = U{xn}

is a countable union of nowhere dense sets. This is impossible if X is complete, since
it would violate the Baire Category Theorem. Thus X must be uncountable. O

The next application requires us to introduce some terminology first. One might
wonder why the word category appears in the name of Baire’s theorem. This has to
do with Baire’s classification of sets by their sizes. Baire defined a set £ C X to be

"Recall that a set E C R is perfect if every point of E is a limit point of E.
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e of first category in X (or meagre) if F can be expressed as a countable
union of nowhere dense sets, or

e of second category in X if it is not a set of first category.

Observe that the Baire Category Theorem says that a complete metric space is
always a second category subset of itself.

Remark 2.4.10. It is worth noting that Baire’s notion of category depends on the
ambient metric space. For example, Z is first category in R, since it is a countable
set and singletons are nowhere dense in R. However, if we consider Z as a metric
space on its own (with the metric inherited from R), then every point of Z is isolated.
It follows that the only nowhere dense subset of Z is ), so Z is a second category
set in itself.

Example 2.4.11. By the reasoning applied to the integers above, Q is a first
category set in R. Thus it is possible for a first category set (i.e., a “small” set in
Baire’s sense) to be dense in its parent metric space.

On the other hand, we claim that the irrationals I = R\Q are not first category.
Of course I is uncountable, so we can’t simply take the nowhere dense sets to be
the singletons. But how do we know that we are unable to write

o
I= U E,
n=1

for some family {FE,}7°; of nowhere dense sets? Well, if we could do so, then we
could write R = Q UT as a countable union of nowhere dense sets, in violation of
the Baire Category Theorem.

We have another interesting implication for Q thanks to the Baire Category
Theorem. Recall that in a metric space, a countable union of closed sets need not
be closed. The rationals are a prime example of this phenomenon—we can write

Q= {z},

zeQ

where the singletons {z} are all closed subsets of R, but Q is not closed. However,
countable unions of closed sets have a special name: they are called F,-sets. The
dual notion is a Gs-set, which is a countable intersection of open sets.® It is easy
to check (using De Morgan’s law) that F is an F, if and only if E€ is a Gs. It is
certainly possible for sets to be both F,; and G5. Can this happen for the rationals?

8You may have noticed that we often use F to denote a closed set. This is because the French
word for “closed” is fermé. In French, somme means “sum” or “union”, leading to the notation
F, for countable unions of closed sets. Similarly, the German word for an open neighborhood is
Gebeit, while Durchschnitt means “intersection”, hence the G5 notation.
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Proposition 2.4.12. The rationals do not form a Gg-set.

Proof. Suppose Q is a G5. Then the irrationals form an F,, so we can write

o0
I= U F,
n=1

for some family {F,}°°; of closed sets in R. Since I has empty interior, so must F,
for all n. That is, each F) is nowhere dense. However, we have already observed
that I cannot be written as a countable union of nowhere dense sets, since this would
violate the Baire Category Theorem. Therefore, Q is not a Gj. O

The last proposition might seem like a useless observation at first glance, but
it does have an interesting consequence. Given a function f : R — R, the set
of points at which f is continuous is necessarily a Gg set. Therefore, there is no
function f : R — R that is continuous at every rational number and discontinuous
at every irrational.

The Baire Category Theorem has many other interesting implications, most
of which are far beyond the scope of this course. Some interesting ones are the
following:

e In C([a,b],R), the set of differentiable functions is first category. In fact,
the set consisting of functions that have a derivative at some point of [a, b] is
meagre. Thus most functions are nowhere differentiable.

e Any basis for an infinite-dimensional Banach space is necessarily uncountable.

e There are several major results from functional analysis that rely on the Baire
Category Theorem, namely the Open Mapping Theorem, the Closed Graph
Theorem, and the Principle of Uniform Boundedness (also called the Banach-
Steinhaus Theorem).

Exercises for Section 2.4

Exercise 2.4.1. Let (X, d) be a metric space. Given a point z € X, show that the
singleton {z} is nowhere dense if and only if z is not an isolated point of X.

Exercise 2.4.2. Recall that Theorem 2.4.8 includes two different versions of the
Baire Category Theorem—the first version is proved directly from the completeness
of the metric space X, and the second version then follows from the first. However,
you may have noticed that we did not address the converse. Indeed, the two versions
that we stated are not equivalent—the second statement is strictly weaker than the
first, and we could have actually used Theorem 2.4.8(1) to derive a much stronger
result:
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Let X be a complete metric space. If {E,}5° 1 is a collection of sets
that are each nowhere dense in X, then the union \J,- | E, has empty
interior.

Prove that this statement is equivalent to Theorem 2.4.8(1), and therefore can be
considered an alternative formulation of the Baire Category Theorem.

Exercise 2.4.3. Recall that £*° denotes the set of all bounded sequences of real
numbers equipped with the norm

(i) [l oo = sup |24l
(2

Though we have not proven it, £°° is complete with respect to the metric induced
from this norm.

(a) For each n € N, define a subset E,, C (> by
Ep={(z))2, € ®:z; =0forall i >n}.
Prove that E,, is nowhere dense in £°° for all n € N.
(b) For n > 1, define e,, € £* by

en = (0,0,...,0,_1 ,0,0,...).
nth
That is, the nth entry of e, is 1, and all other entries are 0. Notice that
en € E, for each n. Prove that the set {ej,eo,...} is linearly independent,
and that

oo
span{eq,eg,...} C U E,.
n=1

(c) Prove that | J;7 | B, # £*°. Conclude that the set {e1, ez, ...} does not form a
basis for the vector space £°.

2.5 Compactness

In introductory real analysis, one often studies the concept of a compact set in R
(or R™). Such sets are “small”, in the sense that they behave like finite sets in many
ways. When working with compact sets, one can often use proof techniques that
treat the set as if it were finite, in a certain sense. This phenomenon leads to all
kinds of nice results in calculus and real analysis, with the Extreme Value Theorem
perhaps being foremost among them.

In R", there are several different characterizations of compactness, one of which
is strikingly simple—a set is compact if and only if it is closed and bounded. Un-
fortunately, the equivalence of this condition with other, more complicated ones no
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longer holds in an arbitrary metric space. We are thus forced to take a more abstract
description of compactness as our definition. As usual, we will let (X, d) denote an
arbitrary metric space throughout this section.

Definition 2.5.1. Let £ C X. An open cover for FE is a family U = {U; };c of
open sets in X that covers F, in the sense that

EC U U;.
el

A subcover of an open cover U is a subset of U that still covers E.

Example 2.5.2. Let X = R, and consider the open interval £ = (—1,1). The
collection of open sets U = {U,, }22; defined by

Un = (-1+ 3,1}

clearly covers E. Notice that any subcover of U is necessarily infinite—given any
ng € N, choose x such that 1 — nio < x < 1. Then z ¢ U, for any n < ng, so the
finite family {U,}/° | cannot possibly cover (—1,1).

Using our “closed and bounded” notion of compactness in R, we can easily see
that the set F from the previous example is not compact. In general metric spaces,
it is precisely the lack of a finite subcover that we want to avoid.

Definition 2.5.3. A set K C X is compact if every open cover of K has a finite
subcover.

The open cover definition of compactness probably seems quite odd to most
people. However, the ability to “extract a finite subcover” from any open cover is
quite handy when trying to prove results about compact sets. On the other hand, it
is a criterion that is not so easy to verify when deciding whether a set is compact or
not. As we have already described, we have other characterizations in R™ that are
much easier to check. In particular, the following are equivalent for a set K C R™:

1. K is compact.
2. K is closed and bounded. (Heine-Borel)
3. Every sequence in K has a convergent subsequence. (Bolzano-Weierstrass)

Unfortunately, we no longer have the equivalence of conditions 1 and 2 in general
metric spaces. One direction does still hold, however.
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Definition 2.5.4. A set £ C X is bounded if there exist a point z € X and a
number M > 0 such that E C Bysx].

In other words, F is bounded if it can be placed inside a sufficiently large ball.
There is another characterization of boundedness that is often useful.

Definition 2.5.5. Given a set £ C X, we define the diameter of F to be

diam(E) = sup d(z,y).
z,yeE

Note that if F is an open (or closed) ball, then diam(FE) is just twice the radius.
Therefore, it is not hard to check that a set F is bounded if and only if diam(FE)
is finite. If E C Bjs[z] for some x € X and M > 0, then it must be the case that
diam(E) < 2M. On the other hand, if diam(E) = M < oo, we have E C B[] for
any x € F.

Now we will show that one direction of the Heine-Borel theorem still holds—any
compact set must be closed and bounded.

Proposition 2.5.6. If K C X is compact, then it is closed and bounded.

Proof. To show that K is closed, we will show that K¢ is open. Let x € K¢. Then
for each y € K, we can find open balls U, and V, such that y € Uy, x € V}, and
Uy, NV, = 0. Notice that the collection

U= {Uy}yeK

is an open cover of K. Since K is compact, there is a finite subcover {Uy,}7 ;.
Furthermore, the set

is an open neighborhood of x, and
n n ¢
V(U = <UUZ,> :
i=1 i=1

Since the right hand side contains K, we must have V' N K = (). This shows that x
is an interior point of K°. It follows that K¢ is open, so K is closed.
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Now we show that K is bounded. Consider the open cover {Bj(x) : z € K}.
Since K is compact, there is a finite subcover {Bj(z;)}! ;. Now it is not hard to
see that

diam(K) < diam({z1,22,...,2,}) + 2,

since each x € K is at most distance 1 from one of the x;. In particular, if x,y € K
with z € Bi(x;) and y € By(z;), then

d(z,y) < d(z, i) + d(@i, x;) + d(zj,y) < d(z, ;) + 2.
Therefore, diam(K) < oo, so K is bounded. O

We will now investigate three examples that show how the converse to this
proposition can fail in general.

Example 2.5.7. Take X = Q, and consider the set
F={recQ:z? <2}

If we think of F' as a subset of R, we are just taking all the rational numbers x
satisfying —v/2 < z < /2.

Notice that F is clearly bounded, since diam(F) = 2v/2. It is also closed as
a subset of Q. There are multiple ways to see this. For one, we can notice that
F = QnN[—v2,v/2], so F is relatively closed in Q. If instead we try to show F¢ is
open, we can avoid appealing to the completion R. Let z € F¢, and assume without
loss of generality that « > 0. Then we have 22 > 2, and in fact we must have 22 > 2,
since there is no rational whose square is 2. Thus we can find a rational number
q > 0 with 2 < ¢? < 2% If we set r = x — ¢, then B,.(x) C F°. Thus F* is open.

We have argued that F' is closed and bounded, but it is not compact. To see
this, consider the open cover U = {U,}2°; given by

U= (-VE+ 4,2~ 1)

Then U has no finite subcover, for reasons similar to those of Example 2.5.2. (If we
take a sequence of rationals “converging” to v/2, the union of only finitely many of
the U,, cannot possibly contain all the terms in the sequence.)

The previous example is somewhat contrived. Compactness failed largely be-
cause Q is not a complete metric space. We were able to construct a bounded set
that is not closed in R, but it did turn out to be closed in Q. One might wonder if
completeness is the crucial piece that allows one to prove the Heine-Borel theorem.
Alas, this is not the case. We will now construct a closed, bounded subset of a
complete metric space that fails to be compact.
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Example 2.5.8. Though we have not proven it yet, it is not hard to show that ¢*°
is a Banach space with respect to its natural norm ||-||..” For each n € N, define
en € £*° by
en = (0,0,...,0, 1 ,0,...).
nth

Consider the set {e, : n € N}. Notice that |le,|/,, = 1 for all n, so E C By[0].
Therefore, E is bounded. We could also have observed that |e, — en| = 1 if
n # m, so diam(E) = 1.

This last observation has another important implication. Suppose (zx)72; is a
sequence in F that converges to x € ¢*°. Since |le, —en|l,, = 1 if n # m, any
sequence consisting of points in E converges if and only if it is eventually constant.
Moreover, we have Bj/s(en) N E = {e,} for all n, so every point of E is isolated.
These two facts together show that £ has no limit points, so it is vacuously closed.

Finally, we claim that E is not compact. Notice that the collection U =
{Bi/2(en)}52; is an open cover of E. However, we already observed that By 5(en) N
E = {e,} for all n, so no proper subset of & can cover E. In particular, there is no
finite subcover. Thus F is not compact.

Remark 2.5.9. It is worth noting that the set F from the previous example can
also be viewed as a subset of ¢! or ¢?, and the same phenomena occur there as well.
The only difference is that |, — en||; = 2 when n # m, while |, — e, = V2.

Remark 2.5.10. In Example 2.5.8, we observed that

A(en em) = len — eml = {1 o

0 ifn=m.
In other words, F is really just a countable discrete metric space that happens to
live inside £°° as a subspace. It is easy to see that any infinite set equipped with the
discrete metric would have the same issues that we observed in Example 2.5.8. In
fact, any subset of a discrete metric space is compact if and only if it is finite. (See
Exercise 2.5.1.)

The set in Example 2.5.8 failed miserably to be compact, since we chose a very
nice open cover. Our cover consisted entirely of open balls, all with the same radius,
and we still could not find a finite subcover. It is precisely this phenomenon that
we need to avoid in order to guarantee compactness.

Definition 2.5.11. Let £ C X. Given € > 0, a collection of open balls
{B:(zi)}ier, each of radius e, that cover E is called an e-net for E. We say
E is totally bounded if for every € > 0, there is a finite e-net for E.

9Indeed, the proof is like the one that shows ¢2 is complete, but much easier.
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R/_/
M/N

Figure 2.1: The set £ C R? (depicted in gray) can be placed inside a sufficiently
large cube, since it is bounded. The cube is then subdivided into cells, each of which
is small enough to fit inside an e-ball. Thus there is a finite e-net for the cube, hence
there is one for E.

It is straightforward to prove that any compact set must be totally bounded. It
will turn out that total boundedness is the correct substitute for boundedness in
a general metric space. As a first step, we observe that compact sets are always
totally bounded.

Proposition 2.5.12. If K C X is compact, then it is totally bounded.

Proof. Let € > 0 be given, and consider the e-net {B(x)},ecx. This e-net forms an
open cover for K, so there must be a finite subcover { B¢ (z;)}?_; since K is compact.
Thus K admits a finite e-net, so it is totally bounded. O

Remark 2.5.13. In R", a set is bounded if and only if it is totally bounded. To
see this, suppose we have a bounded set £ C R". Then FE is contained in an n-
dimensional cube K of side length M for some M > 0. Given ¢ > 0, we can divide
K up into smaller cubes, each of whose diagonals is smaller than 2e¢. In particular,

choose N such that
M €

NSV
and then divide K into (M/N)™ cubes of side length M /N. (See Figure 2.1.) Then
each such cube has diameter My/n/N < /2, hence it can be placed inside an open
ball of radius e. It follows that there is a finite e-net for K, so K is totally bounded.
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We now know that total boundedness is boring in R, since it is equivalent to
the usual notion of boundedness. We also know that this equivalence can fail in
infinite-dimensional spaces—we saw an example of a set in £°° that is bounded, but
not totally bounded. Now we will investigate a set in an infinite-dimensional space
that does happen to be totally bounded.

Example 2.5.14. Define H C (2 to be the set of all vectors z = (x1,22,...)

satisfying
1

2t—1

for all 7. This set is called the Hilbert cube. We claim that H is totally bounded.
Let € > 0 be given, and choose n € N such that QH% < 5. For each x € H, define
a vector z* € 2 by

;| <

z* = (r1,22,...,2n,0,0,...).
Then observe that
2
lz—alo= > at< d = =25
i=n+1 1=n—+1 i=n

for all x € H. Since this is a geometric sum, we have

1 4< 1 <52
gn 3 T o4n—1 T 40

or |z —x*||, < § for all x € H. Now the set

2
[l — 2[5 <

E={z":2z€ H}

is bounded and belongs to an n-dimensional subspace of ¢2. In other words, we
can view E as a subset of R, and it follows from Remark 2.5.13 that F is totally
bounded. Thus there is a finite §-net {B./5(y;)}i~, for E. But now observe that if
r € H, we must have z* € B, /5(y;) for some i, and

[z =yilly < llz =2 + 2" —will, <5+ 5 =€

Thus « € B:(y;), and it follows that {B.(y;)}", is a finite e-net for H. Thus H is
totally bounded.

As we have mentioned before, total boundedness is the correct substitute for
boundedness when trying to characterize compactness in a general metric space. In
order to prove this characterization, we will need a third notion of compactness.
Recall our earlier example of £ = {e, : n > 1} in ¢*°. This set was closed and
bounded, but it failed to be compact precisely because it was not totally bounded.
Notice that we could have also viewed E as a sequence in £°°, i.e. we could look at
the sequence (e,)5 ;. Recall that if n # m,

len — emll oo = 1.
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This implies that (e,)52; is not a Cauchy sequence. Moreover, no subsequence of
(en)o2; could possibly be Cauchy! In other words, this sequence is bounded, but it
has no convergent subsequences. This phenomenon cannot occur in R, since the
Bolzano-Weierstrass theorem guarantees that any bounded sequence must have a
convergent subsequence. It appears then that the failure of the Heine-Borel theorem
in general metric spaces is closely tied to the failure of the Bolzano-Weierstrass
theorem. This leads us to define the following notion of compactness.

Definition 2.5.15. A set K C X is sequentially compact if every sequence
in K has a subsequence that converges in K.

We will see soon that a set is sequentially compact if and only if its compact.
To prove it, we will need a couple of auxiliary results.

Proposition 2.5.16. Any closed subset of a compact set is compact.

Proof. Suppose K C X is compact, and let F' C K be a closed set. Let U = {U; }ier
be an open cover of F'. Since F is closed, F¢ is open, and U U {F°} is an open cover
of K. Since K is compact, there is a finite subcover, say {U;}7; U {F°}. But then
{U;}"_, must cover F, and consequently F' is compact. O

Proposition 2.5.17. If K C X is compact, then any infinite subset of K has a
limit point in K.

Proof. Let EE C K be an infinite set. Since K is closed, any limit point of £ will
necessarily belong to K. Therefore, it suffices to show that F has a limit point.
Suppose to the contrary that F has no limit points. Then F is closed, hence
compact. Furthermore, every point of F is isolated. Thus for each x € E, there
is an open ball U, such that U, N E = {z}. Then U = {U, },cr is an open cover
of E/, and no proper subset of i can cover E. In other words, U does not admit a
finite subcover, since F is infinite. But this contradicts the fact that E is compact.
Therefore, £ must have a limit point. O

We are now ready to prove our main theorem characterizing compactness in an
arbitrary metric space. The proof is based on the one given in [KF70].

Theorem 2.5.18. Let X be a metric space. The following are equivalent:

1. X is compact.

2. X 1s sequentially compact.

3. X 1is complete and totally bounded.
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Proof. (1 = 2) Assume first that X is compact, and let (z,,)22; be a sequence in
X. We will consider the set
E={x,:n>1},

i.e., the set of points in X that occur as terms in the sequence. There are two
possibilities—either E is finite, or it is infinite. If it is finite, then there is some
x € E that occurs infinitely often the sequence. That is, there are infinitely many
natural numbers n; < ng < nz < --- such that z,, = x. In other words, (z,)7>,;
contains the constant subsequence (z, )7, which of course converges to . Now
suppose F is infinite. Then by Proposition 2.5.17, F has a limit point x € X. It then
follows from Proposition 2.3.7 that there is a subsequence (z,, )3 that converges
to z. Thus X is sequentially compact.

(2 = 3) Now assume that X is sequentially compact. We first claim that X
must be complete. Any Cauchy sequence (x,)5%; in X must have a convergent
subsequence (z,, )52 ,. If we let = limz,,, then Exercise 2.3.2 guarantees that
T, — x as well. Therefore, X is complete.

Suppose X is not totally bounded. Then there exists € > 0 such that there is no
finite e-net for X. Choose a point x1 € X. Since B.(x1) does not cover X, there is
a point z9 € X such that

d(xz1,m2) > &

Again, {B:(x1), B-(x2)} does not cover X, so there is a point x3 € X with
d(z1,23) > €, d(x2,73) > ¢

Since there is no finite e-net for X, we can continue inductively and produce a
sequence ()22, such that d(x,,zy,) > € for all n,m € N. It is then clear that
(xr,)0%; has no convergent subsequences, contradicting the assumption that X is
sequentially compact. Therefore, X is totally bounded.

(3 = 2) Assume X is complete and totally bounded, and let (x,)5%; be a
sequence in X. Since X is totally bounded, there is a finite 1-net, i.e. a finite
family of open balls of radius 1 that covers X. Then there must be some ball U
of radius 1 that contains infinitely many of the x,,. Choose one of these points and
call it xy,,. Similarly, there is a finite %—net for X, so we can find an open ball Us of
radius % such that U; N Uy contains infinitely many of the x,. Thus we can choose
ZTn, € Uy NUsz with ng > ny. Now we continue inductively: for each k£ € N, find
an open ball U of radius 216%1 that contains infinitely many terms x,, and choose
Tn, € U1 NUN---N U such that ny <ng < -+ < ny.

We have thus far constructed a subsequence (xy, )72, of (z,)52, and we claim
that this sequence is Cauchy. Let € > 0 be given, and choose N € N such that
2N71_1 < 5. Recall that for all K > N, we have z,, € Uy by construction. Thus for

all k1> N,
. 1 £
d(xp,, Ty,) < diam(Uy) =2 - ST <92. - =
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Thus (2, )52, is Cauchy. Since X is complete, this subsequence must converge.
Hence X is sequentially compact.

(2 = 1) Suppose X is sequentially compact, and let {U; };c; be an open cover for
X. We first claim that there exists n € N such that every open ball of radius % in
X is contained in some U;. Suppose this is not the case—then for each n € N, there
is a point x, € X such that By,(z,) € U; for all i. By assumption, the sequence
(zn)p2 has a convergent subsequence (xy, )72 . If we let x = lim,,, , then x € Uy,
for some ig € I. Since Uj, is open, there is an € > 0 such that B.(z) C U;,. But
Zp, — T, so there exists NV € N such that d(z,,,z) < § for all k > N. By possibly
increasing IV, we can arrange things so nik < 5 when k£ > N. Thus we have

Bl/nk(xnk) - B€($) - UiO'

However, this contradicts the construction of our sequence (x,,)52 . Therefore, our
initial claim must be correct.

Now choose n € N as in the above claim. Since X is sequentially compact, it is
totally bounded, so there exists a finite t-net {By,(x))}7-, for X. But we have
already established that each one of these balls belongs to some Uy, i.e., By, (z1) C
U;, for some iy € I. It follows that the family {U;, }}", covers X. Thus we have
produced a finite subcover, so X is compact. O

Though we did not phrase it this way, Theorem 2.5.19 applies to subsets of a
metric space as well, provided the ambient metric space is complete. Recall that if
F C X, then we can view E as a metric space in its own right by equipping it with
the metric inherited from X. Thus E is compact in X precisely when it constitutes
a compact metric space a la Theorem 2.5.19. Observe also that if X is complete,
then any closed subset of X is complete as well. Thus the conditions “complete and
totally bounded” can be replaced with “closed and totally bounded” for subspaces
E C X. Thus we have the following version of Theorem 2.5.19 for subsets of a
complete metric space.

Theorem 2.5.19. Let X be a complete metric space, and suppose K C X. The
following are equivalent:

1. K is compact.

2. K is sequentially compact.

3. K is closed and totally bounded.

Things are complicated if X is not assumed to be complete. For example, take
X =Qand F = {z € Q: 2% <2}, as in Example 2.5.7. Then F is closed as a
subset of Q and it is totally bounded, but it is not compact (nor is it sequentially
compact). The issue of course is that Q is not a complete metric space.
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Exercises for Section 2.5

Exercise 2.5.1 ([HS91], Exercises 4.8.6 and 4.8.7). Let (X, d) be a metric space.
(a) Prove that any finite subset of X is compact.

(b) If d is the discrete metric, prove that a set K C X is compact if and only if
K is finite.

Exercise 2.5.2 ([HS91], Exercise 4.10.2). A metric space (X, d) is locally compact
if given any x € X, there is a compact set K C X with x € K°. Prove that R" is
locally compact.

Exercise 2.5.3. Let (X, d) be a metric space.

(a) Suppose X is complete, and let {F,}>°, be a nested sequence of closed sets
in X, meaning that

Fi2OF2F;2 -

Suppose further that
lim diam(F,) = 0.

n—o0

Show that (2, Fy, # 0.

(b) Give an example of a complete metric space X and a nested sequence of closed
sets {Fy,}22; such that ()2, Fj, = . Reconcile this example with the result
from part (a).

Exercise 2.5.4 ([HS91], Exercise 4.8.11). A collection of sets & = {Ej; }ier has the
finite intersection property if given any finite set F' C I,

() E:i #0.

el

Prove that a metric space X is compact if and only if any family {F;};c; of closed
sets with the finite intersection property has nonempty intersection, i.e.,

ﬂFi?’é@.

iel

Exercise 2.5.5 ([HS91], Exercise 4.9.2). Let X be a metric space. Prove that if
E C X is totally bounded, then E is bounded.
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2.6 Connectedness

We will now discuss one last fundamental property of metric spaces, called connect-
edness. You may recall that connectedness plays a crucial role in real analysis, as it
underlies some major results, including the Intermediate Value Theorem. As usual,
we will let (X, d) denote an arbitrary metric space.

Unfortunately, connectedness is most easily defined by first describing what it
means to not be connected.

Definition 2.6.1. Two sets A, B C X are said to be separated if AN B = ()
and ANB = (.

Notice that it takes more than simply being disjoint for two sets to be separated.
In addition to the requirement that A N B = (), neither set can contain limit points
of the other. It is possible for A and B to have limit points in common, however.

Example 2.6.2. Consider the sets A = (0,1) and B = (1,2) in R. Notice that
A=10,1] and B = [1,2], so A and B are separated. (Note that they both have 1 as
a limit point, however.) On the other hand, the sets A = (0,1) and B = [1,2] are
not separated, since AN B = {1}.

Definition 2.6.3. A metric space X is connected if it cannot be written as the
union of two nonempty separated sets. That is, X # AU B where A, B # () and
A and B are separated.

We say a subset ¥ C X is connected if E is a connected metric space when
viewed as a subspace of X.

Example 2.6.4. It is a well-known fact from real analysis that R is connected.
More generally, a subset of R is connected if and only if it is an interval.

Example 2.6.5. In any metric space X, singletons are always connected. Indeed,
suppose z € X and we write {} = AU B for some sets A, B C X with An B = 0.
Then x € A or x € B; without loss of generality, assume x € A. Then we must have
A ={z} and B =0, so {x} is connected.

There is another characterization of connectedness that is often easier to verify.
Suppose X = AU B, where A and B are nonempty and separated. Then we have
ANB=10,s0 AC (B)". In fact, since X = AU B, we have

A= B°D (B)".

Therefore, A = (B)¢, and it follows that A is open. Similarly, B = (A4)¢, so B is
also open. Thus if X is not connected, we can express it as a union of two disjoint
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open sets. The converse holds as well—if X = AU B, where A and B are nonempty
open sets with AN B = (), then A and B are necessarily separated. Indeed, notice
that A = B¢, so A is closed. Thus

ANB=ANB=1.

Similarly, AN B = (). Therefore, we have proven the following result.!”

Proposition 2.6.6. A metric space X is connected if and only if it cannot be
written as a union X = AU B, where A and B are nonempty open sets with
ANB=0.

Remark 2.6.7. The corresponding characterization of connectedness for subspaces
looks a little bit different. If £ C X is not connected, we cannot write ¥ as a union
of two disjoint open sets unless F is open in X. However, we can say the following:
E C AUB, where A and B are open, ANE # () and BNE # (), and ANBNE = (.
If we have such a setup, the sets AN FE and BN E are relatively open, disjoint sets
in £ with

E=(ANE)U(BNE).

This is precisely what it means for the metric space E to be disconnected.

Now we will make another observation regarding connected (or disconnected)
sets. Suppose we have a disconnected metric space X, so X = AU B with A and
B nonempty, open, and disjoint. We observed earlier that A = B¢ is also closed,
as is B = A°. In other words, A and B are both clopen sets. It turns out that the
question of whether a metric space is connected is tied closely to the existence of
nontrivial clopen sets.

Proposition 2.6.8. A metric space X is connected if and only if its only clopen
subsets are () and X .

Proof. Suppose first that X is not connected. Then there are nonempty, disjoint
open sets A and B such that X = AU B. Since A, B # (), we also have A, B # X.
Thus X contains nontrivial clopen sets.

On the other hand, suppose X contains a clopen set A with A # () and A # X.
Then B = A€ is a nonempty clopen set, and B # X. Furthermore, X = AU B, so
X is disconnected. O

10We could also easily prove the following characterization: X is connected if and only if it cannot
be written as a union of two nonempty disjoint closed sets.



60 Metric Spaces

Example 2.6.9. Recall that if X is a discrete metric space, then every subset of
X is clopen. In particular, singletons are clopen. Suppose ¥ C X and E consists of
more than one point. Let z € E, and put A = {z}. Then A is open, B = E\{x}
is nonempty and open, and £ = AU B. Thus F is disconnected. In other words,
a nonempty subset of a discrete metric space is connected if and only if it is a
singleton.

The phenomenon of Example 2.6.9 can occur in non-discrete metric spaces. Thus
we have a special name for such spaces.

Definition 2.6.10. A metric space X is totally disconnected if the only con-
nected subsets of X are the singletons.

Example 2.6.11. The rational numbers form a totally disconnected space with
respect to their usual metric. Similarly, the irrationals are totally disconnected.

Example 2.6.12. The Cantor set (viewed as a subspace of R) is totally discon-
nected.

Exercises for Section 2.6

Exercise 2.6.1. Show by example that the interior of a connected set need not be
connected.

Exercise 2.6.2 ([HS91], Exercise 4.11.2). Show that if F is connected and E C
F C E, then F is also connected. Conclude that, in particular, F is connected if E
is connected.

2.7 Continuity

Now that we have discussed basic properties of metric spaces themselves, we will
now turn our attention to functions on metric space. In particular, we will close this
chapter with two sections containing results about continuous functions on metric
spaces. The next chapter will consist of a thorough treatment of sequences and
series of functions on metric spaces.

Recall from real analysis that a function f : R — R is continuous at a point
a € R if given any £ > 0, there exists a 6 > 0 such that |z — a| < ¢ implies

[f(z) = fla)| <e.

As we have already mentioned, this definition relies only on our ability to measure
the distance between two real numbers. Therefore, the same definition works in any
metric space, simply by substituting the appropriate metric in place of the standard
metric on R.
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Definition 2.7.1. Let (X,d;) and (Y, ds2) be metric spaces. A function f : X —
Y is continuous at a point xg € X if given any £ > 0, there exists § > 0 such
that dj(z,z¢) < § implies

do(f (), f(x0)) < e.

We say f is continuous on X if it is continuous at every point of X.

Remark 2.7.2. We will usually say “f is continuous” to indicate that f is contin-
uous on X.

There are other useful ways of characterizing continuity in a metric space. The
first one is the topological definition of continuity, which says that the preimage of
any open set is open.

Theorem 2.7.3. A function f: X — Y is continuous if and only if f~Y(U) is
open in X for any open set U C Y.

Proof. Suppose first that f : X — Y is continuous, and let U C Y be an open set.
Let zg € f~Y(U). Then f(z0) € U, and there is an ¢ > 0 such that B.(f(xg)) C U
since U is open. Since f is continuous, there is a ¢ > 0 such that dj(x,z9) <
implies da(f(z), f(z0)) < . In other words, if x € Bs(xg), then

f(z) € Be(f(x0)) CU.

This shows that z € f~1(U), and it follows that Bs(zo) € f~'(U). Since zg €
f~1(U) was arbitrary, f~1(U) is open.

Conversely, suppose inverse images of open sets are open. Let zp € X, and
let ¢ > 0 be given. Put U = B.(f(x)). Then U is open, so f~}(U) is open
in X. Consequently, there is a § > 0 such that Bs(zo) € f~'(U). Equivalently,
di(z,x9) < 6 implies f(x) € U, which is the same as saying that da(f(x), f(z0)) < e.
Thus f is continuous at xg. It follows that f is continuous on X. O

By considering complements, we have the following immediate corollary regard-

ing closed sets.

Corollary 2.7.4. A function f: X — Y is continuous if and only if f~1(F) is
closed in X for any closed set FF CY.

Proof. Notice that if F' C Y is closed, then F° is open. Thus
fHE) = fHFT)

is open in X if f is continuous, so f~!(F) is closed. The converse is just as straight-
forward. n
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Now we come to our second characterization of continuity, which is phrased in
terms of convergent sequences.

Theorem 2.7.5. A function f : X — Y is continuous at a point rg € X if and
only if given any sequence (x,)22 1 in X converging to xo, the sequence (f(xy))02
converges to f(xg) inY.

Proof. Assume first that f is continuous at zp, and let (z,)22; be a sequence
converging to xp. Let ¢ > 0, and find § > 0 such that dy(z,z9) < § implies
da(f(x), f(z0)) < e. Now choose N € N such that n > N implies

dy(xy, z9) < 6.
Then for all n > N, we automatically have
dy(f(zn), f(z0)) <,
5o f(xn) = f(z0).

For the converse, assume that f is not continuous at zg. Then there exists an
e > 0 such that for all § > 0 there is a point z € X with dy(z,z9) < 0, but
do(f(x), f(z0)) > e. In particular, for each n € N we can find a point x, € X
such that di(zn,z0) < 1 and da(f(xn), f(z0)) > €. Then clearly z, — xo, but
(f(xy))22, does not converge to f(xo). O

With these basic results on continuity out of the way, we will investigate the
relationship between continuity and other topological concepts. We begin with
compactness.

Theorem 2.7.6. If f : X = Y is a continuous function and K C X is compact,
then f(K) is compact.

Proof. Let U = {U;}ics be an open cover for f(K). Since f is continuous, f~1(Uj;)
is open for all 7 € I, and we have

KCfHf(K)cft (U Ui) =Jr .
iel i€l

Thus {f~1(U;)}iesr is an open cover for K. Since K is compact, there is a finite
subcover {f~H(U;)}™,. We claim that {U;}"; covers f(K). Well, we have

n

fE)ycf (U fl(Uz‘)> = Jru ) =Jus,
=1 =1 ;

so f(K) is compact. O
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As a byproduct, we can easily generalize a familiar result from real analysis (or
from Calculus I, really).

Theorem 2.7.7 (Extreme Value Theorem). If X is a compact metric space and
f : X — R is continuous, then [ attains a mazximum and a minimum value.
That is, there exist points x1,rs € X such that

f(z1) =inf{f(z) : 2 € X}

and

f(z2) =sup{f(z) :z € X}.

Proof. By the previous theorem, f(X) is a compact subset of R, so it is closed and
bounded. It is then a fact from real analysis that any such set must contain its
infimum and supremum. O

As we will see momentarily, compactness is closely related to a stronger form of
continuity, called uniform continuity.

Definition 2.7.8. A function f : X — Y is uniformly continuous if given any
e > 0, there exists § > 0 such that d;(z,y) < d implies da(f(x), f(y)) < € for all
z,y € X.

Notice that a function is uniformly continuous if given any e, we can find a
corresponding ¢ that works throughout X. It is easy to see that uniform continuity
implies continuity, though the converse is not generally true. We will now look at
several functions defined on subsets of R to explore the various things that can go
wrong.

Example 2.7.9. The function f : R — R defined by f(z) = x is easily seen to be
uniformly continuous on R. Given any € > 0, take § = . Then |z — y| < ¢ clearly
implies

@)~ f@)] = |z —yl <G =e.
Example 2.7.10. The function f(z) = y/z is uniformly continuous on [0, 00). Let
£ > 0 be given, and let § = £2. If 2,y € [0, 00) satisfy |z — y| < J, then

Ve = Vil < [V + il Ve = Vil = e -yl < &%

Therefore,
VE— Vil <e

whenever |z — y| < J, so f is uniformly continuous on [0, c0).
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Example 2.7.11. The function f(z) = % is not uniformly continuous on the open
interval (0, 1), though it is continuous there. Intuitively, we can see that the outputs
of the function are stretched further and further apart as the inputs are taken to
be closer and closer to 0. The easiest way to rigorously show it involves appealing
to the fact that uniformly continuous functions take Cauchy sequences to Cauchy

sequences (Exercise 2.7.2). In particular, the let (z,)72; be any sequence in (0,1)
1

that converges to 0 (such as x, = --). Then (x,);2, is Cauchy, but
1
f(@n) = Z,

goes off to infinity as n — co. Thus the sequence (f(z,))5; is decidedly not Cauchy.

Example 2.7.12. In the same vein as the last example, the function f(z) = z?

is continuous on R, but it is not uniformly continuous. Again, the outputs of the
function are stretched apart as x becomes large. Let zop € R and choose € > 0.
Then to make |x2 — ZL‘%| < €, we would need

|z — zol|x + x| < e.

In order to make this happen, we must weigh |z — x| versus |z + zo|. If we initially
pick 6 =1, then |z — x¢| < ¢ implies

|+ xo| <[] + [o| < (lwo] +1) + [o| = 2[xo| + 1,

SO

2

‘:U — x%‘ = |z — zol|x + xo| < (2|z0] + 1)|2 — 20]-

In order to make this quantity less than e, we probably need to shrink §. Indeed,
we will choose § = min{1,e/(2|zo| + 1)}. If |x — 20| < 9, then

‘m2—x3‘:|x—onx+fco|< 5 (lz| + |zo]) <

€
- - 2 +1)=-¢e.
|xo| + 1 1( ol )=¢

€
2|JTO| +
Thus our § necessarily depends on zy, and we can see that it needs to get smaller
as 29 — co. Thus f(z) = 22 is not uniformly continuous on R.

On the other hand, suppose we consider f(x) = x? only on the interval [0, 1].
Notice that for x,y € [0, 1], we have

|2 = | = |z — yllz +y| < 20z -y,

since 0 < z,y < 1. Therefore, given € > 0, we could take § = ¢/2. Then |z —y| < §
would imply that ‘wQ — yQ‘ < e. Thus f(z) = 22 is uniformly continuous on [0, 1].

The last example is actually quite instructive—continuity need not imply uni-
form continuity in general, but it does when we restrict a function’s domain to a
compact set.
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Theorem 2.7.13. If X is compact and f : X — Y is continuous, then f is
uniformly continuous.

Proof. Suppose f is not uniformly continuous. Then there exists € > 0 such that
for all n € N, there are points y,,y, € X with dy(zp,yn) < %, but

dy(f(xn), f(yn)) = €.

Thus we have two sequences ()72 ; and (y,)5%;, and since X is compact, they both
have convergent subsequences. Let (z,, )7, be a convergent subsequence of ()52,
with z,, — x. Then a straightforward application of the triangle inequality shows
that y,, — x as well. Since f is continuous, f(zp,) — f(z) and f(yn,) — f(z).

Thus there exists N € N such that £ > N implies

do(f(n,), f(x)) <5 and  da(f(yn,), f(2)) <

D™

Thus
do(f (@ny,)s [ (yny)) < do(f (), f (@) + do(f (yny ), f(2)) <,

which contradicts how we constructed the two sequences. Therefore, f must be
uniformly continuous. O

Now we turn to the issue of connectedness. We will see that the following result

implies another important result from real analysis.

Theorem 2.7.14. If X is connected and f : X — Y is continuous, then f(X)
s connected.

Proof. Suppose f(X) is disconnected. Then f(X) C AU B, where A and B are
nonempty open sets satisfying AN f(X) # 0, BN f(X) # 0, and ANBN f(X) = 0.
Since f is continuous, f~!(A) and f~!(B) are open in X, and

AN HB) = T ANBN f(X)) =0.
Also, f71(A) and f~!(B) are both nonempty, and
X=[AUB) = f (AU F(B).
Therefore, X is not connected. O
Theorem 2.7.15 (Intermediate Value Theorem). Suppose X is connected and

f X = R is continuous. If a,b € X with f(a) < f(b) and t € R satisfies
fla) <t < f(b), then there exists x € X with f(z) =t.
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Proof. By the previous theorem, f(X) is a connected subset of R, hence it is an
interval. Thus f(a) <t < f(b) implies ¢t € f(X) for any a,b € X. O

Exercises for Section 2.7

Exercise 2.7.1. Let X be a metric space.

(a) ([HS91], Exercise 4.4.11) Fix a point 29 € X and define f : X — R by
f(z) = d(z, o).

Prove that f is continuous.

(b) ([HS91], Exercise 4.11.11) Suppose X is connected and contains at least two
points. Prove that X is uncountable.

Exercise 2.7.2. Let (X,d;) and (Y, d2) be metric spaces,and suppose f: X — Y
is a uniformly continuous function. If (z,,)2° is any Cauchy sequence in X, prove
that the sequence (f(x,))52, is Cauchy.

Exercise 2.7.3. Let (X1,d;) and (X2, d2) be metric spaces.

(a) If dy is the discrete metric on X7, show that every function f : X7 — X» is
continuous.

(b) Suppose dj is the discrete metric on X9 and f : X; — Xj is continuous. What
does f look like?

Exercise 2.7.4. Let V be a normed vector space over R. A set £ C V is said to
be convex if for any two points x,y € V, the set

{A-tr+ty:0<t <1}

is contained in E. (Note that if V = R?2, for example, this set is just the line segment
connecting x and y.)

(a) Prove that the open ball B;(0) is convex. (Since every open ball in V' can be
obtained from Bj(0) via a translation and a dilation, we can conclude that
open balls are always convex.)

(b) Show that any convex set £ C V is connected. (Hint: Assume F = AU B
where A and B are separated, and consider the function  : [0, 1] — V defined
by

V() =1 —t)z +ty

for two points x € A and y € B.)

Note: To make this problem easier, you may freely assume that the vector space
operations (i.e., addition and scalar multiplication) on V' are continuous.
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2.8 The Banach Fixed Point Theorem

We will close out this chapter by discussing a powerful theorem for complete metric
spaces. It goes by many names, including the Contraction Mapping Theorem (or
Contraction Mapping Principle) and the Banach Fized Point Theorem. As we will
see via example, this theorem is most often used to prove that certain equations (in
a very broad sense) have unique solutions. Moreover, the proof of the theorem is
actually constructive—it not only tells us that a solution exists, but how to find it
(or really, how to approximate it).

Definition 2.8.1. Let (X, d;) and (Y, d2) be metric spaces. A function f: X —
Y is a contraction if there is a constant 0 < A < 1 such that

for all z,y € X.

Example 2.8.2. The function f : [0,1] — [0,1] defined by f(z) = cos(z) is a
contraction. Observe that f/(x) = —sin(z), so |f'(z)| < sin(1) for all € [0,1]. If
we set A = sin(1), then the Mean Value Theorem guarantees that

[cos(@) — cos(y)| = | £(c)| |z — v

for some ¢ € (x,y), so
cos() — cos(y)| < Az — .

Since A = sin(1) < 1, this shows that cos(x) is a contraction on [0, 1].

Remark 2.8.3. The situation from the previous theorem can be generalized to other
differentiable functions. If f : [a,b] — R is differentiable and there is a constant
0 < A < 1 such that |f/(x)| < A for all z € [a,b], then f is a contraction. Again, we
can use the Mean Value Theorem: if x,y € [a, b], then there is a ¢ € (x,y) such that

[f(@) = fW)l = |F(e)||l= -yl

[f(@) = f(y)] < Ale =yl

We can even relax things a little further. Recall that a function f : [a,b] — R is
Lipschitz if there is a constant a > 0 such that

[f (@) = f(y)| < afz —y|

for all z,y € [a,b]. It is immediate that if f is Lipschitz with constant o < 1, then
f is a contraction.
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Before we prove the main theorem, we will make one simple observation about
contractions. (Note that the analogous result—with the same proof—holds for Lip-
schitz functions.)

Proposition 2.8.4. Let (X,dy) and (Y, dz2) be metric spaces. If f : X — Y isa
contraction, then it is uniformly continuous.

Proof. Suppose f : X — Y is a contraction with constant A\. Let € > 0 be given,
and take 0 = e. For all z,y € X, if di(x,y) < § we have

do(f(x), f(y) <A -di(z,y) < Ad<d=¢
since A < 1. Thus f is uniformly continuous on X. n

Now we arrive at the main result, which says that a contraction that maps a
complete metric space X to itself must have a fixed point. Moreover, the fixed point
is unique.

Theorem 2.8.5 (Banach Fixed Point Theorem). Let X be a complete metric
space, and suppose f : X — X is a contraction. Then f has a unique fixed point,
i.e., there is a unique point xo € X satisfying f(xo) = xo.

Proof. We begin by choosing a point 1 € X. Then we define x3 = f(x1), x5 =
f(x2), and in general,
Tn = f(l‘nfl)

to build a sequence (z,)2; in X. We claim that this sequence is Cauchy. As a first
step toward proving this assertion, first observe that for all n € N we have

d(l'nv xn-i—l) = d(f(xn—l)a f(xn)) <A d(xn—lv xn)
By applying the contraction condition repeatedly, we get

d(l‘n, In—&—l) <A d(xn—lp xn)
<A d(wn—2, 1)

< AL d(l’l, CIZQ).
Now suppose n,m € N with n < m. Then

d(xrw xm) S d((L‘n, xn—l—l) + d(xn+17 xn+2) +---+ d(ﬂ?m_l, wm)
< An_ld(iﬂl, xg) + )\"d(:nl, .7}2) —+ -+ /\m_zd(xl, 1'2),
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SO
o
d(zp, xm) < d(z1,22) Z o< d(zy,x2) Z AL
i=n—1 i=n—1

The geometric sum on the right hand side converges to

jg: Az An 1

i=n—1

so we have
An—l
1-X\

Let € > 0 be given. Since A < 1, we can choose N such that n > N implies

d(zp, Tm) < d(z1,22) -

A< 1=A - €.
d(w1,w2)

Then for all n,m > N, we have d(z,, zm) < €, 0 (2,)5; is a Cauchy sequence.

Since X is complete, the Cauchy sequence ()22 ; converges to a point xg € X.
We claim that zg is the desired fixed point. To see this, observe that since f is
continuous,

f(xo) = h_)m flxn) = hm Tpil = To-

Thus zg is a fixed point for f. To verify uniqueness, suppose y € X is another fixed
point of f. Then

d(wo,y) = d(f(zo), f(y)) < A-d(zo,y).

Since A < 1, the only way this inequality can hold is if d(zg,y) = 0. Thus z¢ = vy,
and the fixed point is unique. O

The Contraction Mapping Theorem/Banach Fixed Point Theorem has many
fruitful applications. We will begin with a simple one pertaining to equation solving.

Example 2.8.6. We saw earlier that the function f(z) = cos(x) is a contraction
on the complete metric space X = [0,1]. The Banach Fixed Point Theorem thus
guarantees that the equation

cos(z) =z

has a unique solution in [0, 1]. How can we find it? Well, the proof of the theorem is
constructive—it tells us how to generate a sequence that converges to the solution.
Start with 1 = %, say. By repeatedly applying the cosine function, we obtain better
and better approximations to the solution. The first few terms (to six decimal places)
are:
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x2 = 0.877583 12 = 0.741827
3 = 0.639012 13 = 0.737236
x4 = 0.802685 14 = 0.740330
x5 = 0.694778 x15 = 0.738246
6 = 0.768196 z16 = 0.739650
x7 = 0.719165 17 = 0.738705
xg = 0.752356 18 = 0.739341
xg9 = 0.730081 19 = 0.738912
10 = 0.745120 20 = 0.739201
z11 = 0.735006 21 = 0.739007

which are approaching a value of approximately 0.739085.... (This number—the
unique fixed point of the cosine function—is sometimes called the Dottie number.)

Notice that the terms in the sequence agree in the first decimal place after n = 6,
and in the second decimal place after n = 15. Of course this is no accident, and we
can even use the proof of the Banach Fixed Point Theorem to estimate the error in
our approximation at each iteration. Notice that

d(xn, z0) = d(f(2n-1), f(x0)) < A+ d(zn-1,0),

and if we continue inductively as in the proof, we get
d(xy, z0) < N1 d(zy, z0).

Thus if we have a crude estimate for d(x1,x), we can determine the rate of conver-
gence. It looks like our initial guess was off by no more than 0.25, so we have

|2, — xo| < (sin(1))"1(0.25). (2.3)
For n = 6, we get
‘.%6 - .21?0| S 0.0888,
so all terms after that point must agree to at least the first decimal place. If we
want agreement to two decimal places, we need to go to n = 19:

|£I?19 - CL‘0| S 0.0094.

Note that the terms seem to agree to within 0.01 well before that, however. We
could even determine how far we need to go to obtain a given degree of accuracy.
Suppose we want |z, — zg| < € for some € > 0. Then setting the right hand side of
(2.3) to be less than or equal to e and solving for n, we obtain

log(4¢)

= Tog(sin(1))
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Some of the most impressive and far-reaching applications of the Banach Fixed
Point Theorem deal with equations involving unknown functions. Such problems
can be solved by setting up a contraction (whose fixed point is the desired solution)
on an appropriate space of functions. We begin with a fairly simple example of
solving a so-called functional equation.

Example 2.8.7. Let X denote the space of all functions (not necessarily continuous)
from [0, 1] to [0,1]. We can equip X with the supremum norm,

[flloe = sup [f(z)],

z€[0,1]

and it is fairly routine to show that X is complete with respect to the resulting
metric d(f,9) = ||f — gl Given a constant p with 0 < p < 1, define a function
M:X — X by

3 f(2ux) ifo<az<3
1-3feul-2) ifi<z<l

M(f) () ={

It is not hard to check that M is a contraction: given f,g € X, we have

sup |M(f)(z) — M(g)(z)| = sup |3f(2ux)— 3g9(2uz)|
z€[0,3] z€[0,3]
=1 sup |f(2ux) — g(2ux)|
xG[O,%}

3 sup |f(z) = g(=)]
z€[0,p]

<1 sup [f(z)—g(2)]

A similar computation shows that

sup |M(f)(z) — M(g)(z)| < 5 sup |f(z) — g(2)].
z€[3 1) z€[0,1]

It follows that || M (f) — M(g)||o, < |If — gll forall f,g € X, so M is a contraction
with constant A = % It follows from the Banach Fixed Point Theorem that M has
a unique fixed point f, which is the unique solution to the functional equation

3/ (2p) ifo<s<!
_ 2 5
o= {1 —1f@eu(l-2)) ifi<z<l1 (2.4)

This application of the Banach Fixed Point Theorem appears in [AL17]. The au-
thors needed a function satisfying the functional equation (2.4) in order to solve a
combinatorial problem involving patterns realized by certain dynamical systems.



72 Metric Spaces

10 —
_.I"',
.-—;
/’
0.8+ e
-
J’r
06 -
0.4+ =
_..--”
ey
0.2 -
I/
_-r"’,
—
0.2 0.4 0.6 0.8 1.0

Figure 2.2: A graph of the fixed point f of the contraction M when p = %.

To gain some appreciation for the true power of the Banach Fixed Point Theo-
rem, we will now use it to prove a familiar theorem on the existence and uniqueness
of solutions to differential equations. In a first course on ordinary differential equa-
tions, one considers initial value problems of the form

() =f(ty®), y(to) = yo, (2.5)

where y is an unknown (differentiable) function defined on some interval, and f is
defined on some neighborhood of the point (tg, o) in R? (and is usually assumed to
be at least continuous there). You may have even seen a theorem that gives condi-
tions guaranteeing the existence and uniqueness of solutions to an IVP like the one
in (2.5). This theorem is often called the Picard-Lindel6f theorem, and it is usually
stated more or less as follows in introductory differential equations textbooks: if
both f and the partial derivative %g]; are continuous on an open rectangle of the
form

R:{(t,y)€R2:—a<t—t0<a, —b<y—y0<b},

then there is a unique solution to the IVP (2.5) on some interval containing ty. We
will actually prove a considerably stronger version of this theorem—instead of the
continuity hypothesis on %g];’ we need only require that f is “uniformly Lipschitz” in
the variable y. We will also obtain an estimate for the size of the interval on which

the solution is defined.
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Theorem 2.8.8 (Picard-Lindelof). Suppose U C R? is open and f : U — R
is continuous, and let (to,yo) € U. Assume there exist a,b € R such that the
rectangle

R={(t,y) eR*: [t —to| < a,|y—yo| < b}

1s contained in U and f is uniformly Lipschitz on R, meaning there is a constant
a > 0 such that

[f(t.z) — f(t,y)] < alz -y
for all (t,x),(t,y) € R. Suppose M > 0 satisfies |f(t,y)| < M for all (t,y) € R,

and set

a, = min{a, b/M}.

If we let I = [to — ax,to + ax], then there exists a unique functiony : I — R
satisfying the initial value problem

y'(t) = f(t,y(t), y(to) = yo (2.6)

whenever |t — to| < ay.

The key to the proof is the application of a method known as “Picard iteration”
to zero in on a solution. We will shortly see that Picard iteration is simply an
example of the process we used in the proof of the Banach Fixed Point Theorem—it
involves iterating a carefully-chosen contraction on a certain function space. The
first step in building this contraction is to convert the given differential equation to
an integral equation instead.

Lemma 2.8.9. A function y(t) satisfies the initial value problem (2.6) if and only
if it satisfies the Volterra integral equation

¢
yt) =vo+ | f(s.y(s))ds. (2.7)
to
Proof. Suppose first that y satisfies (2.7). Then differentiating via the Fundamental
Theorem of Calculus yields
y'(t) = f(t,y(t)),
and we also have

to

y(to) =yo+ [ f(s,y(s))ds =yo+0=yo.
to

Thus y satisfies the IVP. On the other hand, suppose y satisfies (2.6). By integrating
both sides of the differential equation we get

/t y(syds= [ Flsu(s)ds,

to
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and the left hand side evaluates to

/t ' (s) ds = y(t) — y(to) = u(t) — o.

0
Putting these two equations together, we get

y(t) —yo= [ f(s,y(s))ds,

to
so (2.7) holds. N

The next step is to define a contraction in terms of an integral operator, which
will have the solution to our Volterra equation as its fixed point. We first need a
metric space upon which to define this contraction. To this end, we let X be the set
of all continuous functions y : I — [yo — b, yo + b], and our proposed metric on X is
defined by

() = sup a(t) (1)}~ (2.8)

Of course we need to know that d is a metric, and that X is complete with respect
to it. None of this is too hard to do, particularly because d is just a scaled-down
version of the metric that we obtain from the usual supremum norm on C(I,R).

Lemma 2.8.10. The function d defined in (2.8) is a metric on X, and X is complete
with respect to d.

Proof. Since e~2¢lt—tol ig never zero, it is fairly clear that d is positive definite. It
is also easy to see that d is symmetric. For the triangle inequality, observe that if
xz,y,z € X, then

j2(t) = y()]e 210l < Ja(t) — 2()]e 210 4 |2(8) — y(t)]em !
for all t € I. Taking the supremum of the right hand side yields
(1) — y(t)|e >0l < d(z, 2) + d(2, y).
We can now safely take the supremum of the left hand side to obtain
d(z,y) < d(z,z)+d(z,7y).

Therefore, d is a metric.

The completeness takes a little more work, but it is still not hard. Suppose
()02 is a sequence in X’ which is Cauchy with respect to d. In fact, we claim this
sequence is Cauchy with respect to the simpler metric
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Let € > 0 be given, and choose N € N such that n,m > N implies

3

d($n, fL'm) < m

Then for all ¢ € I we have

_ _ 3
[n(t) = am(B)]e N0l < o
or c
|20 (t) — 2m(t)] < S2a(anto) eelt=tol < ¢

whenever n,m > N. Thus (z,)5, is Cauchy with respect to the supremum norm,

S0 it converges to a continuous function x defined on I by Theorem 2.3.15. Notice
that = necessarily takes values in [yg — b, yo + b, so x € X.
All that remains is to see that x, — x with respect to d. This is almost imme-
diate, since
2a(t) — (t)]e 20 < (1) — ()]

for all t € I, which implies that d(zy,z) < ||z, — z||,. It follows that x, — x with
respect to d. O

Now we define an operator T : X — X in what seems like the most natural way
possible, given our problem:

T(y)=yo+ | f(t,y(s))ds

to

Note that a function y will be a solution to the Volterra equation precisely when it
is a fixed point of 1. Therefore, we need only verify that 7T is a contraction, and
the Banach Fixed Point Theorem will do the rest of the work for us.

Lemma 2.8.11. The function T : X — X defined above is a contraction on (X,d).

Proof. Tt is not entirely obvious from the definition that 7" maps into X, so we do
need to check it. If y € X', the Fundamental Theorem of Calculus guarantees that
T(y) is continuous. Moreover, we have

[t y(s))ds

to

T(y) — ol =

< |t —to| -sup | f(t, y(1))] < a.M <D,
tel

so the function T'(y) takes values in the interval [yo — b, yo + b)].
Now we can get on with showing that 7" is a contraction. Let y1,y2 € X. Then
for each t € I we have

t t

f(s,y1(s)) ds — | f(s,u2(s)) ds

to to

1T (y1)(t) = T(y2) ()| =
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< [ 1536 = fs ) ds
<a tt|y1<s>—y2<s>|ds

= ly1(s) — yg(g)|@*20‘|5*t0\62a|57t0\ ds
to

t
a'd(y1,y2)/ e2els=tol g

to
%d(yh?ﬂ)(@m't_tol -1)
1
id

IN

IN

Hence
T (y2)(£) = T(y2) (1) e >0l < Ld(yr, ),

and taking suprema yields

d(T (1), T(y2)) < 3d(y1,y2)-

Therefore, T is a contraction. O

Proof of the Picard-Lindeléf Theorem. Most of the work here is already done, and
we need only put it all together. Since T': X — X’ is a contraction, it has a unique
fixed point y by the Banach Fixed Point Theorem. It is clear that this function is a
solution to the Volterra equation (2.7), hence to the initial value problem (2.6) by
Lemma 2.8.9. Moreover, it is the unique solution to this IVP. O

Exercises for Section 2.8

Exercise 2.8.1 ([HS91], Exercise 5.2.6). Let X be a complete metric space, and
suppose f: X — X is a function such that

fr=fofo-of
n times

is a contraction for some positive integer n. Prove that f has a unique fixed point.

Exercise 2.8.2. Show that there is a unique function f : [0,1] — [0, 1] satisfying
the functional equation

3 f(3z) fo<az<i
fl@)y=<1 iff<az<?
F+ifBr—2) ifi<az<l

This function is commonly known as the Cantor function.



Chapter 3

Sequences and Series of
Functions

As part of our initial foray into the theory of metric spaces in the previous chapter,
recall that we studied the vector space C([a, b], R) consisting of all continuous real-
valued functions defined on the interval [a, b] equipped with the supremum norm:

[flloo = sup |f(z)]-

z€a,b]

Indeed, we showed that C([a,b], R) is complete with respect to the metric induced
by the norm ||-|| . Roughly speaking, we will now replace [a,b] with an arbitrary
metric space X and consider the set

C(X,R)={f:X — R| [ is continuous}.

Though we will focus only on real-valued functions initially, we will eventually allow
for complex-valued functions as well:

C(X)=C(X,C)={f:X — C| f is continuous}.

There is one issue that prevents us from simply translating the facts we have already
established for C([a,b],R) mutatis mutandi to C(X,R). Notice that if X is an
arbitrary metric space, continuous functions on X need not be bounded. Thus the
supremum norm does not make sense in this setting, and we cannot simply bring
metric space theory to bear on C'(X,R). Nevertheless, we will see that many of our
results for C([a,b],R) do carry over to C'(X,R) for more general X once we have
phrased them a little differently. Moreover, if we find ourselves in the case where
X is compact then the supremum norm is well-defined, and C(X,R) is a complete
metric space. We will then be able to obtain some very nice analytic results in this
compact setting.

77
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3.1 Sequences of Functions

Throughout this section, let (X, d) denote a metric space. We will begin our inves-
tigation by studying sequences of real-valued functions on X, where the functions
are not assumed to be continuous in general.

Let (fn)>2, be a sequence of functions f, : X — R. We have seen previously
(namely in the proof of Theorem 2.3.15) that if the sequence (f,(x))>2 of real
numbers converges for each z € X, then we can define a function f: X — R by

f@) = Tim fa(a)

The function f is called the pointwise limit of the sequence (f,)5%, since it is
defined by plugging individual points into the functions (f,)72 . This observation
leads us to one notion of convergence for a sequence of functions.

Definition 3.1.1. We say that a sequence (f,)72 of real-valued functions on X
converges pointwise to a function f: X — R if f,(z) — f(z) for each z € X.

Example 3.1.2. For each n € N, define f, : [0,1] — R by f(z) = z". Notice that
if 0 <z <1, then 2" — 0 as n — oo. If z = 1, then we have "™ = 1 for all n, so
™ — 1. Therefore, the sequence (f,)52; converges pointwise to the function

fz) =

0 ifo<z<l1
1 ifz=1.

Notice that in the previous example, each f,, is continuous, but the pointwise
limit f is not continuous. In other words, the pointwise limit of a sequence of
continuous functions need not be continuous!

It makes sense to ask what else could go wrong as far as pointwise convergence
is concerned. For example, must the pointwise limit of a sequence of differentiable
functions be differentiable? Of course the answer is no, since the sequence (f5,)>2
from Example 3.1.2 converges pointwise to a non-differentiable function. Perhaps we
can refine our question, however. Assume f,, — f pointwise, each f, is differentiable,
and f is differentiable. Must f — f’? Unfortunately, the answer is still no.

Example 3.1.3. Consider the sequence (f,)52, where f, : R — R is defined by
sin nx

vn
It is easy to show that f,, — 0 pointwise. Let € > 0 be given, and choose N such

that n > N implies ﬁ < e. Then

fulz) =

|sin nx| 1
= <

()| = N
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for all x € R when n > N. Furthermore, each f, is differentiable on R with

fi(x) = NEOSRT _ ncosnx,

vn

and the pointwise limit f = 0 is certainly differentiable. However, notice that
fi(x) — oo as m — oo for all z € R. Thus the sequence (f})>2; is not even
convergent!

Perhaps we will have better luck with Riemann integrability. Unfortunately, we
saw in the introductory chapter that a pointwise convergent sequence of Riemann
integrable functions need not converge to a Riemann integrable function. Begin by
enumerating the rational numbers in [0, 1]:

Q N [0, 1] = {7”1,7“2,7"3, . }

Now define f, : [0,1] = R by

1 ifx=r; for somei<n
fn(x):{

0 otherwise.

If x € Q, then f,(z) — 1. Indeed, if z € Q then z = r,, for some m, so f,(z) =1
for all n > m. On the other hand, if z € Q, then f,(x) = 0 for all n. Therefore,
(fn)o2; converges pointwise to the function

xq(z) = 0 ifedQ,

{1 ifr € Q
which is not Riemann integrable. However, each f, is Riemann integrable since it
has only a finite number of discontinuities.

What if (f,,)52; is a sequence of Riemann integrable functions that converges
pointwise to a function f, and we assume f is Riemann integrable? Is it necessarily
the case that [ f, — [ f? Unfortunately, the answer is still no.

Example 3.1.4. For each n € N, define f, : [0,1] — R by

92y if0<z< 4
fn(.%') = 2277'(2”1,1 — .’17) if % <zx< 271%1
0 if oy <z <1

The first few terms in the sequence are plotted below.
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Observe that for each n, the region under the graph of f, is a triangle with height
2" and width 2,1%1, SO

1
| futayis = Bz =1

for all n. Also, notice that f,, — 0 pointwise. To see this, let = € [0, 1] and choose N
such that QN%I < x. Then f,(xz) =0foralln > N, so f,(z) — 0. Thus [lim f,, =0,
but [ f, = 1 as n — oco.

In each example, we have encountered issues when trying to interchange two
limiting processes. For example, the question of whether a sequence of continuous
functions converges to a continuous function amounts to asking if

lim lim f,(z) = lim lim f,(z)
T—x9 N—r00 n—00 r—xQ

for each 29 € X. Similarly, to show that f is differentiable and f], — f’ requires
something like

lim lim Fnl@) = fn(@o) = lim lim Jn(®) = fu(z0)

n—00 T—To X — Xo T—>To N—>00 Tr — X

to hold. Lastly, for integrals we asked whether

lim [ f, = / lim f,.

n—oo n—oo
We arrived at a negative answer for each of these questions. Therefore, we will
need to add some hypotheses in order to obtain positive results for the continuity,
differentiability, and integrability of the limit of a sequence of functions. Believe it

or not, pointwise convergence is important (and useful!). We just need to add some
conditions to make things work the way we want.
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When we begin our study of measure theory in the next chapter, we will obtain
some very powerful results that allow us to interchange limits and integrals under
fairly mild hypotheses. However, in order to say anything of import right now, we
must consider a vast strengthening of pointwise convergence, called uniform con-
vergence. This condition will rectify some of the issues that we have seen regarding
continuity, differentiability, and Riemann integrability.

Definition 3.1.5. A sequence (fy,)22; of real-valued functions on X is said to
converge uniformly to a function f : X — R if for any ¢ > 0, there is an
N € N such that n > N implies

[fu(z) — f(z)] <e

for all z € X.

Notice that uniform convergence certainly implies pointwise convergence, though
the definition of uniform convergence requires an N that works for all values of x
stmultaneously. In the case that X C R, the picture one should have in mind is that
of an “e-snake” around the graph of the limit function f. The sequence (f,)5;
converges uniformly to f precisely when the graphs of the f,, eventually all lie inside
the e-snake.

Y

Remark 3.1.6. The definition of uniform convergence should be reminiscent of
convergence with respect to the supremum norm. Indeed, if X is a compact metric
space, then all continuous functions are bounded, and C'(X,R) is a normed vector
space under

1flloe = sup |f(2)].
zeX
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It is not hard to see that a sequence (f,)"2; in C(X,R) converges uniformly if
and only if ||f, — fll,, = 0 as n — oo. If X is not compact, then we cannot
simply appeal to the supremum norm. We will instead need to develop appropriate
substitutes for some of the tools that this norm would afford us.

We will now revisit some of our earlier examples and study them through the
lens of uniform convergence.

Example 3.1.7. The sequence (f,)52 from Example 3.1.3, which was defined by

sin nx
Vn

for x € R, converges uniformly to 0. Indeed, we observed in Example 3.1.3 that for

each n, |fn(z)| < ﬁ for all x € R.. Since ﬁ — 0 as n — oo, it follows that f, — 0

fn(x) =

uniformly.

Example 3.1.8. Let (f,)22, be the sequence defined on [0, 1] in Example 3.1.4.
We observed earlier that f,, — 0 pointwise on [0, 1], but we claim that (f,)2; does
not converge uniformly. Indeed, observe that for each n,

[fnlloe = sup | fn(z)] = 2"

z€(0,1
Thus || fn|l,, — 00 as n — oo, so the sequence does not converge uniformly to 0.

Example 3.1.9. The sequence defined on [0, 1] by f,(x) = 2" (as in Example 3.1.2)
does not converge uniformly. Fix n € N and observe that

1
| fr — fonlloo = sup |x" —:c2n‘ = sup ‘t—tz‘ =7
z€[0,1] t€[0,1]

It m > 2”7 then fm < f?n < fna S0

1
= fnlloo > 5
This implies that (f,)5; is not a Cauchy sequence in C([0,1],R), so it cannot

converge uniformly.

In the last example, we used fact that a sequence in C([0, 1], R) converges uni-
formly if and only if it is Cauchy with respect to ||-||.,. Even if we are unable to
appeal to the supremum norm (i.e., if X is not compact), we can still specify a
Cauchy-like criterion that characterizes whether a sequence converges or not.
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Theorem 3.1.10 (Cauchy criterion for uniform convergence). A sequence
(fn)22 of real-valued functions on X converges uniformly if and only if for each
€ > 0, there exists an N such that n,m > N implies

|fn(a:) - fm(x” <e

forallz € X.

Proof. Assume first that f, — f uniformly, and let € > 0 be given. Then there
exists N € N such that n > N implies

[fulz) = f(2)] < 5

for all x € X. If n,m > N, then we have

[fn(@) = fm(@)] < [fn(z) = F(2)] + [fm(2) = f2)] <&,

so the Cauchy criterion is satisfied.
Conversely, suppose (f,)22; satisfies the Cauchy criterion. Then for each z € X,

the sequence (fn(7))52, is Cauchy in R, hence convergent. Thus we can define a
function f: X — R by

f@) = lim ful2)

for all z € X. By construction, f,, — f pointwise. We claim that the convergence is
actually uniform. Let € > 0 be given, and use the Cauchy criterion to find N € N
such that n,m > N implies

Now hold n fixed, and let m — oo:
[fn(z) = f@)] < 5 <e
Hence f, — f uniformly. O

We will now see that uniform convergence rectifies some of the issues that ap-
peared in our earlier examples. First, we address continuity. The proof is eerily
similar to part of the proof of Theorem 2.3.15.

Theorem 3.1.11. Suppose (fn)5> is a sequence of continuous real-valued func-
tions on X that converges uniformly to a function f. Then f is continuous.
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Proof. Fix zg € X, and let € > 0 be given. Since f,, — f uniformly, there exists N
such that

|fn(z) — f(z) < §
for all x € X. Since fy is continuous at xg, there exists 6 > 0 such that d(x,zg) < ¢
implies |fn(7) — fn(wo)| < §. Thus
|f(z) = f(zo)| < |f(2) — fn (@) + [fn(z) = fn(mo)| + | v (20) — f(20)]

€ € €
<§+§+g

)

when d(z,z¢) < 0. Therefore, f is continuous at xg. Since xg € X was arbitrary, f
is continuous on X. ]

In the case that X is compact, we can combine the last two results to obtain a
generalization of Theorem 2.3.15.

Corollary 3.1.12. If X is a compact metric space, then C(X,R) is complete
with respect to the supremum norm.

Remark 3.1.13. It is worth noting that exactly same sort of argument shows that
C(X) = C(X,C) is complete with respect to the supremum norm.

The converse of Theorem 3.1.11 is not true. That is, a sequence of continuous
functions may converge pointwise to a continuous function without the convergence
being uniform. In fact, the sequence from Example 3.1.4 converges pointwise to 0,
though it does not converge uniformly. However, we can prove a partial converse to
Theorem 3.1.11 when X is compact and the sequence is monotone. This result is
known as Dini’s theorem.

Theorem 3.1.14 (Dini). Let X be a compact metric space, and suppose (fn)o> 4
is a sequence of continuous functions on X that converges pointwise to a contin-
wous function f, and for each n we have

fn($) > fn-i—l (x)

for allx € X. Then f,, — f uniformly.

Proof. To simplify matters, we first define a sequence (g,)%%; by g, = fn — f for
each n. Then g, — 0 pointwise and g, > g,11 for all n. To prove the theorem, it
will suffice to show that g, — 0 uniformly.

Let € > 0 be given, and for each n € N put

K, ={zx€ X :gy(x) > ¢}
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Notice that K, = g, (e, )). Since g, is continuous for all n, each K, is closed,
hence compact. Moreover, if x € K,, 11 then

gn(2) > gnt1(z) > €,
so x € K,, as well. Thus K,, O K11, so we have a nested sequence of compact sets:

KiDKy2DK32---

For each x € X, we know g, (z) — 0, so there exists n, such that ¢ K,,,. Thus

() Kn =0
n=1

But a nested sequence of nonempty compact sets has nonempty intersection, so
there must be an N such that Ky = (). This is equivalent to saying that gy (z) < e
for all x € X. Furthermore, K, = 0 for all n > N, so we have g,(z) < ¢ for all
x € X when n > N. It follows that g, — 0 uniformly. O

Remark 3.1.15. It is worth noting that we could have required the sequence in
Dini’s theorem to be increasing. In fact, by replacing f,, with —f,,, we can immedi-
ately obtain that result from the one that we have proven.

Example 3.1.16. The compactness assumption in Dini’s theorem is essential. To
see this, take X = [0,00) and define f,, : X - R forn=0,1,2,... by

fn(l“):{ 0 ifz<n

tanh(z —n) if z > n.

Then each f,, is continuous, f,, — 0 pointwise, and f, > f,+1 for each n. However,
the convergence is not uniform. To see this, notice that

sup | fn(z)| = sup tanh(z —n) = 1.
>0 x>0

Thus if we take ¢ = 1, for any n € N we can find z € [0, 00) such that f,(z) > e.

Now we consider the role of uniform convergence in the study of differentiability
and integrability. For this to really make sense, we will take X = [a, b] to be a closed
interval in the following two theorems.

Theorem 3.1.17. Let (f,)72, be a sequence of differentiable functions on [a, b].
Suppose the sequence (f})22, converges uniformly and that there exists a point
z € [a,b] such that the sequence (fn(2))52; converges. Then (fn)22, converges
uniformly to a differentiable function f, and

f = lim f..

n—o0
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Proof. We first need to show that (f,,)72 converges uniformly. To do so, we will use
the Cauchy criterion for uniform convergence. Let € > 0 be given. Since (fy,(2))5
converges and (f} ) converges uniformly, we can find an N such that n,m > N
implies
€
|fn(z) - fm(z)’ < 5
and

for all x € [a,b]. Given n,m > N, define g = f,, — fim. Then g is differentiable on

[a, b] with
€

9@ = 1£2() = Fulo)| < 35

for all = € [a,b]. Thus the Mean Value Theorem implies

|z —y| <

< m(b— a) = 2 (3.1)

9(2) = 9| < 55—

for all z,y € [a,b]. Therefore,

[fn(2) = fm(@)] < |fo(@) = fm(2) + fo(2) = fm(2)] + [fu(2) = fm(2)]
= l9(z) = g()| + |fu(2) = fm(2)]

<e€

for all x € [a,b], so the uniform Cauchy criterion holds. Hence (f,)5 ; converges
uniformly to a function f : [a,b] — R.
We must now show that f is differentiable on [a,b]. Fix a point zg € [a,b] and

define
pn(z) = f"(:iz : i’;(%) n=1,2,...
and
oy = Ji) S

for x # xg. Since each f,, is differentiable, we of course have

lim ¢, (z) = f;,(x0),

T—T0

so we can set ¢n(x0) = f(x0). Thus ¢, is defined on all of [a,b]. Also, the
computation in (3.1) shows that if we choose N so |f/(z)— f],(x)] < € for all
x € [a,b] whenever n,m > N, then

— |fn(x) B fn(:EO) - fm(xo) + fm(x0)|

|z — 20|

’(Pn(x) - (Pm(x”

elz — o]

= |z — o]
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=c
for all x # xg. However, we also have

on(20) = @m(x0)l = | fr(x0) = fr(20)| <&,

so the sequence (¢, )72, converges uniformly. Indeed, it is easy to see that ¢, — ¢
pointwise when z # xg, so ¢, — ¢ uniformly for x # . It follows that!
lim o(z) = lim lim ¢,(z) = lim lim ¢,(z) = lim f(x0).
n—oo

T—T0 T—To N—00 n—o0 T—>xQ

In particular, the limit on the left hand side exists, which is exactly what it means
for f to be differentiable at xg. Furthermore,

/ RT RT /
f'zo) = lim ¢(z) = lim_ f (o).
Since xg € [a,b] was arbitrary, it follows that f/, — f’ uniformly. O

Thankfully, the proof of the corresponding result for integrals is far less delicate
than the one for derivatives.

Theorem 3.1.18. Suppose (fn)>2 is a sequence of Riemann integrable functions
on [a,b] that converges uniformly to a function f. Then f is Riemann integrable,

and . .
/ f(z) dx—nli_{r;o/ fn(x)de.

Proof. Let € > 0 be given. Since f, — f uniformly, we can find an N such that

[fn(z) = fz)] <

5
3(b—a)

for all z € [a,b]. Since fy is Riemann integrable, there is a partition P of [a, b] such
that -
Ufn. P) = L(fw, P) < =

Since ||f — fnllo < §, we have

U(f = fP) < (b= a) - sup (f(2) = f(@) < gy (b-a) = 5
Similarly,
L(f = fn.P) 2 (b—a)- inf (f(2) = fx(2) > —ﬁ(b —a)= -2

!Even though we didn’t explicitly prove this fact, it lies at the heart of the proof that a uniform
limit of continuous functions is continuous.
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Therefore,

U(f,P)—L(f,P)<U(f - fn,P)+U(fn,P) = L(fn,P) — L(f — fn, P)
<s+5+5
67

so f is Riemann integrable on [a, b].
Now let € > 0 and choose NV such that n > N implies || f — fn|l, < 55775y Then

we have =)
b b b
[ @y [ f@yae| < [15ue) - s da
g

Ss5o-a? "9
_€
2
<g,

sof;fn%fffasn%oo. O

Exercises for Section 3.1

Exercise 3.1.1 ([Rud76], Exercise 7.9). Let (f,)>2; be a sequence of continuous,
real-valued functions on a metric space X that converges uniformly to a function f.
Prove that

lim f,(z,) = f(z)

n—oo

for every x € X and every sequence (x,)5%; in X such that =, — x. Is the converse
true?

Exercise 3.1.2 ([Rud76|, Exercise 7.7). For n =1,2,3,..., define f,, : R — R by

oz
14 na?

(a) Prove that the sequence (fy)52; converges uniformly to a function f.

(b) Show that the equation
f'(x) = lim f; ()

n—oQ

holds for x # 0, but it fails if z = 0. Why doesn’t this contradict our theorem
about uniform convergence and differentiability?
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3.2 Series of Functions

We now turn our attention to functions defined via infinite series. Recall that a series
of real numbers converges precisely when the corresponding sequence of partial sums
converges. Extending this notion to series of functions, we immediately see that we
can bring all of our results about sequences of functions to bear on series.

Definition 3.2.1. Let (f,)52; be a sequence of functions on a metric space X.

If the series -
> falw)
n=1

converges to a number f(x) for each z € X, we say the series converges point-
wise to f. Equivalently, the series converges pointwise to f if its sequence of
partial sums converges to f pointwise. If the sequence of partial sums converges
uniformly to f, we say the series converges uniformly to f.

The Cauchy criterion for uniform convergence of sequences of functions yields a
nice test for uniform convergence of series.

Theorem 3.2.2 (Weierstrass M-Test). Let (f,)22, be a sequence of functions,
and suppose that for each n there is a constant M,, such that

|[fn(@)| < My,

for all x € X. If the series Y .- | M,, converges, then > " fn converges umni-
formly.

Proof. Assume the series Y 2 | M, converges, and let ¢ > 0 be given. By the
Cauchy criterion for convergence of series of real numbers [Rud76, Theorem 3.22],
there exists N such that m > n > N implies

Z M, <¢€
k=n+1
Therefore, for all x € X we have
Yo o@D @< D My<e (3.2)
k=n+1 k=n+1 k=n+1

when m > n > N. But the left hand side is precisely the absolute value of the
difference between the m'™ and n' partial sums of the series:
m

S hel@) =D fel@) = D ful@).
k=1

k=1 k=n+1
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Thus (3.2) shows that the sequence of partial sums satisfies the Cauchy criterion for
uniform convergence. Hence > >° | f, converges uniformly by Theorem 3.1.10. O

As an application of our results on uniform convergence, we now prove some
familiar facts from calculus regarding power series. Recall that a power series has

the form
o
g ",
n=0

where ¢, € R for all n. Such a series is guaranteed to converge for all x in some
interval I (though it is possible this interval is degenerate, i.e. I = {0}). One can
determine this interval using the Root Test: the series is guaranteed to converge
absolutely for any x satisfying?

limsup V/|epz™| < 1.
n—oo
Observe that

limsup {/|cpz™| = limsup |z| V/|cn| = |z| - imsup {/|cn, (3.3)
n—oo n—oo

n—oo
and if we put L = limsup {/|cy/|, then the series converges precisely when

1

T

provided L is finite and nonzero. In this case, we put R = % and call R the radius

of convergence of the series. Thus Y 7, ¢,z converges for all z in the open

interval (=R, R). If L = 0, notice that (3.3) is always less than 1, so the series

converges for all values of x. If L = oo, the series converges only when =z = 0.
Observe that our discussion so far only gives conditions for pointwise convergence

of a power series. If we want to prove results about continuity or differentiability,

we will need uniform convergence. Luckily, we can prove that any power series

converges uniformly on compact subsets of its (open) interval of convergence.

2] <

Theorem 3.2.3. Suppose there is an R > 0 such that the power series

o
E cnx”
n=0

converges absolutely for all x satisfying |z| < R. Then for any 0 < r < R, the
series converges uniformly on the closed interval [—r,r].

2See [Rud76, Theorem 3.33] for this grown-up version of the Root Test. Also recall that the
limit superior of a sequence (an)ae; of real numbers is defined to be

limsupa, = lim sup am.
n— oo n—=0m>n

Equivalently, lim sup a,, is the largest subsequential limit of (a,)ne.
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Proof. Fix r < R, and put f,(z) = c,a™ and M,, = |c,|r" for each n. For a given
n, observe that

|[fr(@)] = lenz™| < len|r™ = M,

when |z| < r. Moreover, the series

(0.) oo
> M=l
n=0 n=0

converges, since » - c,z" converges absolutely when we take z = r. It then follows
from the Weierstrass M-test that > °° - ¢, 2™ converges uniformly when |z| <r. O
n=0 g y

It turns out that uniform convergence on compacta is enough to prove results
throughout the interval (—R, R), even though the series may not converge uniformly
on the entire interval. As an example, we now prove that any function defined via
a convergent power series is necessarily continuous.

Corollary 3.2.4. Suppose the power series Y~ c,x" converges when |z| < R,
and define

oo

flx) = Z ez

n=0

Then f is continuous on the interval (—R, R).

Proof. Let zy € (—R, R), and choose f such that |z| < r < R. (In particular, we
could take r = |zg|.) Then > 7 cp2™ converges uniformly on the closed interval
[—7, 7], so f is continuous on [—r,r]. In particular, f is continuous at xy. Since x
was arbitrary, f is continuous throughout (—R, R). O

Another fact that we use freely in Calculus II is the ability to differentiate a
power series term-by-term.

Corollary 3.2.5. If the series Y .- cnz"™ converges when |x| < R, then the
function f(z) = > 07 cpa™ is differentiable on (—R,R), and its derivative is

given by
o0
f'(z) = chnq:”_l
n=1

for |x| < R.
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Proof. For any r < R, the series > > c,2" converges uniformly on the closed
interval [—r,r]. Moreover, if we let

N

fn(z) = Z "

n=0

denote the Nt partial sum of the series, then fy is differentiable with
N
In(z) = chn$".
n=1

We claim the sequence (fj)%_; converges uniformly on [—r,r]. Observe that

lim sup m = lim sup m
n—oo

n—o0

since {/n — 1 as n — oo. This implies that the series

oo
Z nep ! (3.4)
n=1

has the same radius of convergence as the original series Y ", ¢,2™. Thus the series
(3.4) converges to a function g when |z| < R, hence it converges uniformly on [—r, 7].
It follows from Theorem 3.1.17 that f is differentiable on [—r,r] with f’ = g. Since
r < R was arbitrary, we can conclude that f is differentiable throughout (—R, R)
with

f'(z) = chn:z:”_l
n=1
for all z € (—R, R). O

Remark 3.2.6. If we apply the previous corollary repeatedly, we can see that a
function defined by a power series has derivatives of all orders. Furthermore, it is
easy to check that f(”)(O) = nle,, so the coeflicients of the original power series
expansion are determined entirely by the derivatives of f:

AN

n!

Cn

Of course these are the familiar Taylor coefficients that one encounters in calculus.

Corollary 3.2.7. If the series >.,° ;c,a" converges when |z| < R, then the
function f(z) => 7" cya™ is Riemann integrable on any closed interval [a,b] C
(=R, R), with is given by

b o b
/a f(z)de = ;::0 (cn/ " dx)
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Proof. Given a closed interval [a,b] C (—R, R), we can find r < R such that [a,b] C
[—7,7]. Then the series converges uniformly on [—r,7], hence on [a,b]. Moreover,
each partial sum is Riemann integrable with

b N N b
chaznd:z = ch (/ x”dx) .
@ n=0 n=0 a
It follows from Theorem 3.1.18 that f is Riemann integrable and
b N b oo b
/af:]\}gnooz:cn</axd:c>:ch</axdx>,
n=0 n=0
as desired. ]

Exercises for Section 3.2

Exercise 3.2.1. Prove that the series

o0

2™ cos nx
Yo

n=0
converges uniformly on R.

Exercise 3.2.2 ([Rud76], Exercise 7.11). Suppose (f,)52; and (gn)22, are se-
quences of functions on a metric space X such that:

e The sequence of partial sums of ) f,, is uniformly bounded.
e ¢, — 0 uniformly.
o gi(z) > ga(x) > g3(x) > --- forall z € X.

Prove that ) f,gn converges uniformly.

3.3 The Arzela-Ascoli Theorem

In the next two sections we will narrow our focus to sequences of functions on
a compact metric space X, and we will obtain two deep theorems from classical
analysis. Recall that if X is a compact metric space, then continuous functions on
X are necessarily bounded, and the supremum norm is well-defined for C(X,R).
Moreover, this norm makes C'(X, R) into a complete metric space. The first theorem
that we will study stems from a question that might seem, at first glance, to be
quite odd: what conditions guarantee a subset of C'(X,R) is compact? Of course
we already have such a condition—a set ¥ C C(X,R) is compact if and only if it is
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closed and totally bounded. Perhaps we can come up with conditions that are more
intrinsic to C(X,R) that ensure compactness, however.

This question should appear strange as stated. We are asking when a collection
of functions on a compact metric space is itself compact. However, the question
becomes more natural if we think along the lines of sequential compactness: under
what conditions must a sequence (f,)22; in C'(X,R) have a uniformly convergent
subsequence? Such a result seems like it would be much more applicable in practice.
(It indeed has applications to differential equations and calculus of variations, for
example.) Consequently, we will take this approach as we head toward our main
result, which is called the Arzela-Ascoli theorem. Once we have proven this theorem,
we will return to the original question regarding compactness.

As a first step toward the main result, observe that if ¥ C C(X,R) is com-
pact, then it must be closed and bounded. This leads us to define two notions of
boundedness for families of functions in C'(X,R).

Definition 3.3.1. Let ¥ C C(X,R) be a family of functions on X.

1. We say J is pointwise bounded if for each x € X, there is a constant
M, > 0 such that
f(z)] < M,

for all f € F. Equivalently, the set {f(x) : f € F} C R is bounded for each
reX.

2. We say & is uniformly bounded if there exists an M > 0 such that for
each r € X,
|f(2)] < M

for all f € F. Equivalently, || f||,, < M for all f € F.

Notice that a set § C C'(X, R) is uniformly bounded precisely when it is bounded
with respect to the supremum norm. That is, uniform boundedness is precisely the
usual notion of boundedness in the metric space C(X,R). On the other hand, it
seems as though it would be much easier to verify that a set is pointwise bounded
than it would be to produce a uniform bound. Fortunately, we will see later on that
pointwise boundedness implies uniform boundedness under the right hypotheses.

Example 3.3.2. Consider the sequence (f,)22; on X = [0, 1] defined by f,,(z) = 2.
Notice that for all = € [0, 1],

(@) = 2" <1

for all n. Thus (f,); is uniformly bounded.
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Example 3.3.3. Let (f,)>°; be the sequence of functions f, : [0,1] — R defined
by

221y, Hfo<z < 2%
fa(z) = 22 (5 —2)  if 5 <2 < 5y
0 if o <z < 1.

We saw in Example 3.1.4 that f, — 0 pointwise. In other words, the sequence
(fn(2))52, is convergent, hence bounded, for each = € [0,1]. Thus (f,)>2, is point-
wise bounded. However, it is not uniformly bounded. Notice that

1 fnlloo = 2"

for each n, so the sequence {|| fy||, }22; is unbounded.

Proposition 3.3.4. Let (f,)22, be a sequence of functions on a compact metric
space X.

1. If (fn)oe converges pointwise, then it is pointwise bounded.

2. If (fn)32, converges uniformly, then it is uniformly bounded.

Proof. Suppose (fn)n2, converges pointwise. Then for each z € X, (f,(2))72; is a
convergent sequence of real numbers, so it is bounded. But this is precisely what it
means to be pointwise bounded.

On the other hand, saying (f,)>2; converges uniformly is the same as saying it
converges with respect to the supremum norm on C(X,R). But we know that a
convergent sequence in a metric space is bounded, so (f)o2; is bounded in C'(X, R),

which is identical to uniform boundedness. OJ

Of course the converse to the last proposition is false. The sequence from Ex-
ample 3.3.2 is uniformly bounded, but it does not converge uniformly. (Recall that
(fn)$2; converges pointwise to a discontinuous function, which implies that the
convergence cannot be uniform.) In fact, (f,)52; has no uniformly convergent sub-
sequences either. The computations in Example 3.1.9 show that no subsequence of
(fn)22 is uniformly Cauchy. Thus uniform boundedness of a sequence does not
guarantee the existence of a uniformly convergent subsequence—in other words, the
Bolzano-Weierstrass theorem fails to hold in C(X,R). We clearly need to add a
hypothesis besides uniform boundedness.

Definition 3.3.5. A family of functions ¥ C C(X,R) is equicontinuous if for
each € > 0, there exists § > 0 such that whenever z,y € X with d(z,y) < 4,

[f(z) = fly)l <e
forall feF




96 Sequences and Series of Functions

Notice that if F is an equicontinuous family of functions, then every function f €
F is uniformly continuous. This is not a very deep observation at all—it is automatic
that every f € C(X,R) is uniformly continuous, since X is compact. Equicontinuity
is much stronger than the requirement that each function be uniformly continuous—
it says that given any € > 0, there is a single § > 0 that works for every f € F. This
seems like a fairly stringent requirement, so one might wonder how common such
families are. They are actually quite common, as the next result shows.

Proposition 3.3.6. Let X be a compact metric space. If (f,)52; is a uniformly
convergent sequence in C(X,R), then (fn)72 is equicontinuous.

Proof. Let e > 0 be given. Since ( f,)5°; converges uniformly, it is uniformly Cauchy.
Thus we can find a natural number N such that n > N implies

3
= vl < 5.

Since fn is continuous and X is compact, fy is uniformly continuous. Thus we can
find dp > 0 such that whenever z,y € X with d(z,y) < do,

INOEFNOIES

Thus for all n > N we have

fa(@) = (@) + | fn (@) = In @)+ N (Y) = Fa ()]
+5+5

A\
™ wlm

when d(z,y) < do.
Now we consider the case where n < N. Each f,, is uniformly continuous on X,
so for n =1,2,..., N — 1 there exists d, > 0 such that d(z,y) < J, implies

’fn(x) - fn(y)’ <Eé.

Set
6= min{éo, (51, 52, PN ,(5]\[_1}.

It is then clear that this ¢ works for each fy,, so (f,)o2; is equicontinuous. O

We are almost ready to prove the Arzela-Ascoli theorem. However, we first need
to prove two lemmas that will allow us to exploit the compactness of X. The first
lemma is a general statement about compact metric spaces.

Lemma 3.3.7. Any compact metric space is separable.
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Proof. Let X be a compact metric space. Then X is totally bounded, so for each
n € N there is a finite %—net

By = {Blni ) 1y

that covers X. Let D,, = {xm}Z’;l be the set consisting of the centers of the balls
in B, for each n. Then define
o0
D= D,.
n=1

Notice that D is a countable union of finite sets, hence countable. Furthermore, we
claim that D is dense in X. Given x € X and € > 0, choose n € N such that % <e.
Since B,, covers X, we have x € B, (z5,;) for some i. Hence
d(z,zn;) < % <&,
and it follows that D is dense in X. Thus X is separable. ]
The second lemma is a selection theorem for a sequence of functions on a count-
able set. The statement and proof are largely lifted from [Rud76, Theorem 7.23].

Lemma 3.3.8. Let E be a countable set, and let (f,)o>, be a pointwise bounded
sequence of functions on E. Then there is a subsequence (fpn, )5, that converges
pointwise on E.

Proof. Since E is countable, we will write it as
E= {l’l,l‘g,xg, .. }

By assumption, (f,)°; is pointwise bounded, so (f, (1)), is a bounded sequence
of real numbers. Therefore, the Bolzano-Weierstrass theorem guarantees that it
has a convergent subsequence. In other words, there is a subsequence (fi )32 of
(fn)o2, such that (f1x(z1))5, converges. Similarly, the (fi x(x2))72, is bounded, so
we can find a subsequence (f21)72; of (f1,1)52; such that the sequence (f2 r(22))7
converges. We can now proceed inductively, and for each m € N find a sequence
(fmk)32 such that:

o (fmk)po, is a subsequence of (fp—1.k)5e; for each m;

o (fok(xm))pe, converges. (Infact, (fmx(x))32, converges for x = x1,x2,...,Tm.)

Now we form the sequence (fy,m)o2,. If we arrange our “sequence of subsequences”
in a grid, are simply selecting the elements on the diagonal:

fiz  fiz  fia
fan foz  fou
31 f32 f34
fi1 fa2  fas
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Notice that (fm,m)o>; is a subsequence of (f,)>2, and that (fn,m(xi))5>, con-
verges for each x; € E. To verify the latter assertion, notice that when m > i,
fm,m appears as a term in the sequence (f; )72 ,. In other words, (fmm)re—; is a
subsequence of (f; ;)5 ,. Since (f;x(z:))72, converges, it follows that the sequence
(fm,m(x:))22, converges. Since x; € E was arbitrary, the subsequence (fim m)m—;
converges pointwise on F. O

Theorem 3.3.9 (Arzela-Ascoli). Let X be a compact metric space, and suppose
(fn)22 is a pointwise bounded, equicontinuous sequence in C(X,R). Then:

1. (fn)p2y is uniformly bounded.

2. (fn)22, has a uniformly convergent subsequence.

Proof. We first show the sequence is uniformly bounded. Since (f,); is equicon-
tinuous, we can find § > 0 such that d(x,y) < J implies

|fn(x) - fn(y)‘ <1

for all n. Since X is compact, hence totally bounded, we can cover X with a
finite collection of d-balls. That is, there exist finitely many points x1,x2, ..., Tm
such that the family {Bs(x;)}", covers X. Since (fy,)22, is pointwise bounded, for
i =1,2,...,m there exists M; > 0 such that

for all n. Let M = max{Mj, M, ..., M,,}. Then given x € X, we have = € Bs(z;)
for some i, so

[fr(@)] < |fn(@) = fal@)| + | folzi)| <14+ M

for all n. Thus |f,(x)] < M +1 for all n and all x € X, which implies that (f,)>2,
is uniformly bounded.

Now recall that since X is compact, it is separable by our first lemma. Let
E C X be a countable dense subset. By the second lemma, there is a subsequence
(fng)72 that converges pointwise on E. To simplify notation, we will set gr = fn,
for each k. Our goal is to show that (g;)72, converges uniformly on X.

Let € > 0 be given. The sequence (gx);2, is equicontinuous, so we can find 6 > 0
such that d(x,y) < d implies

l9e(x) = )l < 5

for all k. Since F is dense in X, the collection

{B(;(x)}er
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is an open cover of X. Since X is compact, there is a finite subcover { Bs(x;) }/*,. We
know that (gx);2, converges pointwise on E, so (gi(x;))3>, converges for 1 <i < m.
Thus we can find an N such that k,[ > N implies

€
() — gi(@i)| < 3
for i =1,...,m. (This works because we are only considering finitely many points.)

If x € X, we have x € Bs(z;) for some i, so
€
(@) — aula)| <
Therefore, for all k,1 > N,

|9 (2) = gu(@)] < lgr(2) = gr(@i)| + [gr(zi) — gi(2)| + |gu(zi) — qi(2)]
<s+§5+5

™ wlm
wolm

for all € X. Thus (g;)7, is uniformly Cauchy, so it converges uniformly. O

Using the Arzela-Ascoli theorem, we can now return to our original question
regarding compactness in C'(X,R).

Theorem 3.3.10. Let X be a compact metric space. A set F C C(X,R) is com-
pact if and only if it is uniformly closed, pointwise bounded, and equicontinuous.

Proof. Suppose first that ¥ C C(X,R) is compact. Then it is closed and bounded
as a subset of C(X,R) (i.e., it is uniformly closed and uniformly bounded), which
implies that JF is closed and pointwise bounded. We just need to establish equicon-
tinuity.

Let € > 0 be given. Since J is compact, hence totally bounded, we can cover
F with a finite number of $-balls. That is, there exist functions f1, fa,..., fm €
C(X, R) such that {B./3(f;)}i%, covers F. Since X is compact, each f; is uniformly
continuous. Thus for each ¢ we can find §; > 0 such that d(z,y) < J; implies

fi@) = i)l < 5

for 1 <i <m. Set § = min{d1,d2,...,6m}. Given f € F, we have f € B, 3(fi) for

some %, SO

[ (x) = f(y)

f(@) = fi(x)| + |fi(z) = fily)| + | fi(y) — f(v)]

)
sy

AN

(z
+

wlm

™ wlm
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when d(z,y) < §. Therefore, F is equicontinuous.

Now suppose JF is closed, pointwise bounded, and equicontinuous. Then any
sequence (fy,)22; has a uniformly convergent subsequence by the Arzela-Ascoli the-
orem. Since F is closed, the limit of this subsequence must belong to F. Therefore,
F is sequentially compact, hence compact. ]

Both versions of the Arzela-Ascoli theorem also hold for the space C(X) of
complex-valued functions on X, and the proof is nearly identical to the one we have
already given.

Theorem 3.3.11 (Complex Arzela-Ascoli). Let X be a compact metric space.

1. If a sequence (fp)02, in C(X) is pointwise bounded and equicontinuous,
then it has a uniformly convergent subsequence.

2. A set F C C(X) is compact if and only if it is uniformly closed, pointwise
bounded, and equicontinuous.

Exercises for Section 3.3

Exercise 3.3.1. Suppose (f,)52 is a sequence of differentiable functions f, :
[a,b] — R with uniformly bounded derivatives, meaning there exists M > 0 such
that for all n,

(@) < M

for all x € [a,b]. Prove that (f,,)22, is equicontinuous.

Exercise 3.3.2. Let X be a (not necessarily compact) metric space, and let ()0 ;
be a sequence of continuous functions f, : X — R. If f,, — f uniformly for some
function f : X — R and the sequence is equicontinuous, prove that f is uniformly
continuous on X.

Exercise 3.3.3 ([Rud76], Exercise 7.15). Suppose f : R — R is continuous, and
define f, : [0,1] = R by

fo(x) = f(nx), n=1,2,3,...

If we assume the sequence (f)5; is equicontinuous on [0,1], what can you say
about f7

Exercise 3.3.4 ([Rud76], Exercise 7.16). Suppose (f,)22, is an equicontinuous
sequence of functions on a compact metric space X, and (f,,)72; converges pointwise
to a function f. Prove that f,, — f uniformly.
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Exercise 3.3.5. Fix a function ¢ € C([0,1],R), and define T : C([0,1],R) —
C([0,1],R) by

T(f)(@) = /0 " F(Hg(t) dr.

If (fn)o2, is a uniformly bounded sequence in C([0,1],R), prove that (T'(fn))52,
has a uniformly convergent subsequence.

3.4 The Stone-Weierstrass Theorem

We are about to close our discussion of continuous functions on metric spaces with
another classical result from analysis, which is known as the Stone-Weierstrass the-
orem. The original form of this theorem (proven by Weierstrass) encodes an idea
that we all use (at least subconsciously) throughout our mathematical lives—the
idea of approximating continuous functions with polynomials.

More precisely, Weierstrass proved the following result: given a continuous func-
tion f : [a,b] — R on some interval [a,b] C R and any ¢ > 0, there exists a
polynomial p satisfying

[f(x) —p(a)| <&

for all z € X. If we let P([a,b]) denote the set of all polynomials (with real coeffi-
cients) on [a, b], Weierstrass’s theorem can be interpreted as saying that P([a,b]) is
dense in C([a, b], R) with respect to the supremum norm. Stone greatly generalized
this theorem—he determined conditions that guarantee a collection of functions is
dense in C(X,R), where X is a compact metric space. In order to understand
Stone’s generalization and consequently prove the Stone-Weierstrass theorem, we
need to determine the essential properties of P([a,b]) that make the original result
of Weierstrass work.

Let X be a compact metric space. We have observed repeatedly that C(X,R) is
a complete normed vector space (i.e., a Banach space) with respect to the supremum
norm ||-|| . It is actually more than that—in addition to the vector space operations,
we can multiply functions pointwise: if f,g € C(X,R), then so is fg, where

(fo)(x) = f(x)g(z), =€ X.

It is easy to check that multiplication interacts nicely with the addition and scalar
multiplication on C(X, R). Moreover, the constant function f = 1 is a multiplicative
identity, so C'(X,R) is a commutative, unital ring. A set that is simultaneously a
ring and a vector space (over a field ) is called an algebra (over F). We have just
argued that C'(X,R) is an algebra over R.

Example 3.4.1. The set P([a,b]) of polynomials on an interval [a, b] is easily seen
to be an algebra. The sum or product of two polynomials is again a polynomial,
and a scalar multiple of a polynomial is still a polynomial. In other words, P(|a,b])
is a subalgebra of C([a,b],R).
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Since polynomials do not make sense on an arbitrary metric space X, we will
just consider general subalgebras of C'(X,R) instead. Our goal is to determine
conditions that guarantee a subalgebra A C C(X,R) is dense in C(X,R). That
is, what are the crucial properties of P([a,b]) that allowed Stone to generalize the
Weierstrass approximation theorem?

Definition 3.4.2. Let A be a subalgebra of C(X,R).

1. We say that A separates points if for any pair of distinct points z,y € X,
there is a function f € A such that f(z) # f(y).

2. We say A is nowhere vanishing if for each x € X, there is a function
f € A such that f(x) # 0.

Example 3.4.3. The algebra of polynomials A = P([a,b]) separates points and
vanishes nowhere. To see that A separates points, it suffices to consider the function
f(z) = x. Notice that if x1,z9 € [a,b] with z1 # xa, then f(z1) # f(z2). Similarly,
we need only look at the constant function g = 1 to see that A is nowhere vanishing—
for any x € [a, b], we have g(z) =1 # 0.

Remark 3.4.4. The previous example shows that there are sometimes simpler
criterion that guarantee a subalgebra separates points and vanishes nowhere. Notice
that if A contains an injective function, then it automatically separates points.
Similarly, if A contains a nonzero constant function, then it vanishes nowhere. In
fact, if A contains a constant function, then it contains all constant functions on X,
since A is an algebra.

The properties described in Definition 3.4.2 are precisely the ones that guarantee
a subalgebra A C C'(X, R) is dense. Before we can prove this fact, we need a couple
of preliminary results.

Lemma 3.4.5. If A is a subalgebra of C(X,R), then its closure A is also a subal-
gebra of C(X,R).

Proof. Let f,g € A. Then there are sequences (f,)3%; and (g,)%; in C(X,R)
such that f,, — f and g, — ¢ uniformly. It is then straightforward to check that
fn+ gn — [+ g uniformly: given € > 0, if we choose N such that

& E
I frn = flloo < 5 and lgn — 9l < 2

for all n > N, then

1(fnt9n) = (f + Do < fn = flloo +llgn —9lloc <€
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when n > N. Since A is an algebra, f,,+g, € A for all n, so it follows that f+g € A.
Similarly, one can check that f,g, — fg uniformly, and that cf, — c¢f uniformly for
any constant ¢ € R. Thus A is closed under multiplication and scalar multiplication
as well, so A is an algebra. O

Lemma 3.4.6. Suppose A C C(X,R) is a subalgebra that separates points and
vanishes nowhere. For any pair of distinct points r1,z9 € X and any constants
c1,c2 € R, there is a function f € A satisfying

f1)=c1  and f(x2) = co.

Proof. Let x1,x9 € X with 1 # z9, and let ¢1,co € R. Since A separates points,
there is a function g € A such that g(z1) # g(z2), and functions h,k € A with
h(z1) # 0 and k(z2) # 0. Define u,v : X — R by

u(z) = g(x)k(x) — g(z1)h(z)
and

v(x) = g(x)h(x) — g(z2)h(z).
Then clearly u,v € A. Furthermore, u(x1) = 0 and

w(z2) = (g(x2) — g(x1))k(z2) # 0.

Similarly, v(z2) = 0 and

v(z1) = (g(a1) — g(x2))h(z1) # 0.

Now define f € A by
av(z)  cou(x)

x) = .
f(z) v(x1) u(zg)
Then it is easy to check that f(z1) = ¢ and f(x2) = co. O

We also need a very specific polynomial approximation in order to get us started.
We will follow the lead of Folland (see [Fol99, Lemma 4.47]). Consider the function
f:(—00,1] = R defined by

flz)=+v1—u.

Though we eschew the proof, f is analytic on the interval (—1,1). Its Taylor series
(centered at 0) can be computed using Newton’s binomial theorem:
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for —1 < 2 < 1, which after some massaging becomes?
o oo
B (2n-3)" (2n —2)! "
\/1—.1’—1—”5_12”/”!.% —1—ng_122n_1n!(n_1>!m ) _1<x<1

Recall that if r < 1, the series converges uniformly on [, 7] by Theorem 3.2.3.% In
fact, one can argue that this series converges at x = 1 and x = —1, so it follows from
Abel’s Theorem (see [Wad03, Theorem 7.27]) that the series converges uniformly
on [0,1]. Thus the function /1 — x can be approximated uniformly by polynomials
(namely the Taylor polynomials coming from this series) on [—1,1].

We now parlay our polynomial approximation to /1 — x into the one we really
want. Observe that for each x € [—1, 1], we have

2| = Va2 = /1 — (1 — 22)

Substituting 1 — 22 into our Taylor series for v/1 — x, we get

oo
B (2n — 2)! 2nm
ol =1- Z 22n=Ipl(n — 1)!(1 - @)
n=1
This series still converges uniformly when —1 < x < 1, so its partial sums provide
uniform polynomial approximations to the absolute value function. That is, given

any £ > 0, there exists a polynomial p : [-1,1] — R such that
||| = p(2)| <&

for all =1 < z < 1. By replacing p(z) with p(z) — p(0), we can guarantee that
p(0) = 0 as well.

With these two approximations in hand, we are now ready to state and prove
Stone’s generalization of the Weierstrass approximation theorem.

3Recall that the double factorial is defined to be
nl=nn—-2)(n—4)---6-4-2

if n is even and
nl=nn-2)(n—4)---5-3-1

if n is odd, with the convention that 0!! =1 and (—1)!! = 1. In general, one can also write

!
2n -1l = %
to simplify the double factorial of an odd integer.
4Though the series converges uniformly, that theorem says nothing about whether the series
converges uniformly to 4/1 —x. Indeed, the Taylor series for a function, even if it exists, need
not converge to the function. One usually needs to verify directly that the series converges to the
function, using either Taylor’s inequality or some other means.
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Theorem 3.4.7 (Stone-Weierstrass). Let X be a compact metric space, and
suppose A is a subalgebra of C(X,R). If A separates points and is nowhere
vanishing, then A is uniformly dense in C(X,R).

Proof. The ultimate goal is to show that if f € C(X,R) and ¢ > 0, there is a
function g € A with || f — g||,, < e. We will bootstrap our way up to this conclusion
via a series of claims.

Claim 1: If f € A, then |f| € A.
Proof of Claim 1: Suppose f € A. If f(z) = 0 for all z, then there is nothing to
prove. Therefore, assume f is not the zero function, and set g(z) = f(x)/||f| ., for
each x € X. Then g € A, and —1 < g(z) < 1 for all .

Let € > 0 be given. By the earlier discussion, there is a polynomial p : [-1,1] —
R satisfying p(0) = 0 and

€
it =pt)] <
| | 1/ lloo
for all t € [-1,1]. Now define h : X — R by h(x) = p(g(x)). Since p(0) =0 and p

is a polynomial, h € A. Moreover, for all x € X we have

|7(@) = lg(2)]] <,

SO
3

Wﬂ@ﬂ@—%ﬂ&ﬂ@H:WNmM@—U@M<HNW'WH =

In other words,

E.

I loch =11l <e.
Since the function || f||h € A, this shows that |f| € A as well.

Claim 2: If f,g € A, then fVg, fAg € A, where fV g and f Ag are the functions
defined by

(f vV 9)(x) = max{f(z),g(x)}, (fAg)(x)=min{f(r) g(x)}

for all z € X.
Proof of Claim 2: It should not be hard to convince oneself that the maximum of
two real numbers a and b can be expressed as

a+b |a—Db

b} = .
max{a, b} 5 + 5

Using this observation, it is straightforward to check that

_ g I —dl

v
fVyg 5 5
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Similar reasoning shows that

_ftg [f-dl

A
fAg 5 5

as well. But then it follows from Claim 2 and the fact that A is an algebra that
fVvg, fAgeAforany f,g e A

Claim 3: For any function f € C(X,R), any point z € X, and any € > 0, there
is a function g, € A satisfying

gm(‘r) - f(w) and gx(y> > f(y> —¢&

for all y € X. o
Proof of Claim 3: For any t € X, there exists h; € A such that

hi(x) = fx),  ha(t) = f(2)

by Lemma 3.4.6. Since each h; is continuous, there is an open set U; containing ¢
such that

hi(y) > f(y) —¢

for all y € U;.5 Since X is compact, there exists a finite collection of points
t1,t2,...,t, € X such that the collection {Uy, }7 ; covers X. Now set

gx:htl\/htg\/"'\/htn-

By inductively applying Claim 3, we see that g, € A. Furthermore, for all y € X
we have

9:(y) > fly) —¢

by construction—for each y € X, we have hy, (y) > f(y) — ¢ for some y, since the
Uy, cover X. Finally, it is immediate from the definition of the h;, that

ga:(x) = max{hh (LL’), th(.CC), N (‘T)} - f(l’)

as well. Thus g, has the desired properties.

Claim 4: Given f € C(X,R) and ¢ > 0, there exists a function g € A such that

1 =9l <e

Proof of Claim 4: For each x € X, the function g, afforded by Claim 4 is continuous,
so there is an open set V. such that

9:(y) < fly) +¢

®To make this clearer, define H = hy — f. Then H(t) = 0, so continuity allows us to find an
open neighborhood Uy of t on which H is bounded below by —¢, namely U, = H ™! ((—¢, 00)).
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for allt € V.. Since X is compact, there is a finite collection of points x1, z3, ..., T, €
X such that {V,,}, covers X. Now set

9 =9z; NGzg N N Gzy,-

Then g € A by Claim 3, and
9(y) < fly) +¢

for ally € X by construction. Since ¢,,(y) > f(y)—cforally € X fori =1,2,...,m,
it follows that

gy) > f(y) —e.

Therefore,
l9(y) — f(y)| <e

for all y € X, so the claim holds.
The main result now foll(ﬁvs from Claim 4, which shows that A is dense in
C(X,R). But A is closed, so A = C(X,R). That is, A is dense in C(X,R). O

We have already observed that if [a,b] C R is a closed interval, then the alge-
bra of polynomials on [a,b] separates points and vanishes nowhere. Therefore, we
immediately recover the Weierstrass approximation theorem.

Corollary 3.4.8 (Weierstrass). For any closed interval [a,b] C R, the algebra of
polynomials P([a,b]) is dense in C([a,b],R).

We now turn our attention to a related question that is often useful in practice:
what if we consider continuous functions f : X — C instead? That is, does the
Stone-Weierstrass theorem hold for C'(X) = C(X,C) as well? Unfortunately, a
subalgebra of C'(X) that separates points and vanishes nowhere need not be dense
in C(X). (An example is described in Exercise 3.4.3.) We need an extra condition
to make the theorem work for complex-valued functions.

Definition 3.4.9. A subalgebra A C C'(X) is self-adjoint if for all f € A, the
function f € A, where

for all z € X.

Theorem 3.4.10 (Stone-Weierstrass, complex version). Let X be a compact
metric space. If A C C(X) is a self-adjoint subalgebra that separates points and
vanishes nowhere, then A is dense in C(X).
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Proof. Let Ar C A denote the set of all real-valued functions in A. Notice that Agr
is nonempty, since 0 € Ar. Now observe that Agr separates points—if x1,z9 € X
with x1 # 9, there exists f € A with

fx1) # f(a2)

since A separates points. If we write f = u + iv with u,v € Agr, then

u=3(7+T) wd o=4(-7)

both belong to Ag, since A is self-adjoint. Moreover, we must have either u(x;) #
u(ze) or v(xy) # v(z2), so Ar separates points. It is also easy to check that Ar
vanishes nowhere: given z € X, there exists f € A such that f(z) # 0, so |f(z)| # 0.
But observe that
fl=1f-F

belongs to Ar. It now follows from the real version of the Stone-Weierstrass theorem
that AR is dense in C(X,R).

Now let f € C(X), and write f = u + iv with u,v € Ar. Let € > 0 be given.
Then there exist functions ug, vy € Agr such that

3

|u —upllo < v — vl < NG

£
V2’
Put g = ug + ivg. Then

If = 9lloe = sup | f(z) — g(2)]
zeX

= sup v/ [u(@) — uo(@)[? + o(x) — vo(@)]?

<e,

so A is dense in C(X). O

Exercises for Section 3.4

Exercise 3.4.1. Let X be a metric space containing at least two distinct points.
For each x € X, define a function f, : X — R by

fo(y) = d(z,y).

Let F = {f, : x € X}. Prove that JF separates points and vanishes nowhere.

Exercise 3.4.2. Let X = [0, 27], and let A C C(X, R) denote the set of all functions

of the form
N

flx) = Zan cosnx + by sinnx, ap,b, € R.

n=0
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(a) Prove that A is a subalgebra of C(X,R).

(b) Define the subalgebra B C C(X,R) of periodic functions by

B={f € C(X,R): f(0) = f(2m)}.

Let T = {z € C: |z| = 1} denote the unit circle in the complex plane. By
composing with the map

[0,27] = T, t~e",

we can identify B with C(T,R). Thus the Stone-Weierstrass theorem implies
that any subalgebra A C B that separates points (excluding 0 and 27) and

vanishes nowhere must be dense in B. Use these facts to prove that A is dense
in B.

Exercise 3.4.3. Let T = {z € C : |z| = 1} denote the unit circle in the complex
plane. Recall that every element of T can be written in the form e, where ¢t € R.
Let A C C(T) denote the algebra of functions of the form

N
f(eit) = Zanei"t, an € C.
n=0

(a) Show that A separates points and vanishes nowhere.

(b) Show that for every function f € A,
2m

i f(et)e' dt =0, (3.5)

and that the same is true for all f € A.

(c) Give an example of a function g € C(T) for which (3.5) does not hold. Con-
clude that A is not dense in C(T).
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Chapter 4

Lebesgue Measure and
Integration

We are now prepared to address the problems that we laid out in the introductory
chapter regarding integration on the real line. Recall that the Riemann integral has
some fatal drawbacks, particularly with respect to convergence of sequences of func-
tions. Lebesgue discovered a way to rectify these issues by overhauling Riemann’s
theory of integration. His idea was to partition the range of a function rather than
its domain, as one usually does when building Riemann sums. As we will soon
see, Lebesgue’s idea amounts to approximating an arbitrary function with piecewise
constant functions, the integrals of which are relatively easy to define.

Suppose we have a (nonnegative) constant function f = ¢ defined on some set
E C R. If E happens to be an interval [a, b], the integral of f over E is simply

/Ef=0~(b—a),

since the “area under the curve” is just a rectangle. If E is a more complicated
set, then |  J should still represent the area under the graph of f. However, this
area could be hard to determine for an arbitrary set E. Morally, it ought to still be
the product of ¢ and the “length” of E. Therefore, Lebesgue’s theory of integration
requires us to generalize the notion of length from intervals to more interesting
subsets of R.

The need to “measure” subsets of R leads us to the concept of Lebesgue mea-
sure. We seek a function u: P(R) — [0, 00] that has the following properties.

1. For any interval [a,b], we have u([a,b]) = b — a. That is, the measure of an
interval is simply its length.

2. If Eq1, Es C R are disjoint, then it would make sense to have
p(Er U Ea) = p(Er) + p(E2).

111
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In fact, we want this property to hold for countable unions of disjoint sets: if
{E;}$2, is a countable collection of pairwise disjoint sets, then

oo oo
Iz (U Ez) = ZM(ED‘
i=1 i=1
We will call this property countable additivity.

3. We would expect p to be translation-invariant, meaning the measure of a
set does not change if we shift the set by some fixed amount.

We will see that it is impossible to define a function on P(R) with all of these
properties. Our solution will be to restrict the domain of u; we will find a proper
subset £ of P(R) on which there is a function p with the requisite properties. The
sets that belong to £ will be deemed measurable sets.

The content of this chapter is based on several sources. At times we will closely
parallel the approach of [RF10], but we will also draw ideas from [WZ77] and [Fol99].

4.1 Outer Measure

We need to determine how to construct a function p that satisfies the properties
we described in the introduction. We will first construct a precursor to Lebesgue
measure, which we call the Lebesgue outer measure, or simply outer measure.
To see how it will be built, we begin with an instructive example.

Example 4.1.1. Recall that the Cantor set C' is defined as follows. We begin by
setting Cp = [0, 1], and then for each n € N we construct a set C,, by removing the
middle third of each interval appearing in C,_1. In other words, we have

Co =10,1]
Cr=[0.5] U [5.1]
Co=[0.5] U [55]V 5. 51V 5.1

We then set -
C=()Cn
n=1

How can we determine the “length” of the Cantor set? Well, for each n we see that
C,, is just a union of disjoint intervals. Hence the “length” of C,, should just be the
sum of the lengths of these intervals. If we let v([a,b]) = b — a denote the length of
an interval, we have

U(Cg) =1



4.1 Outer Measure 113

Since v(Cy) — 0 as n — oo, we would expect the measure of C' to be

u(C) = lim v(Cp) = 0.
n—oo
In the example above, we estimated the measure of the Cantor set by covering
it with intervals. It is precisely this idea that we will use to define outer measure.
First, we introduce some notation for the sake of convenience. For brevity, we will
let
E={ICR:I=]a,b] for some a,b € R}

denote the set of all closed, bounded intervals in R.! Also, we denote the length of

a closed interval I = [a, b] by
v(I) =b—a,

as in the previous example.

Definition 4.1.2. Given a set ¥ C R, we define the Lebesgue outer measure
of E to be

pr(E) = inf{Zv(Ik) : I, € £ and E C U Ik} )
k=1 k=1

Notice that we determine the outer measure of a set E by considering all possible
coverings of E by countable collections of closed intervals. This definition makes
sense for any subset of R, so we have a function p* : P(R) — [0, 00]. However, it
is not the finished product—we will need to make some modifications in order to
obtain the true definition of Lebesgue measure.

Example 4.1.3. Any singleton has outer measure 0. Let x € R, and given ¢ > 0,
define I. = [z — §,z + §]. Then we have {z} C I. and v(l:) = ¢. Thus p*({z}) <€
for all € > 0, meaning that

i ({z}) = 0.

Example 4.1.4. The work we did in Example 4.1.1 shows that the Cantor set has
outer measure 0, since

0 < p*(C) <info(Cy,) =0.

'Don’t read too much into this notation just yet. We have chosen the symbol £ for “elementary
set”. We will soon consider more general notions of outer measure an arbitrary set X, and we will
cover sets with elements of some collection £ C P(X) of elementary sets.
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Since Lebesgue measure is supposed to generalize the notion of length for inter-
vals, we would expect the outer measure of an interval to agree with its length.

Proposition 4.1.5. If I C R is a closed, bounded interval, then p*(I) = v(I).

Proof. Since I constitutes a covering of itself, we certainly have p*(I) < v(I). Sup-
pose that {I;}72, is an arbitrary covering of I by closed, bounded intervals. Let
€ > 0 be given, and for each k find J; € £ such that

I, C Jp

and
v(Ji) < (1 +e)v(Iy).

Since {J¢}72, is an open cover of the compact interval I, there is a finite subcover
{J2}N_|. Certainly we have

N N o0
Zv —i—s)ZU( (I1+¢) Zv

k=1 k=1 k=1

which holds for all € > 0. Thus

k=1

Since {I;}72, is an arbitrary covering of I, it follows that v(I) < p*(I). Hence
w(I) =v(I). O

Another reasonable property that we would expect the outer measure to have is
the following, which we term monotonicity.

Proposition 4.1.6. If Ey C Es, then p*(Ey) < p*(E2).

Proof. If {I,}32, C & is a covering of E, by intervals, then it is also a covering of

El. Thus
o0
<> ol
k=1
Since this holds for all coverings of Ea, we must have p*(E1) < p*(Es?). O

We mentioned in the introduction that Lebesgue measure should be countably
additive. As a first step toward this result, we show that outer measure is subadditive.
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Proposition 4.1.7. If {E;}5°, is a countable collection of sets, then

p* (U Ez) <> ut(Ei).
i=1 i=1

Proof. For simplicity, let E = |J;2, E;. If p*(E;) = oo for some n, then the inequal-
ity clearly holds. Therefore, we can assume p*(E;) < oo for all 4.
Let € > 0 be given. For each i, let {I,ii}ij’zl C & be a covering of F; satisfying

[o@)
S olli) < (B) + =
ki=1

Then U2 {1}, }7°_, is a covering of E, and

DD wll) < 3w (E) + 5) = e+ Y u (B,
Thus
pHE)<e+ > pi(E)
i=1
for all € > 0, and the result follows. O

Corollary 4.1.8. If E C R is countable, then p*(E) = 0.

Proof. Suppose E is countable, and write

zel

Then by the previous proposition, we have

W(E) <Y w({z})=0

zel

since singletons have outer measure 0. O

The last two properties that we will investigate relate outer measure to the
standard topology on the real line.
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Proposition 4.1.9. Let E C R. For each € > 0, there is an open set U C R
such that E C U and
W (U) < p*(E) + <.

Proof. Let € > 0 be given, and suppose {I}}32, C £ is a covering of E satisfying

> vld) < 1 (B) + 5.

k=1

For each k, choose Jj, € £ such that I}, C J; and

as desired. n

In particular, note that Proposition 4.1.9 implies that
p*(E) = inf{y*(U) : U is open and E C U}.

In other words, u* is outer regular—the outer measure of a set £ can be computed
by approximating F from the outside with open sets. If we instead replace “open”
with “Gs”, then we can actually hit the outer measure of F on the nose.

Proposition 4.1.10. If E C R, there is a Gs-set A such that E C A and
w*(4) = (E).

Proof. For each n € N, there is an open set U, such that £ C U, and
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by the Proposition 4.1.9. Put A = (2, U,. Then A is a Gs-set containing E, and

i (B) < i (4) < 4 (Un) < 2 (B) + -

for all n € N. Therefore, u*(E) = p*(A). O

Exercises for Section 4.1

Exercise 4.1.1 ([WZ77], Exercise 3.4 modified). Define a Cantor-like set K C [0, 1]
as follows: begin with Ky = [0, 1], and define K, inductively by removing the middle
fifth of each interval in K,,_;. For example, the first few such sets are

Ky =[0,1]

KQ = [07 %] U [%7 %] U [%7 %] U [%’ 1]

Now set K = (-, K,,. Compute the outer measure of K.

Exercise 4.1.2 ([RF10], Exercise 2.6). Let E denote the set of irrational numbers
in [0,1]. Prove that p*(E) = 1.

Exercise 4.1.3 ([WZ77], Exercise 3.5 modified). Define a Cantor-like set K C [0, 1]
as follows: begin with Ky = [0, 1], and define K, inductively by removing an interval
of length ﬁ from the middle of each interval in K,,_;. For example, the first few
such sets are

Ky =10,1]
Ki=1[0,3]U[5, 1]
Ky = [07 %] U [%a %] U [1127 %] U [%a 1]

Now set K = (-, K,,. Compute the outer measure of K.

4.2 Lebesgue Measurability

We now begin to single out the collection of sets on which Lebesgue measure will
actually be defined. We will use the definition from [RF10], which is originally due
to Carathéodory.
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Definition 4.2.1. A set ¥ C R is Lebesgue measurable if for every set A C R
we have

W(A) = 1'(AN B) + u" (AN E°).

Notice that since A = (AN E) U (AN E°) and outer measure is subadditive, we

always have
p(A) < p (AN E) 4 p (AN E°).

Therefore, to check that a set F is measurable, it suffices to prove that
p(ANE) + p (AN ES) < p*(A)
for all A C R.

Remark 4.2.2. Another definition for measurability, which is perhaps more intu-
itive, is given in [WZ77]: a set E is measurable if for any € > 0, there is an open set
U containing F such that

w*(U\E) < e.

In other words, a set is measurable if it is close to being an open set. Each definition
has its advantages. For example, it is immediate from the second definition that
any open set is measurable. On the other hand, it is much easier to obtain basic
properties of Lebesgue measure directly from the Carathéodory condition. We will
see later that these two definitions are equivalent.

Definition 4.2.3. If £ C R is measurable, we define its Lebesgue measure,
denoted u(FE), to be equal to the outer measure of E:

In other words, all we have done to construct Lebesgue measure is restrict the
domain of p* to a particular subset of P(R). We will denote the set of all Lebesgue
measurable sets by £. We will see later that £ is a proper subset of P(R).

As mentioned above, we can obtain some properties of Lebesgue measure some-
what quickly from the Carathédory condition for measurability.

Proposition 4.2.4. A set E C R is measurable if and only if E€ is measurable.

Proof. Clearly the Carathéodory condition is symmetric in E and E€. That is, it
holds for FE if and only if it holds for E*°. O
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Proposition 4.2.5. If u*(E) = 0, then E is measurable.

Proof. Let A C R. Since AN E C E, we have
WA E) < i*(B) = 0.
Hence p*(AN E) = 0. Similarly, AN E° C A, so

i(ANE®) < 17 (A).

Therefore,
WH(A) < 1 (AN E) + (A E°)
=0+ p" (ANE)
< u'(A).
Thus p*(A) = p* (AN E) 4+ pu*(AN E°), so E is measurable. O

As an initial step toward the countable additivity result that we have promised,
we now prove that the union of a finite collection of measurable sets is measurable.

Proposition 4.2.6. Let {E;}jL, be a finite collection of measurable sets. Then
U?:l FE; is measurable.

Proof. We proceed by induction. If n = 1, the result is trivial. For the inductive
step, it suffices to first show that the union of two measurable sets is measurable.

Suppose E1, E5 C R are measurable. Since Fs is measurable, for any A C R we
have

pH(ANEf) = p* (AN ES 0 Ep) + (AN Ef N ES)
= u (AN ETNE) + p (AN (Ey U Ey)°).

Also, notice that
AN(E1UEy) = (ANE)U(ANEy) =(ANE)U(ANEyNEY)

SO
p(AN(ELUEY)) < p* (AN Ey) + p (AN Ey N EY).

Putting this all together, we get

pr(A) = p (AN Ey) + (AN EY)
=u(ANE)) +p (ANE{NE) + p* (AN (B U E2)°)
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> (AN (E1 U Ey)) 4 p* (AN (B U Ey)°)

since 7 is measurable. It follows that Fq U E5 is measurable.
Now for the inductive hypothesis we assume U?;ll F; is measurable. Then we

observe that
n n—1
UEi= (U E) UE,
i=1

i=1

is a union of two measurable sets, so it is measurable by the discussion above. [

Corollary 4.2.7. The intersection of a finite family of measurable sets is mea-
surable.

Proof. The result is immediate from Proposition 4.2.6, De Morgan’s law, and the
fact that a set is measurable if and only if its complement is measurable. O

Next, we would like to extend the conclusion of Proposition 4.2.6 to countable
unions of measurable sets. Before we can do this, we need an additional result
regarding finite unions.

Proposition 4.2.8. Let {E;}!' ; be a finite collection of pairwise disjoint mea-
surable sets, and let A C R be any set. Then

i=1 =1

Proof. Again, we proceed by induction on n. The result clearly holds when n = 1.
Assume it holds for n — 1. Since E,, is measurable, we have

w <AanJEZ-> =pu* (AanJEmEn> + u* <AmOEmE§>.
=1 =1 =1

However, notice that
n
AN (UE1> NE,=ANE,,
i=1

since the E; are pairwise disjoint. Similarly,

o (08) o (Us).

=1 =1
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Therefore,
n n—1
w (AHUE7;> =pu (ANE,) +u* <Aﬂ Ez)
=1 =1
n—1
=p(ANE,)+ ) p(ANE)
i=1
by the inductive hypothesis, and the result follows. O

By taking A = R, we immediately obtain the following useful corollary.

Corollary 4.2.9. Let {E;}}' ;| be a finite collection of pairwise disjoint measurable

sets. Then
n n
7 (U E@) => WE;
i=1 i=1

Using Proposition 4.2.8, we can now establish that countable unions of measur-
able sets are measurable. First we need to make an observation, which will lend
itself to a proof technique that we will use repeatedly. Suppose {E;}5°; is a count-
able collection of measurable sets. We can construct a collection {A4;}3°, of disjoint
measurable sets as follows: set

A =
A9 = Ex\Eq
Az = Eg\(El U EQ),
and in general,
A= E,L\(El UEyU---U Eifl)-

Notice that each A; is measurable, since we know measurability is preserved under
finite unions, intersections, and complements. If ¢ < j, then we have A; C E;, while
E; C Ag, so A;NAj = 0. Thus the A; are pairwise disjoint. Furthermore, it is clear

that
o
Uac

since A; C E; for all i. On the other hand, if x € Uf; FE;, then z € E; for some 1.
Let ig be the smallest such i. Then z € E; for j < ig, so x € A;,. It follows that

z e ;2 A, so
oo

£C8

||
1 Cg
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Theorem 4.2.10. Let {E;}5°, be a countable collection of measurable sets. Then
Ufil FE; is measurable.

Proof. For simplicity, we let E = (J;2; E;. Replace the collection {E;}°, with a
collection of disjoint sets {A4;}5°; whose union is E, as in the discussion above. For

each n € N, put
n
n:Um
i=1

Then F,, is measurable and E¢ C ES C Ff for all n. Therefore, for any A C R we
have

1(A) = p*(AN ) + (AN FY)
WA Fy) + p* (AN E)

for each n. By Proposition 4.2.8, we have

pHANF,) = p* (UAMZ) = > w(ANA)
=1 =1

SO
B4 2 ST (AN A) + F (AN E)
=1

The left hand side does not depend on n, so

NE

pi(A) = ) p(ANA)+p (ANE")

.
Il

ANE)+p" (AN E°).

*
— =

v

7
Therefore, E is measurable. ]

The proof of the following corollary is identical to that of Corollary 4.2.7.

Corollary 4.2.11. If {E;}°, is a countable family of measurable sets, then
Nic, Ei is measurable.

We have thus far shown that the set £ of Lebesgue measurable sets is closed under
the operations of taking complements, countable unions, and countable intersections.
A collection of sets with these properties has a special name.
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Definition 4.2.12. Let X be a set. A collection of sets ¥ C P(X) is called a
o-algebra if it is closed under complements and countable unions.

By combining Proposition 4.2.4 and Theorem 4.2.10, we have already proven the
following theorem regarding Lebesgue measurable sets.

Theorem 4.2.13. The set L of Lebesgue measurable sets is a o-algebra.

As we have already observed with measurable sets, notice that a o-algebra is
automatically closed under countable intersections thanks to De Morgan’s law.

4.2.1 The Borel o-algebra

We now consider another natural o-algebra of subsets of R. First, let X be a set,
and suppose {%; }ies is a collection of o-algebras on X. It is straightforward to check
(Exercise 4.2.2) that

o=

i€l
is a o-algebra. Therefore, if £ C P(X), we can intersect all the o-algebras containing
E to obtain a o-algebra X(E), which is necessarily the smallest possible o-algebra
containing F. We call ¥(E) the o-algebra generated by E. The o-algebra we
plan to investigate is the one generated by the collection of all open sets in R.

Definition 4.2.14. The smallest o-algebra B containing all the open subsets of
R is called the Borel o-algebra. The elements of B are called Borel sets.

Notice that the Borel o-algebra necessarily contains all closed sets, all G sets,
and all F, sets. Consequently, it contains countable unions of Gy sets (called G,
sets), countable intersections of Fy, sets (called Fi; sets), and so on. We will further
investigate the hierarchy of Borel sets later on. First we will show that every open
set in R is measurable, from which it will follow that B C L.

Proposition 4.2.15. Every open interval (a,b) in R is measurable.

Proof. We begin by showing that for all a € R, the interval (a,c0) is measurable.
Let A C R. Notice that if u*(A) = oo, then the Carathéodory condition holds
trivially. Therefore, we may assume that p*(A) < co. For simplicity, we define

Ay = (a,00)NA, A= (a,00)°N A.
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Let € > 0 be given, and choose a covering {1}, of A by closed intervals such that
o
Z v(Ig) < p*(A) +e.
k=1

For each k, put I}, = I N [a,00) and I}/ = I;; N (—o0,a). Then v(I}) = v(I}) + v(I})
and {I;}¢2, and {I}/}?2, cover A; and Aj, respectively. Thus

p(Ar) < p <U1k><z v(I})

and
W) < it (U k> Z
k=1
SO
W (A) + p*(Ag) < Z I,;/ Zv I) < w(
k=1 k=1

Since this holds for all € > 0, it follows that p*(A41) + p*(A2) < p*(A), so (a,o0) is
measurable.
Now suppose a,b € R with a < b. Then (a, c0) is measurable, and we can write
(CL, b) = (a7 OO) N (_007 b)?
where (—o0,b) = [b, 00)¢ is measurable since

[b7 OO) = {b} U (b7 OO)

is measurable. Consequently, (a,b) is measurable. O

Corollary 4.2.16. Fvery open set in R is measurable.

Proof. Since R has a countable base consisting of open intervals, every open set can
be written as a countable union of measurable sets. ]

Since the Lebesgue g-algebra £ contains all open sets, it must contain the Borel
o-algebra. In other words:

Corollary 4.2.17. FEvery Borel set in R is measurable.
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We have just seen that B C L. However, it turns out that there are Lebesgue
measurable sets that are not Borel. There are a couple of ways to see this, and we
will investigate one of them now. In the next two propositions, we show that B and
L have different cardinalities. We write card A to represent the cardinality of a set
A, and we use ¢ to denote the cardinality of R.

Proposition 4.2.18. The Borel o-algebra B has cardinality c.

Proof. The proof relies on an argument by transfinite induction. Recall that 2
denotes the set of all countable ordinals. Let £ denote the collection of all open
intervals in R. Observe that £y generates the Borel o-algebra; that is, ¥(&g) = B.
Put &1 = EgU{E : E° € &y}, and for each countable ordinal o, we do the following:

1. If « is a successor ordinal, define

o0
Ea=KECR:E= U E; where {Ej};?il CéypqorEec &,y
j=1

2. If « is a limit ordinal, define

Ea=J &5

B<a

We claim that €, C ¥(&p) = B for every countable ordinal a. Clearly & C B.
Suppose « is a successor ordinal, and assume €,_1 C B and E € &,. Then either
E¢ € €41 or E is a countable union of elements of £,_1, so E € B. Therefore,
€a € B. Now suppose « is a limit ordinal and €5 C B for all 3 < a. If E € &,,
then F € €g for some B < o, so E € B by assumption. Thus &, C B for every
a € § by transfinite induction. Hence |J,cq €a € B.

Suppose that {E;}72; C Uueq €a- Then Ej C &, for some ordinal a;. Every
countable subset of {} has a supremum in (2, so we can put @ = supa;. Then
E; € &, for all j, hence U‘;‘;l Ej € Eat1. Thus (J,cq €q is closed under countable
unions, and it is clearly closed under complementation, so it is a o-algebra. Since
it contains &g, we have B C (J,cn €. But B is the smallest o-algebra containing
€0, 50 B = Jyeq €a- Since card €, < ¢ for all & € Q and card Q < ¢, it follows that
cardB < ¢. But £g C B and card g = ¢, so card B = ¢. O]

Proposition 4.2.19. The cardinality of the o-algebra L is card P(R) = 2°.

Proof. Let C denote the Cantor set. Recall that u(C') = 0, so every subset of C' has
outer measure zero and is thus measurable. But C' is uncountable, so card P(C) =
card P(R). We have already argued that P(C) C £ C P(R), so we must have
card L = card P(R). O
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Corollary 4.2.20. There are Lebesgue measurable sets in R that are not Borel.

Proof. Since card B = ¢ < 2° = card £, it follows that B is a proper subset of £. [

We will see another approach to demonstrating the existence of a non-Borel,
Lebesgue measurable set later on.

Exercises for Section 4.2

Exercise 4.2.1 ([WZ77], Exercise 3.10). Show that if £, E; C R are measurable,
then
u(Er) + p(E2) = p(E1 U Bs) + u(Er N By).

Exercise 4.2.2. Let X be a set, and let {¥;};c; be a collection of o-algebras
¥; C P(X). Prove that
o =%

el

is a o-algebra.

4.3 Further Properties of Lebesgue Measure

We now explore some additional useful properties of Lebesgue measure. First among
them is the long-promised property of countable additivity.

Theorem 4.3.1. Let {E;}°, be a countable collection of pairwise disjoint mea-

surable sets. Then
2 (U Ez) = ZM(Ei)-
i=1 i=1

Proof. Notice first that we already have
I (U EZ> < D nl(Ei)
i=1 i=1

since outer measure is countably subadditive. On the other hand, for all n € N we
have

SO
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We know Lebesgue measure is additive on finite collections of disjoint sets, so the
left hand side equals )" | u(E;). Thus

Z,“(Ei) < (U Ez) .
i—1

i=1

This inequality holds for all n, so letting n — oo on the left hand side, we obtain

Zu(Ez‘) <pu (U Ez) ;
=1 i=1

and the result follows. O

The next result allows one to easily compute the measure of a set that can be
realized as a “limit” of a nested sequence of sets. It is often called continuity of
measure.

Theorem 4.3.2. Let {E;}°, be a countable collection of measurable sets.

1. If E1 C Es C E3C -+, then
o0
1 <U1 E) = lim p(E;).
1=
2. If By D FEy D E3D -+ and pu(Ey) < 0o, then

7 (ﬂ Ez> = lim 1(E;).

=1

Proof. Suppose first that By C Ey C E3 C --- and let E = 2, E;. If p(E;) = o0
for any 4, then (1) holds trivially. Therefore, we may assume that u(FE;) < oo for all
i. As in the discussion preceding Theorem 4.2.10, we replace {£;}7°, with a disjoint
family of measurable sets {A4;}7°, by setting A, = E; and

i—1
Ai=E\ || JE; | =E\Ei
j=1

for all ¢ > 2. Since |J;2, 4; = E, we have

u(B) = 3 u(4)
=1
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= (A1) + Y [u(E) = p(Eiv)],
=2

where we have used the fact that
Ei=Ei1U(E\E;i1)
to write
EN\E;i—1) = p(E;) — p(Ei-1).

The above sum is telescoping, and we have

WE) = p(Er) + lim p(E;) = p(Er) = lim u(E;).

i—00

This establishes (1).
Now suppose Ey 2 Ey D E3 D -+ and pu(E;) < oo, and let E = (2, E;. For
each i, define B; = F1\E;. Then B; C By C B3 C ---, so we have

Z (U Bz-) = g w5
=1

by (1). Now notice that

o0

UBi={JEnE)
=1

=1

|
&
D)
~
(G
5
~—

Il
fa

I
&
D)
—
DX
=
~

=1
Thus
0 (U Bi) = u(Er) — p (ﬂ Ez) ;
i—1 i=1

while

lim pu(B;) = lim [p(Er) — p(E)] = p(Br) — lim pu(E;).

71— 00 71— 00 12— 00
Hence

pw(Er) — p <ﬂ Ez) = p(Er) — lim p(E;),
i=1

1—>00
and since p(Ep) is finite, we have

% (ﬂ Ez) = leglo p(E;). O

1=1
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Remark 4.3.3. The hypothesis that u(E;) < oo in part 2 of Theorem 4.3.2 is
essential. In particular, take E; = [i,00) for each i. Then

Ei1DFE,DFE3D -

and p(E;) = oo for all 4, so lim;_, u(E;) = oco. However,

ﬂ E; =10,
i=1

so the intersection has measure zero.

Next, we establish the equivalence between the Carathéodory condition and the
definition of measurability given in [WZ77]. As a byproduct, we gain the ability to
approximate measurable sets with open, closed, G, and F, sets.

Theorem 4.3.4. Let E C R. The following are equivalent:

~

. E is measurable.

2. For any e > 0, there is an open set U containing E such that p*(U\E) < ¢.
3. There exists a Gs set A containing E with p*(A\E) = 0.

4. For any € > 0, there is a closed set F' C E such that p*(E\F) < €.

5

. There exists an Fy set B C E with p*(E\B) = 0.

Proof. (1 = 2) Suppose E is measurable. Assume first that pu(E) is finite, and let
€ > 0 be given. Then there exists an open set U containing F with

p'(U) < p*(E) +e.
Since E is measurable,
p'(U) = p*(UNE) + p*(UNE°),

W (U\B) = p"(U) — i (E) < <.

Now assume p(E) = oco. Then we can express E as a union E = |J;2, E;, where
w(E;) < oo for all ¢ and the E; are pairwise disjoint. (Intersect E with each interval
[n,n+1) for n € Z, for example.) For each ¢, find an open set U; containing E; such
that p*(U\E;) < 5. Put U = U2, Ui. Then U is open and contains E, and

U\E = (GUi>ﬂEC:G[UiﬁEC] C

i=1 i=1

Na:
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Thus

o0
9

pHU\E) <Y @ (UNE;) = 5 =&

i=1 i=1
o (2) holds.
(2 = 3) For each n € N, we can find an open set U, containing E such that
p*(U\E) < 1. Put A=, U,. Then Ais a Gs set, E C A, and

W(A\E) < 1" (U\E) < —

for all n € N. Thus p*(A\E) = 0.
(3 = 1) Let A be a Gy set satisfying £ C A and p*(A\E) = 0. Then A\F is
measurable, as is A. Since we can write

E = A\(A\B),

it follows that E is measurable.
(1 & 4) Let € > 0 be given. If E is measurable, then so is E¢. Thus there exists
an open set U D E° such that p*(U\E) < ¢ by (2). But F = U¢ is closed, F' C E,
and
E\F=ENF°=FENU =UnN(E) =U\E".

Thus p*(E\F) < €. The converse is proved similarly.

(1 & 5) If E is measurable, then so is E€, so there is a G5 set A with E¢ C A and
w (A\E) = 0. Put B = A°. Then B is an F,, with B C E. Moreover, E\B = A\ E¢,
so p*(E\B) = 0. The converse is similar. O

There is one more crucial property of Lebesgue measure that we have promised,
and that we will now establish: Lebesgue measure is translation-invariant. First,
we need to introduce some notation: given a set A C R and a point x € R, we let

At+z={y+z:yc A}

denote the set obtained by translating A by x.

Proposition 4.3.5. Outer measure is translation invariant. That is, if A C R
and ¢ € R, then
1w (A+ ) = 1" (A).

Proof. Let A C R and x € R. Let {I;}7°, be a covering of A by closed intervals.
Then clearly {Ij, + 2}, is a covering of A+ x by closed intervals, and v(I} + ) =
v(Iy) for all k. Thus

(A+z) < Zv Ik—|—:n):Zv(Ik

k=1 k=1
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Taking the infimum of the right hand side over all possible coverings of A yields
p*(A+ ) < p*(A). On the other hand, if {J,}32, is a covering of A 4 z, then
{Jr—x}72 is a covering of A, and a similar argument shows that ;1*(A) < p*(A+x).
It follows that pu*(A + z) = u*(A). O

Proposition 4.3.6. Suppose E C R is measurable. Then E + x is measurable
for all x € R.

Proof. Let € > 0 be given, and find an open set U containing E such that u*(U\E) <
€. Let x € R. Then it is straightforward to check that U +x is open, E+x C U +x,
and

U+ 2)\(E+z)=(U\E) + .

Thus
p (U +2)\(E + ) = p*(U\E) + )
— 1*(U\E)
<e&.
Therefore, E + x is measurable. O

Exercises for Section 4.3

Exercise 4.3.1. Suppose E C R is measurable with u(F) < co. Show that for any
€ > 0, there is a compact set K C FE satisfying

W(E) < u(K) +-=.

Conclude that
p(E) =sup{p(K) : K C E is compact}.

Exercise 4.3.2. Let E C R be a measurable set with u(E) = oco. Prove that there
is a measurable set A C F with

0 < p(A) < 0.

This condition says that Lebesgue measure is semifinite.

4.4 Transformations and Non-measurable Sets

When we defined the Lebesgue measure on R, we did so by first defining outer
measure, and then restricting the domain of p* to so-called measurable sets. The
fact that certain sets should be deemed “measurable” seems to indicate that some
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subsets of R might not satisfy the Carathéodory condition. With the results of the
last section, we now all the tools we need to demonstrate the existence of such sets.

We now begin to describe the construction of non-measurable sets, which are
often called Vitali sets. We will see in the proof that there are actually infinitely
many such sets. The idea is to construct a set that is so complicated geometrically
that it is impossible to assign a reasonable notion of length to it.

Theorem 4.4.1 (Vitali). There exist subsets of R that are not Lebesque mea-
surable.

Proof. First we define an equivalence relation on the interval [0,1) by
x ~yif and only if x —y € Q.

Now construct a set N C [0,1) by choosing exactly one element from each of the
resulting equivalence classes. For each r € QN [0, 1), define

N, ={(x+r)mod1:xz € N}
Recall that (x 4+ r) mod 1 denotes the non-integer part of = + 7:

T+r Hfo<z<l-—r

(x+r)mod 1= )
z+r—1 fl—-r<z<l.

We claim that the sets NN, partition [0, 1).
e Suppose z € [0,1), and let y be the unique element of N satisfying x ~ .

Then we let r = x —yifx >yorr =x—y+1if x < y. Observe that
reQnl0,1) and x = (y +r) mod 1, so x € N,. It follows that

U ~=[00).

reQN(o,1)

e Now let r,s € QN [0,1), and suppose = € N, N Ns. Then = = (y + r) mod 1
and = (z + s) mod 1 for some y, z € N, meaning that

(y+r)—(24+s)=y—2)+(r—s)=0or1,
soy—z € Q. That is, y ~ z. Since N contains only one element from each

equivalence class, we must have y = z. But then it is not hard to check that
r = s. It follows that N, N Ny = 0 if r # s.
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Now we assume that N is measurable. Then N, is a measurable set for all
r € QnNJ[0,1), since we can write

N, = [(NO[0,1=r)+r]U[(NN[1=r1))+7r—1].
Furthermore, this decomposition shows that

The countable additivity of Lebesgue measure then implies that

p([0,1)) = p (U Nr> => u(N;) =D p(N).

Notice that the right hand side is finite if and only if x(/N) = 0. However, in this
case we would have p([0,1)) = 0, which contradicts the fact that p([0,1)) = 1.
Therefore, it must be the case that N is not measurable. ]

There is one step in the proof of Vitali’s theorem that is fairly subtle. We
constructed the non-measurable set N by defining an equivalence relations and then
choosing precisely one element from each equivalence class. While it might seem
obvious that we should be able to do such a thing, this part of the proof relies
heavily on a certain axiom from set theory—the Aziom of Choice.

Axiom of Choice. Given an arbitrary collection {X;}icr of nonempty sets, there
exists a function f: X — |U;c; Xi such that
f(i) € X;

for all i.

Intuitively, the Axiom of Choice (which we abbreviate as AC) guarantees the
existence of a choice function—it tell us that there is a way to choose exactly one
element from each set in our collection. (Note that this is precisely what we did in
the proof of Vitali’s theorem.) This may seem innocuous (and obvious!), but we can
consider a thought experiment (due to Bertrand Russell) to show that there really
is something to AC.

Example 4.4.2. Suppose we have an infinite collection of pairs of shoes. That is,
we have a collection {X;};cr, where each X; denotes a pair of shoes and the index
set [ is infinite. There is an obvious way to define a choice function—we could
simply take the left shoe from each pair, say. Indeed, we do not need to appeal to
AC to know that such a choice is possible.
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Suppose now that our sets X; consist of pairs of socks. How do we choose a sock
from each pair? It is generally impossible to distinguish left socks from right socks,
so our trick for shoes will not work here. We could instead try to construct a choice
function by brute force—we choose one sock from the first pair, one sock from the
second pair, one sock from the third pair, and so on. However, this process will
never terminate. (Note that it also assumes the index set is countable.) We need
AC to guarantee that there is a way to choose one sock from each pair.

It is known that AC is independent of the usual Zermelo-Fraenkel (ZF) axioms
for set theory. Therefore, it is often taken as an additional axiom, leading to the so-
called ZFC axioms for set theory. Some mathematicians express reservations about
doing so, since AC is logically equivalent to some strange results. Foremost among
them are Zorn’s lemma and the well-ordering theorem. (The latter result is the one
that gives many people pause.) However, most mathematicians accept the Axiom
of Choice, since it (or one of its variants) is necessary to prove many important
theorems in mathematics, including the ones listed below.

e There exist subsets of R that are not Lebesgue measurable.
e Every vector space has a basis.
e Every nontrivial ring contains a maximal ideal.

e Every field has an algebraic closure (i.e., a field extension over which every
polynomial factors completely).

e The Baire Category Theorem.
e Tychonoff’s Theorem. (An arbitrary Cartesian product of compact spaces is
compact in the product topology.)
4.4.1 Lipschitz Transformations

We now close our discussion of Lebesgue measure with a question: under what
conditions does a function f: R — R preserve measurability? Recall the following
definition.

Definition 4.4.3. A function f : R — R is Lipschitz if there is a constant
a > 0 such that

[f(z) = f(y)l < alz -y
for all z,y € R.

It is straightforward to check that a Lipschitz function is automatically contin-
uous. Also, the Mean Value Theorem guarantees that a function with bounded
derivative is necessarily Lipschitz.
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Theorem 4.4.4. If f : R — R is Lipschitz and E C R is measurable, then f(E)
1s measurable.

Proof. Suppose f is Lipschitz with Lipschitz constant «. We first show that f
takes F, sets to F, sets. Suppose first that ' C R is closed. Then we can write
F =2, Ki, where each Kj; is compact. Since f is continuous, f(Kj;) is compact
for each i. Therefore,

FF) = | £(50)
=1

is an F, set. Now if A = Uf; F; is an F,,, where each F; is closed, then

F(a) = ()
i=1

is a countable union of F), sets, hence it is an F,.

Now we show that if Z C R has measure zero, then u(f(Z)) = 0 as well. Let
e > 0 be given, and let {I;}?2, be a covering of Z with } 72, v(I;) < £. Then
clearly we have

12y < | 1),

and

SO

This holds for all € > 0, so u*(f(Z)) = 0.

Now suppose E is measurable, and write £ = AU Z where A is an F, set and
Z has measure zero. Then

f(E)=f(A)Uf(2)

is the union of an F, and a null set, so f(F) is measurable. O

In general, a continuous image of a measurable set need not be measurable. We
exhibit a continuous function with this property below.
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4.4.2 The Cantor Function

We now set out to construct a quite bizarre function ¢ : [0,1] — R, which is very
closely related to the Cantor set. This approach is closely adapted from the one in
[RF10]. We begin by defining

fl(ﬂﬁ):{

e 1
if 3 <z <

O =
wino

otherwise,

then
if § <<
if%g x <

"
—
&
N
(et NN
©l00 Ol

otherwise,

and
27 =% = 27

27 — 7 — 27

¢ 19 20

e 25 26
1f—§x§ﬁ

fa(x) =

O 00l~3 ool 0ol ol

otherwise.

In general we define f, to be 2;;1 on the ith interval removed at the nth step in

the construction of the Cantor set, and zero elsewhere. We then let

f@) =" fulx)
n=1

for all € [0,1]. For each x € [0,1], there is only one n for which f,(x) # 0, so it
follows easily that this series converges for all values of z. Notice also that f(x) =0
for all x € C'. On the other hand, if we let U = [0, 1]\C, then f is increasing on U.
It turns out that we can actually modify the values of f on C' to obtain a function
that is increasing on [0, 1]. If z € C, we define

sz =sup{f(t):t <z andt € U}.

gp(a:):{f(x) ifxeU

Sy ifxeC

We then set

for all = € [0, 1]. The function ¢ is called the Cantor function, or sometimes the
Cantor-Lebesgue function. It is also referred to as the devil’s staircase, which
seems apt when one considers the graph of ¢ in Figure 4.1.

Remark 4.4.5. There are several other ways of defining the Cantor function. A
recursive definition is given in [WZ77]. There is also an algorithm for computing
values of the Cantor function that is equivalent to what we have done here:
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0.8
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0.2 0.4 0.6 0.8 1.0

Figure 4.1: The Cantor function. (Image generated in Mathematica.)

1. Given a number z € [0, 1], write out the ternary (i.e., base 3) expansion of z.

2. Find the first 1 in the ternary expansion of z (if there is a 1), and change every
digit afterward to 0.

3. Change all 2s to 1s, and interpret the result as the binary expansion of some
number ¢(z).

For example, the ternary expansion of % is
1 =(0.1111...)3,

so we truncate after the first 1 to get 0.1, and then interpret this as a binary number.
Thus

p(3) = (0.1)2 = 3

Similarly,
©(3) = ¢((0.020202. . .)3) = (0.010101...); = 3.

It is not hard to check that if a point x is deleted at the nth step in the construction
of the Cantor set, then ¢(x) = f,(x), so this definition agrees with ours.

It is not hard to see that the Cantor function is increasing on [0, 1]. We already
knew it was increasing when restricted to U = [0, 1]\C, and we have defined ¢ on
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C in such a way that it is increasing everywhere. It follows from a well-known fact
in real analysis that if ¢ has any discontinuities, they must be jump discontinuities.
We use this observation to show that ¢ is actually continuous throughout [0, 1].

Proposition 4.4.6. The Cantor function is continuous on [0, 1].

Proof. First notice that ¢ is continuous at each point zg & C| since it is piecewise
constant on U. By our observation above, we know that ¢ can only have jump
discontinuities. Therefore, to show that f is continuous at each point zg € C, it
suffices to show that

lim @(z) = lim @(x).
=T a:—)a:S'

(Note that if 9 = 0 or zzp = 1, we need to consider a single one-sided limit. The
proof in those cases is similar to what follows.) Since ¢ is increasing, we have

lim ¢(z) = sup p(z)

T r<x0

and

lim ¢(x) = inf p(x).

S, pla) = inf o(z)
Notice that the left-hand limit equals ¢(zg) by definition, so ¢ is continuous from
the left by construction. It suffices to show that the right-hand limit equals ¢(zg)
as well.

Let € > 0 be given, and choose N such that QLN < e. Let Uy = |0, 1]\ﬂ,]:[:1 Chn
denote the set of all points removed in the first N steps in the construction of the
Cantor set. Then Uy is a union of 2V~ disjoint open intervals, and for each point
z € Uy we have

N
p(z) =) fulz).

Since at most one term in this partial sum is nonzero, it is easy to check that the
possible values of ¢ on Uy are {QLN tk=1,2,...,2V —1}. Since x¢ € C, it must lie
between two of the intervals in Uy ; choose a point ay from the first interval and by
from the second. Then we have ay < x¢ < by and by the above discussion there is
some k for which
k k—1 1
o(bn) — plan) = 9N T 9N = oN <e.
It follows that
p(bn) < p(x0) + €.

Since we can find such a point for any € > 0, we have

¢(wo) = inf p(z),

Tr>x0

S0 ¢ is continuous from the right. Thus ¢ is continuous at zg, and we are done. [
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The Cantor function has some other more surprising properties. First observe
that since ¢ is piecewise constant on the open set U, it is differentiable on U with
¢'(z) = 0 for all x € U. On the other hand, ¢ fails to be differentiable at each
point of C. (See [DMRV06, Proposition 9.1].) Thus the Cantor function has the
following remarkable property: it is differentiable almost everywhere (i.e., except on
a set of measure zero), and its derivative is zero whenever it exists, yet ¢ manages
to increase from 0 to 1 without exhibiting any jump discontinuities. In other words,
the Cantor function is an example of a Lebesgue singular function.

If we modify the Cantor function slightly, we can obtain function exhibiting
other kinds of strange behavior. Define

Notice that v is continuous and strictly increasing, since ¢ is continuous and in-
creasing and f(x) = z is continuous and strictly increasing. Since (0) = 0 and
(1) = 2, the Intermediate Value Theorem guarantees that ¢ maps [0, 1] onto [0, 2].
What happens to the Cantor set under this map?

Proposition 4.4.7. The function b maps the Cantor set onto a set of positive
Lebesgue measure.

Proof. We begin by writing [0, 1] = C U U. For simplicity, let V' = (U). Then
[0,2] =¢(C)UV,

where ¥(C) NV = (). Since v is continuous and strictly increasing, it is a home-
omorphism. In particular, it is an open map, so V is open and t(C) is closed.
Consequently, both sets are measurable. We aim to show that (V') = 1, which will
imply that u(¢(C)) =1 as well. Write

o) 2k—1

U=J U L

n=1 k=1

where I, ;. denotes the kth open interval removed at the nth step in the construction
of C'. Then

oo 271

v=U U ¢

n=1 k=1

Since the intervals I,, ;, are pairwise disjoint and 1 is one-to-one, the sets ¥ (1, 1) are
pairwise disjoint as well. Moreover, if x € I,, , we have

2k _ 1

Ya) =+
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so v simply translates each interval I,, j, by % Thus

o) 2n—1 2n—1

p(V) =3 npTnp) = > Y pllng) = p(U) = 1.
n=1 k=1 n=1 k=1
It now follows that ¢(C') has positive measure. O

We can milk one more bizarre fact out of this last result. Since ¢(C) has positive
measure, a modification of Vitali’s theorem shows that it contains a non-measurable
subset W. Then 1 ~!(WW) is a subset of the Cantor set, so it has outer measure zero,
and is therefore measurable. But

so we have a measurable that maps onto a non-measurable set. Thus the continuous
image of a measurable set need not be measurable. Note that we also obtain a way
of constructing a Lebesgue measurable set that is not Borel. In particular, the set
1 (W) C C is Lebesgue measurable, but it cannot be Borel. If it were Borel, then
its image under ¥ would be be Borel (since 1 is continuous). In other words, W
would be Borel, hence Lebesgue measurable.

Exercises for Section 4.4

Exercise 4.4.1. Suppose Z C R has measure zero. Show that the set
{arctan(z) : z € Z}
also has measure zero.

Exercise 4.4.2. Show by example that outer measure is not countably additive.
That is, show there exists a countable, pairwise disjoint collection of sets {E;}32,

such that
o0 o0
< (Us) < w
i=1 i=1

4.5 Measurable Functions

Now that we have established all of the essential properties of Lebesgue measure,
we can move toward constructing Lebesgue’s theory of integration. In order to do
so, we first need to single out the sorts of functions that we will be allowed to
integrate. Recall that Lebesgue’s approach to integration (loosely speaking) was to
partition the range of a function f with intervals, and then consider the measure of
the preimage of each interval under f. In other words, we might want to find the
measure of a set of the form

{zr:a< f(z) <b}
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for some a,b € R. For this to make sense, we will need to ensure that such sets are
indeed measurable. This leads us to the definition of a measurable function.

Let us make two notes before we proceed. First, we will now allow our functions
to take values in the extended real numbers. That is, given a set £ C R, we will
consider functions f : F — [—00,400]. Second, we will assume throughout this
discussion that the domain E is measurable.

Definition 4.5.1. Let £ C R be a measurable set. We will say that a function
f: E — [—00,+0o0] is measurable if for each a € R, the set

{reFE: f(z)>a}

is measurable.

To simplify notation, we will often use the abbreviation {f > a} to represent the
set {x : f(z) > a}. We will also use other similar abbreviations, such as {f < a},
{f <a}, and {f = a}, each of whose meanings should be clear.

We now proceed in proving several important properties of measurable functions.
Most follow quickly from facts we have already established about Lebesgue measure,
so the proofs are fairly short.

Theorem 4.5.2. Let f : E — [—00,+00] be an extended real-valued function.
The following are equivalent:

1. f is measurable.
2. For all a € R, the set {f > a} is measurable.
3. For all a € R, the set {f < a} is measurable.

4. For all a € R, the set {f < a} is measurable.

Proof. (1 = 2) Assume f is measurable, and let a € R. Then for each k£ € N, the
set {f >a— %} is measurable. It is then easy to check that

{(fza}={f>a-3}

k=1

and this set is measurable since it is an intersection of countably many measurable
sets.

(2 = 3) This follows immediately from the observation that {f < a} = {f > a}*
and that the complement of a measurable set is measurable.
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(3 = 4) This is similar to the proof of the first implication. By assumption, sets
of the form {f < a+ 1} are measurable for all k € N, so

{(f<ay=({f<a+y}

k=1

is measurable.
(4 = 1) This again follows by taking complements—we just use the fact that for
alla € R, {f > a} = {f <a}° O

Theorem 4.5.3. Let f : E — [—00, +00]| be a measurable function. Then:

1. For all a € R, the set {f = a} is measurable.

2. For all a,b € R with a < b, the sets {a < f < b} and {a < f < b} are
measurable.

3. The sets {f = —oo}, {f = +oo}, {f > —o0}, and {f < +o0} are measur-
able.

Proof. For the first assertion, let a € R and write

{f=at={fza}n{f <a}.

Since f is measurable, both sets on the right hand side are measurable by the
previous theorem. Thus {f = a} is measurable.
Now let a,b € R with a < b. Then we can write

{a<f<b}={f>a}n{f <0},
which is measurable by the previous theorem. Similarly, we have
{a<f<bl={fza}n{f b},

so {a < f < b} is measurable.
Finally, observe that

{f = +oo} = ({f >k},
k=1

so {f = 400} is measurable. A similar argument works for {f = —oco}. We can
then conclude that
{f < oo} = E\{f = +00}*

is measurable, and similarly for {f > —oo}. O
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Proposition 4.5.4. A function f : E — [—00,+00] is measurable if and only if
{a < f < 400} is measurable for all a € R and {f = +oo} is measurable.

Proof. 1f f is measurable, then all of the sets listed above are clearly measurable.
To establish the converse, let a € R, and write

{f>a} ={a<f<+oo}U{f=+o0}.
The right hand side is measurable by assumption, so f is measurable. O

We will now establish a connection between measurable functions and continuity.
To start, we exhibit a characterization of measurability in terms of open sets, which
is reminiscent of the topological definition of continuity.

Theorem 4.5.5. A function f : E — [—o0,+00] is measurable if and only if
{f = 400} is measurable and f~Y(U) is measurable for every open set U C R.

Proof. Assume f is measurable. Then {f = +oo} is measurable, so suppose U C R
is open. Recall that we can write U as a union of countably many open intervals:

U= (ar: br)-
k=1

Therefore,
) = (kb)) = Jfar < £ < b},
k=1 k=1

which is measurable.
Now let a € R, and write {f > a} = {a < f < o0} U{f = +0o0}. Observe that

{a < f<+4o0} = ffl((a, 00))

is the preimage of an open set, so it is measurable by assumption. Since {f = +oo}
is assumed to be measurable, {f > a} is measurable. Hence f is measurable. O

Corollary 4.5.6. Any continuous function f: E — R is measurable.

Proof. Since f is continuous, it only assumes finite values. Also, if U C R is open,
then f~1(U) is relatively open in E, hence measurable. O
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We will now see that we can often ignore sets of measure zero when working with
measurable functions. To that end, we say a property holds almost everywhere
for a function (abbreviated a.e.) if it holds everywhere except possibly on a set of
measure zero. As an example, if f and g are functions, we write f = g a.e. to
indicate that

n({a: f(x) # gla)}) = 0.

Proposition 4.5.7. If f = g a.e. and f is measurable, then g is also measurable.
Moreover,

u({f >a}) = u({g > a})
for alla € R.

Proof. Let Z = {f # g} and put A = E\Z. Then for any a € R,

{reFE:g(x)>a={xeA:g(x)>atU{z e Z:g(x) >a}
={zc€A: f(z)>alU{zreZ:g(x)>a}l.
The first set is simply {f > a} N A, so it is measurable since f is measurable. The
second set has outer measure zero (since it lies inside Z), hence it is measurable.

Thus {g > a} is measurable for all a, so g is measurable. For the second assertion,
notice that

1({g > a})

p({f>atnA)+pu({g>a}nz)
p({f>a}nA)+p({f>a}nNZ)
p({f > a}),

where we have again used the fact that any subset of Z has measure 0. 0

Next we show that linear combinations and products of measurable functions
are still measurable. Let us first make a couple of observations. Suppose f,g :
E — [—00,+00] are measurable functions. We will run into problems if we have
f(z) = 400 and g(x) = —oco for a particular value of . In particular, (f + g)(z) is
not well-defined in this case. For this reason, we assume f and g are finite a.e., so
that the set

Z={x€eFE: f(r) =10 or g(x) = +oo}

has measure zero. We can then define f 4 g however we want on Z without affecting
measurability. We will prove the next theorem under the assumption that f and g
are finite, and the case where they are finite a.e. is left as an exercise.

Theorem 4.5.8. Suppose f and g are finite measurable functions on E, and let
a € R. Then:
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1. f+ g is measurable.
2. af is measurable.

3. fg is measurable.

Proof. Let a € R. Notice that if f(x)+ g(z) > a, then f(z) > a — g(x), and we can
find a rational number ¢ such that

f(x)>qg>a—g(x).

Thus
{(f+g>at=J{f>a3n{g>q-a}
q€Q

Each set in this union is measurable since f and g are, so we have a countable union
of measurable sets. It follows that f + g is measurable.

For the second assertion, notice that the result is immediate if a = 0. Therefore,
assume « # 0, and let a € R. Then

{af >a} ={f >3}

when o > 0, or
{af >a}={f<3}

when a < 0. In either case, we have a measurable set since f is measurable. Thus
af is measurable.

For the last assertion, we first show that f? is measurable. Notice that if a > 0,
then (f(z))? > a if and only if f(x) > /a or f(x) < —/a. Thus

{f?>a} ={f > Va}u{f < —Va}

is measurable. (Note that if @ < 0, then {f%2 > a} = {f? > 0} = E.) Now we can
write

fog=3[(f+9? -1 =4,
which is measurable since f, g, and f + g are all measurable. O
As we will see shortly, composition of measurable functions is not so nice. First

we obtain a positive result under the assumption that one of the functions is con-
tinuous.

Theorem 4.5.9. Suppose f : E — R is measurable, and suppose g : R — R is
continuous. Then g o f is measurable.
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Proof. Suppose U C R is open. Then g~ 1(U) is open since g is continuous. Hence

(go /)7HU) =g 1 (U))
is measurable for all open sets U, so g o f is measurable. ]

Example 4.5.10. It is not the case in general that a composition of two measurable
functions is measurable. Let ¢ : [0,1] — R denote the Cantor function, and let
Y(x) = p(x) + x. Recall that ¢(C) contains a non-measurable subset W. Put
E =~ Y(W), and let xg denote the indicator function of E:

(2) 1 ifzekF
xTr) =
XE 0 ifzgFE.

Notice that x g is measurable since E is. (We will prove a general result of this sort
very soon.) Moreover, ¢~! is continuous, hence measurable. However,

(xeoy™ ) H{1}) =w(E) =W
is not measurable, so yg o1 ~! cannot be measurable.

For the rest of this section, we consider results on sequences of measurable func-
tions. Ultimately, we will show that the pointwise limit of a sequence of measurable
functions is measurable. As a first step, we begin with the pointwise supremum and
infimum.

Theorem 4.5.11. Let (f,)02 be a sequence of measurable functions on a set E.
Then sup f,, and inf f,, are measurable.

Proof. Let a € R. Notice that if z € E, sup f,(x) > a if and only if f,(z) > a for
some n. Thus

{sup fr, > a} = U{fn > a}.

The right hand side is measurable since each f, is measurable. Thus sup f, is
measurable. Similarly, we have

{inf f, < a} = |J{fn < a},

n=1

so inf f,, is measurable. O
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Remark 4.5.12. As a special case of Theorem 4.5.11 (or more appropriately, as
simple adaptation of its proof), notice that if (fy)}'_, is a finite collection of func-
tions, then the pointwise maximum and minimum

max fi min fg
1§kgnf’ 1§k§nf

are measurable. In particular, the pointwise maximum or minimum of a pair of
measurable functions is measurable. As an example,

|| = max{f, —f},

is measurable for any measurable function f. Two other important examples that
we will encounter are

fT =max{f,0},
and
f~ = —min{f,0}.
Notice that both f* and f~ are positive functions, and we can write
f=f—f.

Thus we can write any function as a linear combination of positive functions, which
will reduce many of our future arguments to ones about positive functions. Further-
more, observe that f is measurable if and only if f* and f~ are both measurable.

Remark 4.5.13. We now recall two important concepts from the study of sequences

of real numbers. Notice that if (x,,)2°; is a bounded sequence in R, the sequence
()52, defined by

Sp = Sup Ty
k>n

is decreasing and bounded below. Thus it converges, and we can define the limit
superior of (z,)7 by

limsupz, = lim s, = lim sup z; = inf sup xj.

Similarly, the sequence (1) ; defined by
l, = inf
is increasing and bounded above, and we define the limit inferior of (z,)2; to be

liminf z, = lim [, = lim inf x; = sup inf zg.
n—00 n— 00 n—o0 k>n n k>n

It is straightforward to check that

lim inf z,, < limsup zy, (4.1)
n=rCO n—00
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and that (x,)52, converges if and only if

limsup z,, = liminf x, = lim z,.
n—00 n—r00 n—+00
It is also worth noting that lim sup z,, is the largest possible subsequential limit of
(x5)02 1, while liminf z,, is the smallest one.
If the sequence (x,)5°; is not bounded, then we may have to modify our defini-
tions. In particular, if (s,)5; is not bounded below, we set

lim sup x,, = —o0,
n—oo

and if (1,)0°, fails to be bounded above, we define

liminf z,, = co.
n—oo

However, notice that (4.1) implies that in the first case, liminf z,, = —o0 as well, so
T, — —oo. Similarly, in the second case we must have x,, — oco. Thus the limits
superior and inferior will generally be finite, unless the sequence diverges to +oc.

Of course if we have a sequence of real-valued functions, it makes sense to take
the limsup or liminf of the sequence pointwise. Our next result shows that these
operations preserve measurability.

Theorem 4.5.14. Let (f,)52, be a sequence of measurable functions. Then

limsup f,, liminf f,
n—00 n—00

are measurable. In particular, if lim f,, exists a.e., then it is measurable.

Proof. Recall that
limsup f,, = inf {sup fk} .

n—oo k>n
Since each fy is measurable, supy,, fi is measurable for all n by Theorem 4.5.11.
Therefore, inf, supy,, fr is measurable, again by Theorem 4.5.11. Thus limsup f,
is measurable. The argument for liminf f,, is done similarly, using the fact that

liminf f, = sup { inf fk} .
n—oo n k>n

Finally, if lim f,,(z) exists for some x, then it equals limsup f,,(z). Thus if lim f,
exits a.e., then it is equal a.e. to the measurable function limsup f,,. Therefore,
lim f,, is measurable. O
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Exercises for Section 4.5

Exercise 4.5.1 ([WZ77], Exercise 4.6 modified). Let f and g be extended real-
valued functions defined on a measurable set E. Assume f and g are measurable
and finite a.e. in F, and let

Z ={f =200} U{g = +o0}.

Note that u(Z) = 0.

(a) Show that f + g is measurable regardless of how we define it on Z.

(b) Do the same for fg.

Exercise 4.5.2 ([WZ77], Exercise 4.12). Suppose f : [a,b] — R is continuous a.e.
on [a,b]. Prove that f is measurable.

Exercise 4.5.3. Suppose f, g : [a,b] = R are continuous functions. Show that if
f = g ae., then f(z) = g(z) for all € [a,b]. Is the same conclusion true if we
replace [a, b] with an arbitrary measurable set E?

4.6 The Lebesgue Integral for Nonnegative Functions

We now have essentially all the tools we need to begin constructing Lebesgue’s theory
of integration. Roughly speaking, Lebesgue’s overall approach was the following:

1. Partition the range of a function f using finitely many intervals of the form
[ak, by), where k =1,2,...,n.

2. Partition the domain of f using the preimages Ey = f~([ax, br))-

3. Approximate f with a piecewise-defined function whose restriction to each Ej,
is constant.

This sort of procedure is illustrated in Figure 4.2. One can also see in that figure that
it is presumably easy to define the “area under the graph” of the piecewise function
from step 3 using the measures of the sets E;. As with the Riemann integral, we
can then define the Lebesgue integral of f via some sort of limiting process.

Before we can define the Lebesgue integral, we need to investigate the piecewise
constant functions that we will use to approximate arbitrary measurable functions.
We begin with the fundamental building blocks, which are called characteristic
functions.

Definition 4.6.1. Let E C R. The characteristic (or indicator) function of
E is the function xg : R — R defined by

w1 feer
€T e
XE 0 ifz¢E.
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by

ak

.,

k

Figure 4.2: An approximation of a function f (shown in black) by a piecewise
constant function ¢ (shown in green). The set Ej (blue) is the preimage of the
interval [ag, bx) under f. Note that ¢ is constant on E}, i.e., it takes the same value
on both connected components of Ej.

Remark 4.6.2. It is easy to check that an indicator function xg is measurable if
and only if E is measurable. If a € R, then there are only three cases to consider,
since xg only takes the values 0 and 1. If a < 0, then xg(z) > a for all z, so we
have
{xg >a} =R,
which is measurable. Similarly, if a > 1, then {xg > a} = () is measurable. Finally,
if 0 <a <1, then
{xg >a} ={xg >0} =E.

It is then clear that xg is measurable precisely when F is.

Now we assign a term to the kinds of piecewise constant approximating functions
that we described above.

Definition 4.6.3. A function f : £ — R is said to be simple if its range is
finite.

We can represent any simple function in a canonical way. Let E C R, and
suppose f : E — R is simple with range {c1,c2,...,c,}. For 1 < k < n, define

Ey={x€E: f(z) =ci}.
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Since the values ¢ are distinct, the sets Ej are pairwise disjoint. Furthermore, the
function ¢, - X, takes the value ¢, on Ej, and it is zero otherwise. Thus we can
express f as a linear combination of characteristic functions:

n
F=> o xg.
k=1

It is now straightforward to check that f is measurable if and only if each Ej is
a measurable set. If f is measurable, then {f = ¢y} = Ej is measurable for all
k. Conversely, if each Ej is measurable, then xpg, is a measurable function for
1 <k <n, hence f is measurable.

As described above, we plan to define the Lebesgue integral of a function by
approximating it with simple functions. This approach requires the following result.

Theorem 4.6.4. Let E C R, and suppose f : E — [—o00,+00] is an extended
real-valued function on E.

1. There exists a sequence of simple functions that converges to f pointwise
on FE.

2. If f >0, then the sequence can be chosen to be increasing.

3. If f is measurable, then the simple functions can be chosen to be measurable.

Proof. We will first assume f > 0. Given n € N, we partition the range of f as
follows. First divide the interval [0, n] into n2™ intervals of the form

[k—lk

o ,2n>, k=1,2,...,n2"

Then let

and set
Eo={f >n}.
Now define ¢, = % for 1 < k <n2™ and cg = n, and put

n2m

fo =k X,
k=0

Then f,, is a simple function which satisfies f,, < f. Furthermore, if f is measurable,
then the sets Fj are measurable for £ =0,1,...,n2", so f, is measurable.

Thus far, we have approximated f from below with a sequences of simple func-
tions, each of which is measurable whenever f is. Let us now make two other
observations.
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e The sequence (f,)>2, is increasing pointwise. Fix n and suppose f(x) €
[55L, &), which means f,,(z) = £31. If f(z) lies in the left half of the interval,

oo o7
ie.,
k—1 2k — 1
on < flx) < Tontl
then L1
frt1(z) = on = [n(z).

If x lies in the right half, so

2k —1 k
2n+1 Sf(x)<277

then 2k—1 2k-2 k-1
fn—i—l(x): on+1 > on+1 = on :fn(x)

Thus fn(z) < font1(z) for all x € E. Tt follows that f, < f,4+1 for all n.

e We have f, — f pointwise. Let € E, and assume first that f(z) is finite.
Then there exists n € N such that

for some k, so f,(z) = %5 and

ko k-1 1

f(x)—fn($)<27— on ~ on

The right hand side tends to zero as n — oo, so it follows that f,(z) — f(x).
If f(x) = 400, then we must have f,(z) = n for all n, so f,(z) = +oo.

We have now established all three conclusions when f > 0. If f is an arbitrary
measurable function, recall that we can write f = f* — f~, where f*, f~ > 0.
Furthermore, f* and f~ are measurable if and only if f is. Therefore, we can
find sequences (f,;5)22; and (f,, )22, of simple functions converging to f* and f~,
respectively, and the simple functions can be assumed to be measurable if f is.

Finally, observe that
i —fe = —f=f

pointwise, so we are done. ]

If we look back to Figure 4.2, it should be clear how to write down the “area
under the graph” of a simple function f.
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Definition 4.6.5. Let ¥ C R be a measurable set and f : £ — R a nonnegative,
measurable simple function with standard representation

n
f=Y cr xn.
k=1

We define the Lebesgue integral of f on E to be

[ =Y a uw).
E k=1

We do not require p(E) < oo in the definition of the Lebesgue integral. There-
fore, we tacitly allow for the possibility that

/Ef=+oo.

Also, it is possible that for some k we have ¢ = 0 and pu(FEj) = oo. In that case, we
adopt the convention

ek p(Er) =0-00=0.

Finally, observe that if £ C R is measurable, then

/RXE = pu(E).

Before defining the integral for more general nonnegative functions, we need to
record some properties of the integral for simple functions.

Theorem 4.6.6. Suppose f,g : E — R are nonnegative, measurable simple
functions.

1. Foralla >0, onzf:oszf,
2. fE(f+9):fEf+fE9~
8. If f<g, then [ f < [pg.

Proof. First write f and g in standard form:

n m
F=Y a-xm, 9= b X
k=1 =1
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Observe that if & = 0, then we have

/Eaf:O:a/Ef.

If a > 0, then
af = Zaak'XEk,
k=1
SO
/ af =) aax- u(Br) = a (Zak'u(Ek)) = a/ f.
E k=1 k=1 E

Thus 1 holds.

To show that fE(f +g) = fEf + fE g, we need to add f and ¢ and express
the resulting simple function in standard form. To that end, observe that for each
1 < k <n, we can write

m
E, = U(Ek N Fj),
j=1

and the sets Ej, N F}; are pairwise disjoint. Similarly, we can express

n
Fi=JEnF)
k=1

for 1 < j < m. Thus

n m m n

F=Y20 ak-xmor, 9= b Xmnw,

k=1 j=1 j=1 k=1

so we have
F+9=> (ak+b)) xmnr;-
Jk
This is not quite the standard representation of f + g, since the coefficients as, + b;
may not all be distinct. However, the sets Ej, N F} are all disjoint, so it is not too
hard to see that we can write

L +0) =S law+b) - uiBF)

7.k
= Zak -,u(Ek ﬂFj) + ij ',M(Ek ﬂFj)

J.k Ji:k
= e
E E
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Now assume f < g, and suppose z € Ej, N I}, for some ky and jo. Then we
have

F@) =" ar XBnE; = iy - X, 0, (2)
ik

and
g(z) = Z bj - XE,nF; = bjo " X EyyNFy, (z).
j7k
Hence f(z) < g(x) implies aj, < b; for any k and j satisfying E,NF; # (. Therefore,

/Efzzak~u(EkﬁFj)Szbj'M(EkﬁFj)Z/E%
Jk gk

since p(Ey N Fj) = 0 whenever Ej, N Fj is empty. O

Now we can define the Lebesgue integral of an arbitrary nonnegative measurable
function.

Definition 4.6.7. Suppose f : E — [—00,+00] is a nonnegative, measurable
function. We define the Lebesgue integral of f on F to be

/f:sup{/g:()gggfandgissimple}.
E E

For the purposes of computing or analyzing the integral of a function, the supre-
mum defined above could be quite unwieldy. In particular, there could be uncount-
ably many simple functions less than or equal to f. However, we proved in Theorem
4.6.4 that if f > 0, we can find a sequence (f,)52; of simple functions such that
fn [ pointwise, meaning the sequence is pointwise increasing and f, — f. Is it
necessarily the case that [ f, — [ f?

Theorem 4.6.8 (Monotone Convergence Theorem). Suppose (fn)22, is a se-
quence of nonnegative, measurable functions on a set E satisfying fn < fnt1
pointwise for all n. Let

f= lim f, =sup fn.
n—00 n
Then
/f = lim fn-
E n—oo E

Proof. Notice first that we have f, < f for all n, so [ fn < [5 f for all n by

Exercise 4.6.2. Furthermore,
/ Jn < / Jnt1
E E
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for all n, so the integrals [ g Jn form an increasing sequence of real numbers with

Jim fn—sup/fn /f

To establish the reverse inequality, let o € (0,1) and let g be any simple function
satisfying 0 < g < f. Put
Ay ={z € E: fo(z) > ag(z)}

for each n. Notice that f, < f,41 implies A, C A,y1. The fact that f, — f
pointwise guarantees that for all x € E, f,(x) is eventually bigger than ag(z),
meaning that

o0

/QXAnS/fXA</fn7

and if we write the standard representation of g as g = Y ;_; ¢k - XE,, then it is easy
to check that

Now we have

XA, = Z Ck " XEx XA, = Z Ck " XEpNAy,-

Thus

n

/Q'XAn = cp - p(Er N Ay),
E

k=1
and continuity of measure guarantees that

Jim p(Ep 0 An) = p(Er)

/gXAn_>/97
E E
a/g: lim a/g-XAng lim/fn.

This holds for all « € (0,1), so taking the supremum over « of the left hand side

yields
/ g < lim fn
E n—oo

But g was an arbitrary simple function satlsfylng 0 <g < f,soit follows that

/Ef<n1ggo/Efn.

Thus fEfn—>fEf O

for all k. Therefore,

whence
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The Monotone Convergence Theorem is the first of three fundamental conver-
gence theorems for the Lebesgue integral. (Actually, there are others, but they
are pretty much just variations on the three main ones. For one, we will slightly
generalize the Monotone Convergence Theorem once we have defined the Lebesgue
integral for arbitrary functions.) It is an extremely useful theorem, due in large part
to the fact that it allows us to address questions about the Lebesgue integral using
only simple functions. In particular, we can establish some basic properties of the
integral by appealing to results about simple functions.

Theorem 4.6.9. Suppose f and g are nonnegative measurable functions defined

on a set E CR. Then
J+a=[1+ [0

Proof. Of course we already know that f+g¢ is measurable. Furthermore, we can find
sequences (fp)>2,; and (g,)22, of nonnegative, measurable, simple functions such
that f, ~ f and g, " g. Thus f, + g, / f + g, and the Monotone Convergence

Theorem guarantees that
[t [(r+9).
E E

However, we also know that

Jtran=[ ot [ o= [ 1+ [

as n — 00, so it follows that [(f+g¢) = [pf+ [z 9 -

By applying the previous result inductively, we can see that if fi, fs,..., f, are
nonnegative measurable functions, then

/EkZ:kaé/Efk-

Applying the Monotone Convergence Theorem again yields an even stronger result.

Corollary 4.6.10. Let (f,)02, be a sequence of nonnegative measurable func-

tions, and put
o0
f = Z fn
n=1

fr=g

Then
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Proof. For each natural number N, put gy = 25:1 fn. Since each f, is nonnegative,
gn " f, and the Monotone Convergence Theorem implies that

li - .
m Egzv /Ef

However, notice that

N N
/EgN_/Enzlfn_;/Efm

N

[ w3 S m

=1

SO
Next we establish some results to show that we can neglect sets of measure zero
when computing integrals. We need two quick and intuitive facts first.

Proposition 4.6.11. Suppose f : E — [0, 4+00] is measurable. If we write E =
AU B, where A and B are disjoint, then

Jr=[s+ ]

Proof. Let (fn)>2; be a sequence of simple functions satisfying f,  f. Given
n € N, write the standard representation of f,, as

m

fn = ch * XE-

k=1

Since E, = (Ex N A) U (E; N B), we can write

m m
fn = ch " XEpnA T ch " XERNB-

k=1 k=1

Furthermore, A and B are disjoint, so

/Ef":kzlck'“(EkmA)+;Ck'/‘(EkmB):/Afn—i‘/Bfn-

Taking the limit of both sides and applying the Monotone Convergence Theorem
yields the desired result. O
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Proposition 4.6.12. Suppose f : E — [0,400] is measurable. If u(E) =0, then
[z f=0.

Proof. Let g be any simple function satisfying 0 < g < f, and write
n
9= ck-Xg,
k=1
in its standard form. Then
n
[ 9= a-uim) =0
E k=1

since p(Ey) = 0 for all k. Taking the supremum over all such simple functions then
yields fEf = 0. O

Theorem 4.6.13. Suppose f,g: E — [0, +00] are measurable functions.

1 If f<gae., then [, f < [pg.

2. If f =g a.e., then fEf:ng.

Proof. Suppose first that f < g a.e., and let
Z={x€E: f(x)>gx)}

Then u(Z) =0. Put A= E\Z. Then

[i=[s+[i=[r+0

Since f < g on A, we have fA f< ng by Exercise 4.6.2, so

[i<[oro=[a+ o1

If f=ga.e., then f <ga.e. and g < f a.e., so fEf:ng. O

Next we prove a very crude estimation result for the Lebesgue integral, which
will yield one final “almost everywhere” theorem.
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Theorem 4.6.14 (Chebyshev’s Inequality). Suppose f : E — [0,+00] is mea-
surable. For any a > 0 we have

pir>ap <[ 1

Proof. Let o > 0 and put A = {f > a}. Then

/Efz/Afz/Aazwu(A).
§;Lﬂ

whence the result. O

Rearranging, we get

Theorem 4.6.15. Suppose f : E — [0,400] is measurable. Then [, f = 0 if
and only if f =0 a.e. on F.

Proof. Notice that f =0 a.e. clearly implies | pJ = 0. Conversely, for all a > 0 we

have
(f>a} /f—()

by Chebyshev’s inequality. Therefore,
o
{f>0=U{r>2}
n=1

has measure zero, meaning that f = 0 almost everywhere. O

Before closing out this section, let us revisit the Monotone Convergence Theorem.
What could go wrong if f,, — f a.e., but we do not assume that f,, " f?

Example 4.6.16. For each n € N, define f, : [0,00) = R by fn = X{nn41)- Notice
that f,, — 0 pointwise on [0, 00), and that

| to=unn 1 =1
[0,00)

for all n. Thus
lim fnzl;é():/ lim f,.
n—oo [0700) [0700) n—oo

Our finding does not violate the Monotone Convergence Theorem, since the sequence
(fn)22 is not increasing pointwise. The real issue here is that the areas under the
graphs of the functions “escape to infinity” as n — oo.



4.6 The Lebesgue Integral for Nonnegative Functions 161

Example 4.6.17. In Example 3.1.4, we considered the sequence of functions f, :
[0,1] — R defined by

922n g, if0<a2< &
fa(@) = 422" iy — @) if g <@ < 5y
0 if gy <x <1,
whose graphs look as follows:
(Y
16+ | fa
8 =+
4 4
>fz<h\J
2 -
HEE 1 1 x
16 8 4 2

For each n, the area under the graph of f, is 1. However, f, — 0 pointwise, so
lim [ f, # [lim f,. Again, the sequence is not pointwise monotone, so we have not
violated the Monotone Convergence Theorem.

Even in situations where f, — f a.e. but [ f, 4 [ f, we still have a useful
inequality at our disposal. In fact, it is not necessary to assume that a sequence
(fn)p2, converges at all.

Theorem 4.6.18 (Fatou’s Lemma). Suppose ()02 is a sequence of nonnega-
tive measurable functions defined on a set E. Then

/ liminf f, <lim inf/ fn-
E n—oo n—oo E

Proof. For each n, put g, = infy>, fi. Then g, < g,41 for all n, and
lim g, = liminf f,
n—oo n—oo
by definition. Thus g, * liminf f,, so the Monotone Convergence Theorem implies

/ liminf f,, = lim -
E E

n—oo n—oo
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Now fix n, and observe that g, < f for all K > n by construction. Thus

/ gn < / fk
E E
for all k > n, which implies that

<
/Egn_égg/Efk-

. < Tim T
i [ on < i ot [ o=t |
by the definition of the limit inferior. It then follows that
/ liminf f, <lim inf/ fn,
E n—oo n—oo E

and we are done. O

Hence

In the case that the sequence (f,)52, converges a.e., Fatou’s lemma takes the
following form.

Corollary 4.6.19. Suppose (fn)02, is a sequence of nonnegative measurable
functions defined on a set E, and (fn)72, converges a.e. to a function on E.

Then
. < T '
i <t [ 5,

Exercises for Section 4.6

Exercise 4.6.1. Suppose f is a nonnegative measurable function on a set E, and

« > 0. Prove that
/af:a/f.
E E

Exercise 4.6.2. Suppose f and g are nonnegative measurable functions defined on
a measurable set £ C R, and f < g on E. Prove that

e

Exercise 4.6.3. Let f be a nonnegative measurable function on R. Prove that

lim f= / f

n—o0 [_Thn} R
Exercise 4.6.4 ([WZ77], Exercise 5.3). Let (f)52; be a sequence of nonnegative
measurable functions defined on a set E. If f,, — f a.e. and f, < f for all n, show

that [ fn — [ f.
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4.7 Integrals of Arbitrary Measurable Functions

Using what we already know about nonnegative functions, we now extend the defi-
nition of the Lebesgue integral to arbitrary Lebesgue measurable functions. Given
a measurable function f : E — [—00, +00], recall that we can decompose f into its
positive and negative parts:

f=r—=r,
where f* and f~ are measurable and nonnegative. Since we know how to integrate
nonnegative functions, our natural inclination is to define

bl

Of course we could run into issues if fE fT and fE f~ are both infinite. In this case,
we can’t assign a meaningful value to [ g [+ Therefore, we need to require that at
least one of the integrals on the right hand side is finite; in fact, things are much
easier if we assume they are both finite.

Definition 4.7.1. A measurable function f : E — [—00,400] is said to be
Lebesgue integrable on E if [, f* < oo and [, f~ < oco. If f is an integrable
function on F, we define its Lebesgue integral over E to be

folr-fr

Given a set £ C R, we denote the set of all Lebesgue integrable functions on F
by L'(E). This notation may be reminiscent of ¢!. Indeed, we will see later that
there is a connection between these two spaces.

Since the integral of a function f is defined in terms of the integrals of f*
and f~, we can quickly prove results about the general Lebesgue integral using
facts regarding nonnegative functions. Before doing that, we establish three quick
estimation results.

Proposition 4.7.2. A measurable function f : E — [—o00,400| is integrable if
and only if [ |f] < +oo.

Proof. Both implications follow from the observation that
fl=F"+f
If f is integrable, then we have

L=+ [ 1<
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Conversely, if fE |f| < oo, then it follows that f is integrable since fE fr< fE |f]
and [ f~ <[5 |f] O

Proposition 4.7.3. For dall f € L'(E), we have | [, f| < [ |f]-

Proof. Let f € L'(FE). Notice that

|1 /Ef+—/Ef—]g/Ef++/Ef—=/E|f|,

whence the result. O

| Proposition 4.7.4. If f € L'(E), then f is finite a.e. on E.

Proof. Let f € L'(E). Then [ |f| < co. Put C = [, |f|. The for each n € N,
Chebyshev’s inequality implies

n@f1>np) < o 1=

and the right hand side tends to zero as n — oo. Since {|f| > n} D {|f| > n+ 1}
for all n, and

o0
{1f1 = 0o} = ({If > n},
n=1
continuity of measure implies that
u({If1 = oo}) = lim u({lf] > n}) =0.
Thus |f]| is finite a.e., so f is finite a.e. on E. O
Now we can use what we already know about nonnegative functions to establish
basic results about the Lebesgue integral for arbitrary integrable functions.
Proposition 4.7.5. Let f,g € L'(E).
1. The function f +g € LYE), and [,(f +9)= [, f+ [z 9
Foralla € R, af € LN(E), and [pof = [, f.
If we write E = AU B with A and B disjoint, then [, f= [, f+ [5 [
If f <gae., then [ f < [g.

If f =g a.e., then fEf: ng.

A I
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Proof. Notice that if f,g € L'(E), then

Litvas [0+ [ 1ol < .

so f+g€LYE). Put h= f+g. Then we have

W —hm=f"—f"+g"—g,
and rearranging yields

W+ f g =fT+g"+h.

Both sides consist of sums of nonnegative functions, so we have

/Eh++/Ef+/Eg—/Ef++[Eg++[Eh

by our previous results for nonnegative functions. Rearranging again, we get

frt = L= L= fr s Lot [
/Ehz/EH/Eg,
s0 (1) holds.

Now let o € R. If o > 0, then we have af = af™ — af” with af™ and af~
nonnegative. Thus it is easy to see that (af)™ = afT and (af)” = af ™, so

/Eaf:/Eaf+—/Eaf:a/Ef+—a/Ef:a/Ef.

Now suppose a < 0. Since we can write & = —|a| with |a| > 0, it suffices to show
that (2) holds with @ = —1. Notice that

(_f)+ = max{—f, 0} - - mln{f>0} = f_

or

and

(=f)” = max{—(—f),0} = max{f,0} = 7,

fien- o~ === )=~

Therefore, for any a < 0 we have

[ar==[lalr==lal [ 1=a [
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so (2) holds for all « € R.
The proof of (3) is straightforward. Again, using previous results for nonnegative

Lo fr=1r
(e L)Ll )
(=) (=1
= [+ s

Now suppose f < g a.e., and let Z = {z € E : f(x) > g(x)}. Then u(Z) =0,
and the function g — f is nonnegative everywhere on E\Z. Thus | oy 29—f) >0,

" /Z(g—f)’S/Zg—f\ZO

since u(Z) = 0. It follows that

[E<g—f>:[E\Z<g—f>+/Z<g—f>zo,

or [ f < [z g.- Thus (4) holds. Property (5) is then immediate from (4) since f = g
a.e. precisely when f < g a.e. and ¢ < f a.e. on FE. O

Now we arrive at the convergence theorems for the general Lebesgue integral.
The picce de résistance? is Lebesgue’s Dominated Convergence Theorem.

Theorem 4.7.6 (Dominated Convergence Theorem). Let (f,)22 be a sequence
of functions in L'(E). Suppose f, converges a.e. to a function f and that there
is a function g € L'(E) such that |f.| < g a.e. for alln. Then f € L'(E) and

lim fn:/ f

Proof. Notice first that |f,| < g a.e. for all n implies |f| < g a.e., so

L [a<oe

Therefore f € LY(E).

2Thank you, Jody Trout.
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Now we consider the sequence (g+ f)22 . Since |f,| < g a.e., we have g+ f, > 0
a.e., and Fatou’s Lemma implies?

/Ehmmf(g—l—fn) <hm1nf/(g+fn) :/g—i-hmmf/ fn-

n—oo n—o0

But g+ f, > g+ f a.e., so

Lo+ [ 1= [w+n= [ orimt [ 1.

Since [5 g is finite, it follows that

f < hmmf/ fn-

n—o0

Now we apply similar reasoning to (¢ — fn)n2;. We have g — f, > 0 a.e. and
g— fn— g— f a.e., so Fatou’s Lemma gives

[o- [ r<tmint [ 5= 1)
Z/g+liminf <—/ fn>
E n—oo
:/ —hmsup/ fn-
n—oo
Thus [ f > limsup [ fa, so we have
limsup/ fng/fgliminf/ s
n—oo JE E n— Jpg
which forces liminf [, f,, = limsup [ f,. Thus the sequence of integrals [ f

converges, and
im [ fu= | £ =
n—oo

As a quick application of the Dominated Convergence Theorem, we have a con-
dition that tells us when one can interchange a limit with an infinite summation.
This result will be crucial later for showing that L'(E) is a Banach space.

3To avoid any possible confusion, it’s worth noting here that the limit inferior is not additive.
In general, we can only say

lim inf(an + bn) > liminf a, + liminf b,,.

n—00 n—00 n—00

However, since we are simply adding the constant | 5 g here, we really do have equality.
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Theorem 4.7.7. Let (fn)32 be a sequence in L*(E) with Y o | [ |fn] < oc.
Then Yo% | fn converges a.e. to a function f € LY(E), and

IS WA

Proof. First observe that

/ngnwzgéwm

by Corollary 4.6.10. Hence the function g = 327, | f.| belongs to L!(E). Since g
is finite a.e., the series ) 7 fn(x) is absolutely convergent for almost all z € E.
Thus ) -7 fn converges a.e. to a function f. Now observe that for each N € N we

have
N N
S fal <D Il <9,
n=1 n=1

so the Dominated Convergence Theorem implies that f € L'(E) and

/f_zvlinoo/zfn—ngan/fn—Z/fn 0

We will see another application of the Dominated Convergence Theorem mo-
mentarily. First we discuss extensions of the Monotone Convergence Theorem and
Fatou’s Lemma to arbitrary measurable functions. In both cases, we need some sort
of “bounding function” as in the statement of the Dominated Convergence Theorem.

Theorem 4.7.8 (Monotone Convergence Theorem). Let (f,)o2; be a sequence
of integrable functions on a set E.

1. Suppose f, S f a.e. for some measurable function f, and there exists
g € L'(E) such that f, > g a.e. for alln. Then [, fn— [5 f

2. Suppose fn \, f a.e. for some measurable function f, and there exists
h € LY(E) such that f, < g a.e. for alln. Then [, frn — [5 [

Proof. To prove (1), we consider the sequence (f,, —g)52 . Notice that f,—g — f—g
a.e. and f, — g > 0 a.e. for all n. In other words, f, —g  f — g, and the original
version of the Monotone Convergence Theorem implies that

lim (fn—g)Z/E(f—g)-

n—oo E
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im [ fo=[o=[1-[a
n—oo
and since | 9 1s finite, we can cancel to obtain
lim fn—/ I
n—o0
To prove (2), we simply consider the sequence (—f,)" 1. Then — fn S —f ae.,

and —f, > —h a.e. for all n, so (1) implies that [, (—fn.) = [(—f). The result
follows. m

Equivalently,

The extension of Fatou’s Lemma is proved in an analogous manner using our
original version of Fatou’s Lemma for nonnegative functions.

Theorem 4.7.9 (Fatou’s Lemma). Let (f,)02, be a sequence of integrable func-
tions on a set F.

1. Suppose there is a function g € L'(E) such that f, > g a.e. for alln. Then

/ liminf f,, < hm 1nf / fn-
E n—oo

2. Suppose there is a function h € L*(E) such that f, < h a.e. for alln. Then

/ limsup f,, > lim sup/ fn-
E n—oo n—o0 E

Remark 4.7.10. We can further relax the hypotheses in these more general versions
of the Monotone Convergence Theorem and Fatou’s Lemma. Notice that we did
not actually use the hypothesis that the functions f, to lie in L'(E) in either of the
proofs. Indeed, we can remove the assumption that the functions f, are integrable,
though some care is needed. We did not define the Lebesgue integral for functions
outside of L!(E), though we can do so under the right assumptions. Notice that if
f is a measurable function on E, g € L'(E), and f > g a.e., then we have

f_ = —mln{f,O} < —mln{g,O} = g_'

[refrem
Jor=fr- L

Thus

SO
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is well-defined—either f € L!(E), or the integral is infinite. Similarly, if f is mea-
surable and there exists g € L'(E) with f < g a.e., then [}, fT is finite and [}, f is
well-defined. In other words, the hypotheses of the Monotone Convergence Theorem
and Fatou’s Lemma can be relaxed (namely to just the requirement that each f,, is
measurable) while still guaranteeing that all the relevant integrals make sense.

4.7.1 The Relationship with the Riemann Integral

As one final application of the Dominated Convergence Theorem, we investigate
the relationship between the Riemann and Lebesgue integrals. In particular, we
show that Lebesgue’s theory of integration subsumes the Riemann integral, at least
when considering integrals of bounded functions on bounded intervals. (We will not
discuss the concept of an improper Riemann integral right now.)

Before stating and proving the theorem, we need to introduce some notation and
recall some facts about the Riemann integral. Recall first that the Riemann integral
is most easily defined via Darboux sums. Given a partition

P={xp=a<z <a9<:-+<Zp_1<mzp =0}

of the interval [a,b], we let Az; = x; — z;—1, and we call ||P|| = max;<;<, Ax; the
mesh of P. Now we define the upper and lower Darboux sums by

U(f,P) =Y MAx;, L(f P)=)Y_ miAx,
=1 =1

where M; and m; denote the supremum and infimum, respectively, of f on the
interval [z;_1,z;]. For any partition P we have L(f, P) < U(f, P), and we declare
f to be Riemann integrable on [a,b] if given any € > 0 there exists a partition
P, satistying

U(f7P€) _L(f7P6) <e.

If f is Riemann integrable, we define its Riemann integral to be
b
(®) [ f=itU(.P) = supL(S.P)
a P

We use the notation (R) ff f to distinguish the Riemann integral of f from the
Lebesgue integral, which we denote with the customary f[a’b] f.

Finally, to any partition P, we can associate two simple functions up and Ip,
which will be useful below:

n n
up = ZMix[Q;i_l,xi), lp= Zmix[wi—hxi)' (4.2)
i=1 i=1
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Notice that up and [p are both measurable, and their Lebesgue integrals are pre-
cisely the upper and lower Darboux sums of f:

/[ } up = ZMiﬂ([xifbxi)) = ZMZASU@'
ab i=1 i=1
and likewise,

/ lp —Zm,Aaz,
[a,b]

Also, it is straightforward to check that if P’ is a refinement of P (meaning that
P - P), then up’ < up and lp/ > lP.

Theorem 4.7.11. Suppose f : [a,b] — R is bounded. If f is Riemann integrable
on la,bl], then it is Lebesque measurable (hence integrable), and its Riemann and
Lebesgue integrals agree:

/ la, b]

Proof. Assume f is Riemann integrable on [a, b]. Then for each n € N, we can find
a partition P, of [a,b] satisfying

U(faPn)_L(f7Pn)<*

Thus we obtain a sequence of partitions (P,)>°; such that

nan;oU(f,P)—llmLfP /f

By adding points to each P, if necessary, we can assume that P, is a refinement
of P, for all n, and that ||P,|| — 0 as n — oc.

For each n, let u, = up, and l,, = lp, denote the simple functions associated
to P, as in (4.2). Since P,41 is a refinement of P, for all n, it follows that u,4+1 <
up, for all n. Thus the sequence (uy)22; is pointwise decreasing and bounded,
so it converges pointwise to a function g on [a,b]. Similarly, (1,)5; is pointwise
decreasing and bounded, so it converges pointwise to a function h. Notice that g
and h are both measurable, since they are pointwise limits of measurable functions,
and

h<f<g.

Moreover, the Dominated Convergence Theorem implies that

b
/ g = lim u, = lim U(f,Pn):(R)/f
[a,b] a

n—oo [a,b] n—oQ
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and

b
/ h= lim I, = lim L(f, P,) = (R)/ f.
[a,b] a

n—oo [a,b} n—o0

[a,b]

so g —h =0 a.e. on [a,b]. Hence f = g a.e. (and f = h a.e.), so f is measurable

and \
téﬂfzémgzﬂﬁlf-

Thus the Riemann and Lebesgue integrals of f agree. O

It follows that

Exercises for Section 4.7

Exercise 4.7.1. Use the Dominated Convergence Theorem to compute

1
i [ VT g
n—oo Jq 1+ nx

Exercise 4.7.2. Let E C R be a measurable set with u(E) < oo. Suppose f,
is Lebesgue integrable for all n, and that f, — f uniformly on FE. Prove that

Je o= Jp f

Exercise 4.7.3. Suppose f and g are extended real-valued functions on £ C R.
Assume f € LY(E) and g is a.e. bounded, meaning there exists a constant C' > 0
such that

p({z € E:|g(z)] > C}) =0.
Prove that fg € L'(E).

Exercise 4.7.4 ([WZ77|, Exercise 5.2). Show that the conclusion of the general
Monotone Convergence Theorem can fail if the bounding function is not assumed to
lie in L'(E). In particular, exhibit a sequence (f,)°%; of functions on a set E such
that f, N\, f and f,, < g for some measurable function g (which necessarily does not

belong to L'(E)), but
[t [ s

Exercise 4.7.5 ([WZ77], Exercise 5.21). Let f be a measurable function defined
on a set E. If fA f = 0 for every measurable set A C F, prove that f =0 a.e. on F.

Exercise 4.7.6. Let E C R, and let (f,,)>°; be a sequence of functions in L'(E).
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(a) Given a function f € L'(E), we say f, — f in L' if
I =5l = [ 1fa= =0
E

as n — oo. Prove that if f, — f a.e. and there exists g € L1(FE) such that
|fn| < g for all n, then f,, — f in L.

(b) If f, — f in L', must it be the case that f, — f a.e. on E? Give either a
proof or a counterexample.

(c) If f, > 0 a.e. for all n and f, — f in L', must it be the case that f > 0 a.e.
as well?

Exercise 4.7.7. Prove the Generalized Dominated Convergence Theorem:

Theorem 4.7.12. Let (f,)5, be a sequence of measurable functions on
a set E that converges a.e. to a function f. Suppose there is a sequence
(9n)22, of nonnegative functions in L'(E) satisfying

|ful <9

for all n € N, and there evists g € L'(E) such that g, — g a.e. and

Jpgn — [ 9. Then
o)

Exercise 4.7.8. (a) Let f : [0,00) — R be a nonnegative measurable function.

Prove that
lim / f= / f
=20 J10,n] [0,00)

(b) Suppose f :[0,00) — R is improperly Riemann integrable on [0, c0), meaning
that

t—o0

/OOO F(@)dz = lim /Otf(a:) do

exists and is finite. Assume moreover that the improper integral converges
absolutely, i.e.

o0 t
/0 |f(z)|dx = tlirélo/o |f(z)] dx < 0.

Prove that f is Lebesgue integrable on [0, 00), and that its Lebesgue integral
agrees with its improper Riemann integral.

sinx

(c) Let f(xz) = =2%. Show that f is improperly Riemann integrable on [0, c0),
but not Lebesgue integrable on [0,00). (Hint: Show that f[o 00) ft=o00)



174 Lebesgue Measure and Integration

4.8 The Theorems of Egorov and Lusin

We now arrive at two (somewhat) surprising theorems regarding measurable func-
tions. These theorems are precise realizations of heuristic statements laid out by J.
E. Littlewood in his three principles of real analysis. Paraphrasing from his original
statements, Littlewood’s principles are the following:

1. Every measurable set is nearly an open set.

2. Every pointwise convergent sequence of measurable functions is nearly uni-
formly convergent.

3. Every measurable function is nearly continuous.

In each of these statements, Littlewood’s use of “nearly” should be interpreted as
“except for a set of arbitrarily small measure”. Indeed, we have already seen a
precise statement of Littlewood’s first principle—given a Lebesgue measurable set
E C R and € > 0, there exists an open set U 2 E such that

W(U\E) < e.

That is, F differs from an open set by a set whose measure is as small as we like.

Littlewood’s other two principles can also be made precise, and we will now look
at two theorems that do just that. First we have Egorov’s theorem, which quantifies
Littlewood’s second principle.

Theorem 4.8.1 (Egorov). Let E C R be a measurable set with p(E) < co. Sup-
pose (fn)o is a sequence of measurable functions on E that converges pointwise
to a finite function f. Then given € > 0, there exists a closed set ' C E such
that p(E\F) < e and f, — f uniformly on F.

The proof of Egorov’s theorem is not all that difficult, but we do need to prove
a quick lemma first.

Lemma 4.8.2. Given £, > 0, there exists a closed set FF C E and M € N such
that

w(ENF) <n and [f(z) = fa(z)| <e
forallx € F and alln > M.

Proof. Let e, > 0 be given. Since f is finite, the function |f — f,| is well-defined
and measurable, so for each n € N the set

Ey={z€E:|f(z) - fru(x)| <eforallk>n} = ({|f - fal <e}

k>n
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is measurable. Also, clearly E, C E, 1 for all n, and the assumption that f, — f
pointwise implies that each z € E belongs to some FE, for sufficiently large n.

Therefore,
o
E =] En,
n=1

and continuity of measure implies that
W(E) = lim pu(E,).
n—oo
Since p(E) is finite, we can choose M such that pu(Ey) > p(E) — 3, or

H(E\Enr) = u(B) = p(Enp) < 5.

Now choose a closed set F' C Eyy with pu(Ey\F) < 3. Then
W(E\F) = p(BE\Enm) + p(Ex\F) <,
and
[f(@) = fal@) <€
for all x € F when n > M. O

Proof of Egorov’s Theorem. Let € > 0 be given. By the previous lemma, for each
k > 1 we can find a closed set I}, C F and M}, € N such that

WE\FL) < o

and )
£~ falo) < ¢

for all € F}, when n > M. Set
o
= ﬂ F
k=1

Then F is closed, and since F' C Fy, for all k, it follows that f,, — f uniformly on
F'. Finally, we have

E\F=En GF,S— U (E\Fy),
k=1 k=1
SO

O]

Mg
?r‘m
||

oo
P(E\F) <Y u(B\Fy) <
k=1 k=1
Finally, Littlewood’s third principle is made precise by Lusin’s theorem. Again,
we will have to prove the theorem in two steps—first for simple functions, and then
for arbitrary measurable functions.
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Theorem 4.8.3 (Lusin). Suppose E C R is a measurable set with u(E) < oo,
and f : E— R is measurable. Given € > 0, there is a closed set F' C E such that
w(E\F) < e and f is continuous on F.

Lemma 4.8.4. The conclusion of Lusin’s theorem holds for measurable simple func-
tions.

Proof. Let f be a measurable simple function on E, and write f in its standard

form:
n
f = Z CL - XEk
k=1

Let € > 0 be given, and for 1 < k < n, find a closed set F, C Ej such that
H(Ek\Fk) < % Then
n
F:U&
k=1

n

E\F = | J(E:\Fy),

is closed, and

k=1
SO
- €
P(E\F) = pu(Ep\Fy) <n- o =c
k=1
Notice that f is constant on each Fj. Moreover, the sets Fy, Fb, ..., F, are pairwise

disjoint, so they are relatively open in E. (In particular, F; and F} are separated
whenever i # j.) Thus f is locally constant on F', hence it is continuous on F'. This
completes the proof. O

Proof of Lusin’s Theorem. Assume f : E — R is measurable. Then there is a
sequence (f,)o%; of measurable simple functions such that f, — f pointwise on E.
For each n, the previous lemma implies that there is a closed set F,, C E such that
€
H(E\F,) < ol
and f, is continuous on F;,. By Egorov’s theorem, there is a closed set Fy C F such
that u(E\Fp) < § and f, — f uniformly on Fp. Let

F:%m(ﬁﬂ).

n=1
Then F'is closed, each f, is continuous on F', and f,, — f uniformly on F'. Therefore,
f is continuous on F'. Moreover,

WE\F) < u(E\Fy) + > w(E\F) < 5 + 5 = <. O

n=1
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It is also possible to prove Lusin’s theorem when p(FE) = oo, but we omit the
details.

Exercises for Section 4.8

Exercise 4.8.1 ([WZ77], Exercise 4.20). Suppose f : [a,b] — R is measurable.
Show that for any € > 0, there is a continuous function g : [a,b] — R such that

p({z € la,b] : f2) #g(2)}) <e.
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Chapter 5

Abstract Measure and
Integration

So far we have studied Lebesgue’s theory of measure and integration on the real line.
However, some careful thought should reveal that the definition of the Lebesgue in-
tegral relies only on the presence of a measure, i.e., a function that allows one to
determine the sizes of sets and has several crucial properties similar to those of
Lebesgue measure (such as countable additivity). In other words, we have unwit-
tingly laid the groundwork for integration theories on other, more general spaces.
Consequently, this chapter is devoted to generalizing the Lebesgue theory to abstract
measure spaces.

5.1 Measure Spaces

If we think back to the construction of Lebesgue measure on R, we were able to
establish many desirable properties using only two crucial facts.

1. The collection of Lebesgue measurable sets forms a o-algebra.
2. Lebesgue measure is countably additive on disjoint sets.

Consequently, many of the nice properties of Lebesgue measure (as well as the
Lebesgue integral) would generalize to other settings if we simply require these two
conditions to hold. Thus we will build them directly into our abstract definition of
a measure.

Definition 5.1.1. Let X be a set, and suppose M C P(X) is a o-algebra on
X. A measure on M is a function p : M — [0, 00| satisfying the following two
conditions:

L u@) =0
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2. if {E;}32, is a countable collection of disjoint sets in M, then

n|UE ) =D uE).
j=1 j=1

The triple (X, M, p) is called a measure space, and the elements of M are called
the py-measurable subsets of X.

Example 5.1.2. Recall that £ denotes the o-algebra of Lebesgue measurable sets
on R. If we let u: £ — [0, 00| denote the usual Lebesgue measure, then we already
know that (R, L, p) satisfies the definition of a measure space.

Though the Lebesgue measure on R is the prototypical example of a measure, it
is far from the only one. There are several other commonly-studied examples, and
in many cases they look quite different from what we have seen so far.

Example 5.1.3. Let X be any set, put M = P(X), and define
w(E) = card(FE)

for all E € M. It is straightforward to check that (X, M, p) is a measure space. The
measure p is referred to as the counting measure on X.

Example 5.1.4. Let X be a set, and take M = P(X) again. Now fix an element
xo € X and define p : M — [0, c0] by

1 ifzgeF
n(E) = :
0 ifxggFE.

Then u(@) = 0 and p is clearly countably additive. Thus (X, M, i) is a measure
space. The measure p is called the Dirac measure (or point mass) concentrated
at xo.

Example 5.1.5 (Lebesgue-Stieltjes measures on R). Let F': R — R be a function
that is increasing and right-continuous. We can use F' to define a measure up on R
as follows. Begin by defining 1 on half-open intervals (more precisely, intervals that
are open on the left and closed on the right) by

pr((a,b]) = F(b) — F(a),

and set pp(0) = 0. Next, extend pp additively to finite disjoint unions of half-open

intervals:
n n

e | (UG b)) | = [F(b) = Flay)]

j=1 j=1
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At this point, pp is an example of a premeasure, which we will define later. It
is possible to extend up to a measure defined on the o-algebra generated by the
half-open intervals, which is precisely the Borel o-algebra B. (The ability to extend
up requires a considerable amount of proof, and we will not deal with it just yet.) It
follows that up is an example of what we call a Borel measure on R. It is worth
noting that if we take F'(x) = x, then we recover the usual Lebesgue measure on R.

The function F' is sometimes called the distribution function for the measure
. This construction should be reminiscent of the idea of a cumulative distribution
function in probability theory. Indeed, if we begin with a Borel probability measure
1 on R (meaning that p is defined on B and u(R) = 1), we can define a function
F:R—=Rby

F(z) = p((—o0, z]).
It can then be checked that F is increasing and continuous from the right, and that
up = p. Thus F really is the cumulative distribution function for u.

As we mentioned earlier, many properties of Lebesgue measure carry over easily
to abstract measure spaces. Moreover, the proofs often look identical to those from
the simpler Lebesgue setting, so we can omit them in many cases. Indeed, this is
true of some of the statements in the following theorem.

Theorem 5.1.6. Let (X, M, u) be a measure space.
1. (Monotonicity) If E1, Es € M with Ey C Es, then p(E1) < p(Es).

2. (Subadditivity) Let {E;}52, be a countable collection of sets in M. Then

(@) oo
n| UEs | < nE.
j=1 j=1
3. (Continuity from below) Suppose Ey C Eo C E3 C --- is an increasing

sequence of sets in M, and put £ = U?i1 E;. Then

w(E) = lim p(Ej).

n—oo

4. (Continuity from above) Suppose E1 O FEy O E3 O --- is a decreasing
sequence of sets in M, and assume p(E1) < oco. If we let E = (2, Ej,
then

W(E) = lim u(E).

Jj—00

Proof. To establish (1) and (2), we cannot simply generalize the corresponding
proofs for Lebesgue measure—both proofs relied on the definition of the Lebesgue
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outer measure in terms of intervals. However, we really only need countable ad-
ditivity for in both cases. First observe that if 4 C FEs, then we can write
Ey=FE U EQ\El, SO

w(E2) = p(ErU Ex\E1) = p(Er) + p(E2\Ey)

since By and Es\E; are disjoint. Now pu(E2\E1) > 0, so u(Es) — pu(Ey) > 0, and
(1) follows.

Now suppose {Ej}]q‘;l C M. Recall that we can replace this collection with a
sequence {A;}22; of pairwise disjoint sets in M such that (J;2, 4; = 2, E; by
taking

A= E;
Ay = Eg\El
Az = Eg\(El U EQ)

Aj = EJ\(EI UEyU---U Ejfl).
Then the countable additivity of u guarantees that

[e.9]

p|UE | =n U4 | =D uA)).
j=1 j=1

J=1

But for each j we have A; C Ej, so u(A4;) < p(E;) by the monotonicity of . Hence

p| UE | =2 mAy) <> u(Ey)
—1 j=1

J=1 Jj=

and (2) holds.

The proofs of (3) and (4) are now identical to those contained in the proof of
Theorem 4.3.2, since that proof only relied on the countable additivity of Lebesgue
measure. O

Just as many statements about the Lebesgue integral followed from the prop-
erties of measure described above, we will be able to use Theorem 5.1.6 to prove
analogous results for integrals on other measure spaces with relative ease. We will
tackle this goal in the next section.

Before moving on to integrals, we need to lay out a few more facts about measures
in general. Unfortunately, some things that we take for granted when working
with Lebesgue measure no longer hold when we consider abstract measure spaces.
Therefore, we need to exhibit extra care in certain situations. We begin with some
definitions.
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Definition 5.1.7. Let (X, M, ) be a measure space.
1. We say u is finite if u(X) < oco.
2. If u(X) =1, then p is called a probability measure.

3. We say p is o-finite if X can be written as a union

where E; € M and p(FEj) < oo for all j.

Many reasonable measures (but not alll) are o-finite. This is fortunate, since it
is necessary to assume o-finiteness in the statements of some of the more technical
theorems that we will encounter. (In particular, Fubini’s theorem has a hypothesis
requiring the relevant measures to be o-finite.)

Example 5.1.8. The usual Lebesgue measure on R is not finite, though it is o-
finite. Note that R can be expressed as a countable union of bounded intervals,
say
R=|][nn+1],
neZ

and each such interval necessarily has finite measure.

Example 5.1.9. Let X be a set. It is easy to check that the counting measure X
is finite if and only if X is a finite set, and it is o-finite if and only if X is countable.

Example 5.1.10. If X is a set and zg € X, then the Dirac measure concentrated
at xg is a finite measure.

Example 5.1.11. A Lebesgue-Stieltjes measure pur on R is always o-finite, for the
same reason that Lebesgue measure is o-finite. Notice that up is finite if and only
if the distribution function F' is bounded.

Another tool we have used often is the ability to ignore sets of Lebesgue measure
zero, which is tantamount to the requirement that certain conditions hold almost
everywhere.

Definition 5.1.12. Let (X, M, 1) be a measure space. A set Z € M is said to
be p-null if 4(Z) = 0. A statement holds u-almost everywhere (abbreviated
p-a.e.) if it holds everywhere except possibly on a p-null set.
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We now arrive at one unfortunate issue regarding null sets for arbitrary measures.
When working with Lebesgue measure, we repeatedly used the fact that any subset
of a null set has outer measure zero, and is therefore measurable. This is not always
the case for other measures.

Example 5.1.13. Take F' : R — R to be the function F'(z) = z, and let pur be the
associated Lebesgue-Stieltjes measure. Notice that if (a,b] is a half-open interval,
then

ur((a,b]) = F(b) — F(a) =b—a.

It is not hard to see that ur behaves similarly on open and closed intervals. In
other words, up agrees with the usual Lebesgue measure on intervals, hence on
Borel sets. However, our construction of pp yields a measure that is only defined
on the Borel o-algebra. If we let C' denote the Cantor set, then C is pp-measurable
with pup(C) = 0. However, we have previously seen that the Cantor set contains
non-Borel subsets, which are not ug-measurable. However, any such set is Lebesgue
measurable.

Definition 5.1.14. A measure space (X, M, p) is said to be complete if £ C Z
with Z € M and p(Z) = 0 implies £ € M.

The measure space in Example 5.1.13 is not complete, but it really only fails
due to a technicality. It can clearly be extended to a complete measure—we can
enrich its domain in such a way that subsets of null sets are always measurable.
Fortunately, this is something that we can always do.

Theorem 5.1.15. Suppose (X, M, u) is a measure space, let

N={ZeM:uZ) =0}

and set o
M={AUB:AeM and B C Z for some Z € N}.

Then M is a o-algebra containing M, and there is a unique extension of p to a
complete measure i : M — [0, 00].

Proof. 1t is straightforward to check that M is a o-algebra. If {E; }321 is a countable

collection of sets in ﬁ, we write F; = A; U B; with A; € M and B; C Z for some
Z € N. Then observe that

UEj: U(AjUBj): UA]‘UUB]‘
Jj=1 Jj=1 j=1 j=1
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belongs to M, since M is a o-algebra and N is closed under countable unions. Now
suppose E € M, and write E = AU B with A € M and B C Z for some Z € N.
Then

E°=(E‘NZ)U(E‘NZ°)=Z\EU(EUZ)".

Notice that EUZ € M and Z\E C Z, so E° € M. Thus M is a o-algebra.
Now define 1 : M — [0, oo] by

(AU B) = p(A).

We need to check that this is well-defined: suppose A1 U By = Ay U By, where
A1, Ay € M and By C Z7 and By C Z5 for some null sets Z7, Z5. Then

p(Ar) < p(Az) + p(Za) = p(Az2),
and similarly p(As) < u(Ay), so
A(A1 U By) = u(Ar) = p(Az) = (A2 U Ba).

Thus @ is well-defined. It is now straightforward to check that 7 is a complete
measure. First, if {4; U B;}32, is a collection of disjoint sets in M, then we have

o0

il UJ@us) | =mlUJ4aulUB
j=1 j=1

j=1

pl U4
j=1

=D H(4;UB)).

Thus 7 is countably additive. Since m(0)) = u(0) = 0, it follows that 7z is a measure.
It is immediate that the restriction of y to M agrees with u. Finally, it is easy to
check that 7z is the unique extension of y to M. Let AU B € M with B C Z for
some Z € N, and suppose v is another measure on M extending p. Then

v(AUB) <v(AUZ)=u(AUZ) = u(A) =u(AuB)

and
fi(AUB) = p(A) = v(4) < (AU B),

SO vV = [i. O
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Exercises for Section 5.1

Exercise 5.1.1. Let X be a set, and let 4 : P(X) — [0,00] denote the counting
measure on X. Prove that p is a measure.

Exercise 5.1.2. Let X be a set. Fix zp € X and let u: P(X) — [0, 00] denote the
Diract measure concentrated at xo. Prove that p is a measure.

Exercise 5.1.3. Let X be an uncountable set, and define
M= {E C X : F is countable or E° is countable}.
(a) Prove that M is a o-algebra.
(b) Define p : M — [0, o0] by

0 if F is countable
wE) = {

1 if E€ is countable.

Show that u defines a measure on M.

Exercise 5.1.4. Suppose F' : R — R is an increasing, right-continuous function,
and let pup denote the associated Lebesgue-Stieltjes measure characterized by

pr((a,b]) = F(b) — F(a)
for all a,b € R with a < b.

(a) Show that for all a,b € R (a < b) we have

() pr({a}) = F(a) — lim F(z)

Tr—a—

(ii) pr(fa,b)) = lim F(z) — lim F(x)

T—b~ T—a~
(i) pr(la,b]) = F() ~ lim F(z)
(iv) pr((a.8) = lim F(z) - Fa)

(b) Suppose F is given by the Heaviside function:

if
Flz) = 0 ifxz<O
1 ifx>0.

What is the associated Lebesgue-Stieltjes measure pp?

Exercise 5.1.5. Let (X, M, 1) be a measure space. We say p is semifinite if given
any set F € M with u(E) = oo, there exists A C E such that A € M and

0 < pu(A) < oo.
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(a) Show that if u is o-finite, then it is semifinite. Is the converse true?
(b) Define pp : M — [0, 00| by
po(E) = sup{u(A) : AC E,A e M, and pu(A) < oo}.
Show that g is a semifinite measure.

(c) Suppose p is already semifinite. Prove that py = p.

5.2 Measurable Functions

Once we have a measure space (X, M, p) on which to work, the definition and
properties of the Lebesgue integral carry over more or less verbatim from the basic
case that we have already studied. Of course we must begin by defining what it
means for a function to be measurable, since these are the functions that we will
ultimately be allowed to integrate. The definition we will give is slightly fancier
than our previous one, in part because it generalizes more easily to functions that
are necessarily R-valued. However, we will see immediately afterward that all of
our old criteria for measurability still apply.

Definition 5.2.1. Suppose X and Y are sets, and let M C P(X) and N C P(Y')
be o-algebras. A function f: X — Y is (M, N)-measurable if f~!(E) € M for
all E € N.

This definition obviously gives us the ability to discuss measurability for func-
tions between two measure spaces. Obviously, we are still mainly interested in the
case of real-valued functions. To fit into this general definition, we need to single
out a particular o-algebra on R that we will use to test measurability. It turns out
that the Lebesgue o-algebra is too restrictive, so we will use the Borel o-algebra B.

Definition 5.2.2. Let (X, M, 1) be a measure space. We say a function f : X —
R is M-measurable if whenever E C R is a Borel set, f~1(FE) € M.

Despite it being different from our original definition of measurability, this new
definition does align with one of our old criteria. Recall that if £ C R is a Lebesgue
measurable set, then a function f : £ — R is measurable if and only if f~1(U) is
Lebesgue measurable for every open set U C R. The same condition holds here as
well, since the Borel o-algebra is generated by the open sets in R.
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Proposition 5.2.3. Let (X, M, ) be a measure space. A function f : X — R is
measurable if and only if f~1(U) € M for every open set U C R.

Proof. Suppose first that f : X — R is measurable. Since any open set is Borel, it
is immediate that f~1(U) € M for any open set U C R.
Conversely, suppose that preimages of open sets under f belong to the o-algebra
M. Define
N= {E CR:fYE)e M}

It is not hard to verify that N is a o-algebra. If {£;}32; C N, then

AUE | =Ur ' E)
j=1

J=1

belongs to M, since f~(E;) € M for all j and M is a o-algebra. Hence UjZ, Ej € N.
By similar reasoning, if F € N, then

FHE) = (FFU(B)"

belongs to M as well. Hence E¢ € N, and it follows that N is a g-algebra. Moreover,
N contains the open sets in R by assumption, so it must contain the o-algebra
generated by them. In other words, B C N, and it follows that f is measurable. [J

In Chapter 4 we had some other useful criteria for determining when a function
is measurable (one of which was our actual definition of measurability). As in that
case, given f: X — R we will define

{f>a}={zeX: f(zx)>a},

and the sets {f > a}, {f < a}, {f <a}, and {f = a} are all defined similarly.
Theorem 5.2.4. Let (X, M, ) be a measure space, and suppose f : X — R.
The following are equivalent:

1. f is M-measurable.

2. For all a € R, the set {f > a} belongs to M.

3. For all a € R, the set {f > a} belongs to M.

4. For all a € R, the set {f < a} belongs to M.

5. For all a € R, the set {f < a} belongs to M.
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Proof. The proof is identical to the one for Theorem 4.5.2; since that proof relied
only upon the fact that the Lebesgue measurable sets form a o-algebra. O

Several other facts about measurable functions from Chapter 4 translate to the
general setting in a similar fashion. For example, if f is measurable then sets of the
form {f = a} are measurable for all @ € R. In addition, we can (and will!) discuss
measurability for extended real-valued functions, though doing so takes some care
given our working definition of measurability. While it is possible to define a notion
of Borel subsets of the extended real line, it is much easier to single out the sets
where f takes infinite values.

Definition 5.2.5. Let (X,M, u) be a measure space, and suppose f : X —
[—00, +00] is an extended real-valued function on X. We say f is M-measurable
if the sets

{f=4occ}={ze€X: f(z) =400}, {f=-o0}={z€X: f(z)=—00}

belong to M, and f~1(E) € M for every Borel set E C R.

It is also quite easy to generalize the notion of measurability to complex-valued
functions. We may as well do so now, since we will gain some additional generality
with little extra work. (In particular, we will ultimately have the ability to integrate
complex-valued functions.)

Definition 5.2.6. Let (X, M, p) be a measure space. A function f: X — C is
said to be M-measurable if Re f and Im f are M-measurable.

Now we quickly run through some facts regarding both complex-valued and
extended real-valued measurable functions. Most of these results generalize ones
from Chapter 4, and we therefore omit many of the proofs.

Proposition 5.2.7. Let (X, M, ) be a measure space, and suppose f,g: X — R
are M-measurable. Then

1. f+ g is M-measurable.
2. af is M-measurable for any o € R.
3. fg is M-measurable.

The same results hold if f,g: X — C and o € C.
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Proof. In the real-valued case, the proof is identical to that of Theorem 4.5.8. The
results for complex-valued functions then follow from the real case by considering
real and imaginary parts. O

Proposition 5.2.8. Let (X, M, i) be a measure space, and suppose (frn)o> is a
sequence of M-measurable, extended real-valued functions on X. Then the func-
tions

sup fn, inf f,, limsup f,, liminf f,

are all M-measurable. Consequently, if the function
[ =lim f,

exists everywhere, then f is M-measurable.

Proof. See the proofs of Theorems 4.5.11 and 4.5.14. O

Corollary 5.2.9. Let (X, M, u) be a measure space, and suppose (fn)oo, is a
sequence of M-measurable functions f, : X — C. If f = lim f,, exists everywhere,
then it is measurable.

Proof. If lim f,, exists, then so do limRe f,, and limIm f,,. Since Re f,, and Im f,
are M-measurable real-valued functions for all n, it follows that Re f = lim Re f,
and Im f = limIm f,, are M-measurable. Thus f is M-measurable. O

Recall that in Theorem 4.5.14, we only had to assume that lim f,, existed almost
everywhere (since a function that is equal a.e. to a Lebesgue measurable function
is itself measurable). In general, things may be complicated if p is not a complete
measure. This issue is rectified if we assume completeness, as the next proposition
shows. The proof is left as an exercise (see Exercise 5.2.1).

Proposition 5.2.10. Let (X, M, u) be a measure space. The following statements
hold if and only p is a complete measure.

1. Suppose f = g p-a.e. and f is M-measurable. Then g is also M-measurable.

2. If (fn)52, is a sequence of M-measurable functions and f, — f u-a.e., then
f is M-measurable.

Now we return to other straightforward consequences of Proposition 5.2.8 for
measurable functions.
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Corollary 5.2.11. Let (X, M, ) be a measure space, and suppose f and g are
u-measurable extended real-valued functions on X. Then the functions

max{f,g}, min{f, g}

are M-measurable.

Corollary 5.2.12. Let (X, M, pu) be a measure space, and suppose f is a p-
measurable extended real-valued function on X. Then the functions

f+ = maX{f7 0}7 f_ = —min{f,O},

and
fl=f"+f"

are all M-measurable.

Finally, we finish our discussion of measurable functions with one new result
that applies specifically to complex-valued functions. Recall that if « = a +ib € C,
the modulus of « is defined to be

ol = Va2 + b2
||

Moreover, we can write

where @ denotes the complex conjugate:
a=a—1b.

Proposition 5.2.13. Let (X, M, ) be a measure space, and suppose f: X — C
is p-measurable. Then the function |f| is M-measurable.

Proof. Since f is M-measurable, so are Re f and Im f. Therefore, the function
F=Ref—i(Im f)

is M-measurable. Consequently, |f |2 = ff is M-measurable. Since the function
x — +/z is continuous from [0,00) to R (which implies that the preimage of any
Borel set is Borel), it follows that the composite function

2 1P = 1 (2)

is M-measurable. O
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Exercises for Section 5.2

Exercise 5.2.1. Prove Proposition 5.2.10.

5.3 Integration on Measure Spaces

It is now time to begin generalizing the construction of the Lebesgue integral to
abstract measure spaces. As promised, the construction is identical to the usual
one on the real line. The celebrated convergence theorems also hold in the general
setting, with very similar proofs.

Recall that we originally built up the Lebesgue integral in stages. We began
with characteristic functions and simple functions, for which the definition of the
integral is obvious. Then we considered nonnegative functions, which we handled by
approximating with simple functions. Finally, we integrated arbitrary measurable
functions by writing them as linear combinations of nonnegative functions. We can
mimic this procedure in our current setting, and also add one final step for dealing
with complex-valued functions.

Fix a measure space (X,M,u). Recall that if E C X, the characteristic
function of F is the function xg : X — R defined by

{1 freE
€T =
XE 0 ifz¢E.

As before, it is easy to check that x g is M-measurable if and only if £ € M. More
generally, we say a function f : X — R is simple if it has finite range. Any simple
function has a standard representation via characteristic functions: if f is simple
with range {c1,ca,...,cn}, then we set define

Ey={z€E: f(z)=c}

for 1 < k < n. Notice that the sets E} are pairwise disjoint, and that the function
¢k - XE, takes the value ¢; on Ej, and it is zero otherwise. Consequently, we have a
canonical way of representing f as a linear combination of characteristic functions:

n
f= cr xn.
k=1

Of course it is straightforward to check that f is measurable if and only if each
E} is a measurable set. Furthermore, it is obvious how to define the integral of a
nonnegative simple function. If we write f = > ) _; ¢k - xg, In its standard form,
then it makes sense to declare the integral of f with respect to u to be

n

/deu = ex ulEy).

k=1
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As in Chapter 4, it is not necessary to assume the sets Ej have finite measure. It is
perfectly fine if [, fdu = oo, and we use the convention 0- oo = 0 to deal with the
situation where ¢ = 0 and pu(Ejy) = oco.

The next step is to integrate nonnegative measurable functions by approximating
with simple functions. Of course the following two results were crucial in Chapter
4, and they generalize easily to our new setting.

Theorem 5.3.1. Suppose f: X — [0,400] is a measurable extended real-valued
function. Then there exists a sequence {f,}5° 1 of measurable, simple functions
such that

fn S fn+1

for all n and f, — f pointwise on X.

Proof. See the proof of Theorem 4.6.4. O

Theorem 5.3.2. Suppose f,g : X — R are nonnegative, measurable simple
functions.

1. Foralla>0, [yafdu=a [y fdpu.
2 [x(f+g)du= [x fdu+ [y gdpu.
3. If f <g, then [ fdu < [y gdp.

Proof. The proof is identical to that of Theorem 4.6.6. O

Now we can easily define the integral of an arbitrary nonnegative measurable
function. If f : X — [0,+00] is measurable, we define the integral of f over X
with respect to u to be

/ fd,uzsup{/ gd,u:()gggfandgissimple}.

X X

Next, we extend the integral to measurable functions f : X — [—00, 4+00] by writing
f=r-r.

Recall that we need to make the stipulation that both [y f*du and [y f~ du are
finite, which is equivalent to requiring

J 1l < .
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Any such function is said to be integrable. For arbitrary integrable functions, we

define
/deuz/xf+du—/xf_du~

Finally, suppose f : X — C is measurable. We declare f to be integrable if

/ledu<00-

(It is a good exercise to check that f is integrable if and only if Re f and Im f are
integrable.) We let

Ll(X,,u):{f:X—>C:/ |f]du<oo}
X

denote the set of all integrable, complex-valued functions on X. Given an integrable
function f, we define

/de/i—/X(Ref)du—i—i/X(Imf)dy.

We will investigate some examples of integrals for specific measure spaces shortly.
However, we first need to generalize some properties of the integral from Chapter 4.
We begin with results on nonnegative functions, specifically the Monotone Conver-
gence Theorem and its consequences.

Theorem 5.3.3 (Monotone Convergence Theorem). Suppose (fn)5e, is a se-
quence of M-measurable functions f, : X — [0,400] satisfying frn, < fni1 point-
wise for all n. Let

f=lim fn = sup In-

Then
fdp= lim fndu.
/)\( n—oo X

Proof. See the proof of Theorem 4.6.8. O

In particular, the Monotone Convergence Theorem provides a computational
tool for calculating integrals, as opposed to the unwieldy supremum definition. In
addition, the Monotone Convergence Theorem has many useful applications. Recall
that additivity for both finite and countable collections of measurable functions
follows directly from it.
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Corollary 5.3.4. Suppose f,g: X — [0,+00] are M-measurable. Then

| Gsoau= [ saus [ gan

Proof. See the proof of Theorem 4.6.9. O

Corollary 5.3.5. Suppose (fn)22 is a sequence of M-measurable functions fy, :
X — [0,400], and put
(o.9]
[= Z I
n=1

/deuzgjl/xfndu.

Proof. See the proof of Corollary 4.6.10. O

Then

With all of these properties in hand, let’s look at the integral for some of the
specific examples of measures that we have encountered.

Example 5.3.6. Let X = N equipped with its counting measure p, and suppose
f : N — R is nonnegative. Notice that f is automatically measurable, since every
subset of N is measurable. The previous corollary implies

/l\]fdu—i/l\lf-xmdu,

where
/N £+ Xpny di = F(n) - pu({n}) = £(n)
for all n. Thus

/ Fdp=3" f(n), (5.1)
N n=1

and we have fN fdu < oo precisely when f is summable (i.e., when the series on
the right converges). Thus a function f : X — C is integrable precisely when

o0

D 1f)] < oo

n=1

Once we establish the general version of the Dominated Convergence Theorem, it
will be easy to check that the integral of f is again given by (5.1).
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Example 5.3.7. Suppose X is a set, fix zg € X, and let 1 be the Dirac measure
concentrated at xo. Let f: X — [0,400], and write

F=17 Xy + [ XX\{20}-

Notice that
I X{woy = F(20) - X{o}»
SO

/ F Xgouy di = f(z0).
X

Now suppose g : X — [0, +00] is a simple function satisfying g < f - X x\{z}, and
write g in its standard form as g = Y ;_, ¢ - XE,. Notice that if ¢; # 0 for some
k, then we must have Ej, C X\{zo}, hence p(E}) = 0. It follows that [, gdu =0,
whence

/ I Xx\{zo} dp = 0.
X
Thus
/ fdu = f(xo)
X

for all nonnegative measurable functions, and it should be clear that the same holds
for all integrable functions on X.

Now we summarize some of the other useful results that are specific to nonneg-
ative measurable functions.

Proposition 5.3.8. Suppose f,g: X — [0,+00] are measurable functions.
1. If f < g p-a.e., then fod,u < fngu.
2. If f =g p-a.e., then [ fdp= [y gdpu.

3. (Chebyshev’s Inequality) For any o > 0 we have
1
p({f>a}) <= [ fdu
@ Jx

4. We have fX fdu =0 1if and only if f =0 p-almost everywhere.

Proof. See the proofs of Theorems 4.6.13, 4.6.14, and 4.6.15. O

Of course we can easily obtain a version of Fatou’s lemma for the generalized
integral as well.
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Theorem 5.3.9 (Fatou’s Lemma). Suppose (fn)o2; is a sequence of M-
measurable functions f, : X — [0,4+00]. Then

n—oo n—

/ liminf f, dp < lim inf/ fndp.
X *© JXx

Proof. See the proof of Theorem 4.6.18. 0

In the event that the sequence (f,)72, converges, we get the following special
case of Fatou’s lemma.

Corollary 5.3.10. Let (f,)5%, be a sequence of M-measurable functions f, :
X — [0, 400| that converges p-almost everywhere. Then

) < T
/)(Jg&fndu_lgr_l}ggf/x fn dp.

Now we consider some results for integrable complex-valued functions, i.e. func-
tions in L1 (X, u).
Proposition 5.3.11. Let f,g € L' (X, ). Then:
1 |fy fdu| < Ji || dp.
2. f is p-a.e. finite.
8. f+ge L' (X,p), and [ (f+g)du= [y fdu+ [y gdu.
4. Foralla € C, aof € LYX, ), and [y af du= o [y f dp.

5. If f =g a.e., then [y fdu= [y gdu.

Last but certainly not least is the piéce de résistance—the Dominated Conver-
gence Theorem.

Theorem 5.3.12 (Dominated Convergence Theorem). Let (f,)02; be a sequence
of functions in L*(X, p). Suppose f, converges a.e. to a function f and that there

is a function g € LY(X,p) such that |f,| < g a.e. for alln. Then f € L'(X, u)
and

lim fndu = / fdu.
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Proof. See the proof of Theorem 4.7.6. O

As a consequence of the Dominated Convergence Theorem, we have the following
useful corollary.

Corollary 5.3.13. Suppose (f,)%, is a sequence in L'(X,u) satisfying
Sty [y Ifnldi < co. Then Y07 | fn converges a.e. to a function f € L'(X,p),

and
/Xg:lfnduzg/xfndu-

Proof. See the proof of Theorem 4.7.7. O

Example 5.3.14. Let p denote the counting measure on IN. Given an integrable
function f: N — C, define

fn=1"Xm
for each n € N. Observe that

F=Y" fodp
n=1

and for each n we have
[ fudu= 1w
N

) /Nfduz/Ngfnduzg/anduzgﬂn)

by Corollary 5.3.13.

Exercises for Section 5.2

Exercise 5.3.1. Let (X, M, 1) be a measure space, f : X — [0,00] a measurable
function, and define a set function A : M — [0, co] by

A(E)—/Efdu—/xf-xEdu.

Prove that A is a measure on M, and that

/ngAz/ngdu

for any measurable function g : X — [0, o0].
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5.4 Modes of Convergence

Throughout our studies so far, we have seen several ways in which a sequence of
functions on a measure space (X, M, ) can be deemed convergent. If we have a
sequence (fr)o2; of functions f,, : X — C, we say that

e f, — [ pointwise if f,(z) — f(z) in C for all z € X,

e f, — [ pointwise almost everywhere (or pointwise a.e.) if f,(z) — f(x)
p-a.e. on X, or

e f, — f uniformly if given any € > 0, there exists N such that for all n > N
we have |fp(z) — f(z)| < e for all x € X.

Of course uniform convergence implies pointwise convergence, which in turn guar-
antees pointwise a.e. convergence. The converse of neither implication is true in
general.

There are actually several other ways that one can talk about convergence for
sequences of measurable functions, each with its own uses. We will focus on three
such notions here, along with their relationships to one another and our previous
modes of convergence. Throughout the discussion, we let (X, M, ) denote a measure
space.

Definition 5.4.1. Let (f,)>2; be a sequence of M-measurable functions on X.
We say that f, converges in L' to a function f if

/!fn—f!du—>0
X

as n — oQ.

In the context of probability theory, convergence in L' is often called convergence
in mean. It will be important later on, since we will eventually define a metric on
LY (X, p) via

d(f,g)—/X\f—gldu,

and convergence in L' will correspond precisely to convergence with respect to this

metric.!

!The function defined above is not actually a metric, but a pseudometric—it is not positive
definite, since d(f, g) = 0 whenever f = g p-almost everywhere. We will need to correct for this by
instead considering equivalence classes of measurable functions that are p-a.e. equal.
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Definition 5.4.2. A sequence (f,)s>; of M-measurable functions on X is said
to converge in measure if for all € > 0,

p({z € X o |ful@) = f(@)| > e}) =0

as n — oQ.

Convergence in measure is meant to generalize the notion of convergence in
probability from probability theory.

It is natural to ask how convergence in L' and convergence in measure relate to
uniform, pointwise, and pointwise a.e. convergence, as well as how they relate to
one another. Unfortunately, the answer is complicated. We begin with a positive
result.

Theorem 5.4.3. Let (f,)2, be a sequence of measurable functions on X. If fy
converges to a function f in L', then f, — f in measure.

Proof. Suppose f, — f in L', and let £ > 0 be given. For each n, define
E, = {x € X :|fulz) — flx)| > 5}.

Observe that

S'M(En)é/x\fnf\'XEndMS/lenfldu,

SO

u(B) < = [ 1= 1l

for all n. The right hand side tends to zero as n — oo since f, — f in L'. Hence
w(Ey) — 0, so f,, — f in measure. O

The converse is not true in general, though it does hold if we assume that the
fn are all dominated by an integrable function g. (See Exercise 5.4.1.)

Example 5.4.4. Convergence in measure does not imply convergence in L!. Let
(R, L, 1) be the usual Lebesgue measure space on R, and define

1
In = —X[on|
n

for all n € N. It is straightforward to prove that f, — 0 in measure. Let € > 0 be
given. For any n > % we have

ala)] < - <
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for all x € R. Thus
p{ze X :|fu(x)>e})=0

for sufficiently large n. Hence f,, — 0 in measure. However, the sequence does not

converge in L! since
1
/ [foldp=—-n=1
R n

for all n.

Remark 5.4.5. The fact that the sequence in Example 5.4.4 converges in mea-
sure also follows from the fact that uniform convergence guarantees convergence
in measure (Exercise 5.4.2). Consequently, Example 5.4.4 also shows that uniform
convergence does not imply convergence in L.

While uniform convergence implies convergence in measure, pointwise a.e. con-
vergence does not suffice.

Example 5.4.6. Let (R, M, 1) be the Lebesgue measure space, and define

In = X[n,n+1]
for each n € N. Notice that f,, — 0 pointwise, but

p({z € X t|fa(z) > 3}) =1
for all n. Thus f,, /4 0 in measure.

Finally, we show that neither convergence in measure nor convergence in L' need
imply pointwise a.e. convergence.

Example 5.4.7. Again, we consider the Lebesgue measure space (R, M, 11). Define
fn: R— R by
fn = X[n—gk n—2k+1] )

2k 0 2k
where k > 0 satisfies 28 < n < 281 (Terry Tao calls (f,)%%, the typewriter
sequence, since the intervals shift from left to right across [0, 1], returning to the
left end after each traversal of the unit interval.) Notice that the measures of the
intervals are shrinking as well, so it follows that

/ |fn| dpe — 0
R

as n — oo. Thus f, — 0 in L', hence in measure. However, this sequence does
not converge to 0 pointwise a.e.—given any x € [0, 1] and any ng € N, there always
exists n > ng such that f,(z) = 1.

Though convergence in measure does not imply pointwise a.e. convergence, there
is always a subsequence that converges almost everywhere.
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Theorem 5.4.8. Let ()5, be a sequence of measurable functions on X, and
suppose f, converges in measure to a function f. Then there is a subsequence
(frg)72 that converges pointwise a.e. to f.

Proof. Since f,, — f in measure, for each k € N there exists nj such that
p({r e X |fule) = f@)] 2 £}) < 5

for all n > ny. For each k£ € N, define
By ={z € X :|fa,(2) - fx)| = 1 }.

For each m € N, set

o0
An = | E
k=m
Then
NUSED ICAED yr e s
k=m k=m

Furthermore, if £k > m, we have

nel) — F@)| <

~—

for all x & A,,. Therefore, the sequence (fy,(2))72, converges to f(x) whenever

z e AS,. Now set A= -_; Ap. Then

p(A) = T p(Ap) = lim —

|
m—00 m—oo 2m—1

=0

by continuity of measure. For all x € A°, the sequence (fy,(x))3>, converges to
f(z), so fn, — f pointwise almost everywhere. O

Corollary 5.4.9. If f, — f in L', then there is a subsequence (fn, )72, that
converges pointwise a.e. to f.

Proof. This follows from the previous theorem and the fact that L' convergence
implies convergence in measure. O

There is now one last type of convergence that we will discuss. Along with it
comes a major theorem in analysis, which we have already encountered in a special
case.
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Definition 5.4.10. Let (f,)5°; be a sequence of measurable functions on X.
We say f,, converges almost uniformly to a function f if given any € > 0 there
exists a set £ C X such that u(E) < ¢ and f,, — f uniformly on E°.

Clearly uniform convergence implies almost uniform convergence, which in turn
implies pointwise a.e. convergence. Surprisingly enough, a.e. convergence is enough
to guarantee almost uniform convergence when p is a finite measure. We already
saw a preliminary version of this result, known as Egorov’s theorem, in Chapter 4.
The proof is more or less the same, so we will omit it.

Theorem 5.4.11 (Egorov). Let (X, M, ) be a measure space with p(E) < 0o.
Suppose (fn)o2 is a sequence of measurable functions f, : X — C, and assume
fn converges pointwise a.e. to a function f : X — C. Then f, — f almost
uniformly.

It is a straightforward exercise to show that almost uniform convergence implies
convergence in measure. Consequently, pointwise a.e. convergence implies conver-
gence in measure on finite measure spaces.

We end this section with a diagram illustrating the various implications that we
have just explored. A solid arrow indicates the implication always holds, while a
dashed arrow requires the assumption that p(X) < oo.

Uniform Pointwise
—)
convergence convergence
Almost uniform »|  Pointwise a.e.
convergence rrrmrnrn s S convergence
i
Convergence in Convergence in
_
measure L'
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It is worth noting that some implications become true if one assumes the func-
tions in the sequence are all dominated by an integrable function.

Exercises for Section 5.4

Exercise 5.4.1. Suppose (f,)o°; is a sequence of measurable functions on a mea-
sure space (X, M, 1), and that there exists a function g € L*(X, u) such that |f,| < ¢
for all n. Show that if f,, — f in measure, then f, — f in L!.

Exercise 5.4.2. Suppose (f,)°; is a sequence of measurable functions on a mea-

sure space (X,M,p). Show that if f,, — f almost uniformly, then f, — f in
measure. In particular, uniform convergence implies convergence in measure.

Exercise 5.4.3. Suppose (f,)52 is a sequence of measurable functions on a finite
measure space (X, M, u). Show that if f, — f uniformly, then f, — f in L1

Exercise 5.4.4. Let X be a set, and for each « € X let §, denote the Dirac measure
concentrated at x. Prove that a sequence of functions f, : X — C converges
pointwise to a function f if and only if f, — f in measure with respect to d, for all

z e X.

5.5 Product Measures and Fubini’s Theorem

We now arrive at a result that you have already used, and likely taken for granted,
in multivariable calculus. Given a sufficiently nice (usually meaning continuous)
function f : R?> — R, one can compute the integral of f via iterated integration:

[ e = [ [ sendea= [ ][ s .

Furthermore, the order of integration does not matter, as we have intimated above.
Geometrically, this result amounts to the fact that we can compute the volume under
the graph of f by first computing the areas of several cross-sections via integration,
then adding up those areas with another integral.

This section is devoted to adapting the above discussion to general measure
spaces, and then proving two similar theorems—the theorems of Fubini and Tonelli—
that allow one to compute double integrals via iterated integration. Therefore, we
begin with two measure spaces (X, M, ) and (Y, N, v), and we attempt to determine
how to integrate functions over the Cartesian product X x Y. Obviously we first
need to construct an appropriate measure p X v on X x Y. We first single out the
subsets of X x Y for which the definition of measure should be obvious.

Definition 5.5.1. Given two sets A € M and B € N, we call their product
A Xx B C X xY ameasurable rectangle.
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For a measurable rectangle A x B C X x Y, it seems natural to define the
measure of A x B by

(1 V)(A x B) = u(A)w(B).

Of course this map does not define a measure on X x Y. The domain of our product
measure needs to be a g-algebra of sets on X x Y, and the measurable rectangles do
not form a o-algebra. The obvious thing to do would be to consider the o-algebra
generated by the measurable rectangles, which we denote by M ® N. However, it is
still not clear how to extend the definition of u x v to the full o-algebra M ® N.
We will now outline a general method for constructing measures, which will allow
us to properly construct our product measure space. We begin with a definition.

Definition 5.5.2. Let X be a set. We say A C P(X) is an algebra of sets on
X if A is closed under complements and finite unions.

A common method of constructing measures is to first define a set function
with certain desirable properties on an algebra, and then extend the domain to an
appropriate g-algebra. This preliminary set function is called a premeasure.

Definition 5.5.3. Let X be a set and suppose A C P(X) is an algebra. A
function pg : A — [0, 00] is called a premeasure if

L po(0) =0

2. If {£;}52, is a collection of pairwise disjoint sets such that |J;2, E; € A,

then
oo o
Ho UEn :ZMO(Ej)'
j=1 j=1

Notice that the second condition in the above definition implies that a premea-
sure is finitely additive on families of pairwise disjoint sets.

Example 5.5.4. Let A be the algebra on R generated by all half-open intervals of
the form (a,b] for a,b € R. It is possible to show that every element of A can be
written as a finite disjoint union of half-open intervals and rays of the form (a, o)
or (—oo, b].

Now suppose F' : R — R is increasing and right-continuous, and define a set
function po : A — [0, 00] as follows: put po(f)) = 0, and define

po((a,b]) = F(b) — F(a)
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for all a,b € R. Then declare po((a,00)) = oo and po((—o0,b]) = oo, and extend
the definition of p9 additively to elements of A. In particular, if a;,b; € R for
1 < j <n, then

po | UGag bl | =D [F(by) — Flay)].

j=1 j=1

One can then show that pg is a premeasure on A. (The proof is not difficult, though
it is quite technical due to the fact that there are many different ways of writing
an element of A as a disjoint union of half-open intervals and rays.) Indeed, this
premeasure is the precursor to the Lebesgue-Stieltjes measure associated to F, as
we have already seen.

Once one has a premeasure defined on an algebra, the next step is to define an
associated outer measure for subsets of X.

Definition 5.5.5. Let X be a set. An outer measure on X is a set function
w* : P(X) — [0, 00] satisfying the following conditions:

1. p*(0) =0.
2. (Monotonicity) If By C Es, then p*(E1) < p*(Es).

3. (Subadditivity) If {E;}32, is a countable collection of subsets of X, then

We can use a premeasure on an algebra A C P(X) to define an outer measure
as follows. If £ C X, we set

p*(E) = inf Z,uo(Aj) :AjeAforall jand E C U A;
j=1 j=1

Note the similarity to the construction of Lebesgue outer measure on R. (In that
situation, the algebra A was the one generated by the closed, bounded intervals.)
Indeed, the proof that u* has the required properties is quite similar to the one for
Lebesgue outer measure.

In a similar fashion to the Lebesgue case, we declare a set £ C X to be u*-
measurable if

pH(A) = p (AN E) + (AN E°)
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for all A C X. Based on our experience with Lebesgue measure, one might expect
that the p*-measurable sets form a o-algebra, and that p* restricts to a measure
on those sets. This is the content of Carathéodory’s theorem, the proof of which is
nearly identical to the one for Lebesgue measure.

Theorem 5.5.6 (Carathéodory). Let X be a set, and suppose p* is an outer
measure on X. Let M denote the set of all pu*-measurable subsets of X. Then M
is a o-algebra, and p* restricts to a complete measure p: M — [0, o0].

Proof. The proof follows the same progression that we used in Chapter 4 to show
that both the Lebesgue measurable sets form a o-algebra and Lebesgue measure is
countably additive.

e Show M is an algebra.
e Show p* is finitely additive on M.
e Use finite additivity to argue that M is a o-algebra.

e Show u* is countably additive on M.

Show that the measure u = pu*|); is complete.

As in the Lebesgue case, it is obvious that the condition for p*-measurability
is symmetric in £ and E€. Thus M is closed under complements. Now suppose
Ei,Ey € M and let A C X. First observe that

p (AN (ELU Ep)) < p(AN (BN ER)) + (AN (1N E3)) + p (AN (E7 N Ey))

by countable subadditivity. Since Ej1, is pu*-measurable,

(AN E)) =pu (AN EyNEs) + p* (AN Ey N EY)
so the previous inequality simplifies to

pr(AN(ELU Ey)) < pt (AN Ey) + p (AN (Ef N Ey)).

Furthermore,

W(AN ES) = " (AN B§ 0 By) + (A B 0 ES),
SO

P (AN (ELU Ey)) + p (AN (Ey U Ey)°) < p* (AN Ey) + p* (AN EY)
e (A),
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where we have again used the fact that F; is measurable. Since we always have
W (A) < i (AN (By U By)) + 1 (AN (B U Bp)°)

by countable subadditivity, it follows that F; U Es € M. One can then argue via
induction that M is closed under finite unions, hence it is an algebra.

Suppose F1, Es € M are disjoint. Since Fj is p*-measurable and Fy N Ey = (),
we have

pr(ErU Ep) = p*((B1 U Ba) N Ey) + p((B1 U E2) N EY) = p(E1) + p* (E2).

It now follows by induction that p* is finitely additive on M.
Now suppose {Ej}?i1 is a countable collection of pairwise disjoint sets in M,
and put E = U;’il E;. Let A C X. We first claim that for each n we have

w* (Aﬂ LT_LJ Ej) = Zn:u*(Aﬂ Ej).
j=1

=1

This claim is obvious for n = 1. Assuming it holds for n — 1, we have

(o) (o)) ()

n—1
= " (ANE,) + ' (Am U Ej>
j=1

n—1

= (ANE,)+ ) p(ANE))
j=1

n

=D W(ANE),

j=1

and the claim is proven. Now observe that

w(A) :M(Am OEJ> +u*<Am ( ' Ej> )
j=1 Jj=1

:znjy*(AmEj)Jru*(Am <Lnj Ej> )

J=1 Jj=1

>3 W (ANE)) + ut (AN E°)
j=1
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for all n. Therefore, letting n tend to co, we get
pr(A) = ) w(ANE;) +pu (AN ES)
j=1
(ANE)+ u* (AN E°)
“(4),

AVARAY]
SRS

SO
i (A) = u*(ANE) + (AN E°),

whence F is pu*-measurable. Therefore, M is a o-algebra. Letting A = E above, we
obtain
oo
WHE) =Y u(E)),
j=1
so u* is countably additive on M.
Everything we have done so far shows that p* restricts to a measure on M. It

remains to see that u = p*[y is complete. It suffices to show that if £ C X with
w*(E) =0, then £ € M. Well, if p*(E) = 0, then for all A C X we have

WH(A) < (AN E) + 1" (AN E°) < @' (B) + p*(A4) = i (A),

SO
p(A) = p (AN E) + p (AN E°),

which shows that F is u*-measurable. It then follows from monotonicity that any
subset of a p-null set is measurable, hence p is complete. O

By applying Carathédory’s theorem to the outer measure induced by a premea-
sure, we obtain the following result almost immediately.

Theorem 5.5.7 (Carathéodory-Hahn). Let X be a set, A C P(X) an algebra,
and po : A — [0,00] a premeasure on A. Let M denote the o-algebra generated by
A. There exists a measure p : M — [0,00] such that p|lg = po. If po is o-finite,
then so is p, and p is the unique extension of pg to M.

Proof. The existence of p is more or less guaranteed by Carathéodory’s theorem—
simply build the outer measure u* associated to g, and then restrict the resulting
measure p to M. However, we need to know this last step makes sense. That is, we
need to check that every set in A (and hence every set in M) is p*-measurable.

Suppose E € A and let A C X. Given € > 0, there exists a collection of sets
{A;}52, C A such that A C |J;Z; A; and

S ho(4;) < p(4) +
j=1
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by the definition of p*. Since pg is finitely additive on A, we have
po(Aj) = po(A; N E) + po(A; N ES)

for all 7, so

pA) +e > po(A;NE) + Y po(A; N E°)
j=1 j=1

> (AN B) + p*(AN E°),

where the last inequality comes from the definition of p* and the fact that the
families {A;NE}52, and {A;NE}52, are coverings of ANE and ANE®, respectively,
by elements of A. This inequality holds for all € > 0, so

W(A) > (AN B) + u" (AN E°).

Hence FE is p*-measurable.

Carathéodory’s theorem now guarantees that u = p*|y; is a measure defined on
M. It is not too difficult to show that p*|4 = po (see Exercise 5.5.1), which implies
that pla = po.

Since p|q = po, it is clear that p is o-finite whenever pg is. We leave the proof
of uniqueness in this case as an exercise. ]

Remark 5.5.8. Suppose A is an algebra on a set X, pg is a premeasure on A, and
w* is the associated outer measure. It is possible (in fact, likely) that the o-algebra
M generated by A is not the full o-algebra of u*-measurable sets. In other words,
the measure p afforded by the Carathéodory-Hahn theorem may turn out to not be a
complete measure. This statement might seem contradictory, since Carathéodory’s
theorem guarantees that every outer measure induces a complete measure. However,
the issue here is not the measure itself, but the o-algebra upon which it is defined.

As an example, let A be the algebra on R generated by the half-open intervals,
and let pg be the Lebesgue-Stieltjes premeasure defined in Example 5.5.4. Then
the Lebesgue-Stieltjes measure that we obtain by applying the Carathéodory-Hahn
theorem is defined on the o-algebra generated by A, which is precisely the Borel
o-algebra Br. However, we know the special case of Lebesgue measure that Br is
not generally the full o-algebra of p*-measurable sets. We will soon discuss another
specific example that exhibits this phenomenon in the context of product measures.

We know that any measure can be extended to a complete measure, which
seems to make this discussion moot. Indeed, this issue is easy to fix when pug is
o-finite. Suppose g is o-finite, and let M* denote the o-algebra consisting of all
p*-measurable sets. Then u*[p = T, where & is the completion of p. In other
words, M = M*—when we enlarge the o-algebra M in order to complete p, we
simply throw in all of the remaining p*-measurable sets. If pg is not o-finite, then
M # M*, and we need to enlarge the o-algebra even further. In this case, p*|y is
not fr, but an extension known as the saturation of .
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Now we return to the problem of constructing product measures. Let (X, M, u)
and (Y,N,v) be measure spaces, and let A denote the collection of all subsets of
X X Y that can be written as finite disjoint unions of measurable rectangles. The
set A still does not form a og-algebra, though it does form an algebra.

Proposition 5.5.9. The collection A of finite disjoint unions of measurable rect-
angles on X XY 1is an algebra.

Proof. We begin with two initial observations about measurable rectangles. Notice
first that if A x B is a measurable rectangle, then

(Ax B)°=(A°xY)U (A x B,

which is a disjoint union of measurable rectangles, hence a member of A. Now let
Aq x By and Ay X By be measurable rectangles. Notice that

(Al X Bl) N (A2 X Bg) = (Al N AQ) X (Bl N Bg),

and an inductive proof then shows that any finite intersection of measurable rect-
angles is again a measurable rectangle.

To verify that A is an algebra, it is enough to show that any finite union of
measurable rectangles belongs to A, and that A is closed under complements. To
this end, let A1 x By and Ay x Bs be measurable rectangles. Observe that

(A1 X Bl) N (AQ X Bg)c = (A1 X Bl) N [(Ag X Y) U (Ag X Bg)]
= [(Al N A%) X Bl] U [(Al N Az) X (Bl N BS)] .

It is easy to see that this union is disjoint, and it follows that (A; x B1)\(A2 x Ba)
belongs to A. Therefore,

(Al X Bl) U (AQ X BQ) = (Al X Bl)\(AQ X Bg) U (AQ X BQ)

is a finite union of disjoint measurable rectangles, so it lies in A. Applying this
proof inductively shows that A is closed under finite unions. The proof that A is
closed under complements is straightforward—if {A; x B;}7_; is a finite collection
of disjoint measurable rectangles, then

(U(Aj X Bj)> = ﬂ [(AS x B;) U (4; x BS)].

j=1

Each term in this intersection is a disjoint union of two measurable rectangles, and
it is not too difficult to see from our earlier observations that the intersection can
itself be expressed as a finite disjoint union of measurable rectangles. Hence A is an
algebra. O
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Proposition 5.5.10. The function (u X v)g : A — [0, 00| defined by

n n

(mxv)o | (A x By) | =D n(A5)w(B;)

J=1 J=1

s a premeasure on A.

Proof. Clearly io() = 0. Suppose {E;}22, is a collection of disjoint sets in A such
that (J;2, Ej € A. Since each E; and |J;2, E; are each finite disjoint unions of
measurable rectangles, it really suffices to assume E; = A; x B; is a measurable
rectangle for all 7, and that U;; E; = A x B is a measurable rectangle. Therefore,
to establish countable additivity we simply need to show that

p(A(B) = u(Aj)v(By).
j=1

Fix a point z € A. Notice that if y € B, then the pair (z,y) belongs to precisely
one of the rectangles A; x B;. Therefore, we can write B as a disjoint union

B = U Bj.

jlﬂ?eA]'
Thus
v(B)= Y v(By)
jZ:EEA]'
Now for each x € A we have
v(B)xa(x) =Y v(Bj)xa,(@).
j=1

The same equality holds trivially if x € A, so we can write

8

Finally we can integrate over X and apply Corollary 5.3.5 to conclude that
p(A(B) = () [ xadu
X

— / S v(B)xa, du
b gt
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Hence g is a premeasure. O

Now we can apply the Carathéodory-Hahn theorem to obtain an extension p X v
of (u x v)g to the o-algebra M ® N. We call the measure p x v the product of p
and v, and the resulting measure space (X x Y,M®@ N, u x v) is called a product
measure space.

Remark 5.5.11. It is worth noting that the o-algebra M ® N might not contain
all of the (u x v)*-measurable sets. In particular, u x v might not be a complete
measure, even if g and v are. To see this, let X =Y = R, take M = N = £, and
let 4 = v both be Lebesgue measure. If A C R is a non-Lebesgue measurable set,
then the set {0} x A C X x Y cannot belong to M ® N, since the cross-section
corresponding to z = 0 is not v-measurable. However, {0} x A C {0} x R, and the
latter set is a p X v-null set.

5.5.1 Integration on Product Spaces

Now that we have determined how to properly define the product of two measure
spaces (X, M, ) and (Y,N,v), we turn to the problem of integrating a function
f: X xY — C with respect to the product measure p x v. As mentioned in
the introduction, we would like to show that the integral can be done via iterated
integration, and that the order of the iterated integral does not matter:

/XXde(HXV):/Y|:/de'u:|d1/:/x|:/yfdyj|d'u' (5.2)

Of course the equation we have just written does not quite make sense. Since f is
defined on X x Y, we cannot really integrate f over X. As in multivariable calculus,
we need to hold one variable fixed, and then integrate the resulting function over
X. Thus we could write (5.2) more precisely as

/Xxyf(x,y)d(MXV /[/fxydu( )}du /[/Mydy( )]du()

This problem leads us to define a notion of “cross-section” for both sets and functions
on X xXY.
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Definition 5.5.12. Let £ C X x Y. For each x € X, we define the x-section
of E to be
E,={yecY:(x,y) € E}.

Similarly, for y € Y we define the y-section of E by

EY={re X :(z,y) € E}.

Definition 5.5.13. Let f : X xY — C. For each x € X, we define the z-section
of f to be the function f, : Y — C given by

fz(y) = f(z,y).

Similarly, for y € Y we define the y-section f, : X — C by

[ (x) = flz,y).

Remark 5.5.14. Of course we can also define the z- and y-sections of an extended
real-valued function accordingly.

By using the 2- and y-sections of a function f, we can restate (5.2) more precisely

as follows:
/Xxyfd(#xu)z/y[/xfydu]du:/x[/Yfzdu} dy. (5.3)

With the appropriate hypotheses, (5.3) is more or less the content of Fubini’s theo-
rem. Before we can state and prove that theorem, however, there are some natural
questions regarding measurability that we need to answer.

Proposition 5.5.15. Suppose E € M@ N. Then E, € N for all x € X, and
EYeM forallyeY.

Proof. We begin by defining

S={ECXxY :E;eNforallz€ X and EY ¢ M for all y € Y}.

Obviously the goal is to show that M ® N C 8. It is straightforward to check that
if {E;}52, is a collection of subsets of X x Y, then

Y

UEe | =UE). (UE]| =JE).
— — et

j=1
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forallz€ X andally € Y. Also, if EC X x Y,
(E%)e = (E2)%,  (E)Y = (EY)°

for all x € X and all y € Y. It is then easy to see that 8 is closed under countable
unions and intersections, so it is a o-algebra. Now notice that if A € M and B € N,
then (A x B), = B whenever z € A (and it is empty otherwise), and likewise
(Ax B)Y = Afor all y € B (or it equals § when y ¢ B). Thus 8 contains all
the measurable rectangles, so it must contain the o-algebra they generate. Hence
M®N C 8, and the result follows. O

Proposition 5.5.16. Suppose f: X xY — C is M ® N-measurable. Then f, is
N-measurable for all x € X, and fY is M-measurable for ally €Y.

Proof. By considering real and imaginary parts, it suffices to assume f is real-valued.
Let B C R be a Borel set. Then it is not hard to check that

(f2)H(B) = (f71(B)),

for all z € X. Since f is M ® N-measurable, f~1(B) € M ® N, and the previous
proposition guarantees that (f~(B)), € N for all # € X. Thus f, is N-measurable
for all x. Similarly, we have

(f9)'(B) = (f(B)’
for all y € Y, and the same argument shows that fY is M-measurable for all y. [

Before we can start in on Fubini’s theorem, we need a technical result on o-
algebras. Let X be a set. We say a collection of sets € C P(X) is a monotone
class if it is closed under countable increasing unions and countable decreasing
intersections. That is, if {E;}22, C € with

7j=1
Ey CEyCE3C -,
then we require U?’;l E;j € C andif By D Ey D E3 D ---, then ﬂj‘;l E;jeC. Itis
easy to see that any o-algebra is automatically a monotone class.

Proposition 5.5.17 (Monotone Class Lemma). Let X be a set, and suppose
A CP(X) is an algebra of sets. Let M be the o-algebra generated by A. Then M
1s the smallest monotone class containing A.

Proof. Exercise 5.5.3. O
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Naturally, the first step in proving Fubini’s theorem is to establish the result
for simple functions. The next theorem allows us to handle characteristic functions,
and then simple functions follow by linearity.

Theorem 5.5.18. Suppose (X, M, 1) and (Y,N,v) are o-finite measure spaces.
For each set E € M®N, the function x — v(Ey) is M-measurable on X and the
function y — p(EY) is N-measurable on'Y. Moreover,

(4 x v)(B) = /X V(Ey) dp = /Y u(E) dv.

Proof. First assume that p and v are finite. Let € denote collection of all sets in
M ® N for which the conclusion of the theorem holds. We aim to show that C is a
monotone class and that it contains finite disjoint unions of measurable rectangles,
which will imply that M @ N C € by the Monotone Class Lemma.

First suppose that £ = A x B is a measurable rectangle in X x Y. Then for

each z € X,
B if A
iy = {1 o
0 ifx & A,

so we can write v(E,) = xa(x)v(B). Thus z — v(E,) is measurable and

[ vt du=v(B) [ xadu=paps).
X X

Similarly, we have pu(EY) = xg(y)u(A) for all y € Y, so y — u(EY) is measurable
and

[ By v = ) [ xpav = p(ap(5),
Y Y

Thus E € C. By linearity, these conditions hold for finite disjoint unions of rectangles
as well. Hence the algebra A consisting of finite disjoint unions of measurable
rectangles is contained in C.

Now suppose {Ej}?il is an increasing sequence of sets in G, and put £ =
U2, Ej. For each j, define

fi(y) = n((E5)Y)
for all y € Y. Then each f; is measurable, the sequence ( fj);’;’l is pointwise increas-

ing, and f; — f pointwise, where f(y) = u(EY) for ally € Y. Thus f is measurable,
and the Monotone Convergence Theorem implies that

/Y,LL(Ey)dV:/deu: 1im/fjd1/— lim (u x v)(E;) = (p x v)(E),

J—00 ]—)OO
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with the last equality following from continuity of measure. Of course a similar
argument shows that

[ B dn = ux (),
X

so £ € C. Thus € is closed under countable increasing unions. Now suppose {E };’il
is a decreasing sequence of sets, and put £ = ﬂ;’il E;. For each j, define a function
fi by

fiy) = u((E;)Y).
Then the sequence ( fj)‘;‘;l is pointwise decreasing, and f; — f pointwise, where
fly) = u(EY) for all y € Y. Notice that

/ frdv < / (XY dv = p(X)w(Y) < oo,
Y Y

so f1 € LY(Y,v). Thus the Dominated Convergence Theorem implies that

/}/M(Ey)dyz/yfdl/— hm/fjdl/— lim (pu x v)(Ej) = (u x v)(E).

] o0

Similarly, [y v(E;)dp = (u x v)(E), so E € €. This shows that € is closed un-
der countable decreasmg intersections, hence it is a monotone class. Therefore, C
contains M ® N by the Monotone Class Lemma.

Now we assume the two measure spaces are o-finite. Write X = Ujoil X; and
Y = U]Oi1 Y;, where the unions are increasing and the measures of X; and Yj are
finite for all j. Then we have

[e.e]
XxY=|]JX;xV;
j=1

Let E € M®N. Then EN (X, x Yj;) has finite measure for each j, and

if.’EGX]‘

v((BEN(X; xY)))a) = {S(Ex " if v ¢ X

A similar result holds for the y-sections. Thus our previous work shows that

(03 BN X x0) = [ B0V d= [ B0 X, dv

Since the sequences (v(E; NYj)xx;)72; and (u(EY N X;)xy;)72, increase pointwise
to v(E;) and u(EY), respectively, the Monotone Convergence Theorem implies that

(3 0)(B) = [ v(Bo)du= [ (B .

Thus the result holds for o-finite measures as well. O
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Now we arrive at the general statement of Fubini’s theorem. The theorem is
actually called the Fubini-Tonelli theorem, since it comes in two parts—a statement
for nonnegative functions on X x Y (Tonelli) and an analogous statement for M & N-
integrable functions (Fubini).

Theorem 5.5.19 (Fubini-Tonelli). Suppose (X, M, u) and (Y,N,v) are o-finite
measure Spaces.

1. (Tonelli’s theorem) If f: X x Y — [0, +00] is M ® N-measurable, then the
functions g : X — [0,4+00] and h : Y — [0, +00] defined by

g(x)—/yfxdv, h(y)—/Xfydu

are M- and N-measurable, respectively. Moreover,

/Xxyfd(pxu):/xgd,u:/yhdy.

2. (Fubini’s theorem) Suppose f € L'(X x Y,u x v). Then f, € L'(Y,v) for
p-a.e. v € X, f¥ € LY(X,p) for v-a.e. y € Y, and the functions g: X — C
and h:Y — C defined a.e. by

g(x):/yfxdu, h(y)Z/Xfyd,u,

belong to L' (X, u) and L' (Y,v), respectively. Moreover,
/ fd(uxu):/gd,u:/hdu.
XXY X Y

Proof. As we mentioned earlier, we have already established Tonelli’s theorem for
characteristic functions in Theorem 5.5.18. Of course it would then hold for nonneg-
ative simple functions by the linearity of the integral. Suppose f: X XY — [0, +0o0]
is M ® N-measurable, and let (f,)52; be a sequence of nonnegative simple functions
that increase pointwise to f. For each n, set

@)= [ (e, ba(o) = [ (57

Certainly (f,), increases pointwise to f, for each x € X, and similarly (f,)Y in-
creases pointwise to fY for each y € Y. Thus the Monotone Convergence Theorem
implies that g, and h,, increase pointwise to g and h, respectively. In particular, g
and h are measurable, and the Monotone Convergence Theorem again guarantees
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that

[gdn=tm [ gudu=tim [ fuduxr)= [ gduxo

n—=o0 Jxxy XXY

a

nd
/hduz lim/hnduz lim fnd(uxu):/ fd(pxv).
Y n—eo Jx N0 X xy XxY
Thus Tonelli’s theorem is proved.

Now suppose f € L}(X x Y, u x v). By considering real and imaginary parts, it
suffices to assume f : X xY — R. By further reducing to f* and f~, we can assume
[ is nonnegative and measurable and [, fd(u x v) < oo. Then by Tonelli’s
theorem we know that g and h are finite a.e., or equivalently, f, € L'(Y,v) for u-
a.e. z and fY € L1(X, ) for v-a.e. y. The rest of the assertions in Fubini’s theorem
then clearly follow from Tonelli’s theorem and the linearity of the integral. O

Remark 5.5.20. The assumption in the Fubini-Tonelli theorem that both measures
are o-finite is essential. In fact, one can find two measure spaces (X, M, p) and
(Y,N,v) where p is o-finite and v is not, and a function f : X x Y — R such that

the integrals [y . fd(u x v), [y [y fdvdu, and [, [ fdudy all give different
values. (See Exercise 5.5.4.)

Remark 5.5.21. The hypothesis that f is either nonnegative or integrable is es-
sential in the Fubini-Tonelli theorem. Here are some things that might happen if
these hypotheses are omitted:

e Evenif f: X xY — C is not measurable with respect to the o-algebra M®N,
the sections f, and fY may turn out to be measurable for all z and y. However,
the iterated integrals need not be equal.

e If f is not a nonnegative function that is not integrable, the sections f, and f¥
may still turn out to be integrable for all z and y, and the iterated integrals
Jx Jy fdvdp and [, [y fdpdy might still exist. However, the two iterated
integrals need not be equal. (Exercise 5.5.5.)

Remark 5.5.22. It is common practice for one to use the Fubini and Tonelli the-
orems in succession. Given a function f : X x Y — C, one can use the Tonelli
theorem to compute [y [f|d(p X v) via an iterated integral, and thus show that
f € LYX x Y, u x v). With that done, Fubini’s theorem can then be applied to

compute [y fd(pxv).
If the reader has a keen eye, they may have noticed that we have made no

mention of completeness in the statement of the Fubini-Tonelli theorem. However,
we did observe earlier that the product measure will not turn out to be complete
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in general. Of course we can complete it, and then the Fubini-Tonelli theorem still
holds, albeit with some slight modifications. The proof is not all that different from
the one we have already given.

Theorem 5.5.23 (Fubini-Tonelli for Complete Measures). Suppose (X, M, p)
and (Y,N,v) are complete o-finite measure spaces, and let (X x Y, M@ N, u X v)
denote the completion of the product space (X x Y, M@ N, u x v).

1. (Tonelli’s theorem) If f : X XY — [0, +00] is M ® N-measurable, then fy is
N-measurable for p-a.e. x, and fY is M-measurable for v-a.e. y. Moreover,
the functions g : X — [0,+00] and h: Y — [0,400] defined by

g(ib’)Z/yfde, h(y)Z/Xfydu

are M- and N-measurable, respectively, and

/Xxyfd(uxy):/xgd,u:/yhdu.

2. (Fubini’s theorem) Suppose f € LY (X x Y,u xv). Then f, € LY(Y,v)
for p-a.e. v € X, f¥Y € LY(X,p) for v-a.e. y €Y, and the functions g
and h defined a.e. as above belong to L'(X, ) and L*(Y,v), respectively.

Moreover,
/ fd(pxu):/gd,u:/hdy.
XxY X Y

We close out this section with some elementary examples and applications of the
Fubini-Tonelli theorem.

Example 5.5.24 (Integration on R™). Let X =Y = Rand M = N = [,
both equipped with the Lebesgue measure p. The completion p x p is the two-
dimensional Lebesgue measure on R?, which generalizes the notion of area in the
plane in the same way that the Lebesgue measure on R generalizes length. Indeed,
one can define the Lebesgue outer measure of a set £ C R? by covering E with
rectangles whose sides are intervals, adding up the areas of the rectangles, and then
taking the infimum over all such coverings. The resulting measure agrees with p X p.
Suppose E = [a,b] x [c,d] is a rectangle in R? and f : E — R is continuous.
Then f is both Riemann integrable and Lebesgue integrable on F, and we have

//Ef(w,y)dAz/Efd(W),

where the integral on the left denotes the usual two-dimensional Riemann integral.
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Moreover, the version of Fubini’s theorem for complete measures gives

/ f () AT (z,y) = / [ f(a:,y>du<y>] dyu(z)
E [a,b] [e,d]

— / [ f(z,y) du(a:)] du(y).-
[c,d] | /]a,b]

However, it is not hard to check that the sections of f are all continuous, hence
Riemann integrable, so we get

/ f(z,y)du(z /fﬂfy

f(z,y) duly /frry

for all y € R and

[c.d]

for all x € R. Furthermore, we can easily verify that the functions g : [a,b] — R
and h : [¢,d] — R defined by

0= | ") dy, h) = / ' flay) do

are continuous. For example, let ¢ > 0 be given, and choose 6 > 0 such that
[(x1,y1) — (z2,92)|l, < 6 implies

Fer) = flazpe)| < 7—

for (z1,y1), (x2,y2) € E. (We can do this since f is continuous on the compact set
E, hence it is uniformly continuous.) In particular, for each y € [c, d] we have

’f(xhy) - f(Iva)’ <

€
d—rc

whenever z1,x2 € [a,b] satisfy |x; — z2| < 0. Therefore, |1 — 2| < § implies

/Cdf(ﬂfl,y) dy — /cdf(f627y) dy‘

lg(z1) — g(z2)| =
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so ¢ is (uniformly) continuous on E. Hence ¢ is Riemann integrable on [a, b], and

/[a’b} [ [Cyd]f(a:,y) du(y)] du(z) = /ab [/Cdf(:c,y) dy} dz.

A similar argument works to show that h is continuous, hence Riemann integrable,

and we get
/[c,d] [ i’ (@) dﬂ(m)] dp(y) = / ' [ /a bf(w,y) dw} dy.

[Ef(w,y)dfl—/ab/cdf(w,y)dydw—/Cd/abf@,y)dwdy,

which is the version of Fubini’s theorem that one usually encounters in multivariable
calculus.

we have

Therefore,

Example 5.5.25 (Counting measure). Let X =Y = N, both equipped with the
counting measure y. It is not hard to see that the product measure p X p is nothing
more than the counting measure on N? = N x N, so a function f : N2 — C belongs
to LY(IN?, i x ) if and only if

J G =30 (fmm)| < .

(n,m)eN?

That is, f is integrable if and only if the doubly-indexed series Z;fm:l f(n,m)
converges absolutely. In this case, Fubini’s theorem applies, and we have

Z f(nvm):ZZf(n7m): ZZf(nam)

n,m=1 n=1m=1 =1n=1

In other words, if a doubly-indexed series converges absolutely, then we may inter-
change the order of summation.

One might wonder how we could check that a doubly-indexed series converges
absolutely without already knowing that we can interchange the order of summation.
Well, this is where Tonelli’s theorem comes to the rescue: we can write

Yo fam) =YY [fm)[ =YY | f(n,m)],
(n,m)eN? n=1m=1 m=1n=1

so the original sum converges absolutely if and only if one of the sums on the right
hand side converges.
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Our last application of the Fubini-Tonelli theorem is a little more complicated,
though it is of great importance in harmonic analysis. Given two Lebesgue mea-
surable functions f,g : R — C, we define the convolution of f and g to be the
function f x g : R — C defined by

(f+g)(x) = /R F( — Dg(t) du(t),

whenever this integral makes sense. By making a change of variables and using the
translation invariance of Lebesgue measure, it is not hard to check that convolution
is commutative. We will consider another property of it, however: if f, g € L'(R, i),
then fxg € L'(R, ) as well. Consequently, L!(R, i) forms a commutative algebra
with multiplication given by convolution. Once we have defined the L'-norm of a
function later on, we will see that the our theorem also shows that convolution is
submultiplicative with respect to the L'-norm. Consequently, L' (R, 1) is an example
of what we will call a Banach algebra.

Before we can prove the aforementioned result, we need a quick lemma about
measurability. The proof is due to Dana Williams [Wil07].

Lemma 5.5.26. Suppose f : R — C is Lebesque measurable. Then the function
F :R? — C defined by
F(z,t) = f(z —1t)

is measurable with respect to the completion of 1 X .

Proof. Since f is measurable and can be expressed as a pointwise limit of measurable
simple functions, it suffices to assume f = xg for some Lebesgue measurable set
E C R. Checking that F'is measurable amounts to verifying that the set

E'={(z,t)eR*:z—teE}

belongs to the product o-algebra £ ® £. By Theorem 4.3.4, we can find an F,-set
A and a null set Z such that £ = AU Z. If we define

A'={(z,t) eR*: 2 —t € A},

then A’ is the preimage of the Borel set A under the continuous map (z,t) — x —t.
Hence A’ is a Borel set, so A’ € £L ® £. Now consider

Z'={(z,t)eR*:z—t € Z}.

Again, Theorem 4.3.4 guarantees the existence of a Borel null set W O Z, and we
define
W ={(z,t)eR*:z—t e W}.
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The same arguments as above show that W’ € £L® L. Now notice that for all z € R,
Wi={teR:(z,t) eW'}={teR:z—teW}=z-W,

which is a null set. Tonelli’s theorem then implies that
(o () = [ (W) dita) = 0

so W' is u x p-null. Since Z' C W', it follows that Z’ is measurable. (This is where
we need to be working with the complete product measure.) It is easy to see that
E'=A"UZ' so E'is u X p-measurable. Hence F' is measurable. O

Theorem 5.5.27. Let f,g € L'(R, ). Then the convolution f g is a.e.-defined
on R. Moreover, f xg € L'(R, ), and

L eataws ([ 1s1an) ([ tolan).

Proof. Assume first that f and g are nonnegative. Notice that the function (z,t) —
f(x —t)g(t) is u x p-measurable on R?2, since it can be thought of as a product of
two measurable functions. By Tonelli’s theorem for complete measures, we have

/R (f * 9)(z) du(z) = /R /R £ — )g(t) du(t) du(x)
— / / f(x = 1)g(t) dp(x) dpu(t)
RJR

= [Lat| [ e =0y duto)] aute
~ ([ s0aw) ([ re-ndua).

Since Lebesgue measure is translation-invariant, it follows that

Jorsomn= (o) (o)

when f and g are nonnegative. In general, we have

[(f *g)(2)| < /R\f(x—t)g(t)!du(t) = (If1* gD (),

so |fxg| <|f|*l|g|- Therefore,

Lirsatans [1riaan=( [ 1s1an) ([ 1olan). -
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Exercises for Section 5.5

Exercise 5.5.1. Let X be a set and A C P(X) an algebra on X. Suppose py is a
premeasure on A and p* is the associated outer measure. Show that p*(E) = po(E)
for every E € A. (Hint: Mimic the proof of Proposition 4.1.5.)

Exercise 5.5.2. Complete the proof of the Carathéodory-Hahn theorem by showing
that if po is a o-finite premeasure on an algebra A C P(X), then the associated
measure u is o-finite and p is the unique extension of ug to the o-algebra generated
by A.

Exercise 5.5.3. This exercise will lead to a proof of the Monotone Class Lemma.
Let X be a set, and suppose A C P(X) is an algebra of sets. Let € denote the
monotone class generated by A, and let M denote the o-algebra generated by A.
Given a set E € C, define
C(E)={F€C:E\F, F\E, ENF €C}.
(a) Show that for all E € €, 0 € C(E) and E € C(E).
(

)
b) Prove that if £, F € C, then F' € C(E) if and only if £ € C(F).
(c) Prove that C(E) is a monotone class for all F € C.

)

(d) Let F € A. Show that A C C(E). Conclude that € C C(FE) for all E € C.

(e) Prove that C is a o-algebra. Conclude that € = M.

Exercise 5.5.4. Define two measure spaces (X, M, 1) and (Y, N, v) as follows. Let
X =Y =[0,1], take M and N to both be the Borel o-algebra on [0, 1], let x be the
restriction of Lebesgue measure to [0, 1], and let v be the counting measure. Let

D={(z,2) e X xY :2€l0,1]}

denote the diagonal in X x Y. Show that the integrals

/ XD d(p x v), //Xdedu, //deudV
XxXY X JY Y JX

all yield different values. Conclude that the Fubini-Tonelli theorem fails if the mea-
sures are not both assumed to be o-finite.

Exercise 5.5.5. Let X =Y = N, and set M = N = P(N). Let x and v both
denote the counting measure on N. Define f : X x Y — C by
1 ifm=n
fm,n)=< -1 ifm=n+1
0 otherwise.

Show that [y |[f|ld(u x v) = oo, and that the iterated integrals [y [, f dv dp and
[y [x fdpdv both exist, but are unequal.
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Exercise 5.5.6. Let u denote the Lebesgue measure on R. For a function f €
LY (R, i), we define the Fourier transform f: R — C by

fa) = /R F(t)e = du(t).

Use Fubini’s theorem to show that for all f,g € L'(R, p),

(f % 9)(x) = f(2)i()

for all z € R.

5.6 Signed and Complex Measures

In the remainder of this chapter, we will investigate the situation of a space (and o-
algebra) equipped with multiple different measures. In particular, we are interested
in the ways in which such measures can relate to one another. For example, if two
measures i and v are closely related in an appropriate sense, perhaps we can write
down a “change-of-variables” formula for their respective integrals. The ability to
do so is a fundamental consequence of a major result known as the Radon-Nikodym
theorem.

Before we can discuss the Radon-Nikodym theorem, we need to determine what
it means for two measures to be “closely related”. In doing so, we will introduce a
bit more generality to our measure spaces. Throughout this section, we will study
multiple measures defined on the same space X and the same o-algebra M C P(X).
For brevity, we will refer to such a pair (X, M) as a measurable space.

Definition 5.6.1. Let (X, M) be a measurable space. A signed measure on
M is a function v : M — [—o0, oo] satisfying the following conditions:

1. v(0)=0.
2. v takes at most one of the values oo or —oo.
3. If {E;}32, is a collection of pairwise disjoint sets in M and E = (J}Z, £,
0
v(E) =) v(Ej),
j=1

where we require the sum to converge absolutely whenever v(E) is finite.

While we cannot interpret a signed measure as representing the volume of a set
per se, there are several reasons for considering them.
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1. Rather than studying volume, one can study “signed volume” or, more pre-
cisely, certain signed quantities like electric charge density.

2. Given a measure space (X, M, ) and a measurable function f : X — [0, o],
we can define a new measure A on X by

NE) = [ Fau

for all E € M, which we abbreviate by writing A = f du. (See Exercise 5.3.1.)
If we simply require f to be real-valued rather than nonnegative, we no longer
obtain a measure. However, A = f du is a signed measure.

3. In certain situations, it can be useful to form linear combinations of measures
on a space X. As a simple case, one may want to take two positive measures
p1 and po and form

vV=p1— K2,

which will generally turn out to be a signed measure.

4. This application of signed measures is much deeper, and we will not encounter
it for quite some time. Suppose X is a compact metric space and p is a Borel
measure on X. Define ¢ : C(X) — C by

o(f) = /X f dp.

The basic properties of the integral show that ¢ is a linear map from C(X) to
the complex numbers; it is an example of a continuous linear functional. Thus
every Borel measure on X yields a continuous linear functional on C(X). We
can actually go the other way—every continuous linear functional on C(X)
is given by integration against a Radon measure (i.e., a Borel measure with
certain regularity properties). This result is known as the Riesz Representation
Theorem. In general, the Radon measure associated to a linear functional will
need to be a signed measure (or perhaps even a complex-valued measure).

The second and third points above are the ones on which we will focus presently.
Indeed, we will see that every signed measure can be expressed in one of these two
ways. This is fortunate, since we can then use either characterization to easily define
the integral of a function with respect to a signed measure.

Before moving on to our first major result, let us make a couple more comments
about the third point. It is straightforward to check that if p; and pe are signed
measures on M C P(X), then the set function p; + p2 defined by

(1 + p2)(E) = p1(E) + pa(E)
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for E € M is again a signed measure. Likewise, given a € R we can define

(p1)(E) = a - i (E),

and o is a signed measure. In other words, we have observed the following result:

Proposition 5.6.2. Let X be a set equipped with a o-algebra M C P(X). The
set of all signed measures on M is a vector space over R with respect to the
operations described above.

As our first step toward proving the Radon-Nikodym theorem, we are about to
establish that every signed measure can be written as the difference of two positive
measures. This result is known as the Jordan Decomposition Theorem. First we
discuss a version of this result at the level of measurable sets.

Definition 5.6.3. Let (X, M) be a measurable space, and suppose v : M —
[—00, 0] is a signed measure. We say a set F € M is

e positive if v(A) > 0 for all A € M such that A C E;
e negative if ¥(A) <0 for all A € M such that A C E;

e null if v(A) =0 for all A € M such that A C E.

Of course our goal its to decompose X as the disjoint union of a positive set
and a negative set, which will in turn yield the desired decomposition of v into
a difference of positive measures. First recall that if A, B C X, the symmetric
difference of A and B is defined by

AA B =(A\B)U (B\A).

Theorem 5.6.4 (Hahn Decomposition Theorem). Let (X, M) be a measurable
space and v : M — [—00, 00| a signed measure on X. Then there exist disjoint
sets P, N € M such that P is positive, N 1is negative, and X = PUN. Moreover,
if X = P'UN’ is any other such decomposition, then P A P' = N AN’ is a
v-null set.

In order to prove the theorem, we need two short lemmas. The first one provides
a version of continuity of measure for signed measures, and the proof is nearly
identical to the one for positive measures.
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Lemma 5.6.5. Let (X, M) be a measurable space and v a signed measure on M.

1. Suppose {Ej}?il is an increasing sequence of sets in M. If we put E =
UjZ1 Ej, then
v(E) = lim v(Ej).
j‘)OO

2. Suppose {E;}52, is a decreasing sequence of sets in M such that v(Ey) #
+oo, and let E = (2, Ej. Then

v(E) = lim v(Ej;).

Jj—o0

The second result establishes two seemingly obvious facts about positive sets.
Indeed, both follow quickly from the definition.

Lemma 5.6.6. Let (X, M) be a measurable space, and suppose v a signed measure
on M.

1. Let E € M be a positive set. Then any set A € M satisfying A C E is a
positive set.

2. Suppose {E;}22, is a countable family of positive sets in M. Then U;’il E;
1S a positive set.

Proof. The first assertion is obvious from the definition of a positive set. For the
second, suppose A C Uj; E; with A € M. For each m € N, define

A, = GAQE]'.
j=1

Since each E; is a positive set, v(A N Ej) > 0 for all j. Moreover, A = |J;°_; Am
and this union is increasing, so

v(A) = lim v(A,) >0

m—0o0

by continuity of measure. It follows that U;’il E; is a positive set. O

Proof of Theorem 5.6.4. By replacing v with —v if necessary, we may assume that
v omits the value co. Set

a =sup{v(F): E € M is positive}.
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Then there is a sequence {E;}72, of positive sets for which v(E;) — « as j — oo. If
we let P = J72, Ej, then P is positive and v(P) = a by our previous two lemmas.
Notice that we have shown a < oo.
Now let N = P¢. We claim that N is a negative set. First we will show that if
Q@ € M is a positive set with @ C N, then v(Q) = 0. Well, if v(Q) > 0, then PUQ
is a positive set and
V(PUQ) = u(P) + (@) > a,

which contradicts the definition of « from above. Thus () must be a null set.

Next we claim that if A C N and v(A) > 0, then there exists a set B C A
with v(B) > v(A). Since A is not a positive set, it must contain a subset C' with
v(C) < 0. If we then set B = A\C, we have

v(A) =v(B) +v(C),
so v(B) > v(A).

Now we assume N is not a negative set and derive a contradiction. Since N
contains a set of positive measure, there is a smallest integer n; and a set Ay C N

such that )
v(Ap) > —.
(A1) -
Now let ny be the smallest integer such that A; contains a set of measure at least
v(Ay)+ 7712 (which we can do by the previous claim), and let A3 be such a set. Thus

we can proceed inductively and find a sequence of sets

A1 DA DA3D -

such that )
v(4;) > v(4j-1) + o
J
for all j. Put A={;Z; A;. Then
v(A) = lim v(4;) > Z i
J—00 j—l n]

Since v(A) < oo, the sum on the right hand side converges, meaning n; — oo as
j — 00. But v(A) > 0, so we can find a natural number n and a set B C A with
v(B) > v(A) + % Since n; — oo, we have n; > n for sufficiently large j. Then
notice that B C A;_; and

v(B) > v(A) + % >v(Aj—1)+ %,

contradicting the definition of n;. Therefore, our assumption that NV is not a negative
set must not be valid. Thus we can express X = P U N with P positive and N
negative.
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Finally, suppose X = P’ U N’ is another such decomposition of X. Then P\P’
is a subset of P, hence it is a positive set. However, we also have P\P’' C N, since
P'NN"={. Thus P\P’ is also a negative set, so it must be the case that P\ P’ is
v-null. A similar argument shows that P\ P is v-null, whence P A P’ is v-null. [

Any such decomposition of X into the disjoint union of a positive set and a
negative set is aptly called a Hahn decomposition of X. As we saw at the end
of the proof, such a decomposition is not generally unique, though differences can
only arise through v-null sets.

We can now use the Hahn Decomposition Theorem to establish the promised
decomposition result for signed measures. In order to state that result, we need a
couple more definitions.

Definition 5.6.7. Let (X, M) be a measurable space, and suppose p and v are
signed measures on M.

1. Let A € M. We say u is concentrated on A if we have
W(E) = u(E N A)
for all E € M. Equivalently, we have u(E) = 0 whenever EN A = {).
2. We say p and v are mutually singular, written
pLv,

if there exist disjoint sets A, B € M such that p is concentrated on A and
v is concentrated on B.

Loosely speaking, two signed measures 4 and v are mutually singular if we can
decompose X into two corresponding disjoint sets that do not interact in a measure-
theoretic sense. This is exactly the same sort of phenomenon that we observed in
the Hahn Decomposition Theorem.

Theorem 5.6.8 (Jordan Decomposition Theorem). Let (X, M) be a measurable
space, and suppose v is a signed measure on M. Then there exist unique positive
measures v and v~ on M such that v =vt — v~ and vt Lv™.

Proof. Let X = P U N be a Hahn decomposition of X associated to v. For each
E e M, we set

vi(E)=v(ENP), v (E)=-v(ENN).
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Then clearly v+ and v~ are both positive measures, since they arise from restricting
v to the positive and negative sets P and N, respectively. Furthermore, we have

v(E)=vT(E)—v (E)

for all E € M since PN N = (. Finally, it is easy to see that v is concentrated on
P and v~ is concentrated on N, so v L v~

Now suppose v = p+—p~ is another such decomposition. Since u™ L =, we can
find disjoint sets A, B € M such that X = AU B and p* and i~ are concentrated
on A and B, respectively. But then A is positive and B is negative for v, so we have
found another Hahn decomposition for v. In particular, P A A is v-null, so

pH(BE)y=putH(ENnA) =vT(ENA) =vT(ENP)=v"(E)
for all £ € M. Similarly, p= =v~. O

The decomposition of a signed measure v guaranteed by the previous theorem
is called the Jordan decomposition of v. The positive measures v and v~
appearing in the Jordan decomposition are respectively called the positive and
negative variations of v.

The Jordan decomposition gives one a natural way of defining integration with
respect to a signed measure. In particular, if v is a signed measure on a g-algebra
M CP(X) and f: X — C is measurable with respect to M, we define

/)(de:[)(de+—/)(de.

Notice that this integral is well-defined whenever f belongs to both L!(X,v%) and
L'(X,v™). Consequently, we define the v-integrable functions by setting

LYX,v)=L"X,v")nLY(X,v7).

Eventually we will see that the Radon-Nikodym theorem yields another way of
defining integration with respect to a signed measure.

Before proceeding any further, we need to observe that to any signed measure v
we can naturally associate a positive measure |v| that plays the role of the absolute
value for measures.

Definition 5.6.9. Suppose v is a signed measure. The positive measure |v]|
defined by
v =vt +v

is called the total variation of v.
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Remark 5.6.10. It is not generally the case that |v|(E) = |v(FE)| for all E € M.
For example, let X = [—1, 1], let M be the Borel o-algebra on X, and consider the
signed measure v defined on M by

WB) = [ aduto)
X
where 1 denotes the Lebesgue measure on [—1,1]. Then

v([-31) =

oolw

)

while
(=5, 1)) = v*([0,1]) + v~ ([~3,0]) = §.

However, it is easy to check that the inequality |v(E)| < |v|(E) always holds.

By examining the proof of the Hahn Decomposition Theorem, one can see that
if v omits the value oo, then v* is actually bounded. Similarly, if v does not
take the value —oo, then v~ is bounded. Therefore, a signed measure that omits
infinite values is necessarily bounded. In particular, |v|(X) is finite. It is then a
straightforward exercise to verify the following result.

Proposition 5.6.11. Let (X, M) be a measurable space. The set of all finite
stgned measures on M is a normed vector space, with the norm given by

[l = [vI(X).

We close out this section with a discussion of measures taking complex values.
This will allow us to achieve even further generality in the upcoming Radon-Nikodym
theorem.

Definition 5.6.12. Let (X, M) be a measurable space. A set function v : M — C
is called a complex measure if it satisfies the following conditions:

1. v(0) =0.

2. If {E;}52, is any countable collection of pairwise disjoint sets in M and we
let E'=J32, Ej, then
o0
v(E) = w(E;),

J=1

where we require that the sum on the right hand side to converge absolutely.
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Notice that a complex measure is forbidden to assume infinite values by defi-
nition. In particular, any finite signed (or simply positive) measure is a complex
measure. We also have two natural ways of constructing complex measures. First,
if 11 and s are finite signed measures, then

V:V1+iV2

is a complex measure. It should not be at all shocking that any complex measure can
be written in terms of signed measures in such a way, nor that integration against
such a measure is defined by

/dey:/xfdul—i—i/xfdyg

whenever f € L'(X,v;) N L' (X, v3). Another more interesting way of constructing
a complex measure is by starting with a positive measure p and a function f €
LY (X, i), and defining

v(E) = [Efdu,

just as we did for signed measures. We will soon see that every complex measure
arises this way, thanks to the Radon-Nikodym theorem.

Some of the other concepts we have for signed measures also generalize to com-
plex measures. For one, we declare two complex measures p and v to be mutually
singular (again written p L v) if there exist disjoint sets A, B € M such that p is
concentrated on A and v is concentrated on B. Equivalently:

Proposition 5.6.13. Suppose u = pu1 + ipe and v = vy + ive, where py, po, V1,
and ve are signed measures. We have p L v if and only if p1 L vq, po L vo,
w1 L v, and po L vy,

Proof. Exercise 5.6.4. 0

It is also possible to extend the definition of the total variation to a complex
measure. Unfortunately, we do not have the Jordan decomposition at our disposal,
so the definition is more complicated than the one for signed measures.

Definition 5.6.14. Let (X, M) be a measurable space and v : M — C a complex
measure. Given E € M, we define

o oo
W|(E) = sup{ Y " |v(Ej)| : By, By, ... € M are disjoint, E = | | E;
j=1 j=1

The set function |v| : M — R is called the total variation of v.
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Notice that it is not immediately clear that |v| even defines a measure on M.
We will prove this fact now.

Theorem 5.6.15. The total variation |v| is a positive measure on M.

Proof. Clearly |v| is nonnegative and |v|()) = 0, so the only issue is countable
additivity. Suppose {E; } °, is a collection of pairwise disjoint sets in M, and put
E=J;2, Ej. The by the definition of |v|, we clearly have

00
D IW(E) < IVI(E).
7=1

Now let {Ax}72, be another collection of disjoint sets in M with E = (J;2; A.
Then for each k we have

SO

8
3
3

STAN D AN E) =D  [v(Ak N Ey))

k=1 k=1 j=1 j=1k=1

Since the family {A; N E;}72, is a partition of E;, we have

D Iv(Ax N By < [vI(E)).

k=1

Therefore,
DA <Y I(E)
k=1 j=1

Since {Ay};2, is an arbitrary partition of E, it follows that

<> IWlE)
j=1

To prove the reverse inequality, we first choose t; € R such that |v|(E}) > t; for
each j. Then for each j we can find a partition {ALk} we, of Ej; such that

[e.e]
Z|V ik >t
k=1
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But then E = J; A;x so we have

o0 o0 [e.e]
WIE) = DD (i)l = )t
j=1k=1 J=1

Now take the supremum over all possible choices of ¢; to obtain

Z\V\ ) < [V[(E).

Thus |v| is a measure. O

We close this section by checking that the two definitions of total variation agree
when v is a finite signed measure.

Proposition 5.6.16. Suppose v is a signed measure. Then the total variation
|v| defined as above is equal to v + v~ .

Proof. Let E € M, and let {E;}32, C M be a partition of £. Then

o

DBl < Z[V+(Ej) +v(B)] =vH(E) + v (B),

and taking the supremum over all partitions of E yields
v|(B) < vi(E) + v (B).

Now let X = PUN be a Hahn decomposition for v. Then ENP and ENN partition
E, so
v (E)+ v (E) = [v(ENP)| + [W(ENN)| < |(E).

Thus [v|(E) = v (E) + v (E). O

Exercises for Section 5.6

Exercise 5.6.1. Let X be a set, M C P(X) a o-algebra, and suppose v, p, and A
are signed measures on M. Prove the following assertions.

(a) If v is concentrated on a set E € M, then so is |v|.
(b) If v L p, then |v| L |u|.

(¢c) fv L AXand p L A, then v+ p L A
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Exercise 5.6.2. Prove Proposition 5.6.11.

Exercise 5.6.3. Let v be a signed measure on a o-algebra M C P(X). Prove that
LY(X,v) = L'(X, ).

Exercise 5.6.4. Prove Proposition 5.6.13.

Exercise 5.6.5. Let v be a complex measure on a o-algebra M C P(X). Prove
that |v(E)| < |v|(E) for all E € M.

5.7 The Radon-Nikodym Theorem

As we foreshadowed in the last section, we intend to prove a major theorem regarding
integration with respect to two closely related measures on the same space. In
particular, we would like to transform integration with respect to a signed or complex
measure into integration against some related positive measure. Before we can even
state this theorem, we need to make the term “closely related” much more precise.

Definition 5.7.1. Let (X,M) be a measurable space, and suppose v is a signed
or complex measure on M and p is a positive measure on M. We say that v is
absolutely continuous with respect to p, written

v < i,

if we have v(E) = 0 for all £ € M such that u(F) = 0.

One might wonder how common absolutely continuous measures are. As it turns
out, it is quite easy to construct signed or complex measures that are absolutely
continuous with respect to a prescribed positive measure p.

Example 5.7.2. Let (X,M, i) be a measure space, and let f € L'(X, ). Recall
that we can define a complex measure v on M by setting

wmzéfw

for all £ € M. It is easy to see that v is absolutely continuous with respect to u: if
p(E) =0, then [ fdu =0, so v(E) = 0. More surprisingly, the Radon-Nikodym
theorem will show that every complex measure on M that is absolutely continuous
with respect to p arises in this way.

Since we will have much occasion to talk about such measures in the near future,
we will introduce some notation for measures defined like the one from the previous
example. Given a positive measure p and a function f € L' (X, i), we write

dv = fdu
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for the measure defined by
u(E) = [ i
E

for all E € M.

Now we will look at an example of two measures that are not absolutely contin-
uous with respect to one another. We will see that the notion of mutual singularity
ends up playing a role.

Example 5.7.3. Let (R, £, 1) denote the usual Lebesgue measure space, and let
v denote the Dirac measure on R concentrated at 0. Then notice that p({0}) =0,
while v({0}) = 1. Thus v is not absolutely continuous with respect to p. In fact,
v L u since v is concentrated on the singleton {0}, while x4 can be thought of as
being concentrated on R\{0}.

It is not hard to check (see Exercise 5.7.1) that the notion of absolute continuity
is roughly the antithesis of mutual singularity.

Proposition 5.7.4. Let (X, M, ) be a measure space, and suppose v is a signed
or complex measure on M. If v < u and v L p, then v = 0.

It is also a worthwhile exercise (see Exercise 5.7.2) to check the assertions in the
following proposition regarding absolute continuity.

Proposition 5.7.5. Let (X, M) be a measurable space, and suppose p is a positive
measure on M.

1. If v is a signed measure on M, then v < p if and only if v+ < p and
v L .

2. If v is a complex measure on M, then v < u if and only if its real and
imaginary parts are absolutely continuous with respect to .

3. Ifv is a signed or complex measure on M, then v < u if and only if |v| < p.

It is worth noting that the term “absolutely continuous” is not unwarranted—
there is an “epsilon-delta” definition of absolute continuity that makes the name
seem quite apt.

Theorem 5.7.6. Let (X, M, p) be a measure space, and suppose v is a complex
measure on M. Then v < u if and only if for every e > 0 there exists d > 0 such
that p(E) < 6 implies [v(E)| < €.
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Proof. Without loss of generality, we may assume that v is positive. (Otherwise, we
could instead consider |v|, since v < p if and only if |v| < p and |v(E)| < |[v|(E)
for all E € M.) Suppose the -0 assertion holds, and let £ € M with u(E) = 0.
Then given € > 0, it is immediate that v(E) < €, whence v(E) = 0. Thus v < p.
On the other hand, suppose the -6 condition fails to hold. Then there exists
an £ > 0 such that for all n € N there is a set E,, € M satisfying u(E,) < 21n but
v(E,) > e. For each m € N, set F,, = J,—, FE,, and define F = (\°_, Fy,. Then

observe that
o0 oo

1 1
p(Fm) < Z n(En) < on ~ om—1°

n=m m=1
s0 i(Fy,) — 0 as m — oo. It then follows from continuity of measure that u(F) = 0.
However, v(F,;,) > ¢ for all m, so v(F) > ¢ as well. Thus v is not absolutely
continuous with respect to p. O

Now we digress for a moment to say a little more in the situation where v and
w are both positive measures.

Definition 5.7.7. Suppose p and v are both positive measures defined on the
same o-algebra M. We say that p and v are mutually absolutely continuous
if v < ppand p < v.

Mutually absolutely continuous measures are sometimes said to be equivalent.
As an instructive example, we show that any o-finite measure is equivalent to a
finite measure.

Theorem 5.7.8. Suppose (X, M, i) is a measure space, where p is o-finite. Then
there is a function f € LY (X, u) such that 0 < f(x) < 1 for all x € X. Conse-
quently, the finite measure

dv = fdu

is mutually absolutely continuous with w.

Proof. Since p is o-finite, we can write X = U;’;l E; with the E; pairwise disjoint
and p(E;) < oo for all j. Define a sequence of functions (f,)>2; on X by
1
In= m *XEn>
and put f = 7, fn. Then for each n, 0 < f,(z) <1 for all x € X. Since the E,

are pairwise disjoint, it follows that 0 < f(x) < 1 for all x € X. Furthermore, the
Monotone Convergence Theorem guarantees that

1 =1
/deu /fndu ST () )<Y 5=1

n=1
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so f e LYX,u).
If v is the measure defined by dv = fdu, then we have already argued that
v < . On the other hand, if

WE) = [ foxmdn=0

for some E € M, then it must be the case that f - xgp = 0 p-almost everywhere.
But f(z) # 0 for all z, so the only possibility is that u(E) = 0. Hence v and pu are
mutually absolutely continuous. O

Now we arrive at the promised Radon-Nikodym theorem. The theorem actually
comes in two parts—the first is sometimes called the “Lebesgue-Radon-Nikodym”
theorem, while the second is the more specialized result that we have been referenc-
ing throughout our discussion.

Theorem 5.7.9 (Lebesgue-Radon-Nikodym). Let (X, M, u) be a o-finite mea-
sure space, and suppose v is a complexr measure on M.

1. There exist unique complexr measures v, and vs on M such that v, < p,
vs L u, and
V=V, + Us.

Furthermore, if v is a finite signed (or positive) measure, then so are v,
and vs.

2. There is a function f € L'(X, ) such that

va(E) = /Efdu

for all E € M. (In other words, dv, = f du.) Furthermore, any other such
function agrees with f p-almost everywhere.

Before we can start the proof, we need a small lemma regarding mutually singular
measures.

Lemma 5.7.10. Suppose u and v are finite positive measures on a o-algebra M.
Fither v L p, or there exists an € > 0 and a set E € M such that ((E) > 0 and
v(A) > eu(A)

for all sets A € M with A C E.
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Proof. For each n € N, we consider the signed measure v — %,u, and we let X =
P, UN,, be a Hahn decomposition for this measure. Set

o0
p={]JP,
n=1
1

and N = P¢. Then N C N, for all n, so N is a negative set for the measure v — -1

for all n. Consequently,
0 < v(N) < L u(N)

for all n, meaning that v(N) = 0. If we also have u(P) = 0, then v L p. On the
other hand, p(P) > 0 implies that p(P,) > 0 for some n. Since P, is a positive set
for v — %,u, we have

so we can take ' = P, andE:%. ]
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Proof of the Lebesgue-Radon-Nikodym theorem. We first assume that p is finite and
v is positive. We first focus on constructing the “absolutely continuous part” v,.
We prove this and assertion (2) in one fell swoop by finding an appropriate function
f € LY (X, i) and defining dv, = f du. To this end, let

&":{f:X—>[O,oo]:/fdu§1/(E) forallEeM}.

E

Notice that 0 € F, so F # (). Now suppose f,g € F, and let
A={zeX: f(x)>g(x)}.

If we let h = max{f, g}, then for all E € M we have

/hdu:/ hdu—i—/ hdu
E ENA E\A

= fdu+ / gdu
ENA E\A

v(ENA)+v(E\A)
=v(E).

a:sup{/ fd,u:feff}.
b'e

Notice that @ < v(X) < oo by the definition of F. Now find a sequence of functions
(fn)pe, in F satisfying [y fndp — o as n — oo. For each m € N, define

9m = max{fbf%"'?f?ﬂ}a

and set f = sup,, fn. Then g, € F for all m, clearly g,, increases pointwise to f,

and
/fmdlug/gmdﬂ
X X

a= lim fndu < lim/gnd,ugoz,
n—oo X

n—oo X

IN

Hence h € F. Now put

for all m. Consequently,

so [ y 9ndp — a as n — oo. It follows from the Monotone Convergence Theorem
that [, fdu = o, and that

/ fdp = lim /gndu< v(E)
E n—oo E

for all E € M. Thus f € F and f € LY(X, p).



5.7 The Radon-Nikodym Theorem 243

Define v, by dv, = fdu. Then v, < p by previous arguments. If we set
Vs = V — Vg, then we claim that vs L p. Suppose, to the contrary, that v, is not
singular with respect to p. Then by the lemma there is an € > 0 and a set £ € M
such that u(E) > 0 and vg5(A) > eu(A) for all measurable sets A C E. If A € M is
any measurable set, then

/Af‘l‘EXEd,LLZ/Afdu-f—a/AXEdu
(A) +eu(ANE)

Ve (A)
vo(A) + vs(ANE)
va(A) + vs(A)

— 1y(A
< va(A
<

so the function f + exg belongs to F. Moreover,

/f+6><Edu=/fdu+6/ XEdp = a+eu(E) > a,
X X X

which contradicts the definition of a. Therefore, it must be the case that vs L p.
Before generalizing the proof, we show that v, and v, are unique. Suppose
v = v, + vV, is another decomposition, with v/, < p and v, L u. Then

/ /
Vg — V, = Vg — Vs,

where v, — v}, < p and v, — vs L p. Therefore, v, — v, = v, — vy = 0. Similarly, if
there is another function g satisfying dv, = g du, then we have

[Efdu=[Egdu

for all E € M, which implies that f = ¢g py-almost everywhere.

Now suppose v is a finite signed measure, and let v = v+ — v~ be its Jordan
decomposition. Then by our previous work, we have decompositions v = v + v
and v~ = v, +v; with v],v; < pand v}, vy L p. Thus

vi—v, <p, vi—vy Ly,
and we have the appropriate decomposition of v:

I/SZV;'—V_

I/a:l/;_—u_ 5 -

a

The function f is found similarly—we can find f*, f~ € L}(X, u) such that dv =
ftdup and dv, = f~ du, and putting f = f* — f~ gives

dv, = fdpu.
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Indeed, if £ € M, then we have

ua<E>—uJ(E)—va<E>—[Ef+du—/Efdu—/Eﬁ—fdu—/Efdu.

We can work similarly to pass to the case where v is a complex measure—simply
decompose the real and imaginary parts of v and combine the results together in
the appropriate way.

Finally, we assume that p is o-finite. By Theorem 5.7.8, there exists a finite
measure g’ on M that is mutually absolutely continuous with p. Applying what we
have already proven, there exist complex measures v, and vs such that v, < p/,
vs Ly, and v = v, + vs. However, it then follows that v, < p and vs L pu.
Furthermore, there exists f € L'(X, u') such that

dv, = fdy'.

Let g € L'(X, i) be a function satisfying 0 < g(z) < 1 for all z € X and du’ = gdpu.
Then fg € LY(X, i) and

Va(E)Z/ fdu’Z/fgdu
E E
for all E € M. Thus dv, = fgdu. O

It is worth noting that the Lebesgue-Radon-Nikodym theorem still holds for
more general signed measures, provided that we also assume v is o-finite. The only
changes are that v, and vs; are now o-finite signed measures, and the function f
satisfying dv, = fdu does not necessarily belong to L'(X,u). Instead, we can
only say that f is an extended p-integrable function, meaning either [ x frdp
or [ /7 dp is finite. In fact, the proof shows that f is “locally” integrable.

Theorem 5.7.11 (Lebesgue-Radon-Nikodym for o-finite signed measures). Let
(X, M, ) be a o-finite measure space, and suppose v is a o-finite signed measure

on M.

1. There exist unique o-finite signed measures v, and vs on M such that v, <
M Vs 1 K, and
V=V, + Us.

2. There is an extended p-integrable function f: X — R such that

Va(E):/EdeL

for all E € M. (In other words, dv, = f du.) Furthermore, any other such
function agrees with f p-almost everywhere.
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Proof. Assume first that v is positive. Write X = U(;i1 E; with E; € M and
|V(E;)| < oo for all j. Let v; denote the restriction of v to Ej; that is, v; is the
measure on M defined by

vj(A) = vi(AN Ej).

Notice that v; is a finite measure that is concentrated on E; by definition. Then
by the previous version of the Radon-Nikodym theorem, there exist finite measures
Va,; and vg ; on M such that v, ; < p, vs; L p, and

Vj = Vaj + Vsj-

Furthermore, there exist functions f; € L'(X, ) such that dv,; = f; du. We may
assume f; vanishes outside Fj.
Set v, = Zjoil Vq,; and vg = Z?’;l Vs ;. Then by countable additivity, it is not
hard to see that v = v, + vs: given A € M, we have
oo o0 o o
V(A) = V(ANE) =Y vi(A) = vai(A)+ ) vei(A).
j j j j=1

7=1 7=1 =1

Furthermore, we have v, < p, since p(A) = 0 implies v, ;(A) = 0 for all j, whence
vg(A) = 0. That vs L p follows from Exercise 5.7.5.

Now we set f = Z?; fj- Then the Monotone Convergence Theorem guarantees
that for all £ € M we have

/EfdMZ;/IEfdeij;Va,j(E)ZVa(E)-

Thus dv, = fdu.

Now suppose v is a o-finite signed measure. Then as in the proof of the Lebesgue-
Radon-Nikodym theorem, we can work separately with the positive measures v and
v~ and add the resulting decompositions. The only thing worth verifying is the fact
that f is extended p-integrable. Let X = P U N be a Hahn decomposition for v.

Then
/de/L:/XfWu—/Xf‘du:V*(P)—V_(N)-

Since either v*(P) or v~ (N) is finite, it follows that one of [y f*duor [y f~du is
finite. O

The decomposition of a signed or complex measures into absolutely continu-
ous and singular parts (with respect to a specified positive measure) is called the
Lebesgue decomposition. Before moving on, we will look at one specific example
of a Lebesgue decomposition.
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Example 5.7.12. Let i denote Lebesgue measure on R, and define F': R — R by

if
Pla) = x ifx <O
r+1 ifx>0.

Let v denote the Lebesgue-Stieltjes measure associated to F. Then v is not ab-
solutely continuous with respect to p, since p({0}) = 0 but v({0}) = 1. These
measures are not mutually singular, either. It should not be hard to convince one-
self that

Vg = W, vs = dp,

where &g denotes the Dirac measure concentrated at 0. Indeed, we can check that
v = pu+ 6. Given a half-open interval (a, b], we have

(a,b)) = F(b) - Fla) = {I; Co el

+1—a if0€ (a,b],
which agrees with u((a, b])+3do((a,b]). Since v and p+Jp agree on half-open intervals
and they are o-finite, they agree on Borel sets. Furthermore, we clearly have p <
and 0y L u, so we have found the Lebesgue decomposition of v. It is also obvious
that the constant function f =1 is the function satisfying dv, = f du.

What if p is a positive o-finite measure, v is either a complex measure or a
o-finite signed measure, and v < u? Since Lebesgue decompositions are unique, we
could conclude that v, = v and v; = 0. Thus we have the following corollary, which
is what analysts often think of as the Radon-Nikodym theorem.

Corollary 5.7.13. Let (X, M, u) be a o-finite measure space, and let v be either
a o-finite signed measure or a complex measure on M. If v < u, then there exists
a function f such that

v(E) = /Efdu
for all E € M.

Definition 5.7.14. Let (X, M, i) be a o-finite measure space, and let v be either
a o-finite signed measure or a complex measure on M satisfying v < u. Then
any function f satisfying dv = f du is called a Radon-Nikodym derivative of
v with respect to u, denoted i

v

=g




5.7 The Radon-Nikodym Theorem 247

Notice that the Radon-Nikodym derivative is not unique, though any two deriva-
tives are necessarily equal p-almost everywhere.

As we promised earlier, the Radon-Nikodym theorem provides us with a “change-
of-variables” formula between measures, which is akin to the usual u-substitution
formula from calculus.

Theorem 5.7.15. Let (X, M, 1) be a o-finite measure space, and let v be either
a o-finite signed measure or a complex measure on M satisfying v < pu. If
fe LY X, u), then f- g—z € LY(X, ) and

/deV:/Xf-fl:d,u. (5.4)

Proof. Assume first that v is positive. If f is the characteristic function of a measur-
able set, then (5.4) holds simply by the construction of g—;. It then holds for simple
functions by linearity, and our usual mantra regarding the Monotone Convergence
Theorem implies that (5.4) holds for nonnegative functions. If f € L'(X,v) is
real-valued, then [ f*dv and [ f~ dv are both finite, hence

/f*-d”du, /f—-d”du@o.
D'e dp D¢ dp

It follows that f - t% € LY(X, ut), and linearity again implies that (5.4) holds. The
result then follows for all functions in L'(X,v) by considering real and imaginary
parts.

Now suppose v is a signed measure. Then the result follows by applying the
previous work to v and v~ together with the observation that

dv B dvt  dv~

du  dp dp
Similarly, we extend to the situation where v is complex by considering the real and

imaginary parts and invoking the fact that

dl - dVRe Ay
dp — dp ! dup

O]

Notice that if v is a signed or complex measure and |v|(E) = 0 for some E € M,
then v(E) = 0 since [v(F)| < |v|(E). Thus v < |v|. As a result, we obtain the
following characterization of complex measures or o-finite signed measures.
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Theorem 5.7.16. Let (X, M, ) be a o-finite measure space, and let v be either
a o-finite signed measure or a complex measure on M. Then v < |v|, and for all
fe LY X,v)=LYX,|v|), we have

/dey:/Xf.dCfZ'dM

Finally, we have the following corollary when v and p are mutually absolutely

continuous positive measures.

Corollary 5.7.17. Let X be a set, M a o-algebra on X, and suppose . and v are
o-finite positive measures on M. If p and v are mutually absolutely continuous,

then
dj dv

dv du:

almost everywhere.

Proof. For all E € M, we have

d dv d
/1dV:V(E): Vdu:/y-'udy
E E dp Edp dv

by the proof of Theorem 5.7.15. (In particular, (5.4) holds for all nonnegative
measurable functions.) Since this holds for all measurable sets E, it must be the
case that the integrands agree u-almost everywhere (or equivalently, v-almost ev-
erywhere). O

5.7.1 An Application to Probability Theory

We now discuss an application of the Radon-Nikodym theorem to probability theory.
In a graduate-level probability course, one learns to think of probability in terms of
measure spaces. That is, we model a random process with a probability space,
which is simply a measure space (X, M, u) satisfying u(X) = 1. The set X is called
the sample space, while the o-algebra M consists of the events that are allowed
to occur. The probability that an event E € M occurs is precisely u(FE).

Once one views a probability space as a special kind of measure space, many
familiar concepts from probability can be couched in measure-theoretic terms. For
example, a random variable is simply a measurable function f: X — R, and the
expected value of a random variable is computed by averaging the function—that
is, integrating it—over X:

E(f) = /X fdp.
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In probability theory, one would also like to “condition” on certain events, meaning
that we want to compute the probability of an event under the assumption that some
event (or collection of events) has occurred. We know from classical probability
theory that the conditional probability of A given B is simply

P(ANB) u(ANnB)
P(B) —  uB)

which makes sense whenever p(B) # 0. Likewise, one defines the conditional
expectation of a random variable f given an event E by averaging f over all

possible outcomes in E:
E(f|E / fdp.

Again, this definition is meaningless if u(E ) (Go look up the Borel-Kolmogorov
paradox to see what can go wrong when one condltlons on events of probability zero.)

We can get around these issues by conditioning on a o-algebra instead of a
particular event. Suppose N is a sub-c-algebra of M, and let v denote the restriction
of p to N. Given an integrable random variable f : X — R, we are tempted to
define E(f | N) by “locally averaging” f over the events in N:

E(f | N /nfdv

or to avoid problems with null sets,

B(F 12 u(B) = [ fav (5.5)

for all £ € N. However, there are two problems with this definition. First, f is
only assumed to be M-measurable—it is unlikely that f is measurable with respect
to the smaller o-algebra N, so the integral [ | dv technically does not make sense.
Second, there is no reason to expect the existence of a universal constant E(f | N)
satisfying (5.5) for all events E unless f is constant. To correct these problems, we
seek a new random variable E(f | N) whose “local averages” over events in N agree
with those of f. That is, we want the equation

|12 = [ rau

to hold for all £ € N. Observe that the measure A defined on M by dA = fdu is
absolutely continuous with respect to u, and the restriction of A to N is absolutely
continuous with respect to v. Therefore, the Radon-Nikodym theorem guarantees
that there is an N-measurable function E(f | N) : X — R satisfying

MM=LMﬂmw

for all E € N. Indeed, E(f | N) = 7 is nothing more than the Radon-Nikodym
derivative of Ay with respect to v.

P(A|B) =
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5.7.2 The Lebesgue Differentiation Theorem

Now we turn to another discussion related to the Radon-Nikodym theorem. Here
we will focus on the situation where X = R (or R"™) equipped with its Lebesgue
measure i, and v is either a o-finite signed measure or a complex measure that is
absolutely continuous with respect to p. The notation g—; and the term “Radon-
Nikodym derivative” seem to suggest that we are somehow measuring the “change”
in v relative to the “change” in p. But how can one quantify the rate of change
of one measure with respect to another? We can make sense of this concept by

thinking in terms of open balls. For each z € R, we will define

_ i Y(B(217))
B

In light of the Radon-Nikodym theorem, we know there is a measurable function f
satisfying dv = f du, so we can rewrite I’ as

. 1

There are two ways to interpret the right hand side of this equation. For one, we are
simply computing the average value of f over the ball B(z;7), and then taking the
limit as 7 — 0. Consequently, one might expect that F(x) = f(x), provided f does
not oscillate too wildly at . On the other hand, one could also think of F' as some
sort of derivative. Putting these two together, it seems that we are saying that the
derivative of the indefinite integral of f (i.e., the measure v) equals f p-a.e., which
sounds an awful lot like a version of the fundamental theorem of calculus for the
Lebesgue integral.

In order to analyze the Radon-Nikodym derivative from this perspective, we
will consider a specific function associated to f that “maximizes” the average value
of f over all balls centered at x. First, we need to make one observation. Recall
that g—; belongs to L'(R", ) when v is finite (i.e., a complex measure), but it is
only guaranteed to be an extended integrable function when v is a o-finite signed
measure. In fact, if we look back at the proof of the Radon-Nikodym theorem, we
can see that f is constructed in such a way that it is integrable over certain sets of
finite measure.

Definition 5.7.18. A function f : R" — C is said to be locally integrable if
Jx | fldp < oo for every compact set K C R". The set of all locally integrable
functions is denoted by L{ (R™, u).

loc

Notice that we certainly have L'(R™,u) C L& (R™, u), but locally integrable

loc
functions need not be integrable on R". (For example, the constant function f = 1is
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locally integrable.) To each locally integrable function f, we can define a particular
function that encodes the maximum possible average value of f on an open ball
centered at each point x € R".

Definition 5.7.19. Given a function f € L] _(R", u), we define Hf : R" - R
by

1
H = _ du.
UC s IiET) /B<m>f [y

We call H f the Hardy-Littlewood maximal function of f.

For each z € R™ and r > 0, we let A, f(z) denote the average value of f over
the ball B(x;r):
1
Af@) = [ fan
M(B(l‘, T)) B(z;r)
For a fixed f, it is not hard to check that A, f(x) varies continuously in both r and
. Consequently, we can write

Hf(z) = sup A, [ f|(z),
r>0

so H f is the pointwise supremum of a family of continuous functions. Therefore, it
is lower semicontinuous?, hence measurable. Can we say anything about its integra-
bility? Unfortunately, H f need not belong to L'(R™, 1) even when f is integrable.

However, we do have a certain boundedness result for the maximal function, which
says that H f is a “weak L!” function whenever f € L'(R", ).

Theorem 5.7.20 (Hardy-Littlewood Maximal Inequality). For all f € L*(R™, i)
and all o > 0, we have

u({e € R Hf(z) > a}) < ?’Q/R fld.

The proof of the maximal inequality is not difficult, but it requires a technical
lemma (due to Wiener) regarding unions of open balls in R™. We omit both proofs
and forge ahead to the main result on differentation.

2A function f : R™ — R is lower semicontinuous if the set
{r eR": f(z) > a}

is open for all a € R. It is evident that any lower semicontinuous function is measurable.
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Theorem 5.7.21 (Lebesgue Differentiation Theorem). For all f € LL (R™, ),

loc

we have
1

MY (B lan) /Bm fdu= i)

for p-a.e. x € R™. In fact,

1

lim s /B V@) = r@)duty) =0

for pu-a.e. x € R™.

Proof. Since we are only trying to establish pointwise convergence, it suffices to show
the result holds for all z in a ball of arbitrarily large radius centered at 0. That is,
we may assume ||z|| < R for some R > 0 and that f vanishes outside B(0; R). In
other words, we can assume f € L'(R", u).

Now we need a fact that we have not encountered yet, but that we will see in the
relatively near future. Given € > 0, we can find a compactly supported? continuous
function g : R® — C satisfying

/ |f —gldu <e.
Rn

Since ¢ is compactly supported, it belongs to L' (R™, 11). Furthermore, the continuity
of g guarantees that for each x € R™ and d > 0 there exists an r > 0 such that
|z —y|| < r implies

l9(z) — g(y)| <0,

SO

B(z;r)
1 1
e /B S 0) s /B o))
1
= B /B(w) l9(y) — 9(x)| dp(y)
<6

3A function f: R™ — C is compactly supported if the closure of the set
{z €R": f(z) £ 0}

is compact.
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It follows that
lim 4,9(z) = g(z)

r—0

for all z € R™. Now observe that*

limsup |A, f(2) — f(z)| = limsup [A,(f — 9)(2) + Arg(z) — 9(z) + (f — 9)(2)]

r—0 r—0

< sup 1A (f = 9)(@)[ + 0+ |f(2) — g(x)]

< H(f = 9)(@) +[f(2) — g()].

To finish the proof, it suffices to show that the last line can be made arbitrarily
small. To this end, for each o > 0 we define

E, = {:B € R" : limsup A, f(z) — f(x)] > a}
r—0
and
Fo={zeR":|f(z) — g(z)] > a}.
By the work above, we see that
E, C F,U {zeR":H(f —g)(z) > $}.
The Hardy-Littlewood maximal inequality guarantees that

3n

i R 1 —0)w) > 8)) < 5 [ 1f =gl < 225

On the other hand,
!
/ |[f = gldp = 5 - p(Fapa),
Fa/2

whence 5
€
p(Fy 2) < e

Therefore,
2-3”5_’_% 21+ 3")e
a Q

for all @ > 0. Since ¢ > 0 was arbitrary, we must have u(E,) = 0 for all o > 0. If
we let E = (J;2| E1/y, then u(E) = 0 and

lim A, f(z) = f(z)

r—0

1(Eq) <

4For a function f: R™ — R, we define the limit superior of f at a € R™ to be

limsup f(z) =lim sup f(z)=inf sup f(z).
z—a e200<||z—all<e €>00<|jz—al<e
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for all x € E°. Thus we have proven our first claim.
To prove the second estimate, which is seemingly stronger than the first, we
begin by defining

T S ) — -
Ly= {xER I EIET) /B(x;r)\f( ) = fW)ldu(y) 0}~

We claim that p(L$) = 0. For each z € C, define g.(z) = [f(z) — z[. Then applying
the estimate that we have already established to g,, we have

1

by B o, 92040 = 0:(0) = 17(e) (56)

for p-a.e. z, i.e., for all z outside a null set E,. Let D C C be a countable dense
subset. Then the set
E = U E,

deD

is p-null. Furthermore, given any x € E° and ¢ > 0, there is a d € D satisfying
|f(x) —d| < §. Therefore,

(@) = F@)] < |f @) = d| + |£(y) = d] < |f(y) —d] + 5

for all y € R"™, so

. 1
sy /B ) = FWl )
. 1 2
I3
= 1f(@) —d+ 5
<eg,

where the last equality follows from (5.6). Since e > 0 was arbitrary, we are done. [

The set Ly that we defined in the last proof is called the Lebesgue set of f,
and its elements are called Lebesgue points. Thus the latter part of the proof
establishes that x is a Lebesgue point of f for pu-a.e. x € R™. Notice that the
Lebesgue points of f are precisely the points at which f does not oscillate very
much, at least on average. This condition is a weakened form of continuity—indeed,
f is continuous at x if and only if

lim sup |f(z) - f(y)] = 0.
r—0 yEB ()
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Thus the second estimate in the Lebesgue differentiation theorem can be thought
of as another manifestation of Littlewood’s third principle—a measurable function
is almost continuous.

Finally, let us make one more observation regarding the Radon-Nikodym deriva-
tive. Coming back to our original discussion, the Lebesgue differentiation theorem
has the following immediate corollary.

Corollary 5.7.22. Let v be a o-finite signed measure or a compler measure on
R" that is absolutely continuous with respect to the Lebesgue measure . Then
we have

v(By(x)) dv

M By dn™

for p-a.e. x € R™.

Exercises for Section 5.7

Exercise 5.7.1. Suppose (X, M, u) is a measure space and v is a signed measure
on M. Prove that v < p and v L p implies v = 0.

Exercise 5.7.2. Prove Proposition 5.7.5.

Exercise 5.7.3. Let (X, M, 1) be a measure space, and let v be a complex measure
on M.

(a) Suppose A is another positive measure on M. Show that if v < X and A < p,
then v < p.

(b) Show that if A < p and v L p, then v L A.

Exercise 5.7.4. Let X be a set and M a o-algebra on X. Define a relation ~ on
the set of positive measures on M by p = v if and only if p and v are mutually
absolutely continuous. Prove that = is an equivalence relation.

Exercise 5.7.5. Suppose (X, M, u) is a measure space and {v;}32; is a collection
of positive measures on M satisfying v; L p for all j. If we define v = Z;’il vj,
prove that v L p.

Exercise 5.7.6. Suppose F' : R — R is bounded, increasing, and differentiable,
and let v denote the associated Lebesgue-Stieltjes measure, which is characterized
by
v((a,b)) = F(b) — F(a)

for all a,b € R with a < b. Let u denote Lebesgue measure on R, and assume
v < p. Prove that

@ = F

dp
p-almost everywhere.
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Exercise 5.7.7. Let £ C R" be a Borel set, and let u denote the Lebesgue measure
on R". Given a point z € R", we define the density of E at z to be

o HEN Bl )
el = 8 B

provided the limit exists. Show that Dg(x) =1 for y-a.e. x € E, and that Dg(z) =
0 for p-a.e. x € E¢. (For an added challenge, find an example of a Borel set E' and
a point z € R"™ such that 0 < Dg(x) < 1.)



Chapter 6

Banach Spaces

With abstract measure theory under our belts, we now turn our attention toward
some topics in functional analysis. We will specifically study Banach spaces and
Hilbert spaces, with an eye toward operators and linear functionals on such spaces.
We begin with a preliminary discussion on L? spaces, which provide some informa-
tive examples from the realm of measure theory.

6.1 The L? Spaces

Throughout this section we let (X, M, ) denote a fixed measure space. Recall
that we previously defined the space L'(X, ) to be the set of all complex-valued
u-integrable functions on X:

LI(X,N):{f:X%C‘/ |f|du<oo}.
X

We will now study L!'(X,p) from a different perspective than we have considered
before—we will try to analyze the structure of L'(X, 1) as a whole, much like we
did with the function space C'(X) in Chapter 3.

Let us begin with some minor observations regarding L'(X, u). First, observe
that if f,g € L*(X, ), then

/\f+gldué/ f|+\g|du=/|fdu+/lg|du<oo,
X X X X

so f+g€ LY(X,u). Also, for any o € C we have

/Xlaflduz/xlallflduzIal/XIf!dM<oo,

so af € LY(X, u). Tt is then evident that L'(X, u) satisfies the axioms for a vector
space. In fact, we have all the necessary tools to turn L!(X, u1) into a normed vector

257
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space in a natural way. Given f € L'(X, ), we define

1l = /X Fldu.

Notice that the computations we performed above guarantee that || f]; = ||| fll;
and [|f + gll; < [Ifll; + llgll; for all f,g € L}(X, ) and all « € C. Furthermore, it
is clear that we always have || f||; > 0. However, notice that ||f||; =0, i.e.,

J 1t =o

only implies that f = 0 p-almost everywhere. In other words, ||-||; is not positive
definite. (Such a function is called a seminorm.) In order to get a true norm on
LY (X, i), we need to identify functions that agree p-almost everywhere. This is
accomplished by defining an equivalence relation ~ on L!(X, ), where we declare
f ~ g if and only if f = g pu-almost everywhere. For the more algebraically-minded
reader, this is equivalent to defining

V=A_f e LYX,p) | f=0pae}

and then forming the quotient of L'(X,u) by the subspace V. In any event, ||-||;
becomes a full-fledged norm on the resulting set of equivalence classes. However, we
will continue to write L' (X, 1), with the tacit understanding that we are thinking
of an element f € L'(X, 1) not as a single function, but as an equivalence class of
functions that are p-a.e. equal.

We can define an entire family of related function spaces, called the LP-spaces,
in a similar fashion. For each 1 < p < oo, we set

rxw={r:x | [ 1<l

where we again identify functions that agree almost everywhere. Clearly LP(X, u) is
closed under multiplication by complex scalars, and closure under addition follows
from the observation that

[f+al” < (If1+19)" < (2max{|f], g})" < 2°(| /1" + |g")-

We also define the corresponding LP-norm by

1/p
11, = ( /. If!pdu> .

It should not be clear at all that H||p defines a norm. To prove it, we need to
establish two important inequalities due to Holder and Minkowski.
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Theorem 6.1.1 (Holder’s Inequality). Suppose 1 < p,q < oo and % +% = 1.
Then given two measurable functions f,g: X — C, we have

1fglly < W F1l,llgll,-

In particular, if f € LP(X, ) and g € LY(X, ), then fg & LY(X, p).

Proof. Notice that the inequality holds trivially if one of || f[|, and [|g||, is co. Simi-
larly, if [ f[[, = 0 or [|g[|, = 0, then fg =0 p-a.e., so || fg|; = 0. Therefore, we may
assume that 0 < [|f]|,,, [lgll, < co. In fact, we can divide both sides by | f[[,llgll,
and assume that [|f||, = |lg|l, = 1. The rest of the proof relies on the fact that the
exponential function is convex: for all a,b € R and 0 < A < 1, we have

e/\a+(l—/\)b S )\ea + (1 . )\)eb.

Given z € X with 0 < |f(x)],|g(x)] < oo, take a = log|f(x)[’, b = log|g(x)|?,
)\:%,andl—)\:%. Then

F@)g(@)] < Lf@)P + o).

If f(x) =0 or g(x) = 0, then the same inequality holds trivially. Now if we integrate
both sides, we get

1 1 1 1
1 fgll, =/ |fgldu < / !f\pdwr/ 9| dp =~ +—=1=|fl,llgll,
X P Jx q.Jx p q

so the desired inequality holds. O

The exponents p and g satisfying %—k% = 1 in Holder’s inequality are called con-
jugate exponents. Notice that the case p = ¢ = 2 is special, and the corresponding
case of Holder’s inequality is worth singling out.

Theorem 6.1.2 (Cauchy-Schwarz Inequality). If f,g € L?>(X,pu), then fg €

LY (X, u) and
1/2 1/2
2 2
/X|fg|dﬂ§</x|f] du) (/X]g] du) )

Now we can use Holder’s inequality to establish Minkowski’s inequality, which
is really just the statement that the LP-norms satisfy the triangle inequality.
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Theorem 6.1.3 (Minkowski’s Inequality). Let 1 < p < oo. For all f,g €
LP(X, p) we have

1 +gll, < W1, + Mlgll,-

Proof. We begin with the observation that

\f+ g <|fIIf +gP " +1gllf +glP "

Now let ¢ be the conjugate exponent to p, and notice that

(p—1g=(p-1) (p_l) =p

p

Thus
[+ gt D= [ 17+ g du< o
X X

since f + g € LP(X, ). Now Holder’s inequality gives

1/p 1/q
Jisngsaptans ([ 1mran) ([ 1o ran)
X X X

and similarly,

1/p 1/q
[ talir ol < ( / \g\pdﬂ) ( / !f+g\(p_1)qdu> |
X X X

1/q

[ 15+ (171, + ol ( / |f+9|(”_1)qdu> ,

and writing (p — 1)¢ = p and é =1- % gives

Thus

1-1
[ 1+ o< (171, + ol ( /. \f+g|pdu) .

If f4+ g = 0 p-a.e., then Minkowski’s inequality holds trivially. Otherwise, it follows
from the previous inequality that

1/p
( /. \f+g!pdu> <11 + gl

whence the result. O
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Corollary 6.1.4. For all 1 < p < oo, LP(X, ) is a normed vector space.

Before investigating LP spaces further, we discuss a specific example that we
have actually seen once before.

Example 6.1.5. Let X = N equipped with counting measure. We can think of a
function f : N — C as a sequence (z,,)5° ;, and the condition for f to be in LP(X, u)
translates to the requirement that

o
Z |z | < o0.
n=1

Furthermore, the LP-norm takes the form

1/p
[(@n)nzill, = <Z|$n|p>

In particular, L'(N, 1) consists of the absolutely summable sequences,

n=1»

o0

Z |z, | < 00,

n=1

while L2(IN, 11) is the space of all square summable sequences,

oo
Z |z, < 0.
n=1

In other words, the L' and L? spaces in this case are nothing more than the spaces #!
and #2 that we encountered in Chapter 1. (Actually, there is a slight difference—we
are now dealing with complexified versions of those spaces.) Therefore, we denote
the LP spaces in this particular situation by ¢/(N), or simply 7.

Example 6.1.6. Let X = {1,2,...,n}, and let u denote the counting measure on
X. Notice that the set of all functions from X to C is precisely C", and every such
function is py-measurable. Furthermore, for all 1 < p < oo we have

n
Z |xj’p < 00,
j=1

for all n-tuples (z;)7_; € C". Therefore, LP(X, ) is simply C" endowed with the
corresponding p-norm. If we restrict to the subspace of real-valued functions, we
recover R™ with its various p-norms.
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There is also an analog of /*° for general measure spaces. Recall that the norm
on > was defined by

I@n)nzillo = sup [zal.
n

We would like to do something similar for measurable functions on (X, M, u), though
our definition should allow for the possibility that a function is unbounded (or even
takes infinite values) on a p-null set. Therefore, we replace the usual supremum
norm with the essential supremum.

Definition 6.1.7. Suppose f : X — C is measurable. We define the essential
supremum of f to be

esssup|f(z)| =inf {a > 0: p({z € X : [f(z)| > a}) = 0}.

zeX

Now we define L>°(X, 1) to be the set of all (equivalence classes of p-a.e. equal)
measurable functions having a finite essential supremum:

L>®(X,p) = {f : X - C ’ esssup |f(z)] < oo}.
zeX

Such functions are sometimes called essentially bounded functions. We then set the
norm on L (X, u) to be

1 flloo = esssup [f(2)].
X

e

It is then straightforward to verify that L>°(X, u) is a normed vector space. (See
Exercise 6.1.1.) We also have a version of Holder’s inequality for |-||,,, where we
formally interpret 1 and oo as conjugate exponents.

Theorem 6.1.8 (Holder’s Inequality for p = 1 and ¢ = o0). Suppose f €
LY(X,p) and g € L°(X, ). Then fg € LY(X, u), and

1fglly < [ £l M9l

Proof. By the definition of the essential supremum, we have |g(z)| < ||g]|, for u-a.e.
xz € X. Thus |fg] < |f|llg]l w-a.e., and it follows that

/Xfgldué/xlflllgllooduzIIQIIOO/XIfIdMZIIflhlgloo- M

Example 6.1.9. Let X = N equipped with the counting measure y. Notice that
w(E) =0 if and only if E' =0, so it is easy to see that

esssup |f(n)| = sup | f(n)]
neN nelN
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for any function f : N — C. Thus |[-||, is the usual supremum norm, and we see
that L°°(N, p) is nothing more than £>°.

Example 6.1.10. If X = {1,2,...,n} endowed with counting measure p, then
L>(X, p) is just C" equipped with the norm

[(z5)5= [ = max |25

Remark 6.1.11. Suppose X is a compact metric space and u is a Borel measure
on X. (For example, we could take X = [0,1] and p to be Lebesgue measure.) Then
any continuous function f: X — C is measurable, and it is bounded. Therefore,

esssup |f(z)| = sup |f(x)|,
reX

zeX

so we recover the usual supremum norm on continuous functions.

We now close our preliminary discussion of LP spaces with a few small yet inter-
esting results. The first states that the infinity norm can be thought of as a “limiting
case” for the norms |[|-[|, when p(X) is finite.

Theorem 6.1.12. Suppose u(X) < oo. Then for all f € L>°(X, ),

Proof. Notice first that the given statement tacitly assumes that if f € L>®(X, u),
then f € LP(X,u) for all 1 < p < oo. This is actually straightforward to check:

Hf|!§=/X|f!pdu§/XHngodM: 1F118 - (X)) < oo
Now let o < || f||,, and set
E={zeX:|f(x)]>a}.

Then p(E) > 0. Furthermore, we have

1/p
= (1) " o umye

Therefore,
liminf || f|l, > - lim w(E)Y? = qa,
p—0o0 pP—00

since p(E)YP — 1 as p — oo. This holds for all & < || ]|, so we can conclude that

timinf (7], > 1/
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On the other hand,

1/p
11l < ( J e du) 1l - (X7,

whence

lim sup Hpr < flloo-
pP—o0
Hence || f[|, = [|fl» as p — oo. -

Our first step in the last proof was to observe that L>°(X, u) C LP(X, p) for all
p > 1 when p(X) is finite. In fact, we can make a more general statement about LP
spaces in this situation.

Theorem 6.1.13. Suppose p(X) < oo and 1 < p < g < oco. Then LY(X,u) C
LP(X, p). Furthermore,

3=

1
a.

L1, < [1fllg - 1(X)

Proof. We have already established the result when ¢ = co. Suppose 1 < p < g < o0
and let f € L9(X,u). Then observe that % and ﬁ are conjugate exponents, so
Hoélder’s inequality yields

9—p

P p/q ap

p/q .
171 < ( /. mw) (x)E

Taking pth roots of both sides, we get

1/q L
11l < ( / f\qdu> W(X)h

Thus f € LP(X, u), and we have the desired bound on its norm. O

Q=

< Q.

Exercises for Section 6.1

Exercise 6.1.1. Prove that [|-||, defines a norm on L*°(X, u).
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6.2 Fundamentals of Banach Spaces

The LP spaces introduced in the last section will serve as informative examples
of Banach spaces, which are the foundation for much of functional analysis. We
have already introduced the definition of a Banach space—and we have seen several
examples—but we will still go through some preliminary discussion here. We will
then prove that the LP spaces are indeed Banach spaces before moving on to more
general Banach space theory.

Let F be a field. We will almost always take F = C, but we may occasionally
consider situations where F = R.! Recall that a vector space over F is an abelian
group (V,+) together with a map (o, z) — ax from F x V. — V satisfying the
following axioms:

. a(v+w) =azr+ay for all « € F and all z,y € V;

2. (aq + ag)r = a1z + age for all g, a0 € F and all z € V;

3. (vqaz)r = ag(agx) for all ag, a0 € F and all z € V;

4. 1-z =z for all x € V, where 1 € F denotes the multiplicative identity.

Now assume F = C or F = R, and let V be an F-vector space. As we have
defined before, a norm on V is a function ||-|| : V' — [0, 00) satisfying the following
conditions:

1. (Positive definite) ||z|| = 0 if and only if z = 0;
2. (Homogeneous) |laz| = |a|||z| for all « € F and all z € V;
3. (Triangle inequality) ||z + y|| < [|z|| + [ly[| for all z,y € V.

Recall that if V' is a normed vector space, then it automatically comes equipped
with a metric: for all z,y € V', we set

d(z,y) = [z =yl

Definition 6.2.1. Let V be a normed vector space. If V is complete in with
respect to the metric induced by its norm, we say that V is a Banach space.

We have already seen several examples of Banach spaces in previous chapters.
We review some of them now, while also setting the stage for some new examples.

'Much of what we will do relies on the existence of a norm on the underlying field F, as well as
the completeness of F. Therefore, one could make some of the theory work for complete subfields
of C, or for fields of p-adic numbers. We will often need results specific to the structure of the
complex numbers including the ability to take conjugates, as well as the fact that C is algebraically
closed.
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Example 6.2.2. For all n, C” and R"™ are both Banach spaces with respect to their
Euclidean norms as a consequence of Exercise 2.3.3 and the completeness of C and
R. (We shall see shortly that C™ and R™ are both complete with respect to any
norm.) In particular, R and C are both Banach spaces with respect to the norm

] = lal.

Example 6.2.3. As shown in Exercise 2.3.6, the sequence space ¢? is a Banach
space. We will soon extend this result to other LP spaces.

Example 6.2.4. Let X be a compact metric space. Then the space C(X) of
continuous complex-valued functions on X is a Banach space with respect to the
norm

1 flloe = sup [f(2)]
zeX
by Corollary 3.1.13.

Example 6.2.5. We can generalize the last example to obtain new kinds of Banach
spaces. We say a metric space X is locally compact if every point has a compact
neighborhood. (Equivalently, for each € X there is an r > 0 such that the closed
ball B[z;r] is compact.) Define

Cp(X) = {f : X - C ‘ [ is continuous and || f||, = Suglf(x)| < oo}.
e

It is straightforward to check that Cp,(X) is a Banach space with respect to the norm
|-l - Indeed, it is immediate from Theorems 3.1.10 and 3.1.11 that if (f,)52, is a
Cauchy sequence in Cy(X), then it converges to a continuous function f : X — C.
Thus one only needs to check that f is bounded. Well, given € > 0 we can find an
n € N such that

[fn(z) = f(2)] <e
for all x € X, whence
[f@)] < [fal@)] +e < fullc +¢

for all x € X. Hence f € Cp(X).
We can also define a useful subspace of C(X) as follows. We say a function
f: X — C vanishes at infinity if the set

{:CEX: |f(x)] 25}
is compact for all € > 0. We then define

Co(X) ={f:X — C| f is continuous and vanishes at infinity }.
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It is easy to see that any function in Cy(X) is necessarily bounded, so Cp(X) C
Cy(X). In fact, Cy(X) is closed in Cp(X) (see Exercise 6.2.1), so Cy(X) is a Banach
space under the supremum norm.

Finally, for a function f : X — C we define the support of f, denoted supp(f),
to be the closure of the set

{z e X : f(zx) #0}.
Let
C.(X) = {f X —=>C ‘ f is continuous and supp(f) is compact},

which is called the set of compactly supported continuous functions. Clearly
Ce(X) C Cy(X), but C.(X) is not a Banach space under the supremum norm. In
fact, C.(X) is dense in Cy(X). (The proof requires Urysohn’s lemma.)

Next we show that the LP spaces are always complete. Before we can prove it,
we need a lemma regarding convergent series in a Banach space.

Definition 6.2.6. Let V' be a normed vector space, and let ()72, be a sequence
of elements in V. We say the series Z‘;’;l x; converges absolutely if

o0
>l < oo
j=1

Recall that an absolutely convergent series of real or complex numbers is conver-
gent. This fact relies heavily on the completeness of R and C, so it seems plausible
that an absolutely convergent series in a normed space V might not converge if V'
is not complete. In fact, the convergence of such series can be used to characterize
when V is a Banach space.

Proposition 6.2.7. A normed vector space V is a Banach space if and only if
every absolutely convergent series in 'V converges to an element of V.

Proof. Assume first that V is a Banach space, and suppose (x]-);";l is a sequence in
V such that Z]"il x; converges absolutely. Let € > 0 be given. Then there exists a

natural number N such that .

> llzill<e

j=n+1
for all m >mn > N. Hence

m m
ooall< Y gl <
j=n+1 Jj=n+1
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so the partial sums of Z(jﬁl x; form a Cauchy sequence. Since V is complete, it
follows that Z;; x; converges.

Now assume every absolutely convergent series converges in V', and let (:Uj);’il be
a Cauchy sequence in V. Then we can construct a subsequence (x, )72, satisfying

1
ijk+1 —:cij < ok

for all k. Thus
oo oo 1
Z ijlﬂ-l - %kH < Z ok < 00,
k=1 k=1

so the series Y7, (., — x;,) is absolutely convergent. By assumption, this series
converges to an element x € V. But the series telescopes, so the partial sums have

the form
n

> @y = Tj) = Tjpy — Ty
k=1

Hence zj, , — x + x;,. Since the Cauchy sequence (xj);-";l has a convergent subse-
quence, it converges as well. It follows that V is complete. O

This result about convergent series provides one way of proving the Riesz-Fischer
theorem, which says that the LP spaces are always complete.

Theorem 6.2.8 (Riesz-Fischer). Let (X,M,u) be a measure space. Then
LP(X, p) is a Banach space for all 1 < p < oo.

Proof. Assume first that 1 < p < oo. Let (f;)72; be a sequence in LP(X, u1) such
that Z;’il fj converges absolutely. Notice that for each n € N we have

> 1]
j=1

n
<3 Isl,
j=1

p

by Minkowski’s inequality. It follows that

L(i’fjopdus (infju,,)p <o

for all n. Applying the Monotone Convergence Theorem to the left hand side, we

see that
[e%s) p n P
/}((Zw) " JEEO/X(ZVJO i < o0
7j=1 7j=1
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Thus if we set f =372, f;, then

00 p
/X‘f|pdﬂ</)(<;|fj|) dp < 00,

so f € LP(X,u). That is, the series converges pointwise to a function in LP(X, ).
It remains to see that the partial sums of the series converge with respect to the
LP-norm. To this end, observe that for all n,

P—Zh:EZESij
j=1 j=n+1 j=n+1

Since (Z;’inﬂ 1£i1)" € LY(X, p) and > iens1lfil = 0asmn — oo, the Generalized
Dominated Convergence Theorem implies that

F=> 4

=1

P
dp = 0.

lim
n—00

It follows that || f — 3272, 11 fillp = 0 as n — 00, so the series 72, f; converges in
the LP-norm. Hence LP(X, u) is a Banach space by the previous proposition.

Now we consider the case p = co. Suppose ( fj)?; is a Cauchy sequence in
L>(X, p). By the definition of the essential supremum, for each pair j, k € N with
J > k, there is a p-null set Ejj such that

1£i (@) = fu(@)] < 15 = fall o

forallz € Eji. Put = J; ), Ej,. Then u(E) =0, and (f;)52, is uniformly Cauchy
on E°. It then follows from Theorem 3.1.10 that f; — f uniformly on E¢ for some
function f: X — C, and that f is necessarily bounded on E¢. Thus f € L*(X, u),
and we clearly have | f; — f|| — 0. Hence L*°(X, 1) is a Banach space. O

Now we present two approximation results for LP spaces. The first shows that
certain kinds of simple functions are dense in LP(X, u1); the second result does the
same for continuous functions.

Theorem 6.2.9. Let (X, M, ) be a measure space, and let 8 denote the set of
all simple functions g : X — C with the property that

p({z € X : f(z) #0}) < .

Then 8 is dense in LP(X, ) for 1 <p < oo.
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Proof. Since any simple function is bounded and the elements of & are nonzero only
on a set of finite measure, it is clear that 8§ C LP(X, ). In fact, any simple function
in LP(X, ) must belong to 8. If g = Y| cxXE, is a simple function that does not
lie in 8, then we must have ¢, # 0 and p(Ey) = oo for some k. Then

/ IgldeZ/ ek |P dp = oo,
X E,
so g & LP(X, p).

Suppose f € LP(X,pu) is a nonnegative function. Then there is a sequence
(gn)52; of simple functions that increases pointwise to f. Since g, < f for all n, we

clearly have
/ gq’iduﬁ/ fPdp < oo,
X X

S0 gn € LP(X, pu), hence in 8, for all n. Furthermore, we have |f — g, |’ < fP for all

n and f? is integrable, so the Dominated Convergence Theorem guarantees that
lim / |f — gn|’ du = 0.

Thus [|f — gull, = 0 as n = o0, s0 gp — [ in LP(X,p). If f € LP(X, p) is real-

valued, we can find sequences (g,;7)%°; and (g;, )%, of simple functions converging

to f* and f~, respectively, in LP(X, i), and it follows that

1= (g =)l < 155 = gnll, + 1~ = gall, =0

as n — 0o. The case where f is complex-valued is handled similarly. O

For the next result, we assume X = R and p is Lebesgue measure. The theorem
actually holds for any Radon measure (which we have not defined yet) on a locally
compact Hausdorff space, though it requires more technology.

Theorem 6.2.10. The set of continuous, compactly-supported functions C.(R)
is dense in LP(R, u) for 1 < p < occ.

Proof. By the previous theorem, we know that the set & of simple functions that
vanish outside a set of finite measure are dense in LP(X, i1). Therefore, it suffices to
show that we can approximate such simple functions in the LP? norm with elements
of C.(R). First assume that £ C R is a measurable set with u(E) < oo, and let
€ > 0 be given. Then by the regularity properties of Lebesgue measure, there is an
open set U D FE satisfying u(U\FE) < %, and there is a compact set K C FE with
n(BE\K) < &. By Urysohn’s lemma?, there is a function ¢ € C.(R) satisfying the
following three conditions:

2We actually do not need the full power of Urysohn’s lemma here. It is possible to prove a
weaker version for locally compact metric spaces, and then use it to construct the function we need.
See Exercise 6.2.3.
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1. 0 < p(z) <1forall z € R;
2. p(z) =1 for all x € K; and
3. p(z) =0 for all z € U°.

Notice that ¢ agrees with xg on K and on U*€, so

u({z € R o(2) # xp(@)}) <<

Thus
le — xelb = / o —xEl"dp < / lp — xelP dp < p(U\K) < €,
R U\K

or [l — xgll, <e. Now we can approximate an arbitrary element of 8 by writing it
as a linear combination of characteristic functions, and then approximating each of
those functions sufficiently closely. O

Remark 6.2.11. The previous two results do not hold for L>°(X, u). The simple
functions vanishing outside a set of finite measure are not dense in L*(X, u). In
fact, notice that every simple function belongs to L>°(X, 1), and the set of all simple
functions is dense in L*°(X, u). (This follows from the fact that any bounded mea-
surable function can be approximated uniformly by a sequence of simple functions.)
Also, the set C.(R) is not dense in L*(R, p), since the completion of C.(R) with
respect to the norm ||| is Co(X).

We now close this section with some remarks about finite-dimensional vector
spaces. First, we need a definition.

Definition 6.2.12. Let V' be a vector space. We say that two norms ||-||, and
|[|5 on V" are equivalent if there exist constants C1,Cy > 0 such that

Cillzlly < llzllg < Callz]l-

It follows quickly from the definition that equivalent norms yield the same open
sets and the same convergent sequences. In other words, they generate the same
topology on V. It is also easy to check that this notion of equivalence defines an
equivalence relation on the set of norms on V.

Theorem 6.2.13. Let V be a finite-dimensional vector space over R or C. Any
two norms on V are equivalent.
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Proof. Let n = dim(V'), and choose a basis {z1,x2,...,z,} for V. Given a vector
z =1 oz; €V, we define

|lz]|, = max{|ai], |aal, ..., |an|}.
Then ||-||, is clearly a norm on V. Suppose |[-|| is another norm. Since equivalence
of norms defines an equivalence relation, it suffices to show that ||-|| is equivalent to

|-l To this end, observe that for all x € V' we have

n n n
el = > || <3 Joalllaill < Izl S il
i=1 i=1 i=1

If we set Cy = Y1, ||ai]|, then we have ||z|| < Chljz]|,, for all z € V. Now consider
the set
A={z eV |z, =1}

Then A is compact.® The map ||| : V — [0,00) is continuous, so the image of A
under this map is compact in [0,00). The image cannot contain 0 (since ||| is a
norm), so there is a constant C such that Cy < ||z| for all x € A. Now given any
x € V, notice that z/[|z|, € A, so we have

]
or C1||lz| o, < [lz|. Therefore,

Cillzllo < llzll < Collfl
so ||-|| and |[|-||, are equivalent. O

When we choose a basis for a vector space V', we are really setting up an iso-
morphism of V with F™, where F = R or F = C. We are then tempted to use this
isomorphism to call on some of the topological properties of F"*. However, we do not
know whether the isomorphism is continuous or not. We will address this question
in the next section, where we consider continuity properties of linear operators on
Banach spaces. We do have the following immediate corollary for F", however.

Corollary 6.2.14. Any two norms on R™ or C" are equivalent. As a result, R"
and C" are Banach spaces with respect to any norm.

3We are tempted to invoke the Heine-Borel theorem here, and conclude that A is compact
because it is closed and bounded. However, we should be careful since we only know that V is
isomorphic to R™ or C™. It is not hard to check (using the definition of ||-|| ) that A is sequentially
compact, hence compact.
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Proof. The first assertion is evident. We know R and C" are complete with respect
to their Euclidean norms, hence they are complete with respect to any norm that is
equivalent to the Euclidean norm. But this is true of all norms, so any norm makes
R™ or C™ into Banach a space. ]

Exercises for Section 6.2

Exercise 6.2.1. Let X be a locally compact metric space. Prove that Cp(X) is a
subspace of Cp(X), and that Cp(X) is closed in Cy(X). Conclude that Cp(X) is a
Banach space.

Exercise 6.2.2. Let V be a normed vector space, and let W C V be a subspace.
Show that the closure W is also a subspace of V.

Exercise 6.2.3. This exercise will guide you to a proof of Urysohn’s lemma for
locally compact metric spaces.

(a) Let X be a locally compact metric space, and fix o € X and r > 0. Define
f:R —[0,1] to be the piecewise linear function

1 ife<r
fO=S1-2(t—r) ifr<t<?
0 if t > 3.

Now define ¢ : X — [0,1] by ¢(z) = f(d(x,zp)). Check that ¢ is continuous,
o(x) =1 for all x € B(xp;r), and supp(¢) C B(xzg; 2r).

(b) Suppose K C X is compact and U C X is open with K C U. Show that there
is a function ¢ € C.(X) satisfying the following conditions:

e 0 <y(x)<1forall x € X,
e o(x)=1foral z € K;
o o(x) =0 for all x € U°.

Exercise 6.2.4. Let V' be a vector space, and suppose |-, and [-[|; are two equiv-
alent norms on V.

(a) Fix g € V and r > 0. Prove that the ball
Ba(zo;r) ={z € V| [l — zoll, <r}
is open with respect to the norm ||-|| 5, and that the ball
Bg(zo;r) ={z eV |||z - iL‘oHB <r}

is open with respect to the norm |[|-||,. Conclude that a set U C V is open
with respect to ||-[|, if and only if it is open with respect to |- 5.
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(b) Let (x,); be a sequence in V. Prove that (x,)5; is Cauchy (respectively,
convergent) with respect to ||-||,, if and only if it is Cauchy (respectively, con-
vergent) with respect to [|-||5. Conclude that V' is complete with respect to
the norm |-, if and only if it is complete with respect to ||| 5.

6.3 Bounded Operators

As one learns in a course on linear algebra, it is important to study not just vector
spaces, but maps between them that respect the algebraic structure. Recall that if
V and W are vector spaces over a field F', we say a map T : V — W is linear if

T(z+y)=T(x)+T(y)

and
T(ax) = oT(z)

for all z,y € V and all a € F. In linear algebra, we usually call such maps linear
transformations. In functional analysis, another term is commonly used.

Definition 6.3.1. Let V and W be vector spaces over a field F. A linear map
T :V — W is called a (linear) operator.

We will usually refer to a linear operator as simply an “operator”, where it is
understood that the map is assumed to be linear.

Remark 6.3.2. It is customary in functional analysis to express the action of an
operator on a vector via juxtaposition: if T': V' — W is an operator and = € V', we
write Tz in place of the usual function notation T'(z). This notation should be rem-
iniscent of the finite-dimensional setting, where every linear operator corresponds
to multiplication by an appropriate matrix.

Since we are currently in the business of studying normed vector spaces, it would
be a good idea to single out the operators that play nicely with the relevant norms.
Throughout the rest of this section, we assume the field of scalars for any vector
space is C.

Definition 6.3.3. Let V and W be normed vector spaces. We say an operator
T :V — W is bounded if there exists a constant K > 0 such that

[Tz < K|

for allz € V.
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Example 6.3.4. Let (X, M, 1) be a measure space, and fix a function f € L®(X, p).
Given 1 < p < oo, we define Ty : LP(X, u) — LP(X, u) by

Trg = fg.

Of course we should check that T actually maps into LP(X, u). If 1 < p < oo, then
we have

/ !fg!pdué/ 1/ 1181gl” dp = HfH’So/ 91 dp < o0
X X X

for all g € LP(X, p1). Notice that this computation also shows that

ITrgll, = 1179l < I fllcllgll,y,

so taking K = | f||,, shows that T} is bounded. If p = oo, then it is not hard to
check that

1/ 9lloe < IS llacllglloos
so Ty : L®(X, p) — L*(X, p) is bounded.
Example 6.3.5. Let (X,M, ;) be a measure space, and suppose 1 < p,g < 00
are conjugate exponents. Given a function f € LP(X, ), define Ty : LY(X, pu) —
LY(X, ) by
Trg=fg.

Notice that Ty does map into LY (X, i), since Holder’s inequality guarantees that
fg € LM(X, ) and

1fally < W F11,llgllg-

Hence T} is bounded as well, and we could take K to be [/ f||,.
Example 6.3.6. Define S : /2 — ¢? by
S(l‘l,xg, .o ) = (O, T1,T2, .. )

It is easy to see that S is bounded—in fact,

0o 1/2
15(@1, 2, )lla = (0,21, 22, )y = (Z Il‘jl2> = [[(@1, 22, )l

J=1

so ||Sz|ly = ||zl for all z € £2. (In other words, S is an isometry.) The operator S
has a special name—it is called the unilateral shift on /2.

We can define a related operator S* : 2 — (2 by shifting our sequences to the
left instead:

S*(w‘l,l‘z, .. ) = ($2,$3, .. )
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(The reason for using the notation S* will become clear later.) Clearly

- 12 /o 1/2
15* (21, 2, .. )]y = (Z !%2) < <Z !%2) = [l(z1, 22, )l
j=2 j=1

so S™ is bounded.

Example 6.3.7. Let X be a compact metric space, and suppose y is a finite Borel
measure on X. Define T': C(X) — C by

Tf:/deu.

Then T is bounded, since

o= | [ g < [ 1nidn < [t =15l 00
X X X
As we will see later, the operator T is an example of a bounded linear functional
on C(X).

Example 6.3.8. Consider the vector space C*°([0,1]) of functions f : [0,1] — C
that have continuous derivatives of all orders, equipped with the supremum norm
|-l Define an operator D : C*°([0,1]) — C*°([0,1]) by

(Df)(x) = f'(x).

Then D is a linear operator, but it is not bounded. Notice that if we take f(z) =z
for some n € N, we have || f|| ., = 1. However,

(Df)(x) = na""1,

s0 || Df|l = nl/fllo- By taking n to be arbitrarily large, we can see that D cannot
possibly be bounded.

n

So far it seems that we have ignored the simple examples of operators between
finite dimensional spaces. Well, there is little need to single out specific examples
in this case—ewvery operator defined on a finite-dimensional space is bounded.

Theorem 6.3.9. Let V and W be normed vector spaces, and assume V is finite-
dimensional. If T : V — W is an operator, then T is bounded.

Proof. 1t should not be hard to convince oneself that if [|-[|, and |- ; are equivalent
norms on V, then an operator 7' : V' — W is bounded with respect to |||, if and
only if it is bounded with respect to |-||5. Therefore, we begin as in the proof of
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Theorem 6.2.13: let n = dim(V'), choose a basis {1, x2,...,z,} for V, and define a
norm ||-||, on V by

|larz1 + aszo + - - - + anzp || = max{|ai], |azl, ..., o}

Since all norms on V' are equivalent by Theorem 6.2.13, we may as well work with
|loo- Suppose T': V. — W is an operator, and let z = > "_; a;z; € V. Then

n
Tx = g a;Tx;,
Jj=1

SO

1Tz =

n n e}
Do aiTag|| < Doyl Tagll < Yl oo I T2l
j=1 j=1 j=1

Set K = > i, ||Tz;||. Then we have ||Tz| < K|z|,, for all z € V, so T is
bounded. O

As mentioned in the last section, we plan to show that every finite-dimensional
normed vector space over C is a Banach space. The previous theorem is a big step
toward this result, though we still need to connect the notion of boundedness to
continuity. Based on the definition, it should not be hard to see that a bounded
operator is automatically continuous. In fact, it turns out that boundedness for
linear operators is equivalent to continuity.

Proposition 6.3.10. Let V and W be normed vector spaces, and suppose T :
V — W is an operator. The following are equivalent.

1. T is bounded.

2. T 1s continuous.

3. T is continuous at a single point.

Proof. Assume first that T is bounded, and choose K > 0 such that ||Tz| < K||z|
for all z € V. Let € > 0 be given, and set 0 = . Then ||z —y|| < J implies
€

Tx — Tyl < Kl|x — K-
1Tz - Tyll < Kllz -yl < K- 5

€.
Hence T is continuous on V. (Indeed, it is uniformly continuous.)

It is clear that (2) implies (3), so we simply need to show that (3) implies (1).
Suppose T is continuous at a point y € V. Then there is a 6 > 0 such that
|z —y| <0 implies ||Tx — Ty|| < 1. Let x € V with ||z|| = 1. Then ||dz| =4, so

162 +y) —yll < 0.
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and it follows that
|T(6z +y) — Ty|| < 1.

But the left hand side is simply || T'(dx)|| = 0||Tz||, so
T2 < 5.

Now if z € V is any nonzero vector, then z = x/||z|| is a unit vector. Then by our
previous work we have ||T'z|| < %, whence

1Tz < ]

Note that if z = 0, it is obvious that |Tz| < #||lz[|. Thus |Tz| < 3|z for all
x €V, so T is bounded. ]

Putting together the last two theorems, we can now prove the following result
about finite-dimensional spaces.

Theorem 6.3.11. Let V be a finite-dimensional normed vector space. Then V
1s a Banach space.

Proof. Let n = dim(V'), and choose a basis {z1,z2,...,2,} for V. Define a map
T:V — C" by

T(a1z1 + agzy + - -+ + apey) = (a1, 2, ..., Q).

It is easy to see that T defines a linear isomorphism of V onto C™. Then T is
bounded, so there is a constant K > 0 such that | Tz| < K||z|| for all x € V. Let
(yj)j?’c:’1 be a Cauchy sequence in V. Let € > 0 be given, and find an N such that

e

=l <

for all j,k > N. Then
1Ty; — Tyell < Klly; — il <e

for all j,k > N, so the sequence (Tyj)Jo-‘;1 in C™ is Cauchy. Since C" is complete,
there is a point z € C" such that Ty; — z. By a well-known fact from linear
algebra, the inverse map 77! : C"* — V is linear, so it is automatically continuous.
Therefore,

Yj = TﬁlTyj — T 1z

Thus (y;)72, converges in V', so V' is complete. O
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While it is interesting to study individual operators between normed vector
spaces, one can gain quite a bit of insight by collectively considering all bounded
operators between two Banach spaces. To this end, given two normed vector spaces
V and W, we let

B(V,W) = {bounded operators T': V. — W}.

In the special case where V = W, we simply write B(V') in place of B(V, V). It is
not hard to check that B(V, W) is a vector space under the “pointwise” operations

(T'+ S)x =Tz + Sx

and
(aT)x = a(Tx)

for x,y € V and a € C. In fact, it is possible to equip B(V, W) with a norm in a
natural way.

Definition 6.3.12. Let V and W be normed vector spaces. Given T' € B(V, W),
we define the operator norm of T" to be

IT[| = sup || T]].
]| <1

Intuitively, the operator norm measures the maximum amount by which an
operator can stretch the unit ball in any given direction.

Theorem 6.3.13. Let V and W be normed vector spaces. The operator norm
defines a norm on B(V,W).

Proof. Tt is fairly clear that ||| : B(V,W) — [0,00) is positive definite and ho-
mogeneous, so we need only check that it satisfies the triangle inequality. Let
S,T € B(V,W), and observe that if ||z|| <1, then

1S +T)z| < [ISz|| + [[Tz] < [ISI] + [|1T]]-

The right side is therefore an upper bound for the set {[|(S + 1) ||}z <1, so it must
be at least as large of the supremum of this set. Hence

Sup, 1S +T)z| < [IS1 +[I7°]-

Therefore, ||S + T'|| < ||S|| + |T||, and ||-|| is in fact a norm. O
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We have very nearly encountered the operator norm already in our study of
bounded operators. In particular, it can be taken as the constant K in the definition
of boundedness.

Theorem 6.3.14. If T € B(V,W), then
[T || < [IT°||{]]

forallx € V. In fact, |T|| = inf{K > 0: | Tz| < K||z| for all z € V'}.

Proof. Notice that the first assertion clearly holds when x = 0. Observe that if
x € V and ||z| = 1, then
[ Tx]| < [|T]

by definition. Given an arbitrary = # 0, set z = x/||z||. Then ||z|| = 1, and

[T|
= [Tzl <71,

]
so [|Tx|| < [T|l=]].
To prove the second assertion, we begin by defining

A={K >0:|Tz| < K|z|| for all z € V}.

We have already shown that | Tz| < ||T||||z| for all z € V', so we see that ||T|| € A.
Therefore, ||T|| > inf A. Now suppose K € A. Then for all z € V with ||z|| < 1, we

have
|Tz]| < K|z|| < K,

so K is an upper bound for the set {||Tz| : ||z]] < 1}. As a result, K is greater
than or equal to the supremum of this set, which is precisely ||T']|. In other words,
|T'|] < K. This holds for all K € A, so ||T|| is a lower bound for A. It must then be
the case that | T|| < inf A. Therefore, ||T'|| = inf A. O

Theorem 6.3.15. Let V,W, and Z be normed vector spaces. If T € B(V,W)
and S € BWW, Z), then SoT € B(V,Z) and ||SoT| < ||S|||T]|-

Proof. Observe that if x € V and ||z|| < 1, then
1S o D)z|| < [[SIIT=] < STl < ISIIT
by the previous theorem. Hence

sup [|(SoT) ()| < [ISIITT,
loll<t

so [[SoT| < ||S||[|T||. This computation also shows that SoT € B(V, Z). O
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Theorem 6.3.16. Suppose V is a normed vector space and W is a Banach space.
Then B(V,W) is a Banach space with respect to the operator norm.

Proof. The only interesting thing to check is that B(V,W) is complete. Assume
(T5,)52; is a Cauchy sequence in B(V, W) and fix z € V. Note that

[Tna — Tm|| = [[(Tn = Tm)|| < (|0 = Tonlll];

which then implies that (7,,x)22 is a Cauchy sequence in W. Since W is complete,
there exists a vector Tx € W such that T,x — Tx. Thus we get a function
T : V. — W which is easily checked to be linear. Furthermore, we claim that
the set {||7,]|} is bounded. Since (7},)22, is a Cauchy sequence, for any € > 0 and
n, m sufficiently large, we have

Tl = 1Tl < 1T = Tl < e

Therefore, (||75])52 is a Cauchy sequence of real numbers, hence convergent. In
particular, (7,,)°° ; is bounded, so there exists K > 0 such that ||7,]| < K for all n.
Then

[T|| = Yim [ Tz]] < limsup [T |||z]] < K|jz[],

so T is bounded. Hence T' € B(V,W). It remains to show that T,, — T"in B(V, W).
Given € > 0, there is an N such that n,m > N implies that

€
T =Tl < 5-
Observe that given x € V,
|Thz — Tz|| = lim ||Thx — Ty
n—oo

Since ||T,x — Tzl < |1 — Twl|||x]|, for each n € N we have

|Thx — Tx|| < limsup ||T,, — To |||z
m—0o0
Thus if n > N,

£
T, — T = sup ||Thx —Tx|| <limsup ||T, — T)n|| < = <e.
2] >1 m—00 2

Therefore, T,, — T in B(V, W), and B(V, W) is complete. O

The last theorem implies that if V' is a Banach space, then B(V) is itself a
Banach space with respect to the operator norm. We have also shown that the
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composition of any two operators S,T € B(V) is again an element of B(V'), and
that
1S T < [ISIITI-

It is common in this case to write ST in place of S o T, and think of ST as the
“product” of two operators. Thus we have endowed B(V) with a multiplication
operation, so B(V') has additional structure beyond that of a Banach space.

Definition 6.3.17. Let A be an algebra over C. We say that A is a Banach
algebra if A is a Banach space with the property that

labl| < [[all]|o]

for all a,b € A. In this case we say that the norm is submultiplicative.

Observe that our previous work shows that if V' is a Banach space, then B(V)
is a Banach algebra.

Exercises for Section 6.3

Exercise 6.3.1. Prove that each function defines a bounded operator between the
specified normed vector spaces, and compute its operator norm.

(a) Define T' : Co(R) — C by T'f = f(0), where Cy(R) is equipped with the

supremum norm.

(b) Fix 6 € [0,27), and define T : C2 — C? by
T r1 0\ cosf sind T
2 /] \ —sinf cosf x9 )’
where C? is equipped with the Euclidean norm ||(z1, 2)|| = v/|z1]* + |@2]*.

(c) Let p denote Lebesgue measure on R, fix K € L?*(R? u x u), and define
T: I2(R, ) — LA(R, ) by

(fox)==[;BXx40f@)m4y>

Exercise 6.3.2. Let (X, M, 1) be a measure space, and suppose 1 < p, ¢ < oo with
% + % = 1. Let g € LY(X, ), and define T : LP(X, u) — C by

Hzﬁmm

Prove that T is a bounded operator, and determine its operator norm.
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Exercise 6.3.3. Let V and W be normed vector spaces. We say an operator
T :V — W is isometric if |Tz| = ||z| for all z € V. Prove that any isometric
operator is injective.

Exercise 6.3.4. Let V and W be Banach spaces, let V) C V be a dense subspace,
and suppose T': Vj — W is bounded. Show that there is a unique bounded operator
T:V — W extending T (i.e., Tx = Tz for all x € V), and that |T|| = ||T]|.

Exercise 6.3.5. Let X be a Banach space, and let I : X — X denote the identity
operator. Suppose T' € B(X) satisfies || — T'|| < 1. Prove that the series

o

S -1y

n=0

converges to an operator S € B(X) (here we interpret (I — T)° as I), and that
ST =TS = 1. Conclude that T is invertible.

6.4 Three Fundamental Theorems

In this section we will set about proving three of the most important theorems in
functional analysis: the Open Mapping Theorem, the Closed Graph Theorem, and
the Principle of Uniform Boundedness. All of them have interesting applications to
the study of bounded operators on Banach spaces.

We begin our investigation with the Open Mapping Theorem. First, recall that
if X and Y are metric spaces, a map f : X — Y is called an open map if f(U) is
open for every open set U C X.

Theorem 6.4.1 (Open Mapping Theorem). Suppose X and Y are Banach spaces
and that T € B(X,Y) is surjective. Then T is an open map.

The proof of the Open Mapping Theorem relies on the Baire Category Theorem.
We will follow the approach of [Ped89] and prove a small technical lemma first.

Lemma 6.4.2. Suppose X and Y are Banach spaces and T € B(X,Y). Given
r > 0, suppose T(B(0;1)) contains a dense subset of the open ball B(0;r) C Y.
Then for any 0 < 4§ <r,

B(0;6) C T(B(0;1)).

Proof. For each 0 < ¢ < 1, we will prove that

B(0; (1 —¢e)r) CT(B(0;1)).
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Let A=T(B(0;1)). Given y € B(0;7), there is a y; € A such that
ly — w1l <er,
since we have assumed that A contains a dense subset of B(0;7). Then
1 1
IZy = 2o <.
Thus %y — %yl € B(0;r), so there exists y, € A such that
|2y — 21 — | <er,
and from the homogeneity of the norm we obtain
ly — 1 — e < e2r.

If we set yo = eybh € €A, we see that ||y — y1 — y2|| < €?r. Proceeding inductively,
we can construct a sequence (y;)22, such that y; € e*=1 4 for all k and

n
y— > Uk
k=1

for all n. Since y;, € e*~1 A, we claim that there exists xj, € X such that Tz, = y;, and
llzx|l < €1, To see this, we observe that sk%lyk € A, so there exists ), € B(0;1)
such that Tz) = Ek%lyk Consequently, y, = " 'Tx) = T(e¥'z}). Now set
z = ¥z}, and observe that |zx|| = e*~1|a} || < e*~1. It follows that the series
> pe o is absolutely convergent, hence it converges to some point z € X. Then

n
y— ZT$k
k=1

< e'r

ly - Tz = lim

n—oo
n
= lim ||y — E Yk
n—oo
k=1

< limsupe™r
n—oo

=0.
Thus Tz = y. Furthermore,

[e.e] oo 1
k—
ol <Y llaell < D5t = T
k=1

k=1

so x € iB(O; 1). Hence

yeT <ﬁB(O; 1)) = LT(B(0;1)) = {A.

Therefore, B(0;r) C ﬁA, or equivalently,
(1—-¢)B(0;7) =B(0; (1 —¢)r)) C A. O
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Proof of the Open Mapping Theorem. We need to show that T'(U) is open in Y
whenever U is open in X. If z € U, then there exists r > 0 such that B(x;r) C U, and
it suffices to see that T'(B(z;r)) is a neighborhood of T'z. But B(x;r) = z+ B(0;r),
so we just need to show that T'(B(0;7)) is a neighborhood of 0 in Y.

Since T is surjective, we can write

oo

X) = J T(B(0;n))

By the Baire Category Theorem, it cannot be the case that each of the sets T'(B(0;n))
is nowhere dense. Hence there exist n € N, y € Y, and € > 0 such that

B(y;e) € T(B(0;n)).

Thus T(B(0;n)) is dense in B(y;e).* Consequently, T'(B(0;1)) is dense in B(y; £).
If y1 € B(0; 5), then 2y1 =y +y1 — (y — y1), so
B(y; ) — B(y: ;) € 2B(0; 7).

Now we claim that T'(B(0;1)) is dense in B(0; ©). Since 2y1 € B(y; £) — B(y; ©),
we can write 2y; = a — b for some a,b € B(y; n) Furthermore, since T(B(O; 1)) is
dense in B(y; £), there exist x1,z2 € B(0;1) such that

|Tz1 —al <€

and
| Tzo — 0| <e.

Thus
1Tz — Txo —2yi1|| = [|Tx1 — Tz — (a — b)|| < e+ e = 2¢,

and by the linearity of 7" and homogeneity, we see that

T2y — Tag — 2y1|| = | T(x1 — 22) — 2y1|| = 2||T (§(z1 — 22)) — 1,

SO

HT( 7 —x2)) — i <e.
Note that ||5(z1 — 22)|| < ([|z1]| + [[@2]]) < 1, so T(B(0;1)) is dense in B(0; £).
The hypotheses of the prev10us lemma are thus satisfied, so if 0 < ¢ < =, then

B(0;6) € T(B(0;1)).

Therefore, for any r > 0, T'(B(0;r)) = rT'(B(0;7)) 2 B(0;79). Hence T(B(0;7)) is
a neighborhood of 0, and we are done. O

“More appropriately, T(B(0;n)) N B(y;¢) is dense in B(y;¢).
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The Open Mapping Theorem has several important consequences. First, recall
from linear algebra that if T € B(X,Y) and T is bijective, then the inverse map
T1:Y — X is also linear. In fact, it must also be bounded.

Corollary 6.4.3. Suppose that X and Y are Banach spaces and that T € B(X,Y)
is a bijection. Then T~ € B(Y,X).

Proof. By the Open Mapping Theorem, 7' is an open map. Therefore, if U C X
is open, then (T~Y)~1(U) = T(U) is open in Y. Hence T~! is continuous. But
continuous linear maps are bounded, so 7! is bounded. O

Corollary 6.4.4. Suppose V is a vector space equipped with two different norms
|-y and ||-||5, each of which make V into a Banach space. If there exists o > 0
such that

2]l < ez,

for all x € V', then there exists 3 > 0 such that

zlly < Blllly

forallxz e V.

Proof. We simply apply Corollary 6.4.3 to the identity map id : V' — V. If there
exists a > 0 such that ||z||; < af/z||, for all € V, then id is bounded as a map
from (V. |[-||;) to (V,||-||;). Hence the inverse map (which is also the identity map)
is bounded, so there is a § > 0 such that ||z|, < S|z||; for all z € V. O

The second of our three major theorems, the Closed Graph Theorem, also fol-
lows from the Open Mapping Theorem. However, we need a little discussion first.
Suppose X and Y are Banach spaces. Then the Cartesian product X x Y is a vector
space in a natural way, and it is easy to see that

I, )l = max ], [y}

defines a norm on X x Y. In fact, it is straightforward to check (Exercise 6.4.1) that
X x Y is complete with respect to this norm, hence it is a Banach space.

Theorem 6.4.5 (Closed Graph Theorem). Suppose X and Y are Banach spaces
and thatT : X — Y is linear. If the graph of T,

I(T)={(z,T(z)) eXxY:2 € X}

s closed in the Banach space X x Y, then T is bounded.
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Proof. Assume T'(T) is closed in X x Y. It is easy to check that I'(T") is a linear
subspace of X x Y, so it is a Banach space in its own right. Define P, : T'(T) — X
by Pi(z,Tz) =x and P» : I'(T') — Y by Py(z,Tz) = Txz. Both maps are linear and
bounded, since

]l [T < max{|[z]], [Tz} = ||(z, T2)].-

Furthermore, P; is clearly a bijection, so P 1 is bounded by Corollary 6.4.3. But
we can express 1" as T'= Py o P~ ! so T is bounded. O

In practice, one often uses the following variation of the Closed Graph Theorem
to verify boundedness.

Corollary 6.4.6. Let X and Y be Banach spaces, and suppose T : X — Y 1is
linear. Then T is bounded if and only if whenever (x,)5, is a sequence in X
such that x,, — x and Tz, — y for some y € Y, we have y = Tx.

Proof. The forward direction is obvious—if 7" is bounded, then it is continuous, so
Zn — x implies Tx,, — Tx. Conversely, if x,, — = and Tz, — y, then (z,,Tx,) —
(z,y) in the product space X x Y. But (x,,Tz,) belongs to the graph of T for
all n, and it follows from the Closed Graph Theorem that (x,y) € I'(T"). Hence
y="Tx. ]

Remark 6.4.7. The last result might seem kind of peculiar. An operator T is
bounded if and only if it is continuous, which holds if and only if it takes convergent
sequences to convergent sequences. However, observe that if we are to show x, — x
implies Tz, — T'z, we must prove first that the sequence (T'z,)>° ; converges. The
last result allows us to assume (T'z,)02 ; converges, and we are simply left to verify
that its limit is Tx.

Our third theorem is the Principle of Uniform Boundedness, which is sometimes
called the Banach-Steinhaus theorem. Intuitively, it says that a family of operators
that is pointwise bounded is in fact uniformly bounded.

Theorem 6.4.8 (Principle of Uniform Boundedness). Suppose X and Y are Ba-
nach spaces and that {Ts}acr is a family of operators in B(X,Y). Suppose that
for each x € X, the set {Tox}tacr is bounded. Then {||To||}acr is bounded.

Proof. For each natural number n, define
Ay ={z € X|||Toz| < nforall a €I}

Notice that we can write

Ay = [z € X | | Taz|| < n},
ael
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so each A, is closed. Furthermore, we have X = (J;2; An, so the Baire Category
Theorem implies that one of the A, must have nonempty interior. That is, there
exists n € N, y € X, and € > 0 such that B(y;e) C A,.
Now suppose z € X satisfies ||z|| < e. Then x +y € B(y;¢), so for all « € I we
have
[Toz| = | Tayll < |Ta(z +y)|| <n

by the reverse triangle inequality. Thus
[Taz|| < n+ [Tayll < 2n

for all a. Given any nonzero z € X, set z = ﬁx Then [|z|| = § < e, 50 [[Taz]| < 2n

for all o € I. It follows from homogeneity that

£
S Tazl < 2n,
2ff

or 4
n
| Tazll < —ll]

for all a € I. Therefore, ||T,|| < 4 for all a, so the set {||Tu/}acr is bounded. O

One interesting application of the Principle of Uniform Boundedness is the fol-
lowing fact regarding pointwise convergent sequences of operators.

Corollary 6.4.9. Let X and Y be Banach spaces, and suppose (1)), is a se-
quence in B(X,Y) such that (T,,x)>, converges for each x € X. If we define an
operator T : X — Y by

Tx = lim T,x,
n—oo

then T € B(X,Y).

Proof. 1t is easy to check that T is linear, so we just need to verify that it is bounded.

Well, notice first that since each sequence (7,,x)22, converges in Y, the sequence

(IT5x]|)22, is bounded. Thus the Principle of Uniform Boundedness guarantees

that there is a constant K > 0 such that ||7,|| < K for all n. Therefore, we have

|Tz|| = lim [[Thz|| < limsup ||T,|[|z]| < K||=||
n—oo n—o00
for all x € X. Hence T is bounded. O

Exercises for Section 6.4
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Exercise 6.4.1. Let X and Y be Banach spaces. Show that X x Y is a Banach space
with respect to the norm

Gz, )l = maxglz]], [[y]}-

Exercise 6.4.2. Suppose {X;};—; is a family of Banach spaces, and let

1% = {x € [1% :sup =)l < OO}-
ey ied jeJ

Prove that je ;X; is a Banach space with respect to the norm

2]l = sup [lz(7)]

jeJ
This space is called the direct product of the family {X;};c; (in the category of
Banach spaces).

Exercise 6.4.3. Let X and Y be Banach spaces and suppose T is a densely-defined
operator from X to Y, meaning we have a dense subspace D(T") of X and a linear
operator T': D(T) — Y. We say that T is a closed operator if its graph is closed
in X x Y. If T is closed, prove that T" is bounded if and only if D(T) = X.

Exercise 6.4.4. Let X be a Banach space, and suppose V' is a vector space equipped
with two norms ||-[|, and ||-[|5 such that:

1. there is a constant K > 0 such that [|z|; > K|[z||, for all z € V;

2. V is a Banach space under ||-[|4.

Suppose T : X — V is a linear operator that is bounded with respect to the norm
[l on V. Show that T" is also bounded with respect to ||-|[ 5.

Exercise 6.4.5. Let X be a Banach space (with norm ||-|| ) and V' C X a subspace.
Suppose there is a second norm ||-|| s on V that makes V' into a Banach space, and
that there is a K > 0 such that [z[|; > K]|z[|, for all 2 € V. (For a concrete
example, one could take X = L2([0,1], u) and V = C([0,1]), with |||, = |||, and
I/l = Il o-) Suppose T": X — X is a bounded operator and that T'(V') C V.. Prove
that Ty : V — V is bounded, where the domain and codomain are both equipped
with the norm ||-[|;. (Hint: Use Exercise 6.4.4.)

6.5 Dual Spaces

We are now going to investigate another important area in the study of Banach
spaces, namely a particular cadre of operators known as linear functionals. We have
actually encountered linear functionals before, though we have not formally defined
them yet.
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Definition 6.5.1. Let V' be a vector space over a field F. A linear functional
is a linear map ¢ : V — F.

Linear functionals are an important tool in linear algebra and functional analysis
for many reasons. For one, they give us way of assigning scalar values to vectors in
an algebraic way, thus granting us a way of “measuring” vectors (beyond the usual
notion of a norm). A classic example of this idea arises in quantum mechanics, where
physicists represent observables (physical quantities that can be measured, such as
position or momentum) as elements of a Banach space (or more precisely, operators
on a particular Banach space). Measuring an observable corresponds to applying a
linear functional to it. Such functionals are usually called quantum states.

Example 6.5.2. Fix x € R, and define ¢ : Cp(R) — C to be the map given by
evaluation at zg:

o(f) = f(zo)-

It is easily checked that ¢ is a linear functional.

Example 6.5.3. Let (X,M, 1) be a measure space, and define ¢ : L'(X, ) — C
by

o(f) = / fdp.
e
Due to the linear properties of the integral, it is clear that ¢ is a linear functional.

Example 6.5.4. Fix n > 1, and define ¢ : C([—7,7],R) = R by

o(f) == _“ f(z) sin(nz) dx.

s

Then ¢ is a linear functional, which one might recognize as the nth Fourier sine
coefficient for f.

Example 6.5.5. Fix n € N, and let V = M, (R) denote the R-vector space of
n X n-matrices with real coefficients. Then the trace, which is defined for a matrix

A= [aij] by
tl“(A) = Z Qs
=1

is a linear functional.

Much of what we know about operators can be used to immediately say things
about linear functionals. Let V be a normed vector space over FF = R or F = C.
We will say that a linear functional ¢ : V' — F'is bounded if ¢ € B(V, F'), and the
norm of a linear functional is simply its operator norm:

lell = sup [o(z)].
[zl <1
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It is not the case that every linear functional on a normed vector space is bounded;
we will produce an example soon.

Just as with operators, it is a fruitful endeavor to study all of the bounded
operators on a normed vector space simultaneously.

Definition 6.5.6. Let V' be a normed vector space (over C). The collection of
bounded linear functionals V* = B(V, C) is called the dual space of V.

Notice that since C is complete, we have the following immediate corollary to
Theorem 6.3.16.

Theorem 6.5.7. For any normed vector space V over C, the dual space V* is a
Banach space.

An important problem is to characterize the dual space of a given Banach space.
That is, if X is a Banach space, can we recognize X* as some other familiar Banach
space? In general, this question should be quite difficult to answer. However, there
are some specific situations where we can say what the dual of X looks like.

Naturally enough, we will consider the case of finite-dimensional spaces first.
Recall that if V' is finite-dimensional, then any linear functional ¢ : V. — C is
bounded. In other words, the algebraic dual of V' (the set of all linear functionals
on V') equals the continuous dual (which we are just calling the dual here). In fact,
we can say much more.

Theorem 6.5.8. Let V' be a finite-dimensional normed vector space over C.
Then V and V* are isomorphic as C-vector spaces.

Proof. Let n = dim(V'), and choose a basis {z1,x2,...,z,} for V. For 1 <i <n,
we define a linear functional ¢; : V' — C by

w1 =
i(z)) =
PRI T N0 i £

and then extending linearly to all of V. We claim that the set {¢1,p2,...,¢n}
defines a basis for V*. First, suppose we have scalars a1, as, ..., a, such that

a1p1 + agpa + -+ -+ appn = 0.
Then for all 1 <4 < n we have

a; = a;pi(ri) = (a1p1 + agpa + - + anpn)(xi) = 0,
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so the set {©1,¢2,...,¢n} is linearly independent. We still need to check that this
set spans V*. Let ¢ € V*, and observe that if z = > | ayx; € V, then

n
p(r) = aip().
i=1
On the other hand,
n
pi(x) =Y aipj(wi) =
i=1

for all 1 < j <n, so we have
o(x) =Y ela)pi(x).
i=1

Hence ¢ = 1", ¢(xi)pi, so ¢ € span{p1, @2, ...,¢n}. Therefore, the ¢; form a
basis for V*.

We have thus far shown that dim(V*) = dim(V). It follows from results in linear
algebra that V* = V. In fact, we could define an explicit isomorphism of V' onto
V* by sending x; — ¢; for each ¢ and extending linearly to V. 0

Remark 6.5.9. The basis that we constructed for V* in the last proof is called
the dual basis relative to the basis {x1,x2,...,2z,} for V. Its elements are often
written as

{x! 22, .. 2"}

It is also worth noting that the last proof is quite messy, and there is not a canonical
isomorphism between V and V*. The isomorphism we arrived at depended on the
choice of basis for V. For this reason, this result would be termed unnatural by an
algebraist.

There is not generally an isomorphism between an infinite-dimensional vector
space V' and its continuous dual. However, there are at least two classes of infinite-
dimensional Banach spaces for which we can characterize the dual spaces. The proof
in both cases requires a bit of work, so we will postpone the details and simply give
a rough outline of how things will work.

Example 6.5.10. Let (X, M, 1) be a measure space, and suppose 1 < p,q < oo are
conjugate exponents. Then LP(X, u)* is isometrically isomorphic to LY(X, u). It is
not hard to see that each function g € L9(X, ;1) defines a linear functional ¢, on
LP(X, ) via

wq(f) = /X fgdp.

A straightforward computation shows that ¢, is bounded, and it can also be shown
that [[¢g|| = [lgll,- We will verify all of these details later, and we will also see that
the map g — ¢, defines an isometric isomorphism of L4(X, i) onto LP(X, pu)*.
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The situation where p = 1 and ¢ = oo is much more complicated. The map
g — ¢, defines an isometric embedding of L' (X, 1) into L>®(X, u)*, but it is rarely
surjective. On the other hand, L'(X, u)* can be identified with L>(X, i), provided
u is o-finite.

Example 6.5.11. Let X be a compact metric space. Recall that any complex Borel
measure g on X defines a linear functional on C(X) via

o(f) = / fdp.
X
Furthermore, it can be checked that

(N < Ml - [ (X)

for all f € C(X). Moreover, ||¢| = |u|/(X) = ||p]|. In fact, every bounded linear
functional on C'(X) arises in this manner. If we place extra requirements on our
Borel measures (namely, that they are Radon measures), then we can guarantee a
one-to-one correspondence between such measures and bounded linear functionals

on C(X).

We finish this section with one last preliminary fact about dual spaces. If V is
a normed vector space, then so is V*, and we could then talk about bounded linear
functionals on the dual space. This leads us to consider the double dual or second
dual of V, which is precisely
V** — (V*)*'
It turns out that every element of V' defines a linear functional on V* as follows:
given x € V and ¢ € V*, define 1(x) € V** by

Then «(z) clearly maps from V* to C, and it is easy to check that it is linear:

Uz) (e + ) = (p+9)(x) = p(x) + P(z) = 1(z)(p) + v(2) ()

and
v(z)(ap) = (o) () = ap(x) = ou(x) ()
for all p,1 € V* and all « € C. Furthermore, ¢(x) is bounded for each = € V:

() ()] = lp(x)] < llelll]]

for all ¢ € V*. This computation also shows that [|¢(x)|| < ||z]]. Therefore, ¢(x)
indeed defines an element of V**, and we have a map ¢ : V' — V**. In fact, it is easy
to check that ¢ is itself linear: if x,y € V, then

Uz +y)(p) = p(z +y) = p(@) + ¢(y) = z)(P) + (y)(p)
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for all p € V*, 5o v(x +y) = t(x) + ¢(y). Similarly,
Wax)(p) = plax) = ap(z) = au(z)(p)
for all « € C, x € V, and ¢ € V*. Finally, we have already seen that
[e(z)]] < [l]

for all z € V, so ¢ is bounded with ||¢|| < 1. In fact, ¢ defines an isometric injection of
V into V**. To prove it, we will need some results from the next section. Therefore,
we will revisit this discussion there.

Exercises for Section 6.5

Exercise 6.5.1. Prove that a linear functional ¢ : V' — C is bounded if and only
if its kernel,
kerp ={x € V| p(z) =0},

is closed in V.

Exercise 6.5.2. Let V be a vector space over C, and suppose ¢ : V — C is a linear
functional. Prove that

2] = le(2)]

defines a seminorm on V.

Exercise 6.5.3. Let V and W be normed vector spaces, and let T' € B(V,W).
Define a map 7% : W* — V* (called the adjoint of T') by

T*(¢) = poT.

Prove that 7% € B(W*,V*), and that ||T*| = ||T.

6.6 The Crown Jewel

This section is devoted to a single theorem regarding dual spaces—the Hahn-Banach
theorem. This theorem is known as one of the most fundamental results in functional
analysis, and it has several important consequences for Banach spaces and their
duals. Due to its influence in analysis, it is has been called the “crown jewel of
functional analysis”.

Before we even attempt to state the Hahn-Banach theorem, let us remark that
its proof relies heavily on the Axiom of Choice. In particular, it is usually proven
using the variant of the Axiom of Choice known as Zorn’s Lemma. Therefore, we
make a slight digression to discuss the necessary background on this tool.
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Definition 6.6.1. Let P be a set. A partial order on P is a relation < satisfying
the following conditions:

1. (Reflexivity) a < a for all a € P;
2. (Antisymmetry) a < b and b < a implies a = b for all a,b € P;
3. (Transitivity) a < b and b < ¢ implies a < ¢ for all a,b,c € P.

The pair (P, X) is called a partially ordered set, or a poset.

Partial orders are meant to generalize our usual notions of ordering, such as
the natural orderings on N and R. However, it is not required that every pair
of elements is comparable—there may be elements a,b € A such that none of the
statements a < b, b < a, or a = b are true. A partial order with the additional
property that any two elements are comparable is called a linear or total order.

Example 6.6.2. A fundamental example of a partial order is defined in terms of
subset inclusion. Given a set X, we can define a partial order on the power set P(X)
by A < B if and only if A C B. It is easy to check that the conditions for a partial
order are satisfied, and that < is not a linear order. (For example, if A # (), then A
and A€ are not comparable.)

Example 6.6.3. The relation < on N defined by a < b if and only if a | b (i.e., a
divides b) is a partial order.

Before we can properly state Zorn’s lemma, we need a few more definitions
regarding posets.
Definition 6.6.4. Let (P, <) be a poset.

e An element a € P is maximal if a < b implies a = b.

e A linearly ordered subset of P is called a chain.

e If A C P, an upper bound for A is an element b € P satisfying a < b for
all a € A.

It is worth noting that if (P, <) is not linearly ordered, then maximal elements
need not be unique. However, any two distinct maximal elements cannot be compa-
rable. Also, a poset need not contain a maximal element in the first place. Zorn’s
Lemma provides us with conditions that guarantee the existence of a maximal ele-
ment.
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Theorem 6.6.5 (Zorn’s Lemma). Let (P, <) be a poset. If every chain in P has
an upper bound, then P contains a mazimal element.

It is perhaps a bit disingenuous to label Zorn’s Lemma as a “theorem”, since it
is equivalent to an axiom from set theory, namely the Axiom of Choice. We omit
the proof of this equivalence, though we will give one example of an argument that
uses Zorn’s Lemma before returning to the Hahn-Banach theorem.

Theorem 6.6.6. Fvery vector space has a basis.

Proof. Let V' be a vector space over a field F', and let B denote the set of all linearly
independent subsets of V. Then B is a poset with respect to subset inclusion. Let
C C B be a chain. In order to invoke Zorn’s lemma, we need to show that € has an
upper bound in B. Write € = {4, };cs, and define

A=A

el

We claim that A is an upper bound for €. Clearly A; C A for all 4, but it is not
clear that A actually lies in B. To this end, suppose z1,xo,...,z, € A, and that
there exist scalars aq, a9, ...,a, € F such that

a1r] + asxo + ...+ apx, = 0.

Each vector z; belongs to some set A;; € €, and since C is a chain, the collection
{Ai,;}}_; has a largest element. In other words, there is an index ig € I such that
x; € Ay, for all j. Since A, is a linearly independent set, it follows that o; = 0 for
all j. Hence A is linearly independent.

Since every chain in B has an upper bound in B, Zorn’s lemma guarantees
that B contains a maximal element B. In other words, B is a maximal linearly
independent subset of V. The maximality implies that B spans V: if there was
a vector x ¢ span B, then B U {z} would be linearly independent and strictly
larger than B, contradicting the maximality of B among linearly independent sets.
Therefore, B is a basis for V. [

Notice that the proof of Theorem 6.6.6 is not constructive—we can guarantee
the existence of a basis, but it might not be possible to write one down. (This
is usually the case with proofs that rely upon the Axiom of Choice or its equiva-
lents.) Consequently, we can define other equally intangible objects in terms of this
mysterious basis.
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Theorem 6.6.7. Let V be an infinite-dimensional normed vector space over C.
There exists an unbounded linear functional on V.

Proof. By Theorem 6.6.6, we know that V' has a basis B, which is necessarily infinite.
Moreover, by normalizing the elements of B we may assume that ||z|| = 1 for all
x € B. Let {z,}2, be a countably infinite subset of B. For each n > 1, define
o(zy) = n, and define ¢ to be zero on all other elements of B. Extend ¢ by linearity
to obtain a linear functional ¢ : V' — C. Then ¢ is not bounded, since

sup |¢(z)| = sup |p(z,)| = oo. 0
[|z||<1 n>1

Remark 6.6.8. As we observed in the last proof, any algebraic basis for an infinite-

dimensional space is clearly infinite. We will see later that if X is an infinite-

dimensional Banach space, then any basis for X must actually be uncountable.

Remark 6.6.9. The existence of a basis for any vector space produces other strange
consequences as well. Many of these arise from the observation that R, when viewed
as a vector space over Q, has a basis over Q. Some examples are the following.

e There exist additive functions f : R = R (ie., f(x +y) = f(z) + f(y) for
all ,y € R) that are not continuous. In fact, there are uncountably many of
these functions, and any such function fails to be Lebesgue measurable and
its graph is dense in R2. (See Section 5.1 of [Her06].)

e There exists a function f : R — R that maps any open interval (a,b) onto R.
[Bel, Proposition 1]

e There is an isomorphism between the additive groups R and R2. [Bel, Propo-
sition 8]

Let us now return to our discussion about linear functionals. With Zorn’s lemma
in hand, we can now head toward a proof of the Hahn-Banach theorem. This theorem
will say that if X is a Banach space and Xy is a closed subspace, then we can always
extend linear functionals from Xy to X. First we need a definition that slightly
generalizes the idea of a linear functional for real vector spaces

Definition 6.6.10. Suppose V is a vector space over R. We say that a function
m :V — R is a sublinear functional if
1. m(z+y) <m(x)+m(y) for all z,y € V;

2. m(ax) = am(z) whenever x € V and o > 0.
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Example 6.6.11. If ||-|| is a seminorm on V', then the triangle inequality guarantees
that m(z) = ||z|| defines a sublinear functional on V. In fact, a seminorm is the
chief example of a sublinear functional.

Lemma 6.6.12. Suppose V is a vector space over R, W is a subspace of V, and
m:V — R is a sublinear functional. Let ¢ : W — R be a linear functional on
W such that

p(y) < m(y)
for all y € W. Then there exists a linear functional ® on V such that

(a) ®(x) < m(x) for allz € V; and

(b) @(y) = ¢(y) for ally € W.

Proof. Let x € V\W. We can extend ¢ to a linear functional ¢ on the subspace
W 4+ Rz by

Py +tx) = o(y) + ta,

where o € R. The problem is to choose « such that
o(y) +ta < m(y + tx)

for all y € W and t € R. We claim first that it suffices to choose « such that
p(y) +a <m(y+ )

for all y € W and
p(y) —a <m(y — )
for all y € W. To see this, we observe that if ¢ > 0, the first condition implies that
p(y) +ta=t(p(1y) +a)
<tm (1y+2)
=m(y +tx)

for all y € W. Similarly, if £ < 0, the second condition gives

e(y) +ta=py) — (—t)a

= —t (p(—1y) — )
—tm(—1y — x)
m(y + tx).

IN

Therefore, the two conditions together imply that ¢(y) + ta < m(y + tz) for all
y € W and t € R. Thus we simply need to show that it is possible to find an « such
that

p(z) —m(z —z) <a < —p(y) + m(y + )
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for all y, z € W. But subtracting the left hand side from the right gives

—p(y) + m(y +z) — p(2) + m(z —x) =m(y + ) + m(z —x) — p(y + 2)
>m(y +2) — oy +2)
> 0.

Therefore, if we set

b= sup {—p(y) + m(y + z)}
yeW

and

a = sup {¢(z) —m(z - 2)},
zeW

then we have a < b. Hence any « € [a, b] will do.

Now let A be the collection of pairs (E, ) where E 2O W is a subspace of V' and
Y|lw = ¢, and moreover that ¢(x) < m(x) for all x € E. We define a partial order
on A by

(E1,91) < (E2,12)

if £y C By and ¢2|g, = 1. It is straightforward to check that (A, <) is a poset.
Now suppose {(E}j,;)}jes is a chain in A. Then set

&o=JE
jed
and define ¥y : Eg — R by
Yo(x) = ¥j(x)

if x € E;. Then (€p,v¢0) € A and (Ej,v;) < (Eo,%0) for all j € J. This shows that
every chain in A has an upper bound in A, so Zorn’s Lemma implies that there is a
maximal element (€, ®) € A. If € # V, then the first part of the proof shows that
we can choose z € V\& and extend ® to a functional ® on € +zR, which contradicts
the maximality of (€, ®). Therefore, € =V and we are done. O

Theorem 6.6.13 (Hahn-Banach). Suppose ||-|| is a seminorm on a vector space
V over R or C. Let W be a subspace of V, let ¢ be a linear functional on W,
and suppose there is a constant K > 0 such that

Py < Kllyll
for ally € W. Then there exists a linear functional  on V such that
1. ¢(y) = @(y) for ally € W; and
2. |p(x)| < K||x|| for allz € V.
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Proof. 1f we are working over R, then Lemma 6.6.12 applies with m(x) = K||z||.
Thus there exists a functional ¢g : V' — R extending ¢ such that ¢o(z) < K|z|| for
all z € V. But

—po(z) = po(—x) < Kl|—z|| = Kl|z|

as well, so |pg(z)| < K||z| for all € X.
Now assume that V is a vector space over C. By restricting scalar multiplication,
we can treat V' as a real vector space. Then consider the linear functional

¢o(y) = Rep(y).

Then
lpo(y)] = [Rep(y)| < [p(y)] < K|yl

for all y € W. Using the first part of our proof, we can get an R-linear map
1 : V. — R such that

Y(y) = ¢o(y)

for all y € W and
[Y(z)| < K|z|

for all x € V. Now we define ¢ : V — C by
¢(x) = ¢(x) — i (ix).
Note that

pliz) = Y(iz) — ip(—z) = Y(iz) + ip(z) = i(—ip(iz) + ()

ip(x),
so ¢ is in fact C-linear. Now if y € W, we have

P(y) = ¥(y) — i (iy)
= Rep(y) —iRep(iy)
= Rep(y) —iRe(ip(y))
=Rep(y) +ilmp(y)
= o(y).

Now fix # € V, and choose o € C such that |a| =1 and

[p(2)] = ap(z) = plax).

Then
|¢(2)| = plaz) = P(az) < Klaz|| = K|z|],

and we are done. O
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Remark 6.6.14. If ||| is a full-fledged norm on V, then the condition |¢(y)| <
K ||y|| for all y € W simply says that ¢ is a bounded linear functional on W. It then
turns out that the norm of the extension ¢ agrees with that of ¢. Since |¢(y)| <
llolll|yll for all y € W, the Hahn-Banach theorem guarantees that |p(z)| < ||¢l|||z]]
for all x € V. Thus [|@|| < ||¢]|. On the other hand, it is clear from the definition
of the operator norm that ||¢|| < ||@||, the relevant supremum being taken over a
larger set of vectors when computing ||@||. Hence ||@] = ||¢]|-

The Hahn-Banach theorem has several important consequences. Perhaps fore-
most among them is the conclusion that any normed vector space has “enough”
linear functionals. There are a couple of ways to interpret this statement; the first
says that the linear functionals can be used to detect the norm of an element, while
the second says that there are enough linear functionals to separate points.

Corollary 6.6.15. Let V' be a normed vector space (over C), and let x € V with
x # 0. Then there exists p € V* such that ||¢| =1 and p(x) = ||z]|.

Proof. Let W = Cx. Define ¢g on W by

polax) = oz

Since

[po(ax)| = |alleo(z)] = |a[[z| = [laz]]
for all @ € C, we see that ||¢o|| = 1. Now the Hahn-Banach theorem guarantees
that there is an extension of ¢g to a linear functional ¢ € V* such that ||| =1. O

Corollary 6.6.16. If V is a normed vector space, then V* separates points of
V. That is, if x # y, then there exists ¢ € V* such that () # p(y).

Proof. If x # y, then z =  — y # 0, and there exists ¢ € V* such that ¢(z) =
||z|| # 0 by the previous corollary. It then follows that ¢(x) # ¢(y). O

The next corollary requires a little context first. Let V be a normed vector space,
and suppose W is a closed subspace of V. Recall that we can form the quotient
vector space

V/IW ={z+W |zeV},

whose elements are the cosets of W in V. We can also equip V/W with a norm via
|z + W = inf {|lz —y[| |y € W}.

The assumption that W is closed ensures positive definiteness; if W is not closed,
we are only guaranteed a seminorm. (See Exercise 6.6.1.) As a consequence of the
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Hahn-Banach theorem, the quotient norm can be described using linear functionals

on V.

Corollary 6.6.17. Let W be a closed subspace of a normed vector space V. If
x € VAW, there exists ¢ € V* such that ||¢|| = 1, ¢|lw =0, and

pla) =l + W] = inf o~y

Proof. We can apply Corollary 6.6.15 to the quotient V/W to obtain ¢ € (V/W)*
such that ||¢]| = 1 and ¢(x + W) = ||z + W|. Now let ¢ : V' — V/W denote the
canonical quotient map, and define ¢ € V* by ¢ = ¢ o q. Clearly ¢ vanishes on W
and [|¢|| < ||&l/ll¢]| = 1. It remains to show that ||¢| is indeed 1. Well, given ¢ > 0
there exists y € W such that

la()] > (1 = &)z = yll

Now observe that

p(z —y)l = lp@)] = |@(g(@)] = lla(@)]| > (1 —&)]|z -yl
since ¢ vanishes on W. Since ¢ was arbitrary, it follows that ||¢|| = 1. O

We now come to some leftover business regarding the second dual. In the pre-
vious section we constructed a linear map ¢ from a normed vector space V into its
second dual V** which was bounded with ||¢|| < 1. We can now show that ¢ is
actually injective.

Corollary 6.6.18. Let V be a normed vector space. The map v : V. — V**
defined by

uz)(p) = p(x)

is an isometric injection, hence (V') is a subspace of V**.

Proof. We already know that ||¢(z)|| < ||z] for all x € V. Given x € X, Corollary
6.6.15 implies that there exists ¢ € V* such that

o(z) = |z
Hence «(x)(¢) = ||z||, so ||t(z)|| = ||z||. This shows that ¢ is isometric, which also
guarantees that it is injective by Exercise 6.3.3. O

We have thus shown that every normed vector space embeds into its second dual
in a natural way. For infinite dimensional spaces, it is rare that this map is an
isomorphism.
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Definition 6.6.19. A Banach space X is called reflexive if the natural embed-
ding ¢ : X — X** is surjective.

Though reflexive Banach spaces are relatively rare, we will see a whole family of
reflexive spaces quite soon. In particular, the LP spaces (except p =1 and p = o0)
turn out to be reflexive.

While this discussion of the second dual might seem odd, it actually has an
interesting application. We obtain a quick proof that any normed vector space can
be completed to obtain a Banach space.

Theorem 6.6.20. Let V be a normed vector space. There exists a Banach space
V', called the completion of V', such that V is isometrically isomorphic to a
dense subspace of V.. Moreover, V is unique up to isometric isomorphism.

Proof. Recall that V** is a Banach space, and that we have an isometric embedding
t:V = V* by the previous corollary. Thus the closure m is a Banach space,
which contains an isometric copy of V' as a dense subspace. Therefore, we can take
this space to be V.

Now suppose that Vi and V4 are two completions of V. Then we have isometric
embeddings

T;:V — vj
onto dense subspaces for j = 1 and 2. Thus Ty = T o T} ! is an isometric map of
T1(V) C V1 onto To(V) C Va. Since T1(V) is dense in Vi, Ty extends to a linear
map T : Vi — V. Since Ty is isometric, it is not hard to verify that T is isometric.
It is also easy to check that T(V) is complete in V. Thus T(V1) is closed and
contains T5(V), which is dense in V. Therefore, T is surjective, hence an isometric
isomorphism as required. O

Exercises for Section 6.6

Exercise 6.6.1. Let V be a normed vector space and W C V a subspace. Prove
that
|z +W| =inf{|lz -yl |y € W}.

defines a seminorm on V/W, which is a norm if W is closed. Moreover, show that
if V' is a Banach space and W is closed, then V/W is a Banach space with respect
to the quotient norm.

Exercise 6.6.2. Suppose X and Y are Banach spaces and that T : X — Y and
S :Y* — X* are linear operators satisfying

p(Tx) = S(p(z))
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for all x € X and all ¢ € Y*. Prove that 7" and S are bounded and S = T*. (Hint:
Use the Closed Graph Theorem and the fact that Y* separates points.)

6.7 Duality for L” Spaces

We now return to the problem of identifying the dual spaces of certain familiar
Banach spaces. We begin by studying the L? spaces associated to a given measure
space.

Theorem 6.7.1. Let (X, M, u) be a measure space, and suppose 1 < p,q < oo,
where p and q are conjugate exponents. Given g € LY(X, i), the function

wq(f) = /X fgdu

for f € LP(X, ) defines a bounded linear functional on LP(X, ). Furthermore,
we have ||¢4|| = Hqu when 1 < ¢ < oo, and the same is true for ¢ = oo if p is
semifinite.

Proof. The result clearly holds if ¢ = 0 p-a.e., so we may assume that g # 0.
Suppose first that 1 < g < co, and let f € LP(X, u). Recall that Holder’s inequality
implies that fg € L'(X, ), and that | fg|l, < 1 fll,llgll,- Thus ¢4 is well-defined,
and

0o(1)] < /X Foldu < 1I£1llgll,

80 g is bounded with [¢gl < [|gl|,- To establish equality, we define w: X — C by

wiz) = {@Ei% if g(z) # 0
0

0 if g(z) =
consider the function
gl w

Sl
g1l

f

Notice that

1 1) 1
|fIP dp = / 19| P dp = / 9| dp =1,
/X gl 1P Jx lgllg J/x

so f € LP(X, p) and | f[|, = 1. Furthermore, it is easily seen that

q
g

fg= | L_l,
lgllg
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SO

1
[ tgdn =y [ 1ol du=lgll,
x gl Jx

It follows that |logll = [|g]l,-
Now assume g is semifinite, and let ¢ = co. By the definition of the essential
supremum, given € > 0 the set

{z € X [lg(@)| > llgllo — €}
has nonzero measure. Since p is semifinite, it contains a subset E satisfying 0 <
u(E) < oo. Let w be as above, and define
w-XE

u(E)

1
f du—/ XEdp =1,
/X’ | w(E) Jx
so f € LY(X, u) with || f]|; = 1. Furthermore,

Then

1 1
eo0) = [ o=~ [ lolxpan> s lglle = n(E) = gl — e,
= w(E) Jx 7 p(E) 19l =B =l
and it follows that [|¢g| > ||g||,, — €. Since € > 0 was arbitrary, we can conclude
that [|og] = {9/l oo- O

The previous theorem shows that if p and ¢ are conjugate exponents, then there
is a natural map ® : L9(X, u) — LP(X, pn)*, given by ®(g) = ¢4. Moreover, it is not
hard to check that ® is linear, and we know that ® is isometric when 1 < ¢ < o©
(and also when ¢ = oo if p is assumed to be semifinite). Hence we have an isometric
embedding of LY(X, ) into LP(X, pu)*.

In fact, the next theorem shows that ® turns out to be surjective most of the
time. As a result, we will have an identification of LP(X, u)* with LY(X, u) whenever
1 < p,q < oo are conjugate exponents. The situation where p = 1 and ¢ = oo turns
out to be a little more delicate. Though this result holds more generally, we will
prove it under the assumption that p is o-finite, since we can give a much more
elegant proof (modeled on that of Rudin) in this case.

Theorem 6.7.2. Let (X, M,u) be a o-finite measure space and suppose 1 <
p,q < oo, where p and q are conjugate exponents. Then every bounded linear
functional on LP(X, ) is of the form

wg(f) = /X fgdu

for some g € LY(X,u). Consequently, we have an isometric isomorphism ® :
LUX, p) — LP(X, u)* given by ®(g) = ¢(g).
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Proof. Assume first that u(X) < oo, and let ¢ € LP(X, u)*. We need to produce
a function g € L9(X, u) such that ¢, = ¢. To this end, we begin by defining a
complex measure v on M as follows: for each £ € M, set

v(E) = ¢(xE)

Clearly v(0) = 0. Suppose {E;}22; is a countable collection of disjoint sets in M,
and for each k > 1 put Ay = U]: E;. Observe that

k
= Z XE;
=1

for each k, so

M»

v(Ar) = o(xa,) o(x v(Ej)

J=1 J=1

||

In other words, v is finitely additive. Now if we let E = U;’il E;, we have

1/p
I — xaull, = ( [ e XAk|pdu> — W(B\Ag) 7

for all k > 1. By continuity of measure, u(E\Ag) — 0 as k — oco. Hence x4, — XE
in L?, so ¢(xa,) = ¢(xE) since ¢ is continuous. Therefore,

:ZV(E])

Jj=1 J=1

v(E) = hm v(Ag) = hm

k—o0

Mw

so v is countably additive. Thus v defines a complex measure on M.
Suppose E € M with u(FE) = 0. Then xgp = 0 p-a.e., so xg belongs to the
equivalence class of the zero function in LP(X, ). Hence

v(E) = p(xg) =0,

and it follows that v < p. The Radon-Nikodym theorem then guarantees that there
is a function g € L' (X, p) satisfying dv = gdu. As a result, we have

SD(XE):V(E):/XXE'gdH

for all £ € M. The same sort of equation holds for all measurable simple func-
tions due to the linearity of the integral. Moreover, we claim that it holds for all
f € L>®(X, ). Since the measurable simple functions are dense in L>®(X, u), we
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can approximate any element f € L% (X, u) uniformly with a sequence of simple
functions (f;)52;. Then

IIfj—fllﬁz/lej—flpdué 15— Flle - s(X) = 0

as j — 00, so fj = f in LP. Since ¢ is continuous, we have

Jj—0o0

@(f) = lim @(fj)zjlggo/xfjgduz/xfgdu,

and our claim holds.
Next, we aim to show that g actually belongs to L4(X, ). First, for each n € N
we define
E, = {reX|lg(x)] > n},

and let w be as in the proof of Theorem 6.7.1. Then wg = |g|, and we set

o= XEn|g’q71w'
for each n € N. Then f,, is bounded, hence f, € L (X, u), and

/ xlgl? dp = / Fug di = o(f2) < ol £l (6.1)
X X

Now observe that
[l = X219/ = xp,19]%,

1/p
[ full, = </ xEn\glqu> -
X

Thus the inequality in (6.1) becomes

1/p
/XEn\g\quSHwH </ XEng\qdu> ,
X X

or dividing through by the right hand side and raising to the power ¢,

SO

/ Xz lgl?dp < o]
X

This inequality holds for all n, so an application of the Monotone Convergence

Theorem yields
[l au< ol
X

It follows that g € L7(X, u) (and in fact, [|g]l, < [[¢]]). Since L>(X, ) is dense in
LP(X, 1) (as the measurable simple functions are dense) and ¢(f) = ¢4(f) for all
f e L>®(X,pn), it follows from continuity that ¢ = ¢,.
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Now suppose p(X) = oco. Since v is o-finite, there is a finite measure v on M
such that v and p are mutually absolutely continuous. Suppose ¢ € LP(X, u)* and
f € LP(X,v). Then |f|F- Z—Z € LY(X,u),s0 f- (d”)l/p € LP(X, u). Consequently,

W(f) = (f- (L)1)

defines a linear functional on LP(X,v), which is easily checked to be bounded. As a
result, we can find a function g € L?(X,v) such that

/fgdu—/fg o

forall f € LP(X,v). Set g=g- (g—;)l/q. Then g € LY(X, ), and for all f € LP(X, )
we have

/fgd“ /fg d“d’/_/f(fzﬁ)l/p'g(iﬁ)l/qdv /Xf(j,ﬁ‘)l/p-gdy.

Now the right hand side is precisely

so we have

/ fodp = o(f)
X

for all f € LP(X, p). Thus ¢ = ¢4, and we are done. O

As mentioned above, the question of duality for L' (X, 1) and L>(X, z1) is much
more delicate. A rehashing of the arguments above does show that L'(X, u)* can
be identified with L (X, u).

Theorem 6.7.3. Let (X, M, i) be a o-finite measure space. Every bounded linear

functional on L'(X, 1) is of the form
= / fgdp
X

for some g € L™ (X, pu). Consequently, there is an isometric isomorphism ® :
L=(X, p) = LNX, p)* given by ®(g) = ¢(g).

The o-finiteness assumption in the last theorem is crucial; it is left to the reader
to find an example where L'(X, u)* is not isomorphic to L>®(X, u).
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Remark 6.7.4. There is always an isometric embedding of L'(X, ) into L (X, u1)*,
but the dual of L>(X, p) is usually much larger than L'(X, u). In fact, it is only
in fairly trivial cases that we have L*°(X,u)* = L'(X,u). For example, if X is
a finite set and p is the counting measure on X, then L*>(X, ), L>®(X, pn)*, and
LY (X, i) are all finite-dimensional vector spaces of the same dimension, so they are
isomorphic.

Recall that a Banach space X is reflezive if the natural embedding ¢ : X — X** is
surjective. As we look at Theorem 6.7.2, we can see that the LP spaces are reflexive
when 1 < p < o0, since

LP(X, )™ = LY(X, )" = LP(X, p).

However, we should be very careful here—this isomorphism needs to be given by
the canonical map ¢ : LP(X, ) — LP(X, p)**. Fortunately, the details are not hard
to check.

Theorem 6.7.5. Let (X,M, u) be a measure space. For all 1 < p < oo, the
Banach space LP(X, ) is reflexive.

Proof. Suppose 1 < p < o0, and let ¢ be the conjugate exponent of p. Let & :
LY(X, ) — LP(X, u)* be the isometric isomorphism afforded by Theorem 6.7.2, and
let F' € LP(X,pu)*™. Then F o ® defines a bounded linear functional on L?(X, u),
which simply takes the form

Fo®(g) = F(py)

for all g € LY(X, pu). Consequently there is a function f € LP(X, ) such that

F(wg)ZFofb(g):/ngdu:sog(f)

for all g € LY(X, u). However, recall from the definition of ¢ : LP(X, u) — LP(X, u)**
that
L(f)(pg) = @q(f),

so we have F(pgy) = t(f)(pq) for all g € LI(X, p). It follows that F' = (f), so ¢ is
surjective. O

Since it is rarely the case that L> (X, u)* = L1(X, ), it is almost never the case
that L'(X, u) is reflexive. Even though we have not identified the dual of L°°(X, i)
in general, our conclusion about L'(X, i) is enough to guarantee that L>(X, 1) is
usually not reflexive either. In fact, a Banach space X is reflexive if and only if X*
is reflexive.

Exercises for Section 6.7
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Exercise 6.7.1. This problem will give an example to show that L'(X,u) and
L>®(X, p1) are not generally reflexive spaces.

View N as both a locally compact metric space (under the discrete metric)
and a measure space (with counting measure p). Recall that L'(N, ) = ¢ and
L>®°(N, u) = £°. Also, if we define

= {5 | fim o =0}

then it is easy to check that ¢g = Cy(IN). Note that ¢y C £°°.

(a)

For each z € ¢!, define ¢, : ¢g — C by

(o.9]
¢r(y) = Tnyn.
n=1

Prove that ¢, is a bounded linear functional on ¢g.

Define ¢ : £} — ¢} by ¢(x) = ¢,. Prove that ¢ defines an isometric isomorphism
of /1 with ¢}.

Define

= {(xn);;o:l ‘ nh_{rgo T exists}.

Note that ¢ C £*°. Show that every element = € ¢! gives rise to an element of
¢* via the formula

o0
Pz (y) = Z TnlYn
n=1

for y € ¢. Use this fact to show that there is an isometric embedding of ¢! into
*

c.

Show that the bounded linear functional on ¢ defined by

o(z) = nh_}rgo T

is not induced by an element of ¢*. Conclude that ¢! is a proper subspace of
X

c.

Show that every element of ¢*° induces a bounded linear functional on c.
(Hint: Use the fact that (£!)* = /> together with the Hahn-Banach theorem.)
Prove that we then have an embedding of £*° into ¢**.

Argue that ¢ is a proper subspace of ¢**, so ¢ is not reflexive. Give a similar
proof to show that ¢g is not reflexive.



Chapter 7

Hilbert Spaces

There is a particular class of Banach spaces for which some of our earlier investiga-
tions look particularly nice. These spaces—called Hilbert spaces—have additional
structure that allows one to discuss geometric notions (such as angles and orthogo-
nality) that generalize those of Euclidean space. The additional property that makes
Hilbert spaces special is the presence of an inner product.

7.1 Inner Products

Recall that in the standard Euclidean space (i.e., R™ or C" equipped with its Eu-
clidean norm) we have a way of “pairing” two vectors together to obtain a scalar
via the dot product: if z = (x1,22,...,2,) and y = (y1,¥2,...,Yn) are vectors in
R™ or C™, then

Ty =a1Y1 +22Y2 + - + TnYn.

Recall that the dot product allows one to measure angles between vectors, and two
vectors are said to be orthogonal (i.e., perpendicular) if z -y = 0. Thus a pairing
such as the dot product allows gives one a more refined notion of geometry within
a vector space.

We will be interested in generalizations of the dot product known as inner prod-
ucts. However, we will start off a little more generally, since such a discussion will
prove fruitful later on. Throughout this discussion we will be working with vector
spaces over a field F', where it is understood that F' = R or F' = C unless otherwise
noted.

Definition 7.1.1. Let X be a vector space over a field F'. A sesquilinear form
on X is a function (- | -) : X x X — F satisfying the following conditions.

1. The map z — (z | y) is linear for all y € X, meaning that

(ax+2zly)=alz|y)+(2]y)
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forall z,z € X and a € F.
2. If F =R, the map y — (z | y) is linear for all z € X.

3. If F = C, the map y — (z | y) is conjugate linear for all z € X, meaning
that
(lay+z)=a(x|y)+(z]2)

for all z,y,z € X and a € C.

Remark 7.1.2. Note that if F' = R, then we are simply saying that a sesquilinear
form is linear in both variables, hence it is in fact a bilinear form.

Before moving on, let us introduce a bit of useful terminology. If (- | -) is a
sesquilinear form on a complex vector space X that satisfies

(y|z)=(z]y)

for all z,y € X, then we say that (- | -) is Hermitian. For a vector space over R,
this condition simply reduces to

(y [ z) = (z]y),
in which case we say the bilinear form (- | -) is symmetric.

Proposition 7.1.3. Let X be a vector space over C. A sesquilinear form (- | -)
on X is Hermitian if and only if (x | x) € R for allx € X.

Proof. First assume that (- | -) is Hermitian. Then for all x € X we have

(x| z) = (2| z),

which implies that (z | ) € R. Now assume (z | ) is real for all x € X, and let
z,y € X. Then

(zt+ylety) =@ |2)+ |y + @y +(y|2),

and since (z +vy | z +y), (x | ), and (y | y) are all real, we can deduce that
(z|y)+ (y|x) € R. Thus Im(x | y) = —Im(y | ). On the other hand,

(z+iy|o+iy)=(z|2)+(y|y) —ilz]y) +i(y|z),

and again it must be the case that —i(z | y) + i(y | ) € R. Hence we have
Re(z | y) = Re(y | x), and we can conclude that (y | z) = (x | y). Therefore, the
form is Hermitian. O
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Computations like those in the last proof actually allow us to say even more
about Hermitian forms. There is a natural way of decomposing any Hermitian form
on a vector space, called polarization.

Proposition 7.1.4 (Polarization Identity). Suppose X is a vector space over F
and (- | -) is a Hermitian sesquilinear form on X.

1. If F = C, then for all x,y € X we have

3
sz x+iky ! m+iky).
k=0

(]y) =

.-lk\*—‘

2. If F =R, then for all x,y € X we have

1

(@ly)=3(@+ylz+y) —(z-ylz—y).

Proof. In both cases the polarization identity really just follows from simple alge-
braic manipulations. Suppose first that X = C. Note that for all x,y € X we
have

(tylzt+y)=@|z)+ Wy +(=|y)+ |z

=@|z)+ Wy +(x|y) +(=]y)
=(z|z)+ (y|y)+2Re(z |y),

while
(z+iy |e+idy) =(x—y|z—y)
=@|o)+Wly) —(x]y) —(y|)
=@|z)+Wly) —(z|y) —(z]y)
=(z|2)+ (y|y) —2Re(x|y)
Hence

@+yle+y) +i(@+y|a+y) =(@+y|la+y) — (z+y |2 +4%y)
= 4Re(z | y).

Similarly,

(z+iy |z +iy)=(z|2)+ (y|y) —ilz]y) +i(y|2)
=@ |2)+ |y —ilz]y) +i(z]y)
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=(z|z)+(yly) —i 2ilm(z|y),

and
(z + Pylw +i°y) = (x — iy | © — iy)
=@ |2)+ |y +ilz]y) —iy|z)
=@ |z)+ |y +ilz|y) —i(z]y)
=(|z)+(y|y) —i 2ilm(z |y),

i(z 4 iy | +iy) +i(x + By | 2+ 3y) =i(x +iy | z +iy) —i(x + By |z +i3y)

= 4ilm(z | y).
It then follows that
3
Zik(ﬂs+iky E: +i"y) = 4Re(z | y) + 4iIm(z | y) = 4(z | y).
k=0

Now suppose F' = R. Since a Hermitian form on X is really just a symmetric
bilinear form, our earlier computations show that

(t+ylzty)=(@|z)+yly) +2(=]|y)

and
(@—yle—y)=(x]2)+yly) —2]y)
Thus
@t+ylety —(@-yle—y) =4z]y),
and the result follows. O

An inner product is a sesquilinear form satisfying two additional properties,
which allow us to define a norm using the form.

Definition 7.1.5. A sesquilinear form is said to be positive if (z | z) > 0 for
all z € X.

Since (x | ) > 0 implies (x | ) € R, if X is a C-vector space then any positive
sesquilinear form on X is automatically Hermitian by Proposition 7.1.3. The same
is not true for sesquilinear forms on vector spaces over R. For example, define
(-]):R? = R by

(z | y) = 2151 + 222y1 + 2229
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It is easy to check that this form is bilinear, and for all 2 € R? we have
(z | z) = 222 + 2xy9 + 223 = 2% + (z1 + 22)° + 22 > 0.
However, (- | -) is not symmetric—if we take z = (1,0) and y = (1, 1), then
(xly)=24+0+0=2,

while
(ylz)=2+2+0=4.

Note that this example shows that Proposition 7.1.3 also fails for R-vector spaces.

Definition 7.1.6. Let X be a vector space over a field F'. A positive, Hermitian
sesquilinear form (- | -) on X is called a pre-inner product. We say (- | ) is an
inner product if in addition (x | ) = 0 implies x = 0 for all x € X.

Example 7.1.7. The usual dot product on R” is an example of an inner product.
The analog of the dot product for C", given by

Ty =217+ Bofa + - + Ty
also defines an inner product.

Example 7.1.8. There is an easy way to generalize the dot products on R™ and C"
to obtain other inner products. Let A € M, (R), and define (- | -) : R x R" - R
by

(x|y) =2" Ay =z (Ay).

Since matrix multiplication distributes over vector addition and the dot product is
bilinear, it is easy to see that (- | -) is a bilinear form on R". It can be shown
that this form is symmetric if and only if A is a symmetric matrix, and if A is a
positive-definite matrix (i.e., it is symmetric and all of its eigenvalues are positive),
then (- | -) is an inner product.

In the complex case, we can similarly define a form on C™ by taking a matrix
A € M, (C) and setting

(z |y) =2" Ay

for all x,y € C™. This form is Hermitian precisely when A is a Hermitian matrix,
meaning that A = A*, where A* denotes the conjugate transpose. Any such ma-
trix has real eigenvalues, and (- | -) will be an inner product precisely when those
eigenvalues are all positive.
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Example 7.1.9. Let (X, M, i) be a measure space, and define (- | -) on L?(X, u)
by

(F19)= [ radu
X
Recall that the Cauchy-Schwarz inequality guarantees that fg € L'(X, u), so this

form is well-defined. It is also easily checked to be sesquilinear, and the definition
of the integral guarantees that

(9\f)Z/XQfduz/ngduz/ngduz(fIg),

so we have a Hermitian form. Finally, observe that for all f € L?(X, i),

Wﬁ=Aﬁw=Lm%@&

with equality if and only if f = 0 almost everywhere. Hence (- | -) is an inner
product.

Recall that the dot product on R™ can be used to recover the Euclidean norm.
If x € R™, then
ror=attai4 o+l = ||:L‘||§

It turns out that any inner product defines a norm in a similar way: we simply set

1/2

|z = (z | )"

for all x € X. However, verifying that we actually obtain a norm (specifically,
checking that the triangle inequality holds) requires us to first introduce a new
version of an old friend.

Proposition 7.1.10 (Cauchy-Schwarz Inequality). Let X be a vector space over
a field F. Suppose (- | -) is a pre-inner product on X and define ||z|| = (z | z)"/?
for allx € X. Then for all x,y € X,

| [ y) < llz(lllyll (7.1)

Proof. Fix z,y € X and let o € F. Then we have

0< (az+y|az+y) = |af|lz|* +ale| y) +aly | z) + |yl

= [al*|lz]|* +2Re(a( | y)) + [ly]*.

Now let 7 € F with |7| =1 and 7(x | y) = |(z | y)|- Now let A € R, and set v = T\
in the inequality above. Then we see that

N l|* + 2X/(z | )] + llyl* = 0
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for all A € R. The left hand side is a quadratic polynomial in A which is always
nonnegative, hence its discriminant is at most zero. More precisely,

4)(z [ y)I* = 4lll*yll* < o,

and the result follows. O

Corollary 7.1.11. Suppose (- | -) is a pre-inner product on X. Then
2| = (2 | 2)'/?

defines a seminorm on X. If (- | -) is an inner product, then ||| defines a norm.

Proof. Tt is obvious that ||-|| is nonnegative and homogeneous, so we simply need to
verify that the triangle inequality holds. Given z,y € X, observe that

2 2 2 2 2
lz+yll" = (@+ylz+y) = [z]" +2Re(z | y) + lylI” < =[]+ 2[(z [ )] + [[y]"
The Cauchy-Schwarz inequality then gives
2 2 2
Iz + ol <l + 20zl + lyl* = (el + ]2,

and the triangle inequality follows. Hence ||| is a seminorm. It is then easy to see
that ||-|| will be positive definite (hence a norm) precisely when (- | -) is an inner
product. O

There is actually an interesting way of characterizing norms that come from
inner products. Any norm induced by an inner product must satisfy a geometric
condition known as the parallelogram law.

Proposition 7.1.12. Suppose X is an inner product space over a field F, and
let |||l be the norm induced by the inner product. Then this norm satisfies the
parallelogram law:

lz +ylI* + Iz — ylI* = 2)jz|* + 2/l

forall x,y € X.

Proof. We observe that
lz+yl* = (@ +y |z +y) = (@] 2) + 2Re(x | y) + (y | y)

and
lz—yl* =(@—ylz—y)=(z|z) —2Re(x | y) + (y | v),

so adding these two equations gives

2 2 2 2
e+ yll” + [l —yl” = 2(z [ 2) + 2(y | y) = 2[|l=]" + 2[ly[I"- =
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Conversely, if X is a normed vector space such that the parallelogram law holds,
then there exists an inner product on X that induces the given norm. In fact, the
inner product is defined using a form of the polarization identity—one defines

3

1 . .
(@]y) =3 > il +i

k=0

2
)

and the parallelogram law allows one to show that (- | -) is an inner product. This
result is known as the Jordan-von Neumann theorem, and its proof is quite involved.
See [Wil] for a detailed treatment.

Definition 7.1.13. A Hilbert space is an inner product space H that is com-
plete with respect to the norm induced from its inner product.

Example 7.1.14. The usual dot products on R™ and C’ induce the Fuclidean
norm, which makes these spaces into Hilbert spaces.

Example 7.1.15. Let (X, M, ) be a measure space. Since the inner product (f |
9) = [x fgdu on L?(X, u) clearly induces the usual L?-norm, it follows from the
Riesz-Fischer theorem that L?(X, p) is a Hilbert space. In particular, £2 is a Hilbert
space with respect to the inner product

e e}
(z|y) = Z%’?j-
j=1

Remark 7.1.16. Since the Banach space completion of an inner product space is a
Hilbert space, we will often use the term pre-Hilbert space to refer to inner product
spaces that are not complete.

7.2 The Riesz Representation Theorem

Recall from linear algebra that the dot product allows one to determine when two
vectors in R"™ are orthogonal. Naturally enough, we have a similar notion of orthog-
onality in any inner product space.

Definition 7.2.1. Let X be an inner product space. Two elements z,y € X are
said to be orthogonal, denoted by x L y, if (x | y) = 0. We say that two sets
UC X and V C X are orthogonal, written U L V,if (z |y)=0forallz € U
and y € V.
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Example 7.2.2. Consider the Hilbert space L?([0,27], ). The functions f(z) =
cosx and g(x) = sinx are orthogonal, since

27 o
(f]g)—/o cos:rsinxdx:%sin2:r0 =0.
If we define
U= {f6L2027r ‘f —Oforu—a.e.nggw}
and
V= {f€L2027r ‘f —Oforu—a.e.ngg%r},

then it is easy to see that U L V', since fg =0 p-a.e. whenever f € U and g € V.
Remark 7.2.3. Observe that if z,y € X and =z L y, then
@+yle+ty) =(@]z)+yly).
More succinctly, we have
2 2 2
2 +ylI” = llzl” + llylI*,

which is sometimes called the Pythagorean identity.

Suppose H is a Hilbert space, and let X C H. It is often useful to consider the
set of all vectors that are orthogonal to X:

:{heH‘(h|m):0forallx€X}.

In the case that X is a subspace of H, we will call X+ the orthogonal complement
of X. It turns out that X is always a closed subspace of H, regardless of whether
X is even a subspace.

Theorem 7.2.4. Let H be a Hilbert space. For any subset X C H, X+ is a
closed subspace of H.

Proof. Let X C M, and let hy,hy € X*. Then for all z € X,
(hi+he | x) = (hi|z)+ (ha | 2) =0,
s0 hi + hg € X*. Similarly, if « € F and h € X+, then
(ah|z)=ah|z)=0

for all z € X. Hence X' is a subspace of H.
Suppose now that (h;)32, is a sequence in X+, and that hj — h for some h € H.
The Cauchy-Schwarz inequality implies that the map y +— (z | y) is continuous, so

(x| h) = lim (z | hj) = 0.
j—o0

Thus h € X+, and it follows that X is closed. ]
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If W is a closed subspace of H, then we can say even more about W+. There is
always a natural decomposition of # involving W and W. If H and K are Hilbert
spaces, we define the direct sum of H and K, denoted H @ I, by equipping the
vector space H x K with the inner product

((h1, k1) | (he, k2)) = (ha | he) + (k1 | k2). (7.2)
Consequently, the norm on H @ K takes the form

(&) = /IR I + (1K1

It is left to the reader to verify that (7.2) defines an inner product and that H & K
is a Hilbert space. Observe that H and K can be viewed as subspaces of H & K via
the embeddings h +— (h,0) and k — (0, k), and moreover that H L K inside H & K.

Given a Hilbert space H, we can also form the internal direct sum of two or-
thogonal subspaces W and V in a similar fashion. However, it is more customary in
this situation to write the elements of W&V as h+k, where h € W and k € V. The
fact that W L V guarantees that every element of W @& V' can be written uniquely
in this way.

Our next goal is to show that if W is a closed subspace of a Hilbert space H,
then we can decompose #H as the direct sum W @ W. To do so, we first need a
small lemma.

Lemma 7.2.5. Let H be a Hilbert space, and let W be a closed subspace of H.
Then for all h € H, there is a unique element x € W satisfying

|z — k|| = inf ||z — A
zeW

Proof. Let h € H and set a = inf,ew ||z — hl|. Let (z,,)52; be a sequence in W such
that ||z, — h|| = «. The parallelogram law implies that for all n,m € N we have

2|0 — hl|* + 2l|zm — BI* = [z + 20 — 20]1% + |20 — 2|
2
= 4|5 (@n + zm) = h[|" + 20 — 2wl
> 4042 + Hxn - me27

SO
L e e

Since the left hand side goes to zero as n, m — oo, it follows that (z,,)72 is Cauchy.
Thus x, — z for some z € W, and ||z — h|| = . If y € W is any other element
satisfying ||y — h|| = «, then the same argument as above using the parallelogram
law shows that

lz = yl|* < 2llz — h|]” + 2]y — hlJ* — 40® = 0.

Thus x = y, so x is unique. ]
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Theorem 7.2.6. Suppose W is a closed subspace of a Hilbert space H. Any
element h € H can be written uniquely as a sum h = hy + ha, with hy € W and
ha € W. Consequently,

H=WaoW

and (WH)Lt =W,

Proof. Fix h € H and let h; be the closest point in W to h, as in Lemma 7.2.5. Put
ho =h—hq. If z€ W and € > 0, then
1hall* = |h = ha|?
< |lh = (h +22)|?
= ||hy — e2||?
= ||ha||® — 2¢ Re(ha | 2) + %||2|>.
Thus 2Re(hy | z) < e||z||* for all € > 0, so 2Re(hy | z) < 0 for all z € W. Now

choose a € C such that |a| = 1 and a(hs | z) > 0. Since W is a subspace, az € W

and
al(hg | z) = (he | @z) = Re(hy | @z) = 0.

It follows that (hy | 2) = 0 for all z € W, hence hy € W+,
Now if h, k € H and we write h = hy + ho and k = k1 + ko with hy, k1 € W and
ho, ky € W, then the Pythagorean identity implies that

(h| k)= (h1| k1) + (he | ko).

In particular, we have ||h||? = ||h1]|* + ||ho||®. It follows that # = W & Wt
It remains to see that the decomposition of each h € H is unique. If h = z1 + 29
is another such decomposition, then

(21 — hl) + (ZQ — hz) = 0.

By the Pythagorean identity, ||z1 — hi|| = ||z2 — ha|| =0, so h1 = 21 and ha = 22.
Now suppose h € (W)L, We can write h = hy + hy as above with h; € W and
hy € W. But
Iha|[* = (h2 | by + ha) = (ha | h) = 0.

Thus he =0,s0 h € W. O

Corollary 7.2.7. Let X be any subset of a Hilbert space H. Then (X+)* is the
smallest closed subspace containing X. Thus if W is a subspace of H,

W= (W)™
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Proof. If W is any closed subspace containing X, then X C W implies that W+ C
X+, hence (XH)* C (WH)t =w. O

As a byproduct of our investigation of orthogonal complements, we can now
prove our first major result on Hilbert spaces. This result will show us that any
Hilbert space is naturally isomorphic to its own dual space.

Theorem 7.2.8 (Riesz Representation Theorem). Let H be a Hilbert space and
@ € H*. Then there is a unique y € ‘H such that (x) = (x| y) for allz € H. In
particular, the map ® : H — H* given by

d(y)(x) = (= | y)

defines a conjugate linear isomorphism of H with H*.

Proof. Tt is easy to check that the map ® is conjugate linear. Also,

[@(y) (@) = [z [y)] < [l]llyll

for all x,y € H by the Cauchy-Schwarz inequality, which implies that ||®(y)| < ||y]|
for all y € H. But ®(y)(y) = (y | y) = [lylI*, so [@(»)l| = lly]|-

Now let ¢ € H*\{0}. Then ker ¢ is a proper closed subspace of H. Thus there
exists y € (ker @)t such that p(y) = 1. Then for any 2 € H, = — @(x)y € ker .
Hence

(@] y) = (&= p@)y+ @)y | y) = o)yl
It then follows that

o(@) = (| lyl~%y) = @yl *y) (@),

for all z € H. Hence ®(||y|| %y) = ¢, so ® is surjective. O

7.3 Orthonormal Bases

As another consequence of the rigidity supplied by an inner product, we are about
to see that vectors in a Hilbert space H can always be expressed in terms of an
appropriate basis for H. This statement might seem obvious—we know every vector
space has a basis, so of course we can expand vectors as finite linear combinations
of the elements of our chosen basis. However, if A is infinite-dimensional, any such
algebraic basis for H must be uncountable as a consequence of the Baire category
theorem. Furthermore, the basis might be impossible to describe. If we instead
allow for the possibility of expressing vectors as infinite linear combinations (i.e.,
series) of basis vectors, then it becomes much easier to describe and work with such
bases in a Hilbert space.
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Definition 7.3.1. Let H be a Hilbert space. A set {e;};cs of vectors in H is
called orthonormal if

e |lej|| =1 forall j € J, and
o (e;]ej)=0ifi+#j.

If span{e;}jc is dense in H, we call {e;};c; an orthonormal basis for #.

Remark 7.3.2. To reiterate our earlier discussion, an orthonormal basis is not a
true basis for H. For this reason, it is common to refer to an algebraic basis as
a Hamel basis, while a “basis” that has dense span in a Banach space is called a
Schauder basis.

We will see soon that if a Hilbert space H is separable (i.e., it has a countable
dense subset), then it possesses a countable orthonormal basis. However, there are
Hilbert spaces that are not separable, and we must therefore be able to talk about
infinite sums of vectors over uncountable index sets. Let J be a set, and let A denote
the set of all finite subsets of J. If f: J — X is a function from .J into a normed
vector space X, then we say the series

> FG)
jeJ

converges to x if given any € > 0, there exists Ag € A such that

z =Y )

JEA

<e€

for all A € A with A D \g.! In this case it is also customary to write

z = ;ierg%f(j)-

Example 7.3.3. Suppose f:J — [0,00) C R. Then we say that
> fG) =00
jeJ

if given M > 0, there exists Ag such that A D A\¢ implies that

> G) =M.

JEA

!This really says that if we make A into a directed set via inclusion, then (2_jex f(4))rea defines
a net which converges to = in X.
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With this convention, we claim that
> FG) =sup > £)-
jeJ AEA e

Let o = supyep D ey f(J). First we note that if 3, ; f(j) = oo, then a = co. On
the other hand, if > ;. ; f(j) is finite then we clearly have limyep Y-y f(J) < @
and for any € > 0, there exists Ao € A such that

Y fU)>a-e
JEXo

But if A D Ao, then we see that

ST <D fG) <o

JE€Xo JEX

SO

<e.

> f6) -«

JEX

Thus >_,c; f(j) converges to a.

If we take J = N in the previous example, then f : N — [0,00) is simply a
sequence of nonnegative real numbers, and our calculations show that
[o.¢] n
oSG =) 10G) = lim Y f).
jEN j=1 j=1

However, these sums need not agree in general if f : N — R, though they will if we
assume that Z;; f(4) converges absolutely. To establish this fact, it is helpful to
introduce a little measure theory.

Remark 7.3.4. Let J be a set, and let v denote the counting measure on P(J).
Then if 1 < p < o0, it is natural to write ¢(.J) in place of LP(J,v). It can then be

shown that
1/p
I1£ll, = (Zlf(j)!p> ,

jedJ

wazzywy

jeJ

and if f € £1(J), then

To see the first assertion, observe that

u%—/v%w—sw /ww
J 0<p<|fIP ST
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where the supremum is taken over all simple functions 0 < ¢ < |f[’. Let A denote
the collection of all finite subsets of J, and for each A € A, define f = f-xx. Then
each f) is a simple function, hence

sup / o dv > sup / P v =sup S 1A =sup S 1FG)IP-
J ANeAJ T )\EA]E)\ AEA

0<e<|fI? JEA

It follows that ||f|§ > ZjGJ |f(7)|P. On the other hand, if ¢ is a simple function
with 0 < ¢ < |f|¥, then there exists A € A such that ¢ < [fA|° < |f[P. (More
specifically, ¢ € £}(J), which implies that supp(¢) is finite. Hence we could take
A = supp(yp).) Therefore,

sup /godugsup/\f\pdu,
0<p<|fP ST xeA s

and we thus have || f|l7 < >>;c ;| f(7)[". It then follows that
1/p
1f1l, = (Zf(jﬂpdlf(j)) :
Jj€J

The second assertion now follows by considering positive and negative parts.

Corollary 7.3.5. If (a,)%%, € {}(N), then

oo
lall, = > lanl = lan|-
n=1

neN

Moreover, the series Y, cn an and Y 21 an both converge and are equal.

Finally, we make one almost obvious observation regarding series with uncount-
ably many terms.

Proposition 7.3.6. Suppose J is a set and f: J — [0,00). If Zjle(j) < 0,
then f(j) = 0 for all but countably many j.

Proof. Let J, ={j € J:|f(j)| > 1/n}. Since the series converges, .J,, is necessarily
finite for all n. But then

(et fG)#0} =
n=1

is a countable union of finite sets, hence countable. ]
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We have said more than enough about uncountably infinite sums. Let us see
what we can deduce about orthonormal bases.

Theorem 7.3.7 (Bessel’s Inequality). Let H be a Hilbert space, and let {e;};cs
be an orthonormal set in H. Then for any x € H,

lzl* > D 1 [ el

jed

Proof. Suppose A C J is finite. Then we have

2

0< [l = («ley)e;
JEX
2

2

= [lz)* = 2Re(x | > (x [ ej)e;) + | D (x| ej)e;
JEX JEA
2
= |z|* —2Re ) (x| (x| ej)e;) + ||D (x| ej)e;
JEA JEA

2 2 2

= |z* = 2Re > |z ] e)P+ > |(z]e))]
JEA JEX

2 2

=z =) |(xle;)l
JEX
By the Pythagorean identity. It follows that
2 2
2] > sup Y " |(z | &)
A jex
where the supremum is taken over all finite A\ C J, whence the result. O

Corollary 7.3.8. Suppose H is a Hilbert space and {ej}jc; is an orthonormal
set in H. Then for any x € H, the sum

> (@ lej)e;

jeJ

converges in H.

Proof. By Bessel’s inequality, >, ; |( | ej)|> < oo, hence (z | ¢;) = 0 for all but
countably many j. Let ji,jo2, ... be an enumeration of those j such that (z | ;) # 0.
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Now by the Pythagorean identity,

2

Z(x‘ejk) :Z’<$’ejk>‘27
k=n k=n

and the right hand side tends to 0 as n,m — oo since S50, |(x | ej,)]* converges.
Since H is complete, there exists y € H such that

(| €41, ) €5 -
1

o
y =
k=
Let sy = Zgil(m | €j,), and let A denote the collection of all finite subsets of J.
We see that sy — y in H, so given € > 0, there exists Ny such that N, M > Ny
implies that ||sy —y|| < € and ||sy — sp|| < e. Now let A\g = {1,2,...,No}. Then
if A D Ag, we have

Z(m lejle; —yl|| <e.
JEA
Thus
y=> (z]e)e;,
jed
and we are done. O

Proposition 7.3.9. Let H be a Hilbert space, and suppose {e;};cs is an or-
thonormal set in H. Then the following are equivalent.

1. The set {e;j};jcs forms an orthonormal basis for H.
2. If (x| ej) =0 forall j € J, then x = 0.

3. (Parseval’s Identity) For all x € H,

2] =D I | &)

jeJ

4. Forallz e H, x =3, (x| eje;.

Proof. Let S = span{e;};jcs. We first claim that S is dense in # if and only if
S+ = {0}. To see this, first suppose that S is dense in H. Let y € H and choose &
such that 0 < € < ||y||. Then there exists € S such that ||z — y|| < . But then

2 2 2
e? > |lz — y|I* = l|z[* — 2Re(z | y) + [lylI",
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and since ||y||* > &2, we must have Re(z | y) # 0. Thus y & S*. On the other hand,
if y € St and 0 < ¢ < ||y||, then for all z € S we have

2 2 2
lz = ylI* = lll* + lyll* > €

by the Pythagorean identity. Hence ||z — y|| > € for all z € S, so S is not dense in
H. It is now easy to see from our claim that (1) and (2) are equivalent.

Now we will show that (2) implies (4). By Corollary 7.3.8, the series y =
> jes(® | ej)ej converges in H. The map z — (z | e;) defines a bounded linear
functional on H, hence

(yler) = (xlej)es]er) = (x| ep).

jeJ

Thus (x —y | ej) =0forall j € J,soz=y.
Next we show that (4) implies (3). Well, observe that if A C J is finite, then we

have
z = (x]e))e;

JEX

2

= Jlall* =D I | ).

JEX

By assumption, the left hand side tends to zero as A increases, so
2 2
Izl =D I(@ ] e5)]
jeJ
and Parseval’s identity holds. Finally, we note that (3) clearly implies (2), complet-
ing the proof. O

Just as one can always extend a linearly independent set to an algebraic basis
for a vector space, we can extend orthonormal sets in Hilbert spaces to obtain
orthonormal bases.

Proposition 7.3.10. Every orthonormal set in a Hilbert space H can be extended
to an orthonormal basis.

Proof. Let {e;};je.j, be an orthonormal set in #, and let A denote the collection of
all orthonormal sets in # that contain {e;};e,. Partially order A by containment.
Let C C A be a chain in A, and put

Ey = UE

EeC

Clearly Ey contains {e;} e, and E < Ep for all E € C. Furthermore, if e,d € Ep,
then e,d € FE for some E € C,s0 (e | d) =1ife =d and (e | d) = 0 if e # d.
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Therefore, Ey is an orthonormal set, hence Eg € A and Ejy is an upper bound for C.
Zorn’s Lemma now applies, so A contains a maximal element. Let {e;};c; denote
this element, and let
W = span{e;}je.

Suppose W # H, and let ¢ € W' be a unit vector. Then {e;}jes U {e} is an
orthonormal set which properly contains {e;};cs. This contradicts the maximality
of {ej};ecs, so we must have W = H. It follows that {e;};c; forms an orthonormal
basis for H. O

Definition 7.3.11. Let A and K be Hilbert spaces over a field F. A linear
surjection U : H — K is called a unitary transformation if

(Uz | Uy) = (= | y)

for all z,y € H.

Note that a unitary transformation is actually U : H — K an isometric isomor-
phism of H onto K, since it preserve inner products: if € H, then

lUz||* = (Uz | Uz) = (z | 2) = |lz]|*.

Furthermore, it is not hard to see that the inverse U~! : IC — H is also unitary. Thus
unitaries provide the appropriate notion of isomorphism between Hilbert spaces.

Lemma 7.3.12. Suppose H and IC are Hilbert spaces and that U : H — K is a
surjective tsometry. Then U s unitary.

Proof. The result really just follows from the polarization identity. If F' = C, then

(Uz | Uy) = *(Ux +i*Uy | Uz +i*Uy)

] =
x~

w ||Moo
(e}

(U (x + i%y) | Uz +i*y))

>~ =
bl

w |l
=)

|| U + i*y)|”

> =
ol

w |
=)

i*||@ + ity

>~ =
Pl
Il
o

I
—~
8
<
~—
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Similarly, if F' = R, we have

Wz |Uy) =} (IUz+ Uyl — |l - y?)

= (U@ + )2 = U —y)I?)
(llz + 91 = 1 = 1)
= (= |y),

1
1

so U is unitary. ]

Recall from linear algebra that one can define a linear transformation between
vector spaces by simply specifying where a particular basis should be sent. A similar
approach works with orthonormal bases for a Hilbert space, provided one takes
care with boundedness issues. When defining unitary operators, there are no such
problems.

Proposition 7.3.13. Suppose H and IC are Hilbert spaces over a field F with
orthonormal bases {ej}jcy and {fi}ticr, respectively. If cardJ = cardI, then
there is a unitary transformation U : H — K.

Proof. If cardl = cardJ, then there exists a bijection v : I — J. Let W =
span{e;}jes and V = span{ f;}ic;. Then since {e;};cs is linearly independent, we
can define Uy : W — V by

Uo (Z ajﬁa‘) =Y aif)

JEA JEA

It is clear that Up is linear by definition, and Parseval’s identity guarantees it is
isometric. Furthermore, since + is surjective, Uy maps W onto V. Since W is dense
in ‘H, Uy extends to an isometry U : H — K. It is immediate that U is surjective
since V' is dense in K. But then Lemma 7.3.12 implies that U is unitary. O

Recall that the statement card I = card J simply means that there is a bijection
f I — J. Of course when I and J are finite, we are simply saying that the two
sets have the same number of elements. For finite sets, it is also natural to talk
about the cardinality of one set being less than or equal to that of another set.
This notion also extends to infinite sets—we say that card I < card J if there is an
injection f : I — J. It turns out that if card I < card J and card J < card I, then
card I = card J. This result is known as the Schroder-Bernstein theorem.
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Proposition 7.3.14. Suppose {e;}jc; and {f;}icr are orthonormal bases for a
Hilbert space H. Then card I = card J.

Proof. For each j € J, let
Aj={i€I:(e;| i) #0).

Note that A; is countable as a consequence of Bessel’s inequality. Since span{e;};ecs
is dense in H, for each i € I there is a j € J such that (e; | f;) # 0. Thus

1=]4,
jedJ

and since card Uje 7 A < card J, it follows that card I < cardJ. This argument is
symmetric in I and J, so card J < cardI. The Schréder-Bernstein theorem then
implies that card I = card J. O

Since the cardinality of any orthonormal basis for a given Hilbert space is fixed,
we have a well-defined notion of the “size” of a Hilbert space.

Definition 7.3.15. The dimension of a Hilbert space H is the cardinality of
any orthonormal basis for H.

Note that our definition of dimension is not the same as the usual algebraic
definition, since an orthonormal basis is not really a basis for H. In particular, H
could have a countably infinite orthonormal basis (so dim H = ®g), but its algebraic
dimension would have to be at least N;y.

Proposition 7.3.16. A Hilbert space H is separable if and only if dim H < Ng.

Proof. Suppose first that dimH < Rp. Then #H has an orthonormal basis {e;};jcs
with J countable, and span{e;} cs is dense in H. Consequently, the set

Ho = {Z Q€4

Jj€J

Qa; EQ—FQi},

i.e., the “rational span” of {e;};cs is easily checked to be dense in H. Thus # is
separable.

Now suppose H is separable, and let D = {d,}°°; be a countable dense subset
of H. Let {e;};es be an orthonormal basis for #, and define

Ap={j€J|(ej|dn)#0}
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for each n € N. As a consequence of Parseval’s identity, each A,, is countable. Since
D is dense in H, it must be the case that

J =] An,
n=1

so J is countable. O

Example 7.3.17. Consider the Hilbert space £2. For each n € N, define §,, = X{n}-

Then we have
5,6, = 0, Un=m
0 if n £ m,
SO

s 1 ifn=m
On | Om) = O0n(1)0m(g) =
(n | Om) ; (4)0m(5) {0 it % m.

It is also easy to see that if z = (x,)2°; belongs to ¢2, then

o0
T = E TpO0p.
n=1

Hence {6,}°°, is an orthonormal basis for £, and ¢? is a separable Hilbert space.
In fact, since Proposition 7.3.13 says that two Hilbert spaces are isomorphic (via a
unitary) if and only if they have the same dimension, any separable Hilbert space
is isomorphic to ¢2.

7.4 Operators on Hilbert Space

The final statement in Example 7.3.17 makes Hilbert spaces seem quite boring. In
particular, we know from Proposition 7.3.13 that any two Hilbert spaces of the
same dimension are isomorphic. Not to worry though—analysts are interested in
the study of operators on Hilbert spaces.

Since a Hilbert space is a special kind of Banach space, we already have a notion
of boundedness for Hilbert space operators. We also know quite a bit about bounded
operators from our previous study, but the presence of an inner product will allow
us to say even more. We first need to make a connection between bounded operators
and sesquilinear forms.

Definition 7.4.1. Let H be a Hilbert space over a field F'. A sesquilinear form
B :H xH — F is said to be bounded if there exists o > 0 such that

[B(z, )| < alz|[lyl

for all x,y € H.
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Clearly the Cauchy-Schwarz inequality tells us that any pre-inner product is a
bounded sesquilinear form, where we can take e = 1. In general, we can define the
norm of a bounded sesquilinear form by

1Bl = sup [B(z,y)|
o<1
lvli<1

Then just as for bounded operators, we have
[B(z,y)| < IBllllzllyll

for all x,y € H.

Proposition 7.4.2. Let H be a Hilbert space. For each T € B(H), define By :
HXH—F by

Br(w,y) = (z [ Ty).
Then Br is a bounded sesquilinear form, and |Br| = ||T'||. Moreover, the map

T +— Br gives a one-to-one correspondence between the elements of B(H) and
bounded sesquilinear forms on H.

Proof. Let T € B(H). Then Brp is clearly sesquilinear, and the Cauchy-Schwarz
inequality gives

|Br(z,y)| = |(z | Ty)l < [l=[ITy[l < [T]l|z[[[lyll

for all z,y € H. Thus By is bounded with ||Br|| < ||T||. On the other hand, for all
x € H we have

|T|* = (Ta | Te) = Br(Tz,z) < | Br|||T|l|lz] < | Br{IT]]l=]*

Thus
IT(1* = sup [Tz < ||Br||T],
llzll<1

so ||T|| < ||Br||, and it follows that ||Br| = ||T||.

Now assume that B is a bounded sesquilinear form on H. Then for each y €
H, the map = — B(z,y) defines a bounded linear functional on . Thus the
Riesz Representation Theorem guarantees that there is a unique Ty € H such that
B(z,y) = (z | Ty). It is easy to see that the map y — T'y is linear, for if y1,y2 € H,
then

B(z,y1 +y2) = (x| T(y1 + y2)),

while we also have

B(z,y1 +y2) = B(w,y1) + B(x,92) = (v | Ty1) + (v | Ty2) = (x| Ty + Ty2).



334 Hilbert Spaces

Since T'(y1 + y2) is unique by the Riesz Representation Theorem, it follows that
T(y1 +y2) = Ty1 + Ty2. Now observe that for any y € H,

1Tyl = 1B(Ty,y)| < IBINTylllyll
so [|[Ty|l < ||B|||ly]|.- Therefore, T'€ B(H) and B = Br, so we are done. O

An important consequence of the last result is the existence of an adjoint for
any bounded linear operator.

Theorem 7.4.3. Let ‘H be a Hilbert space, and let T € B(H). There exists a
unique T* € B(H), called the adjoint of T, such that

(Tx |y) = (x| T"y)

for all x,y € H. Furthermore, | T*| = ||T|.

Proof. Tt is easy to see that B(x,y) = (Tx | y) defines a bounded sesquilinear form
on H. Thus the previous proposition guarantees that there is a unique operator
T* € B(H) satisfying

(Tz |y) = B(z,y) = (z | T"y)

for all z,y € H. Clearly || T*T| < ||T*||||T||, and
|Tz|)* = (Tx | Tz) = (T*T | @) < ||TT|]l]|*.

Taking suprema over all z with ||z| < 1, we get ||T||* < ||[T*T||. Hence ||T|* <
T[], so |l < [|T*]|. By symmetry, [T < [[T**]| = [[T'||, so |T*[| = |T]]. O

Example 7.4.4. Let H = C" and let B = {e;}}_; be its standard orthonormal
basis. If T' € B(C"), then recall that the matrix representation [T]g of T' with
respect to the basis {e;}7_; is the matrix (a;;), where

aij = (Tej | €).
Then [T%]3 = (bsj), where
bij = (T"¢j | i) = (ej | Ter) = (Te; | ¢j) = .
Then the matrix [77]5 of T is just the conjugate transpose of [T']3. Thus the adjoint

of an operator generalizes the conjugate transpose (and hence the transpose) of a
matrix.
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Proposition 7.4.5. Let H be a Hilbert space over F. Then for all T, S € B(H),
we have:

1. T =T;

2. (TS)* = S*T*;

3. ifa€ F, then (T + aS)* =T + @S*;
4T = |IT”.

Proof. Let T € B(#), and observe that
(@ | T"z) = (T"z |y) = (y | T*2) = (Ty | x) = (x| Ty)

for all z,y € H. Thus we must have T** = T, proving (1). To establish (2), note
that

(2| (TS)'y) = (TSz | y) = (Sz | T"y) = (& | S*T*y)
for all x,y € H, so (T'S)* = S*T*. Similarly, for (3) we have
(@ [ (T +aS)y) = (T +aS)z | y)
= Tz + oSz |y)
= (Tz [ y) + a(Sz [ y)
= (x| Ty +as"y)
for all z,y € H and a € F. Thus (T + aS)* = T* + @S*. Finally, observe that
ITI1* < |77 < (1T (T = |71,
so ||[T*T|| = ||T||%, and (4) holds. O

The equation in part 4 of the previous proposition is known as the C*-identity.
The reason for this name is that such an identity is the defining characteristic of a
C*-algebra.

Definition 7.4.6. A C*-algebra is a Banach algebra A over C with the following
additional properties.

1. There is a conjugate linear map * : A — A satisfying

and

for all a,b € A.2
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2. The C*-identity holds, i.e.,
¥ 2
la*all = lla|

for all a € A.

Of we can now rephrase Proposition 7.4.5 as saying that B(H) is a C*-algebra
for any Hilbert space H. We have seen other examples of C*-algebras as well—if
X is a locally compact metric space, then Cy(X) and Cy(X) are both C*-algebras
under the involution

[ (@) = f(=).
In fact, they are both examples of commutative C*-algebras.
The C*-identity alone introduces a certain rigidity into the study of C*-algebras

that often produces seemingly magical results. One simple example involves homo-
morphisms between C*-algebras.

Definition 7.4.7. Suppose A and B are C*-algebras. A map ¢ : A — B is called
a *-homomorphism if

1. ¢ is linear;

2. p(ab) = p(a)p(b) for all a,b € A;

3. p(a*) = ¢(a)* for all a € A.

In other words, a *-homomorphism is simply the correct notion of “homomor-
phism” in the category of C*-algebras—it is a map that preserves all the relevant
operations on a C*-algebra.

Theorem 7.4.8. Let A and B be C*-algebras, and suppose ¢ : A — B is a
x-homomorphism. Then ¢ is bounded and ||¢|| < 1.

It turns out that our two earlier examples of C*-algebras are prototypical. First
we remark that every C*-algebra can be realized as an algebra of operators on some
Hilbert space.

Theorem 7.4.9 (Gelfand-Naimark). If A is a C*-algebra, then for some Hilbert
space H there exists an injective x-homomorphism ¢ : A — B(H). Consequently,
A is isomorphic to a self-adjoint subalgebra of B(H).

2The condition that «** = a is usually abbreviated by saying that * : A — A is an involution.
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For commutative C*-algebras, we have a more refined characterization in terms
of continuous function spaces.

Theorem 7.4.10 (Abstract Spectral Theorem). Suppose A is a commutative
C*-algebra. Then there is a locally compact Hausdorff space X such that A is
x-isomorphic to Cp(X).

The Abstract Spectral Theorem actually has an interesting application in the
realm of noncommutative C*-algebras as well. Let A be a C*-algebra, and assume
for simplicity that A is unital, meaning that it possesses a multiplicative identity
14. For an element a € A, we define the spectrum of a to be

o(a) = {\ € C | a — Aly is not invertible}.

This should look an awful lot like the definition of an eigenvalue. Indeed, if A C
B(H) for some Hilbert space H, then any eigenvalue of an operator T € A will belong
to the spectrum o (7). However, if H is infinite-dimensional then the spectrum may
contain complex numbers that are not eigenvalues of T'. (In fact, T' might not have
any eigenvalues at all!)

Definition 7.4.11. Let A be a C*-algebra. An element a € A is called normal
if a*a = aa*.

Suppose a € A is normal. Then the C*-algebra generated by a and the iden-
tity, which we write as C*(a, 14), is commutative. Consequently, we can apply the
Abstract Spectral Theorem and identify C*(a,14) with Cy(X) for some locally com-
pact Hausdorff space X. In this case, X actually turns out to be compact, so we
really have C*(a,14) = C(X). In fact, we can take X to be o(a)!

Theorem 7.4.12 (Functional calculus). Suppose A is a unital C*-algebra and
a € A is normal. Then there is an isometric *-isomorphism

o : C(o(a)) — C*(a,14)

such that ®(id) = a.
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