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To the memory of Nigel J. Kalton (1946-2010)



Foreword

Mathematicians are peculiar people who spend their life struggling to understand the
great book of Mathematics, and find it rewarding to master a few pages of its daunting
and ciphered chapters. But this book was wide open in front of Nigel Kalton, who
could browse through it with no apparent effort, and share with his colleagues and
students his enlightening vision.

That book is now closed and we are left with the grief, and the duty to follow
Nigel’s example and to keep working, no matter what. Fortunately, his mathematical
legacy is accessible, which includes the last graduate course he taught in Columbia
during the Academic Year 2009-2010. Adam Bowers, a post-doctoral student during
that year, gathered very careful notes of all classes and agreed with Nigel that these
notes would eventually result in a textbook. Fate had in store that he completed this
work alone.

Adam Bowers decided that this tribute to Nigel should be co-authored by the
master himself. All functional analysts should be grateful to Adam for his kind en-
deavour, and for the splendid textbook he provides. Indeed this book is a smooth and
well-balanced introduction to functional analysis, constantly motivated by applica-
tions which make clear not only how but why the field developed. It will therefore
be a perfect base for teaching a one-semester (or two) graduate course in functional
analysis. A cascade falling from so high is a powerful force, and a beautiful sight.
Please open this book, and enjoy.

Paris, France Gilles Godefroy
January 2014
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Preface

During the Spring Semester of 2010, Nigel Kalton taught what would be his final
course. At the time, I was a postdoctoral fellow at the University of Missouri-
Columbia and Nigel was my mentor. I sat in on the course, which was an introduction
to functional analysis, because I simply enjoyed watching him lecture. No matter
how well one knew a subject, Nigel Kalton could always show something new, and
watching him present a subject he loved was a joy in itself.

Over the course of the semester, I took notes diligently. It had occurred to me that
someday, if I had the good fortune to teach a functional analysis course of my own,
Nigel Kalton’s notes would make the best foundation. When I happened to mention
to Nigel what I was doing, he suggested we turn the notes into a textbook. Sadly,
Nigel was unexpectedly taken from us before the text was complete. Without him,
this work—and indeed mathematics itself—suffers from a terrible loss.

About this book

This book, as the title suggests, is meant as an introduction to the topic of functional
analysis. It is not meant to function as a reference book, but rather as a first glimpse
at a vast and ever-deepening subject. The material is meant to be covered from
beginning to end, and should fit comfortably into a one-semester course. The text
is essentially self-contained, and all of the relevant theory is provided, usually as
needed. In the cases when a complete treatment would be more of a distraction than
a help, the necessary information has been moved to an appendix.

The book is designed so that a graduate student with a minimal amount of advanced
mathematics can follow the course. While some experience with measure theory and
complex analysis is expected, one need not be an expert, and all of the advanced
theory used throughout the text can be found in an appendix.

The current text seeks to give an introduction to functional analysis that will not
overwhelm the beginner. As such, we begin with a discussion of normed spaces and
define a Banach space. The additional structure in a Banach space simplifies many
proofs, and allows us to work in a setting which is more intuitive than is necessary

ix



X Preface

for the development of the theory. Consequently, we have sacrificed some generality
for the sake of the reader’s comfort, and (hopefully) understanding. In Chap. 2, we
meet the key examples of Banach spaces—examples which will appear again and
again throughout the text. In Chap. 3, we introduce the celebrated Hahn—Banach
Theorem and explore its many consequences.

Banach spaces enjoy many interesting properties as a result of having a complete
norm. In Chap. 4, we investigate some of the consequences of completeness, in-
cluding the Baire Category Theorem, the Open Mapping Theorem, and the Closed
Graph Theorem. In Chap. 4, we relax our requirements and consider a broader class
of objects known as locally convex spaces. While these spaces will lack some of
the advantages of Banach spaces, considerable and interesting things can and will
be said about them. After a general discussion of topological preliminaries, we con-
sider topics such as Haar measure, extreme points, and see how the Hahn—Banach
Theorem appears in this context.

The origins of functional analysis lie in attempts to solve differential equations
using the ideas of linear algebra. We will glimpse these ideas in Chap. 6, where we
first meet compact operators. We will continue our discussion of compact operators
in Chap. 7, where we see an example of how techniques from functional analysis
can be used to solve a system of differential equations, and we will encounter results
which allow us to do unexpected things, such as sum the series Y .- | n%

We conclude the course in Chap. 8, with a discussion of Banach algebras. We will
meet the spectrum of an operator and see how it relates to the seemingly unrelated
concept of maximal ideals of an algebra. As a final flourish, we will prove the Wiener
Inversion Theorem, which provides a nontrivial result about Fourier series.

At the end of each chapter, the reader will find a collection of exercises. Many of
the exercises are directly related to topics in the chapter and are meant to complement
the discussion in the textbook, but some introduce new concepts and ideas and are
meant to expose the reader to a broader selection of topics. The exercises come
in varying degrees of diffculty. Some are very straightforward, but some are quite
challenging.

It is hoped that the reader will find the material intriguing and seek to learn more.
The inquisitive mind would do well with the classic text Functional Analysis by
Walter Rudin [34], which covers the material of this text, and more. For further
study, the reader might wish to peruse A Course in Operator Theory by John B.
Conway [8] or (moving in another direction) Topics in Banach Space Theory by
Albiac and Kalton [2].

About Nigel Kalton

Nigel Kalton was born on 20 June 1946 in Bromley, England. He studied mathematics
at Trinity College Cambridge, where he took his Ph.D. in 1970. His thesis was
awarded the Rayleigh Prize for research excellence. He held positions at Lehigh
University, Warwick University, University College of Swansea, the University of
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Illinois, and Michigan State University before taking a permanent position in the
mathematics department at the University of Missouri in 1979.

In 1984, Kalton was appointed the Luther Marion Defoe Distinguished Professor
of Mathematics and then he was appointed to the Houchins Chair of Mathematics
in 1985. In 1995, he was appointed a Curators’ Professor, the highest recognition
bestowed by the University of Missouri.

Among the many honors Nigel Kalton received, he was awarded the Chancellor’s
Award for outstanding research (at the University of Missouri) in 1984, the Weldon
Springs Presidential Award for outstanding research (at the University of Missouri)
in 1987, and the Banach Medal from the Polish Academy of Sciences in 2005 (the
highest honor in his field).

During his career, he wrote over 270 articles and books, mentored 14 Ph.D.
students, served on many editorial boards, and inspired countless mathematicians.
For more information about Nigel Kalton, please visit the the Nigel Kalton Memorial
Website developed by Fritz Gesztesy and hosted by the University of Missouri:

http://kaltonmemorial.missouri.edu/

A very nice tribute to Nigel Kalton appeared in the Notices of the American
Mathematical Society with contributions from Peter Casazza, Joe Diestel, Gilles
Godefroy, Aleksander Pelczynski, and Roman Vershynin:

A Tribute to Nigel J. Kalton (1946-2010), Peter G. Casazza, Coordinating Editor,
Notices of the AMS, Vol. 59, No. 7 (2012), pp. 942-951.

The article (which is [6] in the references) is a good starting point to learn about
the life and work of Nigel Kalton.
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Chapter 1
Introduction

Functional analysis is at its foundation the study of infinite-dimensional vector
spaces. The goal of functional analysis is to generalize the well-known and very
successful results of linear algebra on finite-dimensional vector spaces to the more
complicated and subtle infinite-dimensional spaces. Of course, in infinite dimen-
sions, certain issues (such as summability) become much more delicate, and
accordingly additional structure is imposed. Perhaps the most natural structure
imposed upon a vector space is that of a norm.

Definition 1.1 A normed space is a real or complex vector space X together with
a real-valued function x +— ||x|| defined for all x € X, called a norm, such that

(N1) ||x]| = Oforall x € X, and ||x|| = 0 if and only if x = 0,
(N2) |lx + yll < llx|l + lly]l for all x and y in X, and
(N3) ||Ax]|| = |M] ||x]|| for all x € X and scalars A.

Property (N1) is known as non-negativity or positive-definiteness, Property (N2)
is called subadditivity or the triangle inequality, and Property (N3) is called
homogeneity.

A norm on a vector space X is essentially a way of measuring the size of an
element in X. If x is in R (or C), the norm of x is given by the absolute value (or
modulus) of x, which is denoted (in either case) by |x|.

Definition 1.2 A metric space is a set X together withamapd : X x X — R that
satisfies the following properties:

M1) d(x,y) > Oforall x and y in X, and d(x,y) =0 if and only if x = y,
M2) d(x,y) <d(x,z)+d(z,y) forall x, y, and z in X, and
(M3) d(x,y) =d(y,x) forall x and y in X.

The function d is said to be a metric on X. As was the case with a norm, (M1) is
known as non-negativity and (M2) is called the triangle inequality. The final property,
(M3), is called symmetry.

A metric is a measure of distance on the set X. Any normed space is metrizable;
that is, we can always introduce a metric on a normed space by

d(-xvy):”x_y”, (X’Y)EXXX~

© Springer Science+Business Media, LLC 2014 1
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2 1 Introduction

This metric measures the size of the displacement between x and y. While every
norm determines a metric, not every metric space can have a norm. (We will see
some examples of this in Sect. 5.3.)

Definition 1.3 Let X be a metric space with metric d. A sequence (x,)72; in X is
said to converge to a point x in X if for any € > 0O there exists an N € N such that
d(x,x,) < € whenever n > N. In such a case, we say the sequence is convergent
and write lim,,_, o X, = x. A sequence (x,),-, in X is called a Cauchy sequence if
for any € > O there exists an N € N such that d(x,, x,,) < € whenever n > N and
m > N.

It is well-known that a scalar-valued sequence converges if and only if it is a
Cauchy sequence. This is not always true in infinite-dimensional normed spaces. A
convergent sequence will always be a Cauchy sequence, but there may be Cauchy
sequences that do not converge to an element of the normed space. Such a space
is called incomplete, because we imagine it lacks certain desirable points. For this
reason, we are generally interested in normed spaces that are complete; that is, spaces
in which every Cauchy sequence does converge. For these spaces we have a special
name.

Definition 1.4 A normed space X is called a Banach space if it is a complete metric
space in the metric given by d(x, y) = ||x — y| forall (x,y) € X x X.

Suppose X and Y are Banach spaces (or simply normed spaces) over a scalar field
K (which is R or C). A basic goal of functional analysis is to solve equations of the
form Tx = y, wherex € X,y € Y,and T : X — Y is a given linear map (e.g., a
differential or integral operator). Consequently, much study is made of linear maps
on Banach spaces. Of particular interest are bounded linear maps.

Definition 1.5 Let X and Y be normed spaces. A linearmap 7 : X — Y is called
bounded if there exists a constant M > 0 such that ||Tx|| < M for all ||x|] < 1.
We denote the smallest such M by ||T|; that is, if T is a bounded linear map, then
IT] = sup{||Tx]| : llx]l < 1}. Alinear map that is not bounded is called unbounded.

An early and important result in functional analysis is the following proposition.

Proposition 1.6 Ler X and Y be normed spaces and suppose T : X — Y isa
linear map. The following are equivalent:

(i) T is continuous,
(ii) T is continuous at zero, and
(iii) T is bounded.

Proof Theimplication (i) = (ii)is clear. To show (ii) = (iii), assume T is continuous
at zero, but is unbounded. If T is unbounded, then for every n € N, there exists an
element x, € X such that ||x,|| < 1 and ||Tx,|| > n. By the choice of x,,, we have
that

1
<—, nelN.

HEF

n
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x X .

It follows that H—"H — 0 asn — oo, and consequently == — 0in X as n — oo.
n n

By continuity at zero, it must be that

lim HT( )H—HT(O)H—O

n—oo

Xn
TGl =
n
This is a contradiction. Therefore, T must be bounded.

Now we show (iii) = (i) Assume that T is bounded and let x € X. Then
IT (7)1 < IT|l, because 7 has norm 1. By the linearity of 7',

However,

> 1, neN.

Tx,
n

HXII

1Tl =|T <|| ”> Al = 1T, x € X.

To prove the continuity of 7', we use the above inequality together with linearity:
ITx =Tyl =I1Tx = =ITlllx—yll, (xy)eXxX.

This completes the proof. a

Remark 1.7. 1In the proof of Proposition 1.6, when showing (iii) = (i), we showed
that |Tx — Ty| < ||IT| llx — y|| for all x and y in X. This allowed us to conclude
that 7 was continuous. In fact, this property is stronger than continuity. A function
f : X — Y that satisfies the condition || f(x) — f(¥)|| < K||x — y|| for a constant
K > 0is called Lipschitz continuous with Lipschitz constant K . Any bounded linear
map T between Banach spaces is Lipschitz continuous (with Lipschitz constant
IIT]), but a Lipschitz continuous map between Banach spaces need not be linear.
The proof of Proposition 1.6 provides an alternative method for computing ||T'||.

Corollary 1.8 Let X and Y be normed spaces. If T : X — Y is a linear map, then
ITI =inf{K : |Tx|| = K |Ix]l, x € X}.

Furthermore, |Tx| < ||T|||x|| forall x € X.

Definition 1.9 If X and Y are normed spaces, then £(X,Y) denotes the set of all
bounded linear maps (or operators) from X to Y. The set L(X, X) of bounded linear
maps from X to itself is often denoted by L£(X).

The word operator implies both boundedness and linearity. Frequently, however,
we say T € L(X,Y) is a bounded linear operator, even though this is redundant.

The set £(X,Y) is a vector space over the scalar field K with vector space
operations given by:

(xS + BT)(x) = aS(x) + BT (x),

where o and B are in K, S and T are in £(X,Y), and x is in X.
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Proposition 1.10 If X and Y are normed spaces, then
ITI =sup{ITx|l : llxll =1}, T e L(X,Y),
defines a norm on L(X,Y).

Proof We verify the triangle inequality. Let x € X be such that ||x|| < 1. Then
IS+ DN = I1Sx +Txll < ISxI+1Tx| < ISI+IT].
Therefore,
IS+ Tl = sup{li(S+ D) : lIxll =1} < [ISI+ T

The other conditions are also straightforward and are left to the reader. (See
Exercise 1.5.) O

Proposition 1.11 If X is a normed space and Y is a Banach space, then L(X,Y)
is a Banach space.

Proof Suppose (T,,)>2, is a Cauchy sequence in £(X,Y). For each x € X, the
sequence (7,,x)>2 , is a Cauchy sequence in Y because

1Twx = Tuxll < I Tw = Tull llx1l,

for all m and n in N. It follows that lim 7, x exists for each x € X. Denote this limit

n— o0
by T x, so that
Tx = lim T,x, x¢€X.

n—00

We will show that T is linear and bounded, and so T € L(X,Y).
The linearity of T follows from the continuity of the vector space operations. To
see this, observe that for all x and y in X,

Tx+y)=lim T,(x +y)= lim T,(x)+ lim T,(y) =Tx + Ty.
n—o00 n—o0 n—oo
‘We now show that T is bounded. For each m and n in N, we have (from Exercise 1.3)
WTnll = 1Tl < W 1w — Tl

Thus, since (7,,)°2 , is a Cauchy sequence in £(X, Y), it follows that (|| T, [)52 ; is a

Cauchy sequence of scalars. Consequently, sup || 7, || < oo, and so, for each x € X,
neN

ITx|l < sup |Tux|l < (supT:ll) x|
neN neN

Therefore, T is bounded and || T|| < sup,,cy | 73]l
It remains to show that 7 = lim 7}, in the norm on £(X,Y). Let x € X be such
n—oQ

that ||x]| < 1.Forn € N,

(T = TNl = sup (T = T)ON = sup [T, — Tl

m=>n m=>n
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by Corollary 1.8. Taking the supremum over all x € X with ||x|| < 1, we have

IT =Tull < sup [T — Toll.

m>n

The sequence (7,)72, is a Cauchy sequence, and hence the result. O

When X and Y are normed spaces, a (not necessarily linear) function f : X — Y
is called an isometry if || f(x) — f(y)|| = |lx — y|l for all x and y in X. (In this
case, we say f preserves distances.) When f is linear, this condition is equivalent
to stating that || f(x)|| = ||x|| for all x € X. (In which case, we say f preserves the
norm.) If there exists an isometry between the spaces X and Y, they are said to be
isometric.

We remind the reader that a one-to-one map is called an injection and an onto
map is called a surjection. An injective surjection is also called a bijection.

Definition 1.12 Let X and Y be normed spaces. A bijective linearmap 7 : X — Y
is called an isomorphism if both T and T ~! are continuous. In such a case, we say
X and Y are isomorphic. If in addition ||Tx|| = ||x|| for all x € X, then T is called
an isometric isomorphism.

Let X be a vector space. If || - || and || - || are two norms on X, then they are
called equivalent norms provided there are constants ¢; > 0 and ¢; > 0 such that

cillixlle = llxllp < c2llxlle,  x € X.

In such an event, there is a linear isomorphism between the spaces (X, || - ||,) and
(X, 1l - llg)- (See Exercise 1.13.)

The next definitions are central to all that follows, and even indicate the origins
of the subject we are studying.

Definition 1.13 Let X be a normed space over the scalar field K (which is either
R or C). The dual space of X is the space L(X, K), which is denoted X*. Elements
of X* are called (bounded) linear functionals.

We remark that for any normed space X, the dual space X* is a Banach space with
the norm given by ||x*| = sup{|x*(x)| : ||x|| < 1} for x* € X*. (See Exercise 1.6.)
We will see that much can be learned about a Banach space by studying the properties
of its dual space.

We close this section by recalling some topological notions that will appear fre-
quently throughout the remainder of this text. We will encounter these concepts in
greater generality in Chap. 5, but for now we will restrict our attention to metric
spaces.

Definition 1.14 Let M be a metric space with metric d. For x € M, the open ball
of radius § about x is the set B(x,d) = {y € M :d(x,y) < §}. The closed ball of
radius § about x is the set B(x,8) = {y € M : d(x,y) < §}.



6 1 Introduction

A subset U of M is called open if for every x € U there exists a § > 0 such that
B(x,8) € U. Asetis called closed if its complement is open. For any subset E of M,
the interior of E, denoted int(E), is the union of all open sets that are subsets of E.
The closure of E is denoted E and is the intersection of all closed sets which contain
E as a subset. If E = M, then E is called dense in M. If there exists a countable
dense subset of M, then M is called separable.

We remark that a set E in a metric space is closed if and only if any convergent
sequence (x,).2,, where x, € E for all n € N, converges to some x € E. (See
Exercise 1.10.)

For a normed space, we have special terminology and notation for the open ball
B(0, 1) and the closed ball B(0, 1).

Definition 1.15 If X is a normed space, then the closed unit ball of X is the set
Bx = {x € X : |lx|| < 1} and the open unit ball of X is the set Uy = {x € X :
lxll < 1}

Observe that Uy = int(By). We will use both notations for the open unit ball in
X. Also, if X is a Banach space (or simply a normed vector space), and consequently
has addition and scalar multiplication, we can write the closed and open balls in X
(respectively) as:

B(x,8) =x +8Bx and B(x,8) = x + int(8 Bx).

This is the notation we will generally use when working in a Banach space (or normed
vector space), in order to emphasize the underlying linear structure.

A set K in a metric space M is called compact if any collection {Uy}yca of open
sets for which K C Ua6 4 Uy contains a finite subcollection {Uy,, ... , Uy,} such
that K € Uy, U -+ U Uy,. In particular, any compact set in a metric space can be
covered by finitely many open balls of radius § for any § > 0.

Compact sets have many desirable properties. For example, if K is a compact set
and f : K — Risacontinuous function, then f is bounded and attains its maximum
and minimum values. (This is the content of the Extreme Value Theorem.)

If M, and M, are metric spaces, then a map f : M, — M, is called a
homeomorphism if it is a continuous bijection with continuous inverse. If such a
homeomorphism exists, we say that M| and M, are homeomorphic. Homeomorphic
spaces are considered identical from a topological point of view.

Notice that an isomorphism is a linear homeomorphism. Later, we will show that
any bounded linear bijection between Banach spaces is necessarily an isomorphism.
(See Corollary 4.30.)

Digression: Historical Comments
Functional analysis has its beginnings in the work of Fourier (1768-1830) and
the study of differential equations. Fourier’s goal was to find solutions to differential

equations such as
2

d°y
)"i‘W:g(x),
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where g is some prescribed function. To this end, he applied to this setting the
techniques of the already well-developed theory of linear algebra. In 1902, Fredholm
applied similar techniques to solve integral equations. Fredholm was trying to find
continuous functions f on the unit interval [0, 1] that satisfied equations such as

1
f(X)+/0 K(x,y) f(y)dy = g(x), x €[0,1],

where K and g were given.
The space of continuous functions on [0, 1] is denoted C[O0, 1]. There is a natural
norm on this space, called the supremum norm:

£l = max[f()], feCl0,1].
1€[0,1]

Note that this maximum is attained, because f is continuous and [0, 1] is compact. (It
is for this reason we compute the maximum over t in [0, 1] instead of the supremum.)
The space (C[0, 1], ||-]|) is a Banach space, and was the first Banach space considered
(although the term was not applied until much later).

The space C[0, 1] can be generalized. If K is any compact Hausdorff space, the
space C(K) denotes the collection of all scalar-valued continuous functions on K.
When equipped with the norm

IFIl' = max| f()l,  f € C(K),

this space is a Banach space.

With the advent of Lebesgue’s thesis in 1903, and the subsequent development of
measure theory, more examples of Banach spaces were discovered. In 1908, Hilbert
and Schmidt studied L5(0, 1), and F. Riesz studied the more general spaces L ,(0, 1)
for p € [1,00). (See Appendix A for the relevant definitions.) The notion of a mea-
surable function was critical in the understanding of these spaces—when restricted
to continuous functions they are not complete. (However, the continuous functions
are dense in L ,(0, 1) for all p € [1, 00), by Lusin’s Theorem (Theorem A.36).)

Norbert Wiener (in 1919) and Stefan Banach (in his thesis in 1920) independently
introduced the axioms of what are now called Banach spaces. Banach and his school
at Lwéw made many advances in the area, but their work was cut short by the Second
World War. Banach himself died shortly after the war in 1945. Much of the work of
the Lwow school survived in what is now called the Scottish Book [24].

Exercises

Exercise 1.1 Show that in a metric space a convergent sequence is a Cauchy sequence.

Exercise 1.2 Let X be anormed space. A sequence (x,) ; in X is said to be bounded
if there exists a M > 0 such that ||x,|| < M for all n € N. Show that in a normed
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space a convergent sequence is bounded. Is the converse true? That is, must abounded
sequence necessarily converge?

Exercise 1.3 Let X be a normed space. Show that |[|x]| — ||y[|| < [|lx — y]| for all x
and y in X. (This is sometimes called the reverse triangle inequality.)

Exercise 1.4 Let X and Y be normed vector spaces. A function f : X — Y is said
to be bounded on X if there exists a M > 0 such that || f(x)|| < M for all x € X.
Show that a nonzero bounded linear operator 7 : X — Y is not bounded on X.

Exercise 1.5 Finish the proof of Proposition 1.10.
Exercise 1.6 Let X be a normed space. Prove that X* is a Banach space.

Exercise 1.7 Let C[0, 1] be the space of continuous functions on [0, 1] and define a
norm || - || on C[0, 1] by || f|| = max;co.1| f(¢)|. Show that the map

1
A(f)=/0 fx)dx

defines a bounded linear functional on the normed vector space (C[0, 1], || - ||)-

Exercise 1.8 Let C(V[0, 1] be the space of all continuous functions on [0, 1] that have
continuous derivative. (This space is called the space of continuously differentiable
functions.) Define a norm | - | on CV[0, 1] by || |l = max;eo,1;| f(¢)|. Show that
the map

B(f)= f'(0)

defines a linear functional on the normed vector space (C M[0,11, | - |) that is not
bounded.

Exercise 1.9 Let X be a normed vector space and suppose T and S are in X*. If
T(x) = 0 implies that S(x) = 0, show that there is a constant ¢ such that S(x) =
cT(x)forallx € X.

Exercise 1.10 Show that a subset of a metric space M is closed if and only if it is
sequentially closed. That is, show that E is a closed subset of M if and only if every
convergent sequence in E has its limit in E.

Exercise 1.11 Let X and Y be normed vector spaces and suppose 7 : X — Y isa
linear surjection. Show that T is an isomorphism if and only if there are constants
c1 > 0 and ¢ > 0 such that

alxll = ITxll < callxll, x € X.

Exercise 1.12 Let X and Y be Banach spaces and let T € £(X,Y). Suppose T is not
bounded below; that is, there does not exist a ¢ > 0 such that || 7 (x)|| > c]||x|| for all
x € X. Show there exists a sequence (x,);>; of norm one elements in X such that
Jim ([Tl = 0.

Exercise 1.13 Suppose || - || and || - || are equivalent norms on a vector space X.
Show that there is an isomorphism from (X, || - [|) onto (X, || - llg).
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Exercise 1.14 Let (X, || - ||x) and (Y, || - ||y) be normed vector spaces and assume the
map T € L(X,Y)is an isomorphism. Define a scalar-valued function || - |7 on X by

Ixllr = 1Ty, xe€X.

Prove that || - |7 is a norm on X and show that it is equivalent to the original norm
- llx

Exercise 1.15 Suppose || - ||, and || - ||g are two norms on a vector space X. Show
that the two norms are equivalent if and only if the normed spaces (X, | - ||) and
(X, Il - llp) have the same open sets.

Exercise 1.16 Suppose || - || and || - || g are two equivalent norms on a vector space X.
Show that (X, || - [|) is a complete normed space if (X, || - [|g) is a complete normed
space.

Exercise 1.17 Let X and Y be isomorphic normed vector spaces. Use the preceding
exercises to conclude that X is a Banach space if and only if Y is a Banach space.



Chapter 2
Classical Banach Spaces and Their Duals

In the next two sections, we will consider the classical sequence and function spaces.
The main purpose of these sections is to make the necessary definitions and to identify
the dual spaces for these classical spaces. We will therefore take for granted that the
various Banach spaces are indeed Banach spaces—putting off until Sect. 2.3 the
proofs that they are complete in the given norms.

2.1 Sequence Spaces

In the context of sequence spaces, we denote by e, the sequence with 1 in the n'
coordinate, and O elsewhere, so thate, = (0,...,0,1,0,...) foralln € N. Also, we
lete = (1,1,1,...) be the constant sequence with 1 in every coordinate (not to be
confused with the base of the natural logarithm e ~ 2.718).

Definition 2.1 The set £, of p-summable sequences for p € [1, c0)is the collection
of sequences

€= {(sl,sz,... ) Y LG < oo}.
n=1

Define the p-norm on £, by

00 1/p
€1, = <Z|sn|f’> L E=E) el
n=1

The set £, is a vector space under component-wise addition and scalar multipli-
cation. (This is a nontrivial fact which we will take as given. [See Theorem A.27.])
Furthermore, £, is a Banach space when given the p-norm (for 1 < p < c0). We
leave the proof of this fact to the exercises. (See Exercise 2.7.)

The next lemma will identify the dual space of £, for p € (1, 00).

Lemma 2.2 For p € (1,00), the space E;‘, can be identified with {,, where
Lyl=n

© Springer Science+Business Media, LLC 2014 11
A. Bowers, N. J. Kalton, An Introductory Course in Functional Analysis,
Universitext, DOI 10.1007/978-1-4939-1945-1_2
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Proof For simplicity, we start by assuming the scalars are real. (We will consider
the complex case at the end of the proof.)

We wish to identify the dual space of £, for p € (1, c0) as the sequence space £,
where L + 1 = 1. First, we will demonstrate how elements in £, determine linear
functionals on £,. Let n = (17,)5—, be an element in £, and define a scalar-valued
function ¢, on £, by

Go(E) =D &ty 2.1)
n=1

where & = (§,);2, is any sequence in £,. By Holder’s Inequality (Theorem A.29),

this series is absolutely convergent (whence ¢, is linear) and

00 1/p 00 1/q
|6y (&)] < (Zw) (Zmnw) = &l lInll,-
n=1 n=1

It follows that ¢, is a bounded linear functional on £, and ||¢, || < [I7]l,-

We claim that ¢, || is in fact equal to ||7|,. In order to show this, it will suffice
to find a sequence £ in £, such that |||, = 1 and ¢,(§) = [nll,. We begin by
constructing a sequence { = (,),2; so that ¢, = 17,197 (sign n,) for each n € N.

Then
o0 oo o0
Dolaal? ="l = il
n=1 n=1 n=1

where (g — 1)p = g follows from the assumption that % + é = 1. Consequently,

the sequence ¢ isin £, and ||¢]|, = ||n||3/p. Observe that
o0 [e.e] o0
60O = G0 ma = Imal (signna) o =3 Inal? = IInll.
n=1 n=1 n=1

Leté = ﬁ Then £ is a sequence in £, such that [|£]|, = 1 and such that

(&) _ linllg
[t PR F

q
9=

=lnllg * = lnllg-

$n(§) =

Therefore, for any n = (n,);2, in £,, there is a linear functional ¢, on £, such that
Inlly = ligyll and such that ¢, () = Y02, &m, forall § = (£,)2, in £,

We have demonstrated that any sequence in £, determines a bounded linear func-
tional on £,. Next, we will show that all linear functionals on £, can be obtained
in this way. Let ¢ € Z; and define a sequence n = (1;)72, by letting n; = ¥ (e;)
for each i € N. We will show that the sequence 7 is an element of £, such that
Inlly = 1y1l and such that y(£) = 352, &n; for all € = ()2, in £,
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First, we will show that 7 is in fact an element of £,. For each i € N, define

& = |ni|97" (sign ;). Then, for any n € N, we have
DGl == e
i=1 i=1 i=1
Computing the £ ,-norm of the finite sequence Y ;_, ¢; ¢;, we conclude that
1 1
n n P n P
D Ge| = (Z |;,~|"> = (Z |ni|q> :
i=1 » i=1 i=1
By assumption, the linear functional v is bounded on £, and consequently

'W (Z i €i) ZQ e
i=1 i=1

However, computing directly, we obtain

v (Zé“i ei) =Y GvleN =y ani=y Inl
i=l i=l i=l i=l

From (2.2) and (2.3), it follows that

= Il

=yl (Zw) :
P i=1

n n %
D il < vl (Zw) :
i=1 i=1

Dividing, we see that

" =5 n 1
¥l = (qu) = (ZImI") .
i=l i=1

This inequality holds for alln € N, and so n € £, and ||y || > [Inll,.

(2.2)

2.3)

It remains to show that |[¥|| < |In|l, and that ¥ = ¢,, where ¢, is defined by
(2.1). Since we have already demonstrated that ||¢, || < [Inll4, it suffices to show that

w=¢n~

Suppose & = (§)72, € £, and let EM = (&,...,£,,0,...) foreachn € N.
We claim that £™ converges to & in the norm on £ »- To see this, observe that

Z;’il |& 1P < oo, by assumption, and consequently

0 1/p
Jim & —£], = lim ( 2 '&"p) "

i=n+1

2.4)
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Now, observe that

¥ (§7) = (Z & e,> =Y &Yl =) En.
i=1 i=1

Therefore, by the continuity of i,

oo
— 1 (n)y — . —
YE) = lim y(E™) = ;a ni = dy(&).
It follows that ¥ = ¢,,, which is the desired result.
Now assume the scalar field is C. The proof in this case is essentially the same.
However, when defining ¢,, forn € N, let ¢, = |1,]?"! p,, where p, is a complex
number such that |p,| = 1 and n,, p, = |n,|. The argument proceeds as it did in the

real case. O
The previous theorem identified the dual space of £,, for p € (1, 00) as the space
Ly, where L + = =1, via the dual space action

nE) =Y &,
n=1

where & = (§,);2, isin £, and n = (,);2, is in £,. In the above equation, we write
n(&) as shorthand for ¢,(§), where ¢, is the linear functional corresponding to n
that appears in (2.1). The object 7 is a sequence in the space £,, but we write n(§)
because we are viewing 7 as a linear functional in £7).

Next, we wish to identify the dual space of ¢;. In order to do this, we must
introduce a new space of sequences.

Definition 2.3 The set £, of bounded sequences is the collection of sequences

{(éfn n=1 Sup|$n| < OO}

neN

Define the supremum norm on £, by

€1l = sup [5a], & = (Eu)pZ; € €oo

neN

The set £. is a vector space under component-wise addition and scalar
multiplication and is a Banach space when given the supremum norm.

Lemma 2.4 The space £} can be identified with £

Proof The proof is similar to the proof of Lemma 2.2 and is left to the reader. (See
Exercise 2.2.) As in Lemma 2.2, the dual space action is

77(5) = Zgnnnv
n=1

where now & = (§,),2, isin £y and n = (1,)52, is in £ O
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Since we identify the dual space of £, with £,, itis standard to write £}, = £,. When
we write this, however, it is understood that we mean there is a way of identifying
the linear functionals in £}, with the sequences in £, and the identification is shown
explicitly by the dual space action n(§) = fo:] &M, where £ = (§,)72, isin £,
and n = (9,)52, isin £,.

We summarize our results in the following theorem.

Theorem 2.5 Let p € [1,00) and suppose q is such that % + 5 = 1, with the
convention that ¢ = oo when p = 1. Then £}, = {.

Proof See Lemmas 2.2 and 2.4.
The relationship between the exponents p and g in Theorem 2.5 motivates the
next definition.

Definition 2.6 If p € [1, c0) and if ¢ is such that % + 1 = 1, with the convention
that g = oo when p = 1, then p and ¢ are called conjugate exponents.

If p and g are conjugate exponents that are both finite, then £}, = £, and £ = £,,.
Since €7 = £, it is natural to ask if £; is the dual space of £,. While £; C €%, the
spaces do not coincide. The argument used in the proof of Lemma 2.2 for p € (1, 00)
fails in the case p = oo because there exist bounded sequences (§,);2 ; that do not
satisfy the equation that corresponds to (2.4) for the case p = oo. That is, we can
find & € £ such that

lim | — ™| = lim (SUP |$k|> #0, (2.5)
n—oo n—oo k>n
where €™ = (&1,...,£,,0,...). As a simple example, let £ = e, the constant

sequence having every term equal to 1. We have that |e|l.c = 1, and so e is an
element of £, but ||e — e, = 1 foralln € N.
Let us now consider the space of sequences for which the limit in (2.1.5) is O.

Definition 2.7 Let ¢y be the space of all sequences converging to 0:
co = {32, : Jim & =0].
n—o0
The space ¢ is a Banach space with the supremum norm

1§ Moo = sup &, & = ()L € co.

Theorem 2.8 cj = ¢;.

The proof is similar to that of Lemma 2.2 and is left as an exercise for the reader.
(See Exercise 2.2.) The last sequence space we discuss is the space c.

Definition 2.9 Let ¢ be the space of all convergent sequences:
c= {(En);o:I : lim &, exists} )
n— 00

The space c is also a Banach space with the supremum norm. Perhaps surprisingly,
the dual space of c is also ¢}, albeit with a slightly different dual space action. (See
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Example 2.22.) It is straightforward to show that ¢ is a closed subspace of ¢, and in
turn c is a closed subspace of £,. (See Exercise 2.1.)

2.2 Function Spaces

In this section, let (£2, X', 1) be a measure space, where u is a positive measure.
The theorems in this section are true for positive o -finite measure spaces, but for
simplicity we will assume ©(£2) < o0o. As before, K denotes the underlying scalar
field, which is either R or C. We begin by recalling some definitions from measure
theory. (See Appendix A for a more detailed discussion.)

Definition 2.10 If A is a subset of £2, then the characteristic function of A is the
function
1 ifweA,

xa(@) = {o ifodA.

The characteristic function of A is a measurable function if and only if A is a
measurable subset of §2.

Definition 2.11 For p € [1, 00), the set of p-integrable functions (or L ,-functions)
on (§2, X, ) is the collection

L,(2,Y,n)= {f : 2 — K a measurable function : f [ f1Pdu < oo}
2

We often write this space as L,(£2, t) or L,(u) when there is no risk of confusion.

The set L,(u) is actually a collections of equivalence classes of measurable
functions. Two functions in L, (1) are considered equivalent if they differ only on a
set of -measure zero. Despite this, we will usually speak of the elements in L (1)
as functions, rather than equivalence classes of functions. We remark that the set
L , (1) is a vector space under pointwise addition and scalar multiplication. (As with
£, in the previous section, this is a nontrivial result. [See Theorem A.27.])

Define the p-norm on L, (1) by

Ifll, = (fg|f|f’du)”, fe L.

We will show that L ,(w) is a Banach space in the p-norm (for 1 < p < o0) in
the next section. (See Theorem 2.25.)
As in the case of sequence spaces, we must consider the case p = oo separately.

Definition 2.12 Let (£2, X', 1) be a measure space. The essential supremum norm
of a measurable function f is defined to be

[ flloo = inf {K : (| f] > K) = 0}.
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The set of essentially bounded functions (or L.o-functions) on (£2, X, ) is the
collection

Loo($2, X, 1) = {f : 2 — K a measurable function : || f]oc < 00}.

We often write Lo, (§2, i) or Lo (1) when there is no risk of confusion.

As is the case for L ,(11) when p is finite, the set L (u) is a collection of equiva-
lence classes of measurable functions and (as before) we consider two functions to
be equal in L, () if they differ only on a set of p-measure zero.

The set L () is a vector space under pointwise addition and scalar multiplication.
The essential supremum defines anorm on L (1) and L, (1¢) is a Banach space when
given this norm. (See Theorem 2.26.) We use the terminology “essentially bounded”
to describe the functions in Ly (@) and call || f || the “essential supremum” of | f|
in Ly (1), because the quantity || f || is the smallest number K such that | f| < K
a.e.(u).

We wish to identify the dual space of L ,(u), where p € [1, 00). We will see that,
analogous to the case of sequence spaces, the dual space of L, (1) is L,(u), where
p and g are conjugate exponents. In this case, however, the dual action of L,(i) on
L ,(u) is given by integration. That is, if f € L,(u) and g € L,(w), then the dual
action of g on f is given by

g(f)=‘/ Fedu.
2

Notice that g is a function on §2. Here, however, we write g( f) because we view
g as an element of the dual space L,(u)*. As before, we write L,(u)* = Lg(i)
to indicate the identification of linear functionals in L ,(u)* with elements of the
function space L (u).

Theorem 2.13 Let (£2, X, 1) be a positive finite measure space. If p and g are
conjugate exponents, where p € [1,00), then L,(u)* = Ly ().

Proof Start by assuming the scalars are real. We begin with the case p € (1, 00).
Let g € L,(1), where % + é = 1, and define a scalar-valued function ¢, on L ,(11)
by

Mﬂ=me,fﬂ¢m 2.6)

We will show first that ¢, is a linear functional on L ,(u) such that [|¢.]l = llgll4,
and then we will show that all linear functionals on L ,(u) can be achieved in this
way.

We note that ¢ is linear (by the linearity of the integral) and |¢, (/)| < | flI,lIgll4
(by Holder’s Inequality). Thus, ¢, is a bounded linear functional and [|¢, || < |Igll,-
In order to show equality of the norms, it suffices to find a function f in L (1) such
that || f1|, = 1 and such that ¢,(f) = ||g|l,. First, define a scalar-valued function A
on £2 by letting h(x) = |g(x)|?~" (sign g(x)) for each x € £2. Then
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1 1
P »
a1, = (/ FIR du) = </ g1’ du) = llgl#’”,
2 2

where (¢ — 1)p = q follows from the assumption that % + é = 1. It follows that &

isin L,(1). Next, observe that ¢,(h) = [ g||Z. Now, let f = MLH” Then || ]|, = 1
and

¢e(h) _ ligllg
¢ (f) = = = l1gllg-
‘ el gl !
Therefore, ¢, is a bounded linear functional on L ,(u) and ||¢g|l = llgl-

We now wish to show that any bounded linear functional in L ,(x)* can be written
as in (2.6) for some g in L, (). To that end, let ¥ be a bounded linear functional
in the dual space L,(u)*. Define a measure v on (£2, X) by v(A) = ¥ (x4) for all
A € X. It is routine to show that v is finitely additive (by the linearity of v), and it
is countably additive by the continuity of {r. We also claim that v <« u. That is, v
is absolutely continuous with respect to . To see this, suppose A € X is such that
u(A) = 0. Because ¢ is bounded,

W = 1Y)l < 1V IHxall, e = 1Y 1 m(A)!” = 0.

By the Radon—Nikodym Theorem (Theorem A.24), there exists a measurable func-
tion g € Li(u) such that v(A) = ngdu for all A € X. Therefore, for every
Ae X,

Y(xa) =v(A) = / gdp = / xagd .
A 2
By linearity, it follows that (f) = |, o J8du whenever f is a simple measurable
function. Let f € L, (u) be a real nonnegative essentially bounded measurable
function. Since (£2, ¥, u) is a finite measure space, it follows that f € L,(u). Thus,

there exists a sequence of simple measurable functions (f,,)52, such that f, > f,_
forall n € N, and such that || f — f, ||, — 0 asn — oo. By the continuity of v,

W) = fim s = tim [, gdu
n—0o0 n—oo 0
Therefore, by Lebesgue’s Dominated Convergence Theorem (Theorem A.17),
vin = [ fedn feLaGnL,go. £ 20
Q2

To extend this to an arbitrary real function in Lo(t) N L, (1), let

fP=Fxerm=0 and  f7 = —f X fo<op

and observe that f = f* — f~.
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We claim that g € L,(u). For each n € N, define a function /,, on £2 by letting
hn = X{gl<n |g|?~" (sign g). Then, for each n € N, we have &, € Loo(ut) N L,(w)
and

() = / 1817 d.
{lgl<n}

By assumption, the linear functional v is bounded on L ,(1), and so it follows that
[ (hu)| < ll@ll [1Aa]l . Computing the L ,-norm of ,, and once again observing that
(g — Dp = g, we see that

1 1
P P
Il = (/ lgl@=1r du) = (/ Iglqdu> .
{lgl<n) (lgl<n}

Therefore,

1

»
/ 1817 dw = Y (h)l < 1Yl hall, = VIl (/ g1 dM) .
{lgl=n) {Igl<n)

Dividing, we obtain

1-1 1

P q

Il = (/ Iglqdu) =(/ Iglqdu> .
{lgl<n} {lgl<n}

Thus, by Fatou’s Lemma (Theorem A.16),

1/q

1/q
lglly = (/ limiinf xo<ny|g|? du) < (liminf/ Xilgl<n}|gl? du) < Iyl
Q n—oo n—oo 0

Therefore, g isin L,(n) and ||gll, < 1Vl

It remains to show that ¢ = ¢,. If f is a real nonnegative function in L ,(u),
then we may choose a sequence ( f,,)52, of simple measurable functions such that f,
increases to f* almost everywhere and such that f;, — f inthe L,-normasn — oo.
We have already established that ¥ (f,) = [, o fngdu foralln € N. We also know
that ¥ (f,) — ¥(f) asn — oo, because i is a continuous linear functional on
L,(u). Since f € L,(u) and g € L,(u), it follows that fg € Li(u), by Holder’s
Inequality. Thus,
tim [ igdn= [ fedn

2 2

n—o00o

by Lebesgue’s Dominated Convergence Theorem. Therefore, ¥ ( f) = ¢,(f) for all
nonnegative functions f in L ,(u). As before, we may extend this to all real functions
in L,(u) by writing f = f* — f~.

We have now proven the theorem for p € (1, 00) when the scalar field is R. In
order to extend this result to C, we argue as above, but define the function & by the
rule i = |g|9~! p, where p : £2 — C is a function such that |p| = 1 and g p = |g|.
Similarly, we let h, = x{jg<n) 1817~ p foreachn € N. This argument proves that ¢,
is a bounded linear functional on L ,(u) for all g € L, (). It also proves that for any
bounded linear functional ¥ on L,(i), there exists a function g € L,(u) such that
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Y (f) = ¢g(f) for all real functions f in L ,(u). To extend this result to complex
functions f in L ,(u), write f = R(f) + 1 I(f), where N(f) and I(f) are the real
and imaginary parts of f, respectively, and use linearity.
For p = 1, the proof is similar to the case when p € (1,00) and is left to the
reader. (See Exercise 2.3.) O
As is the case with sequence spaces, the dual of L., (w) need not be Li(u).
Theorem 2.13 remains true when w is a positive o -finite measure. Such a case
can be seen in the following example.

Example 2.14 Consider the measure space (N, 2N m), where 2N denotes the power
set of N (the collection of all subsets of N), and m is counting measure on N (i.e.,
the set function for which m(A) is the cardinality of the set A € N). Suppose that
feL,N, 2N, m), where p € [1,00). Then,

1/p 00 1/p
£, = <fNIf|”dm) = (Zlf(n)l”) :

n=1

We see that f in L,(N, 2N, m) corresponds to the sequence (f(n))o2, in €,. The
same conclusion holds for p = oco. Therefore,

L,N,2Ym)=1¢,, 1<p<ococ.

Let us now consider spaces of continuous functions.

Definition 2.15 Let K be a compact metric space. We denote the collection of
scalar-valued continuous functions on K by C(K). Define the supremum norm on
C(K) by
[ fllo =suplf(®l, f e CK).
tek

The set C(K) is a vector space under pointwise addition and scalar multiplication
and is a Banach space when given the supremum norm. (See Theorem 2.27.) If we
wish to emphasize the underlying scalar field, we will write Cr(K) or Cc(K).

Observe that, for f € C(K), the quantity || || is actually the maximum of | f],
since a continuous function attains its supremum on compact sets.

Remark 2.16 We use the notation || - || to represent both the supremum norm on
C(K) (for a compact metric space K) and the essential supremum norm on L. (i)
(for a measure space (£2, A, u)). If there is any risk of confusion, we will write
Il - ey and || - || L, to denote the norm on C(K) and L (1), respectively.

We wish to identify the dual space of C(K). To that end, we consider the following
example, where K = [0, 1]. In this case, we write C(K) = C[0, 1].

Example 2.17 Consider the following linear functionals on C[O0, 1]:

1
(a) (Integration) f —>/ f@)dtr.
(b) (Point evaluation) f0—> f(s)fors € K.
1
(¢) (Integration against Ly functions) f — / f(@)g(t)dtfor g € L1(0,1).
0
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We use L(0, 1) to denote the Banach space of L;-functions on [0, 1] with Lebesgue
measure.

Note that point evaluation (Example 2.17(b)) can be thought of as integration, by
means of a Dirac measure:

1 ifs e A,
0(4) = {0 ifs ¢ A. 2.7)

For any s € [0, 1], the set function §; is a measure on [0, 1], and

fs) = (@) 85(dr).
[0,1]
The measure J; is also known as the Dirac mass at s. A Dirac measure is an example
of a singular measure, or a measure that is concentrated on a set of Lebesgue measure
Zero.
Example 2.17(c) provides a bounded linear functional on C[0, 1] because

1
< sup If(t)l'/O lgOldt = [Iflloollglls

te[0,1]

1
’/0 f@) gt)dr

for f € C(K)and g € L(0,1). This, too, can be realized as integration against a
measure. Let

v(A):fg(t)dt, AeB,
A

where B denotes the collection of Borel measurable subsets of [0, 1]. Then

1
/ F@&) gy di = f fdv.
0 [0,1]

The linear functionals given in Example 2.17 are not all of the linear functionals
on C[O0, 1] (as will be seen in Theorem 2.20, below), but they do give a hint to the true
nature of (C[0, 1])*. Before we identify this space, let us recall several definitions
from measure theory.

Definition 2.18 Let (K, B) be a measurable space and let ¢« be a measure on K.
The total variation of u is defined for all A € B by

||(A) = sup Z [1L(A )| : (Aj)jer is a finite measurable partition of A
jeF

We remark here that the measure v defined in Example 2.17(c) has total variation
[v|(A) = / lg®)|dt, A C[0,1] is a Borel set.
A

We leave the verification of this as an exercise. (See Exercise 2.4.)
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Definition 2.19 Suppose K is a compact metric space. We denote by M(K) the
space of all Borel measures on K having finite total variation. This is a Banach space
with the fotal variation norm, which is given by ||v||y = |v|(K) for all v € M(K).

The next theorem, called the Riesz Representation Theorem, was proved by F.
Riesz in 1909 [31], although not in this generality. It represented a milestone in
analysis and identified the dual space of C(K) as a space of measures on K.

Theorem 2.20 (Riesz Representation Theorem) Suppose K is a compact metric
space. The dual of C(K) can be identified with the space M(K). In particular, if
¢ € C(K)*, then there exists a Borel measure v on K such that

¢(f)=/ fdv, [feC(K), (2.8)
K

and ||| = |v|(K). Furthermore, all Borel measures on K determine bounded linear
functionals on C(K) according to (2.8).

The Riesz Representation Theorem is a classical result in measure theory and,
consequently, we will not prove it here.

If the underlying scaler field is R, then M(K) consists of all bounded signed
Borel measures on K. When the scalar field is C, the measures are bounded complex
measures, and in this case

M(K) = {u +iv : u,vare signed (real-valued) measures}.

The Riesz Representation Theorem identifies (C[0, 1])* as the space M [0, 1] of Borel
measures on the unit interval. It is no surprise, then, that each of the bounded linear
functionals in Example 2.17 turned out to be given by a measure on [0, 1]. We now
give another example of a bounded linear functional on C[0, 1].

Example 2.21 (the Cantor function) A ternary expansion for x € [0, 1] is an infinite
series x = 2711 8;(x)/3/, where §;(x) € {0,1,2} for all j € N. The ternary
expansion is said to terminate if the sequence (8;(x))72, has only finitely many
nonzero terms; i.e., there exists an N € N such that §;(x) = O forall j > N. A
given number may have two ternary expansions. For example, 1/3 = 1/3 +0/32 +
0/33 + ---, but also

(This equality is easily verified with a geometric series argument.) Despite the fact
that x € (0, 1] may have multiple ternary expansions, it can be shown that x has a
unique ternary expansion x = Z?O:l 8;(x)/3/ that does not terminate.

We will define a map G : [0,1] — [0,1]. If x = O, then let G(x) = 0. If
x € (0, 1], and x has nonterminating ternary expansion x = Zjil 3j(x) /37, then let
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iwwz
2i
j=1

G(x) = (2.9)

if §;(x) # 1 forany j € N,

N-1
§ixy/2 1. j
z; /2j +2—N if dy(x) = land §;(x) # 1 for j < N.
=

An alternate way of describing this procedure is the following: Let x € [0, 1] and
express x in base 3. If x contains a 1, then replace each digit after the first 1 by 0.
Next, replace each 2 with a 1. Interpret the result as a number in base 2, and this is
the value of G(x).

We call G the Cantor function. It is also known as Lebesgue’s Devil Staircase.

Observe that G(0) = 0 and G(1) = 1. The Cantor function G has the remarkable
property that it is continuous (see Exercise 2.17) and nondecreasing on the interval
[0, 1], but G’(x) = O for almost every x. Let C = {x : §;(x) # 1forany j € N}.
This set, which is precisely the set on which G is not locally constant, is known as the
Cantor set. It can be shown that C has Lebesgue measure zero. (See Exercise 2.16.)

Since G : [0, 1] — [0, 1] is continuous, positive, and nondecreasing, there exists
a measure g on [0, 1] such that

ue ([a,b]) = G(b) — G(a), 0<a<b<l1

The measure pg, which we call Cantor measure, is a Borel probability measure on
[0, 1], and so the map

1
f»/ﬁm,mawL
0

determines a bounded linear functional on C[0, 1]. The Cantor measure is an example
of a singular measure, or a measure that is concentrated on a set of Lebesgue measure
zero. (See Parts (d) and (e) of Exercise 2.16.)

In fact, the Cantor measure is an example of a nonatomic (or diffuse) singular
measure, which is a singular measure that has no atoms. A measurable set E is called
an atom for a measure p if (i) w(E) > 0and (ii) w(F) = 0 for any measurable subset
F of E for which w(E) > u(F).

Example 2.22 The sequence space ¢ can be viewed as a space of continuous func-
tions on a compact metric space. In particular, c = C(K), where K = N U {oo}
is the one-point compactification of the natural numbers. (See Sect. B.1 for the
relevant definitions.) The space K is topologically equivalent to the compact set
{1/n : n € N} U {0}, viewed as a subspace of R. (See Exercise 2.15.) By the Riesz
Representation Theorem (Theorem 2.20), the dual space of ¢ is

c* = £(NU {o0})).

In other words, every linear functional on ¢ corresponds to an element of £;(K). We
can exhibit this correspondence explicitly. An arbitrary element in £,(K) is of the
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form & = ((En bl SOO), where (§,);2, € £1(N) and &, € K. The linear functional

that corresponds to £ is a measure pg on K defined by pg(n) = &, forn € NU {oo}.
The total variation of ¢ is ||€ [l¢,(k); that is,

el (K) =" [l + lool-
n=1

This quantity is finite, by assumption. The dual action of g on c¢ is given by
integration:

/deus = Z fn)&, + (jli)rgo f(j)) £w, fec=CK).
n=1

It is natural to wonder if there are any Banach spaces with trivial dual space. The
Hahn-Banach Theorem, which we prove in Sect. 3, guarantees there are no such
Banach spaces. In particular, we will prove the following. (See Theorem 3.9.)

Theorem 2.23 (Hahn-Banach Theorem) Suppose X is a real Banach space and
let E be a linear subspace of X. If ¢ € E*, then there exists a bounded linear
functional v € X* such that ||| = ||@|| and ¥ (x) = ¢(x) forall x € E.

The Hahn—Banach Theorem implies there are no Banach spaces X with X* = {0}.
Any one-dimensional subspace of X will have non-trivial linear functionals, and the
Hahn-Banach Theorem states that these can be extended to the entire space X.

2.3 Completeness in Function Spaces

In this section, we will prove that the function spaces of the previous section are
complete in their given norms. The sequence spaces are left for the exercises. We
begin by proving a very useful lemma.

Lemma 2.24 (Cauchy Summability Criterion) A normed space X is complete
if and only if every series Y .-, x, converges in X whenever Y oo | [|x,|| < oc.

Proof First, suppose X is complete in the norm || - || and suppose Y o ||lx,|l < oo.
Forn e N,let S, = x; +--- 4+ x,. Then ||S,, — S, || < Z?=n+1 |lx¢ ]| for each m and
n in N, and so (S,)52, is a Cauchy sequence. Therefore, since X is complete, the
series Z;’i, Xj converges.

Now suppose Z;’ozl X, converges whenever Z:il lxa |l < oo. Let (yu),2, be a
Cauchy sequence in X. Pick an increasing sequence (7 ) of natural numbers such

that .
Iyp = Yqll < 55 whenever p > g = ny.

Let y,, = 0. Then

k
Yy Zz(yn,‘ _yn,-fl), k eN.
=1
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By construction, we have [|y,; — yu;_ | < 2,%1 for all j > 2, and so we see that
Z;o:l lyn; — Yn;_, I < oo. It follows that the subsequence (y,, )=, converges to
some element in X. Let y be the limit of this subsequence.

Lete > 0 be given. We may choose K € N large enough so that [|y,, —y| < €/2
and 1/2X < €/2. By definition, if m > ng, then ||y,, — y,. || < 1/2%. Thus,

1 €
”ym —)’|| = ”ym _ynK” + ”yn,( —y” < 2_[( + 5 < €,
whenever m > ng.
Therefore, (v,,)>"

1 1s a convergent sequence, as required. o
Theorem 2.25 Let (£2, X, 1) be a positive measure space. If 1 < p < oo, then

L ,(£2, 1) is a Banach space when given the norm
1/p
£l = (/ Ifl”du> . fel @.w.
2

Proof We will make liberal use of the theorems in Appendix A. First, observe that
Il - I, is a norm on L,(£2, ), by Minkowski’s Inequality. To show that || - ||, is
complete, we will use the Cauchy Summability Criterion (Lemma 2.24).

Assume ( fi)72; is a sequence of functions in L ,(£2, 1) such that ZZCZI I fell, <
oo.Let M =Y 2, Il fell . Foreachn € N, define g, on 2 by g,(w) = > ;_, | fiu(w)|
for all @ € $§2. Observe that (g,),2, is a sequence of nonnegative measurable
functions and that g, < g, for each n € N. By Fatou’s Lemma,

fliminf|gn|pdu < liminf/ |gn|? di = liminf ||g,,||§ < M? < o0.
oo n—00

n—00 n—

It follows that lim inf |g,|” < oo a.e.(u), and consequently,
n—oQ

o) p n p
(Zw) = lim (Dm) = liminf [g|” < 00 a.e.(u).
k=1 k=1

Consequently, the function g = Z,fi, | fx| exists a.e.(u) and ||g|l, < M.
Now let f = Y 72, fi. It follows that f exists a.e.(u), because | f(w)| < g(w)
for all w € §2. Observe also that

n

D

k=1

<glw), weL.

Therefore, by the Lebesgue Dominated Convergence Theorem, Y ;_, fi converges
to fin L,(£2, ), as required.

Theorem 2.26 Let (£2, X, ) be a positive measure space. The space Lo (52, 1) is
a Banach space when given the essential supremum norm || - || .
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Proof Again we use Lemma 2.24. Let (f;);2, be a sequence of functions in
Loo(82,10) and let M = Z;fil | fxllco- Suppose M < oo. By assumption, for each
k € N, we have | fi| < |l fillo a.e.(n). Therefore, for each k € N, there exists a
measurable set Ny such that w(N;) = 0 and | fr(w)| < || fxlleo for all w € 2\ N;.
Let N = U,fil Ni. Then w(N) = 0 (as a countable union of measure-zero sets) and
filw) < oo forall € 2\N and all k € N. Consequently, f = > ;- fi exists
a.e.(u) and

oo o0
|f@)] <D 1fi@)] <Y fillo = M,
k=1 k=1
forall w € 2\N.

We have determined that f € L, (£2, i), but now we must show that f is the limit
of Y }_, fx in the essential supremum norm. Let € > 0 be given. By assumption,
Y ey I fillso < 00. Therefore, there exists some ng € Nsuchthat Y oo |l fillso < €
whenever m > ng. Then

1= filloo = > I filloe < e
k=1

k=n+1
provided n > ng — 1. This completes the proof. O

Theorem 2.27 Let K be a compact metric space. The space C(K) of scalar-valued
continuous functions on K is a Banach space when given the supremum norm || - || 0.

Proof The proof is similar to that of Theorem 2.26, with modifications related to
continuity, and is left to the reader. (See Exercise 2.5.) O

Theorem 2.27 remains true if we replace K with a locally compact Hausdorff
space and consider the space Cy(K) of continuous functions on K vanishing at
infinity. (See Sects. 5.1 and A.6 for the relevant definitions.)

When K is a locally compact Hausdorff space, the dual space Cy(K)* is still
M(K), but in this case it denotes the Banach space of regular Borel measures on
K with the total variation norm. This is not inconsistent notation because, when K
is a compact metric space, Co(K) = C(K) and all finite Borel measures on K are
regular.

Note that M (K) is necessarily a Banach space as the dual space of a Banach space.
(See Proposition 1.11.)

Exercises

Exercise 2.1 Show that ¢ is a closed subspace of ¢ and that c is a closed subspace
of £o.

Exercise 2.2 Show that the dual of ¢y can be identified with £, and that the dual of
£, can be identified with €.
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Exercise 2.3 Let (£2, X', ) be a positive finite measure space. Show that L($2, u)*
can be identified with L (£2, it). (This completes the proof of Theorem 2.13.)

Exercise 2.4 Let g € L;(0, 1), the Banach space of L;-functions on [0, 1] with
Lebesgue measure, and define a measure on [0, 1] by v(A) = fA g(t)dt, where A is
a Borel subset of [0, 1]. Show that |v|(A) = fA |g(¢)| dt for all Borel subsets A of
[0, 1]. (See Example 2.17(c) and the comments following it.)

Exercise 2.5 Let K be a compact metric space. Prove that C(K) is a Banach space
when given the supremum norm. (That is, prove Theorem 2.27.)

Exercise 2.6 Let 8y denote the linear functional on C[0, 1] given by evaluation at 0.
That is, §o(f) = f(0) for all f € C[O0, 1]. Show that §, is bounded on C[0, 1] when
equipped with the | - [|oo-norm, but not when equipped with the || - ||;-norm.

Exercise 2.7 Use the theorems of Sect. 2.3 to prove that £, is complete in the p-norm
for 1 < p < oo. (You may assume the theorems of Sect. 2.3 remain true for o -finite
measure spaces.)

Exercise 2.8 Verify that any Cauchy sequence in ¢y (equipped with the supremum
norm) converges to a limit in ¢g. Conclude that ¢y is a Banach space.

Exercise 2.9 Prove that ¢ is not a Banach space in the || - ||;-norm.
Exercise 2.10 Let 1 < p < g < oo.

(a) Denote by ¢/, the finite-dimensional vector space R" equipped with the norm

1
Gt xll, = (16117 + -« + x]7) 7

Show that the norms || - ||, and || - ||, are equivalent on R".
(b) Show that £, C £, but £, is not a subset of £ ,.

Exercise 2.11 Let x € £, for some r < oo. Show thatx € £, forall p > r and prove
that ||x||, — [[x]lec @as p — o0.

Exercise 2.12 Suppose (§2, 1) is a positive measure space and let 1 < p < g < oo.

(a) Prove that if u(£2) < oo, then || ||, < C,4 || fll, for all measurable functions
f, where C,, is a constant that depends on p and g.

(b) Show that the assumption ©(§2) < oo cannot be omitted in (a).

(c) Find a real-valued function f on [0, 1] such that || f|, < oo but || fl, = oo.

Exercise 2.13 Suppose (£2, ) is a positive measure space such that u(£2) = 1.

(@ If 1 < p < g < oo, then show || fl, < || fll4 for all measurable functions f.
(See Exercise 2.12.)
(b) Assume that f is an essentially bounded measurable function and prove that

£y = 1 flloc a8 p — o0.

Exercise 2.14 Let Kf, be the finite-dimensional vector space R? equipped with the
| -|l,-norm for 1 < p < oo.
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(a) What do the closed unit balls Bg%, B[%, and B2 represent geometrically?
(b) Let a and b be nonzero real numbers and define a function on R? by

2 y2

12
X 2
I, MIlE = (—a2 + _b2) , (xy) e R

Prove that || - ||z is a norm on R? and identify geometrically the closed unit ball
in (R, || - [| £)-

Exercise 2.15 Let M be a metric space with subset E. A set V is said to be open in
the subspace topology on E if there exists a set U thatisopenin M and V = UNE.

(a) Show that a closed subset of a complete metric space is a complete metric space.

(b) Show that N, the set of natural numbers, is a locally compact metric space with
the metric d(x,y) = |x — y| for all x and y in N. Conclude that the one-point
compactification N U {oo} of the natural numbers is a compact metric space.
(See Appendix B.1 for the definition of the one-point compactification.)

(c) Show that the one-point compactification of the natural numbers N U {oo} (from
part (b)) is homeomorphic to {1/n : n € N} U {0}, where the latter set is given
the subspace topology inherited from R.

(d) Conclude that ¢ is a Banach space. (See Example 2.22.)

Exercise 2.16 Consider the interval [0, 1]. From this set, remove the open subinterval
(%, %), the so-called middle third. This leaves the union of two closed intervals:
[0, %] U [%, 1]. From each of these, again remove the middle third. What remains
is the union of four closed intervals: [0, é] U [%, %] U [%, %] U [g, 1]. Once again,
from each remaining set remove the middle third. Continue this process indefinitely
to create Cantor’s Middle Thirds Set. This set, which we denote K, can be written

explicitly as follows:

oo 31—
3k+1 3k+2
k=1 U < T )

n=1 k=0

(a) Show that C coincides with the Cantor set C of Example 2.21. (Hint: You may
wish to use the fact that every nonzero number has a unique nonterminating
ternary expansion.)

(b) Evidently K is not empty because it contains the endpoints of the middle third
sets. Show that /C contains other numbers by showing that i € K. (Hint: Consider
the geometric series Zc;o: 1375, where k € N.)

(c) Show that K is uncountable. (Hint: Use diagonalization and X = C.)

(d) Let m be Lebesgue measure on [0, 1]. Show that m(K) = 0.

(e) Let pug be the Cantor measure from Example 2.21. Show that ug(K) = 1.

Exercise 2.17 Let /C be Cantor’s Middle Thirds Set from Exercise 2.16. After the
first middle third is removed, two closed intervals remain. Call these two sets Ej )
and E| ;. After the middle thirds are removed from E; and E| ,, there will remain
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four closed intervals. Label these sets E; 1, Es», E» 3, Ep4, ordering them from left
to right, as they appear on the unit interval. After the process has been repeated
n times, there will remain 2" closed intervals, each of length 3%, Label these sets
E.1s..., Eyon, again from left to right, as they appear on the unit interval, so that
x1 € E,, and x, € E,y, implies that x; < x, whenever k; < k. Observe that

n=1k=1
Foreachn € Nandeachk € {1,...,2"},let E,x = [an, by ] and define a function
G, :[0,1] — [0, 1] as follows:
D X ol Xtk ko if g, < x < bay for ke {1,...,2"),
Gu(x) =
= if byg <X <aupy for ke{l,...,2" —1}.

show that (G,),=1~ converges uniformly to G, the cantor function (from Exam-
ple 2.21), and deduce that G is continuous on [0, 1].



Chapter 3
The Hahn-Banach Theorems

Several theorems in functional analysis have been labeled as “the Hahn—Banach
Theorem.” At the heart of all of them is what we call here the Hahn—Banach Exten-
sion Theorem, given in Theorem 3.4, below. This theorem is at the foundation of
modern functional analysis, and its use is so pervasive that its importance cannot be
overstated.

3.1 The Axiom of Choice

The Zermelo—Fraenkel Axioms (ZF) is a list of accepted statements upon which
mathematics can be built. They form what is possibly the most common foundation
of mathematics. When the system includes the Axiom of Choice, it is often called
(ZFC).

Axiom of Choice For any collection X of nonempty sets, there exists a choice
function defined on X'.

A choice function on a collection X’ of nonempty sets is a function ¢, defined on
X, such that c(A) € A for every set A in X.

The Axiom of Choice was formulated by Ernst Zermelo in 1904, and is usually
accepted by mathematicians. Indeed, it is often used without realizing it. For example,
consider the sequential characterization of continuity: Suppose f is a continuous
function. From a countable collection of open sets (U,);2 ; that decrease to a point
Xo, we choose a sequence (x,);° ; such that x, € U,, and so x, — xgasn — o0o. By
the choice of x,, and the continuity of f, it follows that f(x,) — f(xo) asn — oo,
and so on. We are using the Axiom of Choice when we choose x, € U, for each
n € N; but the Axiom of Choice is even stronger, allowing us to choose uncountably
many points simultaneously, each one from a different set.

While the Axiom of Choice is easy to believe, accepting it results in some
unexpected consequences.
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Banach-Tarski Paradox A three-dimensional solid sphere of radius 1 can be split
into a finite number of disjoint pieces, and those pieces can be reassembled to form
two solid spheres of radius 1.

The disjoint pieces will by necessity be non-measurable, and so difficult to imag-
ine. The Banach—Tarski Paradox violates standard geometric intuition, and as a result
has led some to question the Axiom of Choice. Despite these reservations, we will
take the Axiom of Choice for granted.

Of interest to us is an alternate (but equivalent) formulation of the Axiom of
Choice known as Zorn’s Lemma.

Zorn’s Lemma Suppose (P, <) is a partially ordered set. If every chain in P has
an upper bound, then P contains a maximal element.
Let us recall the relevant definitions.

Definition 3.1 Let P be a set. A relation < on P is said to be a partial order if for
every a, b, and ¢ in P:

(i) (@a<b and b<c) = a<c,
(ii) (@<b and b<a) = a=b,
(iii) a < a.

A subset C of P is a chain in P if (C, <) is totally ordered:
{a,b} CC = (a<borb<a).

If A C P, then b is called an upper bound for A if a < b for alla € A. An element
a € P is called maximal if a < b implies b = a.

Naturally, we can define a reverse partial order > in the obvious way, and
reinterpret Zorn’s Lemma in terms of lower bounds and minimal elements. An-
other (equivalent) formulation of the Axiom of Choice is the Hausdorff Maximality
Principle.

Hausdorff Maximality Principle Ina partially ordered set, every chain is contained
in a maximal chain.

The Hausdorff Maximality Principle was formulated by Felix Hausdorff in 1914.
Zorn’s lemma was proposed later, in 1935, by Max Zorn. Both are equivalent to the
Axiom of Choice. A detailed discussion of the history of the Axiom of Choice and
its equivalent formulations can be found in [26]. The formulation we will usually
use is Zorn’s Lemma.

3.2 Sublinear Functionals and the Extension Theorem

We briefly turn our attention from linear functionals to sublinear functionals.

Definition 3.2 Suppose V isavector space. Amap p : V — Riscalled a sublinear
functional if
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(i) plax)=oap(x)forall o > 0and x € V (positive homogeneity), and
(i) px+y) < pkx)+ p(y) forall x and y in V (subadditivity).

Note that condition (i) implies that p(0) = 0. Condition (ii) is also called the triangle
inequality.

Example 3.3 The following are examples of sublinear functionals:

(a) Any linear functional is a sublinear functional.

(b) If E is anormed space, then the norm function defined by p(x) = ||x|| forx € E
is a sublinear functional.

(c) If C(K) is the Banach space of real-valued continuous functions on a compact
metric space K, then

p(f) = {peyf(s), f e C(K),

defines a sublinear functional.
(d) If £ is the Banach space of bounded sequences of real numbers, then

p(S) = Sup%-ns E = (Sn ;?3:1 € Zom
neN
defines a sublinear functional.

Theorem 3.4 (Hahn-Banach Extension Theorem) Let E be a real vector space
and let p be a sublinear functional on E. If V is a subspace of E and if f : V — R
is a linear functional such that

f) < px), xeV,

then there is an extension f : E — R of f that is linear and satisfies

f(x) <pkx), xekLk.
Before proving the Hahn—Banach Extension Theorem, we will prove several

preliminary lemmas.

Lemma 3.5 A sublinear functional p on a real vector space E is linear if and only
if p(—x) = —p(x) forall x € E.

Proof Certainly, if p is linear, then the conclusion follows. Suppose now that
p(—x) = —p(x) for all x € E. Then, by the triangle inequality,
p(x +y) = —p(=x —y) = = (p(=x) + p(=y)) = px) + p(y).

The reverse inequality is simply subadditivity of p. O
Let P be the collection of all sublinear functionals on a real vector space E. We
define an order on the set P by saying p < g whenever p(x) < g(x) forallx € E.
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Lemma 3.6 Suppose p € B and V is a linear subspace of a real vector space E.
If q is a sublinear functional on V such that ¢ < p|y, then there exists a sublinear
Sfunctional v € B such thatr|y = q andr < p.

Proof Define
r(x) =inf {gv)+ p(x —v):veV}, x€eE.

To show that r is well defined, we show the set {g(v) + p(x — v) : v € V} has alower
bound for all x € E. Fix x € E and letv € V. By assumption, g(—v) < p(—v), and
so, by the subadditivity of ¢,

0 = q+q(=v) = g+ p(-v).
It follows that — p(—v) < g(v). Next, using the subadditivity of p, we have
p(=v) = p(=x)+ p(x —v).
Rearranging this inequality, and also using the fact that —p( — v) < g(v), we have
—p(=x) = =p(=v)+p(x =v) = g) + px —v).

This is true for all v € V, and so the set {g(v) + p(x —v) : v € V} has a lower bound.
Thus, the quantity r(x) is well-defined for each x € E.

It is clear that r is positively homogeneous and that r(x) < p(x) forall x € E (by
taking v = 0). We claim that also r(x) = ¢(x) for each x € V. To see this, suppose
that x € V. Thenforallv e V,

gW) +px =v) =2 q() +qx —=v) =2 g v+ (x —v)) = q(x).

Thus,
r(x) =inf {g(v) + p(x —v) : v € V} > g(x).

This infimum is achieved (when v = x), and so r(x) = g(x).
It remains only to show that r is subadditive on E. Let x and y be in E and suppose
€ > 0. Pick vand w in V so that

g0+ px —v) < r(x>+§ and g(w)+ p(y —w) < r<y>+§.

By the sublinearity of p and ¢,
gqv+w +px+y—@+w) < r(x)+r(y +e.

Taking the infimum over elements in V, we have r(x 4+ y) < r(x) + r(y) + €. Since
€ > ( was arbitrary, r is subadditive and the proof is complete. O

Lemma 3.7 If p € ‘B, then there exists a minimal q € P such that g < p.

Proof Let P ={r € Pr :r < p}and let C = (r;)jc; be achainin P. For x € E,
let
r(x) = inf r;(x).
iel
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We claim that r is a sublinear functional on E. First we must show that r is well-
defined. Leti € I and x € E. By subadditivity, O < r;(x) + r;( — x). Then, since
r; € P,

ri(x) = —ri(=x) = —p(=x).

Thus, the set {r;(x) : i € I} has a lower bound, and thus r is well-defined. Positive
homogeneity is clear. Now we show subaditivity. Let x and y be elements of E. For
any € > 0, there exist indices i and j in / such that

ri(x) < r(x)+ % and r;(y) <r(y)+ %

Since C is a chain, r; and r; are comparable. Without loss of generality, assume
rj <. Then

r(x +y) Srj(x+y) S rj(x)+ri(y) < rix) +ri(y).
Therefore
rx+y) < rx)+r(y)+e.

This is true for all € > 0, and so r is subadditive. By construction, r is a lower bound
of the chain C. Thus, by Zorn’s Lemma, P contains a minimal element ¢.

We claim that ¢ is actually minimal in B . Suppose gy is an element of B such
that go < ¢g. Then gy < p, and so gp € P. It follows that g¢ is an element of P
such that gy < ¢, and so gy = g by the minimality of ¢ in P. This completes the
proof. a

Lemma 3.8 If g € P is minimal, then q is linear.

Proof By Lemma 3.5, it suffices to show g(—x) = —¢g(x) forallx € E.
Fixan x € E and let V = {ax : @ € R}. Define a linear functional on V by

flax) = —aqg(—x), «aeR.

If ¢ < 0, then f(wx) = g(ax), by the positive homogeneity of g. Suppose o > 0.
By the subadditivity of ¢, we have that 0 < g(ax) + g(—ax), and so
flax) = —ag(—x) = —q(—ax) = g(ax).

Itfollows that f < g onthe subspace V. Thus, by Lemma 3.6, there exists a sublinear
functional r on E such thatr < g and r|y = f. Then r = g by the minimality of ¢,
and so f = q|y. Therefore (taking o = 1), we have

qx) = f(x) = —gq(=x).

The choice of x was arbitrary, and so we have the desired result. O
We are now ready to prove the Hahn—-Banach Extension Theorem (Theorem 3.4).

Proof of the Hahn—Banach Extension Theorem By Lemma 3.6, there exists a sub-
linear functional ¢ on E such that g|y = f and ¢ < p. By Lemma 3.7, there exists
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a minimal sublinear functional g, on E such that g9 < g. By Lemma 3.8, the map
qo is linear on E. Let f = ¢o. Then f is linear and f < p. We must show f|V = f.
Slncef <gandgly = f, wehavef < fonV.Letx € V. Then f(x) < f(x).
Furthermore, f (—x) < f(—x). By linearity, we then have f (x) = f(x). It follows
that f (x) = f(x) for all x € V, as required. O

Theorem 3.9 (Hahn-Banach Theorem for real normed spaces) Suppose X is a
real normed vector space and let V be a linear subspace of X. If f € V*, then there
exists an extension f € X* such that f|ly = fand || f|l = | fI.

Proof Define p(x) = || f|| l|lx]| forx € X.Then f < pon V. (Note that f is defined
only on V.) Therefore, by the Hahn—BanaAch Extension Theorem (Theorem 3.4), there
is a linear functional f € X* such that f < p and f|y = f. It follows directly that

LA =171 =
Example 3.10 Consider the space c of real convergent sequences. The norm on this
Banach space is [|£]| = sup,,cy |€x], where & = (&,)52 ;. We know that ¢ is a subspace

of £, the space of all real bounded sequences. (See Exercise 2.1.) Define a linear
functional f : ¢ — R by

f© = lim &, &=(E2 €c G3.1)

The map f is bounded and || f|| = 1. By Theorem 3.9 (the Hahn—Banach Theorem
f9r real normedA spaces), there exists a linear extension f : oo — R such that
flo=fand || f] = 1. A

By construction, f € (£x)*. We will now show that f & £;. (Note that, among
other things, this shows that £, is not reflexive.) Suppose to the contrary that f el.
Then there exists a sequence of scalars (c;,)52, such that Z _, lay] = 1 and such
that

fEO=) &, E=EN €l (3.2)

n=1

If x is a scalar-valued sequence, then denote the n' coordinate of x by x(n).
Let ¢,, be the sequence with a 1 in the m™ coordinate and zeros elsewhere, so that
en(m) = 1 and e,,(n) = 0 if m # n. Certainly, we have e,, € ¢ for every m € N.
Thus, by (3.1),

flew) = flen) = lim en(n) =0

On the other hand, by (3.2),
[o¢]
flew) =) anen(n) = ay.
n=1

Consequently, o, = 0 for all m € N. This implies that f = 0, which is a
contradiction (because || f|| = 1). We conclude that f & ¢;.



3.2 Sublinear Functionals and the Extension Theorem 37

Example 3.11 Consider again the space ¢ of real convergent sequences, this
time with the sublinear functional p(§) = sup,.y&,, where & = (§,);2,. As in
Example 3.10, let

f@ = lim &, §=E)2 ec

Then f is a norm one linear functional on c. It is clear that f < p on c. Thus, by
Theorem 3.4 (the Hahn—Banach Extension Theorem), there exists a linear functional
f £ — R such that f|c = fand f < p.As was the case in Example 3.10, it can
be shown that f gl

It is worth noting that f has an additional property: If £ is a bounded sequence
of nonnegative real numbers, then f(£) > 0. To see this, suppose that & = (&, bl
is a bounded sequence such that &, > O for all n € N. Then

p(=§) =sup(=§,) <0.
neN

By construction, f < p on £, and so f(—f) < 0. Therefore, f(f;‘) > 0, by the
linearity of f.

As a simple extension, observe that, for sequences & = (£,)52, and n = (1),
in £+, we have f(E) > f(n) whenever &, > n, foralln € N.

Remark 3.12 The existence of f and f in the previous examples is guaranteed by
the Hahn—Banach Theorem, but this relies on the Axiom of Choice. No formula
exists for constructing f or f and, in fact, no formula can exist. If the Axiom of
Choice is replaced by a weaker assumption, then €3, = £;. (See [36].) This means,
for one thing, that any linear functional on ¢, which can be written explicitly must
belong to £;.

When an extension of a bounded linear functional is found using the Hahn—Banach
Theorem, it is sometimes called a Hahn—Banach extension of the functional. The
extensions f and f in Examples 3.10 and 3.11 (respectively) are both Hahn—Banach
extensions of the same bounded linear functional f. Hahn—Banach extensions are
generally not unique, as the following example illustrates.

Example 3.13 Let c be the space of convergent sequences and let f(§) = lim §,
n—00

for all £ = (§,);2, in c. Then f is a linear functional on ¢ with || f|| = 1.

Now let 1z = (0,1,0,1,... ) be the sequence having 0 in each odd coordinate
and 1 in each even coordinate. Let X denote the subspace of £, generated by ¢ and
1g. (That is, let X be the smallest subspace of £, that contains all sequences in ¢
and the sequence 1g.) We will extend the linear functional f to X in two ways:

fe(x) = lim x5, and fo(x)= lim xp,41,

where x = (x,);,2, is a sequence in X. Observe that fz(§) = f(§) = fo(&) for all
sequences & € c.

Each of the linear functionals fr and f, are bounded on X and have norm one.
By the Hahn—Banach Theorem, these bounded linear functionals can be extended to
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norm one linear functionals fE and fo (respectively) on £.,. Because
fE|c = fOlC = f’

and both ﬁ and fo have norm 1, they are both Hahn-Banach extensions of f to
{~. It is easily seen, however, that fr and f are distinct linear functionals on €,
because fr(1g) = 1 and fo(1z) = 0.

In the preceding example, we found two distinct Hahn—Banach extensions for
the bounded linear functional f by partitioning N into two sets, namely the set of
even numbers and the set of odd numbers. We can find further distinct Hahn—Banach
extensions for f by repeating the same argument using different partitions of N.

When p € [1, 00), we can actually write down an explicit formula for the linear
functionals on £ ,. Ultimately, this is because £, is a separable space when p € [1, c0).
The space £, however, is vast, and consequently £ is a “monster.” To get some
perspective on the size of £, consider the set S of all sequences of zeros and ones,
which is certainly contained in {,,. Any two distinct elements & and 7 in S must
differ in at least one coordinate, and so || — n]lc = 1. The size of S is |S| = 2%,
the size of the continuum (also denoted c¢), and so £ is far from separable.

Remark 3.14 (Separability and classical spaces) The comments above show that
the space £, of bounded sequences is not a separable space. On the other hand, the
space £, of p-summable sequences is separable when p € [1, 00), because the set
{ex : k € N} is a countable dense subset of £,,, where ¢y is the sequence with 1 in the
k™ coordinate and zero in every other coordinate.

The space C[0, 1] of continuous functions on [0, 1] is separable, because the set
{t" :keNU {O}} is dense in C[0, 1], by the Weierstrass Approximation Theorem.
Consequently, the space L ,(0, 1) of (equivalence classes of) p-integrable measurable
functions on [0, 1], where p € [1, 00), is also separable, because C[0, 1] is dense in
this space, by Lusin’s Theorem (Theorem A.36). The space L, (0, 1) of essentially
bounded measurable functions on [0, 1] is not separable, however. Observe that
{xj0x1 : 0 < x < 1} is an uncountable collection of functions in L (0, 1) and
| X10.51 — X10.1lleo = 1 Whenever s # 1.

Theorem 3.15 (Hahn-Banach Theorem for complex normed spaces) Suppose

X is a complex normed vector space and let V be a linear subspace of X. If f € V*,
then there exists an extension f € X* such that f|y = fand || f|l = |l fI.

Proof Let X be the underlying real Banach space (i.e., forget you can use complex
scalars). Define fy : V — R by fo(v) = R (f(v)) for all v € V. Then fj is a real
linear functional on V. Furthermore, forallv € V,

o < 1fMI = LIV,

and so || foll < || fIl. By Theorem 3.9 (the Hahn—Bz}nach Theorem for real normed
spaces), the linear functional fo has an extension fo : Xg — R that is linear and

such that || foll = [lfoll < II f1I.
Define

F(x) = folx) —i folix), xeX. (3.3)
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Observe that if v € V, then (since f is complex-linear)

Joiv) =R (f(@v)) =RAEfFV) == (f().

It follows that, forallv € V,

FO) = fo) —ifoliv) =R (fM) +i 3 (FO) = f).

Therefore, f is an extension of f. By construction, f is R-linear.
To see that it is also C-linear, put ix into (3.2.3): For x € X,

fx) = folix) +i fox) =i fx).
It remains to show that ||f|| = || f1l. We know ||f|| > J|f||, since f is an extension
of f. Suppose x € X with ||x|| < 1. We know that f(x) € C. Fix 8 € R so that
'’ f(x) € R. Then, by linearity, f(¢/’x) e R. Therefore,
f@x) = fole" ),
and so ) o o A .
|f @l = 1€ fl = | foex)l < [l foll lle”xIl < I £1 lIx]].

Consequently, || f I < I f1l, and the proof is complete. O

3.3 Banach Limits

In Example 3.11, we showed the existence of a bounded linear functional L : £,, —
R on the real Banach space £, such that ||L|| = 1 and L ((En 2‘;1) < sup,.cy &x» and
such that

L(E02y) = lim &, (34)

whenever this limit exists. (We called the linear functional f in Example 3.11.) In
this section, we will show the existence of bounded linear functionals L that satisfy
an additional property, called shift-invariance:

L(GEpZ)) = L (Gar)py) - 3.5)

Shift-invariance, together with the other properties mentioned above, leads to the
following inequality:

liminf &, < L((E,, fli]) < limsupé,, 3.6)
n—o00

n—oo

for all (&,)°, in £,. Notice that (3.6) implies (3.4). Linear functionals that satisfy

n=1
(3.6) are of interest because they generalize the notion of limits.
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We define the shift operator T : £ — £ by

T ((Sn Zi]) = (gn-kl)gi[a (Sn),ii] € Zoo

Given this definition, we can restate the shift-invariance property in terms of the shift
operator T':

L(T§) = L(§), § € lw. (3.7)

When L satisfies this equation, we say that L is invariant under the shift operator,
or is shift-invariant.

We now prove a form of the Hahn—Banach Theorem for sublinear functionals
which are invariant under some collection of linear maps.

Theorem 3.16 (Invariant Hahn-Banach Theorem) Let V be a real vector space
and suppose that T is a commutative collection of linear maps on 'V (i.e., ST =TS
forall S and T in T ). If p is a sublinear functional on V such that

p(Tx) <px), x€V, TeT,
then there exists a linear functional f on V such that f < p and
f(Tx) = f(x), xeV, TeT.

Before proving Theorem 3.16, let us consider some situations where it can be
used.

Example 3.17 In many cases, we will have a set Z containing only one map, and so
the commutativity assumption will be satisfied trivially. For example, consider the
real Banach space £, and let T : £, — £ be the shift operator defined in (3.3).

The following functions are sublinear functionals on £, that satisfy the hypotheses
of Theorem 3.16 with 7 = {T}:

6) p(&) = sups;.
(ii) p(€) = lim sup,, and

n—0oQ
(iii) p(§) = sup[&,],
neN
where & = (£,)52, € £o. By Theorem 3.16, each one of these sublinear functionals
will lead to a shift-invariant bounded linear functional on £.

Proof of Theorem 3.16 Consider the collection C of sublinear functionals ¢ such
that ¢ < p and such that g(Tx) < g(x)forallx € Vand T € 7. We will use Zorn’s
Lemma to show there exists a minimal element g € C.

Suppose (g;)ics is achainin C and let g = 125 g;. Then ¢ is a sublinear functional

on V. (See the proof of Lemma 3.7.) Let T € T and x € V. Then, by the definition
of g,
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q(Tx) <qi(Tx), iel.

We assumed ¢; € C, and hence ¢;(Tx) < g;(x), for each i € I. It therefore follows
that g(Tx) < g;(x) for all i € I. Consequently,

q(Tx) < infqi(x) =gqx), xeV,TeT.
1€

We conclude that ¢ € C and ¢ is a lower bound for the chain (g; );c;. Thus, any chain
in C has a lower bound. Therefore, C contains a minimal element, by Zorn’s Lemma.

Now let ¢ be a minimal element of C and let T € 7. Let n € N and define the n™
Cesaro mean by

x—I—Tx—i—---—i—T”_lx)
, xeV.
n

qn(x) Zq(

Note that g, is a sublinear functional, because g is sublinear and 7 is linear. We
wish to show that ¢,, € C. Suppose S € 7. By assumption, S and 7 commute, and
SO

Sx+TSx+'~'+T”_]Sx) <S<x—|—Tx+~~+T”_1x>>
=4

n

qn(Sx) = q(

n

x+Tx+--+T" x
=9 n = gn(x).

Thus, g, € C foreachn € N.
Observe that, since ¢ € C, we have

q(T"'x) < q(T"x) < -+ < q(T?x) < q(Tx) < q(x),

for all x € V. Consequently,

qn(x)=q<x+Tx+m+Tn_]x> Sq(%)+~~+q(;—c>=q(x),

n

for all x € V. By the minimality of ¢ in C, it follows that ¢, = ¢ for all n € N, and
hence

x+Tx+~-~+T”1x)
n 9

q(x)=q<

forallx e V, T € T,andn € N.
Now,letx € Vand T € T.Foralln € N,

x—Tx)+T(x—Tx)+---+T"'(x —Tx)
q(x—TX)=q< )

n
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x—T"x 1 1 "
=q|——) = —qgx)+ —q(—T"x)
n n n

IA

1 1
—q(x) + —q(—x).
n n

Since this is true for all n € N, we conclude that g(x — Tx) < Oforallx € V and
T € T. By a similar argument, we also deduce that g( —x — T( — x)) < O for all
xeVandT eT.

By Lemmas 3.7 and 3.8, there exists a linear functional f such that f < g. It
follows that both f(x — Tx) < 0and f(—x —T(—x)) <Oforallx € V and
T € T. Therefore, by the linearity of f, we have f(x) = f(Tx) forall x € V and
T e T. This is the desired result, and so the proof is complete. O

Example 3.17 (revisited). Let T : €., — € be the shift operator on the real Banach
space £, and consider the sublinear functional p on £, defined by p(§) = sup, cy &x
forall £ = (£,);2, in £. Observe that p(T§) < p(§)forall § € £,,. We now invoke
Theorem 3.16 with 7 = {T'} to conclude that there exists a linear functional L on
£~ such that L < p that is shift-invariant; that is, L(§) = L(T&) forall £ € £,. We
claim that the map L has the following properties, where § = (§,)72 | € £oo:

() liminf§, < L(§) < limsup§,,

n—oo
(ii)) L(¢£) = lim &, whenever the limit exists, and
n—oo

(iii)) L(&) > 0 whenever &, > 0 for alln € N.

Observe that (i) implies both (ii) and (iii). To show that (i) is true, we use the invariance
of L under the shift operator. If k € N, then (by shifting k times)

L&) = L ((Ea4n)S%)) < SUp&urs = supé,, & € Lo

neN n>k

This is true for all k € N, and so we conclude that L(§) < limsup§,. A similar

argument shows liminf &, < L(&), which proves (i).
n—oo
Motivated by the preceding example, we make a definition.
Definition 3.18 A linear functional L on ¢, is called a Banach limit if, for any
sequence £ = (§,)72, in £u,
(i) L(T&) = L(&), where T is the shift operator,
(i) L(§) = lim &, whenever the limit exists, and
n—00
(iii)) L(&) > 0 whenever &, > 0 forall n € N.

Shortly, we will present an application of a Banach limit. First, we recall some
definitions.

Definition 3.19 A real vector space H is called a real inner product space if there
isamap (-,-) : H x H — R, called an inner product, that satisfies the following
properties:
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(i) (x,x)>0forall x € H, and (x,x) = 0if and only if x = 0,
(ii) (x,y) = (y,x), and
(iii) (ax + Bx',y) = a(x,y) + B(x',y) and (x,ay + By') = a(x,y) + B(x, ),

where {x,x’,y,y'} C H and {a, 8} C R.

When a map possesses the three properties listed in Definition 3.19, it is called (i)
positive definite, (ii) symmetric, and (iii) bilinear, respectively. The concept of an
inner product space exists also when the underlying scalar field is C, but the properties
defining an inner product must be modified in this setting. (See Definition 7.1.)

An inner product (-, -) on a vector space H can always be used to define a norm

by the formula
lx]l =+ (x,x), x¢€H.

This norm on H is said to be induced by the inner product. (We will verify that this
formula defines a norm in Section 7.1.)

Definition 3.20 A real inner product space H is called a real Hilbert space if it is
a complete normed space when given the norm induced by the inner product.

If H is an inner product space with induced norm || - ||, then H is a Hilbert space
precisely when (H, || - ||) is a Banach space. We will study the topic of Hilbert spaces
in greater depth in Chapter 7.

Suppose H is a real Hilbert space with inner product (-, -). A bounded linear map
S : H — H is said to be an orthogonal operator if (Sx, Sy) = (x, y) forall x and y
in H. Note that S is an orthogonal operator if and only if ||S"x|| = ||x|| foralln € N
and x € H. (See Exercise 3.3.) In particular, if n = 1, then ||Sx|| = ||x||, and so S
is necessarily bounded.

A bounded linear map S : H — H is said to be similar to an orthogonal operator
if it is orthogonal with respect to an equivalent inner product on H. (Two inner
products on H are equivalent if they induce equivalent norms.)

We will make use of the following significant fact: If H is an inner product space,
then |(x, y)| < ||lx|||ly|l for all x and y in H. This inequality, known as the Cauchy—
Schwarz Inequality, is a fundamental tool. We will make use of it now, but will not
prove it until later. (See Theorem 7.2.)

Proposition 3.21 Let H be a real Hilbert space and suppose || - || is the complete
norm induced by the inner product on H. If S : H — H is an invertible bounded
linear map and there exist positive constants ¢ and C such that

cllxll = I18"x] < Clix|l, (3.8)
foralln € Nand x € H, then S is similar to an orthogonal operator.
Proof Denote the inner product on H by (-, -). By the Cauchy—Schwarz Inequality,
|(S"x, " V)| < I1S" x| 18"yl < C*HIx | lIy1,

forn € Nand {x,y} C H. It follows that (($"x, S"y)),cn 15 @ sequence in £, for
each x and y in H. Let L be a Banach limit on £.,. Define a new inner product on
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H by
(0, y) = L(((8"x,8"), ), {9} S H.

(See Exercise 3.15 to show that this defines a real inner producton H.) If x € H and
[x]]] = +/{x,x), then ||| - ||| is a norm on H and

NIx 1P = (e.x) = L ((18"x112), ) -

By (3.8) and property (iii) of a Banach limit,
clixlh < lllxlll = Clixll, x € H.

Consequently, ||| - ||| and || - || are equivalent norms on H, and so (-, -) and (-, -) are
equivalent inner products on H.
By the shift-invariance of a Banach limit (property (i)),

(Sx,8y) = L (((8"'x,8"y)), o) = (x.¥),  {x.y} S H.

Therefore, S is orthogonal with respect to (-,-), where (-,-) is an inner product
equivalent to the original. Hence, S is similar to an orthogonal operator. a

3.4 Haar Measure for Compact Abelian Groups

In this section, we will apply the Hahn—Banach Theorem to the setting of compact
groups. A group is a pair (G, -), where G is a set and - is a binary operation on G,
called multiplication, that satisfies the following properties:

(i) (closure) x -y € G for all {x,y} C G.
(i1) (associativity) (x - y)-z=x-(y-z)forall {x,y,z} € G.
(iii) (identity) There exists an element e € G such that x - ¢ = x = ¢ - x for all
x €G.
(iv) (inverses) For x € G, there exists x ™! € G suchthatx - x~ ' = e =x""1 . x.

Properties (i)—(iv) are known as the group axioms. When the multiplication is under-
stood, the group (G, -) is often abbreviated to G. Frequently, group multiplication is
denoted by juxtaposition, so that x - y is written xy. We will adopt this convention
when there is no risk of confusion.

A simple calculation shows that, for a given x € G, the inverse x " is necessarily
unique. Therefore, the map x +— x~! is a well-defined operation on G (called
inversion).

We call G a metric group if it is both a group and a metric space, and if the group
operations of multiplication and inversion are continuous on Gj; that is, if both the
maps (x,y) — xy and x > x~! are continuous for x and y in G. If a metric group
G is also a compact topological space, then G is called a compact metric group.

1
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Example 3.22 The following are examples of compact metric groups:

(i) The unit circle in C, written T = {¢!? : 0 <0 < 27}, isa compact group, often
called the circle group or the forus. Multiplication in T is taken from C, and
so is the metric. Consequently, the identity in T is 1 and the inverse of ¢’ is
e~%. The punctured complex plane C\{0} with the standard multiplication and
metric is itself a metric group, but it is not compact. (Nor is it complete, because
C\{0} is an open subset of C.)

(i1) Let O, denote the collection of n x n orthogonal matrices (n < 00). Then O,
is a compact metric group, called the orthogonal group. The group operations
are given by matrix multiplication and matrix inversion. The metric on O, is
induced by the operator norm ||| - ||| on O,. That is, d(X,Y) = |||Y — X||| for
all Xand Y in O,,.

(iii) The Cantor group is the countable product ]_[flil Z, = {0, 1}N. Elements of the
Cantor group are sequences of zeros and ones, and the group operation is given
by component-wise addition (mod 2). Note that the Cantor group is a compact
space by Tychonoft’s Theorem. (See Theorem B.4 in the appendix.) The Cantor
group can be given a metric using the formula

dex )_ii ok — il
Y =2 1+ = il

where x = (x)72; and y = (y);2, are elements of the set {0, 1N,

Of particular interest in this section are abelian groups. A group G is called
abelian if xy = yx for all x and y in G. (In other words, if the group multiplication
is commutative.) Both the torus and the Cantor group are abelian, but the orthogonal
group is not if n > 2. When a group is abelian, the group multiplication is often
denoted by addition (4) and the inverse x~! is then written as —x (provided this
causes no confusion).

Definition 3.23 Let (G, +) be an abelian metric group. A Borel measure X on G is
translation-invariant if A\(B) = A(x + B) for all x € G and Borel subsets B C G.

Theorem 3.24 If (G, +) is a compact abelian metric group, then there is a unique
translation-invariant Borel probability measure on G.

Proof Let C(G) be the space of real-valued continuous functions on G equipped
with the norm

Ifllee = max|f(x)],  f € C(G).

Note that this maximum is attained because f is continuous on the compact set G.

Foreachx € G, define an operator 7, : C(G) — C(G)by T, f(y) = f(x+y) for
all f e C(G)andy € G.Let T = {T, : x € G}. The set T is a commuting family
of operators on C(G) because G is abelian. We call the elements of T rotations.
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Define a sublinear functional p on C(G) by

p(f) =maxf(x). [ €CG).

Certainly, p(T, f) = p(f) forall x € G and f € C(G), and so p is invariant
under rotations. Thus, by Theorem 3.16 (the Invariant Hahn—Banach Theorem), there
exists a linear functional ¢ on C(G) such that ¢ < p and ¢(T, f) = ¢(f) for all
x € Gand f € C(G).

Let f € C(G). By construction,

¢(f) = maxeeg f(x) and @(— f) < maxeeg (—f(x)) = —mineec f(x).

Consequently,
min f(x) < ¢(f) < maxyec f(x). (3.9)

In particular, we see |¢(f)| < ||flle for all f € C(G). It follows that ¢ is a
bounded linear functional on C(G). Thus, by Theorem 2.20 (the Riesz Representation
Theorem), there exists a Borel measure A on G such that

¢(f)=/cfdk, f e CG).

Since ¢(f) > 0 whenever f > 0, we have that A is a positive measure. Furthermore,
because of (3.4.1), we have that ¢(1) = 1. It follows that A(G) = 1, and consequently
A is a probability measure on G.

We now show A is translation-invariant. Let x € G and define a measure A, on G
by A.(B) = A(x 4+ B) for all Borel sets B in G. Our goal is to show that A = A,. To
that end, we make the following claim:

ffdkx =/ T_.fdr, feC(G). (3.10)
G G

To prove this, let B be a Borel set in G and let y € G. By the definition of the map
T_,, we have that T_, xg(y) = xg(y — x). Thus,

/ T x5 () Mdy) = f X5y —X) Mdy) = M(B+x) = A (B) = / X5 2a(d).
G G G

Therefore, (3.4.2) holds for f = xjp, where B is a Borel subset of G. By linear-
ity, (3.4.2) holds for simple functions, and by the density of simple functions in
C(G), (3.4.2) holds for continuous functions, as well.

The linear functional ¢ was chosen (via the Invariant Hahn—Banach Theorem) so
that ¢(T_, f) = ¢(f) for all f € C(G). Therefore, using (3.10),

/fdxﬁf T_xfd?»=¢(T_xf)=¢(f)=/ fdn,
G G G

for all f € C(G). It follows that A, = A. This is true for all x € G, and so A is
translation-invariant.
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It remains to show that X is unique. Assume p is a translation-invariant probability
measure on G. Let f € C(G). By Fubini’s Theorem,

/ (/ flx+ y)k(dX)> w(dy) = / (/ flx+ y)u(dy)) AMdx).
G G G G

By translation-invariance,

/G Flx £ y) Mdx) = /G FXAED), v € G,

and

/Gf(x-i-)’)ﬂ(dy) =/;f(y)u(dy), x €G.

Therefore, since A and u are probability measures (and so A(G) = u(G) = 1),

/Gf(x)/\(dX)=/Gf(y)M(dy), f € CG).

It follows that A = w, and so the proof is complete. a

Definition 3.25 The unique translation-invariant Borel probability measure on a
compact abelian metric group is called Haar measure.

Remark 3.26 1In the proof of Theorem 3.24, we do not actually use the metric on
G. Indeed, our proof requires only that G is a compact abelian topological group.
At this time, however, we have restricted our attention to topologies arising from a
metric. We will consider more general topological spaces in Chapter 5 and we will
revisit the topic of Haar measure at that time. (See Section 5.9.)

Example 3.27 Let T = {¢!? : 0 < 8 < 2x} be the torus from Example 3.22 (i).
Haar measure on T is given by m/(2r), where m is Lebesgue measure on [0, 27).
To be more precise, if f € C(T) and A is Haar measure on T, then

1 2 )
/de,\ = E/o f (€%) m(do).

For this reason, some authors write T = [0,27) and A = m/(27).
(The factor 27 is needed in the denominator so that A is a probability measure.)

Corollary 3.28 Let G be a compact abelian metric group with Haar measure . If
B is any Borel subset of G, and if — B is the set {—x : x € B} of inverses of elements
in B, then A(—B) = A(B).

Proof Define a probability measure p on G by u(B) = A(— B) for all Borel subsets
B in G. By the translation invariance of A,

x4+ B) =A(—=x+ (= B)) =A(— B) = u(B).

Thus, p is a translation invariant Borel probability measure on G. Since Haar measure
is the unique measure with these properties, we conclude that u = A. a
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3.5 Duals, Biduals, and More

Let X be a Banach space. Recall that the dual space X* of X is the space of bounded
linear functionals on X. When X* is equipped with the operator norm ||x*|| =
sup{|x*(x)| : x € By}, where By is the closed unit ball of X, the space X* is a
Banach space. (See Proposition 1.11.)

Proposition 3.29 Let X be a Banach space with dual space X*. If x € X, then

llx]l = sup {|x*(x)| : x* € Bx+},
and there exists an x* € X* such that ||x*|| = 1 and x*(x) = ||x||.

Proof Let K denote the scalar field. For x € X, define a closed linear subspace E,
of Xby E, = {ax : @ € K}. Define amap f : Ex — Kby f(ax) = a| x|, for all
o € K. Then f is linear and || f|| = 1.

By the Hahn—Banach Theorem for normed spaces (Theorem 3.9 for real spaces,
Theorem 3.15 for complex spaces), there exists a bounded linear functional x} € X*
that extends f. That is, the map xf;- is a bounded linear functional on X such that
x3(x) = [|x] and [lx5] = 1.

Observe that |x*(x)| < ||x|| for all x* € Bx«. Therefore,

llxll = sup {lx*(0)] < x* € By-} .

On the other hand, the linear functional x} is an element in By- with the property
that x_’; (x) = ||x]|. The result follows. O

For any x in a Banach space X, Proposition 3.29 guarantees the existence of a
so-called norming element in the dual space X*; that is, an element x* of norm 1
such that x*(x) = ||x||. This element may or may not be unique.

Example 3.30 We consider the existence of norming elements in a few real sequence
spaces.

(i) Let X = ¢;, and so X* = {,. Consider the summable sequence & =
(1.,:5-7gs---»770---)- Then & € £y and [|§]| = Y02, & = %2 In this
case, there is a unique norming element in £, and that element is the constant
sequence (1,1,1,...).

(i1) Once again, let X = £;. This time, let § = (1,0,0,0,... ). In this case, & € ¢,
and ||&€]] = 1. There are many norming functionals in this case. Indeed, any
element in £, of the form (1,as,as3,as,... ) with |a;| < 1 forall j > 2 will
determine a norming functional for &.

(@iii) In £,, the norming functional is always unique. Let £ = (£1,&,,... ) be an
element of ¢,. Then ||&] = (Z;O:l 53)1/2 and the norming element is £/||&]|.
(Recall that £5 = £, (Theorem 2.5).)

(iv) Consider the space £, andlet & = (1,1, 1,... ). Any linear functional ¢ on £,
will be a norming element for £ provided both ¢(¢§) = 1 and ||¢| = 1. Any
Banach limit will satisfy these criteria, as well as other linear functionals.
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Definition 3.31 Let X be a Banach space. The bidual of X is the space X™* = (X*)*.

Let X be a Banach space. Define amap j : X — X** by letting j(x) € X*™ be
the linear functional on X* defined by

JOOET) = x*(x), x* e X7, (3.11)

for all x € X. The equation in (3.11) is sometimes written (x*, j(x)) = {(x,x*). We
call j the natural embedding of X into its bidual and (-,-) the dual space action
between a Banach space (written on the left) and its dual (written on the right).

Theorem 3.32 The natural embedding of a Banach space into its bidual is an
isometric isomorphism onto a closed subspace of the bidual.

Proof Let X be a Banach space and suppose j is the natural embedding of X into
its bidual X**. By direct computation, one can show that j is a linear injection onto
its image. (See Exercise 3.5.)

We now show that j is an isometry. If x € X, then j(x) € X**. Thus, for all
x e X,

17Ol = sup [jC)x™) = sup |x*(x)| = [lx]|.
=<1 lx*<1

(The last equality follows from Proposition 3.29.) It follows that j is an isometry.
From this, we can conclude that j(X) is closed in X** and that j is an isomorphism
onto j(X). (See Exercise 3.5.) O

Theorem 3.32 suggests that an exact copy of X sits inside of X**. In light of this,
it is common to suppress the map j and simply view X as a closed subspace of X**.

Definition 3.33 A Banach space X is called reflexive if the natural embedding j of
X into its bidual is a surjection; that is, if j(X) = X™*.

Example 3.34

(i) The sequence spaces £, are reflexive whenever 1 < p < oo. The spaces £; and
£~ are not reflexive, having vast and mysterious biduals.

(ii) Let (82, B, u) be ameasure space. The function spaces L ,(£2, B, u) are reflexive
whenever 1 < p < oo. The spaces L;(u) and L, (1) will not be reflexive unless
the support of u is a finite set.

(iii) The sequence space cy is not reflexive. In fact, cj* = £} = €. This is possibly
the only case where we can explicitly see the proper inclusion of a Banach space
in its bidual; i.e., ¢g C £oo.

Proposition 3.35 A Banach space X is reflexive if and only if its dual X* is reflexive.

Proof First, assume X is reflexive. Then (X*)* = X. By definition, the bidual of
X*is

The last equality follows from the assumption that X is reflexive. Therefore, X* is
reflexive.
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Now assume X* is reflexive. We wish to show X is reflexive. Let j : X — X™* be
the natural embedding of X into its bidual. Assume that j is not a surjection. Then
there exists an x™* € X** such that x™* ¢ j(X). Let

§ = dx™, j(X)) = inf{|lx™ — jCol : x € X}

Then § > 0, by assumption, because j(X) is closed in X**. (See Theorem 3.32.)
Let E = span{x™*, j(x) : x € X}. Define a linear functional ¢ : E — K (where
K denotes the scalar field) by

¢ (x™+jx) =1 reK xeX.
This map is well-defined because j is an injection onto j(X). ForA € Kand x € X,
2% 4 O = [A] ™ = j( =270 = [AldG™, j(X) = 8 [Al.

It follows that |
lpAx™ 4+ j(x))| = [A] < 3 [Ax™ 4+ j (o)l

We conclude that ¢ is bounded on £ € X** and ||¢|| < 1/§. Therefore, by the
Hahn-Banach Extension Theorem (Theorem 3.4), there exists an element of X***
that extends ¢. In particular, there exists x™* € X*** such that x**(x**) = 1
and x**(j(x)) = 0 for all x € X. By assumption, X* is reflexive, and so x***
corresponds to some x* € X*. Consequently, there exists an element x* € X*
such that x**(x*) = 1 and x*|y = 0. This implies both ||x*|| > 0 and x* = 0, a
contradiction. Therefore, X is reflexive. O

3.6 The Adjoint of an Operator

Suppose n is a natural number. If A = (1)} ;_, is an n x n complex matrix, then
the matrix adjoint (or conjugate transpose) of A is the n x n matrix A* = (bi)’} 4,
with entries bj; = ay; for each j and k in the set {1, ... ,n}. One of the important
properties of the matrix adjoint is

(Ax,y) = (x,A%y), {x,y}cC",

where (-, -) denotes the inner product on C". In this section we will generalize the
notion of a matrix adjoint to infinite-dimensional Banach spaces.

Definition 3.36 Let X and Y be Banach spaces and let 7 : X — Y be a bounded
linear operator. The map 7% : Y* — X* defined by

(T*yHYx) =@ o T)(x), xeX,y e¥Y"

is called the adjoint of T.
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Owing to the abundance of Banach spaces, we will sometimes find it convenient
to denote the norm on a Banach space X by || - ||x. The proof of the following
proposition will afford one such occasion.

Proposition 3.37 Let X and Y be two Banach spaces. If T : X — Y is a bounded
linear operator; then the adjoint T* is a bounded linear operator and | T*|| = ||T||.

Proof Ttis not hard to show T* is linear. To show T* is bounded, let y* € Y*. Then

IT*y*lx+ = sup [(T*y*)(x)| = sup [y*(Tx)|.
[lefl=1 llxll<1
Therefore,
IT*y*lx« < sup [ly*lly= ITxlly = [T IIy*[ly=.

lxli<t

Hence, T is bounded and | T*|| < || T||.

To prove the reverse inequality, we begin by letting € > 0. There exists x € X
suchthat |x||y < land||Tx|ly > ||T||—e. By Proposition 3.29, there exists y* € Y*
such that | y*|ly+ = 1 and y*(Tx) = || Tx||y; whence,

ITxlly = (T*y")(x) < IT*y* lx=llxllx < NT*y*(lxs < NT7-
Consequently, ||T'|| < ||T*|| + €. Since the choice of € was arbitrary, we conclude
that |7l < I T*]]. O

Corollary 3.38 Let X and Y be Banach spaces and let L(X,Y) denote the Banach
space of bounded linear operators from X to Y. The map taking T to T* is a linear
isometry from L(X,Y) to L(Y*, X™).

Proof This follows from Proposition 3.37. a

For an operator T between Banach spaces X and Y, the adjoint 7* : Y* — X*
also has an adjoint 7** : X** — Y**, In the following proposition, we think of X as
a subspace of its bidual X**.

Proposition 3.39 Let X and Y be Banach spaces. If T : X — Y is a bounded
linear operator, then T**|x = T. That is, T**(x) = T(x) forall x € X.

Proof Let j be the natural embedding of X into its dual X** (which we think of as
the inclusion map). Suppose x € X. By definition, 7**x € Y**. Let the action of
Y** on Y* be represented by (-, -). Then for any y* € Y™,

(T )" = (Y, T™x) = (T"y", j(x)).
We have T*y* € X*, and so, by (3.11) and Definition 3.36,
(T*y*, j(x)) = (x, T*y*) = (Tx,y").

It follows that (y*, T**x) = (Tx, y*) for all y* € Y*, and hence the result. O
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Proposition 3.40 Let X, Y, and Z be Banach spaces and suppose both S : X — Y
and T : Y — Z are bounded linear operators. If TS =T oS : X — Z, then the
adjoint map (T S)* : Z* — X" is given by (T S)* = S*T*.

Proof The proof is left to the reader. (See Exercise 3.8.) O

Example 3.41 (The Volterra operator). Let p and g be conjugate exponents (so that
1/p+1/g = 1), where 1 < p < oo. Let L,(0, 1) denote the real Banach space
of p-integrable real-valued functions on [0, 1] with respect to Lebesgue measure.
Defineamap V : L,(0,1) — L,(0,1) by

VF(t) =/ f(s)ds, feLy0,1),1€l0,1].
0

We call V the Volterra operator on L (0, 1). We must show that V is well-defined.
By Holder’s Inequality, for all ¢ € [0, 1],

t 1/q t 1/p
Vil < (/0 14 dS> (/0 |f(s)|pds> <t £l
1 1/p 1\ /P
V£, < </0 (t”")p dt) I/, = <;> 1l p-

It follows that V is bounded and ||V ]| < (1/p)'/7.
We now compute the adjoint of the operator V. Observe that the adjoint operator
V*: Ly(0,1) — L,(0,1) satisfies the equation

1 1 1 s
fo f(s) V*g(S)dSZ/O Vf(S)g(S)dSZ/0 (/0 f(f)dt>g(S)ds,

forall f € L,(0,1)and g € L,(0,1). By Fubini’s Theorem,

1/ s 1l
/ (f f(t)df>g(s)ds=/ (/ g(S)dS> f@)dt,
o \Jo o \Ji

forall f € L,(0,1)and g € L,(0,1). We therefore conclude that

Therefore,

1
V*e(t) = / g(s)ds, geLy0,1).

We can define the Volterra operator V for p = 1, as well. A similar argument will
yield the same adjoint V*. If p = 0o, however, then V* is a map from (L (0, 1))*
to (Lo(0, 1))*, and this map is not so easy to compute.

The Volterra operator defined in Example 3.41 is a special case of the next example.
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Example 3.42 Suppose K € Lo ([0, 1] x [0, 1]). For p € [1,00), define a linear
map Tk : L,(0,1) — L,(0,1) by

1
Tk f(s) =/ K(s,t) f(t)dt, f € Ly0,1).
0

Then [Tk f(s)| < [[Kllooll fl, for all s € [0,1], and so [Tk fll, < [IKllcoll f1lp-
Thus, || Tk || < ||K ||s- A calculation similar to that in Example 3.41 reveals

1
T;;g(s)z/o K(t,s)g(t)dt, g e Ly0,1).

This example can be thought of as a “continuous” analog of a matrix adjoint. This
demonstrates the original goal of functional analysis: To generalize linear algebra to
an infinite-dimensional setting.

3.7 New Banach Spaces From Old

In this section, we will show two common ways to construct new Banach spaces
from given ones. The first method is essentially a means of summing two spaces,
while the second is comparable to subtraction.

Definition 3.43 Let X an Y be Banach spaces. The direct sum of X and Y is the
set X x Y equipped with component-wise addition and scalar multiplication:

e (x1,y1) + (x2,y2) = (x1 + X2, y1 + ¥2), and
° )\"(-x’y):()"xv)\'y)v

where (x, y), (x1, y1), and (x2, y;) are in X x Y and A is a scalar. When given this
vector space structure, the direct sum is denoted by X @ Y.

Proposition 3.44 Let X and Y be Banach spaces. The direct sum X @Y is a Banach
space under the norm

G I = llxllx + llylly, (x,y) € X x7Y.

Proof The proof that this norm is complete follows directly from the fact that || - || x
and || - ||y are complete norms. a

In some cases, a Banach space can be decomposed into a direct sum of closed
subspaces.

Proposition 3.45 Let X be a Banach space. Suppose V and W are closed subspaces
of X.If X =V +Wand VNW = {0}, then X is isomorphic (as a vector space) to
V @& W. (In this case, we write X =V @ W.)
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Proof We wish to establish a vector space isomorphism between the spaces X and
V @ W. That is, we wish to find a linear bijection (which need not be a homeomor-
phism). By assumption, X = {v+w:v e V,w € W}.Defineamap¢ : X - VW
by

dv+w)=(@,w), W,weVxW.

A priori, it may not be clear that this map is well-defined. Suppose that x € X
can be written in two ways as the sum of elements from V and W; i.e., suppose
that x = v+ wand x = Vv + w/, where (v,w) and (/,w') are in V x W. Then
v+ w =1V 4w, and consequently

v—yvV=w-—-weVnW={0].

Therefore, v = v and w = w'. It follows that each x € X has a unique representation
of the form x = v+ w, where v € V and w € W, and so ¢ is well-defined.

By construction, ¢ is onto. Furthermore, ¢ is one-to-one, because x = v + w if
¢(x) = (v,w). Next, let (v, w) and (v/,w’) be elements of V x W.If x = v + w and
x' =v +w, then

dpx+x)=¢((v+V)+Ww+w))=0+V,w+w)=ww+ 0, w).
Consequently, ¢p(x + x’) = ¢(x) + ¢(x'). Furthermore, if X is a scalar, then
dAXx)=dAv+Aw) = (Av,Aw) = L p(x).

Therefore, ¢ is linear, and hence a vector space isomorphism. O

Itis perhaps worth mentioning that the map ¢ in the proof of Proposition 3.45 need
not be an isometry between the given norm on X and the normon V & W (as given in
Proposition 3.44). These two norms will always be equivalent, however, because ¢
is, in fact, a homeomorphism (a continuous bijection with continuous inverse). This
will follow from the Bounded Inverse Theorem (Corollary 4.30), which we shall
meet in Section 4.3 as a consequence of the Open Mapping Theorem.

‘We now consider a second operation used to create new Banach spaces.

Definition 3.46 Let X be a Banach space and let Y be a closed subspace of X. The
quotient space X /Y isthe setof all cosets of Y in X. Thatis, X/Y = {x+Y : x € X}.
The map Q : X — X/Y defined by OQx = x 4+ Y for x € X is called the quotient
map.

The quotient space X/ Y is a vector space with addition and scalar multiplication
givenby (x +Y)+(x'+Y)=(x+x)+Yand a(x +Y) = (ax) + Y, respectively,
where x and x" are in X and « is a scalar. We leave it to the reader to verify this fact.
Note that the zero vectorin X/Y isY =0+ Y.

Proposition 3.47 Let X be a Banach space with closed subspace Y. For each
x € X, let||x + Y| =infycy ||x + yl. Then || - || defines a complete norm on X /Y
(called the quotient norm).
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Proof We first show that || - || is a norm on the quotient X/Y. It is clear that
|| - |l is nonnegative and ||0 + Y|| = 0. Suppose ||x + Y| = 0. We will show that
x + Y = Y. By the definition of the norm, for all n € N, there exists y, € Y
such that |x + y,|| < 27". Therefore, ||x — ( — y,)|| < 27", and so the sequence
(= yn)52, converges to x. Since Y is a closed subspace of X, it follows thatx € Y,
and consequently x + Y =Y.

Now let a be a nonzero scalar. If x € X, then

lax + Y| = inf |lax + y|| = inf |jax + az|| = || inf |x + z||.
yey zeY zeY

(Observe that z = y/a.) Therefore, we conclude ||je(x 4+ Y)|| = |x|||x + Y|, and so
| - || is homogeneous.

Next, we show the triangle inequality. Let x; and x; be in X and suppose € > 0.
There exist elements y; and y, in Y such that

lx1 + yill < llxr + Y| +€/2 and |x2 + 2l < llx2 + Y| +€/2.
Then
lx1 +x2 + y1 + y20l < llxr +yill + llx2 + yoll < llxr + Y[+ lx2 + Y[ +e.

Since the choice of € was arbitrary, we conclude that || - || satisfies the triangle
inequality, and hence is a norm on X/Y.

It remains to show the norm || - || is complete on X /Y. For this we use the Cauchy
Summability Criterion (Lemma 2.24). Suppose (x,);2 is a sequence in X such that
Yoo ke +Y |l < oco.Foreachn € N, pick x,, € x,+Y suchthat ||x|| < 2|x,+Y].
Then Z:O:1 lx, || < oo, and hence Z;’O:l x, converges in X (by completeness of the
norm on X). Suppose Y -, x, converges to x € X. Then, for any € > 0, there exists
an N € Nsuch that [[x — >~y _, x;|| < € forall n > N. Therefore,

n
/
x—E X

k=1

n

G+Y)=) G +Y)

k=1

=<

<€, n>N. 3.12)

Consequently, Y °2 | (x,+Y) converges to x + Y in X /Y. It follows that the quotient
norm is complete, as required. a

In (3.15), we used the fact that ||x 4+ Y| < ||x]|| for each x € X. This follows
from the definition of the norm on X /Y, because 0 € Y. Equivalently, the quotient
map Q : X — X/Y of Definition 3.46 has norm 1.

The quotient map Q : X — X/Y has the additional property that it is also an
open map. Amap T : X — Z is called an open map if T(U) is an open set in Z
whenever U is an open set in X. If X and Z are Banach spaces and T is linear, then
in order to show that 7' is an open map, it suffices to show that the open unit ball of
X is mapped to an open set in Z. (See Exercise 3.7.)

Let Ux and Uy,y be the open unit balls in X and X/Y, respectively. (Recall
Definition 1.5.) We will prove the quotient map Q : X — X/Y is an open map by
showing that Q(Ux) = Uyx,y.
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We already know that || Q] < 1, and so Q(Ux) € Ux,y. Now let z + Y be any
element of Uy,y. By assumption,

lz+ Y| =inf{llz+yll:ye Y} <1

Thus, there is some y’ € Y such that ||z 4+ y'|| < 1.If 7/ = z+ ¥/, then ||Z/|| < 1 and
Q7 = z+ Y. This proves that Ux,;y € Q(Ux). We have established that the image
of Uy is Ux,y, and hence Q is an open map, as claimed.

Definition 3.48 Let 7 : X — Y be a bounded linear operator between Banach
spaces. The set {x : Tx = 0} is called the kernel of T and is denoted ker(T').

‘We now derive an important proposition which is analogous to a well-known fact
of linear algebra. This result will prove valuable to us on several occasions.

Proposition 3.49 Let X and Y be Banach spaces. If T : X — Y is a bounded
linear operator, then ker(T ) is a closed subspace of X and there exists an injective
linear operator Ty : X /ker(T) — Y such that ||Ty|| = || T ||. Furthermore, Ty makes
the following diagram commute, where Q : X — X /ker(T) is the quotient map.

T

X Y
X /ker(T)

In particular, if T is a surjection, then Ty is a continuous linear bijection.

Proof Let E = ker(T). Then E = T-'({0}) is a closed set in X because T is
continuous and {0} is a closed set in Y. A simple calculation shows that E is a linear
subspace of X.

Define the map Ty : X/E — Y by To(x + E) = Tx for all x € X. We must
verify that the map Ty is well-defined. To that end, let x + E = x" + E for x and
x" in X. It follows that x — x’ € E, and so T(x — x") = 0, because E is the kernel
of T. Therefore, we have that Tx — Tx’ = T(x — x’) = 0, and hence Tx = Tx'.
Consequently, the map 7j is well-defined, as required.

Forany x € X, we have |Tx|| = |To(x + E)|| < [ Toll llx + ENl < IToll lIx|l, and
so ||T|| < ||Toll. To show the reverse inequality, let € > 0 and choose x’ € x + E
such that ||x’|| < ||x + E|| + €. Then ||Tx| = ||Tx’| and

IToCx + E)I = ITX"I < IT I lIx"l < ITIHx + EIl + €l T

Since the choice of € was arbitrary, it follows that || 7y || < ||T'||. We therefore conclude
that || 7|l = ||T||. The rest of the proposition follows directly. O

There is a close connection between direct sums and quotient spaces. In Sec-
tion 4.4, we will show that X = V @ W if and only if there exists a continuous
projection P : X — V such that W = ker(P) and V = P(X). (Thus, by
Proposition 3.49, we may identify X/ W with V.)
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3.8 Duals of Quotients and Subspaces

Definition 3.50 Let X be a Banach space. If E is a closed subspace of X, then the
annihilator of E is the set

Et={x*e X" :x*(x)=0forallx € E} C X*.
If F is a closed subspace of X*, then the pre-annihilator of F is the set
Fil={xeX:x*(x)=0forallx* € F} C X.

It is easy to check that E+ and F, are always closed in X* and X, respectively.
Proposition 3.51 If X is a Banach space and E is a closed subspace of X, then:

(i) E* can be naturally identified with X*/E*L, and
(ii) (X/E)* can be naturally identified with E*.

Proof (i)Define amap p: X*/E+ — E*by
p(x* + EY) = x*|g, x* e X*.

We claim this map is well-defined. To see this, suppose x| and x; are two elements
of X* such that xj + E* = x} + E* (i.e., they are in the same coset). It follows that
x} — x5 € E*, and consequently (x; — x3)(e) = O forall e € E. Thus x}|g = x5,
and so p(x} + E*) = p(xj + E*). We have established that the definition of
p(x* + E*) does not depend on the choice of representative in the coset x* + E+,
and hence the map p is well-defined. We can show by direct computation that p is
linear. We also have that p is injective, because x*|r = 0 if and only if x* € E*.
We now define amap ¥ : E* — X*/E*. For any ¢ € E*, let

Y(¢) =x; + ET,

where xj is any Hahn-Banach extension of ¢ to an element of X*. In order to show
this map is well-defined, we must demonstrate that ¥/(¢) is independent of choice
of Hahn—Banach extension of ¢. To that end, let ¢ € E* and suppose ¢ has Hahn—
Banach extensions x| and x; in X*. Since these are both extensions of ¢, it follows
that

xile = x3|e = ¢.

Thus, (xf — x3)| = 0, and so x] —xj € E. We conclude that x} and x} are in the
same coset, and therefore x} + E+ = xj + E*.

Once again, it is easy to see that i is an injective linear map. It is also easy to see
that oo = Idy« g1 and poyy = Idg+. (Here, we use Idy+, 1 and Id g« to denote the
identity maps on X*/E+ and E*, respectively.) Consequently, p is a linear bijection
with inverse .
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‘We now show p is an isometry by showing that ||¢|| = ||x; +E*|, where ¢ € E*
and x;’; is any Hahn—Banach extension of ¢. Certainly, ||x; +EL < ||x;|| = ||l
Suppose [|x5+E* || < [|lx} || Then there exists some z* € x;;+E* with [|*]| < [lx} .
Since z* and x; are in the same coset, it must be the case that z*|p = x§|r = ¢, but
Iz ell < l1z*Il < ll@|l, a contradiction. Therefore, ||x; +EX = ol.

(ii) Denote the quotient mapby Q : X — X/E.Let¢ € (X/E)*.Foranye € E,
Qe = E. Consequently, ¢ o Q(e) = ¢(E) = 0, and so ¢ determines an element
of E* through the identification ¢ — ¢ o Q. This identification preserves norms
because Q(Ux) = Uy, (see the comments following the proof of Proposition 3.47),
and s0 ¢ o Q(Ux) = ¢(Ux/k).

To see that an element of E+ determines an element of (X/E)*, let x* € E* .
Define ¢ € (X/E)* by ¢p(x + E) = x*(x) for all x € X. We must show ¢ is well-
defined. Let x and x’ be in the same coset, so that x — x” € E. Then, x*(x —x’) = 0,
and hence x*(x) = x*(x'). Thus, ¢(x + E) = ¢(x’ + E), and so ¢ is well-defined. To
complete the proof, observe that ¢ o Q = x*, and refer to the previous paragraph. O

The identifications in the preceding proposition lead to a remarkable corollary.

Corollary 3.52 Let X be a Banach space. For any closed set E in X, we have the
identification E** = E++,

Proof First apply (i), and then (ii), of Proposition 3.51. O

Exercises

Exercise 3.1 Let X be a real inner product space with inner product (-, ) and as-
sociated norm || - ||. Prove the Parallelogram Law: If x and y are elements of X,
then

x4+ V1> + llx = Y11 = 2d1x 1 + 1y 1.

Exercise 3.2 Let X be a real inner product space with inner product (-,-) and
associated norm || - ||. Verify the polarization formula: If x and y are in X, then

1
(x,y) = 1 (I + 17 = llx = 1) -

Exercise 3.3 Let H be a Hilbert space with norm || - ||. Show that a bounded linear
map S : H — H is an orthogonal operator if and only if || S"x|| = ||x|| foralln € N
and x € H. (Hint: Use Exercise 3.2.)

Exercise 3.4 Let X and Y be normed vector spaces. If x is a nonzero vector in X,
and y € Y, show there exists a bounded linear map 7 : X — Y such that T(x) = y.

Exercise 3.5 In this exercise, we complete the proof of Theorem 3.32. Let X be a
Banach space with bidual X** and let j : X — X** be the natural embedding.



Exercises 59

(a) Show that j is an injective bounded linear map.
(b) Show that j(X) is a closed subset of X**. (You may wish to use Exercise 1.10.)

Exercise 3.6 Let X and Y be normed spaces. Show that if £(X,Y) is a Banach
space, then Y must be a Banach space. (This is the converse to Proposition 1.11.)

Exercise 3.7 Let X and Z be Banach spaces and let T € £(X, Z). Show that T is
an open map if and only if 7 maps the open unit ball of X to an open set in Z.

Exercise 3.8 Prove Proposition 3.40.

Exercise 3.9 Let p be a sublinear functional on a real vector space V. Show that

px)=max{f(x): f < p, flinear}, xeV.

Conversely, show that a functional g of the form

q(x) =sup f(x), xeV,
feA

where A is some collection of linear functionals, is necessarily sublinear.

Exercise 3.10 (Fekete’s Lemma [10]) Let (a,,)52, be a sequence of real numbers
such that
Am+n Sam +an’ {m,n} gN

Show that if the sequence (a,/n);2, is bounded below, then

. ail . an
lim — = inf —.
n—o0o p neN n

(Hint: For any m € N, show that lim sup Gn < il by writing n = km 4 r, where
n—oo N m
{k,r}C Nand0<r<m-—1))

Exercise 3.11 Let V be a real vector space and suppose p is a sublinear functional
on V. Suppose T : V — V is a linear map such that p(Tx) = p(x). Show, using
Exercise 3.10, that

1
gx)=lim —p(x+Tx+---+T"'x), xeV,
n—oo n

defines a sublinear functional with g < p. Show further thatif f is alinear functional
with f < p, then f is T-invariant (i.e., f(Tx) = f(x) for all x € V) if and only if
f=aq

Exercise 3.12. Show that a linear functional L on £, is a Banach limit if and only
if
L&) < Tim sup 2T B e
n—o0 keN n
Exercise 3.13 A sequence & € £, is called almost convergent to o if L(§) = « for
all Banach limits L.
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(a) Show that & is almost convergent to « if and only if

. Ekr1 + -+ kg
lim sup’—

n—0o0 keN n

—C\!|=0.

(b) Show that for any 6, the sequence (sin (26)):2, is almost convergent to 0.

Exercise 3.14 If x = (xj)?‘;l and y = (yj)?‘;l are sequences in £, let xy be the
sequence (x; y;)72,. Show for any Banach limit L, there are sequences x and y in
£~ such that L(xy) # L(x) L(y). (Notice that L(xy) = L(x) L(y) if x and y are in
c.)

Exercise 3.15 Prove that (-,-) is an inner product on H in the proof of Proposi-
tion 3.21.

Exercise 3.16 Show that a bounded linear functional f* : ¢o — R has a unique
Hahn—-Banach extension f : £, — R.

Exercise 3.17 Let E = {(x,);2, € €1 : x2¢t—1 = 0 for all k € N}. Show that E is a
closed subspace of ¢;. Prove that any nonzero bounded linear functional on E has
more than one Hahn—-Banach extension to £;.

1
Exercise 3.18 Let E = { f € L,(0,1) :/ xf(x)dx = O}. Define a bounded
0

linear functional A on E by

1
A(f):/ x’f(x)dx, fe€E.
0

Find the (unique) Hahn—Banach extension of A to L,(0,1) and determine [|A].
1 1

(Hint: Use the fact that / x2f(x)dx = f (x*+ax)f(x)dx on E, foralla € R.)
0 0



Chapter 4
Consequences of Completeness

The space C[0, 1] of continuous functions on the interval [0, 1] can be equipped with
many metrics. Two important examples are the metrics arising from the norms

1 1/2
[ fllo = max |f(s)| and | fl2= (/ |f(S)|2dS) )
s€[0,1] 0

where f € CJ[0, 1]. The metric arising from the first norm is complete, whereas the
metric induced by the second norm is not (i.e., there exist Cauchy sequences that
fail to converge). Completeness of a metric is a very profitable property, as we shall
see in this chapter. The first theorem we shall meet is a classical result about metric
spaces called the Baire Category Theorem. It originated in Baire’s 1899 doctoral
thesis, although metric spaces were not formally defined until later.

4.1 The Baire Category Theorem

In this section, we will state and prove the Baire Category Theorem and see some of
its applications. A notion that will prove fruitful is that of a Gs-set. We remind the
reader that a G-set is a countable intersection of open sets. Certainly, all open sets
are G-sets, but not all Gs-sets are open. Correspondingly, an F,-set is the countable
union of closed sets. Naturally, all closed sets are F,-sets, but not all F,-sets are
closed. (See Exercise 4.1.)

Theorem 4.1 (Baire Category Theorem) Suppose (M,d) is a complete metric
space. If (U,)>2, is a sequence of dense open subsets of M, then (), U, is dense
in M.

Recall that a set D is dense in a topological space M if andonly if DN U # @
for all nonempty open sets U in M.

Observe that, while the conclusion of the Baire Category Theorem is topological
in nature, the hypothesis is not. The two spaces R and (—%, %) are homeomorphic
(via the mapping x > arctan x); however, R is complete, while (-7, 7) is not.
Therefore, Theorem 4.1 applies directly to R, but not to (—%, %). Howeyver, the
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conclusion of Theorem 4.1 holds for every metric space which is homeomorphic to
a complete metric space.
Before proving Theorem 4.1, let us consider some consequences of it.

Corollary 4.2 If (G,):2, is a sequence of dense Gs-sets, then ﬂzczl G, is also a
dense Gs-set.

Proof By assumption, for eachn € N, the set G, can be written as an intersection of
countably many open sets, say G, = [)_; Unn. Since G, is assumed to be dense,
it must be the case that U,,, is dense for each m and n in N. By Theorem 4.1 (The

Baire Category Theorem), the set

oo oo [0¢]
(16 = U
n=1 n=1m=1

is a dense set. Since the sequence of open sets (Upn),, ,—; is countable, the set
o2, G, is a Gs-set. ]

Proposition 4.3 If f : R — R is a function, then the set of points of continuity of
fisa Ggs-set.

Proof For any open interval [ in R, let the oscillation of f over I be given by

osc; f =sup{|f(x)— f(WI:{x,y} S I}.

Let (e,)52, be a sequence of positive real numbers such thate, — 0 asn — oo. For
eachn € N, let

U, = {x € R:3Jan open interval I in R such that x € I and osc; f < €,}.

Suppose x € U,. By definition, there exists an open interval / such that x € I and
osc; f < €,. The same statement holds for all x” € I, and so I C U,,. Consequently,
U, is an open set. Therefore, the intersection ﬂ:ozl U, is a Gs-set. The set ﬂ:ozl U,
is precisely the set of all points of continuity of f, and hence the result. O

Example 4.4 Define a function f : R — Rby f(x) =0forallx € Q, f(0) =1,
and f(x) = 1/q for all x € Q\{0}, where x = p/q is written in lowest terms.
The function f is continuous precisely on the set R\Q, and consequently (by
Proposition 4.3), the set of irrational numbers is a Gs-set.

The preceding example shows that the set of irrational numbers R\Q is a G4-set,
but we could have shown that directly, without the aid of Proposition 4.3. Note that

R\Q = () R\{g}.
q€Q

Thus, R\Q is the intersection of countably many sets, each of which is open in R.
Example 4.4 does lead one to ask a natural question: Does there exist a function
g : R — R which is continuous precisely on Q? By Proposition 4.3, this can happen
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only if Q is a Gs-set. Both Q and R\Q are dense in R, and R\Q is a Gs-set. If
Q is also a Gj-set, then the intersection Q N (R\Q) = ¥ would have to be dense,
by Corollary 4.2 (a consequence of the Baire Category Theorem). This is a clear
contradiction. We conclude there exists no function that has Q as the set of points of
continuity.

Proof of Theorem 4.1 (the Baire Category Theorem) Let(M,d)be acomplete metric
space and suppose (U,);2 | is a sequence of dense open subsets of M. Our goal is to
show that (-, U, is also dense in M.

Forany z € M and € > 0, let B(z,¢) = {x € M : d(x,z) < €} be the open ball
about z of radius €.

Let V be a nonempty open set in M. We will show that (’_, U, and V have
nonempty intersection. Pick any xo € V and €y € (0, 1) such that B(xy, €p) € V. By
assumption, the set U, is dense in M, and so B (xo, 5 ) N Uy # @. Thus, there exists
apoint x; € Uy and an €; < 60 such that B(x;,€;) € B (xo, 2) NnNU, CVNU,.
By assumption, as before, the set U, is dense in M, and so B (xl, —) NU, £ 0.
Again arguing as before, there exists a point x, € U, and an €, < & such that
B(x,,62) € B (xl, E‘) NU, CVNU NU,. Contmumg inductively, we construct
sequences (x,);2 and (€,);2, such that €, < eVnNnWw nN---NnuU,,,
and with the further property that

€n—1

B(xn,en) - B<xn—1’ )

)mU CVNAWN---NU,
foralln € N.

Observe that €, < 5 for all n € N. Suppose m > n. By the triangle inequality,

2’1
d(xm»xn) < d(-xm’xmfl) +--- 4+ d(anrl’xn)'
The sequence (x,);2, was chosen so that d(x,41, x,) < E” . Consequently,

Aoy < g o o Ly ! L :
msAn - = < 7= 7 = AT T Aan < oo
Kms X 2 2 om 2n+1 omn om on

It follows that (x,,)2, is a Cauchy sequence. Hence, by completeness, there exists a
point x € M such that x = lim x,. If m > n, then x,, € B(x,, €,), by construction.

n—oo

We conclude that d(x,,,x,) < €, for all m > n, and hence d(x,x,) < ¢, for all
n € N. Thus,

S €n_

x € Boe) € B (xm1 5+ € Blr-1.€-1),

andsox e VN(U;N---NU,_y) forall n € N. It follows that, x € V N (ﬂ;’ozl Un) .
We have shown that the intersection of ()7, U, and any open set V in M is

nonempty. Therefore, the set (o, U, is dense in M. |

The name Baire Category Theorem is derived from a complementary formulation
of Theorem 4.1. If U is a dense open set in M, then its complement M\U is closed
with empty interior. This fact motivates the following definitions.
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Definition 4.5 Let M be a topological space. A set E C M is said to be nowhere
dense if the closure of E in M has empty interior; that is to say, if int(E) = .
A set G C M is called first category (also known as meager) if there exists a
sequence (E,)52, of nowhere dense sets such that G C U:il E,. A set is called
second category if it is not first category. A second category set is also known as
non-meager. The complement of a meager set is called a residual set.

Proposition 4.6 A countable union of first category sets is first category.
Proof A countable union of countably many sets is a countable union of sets. O

Theorem 4.7 (Baire Category Theorem, complementary version) In a complete
metric space, any dense G-set is second category.

Proof Let G be a dense Gs-set.Suppose that G is first category. Then there exists
a sequence (E,)>°, of nowhere dense sets such that G € |-, E,. Without loss
of generality, we may assume E, is closed for each n € N. Now, for each n € N,
let V,, be the complement of E,,. Then V, is both open and dense for each n € N.
Therefore, by Theorem 4.1, the intersection ﬂff’:l V, is a dense G s-set.

Since G is a subset of U;’Ozl E,, itis disjoint from ﬂoo V,,. Thus, we have disjoint

n=1
dense Gj-sets. This contradicts Corollary 4.2, and so G is not first category. o

The intuition behind the proof of Theorem 4.7 is that a countable union of small
sets is still small. In this case, by small we mean meager. This notion of size applies
to any metric space.

Example 4.8 Consider the real line R. We have now for the set of real numbers two
natural notions of smallness: first category and zero measure. It is natural to wonder
if there is any relationship between the two. Consider the set of rational numbers
Q C R. If A represents Lebesgue measure on R, then A(Q) = 0 (because the set of
rational numbers is countable). Therefore, there exists a sequence (U,);>, of open
sets such that Q € U, and A(U,) < % foreachn € N. Let G = ﬂ;’;l U,. Then
A(G) = 0, but G cannot be first category, since Q € G and Q is dense in R. On the
other hand, the complement of G is first category, but must be of infinite measure.

For further reading on the analogies between topological spaces and measure
spaces, the curious reader might consider Measure and Category by John Oxtoby
[29].

4.2 Applications of Category

In this section, we will investigate some implications of category in Banach spaces.
In particular, we will learn the Uniform Boundedness Principle and see the important
role it plays in the study of Fourier series.

Theorem 4.9 (Uniform Boundedness Principle) Let X and Y be Banach spaces
andlet T; : X — Y be a bounded linear operator for eachi € I, where I is an index
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set. In order that there exists a uniform bound M such that ||T;|| < M foralli € 1, it
is necessary and sufficient that for each x € X, there exists a constant C, > 0 such
that |T;(x)|ly < Cy foralli € 1.

Proof Necessity is immediate. To show sufficiency, assume that for each x € X
there exists a constant C,, > O such that ||7;(x)|ly < C,foralli € I.Foreachn € N,
let

Ay ={x Ty <n forall i € I} = (Yl 1Ty <n)=()7," 0By).

iel iel

The set n By is the closed ball centered at 0 € Y with radius n. Since 7; is continuous
foreach i € I, it follows that A, is a closed set.

By assumption, every x € X is contained in A, for some n € N, and therefore we
must have X = |2, A,. By Proposition 4.6, not every A, can be nowhere dense,
and so there exists some 1o € N such that the closed set A,, has nonempty interior.

Thus, there exists some xo € A,, and § > 0 such that
X0+ 3dBx = {x : |lx — xollx <3} € Ay,.

Now let u € Bx. Then xp 4 6u € A,,, and so it follows that || 7;(xo + du)|ly < no
for all i € I. We chose xo to be in A,,, and thus || 7;(xo)lly < no forall i € I.
Consequently, it must be that || 7;(5u)|ly < 2ng for all i € I. By linearity, since
8 > 0 is a constant, we conclude that ||T;(u)|ly < 2no/$ for all u € Bx. Therefore,
IT; || < 2ng/6 for each i € I, and the proof is complete. O

The following theorem is a more concise statement of Theorem 4.9.

Theorem 4.10 (Uniform Boundedness Principle) Let X and Y be Banach spaces.
If {T; : i € I} is a collection of bounded linear operators from X to Y, then
sup ||7T;(x)|ly < oo foreach x € X if and only if sup || T;|| < oo.
iel iel

We now provide some definitions that lead to a straightforward application of the
Uniform Boundedness Principle.

Definition 4.11 Let X be a Banach space and let A be a subset of X. The set A
is said to be bounded if sup,., |la]l < oo. The set A is called weakly bounded if
SUp,c4 1X*(a)| < oo for all x* € X*.

Theorem 4.12 Let X be a Banach space. A subset of X is bounded if and only if it
is weakly bounded.

Proof Let A be a subset of X. Certainly, if A is bounded, then it is weakly bounded.
Assume now that A is weakly bounded. For each a € A, define a scalar-valued
function ¢, on X* by

Gu(x*) = x*(a), x* e X*.

For each a € A, the function ¢, is bounded and linear. Indeed, for a given a € A,

¢all = sup |ga(x) = sup |x*(@)| = [al.

x*€Byx x*€Byxx
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By the weakly bounded assumption on A, for each x* € X*,

sup |pa(x™)| = sup |x*(a)| < oo.
acA acA

Thus, by Theorem 4.10 (the Uniform Boundedness Principle), we conclude that
Sup,eqa ll¢all < 0o. Since ||@q || = |la||, we have shown that A is bounded. O

Definition 4.13 Let X be a Banach space and let A be a subset of X*. The set A is
called weak™-bounded if sup .., |a*(x)| < oo forall x € X.

Theorem 4.14 Let X be a Banach space. A subset of X* is bounded if and only if
it is weak®-bounded.

Proof The argument parallels the proof of Theorem 4.12 and is left to the reader. O

The following significant theorem is a consequence of the Uniform Boundedness
Principle.

Theorem 4.15 (Banach-Steinhaus Theorem) Let X and Y be Banach spaces. Sup-
pose (8,)52, is a sequence of bounded linear operators from X to Y. If lim S,x
n—00

exists for each x € X, then

(i) sup [|S,|| < oo, and
neN
(ii) if Tx = lim S,x forall x € X, then T is a bounded linear operator.
n—0oQ

Proof (i) If (S,x)52, converges, then sup, o [|S,x]| < oo. The Uniform Bounded-
ness Principle then implies that sup, .y 1.5, || < oo.

(ii) A simple check reveals that T is linear. To show that 7 is bounded, observe
that

ITx]l < sup [|Spx]l < (SUP ”Sn”> llx1l.
neN neN

Taking the supremum over x € By provides the desired result. a
The next result is in some sense a converse to Theorem 4.15.

Theorem 4.16 Let X andY be Banach spaces. If (S,)52, is a sequence of uniformly
bounded linear operators from X to Y, then the set E = {x : lim,_ o S,xexists} is
a closed linear subspace of X.

Proof We need only show that E is closed. Suppose that x € E, the closure of E. By
assumption, there exists some M > 0 such that || S, || < M foralln € N. Lete > 0.
Since x is in the closure of E, there exists some y € E such that |x — y|| < €¢/(3M).

By assumption, the sequence (S, y);2, is a Cauchy sequence in Y, and so there
exists some natural number N such that ||S,,y — S, y| < €/3 whenever m > N and
n > N. Let m and n be natural numbers such that m > N and n > N. Then,
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1Smx — Suxll < 1Sux — Suyll + 1Smy — Suyll + 180y — Suxl

u € € o € _

<M(557) +3+M(35) =«

Therefore, the sequence (S,x);2 , is a Cauchy sequence in Y. Since Y is complete,
lim S,x exists, and so x € E, as required. O

n—00

Example 4.17 (Convergence of Fourier Series) Let T = {¢'? : 0 < 0 < 27} be the

one-dimensional forus, a subset of the complex plane C. We will consider the space

C(T) of complex-valued continuous functions on the compact Hausdorf space T.

Let f € C(T). By an abuse of notation, we write f(9) = f(e'?) forall 6 € [0,2m).
For each n € 7Z, define the n'™ Fourier coefficient by

2
fay=1[ f@e™ a 4.1)

0 2
We wish to determine if it is possible to reconstruct f from its Fourier coefficients.
To that end, we define the Fourier series of f by

Z fn)e™. (4.2)

nez

If f is a trigonometric polynomial, then there exists a sequence of scalars (ay)iez

with only finitely many nonzero terms such that f(6) = Z ay e forall @ € T. In
keZ

this case, it is easy to see that f(n) = a, for each n € Z. (See Exercise 4.9.)

Since a trigonometric polynomial is equal to its Fourier series, it is natural to ask
the following: Does the Fourier series of a general continuous function f converge
to f? To make this question more precise, define for each N € N the N partial
sum operator Sy : C(T) — C(T) as follows:

N
Snf®)= Y fmye™, 6el0,2m). 4.3)

n=—N

The question now becomes: Is it the case that || Sy f — fllo = 0as N — oo for
all f in C(T)? (In other words, does Sy f always converge uniformly to f?) If the
answer to this question is “yes,” then the partial sum operators Sy must be uniformly
bounded, by the Uniform Boundedness Principle. We will therefore show the answer
is “no” by computing the operator norm || Sy || for each N € N, and then showing
that these norms are not uniformly bounded.

Fix N € Nand f € C(T). Computing directly, by substituting (4.1) into (4.3),
we have for each 6 € [0, 27),

N

2w ) d ) 2 N . d

n=—N n=—N
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The sum appearing in the rightmost integral above is a geometric series with constant
ratio e/®~#. We calculate the sum of this geometric series as follows:

N 2N _ SICN+1)(E—¢)
Z ein(0—¢) — e—iN(G—d)) Zeiil(0—¢>) ze—iN(6—¢)1 €
1 — ¢i®—)
n=—N n=0
o INO=9) _ J(N+DO—¢)  Li(N+DO—-9) _ ,~iNO—¢)
- 1 — =9 - el 0=9) _ 1

We reduce the final fraction by dividing the numerator and denominator by e%(e"f’),
and so the above equation becomes

N i Iyp— _ Lyg— .
$ ey SO DD sin ((V £ 536 - 9)

Substituting this into the formula for Sy f(6), we conclude

2 sin (N + )6 — ¢)) de

Sy f() = . 4.4
v f(0) ; f(¢) sin (52) 7 (4.4)

Assume there exists a constant M > 0 such that |Sy|| < M for all N € N. By
Proposition 3.37, each adjoint operator Sy, : M(T) — M(T) must also be bounded
by M;thatis, [|S} || < M forall N € N. Let §y denote the Dirac measure at 0 (which
was defined in (2.8)). It is easy to see that ||5y]| ;s = 1, and as a consequence,

ISy ollar < ISy Il < M. (4.5)
Let f € C(T). Applying the definitions, and using (4.4), we see

. or [ sin (N + 1)¢) do
(f,S8y o) =Sy f(0)= ; f(¢)wg-

This equality is valid for all f € C(T). Therefore, because S}, 8¢ is in M(T),

2T
n%%w=/
0

We make a change of variables: Let ¢ = (N + %) ¢,and sodyr = (N + %) d¢. Then

QN+
u%%w=/
0

Combining this with (4.5), we conclude that

sin (N + 1)¢)
sin (¢p/2)

deo
2

sin
in YV
SN 55

dyr
Q2N + D’

1

1 /OO sin ¥
7 Jo XO,2N+Dr) N + 1

in ¥
SIN 58

dy < M,




4.2 Applications of Category 69

for all N € N. A quick application of I"Hopital’s Rule reveals

1 smw _siny

lim =
N=oo 2N + 1sin 5y 2N+l v

Consequently, by Fatou’s Lemma,
1 oo
o

This is, however, a contradiction, since fo I“W | dyr = oo. To see this, observe that

9] Sinlﬁ S /(kJrl)rr
dyr =
/0 ¥ v kX(; k

T

sin

dy <M.

sin Y

2°°1

Z 1) / siny dy = k+1

Therefore, it cannot be true that sup y [|Sy || < M for some M > 0, and so it is
not possible that the Fourier series of f converges uniformly to f for all f € C(T).

Remark 4.18 Before the advent of functional analysis, and in particular the Uniform
Boundedness Principle, the only way to demonstrate that Sy f did not converge
uniformly to f for all f € C(T) was to construct an explicit function for which the
desired convergence failed.

In fact, in Example 4.17, we actually proved that (Sy f(0))3%_, fails to converge
to £(0) for all f in a dense G-subset of C(T). Thus, there are many functions for
which the Fourier series of f does not even converge pointwise to f.

Definition 4.19 For any natural number N, the Dirichlet kernel of degree N is the
function

t ino Sin ((N + %)a)
DN(Ol)Zn:ZNe Zm, o € R.
Observe that
2 d¢)
Snf(0) = f(@)Dn(©O — @) s (D * f)(©0), (4.6)

0

where Sy is the N partial sum operator.

We know from Example 4.17 that Dy * f does not converge uniformly to f for
each f € C(T); however, we can find a related kernel for which uniform convergence
does hold for all continuous functions on T.
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Definition 4.20 For any natural number N, the Fejér kernel of degree N is the
function

N
1
KMG:NEZMOLteR.
k=0
The N Cesaro mean of f € C(T) is the function given by the formula

1
Inf = N(Sof+"'+51v—1f)-

Using (4.6), we can derive a relationship between Ky and Ty. For any N € N
and 9 € [0,2m),

2w d
Tn f(0) = / FO Kn(® —t)z—’ = (Ky * /)(0).
0 JT

We now find a closed-form formula for the Fejér kernel of degree N.
Lemma 4.21 [f Ky is the Fejér kernel of degree N, then

1 1—cos(Nt)  sin®(Nt/2)

“m:ﬁswwm_Nm%m'

Proof Recall the identity sin A sinB = %(cos (A — B) — cos(A + B)),
where A and B are real numbers. For r € R,

Kn(t) = % Z sin ((k 4 3)0) _ 1= sin (6 + 2>f) sin (1/2)
pary sin (¢/2) N & sin (1/2)
_ 1 Jf cos (kt) — cos ((k + 1)t)
L= sin’ (1/2) '

The first equality in the conclusion of the lemma follows directly from the above
series, because it is a telescoping series. The second equality in the conclusion of the
lemma follows from the application of a half-angle identity. a

Lemma 4.22 [f Ty is the N™ Cesaro mean, then ||Ty| = 1.

Proof Let f € C(T). By a straightforward change of variables, and using the
translation-invariance of Lebesgue measure, coupled with the periodicity of functions
on T, we have

2
Tn f(0) = f(@—t)KN(t);—t, 0 € [0,2m).
0 T

It follows that || T fllcery < I1f lleery 1K n i)
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By Lemma 4.21, we know that Ky > 0, and so [|Ky|l 1) = ﬁ fozn Ky(t)dt.
To find the value of || Ky|l.1(T), we compute it directly:
N—-1

1 2 1 2w 1 N—1 o Kk ‘
— Kn(tydt = — — Di(t)dt = —— mgr| .
2 w() 2 /0 N g K(0) 2w /(‘) Z ¢

0

k=0 n=—k
Observe that
/2” it gy io ifn £0,
0 27 ifn=0.
Consequently,
| o | N1k o | Nl
E/O Ky(@t)dt = Fg;k (/O e””dt) = m;ﬁo 27 = 1.

1 2

It follows that ||Tx || < Kyl iy = 1. Since Tyl = 2—/ Ky(@)dt = 1, we
T Jo

conclude that ||Ty|| = 1. O

The next proposition provides a good example of how the Uniform Boundedness
Principle is actually used in practice (in the guise of the Banach-Steinhaus Theorem).

Proposition 4.23 If f € C(T), then Ky * f — f uniformly.

Proof If f is a trigonometric polynomial, then it is easy to see that Ty f — f uni-
formly. By the Weierstrass Approximation Theorem, the trigonometric polynomials
are dense in C(T). By Theorem 4.16, the set of functions for which this limit exists
is closed. It follows that Ty f — f in C(T) as N — oo for all f € C(T). Since
Tn f = Ky % f, the result follows. O

4.3 The Open Mapping and Closed Graph Theorems

We begin this section with a topological definition.

Definition 4.24 Let X and Y be topological spaces. Amap T : X — Y is called
open (or an open map) if T(U) is open in Y whenever U is open in X.

Before stating the next proposition, we recall that By = {x : ||x|| < 1} and
int(Bx) = {x : ||x|| < 1}, where X is a normed space. Naturally, By is a closed set
and int(By) is an open set (in X).

Proposition 4.25 Let X and Y be Banach spaces and suppose T : X — Y isa
bounded linear operator. The map T is an open map if and only if there exists a§ > 0
such that § By C T(By).

Proof Assume T is an open map. The set intBy is open in X, and so T (intBy)
is open in Y. By the linearity of 7, we have 0 € T (intBy). It follows that intBy
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contains a basic neighborhood of 0. Therefore, there exists a § > 0 such that
SBy - T(thBx) - T(Bx)

Conversely, assume there exists a § > 0 such that §By € T (Bx). We wish to show
that 7(U) is open in Y whenever U is an open set in X. To that end, let U be open
in X and let y € T (U). There exists some x € U such that Tx = y. Since x € U,
and U is open in X, there is some v > 0 such that x + vBy C U. It follows that
y + vT(Bx) € T(U). By our assumption, this implies that y + v6By € T(U).
Consequently, y € int7T(U), and so the set T(U) is open in Y. Therefore, T is an
open map, as required. O

Corollary 4.26 Let X and Y be Banach spaces and suppose T : X — Y is a
bounded linear operator.

(i) IfT is open, then T maps X onto'Y.
(ii) IfT is one-to-one and open, then T is invertible and T~ is continuous.

Proof (i) Suppose T is an open map. By Proposition 4.25, there exists a § > 0 such
that By C T(Byx).Lety € Y. It must be that y € ||y|| By, and so

e I sp. @T(BX)

5
(ii) If T is open, then T is onto, by (7). Since T is also assumed to be one-to-one,
the inverse function 7! is well-defined. It remains to show that T~' : ¥ — X is
continuous. If U is an open set in X, then (T~!")~!(U) = T(U) is open in Y (since
T is an open map). The preimage of an open set is open, and so we conclude that
T is continuous. O

It follows that y = T (”V ) for some x € By, and so T is onto.

Definition 4.27 Let X and Y be Banach spaces and suppose 7 : X — Y isa
bounded linear operator. The map T is said to be almost open if there exists a§ > 0
such that § By € T (By).

Proposition 4.28 Let X and Y be Banach spaces and suppose T : X — Y isa
bounded linear operator. If T is almost open, then T is open.

Proof By assumption, T is almost open, and therefore there exists a § € (0, 1) such
that By C T(Bx).If y € By, then§y € § By C T(By), and so for any v > 0, there
exists some x € By such that [|§y — Tx|| < v. Consequently, for any y € By and
v > 0, there exists an x € By such that

Iy =Tx/8I < v/8.

If  is an element of ¥ such that 0 < ||y|| < §, then y/||y|| € By. Therefore, for
any v > 0, there exists an element x € By such that

| II;II ( ) I~ @7
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Consequently, for any y € int(§By) and v > 0, we can find an X € X such that

. . VY . [l
15 =TI < (5) 150, 151 =< = 48)
If § = 0, we choose x = 0. If § # 0, then we choose x = x”f”, where x is the

element of By chosen to satisfy (4.7).

Our goal is to show that 7" is an open map. By Proposition 4.25, it will suffice to
show that int(§ By) € T (Byx). To that end, let y € int(§ By). Then ||y|| < §. Let 8
be any real number such that ||y|| < B < § and choose a real number v such that
O<v<é—g.

We assumed ||y|| < §, and so, by (4.8), there exists an x; € X such that

-1t = (3)8 wui =k

Now observe that v < §. This implies that y — T'(x;) is an element of ¥ with the
property that ||y — T(x1)|| < B < 8. Again we use (2.24), only this time with the
element y — T'(x1), and we find an x, € X such that

V2 v
Iy =T =Tal = (5) 8. Il = 56

Continuing inductively, we construct a sequence (x,)52, such that

n—1

[y=Yreol = (5) 8 Il = 8. “9)
k=1

foreachn € N.
Since v < § — B, we have 8 < § — v, and so

o0

- B _B 1 B
k;”x"' ZE(_) R Pl S

k=1

S

Since X is a Banach space, ) ;- xx converges to an element in X, by the Cauchy
Summability Criterion (Lemma cauchy-criterion). Denote this limit in X by x. By
the triangle inequality, ||x|| < Y =, [lxc|| < 1, and so x € By.

By (4.9) and the continuity of T,

y = lim ; T(xx) = T(x).

Consequently, we have y € T(By). Therefore, int(§ By) € T(By), as required, and
so T is an open map. m|

The next theorem is one of the cornerstones of functional analysis.

Theorem 4.29 (Open Mapping Theorem) Suppose X and Y are Banach spaces.
If T : X — Y is a bounded surjective operator, then T is an open map.
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Proof Observe that Y = T(X) = Uzozl n T(By). Therefore, by Theorem 4.7, the
set T'(Byx) has non-empty interior. Consequently, there exists an element y € ¥ and
anumber § > 0 such that

y+ 8By C T(Bx).

A simple calculation reveals that —y 4+ 6 By C T (By), as well, and so it must be the
case that § By C T(By). Therefore, T is almost open. It follows that T is an open
map, by Proposition 4.28. a

Corollary 4.30 (Bounded Inverse Theorem) Let X and Y be Banach spaces. If
T : X — Y is a bounded linear bijection, then T~ is a bounded linear oper-
ator. Consequently, any continuous linear bijection between Banach spaces is an
isomorphism.

Proof By assumption, the map T is a continuous bijection. Since T is surjective,
it is an open map, by Theorem 4.29. Because T is an injective open map, it follows
that the inverse T~! is bounded, by Corollary 4.26. Therefore, T is a continuous
bijection with continuous inverse, and so is an isomorphism between the Banach
spaces X and Y. O

We have stated the Bounded Inverse Theorem as a corollary to the Open Mapping
Theorem, but they are in fact equivalent. (See Exercise 4.21.)

Example 4.31 By Theorem 4.29, any quotient map is an open map. Up to an
equivalence, the converse is also true. Suppose X and Y are Banach spaces and let
T : X — Y be a bounded linear operator that is an open mapping. Consider the
following commuting diagram:

X — .y
Ql %
X /ker(T)

In this diagram, T = Ty o Q, where Q is the quotient map onto X /ker(7T). By
assumption, the bounded linear operator 7' is an open map. Thus, by Corollary 4.26,
we know that T is a surjection. Consequently, by Proposition 3.49, the map Ty is a
continuous linear bijection. Therefore, T is an isomorphism, by the Bounded Inverse
Theorem (Corollary 4.30).

This demonstrates that the open map 7' can be written as Ty o Q, where Q is a
quotient map and 7j is an isomorphism. This means that any open map is a quotient
map, up to an isomorphism. (Note that the norms of 7 and Q might not be equal,
because T need not be an isometry.)

Example 4.32 Banach-Mazur Characterization of Separable Spaces) A rather re-
markable result (dating back to 1933) is that every separable Banach space can be
realized as a quotient of ¢;. To see this, let X be a separable Banach space. The
closed unit ball Bx has a countable dense subset, say (x,);2 . Define a bounded



4.3 The Open Mapping and Closed Graph Theorems 75

linear operator 7' : £; — X by

o0
TE) =) &x., &=EN €l
n=1
The linearity of T follows from the summability of the terms in the sequence & € £;.
To show that T is bounded, observe:

ITEN =Y & < D 1Eal lxall < Y 16l = NI
n=1 n=1

n=1
(Recall x,, € By for alln € N.) Consequently, ||T|| < 1, and so T'(B,) < Bx.

Recall that e,, denotes the sequence with 1 in the n™ coordinate and 0 elsewhere, so
thate, = (0,...,0,1,0,... ). Certainly e, € B, for eachn € N. Since T'(e,) = x,
foreachn € N, we conclude that (x,)72; € T (By,). By assumption, (x,)52 , is dense
in By, and so Bx = T(By,).

The above argument shows that 7 is an almost open map (with § = 1). By
Proposition 4.28, an almost open map is an open map. Therefore, by Corollary 4.26,
the map T is a surjection.

Consider the diagram from Example 4.31, but in our current context:

0 " x
| 4
¢, /ker(T)

As we saw in Example 4.31, the map 7j is an isomorphism. Furthermore, 7j is an
isometry because By = T(By,). Thus, the separable Banach space X is isometrically
isomorphic to £; /ker(T).

The following factorization result is a consequence of the Bounded Inverse
Theorem, and one we will use on several occasions.

Lemma 4.33 Let X andY be Banach spaces and suppose T : X — Y is a surjective
bounded linear operator. If x* € (kerT)*, then there exists some f € Y* such that
x*=foT.

Proof Let Q : X — X/ker(T) be the quotient map. By Proposition 3.49 (noting
that T is a surjection), there is a continuous linear bijection Ty : X /ker(T) — Y such
that T = Ty o Q. By the Bounded Inverse Theorem (Corollary 4.30), we conclude
that Ty is an isomorphism of Banach spaces.

It was assumed that x* € (ker7)'. Hence, by Proposition 3.51, the linear
functional x* determines an element f of (X/kerT)* via the identification

f(x +kerT) = x*(x),

for all x € X. Since X/ker(T) is isomorphic to Y, there exists a bounded linear
functional f : Y — K, where K is the field of scalars, such that f = f o Ty. (See
the diagram below.)
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x— "y
e
T, f
X/ker(T)? K
Therefore,
X*(x) = f(x +kerT) = f(Qx) = (f o Ty 0 Q)(x) = (f o T)(x),
for all x € X, as required. O

We now turn our attention to an alternate formulation of the Open Mapping
Theorem. First, we need a definition.

Definition 4.34 Let X and Y be Banach spaces and suppose 7' : X — Y is a linear
map. The graph of T is the subset of X x Y given by

G(T)={(x,Tx):x € X}.
We call G(T) a closed graph if it is closed as a subset of X x Y.

Theorem 4.35 (Closed Graph Theorem) Let X and Y be Banach spaces and
suppose T : X — Y is a linear map. If T has a closed graph, then T is continuous.

Proof Forx € Xandy €Y, let |[(x,y)|| = |lx|| + |ly]l. Under this norm, X x Y is
a Banach space. (See Proposition 3.44.) By assumption, G(7T) is closed, and hence
also a Banach space. Defineamap S : G(T) — X by

Sx,Tx)=x, xe€X.

Clearly, S is a bijection and ||S|| < 1. Thus, by the Bounded Inverse Theorem
(Corollary 4.30), we conclude that S~! is bounded.
By definition, S~'x = (x, Tx), and so

Il + 1 Txll = G, Tl = 1S x| < [1S7" ] [1x[l.
Therefore, | Tx| < ||S™'|| x| for all x € X, and consequently ||T] < IS=H). Tt

follows that T is bounded, and hence continuous. O

‘We have now shown that the Open Mapping Theorem implies the Bounded Inverse
Theorem (Corollary 4.30), and also that the Bounded Inverse Theorem implies the
Closed Graph Theorem (Theorem 4.35). It is also true that the Closed Graph Theorem
implies the Open Mapping Theorem, and consequently all three are equivalent. (See
Exercise 4.20.)

Example 4.36 In general, the linearity assumption in the Closed Graph Theorem is
necessary to prove continuity. Consider the map f : R — R given by
1/x ifx #0,
X) =
@ {O if x =0.

The graph of f is closed, but f is certainly not continuous.
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If we restrict our attention to functions f : [0, 1] — [0, 1], then a closed graph
does indeed suffice for continuity. Assume to the contrary that there is a function
f :[0,1] — [0, 1] with closed graph that is not continuous. Then there exists some
x € [0, 1] and a sequence (x,),2 , in [0, 1] converging to x such that, for some € > 0,

[f(xn) — f(X)| >€, neN. (4.10)

The interval [0, 1] is compact, and so (f(x,))o, has a convergent subsequence, say
( f (xnk)):ir Suppose y is the limit of this subsequence. By definition, the point
(Xng» f(xp,)) 1sin G(f) for all k € N. Since the graph of f is closed, it follows that
(x,y) € G(f), but this implies y = f(x), which contradicts (4.3.4).

In the preceding paragraph, we considered a function f : [0, 1] — [0, 1], but this
argument works equally well for a function f : K — K, where K is an arbitrary
compact set.

4.4 Applications of the Open Mapping Theorem

Consider the torus T. For any f € L, (']I‘, %), we define the Fourier coefficients of
J by

R 2w ) d@
fn) =/ f@)e ™ —, neZ.
0 21
(See Example 4.17.)

For ease of notation, we will abbreviate L (’]I‘, %) as L(T).

Theorem 4.37 (Riemann-Lebesgue Lemma) If f € L (T), then | l‘im f (n)=0.
n|—oo

Proof For each n € 7Z, define a linear functional on L(T) by ¢,(f) = f (n) for
all f € Ly(T). A simple computation shows that ||¢,|| < 1 for all n € Z, and
so the sequence of linear functionals is uniformly bounded. If f is a trigonometric
polynomial, then there exists some N € N such that ¢,(f) = O for all |n| > N.In
particular, lim,|—, o ¢, exists on a dense subset of L(T). By Theorem 4.16, the set
{f @ limy,— 00 @u(f) exists} is a closed linear subspace of L(T), and hence the limit
exists for all elements of L(T).

By Theorem 4.15, the map defined by ¢(f) = lim, .o ¢, (f) for f € Li(T) is
a bounded linear functional on L(T). We have already established that ¢(f) = 0
whenever f is a trigonometric polynomial. Therefore, since ¢ is continuous, and
since the trigonometric polynomials are dense in the space of integrable functions,
we have that ¢(f) = 0 for all f € L;(T). This proves the theorem. O

The significance of Theorem 4.37 is that, for any f € L(T), the doubly infinite
sequence ( f (n)) ) is always an element of co(Z). This may lead one to ask if

ne
the converse is true. The next proposition, which makes use of the Open Mapping
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Theorem (in the form of the Bounded Inverse Theorem), shows that the converse is
not true.

Proposition 4.38 There exists a sequence & € co(Z) which is not the Fourier
transform of a function in L,(T).

Proof Define amap F : L{(T) — co(Z) by

FH=(fm) . feL.
It suffices to show that F is not a surjection. The map F is a bounded linear operator
with ||F|| = 1, and F is injective because Fourier coefficients are unique. Suppose
JF does map L(T) onto cyp(Z). Then F is a bounded linear bijection, and hence an
isomorphism, by Corollary 4.30 (the Bounded Inverse Theorem). In particular, 7!
is also a bounded linear bijection.

Our assumption that F is a surjection has led us to conclude that the inverse
F~': co(Z) — Li(T) is a bijection, which implies that (F~')* : Lo(T) — £,(Z)
is also a bijection. (See Exercise 4.12.) This, however, is impossible, because £;(Z)
is separable and L.(T) is not. (The proofs of separability and nonseparability are
similar to those given in Remark 3.14.) We have arrived at a contradiction, and
therefore must conclude that F does not map L;(T) onto co(Z). O

In light of Theorem 4.37 and Proposition 4.38, it is tempting to wonder if, for
functions f € L'(T), any bounds can be established for the rate at which the se-
quence ( f (n)) decays. It turns out, however, that Fourier coefficients can decay

nez
arbitrarily slowl}el. (See Section 1.4 of [20].)
Now consider the sequence space £, = £,(N), where 1 < p < co. We suppose
(a jk)??kz | is an infinite matrix, where a;; € R for each j and k in N.

Proposition 4.39  Suppose (a;i)—, is a scalar array such that the series

[e.¢]
nj = Z ajibk
k=1

converges for all § = (§,);2, € £, and j € N. Furthermore, suppose the sequence
Ne = (nj)?o=1 is an element of £,,. If the map A : £, — £, is defined by A(§) = n;
foreach & € £, then A is a bounded linear operator on £ .

Proof Foreach j € N, let
¥j(§) = lim > ande = 1.
k=1

By Theorem 4.15, v; is a bounded linear functional on £, for each j € N. We use
the bounded linear functionals (i j)j?o | to define the map A : £, — £, by

AE= (V). E€l,
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By assumption, this map is well defined. Furthermore, A is linear because v; is
linear for each j € N. It remains only to show that A is bounded. In order to do this,
we will show that the graph of A is closed and apply the Closed Graph Theorem.
Suppose (™), is a sequence in £ p such that £ 5 £in¢ p» and suppose
¢ = (£, € L, is such that A" — ¢ in €,. For each j € N, the map ; is a
continuous linear functional on £,, and so v j(é(")) — ¥;(£). Consequently, it must
be that {; = ;(§) for each j € N, and hence { = A&. Therefore, the graph of A is
closed, and so A is continuous, by the Closed Graph Theorem (Theorem 4.35). O

Proposition 4.39 demonstrates the general principle that if a linear map is properly
defined, it will tend to be bounded. The next example provides a further illustration.

Example 4.40 The Hilbert transform is the map H : L ,(R) — L ,(R) defined by
the formula o 1
Hf(x) = f —— S0y, [ € L)

where 1 < p < oo. Provided the map H is well-defined, it will follow directly (by
the Closed Graph Theorem) that it is bounded (and hence continuous). As a practical
matter, however, the same calculation that shows that H is well-defined also shows
that H is bounded. (See Exercise 4.13.)

We now turn our attention back to the topics of Section 3.7: direct sums and
quotient spaces. We begin with a definition.

Definition 4.41 Let X be a Banach space with closed subspace V.Amap P : X —
V is called a projection if Px = x for all x € V. (Note that this is equivalent to the
condition P2 = P.)

Theorem 4.42 Let X be a Banach space with closed subspace V. If P : X — V
is a continuous projection and W = ker(P), then X and V & W are isomorphic as
Banach spaces, and V and X/ W are isomorphic as Banach spaces. Conversely, if
X = VW, then there exists a continuous projection P : X — V with W = ker(P).

We pause for a moment to recall thatamap T : X — Y is called an isomorphism
of Banach spaces if it is a continuous linear bijection with a continuous inverse. In
such a case, we say X and Y are isomorphic. Note that if (X, | - |lo) and (X, || - [|g)
are isomorphic as Banach spaces, then the two norms are equivalent; that is, there
exist positive constants ¢ and C such that

clixlle < llxllp < Clixlla, x € X.

Proof of Theorem 4.42 Suppose that P : X — V is a continuous projection and
W = ker(P). By Proposition 3.49, there exists a linear map Py : X/ W — V such
that the diagram below commutes, where Q : X — X/ W is the quotient map.



80 4 Consequences of Completeness

X/w

(Recall that W is closed by Proposition 3.49.) The continuity of Py follows from the
continuity of P and the fact that Q is an open map. Any continuous linear bijection
will have a continuous inverse by the Bounded Inverse Theorem (Corollary 4.30),
and so P is an isomorphism.

The next step is to show that X is the vector space direct sum of its subspaces V
and W. Suppose thatx € VN W. Since x € W, we have that Px = 0. However, P is
a projection onto V, and so x € V implies that Px = x. It follows that x = 0. Thus,
V NW = {0}. Furthermore, every x € X can be written as the sum of elements from
V and W as follows: x = Px 4+ (x — Px). We conclude that X = V @ W as vector
spaces, by Proposition 3.45.

We now show that X is isomorphic to V & W. Specifically, we wish to show
(X, || - ) is isomorphic to V @& W equipped with the norm from Proposition 3.44:

v, wll = IIvll + liwll, (,w) eV xW.
Define¢p : X — V & W by
¢(x) = (Px,x — Px), x€X.

We know ¢ is well-defined by our earlier remarks. Furthermore, ¢ is linear because
P is linear and because of the way the vector space operations are definedin V & W.
Next, we show that ¢ is a bijection.

Suppose ¢(x) = (0,0). Then (Px,x— Px) = (0,0),andso Px = Oand x — Px =
0. From this we conclude that x = Px = 0, and hence ¢ is injective. To show that
¢ is surjective, let (v,w) € V x W.Then P(v) = v and P(w) = 0. Consequently,

dv4+w)=(Po+w),v+w)— Pv+w) =W, v+w—v)=(v,w).

Thus, ¢ is a surjection.
We next show that ¢ is continuous by showing that it is bounded:

o llvew = II(Px,x — PX)llvew = |Px]l + llx — Px|l < 2 |IP[l + Dllx]|.

Therefore, ¢ is a continuous linear bijection, and consequently an isomorphism, by
the Bounded Inverse Theorem (Corollary 4.30).

Now suppose X = V @& W. Then x has a unique representation of the form v + w,
wherev € V andw € W. Define P(x) = v. Then P is a projection and W = ker(P).
It remains only to show that P is continuous. We will show continuity by means
of the Closed Graph Theorem. Suppose (x,)5 ; is a convergent sequence in X such
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that (Px,)52, converges in V. Then there exists some x € X and v € V such that
x, — x and Px, — v asn — 00. We need to show that Px = v.

For each n € N, we have x,, — Px,, € ker(P) = W. Since W is closed,

lim x, — Px,=x—veW.

n—00
Therefore, P(x — v) = 0, and so Px = Pv. By assumption, Pv = v, and hence
Px = v, as required. O

We have seen that whenever a closed subspace V is the image of a continuous
projection in X, there is a closed subspace W such that X = V @ W. For this reason,
when V is the image of a projection, we call V a complemented subspace of X.

Exercises

Exercise 4.1 Let R be given the standard topology. Show that the closed set [0, 1] is
a Gs-set. Show that the open set (0, 1) is an F,-set.

Exercise 4.2 Show that the space C[0, 1] of continuous functions on the closed
interval [0, 1] is not complete in the norm

: 12
1fllz = (/0 |f<s)|2ds) . feco.1l.

(The completion of C[0, 1] in the norm || - ||, is L,(0, 1), by Lusin’s Theorem.)

Exercise 4.3 Let M and E be complete metric spaces. Suppose h : M — E isa
homeomorphism onto its image (i.e., / is a continuous one-to-one map, and h! |n(ary
is continuous). Show that #(M) is a Gs-set.

Exercise 4.4 Let X be a Banach space and suppose E is a dense linear subspace
which is a Gs-set. Show that £ = X.

Exercise 4.5 Show that if Y is a normed space which is homeomorphic to a complete
metric space, then Y is a Banach space. (Hint: Consider Y as a dense subspace in its
completion.)

Exercise 4.6 Let X and Y be Banach spaces and let 7 : X — Y be a bounded linear
operator. If M is a closed subspace of X, show that either 7 (M) is first category in
YorT(M)=Y.

Exercise 4.7 Let X = C(V[0, 1] be the space of continuously differentiable functions
on [0, 1] and let Y = C[O0, 1]. Equip both spaces with the supremum norm || - |-
Define alinearmap T : X — Y by T(f) = f’ forall functions f € CV[0, 1]. Show
that T has closed graph, but 7 is not continuous. Conclude that (CV[0, 11, | - [|so)
is not a Banach space.



82 4 Consequences of Completeness

Exercise 4.8 Let ¢ € C[0, 1] be a function which is not identically 0. Show the set
M = {¢ f : f € C[0, 1]} is of the first category in C[0, 1] if and only if ¢(x) =0
for some x € [0, 1].

Exercise 4.9 Let (a;)rcz be a sequence of complex scalars with only finitely many
nonzero terms. Define a trigonometric polynomial f : T — Cby f(0) = Z ag e’
keZ

Show that f(n) = aj, forall n € Z.

Exercise 4.10 Show that there exists a function f € L(T) whose Fourier series fails
to converge to f in the L;-norm. Precisely, show that if

N
Svf= ) flye,

k=—N

then there exists an f € L(T) such that || f — Sy f|lz,(r) does not tend to 0.
Exercise 4.11 Show that the Cesaro means %(S 1f + -+ Sy f) converge to f in
the L-norm for every f € L(T).

Exercise 4.12 Let X and Y be Banach spaces. If T : X — Y is a bijection, show
that the adjoint map 7* : Y* — X is also a bijection. Conclude that if T is an
isomorphism of Banach spaces, then so is 7*.

Exercise 4.13 Show that the Hilbert transform of Example 4.40 is well-defined.
Exercise 4.14 Let f : [1,00) — R be a continuous function. Suppose (&,)52, is

a strictly increasing sequence of real numbers with & > 1, lim §, = oo, and

n—o00

lim %_n—&-l

n—oo §

= 1.If lim f(&,x) =0 forall x > 1, then prove that lim f(x)=0.
n—o00 X—>00

n

Exercise 4.15 Show that L,(0, 1) is of the first category in L(0, 1).

Exercise 4.16 Let (£2, ) be a probability space and suppose there exists a sequence
of disjoint sets (E,);2, such that w(E,) > 0 for all n € N. Show that L,(§2, u) #
Ly(82,1)if1 < p <gq < oo.

Exercise 4.17 Let X be an infinite-dimensional Banach space and suppose V is a
closed subspace of X. If both V and X/ V are separable, then show X is separable.

Exercise 4.18 Identify the quotient space c/cy.

Exercise 4.19Let1 < p <ocoandletV = {(xj)_‘,’.‘;l € {, : xy = O0forall k € N}.
Show that £,/ V is isometrically isomorphic to £,.

Exercise 4.20 Find an example of amap 7T : X — Y, where X and Y are normed
spaces, such that T is a bounded linear bijection, but 7! is not bounded. (Hint: X
and Y cannot both be Banach spaces, or 7~! will be bounded by Corollary 4.30.)

Exercise 4.21 Show that the Closed Graph Theorem (Theorem 4.35) implies the
Open Mapping Theorem (Theorem 4.29).



Chapter 5
Consequences of Convexity

In this chapter, we wish to explore the geometric aspects of the Hahn—Banach The-
orem. The crucial property, it turns out, is local convexity. We will first recall some
notions from general topology and then introduce the concept of a topological vector
space. These spaces, which include Banach spaces, are sufficiently complex that
we can say something interesting about their structure. Banach spaces are topolog-
ical vector spaces where the topology is determined by a complete norm, and in
this chapter we will get some idea of how they fit into a more general topological
framework.

5.1 General Topology

Let E be a set. A topology T on E is a collection of subsets called open sets satisfying
the following three criteria:

1. The collection t contains both E and the empty set @.
2. If {U;}ics is a (possibly uncountable) family of sets in 7, then | J
3. ffUand Vareint,thenU NV isin T.

iey Uiisin T,

When E is equipped with a topology t, we call the pair (E, t) a fopological space.
When there is no ambiguity, we will suppress the T and simply write E for the
topological space (E, t), and say U is open in E when U € t.

If (E, t) and (F, t’) are topological spaces, then a function f : E — F is called
continuous if f~'(U) is open in E whenever U is open in F. For x a point in E, a
neighborhood of x is any subset N of E for which there exists an open set U such
thatx e Uand U C N.

Example 5.1 Let (E, 1) be atopological space. If every set in E is open, then 7 is
called the discrete topology. If T = {E, #}, then t is called the indiscrete topology.

Example 5.2 Let (E,7)and (F,1’) be two topological spaces. The product E x F
can be given the product topology, denoted t x t’, as follows: W C E x F is open if
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w =W x v,
iel
where U; € T and V; € 1/ for each i € I, where [ is a (possibly uncountable) index
set.

Let (E, t) be a topological space. The topology t is said to have a base of open
sets {U; };¢s if for each open set V € t, there exists an index set J C [ such that
V = [U;c; Ui- When 1 has a base, we say the base generates the topology 7. In
Example 5.2, the product topology on E x F is generated by the base

{(UxV:Uet, Vet

Example 5.3 (Product topology). Let I be a (possibly uncountable) index set. For
eachi € I, let (E;, 7;) be a topological space. The product topology on the product
[1ic; (Ei, 7) is a topology with a base consisting of sets of the form

U,'IX"'XUinX 1_[ E,’,

P€T\{i} e sin}

where Ui is open in E; fori; e I,n eN,and j € {1,...,n}. Observe that all but
finitely many elements of the product are the entire space. This example contains
Example 5.2 as a special case, because the product in that example is finite.

Example 5.4 Suppose M is a set with a metric d. We will show that the metric d
determines a topology on M. For eachx € M and r > 0, let

Bx,r)={ze M :d(x,z) <r}.

This set is the open ball about x of radius r. We declare a subset V of M to be open
if foreach x € V, there is an r > 0 such that B(x,r) C V. The collection of all such
open sets forms a topology on M called the metric topology on M generated by the
metric d, or just the metric topology on M, if the metric d is understood.

Suppose V is open in the metric topology. For each x € V, there exists a number
ry > 0 such that B(x,r,) € V. Thus, V = UXE\, B(x,r,), and so the collection of
open balls forms a base for the metric topology.

Let E be a topological space and let x € E. A local base at x is a collection n
of open sets, all of which contain x, such that any neighborhood U of x contains an
element of 7.

In Example 5.4, any point in the metric space M has a local base. For x € M, the
collection of open balls B(x,r) for all » > 0 forms a local base at x. In fact, if we
consider the collection of sets n = {B(x, 1/n) : n € N}, then 7 is a countable local
base at x.

A topological space (E, t) with a countable local base at every point x € E is
called first countable. Further, (E, T) is called second countable if T has a countable
base. From Example 5.4 (and the comments following it), we see that any metric
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space M is first countable; however, M will not be second countable unless M is
separable. (See Exercise 5.9.)

Let (E, 7) be a topological space. We say (E, t) is metrizable if there exists a
metric d such that d generates the topology t. That is, if the open balls in (£, d)
form a base for the topology t. We call (E, t) a Hausdorff space if for any distinct
points x and y in E there exist open sets U and V in 7 such thatx € U,y € V, and
unv=4g.

Example 5.5 Any metrizable space is a Hausdorff space. To see this, suppose (M, d)
is a metric space and let x and y be two distinct points in M. Since x # y, it
follows that d(x,y) > 0. Let § = d(x,y). Furthermore, let U = B(x,5/2) and
V = B(y,§/2). Then U and V are open in the metric topologyon M, x e U,y € V,
andUNV =4.

Example 5.6 Any nonempty set E with the discrete topology (see Example 5.1) is
metrizable. Define a metric on E by

0 ifx=y,

d(x,y) =
=N sy,

for (x,y) € E x E.

It is easy to see that d is, in fact, a metric. This metric is called the discrete metric
on E and it is not hard to show that d generates the discrete topology on E.

Of particular interest to us is the notion of compactness. A topological space is
said to be compact if any open cover contains a finite open subcover. To be more
precise, let X be a topological space. Then X is compact if for any collection I/ of
open sets such that X C UUeu U there exists a finite collection {U4,...,U,} of
elements in{ suchthat X C U, U---UU,.

For a (not necessarily compact) topological space, we define a compact subset in
a similar way: A subset E of a topological space X is compact if any cover of E by
sets open in X admits a finite subcover of E.

Some well-known properties of compact sets are treated in the exercises at the
end of this chapter. (See Exercise 5.2.)

A topological space is said to be locally compact if every point has a compact
neighborhood. Naturally, all compact spaces are locally compact, but the converse
need not be true. For example, the real line R with its standard topology is locally
compact, but not compact.

A notion of fundamental importance in topology is that of a convergent sequence.
If X is a topological space, and (x,);, is a sequence of elements from X, then
(x,)52 , is said to converge to a point x € X if for every open neighborhood U of x
there exists an N € N such that x,, € U for all n > N. In such a case, we say x is

the limit of the sequence (x,,)5>; and we write x = lim x,. (Note that this notion of
n—0oQ

a limit agrees with the standard definition of a limit in a metric space.)

In general, the limit of a sequence need not be unique. The spaces we consider,
however, are Hausdorff spaces, and limits are necessarily unique in a Hausdorff
space. (See Exercise 5.8.)
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A subset U of a topological space X is called sequentially open if every sequence
(x,)52 ; that converges to a pointin U is eventually in U. That is, if there exists some
N € N such that x, € U for all n > N. We call X a sequential space if every
sequentially open set is open. Any first countable topological space is a sequential
space. In particular, any metric space is a sequential space.

5.2 Topological Vector Spaces

‘We now consider topological spaces with additional structure, namely an underlying
linear structure.

Let X be a vector space over the field K (which is either R or C). A topology t
on X is called a vector topology if the maps

Ax)—Aax, rekK, xelX,

and
(-xla-x2)'_>xl+-x23 (XI,XZ)GXXX,

are both continuous. That is, if both scalar multiplication and addition are continuous
in the topology on X. In this case, (X, t) is called a topological vector space.

Example 5.7 Any normed vector space X is a topological vector space, where the
topology is given by the base of open balls:

x + A@ntBy), A >0, x € X.

Equivalently, the topology on X is generated by the metric d given by the formula
d(x,y) = |lx — y| for (x,y) € X x X.

A vector topology is determined by a base of neighborhoods at the origin, since
sets can be translated and scaled continuously. We will denote the origin by 0. Let
n be a base of neighborhoods of the origin in a topological vector space (X, 7). A
set V € n is called absorbent if X = |, nV.Aset V € n is called balanced if
AV C V for all scalars A such that [A] < 1.

Lemma 5.8 In atopological vector space, any open neighborhood of the origin is
absorbent.

Proof Let X be a topological vector space. Suppose V is an open neighborhood
of 0 and let x € X. Scalar multiplication is continuous, and so the map A +— Ax
is continuous. Consequently, the set {A : Ax € V} is open in K. By assumption, V
is a neighborhood of 0, and so 0 € {A : Ax € V}. We have established that the set
{\ : Ax € V}isopen in K and contains 0. Thus, it must contain % for a sufficiently
large n € N. We conclude that ;- € V, and consequently x € nV. Therefore, V is
absorbent. m|
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Proposition 5.9 Any topological vector space has a base of neighborhoods n of
the origin such that for all V- € n: (i) V is balanced, (ii) V is absorbent, and (iii)
there exists W € n such that W + W C V.

Proof Let (X, 1) be a topological vector space and let U be a neighborhood of the
origin. Let s : K x X — X be scalar multiplication, so that s(x,x) = Ax for all
A € Kand x € X. By assumption, s is continuous. Thus, since U is open in X, the
preimage s~!(U) is open in K x X. Certainly, (0,0) € s~'(U), and so there exists
some 8 > 0 and an open neighborhood W of 0 in X such that §Bx x W C s~!(U).
Therefore, s(§Bx x W) C U, and hence a W C U for all |a| < §. Let

Then V is open, balanced, and contained in U. For each open neighborhood of 0,
such a V can be constructed. Let 5 be the collection of all such balanced sets. Then
(i) follows from the construction and (ii) follows from Lemma 5.8.

It remains to verify (iii). Let V e 5. By the continuity of addition, there exist two
open neighborhoods U; and U, of 0 € X suchthat Uy + U, C V.LetU = U, NU,.
Then U is an open neighborhood of 0 such that U +U C V. As demonstrated earlier
in this proof, U contains a subset W € 1, and this W is the required set. O

Proposition 5.10 Let X be a topological vector space with 1 a base of open sets
about the origin. Then X is a Hausdorff space if and only ifﬂ\/en V ={0}.

Proof Without loss of generality, we may assume that n satisfies the conclusions of
Proposition 5.9.

Assume X is a Hausdorff space. Certainly 0 € nv@; V. Suppose x # 0. We will
show that x & (), ey V. Since X is a Hausdorff space, there are open sets U and W
such that 0 € U and x € W and U N W = (. By assumption, 7 is a base of open
sets about the origin, and consequently there exists a set Vy € n such that Vy C U.
It follows that x ¢ Vo, and so x & (), V. Therefore, (., V = {0}.

Now assume [y, V = {0}. We will show that X is a Hausdorff space. Let x
and y be elements of X that cannot be separated by disjoint open sets. Let V € n.
By Proposition 5.9, there exists a set W € n such that W + W C V. By assumption,
x + W and y + W are not disjoint. Then there exist elements w; and w, in W such
that

X+wr=y+ws.

Therefore, x —y = wy —w; € W — W. The set W is balanced, and so we conclude
x—ye W+ W C V. This s true forevery V € n,andsox — y € mv€n VvV ={0}.
It follows that x = y, and consequently X is a Hausdorff space. O

In our discussions of normed spaces, a key notion was that of the dual space. In
the more general context of topological vector spaces, this will remain true.

Definition 5.11 Let X be a topological vector space. The dual space X* consists
of all continuous linear scalar-valued functionals on X.
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5.3 Some Metrizable Examples

In this section, we consider some examples of real topological vector spaces which
are metrizable, but do not have a norm structure.

ExampleA: L ,(0,1), 0 <p <1

If0 < p < 00, the symbol L (0, 1) denotes the collection of all (equivalence classes
of) Lebesgue measurable real-valued functions f on [0, 1] such that

Lfl, = </01 If(t)lpdt)l/p < oo,

If p > 1, then L,(0,1) is a Banach space. If 0 < p < 1, however, then || - ||,
does not determine a norm, because it is no longer subadditive. On the other hand,
if 0 < p < 1, then it is true that

LS+ gl2 < 1£12 + ligl.
This fact follows from the proposition below.
Proposition 5.12 [If{a,b} CRand0 < p < 1, then |a + b|? < |a|’ + |b|?.

Proof Without loss of generality, assume that a and b are nonnegative real numbers
suchthata+b =1.Leta =tandb =1—¢,and let f(r) =7 + (1 —1)”. We will
show that f(¢) > 1 for all ¢ € [0, 1]. Since f(0) = f(1) = 1, it will suffice to show
that f is a concave function.

We require only techniques of elementary differential calculus. Calculating the
first derivative of f, we have f'(t) = pt?~' — p(1 — )P, and so f has one critical
point, which is at r = 1/2. Differentiating a second time, we have

(&)= p(p— D" 2 + p(p — D(1 — )P 2.

Therefore, f”(1/2) = 23"?p(p—1) < 0, and so f has alocal maximumat¢ = 1/2.
The result follows. a

From the above proposition, we conclude that || f+g||5 < || flI5+1Igll%> whenever
0 < p < 1. Consequently,

d(f.e)=If - gl

determines a metric on L ,(0,1) when 0 < p < 1. It follows that if 0 < p < 1, then
L ,(0, 1) is a metrizable space, if not a normed space.

The metric d is even complete. The proof of this fact is similar to the case when 1 <
p < 0o. Observe that the proof of the Cauchy Summability Criterion (Lemma 2.24)
requires only subadditivity of the norm, a property which is shared with | - ||, when
0 < p < 1. Consequently, we can use Lemma 2.24 to prove that L ,(0, 1) is complete
when 0 < p < 1. The details of the proof are left to the reader. (See Exercise 5.12.)
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Let B={f : Ifll, < 1}. Then the collection of open sets (27" B):- | determines
a countable base at O which satisfies the conclusions of Proposition 5.9. The first two
properties are clear. To see property (iii), simply observe that 2"VB +2"¥B C B
whenever N > 1/p.

We will now compute L ,(0, 1)* for 0 < p < 1. Suppose ¢ is a continuous linear

functional on L ,(0, 1). Then ¢ is bounded on 9 B, so that

¢l = sup |p(f)] < oo.

Iflp=1

This should be taken as the definition of ||¢| in this context. The function ¢ is a
linear functional, but not on a normed space, and consequently the notation ||¢ || has
not yet been given a meaning.

Let f € L,(0,1) be such that || ]|, = 1. The map

tr—)/ |f)IPds, tel0,1],
0

is continuous with range [0, 1]. Therefore, by the Intermediate Value Theorem, there
exists some a € [0, 1] such that foa |f()Pds =1/2.
Define two functions g and 4 in L,(0, 1) by

g=fXow and h= f xaun.

By the choice of a,

iel = ([ 1roras)” = (3)"

and similarly, ||k||, = (1/2)V/7.

By the linearity of ¢, together with the definition of ||¢||, we have the two bounds
lp() < l#1I(1/2)"/7 and |p(h)| < |I¢|I(1/2)!/P. Thus, again using the linearity of
¢9

_1
(O <2+ lpll(1/2)"7 = |lpl| 2" 7.

Taking the supremum over all functions f € L,(0,1) with || f||, = 1, we have

Il < llpll 2" 7.

However, this can happen only if ¢ = 0. This implies that L ,(0, 1)* = {0}.

The preceding remark guarantees that L ,(0, 1) does not satisfy a Hahn—Banach
Theoremif 0 < p < 1. On the other hand, since L ,(0, 1) is a complete metric space,
even when 0 < p < 1, we can apply the Baire Category Theorem (Theorem 4.1).
It is also possible to prove a version of the Open Mapping Theorem (Theorem 4.29)
and the Closed Graph Theorem (Theorem 4.35) for these spaces.
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Example B: Ly(0, 1)

We denote by L¢(0, 1) the set of all (equivalence classes of) scalar-valued Lebesgue
measurable functions on [0, 1]. (As usual, we identify functions if they agree almost
everywhere.) The topology on L(0, 1) is determined by convergence in Lebesgue
measure. More precisely, we define a set to be open when it is sequentially open, and a
sequence converges when it converges in Lebesgue measure. Recall that a sequence
(fn)y2, of measurable functions converges in Lebesgue measure to a measurable
function f if for every € > 0,

lim mir 2 | £(0) = fu(t)] = €} =0,

where m is Lebesgue measure on [0, 1].
We claim the topology on L(0, 1) is metrizable and is induced by the metric

Y N ORR{0]
W= [ i g

where f and g are measurable functions. The only property of a metric that is not
immediate is the triangle inequality. In order to verify this, it suffices to show that
the function ¢(x) = x /(1 4 x) is a nondecreasing subadditive function on [0, c0).

A simple application of the quotient rule reveals that ¢'(x) = 1/(1 4 x)?, and so
¢ is strictly increasing for all x > 0. To see that ¢ is subadditive on [0, 00), observe
that

Xty X y X y

x+y) = = + < +
PLety) I+x+y 14+x+y 1+x4+y  14+x 1+

= o) +o(y),
y
because x > 0 and y > 0. Given these properties, the triangle inequality follows
readily from the fact that d(f, g) = fol o f(t) — g))) dr.

To see that the topology on L(0, 1) coincides with that induced by the metric
d, it suffices to show that the same sequences converge in each topology (since
both spaces are sequential spaces). Suppose the sequence (f,)s2, of measurable
functions converges in the metric d to a measurable function f. Then d(f, f,,) — 0
as n — o0. Therefore, l‘fl;f’}lﬂ — 0 in the L;-norm, and hence in measure. It
follows that f, — f in measure, as required.

The reverse implication, that convergence in measure implies convergence in d,
is true by the Lebesgue Dominated Convergence Theorem. (We state the Lebesgue
Dominated Convergence Theorem in Theorem A.17 for almost everywhere conver-
gence, but it remains valid for sequences that converge in measure on a o -finite
measure space.)

It remains to show that the metric d is complete. Let

_ RG]
||f||0—f0 mdh S € Lo(0, 1).

Observe that d(f,g) = || f — gllo for all measurable functions f and g on [0, 1].
Certainly, || - || is not a norm (it is not homogeneous), but it does satisfy the triangle
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inequality, because || |0 = fol ¢(] f(2)]) dt and ¢ is subadditive on [0, 0c0). Conse-
quently, we may use Lemma 2.24 (the Cauchy Summability Criterion) to prove that
d is a complete metric space (because the proof of Lemma 2.24 does not require
homogeneity of the norm).

Suppose (f,)22, is a sequence of measurable functions such that Y o> | || fullo <
oo. Then, by Fub1n1 s Theorem,

[ee]

CAOL _/1 @1,
annno Z/ o= <;1+|f,,<t>|> e

It follows that, for almost every ¢ € [0, 1], there exists some M; > 0 such that

o 1‘+f|'}ggzl>\ < M,. Consequently, by the subadditivity of ¢, for every N € N,

N N
¢ (Z |fn(t>|) <Y oUfOD <M, <00 aet).

n=1 n=1

Since ¢ is a strictly increasing function on the interval [0, 0o), we conclude that, for al-
most every ¢, the sequence ( Zfl\]:] | (1)) =, converges. Therefore, (Z;V:l S N=1
converges almost everywhere, and hence in measure. Therefore, L((0,1) is a
complete metric space.

As was the case in Example A (where 0 < p < 1), the dual space of L(0, 1) is
trivial; that is, Ly(0, 1)* = {0}. We leave the verification of this fact as an exercise.
(See Exercise 5.14.)

Example C: » = RY

Let J be a (possibly uncountable) index set. Let R’ denote the product space
]_[jej R;,where R; = Rforeachj € J.Anelementx inR” isafunctionx : J — R,
where x(j) € R(=R;) foreach j € J.

When the space R” is equipped with the product topology, it becomes a topological
vector space. The vector space operations are done pointwise; that is, if x and y are
elements in R’, then (x + y)(j) = x(j) + y(j) for each j € J. Convergence, too,
is pointwise: x,, — x in R’ asn — oo if x,(j) = x(j)in R; as n — oo for each
jeJ.

If J is an uncountable index set, then R is not metrizable, since R’ with the
product topology is not first countable; i.e., it does not have a countable local base
at 0. (See Example 5.4.)

In this example, we are interested in countable index sets, and so we let J = N.
We denote RY by the Greek letter . Generally, we think of w as the collection of all
sequences in R. If § € w, we let & = &(k) foreach k € N, and we write § = (§,);2;.
In this context, the vector space operations are done coordinate-wise. Convergence
is also now viewed coordinate-wise, so that €™ — & in w as n — oo if é,i”) — &
inR asn — oo foreach k € N.
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Unlike R’ when J is uncountable, the space w is first countable. A base of
neighborhoods at the origin is formed by sets of the type

(—e, ) X X (—€1,6) X RxRx---, 5.1

where n € Nand ¢; > O foreachi € {1,...,n}. If we denote elements of w by
& = (&)=, then the set in (5.3.1) can be written

{";: : |‘$;:1| < €1, ’|$n| < 6n}'

To identify a countable base, consider the sets with ¢; = where k € N, for all
ief{l,...,n}andn € N.
Not only is w first countable, but it is also metrizable. Recall that w was defined

to be ]_[,fil Rg. Denote the metric on R; by d;.. We define a metric d on w by

1
k?

B 1 di(E me)
d@,n)—;ﬁm’

where § = (§);2; and n = ()2,
We now wish to identify the space dual to w. To that end, we prove the following
proposition.

Proposition 5.13 Let X be a topological vector space and let K be the field of
scalars. A linear functional f : X — K is continuous if and only if there exists a
neighborhood V of 0 such that the set f (V) is bounded in K.

Proof Let Uk be the open unit ball in K. If f is continuous, then f~!(Ux) is an
open neighborhood of 0, and f(f~!(Uk)) € Bk is bounded in K.

Now suppose V is a neighborhood of 0 such that f(V) is bounded in K. By
definition, there is some M > 0 such that f(V) € MUk. Let € > 0 be given. Then
f(5V) € €eUk. Therefore, |f(x)| < € whenever x € 3;V. In other words, f is
continuous at zero. Continuity then follows from the linearity of f. a

We can now use the preceding proposition to identify the continuous linear func-
tionals on w. Let f € w*. By Proposition 5.13, there must be some neighborhood V
of 0 such that f(V) is bounded in R. Without loss of generality, we may assume V
is abasic set,say V = {& : |&|| < €, -+, €| < €,} forsome n € N.

The set (V) is bounded, and so there exists some M > 0 such that | f(§)] < M
forany& € V.Let§ =(0,...,0,&,41,... ). Then& € V, and so too is any constant
multiple of &. Therefore, for any K > 0, we have that | f(K&)| < M, and hence
|f(&)] < M/K, by the linearity of f. Since this inequality holds for all K > 0, it
must be that f(£) = 0. Thisis true forany £ € V having§; = Oforalli € {1,... ,n}.
Thus, because f is linear, it follows that f(§) = f(&’) for any & and &’ that agree on
the first n coordinates.

Define a function g : R* — R by g(&y,... .,&) = f(&,...,&,,0,...). Since f
is linear and continuous, it follows that g € (R")*. Consequently, there exists oy € R
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foreach k € {1,...,n} such that

g, &) =) wk, (G, €R".

k=1

Since the value of f(£) depends only on the first n coordinates of &, we conclude
that

fE=) k. &=ER o

k=1

5.4 The Geometric Hahn—-Banach Theorem

In this section, we will meet the Hahn—Banach Theorem without the advantages of a
norm structure. The key property a space must have, we shall see, is local convexity.

Definition 5.14 Let X be areal or complex vector space. A subset V of X is called
convex if given any x and y in V, we have (1 —t)x +ty € V forall ¢ € [0, 1]. That
is, if two points are in V, then the line segment joining them is also in V. A balanced
convex set is called absolutely convex.

Lemma 5.15 Let X be a real or complex vector space. A subset V of X is absolutely
convex if and only if ax + By € V whenever x and y are in V and « and B are
scalars such that |a| + |B] < 1.

Proof We first observe that V is absolutely convex if the latter condition holds: to
show balance, take 8 = 0; to show convexity, leta =t — 1 and 8 = 1.

Now suppose V is absolutely convex. Let x and y be in V and suppose « and g
are scalars such that || + |8] < 1. We wish to show ax + By € V. Observe that

o

ax + By = (a + B)x +

a+p a+/3(a+ﬁ)y'

Since V is balanced, x’ = (¢ + 8)x and y’ = (« + B)y are both elements of V. Thus,

by convexity,
ax+ By = Y ¥ P y
o+ p o+ p
This completes the proof. O

e V.

Definition 5.16 A topological vector space is locally convex if there is a base of
neighborhoods of 0 consisting of convex sets.

By Proposition 5.9, we can always take the elements of a base in a locally convex
topological vector space to be balanced, and hence absolutely convex.

Example 5.17 Any normed space is locally convex. It is easy to see that balls with
center at the origin are convex.
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0<p <1

Fig. 5.1 Closed unit balls in Zf, for various values of p

Example 5.18 Consider the space Zi of ordered pairs in the || - ||, norm for p > 0.
(We use the term “norm” here even though it is not a norm when 0 < p < 1.) If
p > 1, then the unit ball is convex and balanced; however, if 0 < p < 1, then the
unit ball is balanced, but not convex. (See Fig. 5.1.)

Example 5.19 Let X = L,(0,1) for 0 < p < 1. (See Example A in Sect. 5.3.) We
claim that the only nonempty open convex subset of X is X. To show this, let V be a
nonempty open convex subset of X. Without loss of generality, assume 0 € V. Then
there exists some § > O suchthat§B C V,where B = {f : || fll, < 1}. (We remind
the reader that || - ||, is not a norm in this case.)

Choose any f € X.Because p < 1, thereis somen € Nsuchthatn?~!| f||5 < 8.
Pick real numbers {#,#,... ,t,} sothat 0 =ty < #; < --- < t, = 1 and such that

17 1
/ If(S)I”ds=;||f||”, kefl,...,n}.

Tk—1

Foreach k € {1,... ,n}, let g = n f X(,_,.41- Then |lgcllh = nP~Y f|I5 < 8, and
therefore g, € §B C V. This is true for each k € {1,... ,n}, and so {g1,...,g:} C
V. Observe that f = %(gl + ---+ g,). Since V is convex, it follows that f € V.
The choice of f € X was arbitrary, and so V = X, as required.

Note that this argument implies that L ,(0, 1)* = {0}, a fact we first observed in
Example A in Sect. 5.3.

The next theorem is a geometric version of the Hahn—-Banach Theorem. This
version of the theorem is not set in the context of a complete normed space, but in
that of a locally convex topological vector space.

Theorem 5.20 (Hahn-Banach Separation Theorem) Let E be a real locally con-
vex topological vector space. Let K be a closed nonempty convex subset of E. If
xo € K, then there exists a continuous linear functional f on E such that

f(x0) > sup f(y).

yek
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Proof Without loss of generality, we may assume 0 € K. (If not, use a translation.)
Since K is closed and x¢ ¢ K, there exists some open neighborhood N of x( such
that NN K = . It follows that there exists an absolutely convex open neighborhood
W of 0 such that (xog + W) N K = @. This implies that xo ¢ K + W, for otherwise
there would exist some k € K and w € W such that xo — w = k, contradicting
the fact that the intersection of xo + W with K is empty. (Here we use the fact that
W = —W, because W is balanced.)

LetV = K + %W. Then V is a convex neighborhood of 0. Define a function
p:E— Rby

px)=inf{A >0:x € AV}, x€E.

Recall that every neighborhood of 0 is absorbent. In particular V is absorbent, and
so p(x) < oo for all x € E. We claim p is sublinear. For any x € E and o« > 0,

A A
plax) =inf{L > 0: ax ekV}:ainf{— >0:xc¢€ —V} = ap(x).
o o

This proves positive homogeneity. It remains to show that p is subadditive.

Letx and ybein E andlete > 0. Because p(x)and p(y) are infima, there existreal
numbers A > Oand 4 > Osuchthat p(x) < A < p(x)+5and p(y) < u < p(y)+5.
By the definition of p, we have that 3 € V and /% € V. By the convexity of V,

A
Y )+ (%) ev.
A+p A+ p\A A+ \p

Therefore,
px+y) <A+ u < px)+ p(y) +e.

The choice of € was arbitrary, and so p(x +y) < p(x)+ p(»), as required. Therefore
p is sublinear.

By definition, p(x) < 1 for all x € V. We now show p(x() > 1. Suppose to the
contrary that p(xg) < 1. It follows that ’% € V forall A > 1. Since XTO — Xp as
A — 1, we conclude that xy € V, and consequently (xo + %W) NV £4Q.

Recall that V = K + %W. Thus, (xo + %W) N(K + %W) # J, and so there exists
an element k € K and elements w; and w, in W such that xy + %wl =k + %wz.

Hence,
k+ ! L K + 1W 1W
= —Wy) — =W € W —-=-W.
o 2" M 2" 72
Because W is absolutely convex, we have that %W — %W C W. From this we
conclude that xo € K + W. This is a contradiction, and so it must be that p(xg) > 1.
We now make use of Exercise 3.9. There exists a linear functional f on E such
that f < p and f(x9) > 1. Because K C V, and because p(x) < 1 forallx € V,
we have

sup f(y) = 1 < f(xo).

yek

It remains to show that f is continuous. We will demonstrate this by showing that
f is bounded on some neighborhood of zero and applying Proposition 5.13. Since
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0 € K, we have that %W C K+ %W = V. By construction, f(x) < p(x) < 1 for
all x € V, and hence f(x) < 1 forall x € %W. The set W is balanced, and thus
| f(x)] < 1forallx € %W. Therefore, we have demonstrated that f(% wWyc[—1,1].
Consequently, the linear functional f is continuous, by Proposition 5.13. O

Example 5.21 Suppose E is a real locally convex topological vector space and K
is a closed linear subspace of E. If xy ¢ K, then, by Theorem 5.20, there exists
a continuous linear functional f on E such that f(K) = 0 and f(xg) > 0. (See
Exercise 5.20.)

There is also a version of Theorem 5.20 for complex topological vector spaces.

Theorem 5.22 Let E be a complex locally convex topological vector space. Let K
be a closed nonempty convex subset of E. If xo & K, then there exists a continuous
linear functional f on E such that

R(f (x0)) > sup R(f(x)).

xekK

Proof Ignoring multiplication by complex scalars, we may treat E as a vector space
over R. Therefore, by Theorem 5.20, there exists a real linear functional g on E
such that g(xo) > sup,.x g(x). Now, define a complex linear functional on E by
f(x) = g(x) —ig(ix) for all x € E. The functional f is the desired continuous
linear functional on E. g

Definition 5.23 Let X be a vector space and let K denote the scalar field. A function
p: X — Ris called a semi-norm if the following three conditions are satisfied:

(i) p(x) >0forallx € X,
(i) p(x +y) < p(x)+ p(y) forall {x, y} € X, and
(i) p(ax)=la| p(x)foralled € Kand x € X.

What distinguishes a semi-norm from a norm is that a semi-norm p may satisfy
p(x) = 0 even when x # 0. As in the case of a norm, we call the property in (ii)
subadditivity (or the triangle inequality) and we call the property in (iii) homogeneity.

Theorem 5.24 Suppose {py}uca is a family of semi-norms on a vector space X.
Let
V(a,n) ={x: py(x) < 1/n}, a€ A, neN.

If n is the collection of all finite intersections of the sets V(a,n), where o € A
and n € N, then n determines a locally convex vector topology on X in which the
elements of n form an absolutely convex base of neighborhoods at 0.

Proof We define a topology on X by declaring a set E C X to be open if and only if
E is a (possibly empty) union of translates of elements in 7. This defines a topology
for which all members of 1 are absolutely convex (that is, convex and balanced).

It remains to show that addition and scalar multiplication are continuous. Let U
be an open neighborhood of 0 in X. Without loss of generality, we may assume U is
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an element of 5. Thus,
U=V(a,n)N---N Vi, ng) (5.2)

for {Oll, . ,Olk} - A and {l’ll, e ,nk} - N.IfV = V(a1,2n1) Nn---N V(ak,an),
then V 4+ V C U (because p, is subadditive for every o € A). Therefore, addition
is continuous.

Now, letx € X and k € K, where K is the scalar field. A basic open neighborhood
of kx can be written as kx + U, where U is written as in (5.2). We will show there
exists an open neighborhood W of x and a § > 0 such that AW C «xx + U for all
[k — A < 6.

LetV = V(ay,2n)N- - -NV(ax, 2n;), as above. Since V is an open neighborhood
of 0, it is absorbent. Thus, there exists some n € N such that x € nV. Let

1
5=- and W=x+——V.
n 1+ |k|n

Suppose w € W and A € B(k,§). Then

Kx —Aw = (k — A)x + Alx —w).

Observe that x = nv; and w — x = ﬁvz for some choice of v; and v, in V.
Hence,
N ( ) An
KX — AW = (K — nyy — — V).
T + |k|n :
Therefore, because V is balanced,
|l
Kx—AMWE€E |k —AlnV+—VCV4+VCU.
1+ |x|n

It follows that scalar multiplication is continuous, and so the proof is complete. O

Definition 5.25 Suppose X is a topological vector space and let U be an absorbent
subset of X. The Minkowski functional of U on X is the function py : X — R
defined by

pu(x)=inf{A >0:x e AU}, x € X.

Note that py(x) < oo for all x € X, because U is absorbent.

Suppose that X is a locally convex topological vector space. Then X has a base
of neighborhoods of 0 that are absolutely convex. Such sets are absorbent, and so
each such set will give rise to a well-defined Minkowski functional.

Proposition 5.26 Let X be a topological vector space and let U be an absorbent
absolutely convex subset of X. The Minkowski functional py is a semi-norm on X.

Proof Certainly py(x) > 0 for each x € X, by the definition of py .
To show the subadditivity of py, we will use the convexity of U. Let x and y be
elements in X and let € > 0. By the definition of py, there exist numbers A; > 0
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and A, > 0 such that py(x) < A1 < py(x) + 5 and py(y) < A2 < py(y) + 5. Itis
necessarily the case that x/A; and y /X, are both in U. By the convexity of U,

A A
) ) e
At A2 ALt A N\ A+ A\

pu(x +y) <A+ Ay < pyx) + py(y) +e.

The choice of € was arbitrary, and so py(x + y) < py(x) + py(y). (Compare to the
proof of Theorem 5.20.)

Finally, we show homogeneity. Let « € K, where K is the field of scalars.
Computing directly, we have

Therefore,

A A
pulax) =inf{l > 0:ax € AU} = Ialinf{m >0:x¢€ ﬁ-sign(oz)U}.
o o

Since U is balanced, sign(a)U = U. Letting A’ = A/|«|,
pu(ax) = |a|inf {)J >0:x¢€ A’U} = |a| py(x).

Therefore, py is a semi-norm on X, as claimed. O

If X is a locally convex topological vector space, then there exists a base of
absolutely convex neigborhoods of 0, say n. By Proposition 5.26, the Minkowski
functional py is a semi-norm on X for each U € n. By Theorem 5.24, the family of
semi-norms {py }ye, generates a locally convex vector topology on X. We leave it
as an exercise to show that the topology generated by { py }u ey 18, in fact, the original
topology. (See Exercise 5.17.)

So far, we have considered general topological vector spaces. We now focus our
attention on topological vector spaces that have a complete norm structure—that is,
Banach spaces. We have already said much about the norm topology of a Banach
space X. We now consider a new topology on X, the so-called weak fopology.

Definition 5.27 Let X be a topological vector space. The weak topology on X (or
the w-topology) is defined by a base of neighborhoods at 0 of the form

Wi, ....x5e)={x:|xf(x)| <e, 1<i<n},

where € > O and {x},... ,x} € X*forn € N.

The weak topology on X is the topology it inherits as a subspace of the space
KX" with the product topology. The space KX~ is the collection of all functions from
X* into the scalar field K, and we identify X with a subspace of KX by identifying
x € X with £ € KX" via the relationship £(x*) = x*(x) for all x* € X*.

To distinguish between the norm and weak topologies on X, we will frequently
denote X with the norm topology by (X, | - ||) and X with the weak topology by
(X,w). The weak and norm topologies are generally quite different. Any weakly
open set is necessarily open in the norm topology (the basic sets are intersections of
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preimages of open sets under continuous maps), but not every set open in the norm
topology will be weakly open. (We will demonstrate this shortly.)

The weak topology on X generally has fewer open sets, and so it is “harder” for a
function on (X, w) to be continuous than a function on (X, || -||). For example, consider
the identity map Idy on X. The map Idy : (X, || - ||) — (X, w) is always continuous,
but Idy : (X,w) — (X, || - ||) need not be. Indeed, if both maps are continuous,
then the topologies must coincide, and then X must be finite-dimensional. (See
Proposition 5.30.)

Let us consider which sequences converge in X with the weak topology. Without
loss of generality, we may consider only those sequences converging to 0. If a
sequence (x,)52, converges to 0 in the weak topology on X, we say that (x,)52,
converges weakly to 0 (or x, — 0 weakly). The sequence (x,);° ; converges weakly
to 0 precisely when it converges coordinate-wise to 0 in KX, That is to say, x, — 0
weakly if and only if

nlilgox*(xn) =0, forall x* e X*.
In other words, x, converges to 0 in the weak topology if and only if every weak
neighborhood of the origin eventually contains the sequence (x,);2 ;.

A sequence converges to 0 in the norm topology if and only if every “strong”
neighborhood of the origin eventually contains the sequence. However, the norm
topology has more open neighborhoods about O than the weak topology. Conse-
quently, it is more “difficult” for a sequence to converge in the norm topology than
to converge in the weak topology.

Example 5.28 Consider £, for 1 < p < oo. Foreachn € N, let e, be the sequence
with 1 in the n™ coordinate, and O elsewhere. If m and n are elements of N such
that m # n, then |le,, — eulle, = 2U/p, Consequently, the sequence (e, );2 ; does not
converge in the norm topology. On the other hand, if x* = (x)72, is a sequence in

(£,)* = £,, where p > 1 and g is the exponent conjugate to p, then

lim x*(e,) = x; = 0.
n—oo
Since this is true for all x* € £,, we conclude that e, — 0 weakly.
The above conclusion does not remain true when p = 1. In this case, g = oco. Let
e =(1,1,1,...) be the constant sequence with all terms equal to 1. This sequence
is bounded, and so ¢ € £,, = (£1)*. For each n € N, we have that e(e,) = 1, and so
e, 7> 0 in the weak topology in this case.

Example 5.29 Consider the Banach space L ,(T) of p-integrable complex-valued
functions on the torus T = [0,27), where | < p < oo. For each n € N, define a
function f, : T — C by f,(9) = ¢, where § € T. Let A € L,(T)*. By duality,
there exists some g € L,(T), where 1/p + 1/g = 1, such that

do
A(f) = f F©)20) 5 f e L),
T T
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Therefore,
. . inf d@ . ~
lim A(f,) = lim ( e'" g(0) —) = lim g(—n) =0.
n—00 n—00 T 2T n—00

This last equality follows from the Riemann-Lebesgue Lemma (Theorem 4.37).
Therefore, lim,,_, o, A(f,) = 0 forall A € L,(T), and so f, — 0 weakly. However,
I fallL,ry = 1foralln € N, and so f, # 0 in the norm topology.

If X is a finite-dimensional Banach space, then all linear functionals are
continuous.

Proposition 5.30 Let X be a Banach space. The following are equivalent:

(i) dim(X) < oo,
(i1) the weak topology on X coincides with the norm topology on X, and
(iil) the weak topology on X is metrizable.

Proof The implications (i) = (ii) = (iii) are clear. It remains to show (iii) = (i).
Assume the weak topology on X is metrizable.

Then (X, w) is first countable, and so there exists a weak base of neighborhoods
(Wy)52, at the origin of the form

Wn = {x : |x:,j(-x)| = €, 1 = J = Nn}’

where x) nj € X*, €, >0,and N, e N, foralln e Nand all j € {1,...,N,}.
For each n € N, define

E, = span{x:’j 1 <j<N,}.

Fix some x* € X*. The set {x : [x*(x)| < 1} is a weak neighborhood of 0 in X, and
consequently must contain W,, for some n € N. For this fixed 7, define a linear map
T : X - KM where K is the scalar field, by

T(x) = (x,(xX)..., %, 5 (X)), x€X.

We claim x* € (kerT)*. (Recall Definition 3.50.) To verify this, suppose y € ker(T).
By the definition of 7', we have that x (y) =0forall j € {1,...,N,}. Naturally,
if A € K, then it follows that x; (Ay) =O0forall j € {l,. Nn}. Consequently,
Ay € W, for all » € K. By de51gn W, C {x:|x*(x)| < 1}, and so |x*(Ay)| < 1 for
all A € K. This can occur only if |x*(y)| < 1/A for all A € K, and thus x*(y) = 0.
This remains true for any y € ker(T), and so we have that x* € (kerT)™ .

By Lemma 4.33, there then exists some f € (K"*)* such that x*(x) = (f o T)(x)

forall x € X. Since K™ is finite-dimensional, there exists a finite sequence (a; j )7 1



5.4 The Geometric Hahn—-Banach Theorem 101

such that

Ny
fEL ey =) aiE, EpY e KV

j=1
Therefore,

Nn
X)) = fOg (), xy (0) =Y ajx(x), x€X,
j=1

and so x* € E,.

We have shown that each x* € X* is in E, for some n € N. We therefore
conclude that X* = U;’il E,. For each n € N, the space E,, is finite-dimensional,
and so is closed. Therefore, by Theorem 4.7 (the complementary version of the Baire
Category Theorem), there exists some n € N such that int(E,) # ). We conclude
that E,, is an open neighborhood of the origin in X*, and consequently is absorbent.
Therefore, X* = U,‘(’il kE, = E,. Thus, the space X is finite-dimensional, and so
X 1is finite-dimensional, as well. O

Proposition 5.31 Let X be a Banach space. Then:

(1) The weak topology on X is a Hausdorff topology.
(i) A linear functional is continuous in the weak topology if and only if it is
continuous in the norm topology.

Proof (i) Assume x| and x; are elements in X such that x; # x;. By the Hahn-
Banach Separation Theorem (Theorem 5.20), there exists an x* € X* such that
€ = x*(xp — x1) > 0. Therefore, the set {x : [x*(x) — x*(x1)| < €/2} is a weak
neighborhood of xy, the set {x : |x*(x)—x*(x2)| < €/2}is aweak neighborhood of x,,
and these two neighborhoods are disjoint. Hence, (X, w) is a Hausdortf topological
space.

(ii) If a linear functional f is continuous in the weak topology on X, then f~'(V)
is a weakly open set whenever V is an open set in the scalar field. But the norm
topology contains all of the weakly open sets, so £ (V) is open in the norm topology.
Therefore, f is continuous in the norm topology on X. (The idea is that it is “easier”
to be continuous in the norm topology, because there are more open sets.)

Now, suppose f is a norm continuous linear functional. Then f € X*, and so
the set {x : | f(x)| < €} is a weak neighborhood of O (by the definition of the weak
topology). Thus, f is continuous in the weak topology on X. O

The weak topology on X is the weakest topology on X such that all norm contin-
uous linear functionals remain continuous. When we say a topology is weaker, we
mean that it contains fewer open sets. The norm topology on X is stronger than the
weak topology on X, because it contains more open sets. Weakly open sets are open
in the norm topology, but the converse need not be true. A function is continuous if
the preimage of any open set is open. The stronger the topology on the domain, the
easier it is for a function to be continuous, because with more open sets, it is more
likely that a given preimage is open.
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Definition 5.32 Let X be a topological vector space. The weak™ topology on X*
(or the w*-fopology) is defined by a base of neighborhoods at O of the form

Woxr, . oxe) = {67 XM (o)| <€, 1<i <nj,

where € > O and {x,...,x,} € X forn € N.

The weak™ topology on X * is the topology inherited from viewing X * as a subspace
of KX, the space of all scalar-valued functions on X. As before, we endow KX with
the product topology. We use (X*, w*) to denote X* with the weak™* topology.

Observe that any x € X can be thought of as a linear functional on X* via the
mapping x — ¢,, where ¢, (x*) = x*(x) for all x* € X*. The weak™ topology on
X* is the weakest topology on X* for which the linear functionals ¢, are continuous
for all x € X.

The Banach space X* has also a weak topology that is induced by it’s dual space
(X*)* = X™* (the bidual of X). The weak™ topology on X* is weaker than the weak
topology on X*, because it requires fewer members in X** to be continuous. (Only
those coming from X.)

Example 5.33 Consider the sequence space ;. In Example 5.28, we saw that ¢,
had a weak topology induced upon it by €7 = £. In this weak topology, we saw
that the sequence (e,);2 ; did not converge to O (because e(e,) = 1 forall n € N,
where e = (1, 1,..) is the constant sequence with all terms equal to 1). The space
£ can also be given a weak™ topology as the dual space of c¢g.

Suppose & = (&), is an element of cy. Since co consists of sequences that
converge to 0, it follows that ¢,(§) = &, — 0 as n — oo. This is true for every
& € co, and so the sequence (e, )52, converges to 0 in the weak™ topology on ¢;.

In this example we have found a sequence which converges in the weak™ topology
on £, but not in the weak topology on €. This happens because the weak™ topology
has fewer open sets than the weak topology. (That is to say, the weak™* topology is
weaker than the weak topology).

Proposition 5.34 Let X be a Banach space. Then:

(1) The weak* topology on X* is a Hausdorff topology.
(ii) A linear functional f on X* is weak*-continuous if and only if there exists some
x € X suchthat f(x*) = x*(x) forallx* € X*. (Inotherwords, (X*,w*)* = X.)

Proof (i) Let x{ and x} be elements in X* such that x| # xJ. Then there exists
some x € X such that x*(x) # x5 (x). (Otherwise they would be the same as linear
functionals on X.) If € = |(x] — x3)(x)|, then the sets {x* : [x*(x) — x{(x)| < €/2}
and {x* : [x*(x) — xj(x)| < €/2} are disjoint weak”-open sets containing x and xJ,
respectively.

(ii) Certainly, if f(x*) = x*(x) for all x* € X*, then f is continuous in the weak™
topology. It remains only to show that any weak™*-continuous linear functional on X*
can be achieved in this way.
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Assume f is a continuous linear functional on (X*, w*). By Proposition 5.13,
there exists a basic neighborhood of (X*, w*) on which f is bounded. Thus, there
exists a real number € > 0 and a finite set {x{,...,x,} € X such that |f(x*)] < 1
forall x* € W*(xy,...,x,;€).

Define amap 7 : X* — K", where K is the scalar field, by

T(x™) = (x*(x1),...,x"(x,), x"eX*.

Suppose x* € ker(T). Then x*(x;) = Oforeach j € {1,...,n}. Thus, forany A € K,
we have that x*(Ax;) = O for j € {1,...,n}, and so (Ax™) € W*(xq,...,xy5¢€). It
follows that | f(Ax*)| < 1, and consequently | f(x*)| < 1/|A| for all A # 0. From
this we conclude that f(x*) = 0, and hence f € (kerT)*. By Lemma 4.33, then,
there exists a bounded linear functional ¢ : K" — K such that f = ¢ o T. Therefore,
there exists a finite collection of scalars {ay, .. .,a,} C K such that

FO™) = @(Tx) = g™ (X)X (6)) = Y@ x"(x), x" € X™.

j=1

n
The desired element of X is x = Z ajx;. O
j=1

Remark 5.3 InExample 5.33 we saw that the weak™ topology may be strictly weaker
than the weak topology. If X is a reflexive space (recall Definition 3.33), however,
then the weak and weak* topologies coincide.

Shortly, we will prove Proposition 5.37 which (in some sense) demonstrates that it
is “hard” to be compact in a normed space. Before we state and prove this proposition,
however, we need a lemma, which is of independent interest.

Lemma 5.36 All norms on a finite-dimensional vector space are equ ivalent.

Proof Let X be a finite-dimensional vector space over the scalar field K. Choose

Xl ... X, in X so that X = span{xy,...,x,}. We recall that each element of X has
n
a unique representation of the form Z o;x;, where o; € K foreachi € {1,...,n}.
i=1
Define a norm |[||-||| on X as follows:

n n
S H:Z'“i"
i=1 i=1

It is straightforward to show that this does indeed define a norm on X.
Now, let || - || be another norm on X. We will find positive constants ¢ and C such
that c|||x]|| < |lx]| < C|||x]|| for all x € X. By the triangle inequality,

n n n n
| 2] = D lal - il = amaxal (3 fel) = maxfal] || 32 e
1 2
i=1 i=l1 i=l1 i=1

(5.3)
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Thus, we may choose C = max; ||x;||.
Next, define a set

S={@n...om): Y |l =1}.
i=1

Observe that S is a closed and bounded subset of K”. Therefore, S is compact by the
Heine-Borel Theorem. Define a function f : § — R* by

Sflo, .. ,a,) = H Xn:aixiH.
i—1

We claim that the function f is continuous. To see this, observe that

n n n n
= I el =12 Al | = 12D ewei=)_ B
i=1 i=I i=I i=1

[F@ o= FBr B

3 o = e — it = (s = 42) (3 hwr?)
i=1 i=1 i=1 i=1

The last inequality follows from the Cauchy—Schwarz Inequality. From this, it
follows that f is continuous.

By the Extreme Value Theorem, since f is continuous on a compact set, the
function f attains a minimum value on the set S. Let ¢ be that minimum value. Then

f(ay,...,a,) > cforall (ay,...,a,) in S. This means that H Zaix,-‘

i=1

> ¢ for all

(aq,...,0p) in K" such that Z |a;| = 1. Alternately, for any (a4, . . .,a,) in K",

i=1

n n n
H E o X; ZCE Iai|=cm§ a;x;
i=1 i=1 i=1

Combining (5.3) and (5.4), we conclude that the two norms are equivalent. Since the
norm | - || was arbitrary, it follows that all norms on X are equivalent. O

‘ . (5.4)

Proposition 5.37 Suppose X is a Banach space (or just a normed linear space).
Then By is compact in the norm topology on X if and only if dim(X) < oo.

Proof Suppse X is a finite-dimensional normed vector space. By Lemma 5.36, X
is homeomorphic to K" with the Euclidean norm. Therefore, By is compact by the
Heine—Borel Theorem.
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Next, suppose By is compact in the norm topology on X. Denote by B(x,r) the
open ball of radius r centered at x € X. Since By is compact, there exists a finite

sequence {xi, ..., x;} of elements in X, such that
k 1 1
By QJL;JIB(xj,E> =jL=J1(xj+§Bx). (5.5)

Let F = span{xy, ..., x;}. Then (5.5) implies that By C F + %BX. This is a recursive
statement, and so we apply it to itself to get

1 1 1 1 1
By CF —(F —B):F F+-By=F+-By.
R G Tt ghx Taox

Continuing recursively, we have By C F + ZL"BX for all n € N. Therefore,

= 1
Bxc() (F + z—nBX).
n=1

However, F is closed, as a consequence of Lemma 5.36 (because F is finite-

dimensional). Thus,
g 1
F+—B ) —F,
M (F+ 5B

n=1

and so By C F. Since By is absorbent, we have X = | J;-, nBx € |J,—,nF. But
F is a vector space, and so X C F. Therefore, X = F, as required. O

While the unit ball in a Banach space can be compact in the norm topology only
if the space is finite-dimensional, the unit ball in the weak™* topology will always be
compact. Before proving this statement, known as the Banach-Alaoglu Theorem, let
us recall a theorem from general topology.

Theorem 5.38 (Tychonoff’s Theorem) Let I be an arbitrary index set. If {K;}icr
is a collection of compact topological spaces, then [ |..; K; is compact in the product

topology.

We will not prove this theorem, but we do wish to point out it relies on the Axiom
of Choice. We are now ready to state and prove the Banach-Alaoglu Theorem.

iel

Theorem 5.39 (Banach-Alaoglu Theorem) If X is a Banach space, then Bx~ is
compact in the weak™ topology on X*.

Proof Let X be a Banach space over the scalar field K. Recall that X* in the weak™
topology is achieved by viewing X* as a subspace of K* = [],_y K in the product
topology. We make this explicit by defining the map ¢ : X* — K* by

P(x") = (" (X))yex, x° € X"

If x* € By, then for each x € X, we have |x*(x)| < ||x]|. Consequently,

¢(Bx-) < [ [ lIxllBx.

xeX
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where By is the closed unit ball in the scalar field K and ||x|| Bk is the closed ball
of radius ||lx|| centered at the origin. The product A = [,y llx|| Bk is compact, by
Tychonoff’s Theorem. There is no reason the image of By« would be all of A, but it
is a closed subspace. Indeed, the image is precisely the collection of elements in the
following set:

N | rem + e = e +afe) () T I8

{ar,00}CR xeX
{xi,x2}eX

(The first set of relations ensures f € KX is linear, while the second ensures it is
bounded.) Therefore, ¢(Bx+) is a closed subset of the compact set A, and hence
¢(Byx+) is compact in the product topology on KX It follows that By« is compact in
the weak™ topology on X*, as required. O

The Banach—Alaoglu Theorem as given here is due to Leonidas Alaoglu [1],
although the result was known to Banach. Banach did not have the notions of general
topology available to him, and so he could not formulate it in this way.

5.5 Goldstine’s Theorem

Let X be a Banach space. Recall that X can be thought of as a subspace of it’s bidual
X**. The space X** is the dual space for X*, and as such can be given a weak®
topology. The weak™ topology on X** is the weakest topology under which elements
of X* define continuous functions on X**. If we restrict to the subspace X, then the
weakest topology under which elements of X* are continuous is the weak topology
on X. Therefore

(X wH)lx = (X, w).

In other words, the restriction of the weak™ topology on X** to X is the weak topology
on X.

Theorem 5.40 (Goldstine’s Theorem) If X is a Banach space, then By is weak”-
dense in By.

Proof Let X be a Banach space. For simplicity, we will assume X is real. (If X is
complex, the argument is similar.) Denote the closure of By in the weak™ topology
on X** by B_X(W ). Our goal is to show the equality B_X(W - By,

By the Banach—Alaoglu Theorem (Theorem 5.39), the set By« is a compact (and
hence closed) set in the weak™ topology on X**. Therefore, since X C X™**, we see
that B_x(w ) C By

Suppose x3* € By« \B_X(W ) By the Hahn—Banach Separation Theorem (The-
orem 5.20), there exists a weak™-continuous linear functional f on X™* such
that

—(w)

fxg™) > sup {f (™) :u™ € Bx '} (5.6)
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By Proposition 5.34, since f is continuous in the weak™ topology on X**, there
exists an x* € X* such that f(x**) = x™*(x*) for all x** € X**. Therefore, (5.5.1)
becomes

xp*(x*) > sup {u™ (x*) u € B_X(W )} > sup{x*(x) : x € Bx} = ||x*||.

This implies [|x;*|| > 1, contradicting the assumption that x;* € Bx«. The result
follows. O

In the proof of Goldstine’s Theorem, we assumed that X was a real Banach space
for the sake of simplicity. The argument is similar when the Banach space is complex,
but instead of Theorem 5.20, which is the Hahn—Banach Separation Theorem for real
spaces, we use Theorem 5.22, which is the Hahn—Banach Separation Theorem for
complex spaces, and we replace f with R(f).

Theorem 5.41 A Banach space X is reflexive if and only if the closed unit ball Bx
is weakly compact.

Proof Assume first that X is reflexive. Then By = By+. By the Banach—Alaoglu
Theorem (Theorem 5.39), the set By« is compact in the weak™ topology on X**.
Since X is reflexive, the weak™ topology on X** coincides with the weak topology
on X. Therefore, By is compact in the weak topology on X.

Now, assume instead that By is weakly compact. The weak topology on X is the
restriction of the weak™ topology on X**, and so By is compact (and hence closed) in
the weak™ topology on X**. By Goldstine’s Theorem (Theorem 5.40), we conclude
that By = By, since By is closed and dense in By««. Therefore, X is reflexive. O

Proposition 5.42 Suppose X and Y are Banach spaces (or simply normed linear
spaces). If T : X — Y is a linear map, then the following are equivalent:

(i) T is bounded (i.e., norm-to-norm continuous).
i) Tis(X,| - ) to (Y,w) continuous.
(iii) T is (X,w) to (Y, w) continuous.

Proof Certainly (iii) implies (ii). We will show that (ii) implies (i), and then (i)
implies (iii).

Assume (ii). We wish to show that T (By) is bounded in the norm topology on
Y. Let y* € Y*. Then y* is continuous in the weak topology on Y. Consequently,
since T is norm-to-weak continuous, the functional y* o T is continuous in the norm
topology on X. Thus, y* o T € X*, and so

sup |y*(Tx)| = sup |[(y* o T)(x)| < oo. (5.7

lxl=1 lxli=<1

Since (5.5.2) holds for each y* € Y*, we conclude that the set T (By) is weakly
bounded in Y. Therefore, T (By) is bounded in the norm topology, by Theorem 4.12.
Now assume (i). Consider a weak neighborhood in Y, say

Wy = WyOlsewyne) ={y: il <e, 1 < j <n},
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for {y},...,y;} € Y*and € > 0. Suppose x € X is such that Tx € Wy. Then for
each j € {1,...,n}, we have |y}*(Tx)| < €. Recall that the adjoint operator T* was
defined so that T* o y* = y* o T. Therefore, |T*y;‘(x)| < eforall j € {1,...,n},
and so it follows that x € Wx = Wx(T*y},...,T*ys;€), a weak neighborhood of
X. We conclude that 7~!'(Wy) € Wy. Equality is obtained by running through the
same argument in reverse, and so 7' is weak-to-weak continuous, as required. O

Suppose that 7 : X — Y is a bounded linear mapping between real Banach
spaces. If X is reflexive, then T (By) is weakly compact, and hence norm-closed in
Y. This is not true in general (i.e., for non-reflexive spaces X). Consider any x* € X*
with ||[x*|| = 1. Then x*(By) could be either (—1, 1) or [-1, 1]. If X is reflexive, then
the second interval (the closed one) is the only option.

Example 5.43 Consider the real Banach space X = ¢;. Recall that £} = £,. Let &
in £, be the bounded sequence & = (1 — 1/n);2 ;. Now suppose x = (x,);-, is any
element in By, , so that ) -, |x,| < 1. Then

EOI =) &x| <D Elnl <1
n=1 n=1

Since ||§]l¢,, = 1, we have a norm-one element & € £} such that §(B;,) = (—1,1).
We see that a linear functional on a reflexive Banach space attains its maximum
value on the closed unit ball. It was a long standing question whether or not this
property characterized reflexive spaces. In 1964, R.C. James showed that it did when
he proved the statement: If every bounded linear functional on X attains its maximum
value on the closed unit ball, then X is reflexive [19].
We conclude this section with a result about the adjoint operator.

Proposition 5.44 [fT : X — Y is a bounded linear map between Banach spaces,
then T* : Y* — X* is weak™-to-weak™ continuous.

Proof The proof is very similar to the proof that (i) implies (iii) in Proposition 5.42.
Consider a weak™® neighborhood in X*, say
Wxs = Wxs(x1,.. . xp5€) = {x* 1 |x"(xj)] <€, 1 <j <n},

for {x1,...,x,} € X and € > 0. Suppose y* € Y* is such that T*y* € Wy=«. Then
|T*y*(x;)| < e€forall j € {I,...,n}. But T*y*(x) = y*(Tx) for all x € X, and so
[y*(Tx;)| < eforall j € {1,...,n}. Theny* € Wyx = Wy«(Txy,..., Txy;€), which
is a weak* neighborhood of Y*. This implies that (T*)~!(Wx+) € Wy-. Similarly,
Wy« € (T*)~'(Wx+), and so T* is weak*-to-weak* continuous, as required. O

5.6 Mazur’s Theorem

In this section we explore the consequences of convexity in weak topologies.

Theorem 5.45 (Mazur’s Theorem) Let X be a locally convex topological vector
space. A convex subset of X is closed if and only if it is weakly closed.
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Proof Without loss of generality, assume X is a real topological vector space. A
weakly closed set is always strongly closed, regardless of convexity. Suppose K is

closed in the original topology, and let K™ denote the closure of K in the weak

topology. Assume xq € E(W)\K . Then, by the Hahn—Banach Separation Theorem
(Theorem 5.20), there is an x* € X* such that

x*(x9) > sup{x*(x) : x € K}.
This contradicts the assumption x is in the weak closure of K, and so "=k O

Example 5.46 Consider the real sequence space £,, where 1 < p < o0o. As usual,
for each n € N, let e, be the sequence with 1 in the n™ coordinate, and 0 elsewhere.
We know that ¢, — 0 weakly as n — oo (see Example 5.28), and so O is in the
weak closure of the set E = {e,, : n € N}. Let co(E) denote the set of convex linear
combinations of elements in E:

co(B)={ > je; 1 4,0, Y a;=1, meN}.
j=1 j=1

We denote the closure of co(E) in the norm topology by co(E). This set is convex
and closed in the norm topology, and hence weakly closed by Mazur’s Theorem
(Theorem 5.45). It follows that o(E) contains 0, since 0 is a weak limit point of E.
We conclude that 0 can be approximated (in norm) by convex linear combinations
of elements in E = {e, : n € N}. In fact, if | < p < oo, then

1 - 1/p 19
:—(le) =n» —— 0.
- n—00

1
LA
n ¢, n

The same cannot be said of £;—in this case, there exists no convex combination of
elements in {e, : n € N} that will approximate 0. To see this, let Aje; + - - - + A€,
be any convex combination of elements from {e, : n € N}. Then

n
hier + -+ Anealley, = I dae - Aaa O )l = 3 A7 = 1.
j=1

In the above example, we introduced the notation co(E) to denote the set of convex
linear combinations of elements in the set E. This idea will prove important later,
and so we give the following definition.

Definition 5.47 Let X be a topological vector space and let A be any subset of
X. The convex hull of A is the smallest convex subset of X that contains A. The
convex hull of A is denoted by co(A) and consists of all convex linear combinations
of elements in A; that is,

co(A)={Y ia; i ajed ;>0 Y i;=1, meN]|.
j=1 j=1

The closed convex hull of A is the closure of the convex hull and is denoted co(A).



110 5 Consequences of Convexity

Example 5.48 Let X = L,(0,1), where 0 < p < 1. (See Example A in Sect. 5.3.)
In Example 5.19, we saw that the only nonempty open convex subset of X is X itself.
Consequently, if By = {f : || fll, < 1}, then co(Byx) = X.

Let W be a subset of a topological vector space X. If f is a linear functional
on X such that | f(x)| < M for all x € W, then, by the definition of the convex
hull, it must be that | f(x)| < M for all x € co(W). In the case of L,(0, 1), where
0 < p < 1, from the example above, the convex hull of the unit ball is the entire
space. Since no nonzero linear functionals are bounded on L ,(0, 1) (see Example A
in Sect. 5.3), it follows that there are no nonzero linear functionals bounded on the
unit ball of L (0, 1). Indeed, there are no nonzero linear functionals bounded on any
nonempty open subsets of L ,(0,1)if 0 < p < 1.

We now give an example of how convexity can help to solve optimization
problems. We begin by making a definition.

Definition 5.49 Let X be a vector space. A function f : X — R is called convex if

fx+A =0y <tf)+A -1 f(y),

for all {x,y} € X and ¢ € [0, 1].

Our problem is as follows: Suppose K is a closed bounded convex set in a Banach
space X and let f : X — R be a continuous convex function. Does there exist some
xo € K such that

f(xo) =min{f(x):x € K}?

There is no reason we should assume this minimum exists, as there is no compactness
assumption made on K.

Suppose for a moment that X is reflexive. Then By is weakly compact, by The-
orem 5.41. Since K is closed in norm, K is weakly closed, by Mazur’s Theorem. It
follows that K is weakly compact. (Here, we use the fact that By is weakly com-
pact and absorbent.) We now have continuity and compactness, but not in the same
topology: f is continuous in the norm topology, and K is compact in the weak
topology.

Despite this, we claim that if X is a reflexive Banach space and if f is a convex
function, then f does attain its minimum value on K. Let « = inf{f(x) : x € K}.
Our goal is to show that « > —oo and that f(xg) = « for some xy € K.

Suppose & = —oo and, for eachn € N, define K,, = {x € K : f(x) < —n}. For
each n € N, the set K, is closed (and hence weakly closed by Mazur’s Theorem),
convex, and nonempty (since « = —o0). Therefore, (K},);2 , forms a nested sequence
of weakly compact nonempty sets. By the Nested Interval Property (Corollary B.7),
it must be that (), K,, # . But this implies that there is some xo € K such that
f(x9) < —n for all n € N, an impossibility. Consequently, & > —oo.

Define for n € N a sequence of sets K, = {x € K : f(x) < a + 1/n}. As
before, (K,)7°, is a nested sequence of weakly compact nonempty sets, and so
Mo, K, # 0.1 xo € (o, K}, then xg € K and f(xo) = «, as required.

We summarize in the following proposition.
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Fig. 5.2 Some elementary convex objects

Proposition 5.50 Suppose K is a nonempty closed bounded convex set in a Banach
space X and let f : X — R be a continuous convex function. If X is reflexive, then
there exists an xy € K such that f(x¢) = min{f(x) : x € K}.

Proof See the discussion preceding the statement of the proposition. O

A special case of the above is f(x) = |lu — x|, the function representing the
distance between x € X and a fixed point u € X. If X is a reflexive Banach space,
and if K is a closed and bounded convex set in X (not containing u), then there exists
a xo € K such that

llu — xo|l = min|lu — x||.
xekK

That is, there exists some point x) € K which is closest to u. (Actually, the
boundedness assumption on K is not needed for this statement to be true.)

5.7 Extreme Points

In this section, we consider sets K that are convex in some vector space X.

Definition 5.51 Let X be a vector space and suppose K is a convex subset of X.
A point x € K is an extreme point of K if it does not lie on a line segment in K.
That is, x is an extreme point of K provided that the following is true: If # and v are
elements of K such that x = (1 — t)u + tv for some ¢ € (0,1), then x = u = v.

The set of extreme points of K is denoted ex(K).
For example, a triangle has an extreme point at each vertex, while any boundary
point of a circle is an extreme point. (See Fig. 5.2.)

Example 5.52 We now determine the extreme points for the unit ball By in several
cases where X is a real Banach space. Note that no point of the interior of By can
be extreme, and so we must consider only points on the boundary d By .

(i) X = {,. Denote the inner product on ¢, by (-,-). Suppose x € £, is such
that ||x|| = 1. Now let {u,v} C By, and suppose x = (1 — #)u + tv for some
t € (0,1). By the triangle inequality, |lu|| = ||v]| = 1 (otherwise || x| < 1).
Since ||x|| = 1, we have

1=, x)=0—-8t)(u,x)+t{v,x). (5.8)
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(i)

(iii)
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By assumption, 0 < ¢ < 1, and so (5.7.1) implies that (u,x) = (v,x) = 1
(again using the triangle inequality). Observe that (u,x) = 1 = |jul|||x||, and
thus we have equality in the Cauchy—Schwarz Inequality. This can only happen
if u = x. Similarly, v = x. Therefore, x is an extreme point of B,, whenever x
is on the boundary 9 By, .

X =L,0,1), 1 < p < co. We will take our cue from the preceding example.
Suppose f € L,(0,1) is such that || f|l, = 1. Let {g,h} € L,(0,1) and
suppose that f = (1 —t)g + th for some ¢ € (0,1). Then | gll, = l|kll, =1,
by the triangle inequality (as in (i)). By the Hahn—Banach Theorem, there exists
a linear functional ¢ in L ,(0, 1)* such that |¢|| = 1 and ¢(f) = 1. In fact, in
this case we can write ¢ explicitly:

1
d)(k):/o | FOIP (signf(0)) k(x)dx, k€ L,(0, 1.

Since ¢(f) = || f1|, we have

I=9¢(f) =0 —-1)p(g) +1¢(h).

Again using the triangle inequality, we have that ¢(g) = ¢(h) = 1.
By Holder’s Inequality,

1/
¢l < f POl gl dx < ( / FI " ax) Vgl = 115 g

where % +Ll=1(andsoqg = ﬁ). Since the left and right sides of the above
inequality are both equal to 1, we have equality in Holder’s Inequality. This
happens only if there are positive constants ¢ and b such that a(| f|?~")¢ =
blg|” (as members of L,(0,1)). Because g = ﬁ, this equality (which is
valid almost everywhere) becomes a|f|? = b|g|’, which is equivalent to
al/?| f| = b'/P|g|. Since I fIl, = ligll,, this can only happen if | f| = |g] in
L ,(0,1). A similar argument shows | f| = |h]|in L ,(0, 1). From these equalities,
together with the assumption that f is a convex combination of g and &, we
conclude that f = g and f = h. It follows that f is an extreme point of
Br,0.1)- The choice of f was arbitrary in aBLp(o,l), and therefore any f on the
boundary of the unit ball is an extreme point of the unit ball B, L0.1)-

A similar argument shows that the extreme points of the unit ball in £,
where 1 < p < o0, are the elements of the boundary 0 B, .
X = Ly(0,1). If f is an extreme point of By, «.1), then f is on the boundary

of Br,0.1). Let f be a function in L(0, 1) such that || f|; = fol | f(s)ds = 1.
Define a new function F on [0, 1] by

F(t):/ |f(s)lds, tel0,1].
0

The function F is continuous with F(0) = 0 and F (1) = 1. By the Intermediate
Value Theorem, there exists a t € (0, 1) such that F(t) = 1/2.
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@iv)

)

(vi)

Letg =21 xo,r) and h = 2 f x(1). By the choice of 7, we have ||g||; =1
and ||kl = 1. We have found distinct functions g and % in By (o) such that
f= %g + %h Therefore, f is not an extreme point of the unit ball of L;(0, 1).
Since f was an arbitrary element of 9 By, (o.1), we conclude that the unit ball in
L1(0, 1) has no extreme points.

X = cp. We will show there are no extreme points in B,;. Suppose x = (xz)72;
is a sequence in B,,. Then klirgo x; = 0, and so there exists some n € N such

that |x,| < 1/2. We will define sequences y = (yx)72; and z = (zx);2 ; in ¢g SO
that x = %y + %z. If x,, # 0, then define y and z as follows:

xp ifk #n,

2x, ifk =n.

fx itk #£n,
=10 ifk=n

and gz = {

We have x = %y + %z and, because |x,| < 1/2, the sequences y and z are
in B,,. The previous sequences work only if x, # 0. If instead x,, = 0, then
define y and z so that:

{xk ifk #n, xe  ifk #n,
Ve =

and =
itk =n * [—% itk =n.

1
2

Once again, we have x = % y+ %z, where the sequences y and z are in B,,.
Therefore, x is not an extreme point of the set By, .
X = ([0, 1]. In this case the extreme points of B 1) are the two functions
x10.1] and — xjo.1;- (That is, the constant functions 1 and —1.) If f € Bcjo,1jis a
continuous function such that | f(¢)| < 1 for some ¢ € (0, 1), then we may use
an argument similar to the perturbation argument used in (iv). (That is, we can
put a small “wiggle” in the function.)

Similarly, if K is a compact Hausdorff space, then the extreme points of
B¢ (k) are the two functions xx and — g, which are the constant functions 1
and —1 on K.

In the case that C(K) is a complex Banach space, the extreme points of
Bc (k) are all functions f € C(K) for which | f(s)| = 1forall s € K.
X = {£;. The set of extreme points in B, is {£e, : n € N}. First, let us
show that each of these points is indeed extreme in By,. Fix some n € N. Let
¥y = ()i, and z = (zx)2, be elements of By, such that e, = ay + bz, where
a and b are positive numbers such that @ + b = 1. (Note that these conditions
imply y, > 0 and z, > 0.) We have that ay, + bz, = 1 and ay, + bzx = 0
for all k # n. By assumption, we know that a # 0, and so y, = % — fzn and
Vi = —gzk for k # n. Once again making use of the triangle inequality, we
see that || y|l; = 1 and ||z||; = 1. Computing || y||; directly, we have

(Zm) o= (S rel) = () - (23 )+ (5-2)

k#n
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Thus,
b 1 2b
Il =2zl + (- = =2).
a a a
But [ly[l; = I and |Iz]l; = 1, and so

b (1 2b )_b—l—la—szn.

A little arithmetic (and the fact that @ + b = 1) reveals that z, = 1, and so z
must in fact be e,,. Therefore, e, is an extreme point. A similar argument shows
that —e,, is an extreme point for each n € N.

Now we show that no other element of 0 By, is an extreme point. Suppose
x € By, with [|x]; = 1, but x # e, for any n € N. Then there must be
at least two non-zero entries, say x,,, and x,,,. Without loss of generality, we
may assume both terms are positive. Choose some constant € > 0 such that
€ < min{Xy,, Xmy, 1 — Xpy, 1 — Xy, ). Define y = (yi)2, and z = (zx)g2, in £y

as follows:

Xk itk & {my,ma}, Xk itk & {my,ma},
Yk = Xp, +€ ifk=my, and = {xy, —€ ifk=m,

Xmy —€ fk=m; Xmy +€ ik =mj.

It follows that x = % v+ %z, where {y, z} € By,. Therefore, x is not an extreme
point.

The next theorem describes a condition under which the set of extreme points is
never empty.

Theorem 5.53 (Krein—-Milman Theorem) Suppose E is a locally convex Haus-
dorfftopological vector space. If K is a nonempty compact convex subset of E, then
K =co(exK). In particular, ex(K) # .

Before proving Theorem 5.53, let us observe a consequence.
Corollary 5.54 If X is a Banach space, then Bxx = o™ (exBy»).

Proof By Theorem 5.39, the set By« is compact in the w*-topology whenever X is
a Banach space. The result then follows from the Krein—-Milman Theorem. a

What makes this result so interesting is that we can now, courtesy of Example 5.52,
conclude that neither ¢y nor L(0, 1) is a dual space of a Banach space, since the unit
balls in these spaces have no extreme points. While the unit ball of C[0, 1] does have
extreme points, it does not have enough (only two!) to construct the entire unit ball
using only convex linear combinations. Therefore, C[0, 1] cannot be the dual space
of any Banach space, either.

In order to proceed with the proof of Theorem 5.53, we now introduce a definition
and a lemma.

Definition 5.55 Let E be a topological vector space with nonempty subset K. A
subset F of K is called extremal (in K) if F is a nonempty compact convex set such
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that the following holds: If {u,v} € K and (1 — f)u +tv € F for all ¢t € (0, 1), then
{u,v} C F.

Lemma 5.56 Suppose K is a nonempty compact convex subset of a locally convex
topological vector space. Every extremal subset of K contains an extreme point.

Proof Let K be anonempty compact convex subset of the locally convex topological
vector space E and suppose F is an extremal set in K . Consider the partially ordered
set of all subsets of F' that are extremal in K, where G > H whenever G € H. We
wish to find a maximal element of this partially ordered set (which in turn will be a
minimal extremal subset of F').

Suppose C = (G);¢; is achain of subsets of F that are extremal in K. Let G be the
intersection of all setsinC, so G = ﬂie ; Gi. Then G is a compact and convex subset
of F. For any finite collection of indices iy, ...,i, in I, we have ﬂZ:l Gy = Gy
for some j € {1,...,n}, because C is a chain of subsets. Therefore, by the Finite
Intersection Property, G is nonempty.

We claim that G is extremal in K. Suppose {#,v} € K and (1 —Hu+1tv e G
for all t € (0,1). Foreachi € I, we have G € G;, and so (1 — H)u + tv € G;
for all ¢+ € (0, 1). But G; is extremal in K, and hence {u,v} C G;. It follows that
{u,v} € ;e; Gi = G.Thus, G is extremal in K.

By Zorn’s Lemma, there exists a maximal element in the partially ordered set
of subsets of F that are extremal in K. Hence, there is a minimal subset of F
that is extremal in K. Denote this minimal extremal set by F. We will show that Fj
consists of only one element. Assume to the contrary that there exist distinct elements
u and v in Fy. The space E is Hausdorff, and so {u} and {v} are closed sets. By the
Hahn-Banach Separation Theorem (Theorem 5.20 for real spaces and Theorem 5.22
for complex spaces), there exists a continuous linear functional ¢ on E such that
¢(u) # ¢(v). In particular, ¢ is not constant on Fj.

Without loss of generality, we may assume ¢ is real-valued. The functional ¢ is
continuous on E, and therefore attains its maximum on the compact set Fy. Let

Go={x € F:¢x)= rggg;ﬂé)}-

Let M denote the maximum value of ¢ on Fy, so that ¢(x) = M for all x € Gy.

The set G is nonempty (by the continuity of ¢), compact, and convex. It is also
a proper subset of Fp, because ¢ is not constant. We claim that G is extremal in K.
Suppose {u,v} € K and (1 —t)u+tv € Gy forall¢ € (0, 1). We know that Gy C Fp,
and we know that Fj is extremal; hence {u,v} C Fy. For each t € (0, 1), we have
that (1 — r)u + tv € Gy, and so

M =¢((1 —Du+1tv) = (1 = D)pu) + 1¢(v),

for all # € (0, 1). From this we conclude that ¢(u) = ¢(v) = M, and consequently
{u,v} € Gy. This implies G is extremal, but this violates the minimality of Fj.
We have derived a contradiction, and so it must be the case that F contains only
one element. The set Fj is a single-point set and an extremal set. Therefore, the one
element of Fj is an extreme point.
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We are now prepared to prove the Krein—Milman Theorem.

Proof of Theorem 5.53 Without loss of generality, we may assume E is a real
topological vector space. The set K is extremal in itself, and so must contain an
extreme point, by Lemma 5.56. Let Ky = co(exK), the closed convex hull of the
set of extreme points in K. Suppose x € K\Kj. By the Hahn—Banach Separation
Theorem (Theorem 5.20), there exists a continuous linear functional f on E such
that

f(x) > max f(y). (5.9)
YEKo

Let
Go={ze K: f() = maxf(y)}.

The set G is nonempty because f is continuous and K is compact; it is also disjoint
from K because of (5.9). The set G is extremal (see the argument in the proof of
Lemma 5.56), and consequently contains an extreme point of K, by Lemma 5.56.
This, however, is a contradiction, because K contains all of the extreme points of
K, and K and G are disjoint. Therefore, K = K|, as required.

The Krein—-Milman Theorem originally appeared in a work by Krein and Mil-
man in 1940 [21]. The local convexity assumption on E was needed to invoke the
Hahn-Banach Separation Theorem (Theorem 5.20). Local convexity is a necessary
condition, a fact which was not shown until the 1970s [32]. The Krein—Milman
Theorem has a deep relationship with the Axiom of Choice. (See [4].)

5.8 Milman’s Theorem

Suppose K is a compact Hausdorff space. The Riesz Representation Theorem iden-
tifies the dual space of the space of continuous functions on K as the space of regular
Borel measures on K; that is, C(K)* = M(K). (See Theorem A.35.) We recall that
the norm on M(K) is the total variation norm: ||u|y = |w|(K) for all u € M(K).
We define the probability measures on K to be elements in the set

P(K)={neMK) : n=0, [lulu =1}

This set is convex. It is also closed in the w*-topology, which can be seen from the
equality P(K) = {u € Byk) : fK 1du = 1}. (See Exercise 5.27.)

By the Banach—Alaoglu Theorem (Theorem 5.39), the unit ball Bk is compact
in the w*-topology, and hence P(K) is w*-compact as a w*-closed subset. A simple
computation shows that P(K) is an extremal set in the unit ball of M(K). (Again,
see Exercise 5.27.) Since P(K) is a w*-compact convex extremal set, Lemma 5.56
assures us that P(K) must have at least one extreme point.

Proposition 5.57 Let K be a compact Hausdorff space. A probability measure in
M(K) is an extreme point of P(K) if and only if it is a Dirac measure.
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Proof We first show that §; is an extreme point of P(K) for s € K. Suppose there
exist probability measures p and v such that §; = (1 — t) + tv for some ¢ € (0, 1).
It follows that u({s}) = v({s}) = 1. Thus, u = v = &, as required.

Now suppose u is an extreme point of P(K). We will show that u = &, for some
s € K.Letld ={U open : u(U) =0} and let V =, o, U. We claim (V) = 0.
Suppose E is a compact subset of V. The collection of sets ¢/ forms an open cover
of E, and so by compactness there exists a finite subcover, say E C U, U --- U U,,.
The measure u is nonnegative, and so (by subadditivity)

p(E) < w(Uy) + -+ - + n(Uy) = 0.
Therefore, w(E) = 0 for all compact subsets of V. By the regularity of u,
w(V) = sup{(E) : E is a compact subset of V} = 0.

Let F = K\V. Then u(F) = 1. We wish to show that F' contains only one point.
Assume to the contrary that F' contains more than one point. Let {s,#} C F. By the
Hausdorff property, there are open sets W; and W, in K such thats € Wy, t € Wy,
and W, N W, = @. Since W; and W, are not subsets of V, they have non-zero
u-measure. Define measures i) and @, on K as follows:

(WiNnB) ((K\W))N B)
M](B)z'ul— and MZ(B)ZL

w(Wy) H(K\Wy)
where B is any measurable subset of K. We note that u(K\W;) # 0 since u > 0

and Wz - K\W] .
Both w; and p, are probability measures, and

wWp) o + n(K\W1) uo = .

By assumption, u is an extreme point of P(K). Thus, since u(W;) + w(K\Wp) = 1,
it follows that u = p; = ;. This is not possible, however, since (W) = 1 and
u2(Wp) = 0. We have derived a contradiction. Therefore, there can be no more than
one point in the set F, say s. Since w(F) = 1, it follows that u = &, as required.

In the above proof, the set V is the maximal open set of p-measure zero. The
entire p-mass of K is contained in K\ V. This motivates the next definition.

Definition 5.58 Suppose i is a positive nonzero measure on K . If V' is the maximal
open set of p-measure zero, then K\ V is called the support of . If u is a signed (or
complex) measure, the support of u is defined to be the support of |u|.

In the proof of Proposition 5.57, observe that the measures 1| and u, were defined
in such a way that they had disjoint supports. As a result, it was certainly the case
that w; # wo. (They “live” on different sets, so to speak.)

Theorem 5.59 (Milman’s Theorem) Suppose E is a locally convex Hausdorff
topological vector space and let K be a compact subset of E. If D is a closed subset
of K such that K = co(D), then ex(K) C D. Furthermore, for every x € K, there
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exists a |, € P(D) such that f(x) = fD FO) ux(dy) for all linear functionals
f € E.

Proof Observe that E C KE", the collection of all scalar-valued functions on E*,
where the superspace is equipped with the product topology. The inclusion is made
explicit by the embedding p : E — K" defined by

pe) = (f(€)jep+, e€E.

(We often make this identification implicitly, suppressing the letter p.)
Introduce a map T : M(D) — KE”, defined by

= ([ roma) . uemo,
D feE*
Observe that T is continuous in the w*-topology on M (D).
For each s € D, we have

T(5,) = (f)) jeps = 5. (5.10)

By the w*-continuity of T, then, it follows that T maps 0" ({8;}ep) onto 0™ (D).
We note that we have the weak closure of co(D) in E because the topology E inherits
from K£” is the weak topology. (See the comments after Definition 5.27.)

By Theorem 5.53 (the Krein—Milman Theorem) and Proposition 5.57, we make
the identification %(W*)({és}sw) = P(D). By assumption, K = co(D), and so
by Mazur’s Theorem (Theorem 5.45), we have that K = o™ (D). Therefore, the
restriction T'|p(py : P(D) — K is a surjection. This proves the second part of the
theorem.

It remains to prove the first part of the theorem; that is, that the extreme points
of K are in D. Suppose x € ex(K). We claim that the set 7~'(x) € P(D) is an
extremal set. Suppose {i, v} € P(D)and (1 —)u +tv € T~ '(x) forall ¢ € (0, 1).
It follows that (1 — #)T(u) + ¢tT(v) = x for all ¢ € (0, 1). By assumption, x is an
extreme point in K, and consequently 7u = Tv = x. Therefore, {u, v} C T-'(x),
and so T~ !(x) is extremal.

By Lemma 5.56, T~!(x) contains an extreme point of (D). Therefore, there
exists some s € D such that §, € T~!(x), and consequently 7'(8;) = x. By (5.10),
however, T(8;) = s, and so x = s € D. The result follows. O

5.9 Haar Measure on Compact Groups

We now turn our attention to topological groups. We saw in Sect. 3.4 that if G is
a compact abelian metrizable group, then there exists a unique translation-invariant
probability measure on G. We noted at the time that the metrizability assumption
was not needed. Now, using the tools of the previous sections, we will extend this
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result to include compact topological groups that are not abelian. Let us review some
definitions.

Definition 5.60 A group G is called a fopological group if the set G is endowed

with a topology for which the group operations (multiplication and inversion)
(s,f) > s-t and s+ s (s,t) € G x G,

are continuous. If G is compact in the given topology, then G is called a compact
group.

Classical examples of topological groups include R” (where the group multipli-
cation is given by addition) and the set of orthogonal n x n matrices O, (where the
group multiplication is matrix multiplication). Multiplication in a group is usually
denoted either with a dot (-) or by juxtaposition. When the group is abelian, however,
it is traditional to use a plus symbol (4-), provided it will not result in any confusion.

When G is a compact group, we denote the space of continuous functions on G
by C(G). The o-algebra on G is implicitly taken to be the Borel o -algebra generated
by the open sets in G. We denote the Borel o-algebra on G by 5.

Definition 5.61 Let G be acompact group with Borel algebra 5. A measure ;& on G
is called left-invariant if u(gB) = w(B) forall B € B and g € G. Correspondingly,
the measure w is called right-invariant if u(Bg) = u(B) forall B € Band g € G.

Theorem 5.62 (Existence of Haar Measure) Suppose G is a compact group. There
exists aunique left-invariant probability measure on the Borel sets of G. Furthermore,
this measure is also the unique right-invariant probability measure on the Borel sets
of G.

Proof First, we assume we can find a left-invariant probability measure A and a
right-invariant probability measure . We will show that A = w. (Notice that this
will imply uniqueness.)

Let f € C(G). By Fubini’s Theorem,

f(/ f(s-t)k(dt)) u(ds):[ (/ f(s-t)u(ds))k(dt). (5.11)
G G G G

By the left-invariance of A,

/(/ﬂmmM®M®=/(/ﬂMM@M@z/f@MM,
G G G G G

since u(G) = 1. Similarly, by the right-invariance of p,

/(/ﬂ»mmwum=/(fﬂmwwum=ff®mm,
G G G G G

since A(G) = 1. Substituting into (5.11), we obtain

/fmum=[fmmm.
G G

The choice of f € C(G) was arbitrary, and so by duality we conclude A = p.
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It remains to prove the existence of a left-invariant measure on G. (A similar
argument will produce a right-invariant measure.) We begin by defining for each
s € G aleft-multiplication operator L, : C(G) — C(G) by

(Ls f)t)= f(s-1), teG.
Observe that | L,|| = 1, LS‘l =L,1,and L,0L; = L,.;, whenever u and s are in G.
Claim 1 Let f € C(G). The map s — L f is continuous from G into C(G).

We wish to estimate, for s and s in G, the quantity
ILsf — Ly flloo =sup |f(s-1) = f(s" - 1)].
teG

Multiplication in the group is continuous, and so the map (s, #) +— f(s - t) is contin-
uous on G x G. Since the group G is compact, we conclude the map (s,t) — f(s-t)
is in fact uniformly continuous. Therefore, for any given € > 0, there exists an
open neighborhood V, of the identity such that | f(s - 1) — f(s’ - t')| < € whenever
s'-s Ve V.andt -t~! € V.. In this case, we have t' = ¢, and so if s’ - s~} € V,,
then

ILsf = Ly fllo =sup | f(s - 1) — f(s"- D) <e.

teG

This proves Claim 1.
Claim 2 Let € C(G). The map s — L7 is w*-continuous from G into M(G).

Observe that LY : M(G) — M(G). Then, for f € C(G), by the definition of the
adjoint, [ fdL*u = [ Lsfdp.1f s and s’ are in G, then

‘/Gde;‘u—/Gdej/u‘=)/GLSfdM—/G Lo du| < 1Lof~Lo fllclithr

The rest follows from Claim 1.
Claim 3 If's € G, then L*(P(G)) < P(G).

If f>0,then [ fdL*u = [Lyfdun > 0, whenever s > 0. Thus, L*11 > 0 for
any u € P(G). Furthermore,

L}‘M(G)=/ 1qu(dt)=/ Lg(D) pldt) = u(G) = 1.
G G

Thus, L} u is in P(G) whenever p is a probability measure. This proves Claim 3.
The gist of Claim 3 is that the set P(G) is invariant under multiplication on the
left; i.e., P(G) is left-invariant. We wish to find a set with this property that contains
only one element. To that end, let I be the collection of all weak*-compact convex
subsets of P(G) that are left-invariant; that is, all weak*-compact convex subsets K
suchthat L¥K C K forall s € G. Define a partial order < on K so that A < B when
A C B. We know that K is nonempty, because P(G) € K. If (C;);¢; is a chain in £,
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then C = (),,; C; is nonempty, by the Finite Intersection Property. Furthermore, C
is a lower bound for the chain (C;);c;. Therefore, by Zorn’s Lemma, there exists a
minimal element of C, say K.

We wish to show that K is a single-point set. Assume to the contrary that ©; and
W, are distinct elements in K. Let v = %(,ul + wy). Then v € K, by convexity.
Define a new set E = {L’v : s € G}. By Claim 2, the set E is weak*-compact (as
the image of the compact set G under a weak*-continuous mapping). Furthermore,
E C K, by the left-invariance of K.

For all # and s in G,

Ly(Livy=L;Liv=L; vekE.

Thus L¥(E) € E, and so E is left-invariant.

Let Ky = E(W*)(E). The set Ky is convex by construction. We also have that
Ky is weak™-compact, because it is weak*-closed in the weak*-compact set K. By
construction, Ky is left-invariant, and so Ky € K. But Ky € K and K is minimal in
K. Therefore, K = K.

By the Krein—Milman Theorem (Theorem 5.53), there is some extreme point in
K; and by Milman’s Theorem (Theorem 5.59), every extreme point of K is in E.
Therefore, there exists some s € G such that L}y is extreme in K. Recalling the
definition of v, we see that

1
Liv= §(L§u1 + L 12).

But L} and L, arein K, by left-invariance, and L v is extreme in K. Therefore,
L¥v = L*u; = L¥*p,. If we multiply all sides of this equation by s~ on the left
(that is, apply Lf:,l to all sides), we discover that v = p; = w,. This violates the
assumption that p; and w, are distinct. Thus, K contains only one element, say A.
The measure A is the desired left-invariant probability measure on G.

Definition 5.63 Let G be a compact group. The unique left-invariant probability
measure on the Borel subsets of G is called Haar measure on G.

5.10 The Banach—-Stone Theorem

In this section, we prove a classical theorem about the structure of spaces of contin-
uous functions. We recall that two Banach spaces X and Y are called isometrically
isomorphic if there exists a continuous linear bijection that preserves norms. That is,
if there exists some linear bijection T : X — Y such that |T|| = |T~'|| = 1.

Theorem 5.64 (Banach—Stone Theorem) Suppose K| and K, are compact Haus-
dorff spaces. If C(K1) and C(K3) are isometrically isomorphic, then K| and K, are
homeomorphic. Furthermore, if T : C(K,) — C(K3) is an isometric isomorphism,
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then there exists some u € C(K3) such that |u(s)| = 1 for all s € K,, and such that

Tf(s) =uls) f(@(s)), s €K,
where ¢ . Ko — K is a homeomorphism.

Before proving the Banach—Stone Theorem, we will provide a simple lemma that
will not only help us now, but will come in handy later, too. In order to prove this
lemma, however, we need to make use of another result from general topology.

Theorem 5.65 (Urysohn’s Lemma) A fopological space X is normal if and only if
any two disjoint closed subsets A and B can be separated by a continuous function.
That is, if there exists a continuous function f : X — [0, 1] such that f|s = 0 and

flg=1

We recall that a topological space X is normal if for disjoint closed sets E and
F, there exist disjoint open sets U and V such that £ C U and F € V. We will not
prove Urysohn’s Lemma; however, we will observe that, as a consequence, if K is a
compact Hausdorff space, then C(K) separates the points of K. That is, if a and b
are distinct points in K, then there is a function f € C(K) such that f(a) = 0 and
f(b) = 1. (See Exercise 5.7.)

Lemma 5.66 Let K be a compact Hausdorff space. If A = {6, : s € K}, then K is
homeomorphic to A with the subspace topology inherited from (M (K), w*).

Proof We remind the reader that for each s € K, the Dirac measure at s is a measure
8 defined so that fK fdés = f(s)forall f € C(K). The set A is closed in the w*
topology and A C By (k). Therefore, A is w*-compact.

Define a map y: K—A by ¥ (s) = §; for every s € K. Clearly, ¥ is a surjection.
Suppose that s and ¢ are two distinct points in K such that {¥(s) = v(¢). Then
8; = &;. This means that §;(f) = §,(f) for all f € C(K). Thus, f(s) = f(t) for
all f € C(K). This contradicts the fact that C(K) separates the points of K. (See
the comments before the statement of Lemma 5.66.) Therefore, ¥ (s) = ¥ (¢) only if
s = t, and so ¥ is an injection as well as a surjection.

We next show that i is a homeomorphism by showing that it is a continuous
closed map (so that it maps closed sets to closed sets). Certainly, 1 is continuous in
the w* topology on A, since for every f € C(K),

V) = / £ds, = f(s), s €K,
K

and because f is continuous (by assumption). Now let F be aclosed setin K. Then F

is compact, because it is a closed subset of the compact set K. Since i is continuous

for A with the w* topology, it follows that v (F') is w*-compact in A. Since ¢ (F)is a

compact set in a Hausdorff topology, it must be closed (in that topology). Therefore,

Y is a closed map, and it follows that ¢ is a homeomorphism. (See Exercise 5.4.)
We are now prepared to prove the Banach—Stone Theorem.

Proof of Theorem 5.64 Let K| and K, be compact Hausdorff spaces and suppose
T : C(K;) — C(K>) is an isometric isomorphism. We wish to show that K| and K,
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are homeomorphic. Observe that 7 maps extreme points of B¢ (k) to extreme points
of Bc(k,). To see this, let f be an extreme point in B¢k, and suppose that g and &
are functions in Be(k,) such that 7f = 1(g +h). Then f = (T~'g + T~'h), and
from this we deduce that T~'g = T='h = f (because f is an extreme point). It
follows that g = h = T'f, and so T f is an extreme point in B¢(g,) whenever f is an
extreme point in Bc(k,). In particular, since xk, (which is identically equal to 1 on
K) is extreme in Bc(k,), its image T (xk,) is extreme in B¢(k,). Consequently, we
have that |T'(xk,)(s)| = 1 forall s € K.

If we define an operator S : C(K;) = C(K») by Sf = (Tf)/T(xk,) for all
functions f € C(Ky), then S is an isometry such that S(xk,) = xk,. Therefore, we
may assume without loss of generality that T'(xk,) = xk,-

The adjoint T* : M(K,) — M(K,)is also an isometry because (T*)~' = (T )",
and so T*(Buy(k,)) = Bmk,)- Suppose i € P(K3). Then

(T*u)(Ky) = /

ldT*,uzf T(l)dy,:/ ldp = uw(Ky) = 1.
K K> K>

(Here we use the fact that xx, = 1 on K; and xg, = 1 on K,.) The measure 7* i is
then an element of By k,) such that 7*u(K) = 1. It can be shown that these two
facts imply that 7*u € P(K). (See Exercise 5.28.)

As an isometry, 7* will map extreme points to extreme points. By Proposi-
tion 5.57, the extreme points in M(K;) and M(K,) are the Dirac masses, and so
for each s € K>, there must be some t; € K; (depending on s) such that 7*§; = §,,.
Define amap ¢ : K, — K by ¢(s) = 1, for each s € K. Then,

T*Ss = 5¢(5), NS Kz.

The map ¢ is a bijection from K, onto K, which follows from the fact that 7* is a
bijection from M (K;) onto M(K ;). We wish to show that ¢ is a homeomorphism,
and as such we must show that both ¢ and ¢! are continuous.

Lety : Ky — {6, :t € K1} and g : Ky — {8, : s € K,} be defined by ¥ (¢) = &;
and ¢(s) = §; forall r € K| and s € K,. By Lemma 5.66, the maps ¥ and ¢ are
homeomorphisms. Observe that, for all s € K>,

B(s) = ¥ Spr) = ¥ H(T*8) = (Y~ o T* 0 0)(s).

We assumed T was continuous, and hence T* : M(K,) — M(K,) is weak*-to-
weak™ continuous, by Proposition 5.44. Therefore, ¢ is continuous. Similarly, we
can show that ¢~' = ¢~ o (T™")* o ¥, and so ¢! is continuous. Thus, ¢ is a
homeomorphism.

Finally, we have

Tf(s)= [ (Tf)ds,= | [fd(T*s)= / [ by = f(P(s)).
K> K K

The factor u appearing in the statement of the theorem does not appear now because
of the normalization we made at the beginning of the proof. Had we not assumed
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T(xx,) = Xk,, then we would have u = T(xg,), which is a function with the
property that |7 (xk,)(s)| = 1 forall s € K».

Remark T here are other ways to prove that K; and K, are homeomorphic using
properties of C(K) and C(K;). For example, it is possible to prove that K| and
K, are homeomorphic using only the fact that C(K;) and C(K>) are isomorphic as
rings, so that no norm structure is required in the proof. (See [15] for more.)

Exercises

Exercise 5.1 Let a and b be real numbers such that a < b. Show explicitly that
(a, b) is not a compact set in R by finding an open cover with no finite subcover.
(Use the standard topology on R.)

Exercise 5.2 Prove the following theorems:

(a) Every closed subset of a compact space is compact.

(b) The image of a compact space under a continuous map is compact.

(c) Every compact subset of a Hausdorff space is closed.

(d) Let X be a compact space and Y be a Hausdorff space. If f : X — Y is
continuous, then f is a closed map. (That is, f(C) is closed in Y whenever C is
closed in X.)

Exercise 5.3 Let K be a compact topological space and suppose ¢ : K — E isa
continuous one-to-one map, where E is a Hausdorff topological space. Show that ¢
is a homeomorphism onto its image ¢(K). (Hint: See Exercise 5.2.)

Exercise 5.4 Let X and Y be topological spaces. If ¢ : X — Y is a continuous
closed bijection, show that ¢ is a homeomorphism.

Exercise 5.5 Let X be a Hausdorff space. If A and B are disjoint compact subsets
of X, then show there exist disjoint open sets U and V suchthat A C U and B C V.

Exercise 5.6 Suppose X is a compact Hausdorff space. Show that X is a normal
space. That is, if E and F are disjoint closed subsets of X, show there exist disjoint
open sets U and V such that E C U and F C V. (Hint: Use Exercise 5.5.)

Exercise 5.7 Suppose X is a compact Hausdorff space. Use Urysohn’s Lemma
(Theorem 5.65) and Exercise 5.6 to show that C(X) separates the points of X. That
is, if @ and b are distinct points in X, show there is a function f € C(X) such that
f(@)=0and f(b) = 1.

Exercise 5.8 Show that limits in a Hausdorff space are unique. That is, if X is a
Hausdorff space, show that a sequence (x,);2 ; in X cannot converge to two distinct
limits x and X.

Exercise 5.9 Prove a metric space is second countable if and only if it is separable.
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Exercise 5.10 (a) Suppose (M, d) is a metric space and Aisaset. If f : A — M is
an injective function, show that d,(x, y) = d(f(x), f(y)) for (x, y) € A x A defines
a metric on A.

(b) Show that p(x, y) = | log (y/x)| defines a metric on the set RT = (0, 00).

Exercise 5.11 Let d(x,y) = |¢p(x) — ¢(¥)|, where ¢p(x) = x/(1 + |x[). Show that
d is a metric on R that is not complete.

Exercise 5.12 Show that the space L (0, 1), where 0 < p < 1, is a complete metric

space with metric d(f,g) = | f — gll5, where || f]5 = fol | f(®)|? dt. (Hint: Use
Lemma 2..4, which still applies in this case, despite the fact that || - ||§ is not a norm.)

Exercise 5.13 Let L((0, 1) denote the space of all (equivalence classes of) Lebesgue
measurable functions on [0, 1]. Define

1
A9 = [ min(1,176) = ) ds.(£.8) € L.

Prove that d is a metric on L(0, 1). Furthermore, show that d( f,,, f) — 0 if and
only if f — 0 in measure. Conclude that L((0, 1) is a topological vector space (i.e.,
show that addition and scalar multiplication are continuous).

Exercise 5.14 Show that any continuous linear functional on Ly(0, 1) is identically
Zero.

Exercise 5.15 Suppose (£2, 1) is a positive measure space such that pu(£2) = 1.

(@) If 0 < p < g < 1, then show || f]|, < || fll, for all measurable functions f.
(b) Assume that f is a measurable function such that || f||, < oo for some r < 1.
Prove that

lim 171, = exp /Q log| /(@) n(dw)),

where we adopt the convention that e~ = 0.
(Compare to Exercise 2.13.)

Exercise 5.16 Suppose (£2, ) is a positive measure space such that ;(£2) = 1. Let
Lo(p) denote the space of all (equivalence classes of) p-measurable functions on £2.
For any measurable function f, define

1710 = exp ([ 1oz f(@) n(d)).

(See Exercise 5.15.) If d(f, g) = || f — gllo for all measurable functions f and g in
Lo(w), does d define a metric on Lo(w)?

Exercise 5.17 Let X be a locally convex topological vector space with 1 a base of
absolutely convex neighborhoods of 0. Verify that the topology on X is generated by
the family of Minkowski functionals { py }ue,. Deduce that x, — 0in X if and only
if py(x,) — Oforall U € ».



126 5 Consequences of Convexity

Exercise 5.18 Consider the set dB;, = {x € £ : ||x|l, = 1}. Show that 9By, is
closed in the norm topology, but not the weak topology on ¢,. (This example shows
that the convexity assumption cannot be omitted from Mazur’s Theorem.)

Exercise 5.19 Let K be a compact subset of a Hausdorff topological vector space E,
and suppose C is a closed subset of E. Showthat C — K ={x —y:x € C,y € K}
is a closed subset of E.

Exercise 5.20 Let E be a locally convex topological vector space and suppose K is
a closed linear subspace of E. If xo ¢ K, show that there exists a continuous linear
functional f € E* such that f(xo) = 1, but f(x) =0forall x € K.

Exercise 5.21 Let E be areal locally convex topological vector space. Suppose K is
a nonempty compact convex subset of E, and C is a nonempty closed convex subset
of E, and that K N C = . Show there is a continuous linear functional ¢ on E such
that

inf $(x) > sup ¢(y).
xeC yeK

(We say ¢ separates K and C.)

Exercise 5.22 Let X be a real Banach space and let E be a weak*-closed subspace
of X*. If ¢ is a weak™ continuous linear functional on E with ||¢| = 1, show for
any € > 0 there exists an x € X with ||x] < 1 + € such that ¢(e*) = e*(x) for all
e* € E. (Hint: Consider the sets C = {e* € E : ¢(e*) = 1} and K = (1 +¢€)" ' By+.)

Exercise 5.23 Let (X, || - ||) be areal reflexive Banach space and let ¢ € X*. Define
amap f : X - Rby f(x) = %I|x||2 — ¢(x) for all x € X. Show that f attains a
minimum value.

Exercise 5.24 Let (f,);2, be a bounded sequence in C[0, 1]. Show that f,(s) — 0
for every s € [0, 1] if and only if f,, — O weakly.

Exercise 5.25 Let p € [1,00) and for each n € N let ¢, be the sequence with 1
in the n™ coordinate, and 0 elsewhere. Show that the sequence (ne,)5>, does not
converge weakly to 0 in £,,. (Compare to Example 5.28.)

Exercise 5.26 Let p € (1, 00) and for each n € N define a function f, : [0,1] — R
by fu(x) = n'/P xi0.1/m(x) for all x € [0, 1]. Show that f,, — 0 weakly in L,(0, 1),
but not in norm. (Recall that x4 is the characteristic function of the measurable
set A.)

Exercise 5.27 Suppose K is a real compact Hausdorff space. Show that the set
‘P(K) of regular Borel probability measures on K is a convex and w*-closed subset
of M(K), the set of regular Borel measures on K. Show that P(K) is an extremal
set in the unit ball of M(K). (See Sect. 5.8.)

Exercise 5.28 Let K be a compact Hausdorft space and let v be a Borel measure on
K so that ||v||px) < 1 and v(K) = 1. Show that v is a probability measure.
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Exercise 5.29 Let G be a group that is also a topological space. Show that G is a
topological group if and only if the map g : G x G — G defined by g(x,y) = x"'y
is continuous.

Exercise 5.30 Let X be areal separable Banach space. Show that By« is metrizable
in the weak™ topology. (Hint: Let (x,)> | be a countable dense subset in X and define

P(x*) = (x*(x))pZ € RY)

Exercise 5.31 Let X be a Banach space. If x € X, use the Banach—Alaoglu Theorem
to prove that there exists an element x* € X* such that ||x*|| = 1 and x*(x) = ||x]|.
(Note: We proved this in Proposition 3.29 using the Hahn—Banach Theorem.)

Exercise 5.32 A subset E of a topological vector space X is called bounded if for
every open neighborhood V of 0, there exists an n € N such that £ € nV. Show
that any compact subset of a topological vector space is bounded.

Exercise 5.33 A topological vector space X has the Heine—Borel property if every
closed and bounded subset of X is compact. (See Exercise 5.32 for the definition of
a bounded set in a topological vector space.)

(a) Show that a Banach space has the Heine—Borel property if and only if it is
finite-dimensional. (Hint: Use Lemma 5.36.)
(b) Show that (X*, w*) has the Heine—Borel property if X is a Banach space.

Exercise 5.34 Show that C[0, 1] is not reflexive by showing that Bcyo,; is not
compact in the weak topology. (Hint: Find a A € C[0, 1]* such that A(Bcjo,17)
is open.)

Exercise 5.35 Let X be an infinite-dimensional Banach space. Show that (X*, w*)
is of the first category in itself.



Chapter 6
Compact Operators and Fredholm Theory

6.1 Compact Operators

Suppose X is a vector space (over R or C) and let 7 : X — X be a linear operator.
Let us recall some basic definitions from linear algebra. The kernel (or nullspace)
of T is the subspace of X given by ker(7T') = {x : Tx = 0}. The range (or image) of
T is given by ran(T) = {Tx : x € X}. We say that x € X is an eigenvector of T if
x # 0 and there exists some scalar A (called an eigenvalue) such that Tx = Ax.

The behavior of linear operators on finite-dimensional vector spaces has been
studied for a long time and is well understood. Some of the most basic and important
theorems of linear algebra rely heavily on the dimension of the underlying vector
space X. Consider the following well-known theorems.

Theorem 6.1 Let X be a finite-dimensional vector space and suppose T : X — X
is a linear operator. Then:

(i)  The map T is one-to-one if and only if T maps X onto X.
(ii) dim(X) = dim(kerT) 4 dim(ranT) (Rank-Nullity Theorem).
(iii) If X is a nontrivial complex vector space, then T has at least one eigenvector.

Notice that (ii) implies (i), and certainly (ii) is dependent upon the underlying di-
mension of X. To see how (iii) depends on the finite-dimensionality of X, recall
that eigenvalues can be calculated by solving the equation det (Al — A) = 0 for
X, where I is the identity matrix and A is any matrix representation of 7. Because
X is finite-dimensional, the expression det (L] — A) is a polynomial, and as such
must have a root because C is algebraically closed (by the Fundamental Theorem of
Algebra).

These theorems rely on the finite-dimensionality of X, and so any attempt to
generalize them to infinite-dimensional vector spaces requires careful consideration.
In fact, as stated, Theorem 6.1 is false in a general Banach space. To see this explicitly,
we now consider some examples, where the Banach spaces can be either real or
complex.

© Springer Science+Business Media, LLC 2014 129
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Example 6.2 Let {p,q} C [1,00] and consider the shift operators T : £, — ¢,
given by
T(€1,6,83,...)=1(0,§1,6,5,..), (Erey €4p,

and S : ¢, — ¢, given by

SM1,n2,m3,--) = (12,13, M4y ), (M) € £y

The map T is clearly one-to-one, but certainly is not onto. On the other hand, the
map S is onto, but clearly not one-to-one. We therefore cannot extend Theorem 6.1(i)
to infinite dimensions. Since the spaces £, and £, have infinite dimensions, it is not
obvious if the statement of Theorem 6.1(ii) has any significant meaning in its current
form.

To see that Theorem 6.1(iii) does not extend to infinite-dimensional vector spaces,
suppose (&x);=, is an eigenvector for T'. Then there exists some scalar A such that

T(¢1,62,8,...) = AMé1.62,8,...),

or

(0,81,8,83,...) = (A6, A&, A3, .. ).

The only way this can happenisif & = O forall k € N, contradicting the assumption
that (§,);2, is an eigenvector. It follows that 7' does not have any eigenvectors. The
map S, however, has many eigenvectors. (See Exercise 6.1.)

In the case p = g, notice that S o T is the identity map on £, but T o § is not. It
is also worth mentioning that if p and g are conjugate exponents (1/p + 1/q = 1),
then S = T*.

Example 6.3 LetT : C[0,1] — C[0, 1] be defined by T f(x) = xf(x). It is clear
that 7" is a bounded linear operator and that || 7| < 1.If A is an eigenvalue for T, then
there exists some function f € CJ[0, 1] such that xf(x) = Af(x) for all x € [0, 1].
It follows that (x — A) f(x) = O for all x € [0, 1]. This can happen only if f = 0.
Therefore, T has no eigenvectors.

We see that our intuition from linear algebra can fail us in infinite dimensions.
Indeed, for general linear operators on Banach spaces, much of what we know for
finite-dimensional vector spaces fails to remain true. For this reason, we impose
additional conditions on our operators. We now define one class of operators for
which our intuition can serve as a guide.

Definition 6.4 Let X and Y be Banach spaces. A bounded linear operator
T : X — Y is said to be a finite rank operator if dim(ran7) < oo. In such a case,
the number dim(ranT) is called the rank of T and is denoted rank(7").

For finite rank operators, we can still use some tools from linear algebra. This
class of operators is too small, however, and so we wish to introduce a less restrictive
condition on our operators. To that end, we introduce a definition.

Definition 6.5 Let X be a topological space. A subset E of X is called relatively
compact if it has compact closure; that is, if E is compact in X.
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Example 6.6 Let X be a Banach space. By Goldstine’s Theorem (Theorem 5.40),
By is dense in By« in the weak™ topology on X**. By the Banach—Alaoglu Theorem
(Theorem 5.39), By« is compact in the weak™ topology on X**. Therefore, Bx has
weak™-compact closure, and so is relatively compact, in (X**, w*).

Definition 6.7 Let X and Y be Banach spaces. A bounded linearmap 7 : X — Y
is called a compact operator if T(By) is a relatively compact set in Y.

It is important to note that the image of the unit ball under a compact operator
need not be a compact set. (See Example 6.10.)

Example 6.8 Finite rank operators are compact, by the Heine—Borel Theorem.

Example 6.9 Suppose that X and Y are Banach spaces such that X is reflexive, and
let T : X — Y be a bounded linear operator. By Proposition 5.42, the operator T
is weakly continuous. (That is, T is continuous in the weak topologies on X and Y.)
Since X is reflexive, the weak and weak™ topologies on X coincide. Therefore, by the
Banach—Alaoglu Theorem (Theorem 5.39), the unit ball By is weakly compact. We
know that T is weakly continuous, and so T'(By) is weakly compact in Y. It follows
that T (By) is weakly closed in Y, and so T'(By) is closed in the norm topology on
Y, by Mazur’s Theorem (Theorem 5.45). Therefore, if T is a compact operator, then
T (By) is compact in the norm topology on Y.

In Example 6.9, the set T'(By) is compact if and only if T is a compact operator.
The proof of this fact relies on the assumption that X is reflexive. If X is not reflexive,
then 7T'(Bx) may not be closed (and so not compact) even if 7' is a compact operator.
We illustrate this in the next example.

Example 6.10 LetA = (,);°, beasequencein; anddefineafunctionT : ¢ — R
by
o0
TE) =) Jnkn &=E)2 €.
n=1

For simplicity, assume A, > 0 for each n € N. Observe that T is linear because the
series defining 7'(§) is absolutely convergent for all £ € ¢y. For each & € ¢y,

TO1= |3 hutal = (sp160) D020 = 18 el
n=1 ne n=1

Thus, T is bounded and ||T'|| < [|Al¢,. In fact, |T|| = ||A]l¢, because

N
ITI = sup [TE)] = Ter+--+en)| = Y i (6.1)
n=1

geBy

forall N € N. (Recall that ¢ is the sequence with a 1 in the k™ coordinate, and zero
elsewhere.)

We have shown that 7T is bounded and linear (and hence continuous); it is also
compact becauseitis arank 1 operator. The set 7'(B,, ) is not closed, however, because



132 6 Compact Operators and Fredholm Theory

sup |T(§)| = lIAlle,, by (6.1), but there is no § € ¢y for which this maximum is
§€B,
attaioned. In fact, T(B.)) = (— l|Alle;, lIAll¢,), which is not closed, but has a compact
closure.

For another example of a compact operator 7 : X — Y such that T(By) is not
closed in Y, see Example 5.43. (See also Exercise 5.34.)

In the case of a metric space, a notion closely related to compactness is that of
total boundedness.

Definition 6.11 A subset of a metric space is called totally bounded if it can be
covered by finitely many closed balls of radius ¢ for any ¢ > 0.

Certainly, if a subset E of a metric space is totally bounded, then any subset of E
is also totally bounded.

Theorem 6.12 A closed subset of a complete metric space is compact if and only
if it is totally bounded.

Proof Let M be a complete metric space with metric d. For ease of notation, we
will denote the open ball of radius ¢ about x in M by B.(x) and the closed ball of
radius & about x in M by B(x). That is, B,(x) = {y € M : d(x,y) < ¢} and
B:(x)={yeM:dx,y) <e¢}

Suppose K is a compact (and hence closed) subset of M. Let ¢ > 0 be given.
The collection of sets {B.(x) : x € K} forms an open cover of K, and so (by
compactness) admits a finite subcover. Thus, there is a finite set {x,... ,xy}in K
such that

K C Be(x;)U---UBg(xy) € Be(x1)U---UB.(xy).

Thus, K is totally bounded.

Now suppose that K is a totally bounded closed subset of M. We wish to show
that K is compact. We will assume K is not compact and derive a contradiction. Let
V be a collection of open sets that cover K and suppose V does not contain a finite
subcover of K. Since K is totally bounded, it can be covered by a finite collection
of closed balls of radius 1, say

K CBi(x11)U---UB(x1n,)

Since K cannot be covered by finitely many sets in V, there is some member of the
collection {x;1,...,X1,,}, call it x;, such that K N B(x;) cannot be covered by
finitely many sets in V. Let K; = K N Bi(x)).

The set K is totally bounded (because it is a subset of K). Thus, K; can be
covered by a finite collection of closed balls of radius 1/2, say

K C E%(XZJ) u... UE%(Xz,nz)-

Since K cannot be covered by finitely many sets in V, there is some member of the
collection {x2, ... ,X2.,}, call it x,, such that K; N B 1 (x2) cannot be covered by

finitely many sets in V. Let K, = K; N E% (x2).
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Continuing inductively, we find a sequence of points (x,);>, in M and construct
a sequence of subsets (K,);>; of K such that

(i) K, C Bi(x,) forallneN,
(i) K2K 2Ky2K;2---,and
(iii) K, cannot be covered by finitely many sets in V for any n € N.

For each n € N, choose y, € K,. Then the sequence (y,)52, is a Cauchy sequence,
by the properties in (i) and (ii), above. Since M is assumed to be a complete metric
space, there is a point y € K (because K is closed) such that y, — y asn — oco. We
chose y, € K, for each n € N, and so it follows from (i) that x, — y asn — oo.

By assumption, V is an open cover of K and y € K. Hence, there is an open set
V € Vsuchthaty € V. Sincex, — yasn — 00, there exists some N € N such that
Bi(x,) C V forall n > N. This violates property (iii), because K, C B 1 (x,) for
alln e N, and so we have obtained a contradiction. Therefore, the cover V contains
a finite subcover of K, and so K is compact.

Definition 6.13 We denote the collection of compact operators from X to Y by the
symbol (X, Y). We use K(X) to denote (X, X).

The next theorem shows that the collection of compact operators is well-behaved.

Theorem 6.14 Let X and Y be Banach spaces. The set K(X,Y) of compact
operators from X to Y forms a closed linear subspace of L(X,Y).

Proof First, we will show that C(X, Y) is a linear subspace. Supposethat S : X — Y
and 7T : X — Y are compact operators and let & and 8 be scalars. We wish to show
that the operator oS + BT is compact. Defineamap¢ : ¥ x Y — Y by

o, v)=au+ pv, (u,v)eY xY.

The map ¢ is continuous because Y is a topological vector space. By assumption, the
set S(Bx)x T(By)iscompactin Y x Y. Therefore, the set H = ¢(S(Bx) x T (By)) is
compactin Y, as the continuous image of a compact set. Since («S+ BT )(Bx) C H,
and H is compact, it follows that (S + BT )(Bx) is compact, and so oS + BT is a
compact operator.

It remains to show that /C(X, Y) is a closed subspace. Suppose T € L(X,Y) is
a bounded linear operator and let (7;,);2, be a sequence of compact operators in
K(X,Y) such that |7, — T|| — 0 as n — oo. We wish to show that T(By) is
relatively compact. By Theorem 6.12, it suffices to show that its closure is totally
bounded. This will follow if we show, for any ¢ > 0, the set T (By) is contained in
a finite union of balls of radius ¢ in Y.

Fix ¢ > 0. There exists an n € N such that |7, — T|| < &/2. Because T,,(By) is
relatively compact, there exists a finite set of points {y;, ..., yy}in Y such that

N
T,(Bx) < U (vi+5 BY
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If x € By, then |T,x — Tx|| < ¢/2,andso Tx € ijzl (yj + &By). Thus, T(By)
is contained in a finite union of e-balls. We conclude that 7 (By) is totally bounded,
and hence compact. Therefore, T is a compact operator, as required. O

Remark 6.15 There is a more straightforward proof that (X, Y) is a subspace
of £(X,Y) that uses the fact that, in a metric space, compactness is equivalent to
sequential compactness (i.e., every sequence has a convergent subsequence). We will
prove this shortly (for complete metric spaces), but for now let us take this fact for
granted.

Let (x,);,2, be a sequence in Bx. There exists a subsequence (x,,);=; such that
(8x,,)72, converges (not necessarily in S(By)). There exists a further subsequence
(xnk )% ol such that (Tx,,A ) ° , converges (again, not necessarily in 7'(By)). Then
((aS + ,BT)(xnkj ))f"’= | converges, and we obtain the desired result.

We will now show that compactness is equivalent to sequential compactness in
a complete metric space. The theorem remains valid even without the completeness
assumption, but we need it only for Banach spaces, and so we opt for a theorem with
a simpler proof.

Theorem 6.16 Let M be a complete metric space. A closed subset K of M is
compact if and only if it is sequentially compact.

Proof Letd be acomplete metric on M. For notational simplicity, we will denote by
B;(s) the open ball of radius § about s € M; thatis, Bs(s) = {x € M : d(s,x) < 8}.

Suppose K is a compact set and let (a,),2, be a sequence in K. We will show that
(a,)52, has a convergent subsequence. Since K is compact, we can cover K with
a finite number of open balls of radius 1. At least one of these must contain a, for
infinitely many values of n € N. That is, there is a x; € K such that a, € B;(x;) for
infinitely many n € N. Let Ny = {n : n € N and a, € B;(x;)}. Denote the integers
in N; by (nlj)] 1» where ny; < nj; whenever j < k. Observe that (a,,lj)?"=1 isa
subsequence of (a,)52,, all the terms of which are in B;(x).

As before, because K is compact, we can cover K using a finite number of open
balls of radius % At least one of these balls contains ay,; for infinitely many j € N.
That is, there exists a x, € K such that any; € B ! (x) for infinitely many j € N. Let

Ny ={n;: j e Nand an,; € Bl(xz)} Denote the integers in N, by (ngj)jo 1» where
nyj < ny, whenever j < k. Observe that (a,lz,)jO | is a subsequence of (an1 )% =1 all

the terms of which are in the ball B 1 (x2).

Continuing inductively, foreachi € Nwefindx; € K and asubsequence (ay,;
of (@ _,; )j" ; such thata,,; € B] (x).

We define a subsequence (ay, )""l of (a,);2, by letting a,, = a,,, for eachi € N.
We claim that (a,,);2, is a Cauchy sequence To see this, let ¢ > 0. Choose a positive
integer N € N such that v < 5. Ifi > N and j > N, then a,, and ap; are
members of the N subsequence and consequently are in the open ball B 1 (xN) By
the triangle inequality,

0
Jj=1

d(an 7an)<d(an ’XN)+d(xN’an])< +§=
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We have established that the subsequence (a,, )2, is a Cauchy sequence. By as-
sumption, M is a complete metric space, and so the Cauchy sequence (ay, )2,
converges to some pointin the closed set K . Since any sequence in K has a convergent
subsequence, K is sequentially compact.

Now suppose K is sequentially compact. We will show that K is totally bounded.
(Then K will be compact by Theorem 6.12.) Suppose to the contrary that K is not
totally bounded. Then there exists some ¢ > 0 such that K cannot be covered by
finitely many closed balls with radius ¢. Pick any a; € K. Since K cannot be covered
by finitely many e-balls, the set K\ B.(a;) isnonempty. Choose some a, € K\ B.(ay).
Similarly, K\ (B.(a;) U B:(ay)) cannot be empty, and must contain some element,
say ds.

Proceeding inductively, we construct a sequence of points (a,);>, in K such that
ans1 € Be(a;) U --- U Bg(ay,) for all n € N. It follows that d(a,,a,) > & for all
m # n, and so (a,)52, cannot have a convergent subsequence. This contradicts the
assumption that K is sequentially compact. Therefore, K is totally bounded, and so
is compact (by Theorem 6.12).

We return now to the space of compact operators between Banach spaces X and
Y. In addition to being a closed subspace of L(X,Y), the collection of compact
operators K(X, Y) also possesses an ideal structure.

Theorem 6.17 Let W, X, Y, and Z be Banach spaces. If T : X — Y is a compact
operator and the maps A : W — X and B : Y — Z are bounded linear operators,
then the composition BoT o A : W — Z is compact. In particular, the space K(X)
is a two-sided ideal in L(X).

Proof The map A is bounded, and consequently A(Bw) C ||A|| Bx. We thus con-
clude that T A(Bw) C ||A||T (Byx), the latter set being compact, since T is a compact
operator. Finally, BT A(Bw) C ||A|| B(T (Bx)). The set on the right of the previous
inclusion is compact as the continuous image (under B) of a compact set. Therefore,
BT A(By) is a closed subset of a compact set, and so is compact.

Example 6.18 Suppose X is a Banach space. The identity map Id : X — X isa
compact operator if and only if dim(X) < oo. Indeed, if A : X — X is any invertible
bounded linear operator, then A is compact if and only if dim(X) < oo. This follows
from Proposition 5.37.

Example 6.19 Let p € [1,00] be given and leta = (a;)72, be a bounded sequence
(i.e., an element of £.,). Define amap 7T, : £, — £, by
Tu(§1,62,83, ... ) = (@1, @b, a363,... ), (§))72; € L)p.

We claim this map is a bounded linear operator. Linearity is clear. To see it is bounded,
leté = (Sj)?‘;l € £,. Then

1/p

o0
ITaEll, = [ D la; €17 ] < llallo I€NL,-
j=1
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This implies that || 7, || < |||l In fact, T, (e;) = a; e; foralli € N, and so it follows
that || 7, || = |la]ls- (Note that e; is an eigenvector with corresponding eigenvalue a;
for eachi € N.)

Proposition 6.20 T, is compact if and only if a € cy.

Proof If T, is a compact operator, then 7,(By,) is a compact set, and consequently
any sequence in 7,(B,) must have a convergent subsequence. Suppose that a ¢ co.
Then there exists some § > 0 and a subsequence (a,,j)f‘;l such that |a,, | > & for all
J € N. Then, for all natural numbers j and k,

1/p
”Taenj - Taenk”p = ”anjenj - ankenk”p = (|anj|p + |ank|p) > 4.

It follows that (7e,; );?‘;1 has no convergent subsequence, and so 7, is not a compact
operator.

Now suppose a = (a; );?‘;1 € ¢p. For each n € N, define a sequence in ¢y by the
rule ™ = (ay,... ,a,,0,...). The sequence a™ has only finitely many nonzero
terms, and so T, is a finite rank operator, and hence is compact. For each n € N,

ITa = Taw |l = [ Ta—aw |l = sup |ax|.

k>n

Since a € cy, this quantity tends to 0 as n — oo. Thus, T, is the uniform limit
of a sequence of finite rank operators. Therefore, T, is compact, because K(¢,) is a
closed subspace of L(£,), by Theorem 6.14. O

Example 6.21 Let K be a continuous scalar-valued function on the compact space
[0,1] x [0, 1]. Define T : C[0,1] — CIO, 1] by

1
TKf(s):f K(s,t) f(t)dt, f eC[0,1], s €[0,1].
0

We must show that Tk is well-defined; that is, we must show that Tk f is a continuous
function on [0, 1]. If 5, — s as n — o0, then

1 1
/ K(sy,t) f(t)dt — / K(s,t) f(r)dt,
0 0

as n — o0, by the Dominated Convergence Theorem. Consequently, Tk f is
continuous on [0, 1], by the sequential characterization of continuity.
It is clear that Tk is linear. To compute the bound, let f € C[0, 1]. Then

1
Tk f(s)] = / |K(s,2) f(O)dt < [ Kloo | flloo-
0
This bound is uniformin s € [0, 1], and so || Tk fllcc < 1K lloo || f loo- Therefore, Tk
is bounded and || Tk || < || K || co-

Proposition 6.22 If K is a continuous scalar-valued function on [0, 1] x [0, 1], then
Tx is a compact operator.
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Proof Suppose K is a polynomial on [0, 1] x [0, 1], say K(s,1) = Z'}zl ajs™ith,
where (m j)’]’.: , and (n j);?zl are finite sequences in N, and where (a j);'.zl is a finite
sequence of scalars. Then

n 1
Tx f(s) =Y _aj smff " f(t)dt.
j=1 0

Thus, Tk f is a polynomial in the linear span of {s™',... ,s™}. This holds for all
f € C[0, 1], and so Tk is a finite rank operator, and hence compact.

Now suppose K € C([0, 1] x [0, 1]) is a continuous function. By the Weierstrass
Approximation Theorem, there exists a sequence of polynomials (K,);° ; such that
K — K,|loo = 0asn — o0. Then

1Tk — Tk, | = 1Tk -k, || < I1K = Kylloo = O,

as n — oo. Therefore, T is the limit of a sequence of finite rank operators, and so is
compact (by Theorem 6.14).

Digression: Historical Comments

The linear operator Tk from Example 6.21 was considered by Fredholm in 1903,
in what is considered by some to be the first paper on functional analysis [12]. The
function K is called the Fredholm kernel (or simply the kernel) of the operator Tx
(not to be confused with the nullspace kerTk).

Fredholm was interested in solving integral equations of the form

1
o(s) = / K(s.0) f(0)d1,
0

where f, g, and K had specified properties. This integral equation is an extension
of the matrix equation
n
Vi = Z QAjj Xk,
k=1

where A = (ajk);f,kzl is an n x n matrix (for some n € N), x and y are n-dimensional
vectors, and y = Ax.

Fredholm’s work was before the advent of measure theory, and so the focus was
on the space of continuous functions on [0, 1]. The space C[0, 1] is an infinite-
dimensional vector space, and integral operators determine linear operators on this
vector space. Fredholm set about trying to apply techniques of linear algebra to these
kinds of operators.

With the advent of measure theory and Riesz’s work on L ,-spaces, the focus on
integral operators broadened to include these larger spaces of functions. For any p
in the interval [1, co], we define a Fredholm operator on L (0, 1) to be any operator
Tx : L,(0,1) — L,(0,1) of the form

1
Tk f(s) :/ K(s,t) f(t)dt, feL,0,1), sel0,1], (6.2)
0



138 6 Compact Operators and Fredholm Theory

where K is a prescribed measurable function on [0, 1] x [0, 1]. The function K is
known as the kernel of Tk . (It is also variously known as the nucleus or the Green’s
function for Tk.) In order to insure that Tk is well-defined, the kernel K generally
has some additional assumptions imposed upon it. For example, in the following
proposition, which can be seen as an extension of Proposition 6.22, the kernel K is
assumed to be an essentially bounded measurable function.

Proposition 6.23 [f K € L ([0,1] x [0,1]), then Tk is a compact operator on
L,(0,1)for1 < p < oc.

Proof Let p € (1,00) and suppose f € L,(0,1). Then

1 1
ITx I, = (/ Tk £(5)I? ds)"? < | Tg flloo = Sl[tp”| K(s,0) f(t)dt].
0 s€[0, 0

Thus,
1Tk fllp < IK oo 1F 111 < 1K Moo 1/l p-

(Note that || - [|; < || - ||, on a probability space, by Holder’s Inequality.) Therefore,
Tx f € L,(0,1) whenever f € L,(0,1) and ||[Tx fll, < IK|loo | fIl,- We have
established that Tk is well-defined and || Tk || < || K |- To prove that Tk is compact,
we use an argument similar to the one we used in Proposition 6.22. If K = x4x3,
where A and B are measurable subsets of [0, 1], then for all f € L,(0,1) and

s €[0,1],

1
TKf(S)=/0 xa(s) xs(t) f(t)dt = <f3 f(l)dt) xa($).

Thus, Tk f € span{y}, and so Tk is a rank-one operator. Therefore, Tk is compact.
Now suppose

K=" ciXaxs (6.3)
i=1

where n € N and, foreachi € {1,... ,n}, the sets A; and B; are measurable and ¢;
is a scalar. Then for all f € L,(0,1)and s € [0, 1],

1 n n
Ty f(s) = /0 S cia, ) xm (0 £ (1) dit = Z(ci / f(r)dr) X4 (5).
i=1 i=1 i

Consequently, Tx f € span{xa,.... , Xa,}, and so Tk is an operator of rank at most
n. Thus, Tk is compact.

If K is a bounded measurable function on [0, 1] x [0, 1], then the compactness of
Tk follows from a density argument. Since K is a bounded function, it is also true
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that K isin L, ([0, 1] x [0, 1]) for all » € (1, c0). Observe that

1 1 1
||T1<f||p=(/O |TKf(s>|Pds)‘/”s(/0 ([0 K (s, 1) f(0)] dt)" ds)"'”.

Thus, applying Holder’s Inequality to the inner integral, we have

1 1
ITe £l < ( fo ( /0 K (5.0l di)"? ds) "7 1 111, 6.4)

where 1/p + 1/qg = 1. We will show that the right side of (6.4) is bounded by
K-l £1l ,, where » = max{p, g}. Suppose that ¢ < p, then for any s € [0, 1], we

have that ( ) |K (s, )7 d)"/7 < ( [} |K (s, )| dr)"/?. Consequently,

1 1
nTKfn,,s(fo /0 K (5017 deds) " 11 £y = 1K1, £ 1L

Now suppose p < g and let A(s) = (foI |K (s,1)|7 dt)'/1. Then

1 1
||T,<f||ps(f0 Ay ds) Pl < (/O Ay ds) 171,

1 1
=(/0 /0 IK(s,t)qutds)l/q||f||p=||K||q||f||p,

Therefore, [Tk fll, < IK I I fll,» where r = max{p,q}.
Functions of the type in (6.3) are dense in L, ([0, 1] x [0, 1]). Thus, there exists a
sequence of kernels (K,);2 ;, all of the type in (6.3), such that K = hm K,, where

the limit is in the norm on L,([0, 1] x [0, 1]). Because || Tk f I, 5 ||K|| 1 flp, it
follows that Tx f = lim Tx, f forall f € L,(0,1). For each n € N, the operator
n—oo

Ty, is a finite rank operator on L ,(0, 1). Therefore, Tk is the limit of a sequence of
finite rank operators, and so Tk is compact, by Theorem 6.14.

Example 6.24 Letusexplore which kernels we can use to define a Fredholm operator
asin (6.2). In order for Tk : L,(0,1) — L,(0, 1) to be well-defined, we must ensure
that Tx f € L,(0,1) for all f € L,(0, 1). In the proof of Proposition 6.23, we saw
that

1 1
||T1<f||ps(/0 (/O K (s, 017 dt)"" ds)'"" |1 £11,-

(See (6.4).) If we choose K so that the above quantity is finite, then Tx will be a
well-defined bounded linear operator.

An important case is when p = 2 (and thus ¢ = 2). In this case, the inequality
becomes

1 1
||TKf||zs(/0/0|K(s,t>|2drds)'/2||f||z=||K||z||f||z. 6.5)
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Therefore, if K € L,([0, 1] x [0, 1]), then Tk is a bounded linear operator from
L>(0,1) to Ly(0,1) and || Tk]|| < ||K|l2. An operator of this type is known as a
Hilbert—Schmidt operator. We will say more about these operators in Chapter 7.

In the examples given above, each operator was shown to be compact by demon-
strating that it was the limit (in the operator norm) of a sequence of finite rank
operators. This leads to a natural question: Is it true that every compact operator is
a limit (in the operator norm) of a sequence of finite rank operators?

This question, known as the “Approximation Problem,” motivated much of the
early development of functional analysis. It was not until 1973 that Per Enflo settled
the issue and proved that not every compact operator was the limit of a sequence of
finite rank operators [9]. Famously, Per Enflo was awarded a live goose by Stanislaw
Mazur for solving the Approximation Problem. (Many problems included in the
Scottish Book came with the promise of a reward for a solution, especially those that
were considered difficult or important. In 1936, when Mazur included a problem in
the Scottish Book [Problem 153] that was equivalent to the Approximation Problem,
alive goose was considered very valuable. For a complete list of problems and prizes,
see [24].)

Much earlier, in 1955, Alexander Grothendieck studied compact operators in
depth [17]. He developed several conditions which were equivalent to the statement
that every compact operator is the limit of a sequence of finite rank operators. (In fact,
it was one of Grothendieck’s alternate formulations that Enflo disproved.) Perhaps
one of the most unexpected equivalences is the following.

Proposition 6.25 FEach compact operator between arbitrary Banach spaces is the
limit of a sequence of finite rank operators if and only if the following is true:

1
IfK € C([0,1] x [0,1]) and/ K(s,t) K(t,u)dt =0 for all {s,u} < [0, 1],
0

1
then/ K(s,s)ds = 0.
0
(6.6)

The motivation behind (6.1.6) comes from the finite-dimensional theory of linear
algebra. Let n € N and suppose A = (a;)],_; is an n x n matrix. Recall that the
trace of the matrix A is

trace(A) = Zaii'
i=1
It is known that if A% = 0, then trace(A4) = 0. That is,

Za[jajk=Of0rall{i,k}§{1,...,n} — Zai,:o.
j=1 i=1

Proposition 6.25 suggests that a similar result might be true for the Fredholm operator
Tk, when the kernel K is continuous. We define the trace of the Fredholm operator
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Tk to be

1
trace(TK)=/ K(s,s)ds. (6.7)
0

Proposition 6.25 states that if each compact operator between arbitrary Banach spaces
is the limit of a sequence of finite rank operators, then if K is a continuous kernel,

1 1
/ K(s,t) K(t,u)dt = 0 forall {s,u} C[0,1] — / K(s,s)ds = 0.
0 0

Since it is not true that each compact operator between arbitrary Banach spaces is
the limit of a sequence of finite rank operators, this implication does not hold for all
K € C([0, 1] x [0, 1]). It can be shown, however, that the implication does hold if
K is Holder continuous with exponent « for all o > 1/2.

6.2 A Rank-Nullity Theorem for Compact Operators

We resume the study of compact operators with a theorem of Schauder that guarantees
the compactness of the adjoint of a compact operator.

Theorem 6.26 (Schauder’s Theorem) If X and Y are Banach spaces and the
operator T : X — Y is compact, then T* : Y* — X* is also compact.

Proof By the Banach—Alaoglu Theorem (Theorem 5.39), we know that By« is w*-
compact. Consequently, it suffices to show that 7* : (By«,w*) — (X*,| - |)isa
continuous map, because then 7*(By-) will be compact as the continuous image of
a compact set.

Suppose that y; € By+ and consider the closed neighborhood of 7y given by
T*y; + 6 Bx+, where § > 0. Let V denote the preimage of this set in By-; that is,

V = (T*)"N(T*y; + §Bx+) N Bys.

We need to show that V' is a w*-neighborhood of yg relative to By-; that is, we
must find a w*-open set W (open in the w*-topology of Y*) containing y; such that
WN By« CV.

By assumption, T is a compact operator, and so 7'(By) is a relatively compact set
in Y. By Theorem 6.12, a relatively compact set is totally bounded, and hence there
exists a finite set {x1,...,x,} € By such that

" B
T(By) | (Tx; + §By). (6.8)
j=1
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Define a w*-open neighborhood W of y; by
W={y" ey : |y (Tx;) — y5(Tx))| < g, je{l,....n}}.
We claim that W N By« C V. To that end, we will show
T*(W N By«) € T*y; + 8Bx~.

Pick y* € W N By+. We need to show that || T*y* — T*y;| < 4.
Let x € By. By (6.8), there exists some j such that |[Tx — Tx;|| < §/3. By the
triangle inequality,

I(T*y" = Tyl = 1" = y)T 0| < [ =y Txpl + (" =y Tx—Tx))l.

Because y* € W, it follows that |(y* — y5)(T'x;)| < 8/3. And since y* and y; are in
By, we conclude that

268
| = yo)(Tx = Txpl < lly* =yl ITx — Tx;l < 3

Consequently, [(T*y* — T*y5)(x)| < dforall x € By, and so ||T*y* — T*ys|l <6,
as required.

We conclude that 7% : (Bys, w*) — (X*, || - |) is continuous, and hence T*(Byx)
is compact as the continuous image of the weak*-compact set By-.

Notice that in the proof of Theorem 6.26, we did not have to take the closure of
T*(By+) in X* to get a compact set. This is a direct consequence of the Banach—
Alaoglu Theorem, which assures us that By is always compact in the weak™ topology.

In the proof of Theorem 6.26, we demonstrated the continuity of 7* when viewed
as a map from (By«, w*) to (X*, || - ||). In general, however, we cannot extend this
to the entire space Y*. That is, we cannot say that 7* : (Y*,w*) — (X*, || - ||) is
continuous. (See Exercise 6.3.) On the other hand, by Proposition 5.44, we do know
that 7% : (Y*,w*) — (X*,w") is always continuous.

Example 6.27 (Volterra operator) Our purpose for adding structure to our linear op-
erators was to recover some of the properties of linear operators on finite-dimensional
vector spaces. We will now provide a compact operator on a complex Banach space
with no eigenvalues. Let L,(0, 1) be the complex Banach space of square-integrable
functions on [0, 1]. Define amap V : L,(0,1) — L»(0, 1) by

Vix) = fx f®dt, felLy0,1), xe[0,1].
0

This operator, known as the Volterra operator (see Example 3.41), is a Hilbert—
Schmidt operator with kernel

1 ifr <ux,

0 iftr> x.

K(x,t) = {

Since a Hilbert—Schmidt operator is always compact (see Example 6.24), we
conclude that V is a compact operator.
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Suppose that A € C is an eigenvalue. Then V f(x) = X f(x) for almost every
x € [0,1]. If . = 0, then Vf = Oa.e., and so fox f(t)dt = 0 for almost every x.
This implies that f = Oa.e., and so A = 0 is not an eigenvalue.

Suppose A # 0. Then f(x) = % fox f(¢)dt for almost every x. Then f is differen-
tiable and f'(x) = % f(x) for all x € [0, 1]. The general solution to this differential
equation is f(x) = C e*/*, for a constant C € C. However, f0) = %Vf(O) =0,
and so C = 0. Therefore, f = 0, and so A # 0 is not an eigenvalue.

Despite the previous example, we can recover some theory from the finite-
dimensional case. In particular, we will be able to prove a version of the Rank-Nullity
Theorem. In order to articulate the theorem, we will need some preparation.

Definition 6.28 Suppose L is a bounded linear operator. If K is a compact operator,
then the operator L — K is called a compact perturbation of L or a perturbation of
L by a compact operator.

For the moment, we will be interested in L = AI, where A is a nonzero scalar,
and I : X — X is the identity operator on the Banach space X. We refer to the
map L = Al as a scaling of the identity. In what follows, welet K : X — X bea
compact operator and define 7 = Al — K, so that T is a compact perturbation of a
scaling of the identity. Observe that

kerT = {x : Kx = Ax},

and so x € ker7 if and only if x is an eigenvector of K with eigenvalue A (when
x #0).

Lemma 6.29 Let T = Al — K, where A is a nonzero scalar and K is a compact
operator on a Banach space X. The set kerT is finite-dimensional.

Proof OnkerT, we have the equality K = A[. This implies that / |7 is a compact
operator, and so dim(ker7) < oco. (See Example 6.18.) O

Lemma 6.30 Let T = Al — K, where A is a nonzero scalar and K is a compact
operator on a Banach space X. The range of T is a closed subspace of X.

Proof Recall that the range of T is denoted by ranT'. Let y € ranT . Pick (x,);2, in
X such that Tx, — yasn — oo. Foreachn € N, let

a, = d(x,,kerT) = inf{||x, — z|| : z € kerT}.

Then there exists for each n € N some z, € kerT such that ||x,, — z,] < 2a,.
Let x;, = x, — z,. Then |x),|| < 2w,. By the definition of x;, we have

d(x), kerT) = d(x,, kerT) = a,.

Furthermore, Tx, = Tx, — y asn — oo.

We claim the sequence (o) ; is bounded. To prove this, assume that o, — 00
as n — oo. Without loss of generality, we may assume that o;, > O for alln € N.
Then we may divide by «,,, and hence

/

Tx,

lim
n—oo

—0 and d <x—”,kerT) =1. (6.9)

Oy oy
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Furthermore, ||x; /o, | < 2. Consequently, since K is a compact operator, there is a
subsequence (x,, /oy, )i~ such that limy_, oo K (x,, /oy, ) exists. Call this limit v.
Recalling that T = Al — K, we see that

AW&=T<%>+K(M>.
Oy, Oy Oy,

Letting kK — 00, and using the limit in (6.9), we see that A x,, /o, — v ask — o0,
But this implies that v € kerT":

x/
nw=hmAT<“>=0
k—o00

ng

If v € kerT, then limy_, o d(x,’lk /o, kerT) = 0, which contradicts the second
equality in (6.9). It follows that «r, /> 00 asn — o0. The same argument shows that
no subsequence of (c,)52, can tend to infinity, and so there must be some C > 0
such that |a,| < C for alln € N.

Once again, we invoke the compactness of the operator K. We know ||x, || < 2C
for all n € N. Thus, there is a convergent subsequence (K (x,;k)),fil of (K(x/))2,.

Suppose limy—. o K (x,, ) = v. Then

ni

ax, =T, )+ Kx,) — y+.
k— 00

Miraculously,

y+v .
and hence y € ranT. Our assumption was that y € ranT, and thus we conclude that
the range of T is closed.

Lemma 6.31 Let T = Al — K, where A is a nonzero scalar and K is a compact
operator on a Banach space X. The quotient X /ranT is finite-dimensional.

Proof By Proposition 3.51, we have that
(X/ranT)* = (ranT)* = {x* € X* : x*(T'x) = 0 for all x € X}.

The statement that x*(Tx) = 0 for all x € X is equivalent to the statement that
(T*x*)(x) = 0 for all x € X. But this means T*x* = 0, and hence x* € ker(T*).
Thus,

(X /ranT)* = ker(T™).

Since T = Al — K, it follows that T* = AI* — K*. Therefore, by Theorem 6.26
(Schauder’s Theorem) and Lemma 6.29, the set ker(7 *) is finite-dimensional. Hence,

dim(X /ranT)* = dim(ker(T™)) < oo.

The result follows, since dim(X /ranT’) = dim(X/ranT)*. (See Exercise 6.11.) O
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From the preceding proof, we extract a corollary that is of independent interest.

Corollary 6.32 If X isa Banach space and T is a compact perturbation of a scaling
of the identity, then dim(X /ranT) = dim(ker(T*)).

We are now ready to state (although not prove) our version of the Rank-Nullity
Theorem for compact operators. We will see that itis really a statement about compact
perturbations of scalings of the identity.

Theorem 6.33 (Rank-Nullity Theorem) Let X be a Banach space with identity
operator 1. If T = LI — K, where A is a nonzero scalar and K is a compact operator
on X, then dim(kerT) = dim(X /ranT).

Before we can prove this theorem, we require a few more technical results. The
first of these, known as Riesz’s Lemma, asserts that any closed proper subspace of
a Banach space is always a prescribed distance away from some portion of the unit
sphere 0 By.

Lemma 6.34 (Riesz’s Lemma) Suppose X is a Banach space and E is a proper
closed subspace of X. Given any ¢ > 0, there exists some x € 0By such that
d(x,E) > 1 — . Furthermore, if E is finite-dimensional, then x € dBx can be
chosen so that d(x, E) = 1.

Proof Denote the metric on X by d. By assumption, E is a proper closed subspace
of X, and so there exists some u € X\ E with d(u, E) > 0. It follows that, for any
8 > 0, there exists some e € E such that d(u, E) < d(u,e) < d(u, E) + 6. We may
assume without loss of generality thate < 1. Pick § = 1= d(u, E). Then there exists
an e € E such that

1
lu—e|l =du,e) < 1—{—L du, E) = ——du, E).
1—¢ 1—¢
Observe that ||[u — e|| > 0. If we let x = ﬁ, then
1
dx,E)= —du—e, E)= du,E)>1—g¢,
llu— el llu — ell

as required.
Now assume E is finite-dimensional. For each n € N, pick ¢, € E such that

1
= eall < (14 ~) da, E).

Note that 0 € E (because E is a subspace of X), and so d(u, E) < ||u||. Thus, for
each n € N, we have

lenll < llull +2du, E) <3 |ull.

Therefore, the set {¢, : n € N} is bounded in norm. Since E is finite-dimensional,
the Heine—Borel property asserts the existence of a convergent subsequence, say
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(en ). Then there is some e € E such that limy_,« e,, = e. By construction, it
follows that ||u — e|| = d(u, E). If x = *=%., thenx € 0By and d(x, E) = 1.

u
llu—ell
Remark 6.35 1If E is a closed proper subspace of a reflexive Banach space X, then

we can always find an x € X suchthatd(x, E) = 1, evenif E is infinite-dimensional.
(See Exercise 6.6.)

Lemma 6.36 Ler X be a Banach space and suppose K : X — X is a compact
operator. Let § > 0 be given and suppose (1,);2, is a sequence of scalars (either
real or complex) such that |A,| > § > 0 foralln € N. If

E, =ker((\I — K)ol —K)--- (A — K)), neN,

then each E, is finite-dimensional and there exists some N € N such that E,, = Ey
forallm > N.

Proof Denote the metric on X by d. Fix an n € N. Expanding, we have

A

Ol — K)ol —K)--- Ol —K)= Ay A — K,

where K is some compact operator. Consequently, the product is a compact
perturbation of a scaling of the identity. Therefore dimE, < oo, by Lemma 6.29.
By definition, the sets (E,);2 ; form a nested sequence E; C E, C ---. We wish
to show that the inclusions eventually become equality. Define a subset A of the
natural numbers tobe A = {n : E, # E,_}.
Let n € A. By Riesz’s Lemma (Lemma 6.34), there exists some x, € E, such
that ||x,|| = d(x,, E,_1) = 1. Since x,, € E,, we have that

M1 = K)ol — K) -+« (A — K)(x,) =0,
and so (A, — K)(x,) € E,,_1. Then Kx, € Ax, + E,_;. Consequently,
d(KXn, En—l) = |)‘n| d(xn» En—l) > 8.

If m € A is chosen such that m < n, then we can pick an element x,, € E,, such
that Kx,, € Apx, + En_1 € E,,. Thus, Kx,, € E,, C E,,_1, and so

|Kx, — Kx,,|| = d(Kx,, Kxp) > 6.

If A is infinite, then we can find a sequence (x,, )5, in By such that || Kx,, — Kx,|| > §
for all m # n. This contradicts the assumption that K is a compact operator, because
we should be able to find a convergent subsequence, but all the terms are at least §
apart. Therefore, the set A must be finite. The result follows.

Theorem 6.37 Let K be a compact operator and let A be the set of nonzero
eigenvalues of K. Then one of the following three things must be true:

(i) A=0,

(ii) A is finite, or
(iii) A = (Ap)52,, where lim |A,]| = 0.
n—0oQ
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Proof We will show that the set AN{z € C : |z| > r}is finite for any r > 0. Assume
the set is infinite. Then we can find a sequence ()72, in AN{z € C: |z| > r} such
that each element in the sequence is distinct. For each n € N, define the nested sets

E, =ker((uil — K)--- (unl — K)).

Since the p; are distinct eigenvalues, we conclude that £y C E, C E3 C ---,
where the inclusions are proper. But || > r for all k € N, and so, by Lemma 6.36,
there exists some N € N such that E, = Ey for all n > N. We have arrived at a
contradiction. Therefore, for each r > 0, there are only finitely many eigenvalues
inside the set {z € C : |z| > r}.

It follows that either the set of eigenvalues is finite or, if there are infinitely many
eigenvalues, they must accumulate to 0.

Finally, we are ready to prove the Rank-Nullity Theorem for compact operators.

Proof of Theorem 6.33 Let us begin by recalling the setup. We start with a Banach
space X and a compact operator K : X — X.Let T = Al — K, where A # 0.

By Lemma 6.36, there exists an Ny € N such that ker(7") = ker(T™) for all
m > Nj. (In the lemma, let A,, = X for all n € N.) Similarly, there exists an N, € N
such that ker((T*)") = ker((T*)™?) for all m > N,. From the latter equality, we
deduce that ran(T™) = ran(T™?) for all m > N,. (See Exercise 6.12.)

Let N = max{N, N,}. For ease of notation, let W = ker(TN) and V = ran(T").
Observe that TV = ANI — K, for some compact operator K. Thus, W is finite-
dimensional (by Lemma 6.29) and V is closed (by Lemma 6.30). Since V is a closed
subspace of a Banach space, it too is a Banach space. Notice that 7(W) € W and
T(V) C V. (That is, the spaces W and V are invariant under 7).

We recall that T'|y is the restriction of the map T to the subspace V.

Claim 1. The map T|y : V — V is one-to-one.

Suppose v € V is such that Tv = 0. Since V = ran(T"), there exists some u € X
such that v = TV u. Then

0=Tv=T(T"uw =T1T"""u.
It follows that u € ker(TV*!) = ker(T"), and hence T"u = 0. Our assumption was
that v = TVu, and consequently v = 0. Thus, the map T|y : V — V is one-to-one.
Claim 2. The map T|y : V — V is onto.

Letv e V. Since V = ran(T") = ran(T¥*!), there is some u € X such that
v=T""u =TT u) e T(V).

Thus, there is some v/ € V such that v = T'(v'). Consequently, the map T |y is onto.

We have demonstrated that T|y : V — V is a bounded linear bijection on the
Banach space V. Thus, by the Bounded Inverse Theorem (Corollary 4.30), there is
a bounded linear operator S : V. — V such that ST |y = T'|yS = I|y. (Thatis, T
has a bounded linear inverse on V).
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Now, defineamap P : X — V by
Px=S"T"x, xeX.

If x € V, then Px = x, and so P is a projection onto V. Observe also that Px = 0
if and only if T¥x = 0 (because S is an isomorphism on V). Consequently, we
have that Px = 0 if and only if x € ker(T") = W. We conclude that kerP = W.
Therefore, by Theorem 4.42, X =V @ W.

Since X = V @ W and T|y is invertible, we deduce that kerT = kerT|y.
Additionally, since X = V @& W, we have X/ranT = W /ranT|y. We know that
W is finite-dimensional, and so we may apply the finite-dimensional Rank-Nullity
Theorem to T'|w. Hence,

dim(kerT |w) + dim(ranT |y) = dimW.

Consequently,

dim(kerT |w) = dim(W /ranT |y ).
Making the necessary substitutions, the result follows. O
Exercises

Exercise 6.1 Let 1 < g < ocoandlet S : £, — £, be the left shift operator given by

S(nl, n2,M3, ... ) = (7725 N3, N4, ... ), (nk)]ti] € Kq-

Show that X is an eigenvalue for S if and only if |A| < 1. What are the eigenvalues
if g = 00?

Exercise 6.2 Suppose X and Y are Banach spaces and 7 : X — Y is a bounded
linear operator. If X is reflexive, show that T (By) is closed in Y.

Exercise 6.3 Suppose X and Y are Banach spaces and T : X — Y is a bounded
linear operator. Show that 7* : (Y*,w*) — (X*,|| - ||) is continuous only if 7* has
finite rank.

Exercise 6.4 Suppose X and Y are Banach spaces and T : X — Y is a compact
operator. If (x,);2, is a sequence in X such that x, — 0 weakly, then show that
Jim (7))l = 0.

Exercise 6.5 Show that the converse to Exercise 6.4 is true if X is a reflexive Ba-
nach space. That is, if X and Y are Banach spaces such that X is reflexive, and
lim ||T(x,)|| = 0 whenever x, — 0 weakly, show that T is a compact operator.
n—oo

Exercise 6.6 Let X be a reflexive Banach space and let E be an infinite-dimensional
closed proper subspace of X. Show there exists an x € X with ||x|| = 1 such that
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d(x,E) =inf{||x —e| : e € E} = 1. (Hint: Find a weak limit point of the sequence
(en)52; in the proof of Lemma 6.34.)

Exercise 6.7 Let X be areflexive Banach space. Show thatif 7 : X — X isacompact
operator, then there exists an element x € X with ||x|| = 1 such that |Tx]| = ||T|.
(Hint: Use Theorem 5.39.)

Exercise 6.8 Suppose X and Y are Banach spaces and T : X — Y is a compact
operator. If 7(X) is dense in Y, then show that Y is separable.

Exercise 6.9 Suppose X and Y are Banach spaces and T : X — Y is a compact
operator. If 7(X) = Y, then show that Y has finite dimension.

Exercise 6.10 Suppose X and Y are Banach spaces and T : X — Y is a bounded
linear operator. If 7'(X) is a closed infinite-dimensional subset of Y, is T a compact
operator? Explain your answer.

Exercise 6.11 Let E be a Banach space. Show that E is infinite-dimensional if
and only if E* is infinite-dimensional. Also, show that dim(E) = dim(E*) if E is
finite-dimensional. (Hint: Use the Hahn—Banach Theorem.)

Exercise 6.12 Let X be a Banach space and suppose K : X — X is a compact
operator. Let A # 0 and let T = LI — K be a compact perturbation of a scaling of
the identity.

(a) Show there exists an N € N such that ker((7*)") = ker((T*)") forall m > N.
(b) Use (a) to show that ran(7™) = ran(T ") for all m > N, where N is the natural
number from (a). (Hint: Use Exercise 5.20.)

Exercise 6.13 Suppose that 7 : C[0, 1] — C[0, 1] is a compact operator. Show that
there exists a sequence (7},)52 , of finite rank operators such that lim |7 — T, || = 0.
n—0Q

Exercise 6.14 Define a map Tk : C[0,1] — CJ0, 1] by

1
Te f(x) =/ sin (v — Y)m) fdy,  f € Cl0, 1, x € [0, 11.
0

Show that Tk is a compact operator. Compute ker(7k ) and ran(7k).

Exercise 6.15 Let X and Y be Banach spaces and suppose 7' : X — Y is a bounded
linear operator. The operator T is called weakly compact if the set T (By) is relatively
compact in the weak topology on Y. Show that T is weakly compact if and only if

Exercise 6.16 (Gantmacher’s Theorem) Prove the following: If 7 is weakly
compact, then T* is weakly compact.

Exercise 6.17 Let X and Y be Banach spaces. Show that if S and T in £(X,Y) are
weakly compact operators, then S + T is a weakly compact operator.
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Exercise 6.18 Assume that W, X, Y, and Z are Banach spaces and suppose that
themap 7 : X — Y is a weakly compact operator. Show thatif A : W — X and
B : Y — Z are bounded linear operators, then BTA : W — Z is weakly compact.

Exercise 6.19 Prove the following theorems of Pettis:

(a) If Xisreflexiveand T : X — £, is abounded linear operator, then 7" is compact.
(b) If X isreflexive and S : ¢g — X is a bounded linear operator, then S is compact.



Chapter 7
Hilbert Space Theory

In this chapter, we will consider the spectral theory for compact hermitian operators
on a Hilbert space.

7.1 Basics of Hilbert Spaces

Before we begin our discussion of linear operators on a Hilbert space, we recall the
basic definitions and the important theorems we will use.

Definition 7.1 Let H be a complex vector space. A complex inner product on H is
amap (-,-) : H x H — C that satisfies the following properties:

i) (x,x)>O0forallx € H, and (x,x) =0ifand only if x = 0,
i G, y) =y, x),

(iii)  (axi + Bxz, y) = a(x1,y) + B(x2, y), and

iv)  (x,ayr + By2) = alx, y1) + B(x, y2),

where {x, x1,x2, ¥, y1, 2} € H and {«, 8} € C. When H is equipped with a complex
inner product, it is called a complex inner product space.

A map that satisfies (i) is said to be positive definite, while a map satisfying (ii)
is said to be conjugate symmetric. When a map satisfies (iii) and (iv), it is called
sesquilinear. (The term sesqui comes from the Latin for one and a half.)

A real inner product space is similarly defined, except the scalars are real. (See
Definition 3.19.) When the underlying vector space is real, a map satisfying (iii) and
(iv) is called bilinear. We will assume H is a complex inner product space, unless
otherwise stated.

Let H be a complex inner product space. Define a norm on H by || x|| = +/(x, x)
for all x € H. The positive-definiteness and homogeneity of || - || are clear (from the
definition of the inner product). We will verify subadditivity in a moment, but first
we need an important inequality.

Theorem 7.2 (Cauchy-Schwarz Inequality) If x and y are elements of an inner
product space, then |(x, y)| < [x[ll|y].
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Proof Observe that ||x +1ty||> > Oforallt € R.If x +ty = 0 for some ¢ € R, then
llxll = [¢] lyll, and so

e, = 1=ty L = el Iy IP = IIx Iyl

Suppose now that ||x + ¢y||> > O for all + € R. Expanding the norm as an inner
product, we obtain

(6, %) + 16, 3) + 1y, 0) + (3, y) > 0.
Since (y,x) = (x, y), it follows that (x, y) + (y,x) = 2 R((x, y)), and so
11> + 22 9t ((x, ) + 22 [IylI* > 0, (7.1)

for all + € R. The left side of (7.1) is a quadratic in ¢ with real coefficients that has
no real zeros, and consequently the discriminant must be negative. Therefore,

4[R(Ce, )P = 4l Iyl < o

It follows that [N ((x, ¥))| < |lx|| ||¥]l. This is true for all x and y in H.
By assumption, (x, y) € C. Choose 6 € [0, 27) so that e’?(x, y) € R. Then

e, )l = 1€ (e, | = 1R, )| < llex Iyl = Nl Iy,

as required. O
In the case of an inner product space, subadditivity of || - || follows from the next
inequality, from which we conclude that || - || is a norm.

Theorem 7.3 (Minkowski’s Inequality) If x and y are elements of an inner product
space, then |x + y|l < |lxIl + || yll.

Proof Observe that
Ix + yIIP = (4 y.x + ) = x> + @ 9) 4+ 0.0 + [
By the Cauchy—Schwarz Inequality, |(x, y)| < ||x]|| ||¥||, and so
I+ 12 < xl® + 2 0 Lyl + Iy l7 = Al =+ 1y D

The result follows by taking square roots. O

Definition 7.4 A Hilbert space is an inner product space H such that (H, || - ||) is
a Banach space, where || x|| = /(x,x) forall x € H.

We recall that the norm on H is said to be induced by the inner product on H.
(See Definitions 3.19 and 3.20 and the comments in between.)
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Example 7.5 The classical examples of Hilbert space are the sequence space ¢, and
the function space L,(0, 1). The inner product on ¢; is given by

o
=Y x5 {nycCh,

i=1

where x = (x;){2, and y = (¥;);2,. The inner product on L,(0, 1) is given by

1
mm=ﬂfmaﬂm (f.8) € L0, 1),

It is not hard to check that (-, -) is a complex inner product in each of these cases. We
will see that these two examples are (in some sense) typical.

Definition 7.6 Let H be an inner product space. Two elements x and y in H are
said to be orthogonal if (x,y) = 0. If E is a closed subspace of H, then x is said to
be orthogonal to E if (x,e) = 0 for all e € E. We will use the notation x L y to
indicate x is orthogonal to y, and x | E to indicate x is orthogonal to E.

Example 7.7 Suppose H = {5, the space of all square-summable sequences. For
each n € N, let ¢, denote the sequence with 1 in the n'" coordinate, and zero every-
where else. Then e, L e, for all n # m. Furthermore, if E, = span{e,,e,+1,...},
then ¢,, 1. E, whenever m < n.

Example 7.8 Let H be a Hilbert space and suppose y € H. If y L H, then
(x,y) = O for all x € H. In particular, it must be the case that (y, y) = 0, and so
y = 0. As a consequence, if y and y’ are elements of H such that (x, y) = (x, y’) for
all x € H, it must be the case that y — y’ 1 H, and so y = y’. This is a fact we shall
exploit repeatedly.

Theorem 7.9 (Pythagorean Theorem) If x and y are elements of an inner product
space, and if x Ly, then ||x + y|I> = |lx|I* 4 || y[|>.

Proof By assumption, (x,y) = 0, and so
lx + % = [Ix]I* + 2R (G, ) + IyI2 = Ix0? + Iyl

as required. O

Theorem 7.10. (Parallelogram Law) If x and y are elements of an inner product
space, then
I + Y1+ llx = yI? =2 (x> + 1y11%).

Proof We merely need to expand the expression on the left, and the result follows
directly. (See Exercise 3.1.) O

In fact, the Parallelogram Law characterizes inner product spaces. That is, if H
is a normed vector space which satisfies the Parallelogram Law, then there exists a
unique inner product that gives rise to the norm. If H is a real normed space, the
inner product is given by
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1
3 =7 (Ilx + yII* = llx — yII*) -

In the case of a complex normed space,

1 . . . .
(x,y>=Z(||x+y||2—||x—y||2+z||x+zy||2—z||x—zy||2).

These are known as the polarization formulas. We leave it to the interested reader
to verify that these formulas, along with the Parallelogram Law, determine an inner
product that agrees with the given norm. (See Exercise 7.25.)

One consequence of the Parallelogram Law is that any Hilbert space is uniformly
convex. (See Exercise 7.25.)

Lemma 7.11 (Closest Point Lemma) Let H be a Hilbert space and suppose C is
a nonempty closed convex subset of H. Given x € H, there is a unique pointy € C
such that
lx — yll =d(x,C) = inf |lx —z]|.
zeC

Proof Letd =d(x,C). Foreachn € N, pick y, € C such that

1
§=lx =l =8+ (7.2)

This we can do, because § = d(x, C) is an infimum. By the Parallelogram Law,

m+ n m — Jn
||x—yn||2+||x—ym||2=2<||x—%||2+||y - ||2>-

Because C is convex, @ is in C. Therefore, ||x — y’”Tﬂ"H > §, and so

1
Ix = yull® + lIx — yull> > 2 (52 + 7l = yn||2> :

On the other hand, by (7.2),
2 ) , 26 1 , 28 1
[x =yl +lx =yl = |+ —+ 5 )+ |5+ —+— ).
n n m m

Combining these inequalities, we conclude

1 1 1 1
1y — yall? < 48 (— + —) 42 <_2 n _2).
nom n m

The right side of this inequality tends to zero as m and n approach co. Consequently,
(¥n)y2; is a Cauchy sequence. Thus, there exists some y € C (because C is closed)
such that y = lim y,. It then follows from (7.2) that |x — y|| = 4.

n—oQ

To show uniqueness, suppose y and y’ are in C such that |x — y|| = |[x —y'|| = 4.
Again using the Parallelogram Law,
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y+y y—y
P+ 1221,

2 2
_ _ — 2( _
lx = ylI"+ llx =yl (B 5 7

And so, by convexity (and the definition of §),
2 m2 2 1 /112
I = 312+ e = 12 22 (8 + 5 Iy = ¥'IF).

Therefore,
1
2#zzﬁ+§w—yw,

and so ||y — y’|| = 0. Consequently, y = y’, as required. |

Remark 7.12 1In a reflexive space, a nonempty closed convex subset has a closest
point, but it might not be unique.

Proposition 7.13 Let H be a Hilbert space with closed subspace E. If x € H, then
there exists a unique y € E such thatx —y L E.

Proof Letx € H be given. Pick y € E to be the closest point to x, which exists (and
is unique) by the Closest Point Lemma (Lemma 7.11). We will verify thatx —y L E.

Suppose e € E. Because y was chosen to be the point in E closest to x, it follows
that |[x — y 4+ te|| > |lx — y|| for all ¢+ € R. Furthermore, since y is the unique
element of E that is closest to x, we can conclude that equality holds only when
t = 0. Squaring both sides of the inequality, we obtain:

Ix — ylII* + 2t R((x — y,e)) + 17 [lell* > [x—yl> teR.

Consequently,
2R((x —y,e) +17le]*> = 0, teR.

If £ > 0, then R((x — y,e)) > —t |le||*/2. Taking the limit as t — 0T, we conclude
that R((x —y, e)) > 0. Similarly, if < 0, wehave R((x —y, e)) < |t| |le||*/2. Taking
the limit as t — 07, we see that R((x — y,e)) < 0. Therefore, R((x — y,e)) = 0.
We have established that R((x — y,e)) = O for all ¢ € E. Because E is a linear
subspace, it follows thatie € E. Hence, 9i((x — y,ie)) = 0O for all e € E. However,

R(x — y,ie)) = =I((x — y,e)),

and so J((x — y,e)) = 0 for all e € E. We have thus demonstrated that (x — y, e)
has zero real and imaginary parts for all e € E. Consequently, (x — y, e) = 0 for all
e € E. Therefore, x —y L E, as required.

It remains to show that y is the unique element of £ such that x —y L E. Suppose
y' € E also has the property thatx —y' L E. Since y — y' = (x — y') — (x — y), it
follows that y—y’ 1. E.However, y—y’ € E,andso ||[y—y'||> = (y—y,y—y') = 0.
Thus, y = y’, as required. a

We have established that for any x € H, and any closed subspace E of H, there
exists a unique y € E such that x — y 1 E. This motivates the next definition.
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Definition 7.14 Let H be a Hilbert space and let E be a closed subspace of H. If
x € H, then the symbol Pgx denotes the unique element of E with the property
x— Pgx L E.

Lemma 7.15 Let H be a Hilbert space with closed subspace E. If P : H - H
is defined by Pp(x) = Pgx for all x € H, then Pg is a bounded linear projection
with || Pgl|| = 1.

Proof First we show linearity. Let x and y be elements of H and let o and 8 be
complex numbers. If ¢ € E, then

(ax + By — (¢Pgx + BPry),e) = a(x — Pgx,e)+ B(y — Pgy,e) =0.

This remains true for all e € E, and thus « Pgx + B Pgy is an element of E such that
ax + By — (¢ Pgx + BPgy) L E. However, Pr(ax + By) is the unique element
of E with this property. Therefore, Pg(ax + By) = o Pex + 8 Pgy, and so Pg is
linear.

Now suppose x € H. By definition, Pgx € E and so x — Pgx L Pgx. Thence,
by the Pythagorean Theorem,

2 2 2
xlI” = [ Pex|I” + [lx — Pex]|”.

Consequently, we have that || Pex|| < |x||. Certainly, if x € E, then Pgx = x, and
so || Pe || = 1. The result follows. O

The next theorem, known as the Riesz—Fréchet Theorem (and sometimes the Riesz
Representation Theorem for Hilbert Spaces), is one of the key results in Hilbert space
theory.

Theorem 7.16 (Riesz—Fréchet Theorem) Let H be a Hilbert space.

(i) Ifve H, and ¢,(x) = (x,v) forall x € H, then ¢, € H* and ||¢,|| = ||v]|.
(ii) If ¢ € H*, then there exists a unique v € H such that ¢(x) = (x,v) for all
x € H, and ||¢|| = |Iv].

Proof We prove (i) first. Certainly ¢, is linear. By the Cauchy-Schwarz Inequality,
oIl < Il v, and so [ig, ]| < [IvI|. Since ¢u(v) = (v,v) = |[v||*, we conclude
that ||gy[| = [Iv].

Now we turn our attention to (ii). By assumption, ¢ is a continuous linear func-
tional, and consequently E = ker¢ is a closed subspace of H. If ¢ = 0, thenv =0
satisfies the conclusions of (ii), and so we may assume ¢ # 0. Pick u ¢ E. Then
¢(u) # 0. Without loss of generality, assume ¢(u) = 1.

Letw = u— Pguand suppose x € H. The element u was chosen so that ¢(u) = 1.
It follows that ¢ (x — ¢(x)u) = 0, and so x — ¢(x)u € E. By the definition of w, we
know that w L E, and hence w is orthogonal to x — ¢(x)u. Therefore,

0= —o(xu, w) = (x,w) — d(x)(u, w),
and so (x,w) = ¢(x)(u,w). Since u = w + Pgu and w 1 Pgu, we have

(u, w) = (w,w) + (Pgu, w) = [lw]|*.
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Thus, (x, w) = ¢(0)u, w) = p(x)[[wl|>.

We assumed that u & E, and sow # 0. Let v = w/|lw||>. Then ¢(x) = (x,v) for
all x € X. In the notation of (i), we have found av € H such that ¢ = ¢,. Therefore,
using the conclusion of (i), we have ||¢| = ||v||. O

The significance of Theorem 7.16 is the identification of H* with H. When H is
a real Hilbert space, the identification with H* is an isometric isomorphism. When
H is complex, it remains an isometry, but the correspondence is given by what is
sometimes called a conjugate isomorphism. Specifically, if ¢ and ¥ in H* correspond
to u and v in H (respectively), then a¢p + B corresponds to &u + Bv. Sometimes
this is called conjugate linearity or anti-isomorphism.

Regardless of the underlying scalar field (real or complex), a consequence of the
identification of H with H* is that any Hilbert space is reflexive.

7.2 Operators on Hilbert Space

In this section, we discuss operators on Hilbert space. We focus our attention not on
general operators, but on a special type of operator, called hermitian. Before giving
the definition of a hermitian operator, we consider the following existence lemma.

Lemma 7.17 Let H be a Hilbert space. If T : H — H is a bounded linear operator,
then there exists a unique linear operator T* : H — H such that

(Tx,y)=x,T"y), {x,y}SH,

and such that |T*|| = ||T||.

Proof Provided we can show such a map exists, the uniqueness of 7* is clear. If
there is another such map S : H — H that satisfies the conclusion of the lemma,
then

(x,8y) = (x,T"y), {x,y} S H.

It follows that Sy = T*y forall y € H, and so S = T*. (See Example 7.8.)
We now show the existence of 7*. Let y € H and define ¢, : H — C by

¢y(x) =(Tx,y), xe€H.

Certainly, ¢, is a linear functional and ||¢,|| < [|T] l¥|l, by the Cauchy-Schwarz
Inequality. By the Riesz—Fréchet Theorem, there exists a unique element in H (de-
pending on y), which we call T*y, such that ¢,(x) = (x,T*y) for all x € H, and
suchthat ||¢,|| = [|T*y||. Defineamap T* : H — HbyT*(y) =T*yforally € H.
By the uniqueness of T*y in H, the map T* is well defined, and (by construction)
we have (T'x,y) = (x,T*y) for all x and y in H.
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We now show that 7* is linear. Let y and y’ be elements in H and let « and 8 be
complex numbers. Then for all x € H,

(x, T*(ay + ,By’)) = (Tx,ozy + ,By’) = (Y(Tx, y) + E(Tx, y’).
Then, since (T'x,y) = (x,T*y) forall x and y in H,
(x, T*ay + BY)) =a(x, T*y) + B(x, T*y') = (x,aT*y + BT*y').

This is true for all x € H, and so T*(ay + By’) = aT*y + BT*y’. Therefore, T* is
linear.
To see that 7* is bounded, let y € H. Then, invoking the Riesz—Fréchet Theorem,

IT*yll = sup |(x,T*y)| = sup [(Tx, )| < [T Iyl

xX€By xeBy

where the last inequality comes from the Cauchy-Schwarz Inequality. Therefore,
IT*]] < |IT]|l, and so T* is bounded.

It remains to show that ||7*|| = ||T'||. We have already established ||T*| < ||T|,
and so we need only show the reverse inequality. To that end, we repeat the above
construction on 7* to define an operator 7** : H — H with the property that

(T*x,y) = (x,T™y), {x,y} S H,

and such that ||7**|| < ||T*|. It suffices then to show that T** = T.
Let x and y be in H. Then

X, T*y)=(T"x,y) =, T*x) =(Ty,x) = (x,Ty).

Therefore, (x, T**y) = (x, Ty) forall x and y in H, and so T = T**. This completes
the proof. O

Definition 7.18 Let H be a Hilbert space and suppose T : H — H is a bounded
linear operator. The unique linear operator 7* : H — H such that (Tx,y) =
(x, T*y) for all x and y in H is called the Hilbert space adjoint of T .

The Hilbert space adjoint is analogous to the matrix adjoint from linear algebra,
and retains many features of its finite-dimensional cousin. (See Exercise 7.2.)

We have now defined two adjoints for the operator T : H — H, both denoted
T*. (See Definitions 3.36 and 7.18.) Recall that the (operator) adjoint of T is the
bounded linear map 7* : H* — H* defined by (T*x*)(x) = x*(Tx) forallx € H
and x* € H*. It may seem as though there is a risk of confusion, but there is
a natural correspondence between the two, via the Riesz—Fréchet Theorem. (See
Exercise 7.11.)

Definition 7.19 Let H be a Hilbert space and suppose 7 : H — H is a bounded
linear operator. If T = T*, then T is called a hermitian operator. A real hermitian
operator is also known as a symmetric operator.
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Example 7.20 Suppose T : L,(0,1) — L»(0, 1) is a bounded linear operator given
by the formula

1
Tf(X)=/0 K(x,y) f(»dy, fe€L0,1), x€[0,1],

where K € L,([0, 1] x [0, 1]). We established that T is well-defined in Section 6.1.
Let f and g be functions in L,(0, 1). Then

1 1
ar.o= [ ([ k@ soa)sear
0 0

By Fubini’s Theorem, this equals

1 1
| ([ kenzax) .
0 0

Since T* is the unique operator with the property that (Tf,g) = (f,T*g), we
conclude that

1
Tog() = /0 K(x,y) 30 dx.

Taking complex conjugates, and swapping the roles of x and y, we obtain

1
T*g(x) = /0 KO0 () dy.

Now that we have obtained a formula for the Hilbert space adjoint 7%, we see that
T is hermitian if K(x,y) = K(y,x) for almost every x and y. This is reminiscent
of the n-dimensional case (n < 00), where a matrix (a jk)_';',k: | is called hermitian if
ajir = ay; foreach j and k in the set {1, ... ,n}.

Definition 7.21 Let / be a (possibly uncountable) index set. A subset (¢;)je; of H
is said to be orthonormal if ||e;|| = 1 forall j € I, and if (e;,er) = O forall j # k.

‘We recall that the Kronecker delta is defined to be
1 ifj =k,
Sjk = L
0 ifj #«k.

Using this notation, the subset (e;) ¢/ is called orthonormal if (e}, ex) = 8 j; for all
indices j and k in 1.

Observe thatif (e;) j¢; is an orthonormal setin H, then |le; —e;|| = /2 whenever
J # k (by the Pythagorean Theorem). From this we conclude that any orthonormal
subset of a separable Hilbert space is necessarily countable.

Lemma 7.22 Every orthonormal set is contained in a maximal orthonormal set.

Proof This follows from Zorn’s Lemma. O
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In what follows, we will restrict our attention to countable orthonormal sets, but
much of what we say will remain true for uncountable sets, as well.

Theorem 7.23 (Bessel’s Inequality) Suppose (e;)™

i1 is a countable orthonormal
set, where N € N U {o0}.

N
(i) Ifx € H, then Y _ |(x,ep)I* < x|

j=1

N N
(ii) Ifx € Hand Y _ |(x,e,)* = ||x||% then Y _ (x.e;)e; = x.

j=1 j=1

Proof (i) Letx € H.Choose m € Nsuchthatm < N.Lety = > ", (x,e;)e;.
Foreachk € {1,... ,m}, '

m

(yre0) =) (rej) (e e) = Y (x,€)) 85 = (x, €.

j=1 j=1

Therefore, (y — x,e;) = Oforall k € {1,...,m}. It follows that (y — x, y) = 0, and
sox —y L y. Consequently,

IxI1? = 1lx = yI* + lIyl2, (7.3)

by the Pythagorean Theorem. From this we conclude that || y|| < ||x||.
Computing the norm of y:

m m m

IYIP ==Y > (xepmedlee) =Y l(x.e)P,  (14)

j=1 k=1 j=1

recalling that (e;, e) = & i forall indices j and k. Therefore, Y7, [(x,¢;)|* < ||x|?
for all m < N, when m is finite.

In order to complete the proof of the first part of the theorem, we consider two
cases. If N € N, then let m = N and the proof is complete. If N = oo, then

oo m

2 : 2 : 2 2
> lx.ep)lP = lim > [(x.ep)? < lim |x|* = x|,
j=

j=1

This proves part (i) of the theorem.

(ii) If N < oo, then the assumption, together with (7.4), implies that || y|| = ||x]|.
Thus, because of (7.3), we have ||x — y|| = 0, and hence x = y.

Now suppose that N = oo. For any positive integers m and n such that m < n,
arguing as in (7.4), we have

| > Guepes]®= Y Iaepnl

Jj=m+1 Jj=m+1
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By assumption, the series Z;’il |(x,e j)|2 converges. Consequently, the sequence

(i(mj)ej):i
j=1

is a Cauchy sequence in the norm on H. By completeness, there exists au € H such
that u = 270:1 (x,e;)e;. By direct computation, we see that (u,e;) = (x,¢;) for
all j € N. Thus, we have that x — u L u. Therefore, by the Pythagorean Theorem,
we have that ||x||? = ||x — u||*> + ||u||>. By assumption, ||x|| = ||u||. It follows that
lx — u|| = 0, and so we conclude that x = u, as required. O

Definition 7.24 Let H be a Hilbert space. An orthonormal sequence ()5, is
called an orthonormal basis for H if x = 372, (x,e;) e; forevery x € H.

Theorem 7.25 Let H be a Hilbert space and suppose (e; )Oo | is an orthonormal
sequence in H. The following are equivalent:
)OO

(i) The sequence (e;)5, is an orthonormal basis for H.

(ii) If x € H, then x> = Z |(x,e_,-)|2. (Parseval’s Identity.)
j=1
(iii) (e; )?il is a maximal orthonormal sequence.

Proof We begin by assuming (i). Let (ej)io=1 be an orthonormal basis for H
and let x € H. In the proof of Bessel’s Inequality (Theorem 7.23 (Bessel’s
Inequality)), we showed that the series 270:1 (x,e;)e; converges to x and that
lx]? = Z;’il [(x, ej)|2. (See (7.4) and the text following it.) Therefore, (i) implies
(ii).

Assume now that (ii) is true, but that (e;)72, is not maximal. Then there exists
some x € H with ||x|| = 1 such that (x,e,) = O for all n € N. This is a violation of
(ii), and so (e; )""_1 must be maximal. This proves that (ii) implies (iii).

Now assume (iii), but suppose that (¢; )°° 1 isnot a basis for H. Letx € H be such
that Z,=1 (x,ej)e; is not x. The series Z/=1 (x,ej)ej converges to some u € H.
(See the proof of Theorem 7.23 (Bessel’s Inequality).) By construction, x — u L ¢;
forall j € N. Since x # u (by assumption), the element Hi ZH has norm one and is
orthogonal to e; for each j € N. This contradicts the maximally of (e;)52 ;. Thus,
(e J) ° | is an orthonormal basis for H, and so (iii) implies (i), as requlred O

Corollary 7.26 Every nonzero separable Hilbert space has an orthonormal basis.

Proof Let H be a nonzero separable Hilbert space. Then H has a maximal or-
thonormal set, by Lemma 7.22. This set is countable, because H is separable. (See
the comments preceding Lemma 7.22.) By Theorem 7.25, a countable maximal
orthonormal set is an orthonormal basis. O

Example 7.27 (Ildentification of separable Hilbert spaces). Let H be an infinite-
dimensional separable Hilbert space. Let (e;);c; be an orthonormal basis for H.
(Such a basis is known to exist, by Corollary 7.26.) By the Pythagorean Theorem,
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we have |e; —e;|| = /2 whenever i # j.Since H is separable, it must be the case
that 7 is a countable set. Therefore, every infinite-dimensional separable Hilbert
space has a countable orthonormal basis.

Without loss of generality, we may assume I = N. Since (e;); < is an orthonormal
basis for H, we can uniquely express every x € H asx = Zjozl (x,ej)e;. We define
amapT : H— {; by

Tx = ((x,e;)3, x€H.

By Parseval’s Identity, this map is well-defined, and indeed ||Tx|| = ||x||. Conse-
quently, T is an isometry. It follows that all infinite-dimensional separable Hilbert
spaces are isometrically isomorphic to £,. Therefore, as far as Banach spaces are
concerned, there is only one infinite-dimensional separable Hilbert space. Choosing
an orthonormal basis for H is essentially representing H as ¢;.

To emphasize this result, we place it in a theorem.

Theorem 7.28 FEvery infinite-dimensional separable Hilbert space is isometrically
isomorphic to £,.

Proof See the discussion preceding the statement of the theorem. O
The next example can be seen as a special case of the previous.

Example 7.29 (The Fourier transform and separability of L,) Let L,(T) denote the
space of (equivalence classes of) complex-valued square-integrable functions on the
probability space (T, g—ﬁ), where T = [0, 27). The space L,(T) is a Hilbert space
with inner product given by

1 2 -
(f.8)= py f(©)g©)do, {f,g} < La(T).
T Jo

(Compare to Example 7.5.)
For each n € Z, define ¢, : T — C by

e, 0)=¢", 0eT.

We claim that (e, ), <z is an orthonormal basis for L,(T). The sequence (e, ),cz is an
orthonormal set, because

L[ 1 ifn=m,
(en,em) = _/ emGe—zmQ do = 1 " "
2r Jo 0 ifn #m.

The maximality of (e,),cz follows from the density of trigonometric polynomials:
The Weierstrass Approximation Theorem states that the set of trigonometric polyno-
mials is dense in C(T), and Lusin’s Theorem (Theorem A.36) states that the set of
continuous functions is dense in L,(T).
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If f € Ly(T), then the Fourier series of f is given by the series

Z (f,en) ey.

nez

Since the sequence (e, ), <z is an orthonormal basis for L,(T), we see that the Fourier
series of f € L,(T) will always converge to f in the L,(T)-norm. (Compare this to
Example 4.17.)

We recall that the Fourier transform of f is given by the formula f n) =(f,en)
for n € Z. The Fourier transform represents L,(T) as £,(Z). To see this precisely,
define a map F : Ly(T) — £,(Z), also called the Fourier transform, by

F(f) = (f)pezs  f € La(D).

Itis nothard to show that F is an isomorphism. By Parseval’s Identity (Theorem 7.25),
we see that

I fllzory = IF(Ollexzy. € La(TD).

Therefore, F determines an isometric isomorphism, and so L,(T) and £,(Z) are
identical as Banach spaces. The identification of L,(T) and ¢,(Z) is sometimes
known as the Riesz—Fischer Theorem, after F. Riesz and E.S. Fischer, each of whom
proved it (independently) in 1907 [11,30].

We are now ready to state the main result of this section, which nicely mirrors
the matrix theory of finite-dimensional vector spaces. While we state (and prove) the
result for separable Hilbert spaces, it remains true for general Hilbert spaces.

Theorem 7.30 Let H be an infinite-dimensional separable Hilbert space. Suppose
T : H — H is a compact hermitian operator. There exists an orthonormal basis
(en)s2, of H such that e, is an eigenvector of T for each n € N; that is, there exists
a sequence (Ay)oo such that Te, = A, e, foralln € N.

Remark 7.31 If T is a compact hermitian operator, then any eigenvalue A of T
must be real. To see this, suppose x € H is an eigenvector with ||x|| = 1 such that
Tx = Ax. Using the properties of inner products, and keeping in mind that x has
norm one, we see that

r=0x,x)=(Tx,x)=(x,Tx) = (x, \x) = A.

Also, observe that the sequence of eigenvalues (4,)52, promised in Theorem 7.30
must converge to 0. (We proved this for a general compact operator in Theorem 6.37.)

Before proceeding with the proof of Theorem 7.30, we require some preliminary
results.

Lemma 7.32 Let H be a nonzero Hilbert space. If T : H — H is a compact
hermitian operator, there exists an x € H with ||x|| = 1 such that ||Tx|| = ||T||.

Proof First, we claim that || 72| = ||T||?. Certainly, for any x € H, we have
1T = ITT)| < ITINTx] < [T x|
It follows that || T3] < || T||>.
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By the hermitian assumption on 7', for any x € H,
ITx|> = (Tx,Tx) = (T’x, x).

Therefore, by the Cauchy-Schwarz Inequality, it follows that || Tx > < ||T2x|| || x].
Taking the supremum over all x € By, we conclude that || T||?> < ||T?|, and hence
ITNI% = IT?|, as claimed.

Now, pick a sequence (x,);2, in H such that ||x,|| < 1 for all » € N, and such
that

Tim || 72x, || = T = IT]*. (7.5)

We assumed T was compact, and so T'(Bp) is relatively compact in H. Thus, passing
to a subsequence if necessary, we may assume (without loss of generality) that
(Txp)52, converges to some y € H. Since ||Tx,|| < ||T| for all n € N, it must be
the case that ||y|| < ||IT||. Let x = y/||T||. Then ||x|| < 1. Furthermore,

1 . 1,
=—7Ty= lim —T"x,.
17 n—oo ||T||

Therefore, by (7.5), ||Tx|| = ||T||, as required. (Note this implies || x| = 1.) O

Remark 7.33 The hermitian assumption is not required in Lemma 7.32. In fact, the
conclusion of Lemma 7.32 holds for any compact operator 7 : X — X, whenever
X is a reflexive Banach space. (See Exercise 6.7.)

We require one more lemma.

Lemma 7.34 Let H be a nonzero Hilbert space. If T : H — H is a compact
hermitian operator, then either | T || or —||T || is an eigenvalue.

Proof We may assume 7 # 0. By Lemma 7.32, there exists some x € H with
lx] = 1 such that ||Tx|| = ||T||. We make the observation that, since 7T is a
hermitian operator,

(T*x,x)=(Tx,Tx) = ||ITx|* = |T|> (7.6)

Define u = T?x — (T?x,x) x. Notice that u = T?x — ||T||? x, by (7.6).
By the definition of u, we have

(u,x) = (T?x,x) — (T*x,x) (x,x) = (T?x,x) — (T*x,x) ||x]|> = 0.

Consequently, we have « L x, and in particular u | (T?x,x) x. By the Pythagorean
Theorem, it follows that

lull® + (T2, %) x 1> = llu + (T2x,x) x| (7.7)
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On the left side of (7.7), we observe
I(T%x, %) x|1* = [(T2x, ) x> = [ITII*,
by (7.6). On the right side of (7.7), recalling the definition of u, we have
e+ (T2, x) x> = 1 T%x ] < 1T

It follows that
lul> + 1T 1* < IT11*

Therefore, ||u| = 0, and so T?x = ||T||? x.

If Tx = ||T|| x, then x is an eigenvector for T with eigenvalue || T'||. Suppose
instead that Tx # ||T||x. Then y = Tx — ||T|| x is a nonzero element of H.
Computing:

Ty +ITly=T*x =TI Tx) + (IT| Tx — | T|* x) = 0.

Consequently, Ty = —||T|| y, and so y # 0 is an eigenvector for 7" with eigenvalue
—|IT||. We have established that either || T|| or —||T'|| is an eigenvalue for 7', and we
are done. m|

We are now prepared to prove Theorem 7.30.

Proof of Theorem 7.30 By Lemma 7.34, there exists a nonempty set of orthonormal
eigenvectors, and so there exists a maximal set, by Zorn’s Lemma. Let (en)nN: | be
a maximal set of orthonormal eigenvectors, where N € N U {oo}. If N < oo, let
A ={1,...,N}; otherwise let A = N. For each n € A, let A,, denote the eigenvalue
corresponding to the eigenvector e,,.

Let Hy = {x : (x,e,) = 0 forall n € A}. We will show that Hy, = {0}. We begin
by claiming that 7 (Hy) S Hy. Suppose that x € Hy. Then for all n € A,

(Tx,e,) = (x,Tey) = (x,1,e,) =0.

Therefore, Tx € Hy, and consequently 7|y, : Hy — Hp is a well-defined compact
hermitian operator.

Observe that Hj is a Hilbert space. Thus, if Hy # {0}, then T'|p, : Hy — Hy
has an eigenvector xy, by Lemma 7.34. But then (e,),ca U {x0/[|X0]|} forms an
orthonormal set of eigenvectors for 7 : H — H. This contradicts the maximality of
(en)nea, and so Hy = {0}.

We have established that no nonzero element of H is orthogonal to the orthonormal
set (e,)nea. It follows that (e, ), e 1s maximal amongst all orthonormal sets, and thus
it is an orthonormal basis for H, by Theorem 7.25. This completes the proof. O
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7.3 Hilbert-Schmidt Operators

Let a and b be real numbers such that a < b. Recall that L,(a, b) denotes the set of
(equivalence classes of) Borel measurable functions f : [a,b] — C such that

b 1/2
||f||L2<a,b>=(f If(x)lzdx) 0.

This space is a complex Hilbert space with the inner product (f,g) = fa b f(x)
g(x)dx for f and g in Ly(a, b).
Suppose that K : [a,b] x [a,b] — Cisin Ly([a, b] X [a, b]), so that

b b
ik, = [ ([ 1KeRay)dr < oo 78)

A consequence of (7.8) is that fab |K (x, y)|2 dy < oo for almost every x € [a, b].
We use K to define amap T : Ly(a,b) — Ly(a,b) by

b
Tf(x) = f KGy) fO)dy, fela@b), xclabl. (19

We will show that T is a well-defined bounded linear operator on L;(a, b).
By Holder’s Inequality,

b b 12 b 12
[ ik sonay = ([Cikenpan)”([irora)”. @0

This quantity is finite for almost every x in [a, b] whenever f € L,(a, b). Therefore,
the integral in (7.9) exists for almost every x in [a, b], provided that the function f
is an element of L;(a, b). Linearity of T is now evident, and so T is a well-defined
linear operator.

It remains to show that T is bounded. From (7.10), we see that

b 5 1/2
rreon= ([ ke ) 1l

By squaring, and then integrating with respect to x, we discover

b b b
/ ITFoRdx < ( / / K dydx) 13,0

Therefore, ||Tf a0 < KL, | fllLs@p)- Consequently, the map T is a well-
defined bounded linear operator and ||T'|| < || K||,.

Definition 7.35 A map T : Ly(a,b) — Ly(a,b) is a Hilbert-Schmidt operator if

b
Tf(x) = / K(e,y) fO0)dy, f € Laa.b), x € [a,bl,

for some K € L,([a, b] x [a, b]). The function K is the kernel associated with T', or
simply the kernel of 7.
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We wish to identify 7*, the Hilbert space adjoint of 7. To that end, suppose f
and g are in Ly(a, b). By Fubini’s Theorem,

b, b - b, b -
aro= [ ([ ke roa)ema= [ ([ Kensaa)roa.

The Hilbert space adjoint 7* is the unique operator that satisfies the equation
(Tf,g)=(f,T*g) forall f and g in L;(a, b), and therefore

b
T*g(x) = / K(y,x)g(y)dy. (7.11)

(See Example 7.20.) Comparing (7.3.4) with the definition of 7 in (7.9), we see that
T* = T precisely when K (x,y) = K(y,x) for almost every x and y in [a, b]. This
motivates the next definition.

Definition 7.36 Suppose T is a Hilbert-Schmidt operator on L,(a, b) with kernel
K. We say that K is a hermitian kernel, or simply that K is hermitian, if K(x,y) =
K(y,x) for almost every x and y in [a, b]. A real-valued hermitian kernel is also
known as a symmetric kernel.

Throughout the remainder of this section, (e,);2, will denote an orthonormal
basis for L;(a,b). (We know an orthonormal basis exists by Corollary 7.26. The
basis is countable by an argument similar to that used in Example 7.29.)

Proposition 7.37 Let (e,);2 | be an orthonormal basis for L,(a, b). For each m and
n in N, define a function fy, : [a,b] X [a,b] — C by

fmn(x,y):em(x)en(y)’ {X,y} c [Cl,b].
The set (ﬁ,m);’,ﬁnzl is an orthonormal basis for Ly([a, b] x [a, b]).

Proof For ease of notation, let L, = Ly([a, b] X [a, b]). The inner product on L, is
given by

b pb
& f)= / / gx,y) f(x,y)dxdy,

where g and f are functions in L,. We wish to show that ( fyu.);,,— 1s an orthonormal

basis for L,. It suffices to show thatif g € L, and (g, f,) = O for all natural numbers

m and n, then g = 0 in L,.
Let g € L, and suppose for all m and n in N,

b pb
(g,fmn)=f / g(x,y)em(x)en(y)dxdy = 0. (7.12)

By Holder’s Inequality,

b b 5 12
[ isyamiar < ([leeotan) < @1
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for almost every y. For each m € N, define a function 4,, on [a, b] by
b —
hw(y) = / gx,y)en(x)dx, y€la,bl].

The function 4,, is well-defined by (7.13), and furthermore,

b b b
IWMi@m=/QMm@Wdy§/a(/Iﬂ&ywdady=ﬂﬂi-

It follows that h,, € L,(a,b) for each m € N.
For every n € N, by (7.12), we have

b
(hm:a) Z/ hm(y) gn(y)dy =0. (714)

Since (e,)52, is an orthonormal basis for L,(a, b), so too is (e,);2,, and thus the

equality in (7.14) implies for each m € N that h,, = Oa.e.(y). Thus, foreachm € N,

b
/ g(x, ) en(x)dx =0 ae(y).

A countable collection of measure zero sets is still measure zero, and so for almost
every y,

b
/ gx,y)em(x)dx =0,

for every m € N. Again invoking the fact that (e,)52, is an orthonormal basis, we
conclude that g(x,y) = Oa.e.(x) for almost every y. Therefore, g = 0 in L,, as
required. =

Proposition 7.38 A Hilbert-Schmidt operator on L(a, b) is a compact operator.

Proof Let (e,)>2, be an orthonormal basis for the Hilbert space L,(a,b) and let
( fm,,)jjfinz | be the orthonormal basis for L,([a, b] x [a, b]) given in Proposition 7.37.

Suppose that Tk is a Hilbert-Schmidt operator with kernel K. Because ( fyun ), -
is an orthonormal basis for L,([a, b] x [a, b]), we have that

K=" (K, fun) frun: (7.15)

n=1 m=1

where the series converges in the norm on Ly([a, b] X [a, b]). To be precise, if for

each N € N,
N N
KN = ZZ(vamn)ﬁnn,

n=1 m=1

then | K — Ky|lz, > 0as N — oo.
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The Hilbert-Schmidt operator with kernel Ky is given by

b N N

Tiye) = [ 3 37 (K. fun) ) 8000 .

n=1 m=1

Recalling the definition of f,,(x, y), this becomes

N N b N N
SO K o) [ en @) )y = 30 D (K. fo) (0) e
n=1 m=1 a n=1 m=1

Consequently,

N N
T80 = Y (20 (K. fun) (810) ) en().

m=1 n=I1

Therefore, the range of Tk, is at most N-dimensional, and so the rank of Tk, is at
most N. (In particular, the rank of Tk, is finite.)

Observe that Tx — Tk, = Tk—k,. We know that | Txk_k, || < [|K — Kn|l, (see
the comments at the start of this section) and ||K — Ky||z, — 0as N — oo (by
construction). It follows that |Tx — Tk, || — 0 as N — oo. Therefore, Tk is a
compact operator, as the limit of a sequence of finite rank operators. O

Now assume, in addition to being square-integrable, that K is a hermitian kernel,
so that K(x,y) = K(y,x) for almost every x and y. By Proposition 7.38, the
map Tk is a compact hermitian operator. From Theorem 7.30, we know that there
exists an orthonormal basis for L,(a, b) composed of eigenvectors for Tx. Denote
this set of orthonormal eigenvectors by (e,);2; and let the corresponding sequence of
eigenvalues be (1,,);72 . Let ( fin, );’n",n:l be the orthonormal basis for L,([a, b] x [a, b])
given in Proposition 7.37.

Using the fact that f,,,(x,y) = e,,(x) e,(y) for all x and y in [a, b], we compute:

b b b
Ko = [ ([ K@pamdy) et = [ Tew e @0
By assumption, Te,, = ), e, for all n € N, and hence
b —
(K, f;nn) = f Anen(x) - e (x)dx = Ay(ey, ) = Ay S
a

Thus, by Parseval’s Identity (Theorem 7.25),

o0 o0 [o¢] o0 o
K12, =Y D UK fudP =D b = 1l
n=1

n=1 m=1 n=1 m=1

We summarize in the following theorem.
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Theorem 7.39 Let Tx be a Hilbert-Schmidt operator with hermitian kernel K. If
(An)p2y is the sequence of eigenvalues of Tk, then

b b 0
/ / K (x, )P dxdy =) [h]* < oo,
a a n=1

and || Tk || = sup |2,].
neN

Proof The proof of the integral equation can be found in the discussion preceding
the statement of the theorem. The equality || Tk || = sup,,cy |An| follows from the fact
that Te, = A,e, for all e, in the orthonormal basis (e, )52 ;. O

7.4 Sturm-Liouville Systems

In this section, we will see an example of how to apply the theory of compact
hermitian operators to solve differential equations. For simplicity, we will suppose
the scalar field is R. We will consider a special case of a system of differential
equations known as a Sturm-Liouville system. The system we will consider is

Y+ q(x)y = fx), {f.q} S Cla,b], (DE)
y(@) =y()=0. (BC)

(7.17)

We wish to find y € C?P][a, b] (a twice continuously differentiable function) that
satisfies the differential equation (DE) subject to the boundary conditions (BC).
While we start with the assumption f € Cla, b], we will later extend to f € Ly(a, b).

Throughout what follows, we will make the following assumption on the
homogeneous system (i.e., the system with f = 0):

Assumption 1 The only solution to the homogeneous system is y = 0.

Example 7.40 Our basic model of a Sturm-Liouville system comes from a vibrating
string. Suppose that a = 0 and b = m. Consider the following differential system:

' = f), feClo,n], (DE")
y(0) = y(@m) = 0. (BC)
For the differential equation (D E’), the homogeneous equation y” = 0 has general
solution y(t) = « + Bt. The only way that this can satisfy (BC') isif« = 8 = 0,
and so the vibrating string model satisfies our basic assumption.

Let us return our attention to the Sturm-Liouville system in (7.17). Suppose u is
a solution to the initial value problem

V' +qx)y =0, q € Cla,b], (DEy)
y@a)=0, y'(a)=1. ICy)
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We know that a solution u to this system exists by the general theory of ordinary
differential equations. If u(b) = 0, then u is a solution to the homogeneous system.
It would follow that u = 0, by Assumption 1. This violates the initial conditions in
(ICy), and so u(b) # 0.

Next, let v be a solution to the initial value problem

y'+q(x)y =0, q € Cla,b], (DEy)
y(b) =0, y() =1. (IC)

As before, such a solution is know to exist by general theory. Furthermore, v(a) # 0,
or else it would be trivial, violating the initial conditions in (/ C).
Consider the function

y(x) =@ ulx) + ¥ (x)v(x), x € [a,b],

where ¢ and i are differentiable functions to be determined at a later time. We will
insist only that ¢ and i satisfy the following assumption:

Assumption 2 ¢ and  are differentiable functions such that ¢'u + 'v = 0.

Keeping Assumption 2 in mind, let us differentiate y:

Y o= @ut o +y vy = gu' +yv.
Continue by computing the second derivative of y:
Yi=¢u+ou" +y'v + 9
It follows that
Vidhgy=¢' v+ VvV +W +que+ 0" +qv).
By assumption, u and v satisfy (D Ej), and so we conclude that
Yitagy=¢'u+y'v.

Our goal is to find a solution to the differential systemin (7.17). From the preceding
calculations, we see that this will be accomplished if we can solve the following
differential system:

du+y'v=0,
U +y' Vv =f, Y@=0, ¢®b) =0.
A little algebraic manipulation reveals:

@v—uv)¢ = fv and (wv —u' V)Y = fu. (7.18)
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Let the Wronskian of u and v be given by the formula

u v
W =uv —u'v=det . (7.19)
u v
Then, (7.18) becomes
, fv ,_ fu
=7 d =<, 7.20
¢ W and ¢ W (7.20)

provided that W(x) # O for any x € [a, D].
We will show that W is a nonzero constant function. To that end, we compute the
derivative:
W=uv4+u —u'v—uv =uv"—u"v.

By assumption, #” + gu = 0 and v’ + gv = 0, and so
W' =u(— gv) — (— qu)v = 0.

Therefore, W is a constant function. To verify that W is nonzero, we recall that u
and v satisfy the initial conditions (/C) and (I C5), respectively. Observe that

W(a) = u(a)Vv'(a) — u/'(a) v(a) = —v(a)

and
W(b) = u(b) V' (b) — u'(b) v(b) = u(b).

We know that v(a) # 0 and u(b) # 0, and so W is a nonzero constant function. Let
o = W(a) be the value of this constant.
To solve for ¢ and ¥, we now integrate the equations in (7.20). The results are

_ [ @u@) 17
w(x)—/a W) dt—a/a S @u(r)dt,

and

_ [T fevey 1P
¢(X)——fb W dt—a/X F@v()de.

We now have an integral formula for y:

1 x b
¥ = ~ (o) f F @ u)dr + ux) / F@var).
Define a map K : [a,b] x [a,b] — R by

l .
Ky = 1@ v(x) u(t) ift <x, (721)

Luyvry  ifr>x.
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Then ,
¥(x) = / K(e.0) £ () dr.

The map K is continuous on [a, b] X [a, b] and is symmetric; i.e., K(x,y) = K(y, x)
for all x and y in [a, b]. It follows that K defines a compact symmetric (hermitian)
operator

b
Tx f(x) =f K, 0)f()dt, f e Lxa,b), x € a,b). (7.22)

Furthermore, for any f € L,(a, b) we have that y = Tx f is a solution to the system
in (7.17).

Since K is a symmetric (hermitian) kernel, we know that Tk defines a bounded
linear map into L,(a, b). In this case, since K is continuous, we can actually improve
this to the statement Tk : Ly(a,b) — Cla, b].

We first show that Tk f is continuous for all f € L,(a, b). To see this, lete > 0
be given and observe that for all x and y in [a, D],

b
Tef@) = Tef o)l = | [ (Ko = Ko0) sra].

By Holder’s Inequality, this is bounded by

b 5 \1/2
([ 1&en = keora) "l

By assumption, K is continuous on a compact set, and so there exists a § > 0 such

that
€

1 fllsapmyvb —a

forallz € [a, b], whenever |[x —y| < 8. Therefore, |Tx f(x)— Tk f(y)| < € whenever
|x — y| < &, and so Tk f is continuous on [a, b].

The argument to show Tk is bounded on L;(a, b) is similar. For each x € [a, b],
by Holder’s Inequality, we have

|K(x,1) — K(y,1)| <

Tk f(0)| =

b b 5 1/2
[ xenswa] = ([ keora) il

a
The function K is continuous on the compact set [a,b] x [a, b], and hence it is
bounded on [a, b] X [a, b]. Consequently,
1Tk fliciar < Vb —a IKlcqapxtapy | f I2@b)-

Therefore, Tx : Ly(a,b) — Cla, b] is bounded and || Tk || < +/b — a | K|l cabixiab)-
Suppose now that e is an eigenvector for Tk (an eigenfunction in this case). Then
there exists a nonzero scalar A such that Txe = Ae. (Note that A 7# O because
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y = Tke is a solution to y” 4+ gy = e. If y = Tge = 0, the differential equation
implies that e = 0, which contradicts the assumption that e is an eigenvector.)

We know that y = Txe is a solution to y” + gy = e (by construction) and that
Txe = Le, where A # (. Substituting y = Ae into the differential equation, we have
xe”) + qg(re) = e, or

e’ +qge = —e.
=3

This leads us to the following theorem.

Theorem 7.41 Let a and b be real numbers such that a < b and let ¢ € Cla, b].
There is a sequence of scalars (o) | such that |o,| — 00 as n — 00 and such
that, for each n € N, there exists a twice-differentiable function e, € Cla,b] that
satisfies

e;,/ +qgen =a,e,, e(a)=0, e,(b)=0,

and (e,)52, forms an orthonormal basis for L(a, b).

Furthermore, the solution to the system of differential equations

Y'+qx)y = fx), f € La,b),

y(a) = y(b) =0,
is given by
= i L (f.en)e
y - — o, »En n-

Proof Let Tk be the operator defined by (7.21) and (7.22). By Theorem 7.30, the
operator Tk has a sequence of eigenvectors (e,);2, that form an orthonormal basis
for Ly(a, b). For each n € N, let ), be the eigenvalue associated with e,, and define
o, = 1/A,. Since A, — 0 as n — oo (by Theorem 6.37, or even Theorem 7.39),
it follows that |o,,| — 00 as n — oo. We know that the eigenvectors satisfy the
differential equation because of the discussion prior to the statement of the theorem.

Finally, suppose f € L»(a,b). We have demonstrated that y = Tk f is a solution
to the given differential system. Since (e,);2, is an orthonormal basis for L, (a, b),
we conclude that

y=Txf =) (Txf.ex) en.

n=1

Since Tk is symmetric (hermitian), we have

(Tl(f’en) = (f’ TKen) = Ay (f’en)’

for all n € N. The result follows because A, = 1/«,. O
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Example 7.42 We return now to the example of the vibrating string, which is
described by the following system of differential equations:

y' = f), f € L0, 1), (DE’)
y(0) = () = 0. (BC')

We will parallel the argument used in the general case to see how it works in this
example. First consider the initial value problem at the left endpoint:

y' =0, y0)=0, y(0)=1.

The solution to this initial value problem is u(x) = x for all x € [0, 7 ].
Next, we consider the initial value problem at the right endpoint:

yNZO’ }’(JT)=0, yl(ﬂ)=1

The solution to this initial value problem is v(x) = x — & for all x € [0, ].
From the general case, we know that the value of W in (7.19) is a constant. In this
example, we can calculate it explicitly:

W=uv —uv=nm.

We now define the kernel K as in (7.21):

Tx—mrt, ifr<x,

K(x,t) = (7.23)

Ix@t-m), ifr>ux

As usual, we let Tk be the Hilbert-Schmidt operator with kernel K:

Tk f(x) = /ﬂ K(x,t) f(t)dt, f e Lx0,7), x€[0,x].
0

The next step is to calculate the eigenvectors and eigenvalues for Tx. According to
Theorem 7.41, we can consider solutions to the equation

y' —ay=0, y0)=0, y(x)=0. (7.24)

The differential equation in (7.24) is a homogeneous linear second order ordinary
differential equation, and the solution depends on the sign of «. We know that o # 0,
because the only solution to the homogeneous equation is y = 0. Suppose o > 0.
Then o = 2 for some B > 0. The differential equation becomes y” — %y = 0, and
the general solution to this differential equation is

y(x)=Aef* + Be P,

where A and B are real numbers. The boundary conditions imply that A = 0 and
B = 0, and so there are no positive eigenvalues.
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Now leta = — B2, where 8 > 0. The differential equation becomes y”+ 8%y = 0,
and this has general solution

y(x) = A cos(Bx) + B sin(Bx),

where A and B are real numbers. The boundary condition y(0) = 0 implies that
A = 0. At the other endpoint (and setting A = 0), the condition y(r) = 0 implies
that sin (87r) = 0. This happens whenever 8 € N (since 8 > 0).

We have established that the solutions to (7.24) are:

y =sin(nx), « = —n?, neN.

We wish to normalize y. Computing the L,(0, 7 )-norm of y:

S 1/2 T
IyllLr07) = (f sin® (nx)dx) =3
0

Therefore, for each n € N, we let

2 2 .
o, =—n and e, =,/ — sin(nx).
b4

We now have the following interesting result.

Theorem 7.43 (/2/7 sin(nx))52, is an orthonormal basis for Ly(0, ).

Proof See Theorem 7.41 and Example 7.42. |
The eigenvalues of Tk are the reciprocals of the «, values. Consequently, the

eigenvalues of Tk are

Ap=——, neN, (7.25)

where 1, is the eigenvalue corresponding to e,. Since we have an explicit formula
for the kernel K of Tk (see (7.23)), we also get an interesting summation formula
via Theorem 7.39:

0 1 T T
2—4 =/ f |K (x,1)|* dr dx (7.26)
n=1 n 0 0

T X 1 T s 1
=/ f _Z(x_n)2;2dtdx+f / — x> (t — ) drdx.
0o Jo T 0 Jx T

We leave it to the reader to verify this equality. (See Exercise 7.21.)
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Exercises

Exercise 7.1 Let H be a Hilbert space and suppose x and y are nonzero elements of
H. Show that || x + y|| = ||x|| + ||y|| if and only if y = cx, where ¢ > 0.

Exercise 7.2 Let H be a Hilbert space. Suppose T and S are operators on H and let
a € C. Show that (T 4+ S)* =T* + S*, (@T)* =a T*, and (ST)* = T*S*.

Exercise 7.3 Suppose T and S are hermitian operators on a Hilbert space. Show that
TS is hermitian if and only if TS = ST.

Exercise 7.4 Let H be a normed space that satisfies the Parallelogram Law (The-
orem 7.10.). Show that H is an inner product space. (Hint: Use the polarization
formulas given after the statement of Theorem 7.10..)

Exercise 7.5 Let H be a complex inner product space and assume A : H — H is a
bounded linear operator. Show that (Ax, y) can be written as

1
Z[(A(x+y),x~|—y)—(A(x—y),x—y)—i(A(x+iy),x+iy)+i(A(x—iy),x—iy)].

Exercise 7.6 Let H be an inner product space and assume A and B are bounded
linear operators on H.

(a) Show that if (Ax,y) = (Bx,y) forall x and y in H, then A = B.

(b) Show that if (Ax,x) = (Bx,x) forall x € H and H is a complex inner product
space, then A = B.

(c) What assumptions need to be added to A and B in order for (b) to hold when H
is a real inner product space?

Exercise 7.7 Suppose A is a bounded linear operator on the complex inner product
space H. Show that
Al = sup [(Ax,x)|.
XEBH

Show that the same formula holds in a real inner product space if A is hermitian.

Exercise 7.8 Let H be a complex Hilbert space and let T : H — H be a bounded
linear operator. Show that 7 = T* if and only if (Tx,x) € R for all x € H. (This
equivalence cannot hold in a real Hilbert space because it is necessarily true that
(Tx,y) € Rforall x and y in H when H is a real Hilbert space.)

Exercise 7.9 Let H be an inner product space and assume 7 : H — H is a bounded
linear operator. Show that ||[T*T|| = ||T||%.

Exercise 7.10 Let T : H — H be suchthat 7(0) = 0and | T(x)—T(y)|| = ||lx — y||
for all x and y in H. Show that T is a linear isometry from H to itself. (Hint: Show
first that (T (x), T(y)) = (x,y) for all x and y in H).

Exercise 7.11 Let H be a Hilbert space. For each ¢ € H*, let vy, € H be the unique
element (from the Riesz—Fr échet Theorem) satisfying ¢(x) = (x,vy) forallx € H.
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If TS : H* — H™is the operator adjoint of T' (see Definition 3.36)and Ty : H — H
is the Hilbert space adjoint of 7' (see Definition 7.18), show that vrs ) = Txv, for
all¢ € H*.

Exercise 7.12 If V is a closed subspace of a Hilbert space H, show H =V @ V+.

Exercise 7.13 If V is a closed subspace of a Hilbert space H, show (V+)t = V.
What is (V1)L if V is not closed?

Exercise 7.14 Let H be a Hilbert space and suppose (x,, )52 ; and (y,);2 | are sequences
in H.If (x,,);2, and (y,);2, converge (in norm) to x and y, respectively, show that
lim,,, o (X4, yll) = (x, }’)

Exercise 7.15 (Hellinger-Toeplitz Theorem) Let H be a Hilbert space. Prove the
following: If T : H — H is alinear map that satisfies the equation (T x, y) = (x, Ty)
for all x and y in H, then T is continuous.

Exercise 7.16 Let H be a Hilbert space with inner product (-,-) and norm | - ||.
If (x,)52, and (y,);2, are sequences in By, and lim,_, o (x,,y,) = 1, show that
lim, o0 1% — Yull = 0.

Exercise 7.17 Let H be an infinite-dimensional Hilbert space with inner product
(-,+). Show that the function (-,-) : (H,w) x (H,w) — C is continuous in each
argument separately, but that it is not continuous on the product (H,w) x (H,w). (In
this problem, (H, w) denotes the Hilbert space H endowed with the weak topology.)

Exercise 7.18 Solve the system of differential equations

' + 2%y =0, rER,
yO) =1, y2r) = 1.

Use your answer to show that (e, ),z is an orthonormal basis for Lz(']I‘, g—ﬁ), where
e.(0) =" and 0 € T = [0,2n).

[o¢]
1 2
Exercise 7.19 Use Parseval’s Identity (Theorem 7.25) to show that E = = %:
n
n=1

(a) Use the function f(x) = x for all x € [0, ) and Theorem 7.43.
(b) Use the function f(0) = 6 for all € [0,27) and Exercise 7.18.

Exercise 7.20 A theorem from linear algebra states that the trace of a square matrix
equals the sum of its eigenvalues. If Tx : Ly(a,b) — Ly(a,b) is a Hilbert—Schmidt
operator defined by the formula Tk f(x) = fah K(x,y)f(y)dy, then the trace of the
Hilbert—Schmidt operator Tk is defined to be

b
trace(TK)=f K(x,x)dx,

whenever it exists. Let K be the kernel in (7.23) and show trace(Tx) = > oo; Aus

n=1
where (1,);2, is the sequence of eigenvalues for Tk given in (7.25). (Compare to

6.1.7).)
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00 4
Exercise 7.21 Compute the integral in (7.26) to show that Z i4 = 7{_

—n 90
Exercise 7.22 Suppose i and v are probability measures on a measure space (£2, X).
Assume that © < v and ¢ is the Radon—Nikodym derivative of u with respect to v.
Define amap V : Ly() — La(v) by V(f) = /@ f forall f € L(u). Show that
this map is a well-defined isometry. Show that V' is an isomorphism if and only if
V<L U
Exercise 7.23 Recall that a function f : [0, 1] — R is called absolutely continuous
on [0, 1]if f is differentiable almost everywhere (with respect to Lebesgue measure),
andif /" € L (0, 1) satisfies the equation f(x)— f(0) = fox f'(t)dtforallx € [0, 1].

(a) Let H denote the collection of all (real-valued) absolutely continuous functions
on [0, 1] such that f(0) = 0 and f’ € L,(0, 1). Show that

1
(f.g) = /0 FOgWd, {fig) < H,

defines a complete inner product on H.

(b) Show thatthe map T : H — L,(0, 1), defined by Tf = f’ forall f € H,is an
isomorphism. Find 7!,

(c) Fixa € (0,1) and defineamap A, : H - Rby A,(f) = f(a)forall f € H.
Show that A, is a bounded linear functional. Find the element ¢, € H such that

Auf) = (f o) forall f € H.

Exercise 7.24 Let H be a Hilbert space and suppose T : H — H is a compact
operator. Show that T is the limit (in operator norm) of a sequence of finite-rank
operators.

Exercise 7.25 A Banach space X is called uniformly convex if given € > 0 there exists
ad > O such that ||x — y|| < € whenever ||x|| <1, ||y|| < 1,and ||x + y| > 2 —§.
Show that a Hilbert space is uniformly convex.

Exercise 7.26 Suppose X is a non-reflexive Banach space and let € > 0 be given.

(a) Show there exists an x** € X** such that ||x**|| = 1 and
dx™, X) =inf{ldx*™,x):x € X} > 1 —e.

(Here, d is the metric induced by the norm on X**.)

(b) Let x** be as found in (a). Show that there exists x* € X* with ||x*|| = 1 and
xX*(x*) > 1 —€/2. Pick x € X with ||x]| < 1 such that x*(x) > 1 — €/2. Show
that there exists y* € X* with ||y*|| = 1 and y*(x™ — x) > 1 — €.

(¢c) Let x and x* be as found in (b). Use Goldstine’s Theorem to show that there
existsay € X with ||y|| < 1 suchthat x*(y) > 1 —¢/2and y*(y —x) > 1 —e€.
Deduce that ||x + y|| >2 —€and |[x — y| > 1 — €.

(d) Deduce that every uniformly convex space is reflexive.
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Exercise 7.27 For the following questions, assume 2 < p < oQ.

(a) Show that there is a constant ¢ > O such that

1
SUL+7+ =) = 14"l 1 eR.

(Hint: Show that the function w is bounded below.)

(b) Deduce from (a) that if f and g are functions in L (0, 1), then

1
§(||f+g||”+ If = gl?) = IFI7 +c” ligh?.

(c) Conclude that L ,(0, 1) is uniformly convex. (This is also true if 1 < p < 2, but
it is a little more tricky to show.)



Chapter 8
Banach Algebras

In this chapter, we will study Banach spaces with a multiplication. These spaces
are called Banach algebras. Throughout this section, we will confine ourselves to
considering complex Banach spaces, which will allow us to make use of powerful
theorems from complex analysis. (For a brief review of results from complex analysis,
see Sect. B.2 in the appendix.)

8.1 The Spectral Radius

We start with some basic definitions and properties.

Definition 8.1 The set A is called an associative algebra (over the scalar field K)
if it is a vector space over K together with an operation called multiplication (often
denoted either by - or juxtaposition) that satisfies the following operations:

(i) a-(b-c)y=(@-b)-c (associativity),
(ii) (@+b)-c=a-c+b-c (right-distribution),
(iii) a-(b+c)=a-b+a-c (left-distribution),
(iv) Ma-b)=(ha)-b=a-(Ab) (bilinearity of scalar multiplication),

where a, b, and c are elements of the set A and X is a scalar in K.

We are interested in a type of associative algebra that is also a Banach space, and
one in which the norm is what is called submultiplicative. A norm on an associative
algebra is submultiplicative if

la - bl < llall 1],

for all elements a and b in the Banach space.

Definition 8.2 A Banach algebra is a Banach space that is also an associative
algebra with a submultiplicative norm.

Example 8.3 Suppose X is a Banach space. Then the space £(X) of linear operators
on X forms a Banach algebra with multiplication given by composition.
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In the space £(X) we distinguish a particular operator / that has the property
I(x) = x for all x € X. This operator, known as the identity operator, has norm one
andissuchthat / o7 =T =T o[ forall T € L(X). Elements of a Banach algebra
with this property play a special role.

Definition 8.4 An element 1 in a Banach algebra A is called an identity element if

We call an algebra unital if there is an identity 1 such that ||1]| = 1.

If there is a risk of confusing the identity element 1 in A with the number 1 in the
scalar field, we will denote the identity element in A by 14.

We will assume that all Banach algebras with an identity are unital; that is, we
will assume ||1]] = 1. We can make this assumption without any loss of generality.
To see this, suppose A is a Banach algebra with identity 14, but ||14]| 7 1. For each
a € A, let L, denote left-multiplication:

L,(b)y=ab, beA.
Observe that ||L,|| < |lall, because the norm is submultiplicative. Additionally,
lall = I1La(LA)Il < ILall ITall-

Thus, if we let k = then

1
Ital”

kllall < Lol = fllall.

Notice also thatif L, = L, fora and b in A, then L,(14) = L,(1,4), and so a = b.
Therefore, the mapa — L, determines anembedding A — L(A). Since || Ly, | = 1,
we can then think of A as a closed subalgebra of a unital Banach algebra.

Definition 8.5 A Banach algebra is commutative if ab = ba for all elements a and
b in the algebra.

Example 8.6 We now consider several examples of commutative Banach algebras.

(a) If K is a compact Hausdorff space, then C(K) forms a commutative Banach
algebra under pointwise multiplication:

(f-8)s)= f(s)gls), {f.g} SC(K), seKk.

The identity in C(K) is xk, the function that is constantly 1 on K.

(b) Let D = {z € C : |z| < 1}. We denote by A(D) the collection of all analytic
functions f : D — C that are extendable to elements of C(ID). When equipped
with the supremum norm and pointwise multiplication, the space A(D) is a Ba-
nach algebra, known as the disk algebra. (Completeness follows from Morera’s
Theorem (Theorem B.13).) We remark that A(D) can be viewed as a subalgebra
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of both C (E) and C(T). In the context of the complex plane, we use T to denote

the unit circle
T=0D={zeC:|z| =1}.

The inclusion of A(ID) in C(T) follows from the Maximum Modulus Theorem
(Theorem B.11).

Consider the sequence space £; = £{(Z), where Z4 = {0,1,2,...}. We will
define a product * on £;. Suppose a = (ax);2, and b = (by)72, are sequences
in £;. Define the product a * b to be the sequence of coefficients of the formal

power series
o0 oo
(Z aktk) <Z b,j‘). (8.1)
k=0 k=0

Then, (a % b), = 2_1;:0 ay—j bj fork € Z,, and so
a x b = (apby, a1by + agbi, aybyg + a1by + apbs, ...).

From (8.1), we deduce that ||a * b||; < |la||; |b|l1, and so £; becomes a Banach
algebra with this multiplication. This example is known as a convolution algebra
because the product is known as a convolution.

Now consider the function space L (R). We will turn this space into a convolution
algebra. If f and g are functions in L;(R), we define the convolution of f with
g to be the function

(f * )s) = / Fls—1g@)dr, s €R.

To compute a bound for the L;-norm of f % g, we observe that

/ I(f*g)(S)IdSS/ / |f(s —1)g(@)ldrds.

By Fubini’s Theorem,

ff If(s—t)g(t)ldtds=/ (/ If(s—t)lds>|g(t)|dt.

By the translation-invariance of Lebesgue measure,

/ |f<s—r)|ds=/ 1F©)lds = 1l

and so we have || f * g|l; < || fll1llgll1- The space L;(R) becomes a Banach
algebra with multiplication given by convolution. It is worth noting that this
Banach algebra lacks an identity element.
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All of the Banach algebras listed in Example 8.6 are commutative, but not all
Banach algebras are commutative. An example of a noncommutative Banach algebra
is L(X), where X is a Banach space of dimension greater than one.

In some cases (such as Example 8.6(d)) the Banach algebra A will lack an identity
element. In such a circumstance, the algebra can always be embedded in an algebra
with an identity. Let

A=AaC,

and define a multiplication on A’ by
(a,r1) - (b,22) = (ab + 11D + Maa, Ay h2),

where {a,b} C A and {A{, A,} C C. Then A’ is a unital Banach algebra with identity
element (0, 1).
Equivalently, we may simply add an identity element to A. To do this, let 1 be an
identity element and let
A"=A@IC.

This time, define a multiplication by
(a+1x)-(b+10) =ab + Ab + da + 1xg Ay,

where (again) {a,b} C A and {A;,A,} € C.

The above discussion allows us to consider, without loss of generality, only unital
Banach algebras. This is a convention we will adopt throughout the remainder of this
chapter.

Definition 8.7 Let A be a unital Banach algebra. An element @ € A is said to be
invertible if there exists some a~! € Asuchthataa™! = 1 = a ! a. If it exists, a~*
is called the inverse of a.

Example 8.8 Consider the algebra C(K) of continuous functions on the compact
Hausdorff space K. A function f € C(K) is invertible (in the algebraic sense) if
f(s) # 0 for any s € K. In this case, the inverse of f is given by the function 1/f.
If an inverse exists, it is necessarily unique, but not every element of a Banach
algebra is invertible. To illustrate this point, consider the following example.

Example 8.9 Consider the Banach algebra £(£,) of operators on £, with identity
operator . Recall the left shift operator L and the right shift operator R on £;:

L(§1’$2"§3’~'-):(52’53’54’“-) and R($1,§2,§3,~~-):(0,51,‘?2,-”),

where (£,)52 is an element of £,. Neither R nor L has an inverse: R is not onto, and
L has a zero eigenvalue. Observe that L and R do satisfy the relationship LR = I;
however, they are not inverses of one another because RL # I.

In a Banach algebra A, we call b the left-inverse of a whenever b - a = 1.
Correspondingly, when this equation is satisfied, we call a the right-inverse of b. In

the preceding example, L is the left-inverse of R and R is the right-inverse of L.
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Simple algebra shows that if a has both a left-inverse and a right-inverse, then they
must coincide (and hence a is invertible). (See Exercise 8.1.)

The next proposition, first due to the mathematician Carl Neumann (in the context
of operators), will prove central to all that follows.

Proposition 8.10 (Neumann Series) Let A be a unital Banach algebra and let
a € A If ||lall < 1, then 1 — a is invertible and the inverse is given by the Neumann
series:

[S)
(l—a)_l = Zan = 1—|—a+a2—|—a3+....
n=0

Proof Foreachn € N,letS, = 14+a+---+a". Observe that the series Y . [la"||
converges, since ||a"|| < |la||" and |la|| < 1. Consequently, (S,)s2, is a Cauchy
sequence, and hence converges to some S € A.

Observe that 1 — a and S, commute for each n € N, and

Ad-—a)S, =S, (1—a)=1—a""".
Taking limits, we have
1-a)S§=S1-a)=1,
andso § = Z:io a" is the inverse of 1 — a, as required. O

The collection of invertible elements in a Banach algebra turns out to be very
important.

Definition 8.11 Let A be aunital Banach algebra. ThesetG = {a € A : a~! exists})
is called the group of invertible elements in A.

We leave it to the reader to verify that the group of invertible elements is indeed
a group. (See Exercise 8.5.) In addition to being a group, it also has interesting
topological properties.

Proposition 8.12 The group of invertible elements in a unital Banach algebra is
an open set.

Proof Let A be a unital Banach algebra and let G be the group of invertible elements
in A. Leta € G. We will find an open ball centered at a that is contained in G. Let

B:{beA:||a—b||<%}.
ol
Let b € B. Observe that

b=a—(a—-b)y=a(l—a '(a—b)).
By assumption, a is invertible. By the choice of b, we also have

la~'(a —b)| < lla”"| lla — bl < 1.
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Thus, by Proposition 8.10, we conclude that 1 — a~!(a — b) is invertible.
Consequently, both @ and 1 — a~!(a — b) are elements of the group G. Therefore,

b=a(l—a'(a—b)egq,

as the product of two elements in the group. Since the choice of b € B was arbitrary,
we conclude that B € G. Thus, B is an open set such thata € B and B C G.
Therefore, G is an open set in A. o

In the proof of Proposition 8.12, we saw that if a € A is invertible, and if b € A
is sufficiently close to a, then b is invertible, too. In fact, thanks to Proposition 8.10,
we can even provide a formula for the inverse of b:

b= (1- aY(a —b))_la_'
=(1+a'a=b)+aa—ba@a—b)+--)a”"
a'+a Y a—ba'+aa=baa—ba+---. (8.2)

If A is a commutative Banach algebra, then

b'=a '+ @YY a—-b)y+@"a—-bP+---.

Definition 8.13 Suppose A is a complex unital Banach algebra with group of in-
vertible elements G. Let a € A. The spectrum of a is the subset of C defined
by

Sp(a) ={A: Al —a & G}.

The resolvent of a is the subset of C defined by
Res(a) = {} : Al —a € G}.

Example 8.14 Consider M,(C), the Banach algebra of n x n complex matrices,
where n € N. Let T € M,,(C) be a square matrix. A complex scalar A is in Sp(T)
provided A —T is anon-invertible matrix; i.e., whendet (A\/ —T") = 0. Consequently,
we have A € Sp(T) if and only if A is an eigenvalue for T'. Since C is algebraically
closed, T will always have at least one eigenvalue, and so Sp(7) is nonempty for
all T € M, (C). Therefore, in this case, we can identify the spectrum of T as the
collection of eigenvalues of T'; that is, Sp(T) = {Ay, ..., A}, for a finite sequence
of scalars, where r < n.

When A is a finite-dimensional space of operators, the spectrum of an element is
well-understood in terms of eigenvalues. In the infinite-dimensional case, however,
things are more subtle.

Example 8.15 Define an operator T on C[0, 1] by
Tfx)=x f(x), feC[0,1], xe]0,1].

We saw in Example 6.3 that T has no eigenvalues. Even so, the spectrum of 7 is not
empty. In fact, for any A € [0, 1], the operator A1 — T is not invertible. If f € C[0, 1],
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then
AM-T)fx)=rf(x) —xf(x) = —x)f(x), xe€][0,1].

The inverse operator would have to be

g(x)

Sgx) = ——, geC[0,1], x €[0,1],
A—Xx
but § is not a bounded operator on C[0, 1] if A € [0, 1]. Therefore, the spectrum of

T is Sp(T) = [0, 1]. (Note that S is bounded if A ¢ [0, 1].)

Example 8.16 Let X be a Banach space and suppose T € L(X). By definition,
the complex scalar A is in Sp(7") whenever A1 — T is not invertible. Recall that an
operator is not invertible either because it is not injective or not surjective (or both).
There are three (not necessarily disjoint) possibilities:

(1) Suppose A1 — T is not one-to-one. In this case, there exists a nonzero x € X
such that (A1 — T')(x) = 0, and so Tx = Ax. It follows that A is an eigenvalue
of T.

(2) Suppose A1 —T is one-to-one, but (A1 — T')(X) is a proper closed linear subspace
of X. By the Hahn—Banach Theorem, thereis some x* € X* suchthatx* # 0, but
x*((A1 =T)(X)) = 0. (See Exercise 5.20.) It follows that (T*x*)(x) = (Ax*)(x)
for every x € X, and so A is an eigenvalue of 7.

(3) Suppose A1 — T is one-to-one, but A1 — T is not bounded below; that is, there
does not exist a constant ¢ > 0 such that

[Ax = Tx[l = cllx|l

forall x € X. Therefore, we can find a sequence (x,);2 ; in X such that ||x, | = 1
for all n € N and such that

lim [[Ax, — Tx, ] = O. (8.3)

(See Exercise 1.12.) When A satisfies (8.3) for some sequence (x,);,2,, we call
it an approximate eigenvalue of T .

We conclude that if A € Sp(T'), then A is either an eigenvalue of T or T*, or an
approximate eigenvalue of 7. We will reserve the term approximate eigenvalue to
describe those A € Sp(T") which are not eigenvalues of 7. It may happen, how-
ever, that A is both an approximate eigenvalue of 7" and an eigenvalue of T*. (See
Example 8.18.)

Definition 8.17 Let T € L£(X) for a Banach space X. The point spectrum of T is
the set of all eigenvalues of T. The approximate point spectrum of T is the set of all
approximate eigenvalues of 7.
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Example 8.18 Let us revisit Example 8.15. Suppose 7' € L(C|[0, 1]) is defined by
the formula:

Tfx)=x f(x), feC[01], xe]l0,1].

We already mentioned that T has no eigenvalues. We now identify the eigenvalues
of T*. We start by computing 7* : M[0, 1] - M]O0, 1]. If u € M[O0, 1], then

1
T*u(f) = (T f) = /0 x F) ().

Therefore, T*u(dx) = x pu(dx). Suppose that A is an eigenvalue of 7*. Then there
exists some u € M[0, 1] such that T*u(dx) = A iu(dx). Then for every Borel set A,

/xu(dx):/ku(dx).
A A

This implies x = Aa.e.(u), which means u = §;, the Dirac measure at 1. Therefore,
T*5; = AS; foreach A € [0, 1], and so each A € [0, 1] is an eigenvalue of T*.

We established in Example 8.15 that Sp(7') = [0, 1] and we have shown that each
point in [0, 1] is an eigenvalue of 7*. We now show that each point in [0, 1] is also
an approximate eigenvalue of T'. For each A € [0, 1], we need a sequence ()52, of
continuous functions such that || f,|lcc = 1 and [|A f, — Tf,llec — 0 asn — oo.
There are many such sequences. It suffices to find a sequence ( f,,)52, for which f; is
a function that peaks with value 1 at A and then decreases to zero, where f, decreases
more rapidly to zero as n increases.

As an example, let A € [0, 1] be given and for each n € N, define f,, € C[0, 1] as
follows:

0 if0<x<i—1
nx—M+1 ifra—1<x<a,
nh—x)+1 ifr<x<i+?
0 ifA+t<x<l

fn(x) =

For each n € N, the function f; is continuous and || f,|lcc = 1. If |x — A| > 1/n,
then f,(x) = 0. On the other hand, if [x — A| < 1/n, then

1 1 2
I()»—X)fn(X)ISIK—XI(HI)»—XIJrl)<—~<n-—+1>=—-
n n n

Therefore,

[\S]

2 fo = Thalloo = sup A fu(x) —x fu(X)] =

x€[0,1] n

Naturally, this tends to zero, and it follows that A is an approximate eigenvalue for
the operator T'.

Theorem 8.19 Let A be a complex unital Banach algebra. If a € A, then Sp(a) is
a nonempty compact set.
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Proof We will first show that Sp(a) is compact. Let G denote the set of invertible
elements in A. By Proposition 8.12, G is an open setin A. Defineamap p : C — A
by

p(A)=Al —a, reC.

Then p is a continuous map, and so p~!(G) is an open set in C. Consequently,
Spa)={r:rl—a g G}=C\p '(G)

is closed in C.

If [A\| > |la]|, then 1 — (a/}) is invertible, by Proposition 8.10. Thus, Al — a
is invertible, as well. Consequently, if A1 — a is not invertible, then |A| < |a]|.
Therefore, Sp(a) C ||a|| Bc, and so is compact by the Heine—Borel Theorem.

Now we show that Sp(a) is nonempty. Assume to the contrary that Sp(a) = .
Then A1 — a is invertible for all A € C. Let ¢ € A* and define f : C — C by

fO) =¢((r1—a)™h, reC. (8.4)

(We call f the resolvent function.)

We claim that f is analytic on C (i.e., f is an entire function). Let . € C. We
will show that there is a neighborhood of A in which f has a power series expansion.
Suppose p € C is such that

=2 < I =)~ 8.5)
Using a bit of algebra:
ul—a=0l—a)+(u—-1=xl—a)1+(u—1Al—a)™h).
By assumption, ;1 — a is invertible, and so
wl—ay" =(1+@-10l—-a)") Gl —a)

Because of (8.5), we know ||(x — A)(A1 —a)~'|| < 1, and thus (by Proposition 8.10)
there is a Neumann series for the inverse of 1 + (i — A)(A1 —a)™!:

(I+w=n01—a)™) " =Y (=1 =2'0l—a)™

n=0

Therefore,

pl=a)' = (= D'u—-2'Gl -y

n=0

Since ¢ € A*,

fw) =)+ Z( - D" — A)"q&((kl _ a)—n—l).

n=1

It follows that f is analytic on C.
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We claim that f is a bounded function. To that end, suppose that [A| > |a].
Then 1 — a/ is invertible, by Proposition 8.10. Hence, A1 — a is invertible and has

Neumann series
o0

M—a)yt =2 aan

n=0
Thus, for |A| > |la||,

fO=¢@l—a) )y =2"") 27"p@").

n=0

Consequently, for |A| > ||a]|,

1 .. _, . 1 o <||a||>”
A — A = — —_— .
lf) < 2 ,,E:o| =" llp ]l llall |)»| > 2

n=0

Since |la||/|A| < 1, by assumption, the geometric series converges, and so

ol 1 loll
. Il _ , 8.6
lfFQl = AT Al = llal oo

Because f is analytic on C, there exists some M > 0 such that | f(A)| < M for all
[A| < 2|lal|. On the other hand, if |1| > 2||a||, then | f(A)| < ||®|/]lall, because of
(8.6). It follows that f is bounded by max{M, ||¢||/||a|l}.

We have established that f is a bounded entire function. Therefore, by Liouville’s
Theorem (Theorem B.14), f is constant. In fact, since

gl

plsoo Al = llall

]

we conclude that f = 0.

We have established that f(A) = O for all A € C. The choice of ¢ € A* in (8.4)
was arbitrary, and so we conclude that ¢((A1 — a)~!) = 0 for all ¢ € A*. The only
way this can happen is if (A1 — a)~! = 0 (because of the Hahn—Banach Theorem).
This is a contradiction, and so we conclude that Sp(a) is nonempty. a

For the next theorem, we recall that an algebra is a field if it is commutative and
if every nonzero element is invertible.

Theorem 8.20 (Gelfand-Mazur Theorem) Suppose A is a complex Banach
algebra. If A is a field, then A is isometrically isomorphic to C.

Proof Leta € A. By Theorem 8.19, Sp(a) is nonempty. Thus there exists some
A € C such that A1 — a is not invertible. By assumption, the only noninvertible
element is 0, and so A1 — a = 0. Therefore, a = A1, and the result follows. O

Theorem 8.20 remains true if we replace field with skew-field (also known as a
noncommutative field or division algebra). If A is a real Banach algebra which is
a skew-field, then A is R, C, or H. Here, we view C as a real Banach algebra. The
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symbol H denotes the quaternions. (We use H in honor of the Irish mathematician
Sir William Hamilton, who first described the quaternions in 1843.) We remark
that H is not a complex Banach algebra because it does not satisfy property (iv) of
Definition 8.1.

The Gelfand—Mazur Theorem dates back to 1938, when Mazur stated in an article
that every normed division algebra over R is either R, C, or H [25]. His original
proof did not appear until much later, in 1973 [37]. The theorem now called the
Gelfand—Mazur Theorem was proved by Gelfand in 1941 [14].

Definition 8.21 Let A be a unital Banach algebra. If a € A, then the number
r(a) = max{|A| : A € Sp(a)}
is called the spectral radius of a.

By Theorem 8.19, the spectrum of a is nonempty and compact, and so we know
there is some A € Sp(a) which achieves the maximum in Definition 8.21. We also
know that r(a) < ||la||, because if . > |||, then ||a]/A < 1, and so Proposition 8.10
would imply that A1 — a is invertible, which is a contradiction.

Lemma 8.22 Let A be a unital Banach algebra. If a € A, then r(a) < ||a"||'/" for
alln e N.

Proof It will suffice to show that if A € Sp(a), then A" € Sp(a™) for all n € N.
(Because then |A|" < ||a"]|.)
Letn € Nand A € Sp(a). Observe that
Ml—a"=Al—a) A" "+ 2044+ 1" 2 4+a"h
=W+ 204 -+ 2d" 2+ d"H(A = a).
Suppose A" 1 — a” is invertible. Then
1=l —a) A" "+ 2"2a+ -+ 2" 2+ a" H(A"1 —a™)!
=" —a) 'O+ a4 A"+ H(A - a).
From this, however, it follows that A1 — a is invertible. More precisely, we have
MM —a) =" =)W I+ 2a 4+ Ad" T 4 d .

(See Exercise 8.1.) This contradicts the assumption that A € Sp(a). Thus, A"1 — a”
is not invertible, and so A" € Sp(a"), as required. O

We now come to a key result, one which provides a formula for computing the
spectral radius.

Theorem 8.23 (Spectral Radius Formula) Let A be a unital Banach algebra. If

a € A, then

r(a) = lim ||a"||'/" = inf ||a"||'/".
n—o00 neN

Proof By Lemma 8.22, we know that

r(a) < inf ||a"|"" < liminf ||a"|"/".
neN n—oo
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It will suffice, therefore, to show that lim sup [la"||'/" < r(a).
n—o00

Suppose ¢ € A* and let
f=¢@1-a)h), reC. (8.7)

(This is the resolvent function defined in (8.4).) We know from the proof of Theo-
rem 8.19 that f is an analytic function in the region |A| > r(a). (There will be a
singularity at any A € Sp(a).)

Now define a new function:

FE)=¢((1—£a)™"), £eC.

Since F(&) = £~! f(£71), we conclude that F is an analytic function on the open disk
B = {£ : |&] < 1/r(a)}, except possibly at the origin & = 0. We will demonstrate,
however, that F has a power series on B centered at £ = 0.

Suppose that & € C is such that || < 1/|la||. Then ||£a] < 1, and so (by
Proposition 8.10) there is a Neumann series for (1 — £a)™!:

(I—ta) ' =1+ta+&a+-- =) &a"
n=0

Then, for any |&| < 1/]a||,

FE=¢(1—ta)") =9 (Zé”a”> =) E"P(a").
n=0 n=0
The power series expansion is unique, and so we conclude that
F) =) &¢@"), &eB. (8.8)
n=0

Since the series in (8.1.6) converges for all £ € B, we observe that
lim [£"¢(a")| =0
n—o00

for each £ € B. Let p € R be such that p > r(a), but otherwise arbitrary. Then
1/p € B, and so

sup [¢p(p"a")| = sup|p”"P(a")| < oo.
neN neN

This is true for all ¢ € A*, and so by the Uniform Boundedness Principle, there
exists a constant C,, (that depends on the choice of p) such that C, > 0 and

lo™"a"|l < C,, neN.
Then, for all » € N, we have that [la"|| < C, p". In particular, we have

la "™ < C)" p.
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Therefore,

lim sup [|a" /"

n—00

<p.

The choice of p > r(a) was arbitrary, and so

lim sup [|a" || /"

n—o00

<r(a).

It follows that

limsup [|a" /" < r(a) < inf [|a"|"" < liminf ||a"|"/".
n—o00 neN n—o0
Since it is always the case that liminf [|a"||'/" < limsup ||a"||'/", the proof is
n—0o0 n— 00
complete. O

Observe that if a is such that r(a) = 0, then (by Theorem 8.23) it must be the
case that lim,,_, » ||a"||'/" = 0. This motivates the next definition.

Definition 8.24 Let A be a unital Banach algebra. If a € A is such that r(a) = 0,
then a is called quasinilpotent.

Let us now return our attention to compact operators on a Banach space. Let X be
an infinite-dimensional Banach space and suppose K € £(X) is a compact operator.
‘We know that all eigenvalues of K are in Sp(K). From Theorem 6.37, we also know
that the only possible limit point of the eigenvalues of K is 0. Certainly, K cannot
be invertible, and so 0 € Sp(K). We are left with the question: What other elements
of the spectrum are not eigenvalues? This leads us to a classical theorem, due to
Fredholm.

Theorem 8.25 (Fredholm Alternative) Let K be a compact operator on the Banach
space X. If A is a nonzero scalar, then either A1 — K is invertible or A is an eigenvalue
of K.

Proof Let A be a nonzero scalar and assume that A is not an eigenvalue of K.
Then, by assumption, ker(A1 — K) = {0}. Thus, by the Rank-Nullity Theorem
(Theorem 6.33),

dim(X/ran(A1 — K)) = dim(ker(A1 — K)) = 0.

It follows that ran(A1 — K) = X, and so Al — K 1is a surjection. By the initial
assumption, A1 — K is an injection, and therefore A1 — K is invertible. O

Example 8.26 Recall the Volterra operator from Examples 3.41 and 6.27. The
Volterra operator is amap V : L,(0,1) — L»(0, 1) defined by

Vix) = /OX f@d, fely0,1), xe[0,1].

Since V is a Hilbert—Schmidt operator, it is compact, and so 0 € Sp(V). In Ex-
ample 6.27, it was established that V has no eigenvalues. By Theorem 8.25 (the
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Fredholm Alternative), it follows that Sp(V) = {0}. Therefore, r(V) = 0 and V is
quasinilpotent.

Example 8.27 Suppose R and L are the right and left shift operators, respectively.
Then

R§ =(0,81,6,...) and L& = (5,83,...),

where & = (§);2, is any sequence indexed by the natural numbers. If 1 < p < oo,
then R : £, — £, is a bounded linear operator. More precisely, |RE|[, = I|§]|, for
all§ € £,, sothat ||R|| = 1.

We wish to identify Sp(R). We have that ||R"&]|, = ||&]|, forall & € £,, and so it
follows that || R"|| = 1 foralln € N. By the Spectral Radius Formula (Theorem 8.23),
we conclude that r(R) = 1, and hence Sp(R) C D. (Recall that D denotes the open
unit disk in C.) It is easy to see that R has no eigenvalues, and so we must look
elsewhere to find elements in the spectrum of R.

Let g be the conjugate exponent for p. Then £, = ¢,. We will compute the
eigenvalues of R* : £, — £,. The first step is to identify R*. For ease of notation,
denote the dual action of £, on £, by £*(§) = (£,&%) forall§ € £, and §* € £,. A
moments thought will reveal that

(RE, &%) = (5, LE"), £€d, & €y,

and hence R* = L.
Suppose that A € C is an eigenvalue of L : £, — £,. Then there is some £* € £,
such that LE* = A&*. Suppose £* = (£,)52,. Then

(5, &3, &5, ... ) = (A&[, A&, A&7, ...

Therefore, for all n € N, we have ;| = A&, and consequently &7, = A" &[". It

follows that
E* = (EF, AES ATES, L) =EF (LA AR L.

Such a sequence is in £, if and only if |A| < 1.

We have determined that A is an eigenvalue for R* = L if |A| < 1. Consequently,
we conclude that D € Sp(R). By Theorem 8.19, the set Sp(R) is closed, and so
Dc Sp(R). Thus, we have established mutual inclusion, and hence Sp(R) = D.

We have observed that R has no eigenvalues, and we have shown that every point
in D is an eigenvalue of R* = L. Since the spectrum of R is the closed unit disk,
it must be the case that every point in T = 9D is an approximate eigenvalue of R.
Since no A € T is an eigenvalue of L, it follows that if |A| = 1, then the operator
A1 — R is one-to-one and does not have closed range. (See Example 8.16.)

Example 8.28 Let p € (1,00) and consider the Banach space £,(Z) of doubly
infinite p-summable sequences. The right shift operator R : £,(Z) — £,(Z) is now
given by the formula

R(E) =Gr—nez, &= (én)nEZ € gp(Z)

In this case, R is actually invertible, and the inverse is the left shift operator, so
R™! = L (where L is defined in the obvious way).
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This time, neither R nor L has any eigenvalues. To see that R has no eigenvalues,
suppose A € Cis an eigenvalue of R. (Note that & # 0.) Then, for some & = (§,),ez,
we have RE = L&, and so

(éj_n—l)neZ = ()‘En)neZ-

Consequently, &,_; = A &, for all n € Z. From this we conclude that

1
%-7'1 = A" SO and %-n = FéOs n €N.

Therefore, § = &, (A™"),ez. Since & € £,(Z), it must be that both |A| < 1 and

ﬁ < 1. Naturally, this cannot happen. A similar argument shows that L has no
eigenvalues.
Despite the previous remarks, it is still the case that || R"|| = 1 for all n € N, and

consequently 7(R) = 1. Similarly, r(L) = 1, and so we have both Sp(R) C D and
Sp(R~") C D. Itis routine to show that A € Sp(R)ifandonlyif 1/A € Sp(R™"). (See
Exercise 8.4.) Therefore, if A € Sp(R), then A € D and 1/A € D. The conclusion
is that Sp(R) C T. In fact, Sp(R) = T, because of the previous example. (Consider
sequences & with&_, = 0 foralln > 0.)

Example 8.29 In Example 7.29, we saw that, by Parseval’s Identity, there is an
isometric isomorphism between the Hilbert spaces L, = L, ([0, 27), %) and ¢»(Z),
given by the Fourier transform f +— ( f (n)),cz- Define the multiplier operator
M :L,— Lby

MF©) =e?f0), felLy, 0¢cl0,2n).

With regards to the isometric isomorphism, the multiplier operator M on L,
corresponds to the shift operator R on ¢,(Z). (See Exercise 8.10.)

Remark 8.30 In Example 7.29, we used the symbol T to denote the interval [0, 277).
In the context of complex analysis, however, we adopt the convention that T denotes
the unit circle 0D = {z € C : |z] = 1}. (This usage indicates the origin of the name
torus for the symbol T.) Although this may seem to be an overuse of notation, the
two sets are readily identifiable, since the unit circle can be written as

(zeC:|z] =1} ={"? : 0 €[0,27)}.

In fact, some authors prefer to use the symbol T to denote the unit interval [0, 1),
making use of the identification 9D = {€**? : § € [0, 1)}. For the remainder of this
text, however, we will use T to mean the unit circle.
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8.2 Commutative Algebras

In this section (as before), we consider complex Banach algebras that are unital.
Shortly, we will impose on our Banach algebras the additional restriction of com-
mutativity. This added structure leads to some remarkable consequences. We begin,
however, by making some definitions in the general context of an algebra.

Definition 8.31 A nonempty linear subspace I of an algebra A is called a left ideal
of Aif ax € I whenever a € A and x € I. Similarly, I is called a right ideal if
xa € I whenever a € A and x € I. If I is both a left ideal and a right ideal, it is
called a two-sided ideal. In any case, [ is called proper if I # A.

If an ideal contains the identity element of A, then it must contain every element
of A. Thus, a proper ideal does not contain the identity element. Similarly, a proper
ideal cannot contain an element that is invertible. Notice that an ideal necessarily
contains 0, and {0} is always a proper two-sided ideal in any unital algebra.

Proposition 8.32 If 1 is a proper closed two-sided ideal in a unital Banach algebra
A, then A/l is a unital Banach algebra, called the quotient algebra.

Proof We know that A/ is a Banach space, by Proposition 3.47. We now define a
multiplication on A/I:

(a+1D)-b+1)=ab+1, {a,b}C A.

With this multiplication, it is clear that 1 + 7 is an identity in A/I, where 1 is the
identity in A. If x € I and ||1 — x|| < 1, then x is invertible (by Proposition 8.10),
which contradicts the fact that I is a proper ideal. Therefore, |1 + I|| = 1, and so
A/I is unital.

It remains to show that |lab + I|| < |la + I|| ||b + I|| for all @ and b in A. Let
a and b be fixed elements in A. The norm on A/ is an infimum, and so for each
n € N, we may select x, € a + [ and y, € b + I so that

1 1
brall < lla + 11 + — and |lyall < b+ 11+ pe

For each n € N, we have x,,y, € ab + I, and hence

1 1
lab + 11| < Xyl < (na + 11+ ;) (nb 1+ ;) .

Since this bound holds for all n € N, we may take the limitas n — oo. It follows that
lab+1|| < |la+1]| ||b+1]|, as required. O

Example 8.33 Let H be an infinite-dimensional separable Hilbert space. The space
L(H) of operators on H is a Banach algebra, and the subspace /C(H) of compact
operators on H is a closed two-sided ideal. (See Theorem 6.17.) The quotient algebra
L(H)/K(H) is called the Calkin algebra, after the mathematician J. W. Calkin.
The Calkin algebra is significant because it is not isomorphic to an algebra of
operators on a separable Hilbert space (even though H is itself separable) [5]. This
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is remarkable because the Calkin algebra is also a C*-algebra, and from the Gelfand—
Naimark Theorem it is known that every C*-algebra is isomorphic to an algebra of
operators on some Hilbert space. The Gelfand-Naimark Theorem dates back to the
work of Gelfand and Naimark in 1943 [16].

For the remainder of this section, we will suppose that all Banach algebras are
commutative. We remind the reader that an algebra A is commutative if ab = ba
for all @ and b in A. (See Definition 8.5.) In particular, this implies that any ideal is
necessarily two-sided. Consequently, when A is a commutative algebra, a two-sided
ideal is called an ideal.

Definition 8.34 Let A be a commutative complex unital Banach algebra. A lin-
ear functional ¢: A— C is called a multiplicative linear functional if it is a ring
homomorphism; that is, if ¢(1) = 1 and ¢(xy) = ¢(x) ¢(y) for all x and y in A.

The multiplicative property of a multiplicative linear functional ¢ guarantees that
¢(1)? = ¢(1), and so it must be that either ¢(1) = 1 or ¢(1) = 0. We insist on the
condition that ¢(1) = 1 in order to disqualify the trivial linear functional ¢ = 0.

Theorem 8.35 If ¢ is a multiplicative linear functional on a commutative complex
unital Banach algebra, then ¢ is continuous and ||¢|| = 1.

Proof By assumption, ¢ is a multiplicative linear functional, and so ¢(1) = 1. It
follows that ||@|| > 1. Suppose there exists some x € A such that ||x|| < 1, but
|p(x)| > 1. Let o = ¢(x). By definition, ¢(a¢~'x) = 1, and so ¢(1 — a”'x) = 0.
On the other hand, |a| > 1, and so |j@~'x]| < 1. By Proposition 8.10, we have that
1 — a~'x is invertible, and so

p(1—a'x) - p(1—a'x)) =1

This is a contradiction, because ¢(1 — a~'x) = 0. Consequently, it must be the case
that |l¢|| = 1. a

Definition 8.36 Let A be a commutative algebra. A proper ideal [ is said to be
maximal in A if I = J whenever J is a proper ideal such that I C J.

Example 8.37 Suppose ¢ is a multiplicative linear functional on a commutative
complex unital Banach algebra A. We claim that the kernel of ¢ is a closed maximal
ideal in A. Recall that the kernel of ¢ is the set kerp = {x : ¢(x) = 0}. Itis a
consequence of the multiplicative property of ¢ that ker¢ is an ideal. It is a proper
ideal because 1 ¢ ker¢. (This is why we assumed ¢(1) = 1 in the definition of a
multiplicative linear functional.)

By Proposition 3.49, the quotient A /ker¢ is isomorphic to C. This means that
the codimension of ker¢ is one and, in particular, this tells us that ker¢ is a maximal
ideal. (See Exercise 8.11.)

Proposition 8.38 (Krull’s Theorem) Any proper ideal is contained in a maximal
ideal. In particular, any unital algebra has a maximal ideal.

Proof 1If (J;)ier is achain of properideals, then J = | J;, J; is also a proper ideal. To
see this, simply note that 1 ¢ J; forany i € I, and so 1 ¢ J. Therefore, every chain
of proper ideals has an upper bound, and so the result follows from Zorn’s Lemma.
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To show every unital algebra has a maximal ideal, observe that {0} is a proper
ideal, and so must be contained in a maximal ideal. O

We are working within the context of Banach algebras, but Krull’s Theorem
remains true in the more general setting of ring theory. Specifically, Krull’s Theorem
asserts the existence of maximal ideals in any unital ring. The proof is the same, and
relies on Zorn’s Lemma. In fact, like Zorn’s Lemma, Krull’s Theorem is equivalent
to the Axiom of Choice [18]. Krull’s Theorem is named after Wolfgang Krull, who
proved the general version of the result in 1929 [22].

Proposition 8.39 Every maximal ideal in a commutative unital Banach algebra is
closed.

Proof Suppose J is a maximal ideal in a commutative unital Banach algebra A.
By the continuity of multiplication, J is also an ideal. We need only show that J
is a proper ideal. It will suffice to show that 1 ¢ J. We will show this by showing
that d(1,J) = 1. First, observe that d(1,J) < 1, because 0 € J. Suppose that
d(1,J) < 1. Thenthere exists anelementx € J suchthatd(l,x) = ||1—x| < 1.This
implies (by Proposition 8.10) that x is invertible, which contradicts the assumption
that J is a proper ideal. Therefore, d(1,J) = 1,and so 1 ¢ 7. Consequently, Jisa
proper ideal containing the maximal ideal J, and therefore J = J. O

Theorem 8.40 FEach maximal ideal in a commutative complex unital Banach
algebra is the kernel of some multiplicative linear functional.

Proof Let J be a maximal ideal in a commutative complex unital Banach algebra
A. By Proposition 8.39, the set J is a closed subset of A. It follows that A/J is a
unital Banach algebra, by Proposition 8.32.

By assumption, J is a proper ideal in A, and so there exists some x € A such that
x ¢ J. Define a subset of A by

Jx]={ax+y:ac A, yelJ}.

Then J[x] is an ideal which is strictly larger than J, and so A = J[x].
Letm : A — A/J bethequotient map. Since J[x] = A, itmustbethat] = ax+y
for some a € A and y € J. Therefore, 7 (1) = w(ax + y), and consequently

1+J=ax+J =@+ JH)x+J).

It follows that (x + J)~! exists whenever x ¢ J, and so every nonzero element of
A/J is invertible. By the Gelfand—Mazur Theorem (Theorem 8.20), we conclude
that A/J is isometrically isomorphic to C. Denote this isometric isomorphism by
i : A/J — C. Then ¢ = i o m is a multiplicative linear functional on A and
ker¢p = J. O

Since the proof of the above theorem uses the Gelfand—Mazur Theorem, it only
works for complex Banach algebras. Indeed, this theorem is not true (in general) for
real Banach algebras.

Through Example 8.37 and Theorem 8.40, we have established a correspon-
dence between the multiplicative linear functionals on a commutative complex unital
Banach algebra A and the maximal ideals of A.
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Definition 8.41 Let A be a commutative complex unital Banach algebra. The spec-
trum of A, which we denote by X'(A), is the collection of all multiplicative linear
functionals on A.

One must be careful to not confuse the spectrum of an algebra X'(A) with the
spectrum of an element Sp(x), where x is an element in the algebra A. We will
discover shortly the reason behind this naming. Due to the correspondence between
multiplicative linear functionals and maximal ideals, the set X'(A) is sometimes
called the maximal ideal space of A.

Theorem 8.42 The spectrum of a commutative complex unital Banach algebra is
a nonempty w*-compact set.

Proof Let A be acommutative complex unital Banach algebra. By Proposition 8.38,
there exists a maximal ideal in A. By Theorem 8.40, there is some multiplicative
linear functional for which this maximal ideal is the kernel. Therefore, X'(A) is
nonempty.

It remains to show that X'(A) is w*-compact. From Theorem 8.35, we deduce that
Y (A) € By+. By Theorem 5.39 (the Banach-Alaoglu Theorem), we know that B 4+
is a w*-compact set. Thus, it suffices to show that X'(A) is w*-closed. Observe that

Y(A)={¢ € Ba- : ¢(1) = 1, d(xy) = ¢p(x)¢(y) forall {x,y} < A} (8.9)

=Ba N {p: oM =1} N [ [ {¢: () =dx)p(3)} | . (8.10)

x€A yeA
All of these sets are closed in the weak*-topology, and so the result follows. O

Definition 8.43 Let A be a commutative complex unital Banach algebra. If x € A,
then we define the Gelfand transform of x to be the (complex-valued) continuous
function X € C(X(A)) given by

X(P)=o(x), ¢ € Z(A).

The Gelfand transform of x is well-defined, because X'(A) is a w*-compact subset
of B4~. Observe also that the map x +> X, which is called the Gelfand transform, is
a norm-decreasing algebra homomorphism.

The next proposition explains why we call X'(A) the spectrum of A.

Proposition 8.44 Let A be a commutative complex unital Banach algebra and let
Y = XY(A). If x € A, then Sp(x) = X(X) and
I£llccs) = r(x) = lim "],
n—oo

Proof Suppose A € x(X). Then there exists some ¢ € X such that
P(x) = X(p) = A = p(A1).

Consequently, ¢(A1 —x) = 0, and so A1 — x is not invertible. (If @ is invertible, then
d(a)p(a=") = 1, and so ¢(a) # 0.) It follows that A € Sp(x).
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Now suppose A € Sp(x). Then A1 — x is not invertible, and hence (A1 — a)A is
a proper ideal. By Proposition 8.38, there exists a maximal ideal J containing the
ideal (A1 —x)A. By Theorem 8.40, there exists some multiplicative linear functional
¢ such that J = ker¢. We conclude that ¢p(A1 — x) = 0, and so A = ¢(x) = x(¢),
as required.

The fact that ||X|¢(x) = r(x) follows from the identification Sp(x) = X(X). The
rest of the proposition is the Spectral Radius Formula. (See Theorem 8.23.) a

Remark 8.45 To emphasize the relationship between X'(A) and Sp(x), where x is
an element in the Banach algebra A, the spectrum of x is sometimes denoted o (x).

Example 8.46 Once again, consider the Volterra operator:

VIx) = / f(ydt, fecClo1], xelo,1].
0

In Example 8.26, we saw that Sp(V) = {0}. (This was a result of the Fredholm
Alternative, because V is a compact operator with no eigenvalues.)
Let A denote the algebra given by the closure of all polynomials in V; that is,

A= {ZakV" 2 (ag,...,a,) € Ctl ne N}.

k=0

We know that A is a commutative Banach algebra. By Proposition 8.44, we have
V(X (A)) = Sp(V) = {0}. It follows that ¢(V) = 0 for all multiplicative linear
functionals on A. Therefore, X' (A) contains only one element ¢ and

¢ (Z aka> = ao,
=0

for all (ay, ... ,a,) € C*t', where n € N.

Theorem 8.47 Let A be a commutative complex unital Banach algebra and let
Y = X (A). The Gelfand transform is an algebra homomorphism between A and a
subalgebra of C(X). Furthermore, the Gelfand transform is an isometry if and only
if |x2| = x| for all x € A.

Proof Itis clear the Gelfand transform is an algebra homomorphism onto its image.
We show that it is an isometry if and only if ||x?|| = || x||? for all x € A.

First, assume ||x?|| = ||x||? for all x € A. By induction, ||x2k|| = ||x||2k for all
x € A. Therefore, by Proposition 8.44,

s : 2k 1/2%
Ellces) = lim 5% 172 = Jx].

Thus, the Gelfand transform is an isometry.
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Conversely, assume |[X|cxy = x| for all x € A. By Theorem 8.23 and
Proposition 8.44,

- . 1 21172
¥l = lI¥llccs) = r(x) = inf |lx"] < )2

and hence |x|> < |[x?||. By submultiplicativity of the norm, |x2|| < |x]|>.
Therefore, || x> = ||x?||, as required. O

‘We now consider some examples of Banach algebras, and we identify the spectrum
in each case. In each of the following examples, we will be looking at a Banach
algebra with the supremum (or essential supremum) norm, and so it is a trivial
calculation to show it satisfies the relationship || x||> = ||x?|| for every x in the algebra.

Consequently, in each case, the Gelfand transform is an isometry (by Theorem 8.47).

Example 8.48 Suppose K is a compact Hausdorff space. We would like to identify
Y = Y (C(K)), the spectrum of C(K). Here, C(K) denotes the space of complex-
valued continuous functions on K. Observe that, for any s € K, the map

8(f)=f(s), f e CK),

is a multiplicative linear functional. We will show that, in fact, all multiplicative
linear functionals on C(K) can be achieved as point evaluation.

Suppose that ¢ € X\{8; : s € K}, which is a w*-open set in X. There exists,
then, a w*-neighborhood W of ¢ sothat W N {5, : s € K} = 0.

The set W is a neighborhood of ¢ in the w*-topology, and so there existsann € N,

an € > 0, and functions { f1, ..., f,} € C(K) so that
{we CKY : [n(fi) —o(f)l <€,.... lu(fu) —d(f)l <€} S W.
If s € K, then §; ¢ W, and so there exists some j € {1,... ,n} such that

1fi(s) = d(fpl = 18:(fj) — ([l = €.

For each j € {1,...,n}, define a function g; € C(K) by g; = f; — ¢(f)1,
where 1 is the unit element in the algebra C(K). (Notice that 1 = xg, the function
that is constantly 1 for all s € K.) By definition, ¢(g;) = O forall j € {1,... ,n}.
Now define g € C(K) by

n n
g=)Y g8 =y lgl"
j=1 j=1

For each s € K, there exists some j € {1,...,n} such that |g;(s)| > €. Therefore,
|g(s)| > €* forall s € K, and so g is invertible (in the algebra C(K)).
On the other hand,

P(@) =) $(g)dE) =0,
j=1
which implies that g is not invertible. We have derived a contradiction, and so it must
be that ¥ = {§; : s € K}. By Lemma 5.66, we conclude that X' is homeomorphic
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to K. Therefore, the spectrum of C(K) is in fact K. Certainly, then, in this example,
we have that C(K) is isometrically isomorphic to C(X).

Example 8.49 Consider the sequence space £, of bounded complex-valued se-
quences. We define a multiplication in ., component-wise, so that £ - n is the
sequence with components

& -mMu=28im, nel,

where & = (§,)52, and n = (1,)52, are sequences in £.

We again wish to identify ¥ = ¥'(€,). For each n € N, the projection onto the
n™ coordinate & > &, determines a multiplicative linear functional. Consequently,
we obtain N C X'. This inclusion cannot be equality, however, because N is not a
w*-compact set. In fact, the spectrum of £, is the set ¥ = BN, the Stone—Cech
compactification of N. The proof of this fact is beyond the scope of our current
discussion, and so we will omit it. We remark, however, that it relies on the Axiom
of Choice. (See Sect. B.1 for the definition of the Stone—Cech compactification.)

In this example, too, the algebra £, is isometrically isomorphic to C(X).

h

Example 8.50 Consider the space L (0, 1) of (equivalence classes of) essentially
bounded measurable functions on the unit interval [0, 1]. We denote the spectrum
by 2 = X(Lx(0,1)). Certainly, ||f?[loc = [IfII% for all f € Lu(0,1), and
so the Gelfand transform is an isometry (by Theorem 8.47). It turns out that the
Gelfand transform is actually an isomorphism, and so L, (0, 1) is identical (as a
Banach algebra) to C(£2). The space §2 is called the Stone space of the measure
algebra, but it is very difficult to describe. Unlike Example 8.48, we cannot realize
the multiplicative linear functionals in this case as point evaluation, because there is
no (constructive) way to define the value of f € L (0, 1) at a given point in [0, 1]
(because f represents a class of functions that are equal almost everywhere).
Theorem 8.47 is a statement about complex Banach algebras. Ultimately, it relies
on the Gelfand—Mazur Theorem and requires the underlying scalar field to be C. The
arguments given here cannot be applied to real Banach algebras; however, a similar
theorem does hold for Banach algebras over R. (See Theorem 4.2.5 in [2].)

8.3 The Wiener Algebra

Consider the space £1(Z) of doubly infinite absolutely summable sequences. We will
equip £1(Z) with a multiplication akin to the one in Example 8.6(c), making ¢;(Z)
into a convolution algebra.

Suppose & = (§;) ez and n = (1) jez are sequences in £(Z). Define the product
of £ and n to be the sequence & x n = ((§ * 1)),z Of coefficients of the formal
Laurent series

YooGEemntt = D g DD nit]. 8.11)
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Then
Exni= Y & jn, kel (8.12)
Jj=—00

We must verify that this multiplication is well-defined; i.e., that & % 7 is in fact an
absolutely summable sequence. From (8.12), we have

o0 o0 o0 o0
Hesnlli= Y| Y &< Y| D 1Ejlnl
k=—0c0 j=—00 k=—00 \ j=—00
For a fixed j € Z, we have Z,fi_oo |&x—j| = lI&]l1. Consequently, by Fubini’s
Theorem,
& «nlh < > |n,~|<Z |sk,»|> = > Injl 1€ = lInlli 1§11
j=—00 k=—o00 j=—00

Therefore, & x n € £,(Z), and so the multiplication is well-defined.

We have also verified that the norm is submultiplicative, and so equipped with
this multiplication, the space £;(Z) becomes a commutative Banach algebra. This
Banach algebra is called the Wiener algebra (after Norbert Wiener), and is denoted
by W. We call W a convolution algebra because the multiplication * is called a
convolution. Furthermore, we say that & x 7 is the convolution of § with n.

We now identify ¥ (W), the spectrum of W. It will be convenient to identify W
with the space of formal Laurent series, so that t* corresponds to the sequence with
1 in the k" position (k € Z), and zero elsewhere. This makes sense because of how
we defined the multiplication in W.

We wish to identify the multiplicative linear functionals ¢ on W. Suppose ¢ is a
multiplicative linear functional. Observe that ¢ is completely determined by what it
does on z. If ¢(t) = A, then ¢(t*) = A* for all k € Z. Therefore,

o)=Y ra, Eew (8.13)

k=—00

The series in (8.13) is doubly infinite. As a result, it will converge for all £ € W
only if both [A| < 1 (for the series with k& > 0) and || > 1 (for the series with
k < 0). Consequently, || = 1, and so A € T, the unit circle in C.

Certainly, any A € T determines a multiplicative linear functional according to
(8.13). Thus, the linear functionals that are multiplicative linear functionals are those
given by ¢(t) = L for A € T.

For each A € T, let ¢, denote the multiplicative linear functional determined
by ¢,(t) = A. Then ¥ = {¢, : » € T}. We may thus identify X with T. (The
argument is similar to the proof of Lemma 5.66.) Notice that ¢, (§) = ¢1(n), where
the sequence n = (nx)kez is defined so that n;, = kg, for each k € Z.
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Since X is homeomorphic to T, we can embed W into C(T) via the Gelfand
transform. Suppose that § € W. Then & € C(T) via the map

E == & reT

k=—00

For every A € T, there is a 6 € [0,27) so that A = e'? . Therefore, we define a
function f : [0,27) — Cby f(0) = £(¢'?), and hence

fO) = Z g e 0 e0,2n). (8.14)
k=—00

Consequently, each £ € W corresponds to an f € C(T) with absolutely convergent
Fourier series.

Motivated by the above discussion, we let A(T) denote the collection of all func-
tions on T with absolutely convergent Fourier series, and we provide it with the
norm

1fllam = Y /@I, f €A, (8.15)

k=—00

where f (k) is the k™ Fourier coefficient of f. (See (4.2.1).) Then A(T) is a Banach
algebra, and W is homeomorphic to A(T) via the Gelfand transform. Since it is
isometrically isomorphic to W (as an algebra) we also call A(T) the Wiener Algebra.

Remark 8.51 In the above discussion, we once again made use of the correspon-
dence between T and [0, 27). In particular, we identified the continuous functions
on T with the continuous functions on [0, 27). It is for this reason that we can say
f € C(T) when it is actually an element of C[0, 27).

The next theorem gives an indication of the power behind the tools we have
developed. The conclusion of the theorem is not at all obvious, but the proof itself is
quite simple (and short). One should not mistake the brevity of the proof as a mark
of triviality—it is brief because of the power behind our machinery.

Theorem 8.52 (Wiener Inversion Theorem) Let f € C(T) have an absolutely
convergent Fourier series. If f(0) # Oforany6 € [0,2n), then 1/ f has an absolutely
converging Fourier series.

Proof By assumption, f € A(T). There exists some a € W such that a = f. By
Proposition 8.44,

f(T) = a(T) = Sp(a).

Since 0 ¢ f(T), it follows that O & Sp(a), and so a is invertible in W. Therefore, f
is invertible in A(T), and the result follows. O
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Exercises

Exercise 8.1 Let A be a unital Banach algebra. Show that if @ € A has an inverse,
then it must be unique. Show that if a has both a left-inverse and a right-inverse, then
a is invertible.

Exercise 8.2 Let A be a noncommutative unital Banach algebra. Suppose x and y
are elements in A such that both xy and yx are invertible. Show that both x and y
are invertible and show that (xy)~! = y~1x~!.

Exercise 8.3 Let A be a unital Banach algebra with identity element 1. Suppose
a € A is such that Zn ~0 ||a||” < 00. Show that 1 — a is an invertible element and

that (1 —a)™' =372 a"

Exercise 8.4 Let X be a Banach space and suppose 7 € L£(X) is invertible. Show
A e Sp(T)ifand only if 1/A € Sp(T’l).

Exercise 8.5 Let A be aunital Banach algebra. Show that the set of invertible elements
of A is a group.

Exercise 8.6 Let A be a commutative unital Banach algebra and let G(A) be the
group of invertible elements of A. Show that x € G(A) if and only if ¢(x) # O for
all multiplicative linear functionals ¢.

Exercise 8.7 Let A be a Banach algebra. An element x € A is called a topological

divisor of zero if there exists a sequence (y,)s-; in A with ||y,|| = 1foralln € N

such that lim xy, = 0 = lim y,x. Find an example of a Banach algebra with a
n—o00 n—o0

topological divisor of zero that is not a divisor of zero.

Exercise 8.8 Let A be a unital Banach algebra and let G(A) be the group of invertible
elements. Show that every x € dG(A) is a topological divisor of zero, where dG(A)
is the boundary of G(A).

Exercise 8.9 Let X be a commutative Banach algebra. A proper ideal / of X is called
prime if for any elements a and b in X the product ab € I implies that either a € 1
or b € I. Show that in a commutative unital Banach algebra any maximal ideal is
prime.

Exercise 8.10 Let M be the multiplier operator on L, = L, ([0, 27), ‘w) given by
the formula M f(0) = €' f(0) forall f € L, and 6 € [0, 27). Show that the Fourier
transform of the multiplier operator satisfies the equation M f (n) = f (n—1) for all
f € Ly and each n € Z. Explicitly write out the relationship between M and the
shift operator R on £>(Z). (Recall that f(n) = 02” f(@)ein? % foralln € Z.)

Exercise 8.11 If N is a subspace of a vector space X, then the codimension of N
in X is the dimension of X/N. Show that an ideal of a complex commutative unital
Banach algebra X is maximal if and only if it has codimension 1. (Hint: See the
proof of Theorem 8.40.)
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Exercise 8.12 Let A be a complex unital Banach algebra. Suppose there exists some
M < oo such that || x||||y|| < M||xy]|| for all x and y in A. Show that A = C.

Exercise 8.13 Let A be a Banach algebra and suppose a € A. Use Fekete’s Lemma
(Exercise 3.10) to show that

lim [la"|"" = inf |la™|"/".
n—o00 neN

(Hint: Let 6, = log |la"|.)

Exercise 8.14 Let A = ¢,(Z,) be the convolution algebra from Example 8.6(c).
Recall that the multiplication in A is given by the formula (a * b); = Zk—o ar—j b

forall k € Z,, where a = (a;)jZ, and b = (b;)3, are sequences in A. Identlfy
Y = XY (A), the spectrum of A, and show that C (Z‘) is the collection of all functions
having an absolutely convergent Taylor series in D. (Hint: A is a subalgebra of W.)

Exercise 8.15 If f has an absolutely convergent Taylor series in I, and if f(z) #0
for any z € I, then show that 1/f has an absolutely convergent Taylor series in D.
(Hint: Use the previous problem.)



Appendix A
Basics of Measure Theory

In this appendix, we give a brief overview of the basics of measure theory. For a
detailed discussion of measure theory, a good source is Real and Complex Analysis
by W. Rudin [33].

A.1 Measurability

Definition A.1 Let X be a set. A collection A of subsets of X is called a o -algebra
of sets in X if the following three statements are true:

(a) The set X isin A.
(b) If A € A, then A° € A, where A is the complement of A in X.
(c) IfA, € Aforalln e N,andif A =J)_, A,, then A € A.

A set X together with a o-algebra A is called a measurable space and is denoted by
(X, .A), or simply by X when there is no risk of confusion. The elements A € A are
known as measurable sets.

From (a) and (b), we can easily see that the empty set is always measurable; that
is,d € A.If A, € Aforalln € N, then (-, A, is always measurable, by (b) and

(c), because
9] o) ¢
(A= (U A;) .
n=1 n=1

Among other things, we can now conclude that, for measurable sets A and B, the set
A\B = AN B¢ is measurable.

The o in the name o -algebra refers to the countability assumption in (c) of Defi-
nition A.1. If we require only finite unions of measurable sets to be in A, then A is
called an algebra of sets in X.

Definition A.2 Let (X,.4) be a measurable space. A scalar-valued function f with
domain X is called measurable if f~'(V) € A whenever V is an open set in the
scalar field.
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Example A.3 Let (X, .A) be a measurable space. If E C X, then the characteristic
Sfunction (or indicator function) of E is the function defined by

@) 1 ifx ek,

X) =

XE 0 ifx¢E.

The characteristic function of E is measurable if and only if E € A. The characteristic
function yg is also denoted by 1.

Suppose u and v are real-valued functions. Then f = u + iv is a complex mea-
surable function if and only if u and v are real measurable functions. Furthermore,
if f and g are measurable functions, then sois f + g.

Measurable functions are very well-behaved. For example, if ( f;,)
of real-valued measurable functions, then the functions

o0

>, isasequence

sup f, and limsup f,

neN n—oo

are measurable whenever the function values are finite. In particular, if (f,)52, is
a convergent sequence of scalar-valued measurable functions, then the limit of the
sequence is also a scalar-valued measurable function.

Definition A.4 A simple function is any linear combination of characteristic
functions; that is
n
DX,
j=1

wheren € N, ay, ... ,a, are scalars, and E1, ... , E, are measurable sets.

Certainly, any simple function is measurable, since it is a finite sum of measurable
functions.
The next theorem is key to the further development of the subject.

Theorem A.5 Let (X, A) be a measurable space. If f is a positive measurable
function, then there exists a sequence (s,)q, of simple functions such that:

O0<si<s, <---=f,

and
f(x) = lim s,(x), xe€X.
n—oo

A.2 Positive Measures and Integration

In this section, we will consider functions defined on a o -algebra A. Such functions
are called set functions. For now, we will restrict our attention to set functions taking
values in the interval [0, co].
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Definition A.6 Let (X, .A) be a measurable space. A set function i : A — [0, 00]
is said to be countably additive if

C8

Aj) ZM(A ) (A1)

1

j

whenever (A; )°° | 1s a sequence of pairwise disjoint measurable sets. By pairwise
disjoint we mean A; N Ay = ) whenever j # k.

A countably additive set function u : A — [0, 0o] such that u (@) = 0 is called a
positive measure on A. In such a case, we call the triple (X, A, i) a positive measure
space. If the o-algebra is understood, we often write (X, u) for the positive measure
space and say  is a positive measure on X.

Notice that we allow u to attain infinite values. The assumption that () = 0 is
to avoid the trivial case where the set function is always co. Equivalently, we could
assume that there exists some A € A such that u(A) < oo.

Example A.7 The Borel o-algebra on R is the smallest o -algebra that contains all
of the open intervals in R. A measure defined on the Borel o-algebra on R is called
a Borel measure on R.

Let 1 be a positive measure on a o -algebra. A measurable set that has zero measure
with respect to u is called a p-null set or a u-measure-zero set. A subset of a p-null
setis called u-negligible. A p-negligible set may or may not be measurable. If every
u-negligible set is measurable (and hence a p-null set), then the measure p is called
complete. (That is, u is complete if every subset of a p-null set is ;-measurable and
has u-measure zero.)

Example A.8 (Lebesgue measure) Let B be the Borel o -algebra on R and let m be
a positive Borel measure on B defined so that m((a, b)) = b — a whenever a and b
are real numbers such that a < b. (Such a measure can be shown to exist.) We now
define a complete measure on R that agrees with m for all Borel measurable sets in
B. In order to do this, we will enlarge our o-algebra.

The Lebesgue o -algebra on R is the collection of all sets of the form BU N, where
B € B and N is an m-negligible set. Define a measure A on this collection of sets
by the rule A(B U N) = m(B) for any m-measurable set B and any m-negligible set
N. It can be shown that X is a complete countably additive measure on the Lebesgue
o-algebra on R. The measure X is called Lebesgue measure on R.

The Lebesgue o-algebra on R is the smallest o-algebra on R that contains the
Borel measurable sets and all subsets of m-measure-zero sets. Consequently, all
Borel measurable sets are Lebesgue measurable, but there are Lebesgue measurable
sets that are not Borel measurable.

Example A.9 (Counting measure) Another classic example of a positive measure is
the so-called counting measure on N. We let A be the power set, which is the family
of all subsets of N, often denoted P(N) or 2~. For any subset A C N, we define n(A)
to be the size (or cardinality) of the set A. Then #n is a positive measure on N and
n(N) =
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Definition A.10 A positive measure that attains only finite values is called a finite
measure. If p is a positive measure on X such that u(X) = 1, then we call u a
probability measure.

Example A.11 Therestriction of the measure A from Example A.8 to the unit interval
[0, 1] is a probability measure.

Let us make some obvious comments about positive measures. Suppose (X, A, i)
is a positive measure space. If A and B are measurable sets such that A C B, then
u(A) < pu(B). Also, observe that if p is a finite positive measure, then pu( - )/u(X)
is a probability measure.

Definition A.12 Let (X, A, ;1) be a positive measure space and lets = Z';zl aj Xg;
be a simple function. For any A € A, we define the integral of s over A with respect

to 1 to be
/ sdu = Za, WANE)).
A

Jj=1

(The value of this integral does not depend on the representation of s that is used.)
If f: X — Ris anonnegative measurable function, then we define the integral
of f over A with respect to | to be

/Afduzsup{/Asdu},

where the supremum is taken over all simple functions s such that s(x) < f(x) for
allx € X.

In order to meaningfully extend our notion of an integral to a wider class of
functions, we first define the class of functions for which our integral will exist.

Definition A.13 Let (X, A4, 1) be a positive measure space. A scalar-valued mea-
surable function f is called Lebesgue integrable (or just integrable) with respect to

wif
/ \fldp < oo,
X

If f is integrable with respect to w, then we write f € L(u).

Now, let (X, A, 1) be a positive measure space and let f : X — R be areal-valued
integrable function. Define the integral of f over A by

/AfduzfAﬁdu - /Af*du,

ey = {f(x) if £(0) = 0,

0 otherwise,

where
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is the positive part of f, and

- —f(x) if f(x) =0,
fx) = .
0 otherwise,
is the negative part of f. If f : X — C is a complex-valued integrable function,
define the integral of f over A by

/ﬁuzfmqwu+i/%UMm
A A A

where N(f) and J( f) denote the real and imaginary parts of f, respectively.

To avoid certain arithmetic difficulties which arise from the definitions above, we
adopt the convention that 0-co = 0. Consequently, | 4 J diu = 0whenever f(x) =0
for all x € A, even if u(A) = oco. Furthermore, if u(A) = 0 for a measurable set
A € A, then [ 4 J du = 0 for all measurable functions f.

In some cases, it is useful to explicitly show the variable dependence in an
integration, and in such a situation we write

/ﬂu=fﬂwmw>
A A

A.3 Convergence Theorems and Fatou’s Lemma

Definition A.14 Let (X, A, 1) be a positive measure space. Two measurable func-
tions f and g are said to be equal almost everywhereif u{x € X : f(x) # g(x)} = 0.
If f and g are equal almost everywhere, we write f = ga.e.(u). Sometimes we say
f(x) = g(x) for almost every x.

The previous definition is significant because, if f = ga.e.(u), then

/fdu:/gdu, Ae A
A A

This is true because the integral over a set of measure zero is always zero. Functions
that are equal almost everywhere are indistinguishable from the point of view of
integration. With this in mind, we extend our notion of a measurable function. Let
(X, A, ) be a measure space. A function f is defined a.e.(u) on X if the domain D
of f is a subset of X and X \ D is a u-negligible set. If f is defined a.e.(i) on X
and there is a u-null set E € A such that f~'(V) \ E is measurable for every open
set V, then f is called w-measurable. Every measurable function (in the sense of
Definition A.2) is u-measurable and every p-measurable function is equal almost
everywhere (with respect to () to a measurable function.

The notion of w-measurability allows us to extend our constructions to a wider
collection of functions. We say that a ;-measurable function f is integrable if it is
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equal a.e.(it) to a measurable function g that is integrable with respect to u and we
define [, fdu tobe [, gdu for every measurable set A.

A sequence of measurable functions ( f,,)52 , is said to converge almost everywhere
to a function f if the set {x € X : f,(x) /~ f(x)} has u-measure zero. In this case,
we write f, — fa.e.(u). A function f which is the a.e.(u)-limit of measurable
functions is p-measurable.

Theorem A.15 (Monotone Convergence Theorem) Let (X, A, 1) be a positive
measure space. Suppose ( f,)o | is a sequence of measurable functions such that

0<fix) < H(x) < frs(x) <---

for almost every x. If f, — fa.e.(u), then f is an integrable function and
/fd,u = lim [ f,du.
X n—oo X

The Monotone Convergence Theorem is a very useful tool, and one of the better
known consequences of it is Fatou’s Lemma, named after the mathematician Pierre
Fatou.

Theorem A.16 (Fatou’s Lemma) Let (X, A, ) be a positive measure space. If
(fn)52, is a sequence of scalar-valued measurable functions, then

/ (liminflfnl) du < liminf/ | fuldu.
X n—00 n—o00 X

Perhaps the most important use of Fatou’s Lemma is in proving the next theorem,
which is one of the cornerstones of measure theory.

Theorem A.17 (Lebesgue’s Dominated Convergence Theorem) Let (X, A, 1) be
a positive measure space and suppose (f,)o | is a sequence of scalar-valued mea-
surable functions that converge almost everywhere to f. If there exists a function
g € Li(w) such that | f,| < ga.e.(u) foralln € N, then f € Li(u) and

lim | [f, — fldu =0.
n—oo X
In particular,
/fdu = lim fadu.
X n—oo X

The last equality follows from the fact that | [, fdu| < [, |f|du whenever f
is an integrable function.

The next result is a direct consequence of Lebesgue’s Dominated Convergence
Theorem.

Corollary A.18 (Bounded Convergence Theorem) Let (X, A, 1) be a positive
finite measure space and suppose (f,)52, is a sequence of uniformly bounded
scalar-valued measurable functions. If f, — fa.e.(u), then f € Li(n) and

/fd,u: lim/fnd,u.
X n—oo X
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A.4 Complex Measures and Absolute Continuity

Definition A.19 Let(X,.4)beameasurable space. A countably additive set function
u: A— Cis called a complex measure. When we say u is countably additive, we
mean

wlUAs | =D map. (A2)
j=1 j=1

whenever (A j);”:] is a sequence of pairwise disjoint measurable sets in A, where
the series in (A.2) is absolutely convergent. (Compare to Definition A.6). A complex
measure which takes values in R is called a real measure or a signed measure.

If 1 is a complex measure on 4, then the triple (X, A, ) is called a (complex)
measure space. If the o-algebra is understood, then we may write (X, ).

More generally, we can define a measure to be a countably additive set function
that takes values in any topological vector space, so long as the convergence of the
series in (A.2) makes sense. For our purposes, such generality is not necessary, and
so we will confine ourselves to complex measures and positive measures.

There is a significant difference between positive measures and complex measures.
In Definition A.19, we require that a complex measure u be finite; thatis, |u(A)| < oo
for all A € A. This was not a requirement for a positive measure.

Definition A.20 Let x be a complex measure on the o-algebra A. We define the
total variation measure of 1 to be the set function || : A — R given by

[WI(E) = sup 4 D I(E)I ¢

j=1

where the supremum is taken over all finite sequences of pairwise-disjoint measurable
sets (E;)j_,, foralln € N, such that E = U']f:, E;.

As the name suggests, the total variation measure is a measure. Additionally, it is
a finite measure—a fact that we state in the next theorem.

Theorem A.21 If (X, A, n) is a complex measure space, then || is a positive
measure on A and |1|(X) < o0.

There is, naturally, a relationship between a measure and its total variation mea-
sure. For example, if |1|(E) = O for some set E € A, it must be the case that
u(E) = 0. This is an instance of a property called absolute continuity.

Definition A.22 Let x be a complex measure on .4 and suppose A is a positive
measure on .A. We say that p is absolutely continuous with respect to X if, for all
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A € A, wehave that u(A) = 0 whenever A(A) = 0. When p is absolutely continuous
with respect to A, we write << A.

Shortly, we will state the Radon—Nikodym Theorem, one of the key results in
measure theory. Before that, however, we introduce a definition.

Definition A.23 Let (X, .A) be a measurable space. A positive measure u on A is
said to be o -finite if there exists a countable sequence (E j)?‘;l of measurable sets
such that X = (J7Z, E; and ju(E;) < oo for each j € N.

Important examples of o-finite measures include Lebesgue measure on R and
counting measure on N. (See Examples A.8 and A.9, respectively.) One can also
have a counting measure on R, but it is not o -finite.

Theorem A.24 (Radon-Nikodym Theorem) Suppose (X, A) is a measurable
space and let ) be a positive o-finite measure on A. If | is a complex measure
on A that is absolutely continuous with respect to A, then there exists a unique
g € Li()\) such that

Hw(E) = / gx)r(dx), E € A. (A.3)
E

The equation in (A.3) is sometimes written pu(dx) = g(x) A(dx) ordu = gdA.
The function g € L () is called the Radon—Nikodym derivative of u with respect to
A and is sometimes denoted du/dA. When we say the Radon—Nikodym derivative
is unique, we mean up to a set of measure zero. That is, if g and & are both Radon—
Nikodym derivatives of u with respect to A, then g = ha.e.(A) (and consequently
a.e.(u)).

The o -finite assumption on p in Theorem A.24 cannot be relaxed.

We seek to define an integral with respect to a complex measure. To that end, let
(X, A, 1) be a complex measure space. Since u < ||, there exists (by the Radon—
Nikodym Theorem) a unique (up to sets of measure zero) function g € L (|u|) such
that du = gd|un|. We can, therefore, define the integral of a measurable function
f:X— Chby

[ = [ gediut. £ < a (A)
E E

More can be said about the Radon—Nikodym derivative of © with respect to |u|.
The following proposition is a corollary of Theorem A.24 and is often called the
polar representation or polar decomposition of .

Proposition A.25 If (X, A, 1) is a complex measure space, then there exists a
measurable function g such that |g(x)| = 1 forall x € X and such thatdu = g d|u|.

As a consequence of Proposition A.25 and the definition in (A.4), versions of
the Monotone Convergence Theorem, Fatou’s Lemma, and Lebesgue’s Dominated
Convergence Theorem hold for integrals with respect to complex measures. We apply
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the existing theorems to the positive finite measure || and observe that

|/deu|sfx|f|d|u|,

for all measurable functions f on X.

The Radon—Nikodym Theorem is named after Johann Radon, who proved the
theorem for R” in 1913 (n € N), and for Otton Nikodym, who proved the theorem
for the general case in 1930 [28].

A5 L ,-spaces

In this section, we consider a measure space (X, A, 1), where p is a positive measure.
We will identify certain spaces of measurable functions on X. For p € [1, 00), let

L,(u) = {f a measurable function : / [f1Pdu < oo}
X

This is the space of p-integrable functions, also known as L ,-functions, on X. For

each p € [1,00), we let
1/p
11, = (f Iflpdu> ,
X

where f is a u-measurable function on X. Observe that || f||, < oo if and only if
f € L,(w). For the case p = oo, let

I flleo = inf {K : (| f] > K) = 0},

for all measurable functions f. The quantity || ||« is called the essential supremum
norm of f, and is the smallest number having the property that | f| < || f|lca.e.(it).
The set
Lo(1) = {f ameasurable function : || f|l, < 00}

is the space of essentially bounded measurable functions on X.

Theorem A.26 Let (X, ) be a positive measure space. If 1 < p < oo, then || - |,
is a complete norm on L ,(w). In particular, L ,(1) is a Banach space.

In fact, the L ,-spaces are collections of equivalence classes of measurable func-
tions. Two functions f and g in L,(u) are considered equivalent if f = ga.e.(u).
In spite of this, we will generally speak of the elements in L ,-spaces as functions,
rather than equivalence classes of functions.

The proof of Theorem A.26 relies heavily on the following fundamental inequality,
which provides the triangle inequality for L ,(u).
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Theorem A.27 (Minkowski’s Inequality) Let (X, i) be a positive measure space.
If f and g are in L (1), where 1 < p < oo, then f + g € L,(u) and

ILf+gllp = 11, +lglp-

Before we give another theorem, we must introduce a definition.

Definition A.28 If 1 < p < oo and % + é = 1, then ¢ is called the conjugate
exponent of p. The conjugate exponent of p = 1 is defined to be ¢ = oo (and vice
versa).

If p € [1, 00] and ¢ is the conjugate exponent of p, then we can also say that g is
conjugate to p, or even that p and g are conjugate to each other. If p € (1, 00) and
q is conjugate to p, it is sometimes convenient to write g = ﬁ.

The following theorem, which is ubiquitous in measure theory, can be seen as a

generalization of the Cauchy—Schwarz inequality.

Theorem A.29 (Holder’s Inequality) Let (X, i) be a positive measure space. Sup-
pose 1 < p < oo and let q be conjugate to p. If f € L,(u) and g € Ly(1), then
fg € Li(u) and

Ifglh < I1flpligllg-

Holder’s Inequality ensures that, given any g € L (i), the map

f= /Xf(X)g(x)M(dX), f e Ly(n),

defines a bounded linear functional on L ,(u) whenever 1 < p < oo. It turns out
that any bounded linear functional on L (1) can be achieved in this way, which is
the content of the next theorem.

Theorem A.30 Let (X, 1) be a positive o -finite measure space. If 1 < p < oo,
and if q is conjugate to p, then L ,(j1)* = L,(1).

Frequently, in order to prove something about L ,-spaces, it is sufficient to prove
it for simple functions. This is a consequence of the next theorem, which follows
from Theorem A.5 and Theorem A.15 (the Monotone Convergence Theorem).

Theorem A.31 (Density of Simple Functions) Ler (X, ) be a positive measure
space. The set of simple functions is dense in L ,(j1) whenever 1 < p < oo.

A.6 Borel Measurability and Measures

Definition A.32 Suppose X is a topological space. The smallest o-algebra on X
containing the open sets in X is called the Borel o-algebra, or the Borel field, on X.
A function which is measurable with respect to the Borel o-algebra is called a Borel
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measurable function, or a Borel function. A measure on the Borel o -algebra is called
a Borel measure.

We recall that a topological space is said to be locally compact if every point has
a compact neighborhood. Naturally, all compact spaces are locally compact, but the
converse need not be true. For example, the real line R with its standard topology is
locally compact, but not compact.

If X is alocally compact Hausdorff space, then we denote by Cy(X) the collection
of all continuous functions that vanish at infinity. We say f vanishes at infinity if for
every ¢ > 0, there exists a compact set K such that | f(x)| < ¢ for all x ¢ K. The
set Co(X) is a Banach space under the supremum norm.

Example A.33 The Banach space Cy(N) is the classical sequence space ¢y of
sequences tending to zero.

Definition A.34 Let X be a locally compact Hausdorff space and suppose u is a
positive Borel measure on X. If, for every measurable set E,

W(E) =inf{u(V): E CV, V an open set},
then w is called outer regular. If, for every measurable set E,
w(E) =sup{u(K): K € E, K acompact set},

then u is called inner regular. If ( is both inner regular and outer regular, then we
call u a regular measure. A complex measure is called regular if || is regular.

Definition A.34 allows us to describe the dual space of Cy(X).

Theorem A.35 (Riesz Representation Theorem) Ler X be a locally compact
Hausdorff space. If A is a bounded linear functional on Cy(X), then there exists
a unique regular complex Borel measure | such that

A = / Fdu. feCoX),
X

and || A = |p|(X).

Theorem A.35 is named after F. Riesz, who originally proved the theorem for
the special case X = [0, 1] [31]. The next theorem is named after Nikolai Lusin (or
Luzin), who also worked in the context of the real line [23].

Theorem A.36 (Lusin’s Theorem) Let X be a locally compact Hausdorff space
and suppose [ is a finite positive regular Borel measure on X. The space Cy(X) is
dense in L,(u) for all p € [1, 00).

The hypotheses of Lusin’s Theorem can be relaxed somewhat. Indeed, the theorem
holds for any positive Borel measures that are finite on compact sets. Note that
Lusin’s Theorem is not true when p = co. Convergence in the L,-norm is the same
as uniform convergence, and the uniform limit of a sequence of continuous functions
is continuous; however, functions in L, (1) need not be continuous.
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Proposition A.37 If X is a locally compact metrizable space, then any finite Borel
measure on X is necessarily regular.

Again, the Borel measure in question need only be finite on compact sets for the
conclusion to hold. In light of Proposition A.37, Theorem A.35 is often stated for a
metrizable space X, in which case the term “regular” is omitted from the conclusion.
(This was done, for example, in Theorem 2.20 of the current text.)

A.7 Product Measures

Let (X, A) and (Y, B) be two measurable spaces. A measurable rectangle in X x Y
is any set of the form A x B, where A € A and B € B. We denote by o (A x B) the
smallest o -algebra containing all measurable rectangles in X x Y.

Proposition A.38 Let (X, A) and (Y, B) be two measurable spaces. If a scalar-
valued function f on X x Y is 6 (A x B)-measurable, then the map x — f(x,y) is
A-measurable forall y € Y, and y — f(x,y) is B-measurable for all x € X.

Now let (X, A, 1) and (Y, B, v) be two o-finite measure spaces. We define the
product measure on o (A x B) to be the set function  x v given by the formula

(nxv)(Q) = fx </Y XQ(XJ’)V(dJ’)) p(dx)

=/(/xamwMMﬁvuw
Y X

for all Q € o(A x B). As the name implies, i X v is a measure on o (A x B).
Furthermore, the measure @ X v is such that (u x vV)(E x F) = w(E)v(F) for all
EcAand F € 5.

The fundamental result in this section is known as Fubini’s Theorem. It is named
after Guido Fubini, who proved a version of the theorem in 1907 [13].

Theorem A.39 (Fubini’s Theorem) Let (X, A, u) and (Y, B,v) be two o-finite
measure spaces. If f € Li(u x v), then

fﬂuxw=/</fmwwwﬂuwm
XxY X Y

=/ (/ f(x,y)u(dx)> v(dy).
Y X

The same conclusion holds if f is a 6 (A x B)-measurable function such that

/ (/ Lf (x, ) V(dy)) pldx) < oo.
X Y

Fubini’s Theorem is sometimes called the Fubini-Tonelli theorem, after Leonida
Tonelli, who proved a version of Theorem A.39 in 1909 [35].



Appendix B
Results From Other Areas of Mathematics

Throughout the course of this text, we have invoked important results (usually by
name), sometimes without explicitly writing out the statement of the result being
used. Many of these come from measure theory, and so appear in Appendix 8.3. We
include the rest here, for easy reference. For proofs of these theorems, as well as
more discussion on these topics, see (for example) Topology: a first course by James
Munkres [27] and Functions of One Complex Variable by John Conway [7].

B.1 The One-Point and Stone-Cech Compactifications

We will give only a brief discussion of the necessary topological concepts. For more,
we refer the interested reader to Topology: a first course, by James Munkres [27].

We start by defining the one-point compactification of alocally compact Hausdorff
space that is not compact. (Recall that a space is locally compact if every point has
a compact neighborhood containing it.)

Definition B.1 Let X be a locally compact Hausdorff space that is not compact.
Adjoin to X an element oo, called the point at infinity, to form a set Y = X U {o0}.
Define a topology on Y by declaring a set U to be open in Y if either U is open
in X or U = Y\K, where K is compact in X. The space Y is called the one-point
compactification of X.

The classic example of a one-point compactification is N U {oo}, the one-point
compactification of the natural numbers, where N is given the discrete topology. No-
tice that N is locally compact but not compact. The space N U {oo} is homeomorphic
to the subspace {1/n : n € N} U {0} of R. (See Exercise 2.15.)
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Theorem B.2 Let X be a locally compact Hausdorff space that is not compact and
let Y be its one-point compactification. Then Y is a compact Hausdorff space, Y\ X
contains exactly one point, X is a subspace of Y, and Y is the closure of X (in Y ).

In general, the one-point compactification of a locally compact metric space is
not itself metrizable; however, there are some circumstances under which a metric
does exist.

Theorem B.3 Let X be alocally compact Hausdorff space that is not compact. The
one-point compactification of X is metrizable if and only if X is second countable.

In particular, any locally compact separable metric space that is not compact (such
as N) will have a metrizable one-point compactification. We will not provide a proof
of Theorem B.3. The inquisitive reader is directed to Theorem 3.44 in [3].

The next type of compactification we wish to define is the Stone-Cech compact-
ification. Before introducing this concept, however, we require some background.
We begin by restating Tychonoff’s Theorem (Theorem 5.38), which we will use
presently.

Theorem B.4 (Tychonoff’s Theorem) Let J be an index set. If {Ky}qcy is a col-
lection of compact topological spaces, then [],.; Ky is compact in the product

topology.

Tychonoff’s Theorem is a statement about compactness, and while we do not pro-
vide a proof of this theorem, we can profit from some knowledge of the methods used
within. The standard proof of Tychonoff’s Theorem uses an alternate characterization
of compactness, one for which we need a definition.

aelJ

Definition B.5 (Finite Intersection Property) Let X be a topological space. A
collection C of subsets of X is said to satisfy the Finite Intersection Property if
for every finite subcollection {Cy, ... ,C,} of C, the intersection C; N --- N C, is
nonempty.

We now state an alternative formulation of compactness.

Theorem B.6 A topological space X is compact if and only if every collection C of
closed setsin X satisfying the Finite Intersection Property is such that the intersection
Mcec C of all elements in C is nonempty.

The above theorem leads directly to the following useful corollary.

Corollary B.7 (Nested Interval Property) Let X be a topological space. If (Cy,);2
is a sequence of nonempty compact sets such that C, 11 C C, foralln € N, then the
intersection ﬂiil C, of all sets in the sequence is nonempty.

A space X is called completely regular if all singletons (single-point sets) in X are
closed and if for each x € X and each closed subset A not containing x there exists
a bounded continuous function f : X — [0, 1] such that f(x) = 1 and f(A) = {0}.
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In particular, if X is completely regular, then the collection of bounded real-valued
continuous functions on X separates the points of X . That is, whenever x # y, there
is some continuous function f : X — [0, 1] such that f(x) = 1 but f(y) = 0.

We remark here that a space X is called regular if any closed subset A and point
x ¢ A can be separated by open neighborhoods. That is to say, there exist disjoint
open neighborhoods containing A and x, respectively. A completely regular space is
regular, but there exist regular spaces that are not completely regular.

Proposition B.8 A ropological space X is completely regular if and only if it is
homeomorphic to a subspace of a compact Hausdorff space.

A compactification of a space X is a compact Hausdorff space Y that contains X
as a dense subset. (An example is the one-point compactification given earlier.) In
order for a noncompact space X to have a compactification, it is both necessary and
sufficient that X be completely regular. There are generally many compactifications
for a completely regular space X. The one we consider now is the Stone-Cech
compactification.

Let X be a completely regular space. Let { f, }»< be the collection of all bounded
continuous real-valued functions on X, indexed by some (possibly uncountable) set
J.Foreacha € J, let I, be any closed interval containing the range of f, say

[a = |:ll’l£ fot(x)’ sup fa(x):| 5

xeX

or

Iy = [ = I falloos Il fulloc]-

Each of the intervals I, is compact in R, and so, by Tychonoff’s Theorem, the product
[1,e, I is a compact space.
Defineamap ¢ : X — [[,., I« by

¢(x) = (fa(X)aes, x € X.

It can be shown that ¢ is an embedding. (This follows from the complete regularity
of X, because the collection { f,},cs separates the points of X. See Theorem 4.4.2
in [27] for the details.) We conclude that ¢(X) is a compact Hausdorff space.

Let A = ¢(X)\¢(X) and define a space Y by ¥ = X U A. We have a bijective
mapping @ : ¥ — ¢(X) given by the rule

D(y) = é(y) %fy €X,
ify € A.
Define a topology on Y by letting U be open in ¥ whenever ®(U) is open in ¢(X). It
follows that @ is a homeomorphism, and X is a subspace of the compact Hausdorff
space Y.
The topological space Y constructed above is known as the Stone-Cech compactifi-
cation of X, and is generally denoted B(X). It may seem that 8(X) is not well-defined,
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since one could construct it with a different choice of sets; however, the Stone-Cech
compactification is unique up to homeomorphism (and a homeomorphism can be
chosen so that it is the identity on X).

While a full discussion of the Stone-Cech compactification is beyond the scope
of this appendix, we will state a very important property that it possesses.

Theorem B.9 Let X be a completely regular space with Stone-Cech compactifi-
cation B(X). Any bounded continuous real-valued function on X can be uniquely
extended to a continuous real-valued function on B(X).

The Stone-Cech compactification is named after Marshall Harvey Stone and Ed-
uard Cech. Tychonoff’s Theorem is named after Andrey Nikolayevich Tychonoff. It
is not clear that these theorems are named quite as they should be, a fact which was
remarked upon by Walter Rudin in his Functional Analysis [34, Note to Appendix A]:

... Thus it appears that Cech proved the Tychonoff theorem, whereas Tychonoff found

the Cech compactification—a good illustration of the historical reliability of mathematical
nomenclature.

B.2 Complex Analysis

The subject of complex analysis is overflowing with fantastic and improbable theo-
rems. Unfortunately, we only encounter a small portion of the subject in our current
undertaking. Let us begin with some definitions. A complex-valued function is called
differentiable at zj in the complex plane C if

Flzg) = lim LR =S @)

=20 Z—20

exists (and thus is a complex number). In this context, the notation z — zo means that
|z—z0| — 0.1If f isdifferentiable at every pointin aset, then we say f is differentiable
in the set (or on the set). A complex-valued function is called holomorphic (or
analytic) if it is differentiable in a neighborhood of every point in its domain. The
next theorem is one of the key results of complex analysis.

Theorem B.10 A holomorphic function is infinitely differentiable.

The next theorem is a frequently cited result and is used to show, for example,
that the disk algebra A(D) is a subalgebra of C(T), the space of continuous functions
on the unit circle. (See Example 8.6(b).)

Theorem B.11 (Maximum Modulus Theorem) Ler D be a bounded open set in the
complex plane. If f is a holomorphic function in D that is extendable to a continuous
function on D, then

rzn;gilf(z)l =gelgg|f(z)l-

Holomorphic functions display a variety of interesting and useful properties. One
such property is stated in the next theorem.
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Theorem B.12 (Cauchy’s Integral Formula) Let f : D — C be a holomorphic
function on the simply connected domain D. If y is a closed curve in D, then

fy f(@dz=0.

The integral appearing in Theorem B.12 is a standard line integral over a path
y. When we say D is simply connected, we mean that any two points in D can be
connected by a path, and that any path connecting those two points can be continu-
ously transformed into any other. A less precise way of saying that is to say D has
no “holes” in it.

Cauchy’s Integral Formula has a converse, which is named after the mathematician
and engineer Giacinto Morera.

Theorem B.13 (Morera’s Theorem) Let D be a connected open set in the complex
plane. If f : D — C is a continuous function such that fy f(@dz = 0 for every
closed piecewise continuously differentiable curve y in D, then f is holomorphic
on D.

Morera’s Theorem is used to show (among other things) that the uniform limit of
holomorphic functions is holomorphic: Suppose ( f,);2, is a uniformly convergent
sequence of holomorphic functions, and suppose f = lim,_ « f,. By Cauchy’s
Integral Formula, if y is any continuously differentiable closed curve, then we have
[, fa@)dz = 0 forall n € N. Since [, f(z)dz = lim, .o [, fu(2)dz = 0 (by
uniform convergence), it follows from Morera’s Theorem that f is holomorphic.

A function that is holomorphic on all of C is called an entire function. There are
some truly remarkable theorems related to entire functions.

Theorem B.14 (Liouville’s Theorem) A bounded entire function is constant.

According to Liouville’s Theorem, if an entire function is not constant, then it
must be unbounded. In fact, something even stronger can be said.

Theorem B.15 (Picard’s Lesser Theorem) If an entire function is not constant,
then its image is the entire complex plane, with the possible exception of one point.

The classic example of such a non-constant function is f(z) = e®. The range of
this function is C\{0}. Theorem B.15 was proved by Charles Emile Picard in 1879.
Another significant theorem due to Picard concerns essential singularities.

Theorem B.16 (Picard’s Greater Theorem) Let f be an analytic function with
an essential singularity at zo. On any neighborhood of zy, the function f will attain
every value of C, with the possible exception of one point, infinitely often.

A function is said to have a singularity at the point zy if f is analytic in a neigh-
borhood containing zo, except f(z9) does not exist. If lim,_, ,, f(z) exists, then we
call it a removable singularity. A classic example is the function f(z) = w, which
has a removable singularity at z = 0.

A singularity zp is a pole of f if there is some n € N such that

13110 (z—20)"f(2) (B.5)



224 Appendix B Results From Other Areas of Mathematics

exists. We call zg a pole of order n if n is the smallest integer such that (B.5) exists.
A simple example of a function with a polar singularity of ordern € Natz = 0 is
f@ =4

If the limit in (B.5) does not exist for any n € N, we call zy an essential singularity
of f. Examples of functions with an essential singularity at z = 0 are f(z) = e'/%
and f(z) = sin(1/z).

An alternate characterization of singularities can be obtained from the Laurent
series of the function f. A function f has a Laurent series about z if there exists a
doubly infinite sequence of scalars (a,),cz such that

oo

f@= )" anz—z0)"

n=—0oo

There is a formula to compute a, for n € Z:

o= [ LD
" 2ni ), @ =zt T

where y is a circle centered at zy and contained in an annular region in which f is
holomorphic. Any function with a singularity at zo will have a Laurent series there.
Such a function has a pole of ordern € Natzgifa_,, # 0,buta_; = Oforall k > n.
If a_x # O for infinitely many k£ € N, then f has an essential singularity at zp.

Augustin-Louis Cauchy did fundamental research in complex analysis in the first
half of the nineteenth century. He and Joseph Liouville, after whom Theorem B.14 is
named, were contemporaries. Charles Emile Picard came later, not being born until
1856, only one year before Cauchy passed away (on 23 May 1857).
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