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Preface

This book provides an introduction to the ideas and methods of linear func-
tional analysis at a level appropriate to the final year of an undergraduate
course at a British university. The prerequisites for reading it are a standard
undergraduate knowledge of linear algebra and real analysis (including the the-
ory of metric spaces).

Part of the development of functional analysis can be traced to attempts
to find a suitable framework in which to discuss differential and integral
equations. Often, the appropriate setting turned out to be a vector space of
real or complex-valued functions defined on some set. In general, such a vec-
tor space is infinite-dimensional. This leads to difficulties in that, although
many of the elementary properties of finite-dimensional vector spaces hold in
infinite-dimensional vector spaces, many others do not. For example, in general
infinite-dimensional vector spaces there is no framework in which to make sense
of analytic concepts such as convergence and continuity. Nevertheless, on the
spaces of most interest to us there is often a norm (which extends the idea of
the length of a vector to a somewhat more abstract setting). Since a norm on a
vector space gives rise to a metric on the space, it is now possible to do analysis
in the space. As real or complex-valued functions are often called functionals,
the term functional analysis came to be used for this topic.

We now briefly outline the contents of the book. In Chapter 1 we present
(for reference and to establish our notation) various basic ideas that will be re-
quired throughout the book. Specifically, we discuss the results from elementary
linear algebra and the basic theory of metric spaces which will be required in
later chapters. We also give a brief summary of the elements of the theory of
Lebesgue measure and integration. Of the three topics discussed in this introduc-
tory chapter, Lebesgue integration is undoubtedly the most technically difficult
and the one which the prospective reader is least likely to have encountered

v



VI Preface

before. Unfortunately, many of the most important spaces which arise in func-
tional analysis are spaces of integrable functions, and it is necessary to use the
Lebesgue integral to overcome various drawbacks of the elementary Riemann
integral, commonly taught in real analysis courses. The reader who has not met
Lebesgue integration before can still read this book by accepting that an inte-
gration process exists which coincides with the Riemann integral when this is
defined, but extends to a larger class of functions, and which has the properties
described in Section 1.3.

In Chapter 2 we discuss the fundamental concept of functional analysis, the
normed vector space. As mentioned above, a norm on a vector space is simply an
extension of the idea of the length of a vector to a rather more abstract setting.
Via an associated metric, the norm is behind all the discussion of convergence
and continuity in vector spaces in this book. The basic properties of normed
vector spaces are described in this chapter. In particular we begin the study of
Banach spaces which are complete normed vector spaces.

In finite dimensions, in addition to the length of a vector, the angle between
two vectors is also used. To extend this to more abstract spaces the idea of
an inner product on a vector space is introduced. This generalizes the well-
known “dot product” used in R3. Inner product spaces, which are vector spaces
possessing an inner product, are discussed in Chapter 3. Every inner product
space is a normed space and, as in Chapter 2, we find that the most important
inner product spaces are those which are complete. These are called Hilbert
spaces.

Having discussed various properties of infinite-dimensional vector spaces,
the next step is to look at linear transformations between these spaces. The
most important linear transformations are the continuous ones, and these will
be called linear operators. In Chapter 4 we describe general properties of linear
operators between normed vector spaces. Any linear transformation between
finite-dimensional vector spaces is automatically continuous so questions relat-
ing to the continuity of the transformation can safely be ignored (and usually
are). However, when the spaces are infinite-dimensional this is certainly not the
case and the continuity, or otherwise, of individual linear transformations must
be studied much more carefully. In addition, we investigate the properties of
the entire set of linear operators between given normed vector spaces. In partic-
ular, it will be shown that this set is itself a normed vector space, and some of
the properties of this space will be discussed. Finally, for some linear operators
it is possible to define an inverse operator, and we conclude the chapter with a
characterization of the invertibility of an operator.

Spaces of linear operators for which the range space is the space of scalars
are of particular importance. Linear transformations with this property are
called linear functionals and spaces of continuous linear functionals are called
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dual spaces. In Chapter 5 we study this special case in some detail. In particular,
we prove the Hahn—Banach theorem, a general result on the existence of
linear functionals with given properties. We also study various properties of
dual spaces, and discuss associated material on geometric separation the-
orems, second duals and reflexivity, and general, non-orthogonal projections
and complements.

In Chapter 6 we specialize the discussion of linear operators to those acting
between Hilbert spaces. The additional structure of these spaces means that
we can define the adjoint of a linear operator and hence the particular classes
of self-adjoint and unitary operators which have especially nice properties. We
also introduce the spectrum of linear operators acting on a Hilbert space. The
spectrum of a linear operator is a generalization of the set of eigenvalues of a
matrix, which is a well-known concept in finite-dimensional linear algebra.

As we have already remarked, there are many significant differences between
the theory of linear transformations in finite and infinite dimensions. However,
for the class of compact operators a great deal of the theory carries over from
finite to infinite dimensions. The properties of these particular operators are
discussed in detail in Chapter 7. In particular, we study compact, self-adjoint
operators on Hilbert spaces, and their spectral properties.

Finally, in Chapter 8, we use the results of the preceding chapters to discuss
two extremely important areas of application of functional analysis, namely
integral and differential equations. As we remarked above, the study of these
equations was one of the main early influences and driving forces in the growth
and development of functional analysis, so it forms a fitting conclusion to this
book. Nowadays, functional analysis has applications to a vast range of areas
of mathematics, but limitations of space preclude us from studying further
applications.

A large number of exercises are included, together with complete solutions.
Many of these exercises are relatively simple, while some are considerably less
so. It is strongly recommended that the student should at least attempt most
of these questions before looking at the solution. This is the only way to really
learn any branch of mathematics.

There is a World Wide Web site associated with this book, at the URL

http://www.ma.hw.ac.uk/ bryan/1fa_book.html

This site contains links to sites on the Web which give some historical back-
ground to the subject, and also contains a list of any significant misprints which
have been found in the book.

The most significant change in the second edition from the first edition
is the addition of Chapter 5. An immediate consequence of this is that some
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of the chapters in the first edition are renumbered here. While some of the
material in the new Chapter 5 was in the first edition, the material on the Hahn—
Banach theorem, separation theorems, second duals and reflexivity, and general
projections and complements is new. We have also taken the opportunity to
rearrange some of the previous material slightly, add some new exercises, and
to correct any errors and misprints that were found in the first edition. We are
grateful to everyone who drew our attention to these errors, or who provided
comments on the first edition.
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1

Preliminaries

To a certain extent, functional analysis can be described as infinite-dimensional
linear algebra combined with analysis, in order to make sense of ideas such as
convergence and continuity. It follows that we will make extensive use of these
topics, so in this chapter we briefly recall and summarize the various ideas and
results which are fundamental to the study of functional analysis. We must
stress, however, that this chapter only attempts to review the material and
establish the notation that we will use. We do not attempt to motivate or
explain this material, and any reader who has not met this material before
should consult an appropriate textbook for more information.

Section 1.1 discusses the basic results from linear algebra that will be re-
quired. The material here is quite standard although, in general, we do not
make any assumptions about finite-dimensionality except where absolutely nec-
essary. Section 1.2 discusses the basic ideas of metric spaces. Metric spaces are
the appropriate setting in which to discuss basic analytical concepts such as
convergence of sequences and continuity of functions. The ideas are a natural
extension of the usual concepts encountered in elementary courses in real anal-
ysis. In general metric spaces no other structure is imposed beyond a metric,
which is used to discuss convergence and continuity. However, the essence of
functional analysis is to consider vector spaces (usually infinite-dimensional)
which are metric spaces and to study the interplay between the algebraic and
metric structures of the spaces, especially when the spaces are complete metric
spaces.

An important technical tool in the theory is Lebesgue integration. This is
because many important vector spaces consist of sets of integrable functions.

1



2 Linear Functional Analysis

In order for desirable metric space properties, such as completeness, to hold
in these spaces it is necessary to use Lebesgue integration rather than the
simpler Riemann integration usually discussed in elementary analysis courses.
Of the three topics discussed in this introductory chapter, Lebesgue integration
is undoubtedly the most technically difficult and the one which the prospective
student is most likely to have not encountered before. In this book we will avoid
arcane details of Lebesgue integration theory. The basic results which will be
needed are described in Section 1.3, without any proofs. For the reader who is
unfamiliar with Lebesgue integration and who does not wish to embark on a
prolonged study of the theory, it will be sufficient to accept that an integration
process exists which applies to a broad class of “Lebesgue integrable” functions
and has the properties described in Section 1.3, most of which are obvious
extensions of corresponding properties of the Riemann integral.

1.1 Linear Algebra

Throughout the book we have attempted to use standard mathematical nota-

tion wherever possible. Basic to the discussion is standard set theoretic notation

and terminology. Details are given in, for example, [7]. Sets will usually be de-

noted by upper case letters, X, Y, ..., while elements of sets will be denoted by

lower case letters, x, y,.... The usual set theoretic operations will be used: €,

C, U, N, @ (the empty set), x (Cartesian product), X \Y ={z e X : 2 € Y}.
The following standard sets will be used,

R = the set of real numbers,
C = the set of complex numbers,
N = the set of positive integers {1, 2, ...}.

The sets R and C are algebraic fields. These fields will occur throughout the
discussion, associated with vector spaces. Sometimes it will be crucial to be
specific about which of these fields we are using, but when the discussion applies
equally well to both we will simply use the notation F to denote either set. The
real and imaginary parts of a complex number z will be denoted by $e z and
Qm z respectively, while the complex conjugate will be denoted Z.

For any k € N we let F¥ = Fx...xTF (the Cartesian product of k copies of IF).
Elements of F¥ will written in the form = = (z1,...,2), z; €F,j=1,... k.

For any two sets X and Y, the notation f : X — Y will denote a function or
mapping from X into Y. The set X is the domain of f and Y is the codomain.
If AC X and B C Y, we use the notation

fA) ={fx):z €A}, f(B)={reX:f(x)e B}
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If Z is a third set and g : Y — Z is another function, we define the composition
of g and f, written gof : X — Z, by

(gof)(@) = g(f(z)),

for all z € X.

We now discuss the essential concepts from linear algebra that will be re-
quired in later chapters. Most of this section should be familiar, at least in the
finite-dimensional setting. See for example [1] or [5], or any other book on linear
algebra. However, we do not assume here that any spaces are finite-dimensional
unless explicitly stated.

Definition 1.1

A wector space over F is a non-empty set V' together with two functions, one
from V x V to V and the other from F x V to V, denoted by x 4+ y and ax
respectively, for all z, y € V and « € F, such that, for any «, 8 € F and any
z,y, z€V,

(a) z+y=y+z, z+Wy+z)=(@+y)+z
(b
(c
(d

there exists a unique 0 € V' (independent of z) such that x + 0 = z;
there exists a unique —z € V such that z + (—z) = 0;

le =z, a(fz)=(af)z;

(e) alz+y)=ax+ay, (a+p)zr=azr+ Pz

)
)
)
)

If F = R (respectively, F = C) then V is a real (respectively, complez) vector
space. Elements of F are called scalars, while elements of V' are called vectors.
The operation x + y is called vector addition, while the operation ax is called
scalar multiplication.

Many results about vector spaces apply equally well to both real or complex
vector spaces, so if the type of a space is not stated explicitly then the space
may be of either type, and we will simply use the term “vector space”.

If V is a vector space with x € V and A, B C V, we use the notation,

x+A={x+a:ac A}

A+B={a+b:ac A be B}.

Definition 1.2

Let V be a vector space. A non-empty set U C V is a linear subspace of V if U
is itself a vector space (with the same vector addition and scalar multiplication
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as in V). This is equivalent to the condition that
ar+pPyeU, foralla, feFand z,yecU

(which is called the subspace test).

Note that, by definition, vector spaces and linear subspaces are always non-
empty, while general subsets of vector spaces which are not subspaces may be
empty. In particular, it is a consequence of the vector space definitions that
0x = 0, for all z € V (here, 0 is the scalar zero and 0 is the vector zero; except
where it is important to distinguish between the two, both will be denoted by
0). Hence, any linear subspace U C V must contain at least the vector 0, and
the set {0} C V is a linear subspace.

Definition 1.3

Let V be a vector space, let v.={vy,...,u.} CV, k > 1, be a finite set and
let A C V be an arbitrary non-empty set.

(a) A linear combination of the elements of v is any vector of the form
T =1+ ...+ apug €V, (1.1)

for any set of scalars aq, ..., ag.

(b) v is linearly independent if the following implication holds:

a1+ ...+apvr =0 = a;=...=a=0.

(¢) A is linearly independent if every finite subset of A is linearly independent.
If A is not linearly independent then it is linearly dependent.

(d) The span of A (denoted Sp A) is the set of all linear combinations of all
finite subsets of A. This set is a linear subspace of V. Equivalently, Sp A
is the intersection of the set of all linear subspaces of V' which contain A.
Thus, Sp A is the smallest linear subspace of V' containing A (in the sense
that if A C B C V and B is a linear subspace of V then Sp A C B).

(e) If v is linearly independent and Spv = V, then v is called a basis for
V. It can be shown that if V has such a (finite) basis then all bases of
V' have the same number of elements. If this number is k& then V is said
to be k-dimensional (or, more generally, finite-dimensional), and we write
dimV = k. If V does not have such a finite basis it is said to be infinite-
dimensional.
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(f) If v is a basis for V then any « € V can be written as a linear combination

of the form (1.1), with a unique set of scalars o;, j = 1,..., k. These scalars
(which clearly depend on z) are called the components of x with respect to
the basis v.

(g) The set F* is a vector space over F and the set of vectors
e1 = (1,0,0,...,0), & = (0,1,0,...,0),..., & = (0,0,0,...,1),
is a basis for F¥. This notation will be used throughout the book, and this

basis will be called the standard basis for F¥.

We will sometimes write dim V' = co when V is infinite-dimensional. How-
ever, this is simply a notational convenience and should not be interpreted in
the sense of ordinal or cardinal numbers (see [7]). In a sense, infinite-dimensional
spaces can vary greatly in their “size”; see Section 3.4 for some further discus-
sion of this.

Definition 1.4

Let V, W be vector spaces over F. The Cartesian product V x W is a vec-
tor space with the following vector space operations. For any a € F and any
(a:j,yj) eV xW,j=1,2 let

(x1,y1) + (22,2) = (1 + 22,91 +92),  ax1,y1) = (1, 1)

(using the corresponding vector space operations in V and W).

We next describe a typical construction of vector spaces consisting of func-
tions defined on some underlying set.

Definition 1.5

Let S be a set and let V' be a vector space over F. We denote the set of
functions f : S — V by F(S,V). For any a € F and any f, g € F(S,V), we
define functions f + g and af in F(S,V) by

(f+9)(@) = fx) +9(x), (af)(z) =af(z),

for all z € S (using the vector space operations in V). With these definitions
the set F'(S,V) is a vector space over F.

Many of the vector spaces used in functional analysis are of the above
form. From now on, whenever functions are added or multiplied by a scalar the
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process will be as in Definition 1.5. We note that the zero element in F'(S,V)
is the function which is identically equal to the zero element of V. Also, if
S contains infinitely many elements and V' # {0} then F(S,V) is infinite-
dimensional.

Example 1.6

If S is the set of integers {1,...,k} then the set F(S,F) can be identified with
the space F* (by identifying an element x € F* with the function f € F(S,F)
defined by f(j) =z;,1<j <k).

Often, in the construction in Definition 1.5, the set S is a vector space, and
only a subset of the set of all functions f :.S — V is considered. In particular,
in this case the most important functions to consider are those which preserve
the linear structure of the vector spaces in the sense of the following definition.

Definition 1.7

Let V', W be vector spaces over the same scalar field F. A function T : V — W
is called a linear transformation (or mapping) if, for all a, B € Fand z, y € V,

T(ax + By) = oT(z) + BT (y).

The set of all linear transformations T': V — W will be denoted by L(V,W).
With the scalar multiplication and vector addition defined in Definition 1.5 the
set L(V,W) is a vector space (it is a subspace of F(V,W)). When V = W we
abbreviate L(V, V) to L(V).

A particularly simple linear transformation in L(V') is defined by Iy (z) = «,
for x € V. This is called the identity transformation on V' (usually we use the
notation I if it is clear what space the transformation is acting on).

Whenever we discuss linear transformations T : V' — W it will be taken for
granted, without being explicitly stated, that V' and W are vector spaces over
the same scalar field.

Since linear transformations are functions they can be composed (when they
act on appropriate spaces). The following lemmas are immediate consequences
of the definition of a linear transformation.

Lemma 1.8

Let V, W, X be vector spaces and T € L(V,W), S € L(W,X). Then the
composition SoT € L(V, X).
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Lemma 1.9

Let V be a vector space, R, S, T € L(V), and a € F. Then:
(a) Ro(SoT) = (RoS)oT:

(b) Ro(S+1T)=RoS+ RoT;

(¢) (S4+T)oR=SoR+ToR;

(d) IyoT =Toly =T;

(e) (aS)oT = a(SoT) = So(aT).

These properties also hold for linear transformations between different spaces
when the relevant operations make sense (for instance, (a) holds when 7' €
L(V,W), S € L(W,X) and R € L(X,Y), for vector spaces V, W, X, Y.

The five properties listed in Lemma 1.9 are exactly the extra axioms which
a vector space must satisfy in order to be an algebra. Since this is the only
example of an algebra which we will meet in this book we will not discuss this
further, but we note that an algebra is both a vector space and a ring, see [5].

When dealing with the composition of linear transformations S, T it is
conventional to omit the symbol o and simply write ST. Eventually we will do
this, but for now we retain the symbol o.

The following lemma gives some further elementary properties of linear
transformations.

Lemma 1.10
Let V, W be vector spaces and T € L(V,W).
(a) T(0) = 0.

(b) If U is a linear subspace of V' then the set T'(U) is a linear subspace of W
and dimT'(U) < dim U (as either finite numbers or o).

(c¢) If U is a linear subspace of W then the set {x € V : T'(z) € U} is a linear
subspace of V.

We can now state some standard terminology.

Definition 1.11

Let V, W be vector spaces and T € L(V,W).

(a) The image of T (often known as the range of T') is the subspace ImT' =
T(V); the rank of T is the number r(T) = dim(Im T).
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(b) The kernelof T' (often known as the null-space of T') is the subspace Ker T' =
{z € V : T(z) = 0}; the nullity of T is the number n(7T") = dim(KerT').

The rank and nullity, »(7), n(T), may have the value co.

(¢) T has finite rank if r(T) is finite.

(d) T is one-to-one if, for any y € W, the equation T'(x) = y has at most one
solution x.

(e) T is onto if, for any y € W, the equation T'(z) = y has at least one
solution x.

(f) T is bijective if, for any y € W, the equation T'(x) = y has exactly one
solution z (that is, T" is both one-to-one and onto).

Lemma 1.12
Let V, W be vector spaces and T € L(V,W).

(a) T is one-to-one if and only if the equation T'(x) = 0 has only the solution
2 = 0. This is equivalent to Ker T' = {0} or n(T") = 0.

(b) T is onto if and only if ImT = W. If dim W is finite this is equivalent to
r(T) = dimW.

(¢) T € L(V,W) is bijective if and only if there exists a unique transformation
S € L(W, V) which is bijective and SoT = Iy and T oS = Iy.

If V' is k-dimensional then
n(T)+r(T) =k

(in particular, (T is necessarily finite, irrespective of whether W is finite-
dimensional). Hence, if W is also k-dimensional then T is bijective if and only
if n(T) = 0.

Related to the bijectivity, or otherwise, of a transformation 7" from a space
to itself we have the following definition, which will be extremely important
later.

Definition 1.13

Let V be a vector space and T € L(V). A scalar A € F is an eigenvalue of
T if the equation T(x) = Az has a non-zero solution x € V, and any such
non-zero solution is an eigenvector. The subspace Ker (T' — AI) C V is called
the eigenspace (corresponding to A) and the multiplicity of X is the number
my = n(T — ).
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Lemma 1.14

Let V be a vector space and let T € L(V). Let {\1,..., A\x} be a set of distinct
eigenvalues of 7', and for each 1 < j < k let x; be an eigenvector corresponding
to A;. Then the set {z1,..., 2} is linearly independent.

Linear transformations between finite-dimensional vector spaces are closely
related to matrices. For any integers m, n > 1, let M,,,,(F) denote the set of all
m X n matrices with entries in F. A typical element of M,,,, (F) will be written
as [a;;] (or [a;j]mn if it is necessary to emphasize the size of the matrix). Any
matrix C = [¢;;] € My, (F) induces a linear transformation T € L(F”, F™) as
follows: for any x € F”, let Tocx = y, where y € F™ is defined by

n
yi=Zcijxj, 1§z§m
j=1
Note that, if we were to regard x and y as column vectors then this trans-
formation corresponds to standard matrix multiplication. However, mainly for
notational purposes, it is generally convenient to regard elements of F¥ as row
vectors. This convention will always be used below, except when we specifically
wish to perform computations of matrices acting on vectors, and then it will
be convenient to use column vector notation.

On the other hand, if U and V are finite-dimensional vector spaces then a
linear transformation T' € L(U, V') can be represented in terms of a matrix. To
fix our notation we briefly review this representation (see Chapter 7 of [1] for
further details). Suppose that U is n-dimensional and V' is m-dimensional, with
bases u = {uy,...,u,} and v = {vq,...,v,,} respectively. Any vector a € U
can be represented in the form

n
a = E ajuj,
Jj=1

for a unique collection of scalars as, ..., a,. We define the column matrix
aq
A= 1 | € Mp(F).
Qp

The mapping a — A is a bijective linear transformation from U to My (F),
that is, there is a one-to-one correspondence between vectors a € U and column
matrices A € M1 (F). There is a similar correspondence between vectors b € V
and column matrices B € My, (F). Now, for any 1 < j < n, the vector Tu;

has the representation
m
TUj = E Tijvl‘,
i=1
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for appropriate (unique) scalars 7;;, ¢ =1,...,m, j =1,...,n. It follows from
this, by linearity, that for any a € U,

n m n
TazZoijuj ZZ(Z%‘]‘O@')U%
Jj=1

j=1 i=1  j=

and hence, letting My denote the matrix [7;;], the matrix representation B of
the vector b = T'a has the form

B =MrA

(using standard matrix multiplication here). We will write M$(T') = My for
the above matrix representation of T' with respect to the bases u, v (the nota-
tion emphasizes that the representation M3(T) depends on u and v as well as
on T'). This matrix representation has the following properties.

Theorem 1.15

(a) The mapping T'— M-R}(T) is a bijective linear transformation from L(U, V)
t0 Myn (F), that is, if S, T € L(U,V) and « € F, then

MHaT) = aMHT), MH}S+T)=MPHS)+ MHT).

(b T € L(U,V), S € L(V,W) (where W is [-dimensional, with basis w)
then (again using standard matrix multiplication here).

M (ST) = M (S) My (T)

When U = F" and V = F™, the above constructions of an operator from a
matrix and a matrix from an operator are consistent, in the following sense.

Lemma 1.16

Let u be the standard basis of F" and let v be the standard basis of F". Let
C € My, (F) and T € L(F",F™). Then,

(a) M}MTc) = C;

(b) Tg =T (where B = M(T)).

The above results show that although matrices and linear transformations
between finite-dimensional vector spaces are logically distinct concepts, there
is a close connection between them, and much of their theory is, in essence,
identical. This will be particularly apparent in Chapter 6.
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1.2 Metric Spaces

Metric spaces are an abstract setting in which to discuss basic analytical con-
cepts such as convergence of sequences and continuity of functions. The funda-
mental tool required for this is a distance function or “metric”. The following
definition lists the crucial properties of a distance function.

Definition 1.17

A metric on a set M is a function d : M x M — R with the following properties.
For all z, y, z € M,

(a) d(z,y) > 0;

(b) d(z,y) =0 < = =y;

(¢) d(z,y) = d(y,z);

(d) d(z,2) <d(z,y) +d(y,z) (the triangle inequality).

If d is a metric on M, then the pair (M, d) is called a metric space.

Any given set M can have more than one metric (unless it consists of a
single point). If it is clear what the metric is we often simply write “the metric
space M”, rather than “the metric space (M,d)”.

Example 1.18
For any integer k > 1, the function d : F* x F¥ — R defined by

k 1/2
= (Xlas—wl*) (1.2)
j=1

is a metric on the set F¥. This metric will be called the standard metric on
F* and, unless otherwise stated, F* will be regarded as a metric space with
this metric. An example of an alternative metric on F* is the function d; :
F* x F* — R defined by

k
Z |z —

Definition 1.19

Let (M, d) be a metric space and let N be a subset of M. Definedy : NxN — R
by dy(z,y) = d(x,y) for all z, y € N (that is, dy is the restriction of d to the
subset N). Then dy is a metric on N, called the metric induced on N by d.
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Whenever we consider subsets of metric spaces we will regard them as metric
spaces with the induced metric unless otherwise stated. Furthermore, we will
normally retain the original notation for the metric (that is, in the notation of
Definition 1.19, we will simply write d rather than dy for the induced metric).

The idea of a sequence should be familiar from elementary analysis courses.
Formally, a sequence in a set X is often defined to be a function s : N — X, see
[7]. Alternatively, a sequence in X can be regarded as an ordered list of elements
of X, written in the form (z1, z2,...), with z,, = s(n) for each n € N. The
function definition is logically precise, but the idea of an ordered list of elements
is often more helpful intuitively. For brevity, we will usually use the notation
{zn} for a sequence (or {x,}°2, if it is necessary to emphasize which variable is
indexing the sequence). Strictly speaking, this notation could lead to confusion
between a sequence {x,} (which has an ordering) and the corresponding set
{2y, : n € N} (which has no ordering) or the set consisting of the single element
Xy, but this is rarely a problem in practice. The notation (x,,) is also sometimes
used for sequences, but when we come to look at functions of sequences this
notation can make it seem that an individual element z,, is the argument of the
function, so this notation will not be used in this book. A subsequence of {x,,}
is a sequence of the form {z,(y}72,, where n(r) € N is a strictly increasing
function of r € N.

Example 1.20

Using the definition of a sequence as a function from N to F we see that the
space F(N,F) (see Definition 1.5) can be identified with the space consisting
of all sequences in F (compare this with Example 1.6).

A fundamental concept in analysis is the convergence of sequences. Conver-
gence of sequences in metric spaces will now be defined (we say that {x,} is a
sequence in a metric space (M, d) if it is a sequence in the set M).

Definition 1.21

A sequence {z,} in a metric space (M, d) converges to x € M (or the sequence
{zn} is convergent) if, for every e > 0, there exists N € N such that

d(z,x,) <e, foralln>N.

As usual, we write lim z, = z or =, — =. A sequence {z,} in (M,d) is a

n—oo

Cauchy sequence if, for every € > 0, there exists N € N such that

d(Xm, zy) <€, forall m, n> N.



1. Preliminaries 13

Note that, using the idea of convergence of a sequence of real numbers, the
above definitions are equivalent to

d(z,z,) — 0, asn — oo; d(xm,zn) — 0, asm, n — oo,

respectively.

Theorem 1.22

Suppose that {z,,} is a convergent sequence in a metric space (M, d). Then:
(a) the limit = lim x,, is unique;
n—o0
(b) any subsequence of {x,} also converges to z;
(¢) {zn} is a Cauchy sequence.

Various properties and classes of subsets of metric spaces can now be defined
in terms of the metric.

Definition 1.23

Let (M, d) be a metric space. For any € M and any number r > 0, the set
By(r)={y € M : d(z,y) <r}

will be called the open ball with centre x and radius r. If » = 1 the ball B, (1)
is said to be an open unit ball. The set {y € M : d(z,y) < r} will be called the
closed ball with centre x and radius r. If » = 1 this set will be called a closed
unit ball.

Definition 1.24

Let (M,d) be a metric space and let A C M.

(a) Ais bounded if there is a number b > 0 such that d(z,y) < bforallz, y € A.
(b) A is open if, for each point « € A, there is an € > 0 such that B,(e) C A.
(c) Ais closed if the set M \ A is open.
)

point & € M is a closure point of A if, for every € > 0, there is a poin

d) A point M i l it of A if, f 0, there i int
y € A with d(z,y) < e (equivalently, if there exists a sequence {y,} C A
such that y, — z).

(e) The closure of A, denoted by A or A~, is the set of all closure points of A.
(f) Ais dense (in M) if A= M.
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We will use both notations A or A~ for the closure of A; the notation A
is very common, but the notation A~ can be useful to avoid possible confu-
sion with complex conjugate or for denoting the closure of a set given by a
complicated formula.

Note that if x € A then z is, by definition, a closure point of A (in the
definition, put y = = for every € > 0), so A C A. It need not be true that
A = A, as we see in the following theorem.

Theorem 1.25

Let (M, d) be a metric space and let A C M.

(a) A is closed and is equal to the intersection of the collection of all closed
subsets of M which contain A (so A is the smallest closed set containing

A).
(b) A is closed if and only if A = A.

(c) Ais closed if and only if, whenever {z,,} is a sequence in A which converges
to an element x € M, then x € A.

(d) z € Aif and only if inf{d(z,y) : y € A} = 0.

(e) For any x € M and r > 0, the “open” and “closed” balls in Definition 1.23
are open and closed in the sense of Definition 1.24. Furthermore,

By(r) C{y € M : d(x,y) <r},

but these sets need not be equal in general (however, for most of the spaces
considered in this book these sets are equal, see Exercise 2.12).

(f) A is dense if and only if, for any element € M and any number € > 0,
there exists a point y € A with d(x,y) < e (equivalently, for any element
x € M there exists a sequence {y,} C A such that y,, — x).

Heuristically, part (f) of Theorem 1.25 says that a set A is dense in M if
any element x € M can be “approximated arbitrarily closely by elements of
A” . in the sense of the metric on M.

Recall that if (M,d) is a metric space and N C M, then (NV,d) is also a
metric space (Definition 1.19). Thus all the above concepts also make sense in
(N, d). However, it is important to be clear which of these spaces is being used
in any given context as the results may be different.
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Example 1.26

Let M = R, with the standard metric, and let N = (0,1] ¢ M. If A = (0,1)
then the closure of A in N is equal to N (so A is dense in N), but the closure
of Ain M is [0, 1].

In real analysis the idea of a “continuous function” can be defined in terms
of the standard metric on R, so the idea can also be extended to the general
metric space setting.

Definition 1.27
Let (M,dys) and (N, dy) be metric spaces and let f: M — N be a function.

(a) fis continuous at a point x € M if, for every ¢ > 0, there exists § > 0 such
that, for y € M,

dy(z,y) <6 = dn(f(2), f(y)) <e

(b) f is continuous (on M) if it is continuous at each point of M.

(¢) f is uniformly continuous (on M) if, for every ¢ > 0, there exists § > 0
such that, for all z, y € M,

dy(z,y) <6 = dy(f(z), f(y)) <e€
(that is, the number 0 can be chosen independently of z, y € M).

As in real analysis the idea of continuity is closely connected with sequences,
and also with open and closed sets.

Theorem 1.28

Suppose that (M,dyr), (N, dy), are metric spaces and that f : M — N. Then:

(a) fis continuous at x € M if and only if, for every sequence {x,,} in (M, dxs)
with z,, — z, the sequence {f(z,)} in (N, dy) satisfies f(z,) — f(x);

(b) f is continuous on M if and only if either of the following conditions holds:
(i) for any open set A C N, the set f~*(A) C M is open;

(ii) for any closed set A C N, the set f~1(A) C M is closed.
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Corollary 1.29

Suppose that (M,dyr), (N,dn), are metric spaces, A is a dense subset of M
and f, g : M — N are continuous functions with the property that f(z) = g(z)
for all x € A. Then f = g (that is, f(z) = g(x) for all x € M).

In many spaces the converse of part (c) of Theorem 1.22 also holds, that
is, any Cauchy sequence is convergent. This property is so useful that metric
spaces with this property have a special name.

Definition 1.30

A metric space (M,d) is complete if every Cauchy sequence in (M, d) is con-
vergent. A set A C M is complete (in (M,d)) if every Cauchy sequence lying
in A converges to an element of A.

Theorem 1.31

For each k > 1, the space F¥ with the standard metric is complete.

Unfortunately, not all metric spaces are complete. However, most of the
spaces that we consider in this book are complete (partly because most of the
important spaces are complete, partly because we choose to avoid incomplete
spaces). The following theorem is a deep result in metric space theory which
is used frequently in functional analysis. It is one of the reasons why complete
metric spaces are so important in functional analysis.

Theorem 1.32 (Baire's Category Theorem)

If (M,d) is a complete metric space and M = U;’;l Aj, where each A; C M,
j=1,2,...,is closed, then at least one of the sets A; contains an open ball.

The concept of compactness should be familiar from real analysis, and it
can also be extended to the metric space setting.

Definition 1.33

Let (M,d) be a metric space. A set A C M is compact if every sequence {x,,}
in A contains a subsequence that converges to an element of A. A set A C M
is relatively compact if the closure A is compact. If the set M itself is compact
then we say that (M, d) is a compact metric space.
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Remark 1.34

Compactness can also be defined in terms of ‘open coverings’, and this definition
is more appropriate in more general topological spaces, but in metric spaces
both definitions are equivalent, and the above sequential definition is the only
one that will be used in this book.

Theorem 1.35

Suppose that (M, d) is a metric space and A C M. Then:

a) if A is complete then it is closed;

(
1 1s complete then A is complete if and only if it 1s closed;
b) if M i 1 hen A i lete if and only if it is closed

)
)
(c) if A is compact then it is closed and bounded;

(d) (Bolzano—Weierstrass theorem) every closed, bounded subset of F¥ is com-
pact.

Compactness is a very powerful and useful property, but it is often difficult
to prove. Thus the above Bolzano—Weierstrass theorem, which gives a very
simple criterion for the compactness of a set in F*, is very useful.

Metric spaces consisting of sets of functions defined on other spaces are
extremely common in the study of functional analysis (in fact, such spaces
could almost be regarded as the defining characteristic of the subject, and the
inspiration for the term “functional analysis”). We now describe one of the
most important such constructions, involving continuous F-valued functions.

Theorem 1.36

Suppose that (M,d) is a compact metric space and f : M — F is continuous.
Then there exists a constant b > 0 such that |f(z)| < b for all x € M (we say
that f is bounded). In particular, if F = R then the numbers sup{f(z) : x € M}
and inf{f(x) : © € M}, exist and are finite. Furthermore, there exist points
xs, x; € M such that f(xs) =sup{f(x): 2z € M}, f(z;) =inf{f(z) : x € M}.

Definition 1.37

Let (M, d) be a compact metric space. The set of continuous functions f : M —
F will be denoted by Cr(M). We define a metric on Cp(M) by

d(f,9) = sup{|f(z) — g(x)| : € M}
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(it can easily be verified that for any f, g € Cr(M), the function |f — g is
continuous so d(f,g) is well-defined, by Theorem 1.36, and that d is a metric
on Cy(M)). This metric will be called the uniform metric and, unless otherwise
stated, Cr(M) will always be assumed to have this metric.

Notation

Most properties of the space Cr(M) hold equally well in both the real and
complex cases so, except where it is important to distinguish between these
cases, we will omit the subscript and simply write C(M). A similar convention
will be adopted below for other spaces with both real and complex versions.
Also, when M is a bounded interval [a,b] C R we write CJa, b].

Definition 1.38

Suppose that (M, d) is a compact metric space and { f,,} is a sequence in C(M),
and let f: M — T be a function.

(a) {fn} converges pointwise to f if | f,(z) — f(z)] — 0 for all z € M.

(b) {fn} converges uniformly to f if sup{|f.(z) — f(x)|: x € M} — 0.

Clearly, uniform convergence implies pointwise convergence, but not con-
versely. Also, uniform convergence implies that f € C(M), but this is not true
for pointwise convergence, see [3]. Thus uniform convergence provides a more
useful definition of convergence in C(M) than pointwise convergence, and in
fact uniform convergence corresponds to convergence with respect to the uni-
form metric on C(M) in Definition 1.37.

We now have the following crucial theorem concerning C'(M).

Theorem 1.39 (Theorem 3.45 in [3])

The metric space C'(M) is complete.

Now suppose that M is a compact subset of R. We denote the set of real-
valued polynomials by Pg. Any polynomial p € Pg can be regarded as a func-
tion p : M — R, simply by restricting the domain of p to M, so in this sense
Pr C Cr(M). The following theorem is a special case of Theorem 5.62 in [3]. Tt
will enable us to approximate general continuous functions on M by “simple”
functions (that is, polynomials).
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Theorem 1.40 (The Stone—Weierstrass Theorem)

For any compact set M C R, the set Pg is dense in Cg(M).

Another way of stating this result is that, if f is a real-valued, continuous
function on M, then there exists a sequence of polynomials {p,, } which converge
uniformly to f on the set M. The polynomials {p,} are, of course, defined on
the whole of R, but their behaviour outside the set M is irrelevant here.

General metric spaces can, in a sense, be very large and pathological. Our
final definitions in this section describe a concept that will be used below to
restrict the “size” of some of the spaces we encounter and avoid certain types
of “bad” behaviour (see, in particular, Section 3.4).

Definition 1.41

A set X is countable if it contains either a finite number of elements or infinitely
many elements and can be written in the form X = {z, : n € N}; in the latter
case X is said to be countably infinite.

A metric space (M, d) is separable if it contains a countable, dense subset.
The empty set is regarded as separable.

Heuristically, a countably infinite set is the same size as the set of positive
integers N, so it can be regarded as a “small” infinite set (see [7], or any book on
set theory, for a further discussion of this point). Also, the set X = {z,, : n € N}
in the above definition can be regarded as a sequence, in the obvious manner,
and in fact we will often construct countable sets in the form of a sequence
(usually by induction). Thus, in the above definition of separability, “countable
subset” may be replaced by “sequence”.

Example 1.42

The space R is separable since the set of rational numbers is countably infinite
(see [7]) and dense in R.

A separable space is one for which all its elements can be approximated
arbitrarily closely by elements of a “small” (countably infinite) set. In practice,
one would also hope that the elements of this approximating set have “nicer”
properties than general elements of the space. For instance, Theorem 1.40 shows
that general elements of the space Cg (M) can be approximated by polynomials.
Although the set Pg is not countable, we will deduce from this, in Section 3.5,
that the space Cr(M) is separable.
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Theorem 1.43

Suppose that (M, d) is a metric space and A C M.
(a) If A is compact then it is separable.

(b) If A is separable and B C A then B is separable.

1.3 Lebesgue Integration

In Definition 1.37 we introduced the uniform metric d on the space C|a, b], and
noted that the metric space (C|[a, b],d) is complete. However, there are other
useful metrics on Cla,b] which are defined by integrals. Let ff f(z) dz denote
the usual Riemann integral of a function f € Cla,b], as defined in elementary
real analysis courses (see, for instance, [2]). Then, for 1 < p < oo, the function
d, : Cla,b] x Cla,b] — R defined by

w0 = ([ 1 - goypar)”

is a metric on Cla,b]. Unfortunately, the metric space (C|a, b],d,) is not com-
plete. Since complete metric spaces are much more important than incom-
plete ones (for instance, Baire’s category theorem holds in complete metric
spaces), this situation is undesirable. Heuristically, the problem is that Cauchy
sequences in (Cla, b], d,) “converge” to functions which do not belong to C'la, b,
and may not be Riemann integrable. This is a weakness of the Riemann in-
tegral and the remedy is to replace the Riemann integral with the so-called
“Lebesgue integral” (the Riemann integral also suffers from other mathemati-
cal drawbacks, which are described in Section 1.2 of [4]). The Lebesgue integral
is a more powerful theory of integration which enables a wider class of func-
tions to be integrated. A very readable summary (without proofs) of the main
elements of this theory, as required for the study of functional analysis, is given
in Chapter 2 of [8], while the theory (with proofs) is described in detail in [4],
at a similar mathematical level to that of this book. There are of course many
other more advanced books on the subject.

Here we will give a very short summary of the results that will be required
in this book. For the reader who does not wish to embark on a prolonged study
of the theory of Lebesgue integration it will be sufficient to accept that an inte-
gration process exists which applies to a broad class of “Lebesgue integrable”
functions and has the properties described below, most of which are obvious
extensions of corresponding properties of the Riemann integral (see, in partic-
ular, Theorem 1.52 and the results following this theorem). The problem of the
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lack of completeness of the space (Cla,b],dp) (with 1 < p < o0) is resolved
by introducing the metric space LP[a, b] in Definition 1.54. This space contains
C'a, b] and has the same metric d,. Furthermore, Theorems 1.61 and 1.62 show
that C[a,b] is dense in LP[a,b] and that LP[a,b] is complete (in terms of ab-
stract metric space theory, LP[a,b] is said to be the “completion” of the space
(Cla,b],dp), but we will not use the concept of completion any further here).
In addition, the spaces /P, 1 < p < oo, introduced in Example 1.57 will be very
useful, but these spaces can be understood without any knowledge of Lebesgue
integration.

Fundamental to the theory of Lebesgue integration is the idea of the size
or “measure” of a set. For instance, for any bounded interval I = [a,b], a < b,
we say that I has length ¢(I) = b — a. To define the Lebesgue integral on R it
is necessary to be able to assign a “length” or “measure” to a much broader
class of sets than simply intervals. Unfortunately, in general it is not possible
to construct a useful definition of “measure” which applies to every subset of
R (there is a rather subtle set-theoretic point here which we will ignore, see [4]
for further discussion). Because of this it is necessary to restrict attention to
certain classes of subsets of R with useful properties. An obvious first step is to
define the “measure” of a finite union of disjoint intervals to be simply the sum
of their lengths. However, to define an integral which behaves well with regard
to taking limits, it is also desirable to be able to deal with countable unions of
sets and to be able to calculate their measure in terms of the measures of the
individual sets. Furthermore, in the general theory it is just as easy to replace
R with an abstract set X, and consider abstract measures on classes of subsets
of X. These considerations inspire Definitions 1.45 and 1.44 below.

Before giving these definitions we note that many sets must clearly be re-
garded as having infinite measure (e.g., R has infinite length). To deal with
this it is convenient to introduce the following extended sets of real numbers,
R=RU{~0o0, oo} and R = [0,00) U {oo}. The standard algebraic operations
are defined in the obvious manner (e.g., co+00 = 00), except that the products
0.00, 0.(—00) are defined to be zero, while the operations co — 0o and co/o00
are forbidden.

Definition 1.44

A o-algebra (also known as a o-field) is a class X' of subsets of a set X with
the properties:

(a) @, X € X;

(b)y SeX = X\SeX;
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(€) SneX,n=1,2,...,= [JS.eX

n=1

A set S € X is said to be measurable.

Definition 1.45

Let X be a set and let X be a g-algebra of subsets of X. A function p: X — R*
is a measure if it has the properties:

(a) u(?) =0;

(b) w1is countably additive, that is, if S; € X, j =1, 2, ..., are pairwise disjoint

sets then
o0

u( GSj ) ZZAL(SJ‘)-

The triple (X, X, 1) is called a measure space.

In many applications of measure theory, sets whose measure is zero are
regarded as “negligible” and it is useful to have some terminology for such sets.

Definition 1.46

Let (X,X,u) be a measure space. A set S € X with p(S) = 0 is said to
have measure zero (or is a null set). A given property P(x) of points x € X
is said to hold almost everywhere if the set {x : P(x) is false} has measure
zero; alternatively, the property P is said to hold for almost every x € X. The
abbreviation a.e. will denote either of these terms.

Example 1.47 (Counting Measure)

Let X = N, let X, be the class of all subsets of N and, for any S C N, define
1e(S) to be the number of elements of S. Then Y. is a o-algebra and p. is a
measure on X.. This measure is called counting measure on N. The only set of
measure zero in this measure space is the empty set.

Example 1.48 (Lebesgue Measure)

There is a g-algebra X, in R and a measure puy on X such that any finite
interval I = [a,b] € X and pup(I) = ¢(I). The sets of measure zero in this
space are exactly those sets A with the following property: for any € > 0 there
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exists a sequence of intervals I; C R, j =1, 2,..., such that
o0 o0
AcC UIj and ZE(Ij)<e.
j=1 j=1

This measure is called Lebesgue measure and the sets in X are said to be
Lebesgue measurable.

The above two properties of Lebesgue measure uniquely characterize this
measure space. There are other measures, for instance Borel measure, which
coincide with Lebesgue measure on intervals, but for which some sets with the
above “covering” property are not actually measurable. This distinction is a
rather technical feature of measure theory which will be unimportant here. It
is discussed in more detail in [4].

For any integer k > 1 there is a g-algebra X, in RF and Lebesgue measure
wr, on X which extends the idea of the area of a set when k£ = 2, the volume
when k = 3, and the “generalized volume” when k& > 4.

Now suppose that we have a fixed measure space (X, X, 1). In the following
sequence of definitions we describe the construction of the integral of appro-
priate functions f : X — R. Proofs and further details are given in Chapter 4
of [4].

For any subset A C X the characteristic function x4 : X — R of A is
defined by

1, ifxeA,
Xa(z) = { 0, if z & A.

A function ¢ : X — R is simple if it has the form

k
d) = Z Aj5XS;s
j=1

for some k € N, where a; € Rand S; € X, j = 1,...,k. If ¢ is non-negative
and simple then the integral of ¢ (over X, with respect to p) is defined to be

k
/ Gdp ="y a;u(S;)
X =

(we allow p(S;) = oo here, and we use the algebraic rules in R" mentioned
above to evaluate the right-hand side — since ¢ is non-negative we do not
encounter any differences of the form co — 0o). The value of the integral may
be co. A function f: X — R is said to be measurable if, for every o € R,

{zeX: f(z)>a}eX.
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If f is measurable then the functions |f| : X — R and f* : X — R, defined by

[fl(@) = 1f(2)],  f*(x) = max{£f(x), 0},

are measurable. If f is non-negative and measurable then the integral of f is
defined to be

/de,u:sup{/qud,u:qbissimpleandogqﬁgf}.

If f is measurable and fX |f]dp < oo then f is said to be integrable and the
integral of f is defined to be

/deu=/xf+du—/xf‘du

(it can be shown that if f is integrable then each of the terms on the right of
this definition are finite, so there is no problem with a difference such as co — oo
arising in this definition). A complex-valued function f is said to be integrable
if the real and imaginary parts Re f and Sm f (these functions are defined in
the obvious manner) are integrable and the integral of f is defined to be

/deu=/X?Refdu+i/X%mfdu.

Finally, suppose that S € X and f is a real or complex-valued function on S.
Extend f to a function f on X by defining f(z) =0 for z ¢ S. Then f is said
to be integrable (over S) if f is integrable (over X), and we define

/Sfdu=/xfdu-

The set of F-valued integrable functions on X will be denoted by L£i(X)
(or L(S) for functions on S € X). The reason for the superscript 1 will be
seen below. As we remarked when discussing the space C(M), except where it
is important to distinguish between the real and complex versions of a space,
we will omit the subscript indicating the type, so in this instance we simply
write £1(X). Also, when M is a compact interval [a, b] we write £![a, b]. Similar
notational conventions will be adopted for other spaces of integrable functions
below.

Example 1.49 (Counting Measure)

Suppose that (X, X, ) = (N, X, ue) (see Example 1.47). Any function f : N —
F can be regarded as an F-valued sequence {a,} (with a, = f(n), n > 1), and
since all subsets of N are measurable, every such sequence {a,} can be regarded
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as a measurable function. It follows from the above definitions that the sequence
{a,} is integrable (with respect to p.) if and only if Y >° | |a,| < oo, and then
the integral of {a,, } is simply the sum >, a,. Instead of the general notation
L' (N), the space of such sequences will be denoted by ¢! (or /4).

Definition 1.50 (Lebesgue integral)

Let (X, %, 1) = (R*, X1, up), for some k > 1. If f € LY(R¥) (or f € L£L1(9),
with S € X'1) then f is said to be Lebesgue integrable.

The class of Lebesgue integrable functions is much larger than the class of
Riemann integrable functions. However, when both integrals are defined they
agree.

Theorem 1.51

If I = [a,b] C R is a bounded interval and f : I — R is bounded and Riemann
integrable on I, then f is Lebesgue integrable on I, and the values of the two
integrals of f coincide. In particular, continuous functions on I are Lebesgue
integrable.

In view of Theorem 1.51 the Lebesgue integral of f on I = [a,b] will be

denoted by ,
/f(a:) dx or / f(zx)dx
1 a

(that is, the same notation is used for Riemann and Lebesgue integrals). It also

follows from Theorem 1.51 that, for Riemann integrable functions, Lebesgue

integration gives nothing new and the well-known methods for evaluating Rie-

mann integrals (based on the fundamental theorem of calculus) still apply.
We now list some of the basic properties of the integral.

Theorem 1.52
Let (X, X, 1) be a measure space and let f € £1(X).
(a) If f(z) =0 a.e., then f € LY(X) and [y fdu=0.

(b) If « € R and f, g € L1(X) then the functions f + g and af (see Defini-
tion 1.5) belong to £!(X) and

/I(f‘f'g)d/ﬁ:/xfdu-ﬁ-/xgd,u, /Iozfdu:a/xfd,u.

In particular, £(X) is a vector space.
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(¢) If f, g € LY(X) and f(z) < g(z) for all x € X, then [, fdu < [y gdpu.
If, in addition, f(z) < g(z) for all z € S, with u(S) > 0, then [, fdu <
Jx gdp.

It follows from part (a) of Theorem 1.52 that the values of f on sets of
measure zero do not affect the integral. In particular, bounds on f which hold
almost everywhere are often more appropriate than those which hold every-
where (especially since we allow measurable functions to take the value o).

Definition 1.53

Suppose that f is a measurable function and there exists a number b such that
f(z) < b a.e. Then we can define the essential supremum of f to be

ess sup f =inf{b: f(x) <bae.}.

It is a simple (but not completely trivial) consequence of this definition that
f(z) <ess sup f a.e. The essential infimum of f can be defined similarly.

A measurable function f is said to be essentially bounded if there exists a
number b such that |f(z)| < b a.e.

We would now like to define a metric on the space £!(X), and an obvious
candidate for this is the function

d(f.g) = /X \f - gl du,

for all f, g € LY(X). It follows from the properties of the integral in Theorem
1.52 that this function satisfies all the requirements for a metric except part (b)
of Definition 1.17. Unfortunately, there are functions f, g € £1(X) with f =g
a.e. but f # g (for any f € £L1(X) we can construct such a g simply by changing
the values of f on a set of measure zero), and so, by part (a) of Theorem 1.52,
di(f,g) = 0. Thus the function d; is not a metric on £!(X). To circumvent
this problem we will agree to “identify”, or regard as “equivalent”, any two
functions f, g which are a.e. equal. More precisely, we define an equivalence
relation = on £!(X) by

f=g < f(x)=g(x) forae ze€X

(precise details of this construction are given in Section 5.1 of [4]). This equiv-
alence relation partitions the set £'(X) into a space of equivalence classes,
which we will denote by L!(X). By defining addition and scalar multiplication
appropriately on these equivalence classes the space L'(X) becomes a vector
space, and it follows from Theorem 1.52 that f = ¢ if and only if d;(f,g) =0,
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and consequently the function d; yields a metric on the set L'(X). Thus from
now on we will use the space L!(X) rather than the space £!(X).

Strictly speaking, when using the space L!(X) one should distinguish be-
tween a function f € £!(X) and the corresponding equivalence class in L*(X)
consisting of all functions a.e. equal to f. However, this is cumbersome and,
in practice, is rarely done, so we will consistently talk about the “function”
f € L*(X), meaning some representative of the appropriate equivalence class.
We note, in particular, that if X = I is an interval of positive length in R,
then an equivalence class can contain at most one continuous function on I (it
need not contain any), and if it does then we will always take this as the repre-
sentative of the class. In particular, if I is compact then continuous functions
on I belong to the space L'(I) in this sense (since they are certainly Riemann
integrable on I).

We can now define some other spaces of integrable functions.

Definition 1.54

Define the spaces
LP(X) = {f : f is measurable and ([ |f[?du)"/" < o0}, 1<p < oo;
L>®(X) ={f: f is measurable and ess sup|f| < oo}.

We also define the corresponding sets LP(X) by identifying functions in £LP(X)
which are a.e. equal and considering the corresponding spaces of equivalence
classes (in practice, we again simply refer to representative functions of these
equivalence classes rather than the classes themselves).

When X is a bounded interval [a,b] C R and 1 < p < oo, we write LP[a, b].

The case p = 1 in Definition 1.54 coincides with the previous definitions.

Theorem 1.55 (Theorem 2.5.3 in [8])

Suppose that f and g are measurable functions. Then the following inequalities
hold (infinite values are allowed).
Minkowski’s inequality (for 1 < p < oo):

(e 1+ gl )" < (A1 din) " + ([ gl i) "
ess sup | f + g| < ess sup | f| + ess sup |g|.
Hélder’s inequality (for 1 <p < ocoand p~! +¢ 1 =1):
fic | £gldi < (e 1P i) " (f ol dn) ",
Jx [fgldp < ess sup|f| [ |9l dp.
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Corollary 1.56

Suppose that 1 < p < .

(a) LP(X) is a vector space (essentially, this follows from Minkowski’s inequal-
ity together with simple properties of the integral).

(b) The function

1
(Jxlf —gPd)?, 1<p<oo,
ess sup | f — gl, p= o0,

dp(fag) = {

is a metric on L?(X) (condition (b) in Definition 1.17 follows from prop-
erties (a) and (c) in Theorem 1.52, together with the construction of the
spaces LP(X), while Minkowski’s inequality shows that d, satisfies the tri-
angle inequality). This metric will be called the standard metric on LP(X)
and, unless otherwise stated, LP(X) will be assumed to have this metric.

Example 1.57 (Counting Measure)

Suppose that 1 < p < co. In the special case where (X, X, u) = (N, X, p.), the
space LP(N) consists of the set of sequences {a,} in F with the property that

oo

1/p
(Z|an|p) < o0, forl<p< oo,
n=1

sup{|a,| : n € N} < 00, for p=o0.

These spaces will be denoted by ¢7 (or £f). Note that since there are no sets
of measure zero in this measure space, there is no question of taking equiva-
lence classes here. By Corollary 1.56, the spaces ¢P are both vector spaces and
metric spaces. The standard metric on (P is defined analogously to the above
expressions in the obvious manner.

By using counting measure and letting 2 and y be sequences in F (or ele-
ments of F* for some k € N — in this case 2 and y can be regarded as sequences
with only a finite number of non-zero elements), we can obtain the following
important special case of Theorem 1.55.

Corollary 1.58

Minkowski’s inequality (for 1 < p < 00):

k 1/p k 1/p k 1/p
<Z|$j+yj|p) S(ZWHP) +(Z|yj|p) :
j=1 j=1 j=1
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Holder’s inequality (for 1 < p < oo and p~1 4+ ¢~ = 1):

k k

> lajysl < <Z|fj|p )W(éwﬂq )1/q.

j=1 j=1
Here, k and the values of the sums may be oco.

For future reference we specifically state the most important special case of
this result, namely Hélder’s inequality with p = ¢ = 2.

Corollary 1.59

k k 12 , F 1/2
Sl < (Xl ) (D wsl?)
j=1 j=1 j=1

Some particular elements of /# will now be defined, which will be extremely
useful below.

Definition 1.60
Let
¢1=(1,0,0,...), &2 =(0,1,0,...), ....

For any n € N the sequence ¢, € ¢P for all 1 < p < co.

The vectors €, in the infinite-dimensional space ¢P, introduced in Defini-
tion 1.60, bear some resemblance to the vectors €, in the finite-dimensional
space F*, introduced in Definition 1.3. However, although the collection of vec-
tors {€1,..., €} is a basis for F*, we must emphasize that at present we have
no concept of a basis for infinite-dimensional vector spaces so we cannot make
any analogous assertion regarding the collection {€,, : n € N}.

Finally, we can state the following two theorems. These will be crucial to
much of our use of the spaces discussed in this section.

Theorem 1.61 (Theorems 5.1, 5.5 in [4])

Suppose that 1 < p < co. Then the metric space LP(X) is complete. In partic-
ular, the sequence space ¢P is complete.
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Theorem 1.62 (Theorem 2.5.6 in [8])

Suppose that [a,b] is a bounded interval and 1 < p < co. Then the set Cla, b]
is dense in LP]a, b].

As discussed at the beginning of this section, these results show that the
space LP[a,b] is the “completion” of the metric space (Cla,b],d,) (see Sec-
tion 3.5 of [3] for more details on the completion of a metric space — we will not
use this concept further here since the above theorems will suffice for our needs).
Theorem 1.62 shows that the space LP[a,b] is “close to” the space (Cla, b],d,)
in the sense that if f € LP[a,b], then there exists a sequence of functions { f,,}
in Cla, b] which converges to f in the L?[a, b] metric. This is a relatively weak
type of convergence (but extremely useful). In particular, it does not imply
pointwise convergence (not even for a.e. = € [a, b]).
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Normed Spaces

2.1 Examples of Normed Spaces

When the vector spaces R?2 and R? are pictured in the usual way, we have
the idea of the length of a vector in R? or R? associated with each vector.
This is clearly a bonus which gives us a deeper understanding of these vector
spaces. When we turn to other (possibly infinite-dimensional) vector spaces,
we might hope to get more insight into these spaces if there is some way of
assigning something similar to the length of a vector for each vector in the
space. Accordingly we look for a set of axioms which is satisfied by the length
of a vector in R? and R3. This set of axioms will define the “norm” of a vector,
and throughout this book we will mainly consider normed vector spaces. In
this chapter we investigate the elementary properties of normed vector spaces.

Definition 2.1

(a) Let X be a vector space over F. A norm on X is a function || - || : X — R
such that for all z, y,€ X and a € F,

@) [zl = 0;

(ii) ||lz|| = 0 if and only if = = 0;
(iii) [Jaz|| = [af[|z[];

(iv) llz +yll < llzll + lyll.

31
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(b) A vector space X on which there is a norm is called a normed vector space
or just a normed space.

(¢) If X is a normed space, a unit vector in X is a vector x such that ||z| = 1.

As a motivation for looking at norms we implied that the length of a vector
in R? and R? satisfies the axioms of a norm. This will be verified in Example 2.2,
but we note at this point that property (iv) of Definition 2.1 is often called the
triangle inequality since, in R?, it is simply the fact that the length of one side
of a triangle is less than or equal to the sum of the lengths of the other two
sides.

Example 2.2
The function || - || : F* — R defined by

(z1,. .., 2.)|| = (im]lg )%

is a norm on F” called the standard norm on F™.

We will not give the solution to Example 2.2 as we generalize this example
in Example 2.3. As F" is perhaps the easiest normed space to visualize, when
any new properties of normed vector spaces are introduced later, it can be
useful to try to see what they mean first in the space F” even though this is
finite-dimensional.

Example 2.3

Let X be a finite-dimensional vector space over F with basis {e1,ea,...,e,}.
Any z € X can be written as x = Z?Zl Aje; for unique A1, Ao, ..., A, € F.
Then the function || - || : X — R defined by

Joll = ()
j=1

is a norm on X.

Solution
Let 2 =3 7 Ajej and y = 377, pije; and let a € F. Then ax = 37| adje;
and the following results verify that || - || is a norm.

0 el = (S ) =0
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1
(ii) If = 0 then ||z|| = 0. Conversely, if ||| = 0 then ( > e IA;]2 )2 =0 so
that A; =0 for 1 < j < n. Hence z = 0.

(i) ol = ( )i lanil? )" =lal (i M)
(iv) By Corollary 1.59,

-

2
= laf|lz]].

n
= + yl? =Z|/\j + 57
=S INP DN DN Y Il
j=1 j=1 j=1 j=1
= Z:|)\j|2 +22§Re()\7jﬂj) +Z|Mj|2
< ZI/\ 2 +2Z\>\ 11451 +Z|M;|2

<Z|A |2+2(Z|A 2 (imjl ) Sl

Jj=1
= Hﬂvll2 + 2||93||||y\| +lyl?

= (llzll + [y 1)>.

Hence [z +y|| < [lz]| + [lyll. 0

Many interesting normed vector spaces are not finite-dimensional.

Example 2.4

Let M be a compact metric space and let Cr(M) be the vector space of contin-
uous, F-valued functions defined on M. Then the function || - || : Cp(M) — R
defined by

If1l = sup{[f(2)] : = € M}

is a norm on Cg(M) called the standard norm on Cy(M).

Solution
Let f, g € Cp(M) and let o € F.

(i) 171 = sup{|f(z)] : 2 € M} > 0.

(if) If f is the zero function then f(z) = 0 for all x € M and hence ||f|| =
sup{|f(z)| : = € M} = 0. Conversely, if ||f|| = 0 then sup{|f(z)| : z €
M} =0 and so f(z) =0 for all x € M. Hence f is the zero function.
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(ii)) [laf|| = sup{|af (2)] : © € M} = |afsup{|f ()| : © € M} = |a][|f].
(iv) If y € M then

[(F+ )W < 1F W)+ 19| < [1£] + llgll;

and so [|f + gl = sup{|(f + 9)(z)[ : & € M} <[[f]| + llg]- 0

In the next example we show that some of the vector spaces of integrable
functions defined in Chapter 1 have norms. We recall that if (X, X, p) is a
measure space and 1 < p < oo, then the space LP(X) was introduced in
Definition 1.54.

Example 2.5
Let (X, X, 1) be a measure space.

1/p
(a) If 1 < p < oo then || f|, = ( Jx |f|pdu> is a norm on LP(X) called the
standard norm on LP(X).

(b) |1 flloc = esssup{|f(x)| : x € X} is a norm on L*>°(X) called the standard
norm on L= (X).

Solution

(a) Let f,g € LP(X) and let o € F. Then |/f||, > 0 and || f||, = 0 if and
only if f = 0 a.e (which is the equivalence class of the zero function) by
Theorem 1.52. Also,

lafl, = / afrdn )" = o / )" = Lol £l

and the triangle inequality follows from Theorem 1.55.

(b) Let f,g € L*°(X) and let & € F. Then || f|lcc > 0 and || f||coc = 0 if and only
if f =0 a.e (which is the equivalence class of the zero function). If & = 0
then |laf|loo = |a|||f]lco SO suppose that a # 0. As |af(z)| < |a|||f|l a-e.
it follows that

laflloo < [l flloo-
Applying the same argument to a~!f it follows that
1flleo = lla™ aflloo < a7 llaflloo < la™Hlalll flloo = [IFlloo-

Therefore ||af]|oc = |&|||f|lco- Finally, the triangle inequality follows from
Theorem 1.55. O
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Specific notation was introduced in Chapter 1 for the case of counting mea-
sure on N. Recall that 7 is the vector space of all sequences {z,} in F such
that Y0 | |z,|P < oo for 1 < p < oo and £ is the vector space of all bounded
sequences in F. Therefore, if we take counting measure on N in Example 2.5
we deduce that (P for 1 < p < oo and ¢°° are normed spaces. For completeness
we define the norms on these spaces in Example 2.6.

Example 2.6

1
(a) If 1 < p < oo then |[{z,}|, = ( Sy |anlP ) " is a norm on £ called the

standard norm on (P,

(b) {zn}oo = sup{|zn| : n € N} is a norm on £*° called the standard norm
on (.

In future, if we write down any of the spaces in Examples 2.2, 2.4, 2.5
and 2.6 without explicitly mentioning a norm it will be assumed that the norm
on the space is the standard norm.

Given one normed space it is possible to construct many more. The solution
to Example 2.7 is so easy it is omitted.

Example 2.7
Let X be a vector space with a norm || - || and let S be a linear subspace of X.
Let || - ||s be the restriction of || - || to S. Then || - ||s is a norm on S.

The solution of Example 2.8 is only slightly harder than that of Example 2.7
so it is left as an exercise.

Example 2.8

Let X and Y be vector spaces over F and let Z = X x Y be the Cartesian
product of X and Y. This is a vector space by Definition 1.4. If || - ||; is a norm
on X and || - ||2 is a norm on Y then ||(z,y)|| = ||z|l1 + ||y||2 defines a norm
on Z.

As we see from the above examples there are many different normed spaces
and this partly explains why the study of normed spaces is important. Since the
norm of a vector is a generalization of the length of a vector in R? it is perhaps
not surprising that each normed space is a metric space in a very natural way.
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Lemma 2.9

Let X be a vector space with norm || - ||. If d : X x X — R is defined by
d(z,y) = ||z — y|| then (X,d) is a metric space.

Proof

Let =, y, z € X. Using the properties of the norm we see that:

(a) d(z,y) = [lz —yll = 0;

(b) d(z,y) =0 <= |lz—y|| =0 <= 2—-y=0 <= z=1y;

) d(z,y)
(©) d(z,y) = [l =yl = I(=1)(y = 2)| = [(=Dllly = =[| = lly — z[| = d(y, z);
) d(z,2)

(d) d(z,2) = |lz —z| = (z —y) + (y = )| < [z =yl + [[(y = 2)l

=d(z,y) +d(y,2).
Hence d satisfies the axioms for a metric. O
Notation

If X is a vector space with norm || - || and d is the metric defined by d(z,y) =
lz — y|| then d is called the metric associated with || - ||.

Whenever we use a metric or a metric space concept, for example, conver-
gence, continuity or completeness, in a normed space then we will always use
the metric associated with the norm even if this is not explicitly stated. The
metrics associated with the standard norms are already familiar.

Example 2.10

The metrics associated with the standard norms on the following spaces are
the standard metrics.

(a) F™;
(b) Cp(M) where M is a compact metric space;
(c) LP
(d) L

(X) for 1 < p < oo where (X, X, ) is a measure space;

(X)) where (X, X, u) is a measure space.

Solution
(a) If x,y € F" then

da) = o=yl = (Sl =il )7

j=1

N
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and so d is the standard metric on F”.

(b) If f,g € Cr(M) then

d(f,9) = IIf — gll = sup{[f(2) — g(z)| : x € M},
and so d is the standard metric on Cy(M).

(¢) If f,g € LP(X) then

atg.0) ==l = ([ 17-gpan)”.

and so d is the standard metric on LP(X).

(d) If f,g € L°°(X) then

d(f,9) = |If — gll = esssup{|f(z) — g(z)| : 2 € X},
and so d is the standard metric on L>®(X). O
Using counting measure on N it follows that the metrics associated with
the standard norms on the ¢ and ¢°° are also the standard metrics on these
spaces.

We conclude this section with some basic information about convergence of
sequences in normed vector spaces.

Theorem 2.11

Let X be a vector space over F with norm ||-||. Let {z,,} and {y,} be sequences
in X which converge to z,y in X respectively and let {«,} be a sequence in F
which converges to « in F. Then:

(@) [zl =Tyl <l =yl;

(b) tim [la]| = 2]
n—oo

)
(¢) lim (xp, +yn) =+ y;
(d)

lim a,x, = ax.
n—oo

Proof
(a) By the triangle inequality, ||z| = ||(z — y) + y|| < ||z — y|| + ||y|| and so

2zl = llyll < llz = yll.
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Interchanging 2 and y we obtain ||y|| —||z|| < |ly—z|. However, as ||z —y| =
[(=1)(y — 2)[| = |ly — || we have

—llz =yl < ll=ll = llyll < [l =yl

Hence |[[z]| = [lyll| < |z = yl|

(b) Since lim z, = z and ||z|| — ||z.]|] < ||lx — 2z, for all n € N, it follows
that lim ||z, | = ||z||.

(¢) Since lim z, =z, lim y, =y and
n—oo

n—oo

[(@n +yn) = (@ + Y| = l(@n —2) + (Yn = YI < Ml2n — 2l + [lyn — Yl

for all n € N, it follows that lim (z, +y,) =2 +v.

n—oo

ince oy, ¢ 18 convergent it is bounded, so there exists > 0 such that
d) Si i it is bounded h ists K >0 h th
|an| < K for all n € N. Also,

Hanxn —azx|| = ||O‘n(xn —z) + (an — O‘)xH
< lanlllzn — 2| + an — af||z]|
< Klzy — 2| + |on — o[z

for all n € N. Hence lim a2, = azx. a
n—oo

A different way of stating the results in Theorem 2.11 parts (b), (c) and (d)
is that the norm, addition and scalar multiplication are continuous functions,
as can be seen using the sequential characterization of continuity.

EXERCISES

2.1 Give the solution of Example 2.8.

2.2 Let S be any non-empty set and let X be a normed space over F. Let
F,(S, X) be the linear subspace of F(S, X) of all functions f : S — X
such that {||f(s)|| : s € S} is bounded. Show that F,(S, X) has a
norm defined by

£l = sup{[[f(s)[| : s € S}

2.3 For each n € N let f,, : [0,1] — R be defined by f,(x) = z™. Find
the norm of f,, in the following cases:

(a) in the normed space Cr([0,1]);
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(b) in the normed space L0, 1].

2.4 Let X be a normed linear space. If z € X\ {0} and r > 0, find « € R
such that ||az| = 7.

2.5 Let X be a vector space with norm || -||; and let Y be a vector space
with norm || - ||2. Let Z = X x Y have norm given in Example 2.8.
Let {(xn,yn)} be a sequence in Z.

(a) Show that {(xy,y,)} converges to (z,y) in Z if and only if {z,}
converges to x in X and {y,} converges in y in Y.

(b) Show that {(zn,¥,)} is Cauchy in Z if and only if {x,,} is Cauchy
in X and {y,} is Cauchy in Y.

2.2 Finite-dimensional Normed Spaces

The simplest vector spaces to study are the finite-dimensional ones, so a natural
place to start our study of normed spaces is with finite-dimensional normed
spaces. We have already seen in Example 2.3 that each finite-dimensional space
has a norm, but this norm depends on the choice of basis. This suggests that
there can be many different norms on each finite-dimensional space. Even in
R? we have already seen that there are at least two norms:

(a) the standard norm defined in Example 2.2;
(b) the norm ||(z,y)|| = |z| + |y|, defined in Example 2.8.

To show how different these two norms are it is instructive to sketch the set
{(z,y) € R? : ||(z,y)|| = 1} for each norm, which will be done in Exercise 2.7.
However, even when we have two norms on a vector space, if these norms are
not too dissimilar, it is possible that the metric space properties of the space
could be the same for both norms. A more precise statement of what is meant
by being “not too dissimilar” is given in Definition 2.12.

Definition 2.12

Let X be a vector space and let || -||; and || - ||2 be two norms on X. The norm
Il - |l2 is equivalent to the norm || - ||; if there exists M, m > 0 such that for all
reX

mllz|y < lzlls < Mz

In view of the terminology used, it should not be a surprise that this defines
an equivalence relation on the set of all norms on X, as we now show.
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Lemma 2.13

Let X be a vector space and let || - ||1, || - |2 and || - ||3 be three norms on X.
Let || - |2 be equivalent to || - ||; and let || - |3 be equivalent to || - ||2.

(a) |- |l1 is equivalent to || - ||2.

(b) |l - |3 is equivalent to || - ||1-

Proof

By the hypothesis, there exists M, m > 0 such that m|z|; < ||z]2 < M||z|:
for all z € X and there exists K,k > 0 such that k|jz||2 < ||z]|s < K||z||2 for
all z € X. Hence:

1 1
(a) MHng < |lz]|l1 < —||z||2 for all z € X and so || - ||1 is equivalent to || - ||2;
m

(b) kmljz|: < ||z|s < KM||z||; for all z € X and so || - ||3 is equivalent to
[RFE o

We now show that in a vector space with two equivalent norms the metric
space properties are the same for both norms.

Lemma 2.14

Let X be a vector space and let || - || and || - ||; be norms on X. Let d and d;
be the metrics defined by d(z,y) = ||z — y|| and di(x,y) = ||z — y||1. Suppose
that there exists K > 0 such that ||z| < K||z|; for all z € X. Let {z,} be a
sequence in X.

(a) If {x,} converges to x in the metric space (X,d;) then {x,} converges to
x in the metric space (X, d).

(b) If {z,} is Cauchy in the metric space (X,d;) then {z,} is Cauchy in the
metric space (X, d).

Proof

(a) Let € > 0. There exists N € N such that |z, — z|; < % when n > N.
Hence, when n > N,

|lzn — || < K|l — |1 <e.
Therefore {x,} converges to z in the metric space (X, d).

(b) As this proof is similar to part (a), it is left as an exercise. O
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Corollary 2.15

Let X be a vector space and let || - || and || - ||; be equivalent norms on X. Let
d and dy be the metrics defined by d(z,y) = || — y|| and dy(z,y) = ||z — y]1.
Let {z,} be a sequence in X.

(a) {x,} converges to z in the metric space (X, d) if and only if {z,,} converges
to z in the metric space (X, dy).

(b) {zy} is Cauchy in the metric space (X, d) if and only if {x,} is Cauchy in
the metric space (X, dy).

(¢) (X,d) is complete if and only if (X, d;) is complete.

Proof

As ||+ | and || - |1 are equivalent norms on X there exists M, m > 0 such that
m|z| < ||z]l1 < M||z| for all z € X.

(a) As ||z||; < M||z|| for all z € X, if {z,,} converges to x in the metric space
(X,d), then {x, } converges to z in the metric space (X, dy) by Lemma 2.14.

1
Conversely, as ||z|| < —||z|]1 for all € X, if {z,} converges to x in the

metric space (X, d;), then {z,} converges to x in the metric space (X, d)
by Lemma 2.14.

(b) As in Lemma 2.14, this proof is similar to part (a) so is again left as an
exercise.

(¢) Suppose that (X, d) is complete and let {x,} be a Cauchy sequence in the
metric space (X,d;). Then {z,} is Cauchy in the metric space (X,d) by
part (b) and hence {z,,} converges to some point z in the metric space
(X,d), since (X,d) is complete. Thus {x,} converges to x in the metric
space (X, dy) by part (a) and so (X,d;) is complete. The converse is true
by symmetry. ]

If X is a vector space with two equivalent norms || - || and || - ||; and z € X
it is likely that ||z|| # ||«||1. However, by Corollary 2.15, as far as many metric
space properties are concerned it does not matter whether we consider one
norm or the other. This is important as sometimes one of the norms is easier
to work with than the other.

If X is a finite-dimensional space then we know from Example 2.3 that X
has at least one norm. We now show that any other norm on X is equivalent to
this norm, and hence derive many metric space properties of finite-dimensional
normed vector spaces.
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Theorem 2.16

Let X be a finite-dimensional vector space with norm ||-|| and let {e1, ez, ..., e,}
be a basis for X. Another norm on X was defined in Example 2.3 by

S velh= (S e) 2.)

The norms || - || and || - ||; are equivalent.

SIS

Proof

Let M = (2?21 lle;]1? )5. Then M > 0 as {ej,ea,...,e,} is a basis for X.
Also N N
1> Nesll < D lAvesl
j=1 j=1

= Mllles
=1

J

< (X wk)* (Lheott)’

j=1
n

= MY Ajejlh.
j=1

Now let f: F® — F be defined by
FOG - A) = 11D Mgl
j=1

The function f is continuous with respect to the standard metric on F” by
Theorem 2.11. Now if

n

S={(A1, A2, ) €F D NP =1},

j=1
then S is compact, so there exists (p1,p2,...,4n) € S such that m =
flpa,pa, oy pn) < f(A1, Ag, ..., Ay) for all (A1, Ag, .., Ay) €S.
If m = 0 then || }°7_, pje;ll = 050 37 pje; = 0 which contradicts the
fact that {ej,es,...,e,} is a basis for X. Hence m > 0. Moreover, by the
definition of || - ||1, if ||z||s = 1 then ||z|| > m. Therefore, if y € X \ {0}, since

It
1yllx 11y

= 1, we must have > m and so

Yy

1yllx
lyll = mllylx-

As ||yl = m||ly|lx when y = 0 it follows that || - || and || - |1 are equivalent. O
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Corollary 2.17

If |- || and || - ||2 are any two norms on a finite-dimensional vector space X then
they are equivalent.

Proof

Let {e1,€2,...,e,} be a basis for X and let || - |1 be the norm on X defined by
(2.1). Then both || - || and || - |2 are equivalent to || - ||1, by Theorem 2.16 and
so || - ||z is equivalent to || - ||, by Lemma 2.13. O

Now that we have shown that all norms on a finite-dimensional space are
equivalent we can obtain the metric space properties of the metric associated
with any norm simply by considering one particular norm.

Lemma 2.18

Let X be a finite-dimensional vector space over F and let {e1,ea,...,e,} be a
basis for X. If || - || : X — R is the norm on X defined by (2.1) then X is a
complete metric space.

Proof

Let {x,,} be a Cauchy sequence in X and let ¢ > 0. Each element of the
sequence can be written as x,, = Z?:l Ajme; for some \; ., € F. As {z,,} is
Cauchy there exists N € N such that when k,m > N,

n
> ik = Ajml® = ok — 2w < €
j=1

Hence |\jr —Ajm|? < € for k,m > N and 1 < j < n. Thus {);,,} is a Cauchy
sequence in F for 1 < j < n and since F is complete there exists A; € F such
that lim A;,, = A;j. Therefore there exists N; € N such that when m > N;

m— oo
2

€
Nim — N2 < —.
At

Let Ny = max(Ny, No,...N,) and let x = Z?Zl Aje;. Then when m > Ny,
2 - 2 — ¢ 2
e =l = 3" Pim = NP <3S =
i=1 =1

Hence {z,,} converges to x so X is complete. O
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Corollary 2.19

If || -|| is any norm on a finite-dimensional space X then X is a complete metric
space.

Proof

Let {e1,€e2,...,e,} be a basis for X and let ||-|]; : X — R be a second norm on
X defined by (2.1). The norms || - || and || - |1 are equivalent by Corollary 2.17
and X with norm || - ||; is complete by Lemma 2.18. Hence X with norm | - ||
is also complete by Corollary 2.15. O

Corollary 2.20

If Y is a finite-dimensional subspace of a normed vector space X, then Y is
closed.

Proof

The space Y is itself a normed vector space and so it is a complete metric space
by Corollary 2.19. Hence Y is closed since any complete subset of a metric space
X is closed. O

These results show that the metric space properties of all finite-dimensional
normed spaces are similar to those of F™. However, each norm on a finite-
dimensional space will give different normed space properties. At the start of
this section we gave a geometrical example to illustrate this. A different example
of this is the difficulty in getting a good estimate of the smallest possible range
we can take for [m, M] in Corollary 2.17.

EXERCISES

2.6 Let P be the (infinite dimensional) vector space of polynomials de-
fined on [0, 1]. Since P is a linear subspace of Cy([0, 1]) it has a norm
Ilplli = sup{|p(z)| : = € [0,1]}, and since P is a linear subspace of
L'[0,1] it has another norm ||p||2 = fol |p(z)| dz. Show that ||-||; and
I - ||z are not equivalent on P.

2.7 Sketch the set {(z,y) € R?: ||(z,y)|| = 1} when:

(a) || - | is the standard norm on R? given in Example 2.2;
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(b) [z, »)ll = || + [yl.
2.8 Prove Lemma 2.14(b).
2.9 Prove Corollary 2.15(b).

2.3 Banach Spaces

When we turn to an infinite-dimensional vector space X we saw in Exercise 2.6,
for example, that there may be two norms on X which are not equivalent.
Therefore many of the methods used in the previous section do not extend to
infinite-dimensional vector spaces and so we might expect that many of these
results are no longer true. For example, every finite-dimensional linear subspace
of a normed vector space is closed, by Corollary 2.20. This is not true for all
infinite-dimensional linear subspaces of normed spaces as we now see.

Example 2.21

Let
S = {{xn} € £°° : there exists N € N such that z,, =0 for n > N},

so that S is the linear subspace of ¢*° consisting of sequences having only
finitely many non-zero terms. Then S is not closed.

Solution

11 11 1
If z = (1,5,5,...) then x € ¢\ S. Let z,, = (1,5,5,...,5,0,0,...).
Then z,, € S and

1 1 1
—Tp| = 0,0,...,0,7,7,...) = .

o —zall = I ( e )=
Hence lim ||z — x,|| = 0 and so lim z,, = z. Therefore z € S\ S and thus S
is not closed. O

We will see below that closed linear subspaces are more important than
linear subspaces which are not closed. Thus, if a given linear subspace S is not
closed it will often be advantageous to consider its closure S instead (recall
that for any subset A of a metric space, A C A and A = A if and only if A is
closed). However, we must first show that the closure of a linear subspace of a
normed vector space is also a linear subspace.
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Lemma 2.22

If X is a normed vector space and S is a linear subspace of X then S is a linear
subspace of X.

Proof

We use the subspace test. Let x, y € S and let a € F. Since z, y € S there are
sequences {z,} and {y,} in S such that

r= limz,, y= limy,.

n—0o0 n—oo

Since S is a linear subspace z,, +y, € S for alln € N | so

r+y= lim (x, +yn) €S.
Similarly ax, € S for all n € N | so

ar = lim az, € S.

n—oo
Hence S is a linear subspace. 0O
Suppose that X is a normed vector space and let E be any non-empty
subset of X. We recall from Definition 1.3 that the span of E is the set of all
linear combinations of elements of E or equivalently the intersection of all linear

subspaces containing E. Since X is a closed linear subspace of X containing F
we can form a similar intersection with closed linear subspaces.

Definition 2.23

Let X be a normed vector space and let E be any non-empty subset of X. The
closed linear span of E, denoted by Sp E, is the intersection of all the closed
linear subspaces of X which contain E.

The notation used for the closed linear span of E suggests that there is a
link between Sp E and Sp E. This link is clarified in Lemma 2.24.

Lemma 2.24
Let X be a normed space and let F be any non-empty subset of X.
(a) Sp E is a closed linear subspace of X which contains E.

(b) Sp E = Sp E, that is, Sp E is the closure of Sp E.
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Proof

(a) As the intersection of any family of closed sets is closed, Sp E is closed,
and as the intersection of any family of linear subspaces is a linear subspace
Sp E is a linear subspace. Hence Sp E is a closed linear subspace of X which
contains F.

(b) Since Sp E is a closed linear subspace containing £, we have Sp E C Sp E.
On the other hand, Sp E is a linear subspace of X containing F, so Sp E C
Sp E. Since Sp E is closed, Sp E C Sp E. Therefore SpE = Sp E. O

The usual way to find SpE is to find SpE, then SpE and then use
Lemma 2.24.

The importance of closed linear subspaces is illustrated in Theorem 2.25.
If the word “closed” is omitted from the statement of this theorem the result
need not be true.

Theorem 2.25 (Riesz' Lemma)

Suppose that X is a normed vector space, Y is a closed linear subspace of X
such that Y # X and « is a real number such that 0 < a < 1. Then there
exists x, € X such that |[z,]| =1 and ||z, —y|| > a forally € Y.

Proof

AsY # X there is a point 2 € X \ Y. Also, since Y is a closed set,
d=inf{|lz —z||:2€Y} >0,

by part (d) of Theorem 1.25. Thus d < da~! since 0 < o < 1, so that there

exists z € Y such that ||z — z|| < da™'. Let 2, = ﬁ Then ||z.| =1 and
r—z

foranyy €Y,

x—z

lza =yl = || T—27 — ¥
I = 2|
‘ Tz ||~TZ||yH
le =z flz ==l -z

1
= Mllx —(z+ [lz ==yl

> (ad—Y)d
=a

as z+ ||z — z||y € Y, since Y is a linear subspace. O
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Theorem 2.26

If X is an infinite-dimensional normed vector space then neither D = {z € X :
lz|| <1} nor K = {z € X : ||z|| = 1} is compact.

Proof

Let 1 € K. Then, as X is not finite-dimensional, Sp{z;} # X and as Sp{z1} is
finite-dimensional, Sp{z1} is closed by Corollary 2.20. Hence, by Riesz’ lemma,
there exists xo € K such that

|72 — az| >

> w

for all o € F. Similarly Sp{z1,z2} # X and as Sp{x1,z2} is finite-dimensional
Sp{z1,z2} is closed. Hence, by Riesz’ lemma, there exists x3 € K such that

=~ w

23 — axy — Baa|l >

for all a, B € F.

Continuing this way we obtain a sequence {z,,} in K such that ||z, — | >
3/4 when n # m. This cannot have a convergent subsequence, so neither D nor
K is compact. a

Compactness can be a very useful metric space property as we saw for ex-
ample in the proof of Theorem 2.16. We recall that in any finite-dimensional
normed space any closed bounded set is compact, but unfortunately there are
not as many compact sets in infinite-dimensional normed spaces as there are
in finite-dimensional spaces by Theorem 2.26. This is a major difference be-
tween the metric space structure of finite-dimensional and infinite-dimensional
normed spaces. Therefore the deeper results in normed spaces will likely only
occur in those spaces which are complete.

Definition 2.27

A Banach space is a normed vector space which is complete under the metric
associated with the norm.

Fortunately, many of our examples of normed vector spaces are Banach
spaces. It is convenient to list all of these together in one theorem even though
many of the details have been given previously.
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Theorem 2.28

Any finite-dimensional normed vector space is a Banach space.
If X is a compact metric space then Cy(X) is a Banach space.

)
)
(c) If (X, X, ) is a measure space then LP(X) is a Banach space for 1 < p < co.
) ¢P is a Banach space for 1 < p < 0.

)

If X is a Banach space and Y is a linear subspace of X then Y is a Banach
space if and only if Y is closed in X.

This is given in Corollary 2.19.

This is given in Theorem 1.39.

)

)

) This is given in Theorem 1.61.

) This is a special case of part (c) by taking counting measure on N.
)

Y is a normed linear subspace from Example 2.7 and Y is a Banach space
if and only if it is complete. However, a subset of a complete metric space
is complete if and only if it is closed by Theorem 1.35. Hence Y is a Banach
space if and only if Y is closed in X. a

To give a small demonstration of the importance that completeness will
play in the rest of this book, we conclude this chapter with an analogue of the
absolute convergence test for series which is valid for Banach spaces. To state
this, we first need the definition of convergence of a series in a normed space.

Definition 2.29

Let X be a normed space and let {z} be a sequence in X. For each positive
integer n let s, = ZZ=1 x be the nth partial sum of the sequence. The series
> ez is said to converge if lim s, exists in X and, if so, we define

n—oo

o0

E rp = lim s,.
n—oo

k=1

Theorem 2.30

Let X be a Banach space and let {z,} be a sequence in X. If the series
> e llzk|| converges then the series - | z converges.
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Proof

Let ¢ > 0 and let s, = 22‘21 x) be the nth partial sum of the sequence. As
> ney llzk]| converges the partial sums of Y ;- | ||zx|| form a Cauchy sequence
so there exists N € Nsuch that Y;" . [[zx]| < e whenm >n > N. Therefore,
by the triangle inequality, when m >n > N

m
Ism = sull < Y Jlall <e.

k=n+1

Hence {s,} is a Cauchy sequence and so converges as X is complete. Thus
oo
Y heq T} converges. ]

EXERCISES

2.10 If
S = {{zn} € ?: 3N € N such that z,, = 0 for n > N},

so that S is a linear subspace of £? consisting of sequences having
only finitely many non-zero terms, show that S is not closed.

2.11 Let X be a normed space, let x € X \ {0} and let Y be a linear
subspace of X.

(a) If there is n > 0 such that {y € X : |ly|| < n} C Y, show that
T

U
€Y.
2|

(b) If Y is open, show that ¥ = X.

2.12 Let X be a normed linear space and, for any x € X and r > 0, let
T={yeX:|ly—z|<rtand S={ye X :|y—z| <r}
(a) Show that T is closed.
(b) If z € T and 2, = (r —n~ 1)z, for n € N, show that llm Zn =2
and hence show that S = T. o
2.13 Let X be a Banach space with norm ||-||; and let Y be a Banach space

with norm || - ||o. If Z = X x Y with the norm given in Example 2.8,
show that Z is a Banach space.

2.14 Let S be any non-empty set, let X be a Banach space over F and
let Fy(S, X) be the vector space given in Exercise 2.2 with the norm
I flls = sup{||f(s)|l : s € S}. Show that F,(S, X) is a Banach space.
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Inner Product Spaces, Hilbert Spaces

3.1 Inner Products

The previous chapter introduced the concept of the norm of a vector as a
generalization of the idea of the length of a vector. However, the length of a
vector in R? or R? is not the only geometric concept which can be expressed
algebraically. If x = (x1,72,73) and y = (y1,¥2,y3) are vectors in R? then
the angle, 0, between them can be obtained using the scalar product (z,y) =
T1y1 + T2y + v3y3 = ||z||||y|| cos 0, where ||z|| = /2% + 2% + 22 = /(x,7) and
llyll = +/(y,y) are the lengths of z and y respectively. The scalar product is
such a useful concept that we would like to extend it to other spaces. To do this
we look for a set of axioms which are satisfied by the scalar product in R? and
which can be used as the basis of a definition in a more general context. It will
be seen that it is necessary to distinguish between real and complex spaces.

Definition 3.1

Let X be a real vector space. An inner product on X is a function (-,-) :
X x X — R such that for all z, y, z € X and «, g € R,

(a) (5,2) > 0;

(b) (x,2z) =0 if and only if = = 0;
(c) (ax+ By, 2) = oz, 2) + By, 2);
(d) (z,y) = (y, )

51
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The first example shows, in particular, that the scalar product on R3 is an
inner product.

Example 3.2

The function (-,-) : R¥ x R¥ — R defined by (z,y) = Zszl TpYn, IS an inner
product on R*. This inner product will be called the standard inner product on
R,

Solution

We show that the above formula defines an inner product by verifying that all
the properties in Definition 3.1 or 3.3 hold.

(a) (w,2) = Xy @5 2 0
(b) (z,z) = 0 implies that x,, = 0 for all n, so z = 0;

k

k k
(C) (O‘x + By, Z) = Z(O‘In + ﬂyn)zn =« Z Tnzn + B Z YnZn

n=1 n=1 n=1

= a(z, 2) + By, 2);

k k
(d) (ac,y) = Zl‘nyn = Zynl‘n = (y,fﬂ)- O
n=1 n=1

Before we turn to other examples we consider what modifications need to be
made to define a suitable inner product on complex spaces. Let us consider the
space C? and, by analogy with Example 3.2, let us examine what seems to be
the natural analogue of the scalar product on R?, namely (z,y) = 2221 TnYn,
z,y € C3. An immediate problem is that in the complex case the quantity
(r,2) = 22 + 23 + 23 need not be real and so, in particular, need not be
positive. Thus, in the complex case property (a) in Definition 3.1 need not hold.
Furthermore, the quantity /(z, ), which gives the length of z in the real case,
need not be a real number, and hence does not give a very good idea of the
length of x. On the other hand, the quantities |x,|? = 2,Z,, n = 1, 2, 3 (the
bar denotes complex conjugate), are real and positive, so we can avoid these
problems by redefining the scalar product on C? to be (z,y) = 22:1 TGy,
However, the complex conjugate on the y-variables in this definition forces us
to make a slight modification in the general definition of inner products on
complex spaces.
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Definition 3.3

Let X be a complex vector space. An inner product on X is a function
(,"): X x X — C such that for all z, y, z € X, o, 8 € C,

ax + By, z) = oz, z) + By, 2);

Example 3.4

The function (-,-) : C*¥ x C¥ — C defined by (z,y) = Z'lfz:l Zn¥,, 18 an inner
product on C*. This inner product will be called the standard inner product on
C*.

Solution

The proof follows that of Example 3.2, using properties of the complex conju-
gate where appropriate. O
Definition 3.5

A real or complex vector space X with an inner product (-,-) is called an inner
product space.

Strictly speaking, we should distinguish the vector space X with the inner
product (-, -) from the same space with a different inner product (-, -)’. However,
since it will always be obvious which inner product is meant on any given vector
space X we (in common with most authors) will ignore this distinction. In
particular, from now on (unless otherwise stated) R* and C* will always denote
the inner product spaces with inner products as in Examples 3.2 and 3.4.

The only difference between inner products in real and complex spaces lies
in the occurrence of the complex conjugate in property (d) in Definition 3.3.
Similarly, except for the occurrence of complex conjugates, most of the results
and proofs that we discuss below apply equally to both real and complex spaces.
Thus from now on, unless explicitly stated otherwise, vector spaces may be ei-
ther real or complex, but we will include the complex conjugate in the discussion
at appropriate points, on the understanding that in the real case this should
be ignored.
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In general, an inner product can be defined on any finite-dimensional vector
space. We leave the solution of the next example, which is a generalization of
Examples 3.2 and 3.4, to Exercise 3.2.

Example 3.6

Let X be a k-dimensional vector space with basis {e1,...,ex}. Let 2,y € X
have the representation z = Zi:l An€n, Y = Zi:l tnen. The function (-,-) :
X X X — F defined by (z,y) = Zi:l Anfi,, is an inner product on X.

Clearly, the above inner product depends on the basis chosen, and so we
only obtain a “standard” inner product when there is some natural “standard”
basis for the space.

Now let (X, X, 1) be a measure space, and recall the vector spaces LP(X)
from Definition 1.54.

Example 3.7

If f, g € L*(X) then fg € L'(X) and the function (-,-) : L?(X) x L?*(X) — F
defined by (f,g) = [y fgdu is an inner product on L?(X). This inner product
will be called the standard inner product on L?(X).

Solution

Let f, g € L?(X). Then by Hélder’s inequality, with p = ¢ = 2 (Theorem 1.55)
and the definition of L?(X),

1/2 1/2
_ 2 2
/legldué (/X|f du) (/X ] du) <o,

so fg € L'(X) and the formula (f,g) = [ fgdpu is well-defined. We now show
that the above formula defines an inner product on L?(X) by verifying that
all the properties in Definition 3.1 or 3.3 hold. It follows from the properties of
the integral described in Section 1.3 that:

(8) (£.6) = [y [FPdu = 0;
(b) (,)=0 <= [y [fPdu=0 <= f=0ac;

) (
(c) (af +Bg,h) = [y(af + Bg)hdu = o [y fh+ B [ gh = a(f, k) + B(g, h);
(d) (f,9) =[x fadu= [y gfdu=(g,f) 0

The next example shows that the sequence space £? defined in Example 1.57
is an inner product space. This is in fact a special case of the previous example,
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using counting measure on N (see Chapter 1), but it seems useful to work
through the solution from first principles, which we leave to Exercise 3.3.

Example 3.8

If a = {a,}, b = {b,} € £2 then the sequence {a,b,} € ¢! and the function
(-,") : F* x F* — F defined by (a,b) = >_°7 | a,b, is an inner product on ¢
This inner product will be called the standard inner product on £2.

Our next examples show that subspaces and Cartesian products of inner
product spaces are also inner product spaces, with the inner product defined in
a natural manner. These results are similar to Examples 2.7 and 2.8 for normed
spaces. The proofs are again easy so are omitted.

Example 3.9

Let X be an inner product space with inner product (-,-) and let S be a linear
subspace of X. Let (-,-)s be the restriction of (-,-) to S. Then (-,-)s is an
inner product on S.

Example 3.10

Let X and Y be inner product spaces with inner products (-,-); and (-,-)2
respectively, and let Z = X x Y be the Cartesian product space (see Defini-
tion 1.4). Then the function (-, ) : Z x Z — F defined by ((u,v), (z,y)) =
(u,x)1 + (v,y)2 is an inner product on Z.

Remark 3.11

We should note that, although the definitions in Examples 2.8 and 3.10 are
natural, the norm induced on Z by the above inner product has the form
Vzll3 + llyll3 (where || - ||1, || - ||2 are the norms induced by the inner products
(-y)1, (+,)2), whereas the norm defined on Z in Example 2.8 has the form
llz]l1 + |lyll2- These two norms are not equal, but they are equivalent so in
discussing analytic properties it makes no difference which one is used. However,
the induced norm is somewhat less convenient to manipulate due to the square
root term. Thus, in dealing with Cartesian product spaces one generally uses
the norm in Example 2.8 if only norms are involved, but one must use the
induced norm if inner products are also involved.
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We now state some elementary algebraic identities which inner products
satisfy.

Lemma 3.12

Let X be an inner product space, x, y, z € X and «, 8 € F. Then,
(a) (0,y) = (2,0) = 0;

(b) (,ay + Bz) = al(x,y) + B(x, 2);

() (ax+ By, ax + By) = |o*(z,z) + af(z,y) + faly, =) + 1B (y.y).

Proof

(a) (0,y) =(0.0,5) =0(0,y) =0 and (x,0) = (0,) =0 =0
(to distinguish the zero vector in X from the scalar zero we have, tem-
porarily, denoted the zero vector by 0 here).

(b) (z,ay+ Bz) = (ay + Bz, 2) = a(y,z) + B(z,2) = a(z,y) + B(z, 2)
(using the properties of the inner product in Definition 3.3).
() (az + By, ax + By) = a(ax + By, ) + Blaz + By, y)
= aa(z, ) +ap(y, z) + Bz, y) + BBy, y),

hence the result follows from a@ = |a|?, 88 = |B|?. ]

From part (c) of Definition 3.3 and part (b) of Lemma 3.12, we can say
that an inner product (-,-) on a complex space is linear with respect to its first
variable and is conjugate linear with respect to its second variable (an inner
product on a real space is linear with respect to both variables).

In the introduction to this chapter we noted that if z € R® and (-, ) is the
usual inner product on R?, then the formula \/(z, ) gives the usual Euclidean
length, or norm, of z. We now want to show that for a general inner product
space X the same formula defines a norm on X.

Lemma 3.13
Let X be an inner product space and let x, y € X. Then:

(@) [(2,9)]? < (2,2)(y,9), =, y € X;
(b) the function || - || : X — R defined by ||z|| = (z,z)'/?, is a norm on X.
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Proof

(a) If £ = 0 or y = 0 the result is true, so we suppose that neither x nor y is
zero. Putting o = —(x,y)/(z,2z) and § = 1 in part (c¢) of Lemma 3.12 we
obtain

0 < (ax+y,or+y)

2 [
_ Eii; (2,) (x,(:tﬁ(;, y) (xa(i),(i’; D yy)
x,9)|? z,y)[? z,y)|?
_ |(<a:’,i))| _l((a;,yx))l _((x’,%' +(py)  (since (y,2) = (z,9)

and hence |(z,y)|? < (z,2)(y, y).

(b) Using the above properties of inner products we now verify that the given
definition of ||z|| satisfies all the defining properties of a norm:

@) flall = (2, 2)!/2 = 0;

)

(ii) |z =0 <= (2,2)'/? =0 < z =0

(iii) [laz|| = (az,az)'/? = (a@)"/?(z,2)"/? = |a||«];

(iv) [z +yll* = [lz]|* + 2Re (z,y) + [[y[* (by Lemma 3.12(c)
with a = =1)

< lel® + 2llzllllyll + lylI* (by (a))
= (llll + llylh>. =

The norm |jz|| = (z,2)'/? defined in Lemma 3.13 on the inner product
space X is said to be induced by the inner product (-,-). The lemma shows
that, by using the induced norm, every inner product space can be regarded as
a normed space. From now on, whenever we use a norm on an inner product
space X it will be the induced norm — we will not mention this specifically
each time. By examining the standard norms and inner products that we have
defined so far (on F¥, #2 and L?(X)), we see that each of these norms is induced
by the corresponding inner products. Also, with this convention, the inequality

in part (a) of Lemma 3.13 can be rewritten as

(@, 9)| < [yl (3.1)

The inequality in Corollary 1.59 is a special case of inequality (3.1) (obtained
by substituting the standard inner product and norm on F* into (3.1)). The
inequality (3.1) is called the Cauchy-Schwarz inequality. It will prove to be
an extremely useful inequality below. We note also that it is frequently more
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convenient to work with the square of the induced norm to avoid having to
take square roots.

Since every inner product space has an induced norm, a natural question is
whether every norm is induced by an inner product. The answer is no — norms
induced by inner products have some special properties that norms in general
do not possess. We leave the proofs of the identities in the following lemma and
theorem as exercises (see Exercises 3.4 and 3.5).

Lemma 3.14

Let X be an inner product space with inner product (-,:). Then for all
u, v, x,y € X:

(a) (utv,z+y)—(u=v,z—y)=2uy)+2,2);

(b) 4(u,y) = (u+v,z+y) — (u—v,2 —y)+i(u+iv,z+iy)
—i(u — i,z — iy)
(for complex X).

Theorem 3.15

Let X be an inner product space with inner product (-,-) and induced norm
Il - || Then for all z, y € X:

(a) o+ yl2 + o = ylI2 =2 (Il + ly)? )
(the parallelogram rule);

(b) if X is real then
Az, y) = o +yl1? = llz —yl*;

(c) if X is complex then
Az,y) = lle+yl* = llz = yll* +illz + iy]* — ille —iy||*
(the polarization identity).

One way to show that a given norm on a vector space is not induced by an
inner product is to show that it does not satisfy the parallelogram rule.

Example 3.16

The standard norm on the space C[0, 1] is not induced by an inner product.
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Solution
Consider the functions f, g € C[0,1] defined by f(z) =1, g(z) =z, « € [0, 1].
From the definition of the standard norm on C]0, 1] we have
I +gl*+1f —gl> =4+1=5,
2017 + lgl?) =2(1+ 1) = 4.

Thus the parallelogram rule does not hold and so the norm cannot be induced
by an inner product. O

Since an inner product space X is a normed space (with the induced norm),
it is also a metric space with the metric associated with the norm (see Chap-
ter 2). From now on, any metric space concepts that we use on X will be
defined in terms of this metric. An important property of this metric is that
the inner product (-,-) on X, which was defined solely in terms of its algebraic
properties, is a continuous function in the following sense.

Lemma 3.17

Let X be an inner product space and suppose that {x,} and {y,} are conver-
gent sequences in X, with lim,, .o z, = x, lim, o ¥, = y. Then

lim (xnvyn) = (m,y)

n—00

Proof

‘(xnayn) - (x7 y)|

|(@n, Yn) — (@, y) + (20, y) — (2,9)]
|(@n,yn) = (@n, Y)| + (@0, y) — (2,9)]
(@0 Y — Y| + (20 — 2, )]

< lzallllyn = yll + lzn — zllllyl  (by (3.1)).

Since the sequence {x,,} is convergent, ||z, is bounded, so the right-hand side
of this inequality tends to zero as n — oo. Hence lim,, o0 (Zn, yn) = (2,y). O

IN

EXERCISES

3.1 Let X be an inner product space and let u, v € X. I (z,u) = (z,v)
for all z € X, show that u = v.

3.2 Give the solution of Example 3.6.
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3.3 Prove the following inequalities, for any a, b € C.
(a) 2lallb] < |af* +[b]>.
(b) la+b[* < 2(|a]> + [b]?).

The second inequality is a special case of Minkowski’s inequality, see
Corollary 1.58, but it is worthwhile to prove this simple case directly.

Use these inequalities to show, from first principles, that the set ¢2
is a vector space and that the formula in Example 3.8 gives an inner
product on £2.

3.4 Give the proof of Lemma 3.14.
3.5 Use the results of Exercise 3.4 to prove Theorem 3.15.

3.6 Draw a picture to illustrate the parallelogram rule and to show why
it has this name.

3.7 Show that the non-standard norm ||z||; = Zi:l |x,,| on the space
R is not induced by an inner product.

3.2 Orthogonality

The reason we introduced inner products was in the hope of extending the
concept of angles between vectors. From the Cauchy—Schwarz inequality (3.1)
for real inner product spaces, if x, y are non-zero vectors, then

(z,9)
= Al iyl T
and so the angle between x and y can be defined to be
6 = cos ( (2,y) ) .
[l {[{[y]

For complex inner product spaces the position is more difficult (the inner prod-
uct (z,y) may be complex, and it is not clear what a complex “angle” would

mean). However, an important special case can be considered, namely when
(z,y) = 0. In this case we can regard the vectors as being perpendicular, or
orthogonal.

Definition 3.18

Let X be an inner product space. The vectors z, y € X are said to be orthogonal
if (x,y) =0.
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From linear algebra we are also familiar with the concept of orthonormal
sets of vectors in finite-dimensional inner product spaces. This concept can be
extended to arbitrary inner product spaces.

Definition 3.19

Let X be an inner product space. The set {e1,...,ex} C X is said to be
orthonormal if ||ey]| = 1 for 1 <n <k, and (e, e,) =0forall 1 <m, n <k
with m # n.

The results in the following lemma about orthonormal sets in finite dimen-
sional inner product spaces may well be familiar, but we recall them here for
later reference.

Lemma 3.20
(a) An orthonormal set {ej,...,ex} in any inner product space X is linearly
independent. In particular, if X is k-dimensional then the set {e1,...,ex}

is a basis for X and any vector z € X can be expressed in the form

k
x = Z(x, €n)en (3.2)
n=1

(in this case {e1,...,er} is usually called an orthonormal basis and the
numbers (x, e,,) are the components of x with respect to this basis).

(b) Let {v1,...,vr} be a linearly independent subset of an inner product
space X, and let S = Sp{v1,...,vr}. Then there is an orthonormal basis

{e1,...,ep} for S.

Proof

(a) Suppose that 22:1 ane, =0, for some a,, € F, n=1,...,k. Then taking
the inner product with e,, and using orthonormality we obtain

k
0= (Zanenaem) = O,

n=1
for m =1,...,k. Hence, the set {eq,...,ex} is linearly independent.

Next, if {e1,...,ex} is a basis there exists A\, € F, n =1,...,k, such that
T = Zszl Anén. Then taking the inner product of this formula with e,
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and using orthonormality we obtain

k
(z,em) = (Zx\nen,em) :Z)\n(en,em):)\m, m=1,...,k.

n=1

(b) The proof is by induction on k.

For k = 1, since vy # 0, ||v1]| # 0 so we can take e; = v /|v1||, and {e1} is
the required basis.

Now suppose that the result is true for an arbitrary integer k& > 1. Let
{v1,...,vx+1} be a linearly independent set and let {ej,...,ex} be the
orthonormal basis for Sp{vi,...,vx} given by the inductive hypothesis.
Since {v1,...,vg+1} is linearly independent, viy; € Sp{vi,...,vx} so
Vg1 € Spier,...,ex}. Let b1 = vpq — Eﬁzl(vk+1, €n)én. Then byiq €
Sp{v1,...,vg+1} and bry; # 0 (otherwise viy1 € Sp{eq,...,er}). Also,
foreachm=1,...,k,

k
(bk+1,€m) = (Vk41, €m) E (Vk+1,€n)(en,em)

n=1

= (Vkt1,€m) — (Vk41,6m) =0

(using orthonormality of the set {ey,...,ex}). Thus, bgy1 is orthogonal to
all the vectors {eq,...,ex}. Let exr1 = brt1/||bk+1]. Then {e1,...,€x41}
is an orthonormal set with Sp {ey,...,ex+1} C Sp{v1,...,vk+1}. But both
these subspaces are (k+ 1)-dimensional so they must be equal, which com-
pletes the inductive proof. O

Remark 3.21

The inductive construction of the basis in part (b) of Lemma 3.20, using the

formulae
k

bet1 = Vg1 — E (Vk+1,€n)en, €rt1 =
n=1

bry1
[brtall’

is called the Gram-Schmidt algorithm, and is described in more detail in [5]
(see Fig. 3.1 for an illustration of this algorithm at the stage k = 2).

Using an orthonormal basis in a (finite-dimensional) inner product space
makes it easy to work out the norm of a vector in terms of its components. The
following theorem is a generalization of Pythagoras’ theorem.
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e, v,

Fig. 3.1. Gram—Schmidt algorithm, at stage k = 2

Theorem 3.22

Let X be a k-dimensional inner product space and let {ej,...,er} be an or-
thonormal basis for X. Then, for any numbers a,, € F, n=1,...,k,

k k
| Zanen||2 = Z o .
n=1 n=1

Proof

By orthonormality and the algebraic properties of the inner product we have

k
” Z O‘rzenn2 = ( Z OUm€Em, Z Qn€n )
n=1

k
E QO (€, €1)

Z ol

ﬁMm,Mw

We saw, when discussing normed spaces, that completeness is an extremely
important property, and this is also true for inner product spaces. Complete
normed spaces were called Banach spaces, and complete inner product spaces
also have a special name.

Definition 3.23

An inner product space which is complete with respect to the metric associated
with the norm induced by the inner product is called a Hilbert space.

From the preceding results we have the following examples of Hilbert spaces.
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Example 3.24

(a) Every finite-dimensional inner product space is a Hilbert space.
(b) L?(X) with the standard inner product is a Hilbert space.

(c) % with the standard inner product is a Hilbert space.

Solution

Part (a) follows from Corollary 2.19, while parts (b) and (c) follow from
Theorem 1.61. O

In general, infinite-dimensional inner product spaces need not be complete.
We saw in Theorem 2.28 that a linear subspace of a Banach space is a Banach
space if and only if it is closed. A similar result holds for Hilbert spaces.

Lemma 3.25

If H is a Hilbert space and Y C H is a linear subspace, then Y is a Hilbert
space if and only if Y is closed in H.

Proof

By the above definitions, Y is a Hilbert space if and only if it is complete. But
a subset of a complete metric space is complete if and only if it is closed by
Theorem 1.35. a

EXERCISES

3.8 Let X be an inner product space. Show that two vectors z, y € X
are orthogonal if and only if || + ay| = ||l — ay]|| for all « € F.
Draw a picture of this in R2.

3.9 If S is the linear span of a = (1,4,1) and b = (—1,0,1) in R?, use
the Gram—Schmidt algorithm to find orthonormal bases of S and of
R? containing multiples of a and b.

3.10 Use the Gram—Schmidt algorithm to find an orthonormal basis for
Sp {1, z,2?} in L?[-1,1].

3.11 Let M and N be Hilbert spaces with inner products (-, -); and (-, )2
respectively, and let H = M x N be the Cartesian product space,
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with the inner product defined in Example 3.10. Show that H is a
Hilbert space.

3.3 Orthogonal Complements

We have already seen that the idea of orthogonality of two vectors is an im-
portant concept. We now extend this idea to consider the set of all vectors
orthogonal to a given vector, or even the set of all vectors orthogonal to a
given set of vectors.

Definition 3.26

Let X be an inner product space and let A be a subset of X. The orthogonal
complement of A is the set

At ={r e X :(z,a)=0forallac A}

Thus the set AL consists of those vectors in X which are orthogonal to every
vector in A (if A = @ then A+ = X). Note that A is not the set-theoretic
complement of A.

The link between A and A is given by the condition (z,a) = 0 for alla € A,
and this has to be used to obtain A, as shown in the following example.

Example 3.27
If X =R and A = {(as,a2,0) : a1, ag € R}, then A+ = {(0,0,3) : 23 € R}.

Solution
By definition, a given vector # = (z172,23) belongs to A+ if and only if, for
any a = (a1, a2,0) with a1, as € R, we have

(z,a) = x1a1 + x2a2 = 0.

Putting a1 = x1, ag = x2, we see that if z € AL then we must have z; = x5 = 0.
Furthermore, if z; = 25 = 0, then it follows that 2 € A+. ]

Although the above example is quite simple it is a useful one to keep in mind
when considering the concept of orthogonal complement. It can be generalized
to the following example, whose solution we leave to Exercise 3.14.
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Example 3.28

Suppose that X is a k-dimensional inner product space, and {eq, ..., e} is an
orthonormal basis for X. If A = Sp{e1,...,ep}, for some 1 < p < k, then
AJ— = Sp {6P+17 L) ek}'

Using the above example, the computation of A for a subset A of a finite-
dimensional inner product space is relatively easy. We now turn to general
inner product spaces and list some of the principal properties of the orthogonal
complement.

Lemma 3.29

If X is an inner product space and A C X then:

(a) 0€ AL,

(b) If 0 € A then AN A+ = {0}, otherwise AN A+ = @.

(c) {03+ =X; X+ ={0}.

(d) If A contains an open ball B, (r), for some a € X and some positive r > 0,
then A+ = {0}; in particular, if A is a non-empty open set then A+ = {0}.

(e) If B C A then A+ C B*.

(f) At is a closed linear subspace of X.

(8) AcC(AH)h

Proof
(a) Since (0,a) =0 for all a € A, we have 0 € A*+.

(b) Suppose that x € AN At. Then (z,2) = 0, and so x = 0 (by part (b) of
the definition of an inner product).

(c¢) If A= {0}, then for any z € X we have trivially (z,a) = (z,0) = 0 for all
ac€ A;sox € At and hence At = X. If A = X and x € A then (z,a) =0

for all @ € X. In particular, putting a = x gives (z,z) = 0, which implies
that = = 0. Hence, A+ = {0}.

(d) Suppose that = € AL is non-zero, and let y = ||z||"*x # 0. If a € A then
by definition we have (y,a) = 0. But also, since a + %ry € A, we must have
0=(y,a+3ry) = (y,0) + 37(y, ),

which implies that (y,y) = 0 and hence y = 0. This is a contradiction,
which shows that there are no non-zero elements of A~+.
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(e) Let z € A+ and b € B. Then b € A (since B C A), so (z,b) = 0. Since this
holds for arbitrary b € B, we have z € B+. Hence, A+ C B+.

(f) Lety, z € A+, a, B € F and a € A. Then
(ay + Bz,a) = a(y,a) + B(z,a) =0,

so ay + Bz € AL, and hence A~ is a linear subspace of X. Next, let {z,}
be a sequence in A+ converging to z € X. Then by Lemma 3.12 (a) and
Lemma 3.17, for any a € A we have

0= lim (x — xy,a) = (z,a) — lim (z,,a) = (z,a)

n—oo n—oo

(since (xn,,a) = 0 for all n). Thus z € AL and so A+ is closed, by part (c)
of Theorem 1.25.

(g) Let a € A. Then for all z € A, (a,2) = (z,a) =0, so a € (A+)*. Thus,
Ac(Aht. O

Part (e) of Lemma 3.29 shows that as the set A gets bigger the orthogonal
complement of A gets smaller, and this is consistent with part (c) of the lemma.

There is an alternative characterization of the orthogonal complement for
linear subspaces.

Lemma 3.30

Let Y be a linear subspace of an inner product space X. Then

reYt = |o—yl| >z, WyeY.

Proof
(=) From part (c) of Lemma 3.12, the following identity
lz = ayll* = (v — ey, z — ay) = |l2[|* — a2, y) — aly,z) + a*[yl*  (3.3)

holds for all z € X, y € Y and o € F. Now suppose that 2 € Y+ and y € Y.
Then (z,y) = (y,z) = 0, so by putting a = 1 in (3.3) we obtain

lz =yl = [l + llyll* > [l]*.

(<) Now suppose that ||z — y||? > ||x||? for all y € Y. Then since Y is a linear
subspace, ay € Y for all y € Y and a € F, so by (3.3),

0 < —a(y,z) — aly, ) + |a]*|y>
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Now let

if (y,z) #0,

1, if (y,z) =0,
so that B(y,z) = |(x,y)|, and let « = t83, where t € R and ¢ > 0. Then,
—t|(z,y)| = tl(z. y)| + £[y> = 0, s0 |(z,y)| < t[ly||* for all ¢ > 0. Therefore,

< lim 2 2 =
(@)l < lim Sely)® =0,

s0 |(w,y)| = 0 and hence z € Y. O

The above result, together with the following theorem on convex sets, gives
more information about A and A+ in Hilbert spaces. We first recall the defini-
tion of a convex set.

Definition 3.31

A subset A of a vector space X is conver if, for all z, y € A and all A € [0, 1],
Az + (1 - Ny € A.

In other words, A is convex if, for any two points x, y in A, the line segment
joining x and y also lies in A, see Fig. 3.2. In particular, every linear subspace
is a convex set.

(a) (b)

Fig. 3.2. Convex and non-convex planar regions: (a) convex; (b) non-convex

Theorem 3.32

Let A be a non-empty, closed, convex subset of a Hilbert space H and let p € H.
Then there exists a unique q¢ € A such that

lp —qll = inf{[|p —al| : a € A}.



3. Inner Product Spaces, Hilbert Spaces 69

Proof

Let v = inf{||p — al| : a € A} (note that the set in this definition is non-empty
and bounded below, so v is well-defined). We first prove the existence of ¢. By
the definition of «, for each n € N there exists g, € A such that

VY <llp—anl? <¥*+n7" (3.4)

We will show that the sequence {g,} is a Cauchy sequence. Applying the par-
allelogram rule to p — ¢, and p — ¢, we obtain

I

[(p=an)+ ®=an) >+ |(p—an) — (0 — @) |I* = 2llp — @ull* +2]p — gm?,

and so
122 = (@ + @) 1> + lgn — amll* < 47° +2(n~" +m™).
Since ¢, g, € A and A is convex, %(qm +qn) € A, s0

120 — (g0 + @) = 4llp = 5(am + @n)|* = 49°
the definition o , and hence
by the definiti f d h
lgn — gml® <42 +2(n " +m™1) =492 =2(n~ ' +m ).

Therefore the sequence {¢, } is Cauchy and hence must converge to some point
q € H since H is a complete metric space. Since A is closed, ¢ € A. Also,
by (3.4),

2

1= llp—qll> < lim (v* +n7") =42,
n—oo

'72 < lim ”p_ qn
n—oo

and so ||p — ¢|| = 7. Thus the required ¢ exists.

Next we prove the uniqueness of ¢. Suppose that w € A and ||p — w|| = 7.
Then $(q+w) € A since A is convex, and so ||p— 1 (¢+w)|| > 7. Applying the
parallelogram rule to p — w and p — ¢ we obtain

I(p—w)+@—I>+ llp—w) — (p—)lI> =2]p— wl* + 2|p — ql?,

and so .
g — wl* =2v* +2v* — 4]lp — 5(¢ + w)|?

<4v? — 442 = 0.

Thus w = ¢, which proves uniqueness. ]

Remark 3.33

Theorem 3.32 shows that if A is a non-empty, closed, convex subset of a Hilbert
space ‘H and p is a point in H, then there is a unique point ¢ in A which is
the closest point in A to p. In finite dimensions, even if the set A is not convex
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the existence of the point ¢ can be proved in a similar manner (using the
compactness of closed bounded sets to give the necessary convergent sequence).
However, in this case the point ¢ need not be unique (for example, let A be a
circle in the plane and p be its centre, then g can be any point on A). In infinite
dimensions, closed bounded sets need not be compact (see Theorem 2.26), so
the existence question is more difficult and ¢ may not exist if A is not convex.

Theorem 3.34

Let Y be a closed linear subspace of a Hilbert space H. For any = € H, there
exists a unique y € Y and z € Y+ such that x = y+2. Also, ||z||? = |y|>+]2||>.

Proof

Since Y is a non-empty, closed, convex set it follows from Theorem 3.32 that
there exists y € Y such that forall u € Y, ||z —y|| < ||z —u||. Let z =2z —y
(so x =y + 2). Then, for all u € Y,

Iz = ull = llz = (y + W)l = [l = yll = ||=]|

(since y + u € Y). Thus by Lemma 3.30, z € Y1. This shows that the desired
y, z exist. To prove uniqueness, suppose that * = y; + 21 = y2 + 22, where
Y, Y2 €Y, 21, 20 €Y. Thenyy —yo =20 —21. But y1 —yo € Y and 20 — 21 €
Y+ (since both Y and Y are linear subspaces), so y; —y2 € Y N Y+ = {0}
(by part (b) of Lemma 3.29). Hence y; = y2 and z; = 2.

Finally,

2l = lly + 2l = (y + 2,y + 2) = [llI* + (¥, 2) + (2, 9) + |27
= llyll* + Il =

The simplest example of the above result is H = R?| Y = {(z,0) : z € R},
Y+ = {(0,y) : y € R}. In this case the result is Pythagoras’ theorem in
the plane. Hence Theorem 3.34 can be regarded as another generalization of
Pythagoras’ theorem. The result of the theorem will be so useful that we give
it a name.

Notation

Suppose that Y is a closed linear subspace of a Hilbert space H and = € H. The
decomposition z = y+ z, with y € Y and z € Y1, will be called the orthogonal
decomposition of x with respect to Y.

Now that we have studied the orthogonal complement Y+ of a subspace
Y, a natural question is: what is the orthogonal complement of Y+? We will
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write this as Y+ = (Y1), It follows from Examples 3.27 and 3.28 that if
Y = {u = (u1,u2,0) : uy, us € R}, then Y+ = {z = (0,0,23) : 3 € R} and
Y+t =Y. A similar result holds more generally.

Corollary 3.35
If Y is a closed linear subspace of a Hilbert space H then Y1+ =Y.

Proof

By part (g) of Lemma 3.29 we have Y C Y++. Now suppose that z € Y-+,
Then by Theorem 3.34, x = y + 2z, where y € Y and z € Y. Since y € Y and
reYtt (x,2) =0=(y,2). Thus

0=(z,2) = (y+22) = (y,2) + (2,2) = ||2|°,
so z=0and x =y € Y. Therefore Y-+ C Y, which completes the proof. 0O

Note that since Y1 is always closed (by part (f) of Lemma 3.29) the above
result cannot hold for subspaces which are not closed. However, we do have the
following result.

Corollary 3.36

If Y is any linear subspace of a Hilbert space H then Y+ =Y.

Proof

Since Y C Y, it follows from part (e) of Lemma 3.29 that Y" ¢ Y and hence

YL ¢ ¥ But Y is closed so by Corollary 3.35, Y-~ = Y, and hence
Y1+ C Y. Next, by part (g) of Lemma 3.29, Y C Y+, but Y1+ is closed so
Y c Y+, Therefore Y+ =Y. ]

EXERCISES

3.12 If S is as in Exercise 3.9, use the result of that exercise to find S+.

3.13 If X = R¥ and A = {a}, for some non-zero vector a = (ay,...,ax),
show that

k
At ={(x1,..., 1) eRF: Zajxj =0}
j=1
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3.14 Give the solution of Example 3.28.
3.15 If A= {{z,} € £?: 29, = 0 for all n € N}, find A+,

3.16 Let X be an inner product space and let A C X. Show that
AL =7

3.17 Let X and Y be linear subspaces of a Hilbert space H. Recall that
X+Y ={z+y:z€X, ye Y} Prove that (X +Y)+ = X+nY+.

3.18 Let H be a Hilbert space, let y € H \ {0} and let S = Sp {y}. Show
that {x € H : (v,y) =0}+ = S.

3.19 Let Y be a closed linear subspace of a Hilbert space H. Show that
if Y # H then Y+ # {0}. Is this always true if Y is not closed?
[Hint: consider dense, non-closed linear subspaces. Show that the
subspace in Exercise 2.10 is such a subspace.]

3.20 Let X be an inner product space and let A C X be non-empty. Show
that:

(a) A*+ =Sp4;
(b) ALEL — AL (where ALLL — ((AL)L)L),

3.4 Orthonormal Bases in Infinite Dimensions

We now wish to extend the idea of an orthonormal basis, which we briefly
discussed in Section 3.2 for finite-dimensional spaces, to infinite-dimensional
spaces.

Definition 3.37

Let X be an inner product space. A sequence {e,} C X is said to be an
orthonormal sequence if |le,|| = 1 for all n € N, and (e, e,) = 0 for all
m, n € N with m # n.

The following example is easy to check.

Example 3.38

The sequence {€,} (see Definition 1.60) is an orthonormal sequence in £2. Note
that each of the elements of this sequence (in £?) is itself a sequence (in F). This
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can be a source of confusion, so it is important to keep track of what space a
sequence lies in.

A rather more complicated, but extremely important, example is the fol-
lowing.

Example 3.39

The set of functions {e,}, where e,(z) = (27)"'/2e""® for n € Z, is an
orthonormal sequence in the space L&[—m,].

Solution

This follows from

I 1, ifm=n
- i(m—n)z — ’ s
(em; en) 2m /_7T ¢ dz { 0, if m #n. O

The orthonormal sequence in Example 3.39, and related sequences of
trigonometric functions, will be considered in more detail in Section 3.5 on
Fourier series. We also note that, strictly speaking, to use the word “sequence”
in Example 3.39 we should choose an ordering of the functions so that they are
indexed by n € N, rather than n € Z, but this is a minor point.

It follows immediately from part (a) of Lemma 3.20 that an orthonormal
sequence is linearly independent and if a space X contains an orthonormal
sequence then it must be infinite-dimensional. A converse result also holds.

Theorem 3.40

Any infinite-dimensional inner product space X contains an orthonormal se-
quence.

Proof

Using the construction in the proof of Theorem 2.26 we obtain a linearly in-
dependent sequence of unit vectors {z,} in X. Now, by inductively applying
the Gram—Schmidt algorithm (see the proof of part (b) of Lemma 3.20) to the
sequence {z,} we can construct an orthonormal sequence {e,} in H. O

For a general orthonormal sequence {e,} in an infinite-dimensional inner
product space X and an element x € X, the obvious generalization of the
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expansion (3.2) is the formula

o0

T = Z(m,en)en (3.5)

n=1

(convergence of infinite series was defined in Definition 2.29). However, in the
infinite-dimensional setting there are two major questions associated with this
formula.

(a) Does the series converge?
(b) Does it converge to x?

We will answer these questions in a series of lemmas.

Lemma 3.41 (Bessel's Inequality)

Let X be an inner product space and let {e,} be an orthonormal sequence in
X. For any z € X the (real) series > -, |(x,e,)|* converges and

[e*S)
Yol en)® < x>
n=1

Proof
For each k € N let y;, = Zk

ne1 (@, en)en. Then,

lz —yell® = (r — Yk, — i)
k k

=llzl® = ) (e en) (@ en) = (2 en)(en, ) + Iyl

n=1 n=1
k

= 2l = > I(z,ea)|?
n=1

(applying Theorem 3.22 to ||yx||?). Thus,

k

Sl ean)l? = ll2ll” — lle = well® < lle]?,

n=1

and hence this sequence of partial sums is increasing and bounded above so the
result follows. 0

The next result gives conditions on the coefficients {c,,} which guarantee
the convergence of a general series > 0 | a,ey,.
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Theorem 3.42

Let H be a Hilbert space and let {e,} be an orthonormal sequence in H. Let

{a,} be a sequence in F. Then the series Y | ane, converges if and only if
o021 |an|? < oo. If this holds, then

oo o0
| ZanenHQ = Z o
n=1 n=1

Proof

(=) Suppose that > ° | ane, converges and let z = > | aye,. Then for any

m €N,
(z,em) = hm (Zanen,em) = ay,

(since, ultimately, k > m). Therefore, by Bessel’s inequality,

o0

Z o] = D (2, en)|? < ] < 0.

n=1

(<) Suppose that Y > | |a,|? < oo and, for each k € N, let z), = 22:1 Q.
By Theorem 3.22, for any j, k € N with k > j,

k k
k= ;) =11 D anenl®= D lanl*.
n=j+1 n=j+1

Since Y7 | |a,|? < oo, the partial sums of this series converge and so form a
Cauchy sequence. Therefore the sequence {xy} is a Cauchy sequence in H, and
hence converges.

Finally,
0o k
2= 2 Th 2.11
I3 aneall” = Jim |37 anen? (b Theorem 2.1
n=
_ 2
= kh—>nolo Z:l |y | (by Theorem 3.22)
o0 n=
= lon/”
n=1 O
Remark 3.43

The result of Theorem 3.42 can be rephrased as: the series Y~ | o€, converges
if and only if the sequence {a,,} € ¢2.
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We can now answer question (a) above.

Corollary 3.44

Let H be a Hilbert space and let {e,} be an orthonormal sequence in H. For
. o0
any x € H the series )", (z,e,)e, converges.

Proof

o0

By Bessel’s inequality, > -,
oo 1 (x, en)e, converges. O

|(z,en)|*> < o0, so by Theorem 3.42 the series

We next consider question (b), that is, when does the series in (3.5) converge
to 7 Without further conditions on the sequence there is certainly no reason
why the series should converge.

Example 3.45

In R?, consider the orthonormal set {€1, €>}, and let = (3,0,4), say. Then

(Z,gl)gl + (Z,€2)€2 7& xX.

It is clear that in this example the problem arises because the orthonormal
set {€1, €2} does not have enough vectors to span the space R3, that is, it is not
a basis. We have not so far defined the idea of a basis in infinite-dimensional
spaces, but a similar problem can occur, even with orthonormal sequences
having infinitely many vectors.

Example 3.46

Let {e,} be an orthonormal sequence in a Hilbert space H, and let S be the
subsequence S = {ean tnen (that is, S consists of just the even terms in the
sequence {e,}). Then S is an orthonormal sequence in H with infinitely many
elements, but, for instance, e; # Eff:l Qap €2y, for any numbers ao,,.

Solution

Since S is a subset of an orthonormal sequence it is also an orthonormal se-
quence. Suppose now that the vector e; can be expressed as e; = >~ | 2,62,
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for some numbers as,. Then, by Lemma 3.17,

k
0= (e1,e2m) = hm ( E 20,€21, €2m ) = o,
n=1

k—o0

for all m € N, and hence e¢; = E;ozl Qonean, = 0, which contradicts the or-
thonormality of the sequence {e,}. O

We now give various conditions which ensure that (3.5) holds for all x € H.

Theorem 3.47

Let ‘H be a Hilbert space and let {e,} be an orthonormal sequence in H. The
following conditions are equivalent:

(a) {e,:n € N}+ ={0};

(b) Sp{e,:n €N} =H;

(¢) ||z =302, [(z, en)|? for all z € H;
)

(d) 2= (z,en)ey for all z € H.

Proof
(a)=(d) Let z € Handlet y =a — Y~ (z,e,)e,. For each m € N,

k
(y,em) = (z,em) — hm ( Z Z,€n)en, Cm ) (by Lemma 3.17)

= (z,em) — klim Z(m,en)(en,em)
= (xaem) - (x’em) =

Therefore property (a) implies that y = 0, and so = Y.~ (z,e,)e, for
any x € H. Hence, property (d) holds.

(d)= (b) For any x € H, x = khj& Zﬁ:l(%en)en. But Zﬁzl(%en)en €
Sp{ei,...,er}, so x € Sp{e, : n € N}, which is property (b).

(d)=-(c) This follows immediately from Theorem 3.22.

(b)= (a) Suppose that y € {e, : n € N}*. Then (y,e,) = 0 for all n € N,
and so e, € {y}+, for all n € N. But by part (f) of Lemma 3.29, {y}* is a

closed linear subspace, so this shows that H = Sp {e,} C {y}*. It follows
that y € {y}*, hence (y,y) =0, and so y = 0.
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(c)=(a) If (x,e,) =0 for all n € N, then by (c), ||z]|? =307, |(z,en)|*> = 0,

n=1
sox = 0. O

Remark 3.48

The linear span (Sp{e,}) of the set {e,} consists of all possible finite linear
combinations of the vectors in {e,}, that is, all possible finite sums in the
expansion (3.5). However, for (3.5) to hold for all x € H it is necessary to also
consider infinite sums in (3.5). This corresponds to considering the closed linear
span (Sp {e,}). In finite dimensions the linear span is necessarily closed, and
so equals the closed linear span, so it is not necessary to distinguish between
these concepts in finite-dimensional linear algebra.

Definition 3.49

Let H be a Hilbert space and let {e,} be an orthonormal sequence in H.
Then {e,} is called an orthonormal basis for H if any of the conditions in
Theorem 3.47 hold.

Remark 3.50

Some books call an orthonormal basis {e,, } a complete orthonormal sequence —
the sequence is “complete” in the sense that there are enough vectors in it to
span the space (as in Theorem 3.47). We prefer not to use the term “complete”
in this sense to avoid confusion with the previous use of “complete” to describe
spaces in which all Cauchy sequences converge.

The result in part (c) of Theorem 3.47 is sometimes called Parseval’s
theorem. Comparing Lemma 3.41 with Theorem 3.47 we see that Parseval’s
theorem corresponds to the case when equality holds in Bessel’s inequality.
Parseval’s theorem holds for orthonormal bases while Bessel’s inequality holds
for general orthonormal sequences. In fact, if an orthonormal sequence {e,,} is
not an orthonormal basis then there must be vectors = € H for which Bessel’s
inequality holds with strict inequality (see Exercise 3.21).

It is usually relatively easy to decide whether a given sequence is orthonor-
mal, but in general it is usually rather difficult to decide whether a given
orthonormal sequence is actually a basis. In Examples 3.38 and 3.39 we saw
two orthonormal sequences in infinite-dimensional spaces. Both are in fact or-
thonormal bases. It is easy to check this for the first, see Example 3.51, but
the second is rather more complicated and will be dealt with in Section 3.5,
where we discuss Fourier series. However, we note that in infinite dimensions
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the components (z, e,) in the expansion (3.5) are often called the Fourier co-
efficients of x with respect to the basis {e,} (by analogy with the theory of
Fourier series).

Example 3.51

The orthonormal sequence {€,} in ¢ given in Example 3.38 is an orthonormal
basis. This basis will be called the standard orthonormal basis in £2.

Solution
Let = {z,,} € £2. Then by definition,

%) oo
2* =" |zl = l(@,en) .
n=1 n=1

Thus by part (c¢) of Theorem 3.47, {e,,} is an orthonormal basis. O

We emphasize that although the sequence {€,} is an orthonormal basis in
the space ¢2, this says nothing about this sequence being a basis in the space
£P when p # 2. In fact, we have given no definition of the idea of a basis in an
infinite dimensional space other than an orthonormal basis in a Hilbert space.

Theorem 3.40 showed that any infinite-dimensional Hilbert space H con-
tains an orthonormal sequence. However, there is no reason to suppose that
this sequence is a basis. The question now arises — do all Hilbert spaces have
orthonormal bases? The answer is no. There exist Hilbert spaces which are too
“large” to be spanned by the countable collection of vectors in a sequence. In
this section we will show that a Hilbert space has an orthonormal basis if and
only if it is separable (that is, it contains a countable, dense subset). In a sense,
the countability condition in the definition of separability ensures that such
spaces are “small enough” to be spanned by a countable orthonormal basis.

We begin with some illustrations of the idea of separability in the context
of vector spaces. As noted in Chapter 1, the space R is separable since the set
of rational numbers is countable and dense in R. Similarly, C is separable since
the set of complex numbers of the form p+iq, with p and ¢ rational, is count-
able and dense in C (for convenience, we will call numbers of this form complez
rationals). A very common method of constructing countable dense sets is to
take a general element of the space, expressed in terms of certain naturally
occurring real or complex coefficients, and restrict these coefficients to be ra-
tionals or complex rationals. Also, in the vector space context, infinite sums are
replaced by finite sums of arbitrarily large length. The proof of the following
theorem illustrates these ideas. The theorem is an extremely important result
on separable Hilbert spaces.
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Theorem 3.52

(a)
(b)

Finite dimensional normed vector spaces are separable.

An infinite-dimensional Hilbert space H is separable if and only if it has
an orthonormal basis.

Proof

(a)

Let X be a finite-dimensional, real normed vector space, and let {e1, ..., ex}
be a basis for X. Then the set of vectors having the form 22:1 Qpén, with
a, a rational is countable and dense (the proof of density is similar to the
proof below in part (b)), so X is separable. In the complex case we use
complex rational coefficients a,.

Suppose that H is infinite-dimensional and separable, and let {z,} be a
countable, dense sequence in H. We construct a new sequence {y,, } by omit-
ting every member of the sequence {x,, } which is a linear combination of the
preceding members of the sequence. By this construction the sequence {y,,}
is linearly independent. Now, by inductively applying the Gram—Schmidt
algorithm (see the proof of part (b) of Lemma 3.20) to the sequence {y,}
we can construct an orthonormal sequence {e,} in H with the property
that for each k > 1, Sp{e1,...,ex} = Sp{y1,-..,yx}. Thus,

Sp{en:n €N} =Sp{y,:n €N} =Sp{z,:n e N}

Since the sequence {z,,} is dense in H it follows that Sp {e, : n € N} = H,
and so, by Theorem 3.47, {e,} is an orthonormal basis for H.

Now suppose that H has an orthonormal basis {e,}. The set of elements
x € H expressible as a finite sum of the form x = Zi:l apey, with k € N
and rational (or complex rational) coefficients «,, is clearly countable, so
to show that H is separable we must show that this set is dense. To do
this, choose arbitrary y € H and € > 0. Then y can be written in the form
Y= 0" Buen, with 307, [8,|* < 00, so there exists an integer N such
that Zf:N—&-l |8,|% < €2/2. Now, for each n = 1,..., N, we choose rational
coefficients ay,, such that |3, — a,|?> < €2/2N, and let x = 2712/:1 pey,.
Then

N )
Hyszzzzwn*an‘ZJr Z |ﬂn‘2<€2a
n=1

n=N+1

which shows that the above set is dense, by part (f) of Theorem 1.25. O
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Example 3.53

The Hilbert space ¢? is separable.

It will be shown in Section 3.5 that the space L?[a,b], a, b € R, has an
orthonormal basis, so is also separable. In addition, by an alternative argument

it will be shown that C[a,b] is separable. In fact, most spaces which arise in
applications are separable.

EXERCISES

3.21

3.22

3.23

3.24

3.25

Use Example 3.46 to find an orthonormal sequence in a Hilbert space
‘H and a vector x € H for which Bessel’s inequality holds with strict
inequality.

Let ‘H be a Hilbert space and let {e,,} be an orthonormal sequence
in H. Determine whether the following series converge in H:

(a) in_len; (b) in_lﬂen.
n=1 n=1

Let H be a Hilbert space and let {e,} be an orthonormal basis in
H. Let p : N — N be a permutation of N (so that for all x € H,
z:o:l \(m,ep(n))\Q = Zzo:l |(z,en)|?). Show that:
(a) Z(:f:, €p(n))en converges for all z € H;

n=1
(b) 1D (@, epm))enl® = [|z]|? for all z € H.

n=1

Let H be a Hilbert space and let {e,} be an orthonormal basis in
‘H. Prove that the Parseval relation

(2,y) = (@, en)(ensy)

n=1
holds for all z, y € H.

Show that a metric space M is separable if and only if M has a
countable subset A with the property: for every integer £k > 1 and
every x € X there exists a € A such that d(z,a) < 1/k.

Show that any subset N of a separable metric space M is separable.
[Note: separability of M ensures that there is a countable dense
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subset of M, but none of the elements of this set need belong to V.
Thus it is necessary to construct a countable dense subset of V]

3.26 Suppose that H is a separable Hilbert space and Y C H is a closed
linear subspace. Show that there is an orthonormal basis for H con-
sisting only of elements of Y and Y *.

3.5 Fourier Series

In this section we will prove that the orthonormal sequence in Example 3.39 is
a basis for LA[—m, 7], and we will also consider various related bases consisting
of sets of trigonometric functions.

Theorem 3.54
The set of functions
C= {co(a:) = (1/m)Y2, coa) = (2/m)? cosnz :n € N}

is an orthonormal basis in L?[0, 7).

Proof

We first consider L2[0,7]. It is easy to check that C is orthonormal. Thus by
Theorem 3.47 we must show that SpC is dense in L3[0,7]. We will combine
the approximation properties in Theorems 1.40 and 1.62 to do this.

Firstly, by Theorem 1.62 there is a function g; € Cgr[0, ] with ||g1—f|| < €/2
(here, || -|| denotes the L2[0, 7] norm). Thus it is sufficient to show that for any
function g1 € Cg[0, 7] there is a function go € SpC with [|g2 — ¢1]] < €/2 (it
will then follow that there is a function g2 € Sp C' such that ||g2 — f|| < €).

Now suppose that g; € Cgr[0, 7] is arbitrary. We recall that the function
cos~!:[~1,1] — [0, 7] is a continuous bijection, so we may define a function h €
Cr[—1,1] by h(s) = gi(cos™!s) for s € [—1,1]. It follows from Theorem 1.40
that there is a polynomial p such that |h(s) — p(s)| < €/2/ for all s € [-1,1],
and hence, writing g2(x) = p(cosz), we have |ga(x) — g1(x)| < €/24/7 for all
x € [0,7], and so ||g2 — ¢1]] < €/2. But standard trigonometry now shows that
any polynomial in cosz of the form > " a,(cosz)™ can be rewritten in the
form anzo Br cos nx, which shows that g € Sp C, and so completes the proof
in the real case.

In the complex case, for any f € L[0, 7] we let fr, fc € L3[0, 7] denote the
functions obtained by taking the real and imaginary parts of f, and we apply
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the result just proved to these functions to obtain

oo (oo} oo
f = f]R + ’Lf(c = Z QnCp +1 Zﬁncn = Z(an + iﬁn)cny
n=0 n=0 n=0
which proves the result in the complex case. ]

From Theorems 3.52 and 3.54 we have the following result.

Corollary 3.55

The space L2[0, 7] is separable.

Theorem 3.56

The set of functions
S = {sn(x) = (2/m)?sinnx :n e N}

is an orthonormal basis in L?[0, 7.

Proof

The proof is similar to the proof of the previous theorem so we will merely
sketch it. This time we first approximate f (in LZ[0,7]) by a function fs, with
6 > 0, defined by
(o0, ifzelod),
fo(@) = { fx), ifze (5
(clearly, || f — fs|| can be made arbitrarily small by choosing d sufficiently small).
Then the function fs(z)/sinz belongs to L2[0,7], so by the previous proof it

can be approximated by functions of the form ) ", v, cos nz, and hence f(x)
can be approximated by functions of the form

m

- 1
Z Qp, cOSNT Sinx = B Z ap(sin(n + 1)z — sin(n — 1)z).

n=0 n=0

The latter function is an element of Sp .S, which completes the proof. O

It follows from Theorems 3.54, 3.56, and 3.47, that an arbitrary function
f € L?[0, 7] can be represented in either of the forms

f= Z(f’ Cn)Cn, Z(fa Sn)Sn, (3.6)
n=0

n=1
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where the convergence is in the L2[0, 7] sense. These series are called, respec-
tively, Fourier cosine and sine series expansions of f. Other forms of Fourier
series expansions can be obtained from the following corollary.

Corollary 3.57
The sets of functions

E = {en(z) = (2m)"1/2e* . n € 7},
F ={2712¢y, 27 /2¢,, 271/25, : n € N},

are orthonormal bases in the space LZ[—m, 7r]. The set F is also an orthonormal
basis in the space L&[—m, 1] (the set F is clearly not appropriate for the space
L2[—m, 7] since the functions in F are complex).

Proof

Again it is easy to check that the set F is orthonormal in L2[—m,7]. Suppose
that F' is not a basis for LZ[—m, 7]. Then, by part (a) of Theorem 3.47, there
exists a non-zero function f € LZ[—m, 7] such that (f,co) =0, (f,¢,) = 0 and
(f,sn) =0, for all n € N, which can be rewritten as,

0= [ fle)de - / (F@) + F(—a))da,

—T

0= ' f(x)cosnxda?:/Ow(f(zv)—i—f(—a:))cosnxdaz,

0= j f(z)sinnz dr = /Oﬂ(f(:c) — f(—2z)) sinnzx dx.

Thus, by part (a) of Theorem 3.47 and Theorems 3.54 and 3.56, it follows that
for a.e. z € [0, 7],

fx) + f(=z) =0,

f(x) = f(=z) =0,
and hence f(z) = 0 for a.e. z € [—m, 7]. But this contradicts the assumption
that f # 0 in LZ[—m, 7], so F must be a basis. Next, it was shown in Example
3.39 that the set F is orthonormal in L2[—, 7], and it follows from the formula
e = cosnf + isinnb that Sp E is equal to Sp F, so E is also an orthonormal
basis. O

The above results give the basic theory of Fourier series in an L? setting.
This theory is simple and elegant, but there is much more to the theory of
Fourier series than this. For instance, one could consider the convergence of
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the various series in the pointwise sense (that is, for each = in the interval
concerned), or uniformly, for all z in the interval. A result in this area will be
obtained in Corollary 8.30, but we will not consider these topics further here.

Finally, we note that there is nothing special about the interval [0, 7] (and
[—7,7]) used above. By the change of variables + — & = a + (b — a)x/7 in the
above proofs we see that they are valid for a general interval [a, b].

EXERCISES

3.27

3.28

Show that for any b > a the set of polynomials with rational (or
complex rational) coefficients is dense in the spaces: (a) C|[a,b]; (b)
L?[a,b)].

Deduce that the space Cla, b] is separable.

(Legendre polynomials) For each integer n > 0, define the polyno-

mials
1 d"u,

2nn! dzn
(clearly, u,, has order 2n, while P,, has order n). The polynomials P,
are called Legendre polynomials. We consider these polynomials on
the interval [—1,1], and let H = L?[—1, 1], with the standard inner
product (-, -). Prove the following results.

(a) d*"u,/dz®"(z) = (2n)!.
(b) (Pm, Pn) =0, for m, n >0, m # n.

() [Pa]l? = (27nt)2 52, for n > 0.

un(@) = (2 =1)",  Pu(2)

(d) { en=1/251P,:n>0 } is an orthonormal basis for H.

[Hint: use integration by parts, noting that u,, and its derivatives
to order n — 1, are zero at +1.]






4

Linear Operators

4.1 Continuous Linear Transformations

Now that we have studied some of the properties of normed spaces we turn to
look at functions which map one normed space into another. The simplest maps
between two vector spaces are the ones which respect the linear structure, that
is, the linear transformations. We recall the convention introduced in Chapter 1
that if we have two vector spaces X and Y and a linear transformation from
X to Y it is taken for granted that X and Y are vector spaces over the same
scalar field. Since normed vector spaces have a metric associated with the norm,
and continuous functions between metric spaces are in general more important
than functions which are not continuous, the important maps between normed
vector spaces will be the continuous linear transformations.

After giving examples of these, we fix two normed spaces X and Y and look
at the space of all continuous linear transformations from X to Y. We show
this space is also a normed vector space and then study in more detail the cases
when Y = F and when Y = X. In the latter case we will see that it is possible
to define the product of continuous linear transformations. The final section of
this chapter is devoted to determining when a continuous linear transformation
has an inverse.

We start by studying continuous linear transformations. Before we look at
examples of continuous linear transformations, it is convenient to give alterna-
tive characterizations of continuity for linear transformations. A notational con-
vention should be clarified here. If X and Y are normed spacesand T : X — Y

87
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is a linear transformation, the norm of an element of X and the norm of an
element of Y will frequently occur in the same equation. We should therefore
introduce notation which distinguishes between these norms. In practice we
just use the symbol || - || for the norm on both spaces as it is usually easy
to determine which space an element is in and therefore, implicitly, to which
norm we are referring. We recall also that if we write down one of the spaces
in Examples 2.2, 2.4, 2.5 and 2.6 without explicitly mentioning a norm, it is
assumed that the norm on this space is the standard norm.

Lemma 4.1

Let X and Y be normed linear spaces and let 7' : X — Y be a linear transfor-
mation. The following are equivalent:

(a) T is uniformly continuous;
(b) T is continuous;
(¢) T is continuous at 0;

)

(d) there exists a positive real number & such that ||T'(x)|| < k whenever x € X
and [|z|| < 1;

(e) there exists a positive real number k such that ||7'(x)| < k||z|| for all z € X.

Proof

The implications (a) = (b) and (b) = (c) hold in more generality so all that
is required to be proved is (¢) = (d), (d) = (e) and (e) = (a).

(¢) = (d). As T is continuous at 0, taking ¢ = 1 there exists a § > 0 such
that [|T'(x)|] < 1 when x € X and ||z|| < J. Let w € X with ||w| < 1. As

ow ) )
= 2 < Z
1500 = Slhell < 5 <6,

) ) ]
T ( 7“} ) || <1and as T is a linear transformation 7' ( 710 ) = iT(w). Thus

) 2 2

§||T(w)\| <1 and so | T(w)] < 5 Therefore condition (d) holds with &k = 5
(d) = (e). Let k be such that |T(z)|| < k whenever z € X and |jz|| < 1.

Since T(0) = 0 it is clear that || T(0)|] < k||0|. Let y € X with y # 0. As

HyH =1 we have
[yl

T ( ﬁ )H < k. Since T is a linear transformation
Y

orwn = () o= ()] < -
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and so || T(y)|| < k|ly||. Hence | T(z)| < k||z| for all z € X.
(e) = (a). Since T is a linear transformation,

IT(z) =T = T (z = y)ll < kllz -yl

for all 2,y € X. Let ¢ > 0 and let § = % Then when 2,y € X and ||z —y| < &

€
IT() = )| < kla—yll <k (1 ) =<
Therefore T is uniformly continuous. a
Having obtained these alternative characterizations of continuity of linear
transformations, we can now look at some examples. It will normally be clear
that the maps we are considering are linear transformations so we shall just
concentrate on showing that they are continuous. It is usual to check continuity

of linear transformations using either of the equivalent conditions (d) or (e) of
Lemma 4.1.

Example 4.2
The linear transformation T : Cg[0,1] — F defined by
T(f) = f(0)
is continuous.
Solution
Let f € Cc[0,1]. Then
T = 1£(0)] < sup{|f ()] : = € [0,1]} = || ]-

Hence T is continuous by condition (e) of Lemma 4.1 with k = 1. O

Before starting to check that a linear transformation 7' is continuous it is
sometimes first necessary to check that 7" is well defined. Lemma 4.3 will be

used to check that the following examples of linear transformations are well
defined.

Lemma 4.3

If {¢,} € £*° and {x,} € P, where 1 < p < oo, then {c,x,} € P and

D lenzal? < [{end B D lzal?. (4.1)
n=1 n=1
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Proof

Since {c,} € €°° and {x,,} € P we have A\ = ||[{cy}||oo = sup{|cn| : n € N} < 00
and Y | |z, [P < co. Since, for all n € N

lenan|P < AP|z,,|P,

Yoo i lenzy|P converges by the comparison test. Thus {c,z,} € (7 and the
above inequality also verifies (4.1). O

Example 4.4

If {¢,} € £°° then the linear transformation T : ¢! — F defined by

T({x,}) = Z CnTn

is continuous.

Solution
Since {c,x,} € £* by Lemma 4.3, it follows that T is well defined. Moreover,

T{an D)l =1 enal <Y lenzal < [{endloo Y 2l = [{en} ool e -

Hence T is continuous by condition (e) of Lemma 4.1 with k£ = |[{¢,}|eo- O

Example 4.5

If {c,} € £ then the linear transformation 7" : ¢* — (2 defined by

T({zn}) = {cnzn}

is continuous.

Solution

Let A = |[{¢n}]|oo- Since {c,z,} € 2 by Lemma 4.3, it follows that T is well
defined. Moreover

IT{za )5 = Z |enan]? < N? Z |za]? = N*[|{za}3-

Hence T is continuous by condition (e) of Lemma 4.1 with & = |[{¢,}H|eo- O
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There is another notation for maps which satisfy condition (e) of Lemma
4.1 for some k.

Definition 4.6

Let X and Y be normed linear spaces and let 7' : X — Y be a linear transfor-
mation. T is said to be bounded if there exists a positive real number k such
that |T'(x)]] < k||z|| for all z € X.

By Lemma 4.1 we can use the words continuous and bounded interchange-
ably for linear transformations. Note, however, that this is a different use of
the word “bounded” from that used for functions from R to R. For example if
T : R — R is the linear transformation defined by T'(x) = « then T is bounded
in the sense given in Definition 4.6 but, of course, is not bounded in the usual
sense of a bounded function. Despite this apparent conflict of usage there is not
a serious problem since apart from the zero linear transformation, linear trans-
formations are never bounded in the usual sense of bounded functions, so the
word may be used in an alternative way. Since the term “bounded” gives a good
indication of what has to be shown this compensates for the disadvantage of
potential ambiguity. The use of this term also explains the abbreviation used
in the following notation for the set of all continuous linear transformations
between two normed spaces.

Notation

Let X and Y be normed linear spaces. The set of all continuous linear trans-
formations from X to Y is denoted by B(X,Y). Elements of B(X,Y) are also
called bounded linear operators or linear operators or sometimes just operators.

If X and Y are normed linear spaces then B(X,Y) C L(X,Y).

Example 4.7

Let a, b € R, let k : [a, b] x [a,b] — C be continuous and let
M = sup{|k(s,t)| : (s,t) € [a, ] x [a,b]}.
(a) If g € Cla, b], then f : [a,b] — C defined by
b
£6) = [ Mstygtt)ae

is in Cla, b].
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(b) If the linear transformation K : Cla,b] — Cla,b] is defined by

(K@) = [ Kstg)di
then K € B(C|a,b],Cla,b]) and

1K (g)| < M(b—a)||g]|.

Solution

(a) Suppose that € > 0 and s € [a,b]. We let ks € Cla,b] be the function
ks(t) = k(s,t), t € [a,b]. Since the square [a, b] X [a, b] is a compact subset
of R?, the function k is uniformly continuous and so there exists § > 0 such
that if |s — s’| < 0 then |ks(t) — kg (¢)| < € for all ¢ € [a, b]. Hence

£ |</th k(" Dll9(t)] dt < e(b— a) gl

Therefore f is continuous.

(b) For all s € [a,b],

|</th |w§/Mwwt M@ - a)llgll
Hence | K(g)|| < M(b—a)||g|| and so K € B(C|a,b],C]a,]). |

In Example 4.7 there are lots of brackets. To avoid being overwhelmed by
these, if T'€ B(X,Y) and z € X it is usual to write Tz rather than T'(z).

The examples presented so far may give the impression that all linear trans-
formations are continuous. Unfortunately, this is not the case as the following
example shows.

Example 4.8

Let P be the linear subspace of C¢[0, 1] consisting of all polynomial functions.
If T:P — P is the linear transformation defined by

where p’ is the derivative of p, then T is not continuous.
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Solution
Let p,, € P be defined by p,(t) = t". Then
[Pnll = sup{|pn(t) : T € [0,1]} =1,

while

IT ()]l = Pyl = sup{|p,, ()] : € [0,1]} = sup{|nt" | : t € [0, 1]} = n.
Therefore there does not exist k > 0 such that [|T(p)|| < k||p| for all p € P,

and so T is not continuous. O

The space P in Example 4.8 was not finite-dimensional, so it is natural
to ask whether all linear transformations between finite-dimensional normed
spaces are continuous. The answer is given in Theorem 4.9.

Theorem 4.9

Let X be a finite-dimensional normed space, let Y be any normed linear space
and let T : X — Y be a linear transformation. Then T is continuous.

Proof

To show this we first define a new norm on X. Since this will be different from
the original norm, in this case we have to use notation which will distinguish
between the two norms. Let || -||; : X — R be defined by ||z||1 = ||z||+ ||T(2)]].
We will show that || - ||; is a norm for X. Let =, y € X and let A € F.

() flzlly = llzll + [T ()] = 0.

(ii) If ||z][y = 0 then ||z|| = ||T(z)|| = 0 and so = 0 while if = 0 then
[zl = IT(2)|| = 0 and so [lz]l, = 0.

(iii) [|Azly = [|Az]| + [[T(Ax) | = [Alllz]] + AT @) = Al + 1T

= [Alll[l
(iv) [z +yll = llz+yll + 1T +y)
= llz +yll + |7 (z) + T(y)|
<zl + llyll + 1T @)+ 1T )l
= [zl + [lyll-
Hence || - ||; is a norm on X. Now, as X is finite-dimensional, || - || and || - ||1

are equivalent and so there exists K > 0 such that ||z|j; < K|jz| for all zx € X
by Corollary 2.17. Hence ||T(x)| < ||z]l1 < K||z|| for all x € X and so T is
bounded. O



94 Linear Functional Analysis

If the domain of a linear transformation is finite-dimensional then the lin-
ear transformation is continuous by Theorem 4.9. Unfortunately, if the range
is finite-dimensional instead, then the linear transformation need not be con-
tinuous as we see in Example 4.10, whose solution is left as an exercise.

Example 4.10

Let P be the linear subspace of C¢[0, 1] consisting of all polynomial functions.
If T :P — C is the linear transformation defined by

T(p) =p'(1),

where p’ is the derivative of p, then T is not continuous.

Now that we have seen how to determine whether a given linear transfor-
mation is continuous, we give some elementary properties of continuous linear
transformations. We should remark here that although the link between matri-
ces and linear transformations between finite-dimensional vector spaces given
in Theorem 1.15 can be very useful, any possible extension to linear trans-
formations between infinite-dimensional spaces is not so straightforward since
both bases in infinite-dimensional spaces and infinite-sized matrices are much
harder to manipulate. We will therefore only use the matrix representation of
a linear transformation between finite-dimensional vector spaces.

Lemma 4.11

If X and Y are normed linear spaces and T : X — Y is a continuous linear
transformation then Ker (T') is closed.

Proof
Since T is continuous, Ker (T) = {x € X : T(z) = 0} and {0} is closed in YV it
follows that Ker (T) is closed, by Theorem 1.28. O

Before our next definition we recall that if X and Y are normed spaces then
the Cartesian product X x Y is a normed space by Example 2.8.

Definition 4.12

If X and Y are normed spaces and T': X — Y is a linear transformation, the
graph of T is the linear subspace G(T) of X X Y defined by

Gg(T)={(z,Tz) : x € X}.
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Lemma 4.13

If X and Y are normed spaces and 7' : X — Y is a continuous linear transfor-
mation then G(T') is closed.

Proof

Let {(xn,yn)} be a sequence in G(T') which converges to (z,y) in X x Y. Then
{zn} converges to x in X and {y, } converges in y in Y by Exercise 2.5. However,
yn = T'(zy,) for all n € N since (z,,,yn) € G(T'). Hence, as T is continuous,

y= limy, = lim T'(z,) = T(x).

n—oo n—o0

Therefore (x,y) = (x,T(x)) € G(T) and so G(T) is closed. O

We conclude this section by showing that if X and Y are fixed normed
spaces the set B(X,Y) is a vector space. This will be done by showing that
B(X,Y) is a linear subspace of L(X,Y), which is a vector space under the
algebraic operations given in Definition 1.7.

Lemma 4.14

Let X and Y be normed linear spaces and let S, T' € B(X,Y) with ||S(z)| <
killz|| and || T(z)| < k2||z| for all © € X. Let A € F. Then

(@) [I(S+T) (@) < (k1 + ko)l|z]| for all z € X;
(b) [(AS)(@)|| < |Alk1 ] for all z € X

(¢) B(X,Y) is a linear subspace of L(X,Y) and so B(X,Y) is a vector space.
Proof

(a) If z € X then

1S+ D) (@) < IS@) + 1T (@) < kallzl] + k2llzl] = (k1 + k2) |-

(b) If x € X then
IAS) (@) = [A[I[S @) < [l [

(¢) By parts (a) and (b), S+ T and AS are in B(X,Y) so B(X,Y) is a linear
subspace of L(X,Y). Hence B(X,Y) is a vector space. o
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EXERCISES

4.1 If T : Cgr[0,1] — R is the linear transformation defined by

T(f) = /O ' f(a)de

show that T is continuous.
4.2 Let h € L*=[0,1].
(a) If f is in L2[0, 1], show that fh € L?[0,1].

(b) Let T : L?[0,1] — L?[0,1] be the linear transformation defined
by T(f) = hf. Show that T is continuous.

4.3 Let H be a complex Hilbert space and let y € H. Show that the
linear transformation f : H — C defined by

f(@) = (z,y)
is continuous.

4.4 (a) If (x1, 29,73, 24,...) € £2, show that

(0,4x1, 2,423, 24,...) € 2.

(b) Let T : ¢? — ¢2 be the linear transformation defined by
T(l‘l, T2, XL3,T4,. - ) = (O, 4.’171, o, 41}3, T4, .. )

Show that T is continuous.

4.5 Give the solution to Example 4.10.

4.2 The Norm of a Bounded Linear Operator

If X and Y are normed linear spaces we showed in Lemma 4.14 that B(X,Y)
is a vector space. We now show that B(X,Y) is also a normed space. While
doing this we often have as many as three different norms, from three different
spaces, in the same equation, and so we should in principle distinguish between
these norms. In practice we simply use the symbol |- || for the norm on all three
spaces as it is still usually easy to determine which space an element is in and
therefore, implicitly, to which norm we are referring. To check the axioms for
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the norm on B(X,Y) that we will define in Lemma 4.15 we need the following

consequence of Lemma 4.1
sup{||T ()| : ||z|]| < 1} = inf{k: |T(x)| < k|jz|| for all z € X}

and so in particular ||T'(y)| < sup{||T(2)| : ||z|] < 1}||y| for all y € X.

Lemma 4.15
Let X and Y be normed spaces. If || - || : B(X,Y) — R is defined by

1T = sup{[T(x)] = [l=]| <1}

then || - || is a norm on B(X,Y).

Proof
Let S,T € B(X,Y) and let A € F.
(i) Clearly |T|| >0 for all T € B(X,Y).

(ii) Recall that the zero linear transformation R satisfies R(z) = 0 for all x €

X. Hence,

IT| =0« ||Tz|| =0forall ze€ X
< Tx=0forall z€X
<= T is the zero linear transformation.

(ii) As [|7'(z)]]
Lemma 4.14(b). Hence
AT < IMITI-

If A =0 then ||AT|| = |\| ||T]| while if A # 0 then
IT( = AT < AT IAT] < (AT AT = 1T-
Hence ||T|| = [A|”" |AT|| and so

AT = (AT

(iv) The final property to check is the triangle inequality.

1(S+T)(@)|| < [IS@)]| + [T ()]
< ISl + [T |||
= (IS + 17D l=]l-

Therefore || + T < ||S]| + ||TI.

< | T|[lz]l we have [[(AT)(@)[| < [A[T[ll|z]| for all z € X by
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Hence B(X,Y) is a normed vector space. O

Definition 4.16

Let X and Y be normed linear spaces and let T' € B(X,Y). The norm of T is
defined by [|T| = sup{[[T'(2)| : [|=[| < 1}.

Using the link between matrices and linear transformations between finite-
dimensional spaces we can use the definition of the norm of a bounded linear
transformation to give a norm on the vector space of m x n matrices.

Definition 4.17

Let FP have the standard norm and let A be a m x n matrix with entries in
F.If T : F* — F™ is the bounded linear transformation defined by T'(z) = Ax
then the norm of the matrix A is defined by ||A]| = ||T.

Let us now see how to compute the norm of a bounded linear transfor-
mation. Since the norm of an operator is the supremum of a set, the norm
can sometimes be hard to find. Even if X is a finite-dimensional normed lin-
ear space and there is an element y with ||y|| = 1 in X such that |T|| =
sup{||T(z)| : |z]] < 1} = ||T'(y)| it might not be easy to find this element y.
In the infinite-dimensional case there is also the possibility that the supremum
may not be attained. Hence there is no general procedure for finding the norm
of a bounded linear transformation. Nevertheless there are some cases when
the norm can easily be found. As a first example we consider the norm of the
linear transformation given in Example 4.2.

Example 4.18

If T : Cr[0,1] — TF is the bounded linear operator defined by
T(f) = £(0)

then ||T|| = 1.

Solution

It was shown in Example 4.2 that |T(f)| < ||f]| for all f € Cg[0,1]. Hence
IT|| = inf{k : |T(2)|| < k||| for all z € X} < 1.

On the other hand, if g : [0,1] — C is defined by g(x) =1 for all x € X then
g € Ccl0,1] with [lgl| = sup{lg(x)| : € [0,1]} = 1 and |T(g)| = [9(0)] = 1.
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Hence
L=T(g) < [ITNllgll = Tl

Therefore ||T|| = 1. O

Sometimes it is possible to use the norm of one operator to find the norm
of another. We illustrate this in Theorem 4.19.

Theorem 4.19

Let X be a normed linear space and let W be a dense subspace of X. Let Y
be a Banach space and let S € B(W,Y).

(a) If © € X and {z,} and {y,} are sequences in W such that lim x, =
n—oo
lim y, = x then {S(x,)} and {S(y,)} both converge and lim S(z,) =
lim S(yy).
(b) There exists T € B(X,Y) such that [|[T| = ||S|| and Tx = Sz for all
xeW.

Proof

(a) Since {x,} converges it is a Cauchy sequence. Therefore, as
15(@n) = S(@m)ll = [1S(@n = zm)Il < [Slllen = zmll;

{S(x,)} is also a Cauchy sequence and hence, since Y is a Banach space,
{S(x,)} converges.

As lim z, = lim y, = ¢ we have lim (z, — y,) = 0. Since
n—oo n—oo n—oo

15(@n) = S(yn)ll = [1S(@n = yn)ll < ISllllzn — ynl,

lim S(z,) — S(yn) =0 and so lim S(z,) = lim S(y,).

n—oo n—o0

(b) We now define T : X — Y as follows: for any x € X there exists a sequence
{zn} in W such that lim z, = = (since W is dense in X) and we define
T:X =Y by e

T(xz) = lim S(z,)

n—oo

(T is well defined since the value of the limit is independent of the choice
of sequence {z,} converging to x by part (a)). In this case it is perhaps
not clear that 7' is a linear transformation so the first step in this part is
to show that T is linear.
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Let z,y € X and let A € F. Let {x,} and {y,} be sequences in W such
that lim x,, = 2 and lim y, = y. Then {z,} and {y,} are sequences in

n—oo

W such that lim (z, +y,) =2 +y and lim Az,, = Az. Hence

T(x+vy) = nlLII;OS(xn +yn)
= i (S(aa) + S())
= :1L1r;OS(xn) + nh_)n;OS’(yn)
=T(z) +T(y)
and

T(A\z) = lim S(Az,) = lim AS(z,) = A lim S(z,) = \T'(z).

n—oo n—oo n—oo

Hence T is a linear transformation.

Now suppose that € X with ||z|| = 1 and let {z,} be a sequence in W

such that lim x, = z. Since lim ||z,| = [|z|| = 1, if we let w,, = ——

n—oo n—oo [lr ||
then {w,} is a sequence in W such that lim w, = lim = z and
|wnll = lznll _ 1 for anl e N, As

Jl
IT] = T || S|
< sup{ | Suw, | : n € N}
< sup{[|Sllw | : n € N}
= ISl

T is bounded and ||T|| < ||S||. Moreover if w € W then the constant
sequence {w} is a sequence in W converging to w and so

Tw = lim Sw = Sw.

Thus [|Sw[| = [|Tw| < [[T][lw]| so [[S|| < [T Hence ||S]| = ||T]| and we
have already shown that if z € W then Tx = Sx. O

The operator T in Theorem 4.19 can be thought of as an extension of the
operator S to the larger space X.
We now consider a type of operator whose norm is easy to find.

Definition 4.20

Let X and Y be normed linear spaces and let T € L(X,Y). If [|T(z)|| = |||
for all x € X then T is called an isometry.
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On every normed space there is at least one isometry.

Example 4.21
If X is a normed space and I is the identity linear transformation on X then

I is an isometry.

Solution
If x € X then I(z) = z and so ||[I(z)|| = ||z||. Hence I is an isometry. O

As another example of an isometry consider the following linear transfor-
mation.

Example 4.22
(a) If x = (21, 22,73,...) € £2 then y = (0,71, 2, 73,...) € {2

(b) The linear transformation S : 2 — 2 defined by

S(x1,x9,23,...) = (0,21, 22, 3, ...) (4.2)
is an isometry.
Solution
(a) Since z € (2,
02 + |z1]? + |z2|® + |23 + ... = |21 ]® + |22 +23? + ... < o0,
and so y € £2.
(b) 1S(@)]I* = [0 + [z1]? + |zaf* + |23]* + ...
= [P + faof? + |23 + ..
= [|lz|1%,
and hence S is an isometry. ]

The operator defined in Example 4.22 will be referred to frequently in Chap-
ter 6 so it will be useful to have a name for it.

Notation
The isometry S : 2 — (2 defined by

S(x1,x9,23,...) = (0,21, 22, 3, .. .)

is called the unilateral shift.
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It is easy to see that the unilateral shift does not map ¢2 onto ¢2. This
contrasts with the finite-dimensional situation where if X is a normed linear
space and T is an isometry of X into X then T maps X onto X, by Lemma 1.12.

We leave as an exercise the proof of Lemma 4.23, which shows that the
norm of an isometry is 1.

Lemma 4.23

Let X and Y be normed linear spaces and let T € L(X,Y). If T is an isometry
then T is bounded and ||T'|| = 1.

The converse of Lemma 4.23 is not true. In Example 4.18, although | T|| = 1
it is not true that |T'(h)| = ||h|| for all h € CF|0, 1]. For example, if b : [0,1] — F
is defined by h(z) = z for all z € [0, 1] then ||2|| = 1 while |T'(h)| = 0. Therefore,
saying that a linear transformation is an isometry asserts more than that it has
norm 1.

Definition 4.24

If X and Y are normed linear spaces and 7 is an isometry from X onto Y then
T is called an isometric isomorphism and X and Y are called isometrically
isomorphic.

If two spaces are isometrically isomorphic it means that as far as the vector
space and norm properties are concerned they have essentially the same struc-
ture. However, it can happen that one way of looking at a space gives more
insight into the space. For instance, £2 is a simple example of a Hilbert space
and we will show in Corollary 4.26 that any infinite-dimensional, separable
Hilbert spaces over F is isomorphic to 2. We recall that { ¢, } is the standard
orthonormal basis in 2.

Theorem 4.25

Let H be an infinite-dimensional Hilbert space over F with an orthonormal
basis {e,, }. Then there is an isometry T of H onto (2 such that T'(e,) = ¢, for
all n € N.
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Proof

Let # € H. Then z = -, (z,e,)e, by Theorem 3.47 as {e,} is an orthonor-
mal basis for H. Moreover, if o, = (z,e,) then {a,} € (2 by Lemma 3.41
(Bessel’s inequality) so we can define a linear transformation 7' : H — (2 by

T(z) = {an}. Now

IT@I? =Y lanl® =D |(z,en)* = |12
n=1 n=1

for all x € ‘H by Theorem 3.47, so T is an isometry and by definition T'(e,) = €,
for all n € N.

Finally, if {3,} is in ¢2 then by Theorem 3.42 the series > " | 3,e, con-
verges to a point y € H. Since (y,e,) = B, we have T(y) = {3,}. Hence T is
an isometry of H onto (2. O

Corollary 4.26

Any infinite-dimensional, separable Hilbert space H over F is isometrically
isomorphic to (2.

Proof

‘H has an orthonormal basis {e,} by Theorem 3.52, so H is isometrically iso-
morphic to £2 by Theorem 4.25. 0
EXERCISES

4.6 Let T : Cgr[0,1] — R be the bounded linear transformation defined
by

7(f) = | fa)as.
(a) Show that || T < 1.

(b) If g € CRr[0,1] is defined by g(z) = 1 for all z € [0, 1], find |T(g)]
and hence find ||T||.

4.7 Let h € L>=[0,1] and let T': L2[0,1] — L?[0, 1] be the bounded linear
transformation defined by T'(f) = hf. Show that

1T < [1Aloo-
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4.8 Let T : ¢?> — ¢? be the bounded linear transformation defined by
T(x1, 22, 3,24, ...) = (0,421, X9, 423, 24, . . .).
Find the norm of T.
4.9 Prove Lemma 4.23.

4.10 Let ‘H be a complex Hilbert space and let y € H. Find the norm of
the bounded linear transformation f : H — C defined by

f(@) = (2,9).

4.11 Let H be a Hilbert space and let y, z € H. If T is the linear transfor-
mation defined by T'(z) = (z,y)z, show that T is bounded and that
1T < Ilylll]=]]-

4.3 The Space B(X,Y)

Now that we have seen some examples of norms of individual operators let us
look in more detail at the normed space B(X,Y"), where X and Y are normed
linear spaces. Since many of the deeper properties of normed linear spaces are
obtained only for Banach spaces it is natural to ask when B(X,Y) is a Banach
space. An initial guess might suggest that it would be related to completeness
of X and Y. This is only half correct. In fact, it is only the completeness of Y
which matters.

Theorem 4.27

If X is a normed linear space and Y is a Banach space then B(X,Y) is a
Banach space.

Proof

We have to show that B(X,Y") is a complete metric space. Let {1}, } be a Cauchy
sequence in B(X,Y). In any metric space a Cauchy sequence is bounded so
there exists M > 0 such that || T, || < M for all n € N. Let z € X. Since

[Toa — To|| = [[(Tn = Ton)(@)[| < [ T0 = T[] ]|

and {T,,} is Cauchy, it follows that {T},z} is a Cauchy sequence in Y. Since Y’
is complete {T,,z} converges, so we may define T: X — Y by

T(x) = lim T,z.

n—oo
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We will show that T' € B(X,Y) and that T is the required limit in B(X,Y),
so that B(X,Y’) is a Banach space.
The first step is to show that T is linear. This follows from

T(x4y) = lim T,(z+y) = lim (Th,a+Thy) = lim Thoo+ lim T,y = Tz+Ty

and
T(az) = lim T,(az) = lim aT,z =« lim T,z = oT(z).

Next, it follows from ||[Tz|| = lim ||T,z| < M]||z|, that T is bounded and so
T e B(X,Y).
Finally, we have to show that lim 7, =7T. Let € > 0. There exists NV € N
such that when m,n > N
€
T, — Tyl < <.
T~ Tl < &

Then, for any z with ||z|| < 1 and any m,n > N,
€
1The = Tzl < [Tn = Tmllllz]| < 5
Since T'(z) = lim T, (x), there exists N; € N such that when m > Ny,
€

Tx — T,
T~ Thuall < §

Then when n > N and m > N;
€ €
T2 = Toz|| < I T2 = Tzl + 1Tz — Tmall < 5 + 52l < e

Thus ||T'— T,|| < e when n > N and so lim T;, =T. ad

n—oo

One particular case, which is sufficiently important to warrant separate
notation, is when Y = F.

Definition 4.28

Let X be a normed space. Linear transformations from X to F are called linear
functionals. The space B(X,F) is called the dual space of X and denoted X'.

The dual space is sometimes also denoted by X™*, but to avoid confusion
with notation we will use in Chapter 6, we will not use X* for the dual space.

Corollary 4.29

If X is a normed vector space then X’ is a Banach space.
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Proof

The space F is complete so X’ is a Banach space by Theorem 4.27. 0O

Dual spaces will be considered in more detail in Chapter 5. Here, we inves-
tigate the algebraic structure of B(X,Y") for general spaces Y.

Lemma 4.30

If X,Y and Z are normed linear spaces and T' € B(X,Y) and S € B(Y, Z)
then SoT € B(X,Z) and

15 o T < STl

Proof
As SoT € L(X,Z) by Lemma 1.8 and

[(SoT)(@)[| = IS(T @) < ISINT @) < ST,
SoT e B(X,Z) and ||SoT| < ||S|T]- m]

If X,Y and Z are three finite-dimensional spaces with bases x, y and z re-
spectively and T' € L(X,Y) and S € L(Y, Z) then M;(SoT) = MY (S)My(T)
by Theorem 1.15. A natural candidate for the product of bounded linear oper-
ators is therefore function composition.

Definition 4.31

Let X,Y and Z be normed linear spaces and 7' € B(X,Y) and S € B(Y, Z).
The composition SoT of S and T will be denoted by ST and called the product
of S and T.

Let X,Y and Z be normed linear spaces and T' € B(X,Y) and S € B(Y, Z).
If the spaces X,Y and Z are not all the same the fact that we can define
the product ST does not mean we can define the product T'S. However, if
X =Y = Z then T'S and ST will both be defined. We note, however, that even
if all the spaces are finite-dimensional and X =Y = Z, in general T'S # ST.

Since the situation when X =Y = Z arises frequently it is convenient to
have the following notation.

Notation

If X is a normed linear space the set B(X, X) of all bounded linear operators
from X to X will be denoted by B(X).
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If X is a normed space then we have seen that B(X) has a lot of algebraic
structure. This is summarized in part (a) of Lemma 4.32.

Lemma 4.32
Let X be a normed linear space.
(a) B(X) is an algebra with identity and hence a ring with identity.

(b) If {T,,} and {S,} are sequences in B(X) such that lim 7;, = T and
lim S,, = S then lim S, T, = ST.

n—oo n—oo

Proof

(a) The identities given in Lemma 1.9 hold for all linear transformations and
hence in particular hold for those in B(X). Therefore B(X) is an algebra
with identity (and hence a ring with identity) under the operations of
addition and scalar multiplication given in Definition 1.7 and multiplication
given in Definition 4.31.

(b) As {T,} is convergent it is bounded so there exists K > 0 such that ||T;,|| <
K for all n € N. Let € > 0. There exists N; € N such that when n > N;

€
150 = 81l < 52,

and N5 € N such that when n > Ny

€
T, ~T| < ——.
| | 2(IS11+1)

As
150 T = ST < 150 T = STl +[|STn = ST < K|S0 = S+ ST Tn =T,
when n > max(Ny, N3) we have

150 T = STI| < K||Sn = S|+ [ISITn = T < e

Thus lim S, T, = ST. O

n— oo

Notation
Let X be a normed space and let T' € B(X).

(a) TT will be denoted by T2, TTT will be denoted by T2, and more generally
the product of T" with itself n times will be denoted by T™.
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(b) If ag, a1,...,a, € Fand p : F — F is the polynomial defined by p(z) =
ap+a1z+...+a,x™, then we define p(T') by p(T) = agl+ a1 T+. .. +a,T".

Since B(X) is a ring the above notation is consistent with using the power
notation for products of an element with itself in any ring. The following is
such an easy consequence of the definitions that we omit the proof.

Lemma 4.33

Let X be a normed linear space and let T' € B(X). If p and ¢ are polynomials
and A, pu € C then

(&) (Ap+ pg)(T) = Ap(T) + pg(T);
(b) (pg)(T) = p(T)q(T).

EXERCISES

4.12 Let X be a normed linear space and let P, Q € B(X). Show that the
linear transformation T : B(X) — B(X) defined by T(R) = PRQ,
R € B(X), is bounded.

4.13 Let T : £ — (2 be the bounded linear operator defined by
T(x1, 2,23, 2q,...) = (0,421, X2, 43,24, . . .).
(a) Find T2.
(b) Hence find ||T?| and compare this with ||T|%.

4.14 Let X,Y and Z be normed linear spaces and let T : X — Y and
S :Y — Z be isometries. Show that S o T is an isometry.

4.4 Inverses of Operators

One way to solve a matrix equation
Az =y

is to find the inverse matrix A~! (if it exists) and then the solution is z = A~ 1y.
In this section we will see to what extent this can be generalized to the infinite-
dimensional case. Our first task is to define an inverse in this setting.
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Definition 4.34

Let X, Y be normed linear spaces. An operator 7' € B(X,Y) is said to be
invertible if there exists S € B(Y, X) such that ST = Ix, T'S = Iy, in which
case S is the inverse of T and is denoted by T—!.

Note that, by Lemma 1.12, if ' € B(X,Y) is invertible then its inverse is
unique.

The rest of this section is devoted to studying properties of inverses, char-
acterizing invertible operators and giving examples of these operators. The
following simple lemma can easily be verified (using Definition 4.34), so we
omit the proof.

Lemma 4.35

If X, Y, Z are normed linear spaces and 71 € B(X,Y), T, € B(Y,Z) are
invertible, then:

(a) Ty ' is invertible with inverse T1;

(b) TyTy is invertible with inverse T, 1T, *.

Remark 4.36

If X =Y we have seen that B(X) has additional algebraic properties com-
pared with the space B(X,Y). In particular, if T € B(X) then powers T",
n =1,2,..., are well-defined. Similarly, if T" is invertible then inverse powers
T =(T"YH", n=1,2,..., are well-defined. However, we will not make any
significant use of this additional algebraic structure in this book.

Our main interest here is in the existence and properties of inverses, so we
first note that the existence of an invertible operator between spaces X, Y,
requires that many of the algebraic and topological properties of these spaces
should be similar. This leads to the following definition and lemma.

Definition 4.37

Let X, Y be normed linear spaces. If an invertible operator T' € B(X,Y) exists
then X, Y are isomorphic, and T is an isomorphism (between X and Y).

We observe that if T € B(X,Y) is an isomorphism then 77! € B(Y, X) is
also an isomorphism. The following lemma can easily be verified, so we again
omit the proof.
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Lemma 4.38

If the normed linear spaces X, Y, are isomorphic, then:

(a) dim X < oo if and only if dimY < oo, in which case dim X = dimY’;
(b) X is separable if and only if Y is separable;

(¢) X is complete (i.e., Banach) if and only if Y is complete (i.e., Banach).

We now discuss a simple example, in which we can check directly from the
definition that an operator is invertible.

Example 4.39
For any h € C[0,1] let T, € B(L?[0,1]) be defined by
(Tyhu)(t) = h(t)u(t), wu € L?0,1]. (4.3)

If f € C[0,1] is defined by f(t) =1+t then T} is invertible.

Solution
Note that we showed in Exercise 4.2 that T}, is bounded for any h € C|0, 1].

1
Let g(t) = T+ Then g € C[0,1] and

(TTru)(t) = (Ty(fu)(t) = g(t) f (t)u(t) = u(?),

for all t € [0,1]. Thus (T,Tf)u = u for all u € L?[0,1] so T,T¢ = I. Similarly
TyT, = I. Hence Ty is invertible with T; ' = T,. O

In Example 4.39 it was easy to verify that Ty was invertible because we had
a suitable candidate for the inverse. Usually there is not an obvious candidate
for the inverse, and it is not so easy to determine whether an inverse exists. Even
if we consider the same space and a very similar function f € C10, 1] defined by

f(t) = t, the same approach as in Example 4.39 would not work since m is

not in C[0,1]. Unfortunately, we cannot immediately conclude from this that
Ty is not invertible since it might have an inverse which is not of the form
Ty, h € C[0,1], and we do not yet have techniques available to check this.
Therefore we have to look for other ways of determining whether an operator
is invertible. In finite dimensions the determinant of a matrix can be used to
determine if the matrix is invertible, but there is no obvious generalization
of this to the infinite-dimensional case. We therefore have to look for other
methods to determine whether an operator is invertible. The first approach is
based on the norm of an operator.
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Theorem 4.40

Let X be a Banach space. If T' € B(X) is an operator with ||T|| < 1 then I —T
is invertible and the inverse is given by

(I-T)"t= i .
n=0

Proof

Because X is a Banach space, so is B(X) by Theorem 4.27. Since ||T|| < 1 the
series Y o ||T||™ converges and hence, as ||T™|| < ||T'||" for all n € N, the series
oo o IT™|] also converges. Therefore >~ 7 T™ converges by Theorem 2.30. Let
S =3 oT" and let S), = ZZ:O T™. Then the sequence {Si} converges to S
in B(X). Now

I =T)Sk = I = [T = T*' = I = || = T*FH|| < | 7|*+
Since || T|| < 1 we deduce that klim (I =T)Sy, = I. Therefore,

(I-T)S=(I~T) lim S = lim (I - 1), = I,

k—o0

by Lemma 4.32. Similarly, S(I—T) = I so I —T is invertible and (I -T)"! = S.
O

Notation

The series in Theorem 4.40 is sometimes called the Neumann series.

As an application of the above method let us show how to obtain a solution
to an integral equation.

Example 4.41
Let A€ C and let k : [a,b] X [a,b] — R, a, b € R, be defined by

k(z,y) = Asin(x — y).

Show that if |A| < 1 then for any f € C|[a,b] there exists g € C[a, b] such that

o) = f(z) + / Kz, 1)a(y) dy.
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Solution

In Example 4.7(b) we showed that the linear transformation K : C[a,b] —
Cla, b] defined by

b
(K(9))(s) = / k(s ) g(t) dt

is bounded and || K (g)|| < |A|||g||- Hence || K| < A. Since the integral equation
can be written as

(I-K)g=f
and I — K is invertible by Theorem 4.40, the integral equation has the (unique)

solution
g=I—-K)"'f. O

Theorem 4.40 can also be used to derive a metric space property of the set
of invertible operators.

Corollary 4.42

Let X, Y be Banach spaces. The set A of invertible operators in B(X,Y) is
open.

Proof

Let T € A and let n = ||T~!||~!. To show that A is open it suffices to show
that if [|T — S|| < n then S € A. Accordingly, let |7 — S|| < 7. Then

(T =S)TH < T = SNTH < 1T~ T~ = 1.
Hence Iy — (T — S)T~! is invertible by Theorem 4.40. However,
Iy —(T-8S)T ' '=I—(Iy — ST ') =ST"".

Therefore ST~ is invertible and so S = ST~!T is invertible by Lemma 4.35.
Hence S € A as required. O

Let us now turn to a second method of determining invertibility of an op-
erator. Suppose that X and Y are normed spaces and T' € B(X,Y). If T is
invertible then it is bijective (and hence Ker (T) = {0} and Im(T) = Y, by
Lemma 1.12). Conversely, if T is bijective then, by Lemma 1.12 again, there is
a unique linear transformation S : Y — X such that SoT = Ix and ToS = Iy.
However, in general S need not be bounded, so bijectivity of T" is not sufficient
for invertibility (in infinite dimensions). The final part of the following result
is therefore rather surprising.
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Theorem 4.43 (Open Mapping Theorem)

Suppose that X and Y are Banach spaces and T' € B(X,Y) is surjective. Let
L={T(x):z € X and ||z| <1},

with closure L. Then:

(a) there exists r > 0 such that {y € Y : ||y|| <r} C L;

() (yeY: |yl <3) L

(c) if, in addition, T is one-to-one then T is invertible.

Proof

To clarify which spaces various sets are in we will use the following notation in
this proof. Let

Box(r)={z e X :|z|| <r}

be the open ball with centre 0 and radius r in the space X, with closure

Box(r) ={z e X :|z]| <7},

and let By y (r) and By y (r) be the corresponding sets in the space Y.

(a) Since T' maps X onto Y, for any y € Y there exists z € X such that
T(x) =y. Thus y € ||z|| L and so

o0
Y = U nL.
n=1
Therefore, by Theorem 1.32 (the Baire category theorem), there is N € N
such that NL contains an open ball. Hence L also contains an open ball, as
the operation of multiplying by a non-zero scalar is a continuous function

with a continuous inverse. Therefore, there exists p € L and ¢ > 0 such
that

p+ Boy(t) C L.
Let y € By y (t). Then p +y and y — p are both in L and so

y=%((p+y)+(y—p)) € L.

Thus L contains By y (t) and so the result follows by taking r = ¢/2.
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(b)

Let y € Boy(r/2). Since ||2y|| < r and By (r) C L, there exists wy € L
such that

12y — w|| < r/2.

Since 22y — 2wy € By y(r) and By y (r) C L there exists wy € L such that
122y — 2wy — wal| < 7/2.

Continuing in this way we obtain a sequence {w,} in L such that for all
neN

27y — 2" twy — 2" 2wy — - — w,|| < 7/2.

Therefore, for all n € N,

n
ly =D 27wy <27t

j=1

and hence y = Z;’il 27Jw;. Since w,, € L for all n € N, there exists
zpn, € By x(1) such that w,, = T(z,). Now as

[ fj?‘jlel < fjrj =1,
j=1 j=1

the sequence of partial sums of Z(;; 277 x; is a Cauchy sequence and so

converges to z € By x(1). Also

o oo

T(x) =T 272;) = ZZ_jT(a:j) => 27w =y.

j=1 j=1

Therefore y € L so By,y(r/2) C L.

By Lemma 1.12 there is a unique linear transformation S : ¥ — X such

that SoT =1Ix and ToS =1Iy. Let y € Y with ||y|| glandletw:%.

As ||lw|| < g, we have w = T'(x) for some x € X with ||z|| <1 by part (b).

2
Therefore y =T ( - ) SO
r

2x 2
= < —.
15l \ <>

Thus S is bounded. O
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As an application of Theorem 4.43 we give a converse to Lemma 4.13 for
operators between Banach spaces.

Corollary 4.44 (Closed Graph Theorem)

If X and Y are Banach space and T is a linear transformation from X into Y
such that G(T), the graph of T, is closed, then T is continuous.

Proof

As X x Y is a Banach space by Exercise 2.13, G(T) is also a Banach space
since it is a closed linear subspace of X x Y. Let R : G(T) — X be defined
by R(z,Tx) = x. Then R is a linear transformation from G(T') to X which is
one-to-one and onto. Since

[1B(z, Ta)|| = [lz|| < [lz]| + [|Tz]] = || (2, T=)l],

R is bounded and ||R|| < 1. Hence there is a bounded linear operator S : X —
G(T') such that So R = Ig(ry and Ro S = Ix by Theorem 4.43. In particular,
Sz = (x,Tz) for all z € X. As

[Tz < [lzf| + | Tz|| = (2, Tz)|| = [|Sz|| < [|S]l]|=]
for all x € X, it follows that T is continuous. O

Part (c) of Theorem 4.43 is sufficiently important to be stated in its own
right.

Corollary 4.45 (Banach's Isomorphism Theorem)

If X, Y are Banach spaces and T € B(X,Y) is bijective, then T is invertible.

Despite this neat characterization of invertibility of an operator T, if we try
to use it to solve the equation T'(x) = y we observe that if we can check from
the definition that 7" maps X onto Y then we could already have solved the
equation! To avoid this cyclic argument we have to try to find another way of
characterizing invertibility.

Lemma 4.46

If X, Y are normed linear spaces and T' € B(X,Y) is invertible then, for all
z e X,
| Ta|| > |77~ |-
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Proof
For all # € X we have ||z| = ||T~Y(Tx)|| < [|T~|||Tx| and so

—1—-1
[ T]| = ([T =] 0

Lemma 4.46 shows that if T' € B(X,Y) is invertible then there exists a > 0
such that | Tz| > «f|z| for all z € X. This property will form part of our next
invertibility criterion.

Lemma 4.47

Suppose that X is a Banach space, Y is a normed space and T € B(X,Y). If
there exists o > 0 such that ||Tz|| > «||z| for all z € X, then Im(T) is closed.

Proof

We use the sequential characterization of closed sets, so let {y,} be a sequence
in Im(7T") which converges to y € Y. Since y,, € Im(T'), there exists x,, € X such
that Tz, = y,. Since {y,} converges, it is a Cauchy sequence so since

1Yn — Ymll = |Txn — Txp|| = [T (0 — 2m)l| > allzn — 20,

for all m and n € N, we deduce that the sequence {z,} is a Cauchy sequence.
Since X is complete there exists # € X such that {z,} converges to x. There-
fore, by the continuity of T,

Trx = lim Tx, = lim y, =y.
n—oo n—oo

Hence y = Tz € Im(T") and so Im(T") is closed. O

From Lemmas 4.46 and 4.47 we can now give another characterization of
invertible operators.

Theorem 4.48

Suppose that X, Y are Banach spaces, and T € B(X,Y). The following are
equivalent:

(a) T is invertible;

(b) Im(T) is dense in Y and there exists o > 0 such that | Tz|| > af/z| for all
r e X.
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Proof

(a) = (b). This is a consequence of Lemmas 1.12 and 4.46.
(b) = (a). By hypothesis Im(7T') is dense in Y and so, since Im(7T") is also closed,
by Lemma 4.47, we have Im(T) =Y. If x € Ker (T') then Tz = 0 so

0=|Tz]| = e,

and so = 0. Hence Ker (T') = {0} and so T is invertible by Corollary 4.45. O

It is worthwhile stating explicitly how this result can be used to show that
an operator is not invertible. The following corollary is therefore just a refor-
mulation of Theorem 4.48.

Corollary 4.49

Suppose that X, Y are Banach spaces, and T € B(X,Y). The operator T is
not invertible if and only if Im(7") is not dense in Y or there exists a sequence
{zn} in X with ||z,]| =1 for all n € N but lim Tz, = 0.

n—oo

Not surprisingly Corollary 4.49 is a useful way of showing non-invertibility
of an operator. Example 4.50 resolves a question left open after Example 4.39.

Example 4.50
For any h € C[0,1], let T}, € B(L?[0,1]) be defined by (4.3). If f € C[0,1] is
defined by f(t) = ¢, then T is not invertible.

Solution
For each n € N let u,, = v/nx(0,1/n)- Then u, € L?[0,1] and

n

1
lun :/0 Vo m (8) Viaxpoam(f) df = — =1

for all n € N. However

1 1/n n
(1T (un) |2 =/O tv/nX[0,1/n) () tvV/NX[0,1/n)(t) dt = ”/o t2dt = —

3n3’

Therefore, lim T(u,) = 0 and so T is not invertible by Corollary 4.49. O

It is also possible to use Theorem 4.48 to show that an operator is invertible.
We use it to give an alternative solution to Example 4.39.
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Example 4.51

For any h € C[0,1], let T}, € B(L?[0,1]) be defined by (4.3). If f € C]0,1] is
defined by f(t) =1+ ¢, then Ty is invertible.

Solution

We verify that the two conditions of Theorem 4.48 are satisfied for this operator.
Let v € C[0,1] and let u = ? Then u € C[0,1] and

(T (u))(t) = f(D)u(t) = v(t)
for all ¢ € [0,1]. Hence Ty (u) = v and so Im(Ty) = C0, 1]. Moreover,

1 1 1
MHMW=Af@M&WW@ﬁ=AIﬂm%MWﬁZAVMWﬁ=MW
for all u € C[0,1]. Therefore T is invertible by Theorem 4.48. O

It could be argued that to show that Im(T}) was dense in the solution
to Example 4.51 was still just about as hard as finding the inverse formula
explicitly. However, in the case of operators in B(H) where H is a Hilbert
space, there is some additional structure in B(H), which we shall study in
Chapter 6, which will enable us to obtain an alternative characterization of
this density condition which is much easier to study.

We conclude this chapter with another application of the closed graph
theorem.

Theorem 4.52 (Uniform Boundedness Principle)

Let U, X be Banach spaces. Suppose that S is a non-empty set and, for each
s€ 8, T, € B(U,X). If, for each u € U, the set {||Ts(u)| : s € S} is bounded
then the set {||Ts|| : s € S} is bounded.

Proof

Let Fy(S, X) be the Banach space defined in Exercises 2.2 and 2.14. For each
u € U, define a mapping f*: S — X by f“(s) = Ts(u). By definition, the set
{If“()|l : s € S} ={||Ts(w)] : s € S} and hence is bounded, so f* € Fy(S, X).
Now define a linear operator ¢ : U — Fy(S, X) by ¢(u) = f*. We will show
that G(¢), the graph of ¢, is closed. Let {(un,#(un))} be a sequence in G(¢)
which converges to (u, g) in U x F,(S, X). Then
lim Jlg(s) — 6 (5)]| < Tim g = () = 0

n—oo
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and so, since T is continuous,

g(s) = lim ¢(u,)(s) = nlingof“" (s) = lim Ty(u,) = Ts(u).

n—oo n—oo

Thus g(s) = f*(s) = G(u)(s), and s0 g = ¢(u) and (u, g) € G(¢). Hence G(9)
is closed.
Now, by the closed graph theorem (Corollary 4.44), ¢ is bounded, so

ITs ()l = 1M < W Mo = o)l < llllllul, s €S, wel,

and hence ||Ts|| < ||¢|| for all s € S. O

Corollary 4.53

Let U, X be Banach spaces and T,, € B(U,X), n = 1,2,.... Suppose that,
lim T, u exists, for each u € U, and define Tu = lim T,u. Then T' € B(U, X).

n—oo n—0oo

Proof

It can be seen, as in the proof of Theorem 4.27, that T is linear. Next, for any
u € U, it follows from the the existence of the limit lim,,_, ., T,,u that the set
{||Tnul]l : n € N} is bounded. Thus, by Theorem 4.52 with S = N, there exists
M such that ||T,,|| < M, for all n € N. Hence, || Tu|| = lim,, o [|[Tnu| < M|ul,
so that T is bounded. O

EXERCISES

4.15 Prove Lemma 4.35.

4.16 Let X be a vector space on which there are two norms || - ||; and
|- |2- Suppose that under both norms X is a Banach space and that
there exists £ > 0 such that

lzlly < Fll]l2,

for all x € X. Show that || - ||; and || - ||2 are equivalent norms.
4.17 Let ¢ = {c,} € £ and let T, € B(¢?) be defined by T.({z,}) =
{enTn}.

1
(a) If inf{|cy| : m € N} > 0 and d,, = — show that d = {d,} € £>
Cn
and that T.7y =Ty4T. = 1.
(b) If A ¢ {¢,, : n € N}~ show that T, — AI is invertible.
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4.18

4.19

4.20

4.21

Let ¢ = {c,} € € and let T. € B(¢?) be defined by T.({z,}) =

{enxn}. If ¢, = — show that T, is not invertible.
n

Let X be a Banach space and suppose that {T},} is a sequence of
invertible operators in B(X) which converges to T € B(X). Suppose
also that ||T,;t]| < 1 for all n € N. Show that T is invertible.

Let U = {u = {un} € ? : u, # 0 for only finitely many n}. For
n € N, define T,, € B(U,F) by T,,(u) = nu,. Show that the set
{|ITx|| : » € N} is not bounded. Deduce that the hypothesis in
Theorem 4.52 that U be complete is necessary.

Let {a,} be a sequence in F. Show that if Y | a,z,, is finite for
all z = {z,,} € ¢! then {«a,} € £>°.
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Duality and the Hahn—Banach Theorem

In this chapter we return to the study of linear functionals and dual spaces,
which were defined and briefly considered in Section 4.3. In the first section
we obtain specific representations of the duals of some particular spaces. We
then give various formulations of the so called Hahn—Banach theorem. This
theorem enables us to construct linear functionals, on general spaces, with
specific properties. This then enables us to derive various general properties
of dual spaces, and also of second dual spaces. We conclude the chapter by
considering “projection operators” and “weak convergence” of sequences —
these topics have many uses, and rely on some of the results established earlier
in the chapter.

5.1 Dual Spaces

In this section we describe the dual of several of the standard spaces introduced
in previous chapters. In general, it is relatively easy to produce some elements of
a dual space but less easy to identify the entire dual space. We begin with finite
dimensional spaces, for which the construction is simple. It will be convenient
to introduce the following notation: for any integers j, k, let

s _ L ii=k
k=0, ifjfk

(this is often called the Kronecker delta).
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Theorem 5.1

If X is a finite dimensional normed linear space with basis {v1, va, ..., v,} then
X' has a basis {f1, f2,..., fn} such that f;(vi) = djx, for 1 < j,k < n. In
particular, dim X’ = dim X.

Proof
Let z € X. Since {v1,vs,...,v,} is a basis for X, there exist unique scalars
a1, qs, ..., op such that © = 37 agvg. For j = 1,...,n, define f; : X — F
by

filx) =a;, zeX.
It can be verified that f; is a linear transformation such that f;(vy) = djk.

Moreover, f; € X’ by Theorem 4.9 . We now show that {f1, fo,...,f.} is a
basis for X'.
Suppose that 31, s, ..., 3, are scalars such that Z?Zl B;f; = 0. Then,

0= Zﬂjfa‘(vk) = Zﬂﬂjk =0k, 1<k<n,
j=1

Jj=1

and so {f1, fa,..., fn} is linearly independent.

D vifiwe) = wk = = f(wr), 1<k<n,
j=1

j=1

and so f = 37", 7, fj, since {v1,va,...,v,} is a basis for X. O

An alternative proof of the final part of Theorem 5.1 uses Theorem 4.9 and
the algebraic result that if V and W are vector spaces then the dimension of
L(V,W) is the product of the dimension of V' times the dimension of W.

If X is a finite dimensional normed linear space there are occasions in which
it important not only to know the dimension of X', but also to know the ex-
istence of the special basis given in the Lemma 5.1. One such occasion oc-
curs when Y is a finite dimensional linear subspace of a normed linear space
X. Suppose that {vi,va,...,v,} is a basis for Y and {f1, fa2,..., fn} is a ba-
sis for Y’ such that f;(vk) = djk, for 1 < j,k < n. If it is possible to find
{91,92;---,9n} € X’ such that g(y) = f(y) for all y € Y then this provides n
elements of X’ which distinguish elements of Y. Finding such functionals g; is
equivalent to extending the domains of the functional f; from the subspace ¥’
to the whole space X. Such an extension process is the subject of the Hahn—
Banach theorem, which will be discussed in detail in the following sections.
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We next consider the dual space of a general Hilbert space H. We recall,
from Exercise 4.3, that for any y € H we can define a functional f, € H’ by
fy(x) = (x,y), * € H. This identifies a collection of elements of H' with H
itself. The following theorem shows that, in fact, all elements of H’ are of this
form.

Theorem 5.2 (Riesz—Fréchet Theorem)

Let H be a Hilbert space and let f € H’'. Then there is a unique y € H such
that f(z) = fy(z) = (z,y) for all z € H. Moreover ||f|| = ||yl

Proof

(a) (Existence). If f(x) =0 for all x € H then y = 0 will be a suitable choice.
Otherwise, Ker f = {x € H : f(z) = 0} is a proper closed subspace of H so
that (Ker f)* # {0}, by Theorem 3.34. Therefore there exists z € (Ker f)*
such that f(z) = 1. In particular, z # 0 so we may define y = ﬁ Now

let © € H be arbitrary. Since f is linear,

[l = f(x)2) = f(z) = f(2)f(2) =0,

and hence = — f(x)z € Ker f. However, z € (Ker f)* so

(x — f(x)z,2) = 0.
Therefore, (z,2) — f(z)(z,2) = 0 and so (z,2) = f(x)||2]|*>. Hence

f(z) = (z, W) = (2,9).

Now, if ||z|| <1 then by the Cauchy—Schwarz inequality

1f (@) =1y < [lzllyll < llyll,

so that ||f|| < ||ly||. On the other hand, if 2 = ﬁ then [|z|| =1 and
Y
f@l _ (:y)

1= [f(2)] = ===

= = [lyll-
[yl Iyl

Therefore £ > [ly].
(b) (Uniqueness). If y and w are such that
f@) = (z,y) = (z,w)

for all z € H, then (z,y —w) = 0 for all x € H. Hence, by Exercise 3.1, we
have y —w = 0 and so y = w as required. O
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Theorem 5.2 gave a representation of all the elements of the dual space H’
of a general Hilbert space H, and showed that, in a sense, H’ can be identified
with H. The following result states this identification in a slightly more precise
manner, and also shows that H’ is itself a Hilbert space.

Theorem 5.3

Let H be a Hilbert space, and define Ty : H — H' by Txy = f,, y € H. Then
Ty is a bijection, and for all o, B € F, y, z € H:

(a) Ty(ay + Bz) = aTny + BTuz;
(®) 1Tyl = yll-
In addition, an inner product (-, )3 can be defined on H’' by

(Tnz, Tvy)nw = (¥, 2)1n, Yy, 2€H (5.1)

(here, we use subscripts to distinguish the space on which the inner products
are defined). With this inner product, H’ is a Hilbert space.

Proof

The bijectivity of T3 and property (b) follows immediately from Theorem 5.2.
Next, for all x € H we have

faerﬁz(x) = (m,ay + /BZ) = a(‘%y) +B(x,z) == afy(x) +sz($)a

which proves (a). We now check that (5.1) defines an inner product, by checking
the axioms. First, we note that (f,, fy)n = (v, y)n > 0 with equality if and
only if y = 0 (and hence if and only if f, = 0). Also,

(fz,fy) ( ( ) = (fy’fz)Hu
(afy + Bfz, fu)r = (w,ay + B2)w = alw, y)r + Bw, 2)n
O‘(fyvfw)H’ +ﬂ(fz;fw)7—t’

It must also be shown that the norm on H’ as a dual space is the same as the
norm obtained from the inner product defined in (5.1). This follows from

175117 = 1yl = (v, 9)2 = (Fyo i)

by Theorem 5.2. Finally, recall that H’ is complete, by Corollary 4.29. g
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We note that, by property (a), the mapping T3 in Theorem 5.3 is not linear
if F = C; such a mapping is sometimes called conjugate linear.

We now identify the duals of the Banach spaces %, 1 < p < co. We will
require the following result, which is proved in Exercise 5.2.

Lemma 5.4

For an arbitrary integer k > 1, let S C ¢°° consist of sequences of the form
r = (x1,...,2,,0,0,...), and let S = (J,~; Sk. The set S is dense in ¢7,
1 < p < oo, but not in £°°.

In the following theorem the norm in ¢ will be denoted by || - ||,, but the
norm of f € (¢?)" will simply be denoted by || f]|-

Theorem 5.5
Suppose that 1 <p <oo. If p>1,let g=p/(p— 1), while if p =1, let ¢ = 0.

(a) If a = {a,} € ¢9 then, for any z = {x,} € ¢P, the sequence {a,z,} € ¢,
and

fa(z) = Z antyn, x€LP,

n=1

defines a linear functional f, € (¢7)’, with || f.|| = ||allq-
(b) If f € (¢P)" then there exists a unique a € ¢9 such that f = f,.

(c) By parts (a) and (b), the function T}, : £ — (¢P)’ defined by T),(a) = fa,
a € 01, is a linear isometric isomorphism.

Proof
We deal with the cases p =1 and p > 1 separately. First suppose that p > 1.

(a) The linearity of f, is clear, while the first result, and the inequality || fo| <
lla|lq, follow immediately from Hélder’s inequality (Corollary 1.58). The
inequality |la|lq < || fo|l will be proved in part (b).

(b) Suppose that f € (¢7)" is arbitrary, and define the sequence a,, = f(€,),
n > 1 (e, is as in Definition 1.60). For an arbitrary integer k > 1, define
v € Sk by choosing v, € F such that a7y, = |an|? (v, = 0 if a, = 0), for
n=1,...,k. Then, by the definition of ¢, |y,|? = |a,|?, and so

k k

k k
/
F(S ) = 3w = S lanl? < 171l = 171(3 Janl?) ™"
n=1 n=1

n=1 n=1
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and hence, since 1 — % ==

(S leat) " <11
n=1

Since k is arbitrary, this proves that the sequence a = {a,} € ¢4, with
llally < |If]l, and hence, by the construction in part (a), the functional f,
exists for the sequence a. Furthermore, for any k£ > 1 and x € Sk,

k k
flz)= f(z $ngn) = anan = fa(x),
n=1 n=1

so f = f,on S, and since S is dense in /P, f = f, on ¢? (by Corollary 1.29).
This proves that for an arbitrary f € (¢P)" a suitable a € £7 exists. Also, it
is clear that a = bin ¢4 iff f, = f, on S iff f, = fp on ¢P (by the density of S
in ¢P), which proves the uniqueness result and completes the proof of part
(b). In addition, if we start the above construction of a sequence a with
a functional of the form f3, for some b € ¢9, then the construction simply
yields a = b, so the above results also yield the inequality |lallq < || fall
required in part (a).

Now suppose that p = 1. The argument is similar to the above. Part (a)
follows from Example 4.4, while part (b) follows from the inequality

lan| = |f (@)l < I fllllenllc = 1, n=1,

which shows that a = {a,} € £ and ||allcc < || f]|- a

Remark 5.6

Theorem 5.5 shows that if 1 < p < oo and ¢ is as in Theorem 5.5, then the
dual space (€7)" can be identified with ¢9. Furthermore, if 1 < p < co then

S s=1, (5.2)

and by the symmetry between p and ¢ in this relationship we see, by Theo-
rem 5.5, that the dual (¢7)" can be identified with ¢Z. When p = 1, ¢ = o0, we
see that (5.2) also holds (with the natural interpretation that 1/0o = 0). Thus,
it seems reasonable to also consider the case p = 0o, ¢ = 1. In this case an
adaptation of the proof of Theorem 5.5 shows that the corresponding mapping
Too : 11 — (£°°) is well-defined and is again an isometry, but the proof that
this mapping is onto fails since, by Lemma 5.4, S is not dense in ¢*°. In fact,
it will be seen after Theorem 5.24 below that ¢! is not isomorphic to (£°°)".
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Remark 5.7

A similar result to Theorem 5.5 also holds for the spaces LP(R), p > 1. It is also
possible to identify the dual spaces of the other standard normed spaces that we
have discussed. Unfortunately, in most cases the proofs of these identifications
require more knowledge of measure theory than we are assuming in this book,
so we shall not go into more details.

EXERCISES

5.1 Let H be a complex Hilbert space and let M be a closed linear
subspace of H. If f € M’, show that there is ¢ € H’ such that
g9(x) = f(x) for all 2 € M and [|f]| = [lgl|.

5.2 Show the following:
(a) ¢P is separable for 1 < p < oo;
(b) £ is not separable;
(c) S is separable, and is dense in /P, 1 < p < oo, but not in £*°.

5.3 Let cg be the linear subspace of £*° consisting of all sequences which
converge to 0. Show the following:

(a) S is dense in ¢g, and ¢y is separable;
(b) ¢ is closed in £°°;

(c) A linear operator T, : {* — ¢}, can be constructed as in Theo-
rem 5.5, and T¢, is an isometric isomorphism.

5.2 Sublinear Functionals, Seminorms and the
Hahn—Banach Theorem

Let X be a real or complex vector space. It often happens that we have a linear
functional fy : W — T defined in a natural manner on a subspace W C X (W
is often finite dimensional), but to make use of this functional we require it to
be defined on the whole of X. Thus we would like to know that we can extend
the domain of the functional to the whole of X. In this context we make the
following simple definition.
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Definition 5.8

Let X be a vector space, W a linear subspace of X, and fy a linear functional
on W. A linear functional fx on X is an extension of fy if fx(w) = fw(w)
for all w e W.

In addition, it is usually useful to be able to construct an extension that
does not increase the “size” of the functional (this will be made precise below,
but in the specific case that X is normed and fy is bounded we would like the
extension fx to be bounded, with || fw| = ||fx]|). We have already seen two
simple examples of such an extension process:

(a) Theorem 4.19 (b) showed that if W = X and fir € W', then fy can be
extended, by continuity, to X;

(b) Exercise 5.1 showed that if M is a closed linear subspace of a Hilbert space
‘H and faq € M’, then fuq can be extended to H.

In each of these cases the extended functional has the same norm as the original
functional. This is clearly better than simply producing an extension (which
may not even be continuous). To describe the “size” of a functional we introduce
the following concepts.

Definition 5.9

Let X be a real vector space. A sublinear functional on X is a function p : X —
R such that:

(a) p(z +y) <p(x) +ply), = yecX.
(b) plax) =ap(x), ze€X,a>0.

Example 5.10

(a) If f is a linear functional on X then it is sublinear.

(b) If f is a non-zero linear functional on X then the functional p(z) = | f(x)]
is not linear, but is sublinear.

(¢) If X is a normed space then p(z) = ||z|| is sublinear.
(d) Let X = R? and define p(x1,x2) = |71| + x2. Then p is sublinear.
It follows from the definition that if p is a sublinear functional on X then

p(0)=0, —p(—z)<p(z), ze€lX,



5. Duality and the Hahn—Banach Theorem 129

and
—ply—z) <plz)—ply) <plz—-y), z yelX.

It need not be the case that p(z) > 0 for all z € X (for instance, see Exam-
ple 5.10 (a) and (d)), but if, in addition, p satisfies p(—z) = p(z) for all x € X
then p(x) > 0, z € X, and the latter result above becomes

p(z) —pW)| <plx—y), =z yeX.

For complex spaces we need a restriction on the sublinear functionals that
are going to be useful.

Definition 5.11

Let X be a real or complex vector space. A seminorm on X is a real-valued
function p : X — R such that:
(a) p(z+y) < p(x)+p(y), z,y € X.

(b) plazx) = |a|p(x), z € X, a € F.

Comparing Definitions 5.9 and 5.11, we see that the distinction between
a seminorm and a sublinear functional lies in property (b). We also see that a
seminorm p is a norm if and only if p(z) = 0 implies = 0. If X is real then
a seminorm p is a sublinear functional, but the converse need not be true.

Example 5.12

Examples (b) and (c) in Example 5.10 are seminorms, even on complex spaces.
Examples (a) and (d) in Example 5.10 are not seminorms (assuming f is non-
zero in case (a))

Note that if p is a seminorm on X then

and
Ip(z) —p(y)| <plz—y), = yeX

(these properties need not hold for a sublinear functional).

The extension process will differ slightly for the real and complex cases. We
first state a general result for the real case; the proof of this theorem will be
given in the following sections.
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Theorem 5.13 (The Hahn—Banach Theorem)

Let X be a real vector space, with a sublinear functional p defined on X.
Suppose that W is a linear subspace of X and fyy is a linear functional on W
satisfying

fww) < p(w), weW. (5.3)

Then fy has an extension fx on X such that

fx(z) <p(x), zeX. (5-4)

Remark 5.14

It follows immediately from (5.4) that
—p(—z) < —fx(—2) = fx(z) <p(x), zelX. (5.5)

We now derive a form of the Hahn—Banach theorem for the complex case
from the real case dealt with in Theorem 5.13. To do this we first note that an
arbitrary complex vector space V' can be regarded as a real space simply by re-
stricting scalar multiplication to real numbers; we will call this real vector space
Vi (we emphasize that the elements of V' and Vg are the same; the difference
between the two spaces is simply that for Vi we only allow multiplication by
real numbers). If; in addition, V' is a normed space then clearly Vg is a normed
space, with the same norm as on V.

Lemma 5.15

If g is a linear functional on V then there exists a unique, real-valued, linear
functional gr on Vg such that

9(v) = gr(v) —igr(iv), veV. (5.6)

Conversely, if gr is a real-valued, linear functional on Vi and ¢ is defined by
(5.6), then g is a complex-valued, linear functional on V.

If, in addition, V is a normed space then g € V! <= gr € V}; and, in this
case, gl = lgrll

Proof

For arbitrary v € V we can write

9(v) = gr(v) +igr(v), veV,
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where ggr(v), gr(v) are real-valued. It can readily be verified that gr, g5 are
real-valued, linear functionals on Vg. Also, for any v € V,

9(iv) = gr(iv) +igr(iv) = ig(v) = igr(v) — g1(v),
so that gr(iv) = —gr(v), and hence (5.6) holds. The converse result is easy to

verify. The final result is proved in Exercise 5.5. O

Lemma 5.15 allows us to construct extensions of complex linear transfor-
mations from extensions of real linear transformations.

Lemma 5.16

Let X be a complex vector space and let p be a seminorm on X. Suppose that
W is a linear subspace of X and fy is a linear functional on W satisfying

| fw ()] < p(w), weW.

Suppose that fyy, g, the real functional on Wg obtained by applying Lemma 5.15
to fw, has an extension fx g on Xg, satisfying

\fx.r(2)] < p(x), =€ Xp.
Then fy has an extension fx on X such that

[fx(@)] <p(z), zelX. (5.7)

Proof

By Lemma 5.15 there is a corresponding complex functional fx on X, which
is clearly an extension of fyy. To show that fx satisfies (5.7), suppose that
z € X, with fx(z) # 0, and choose o € C such that |fx (z)| = afx(z) (clearly,
|a| = 1). Then

[fx(2)] = fx(ax) = fxr(az) < plaz) = p(z),

since p is a seminorm. This completes the proof. ]

Combining Theorem 5.13 and Lemma 5.15 yields the following general ver-
sion of the Hahn—Banach theorem.

Theorem 5.17 (The Hahn—Banach Theorem)

Let X be a real or complex vector space and let p be a seminorm on X. Suppose
that W is a linear subspace of X and fyy is a linear functional on W satisfying

|fw(w)| < p(w), weW.
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Then fi has an extension fx on X such that

|fx(@)] <p(z), z€X.

Proof

If X is a real normed space this follows from Theorem 5.13 and the fact that p
is a seminorm. Hence we suppose that X is a complex normed space. Let fw, g
denote the real functional on Wx obtained by applying Lemma 5.15 to fyy.
Clearly, by (5.6),

fw.r(w) < |fwr(w)] < [fw(w)] < pw) weW.
Thus, by Theorem 5.13, fw,r has an extension fx r on Xg, satisfying
|fx,r(z)| <p(2), z€Xpg.

The result now follows by Lemma 5.16. O

EXERCISES

5.4 Prove the assertions in Example 5.10.

5.5 Prove the final part of Lemma 5.15.

5.3 The Hahn—Banach Theorem in Normed
Spaces

In this section we state a form of the Hahn—Banach theorem in normed spaces.
Although the result (Theorem 5.19) is a special case of Theorem 5.17 we con-
sider it in its own right in this section since it is the case that we will use most
in applications, many of which we describe later in this section. The proof of
both theorems relies on a step by step “one dimensional extension” process,
which we describe first.

Lemma 5.18

Let X be a real linear space, W a proper linear subspace of X, and let p
be a sublinear functional on X and fy a linear functional on W, such that
fw (w) < p(w) for all w € W. Suppose that z; € W, and let

Wi =Sp{znteW={axn+w:aeR, weW}
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Then there exists £&; € R and fy, : W1 — R satisfying
fun (az1 + w) = a&1 + fw(w) < plazy +w), a€R, weW. (5.8)
Clearly, fw, is linear on Wy, and fw, (w) = fw(w), w € W, so fw, is an

extension of fyy.

Proof

For any u, v € W, we have

Jw ) + fw () = fw(u+v) < plutv) < plu—21) +p(v + 21),

and so
fw(u) —p(u—21) < —fw(v) +pv+ 21).
Hence,
&= viéllfv{*fw(v) +p(v+21)} > —oo,
and

*€1+fW(u)§p(U721), £1+fW(U)Sp(U+Zl), U,UEW

Multiplying the first inequality by 8 > 0 and writing a = —f3, w = (u, yields
(5.8) when a < 0. Similarly, the second inequality above yields (5.8) when
a > 0, while (5.8) when a = 0 follows immediately from the definition of p. O

The next result is the main result of this section. In principle, it follows
immediately from Theorem 5.17, by using the specific seminorm p described
in the proof below and, as shown above, Theorem 5.17 is a consequence of
Theorem 5.13, which will be proved in Section 5.4. Despite this, we will give
a proof of Theorem 5.19 here for the special case where X is separable. We
do this because this proof is relatively simple, and illustrates how the general
proof works, without the difficulties encountered in the general proof.

Theorem 5.19 (The Hahn—Banach Theorem for Normed Spaces)

Let X be a real or complex normed space and W a linear subspace of X. For

any fyr € W’ there exists an extension fx € X’ of fy such that || fx/|| = || fw |-
Proof
Let p(z) = ||fwll||z|| for x € X. Then p is a seminorm on X. We can assume

that W #£ X and W is closed (there is nothing to prove if W = X, and if W
is not closed then, by Theorem 4.19 (b), fi has an extension by continuity,
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Sy to W, with || f57ll = [ fw||). We first discuss the real case, and then derive
the proof in the complex case from this. From now on, we suppose that X is
separable.

(a) Suppose that X is real. We note that (5.8), together with the form of p,
implies that the extension f; constructed in Lemma 5.18 satisfies f; € W/
and || fwy |l = lfw |- A slight extension of the solution of Exercise 7.15 now
shows that there exists a sequence of unit vectors {z,} in X \ W such that,
if we define

Wn:Sp{Zl7"'7Zn}®mn217 WDO:Sp{Zlv’22)}®W

then 2,01 € Wy, n > 1,and X = W, (or X = W, for some finite n, in
which case the extension fx € X’ can be constructed simply by applying
Lemma 5.18 n times).

Let Wy = W, fo = fw, and suppose that, for some n > 0, we have an
extension f, € W] of fy satisfying || f»]| = ||fw|. Applying Lemma 5.18
to fn yields an extension fny1 € Wiy with [[fopall = [[full = [[fwl]-
We conclude that, for every n > 0, there is an extension f, € W), with
I fnll = || fw . We now show that there is an extension of these functionals
to W, and then to X.

For any x € W, there exists an integer n(x) such that x € W), so that
for all m > n(x), v € Wy, and fi,(2) = fu(e)(z). Thus we may define
foo(x) = fn(z)(x). It is clear from the properties of the functionals f,,
n > 0, that f is an extension of fy and satisfies || foo|| = || fw||. Finally,
since X = W, foo has an extension by continuity, fx € X', satisfying
Ifxll = Il fooll = [ fw |, which completes the proof of the theorem when X
is real.

(b) Now suppose that X is complex. Applying the first part of the proof and
Lemma 5.16 to fyr € W’ yields a complex linear functional fx € X’ such
that

|fx(@)] < pl2) = lfwlllzl, z€X.
Therefore ||fx| = || fwl- m]

Remark 5.20

If X is not separable then, in general, in the above proof we cannot expect a
sequence of vectors z1, zg, ..., to yield X = W .. Hence, a standard inductive
construction of the above type cannot, in general, deal with a non-separable
space X, so a more sophisticated form of “transfinite induction” is required.
The tool that we use is a powerful set theoretic result called Zorn’s lemma. We
leave the details to Section 5.4.
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In the rest of this section we present some immediate consequences of Theo-
rem 5.19. To avoid repetition, throughout the following results X and W satisfy
the hypotheses of Theorem 5.19

Theorem 5.21
Suppose that x € X satisfies
§ = inf |z —w| > 0.
wew

Then there exists f € X’ such that ||f|| = 1, f(z) = §, and f(w) = 0 for all
weW.

Proof

Without loss of generality we may suppose that W is closed (if W is not closed,
we simply replace it by its closure, which does not change the value of §). Let
Y =Sp{z} @ W, and define a linear functional fy on Y by

fy(az+w)=ad, a€F, weW.

Clearly,
|[fy (az +w)| = |ald < lalllz + o7 vl = oz + ],
which implies that fy € Y', and || fy || < 1.

We now prove that ||fy|| > 1. Choose an arbitrary ¢ € (0,1). By Riesz’
lemma (Theorem 2.25), there exists y. = a.z +w, € Y such that ||y|| =1 and
llye — w]| > 1 — € for all w € W. Hence, by the definition of d, we can choose
w € W such that

1—e < |lacr +we — w|| = |ae| ||z + a7 (we — w)| < |ee]6(1 +€),
from which we obtain
1—ce¢

€ e = 66>
(e + e w)] = Jorld > 1

Since € was arbitrary, this implies that || fy || > 1.

We now have || fy || = 1 so, by Theorem 5.19, fy has an extension f € X',
with [|f|| = 1. By the construction, it is clear that f also has all the other
required properties, which completes the proof. ]

Theorem 5.21 immediately yields the following results, see Exercise 5.6.

Corollary 5.22

For any x € X:
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(a) there exists f € X’ such that ||f|| =1 and f(z) = ||=]|.

(b) |zl = sup{[f(2)[ : f € X', [[f]| = 1}.

¢) If y € X with x # y, then there exists f € X’ such that f(z) # f(y).
Y

Corollary 5.23

If 21,...,2, € X are linearly independent then there exists fi,...,fn € X’
such that f;(z) = 0ji, for 1 < j, k < n.

Next, we have the following result on the “sizes” of X and X'.

Theorem 5.24

If X' is separable then so is X.

Proof

Let B={f € X' :||f|| =1}. It follows immediately from the separability of X’
that we can choose a countable set of functionals F' = {f1, f2,...} C B which
is dense in B. For each n > 1, choose wy, such that |jw,| =1 and f,(w,) > 3,
and let W = Sp {w;,ws,...}. Now suppose that W is a proper subspace of
X. Then, by Theorem 5.21, there exists f € B such that f(w) =0, w € W.
However, this yields

< [ fnlwn)| = [folwn) = fwn)| < | fu = fllllwnll = 1 fn = fIl, n=1,

DN | =

which contradicts the density of F' in B, and so proves that W = X. It follows
from this that the set of finite linear combinations of the points {wy,ws, ...},
formed with rational (or complex rational) scalar coefficients, is a countable
dense set in X, and so X is separable, by an argument similar to that used in
the proof of part (b) of Theorem 3.52. O

We note that £? is separable for all 1 < p < oo, but £*° is not separable (see
Exercise 5.2). This illustrates Theorem 5.24, and also shows that the converse is
false since, by Theorem 5.5, (£!)’ is isometrically isomorphic to ¢>°. In addition,
it follows from Theorem 5.24 that (¢°°)" is not separable, so ¢! cannot be
isomorphic to (¢*°)" (cf. Remark 5.6).
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EXERCISES

5.6 Prove Corollaries 5.22 and 5.23.

5.7 Let X be a normed space and W a linear subspace of X. Show that
exactly one of the following alternatives holds: (i) W is dense in X;
(ii) W C Ker f, for some non-zero f € X'.

5.8 Show that there exists a non-zero functional f € (£*°)" such that
f(€,) =0 for all n > 1. Deduce that f cannot be represented by a
functional of the form f, as in Theorem 5.5, for any sequence a.

5.4 The General Hahn—Banach theorem

In this section we will prove Theorem 5.13, and then present an application
of this result which illustrates how the use of a general sublinear functional
p can allow us to obtain results that the simple norm preservation result in
Theorem 5.19 cannot yield.

As mentioned in Remark 5.20, the proof of Theorem 5.13 requires the use
of a form of “transfinite induction” based on Zorn’s lemma, so we first describe
this result, then give the proof of the theorem.

Definition 5.25

Suppose that M is a non-empty set and < is an ordering on M. Then < is a
partial order on M if

(a) < for all x € M;
(b) if z <y and y < x then z = y;
(¢) if x <y and y < 2z then = < 2.

and M is a partially ordered set. If, in addition, < is defined for all pairs of
elements (that is, for any x, y € M, either < y or y < z holds), then < is a
total order and M is a totally ordered set.

If N C M and < is a partial (total) order on M then < can be restricted
to N, and N is then a partially (totally) ordered set.

If M is a partially ordered set, then y € M is a mazimal element of M if
y<z=>y=x 1N CM, then y € M is an upper bound for N if x < y for
all z € V.
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Example 5.26

(a) The usual order < on R is a total order.
(b) A partial order on R? is given by (z1,22) < (y1,%2) <= 71 < y1, T2 < ya.

(¢) Let S be an arbitrary set, and let M be the set of all subsets of S. The
relation of set inclusion, that is A < B <= A C B, for A, B € M, is a
partial order on M.

Lemma 5.27 (Zorn's Lemma)

Let M be a non-empty, partially ordered set, such that every totally ordered
subset of M has an upper bound. Then there exists a maximal element in M.

Zorn’s lemma is, essentially, a set-theoretic result, and is known to be equiv-
alent to the axiom of choice. We will only use it in the following proof, but it
has many other applications in functional analysis.

Proof (of Theorem 5.13.)

Let £ denote the set of linear functionals f on X satisfying the conditions:
(a) f is defined on a linear subspace Dy, such that W C Dy C X;;
(b) f(w) = fw(w), w e W;
(c) f(z) <p(x), x € Dy.

In other words, £ is the set of all extensions f of fy, to general subspaces
Dy C X, which satisfy the hypotheses of the theorem on their domain. We
will apply Zorn’s lemma to the set £, and show that the resulting maximal
element of £ is the desired functional. Thus, we first verify that £ satisfies the
hypotheses of Zorn’s lemma.

Since fyr € &, the set £ # @. Next, define a relation < on £ as follows: for

any f, g €€,
[ <9 < Dy C Dy and f(z) = g(x) for all z € Dy;

in other words, f < g iff g is an extension of f. It can readily be verified that
the relation < is a partial order on € (it is not a total order since there are
functionals f, g € &, neither of which is an extension of the other, even though
they are both extensions of fy ). Now suppose that G C & is totally ordered (by
the definitions, G is totally ordered iff, for any f, g € G, one of these functionals
is an extension of the other). We will construct an upper bound for G in .
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Define the set
Zg = | Dy.

Using the total ordering of G, it can be verified that Zg is a linear subspace of
X. We now define a linear functional fg on Zg as follows. Choose z € Zg. Then
there exists £ € € such that z € Dg; define fg(z) = £(2) (this definition does not
depend on ¢ since, if 77 is another functional in G for which z € D, then by the
total ordering of G we have £(z) = n(z)). Again, we can use the total ordering
of G to verify that fg is linear. Also, since £ € £, we have fg(z) = £(z) < p(z),
and if z € W then fg(2) = fw(z). Hence fg € £ and f < fg for all f € G.
Thus fg is an upper bound for G.

Having shown that all the hypotheses of Zorn’s lemma are satisfied, we
conclude that £ has a maximal element fy,.x. Now suppose that the domain
Dy,... 7 X. Then Lemma 5.18 shows that fr.x has an extension, which also
lies in £. However, this contradicts the maximality of fiax in &, so we must
have Dy, = X, and hence fx = fmax is the desired extension. This completes
the proof of Theorem 5.13. O

As an example of the use of Theorem 5.13 we now prove a so called “sep-
aration” theorem for convex sets (recall that convex sets were defined in Def-
inition 3.31). A geometric interpretation of the result will be described below.
The theorem will be proved by defining a suitable sublinear functional p and
then using Theorem 5.13. The functional p will be chosen in such a way that
the desired separation property follows, in effect, from the estimate (5.4). This
will illustrate how Theorem 5.13, with a suitable functional p, can yield addi-
tional structure of the extension, compared with the simple norm-preserving
extensions given by Theorem 5.19. We begin by describing a certain class of
sublinear functionals.

Definition 5.28

Let C be an open set in a real normed space X, with 0 € C. The Minkowski
functional po of C' is defined by

po(r) =inf{a>0:a" 'z €C}, ze€X
(since C is open and 0 € C, the set on the right hand side is non-empty, so

pe(z) is well-defined).

Lemma 5.29

Let C and X be as in Definition 5.28 and, in addition, suppose that C is convex.
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Then p¢ is a sublinear functional on X, with
C={x:pc(z) <1}, (5.9)
and there exists a constant ¢ > 0 such that

0<pc(z)<clz|, zeX. (5.10)

Proof

For z, y € X, choose arbitrary a > pc(x), 8 > pc(y), and let s = a + 5. By
the definition of pc, o~z € C, 371y € C, and since C is convex,

1(az: +y) = Yale + éﬁ_ly eC.
s s s
Hence, po(x 4+ y) < s, and so, since «, @ were arbitrary, pc(z + y) < po(x) +
pc(y), which proves that pe satisfies (a) in Definition 5.9. It is easy to see from
the definition of pc that (b) in Definition 5.9 also holds, so that p¢ is sublinear.

Now, C contains an open ball By(d), for some § > 0, and hence, by the

definition of pc,
Izl <6 = zelC = |pc(z)] <1,

and (5.10) follows immediately from this by putting z = 0z /||z|.
Finally, suppose that € C. Since C is open, a~ 'z € C, for some a < 1,

so po(z) < a < 1. On the other hand, if pc(z) < 1 then a= !z € C, for some

a < 1, and so, since 0 € C and C is convex, x = a(a~tx) + (1 — )0 € C. This

proves (5.9). ]

Theorem 5.30 (Separation Theorem)

Suppose that X is a real or complex normed space and A, B C X are non-
empty, disjoint, convex sets.

(a) If A is open then there exists f € X’ and v € R such that

Re f(a) <y <Ref(b), ac A beB. (5.11)

(b) If A is compact and B is closed then there exists f € X’ and § > 0 such
that

Refla) <yv—0<~v+0<Ref(b), ac A, beB. (5.12)
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Proof
By Exercise 5.10, it suffices to consider the real case (of course, if X is real we
omit e in (5.11) and (5.12)).

(a) Choose ag € A, by € B, and let wg = by — ag, and C = wg + A — B.
Then C is a convex, open set containing 0, so the Minkowski functional p¢ is
well-defined and sublinear. Also, since A and B are disjoint, wy ¢ C, so by

(5.9), po(wo) = 1.
Let W = Sp {wp}, and define a linear functional fir on W by fw (awp) = a,

a € R. If >0 then

fw (qwo) < ape(wo) = po(aw),
while if o < 0 then
Jw(awgy) < 0 < pe(awy).

Thus fw satisfies (5.3), and so, by Theorem 5.13, fir has an extension f on X
which satisfies (5.4). Combining this with (5.5) and (5.10) shows that f € X’.
Now, for any a € A, b € B, we have wy +a — b € C, so that

14+ f(a)— f(b) = flwo+a—0) <plwy+a—>) <1,
by Lemma 5.29. Hence, defining v = inf{f(b) : b € B}, this yields
fla) <y < f(b), acA beB. (5.13)

To obtain (5.11) from this, suppose that there is a € A such that f(a) = 7.
Since A is open there exists sufficiently small § > 0 such that a + dwg € A, and
hence,

fla+dwo) = f(a) +dfw(wo) =7 +6>7,
which contradicts (5.13), and so completes the proof of (5.11).
(b) It follows from the hypotheses of part(b) of the theorem that

1
e:iinf{Ha—bH:aeA7 be B} > 0.

Now let A = A+ B((0), B = B+ B.(0). It can readily be verified that A., B,
are open and convex (see Exercise 5.9), and A. N B, = @. Hence, (5.11) holds
with A, B replaced by A, B. Now let § = $¢/|lwol|. Then, for any a € A, we
have a + dwg € A., and so

f(a) = f(a+ dwo) — dfw(wo) < v —34,

and similarly, v+ < f(b), b € B. This completes the proof of (5.12). O
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To give a more geometric interpretation of Theorem 5.30, in the real case,
we introduce some additional terminology.

Definition 5.31

Let X be a vector space. A hyperplane in X (through zy € X) is a set of
the form H = zy + Ker h C X, where h is a non-zero linear functional on X.
Equivalently, H = h=!(v), where v = h(z).

A hyperplane in R" is an n—1 dimensional plane, that is, a plane in R™ with
maximal dimension (while not being equal to R™). This is the geometric mo-
tivation for the idea of a hyperplane in a general, possibly infinite dimensional
space X. The following theorem states the idea of maximality of a hyperplane
more precisely. We note that a hyperplane through 0 € X is a linear subspace
of the form H = Ker h.

Theorem 5.32

Let X be a vector space and let W be a linear subspace of X. Then W is a
hyperplane through 0 if and only if W # X and X = W & Sp {y} for any
ye X\W.

Proof

Suppose that W = Kerh is a hyperplane through 0. Since h is not the zero
functional, there exists z € X such that h(z) # 0, that is z € X \ W, and so
W # X. Now, suppose that y € X \ W is arbitrary. By definition, h(y) # 0.
Now, for arbitrary x € X, let 5 = h(z)/h(y), and write x as

r=x— By +PBy.

Clearly, h(z — fy) = 0, so that  — By € W, which shows that X = W @& Sp {y}
(clearly, W N Sp{y} = {0}).

Now suppose that X = W @ Sp {y}, for some y € X. We define a functional
h on X as follows. For any = € X, we can write « (uniquely) in the form
xr=w+ ay, with w € W, a € F, and hence we can define h(z) = «. It is clear
that h is a non-zero, linear functional on X, with W = Kerh. Thus W is a
hyperplane through 0. O

Now suppose that X is normed and H is a hyperplane. Then, by Exer-
cise 5.7, either H is dense or h € X’ (and, in the latter case, H is closed).
A dense set does not really fit with the geometric idea of a hyperplane that
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we mentioned above, so for us, closed hyperplanes (with h € X’) will be the
interesting ones.

Theorem 5.30 now has the following geometric interpretation: if X is real
and A, B are convex sets satisfying the hypotheses of the theorem, then there
exists a closed hyperplane H separating A and B (that is, A and B lie on
opposite sides of H, in the sense that h(xz) < v for z € A and h(z) > ~ for
x € B). This result is illustrated in the case X = R? in Fig. 5.1. Here, in
case (a) the regions are convex, and the separating hyperplane is a line; case
(b) shows that the theorem need not hold if either of the regions is non-convex.

0= G

(@ (b)

Fig. 5.1. Separation Theorem in R?: (a) convex regions; (b) non-convex regions

Another interesting geometric result on convex sets is contained in the fol-
lowing lemma, which follows from part (a) of Theorem 5.30.

Lemma 5.33

Suppose that X is a real normed space, A C X is a non-empty, open, convex set
and b lies on the boundary of A. Then there exists h € X’ such that h(a) < h(b),
for all a € A.

Geometrically, Lemma 5.33 says that there exists a closed hyperplane
through b such that A lies ‘strictly on one side of H’. If the boundary of A
is smooth, H could be regarded as a ‘tangent’ plane, but the lemma makes no
assumption of smoothness. At a ‘corner’ there could be many hyperplanes H,
as can be seen by drawing a suitable picture in R2.

EXERCISES

5.9 Show that if A is an open, convex set in a normed space X, then the
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5.10

5.11

5.12

5.13

set Ac = A+ B¢(0) is open and convex.

Use Lemma 5.15 to show that the complex case of Theorem 5.30
follows from the real case.

Suppose that X is a real, normed space, A C X is a non-empty,
convex set, xg € X, and U is a linear subspace of X such that
AN (xzg+ U) = @. Show that there exists a closed hyperplane H in
X containing xg + U such that AN H = @.

[Hint: let B = {x0} and adapt the proof of Theorem 5.30.]

Let X be a normed space and W # X a closed subspace of X. Show
that W is the intersection of all the closed hyperplanes containing
w.

Suppose that X is a normed space, B C X is a non-empty, closed,
convex set, such that ab € B for all @ € F with |a| < 1, and
xo € X \ B. Show that there exists f € X’ such that |f(b)] < 1 for
all b € B, and f(x) is real, with f(zg) > 1.

5.5 The Second Dual, Reflexive Spaces
and Dual Operators

Throughout this section X will be a normed linear space. The dual space X’ is
also a normed linear space (in fact, by Corollary 4.29, X’ is a Banach space),
so X’ also has a dual space (X')’, which we will simply write as X",

Definition 5.34

For any normed linear space X, the space X" is called the second dual of X.

For each z € X, we can define an element of X" as in the following lemma.

Lemma 5.35
For any = € X, define F,, : X’ — F by

Fac(f):f(x)v feXl-

Then F, € X" and ||[F,|| = ||z].
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Proof
Let o, 8 € F and let f, g € X'. From the definition of F,,
Fy(af + Bg) = af(z) + Bg(z) = aF(f) + BFu(9),

so F. is linear. Moreover,

I (OI = 1L @< A,

and so F,, € X", with ||Fy|| < ||z||. Finally, by Corollary 5.22 (b),

2l = sup |f(z)| = sup |Fu(f)] = [[Fzl,
I£11=1 I£1=1

which completes the proof. ]

We now use Lemma 5.35 to make the following definition.

Definition 5.36

For any normed linear space X, define Jx : X — X" by Jxz = F,, z € X.

Combining these definitions yields

(Jxw)(f) = f(z), zeX, feX'

Lemma 5.37
The mapping Jy : X — X" is a linear isometry. Hence:
(a) X is isometrically isomorphic to a subset of X"';

(b) X is isometrically isomorphic to a dense subset of a Banach space.

Proof

The fact that J is a linear isometry follows from Lemma 5.35, and this imme-
diately yields part (a). Part (b) follows from part (a) and the fact that X" is
a Banach space, so the closure of Jx (X) is a Banach space. O

If X is a normed linear space which is not a Banach space then Jx (X) # X"
since, in this case, Jx(X) is not a Banach space while X" is. Even if X is
a Banach space it is possible that Jx(X) # X” so we make the following
definition.
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Definition 5.38
If Jx(X) = X" then X is reflexive.

Combining the above definitions, we see that X is reflexive if and only if,
for any ¢ € X", there exists z,, € X such that ¢ = Jxxy, that is, such that

U(f) = (Ixap)(f) = flzy), feX'

We emphasize that for X to be reflexive the particular map Jx has to be
an isometric isomorphism of X onto X”; it is not sufficient that X simply be
isometrically isomorphic to X”. In fact, examples are known of non-reflexive
Banach spaces X which are isometrically isomorphic to X”.

By the preceding remarks, the only normed linear spaces that can be reflex-
ive are Banach spaces. However, not all Banach spaces are reflexive. We now
look at some of the normed spaces whose dual spaces we found in Section 5.1
to see if they are reflexive.

Example 5.39

If X is a finite dimensional, normed linear space then X is reflexive.

Solution

By Theorem 5.1, dim X = dim X’ = dim X" = n, say. Thus, Jx(X) is an n
dimensional subspace of the n dimensional vector space X", so Jx(X) = X"
and hence X is reflexive. O

Example 5.40

If H is a Hilbert space then H is reflexive.

Solution

By Theorem 5.3, H' is Hilbert space, so the mapping Ty : H' — H" is well-
defined, and is a bijection. In particular, arbitrary f € H' and ¥ € H" have the
form f = Txx and ¢ = Ty (Thy), for unique x, y € H. Now, by the definitions
and Theorem 5.3,

InW)(f) = f) = W, 2)n = (Trx, Tuy)re = (f, Try)w = Tre (Try)(f)
= ¥(f),

so that ¢ = Jy(y). Thus, Jp is onto, and hence H is reflexive. a
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The following example shows that there exist reflexive infinite dimensional
Banach spaces which are not Hilbert spaces; the proof is left to Exercise 5.15.
We note that the spaces ¢, p > 1, are not Hilbert spaces, except when p = 2.

Theorem 5.41

If 1 < p < 0o then P is reflexive.

Remark 5.42

The spaces LP(R), 1 < p < oo, are also reflexive. The proof of this is similar
to the proof of Theorem 5.41, using the analogue of Theorem 5.5 mentioned
in Remark 5.7. Since we did not prove this analogue, we will not discuss this
further.

We will show below that the spaces £, £*°, are not reflexive, but before
doing this we prove some further results on reflexivity.

Theorem 5.43

A Banach space X is reflexive if and only if X’ is reflexive

Proof

Suppose that X is reflexive. Let p € X’. Then po Jx € X', since it is the
composition of bounded linear operators. Let f = poJx, and let 1) € X”. Since
X is reflexive, there exists € X such that ¢ = Jx(z), and so

(Ix ()W) = o(f) = f(x) = po Jx(x) = p(4).
Hence, p = Jx/(f), so X' is reflexive.

Conversely, suppose that X’ is reflexive but that there exists w € X\ J(X).
Since Jx (X) is closed, by Theorem 5.21 there exists x € X" such that k(w) # 0
while k(Jxx) = 0 for all z € X. Since X’ is reflexive there exists g € X’ such
that k = Jx/(g). Thus

g(x) = (Uxx)(9) = k(Jxz) =0, z€X,

and so ¢ = 0. Since w(g) = k(w) # 0, this is a contradiction, hence X is
reflexive. 0

Theorem 5.44

If X is reflexive and Y is a closed subspace of X, then Y is reflexive.
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Proof

For f € X', let fly € Y’ denote the restriction of f to Y. By Theorem 5.19,
any element of Y’ has the form f|y for some f € X’. Thus, by the definition of
reflexivity, we must show that for arbitrary gy € Y there exists y, € ¥ such
that

gy (fly) = flyg), [eX (5.14)

To construct y,, we begin by defining gx : X’ — F by

ax(f)=gv(fly), feX'

Clearly,
lax () < llgy NIy I < gy IIFIL - f € X7,
so that gx € X”. Since X is reflexive, there exists y, € X such that

9x () = flyg), [eX,

so, by the above equalities, it suffices to show that y, € Y.

Suppose that y, ¢ Y. Then by Theorem 5.21 there exists f, € X’ such that
fq9(yg) = 1 and fy(y) = 0 for all y € Y, that is, fg|y = 0. But then, by the
above equalities,

1= fg(yg) = gX(fg) = gY(fg|Y) =0,

so this contradiction shows that y, € Y, which completes the proof. O

The examples so far might suggest that all Banach spaces are reflexive. This
is not true, but showing that a Banach space is not reflexive is usually hard.
We will show that £>° and ¢! are not reflexive. There are several (indirect) ways
of doing this. One such way uses ‘annihilators’ of sets. These are analogues of
the orthogonal complement of subsets of Hilbert spaces, which we considered
in Chapter 3. However, unlike orthogonal complements, annihilators of sets
are defined on a space dual to the original space. Therefore, there are two
different types of annihilators, depending on whether the original subset is in
a normed space or the dual of a normed space. These alternatives are given in
the following definition.

Definition 5.45

Let X be a normed space, W a non-empty subset of X and Z a non-empty
subset of X’. The annihilators of W and Z are

We={feX : f(x)=0forall z e W}
°Z={reX:f(x)=0forall feZ}.



5. Duality and the Hahn—Banach Theorem 149

Some properties of annihilators are similar to those of orthogonal comple-
ments. We leave the proof of the following result to Exercise 5.16.

Lemma 5.46

Let X be a normed space, let W7, W5 be non-empty subsets of X and let 7,
Z5 be non-empty subsets of X', such that W7 C W5 and Z; C Zs.

(a) Wy CWP and °Zy; C °Z.
(b) W1 - O(Wlo) and Zl - (0Z1)°.

(¢) WP and °Z; are closed linear subspaces.

In view of Corollary 3.36 and Lemma 5.46 (b), it is natural to ask whether
W = °(W°)or Z = (°Z)°. Given that annihilators are closed linear subspaces,
only such subspaces could possibly satisfy either of these equalities. The fol-
lowing result shows that the answer to this question is related to reflexivity.

Theorem 5.47

Let X be a normed linear space, let W be a closed linear subspace of X, and
let Z be a closed linear subspace of X'.

(a) W= °(W?).
(b) If, in addition, X is reflexive then Z = (°Z)°.

Proof

(a) We have W C °(W°) by Lemma 5.46. Suppose that p € °(W*°)\ W. By
the Hahn-Banach theorem there exists f € X’ such that f(w) = 0 for all
w e W but f(p) # 0. Thus f € W° and therefore p ¢ °(W°) which is a
contradiction. Hence W = °(W°).

(b) We have Z C (°Z)° by Lemma 5.46. Suppose that g € (°Z)° \ Z. By
Theorem 5.21 there exists ¢ € X" such that ¢(f) = 0 for all f € Z but
¥(g) # 0. Since X is reflexive, there exists ¢ € X such that ¢ = Jx(q).
Thus f(q) = 0 for all f € Z but g(q) # 0. Hence g € °Z and therefore
g & (°Z)°. Again this is a contradiction and so Z = (°Z)°. O

A natural question which arises from Theorem 5.47 (b) is: what happens
when X is not reflexive? The following example shows that in this case Z can
be a proper subset of (°Z)°.
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Example 5.48

Let V = {{a,} € ¢! : Y07 ,(-1)"a, = 0}, and let Z = T, (V) C ¢, where
T., : £* — ¢} is the isomorphism in Exercise 5.3. Then V and Z are proper,

closed linear subspaces of ¢! and ¢, respectively. In addition, (°Z)° = c{.

Solution

Let z = {(—1)"} € ¢, and define f, € (¢!) as in Theorem 5.5. Clearly,
V = Ker f,, so V is a closed linear subspace, and since f, is not the zero
functional, V' # (. Since T,, is an isomorphism, Z is then a proper, closed
linear subspace of cf,.

Now suppose that p = {p,} € °Z C ¢g. For each n € N, let v,, = €, + €,41.
Clearly, vy, € V, so by definition T, v, € Z, and hence

0= (TCOv")(p) = fo, (p) = pn +pPny1, neN

Since lim,, o, p, = 0, it follows that p, = 0 for all n € N, and so °Z = {0}.
Hence, (°Z)° = ¢. O

Corollary 5.49

The spaces ¢y and £°° are not reflexive.

Proof

By Theorem 5.47 (b) and Example 5.48, ¢ is not reflexive. Moreover, since ¢
is a closed subspace of £°°, Theorem 5.44 shows that £>° is not reflexive. O

This is a rather indirect proof that ¢y is not reflexive. An alternative proof
is given in Exercise 5.22, using the fact that ¢y is separable (see Exercise 5.3),
while ¢ is isomorphic to £°°, which is not separable (see Exercise 5.2). However,
the above proof can be used in situations where the separability argument does
not work.

It is possible to determine which linear subspaces Z of X’ satisfy Z = (°Z)°
but this requires knowledge of a topology on X’ different from the usual one.
Since we do not assume knowledge of topology (other than metric spaces) we
shall not go into more details. Instead, we conclude this section by looking at
the dual (and double dual) of linear operators.
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Theorem 5.50

Let X and Y be normed linear spaces and T € B(X,Y). There exists a unique
operator 77 € B(Y’, X’) such that

T'(f)(x) = f(Tx), €X, feY.

Proof

For arbitrary f € Y, define T'(f) = f o T. Since T, f are bounded lin-
ear operators 1T"(f) € X', so that T' is a function from Y’ to X’ such that
T'(f)(xz) = f(T(x)) for all z € X and f € Y. Furthermore, if S € B(Y’', X’)
is such that S(f)(z) = f(T(z)) for all z € X, f € Y’ then S(f) = T'(f) for all
f €Y so S =T Therefore T’ is unique.
It remains to show that 77 € B(Y’, X'). Let f, g € Y' and A, p € C. Then
Af+ng)oT =AMfoT)+ugoT),

so that T"(Af + pg) = XT'(f) + T’ (g), that is, T is linear. Moreover, by
Lemma 4.30,
1" (HI = [1f o Tl < LAINTI,

so T” is bounded and | T”|| < ||T||. O

Definition 5.51
Let X and Y be normed spaces and T' € B(X,Y). The operator 77 € B(Y’', X”)
constructed in Theorem 5.50 is called the dual of T.

It will seen in Chapter 6 that if H and K are Hilbert spaces and T €
B(H,K), then there is an analogue of T' in B(K, H), called the adjoint of T.
Although adjoints are more useful than dual maps, these maps still have some
important properties, as shown in the following results.

Lemma 5.52

Let X and Y be normed spaces and let T' € B(X,Y).
(@) [IT"] = IT-

(b) Ker TV = (Im T)°.

(¢) Ker T= °(Im T").

Proof
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(a) By the proof of Theorem 5.50 we have || 1] < ||T||. Let € X. By Corol-
lary 5.22 there exists f € Y’ such that f(Tz) = |Tz| and || f]| = 1. Thus

|Tz|| = f(Tx) = T'(f) () < [T (Ol < 1Tl = 1Tz,
and so ||| < [[T"[]. Hence [T = || T"]].

(b) Let f € Ker 7" and let z € Im T Since z € Im T, there exists z € X such
that z = T'(x). Therefore

since f € Ker T”. Thus f € (Im T)° and so Ker 7" C (Im T)°.
Next, suppose that f € (Im T)°. Then for every x € X
T'(f)(x) = f(T(x)) =0,

since T(z) € Im T. Hence T'(f) = 0 and so f € Ker T’. Therefore
(Im T)° C Ker 77 and so Ker 77 = (Im T')°.

(¢) This proof is similar, so is left to Exercise 5.17. O

Theorem 5.53
Let X and Y be normed linear spaces and let T € B(X,Y).
I

(a) If T is an isomorphism then 7" is an isomorphism, and (7”)~! = (T~1)’.

(b) If T is an isometric isomorphism then 7" is an isometric isomorphism.

Proof

(a) We write S = T~1. Since S € B(Y, X), the dual S’ € B(X',Y’) is well-
defined. Hence, by definition, for any f € X’ and = € X,

T'(8"(N) (@) = §"(f)(Tx) = f(S(Tx)) = f(z).

Therefore T'(S'f) = f and so T" 0 S’ = Ix. Similarly, S'oT" = Iy, which
completes the proof.

(b) See Exercise 5.18. O

We can restate Theorem 5.53 (b) as the following corollary.

Corollary 5.54

If normed linear spaces X, Y are isomorphic then X', Y’ are isomorphic.
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If X and Y are normed linear spaces and T' € B(X,Y'), we have defined the
dual map 7" € B(Y’, X'). It is possible to apply this process again to obtain the
double dual map T" € B(X",Y"). The operator T" is related to the isometries
Jx, Jy, as follows.

Theorem 5.55
Let X and Y be normed linear spaces and T' € B(X,Y). Then

JyOT:T”OJx.

Proof

Let x € X and g € Y’. Using the above definitions we have
Ty (Tx)(9) = 9(Tx) = (T'g)(x) = Jx (2)(T"g) = T"(Jxx)(g)-
Hence Jy (Tx) = T"(Jxx). O

Combining Theorem 5.53 (b) with Theorem 5.55 yields the following corol-
lary.

Corollary 5.56

If normed linear spaces X and Y are isomorphic then X is reflexive if and only
if Y is reflexive.

Corollary 5.57

¢! is not reflexive.

Proof

By Corollary 5.49, ¢y is not reflexive. Therefore ¢ is not reflexive, by Theo-
rem 5.43. Since ¢! is isomorphic to ¢}, it follows that ¢! is not reflexive, by
Corollary 5.56. O

If we think (incorrectly) of X as a subset of X", then Theorem 5.55 shows
that T" can be thought of as an extension of T. Of course, this is mainly of
interest when X is not reflexive. In the case when Y is the normed space of
scalars, Theorem 5.55 gives a form of the Hahn—Banach theorem, but only for
the linear subspace Jx(X) of X”. So, in this sense, Theorem 5.55 is weaker



154

Linear Functional Analysis

than the Hahn—-Banach theorem. On the other hand, Theorem 5.55 is stronger
than the Hahn-Banach theorem in the sense that it applies to linear operators

which map to any normed space and not just the space of scalars.

EXERCISES

5.14

5.15

5.16
5.17
5.18
5.19

5.20

5.21

5.22

Let X be a normed linear space and let {z, : a € A} be a subset of
X. Use the uniform boundedness principle to show that if

sup{|f(zs)|: a € A} < o0,
for each f € X', then
sup{||za]| : @ € A} < 0.
For any 1 < p < o0, let ¢ and T}, : £ — (¢?)’ be as in Theorem 5.5.
Show that 7}, o Jp» = Ty, and hence deduce that ¢ is reflexive.

[It is worth observing here that Tj : (7 — (£9)", T} : ()" — (£2),
(T))~" = (£7) — (£»)" (by tracing through the various definitions).]

Prove Lemma 5.46.
Complete the proof of Lemma 5.52.
Prove Theorem 5.53 (b).

Let X be a normed linear space and let Y be a closed linear subspace
of X. Let X/Y be the quotient vector space. Show that

[+ Y| = inf{[lz +y[ :y € Y}
defines a norm on X/Y.

Let X be a normed linear space and let Y be a linear subspace of X.
For each f € Y’ let E(f) be all the extensions of f in X’. Show that
E(f)isacoset of Y° in X' and if T: Y’ — X'/(Y°) is defined by

show that T is an isometrical isomorphism of Y’ onto X'/(Y°).

Let X be a normed linear space and let Y be a closed linear subspace
of X. Let Q : X — X/Y be defined by Q(z) = z + Y. Show that @’
is an isometrical isomorphism of (X/Y)" onto Y°.

Give an alternative proof that cg is not reflexive using a separability
argument.
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5.6 Projections and Complementary Subspaces

Given a closed linear subspace Y of a Hilbert space H, we defined the orthog-
onal complement Y+ of Y in Definition 3.26, and showed in Theorem 3.34
that any x € H can be uniquely decomposed into the sum z = y + z, with
y € Y and z € Y*. This form of decomposition motivates the general idea
of complementary subspaces in vector spaces, which is familiar in linear alge-
bra. In this section we discuss this idea in some more detail and, in particu-
lar; the idea of “topological” complements in normed spaces. We also discuss
the relationship between complementary subspaces and “projection” operators.
Throughout this section X will be a vector space, with any additional proper-
ties specifically stated.

Definition 5.58

Linear subspaces U, V. C X are complementary (in X) if X = UV or,
equivalently, if any x € X has a unique decomposition of the form

T = Uy + Vg, Uy €U, vy €V. (5.15)

If, in addition, X is normed, and the mappings * — us, * — v, (from X to
X)), are continuous, then U, V are topologically complementary.

It can be shown, using Zorn’s lemma, that any subspace U C X has a
complementary subspace V. However, in general, these subspaces will not be
topologically complementary. Most functional analytic applications of comple-
mentary subspaces require topologically complementary subspaces, and the
existence of topological complements is a more delicate issue which will be
discussed further below. Before doing so we need to describe the relationship
between so called “projection” operators on X and complementary subspaces.

Definition 5.59

A projection on X is a linear operator P : X — X for which P? = P.

Lemma 5.60

Suppose that P is a projection on X. Then x € Im P <= Px = z. Also, the
operator I — P is a projection, and

ImP=Ker(I—-P), KerP=Im(l-P).
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Proof
If x € Im P then x = Py, for some y € X, so by the definition of a projection,
Pr = P?y=Py=u.
The reverse implication is obvious. Next, by the definition of a projection,
(I-P?=I1-2P+P*=1-P,

so that I — P is a projection. Now suppose that y € Im (I — P), that is,
y = (I — P)z for some z € X. Again by the definition, Py = Px — P?z = 0, so
that Im (I — P) C Ker (P). Now suppose that y € Ker (P). Theny = (I-P)y €
Im (I — P), so that Im (I — P) = Ker (P). The proof of the other inequality is
similar, or follows immediately from the symmetry between P and I — P.

There is a natural algebraic relationship between projections and comple-
mentary subspaces.

Lemma 5.61

(a) Suppose that U, V are complementary subspaces in X, and define the op-
erators Py : X - U, Py : X —- V, by

Pyx=u,, Pyr=v,, zx€X,

where u,, v, are as in (5.15). Then Py, Py are projections on X, and
Py + Py =1.

(b) Suppose that P is a projection on X. Then the subspaces Im P, Im (I — P)
are complementary.

Proof

(a) By definition, for any «, 8 € F, z, y € X,
Py(ax+py) = Py((oug+pPuy)+ (v +pPvy)) = aug+pu, = aPyz+FPyy,
which proves that Py is linear. Also,
P?¢ = Pu, = u, = Pz,

which proves that Py is a projection. Next, it is clear from (5.15) and
the definitions of Py, Py that * = Pyx + Pyx for all z € X, so that
I = Py + Py, and it follows immediately that Py is a projection.
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(b) Consider an arbitrary « € X, and let uy = Pr € Im P, v, = (I — P)x €
Im (I — P). Clearly, we have the decomposition = u, + v,. Now suppose
that z = ul, +v}, with v/, € Im P, v}, € Im (I — P). Then u, —ul, = v}, —v,,
and applying P to this equation yields u, — u/, = 0 (by Lemma 5.60).
Similarly, v!, — v, = 0, so the above decomposition is unique, and hence
the result follows from (5.15).

Definition 5.62

For any complementary subspaces U, V in X, the projection Py constructed in
Lemma 5.61 is called the projection onto U along V', with similar terminology
for Py.

Lemma 5.61 described the algebraic relationship between complementary
subspaces and projections. The following lemma describes the relationship be-
tween topologically complementary subspaces and bounded projections.

Lemma 5.63

Suppose that X is a normed space and U, V' C X are complementary subspaces.

(a) U, V are topologically complementary if and only if the projections Py, Py
constructed in Lemma 5.61 are bounded.

(b) If U, V are topologically complementary then U, V are closed.

Proof

By Lemma 5.61, Py, Py are linear, so part (a) follows immediately from the
above definitions. Next, by Lemma 5.60, U = Im Py = Ker (I — Py), so by
Lemma 4.11, if Py is continuous then U is closed. Similarly if Py is continuous
then V is closed, which proves part (b). a

The following lemma provides a partial converse to Lemma 5.63 (b), when
X is a Banach space.

Lemma 5.64

Suppose that X is a Banach space, and U, V are closed, complementary sub-
spaces in X. Then U, V are topologically complementary.
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Proof

We will prove that Py is continuous (it then follows immediately that Py is
continuous, which, by Lemma 5.63 (a), proves the result). By the closed graph
theorem (Corollary 4.44), it suffices to show that the graph G(Py) is closed. To
do this, consider an arbitrary sequence {(z,, Pyx,)} in G(Py), which converges
to (z,y) in X x X. We must show that (z,y) € G(Py), that is, we must show
that y = Pyx.

We first observe that, by the definition of Py, if z € U then Pyxz = x, while
if x € V then Pyax = 0. Now, since the sequence {Pyz,} is in U, and U is
closed, y € U. Similarly, z — y = lim,, . (x, — Pyx,) € V (since the sequence
{(I = Py)z,} is in V). Hence, by Lemma 5.60,

0= Py(xr—vy)=Pyx— Pyy= Pyx -y,
which completes the proof. a

As mentioned above, given an arbitrary closed subspace U of X, the fol-
lowing question is often of interest. Does there exist a closed subspace V such
that U, V are topologically complementary? By Lemma 5.63, this is equivalent
to the following question. Does there exist a bounded projection P on X with
U = Im P? In general, the answer is no, even when X is a Banach space, see
Examples 5.19 in [14]. However, it will be seen in Theorem 6.51 that the an-
swer is yes in arbitrary Hilbert spaces. Here, we will show that the answer is
yes when U is finite dimensional.

Lemma 5.65

Suppose that X is a normed space and U is a finite dimensional subspace of
X. Then there exists a bounded projection P on X with Im P =U.

Proof

Let x1,...,2, € X be a basis for U, and choose fi,..., f, € X’ as in Corol-
lary 5.23. Now, defining

Px = Zfz(x)x“ r e X,
i=1

it can be verified that P is a continuous projection on X with ImP =U. O
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EXERCISES

5.23 Let P, @ be projections on X. Show that:
(a) if PQ = QP then PQ is a projection, with Im PQ = Im PNIm Q);

(b) if PQ = QP =0 then P+ Q@ is a projection, with Im (P + @) =
Im P @ Im Q;

(¢) QP=P < ImP CImQ.

5.7 Weak and Weak-*x Convergence

The importance of compactness in analysis is well-known, and the fact that
closed bounded sets are compact in finite dimensional spaces lies at the heart
of much of the analysis on these spaces. Unfortunately, as we have seen, this is
not true in infinite dimensional spaces. However, in this section we will show
that a partial analogue of this result can be obtained in infinite dimensions if
we adopt a weaker definition of the convergence of a sequence than the usual
definition we have used until now (viz. z,, — x iff ||z, — z|| — 0). Throughout
this section X will be an arbitrary Banach space, except where otherwise stated.

We begin with a preliminary lemma, and then prove a lemma which will
motivate the new convergence definition.

Lemma 5.66

Suppose that S = {s, : o € A} is a set of points in X, such that Sp S = X. If
{fn} is a bounded sequence in X’ and {f,(ss)} converges for all & € A, then
there exists f € X’ such that lim,_,o fn(z) = f(z) for all z € X.

Proof

Let © € X be arbitrary. Since {f,,} is bounded there exists C' > 0 such that
I fnl] < C for all n. Now, for arbitrary ¢ > 0 there exists s € Sp S such that
|z — s|| < €/(3C), and hence, for any m, n € N,

[fn(@) = fm(@)] < |fu(2) = fuls)| + [fnls) = fm(8)] + | fim(s) = fm(2)]
< %E + |fn(s) - fm(s)‘

Since s is a finite linear combination of elements of S, the hypothesis in the
lemma implies that if m, n are sufficiently large then |f,(s) — fin(s)| < €/3. It
follows that {f,(z)} is a Cauchy sequence, and hence converges, for any = € X.
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Now, defining
flx)= lim f,(z), =z€X,

n—oo

it follows from Corollary 4.53 that f € X’, which proves the lemma. O

The following result provides a motivation for the new idea of convergence
to be introduced below.

Lemma 5.67

Suppose that X is separable, and let {s;} be a dense sequence in X, with
s # 0 for all &k > 1. Then the function d,, : X’ x X’ — R defined by

dw(f,9) :Ziw7 f.ge X',
k=

< 2 sl

is well-defined and is a metric on X’.
If {f.} is a sequence in X', and f € X', the following are equivalent:

(a) there exists C' > 0 such that || f,|| < C,n=1,2,..., and dy(fn, f) — 0;
(b) fu(z) — f(z) for all z € X.

Proof

The verification that d,, is a metric is given in Exercise 5.24, we prove the
second result here.

Suppose that condition (a) holds. Then it is clear that f,,(sx) — f(sk), for
each k > 1, and hence the argument in the proof of Lemma 5.66 shows that
fu(x) = f(z) for all z € X. Now suppose that condition (b) holds. Then the
boundedness assertion in condition (a) follows immediately from Exercise 5.14.
Now suppose that f = 0 for simplicity, so that f,(x) — 0 for all z € X. Let
e > 0. Clearly, there exists K > 1such that >y ;- 27| f(sx)|/||sk|l < €/2. Since
fn(x) — 0 for all x € X, there exists N > 1 such that, for each k =1,... K,
we have |f,(si)| < ¢/K, n > N. Hence, if n > N then d,(f,,0) < €, which
proves that dy,(f,,0) — 0. O

The metric d,, in Lemma 5.67 has some undesirable properties. For instance,
it depends on the choice of the dense sequence {s,} (we will ignore this depen-
dence), and it would clearly be difficult to calculate. It also requires that X
be separable for its very definition. On the other hand, the characterisation of
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convergence in part (b) of the lemma is much simpler to use, and requires no
separability assumptions. Hence, this motivates the following definitions.

Definition 5.68

For any Banach space X, let {x,,}, {fn}, be sequences in X and X’ respectively.
(a) {xn} is weakly convergent to x € X if lim f(x,) = f(z) for all f € X".

(b) {fn} is weak-+ convergent to f € X' if lim f,(x) = f(x) for all z € X.

We use the notation z,, — x and f, — f for weak and weak-* convergence
respectively.

Lemma 5.67 can now be restated as showing that if X is separable then, for
norm-bounded sequences {f,} in X’, convergence with respect to the metric
dy 18 equivalent to weak-*x convergence; Exercise 5.27 shows that the norm-
boundedness assumption cannot be omitted from condition (a) in Lemma 5.67.
Hence, even in this setting, there is not a complete equivalence between con-
vergence with respect to d,, and weak-* convergence. More generally, without
separability assumptions on X or X', weak and weak-* convergence cannot
be defined in terms of a metric. They can, however, be characterised as con-
vergence with respect to certain, so called, weak or weak-* topologies on X
or X’ respectively. Since we do not assume any knowledge of topology in this
book we shall not give further details of this. In practice, many applications
of weak and weak-+ convergence simply use the compactness-type results be-
low (Theorems 5.71 and 5.73), and the underlying topologies (or metrics) are
irrelevant.

In view of these remarks, in the following we regard Definition 5.68 as
the basic weak convergence definition, and we ignore weak topologies and the
metric d,, (except in Corollary 5.72). In particular, the term ‘bounded’ will
mean bounded with respect to the norm. Also, except where explicitly stated,
X or X’ need not be separable.

We also remark at this point that the idea of weak convergence makes
sense in X', by using functionals in X”. However, weak-* convergence in X’ is
usually easier to deal with than weak convergence, since its definition depends
on the original space X rather than X”. If X is reflexive then weak and weak-x
convergence in X’ coincide but, in general, weak convergence in X’ implies
weak-+ convergence but not conversely.

We have seen that an arbitrary Hilbert space H is reflexive, and also
that H can be identified with its dual H’', by the Riesz—Fréchet theorem
(Theorem 5.2), so weak and weak-* convergence coincide. In fact, the following
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example characterises weak convergence in a Hilbert space, and also gives an
example of a weakly convergent sequence which does not converge with respect
to the norm.

Example 5.69

Let H be a Hilbert space.

(a) A sequence x,, — z if and only if (x,,y) — (x,y) for all y € H.

(b) If H is infinite-dimensional and {e, } is an orthonormal sequence in H then

e, — 0.

Solution
See Exercise 5.25.

We now give some basic properties of weak and weak-* convergence. One
of the drawbacks of using a definition of convergence which is not based on an
underlying metric is that we need to prove results which would hold automat-
ically in a metric space. For example, we need to prove that weak and weak-x
limits are unique.

Lemma 5.70
(a) Weak and weak-* limits are unique.
(b) Weak and weak-+ convergent sequences are bounded.

(€) xp = = T = 35 fn_>f:>fnif
When X is finite-dimensional, each of these implications are equivalences.

(d) Suppose that M C X is closed and convex. If {z,,} is a sequence in M with
T, — x, then x € M.

Proof

We only prove the results for weak convergence.

(a) Suppose that z,, — x and z,, — y. By Corollary 5.22, there exists f € X’
such that f(x —y) = || — y||. But by the definition of weak convergence,

=yl = 7() = flg) = Tim_fn) = lim fn) =0,

n—oo
which proves uniqueness.

(b) This follows from Exercise 5.14.
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(¢) Suppose that x,, — x, and f € X' is arbitrary. Then
|f(zn) = f(2)] < [ fll[lx = znll — 0.

Now suppose that X is finite-dimensional and x,, — z, but x,, /4 z. By
part (b), the sequence {x,} is bounded so, by compactness, after taking
a subsequence we may suppose that z,, — y # x. But this contradicts
part (a).

(d) Suppose that @ ¢ M. Then part (b) of the separation theorem (Theo-
rem 5.30), with A = {«} and B = M, contradicts x,, — x. O

Combining Example 5.69 with Lemma 5.70 (c¢) shows that in infinite di-
mensions weak convergence is weaker than the usual idea of convergence (with
respect to the norm on X), in the sense that convergence implies weak conver-
gence, but the converse need not hold. In addition, the orthonormal sequence
{en} in Example 5.69 lies in the unit sphere in H (which is closed but not con-
vex), but the weak limit does not. That is, the weak limit of a weakly convergent
sequence in a closed set M need not belong to M, and Lemma 5.70 (d) need
not hold, if M is not convex. We also observe that the relationship between
convexity and weak limits arises, in essence, from the convexity requirements
in the separation theorem.

The following theorems provide one of the main reasons for introducing the
concepts of weak and weak-* convergence.

Theorem 5.71

If X is separable and {f,,} is a bounded sequence in X', then {f,} has a weak-x
convergent subsequence.

Proof

Let {s1} be a dense sequence in X . Since the sequence { f,,(s1)} in F is bounded,
it has a convergent subsequence, which we will write as {f,,(m)(s1)} (with
m indexing the sequence). Similarly, the sequence {f,, (m)(s2)} has a conver-
gent subsequence {f,,m)(s2)}, and so on. Finally, the diagonal subsequence
{fromy} in X" is bounded and {f,,, m)(sk)} converges for every k € N, so
{fnm(m)} is weak-* convergent, by Lemma 5.66. O

Corollary 5.72

If X is separable and B = {f € X' : ||f|| < 1}, then any sequence in B has a
subsequence which is weak-* convergent to an element of B; equivalently, B is
compact with respect to the metric d,, (which exists since X is separable).
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Proof

Suppose that {f,} is a sequence in B. By Theorem 5.71, there exists f € X’
such that f, = f (after taking a subsequence, if necessary). Now,

@) = Tim | fu@)] < o, z€ X,

so that f € B. Also, Lemma 5.67 shows that dy,(fn, f) — 0. O

Theorem 5.73

If X is reflexive and {x,} is a bounded sequence in X, then {z,,} has a weakly
convergent subsequence.

Proof

Let Y = Sp{x1,z2,...}. Then Y is separable (see the proof of Theorem 3.52)
and reflexive (by Theorem 5.44). Thus Y is separable, and hence Y’ is sep-
arable (by Theorem 5.24). Now, {Jyx,} is a bounded sequence in Y so, by
Theorem 5.71, we may suppose that {Jyx, } is weak-x convergent in Y (after
taking a subsequence if necessary) to a limit of the form Jyy, for some y € Y’
(since Y is reflexive). Now, for any f € X', the restriction of f to Y is an
element fy € Y/, and so by the definition of Jy and weak-* convergence in Y,
lim f(z,) = lim Jyzo(fy) = Jvy(fy) = fly), feX,

n—00

which shows that z, — y. O

Corollary 5.74

If X is reflexive and M C X is bounded, closed and convex, then any sequence
in M has a subsequence which is weakly convergent to an element of M.

Proof

Suppose that {z,} is a sequence in M. By Theorem 5.73, there exists a point
x € X such that z,, — z (after taking a subsequence, if necessary). Since M is
closed and convex, Lemma 5.70 (d) shows that x € M. |

Theorems 5.71 and 5.73 have an immense number of applications in both
linear and nonlinear functional analysis. A simple example of the use of these
results is given in Exercise 5.31. This proves a result which would be proved in
finite dimensions using compactness of closed, bounded sets.
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EXERCISES

5.24
5.25
5.26

5.27

5.28

5.29

5.30

5.31

Verify that d,, in Lemma 5.67 is a metric.
Prove the assertions in Example 5.69.

Let H be a separable Hilbert space, with orthonormal basis {ey}.
Show that a sequence {x,, } in H is weakly convergent if it is bounded
and lim,, o (zn, ex) exists for each k € N.

Show that there exist unbounded sequences satisfying the second
hypothesis, so we cannot omit the condition that {x, } be bounded.

Let H be a separable Hilbert space, so that a metric d,, can be
defined on H, as in Lemma 5.67 (using the standard identification
of H with H’). Show that there exists a sequence {x,} in H such
that ||, || — oo and dy, (25, 0) — 0 (thus, the boundedness condition
cannot be omitted from condition (a) in Lemma 5.67).

Let X, Y be Banach spaces and T' € B(X,Y). Show that if x,, — z
in X, then Tx,, =Tz inY.

Let X be a Banach space. Show that if =, = z in X, then |z] <

liminf, . ||zn |-

Let H be a Hilbert space. Show that if x,, = x in H and ||, || — ||z]],
then z,, — x.

Suppose that X is reflexive, M is a closed, convex subset of X, and
y € X \ M. Show that there is a point yy; € M such that

ly = ymll = mf{[ly — 2| : 2 € M}.

Show that this result is not true if the assumption that M is convex
is omitted.
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Linear Operators on Hilbert Spaces

6.1 The Adjoint of an Operator

At the end of Chapter 4 we stated that there is an additional structure on
the space of all operators on a Hilbert space which enables us to obtain a
simpler characterization of invertibility. This is the “adjoint” of an operator
and we start this chapter by showing what this is and giving some examples
to show how easy it is to find adjoints. We describe some of the properties of
adjoints and show how they are used to give the desired simpler characterization
of invertibility. We then use the adjoint to define three important types of
operators (normal, self-adjoint and unitary operators) and give properties of
these. The set of eigenvalues of a matrix has so many uses in finite-dimensional
applications that it is not surprising that its analogue for operators on infinite-
dimensional spaces is also important. So, for any operator T, we try to find
as much as possible about the set {\ € C : T'— AI is not invertible} which
is called the spectrum of T and which generalizes the set of eigenvalues of a
matrix. We conclude the chapter by investigating the properties of those self-
adjoint operators whose spectrum lies in [0, 00). Although some of the earlier
results in this chapter have analogues for real spaces, when we deal with the
spectrum it is necessary to use complex spaces, so for simplicity we shall only
consider complex spaces throughout this chapter.

We start by defining the adjoint and showing its existence and uniqueness.
As in Chapter 4 with normed spaces, if we have two or more inner product
spaces we should, in principle, use notation which distinguishes the inner prod-

167
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ucts. However, in practice we just use the symbol (-,-) for the inner product
on all the spaces as it is usually easy to determine which space elements are in
and therefore, implicitly, to which inner product we are referring.

Theorem 6.1

Let H and K be complex Hilbert spaces and let T € B(H, K). There exists a
unique operator T* € B(K, H) such that

(T.’L‘, y) = (J}, T*y)

for all x € H and all y € K.

Proof

Let y € K and let f: H — C be defined by f(x) = (Tx,y). Then f is a linear
transformation and by the Cauchy—Schwarz inequality (Lemma 3.13(a)) and
the boundedness of T

[f (@) = [(Tz,y)| < [Tyl < [T[lll=|[l[]-

Hence f is bounded and so by the Riesz—Fréchet theorem (Theorem 5.2) there
exists a unique z € H such that f(z) = (x, ) for all z € H. We define T*(y) =
z, so that T is a function from K to H such that

(T(x),y) = (x, T"(y)) (6.1)

for all x € H and all y € K. Thus 7™ is a function which satisfies the equation
in the statement of the theorem, but we have yet to show that it is in B(KC, H).
It is perhaps not even clear yet that T is a linear transformation so the first
step is to show this.

Let y1,y2 € K, let A\, u € C and let « € H. Then by (6.1),

(@, 7" (Ay1 + py2)) = (T(2), Ayr + py2)

= ANT(z),y1) + 1(T(x), y2)
Az, T*(y1)) + f(z, T* (y2))

= (z, \T*(y1) + uT* (y2))-

Hence T*(Ay1 + py2) = AT*(y1) + pT*(y2), by Exercise 3.1, and so T* is a
linear transformation.
Next we show that 7™ is bounded. Using the Cauchy—Schwarz inequality

IT*W)I1* = (T* (), T*(y)) = (TT*(y),y) < ITT* Wyl < NTIT* W)yl



6. Linear Operators on Hilbert Spaces 169

If | T*(y)|| > 0 then we can divide through the above inequality by || 7 (y)|| to
get [T (y) || < [ITlllyll, while if [[T*(y)[| = 0 then trivially [T (y)[| < [IT[[y]-
Hence for all y € IC,

1Tl < ITl{lyll

and so T* is bounded and ||T*|| < |||
Finally, we have to show that T™* is unique. Suppose that B; and By are in
B(K,H) and that for all z € H and all y € K,

(T$7y) = (xaBly> = (.’L‘,Bgy).

Therefore Byy = Bay for all y € IC, by Exercise 3.1, so By = By and hence T
is unique. O

Definition 6.2

If H and K are complex Hilbert spaces and T € B(H,K) the operator T*
constructed in Theorem 6.1 is called the adjoint of T.

The uniqueness part of Theorem 6.1 is very useful when finding the adjoint
of an operator. In the notation of Theorem 6.1, if we find an operator S which
satisfies the equation (T'z,y) = (x, Sy) for all z and y then S = T*. In practice,
finding an adjoint often boils down to solving an equation.

The first example of an adjoint of an operator we will find is that of an op-
erator between finite-dimensional spaces. Specifically, we will find the matrix
representation of the adjoint of an operator in terms of the matrix represen-
tation of the operator itself (recall that matrix representations of operators
were discussed at the end of Section 1.1). In the solution, given a matrix
A = [a;;] € My,(F) the notation [@,;] denotes the matrix obtained by
taking the complex conjugates of the entries of the transpose AT of A.

Example 6.3

Let u = {€1,¢2} be the standard basis of C? and let T' € B(C?). If M{(T) =
[ai,j] then Mll_il(T*) = [aM] .

Solution
Let M{(T*) = [b;;]. Then using the equation which defines the adjoint, for

all [ 1 } and [ o } in C? we have
Z2 Y2

(2 2z Hz)- (20 i)
az1 G2, z2 || y2 o || D21 b2o Y2 '
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Therefore,

({ a1,121 + a1,2T2 ] [ Y1 }) _ ({ T ] [ b1,1y1 + b12y2 ])
agax1 +az2z2 || Y2 x2 || b2,ay1 + b22yo
and so

a1,121Y1 + a1222Y1 + a21T1Y2 + A2 2T2Y2

= 21b11Y1 + 2161 2Y3 + Tabo 171 + 22b2 275

Since this is true for all [ Zil } and [ zl ] in C2? we deduce that
2 2

ail = bl,l , A1,2 = b2,1 , A2,1 = b1,2 and a2 = b2,2~

Hence [b; ;] = [a;;]. .

More generally, if u is the standard basis for C™ and v is the standard basis
for C™ and T € B(C",C™) with M3}(T") = [a; ;] then it can be shown similarly
that MY (T*) = [@;;]. Because of this we shall use the following notation.

Definition 6.4
If A=ai;] € My (F) then the matrix [@;;] is called the adjoint of A and is
denoted by A*.

The next two examples illustrate ways of finding adjoints of operators be-
tween infinite-dimensional spaces.

Example 6.5
For any k € C[0,1] let T), € B(L2[0,1]) be defined by

(Teg)(t) = k()g(t). (6.2)
If f € C[0,1], then (Ty)* = T5.

Solution

Let g,h € L?[0,1] and let k = (Tf)*h. Then (Tyg,h) = (g,k) by definition of
the adjoint and so

/ F(t)g(t)h(E) dt = / o (O dt.
0 0

Now this equation is true if k(t) = h(t) f(t), that is, if k(t) = f(¢t)h(t). Hence
by the uniqueness of the adjoint, we deduce that (T})*h = k
(Tf)* = T?. O
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Example 6.6
The adjoint of the unilateral shift S € B(¢?) (see (4.2)) is S* where

S*(y17y27y37 <. ) = (y27y35y47 e )

Solution

Let # = {z,} and y = {y,} € £? and let z = {z,} = S*(y). Then (Sz,y) =
(z, S*y) by the definition of the adjoint and so

((Oa»’ﬂl,ﬂ%x:ﬁ,u-), (ylayQayBa .. )) = (($1,$27$3>-~-)7 (21,22,237 .. ))

Therefore
1‘1@+1‘2y73+1‘3y74+ P I171+I272+I373+ e .

Now if 21 = y2,22 = y3, ..., then this equation is true for all z1, x5, x3,... and
hence by the uniqueness of the adjoint

S*(ylay25y37 .. ) = (313227Z3a .. ) = (y27y37y4a .- ) O

The adjoint of the unilateral shift found in Example 6.6 is another type
of operator which shifts the entries of each sequence while maintaining their
original order. If S is called a forward shift as the entries in the sequence “move”
forward then S* could be called a backward shift as the entries in the sequence
“move” backwards.

It is possible that the adjoint of an operator could be the operator itself.

Example 6.7

Let H be a complex Hilbert space. If I is the identity operator on H then
I* =1

Solution
If 2,y € H then
(Iz,y) = (z,y) = (z,Iy).

Therefore by the uniqueness of adjoint, I* = I. a

Having seen how easy it is to compute adjoints of operators in the above
examples we now consider the adjoints of linear combinations and products of
operators. Starting with the matrix case, if A and B are matrices and A\, u € C
then it follows easily from the standard rule for matrix transpositions, (AB)T =
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BT AT that (AB)* = B*A* and (A + uB)* = AA* + zB*. This matrix result
has the following analogue for operators. The proof is left as an exercise.

Lemma 6.8

Let H, K and £ be complex Hilbert spaces, let R, S € B(H,K) and let T' €
B(K,L). Let A\, pu € C. Then:

(a) (uR+\S)* = R* + \S*;
(b) (TR)* = R*T™.

Remark 6.9

Many of the results which follow hold for both linear operators and for matrices
(as in Lemma 6.8), with only minor differences between the two cases. Thus,
from now on we will normally only write out each result for the linear operator
case, the corresponding result for matrices being an obvious modification of
that for operators.

Further properties of adjoints are given in Theorem 6.10.

Theorem 6.10

Let H and K be complex Hilbert spaces and let T' € B(H, K).

() (T7)" =

() IT°) = |7

(¢) The function f: B(H,K) — B(K,H) defined by f(R) = R* is continuous.
)

@) 77| = || T]>.

Proof

(a) We have to show that the adjoint of the adjoint is the original operator.

(y,(T*)*z) = (T*y,z) Dby definition of (T)*

= (x,T*y) by definition of an inner product
= (Tz,y) by definition of T*

= (y,Tx) by definition of an inner product.

Hence (T*)*z = Tx for all x € H so (T*)* =T.
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(b) By Theorem 6.1 we have || T7*|| < ||T||. Applying this result to (7*)* and
using part (a) we have

T[] = [[(T)" < T < T,
and so ||T*]| = ||T|

(c) We cannot apply Lemma 4.1 here as f is not a linear transformation, by
Lemma 6.8. Let € > 0 and let § = e. Then, when |R — S|| < 4,

[f(R) = fF)I =R =57 = [(R=5)" = [[(R=5)] <e
by part (b). Hence f is continuous.
(d) Since | T|| = ||T*||, we have
17T < |77 = (17>
On the other hand

|1 T|* = (Tx, Tx)
= (T*Tx,x) by the definition of T*
< ||IT*Tz||||z]] by the Cauchy—Schwarz inequality
< | Tl2]

Therefore ||T||> < ||T*T)|, which proves the result. O
Part (d) of Theorem 6.10 will be used later to find norms of operators.

However, the following lemma is the important result as far as getting a char-
acterization of invertibility is concerned.

Lemma 6.11

Let H and K be complex Hilbert spaces and let T' € B(H, K).
(a) Ker T = (Im T%)*;

(b) Ker T* = (Im T)*;

(¢) Ker T* = {0} if and only if Im T is dense in K.

Proof

(a) First we show that Ker 7" C (Im 7). To this end, let x € Ker 7" and let
z €Im T*. As z € Im T* there exists y € K such that T*y = z. Thus

(z,2) = (x, T"y) = (Tx,y) = 0.
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Hence z € (Im T*)* so Ker T' C (Im T*)+.

Next we show that (Im 7%)*+ C Ker T. In this case let v € (Im T*)*. As
T*Tv € Im T* we have

(Tv, Tv) = (v, T*Tv) = 0.
Thus Tv =0 and so v € Ker T.

Therefore Ker T = (Im T*)*.
(b) By part (a) and Theorem 6.10 we have

Ker T* = (Im ((T%)*))* = (Im T)*.

(c) If Ker T* = {0} then
(Im 7)Y+ = (Ker 7%)* = {0}* =K.
Hence Im T is dense in K by Corollary 3.36.

Conversely, if Im T is dense in K then (Im 7T+)+ = K by Corollary 3.36.
Therefore, by Corollary 3.35,

Ker T* =Im T+ = ((Im TH)4)* = K+ = {0} O
We now have an immediate consequence of Theorem 4.48 and Lemma 6.11.

Corollary 6.12

Let H be a complex Hilbert space and let T' € B(H). The following are equiv-
alent:

(a) T is invertible;
(b) Ker T* = {0} and there exists a > 0 such that ||T(z)| > al/z| for all
x € H.

Despite having to do one more step it is usually easier to find the adjoint
of an operator T' and then Ker 7% than to show that Im T is dense. Corol-
lary 6.12 can of course also be used to show that an operator is not invertible
as Example 6.13 illustrates.

Example 6.13
The unilateral shift S € B(¢2) defined in (4.2) is not invertible.
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Solution

We showed that S*(y1,y2,93,-.-.) = (¥2,¥3,¥4,...) in Example 6.6. Thus
(1,0,0,0,...) € Ker S* and hence S is not invertible by Corollary 6.12. O

There is also a link between the invertibility of an operator and the invert-
ibility of its adjoint.

Lemma 6.14

If H is a complex Hilbert space and T' € B(H) is invertible then T* is invertible
and (T*)~! = (T—1)*.

Proof

As TT™! = T7'T = I, if we take the adjoint of this equation we obtain
(TT~Y)* = (T-'T)* = I* and so (T~1)*T* = T*(T~')* = I by Lemma 6.8
and Example 6.7. Hence T* is invertible and (T*)~! = (T—1)*. O

EXERCISES

6.1 Let ¢ = {c,} € £°°. Find the adjoint of the linear operator 7, : £* —
22 defined by

Te({zn}) = {cnzn}.
6.2 Find the adjoint of the linear operator T : £2 — ¢? defined by

T(Q?1,$2,$3,JL‘4, .. ) = (O,41‘1, $2,4$3,SC4, .. )

6.3 Let H be a Hilbert space and let y, z € H. If T is the bounded linear
operator defined by T'(z) = (z,y)z, show that T*(w) = (w, 2)y.

6.4 Prove Lemma 6.8.
6.5 Let H be a complex Hilbert space and let T' € B(H).
(a) Show that Ker T'= Ker (T*T).

(b) Deduce that the closure of Im T* is equal to the closure of
Im (T*T).
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6.2 Normal, Self-adjoint and Unitary Operators

Although the adjoint enables us to obtain further information about all op-
erators on a Hilbert space, it can also be used to define particular classes of
operators which frequently arise in applications and for which much more is
known. In this section we define three classes of operators which will occur in
many later examples and investigate some of their properties.

The first such class of operators which we study is the class of normal
operators.

Definition 6.15

(a) If H is a complex Hilbert space and T' € B(H) then T is normal if

TT* =T"T.

(b) If A is a square matrix then A is normal if

AAT = AT A.

It is quite easy to check whether an operator is normal or not as the two
steps required, namely finding the adjoint and working out the products, are
themselves easy. As matrix adjoints and matrix multiplication are even easier
to find and do than their operator analogues, we shall not give any specific
examples to determine whether matrices are normal as this would not illustrate
any new points.

Example 6.16
For any k € C[0,1], let T}, € B(L?[0,1]) be defined as in (6.2). If f € C[0,1]

then Ty is normal.

Solution
From Example 6.5 we know that (Ty)* = T%. Hence, for all g € L?[0,1],
(Tr(Ty)*)9) = Tf(T5(g)) = Ty (fg) = ffg
and
(Ty)"Ty)(9) = T7(Ty(9)) = T5(fg) = [f9 = f[g-
Therefore Ty(Ty)* = (Tf)*Ty and so Ty is normal. O
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Example 6.17
The unilateral shift S € B(¢?) defined in (4.2) is not normal.

Solution
We know from Example 6.6 that, for all {y,} € (2,
ST (y1,y2,93,---) = (Y2, Y3, Y4, - ).
For {x,} € 2,
S*(S(x1,xe,x3,...)) = S*(0, 21,22, x3,...) = (1,22, T3,...)

while
S(S*(.’Ehifz,l';j, .. )) = S(ZEQ, T3, .. ) = (0, T2,X3,.. )
Thus S*(S(z1, 72, 3,...)) # S(S* (21,72, 73,...)) for all {z,,} € £% and so S is

not normal. O

Even in Example 6.18, which is slightly more abstract, it is easy to determine
whether or not an operator is normal.

Example 6.18
If H is a complex Hilbert space, I is the identity operator on H, A € C and
T € B(H) is normal then T"— AI is normal.

Solution
(T — M)* = T* — X by Lemma 6.8. Hence, using T*T = TT*,

(T = \I)(T = XI)* = (T — \XI)(T* — \I)
= TT* — AT* — AT + AN
=T*T — AT* — AT + AN
= (T* = \I)(T = AI)
= (T = AI)*(T = AI).

Therefore T' — A is normal. O

We now give some properties of normal operators.

Lemma 6.19
Let H be a complex Hilbert space, let T' € B(H) be normal and let a > 0.
(a) || T ()| = [|T*(z)]| for all z € H.
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(b) If |T(z)|| > aflz| for all z € H, then Ker T* = {0}.

Proof
(a) Let x € H. As T*T = TT™,

IT@)|? = | T*(@)|I* = (Tz, Tz) — (T*z, T*x)

(

= (T*"Tz,z) — (TT*z,x)
=(T*"Te —TT*z,x)
=0.

Therefore ||T'(x)| = ||T*(z)||.

(b) Let y € Ker T*. Then T*y = 0, so by part (a)
0 =Tyl = Tyl = a|lyll.
Therefore ||y|| = 0 and so y = 0. Hence Ker T* = {0}. o

The following characterization of invertibility of normal operators is an
immediate consequence of Corollary 6.12 and Lemma 6.19.

Corollary 6.20

Let H be a complex Hilbert space and let T' € B(H) be normal. The following
are equivalent:

(a) T is invertible;

(b) there exists a > 0 such that || T(z)|| > «f|z| for all x € H.

It may not have been apparent why normal operators were important but
Corollary 6.20 shows that it is easier to determine whether normal operators are
invertible, compared with determining whether arbitrary operators are invert-
ible. However, in addition, there are some subsets of the set of normal operators
which seem natural objects of study if we consider them as generalizations of
important sets of complex numbers. The set of 1 x 1 complex matrices is just
the set of complex numbers and in this case the adjoint of a complex number
z is z* = Z. Two important subsets of C are the real numbers

R={zeC:z=7},
and the circle centre 0 radius 1, which is the set

{zeC:zz=2z=1}.
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We look at the generalization of both these sets of numbers to sets of operators.

Definition 6.21

(a) If H is a complex Hilbert space and T' € B(H) then T is self-adjoint if
T=T"

(b) If A is a square matrix then A is self-adjoint if A = A*.
Although they amount to the same thing, there are several ways of trying to

show that an operator is self-adjoint. The first is to find the adjoint and show it
is equal to the original operator. This approach is illustrated in Example 6.22.

Example 6.22
. 2 0. . .
The matrix A = { i 3 } is self-adjoint.
Solution
As A* = { _22 ; } = A we conclude that A is self-adjoint. a

The second approach to show that an operator T is self-adjoint is to show
directly that (Tz,y) = (z,Ty) for all vectors x and y. The uniqueness of the
adjoint ensures that if this equation is satisfied then T is self-adjoint. This was
previously illustrated in Example 6.7 which, using the notation we have just
introduced, can be rephrased as follows.

Example 6.23
Let H be a complex Hilbert space. The identity operator I € B(H) is self-

adjoint.

If we already know the adjoint of an operator it is even easier to check
whether it is self-adjoint as Example 6.24 shows.

Example 6.24

For any k € C[0,1], let T}, € B(L?[0,1]) be defined as in (6.2). If f € C[0,1] is
real-valued then T is self-adjoint.
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Solution
From Example 6.5 we know that (T)* = T5. As f is real-valued, f = f. Hence
(1)) = T7 =1
and so T is self-adjoint. a
More general algebraic properties of self-adjoint operators are given in the

following results. The analogy between self-adjoint operators and real numbers
is quite well illustrated here.

Lemma 6.25

Let ‘H be a complex Hilbert space and let S be the set of self-adjoint operators
in B(H).

(a) If @ and § are real numbers and T and T3 € S then Ty + 815 € S.
(b) S is a closed subset of B(H).

Proof

(a) As Ty and T are self-adjoint, (a7 + 8T2)* = oIy + 5Ty = o1 + 515, by
Lemma 6.8. Hence o1} + B15 € S.

(b) Let {T},} be a sequence in S which converges to T' € B(H). Then {T;}
converges to T* by Theorem 6.10. Therefore, {T;,} converges to T* as
Ty =T, for alln € N. Hence T'=T"* and so T' € S. Hence S is closed. O

An alternative way of stating Lemma 6.25 is that the set of self-adjoint
operators in B(H) is a real Banach space.

Lemma 6.26

Let H be a complex Hilbert space and let T' € B(H).
(a) T*T and TT™* are self-adjoint.

(b) T =R+ iS where R and S are self-adjoint.

Proof

(a) (T*T)* =T*T** = T*T by Lemma 6.8. Hence T*T is self-adjoint. Similarly
TT* is self-adjoint.



6. Linear Operators on Hilbert Spaces 181

1 1
(b) Let R = §(T—|—T*) and S = i(T_ T*). Then T = R+ iS. Also

1 1
R'=(T+T°) =5(T"+T) =R,

so R is self-adjoint and

S —2—i(T—T) = 22_(T T )—22,(T T") =S,
so S is also self-adjoint. a

By analogy with complex numbers, the operators R and S defined in
Lemma 6.26 are sometimes called the real and imaginary parts of the oper-
ator T. We now look at the generalization of the set {z € C: 2z = zz = 1}.

Definition 6.27

(a) If H is a complex Hilbert space and T € B(H) then T is unitary if TT* =
T™T=1.

(b) If A is a square matrix then A is unitary if AA* = A*A=1.

Hence, for a unitary operator or matrix the adjoint is the inverse. As it is
again quite easy to check whether a matrix is unitary, we shall only give an
example of an operator which is unitary.

Example 6.28

For any k € C[0,1], let T}, € B(L?[0,1]) be defined as in (6.2). If f € C[0,1] is
such that |f(t)] =1 for all ¢ € [0, 1] then T is unitary.

Solution
We know from Example 6.5 that (Ty)* = T%. Thus

(Ty)*Ty)g(t) = F(O)F(t)g(t) = [F(®) (1),

so T;Tt(g9) = g and hence T;Ty = I. Similarly, T¢T} = I. Therefore T} is
unitary. O

There is an alternative characterization of unitary operators which is more
geometric. We require the following lemma, whose proof is left as an exercise.
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Lemma 6.29

If X is a complex inner product space and S,T € B(X) are such that (Sz,z) =
(Tz,z) for all z€ X, then S =T.

Theorem 6.30

Let H be a complex Hilbert spaces and let T, U € B(H).

(a) T*T = I if and only if T is an isometry.

(b) U is unitary if and only if U is an isometry of H onto H.

Proof
(a) Suppose first that 7T = I. Then
ITe|? = (T2, Tx) = (T Tz, ) = (I, ) = |l2]]>

Hence T' is an isometry.
Conversely, suppose that T is an isometry. Then

(I"Tx,2) = (T2, Tz) = |Tz|* = ||z]|* = (Iz,2).
Hence T*T = I by Lemma 6.29.

(b) Suppose first that U is unitary. Then U is an isometry by part (a). Moreover
if y € H then y = U(U*y) so y € Im U. Hence U maps H onto H.

Conversely, suppose that U is an isometry of H onto H. Then U*U = I by
part (a). If y € H, then since U maps H onto H, there exists « in H such
that Ux = y. Hence

Thus UU* = I and so U is unitary. 0O

We leave the proof of the following properties of unitary operators as an
exercise.

Lemma 6.31

Let H be a complex Hilbert space and let U be the set of unitary operators in
B(H).

(a) If U € U then U* € Y and |U]| = |U*]| = 1.
(b) If Uy and Uy € U then U Uy and U; ! are in U.
(c) U is a closed subset of B(H).
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EXERCISES

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

1

Is the matrix A = [ 0 1

] normal?

Are the operators defined in Exercises 6.1 and 6.2 normal?

Prove Lemma 6.29.
[Hint: use Lemma 3.14.]

If H is a complex Hilbert space and T' € B(H) is such that ||Tz| =
|T*z| for all z € H, show that T is normal.

Let T, be the operator defined in Exercise 6.1.
(a) If ¢, € R for all n € N show that T, is self-adjoint.
(b) If |¢,| = 1 for all n € N show that T, is unitary.

If H is a complex Hilbert space and S, T € B(H) with S self-adjoint,
show that T*ST is self-adjoint.

If H is a complex Hilbert space and A € B(H) is invertible and
self-adjoint, show that A~! is self-adjoint.

If H is a complex Hilbert space and S, T € B(H) are self-adjoint,
show that ST is self-adjoint if and only if ST =T'S.

Prove Lemma 6.31.

Let H be a complex Hilbert space and let U € B(H) be unitary.
Show that the linear transformation f : B(H) — B(H) defined by
f(T) =U*TU is an isometry.

6.3 The Spectrum of an Operator

Given a square matrix A, an important set of complex numbers is the set
A={X e C:A— X is not invertible}. In fact, A consists of the set of eigen-
values of A by Lemma 1.12. Since eigenvalues occur in so many applications
of finite-dimensional linear algebra, it is natural to try to extend these notions
to infinite-dimensional spaces. This is what we aim to do in this section. Since
the adjoint is available to help with determining when an operator is invertible
in Hilbert spaces, we will restrict consideration to Hilbert spaces, although the
definitions we give can easily be extended to Banach spaces.
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Definition 6.32

(a) Let H be a complex Hilbert space, let I € B(H) be the identity operator
and let T € B(H). The spectrum of T, denoted by o(T'), is defined to be

o(T) ={\ € C: T — Al is not invertible}.

(b) If A is a square matrix then the spectrum of A, denoted by o(A), is defined
to be
o(A) ={A € C: A— A is not invertible}.

Our first example of the spectrum of an operator is perhaps the simplest
possible example.

Example 6.33

Let H be a complex Hilbert space and let I be the identity operator on H. If
& is any complex number then o(ul) = {p}.

Solution

If 7 € C then 71 is invertible unless 7 = 0. Hence

o(ul) ={X € C: ul — A is not invertible}
={A € C: (u— NI is not invertible}
= {u}. O

Finding the spectrum of other operators can be less straightforward. How-
ever, if an operator has any eigenvalues then these are in the spectrum by
Lemma 6.34.

Lemma 6.34

Let H be a complex Hilbert space and let T € B(H). If A is an eigenvalue of T
then M is in o(T).

Proof

As there is a non-zero vector x € H such that Tx = Az it follows that = €
Ker (T'— M) and so T' — AI is not invertible by Lemma 1.12. ad

If H is a finite-dimensional complex Hilbert space and T' € B(H) then the
spectrum of T consists solely of eigenvalues of T' by Lemma 1.12. It might
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be hoped that the same would hold in the infinite-dimensional case. However,
there are operators on infinite-dimensional spaces which have no eigenvalues
at all.

Example 6.35

The unilateral shift S € B(¢?) has no eigenvalues.

Solution

Suppose that A is an eigenvalue of S with corresponding non-zero eigenvector
z = {z,}. Then

(0,21, 29, x3,...) = (Az1, Ax2, A3, .. .).

If A = 0, then the right-hand side of this equation is the zero vector so 0 =

1 = x9 = x3 = ... = 0, which is a contradiction as = # 0. If A # 0, then
since Ar; = 0, we have z1 = 0. Hence, from Axy = 1 = 0, we have zo = 0.
Continuing in this way, we again have z1 = 2 = x3 = ... = 0, which is a
contradiction. Hence S has no eigenvalues. a

Since the unilateral shift has no eigenvalues, how do we find its spectrum?
The following two results can sometimes help.

Theorem 6.36

Let H be a complex Hilbert space and let T' € B(H).
(a) If [N\ > ||T|| then X ¢ o(T).

(b) o(T) is a closed set.

Proof

(a) If [\| > ||T|| then |A7'T|| < 1 and so I — A~!T is invertible by Theo-
rem 4.40. Hence Al — T is invertible and therefore \ ¢ o(T).

(b) Define F': C — B(H) by F(\) = A —T. Then as
IE () = FQ) = llul =T = (M =T)| = [ = Al,

F is continuous. Hence, o(T') is closed, as the set C of non-invertible ele-
ments is closed by Corollary 4.42 and

o(T)y={AeC:F(\) ecC}. 0
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Theorem 6.36 states that the spectrum of an operator T is a closed bounded
(and hence compact) subset of C which is contained in a circle centre the origin
and radius ||T]|.

Lemma 6.37
If H is a complex Hilbert space and T' € B(H) then o(T*) = {\: X € o(T)}.

Proof

If A ¢ o(T) then T — M is invertible and so (T — AI)* = T* — X is invertible
by Lemma 6.14. Hence A ¢ o(T*). A similar argument with 7% in place of T
shows that if A ¢ o(T*) then \ ¢ o(T). Therefore o(T*) ={\: A€ o(T)}. O

With these results we can now find the spectrum of the unilateral shift.

Example 6.38

If S : ¢? — (2 is the unilateral shift then:

(a) if A € C with |A] < 1 then X is an eigenvalue of S*;
(b) o(S) ={reC: A <1}

Solution

(a) Let A € C with |A\|] < 1. We have to find a non-zero vector {z,} € ¢>
such that S*({z,}) = Ma,}. As S*(x1,22,23,...) = (22,23,24,...) by
Example 6.6, this means that we need to find a non-zero {z,} € ¢? such
that

(332, T3y T4y ) = ()\xl, )\%2, )\Jig, . .),
that is, 41 = Az, for all n € N. One solution to this set of equations is
{x,} = {\"!} which is non-zero. Moreover, as |\| < 1,

oo o0 o0
DoleaF =D P =) AP <o
n=1 n=0 n=0

and so {z,} € ¢2. Thus S*({z,}) = Mx,} and so ) is an eigenvalue of S*
with eigenvector {x,,}.

(b) We have {A € C : |A\| < 1} C 0(5*) by part (a) and Lemma 6.34. Thus
{A e C: |\ < 1} C o(S), by Lemma 6.37. However, from elementary

geometry B
NeC:|N<1}={ eC:|A\ <1}
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and so {A € C: |\ <1} Co(S). As 0(9) is closed, by Theorem 6.36,
{AeC: A <1} Ca(9).

On the other hand, if |A\| > 1 then A ¢ o(S) by Theorem 6.36, since
|IS]| = 1. Hence o(S) ={A € C: |A| < 1}. 0

If we know the spectrum of an operator 7' it is possible to find the spectrum
of powers of T" and (if T is invertible) the inverse of T'.

Theorem 6.39

Let ‘H be a complex Hilbert space and let T' € B(H).

(a) If p is a polynomial then o(p(T)) = {p(p) : u € o(T)}.
(b) If T is invertible then o(T~1) = {u=t : p € o(T)}.

Proof

(a) Let A € C and let ¢(z) = XA — p(z). Then ¢ is also a polynomial, so it has
a factorization of the form ¢(z) = ¢(z — p1)(z — p2) ... (2 — pupn), where
C, l1, 2, - - - b € C with ¢ ## 0. Hence,

A ¢ o(p(T)) A — p(T) is invertible

q(T) is invertible

(T — i I)(T — pol) ... (T — pyp 1) is invertible

(T — p;I) is invertible for 1 < j < n by Lemma 4.35
no zero of ¢ is in o(7T)

q(p) #0 for all p e o(T)

A # p(p) for all p € o(T).

{p(n) : p€o(T)}

(b) As T is invertible, 0 ¢ o(T). Hence any element of o(7T~1) can be written
as u~* for some u € C. Since

et

Hence o(p(T))

pt =T = =T '™ (ul = T)
and —T~'p~1 is invertible,

pteo(T™') < p I —T7"!is not invertible
< T 1p=Y(ul —T) is not invertible
<= ul — T is not invertible
— peoa(l).

Thus o(T~Y) ={p~t : peo(T)}. 0
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Notation

Let H be a complex Hilbert space and let T' € B(H). If p is a polynomial, we
denote the set {p(p) : p € o(T)} by p(a(T)).

As an application of Theorem 6.39 we can obtain information about the
spectrum of unitary operators.

Lemma 6.40

If H is a complex Hilbert space and U € B(H) is unitary then

o(U)C{ e C: |\ =1}

Proof

As U is unitary, ||U|| =1s0 o(U) C{A € C:|A| <1}, by Theorem 6.36. Also,
o(U*) C{\ € C: |\ <1}, since U* is also unitary. However, U* = U~ ! so

cU)={N"1: eoU*}C{AeC:|\>1},
by Theorem 6.39, which proves the result. O

An obvious question now is whether anything can be said about the spec-
trum of self-adjoint operators. We first introduce some notation.

Definition 6.41
(a) Let H be a complex Hilbert space and let T' € B(H).
(i) The spectral radius of T, denoted by r,(T'), is defined to be

ro(T) = sup{|A| : A € o(T)}.
(ii) The numerical range of T, denoted by V(T'), is defined to be
V(T) ={(Tz,z) : ||=|| = 1}.

(b) Let A be a n x n matrix.

(i) The spectral radius of A, denoted by r,(A), is defined to be

ro(A) =sup{|A| : A € 0 (A4)}.
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(ii) The numerical range of A, denoted by V(A), is defined to be

V(A) ={(Az,z) : € C" and ||z| = 1}.

A link between the numerical range and the spectrum for normal operators
is given in Lemma 6.42.

Lemma 6.42

If ‘H is a complex Hilbert space and T € B(H) is normal, then o(T') is a subset
of the closure of V(T').

Proof

Let A € o(T). As T—A\I is normal by Example 6.18, there exists a sequence {z,, }
in H with ||z,|| =1 for all n € N and lim ||(T— M), || = 0 by Corollary 6.20.

Hence
lim (T — A)xp,z,) =0

n—oo

by the Cauchy—Schwarz inequality. Thus

lim (Txp, xn) — Man, n) = 0.

n—oo

However, (z,,2,) =1 for all n € N and so

lim (Tzp, x,) = A

n—oo

Therefore A is in the closure of V(7). O

Since it is relatively easy to find the numerical range for self-adjoint op-
erators, we can use Lemma 6.42 to get information about the spectrum of
self-adjoint operators.

Theorem 6.43
Let H be a complex Hilbert space and let S € B(H) be self-adjoint.
) V(S) CR.

(a
(b) o(5) €
¢) At least one of ||S]| or —||S|| is in o(5).

)
(c)
(d) 7o(5) = sup{|7|: 7 € V(S)} =[Sl
(e) inf{A: A€ od(9)} <p<sup{A: e og(9)} for all ue V(9).
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Proof
(a) As S is self-adjoint,
(Sz,z) = (z,Sz) = (Sz, ),
for all x € H. Hence (Sz,z) C R for all x € H and so V(S) C R.

(b) o(S) is contained in the closure of V(S) by Lemma 6.42 and so is a subset
of R by part (a).

(c) This is true if S = 0, so by working with ||S||71S if necessary we may

assume that ||S|| = 1. From the definition of the norm of S, there exists a
sequence {z,} in H such that ||z,|| =1 and lim ||Sz,| = 1. Then
n—oo

I = $*)zall? = ((I = 8*)an, (I — S*)z)
= |zall® + [1S?20ll? — 2(S%2p, 22)
< 2—2(Sz,, Sz,)
=2 - 2||Sz, %,
so lim ||(I — $?)z,]|> = 0 and hence 1 € ¢(S?). Thus 1 € (o(S))? by
Thgc;Zom 6.39 and hence either 1 or —1 is in ¢(S) as required.

(d) By (c), Lemma 6.42 and the Cauchy—Schwarz inequality,
1S < 7o (S) < supflr|: 7 € V(S)} < |I5]].

Hence each of these inequalities is an equality.

(e) Let a =1inf{A: A € 0(S)} and 8 = sup{A : A € 0(5)}. Let A € V(95), so
that there exists y € H with [|y|| =1 and A = (Sy,y).
Suppose that A < «. Then 58I — S has spectrum 5 — o(S) by Theorem 6.39,
and so lies in [0, 8 — a]. Thus r, (8 — S) < 8 — a. However,

((BI = S)y,y) = B(y,y) — (Sy,y) =B—-A>B—a.

This contradicts part (d) applied to the self-adjoint operator SI — S.
Suppose that A > 3. Then S — oI has spectrum o(S) — a by Theorem 6.39
and so lies in [0, 8 — a]. Thus r,(S — al) < § — . However,

(S —aly,y) = (Sy,y) —a(y,y) =A —a> [ —a.

This contradicts part (d) applied to the self-adjoint operator S — al.
Therefore \ € [a, 3]. O
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It is possible to use Theorem 6.43 to find the norm of a matrix A.

Corollary 6.44

(a) If A is a self-adjoint matrix with eigenvalues {A1, Ao, ..., A, }, then

[All = max{|Ax], [Az], .., [Anl}.

(b) If B is a square matrix then B*B is self-adjoint and ||B||?> = || B*B||.

Proof

(a) |A]| = r(A) = max{|A1], |A2],- .-, | |} by Theorem 6.43, since o(A) con-
sists only of eigenvalues.

(b) This follows from Theorem 6.10 and Lemma 6.26. O
Another consequence of Theorem 6.43 is that the spectrum of a self-adjoint
operator is non-empty. Using completely different techniques, it can be shown

that the spectrum of any bounded linear operator is non-empty but as we shall
not use this result we shall not give further details.

EXERCISES

6.16 Let T € B(¢?) be defined by
T(zla L2, L3, L4, - - ) = (Ih —ZX2, L3, —L4, .- )

(a) Show that 1 and —1 are eigenvalues of T with eigenvectors
(1,0,0,...) and (0,1,0,0,...) respectively.
(b) Find T? and hence show that o(T) = {—1,1}.

6.17 Let S € B(¢?) be the unilateral shift. Show that S*S = I but that
0 is an eigenvalue of SS5™*.

6.18 Let ¢ = {c,} € > and let T, € B(¢?) be the bounded operator
defined by T.({z,}) = {chzn}.
(a) Let ¢, € {c,, : n € N} and let {€,} be the sequence in ¢? given
in Definition 1.60. Show that ¢, is an eigenvalue of T, with
eigenvector €,,.

(b) Show that {c,, : n € N}~ C o(T,).
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6.19 Let T € B(¢?) be the operator defined in Exercise 6.2.

(a) Find (T*)? and show that if || < 4 then pu is an eigenvalue of
().

(b) Show that o(T) = {\ € C: || < 2}.

. 11 11
6.20 Find the norms of (a) A—[l 2], (b) B_{O 1},

6.21 Let H be a complex Hilbert space and let S € B(H) be self-adjoint.
Show that S™ is self-adjoint for any n € N and deduce that ||S™| =
151"

6.22 Let H be a complex Hilbert space and let S € B(H) be self-adjoint.
If o(S) contains exactly one point A, show that S = AI.

6.23 Give an example of a operator T € B(f?) such that T # 0 but
o(T) = {0}.

6.4 Positive Operators and Projections

If H is a complex Hilbert space and S € B(H) is self-adjoint the conditions
(a) o(S) € [0,00),
(b) (Sz,z) >0 for all z € H,

are equivalent, by Theorem 6.43. In the final section of this chapter we inves-
tigate the self-adjoint operators which satisfy either of these two conditions in
more detail.

Definition 6.45

(a) Let H be a complex Hilbert space and let S € B(H). S is positive if it is
self-adjoint and

(Sz,x) >0 for all z € H.
(b) If A is a self-adjoint, n x n matrix then A is positive if

(Az,z) >0 for all z € C".

By the remarks before Definition 6.45 there is an equivalent characterization
of positive operators and matrices.
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Lemma 6.46

(a) If H is a complex Hilbert space and S € B(H) is self-adjoint then S is
positive if and only if o(S) C [0, 00).

(b) If A is a self-adjoint, n X n matrix then A is positive if and only if o(A) C
[0, 00).

The characterization of positivity for matrices given in Lemma 6.46 is usu-
ally easier to check than the definition since, for matrices, the spectrum just
consists of eigenvalues. Therefore it is quite easy to check whether a self-adjoint
matrix is positive. It is not much harder to find examples of positive operators.

Example 6.47

Let H be a complex Hilbert space, let R, S € B(H) be positive, let T € B(H)
and let a be a positive real number.

(a) 0 and I are positive operators.
(b) T*T is positive.

(¢) R+ S and «S are positive.

Solution

(a) I is self-adjoint by Example 6.23 and it is easy to show that 0 is self-adjoint.
If z € ‘H then

(Iz,z) = (z,z) > 0 and (0z,z) = (0,x) = 0.
Hence 0 and I are positive.
(b) TT* is self-adjoint by Lemma 6.26. If 2z € H then
(T*Tz,z) = (Tx,Tx) > 0.
Hence T*T is positive.
(¢) R+ S and aS are self-adjoint by Lemma 6.25. If € H then
((R+ S)z,z) = (Rx,x) + (Sz,z) >0

and
((aS)z,z) = a(Sz,z) >0

Hence R + S and a.S are positive. a
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Associated with the positive real numbers there is the idea of an order-
ing of the real numbers. From the definition of positive operators there is a
corresponding idea of ordering of self-adjoint operators.

Notation
Let H be a complex Hilbert space, let R, S,T € B(H) be self-adjoint.

(a) If S is positive we write S >0 or 0 < S.

(b) More generally, if T'— R is positive we write T'> Ror R < T.

Unlike the order in the real numbers, the ordering of self-adjoint operators is
only a partial ordering, that is, there are non-zero self-adjoint operators which
are neither positive nor negative. We give a matrix example of this.

Example 6.48

1 0

] then neither A nor —A is positive.

Solution

A is self-adjoint with eigenvalues +1. Therefore o(A) = {1, —1} and so neither
A nor —A is positive. O

One of the simplest types of positive operator is described in the following
definition. Recall that projection operators were defined in Definition 5.59.

Definition 6.49

Let H be a complex Hilbert space. An orthogonal projection on H is an operator
P € B(H) such that

P=p*=p2

In other words, an orthogonal projection is a bounded, self-adjoint projec-
tion. Thus, this concept only makes sense in Hilbert space. The reason for the
terminology “orthogonal projection” should be rather more apparent after Ex-
ample 6.50 and Theorem 6.51. General projections, as in Definition 5.59, are
useful in normed or Banach spaces, but in the Hilbert space context orthogonal
projections are the most useful projections. In fact, in the Hilbert space con-
text, “projection” is often used to mean “orthogonal projection”, but to avoid
ambiguity we will continue to use the latter terminology.
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We note that if P is an orthogonal projection then it is in fact positive,
since it is self-adjoint, by definition, and (Pz,x) = (P%z,2) = (Pz, Pz) > 0
for all z € H.

At first sight there may appear to be only two orthogonal projections on
any given Hilbert space H, namely 0 and I. However, there are others.

Example 6.50

Let P : C3® — C3 be the linear transformation defined by P(z,y,z) = (z,y,0),
for all (x,y,z) € C>. Then P is an orthogonal projection.

Solution
Since C? is finite-dimensional P € B(C?), and clearly P? = P. It follows from

(P(;v,y,z), (u,v,w)) =Tu+Yyv = ((x,y,z),P(u,uw)),

that P is also self-adjoint. Hence P is an orthogonal projection. ]

The orthogonal projection P in Example 6.50 has Im (P) = {(z,y,0) : 2,y €
C}, and P “projects” vectors “vertically downwards”, or “orthogonally”, onto
this subspace, as shown in Figure 6.1 (where we only draw the action of P on
R3, as we cannot draw C3).

The orthogonal projection P in Example 6.50 has the matrix representation

1 0 0
01 0
0 0 0
Z
(0,0,z) + _
S (x)z)
|
|
. Y
|
|
|
X (x,y,0)

Fig. 6.1. The action of the orthogonal projection P in Example 6.50 (in R3)
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More generally, any n x n diagonal matrix whose diagonal elements are either
0 or 1 is the matrix of an orthogonal projection in B(C™).

One of the reasons why orthogonal projections are important is the link
between closed linear subspaces of a Hilbert space H and orthogonal projections
in B(H) which we prove in the following theorem (recall that we discussed the
link between closed subspaces of Banach spaces and general projections in
Section 5.6). In the course of the proof it may be helpful to keep in mind the
action of the orthogonal projection P in Example 6.50.

Theorem 6.51
Let H be a complex Hilbert space.

(a) If M is a closed linear subspace of H there is an orthogonal projection
Ppn € B(H) with range M, kernel M~ and [Py < 1.

(b) If @ is an orthogonal projection in B(H) then Im Q is a closed linear
subspace and @ = P .

Proof

(a) If 2 € Hand ¢ = y + z where y € M and z € M is the orthogonal
decomposition, let Py : H — H be defined by Py (z) = y. We aim to show
that Pp is an orthogonal projection and the first step is to show that Pay
is a linear transformation. Let x1 , 2 € H, with orthogonal decompositions
x, = y1 + 21 and x5 = Yo + 2o, where y1, y2 € M and z1, 20 € M+ and
let A\, € C. Then as M and M= are linear subspaces, A\y; + jyz € M
and Az + pze € M so, by uniqueness, the orthogonal decomposition of
Ax1 + pe is (Ay1 + pye) + (Az1 + pze). Hence

Prp(Azy 4 pao) = Ayr + pys = APvmay + pPaas.

Therefore Py is a linear transformation.

Next we show that Pp is bounded and self-adjoint. As
1Pa? = Nlyl? < )%,
Py, is bounded and || Pap|| < 1. Also
(Pmz1,2) = (Y1, Y2 + 22) = (y1,92),
since zp € M+ and y; € M, and

(x1, Prmaa) = (Y1 + 21,92) = (Y1, ¥2),
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since z; € M* and y, € M. Hence

(Pmr, w2) = (21, Prmza)
and so Py, is self-adjoint.
Finally, we check that P4 is an orthogonal projection with range M and
kernel M*. If w € M, the orthogonal decomposition of w is w = w + 0, so
Pyw = w. Hence M C Im Ppq. However, Im Pyy € M by the definition
of Pyg. Thus Im Py = M. Also, for all z € 'H,
(Pam)?(2) = Pr(Prz) = Pry =y = Pu(z)

since y € M and so (Py)? = Py Therefore Py, is an orthogonal projec-
tion. Also, by Lemma 6.11 we have

Ker Py = (Im Piy)t = (Im Py)t = ML

(b) Let £ = Im Q. As @ is a linear transformation, £ is a linear subspace.
To show that £ is closed, let {y,} be a sequence in £ which converges to
y € H. As y, € Im Q there exists x,, € H such that y, = Q(x,) for all
n € N. Hence

y = lim Qx,
n—oo

= lim Q%*z, since Q% = Q
n—oo
=Q( lim Qx,) since () is continuous
n—oo
=QyelmQ,

and so £ is closed.

If v € £ then v = Qz for some 2 € H s0 Qu = Q%*x = Qv =v as Q? = Q.
If w € L+ then as Q is self-adjoint and Q*w € L,

1Qul* = (Qw, Qu) = (w, Q*w) =0

so Qw = 0. Hence, if z € H and o = v + w, where v € £ and w € L+, we
have z = Qv + w so

Prx=Qv=Qx
as Qw = 0. Hence Q = Py - O

To emphasize the manner in which the orthogonal projection is constructed
in Theorem 6.51 the following terminology is sometimes used.

Notation

Let H be a complex Hilbert space and let M be a closed linear subspace of
H. The orthogonal projection Py, € B(H) with range M and kernel M=
constructed in Theorem 6.51 is called the orthogonal projection of H onto M.



198 Linear Functional Analysis

The orthogonal projection P considered in Example 6.50 is the orthogonal
projection onto the subspace {(z,y,0) : z, y € C}.

In the proof of Theorem 6.51, we showed that if H is a complex Hilbert
space, M is a closed linear subspace of H and Py is the orthogonal projection
of H onto M, then Pyy = y for all y € M while Prz = 0 for all z € M*.

Lemma 6.52

If H is a complex Hilbert space, M is a closed linear subspace of H and P is
the orthogonal projection of ‘H onto M, then I — P is the orthogonal projection
of H onto M.

Proof
As I and P are self-adjoint so is I — P. Also, as P2 = P,
(I-P?=I1-2P+P*=]-2P+P=1-P

and so I — P is an orthogonal projection. If z € H and z = y + z is the
orthogonal decomposition of , where y € M and z € M, then P(z) = y and
so (I = P)(x) = —y = z. Hence I — P is the orthogonal projection of H onto
M-+ by Theorem 6.51. O

For the orthogonal projection P considered in Example 6.50, the operator
I — P is given by (I — P)(z,y,2) = (0,0,2) and is the orthogonal projection
onto the subspace {(0,0,z) : z € C}, see Figure 6.1.

If the closed linear subspace M has an orthonormal basis then it is pos-
sible to give a formula for the orthogonal projection onto M in terms of this
orthonormal basis. This formula is given in Corollary 6.53 whose proof is left
as an exercise.

Corollary 6.53

If H is a complex Hilbert space, M is a closed linear subspace of H, {e,}]_;
is an orthonormal basis for M, where J is a positive integer or oo, and P is
the orthogonal projection of H onto M, then

J

Pz = Z(:v, €n)en.

n=1

By definition, if P is an orthogonal projection then P = P2. If we take any
other positive operator T defined on some Hilbert space it raises the question
whether there exists an operator R (on the same space) such that R? = T.
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Definition 6.54

(a) Let H be a complex Hilbert space and let T € B(H). A square root of T is
an operator R € B(H) such that R> =T.

(b) Let A be anxn matrix. A square root of A is a matrix B such that B2 = A.
Example 6.55

von el s

If A1, Ao are positive real numbers and A = [

then B? = A so B is a square root of A.

Since all complex numbers have square roots, it might be expected that all
complex matrices would have square roots. However, this is not true.

Example 6.56
0 1 . . )
If A= 0 0 then there is no 2 x 2 matrix B such that B = A.

Solution

Let B = [ Z Z ] and suppose that B2 = A. Then multiplying out we obtain

a®>+bc=0, bla+d) =1, c¢la+d)=0andd®+bc=0.

As b(a+d) # 0 and c(a + d) = 0 we deduce that ¢ = 0. Then a? = d? = 0, so
a = d = 0 which contradicts b(a 4+ d) # 0. Hence, there is no such matrix B. O

Even though all positive real numbers have positive square roots, in view of
Example 6.56 it is perhaps surprising that all positive operators have positive
square roots. Lemma 6.57 will be the key step in showing that positive operators
have square roots.

Lemma 6.57

Let ‘H be a complex Hilbert space, and let S be the real Banach space of all
self-adjoint operators in B(H). If S € S then there exists & € B(Cr(c(5)),S)
such that:

(a) @(p) = p(S) whenever p is a polynomial in Cg(c(S));
(b) &(fg) = 2(f)P(g) for all f, g € Cr(c(S5)).
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Proof

Let P be the linear subspace of Cg(c(S)) consisting of all polynomials. Define
¢ : P — S by ¢(p) = p(S). Then ¢ is a linear transformation such that
d(pq) = é(p)P(q) for all p € P by Lemma 4.33. In addition, by Theorem 6.39,

el = [p(S)I]
=r,(p(S5)) since p(S) is self-adjoint
sup{|u| : p € o(p(9))}
sup{[p(A)| : A € o(5)}
= [|p||-

Thus ¢ is an isometry. As S is a real Banach space and P is dense in Cr(c(5))
by Theorem 1.40, there exists & € B(Cr(0(S)),S) such that é(p) = ¢(p) by
Theorem 4.19. Moreover, as ¢(pq) = ¢(p)o(q) for all p € P, it follows that
D(fg) =D(f)P(g) for all f, g € Cr(c(S)) by the density of P in Cr(o(S)) and
the continuity of @. O

Lemma 6.57 perhaps looks rather technical, so we introduce the following
notation to help understand what it means.

Notation

Let H, S, S and & be as in Lemma 6.57. For any f € Cr(0(S)) we now denote
P(f) by f(S).

In other words, Lemma 6.57 allows us to construct “functions” of a self-
adjoint operator S. We had previously defined p(S) when p is a polynomial.
Lemma 6.57 extends this to f(5) when f € Cr(c(S)). Suppose now that o(S) C
[0,00) and g : 0(S) — R is defined by g(x) = 2'/2. Then g € Cr(c(S)) so g(S)
makes sense. The notation is intended to suggest that ¢g(S) is a square root of
S and we show that this is true in Theorem 6.58.

Theorem 6.58

Let ‘H be a complex Hilbert space, let S be the Banach space of all self-adjoint
operators in B(H) and let S € S be positive.

(a) There exists a positive square root R of S which is a limit of a sequence of
polynomials in S.

(b) If @ is any positive square root of S then R = Q.
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Proof

(a)

Let P be the linear subspace of Cg(c(S)) consisting of all polynomials. As
S is positive, o(S) C [0,00). Hence f : 0(S) — R and g : 0(5) — R and
j:0(S) — R defined by

fly=a gle)=2'? and j(z) =,
are in Cr(0(95)). Let R = ¢g(S) and T = f(S) so R and T are self-adjoint.
The set P is dense in Cg(c(S)), by Theorem 1.40. In particular, g is a

limit of a sequence of polynomials, and so R is a limit of a sequence of
polynomials in S. Also, by Lemma 6.57,

R? = (9(9))* = g°(5) = j(S) = S,
so R is a square root of S and

1% = (£(5))* = f*(5) = 9(5) = R,
so R is positive.

As

QS =QQ* =Q°Q = 5Q,
if p is any polynomial then @p(S) = p(S)Q and so, as R is a limit of a
sequence of polynomials in S,

QR = RQ.

As @Q is positive, @ has a positive square root P by part (a). Let x € H
andlet y = (R—Q)z. As RZ=Q*= 5,

1Tyl + |1Pyll* = (T%y,y) + (P?y,y)

(R+Q)y,y)
(R+Q)(R - Q)z,y)
(

=0.

~ Y~~~

R2 - Q2)I’7 y)

Hence Ty = Py = 0 and so T?y = P%y = 0. Therefore Ry = Qy = 0 and
SO

(R - Q)z|* = (R - Q)’x,z) = (R~ Q)y,z) = 0.
Thus R = Q. O

Notation

Let H be a complex Hilbert space and let S € B(H) be positive. The unique
positive square root of S constructed in Theorem 6.58 will be denoted by S'/2.

Similarly, the unique positive square root of a positive matrix A will be denoted
by AY/2.
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In Example 6.55 we showed how to find the square root of a diagonal 2 x 2
matrix and the same method extends to any diagonal n x n matrix. Hence, if P
is any positive matrix and U is a unitary matrix such that U* PU is a diagonal
matrix D then PY/2 = UDY/2U*.

There is an alternative method for computing square roots which follows
the construction of the square root more closely. We illustrate this for 2 x 2
positive matrices with distinct eigenvalues. Let A be any positive matrix which
has distinct eigenvalues A; and Ay and let

( )7 I-I-\/)\l)\g
P = N+ VA

Then p is a polynomial of degree one such that p(\;) = /A1 and p(X2) = v/ As.
Therefore p(z) = /x for all x € o(S). By the construction of the square
root A'/? = p(A) and it is possible to check this by computing p(A)2. By the
Cayley-Hamilton theorem, A% = (A; + X2)A — (A1 X2)] s0

A+ \/)\1/\21>2 A2 L2 NNA M

Vi +HVA ) (VA1 +v/A2)2 4

It is perhaps fitting that our final result in this chapter should illustrate the
analogy between operators on a Hilbert space and the complex numbers so
well that it even has the same name as the corresponding result for complex
numbers. If z € C is invertible then (Ez)l/ 2 the modulus of z, is positive and
|2((Z2)Y/?) 7Y = 1 s0 2((z2)"/?)~! = € for some § € R with —7 < 6 < .
The polar form of the complex number z is €?(Zz)'/2. A similar decomposition
occurs for invertible operators on a Hilbert space, but this time the factors are
a unitary and a positive operator.

a2 =

Theorem 6.59

Let H be a complex Hilbert space and let T € B(H) be invertible. Then
T = UR, where U is unitary and R is positive.

Proof

As T is invertible so is T* and T*T. Now, T*T is positive by Example 6.47
so T*T has a positive square root R = (T*T)'/? by Theorem 6.58. As T*T is
invertible so is R by Theorem 6.39. Let U = TR~!. Then U is invertible and
so the range of U is H. Also,

U'U=R')VT'TR'=R'R*R =1,

and so U is a unitary by Theorem 6.30. a
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Notation

(a) Let H be a complex Hilbert space, let T' € B(H) be invertible. The decom-
position T'= UR, where U is unitary and R is positive, given in Theorem
6.59 is called the polar decomposition of T'.

(b) If A is an invertible matrix, the corresponding decomposition A = BC,
where B is a unitary matrix and C' is a positive matrix, is called the polar
decomposition of A.

The proof of Theorem 6.59 indicates the steps required to produce the
polar decomposition of an invertible operator. An example to find the polar
decomposition of an invertible matrix is given in the exercises.

EXERCISES

6.24 Let H be a complex Hilbert space and A € B(H) be invertible and
positive. Show that A~! is positive.

6.25 Prove Corollary 6.53.

6.26 Let H be a complex Hilbert space and let P € B(H) be such that
P? = P. By considering S? where S = 2P — I, show that o(P) C
{0,1}.

6.27 Let H be a complex Hilbert space and let P, Q € B(H) be orthogonal
projections.

(a) If PQ = QP, show that PQ is an orthogonal projection.
(b) Show that Im P is orthogonal to Im @ if and only if PQ = 0.

6.28 Let H be a complex Hilbert space and let P, @ € B(H) be orthogonal
projections. Show that the following are equivalent.

(
(d
(e) P<Q.

6.29 Let H be a complex Hilbert space and let S € B(H) be self-
adjoint. If (59) is the finite set {1, Aa, ..., An}, show that there exist
orthogonal projections Py, P, ..., P, € B(H) such that P;P, =0 if
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j#k, >, Pj=1Iand

n

S=>"\P.

j=1
6.30 Let H be a complex Hilbert space and let S € B(H) be self-adjoint
with ||S]] < 1.
(a) Show that I — S? is positive.
(b) Show that the operators S #+i(I — S?)'/? are unitary.

6.31 (a) Find the positive square root of A = { _54 _54 ] .

1 —i 2i—
(b) Find the polar decomposition of B = 7 { ; +Z, _2; 3 ;z ] .
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Compact Operators

7.1 Compact Operators

Linear algebra tells us a great deal about the properties of operators between
finite-dimensional spaces, and about their spectrum. In general, the situation
is considerably more complicated in infinite-dimensional spaces, as we have
already seen. However, there is a class of operators in infinite dimensions for
which a great deal of the finite-dimensional theory remains valid. This is the
class of compact operators. In this chapter we will describe the principal spec-
tral properties of general compact operators on Hilbert spaces and also the
more precise results which hold for self-adjoint compact operators.

Compact operators are important not only for the well-developed theory
which is available for them, but also because compact operators are encoun-
tered in very many important applications. Some of these applications will be
considered in more detail in Chapter 8.

As in Chapter 6, the results in Section 7.1 have analogues for real spaces,
but in Sections 7.2 and 7.3 it is necessary to use complex spaces in order to
discuss the spectral theory of compact operators. Thus for simplicity we will
only consider complex spaces in this chapter.

Definition 7.1

Let X and Y be normed spaces. A linear transformation T' € L(X,Y") is compact
if, for any bounded sequence {x,} in X, the sequence {T'z,} in Y contains a

205
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convergent subsequence. The set of compact transformations in L(X,Y) will
be denoted by K(X,Y).

Theorem 7.2

Let X and Y be normed spaces and let T € K(X,Y). Then T is bounded.
Thus, K(X,Y) C B(X,Y).

Proof

Suppose that T is not bounded. Then for each integer n > 1 there exists a unit
vector z,, such that | Tz,|| > n. Since the sequence {z,} is bounded, by the
compactness of T' there exists a subsequence {T'z,(,)} which converges. But
this contradicts || T2, y|| > n(r), so T must be bounded. O

We now prove some simple algebraic properties of compact operators.

Theorem 7.3

Let X, Y, Z be normed spaces.

(a) If S, T € K(X,Y) and «, 8 € C then oS + ST is compact. Thus K(X,Y)
is a linear subspace of B(X,Y).

(b) If S € B(X,Y), T € B(Y,Z) and at least one of the operators S, T is
compact, then T'S € B(X, Z) is compact.

Proof

(a) Let {z,} be a bounded sequence in X. Since S is compact, there is a
subsequence {x,(y} such that {Sz,)} converges. Then, since {z,()} is
bounded and T is compact, there is a subsequence {wn(r(s))} of the se-
quence {xy )} such that {T2,(,(s))} converges. It follows that the sequence
{aSzy(r(s)) + BT Ty (r(s)) } converges. Thus oS + BT is compact.

(b) Let {z,} be a bounded sequence in X. If S is compact then there is a
subsequence {,,(,y } such that {Sz, )} converges. Since T is bounded (and
so is continuous), the sequence {TS’xn(r)} converges. Thus T'S is compact.
If S is bounded but not compact then the sequence {Sz,} is bounded.
Then since T' must be compact, there is a subsequence {Sz,, -y} such that
{T'Swy(ry} converges, and again T'S is compact. ]
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Remark 7.4

It is clear from the definition of a compact operator, and the above proofs,
that when dealing with compact operators we will continually be looking at
subsequences {zy ()}, or even {z,( (s}, of a sequence {z,}. For notational
simplicity we will often assume that the subsequence has been relabelled as
{zn}, and so we can omit the r. Note, however, that this may not be permissible
if the original sequence is specified at the beginning of an argument with some
particular properties, e.g., if we start with an orthonormal basis {e,, } we cannot
just discard elements — it would no longer be a basis!

The following theorem shows, as a particular case, that all linear opera-
tors on finite-dimensional spaces are compact (recall that if the domain of a
linear operator is finite-dimensional then the operator must be bounded, see
Theorem 4.9, but linear transformations with finite-dimensional range may be
unbounded if their domain is infinite dimensional, see Example 4.10). Thus
compact operators are a generalization of operators on finite dimensional
spaces.

Theorem 7.5
Let X, Y be normed spaces and T' € B(X,Y).
(a) If T has finite rank then T is compact.

(b) If either dim X or dimY is finite then T is compact.

Proof

(a) Since T has finite rank, the space Z = Im T is a finite-dimensional normed
space. Furthermore, for any bounded sequence {z,} in X, the sequence
{Tz,} is bounded in Z, so by the Bolzano—Weierstrass theorem this se-
quence must contain a convergent subsequence. Hence T is compact.

(b) If dim X is finite then r(T) < dim X, so r(7T') is finite, while if dimY is
finite then clearly the dimension of ImT' C Y must be finite. Thus, in either
case the result follows from part (a). O

The following theorem, and its corollary, shows that in infinite dimensions
there are many operators which are not compact. In fact, compactness is a
significantly stronger property than boundedness. This is illustrated further in
parts (a) and (b) of Exercise 7.11.
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Theorem 7.6

If X is an infinite-dimensional normed space then the identity operator I on
X is not compact.

Proof

Since X is an infinite-dimensional normed space the proof of Theorem 2.26
shows there exists a sequence of unit vectors {x, } in X which does not have
any convergent subsequence. Hence the sequence {Iz,} = {z,} cannot have a
convergent subsequence, and so the operator I is not compact. a

Corollary 7.7

If X is an infinite-dimensional normed space and T' € K(X) then T is not
invertible.

Proof

Suppose that T is invertible. Then, by Theorem 7.3, the identity operator
I = T7'T on X must be compact. But since X is infinite-dimensional this
contradicts Theorem 7.6. 0O

‘We now introduce an equivalent characterization of compact operators and
an important property of the range of such operators.

Theorem 7.8

Let X, Y be normed spaces and let T € L(X,Y).

(a) T is compact if and only if, for every bounded subset A C X, the set
T(A) C Y is relatively compact.

(b) If T is compact then Im T and Im T are separable.

Proof

(a) Suppose that T is compact. Let A C X be bounded and suppose that {y, }
is an arbitrary sequence in T'(A). Then for each n € N, there exists z,, € A
such that ||y, — Tz,|| < n~!, and the sequence {z,} is bounded since
A is bounded. Thus, by compactness of T, the sequence {Tz,} contains a
convergent subsequence, and hence {y, } contains a convergent subsequence
with limit in T'(A4). Since {y, } is arbitrary, this shows that T'(A) is compact.
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Now suppose that for every bounded subset A C X the set T(A) C Y is
relatively compact. Then for any bounded sequence {z,,} in X the sequence
{Tz,} lies in a compact set, and hence contains a convergent subsequence.
Thus T is compact.

(b) For any r > N, let R, = T'(B,(0)) C Y be the image of the ball B,.(0) C X.
Since T is compact, the set R, is relatively compact and so is separa-
ble, by Theorem 1.43. Furthermore, since Im 7" equals the countable union
U2, Ry, it must also be separable. Finally, if a subset of Im 7" is dense in
Im T then it is also dense in Im T (see Exercise 7.14), so Im T is separable.

O

Part (b) of Theorem 7.8 implies that if T" is compact then even if the space
X is “big” (not separable) the range of T is “small” (separable). In a sense,
this is the reason why the theory of compact operators has many similarities
with that of operators on finite-dimensional spaces.

We now consider how to prove that a given operator is compact. The follow-
ing theorem, which shows that the limit of a sequence of compact operators in
B(X,Y) is compact, will provide us with a very powerful method of doing this.

Theorem 7.9

If X is a normed space, Y is a Banach space and {T}} is a sequence in K (X,Y’)
which converges to an operator T' € B(X,Y), then T is compact. Thus K(X,Y")
is closed in B(X,Y).

Proof

Let {x,} be a bounded sequence in X. By compactness, there exists a subse-
quence of {z,}, which we will label {x1} (= {Zna,r)}52;), such that the
sequence {1121, } converges. Similarly, there exists a subsequence {2 )}
of {21, } such that {Tox,, (2 -y} converges. Also, {T12,,(2,,)} converges since it
is a subsequence of {1121, }. Repeating this process inductively, we see that
for each j € N there is a subsequence {z,;,») } with the property: for any k < j
the sequence {1}, } converges. Letting n(r) = n(r,r), for r € N, we ob-
tain a single subsequence {z,,(,y} with the property that, for each fixed k € N,
the sequence {72y} converges as r — oo (this so-called “Cantor diagonal-
ization” type argument is necessary to obtain a single sequence which works
simultaneously for all the operators Ty, k € N; see [7] for other examples of
such arguments). We will now show that the sequence {7z} converges. We
do this by showing that {T'z,,(,} is a Cauchy sequence, and hence is convergent
since Y is a Banach space.
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Let € > 0 be given. Since the subsequence {z,,()} is bounded there exists
M > 0 such that ||z, < M, for all € N. Also, since |[Tx — T|| — 0, as
k — oo, there exists an integer K > 1 such that | Tx —T'|| < ¢/3M. Next, since
{TKacn(r)} converges there exists an integer R > 1 such that if , s > R then
Tk xn(ry — Tk Tn(s)l < €/3. But now we have, for r, s > R,

HTxn(r) - Txn(s)” < ”Txn(r) - TKxn(T)H + HTKxn(r) - TKmn(S)H
+ ||TKxn(s) - Txn(s)” <,

which proves that {T'z,,)} is a Cauchy sequence. O

In applications of Theorem 7.9 it is often the case that the operators T}, are
bounded and have finite rank, so are compact by Theorem 7.5. For reference
we state this as the following corollary.

Corollary 7.10

If X is a normed space, Y is a Banach space and {7} } is a sequence of bounded,
finite rank operators which converges to T € B(X,Y’), then T is compact.

We now give a simple example of how to construct a sequence of finite rank
operators which converge to a given operator T'. This process is one of the most
common ways of proving that an operator is compact.

Example 7.11

The operator T' € B(¢?) defined by T{a,} = {n~'a,} is compact (Example 4.5
shows that T' € B(¢?)).

Solution
For each k € N define the operator T}, € B({?) by

Ti{a,} = {b*}, where
bk =0, n > k.

The operators T are bounded and linear, and have finite rank. Furthermore,
for any a € ¢? we have

oo oo

I(Te = T)al* = Y laul/n® < (k+1)72 Y Janl* < (k+1)72|lal*.

n=k+1 n=k+1
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It follows that
ITe —T| < (k+1)7",

and so |7 — T'|| — 0. Thus T' is compact by Corollary 7.10. O

The converse of Corollary 7.10 is not true, in general, when Y is a Banach
space, but it is true when Y is a Hilbert space.

Theorem 7.12

If X is a normed space, H is a Hilbert space and T' € K (X, H), then there is
a sequence of finite rank operators {1} } which converges to T in B(X,H).

Proof

If T itself had finite rank the result would be trivial, so we assume that it does
not. By Lemma 3.25 and Theorem 7.8 the set Im T is an infinite-dimensional,
separable Hilbert space, so by Theorem 3.52 it has an orthonormal basis {e,, }.
For each integer k > 1, let P, be the orthogonal projection from Im T onto the
linear subspace My = Sp{e,...,ex}, and let T, = P,T. Since Im T}, C My,
the operator T}, has finite rank. We will show that |7 — T'|| — 0 as k — .

Suppose that this is not true. Then, after taking a subsequence of the se-
quence {7} } if necessary, there is an € > 0 such that || T —T'|| > e for all k. Thus
there exists a sequence of unit vectors x € X such that ||(T — T)zk| > €/2
for all k. Since T' is compact, we may suppose that Tx, — y, for some y € H
(after again taking a subsequence, if necessary). Now, using the representation
of P, in Corollary 6.53, we have,

(Tk - T).Z’k = (Pk - I)Ta:k = (Pk - I)y—l— (Pk — I)(T.’L‘k - y)

= - Z (y,en)en + (P — I)(Txp —y).
n=k+1
Hence, by taking norms we deduce that

o

1/2
/2@ =Dl < (D2 oew?® ) +2Tar —yl
n=k+1

(since || Px|| = 1, by Theorem 6.51). The right-hand side of this inequality tends

to zero as k — oo, which is a contradiction, and so proves the theorem. ]

Using these results we can now show that the adjoint of a compact operator
is compact. We first deal with finite rank operators.
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Lemma 7.13

If H is a Hilbert space and T' € B(H), then r(T') = r(T™*) (either as finite num-
bers or as 00). In particular, T has finite rank if and only if 7* has finite rank.

Proof

Suppose first that r(T) < oo. For any « € H, we write the orthogonal de-
composition of x with respect to KerT* as x = u 4+ v, with u € KerT* and
ve (KerT*)t =ImT = ImT (since 7(T) < 00). Thus T*z = T*(u+v) = T*v,
and hence Im7T* = T*(Im7T), which implies that »(T%*) < r(T). Thus,
r(T*) < r(T) when r(T') < oco.

Applying this result to 7%, and using (T*)* = T', we also see that r(T) <
r(T*) when r(T™) < oco. This proves the lemma when both the ranks are finite,
and also shows that it is impossible for one rank to be finite and the other
infinite, and so also proves the infinite rank case. a

Theorem 7.14

If H is a Hilbert space and T' € B(H), then T is compact if and only if T* is
compact.

Proof

Suppose that T is compact. Then by Theorem 7.12 there is a sequence of finite
rank operators {T,}, such that ||T,, — T'|| — 0. By Lemma 7.13, each operator
T has finite rank and, by Theorem 6.10, || T;* — T*|| = || T, — T|| — 0. Hence it
follows from Corollary 7.10 that T* is compact. Thus, if T is compact then T*
is compact. It now follows from this result and (7*)* = T that if T* is compact
then T is compact, which completes the proof. a

We end this section by introducing a class of operators which have many
interesting properties and applications.

Definition 7.15

Let ‘H be an infinite-dimensional Hilbert space with an orthonormal basis {e, }
and let T € B(H). If the condition

oo
Z [ Ten|* < oo
n=1

holds then T is a Hilbert—Schmidt operator.
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At first sight it seems that this definition might depend on the choice of the
orthonormal basis of H. The following theorem shows that this is not so. The
proof will be left until Exercise 7.8.

Theorem 7.16

Let H be an infinite-dimensional Hilbert space and let {e,} and {f,} be or-
thonormal bases for H. Let T' € B(H).

(@) Y ITenl* =D N fal® = D ITful®
n=1 n=1 n=1

(where the values of these sums may be either finite or co).
Thus the condition for an operator to be Hilbert—Schmidt does not depend
on the choice of the orthonormal basis of H.

(b) T is Hilbert—Schmidt if and only if 7% is Hilbert—Schmidt.
(¢) If T is Hilbert—Schmidt then it is compact.

(d) The set of Hilbert—Schmidt operators is a linear subspace of B(H).

It will be shown in Exercise 7.11 that finite rank operators are Hilbert—
Schmidt, but not all compact operators are Hilbert—Schmidt.

EXERCISES

7.1 Show that for any Banach space X the zero operator Ty : X — X,
defined by Tyx = 0, for all x € X, is compact.

7.2 Let H be a Hilbert space and let y, 2 € H. Define T € B(H) by
Tz = (x,y)z (see Exercise 4.11). Show that T is compact.

7.3 Let X, Y be normed vector spaces. Show that T' € L(X,Y) is com-
pact if and only if for any sequence of vectors {z,} in the closed unit

ball B;(0) C X, the sequence {Tz,} has a convergent subsequence.

7.4 Show that an orthonormal sequence {e, } in a Hilbert space H cannot
have a convergent subsequence.

7.5 Show that for any Banach spaces X and Y the set of compact op-
erators K(X,Y) is a Banach space (with the usual operator norm
obtained from B(X,Y)).
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7.6

7.7

7.8
7.9

7.10

7.11

7.12

Show that for any T' € B(H), r(T) = r(T*T).
[Hint: see Exercise 6.5(b).]

Let ‘H be an infinite-dimensional Hilbert space with an orthonor-
mal basis {e,} and let T € B(H). Show that if T is compact then
lim, o0 ||Ten|| = 0.

Prove Theorem 7.16.

Let H be an infinite-dimensional Hilbert space and let S, T € B(H).
Prove the following results.

(a) If either S or T is Hilbert—Schmidt, then ST is Hilbert—Schmidt.

(b) If T has finite rank then it is Hilbert—Schmidt.
[Hint: use Exercise 3.26 to construct an orthonormal basis of H
consisting of elements of Im 7" and (Im 7T')*, and use part (a) of
Theorem 7.16, with {e,} = {fn}.]

Let k be a non-zero continuous function on [—m, 7] and define the
operator Ty, € B(L?[—m,n]) by (Tg)(t) = k(t)g(t). Show that T}, is
not compact.

[Hint: use Corollary 3.57 and Exercise 7.7.]

Let H be an infinite-dimensional Hilbert space and let {e,}, {fn},
be orthonormal sequences in H. Let {a,} be a sequence in C and
define a linear operator T : H — H by

Ty = Z an(x,en) fn.
n=1

Show that:

(a) T is bounded if and only if the sequence {a,,} is bounded;
(b
(c
(d

T is compact if and only if lim, . ay, = 0;

)
)
) T is Hilbert-Schmidt if and only if Y77 | |y, |* < oo;

) T has finite rank if and only if there exists N € N such that
a, =0forn> N.

It follows that each of these classes of operators is strictly contained
in the preceding class. In particular, not all compact operators are
Hilbert—Schmidt.

Suppose that {a,} is a bounded sequence in C and consider the
operator T' € B(H) defined in Exercise 7.11.
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7.13

7.14

7.15

(a) Show that y € Im T if and only if

Y= Z nénfn, for some {&,} € (2.

n=1

Deduce that if infinitely many of the numbers «,, are non-zero
and lim,,_,. «, = 0 then Im T is not closed.

(b) Show that the adjoint operator T* : H — H is given by
(oo}
T x = Z&n(x, frn)en-
n=1

Show also that Im T is dense in H if and only if Ker T* = {0}.
Deduce that if H is separable then there exists a compact oper-
ator on H whose range is dense in ‘H but not equal to H.

(c¢) Show that if the orthonormal sequences {e,} and {f,} are the
same and all the numbers «,, are real, then T is self-adjoint.

It was shown in Exercise 7.12 that if H is separable then there exists
a compact operator on H whose range is dense in H. Is this possible
if H is not separable?

Suppose that (M, d) is a metric space and A C M. Prove the follow-
ing results.

(a) A is relatively compact if and only if any sequence {a,} in A
has a subsequence which converges in M.
[Hint: for the “if” part, consider an arbitrary sequence {z,} in
A and construct a “nearby” sequence {a,} in A.]

(b) If B C A is dense in A then it is dense in A.

(¢) If A is compact then, for each r € N, there exists a finite set
B, C A with the property: for any a € A there exists a point
b € B, such that d(a,b) < r~1.

(d) Deduce from part (c) that if A is compact then it is separable.

Let X be a separable, infinite-dimensional, normed space and sup-
pose that 0 < « < 1. Show that there exists a sequence of unit
vectors {x,} in X such that ||z, — z,| > « for any m, n € N with
m #mn and Sp{z,} = X.

[Hint: follow the proofs of Theorems 3.40 and 3.52, using Riesz’
lemma (Theorem 2.25) to find the required vector in the inductive
step.]
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7.2 Spectral Theory of Compact Operators

From now on in this chapter we will suppose that H is a complex Hilbert space
and T € K(H) (we require H to be complex in order that we may discuss
spectral theory). If H is finite-dimensional then we know that the spectrum
o(T) consists of a non-empty, finite collection of eigenvalues, each having finite
multiplicity (see Definition 1.13). For general operators in infinite-dimensional
spaces the spectrum can be very different, but for compact operators the spec-
trum has many similarities with the finite-dimensional case. Specifically, we
will show that if H is infinite-dimensional then o(T") consists of a countable
(possibly empty or finite) collection of non-zero eigenvalues, each having finite
multiplicity, together with the point A = 0, which necessarily belongs to o(T')
but need not be an eigenvalue or, if it is, it need not have finite multiplicity.
To describe this structure of o(7T") the following notation will be convenient.

Definition 7.17
Let K be a Hilbert space and let S € B(K). We define the sets

op(S) = {A: X is an eigenvalue of S},
p(S) = C\a(9).

The set 0,(S) is the point spectrum of S, while p(S) is the resolvent set of S.

We begin our discussion of o(T') by dealing with the point A = 0.

Theorem 7.18

If H is infinite-dimensional then 0 € o(T). If H is separable then either 0 €
op(T) or 0 € 0(T) \ op(T") may occur. If H is not separable then 0 € o,(T).

Proof

If we had 0 € p(T'), then T would be invertible. However, since H is infinite-
dimensional this contradicts Corollary 7.7, so we must have 0 € o(T'). We leave
the remainder of the proof to the exercises (see Exercises 7.16 and 7.17). O

We now consider the case A # 0 and we first prove some preliminary results.

Theorem 7.19
If A # 0 then Ker (T — AI) has finite dimension.
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Proof

Suppose that M = Ker (T — M) is infinite-dimensional. Since the kernel of
a bounded operator is closed (by Lemma 4.11), the space M is an infinite-
dimensional Hilbert space, and there is an orthonormal sequence {e,} in M
(by Theorem 3.40). Since e,, € Ker (T'—AI) we have Te,, = Ae,, for each n € N,
and since A # 0 the sequence {)e,} cannot have a convergent subsequence,
since {e,} is orthonormal (see Exercise 7.4). This contradicts the compactness
of T, which proves the theorem. ]

Theorem 7.20
If A # 0 then Im (T — AI) is closed.

Proof

Let {y,} be a sequence in Im (T — AI), with lim, s ¥, = y. Then for each n
we have y,, = (T — M), for some z,,, and since Ker (T'— AI) is closed, x,, has
an orthogonal decomposition of the form z, = u, + v, with u,, € Ker (T'— \I)
and v,, € Ker (T — M ). We will show that the sequence {v,} is bounded.

Suppose not. Then, after taking a subsequence if necessary, we may suppose
that ||v,| # 0, for all n, and lim,_, ||vp]| = oco. Putting w, = v,/[|vn],
n=1,2,..., we have w, € Ker (T — A\I)*, ||w,|| = 1 (so the sequence {w,,} is
bounded) and

(T = M)wy, = yn/|[va| — 0,

since {y, } is bounded (because it is convergent). Also, by the compactness of T
we may suppose that {Tw,, } converges (after taking a subsequence if necessary).
By combining these results it follows that the sequence {w, } converges (since
A # 0). Letting w = lim,,_,oc Wy, we see that ||w| =1 and

(T — MN)w = lim (T — A)w, =0,

n—oo

so w € Ker (T — \I). However, w,, € Ker (T — A\I)* so
|lw — wn|]? = (W= wp,w —w,) =14+1=2,

which contradicts w,, — w. Hence the sequence {v,} is bounded.
Now, by the compactness of T we may suppose that {T'v,, } converges. Then
Vp = A" YT, — (T — M)v,) = AT, —yn), for n € N, so the sequence {v,, }
converges. Let its limit be v. Then
y= lim y, = lim (T — A)v, = (T — A\])v,

n—oo

and so y € Im (T" — AI). This proves that Im (T" — AI) is closed. O
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Since T™* is also compact, Theorems 7.19 and 7.20 also apply to 7™, and in
particular, the set Im (7 —\I) is closed when A # 0. Thus, from Corollary 3.36
and Lemma 6.11 we have the following result.

Corollary 7.21
If A # 0 then

Im (T — M) = Ker (T* = XI)*, TIm (T* — X) = Ker (T — \I)*.

We can now begin to discuss the structure of the non-zero part of o(T") and
o(T*) (again, the following results apply to 7™ as well as to T').

Theorem 7.22

For any real t > 0, the set of all distinct eigenvalues A of T with |A| > ¢ is finite.

Proof

Suppose instead that for some ty > 0 there is a sequence of distinct eigenvalues
{An} with [A,| > to for all n, and let {e, } be a sequence of corresponding unit
eigenvectors. We will now construct, inductively, a particular sequence of unit
vectors {y, }. Let y1 = e1. Now consider any integer k > 1. By Lemma 1.14 the
set {e1,...,ex} is linearly independent, thus the set My = Sp{ey,...,ex} is
k-dimensional and so is closed by Corollary 2.20. Any e € My, can be written
as e = aie1 + ...+ arek, and we have

(T — )\kl)e = 041(>\1 — )\k)el + ...+ Ozkfl(/\kfl — )\k)ek,h

and so if e € My,
(T — )\kI)e € Mj_q.

Similarly, if e € My,
Te e M.

Next, My is a closed subspace of M1 and not equal to M1, so the orthog-
onal complement of My, in Mj41 is a non-trivial linear subspace of Mj1.
Hence there is a unit vector yp+1 € Mpyy1 such that (yg+1,e) = 0 for all
e € My, and ||yx+1 — €| > 1. Repeating this process inductively, we construct
a sequence {y,}.

It now follows from the construction of the sequence {y,} that for any
integers m, n with n > m,

1TYn = TYm|l = [Anl [lyn — A;I[*(T = A)Un + Tym]ll = [An| = to,
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since, by the above results, —(T — Ay, )yn + TYm € M,,—1. This shows that the
sequence {Ty,} cannot have a convergent subsequence. This contradicts the
compactness of T, and so proves the theorem. ]

By taking the union of the finite sets of eigenvalues A with |[\| > r~1
r=1,2,..., we obtain the following corollary of Theorem 7.22.

Corollary 7.23

The set 0,(T) is at most countably infinite. If {\,} is any sequence of distinct
eigenvalues of T' then lim, .., A, = 0.

We note that it is possible for a compact operator 7" on an infinite-
dimensional space to have no eigenvalues at all, see Exercise 7.17. In that case,
by Theorem 7.18 and Theorem 7.25 below, o(T") = {0}.

We will now show that for any compact operator T, all the non-zero points
of o(T') must be eigenvalues. Since T* is also compact, it follows from this and
Lemma 6.37 that if A # 0 is an eigenvalue of 7" then ) is an eigenvalue of T*. We
will also prove that these eigenvalues have equal and finite multiplicity. These
results are standard in the finite-dimensional setting. We will prove them in
the infinite-dimensional case in two steps:

(a) we consider finite rank operators and reduce the problem to the finite-
dimensional case;

b) we consider general compact operators and reduce the prol)lem to the finite
g
rank case.

The following notation will be helpful in the proof of the next lemma. Sup-
pose that X, Y are normed spaces and A € B(X), B € B(Y,X), C € B(X,Y)
and D € B(Y). We can define an operator M € B(X xY) by

M(z,y) = (Az + By, Cx + Dy),

see Exercise 7.18. This operator may be written in “matrix” form as

A B
wlt] x ’
y ¢ DJly
where, formally, we use the standard matrix multiplication rules to evaluate
the matrix product, even though the elements in the matrices are operators or

vectors — this is valid so long as we keep the correct order of the operators and
vectors.
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Lemma 7.24

If T has finite rank and X # 0, then either: (a) A € p(T) and X € p(T*); or (b)
A € op(T) and X € o (T*). Furthermore, n(T — ) = n(T* — X) < oo.

Proof

Let M =ImT and N = Ker T* = M~ (by Lemma 6.11). Since M is finite-
dimensional it is closed, so any © € H has an orthogonal decomposition z =
u+ v, with v € M, v € N. Using this decomposition, we can identify any
x € H with a unique element (u,v) € M x N, and vice versa (alternatively,
this shows that the space H is isometrically isomorphic to the space M x N).
Also,

(T =M (u+v)=Tu—Au+Tv— Av,

and we have Tu — Au € M, Tv € M and —\v € N. It follows from this that
we can express the action of the operator (T' — AI) in matrix form by

-3 =[5 S

where (T'— M)|p € B(M), T|y € B(N, M) and Iy € B(N) denote the
restrictions of the operators T'— AI, T and I to the spaces M and N. We now
write A = (T — AI)|pm. It follows from Lemma 1.12 and Corollary 4.45 that
either A is invertible (n(4) = 0) or n(A) > 0, and so, from Exercise 7.18,
either T'— AI is invertible or n(T — AI) = n(A) > 0, that is, either A € p(T) or
A€ op(T).

Now let Py, Py denote the orthogonal projections of H onto M, N. Using
I = Py + Py and N = Ker T*, we have

(T* = X)(u+v) = (T* = M)u— v = Py(T* — X)u + PyT*u — Iv.

Hence T* — Al can be represented in matrix form by

(T = AI) {Z] = {PM;AJ;ZT_*))\QM —)\(}|N] [Z] '

Also, A* = Py(T* — M)|pm € B(M) (see Exercise 7.20). Again by finite-
dimensional linear algebra, n(A*) = n(A). It now follows from Exercise 7.18
that if n(A) = 0 then T'— AI and T* — X[ are invertible, while if n(A) > 0 then
n(T — AN) =n(T* —X) =n(A) > 0,50 A € 0,(T) and X € o,,(T™). O

We now extend the results of Lemma 7.24 to the case of a general compact
operator T
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Theorem 7.25

If T is compact and A # 0, then either: (a) A € p(T) and X\ € p(T*); or (b)
A € 0p(T) and X € o (T*). Furthermore, n(T — ) = n(T* — ) < oo.

Proof

We first reduce the problem to the case of a finite rank operator. By Theo-
rem 7.12 there is a finite rank operator Tr on ‘H with [|A™(T — Tr)|| < 1, so
by Theorem 4.40 and Lemma 6.14, the operators S = I — A\~*(T — Tr) and S*
are invertible. Now, letting G = TrS~! we see that

T—XM=(G-XA)S, andso T*—X =S5*(G*—\I).

Since S and S* are invertible it follows that T — A and T* — A\ are invertible
if and only if G — Al and G* — A are invertible, and n(T — A\I) = n(G —
M), n(T* — N) = n(G* — M) (see Exercise 7.21). Now, since InG C Im Tr
the operator GG has finite rank, so the first results of the theorem follow from
Lemma 7.24. O

We now consider the following equations:
(T — M)z =0, (T*—X)y=0, (7.1)
(T—=X)z=p, (I"-MNy=q (7.2)

(equations of the form (7.1), with zero right-hand sides, are called homogeneous
while equations of the form (7.2), with non-zero right-hand sides, are called
inhomogeneous). The results of Theorem 7.25 (together with Corollary 7.21)
can be restated in terms of the solvability of these equations.

Theorem 7.26 (The Fredholm Alternative)

If A # 0 then one or other of the following alternatives holds.

(a) Each of the homogeneous equations (7.1) has only the solution x = 0, y = 0,
respectively, while the corresponding inhomogeneous equations (7.2) have
unique solutions z, y for any given p, ¢ € H.

(b) There is a finite number m, > 0 such that each of the homogeneous
equations (7.1) has exactly m) linearly independent solutions, say ., Yn,
n=1,...,my, respectively, while the corresponding inhomogeneous equa-
tions (7.2) have solutions if and only if p, ¢ € H satisfy the conditions

(Pyyn) =0, (¢,2,)=0, mn=1,...,my. (7.3)
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Proof

The result follows immediately from Theorem 7.25. Alternative (a) corresponds
to the case A € p(T'), while alternative (b) corresponds to the case A € o,(T).
In this case, my = n(T — AI). It follows from Corollary 7.21 that the conditions
on p, ¢ in (b) ensure that p € Im (T — AI), ¢ € Im (T* — M), respectively, so
solutions of (7.2) exist. O

The dichotomy expressed in Theorem 7.26 between unique solvability of the
equations and solvability if and only if a finite set of conditions holds is often
called the Fredholm alternative; this dichotomy was discovered by Fredholm in
his investigation of certain integral equations (which give rise to equations of the
above form with compact integral operators, see Chapter 8). More generally, if
the operator T—AI in (7.1) and (7.2) is replaced by a bounded linear operator S
then S is said to satisfy the Fredholm alternative if the corresponding equations
again satisfy the alternatives in Theorem 7.26. A particularly important feature
of the Fredholm alternative is the following restatement of alternative (a) in
Theorem 7.26.

Corollary 7.27
If A # 0 and the equation
(T—X)xz=0 (7.4)

has only the solution x = 0 then 7" — AI is invertible, and the equation
(T—X)x=p (7.5)

has the unique solution z = (T'— M)~ !p for any p € H. This solution depends
continuously on p.

Proof

The hypothesis ensures that A is not an eigenvalue of T', so by alternative (a) of
Theorem 7.26, A € p(T) and hence T'— AI is invertible. The rest of the corollary
follows immediately from this. O

In essence, Corollary 7.27 states that “uniqueness of solutions of equation
(7.5) implies existence of solutions”. This is an extremely useful result. In many
applications it is relatively easy to prove uniqueness of solutions of a given
equation. If the equation has the form (7.5) and we know that the operator T
is compact then we can immediately deduce the existence of a solution.
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Many problems in applied mathematics can be reduced to solving an equa-
tion of the form
Ru=f, (7.6)
for some linear operator R and some given function (or “data”) f. In order for
this equation to be a reasonable model of a physical situation it should have
certain properties. Hadamard proposed the following definition.

Definition 7.28

Equation (7.6) (or the corresponding physical model) is said to be well-posed
if the following properties hold:

(a) A solution u exists for every f.
(b) The solution u is unique for each f.

(c¢) The solution u depends continuously on f in a suitable sense.

The motivation for properties (a) and (b) is fairly clear — the model will not
be very useful if solutions do not exist or there are several solutions. The third
property is motivated by the fact that in any physical situation the data f will
not be known precisely, so it is desirable that small variations in the data should
not produce large variations in the predicted solution. However, the statements
of properties (a)—(c) in Definition 7.28 are rather vague mathematically. For
instance, what does “for every f” mean, and what is a “suitable sense” for
continuous dependence of the solution. These properties are usually made more
precise by choosing, for instance, suitable normed or Banach spaces X, Y and a
suitable operator R € B(X,Y") with which to represent the problem. The space
Y usually incorporates desirable features of the data being modelled, while X
incorporates corresponding desirable features of the solution being sought. In
such a set-up it is clear that equation (7.6) being well-posed is equivalent to
the operator R being invertible, and this is often proved using Corollary 7.27.

We now investigate rather more fully the nature of the set of solutions of
equation (7.5) and the dependence of these solutions on p in the case where
alternative (b) holds in Theorem 7.26.

Theorem 7.29

Suppose that A # 0 is an eigenvalue of 7. If p € Im (7' — AI) (that is, p satisfies
(7.3)) then equation (7.5) has a unique solution Sy(p) € Ker (T — AI)*. The
function Sy : Im (T — AI) — Ker (T — AI)* is linear and bounded, and the set
of solutions of (7.5) has the form

Sap + Ker (T'— AI). (7.7)
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Proof

Since p € Im (T'— A1) there exists a solution z of (7.5). Let P be the orthogonal
projection of H onto Ker (T —\I )+, and let ug = Pxq. Then xo—uo € Ker (T —
Al), and so (T—A)ug = (T'—AI)xo = p. Therefore, ug is also a solution of (7.5),
and any vector of the form ug + z, with z € Ker (T'— AI), is a solution of (7.5).
On the other hand, if « is a solution of (7.5) then (T'— AI)(up—z) =p—p =0,
so up—x € Ker (T'—AI), and hence x has the form x = ug+z, z € Ker (T'—\I).
Thus the set of solutions of (7.5) has the form (7.7).

Next, it can be shown (see Exercise 7.23) that ug € Ker (T'—AI)* is uniquely
determined by p so we may define a function Sy : Im (T'— \I) — Ker (T — \I)*
by Sx(p) = ug, for p € Im (T — AI). Using uniqueness, it can now be shown
that the function Sy is linear (see Exercise 7.23).

Finally, suppose that S is not bounded. Then there exists a sequence of unit
vectors {py}, such that ||Sap,|| # 0, for all n € N, and lim,, .« ||SApn|| = oo.
Putting w,, = ||Sxpn|| "1 SApn, we see that w,, € Ker (T — AI)*, ||w,| =1 and
(T — XDw, = [|Sapn|"*pn — 0 as n — oco. Now, exactly as in the second
paragraph of the proof of Theorem 7.20, we can show that these properties
lead to a contradiction, which proves the result. a

Theorem 7.29 shows that the solution Syp satisfies ||Sap|| < C||p||, for some
constant C' > 0. However, such an inequality cannot hold for all solutions x of
(7.5) since there are solutions = of the form Syp + z, with z € Ker (T' — A\I)
having arbitrarily large |z||.

EXERCISES

7.16 Show that if H is not separable then 0 € o,(T) for any compact
operator T on H.
[Hint: use Exercise 3.19 and Theorem 7.8.]

7.17 Define operators S, T € B(/?) by
— (o Fr T2 T3 _ (T2 T3 T4
Sxf((), 13 37...), Tx (1, 5 3,)
Show that these operators are compact, o(S) = {0}, 0,(S) = @, and
o(T) = o,(T) = {0}. Show also that Im S is not dense in ¢2, but

Im T is dense.
[Hint: see Example 6.35.]

7.18 Suppose that X, Y are normed spaces and A € B(X), B € B(Y, X),
C € B(X,Y) and D € B(Y). Let (z,y) € X xY (recall that
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7.19

7.20

7.21

7.22

7.23

the normed space X X Y was defined in Example 2.8), and define
M(z,y) = (Ax + By, Cz + Dy). Show that M € B(X xY).

Now suppose that D = Iy is the identity on Y, and consider the
operators on X X Y represented by the matrices

A B A 0
Ml_{o IY}’ MQ_[C IY}

(here, 0 denotes the zero operator on the appropriate spaces). Show
that if A is invertible then M7 and M, are invertible.

[Hint: use the operator A=! to explicitly construct matrix inverses
for M; and M>.]

Show also that if A is not invertible then Ker M; = (Ker A) x {0}.
Find a similar representation for Ker Ms.

Suppose that M and N are Hilbert spaces, so that M x N is a
Hilbert space with the inner product defined in Example 3.10 (see
Exercise 3.11). Show that if M € B(M x N) is an operator of the
form considered in Exercise 7.18, then the adjoint operator M* has
the matrix form

. [Ar
w5 bl

Prove that A* = Py(T* — M) o¢ in the proof of Lemma 7.24.

Let X be a normed space and S, A € B(X), with A invertible. Let
T = SA. Show that:

(a) T is invertible if and only if S is;
(b) n(T) = n(S).
Show that these results also hold if T'= AS.

Suppose that T' is a compact operator on a Hilbert space H. Show
that if #(7") is finite then o(7') is a finite set.

Show that for p € Im (T — AI) the solution ug € (Ker (T — X))+ of
(7.5) constructed in the proof of Theorem 7.29 is the unique solution
lying in the subspace (Ker (T — A\I))*. Hence show that the function
S constructed in the same proof is linear.
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7.3 Self-adjoint Compact Operators

Throughout this section we will suppose that H is a complex Hilbert space
and T' € B(H) is self-adjoint and compact. In this case the previous results
regarding the spectrum of 7' can be considerably improved. In a sense, the
main reason for this is the following rather trivial-seeming lemma. We first
need a definition.

Definition 7.30

Let X be a vector space and let S € L(X). A linear subspace W C X is said
to be invariant under S if S(W) C W.

Lemma 7.31

Let K be a Hilbert space and let S € B(K) be self-adjoint. If M is a closed
linear subspace of K which is invariant under S then M is also invariant under

S.

Proof

For any u € M and v € M* we have (Sv,u) = (v,Su) = 0 (since S is self-
adjoint and Su € M), so Sv € M+, and hence S(M~+) C M+, which proves
the lemma. O

This lemma will enable us to “split up” or decompose a self-adjoint operator
and look at its action on various linear subspaces M C H, and also on the
orthogonal complements M=. For a general operator S € B(H), even if S
is invariant on M it need not be invariant on M=, so this strategy fails in
general. However, Lemma 7.31 ensures that this works for self-adjoint 7. The
main subspaces that we use to decompose T will be Ker T and Im T (since
0 € KerT and ImT C ImT, it is clear that both these spaces are invariant
under T'). Since T is self-adjoint it follows from Corollary 3.36 and Lemma 6.11
that

ImT = (KerT)*. (7.8)

From now on, P will denote the orthogonal projection of H onto Im 7. It then
follows from (7.8) that I — P is the orthogonal projection onto Ker T'. Also, the
space Im T is a separable Hilbert space (separability follows from Theorem 7.8).
We will see that we can construct an orthonormal basis of Im7T" consisting of
eigenvectors of T (regardless of whether H is separable). Since the restriction
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of T to the space KerT is trivial, this will give a complete representation of
the action of T on H.

Note that equation (7.8) certainly need not hold if 7" is not self-adjoint —
consider the operator on C? whose matrix is

[8 H . (7.9)

We saw above that a general compact operator need have no non-zero eigen-
value. This cannot happen when T is a non-zero, self-adjoint, compact operator.

Theorem 7.32

At least one of the numbers ||T||, —||T||, is an eigenvalue of T'.

Proof

If T is the zero operator the result is trivial so we may suppose that T is
non-zero. By Theorem 6.43 at least one of ||T'|| or —||T|| is in o(T'), so by
Theorem 7.25 this point must belong to o, (T'). O

We can summarize what we know at present about the spectrum of T in
the following theorem.

Theorem 7.33

The set of non-zero eigenvalues of T is non-empty and is either finite or consists
of a sequence which tends to zero. Each non-zero eigenvalue is real and has finite
multiplicity. Eigenvectors corresponding to different eigenvalues are orthogonal.

Proof

Most of the theorem follows from Corollary 7.23 and Theorems 6.43, 7.19
and 7.32. To prove the final result, suppose that A1, Ao € R, are distinct eigen-
values with corresponding eigenvectors e;, es. Then, since T is self-adjoint

Ai(er,e2) = (Ter,ez) = (e1,Tez) = Xa(e1, e2),
which, since Ay # Ao, implies that (e1,e2) = 0. O
In view of Theorem 7.33 we can now order the eigenvalues of T" in the form

of a non-empty, finite list A\1,..., Ay, or a countably infinite list A1, Ao, ..., in
such a way that |\,,| decreases as n increases and each eigenvalue A, is repeated
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in the list according to its multiplicity (more precisely, if A is an eigenvalue
of T with multiplicity m) > 0, then A is repeated exactly m, times in the
list). Furthermore, for each n we can use the by the Gram—Schmidt algorithm
to construct an orthonormal basis of each space Ker (T' — A\, I) consisting of
exactly my, eigenvectors. Thus, listing the eigenvectors so constructed in the
same order as the eigenvalues, we obtain a list of corresponding eigenvectors of
the form ey,...,ey or ey, es,.... By the construction, eigenvectors in this list
corresponding to the same eigenvalue are orthogonal, while by Theorem 7.33,
eigenvectors corresponding to different eigenvalues are orthogonal. Hence the
complete list is an orthonormal set.

At present we do not know how many non-zero eigenvalues there are. To
deal with both the finite and infinite case we will, for now, denote this number
by J, where J may be a finite integer or “J = o0”, and we will write the above
lists in the form {\,}/_;, {e,};_;. We will show that J is, in fact, equal to
r(T), the rank of T' (which may be finite or co here). We will also show that
{en}7/_, is an orthonormal basis for the Hilbert space ImT.

Theorem 7.34

The number of non-zero eigenvalues of T' (repeated according to multiplicity)
is equal to 7(T'). The set of eigenvectors {en};gl) constructed above is an or-
thonormal basis for Im 7T and the operator T" has the representation,

r(T)
Tr = Z An(2,€n)en, (7.10)

n=1

where {)\n};(:Tl) is the set of non-zero eigenvalues of T'.

Proof

Let M = Sp{e,}/_;, so that {e,};_; is an orthonormal basis for M (by
Theorem 3.47). We will show that M = Im T, and hence we must have J = r(T)
(in either the finite or infinite case). Recall that if r(T") < co then Im T is closed,
soImT =TmT.

By Theorem 3.47, for any v € M we have u = Zizl Qpén, where o, =

(u,en), n=1,...,J. Thus, if J = oo,
k k
T 1 IRT -1 —
u= klingo EZlan)\n Te, = kILH;oT ( 321 Qn, €n ) elImT,

and so M C ImT; a similar argument holds when J is finite (without the
limits). From this we obtain Ker T = Im T5c Mt (by (7.8) and Lemma 3.29).
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We will now show that M+ C Ker T, which implies that M+ = Ker T, and
hence M = M*+ =TImT (by Corollary 3.35 and (7.8)), which is the desired
result.

If J =00 and u € M, we have

Tu = ( lim Zanen) = hm Zc)znTen = hm Z)\ nln

n 1
o
= E Anagpe, € M,
n=1

and again a similar calculation holds (without the limits) if J < co. Thus M is
invariant under T. Lemma 7.31 now implies that N' = M- is invariant under
T. Let Ts denote the restriction of T' to V. It can easily be checked that Ty is
a self-adjoint, compact operator on the Hilbert space A, see Exercise 7.24. Now
suppose that T is not the zero operator on N. Then by Theorem 7.32, T must
have a non-zero eigenvalue, say )\ with corresponding non-zero eigenvector
e € N, so by definition, Te = Tye = e However, this implies that Ais a
non-zero eigenvalue of T', so we must have X = An, for some n, and € must
belong to the subspace spanned by the eigenvectors corresponding to A,. But
this subspace lies in M, so € € M which contradicts € € N' = M (since
¢ # 0). Thus Ty must be the zero operator. In other words, Tv = Thv = 0
for all v €N, or M+ = AN C KerT, which is what we asserted above, and so
completes the proof that M =ImT.
Finally, for any = € H we have (I — P)z € M= so

(x,en) = (Pr+ (I — P)x,e,) = (Px,e,), (7.11)

for all n (since e, € M), and hence

J
Te=T(Px+ (I — P)x) =TPx = Z An(Pz,epn)e, =

n=1 n=1

n(za en)ena

ij

by the above calculation. ad

The representation (7.10) of the self-adjoint operator T is an infinite-
dimensional version of the well-known result in finite dimensional linear algebra
that a self-adjoint matrix can be diagonalized by choosing a basis consisting of
eigenvectors of the matrix.

The orthonormal set of eigenvectors {en}:b(:Tf constructed above is an or-
thonormal basis for the space Im7T but not for the whole space H, unless
ImT = H. By (7.8) and Lemma 3.29, this holds when Ker7 = {0}, that is,
when T is one-to-one, so we have the following result.
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Corollary 7.35

If KerT' = {0} then the set of eigenvectors {en};(le) is an orthonormal basis
for H. In particular, if H is infinite-dimensional and KerT' = {0} then T has
infinitely many distinct eigenvalues.

If H is separable we can also obtain a basis of H consisting of eigenvectors
of T, even when Ker T # {0}.

Corollary 7.36

Suppose that H is separable. Then there exists an orthonormal basis of H

consisting entirely of eigenvectors of 7. This basis has the form {en};gl) U

n(T)

{zm}:%g%, where {en}:l(:Tl) is an orthonormal basis of ImT" and {z,,},,_; is an

orthonormal basis of KerT'.

Proof

Since H is separable, Ker T is a separable Hilbert space (by Lemma 3.25 and
Exercise 3.25), so by Theorem 3.52 there is an orthonormal basis for Ker T,
which we write in the form {zm}z(g (where n(T) may be finite or infinite).
By definition, for each m we have Tz, = 0, so z,, is an eigenvector of T
corresponding to the eigenvalue A = 0. Now, the union £ = {en}z(:Tl) U{zm}fn(g
is a countable orthonormal set in H. In fact, it is a basis for H. To see this,
notice that by Theorem 3.47 we have

r(T) n(T)
x=Pr+ (I —P)x= Z(Px, €n)en + Z (I = P)x,2m)zm
n=1 m=1
r(T) n(T
= (xaen)en + Z(mvzm)znfu
n=1 m=1

using (7.11) and, similarly, ((I — P)x, zm) = (z, 2z) for each m. Hence, by
Theorem 3.47 again, F is an orthonormal basis for H. O

In Theorem 7.26 we discussed the existence of solutions of the equations
(7.5) for the case of a general compact operator T. When T is self-adjoint we
can use the representation of T in (7.10) to give a corresponding representation
of the solutions.
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Theorem 7.37

Let {A %) and {e,}"") be the set of non-zero eigenvalues of T and the
corresponding orthonormal set of eigenvectors constructed above. Then for any
A # 0, one of the following alternatives holds for the equation

(T — M)z =p. (7.12)

(a) If X is not an eigenvalue then equation (7.12) has a unique solution, and
this solution has the form

(pen) %(I — P)p. (7.13)

8

Il
M.
>
-

(b) If X\ is an eigenvalue then, letting E denote the set of integers n for which
An = A, equation (7.12) has a solution if and only if

(p,en) =0, nekE. (7.14)

If (7.14) holds then the set of solutions of (7.12) has the form

r(T)
(P, en) 1
= --{I-P 1
neE
where z = 3 ane, is an arbitrary element of Ker (T' — XI).
Proof

The existence of solutions of (7.12) under the stated conditions follows from
Theorem 7.26. To show that the solutions have the stated form we note that
since {en};(:Tl) is an orthonormal basis for In T = (Ker T)*, we have

r(T) r(T)
T = Z(x’ en)en + (I - P)x, b= Z(p’ en)en + (I - P)p,
n=1 n=1

(using (7.11)) and hence, from (7.12),

r(T) m(T)
(T — Xz = Z(w, en)(An — ANen — A — Pz = Z:(p7 en)en + (I — P)p.

Taking the inner product of both sides of this formula with ey, for any 1 < k <
r(T), and assuming that A is not an eigenvalue we have

(paek)
A — A

(x,ex)( A —A) = (p,er) andso (z,e) = (7.16)
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Also, taking the orthogonal projection of both sides of the above formula onto
Ker T yields

—AXI—=P)z= (- P)p.

The formula (7.13) now follows immediately from these two results. This proves
alternative (a). The proof of alternative (b) is similar. Notice that when k € E,
conditions (7.14) ensure that the first equation in (7.16) is satisfied by arbitrary
coefficients (x,ex) = i say (and we avoid the difficulty caused by the term
An — A in the denominator). The corresponding term ayey, contributes to the
arbitrary element in Ker (7' — AI) in the expression for the solution z. O

EXERCISES

7.24 Suppose that H is a Hilbert space, T' € B(H) is a self-adjoint, com-
pact operator on H and N is a closed linear subspace of H which is
invariant under 7. Let T)s denote the restriction of T' to N. Show
that T is a self-adjoint, compact operator on the Hilbert space N.

7.25 Let {\,} be a sequence of non-zero real numbers which tend to zero.
Show that if H is an infinite-dimensional Hilbert space then there
exists a self-adjoint, compact operator on H whose set of non-zero
eigenvalues is the set {\,}.

[Hint: see Exercise 7.11.]

7.26 If S € B(H) is a positive, compact operator then Lemma 6.46 shows
that any eigenvalue of S is positive, while Theorem 6.58 constructs
a positive square root R of S. Using the notation of Theorem 7.34,
define R € L(H) by

r(S)
Rx = Z \/E(:m €n)en.
n=1

Show that R is a positive, compact square root of S (and so equals
R by the uniqueness result in Theorem 6.58). Are there other square
roots of S? If so, are they positive?

7.27 (Singular value decomposition.) Recall that if S € B(H) is a com-
pact operator (S need not be self-adjoint) then the operator S*S is
positive, Ker $*S = Ker S and TES) = r(5*S), by Example 6.47 and
Exercises 6.5 and 7.6. Let {\,}, 5

nei be the non-zero (hence positive)

eigenvalues of the positive operator S*S, and let {en}:l(zsl) be the
corresponding orthonormal set of eigenvectors. For n = 1,...,7(S5),
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7.28

7.29

7.30

7.31

let p, = VA, (taking the positive square roots). Show that there

exists an orthonormal set { fn}:b(zsl), in H, such that
Sen = pinfn, S*fn=pmen, n=1,...,7(5) (7.17)
and
r(S)
S = Z tn (T, €n) [, (7.18)
n=1

for any x € H. The real numbers p,, n = 1,...,7(S), are called
the singular values of S and the formula (7.18) is called the singular
value decomposition of S (if 0 is an eigenvalue of S*S then 0 is also
a singular value of S, but this does not contribute to the singular
value decomposition (7.18)).

Show that if S is self-adjoint then the non-zero singular values of S
are the absolute values of the eigenvalues of S.

It follows from Exercise 7.27 that any compact operator S on a
Hilbert space H has the form discussed in Exercises 7.11 and 7.12.
In fact, the operators discussed there seem to be more general since
the numbers «,, may be complex, whereas the numbers u,, in Exer-
cise 7.27 are real and positive. Are the operators in Exercises 7.11
and 7.12 really more general?

Obtain the singular value decomposition of the operator on C2? rep-
resented by the matrix (7.9).

Let H be an infinite-dimensional Hilbert space with an orthonormal
basis {gn }, and let S be a Hilbert—Schmidt operator on H (see Defi-
nition 7.15), with singular values {un};(fl) (where r(S) may be finite
or infinite). Show that

(S) 7(S)
1Sgnll* = sz
n=1

n=1

Show that if S is a compact operator on a Hilbert space H with
infinite rank then Im S is not closed.
[Hint: use Exercises 7.12 and 7.27.]






8

Integral and Differential Equations

In this chapter we consider two of the principal areas of application of the
theory of compact operators from Chapter 7. These are the study of integral
and differential equations. Integral equations give rise very naturally to com-
pact operators, and so the theory can be applied almost immediately to such
equations. On the other hand, as we have seen before, differential equations
tend to give rise to unbounded linear transformations, so the theory of com-
pact operators cannot be applied directly. However, with a bit of effort the
differential equations can be transformed into certain integral equations whose
corresponding linear operators are compact. In effect, we construct compact
integral operators by “inverting” the unbounded differential linear transforma-
tions, and we apply the theory to these integral operators. Thus, in a sense,
the theory of differential equations which we will consider is a consequence of
the theory of integral equations. We therefore consider integral equations first.

8.1 Fredholm Integral Equations

We have already looked briefly at integral operators acting in the Banach space
X = Cla,b], a, b € R, in Examples 4.7 and 4.41. However, we will now consider
such operators more fully, using also the space H = L?[a, b]. For many purposes
here the space H is more convenient than X because H is a Hilbert space
rather than a Banach space, so all the results of Chapter 7 are available in this
setting. Throughout this chapter (-,-) will denote the usual inner product on

235
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L?[a, b]. However, to distinguish between the norms on ‘H and X, these will be
denoted by || - | and || - || x respectively. We use a similar notation for norms
of operators on these spaces. We will also need the following linear subspaces
of X.Fork=1,2,..., let

C*la,b) = {u € Cla,b] : u™ € Cla,b], n=1,...,k},

where u(™ denotes the nth derivative of u. These subspaces can be given norms
which turn them into Banach spaces in their own right, but we will merely
consider them as subspaces of X.

We note that, since we will be using the spectral theory from Chapter 7, it
will be assumed throughout this chapter, unless otherwise stated, that all the
spaces used are complex. Of course, in many situations one has “real” equations
and real-valued solutions are desired. In many cases it can easily be deduced
(often by simply taking a complex conjugate) that the solutions we obtain in
complex spaces are in fact real-valued. An example of such an argument is
given in Exercise 8.1. Similar arguments work for the equations discussed in
the following sections, but for brevity we will not consider this further.

We define the sets

Ry =[a,b] x [a,b] C R2?,
Ay ={(s,t) € Ryp: t < s}

(geometrically, R, is a rectangle in the plane R* and A, is a triangle in
R, ). Suppose that k : R, ;, — C is continuous. For each s € [a, b] we define the
function ks € X by ks(t) = k(s,t), t € [a,b] (see the solution of Example 4.7).
Also, we define numbers M, N by

M = max{|k(s,t)| : (s,t) € Rap},

b b b b b
Nz:/ / |k:(s,t)\2dsdt:/ {/ |ks<t>\2dt}ds=/ Ik 13, dt.

Now, for any u € H, define a function f : [a,b] — C by

b
F(s) = / k(s, £)u(t) dt. (8.1)

Lemma 8.1
For any u € H the function f defined by (8.1) belongs to X C H. Furthermore,

I llx < M(b—a)?|lulle, (8.2)
£l < Nl
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Proof

Suppose that € > 0 and s € [a,b]. Choosing § > 0 as in the solution of Ex-
ample 4.7 and following that solution, we find that for any s’ € [a,b], with
|s —s'| <6,

f(s) = f(s)] </ [k (s, t) = k(" O)l[u(t)] dt < ||ks = K[l ]|ull2

< e(b—a)'?|ulls,

by the Cauchy—Schwarz inequality (note that we are using the L?[a,b] norm
here rather than the C[a,b] norm used in Example 4.7). This shows that f is
continuous. A similar calculation shows that

b
£6)1 < [ KOOl de < el

from which we can derive (8.2), and also

b b
18P ds < e [ 1 leds
a a

from which we obtain (8.3). O

By Lemma 8.1 we can now define an operator K : H — H by putting
Ku = f, for any u € H, where f is defined by (8.1). It can readily be verified
that K is linear and, by Lemma 8.1, K is bounded with

[Kln < N.

The operator K is called a Fredholm integral operator (or simply an integral
operator), and the function k is called the kernel of the operator K. This is
a different usage of the term “kernel” to its previous use to denote the kernel
(null-space) of a linear operator. Unfortunately, both these terminologies are
well established. To avoid confusion, from now on we will use the term “kernel”
to mean the above kernel function of an integral operator, and we will avoid
using it in the other sense. However, we will continue to use the notation Ker T’
to denote the null-space of an operator T'.

If we regard f as known and u as unknown then (8.1) is called an integral
equation. In fact, this type of equation is known as a first kind Fredholm integral
equation. A second kind Fredholm integral equation is an equation of the form

b
f(s) =u(s) — u/ k(s,t)u(t)dt, s € [a,b], (8.4)
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where 0 # i € C. Equations (8.1) and (8.4) can be written in operator form as

Ku=f, (8.5)
(I — pK)u = f. (8.6)

It will be seen below that there is an extensive and satisfactory theory of
solvability of second kind equations, based on the results of Chapter 7, while
the theory for first kind equations is considerably less satisfactory.

Remark 8.2

In the L?[a,b] setting it is not necessary for the kernel k to be a continuous
function. Assuming that k is square integrable on the region R, ; would suf-
fice for most of the results below, and many such operators arise in practice.
However, Lemma 8.1 would then be untrue, and rather more Lebesgue measure
and integration theory than we have outlined in Chapter 1 would be required
even to show that the formula (8.1) defines a reasonable (measurable) function
f in this case. It would also be more difficult to justify the various integral
manipulations which will be performed below. Since all our applications will
have continuous kernels we will avoid these purely measure-theoretic difficulties
by assuming throughout that k is continuous. Standard Riemann integration
theory will then (normally) suffice. This assumption also has a positive benefit
(in addition to avoiding Lebesgue integration theory) in that it will enable us
to prove Theorem 8.12 below, which would be untrue for general L? kernels k,
and which will strengthen some results in the following sections on differential
equations.

One of the most important properties of K is that it is compact. Once we
have shown this we can apply the theory from Chapter 7 to the operator K
and to equations (8.5) and (8.6).

Theorem 8.3

The integral operator K : H — 'H is compact.

Proof

We will show that K is a Hilbert—Schmidt operator, and hence is compact (see
Theorem 7.16). Let {e,} be an orthonormal basis for H (such a basis exists,
see Theorem 3.54 for instance). For each s € [a,b] and n € N,

b
(Kepn)(s) = / k(s,t)en(t) dt = (ks,ep),
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where €, is the complex conjugate of e,,. By Theorem 3.47, the sequence {&,}
is also an orthonormal basis and

o0 [e%e} b b ©o©
ZnKenn%:Z/ |<ks,an>|2ds:/ S (k) 2 ds
n=1 n=172 a p=1

b
_ / ks |12, ds < oo,
a

which completes the proof. We note that, by Lemma 8.1, each term |(ks,e,)|?
is continuous in s and non-negative, so the above analytic manipulations can
be justified using Riemann integration. ]

In Chapter 7 the adjoint of an operator played an important role. We now
describe the adjoint, K*, of the operator K.

Theorem 8.4

The adjoint operator K* : H — H of K is given by the formula

b
(K*v)(t):/ k(s,t)v(s)ds,

for any v € H.

Proof

For any u, v € H,

(Ku,v) :/ab{ /abk(s,t)u(t)dt}v(s)ds:/abu(t){ /abk(s,t)v(s)ds}dt

= (u, K*v),
by the definition of the adjoint (see also the remark below). Since u and v are
arbitrary this proves the result. O
Remark 8.5

The change of order of the integrations in the above proof is not trivial for
general functions u, v € L?[a,b]. It follows from a general theorem in Lebesgue
integration called Fubini’s theorem, see Theorem 6.7 in [4] or Theorem 2.4.17
in [8]. However, we can avoid using Fubini’s theorem by the following method,
which is commonly used in proving results in L? and other spaces. Let X be a
normed space and suppose that we can choose a dense subset Y C X consisting
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of “nice” elements y for which it is relatively easy to prove the required formula.
We then extend this to the whole space by letting x € X be arbitrary and
choosing a sequence {y,} in Y with y,, — x and taking limits in the formula.
Assuming that the formula has suitable continuity properties this procedure
will be valid (see Corollary 1.29). For instance, in the above case the dense
set we choose is the set of continuous functions (by Theorem 1.62 this set is
dense in L?[a,b]). For continuous functions u, v the above proof only requires
the theory of Riemann integration. Now, for any u, v € H, choose sequences
of continuous functions {u,}, {v,} such that u, — u, v, — v. The desired
result holds for all u,, v,, so taking the limit and using the continuity of the
integral operators and the inner product then gives the result for u, v € H. Of
course we have not entirely avoided the use of Lebesgue integration theory by
this method since we needed to know that the set of continuous functions is
dense in H (Theorem 1.62).

Definition 8.6

If k(s,t) = k(t,s), for all s, t € [a,b], then k is Hermitian. If k is real-valued
and Hermitian then k is symmetric.

Corollary 8.7

If k is Hermitian (or symmetric) then the integral operator K is self-adjoint.

We can now apply the general results of Chapter 7 to equations (8.5) and
(8.6). We begin by considering the first kind equation (8.5). Since K is compact
it follows from Corollary 7.7 that K is not invertible in B(H). Thus, in the
terminology of Chapter 7, equation (8.5) is not well-posed, that is, for a given
f € 'H, the equation may not have a solution, or, if it does, this solution may
not depend continuously on f. First kind equations are not completely devoid
of interest and they do arise in certain applications. However, their theory is
considerably more delicate than that of second kind equations, and we will not
consider them further here.

Next we consider the second kind equation (8.6). We first observe that, al-
though it is conventional to write equation (8.6) in the above form, the position
of the parameter p in (8.6) is slightly different to that of A in the equations
considered in Chapter 7, see (7.1) and (7.2) in particular. We thus make the
following definition.
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Definition 8.8

Let V be a vector space and T' € L(V'). A scalar u € F is a characteristic value
of T if the equation v — uT'v = 0 has a non-zero solution v € V. Characteristic
values of matrices are defined similarly.

Note that, for any T, the point ;& = 0 cannot be a characteristic value of T,
and p # 0 is a characteristic value of T if and only if A = p~!
of T'. Thus there is a one-to-one correspondence between characteristic values

is an eigenvalue

and non-zero eigenvalues of T'.

Now, the homogeneous version of (8.6) can be written as (I — uK)u =0 so
 is a characteristic value of K if this equation has a non-zero solution u (note
that here, “non-zero” u means non-zero as an element of X or H, that is, u Z 0
— it does not mean that u(s) # 0 for all s € [a, b]). We can therefore explain the
distinction between first and second kind equations by the observation that the
first kind equation (8.5) corresponds to the (“bad”) case A = 0 in Chapter 7,
while the second kind equation (8.6) corresponds to the (“good”) case A # 0.

With these remarks in mind, the results of Chapter 7 can easily be applied
to equation (8.6). In particular, Theorem 7.26 yields the following result.

Theorem 8.9

For any fixed u € C the Fredholm alternative holds for the second kind Fred-
holm integral equation (8.6). That is, either (a) 4 is not a characteristic value of
K and the equation has a unique solution u € H for any given f € H; or (b) u
is a characteristic value of K and the corresponding homogeneous equation has
non-zero solutions, while the inhomogeneous equation has (non-unique) solu-
tions if and only if f is orthogonal to the subspace Ker (I —zK*). Furthermore,
if the kernel k is Hermitian then the results of Section 7.3 also apply to (8.6).

Remark 8.10

The dichotomy between first and second kind equations (that is, between A = 0
and A # 0) may still seem somewhat mysterious. Another way of seeing why
there is such a distinction is to note that, by Lemma 8.1, the range of K consists
of continuous functions. Clearly, therefore, equation (8.5) cannot have a solution
if f is discontinuous. Now, although the set of continuous functions is dense in
L?[a, b], there is a well-defined sense in which there are more discontinuous than
continuous functions in L?[a,b] (it is very easy to turn a continuous function
into a discontinuous function — just change the value at a single point; it is not so
easy to go the other way in general). Thus (8.5) is only solvable for a “small”,
but dense, set of functions f. This is reflected in the lack of well-posedness
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of this equation. On the other hand, rearranging (8.6) merely leads to the
necessary condition that the difference f —u must be continuous (even though
f and u need not be continuous individually). This clearly does not prevent
solutions existing, it merely tells us something about the solution, and so is
consistent with the above solvability theory.

Example 8.11

We illustrate the above results by considering the second kind Fredholm
equation

1
uls) — / e tu(t) dt = f(s), (8.7)

for s € [0, 1] and some constant u # 0. By rearranging this equation it is clear
that any solution u has the form

1
u(s) = f(s) + ( u/ e tu(t) dt ) e’ = f(s) + ce’, (8.8)
0
where ¢ is an unknown (at present) constant. Substituting this into (8.7) we
find that 1
c(l—p)= ,u/ e tf(t)dt. (8.9)
0

Now suppose that p # 1. Then ¢ is uniquely determined by (8.9), and so (8.7)
has the unique solution

1 _
l’(‘fo € tf(t) dtes
I—p
On the other hand, if © = 1, then (8.9) has no solution unless

u(s) = f(s) +

/1 e 'f(t)dt =0, (8.10)
0

in which case any ¢ € C satisfies (8.9), and the formula (8.8), with arbitrary c,
provides the complete set of solutions of (8.7). In this case, the homogeneous
equation corresponding to the adjoint operator is

1
u(t) — /o e tu(s)ds =0,

for s € [0,1], and it can be shown, by similar arguments, that any solution of
this equation is a scalar multiple of the function v(t) = e, that is, the set of
solutions of this equation is a 1-dimensional subspace spanned by this function.
Thus the condition (8.10) coincides with the solvability condition given by the
Fredholm alternative.
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So far we have only considered solutions of equation (8.6) in the space H,
primarily because this space is a Hilbert space and the general theory works
better in Hilbert spaces. However, in particular problems the Banach space
X = C|a,b] may be more natural. We will show that, when k is continuous,
solvability results in X can be deduced from those in H. We first note that by
Lemma 8.1, Ku € X, for all u € X, so we can also regard K as an operator from
X to X. When it is necessary to emphasize the distinction, we will let K4, Kx,
denote the operator K considered in the spaces H and X, respectively. This
distinction is not trivial. It is conceivable that the equation v = pKu could
have a non-zero solution v € H, but no non-zero solution in X, that is, K
might have more characteristic values than Ky (any non-zero solution v € X is
automatically in H, so any characteristic value of Kx is a characteristic value
of K3). Also, equation (8.6) might only have a solution u € H\ X, that is, (8.6)
could be solvable in H but not in X, even when f € X. These possibilities can
certainly occur for general L? kernels, but the following theorem shows that
they cannot occur when k is continuous. We leave the proof to Exercise 8.4.

Theorem 8.12

Suppose that k is continuous, p # 0, f € X and u € H is a solution of (8.6).
Then:

(a) u e X;

(b) w is a characteristic value of K3, if and only if it is a characteristic value
of Kx (thus it is unnecessary to distinguish between K3 and Kx when
discussing the characteristic values);

(c) if p is not a characteristic value of K then, for any f € X, equation (8.6) has
a unique solution u € X, and there exists a constant C' > 0 (independent
of f) such that |lul|x < C||f||x. Thus the operator I — uKx : X — X is

invertible.

EXERCISES

8.1 Suppose that k is a real-valued kernel and p € R is not a charac-
teristic value of K. Show that if the function f in equation (8.6) is
real-valued then the unique solution u given by Theorem 8.9 is real-
valued. This can be interpreted as a solvability result in the spaces
L&[a,b] or Cgla,b] (with Theorem 8.12).
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8.2

8.3

8.4

(Degenerate kernels) A kernel k having the form
n
k(s t) = Y pj(s)a;(b),

j=1
is said to be a degenerate kernel. We assume that p;, ¢; € X,
for 1 < j < m (so k is continuous), and the sets of functions
{p1,---sont, {@1,---,4qn}, are linearly independent (otherwise the
number of terms in the sum for & could simply be reduced). If K is
the corresponding operator on X, show that if (8.6) has a solution
u then it must have the form

w=f+pYy o, (8.11)
j=1
for some a4, ...,a, in C. Now, letting a = (a,..., ), show that

« must satisfy the matrix equation
(I - W) = 5, (8.12)

where the elements of the matrix W = [w;;| and the vector § =
(61, .., 05,) are given by

b b
w:/Jmmww @:/%wmwt

Deduce that the set of characteristic values of K is equal to the set of
characteristic values of the matrix W, and if y is not a characteristic
value of W then equation (8.6) is uniquely solvable and the solution
u can be constructed by solving the matrix equation (8.12) and using
the formula (8.11).

Consider the equation

u(s) _“/o (s + hu(t) dt = f(s), se0,1]

Use the results of Exercise 8.2 to show that the characteristic values
of the integral operator in this equation are the roots of the equation
1?4+ 12 — 12 = 0. Find a formula for the solution of the equation,
for general f, when p = 2.

Prove Theorem 8.12.

[Hint: for (a), rearrange equation (8.6) and use Lemma 8.1, and for
(c), the Fredholm alternative results show that u € H exists and
llull# < C||f|ln, for some constant C' > 0. Use this and (8.2) to
obtain the required inequality.]
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8.2 Volterra Integral Equations

In this section we consider a special class of integral operators K having the
form

(Ku)(s) = /S k(s,t)u(t)dt, s € la,b, (8.13)

where the upper limit of the integral in the definition of K is variable and the
kernel k : A, — C is continuous. When K has the form (8.13) it is said to be
a Volterra integral operator, and the corresponding equations (8.5) and (8.6)
are said to be first and second kind Volterra integral equations (rather than
Fredholm equations).

Volterra operators can be regarded as a particular type of Fredholm operator
by extending the definition of the kernel k£ from the set A, to the set R,
by defining k(s,t) = 0 when ¢t > s. Unfortunately, this extended kernel will, in
general, be discontinuous along the line s = ¢ in R, ;. Thus, since the proofs
in Section 8.1 relied on the continuity of k£ on the set R, ;, we cannot simply
assert that these results hold for Volterra operators. However, the proofs of all
the results in Section 8.1 can be repeated, using the Volterra form of operator
(8.13), and we find that these results remain valid for this case. This is because
the integrations that arise in this case only involve the values of k£ on the set
Aqp, where we have assumed that k is continuous, so in effect the kernel has
the continuity properties required in Section 8.1. In fact, as was mentioned in
Remark 8.2, most of the results in Section 8.1 are actually valid for L? kernels,
and the extended Volterra type kernel is certainly in L2, so in this more general
setting the Volterra operators are special cases of the Fredholm operators. The
numbers M and N are defined here as in Section 8.1, using the extended kernel.
We will say that K has continuous kernel when k is continuous on the set Ag
(irrespective of the continuity of the extended kernel).

The solvability theory for second kind Volterra equations is even simpler
than for the corresponding Fredholm equations since, as will be shown below,
such operators have no non-zero eigenvalues, that is, only one of the alternatives
of the Fredholm alternative can hold and, for any p, equation (8.6) is solvable
for all f € H. We consider solutions in ‘H here, and use the H norm — solutions
in X will be considered in the exercises.

Lemma 8.13

If K is a Volterra integral operator on H then there exists a constant C' > 0
such that ||K"||5 < C™/n!, for any integer n > 1.
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Proof
For any u € H we have, using the Cauchy—Schwarz inequality,
s s ) 1/2
(K| < [ ol < ([ roPd)" b

< M(b—a)'?|ulls,

()] < [ IOIIEu)O]de < (5 = M (0= )l

Now by induction, using a similar calculation to that for the second inequality
above, we can show that for each n > 2,

B A b= ) Pl

(the second inequality above yields the case n = 2). By integration we obtain

KM < [ IOIE 0] <

M™(b—a)" cn
K™ullp < ——— iy < ——ul2,
Il < Sl < S
for some constant C', from which the result follows immediately. O

Theorem 8.14

A Volterra integral operator K on H has no non-zero eigenvalues. Hence, for
such a K, equation (8.6) has a unique solution v € H for all u € C and f € H.

Proof

Suppose that A is an eigenvalue of K, that is, Ku = Au, for some u # 0. Then,
by Lemma 8.13, for all integers n > 1,

Cn
A" lullz = 1K w2 < 1K™ Inllulln < —llull,
n'

which implies that |A| = 0. a

Remark 8.15

A bounded operator T" on a general Banach space Y is said to be nilpotent

Un _ 0asn — oo

if 7" = 0 for some n > 1, and quasi-nilpotent if ||T"|
Lemma 8.13 shows that any Volterra integral operator is quasi-nilpotent. The
proof of Theorem 8.14 actually shows that any quasi-nilpotent operator cannot

have non-zero eigenvalues so, in particular, a compact, quasi-nilpotent operator
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such as a Volterra integral operator cannot have any non-zero points in its

spectrum (since all non-zero points in the spectrum are eigenvalues). In fact,

with some more effort it can be shown that all quasi-nilpotent operators have

no non-zero points in their spectrum.

EXERCISES

8.5

8.6

Consider the Volterra integral operator K on X defined by

(Ku)(s) = /S u(t)dt, s € [a,b,

for v € X. Show that for this operator the first kind equation (8.5)
has a solution u = u(f) € X if and only if f € C'[a,b]. Show also
that the solution does not depend continuously on f, in other words,
for any C' > 0, the inequality ||u(f)]|x < C| f|lx does not hold for
all f e Clla,b].

Let S be a quasi-nilpotent operator on a Banach space Y (S need
not be compact). Show that the operator I — S is invertible.
[Hint: see the proof of Theorem 4.40.]

Deduce that there is no non-zero point in the spectrum of S.

Show that any Volterra integral operator K with continuous kernel k&
is quasi-nilpotent on the space X. Deduce that, for this K, equation
(8.6) has a unique solution v € X for all f € X (these results are
the analogue, in X, of Lemma 8.13 and Corollary 8.14 in H).

8.3 Differential Equations

We now consider the application of the preceding theory to differential equation

problems.

The primary difficulty with applying the above operator theory to

differential equations is that the differential operators which arise are generally

unbounded. There are two main ways to overcome this difficulty. One way
would be to develop a theory of unbounded linear transformations — this can
be done but is rather complicated and too long for this book. The other way
is to reformulate the differential equation problems, which lead to unbounded
transformations, as integral equation problems, which lead to bounded integral

operators.

This method will be described here. We will only consider second
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order, ordinary differential equations, but the methods can be extended to
much more general problems.

The first type of problem we consider is the initial value problem. Consider
the differential equation

u”(s) + qu(s)u'(s) + qo(s)uls) = f(s), (8.14)

on an interval [a, b], where g, g1, f are (known) continuous functions on [a, b],
together with the initial conditions

u(a) = ap, u'(a) = az, (8.15)

for some constants ag, a1 € C. A solution of the initial value problem is an
element u € C?[a, b] satisfying (8.14) and (8.15). In the following two lemmas
we will show that this problem is equivalent, in a certain sense, to a Volterra
integral equation.

Let X = Cla,b] and let Y; be the set of functions u € C?[a,b] satisfying
(8.15). For any u € Y;, let Tiu = u” (since u € C?[a,b] this definition makes
sense and Tiu € X).

Lemma 8.16

The transformation 7; : ¥; — X is bijective.

Proof

Suppose that v € Y; and let w = Tiu € X. Integrating w and using the
conditions (8.15) we obtain

u'(s) = ag + /S w(t) dt, (8.16)

S{/arw(t)dt}dT
S{/: dr}w(t)dt

S

apg+ar(s—a)+ / (s —t)w(t)dt. (8.17)

a

uls) = a0 +an(s—a)+ [

a

a0+al(8—a)+/

a

Thus, for any v € Y; we can express u in terms of w = Tiu by the final line
of (8.17). Now, suppose that ui, us € Y; satisfy Ti(u1) = Ti(ug) = w, for some
w € X. Then (8.17) shows that u; = usg, so T} is injective.

Next, suppose that w € X is arbitrary and define v by the final line of
(8.17). Then, by reversing the above calculations, we see that u' is given by
(8.16) and u” = w, so u € C?[a,b], and also u satisfies (8.15). Thus, starting



8. Integral and Differential Equations 249

from arbitrary w € X we have constructed u € Y; such that Tiu = w. It follows
that T; is surjective, and hence by the previous result, 7; must be bijective. O

Lemma 8.17

The function u € Y; is a solution of the initial value problem (8.14), (8.15) if
and only if w = Tiu € X satisfies the Volterra equation.

w(s) — /S k(s,t)w(t) dt = h(s), (8.18)

where
k(s,t) = —q1(s) — qo(s)(s — t),
h(s) = f(s) — (a0 + ai(s — a))qo(s) — a1qi(s).
Proof
See Exercise 8.7. O

Lemma 8.17 shows that the initial value problem (8.14), (8.15), is equivalent
to the second kind Volterra integral equation (8.18), via the bijective transfor-
mation 7;, in the sense that if either problem has a solution then the other
problem also has a solution, and these solutions are related by the bijection T;.
Using this result we can now show that the initial value problem is uniquely
solvable for all f € X.

Theorem 8.18

The initial value problem (8.14), (8.15) has a unique solution v € X for any
g, a1 € C and any f € X.

Proof

It follows from Exercise 8.6 that equation (8.18) has a unique solution w € X
for any f € X. Hence, the theorem follows from the equivalence between the
initial value problem and (8.18) proved in Lemma 8.17. O

Remark 8.19

Unless ag = a1 = 0, the space Y; is not a linear subspace of C?[a,b], and so
T; cannot be a linear operator (it would be a linear operator on C?[a, b]). We
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could obtain a linear operator by first making the transformation
v=u—ay—a(s—a).

Substituting this into the initial value problem (7.14), (7.15) converts it to the
following initial value problem

0"+ qv" 4+ qov = h,
v(a) =v'(a) =0,

where h(s) is as in Lemma 8.17. Applying the above arguments to this trans-
formed problem does give a linear subspace Y; and a linear transformation 7.
Notice also that this transformation has actually crept into the formulation of
the Volterra equation (8.18) in Lemma 8.17.

The initial value problem imposed two conditions on the solution u at the
single point a. Another important type of problem arises when a single condi-
tion is imposed at each of the two points a, b. We consider the conditions

u(a) = u(b) = 0. (8.19)

The problem (8.14), (8.19) is called a boundary value problem, and the condi-
tions (8.19) are called boundary conditions. A solution of the boundary value
problem is an element u € C?|a, b] satisfying (8.14) and (8.19). We will treat
this boundary value problem by showing that it is equivalent to a second kind
Fredholm equation. To simplify the discussion we suppose that the function
¢q1 = 0, and we write ¢y = ¢, that is, we consider the equation

u”(s) + q(s)u(s) = f(s), (8.20)

together with (8.19).
Let Y}, be the set of functions u € C?[a,b] satisfying (8.19), and define
Ty € L(Yb,X) by Tyu = u’”.

Lemma 8.20

The transformation Ty, € L(Y}, X) is bijective. If w € X then the solution
u € Y}, of the equation Thu = w is given by

b
u(s):/ go(s,t)w(t) dt, (8.21)

where bt
_wy if a<s<t<b,
b—a

—W, if a<t<s<b.

go(s,t) =
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Proof

Suppose that u € V3, and let w = Tpu. Then from (8.17) we see that

S

u(s) =v(s —a) + / (s —t)w(t) dt,
a
for some constant v € C (unknown at present). This formula satisfies the
boundary condition at a. By substituting this into the boundary condition at

b we obtain )

0=v0b-a)+ / (b—t)w(t) dt,

a

and by solving this equation for v we obtain

s—a

b s
u(s) = — — / (b—t)w(t)dt + / (s —t)w(t) dt

_/S{(st)Za(bt)}w(t)dt/b(sa)(bt)w(t)dt

—a s b—a

b
=/%@WMMn

which is the formula for « in terms of w in the statement of the lemma. Given
this formula the proof that Tj is bijective now proceeds as in the proof of
Lemma 8.16. O

It is easy to see that the function go in Lemma 8.20 is continuous on R, p.
We let Gy denote the integral operator with kernel go.

Lemma 8.21

If u € C%a,b] is a solution of (8.19), (8.20) then it satisfies the second kind
Fredholm integral equation

b
u(s) —l—/ go(s,t)q(t)u(t) dt = h(s), (8.22)

where
b
) = [ ol 0150 .

Conversely, if u € Cla, b] satisfies (8.22) then u € Y}, and satisfies (8.19), (8.20).

Proof

See Exercise 8.7. O
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The equivalence between the initial value problem and the integral equa-
tion described in Lemma 8.21 is somewhat more direct than the equivalence
described in Lemma 8.17, in that the same function v satisfies both problems.
However, it is important to note that we only need to assume that v € Cfa, b]
and satisfies (8.22) to conclude that u € C?[a,b] and satisfies (8.19), (8.20).
That is, we do not need to assume at the outset that u € C?[a,b]. This is
crucial because when we use the results from Section 8.1 to try to solve the
integral equation they will yield, at best, solutions in Ca, b].

We cannot now use the integral equation to deduce that the boundary
value problem has a unique solution for all f € X as we could for the initial
value problem. In fact, it follows from the discussion in Section 8.4 below of
eigenvalue problems for differential operators that if g = — A\, for a suitable con-
stant A, then the homogeneous problem has non-zero solutions, so uniqueness
certainly cannot hold in this case. However, we can show that the problem has
a unique solution if the function ¢ is sufficiently small.

Theorem 8.22

If (b—a)?|qllx < 4, then the boundary value problem (8.19), (8.20) has a
unique solution u for any f € X.

Proof

Let @ : X — X be the integral operator whose kernel is the function goq as in
(8.22). Then it follows from Theorem 4.40 that equation (8.22) has a unique
solution u € X, for any f € X, if ||Q||x < 1, and, from Example 4.7, this will
be true if (b — a) max{|go(s,t)q(¢)|} < 1. Now, from the definition of gy and
elementary calculus it can be shown that the maximum value of (b—a)|go(s, )]
is (b — a)?/4, so the required condition will hold if (b — a)?||q||x < 4. The
theorem now follows from the above equivalence between the boundary value
problem and (8.22). O

EXERCISES

8.7 Prove: (a) Lemma 8.17; (b) Lemma 8.21.
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8.4 Eigenvalue Problems and Green’s Functions

In Lemma 8.21 we showed that the boundary value problem (8.19), (8.20) is
equivalent to the integral equation (8.22). Unfortunately, the integral operator
in equation (8.22) is not in any sense an inverse of the differential problem, it
merely converts a differential equation problem into an integral equation (that
is, to find u we still need to solve an equation). However, with a bit more
effort we can find an integral operator which will give us the solution u of the
boundary value problem directly (that is, by means of an integration, without
solving any equation).
To illustrate the ideas involved we first consider the following simple bound-
ary value problem
u' = f,

w(a) = u(b) = 0. (8.23)

As in Section 8.3, we let Y}, denote the set of functions u € C?[a,b] satisfying
u(a) = u(b) = 0, but we now let Tp : ¥, — X denote the mapping defined by
Tou = u”. It follows from Lemma 8.20 that for any f € X the solution of (8.23)
is given directly by the formula u = G f. Thus, in a sense, Ty is “invertible”,
and its “inverse” is the integral operator Ggy. Unfortunately, T is not bounded
and we have not defined inverses of unbounded linear transformations so we
will not attempt to make this line of argument rigorous. We note, however,
that G is not the inverse of linear transformation from u to u’ alone, since
the boundary conditions are also crucially involved in the definition of Ty and
in the construction of Gg.

The integral operator Gy is a solution operator (or Green’s operator) for the
boundary value problem (8.23); the kernel gq of this solution operator is called
a Green’s function for the problem (8.23).

We can also consider the eigenvalue problem associated with (8.23),

u' = \u,

u(a) = u(b) = 0. (8.24)

As usual, an eigenvalue of this problem is a number A for which there exists a
non-zero solution u € Y}, and any such solution is called an eigenfunction (in
this context the term eigenfunction is commonly used rather than eigenvector).

We now consider what the integral equation approach can tell us about the
problem (8.24). Putting f = Au, we see that if (8.24) holds then

u = AGou, (8.25)

and conversely, if (8.25) holds then (8.24) holds (note that to assert the converse
statement from the above discussion we require that u € X; however, it follows
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from Theorem 8.12 that if (8.25) holds for u € H then necessarily u € X
— hence it is sufficient for (8.25) to hold in either X or H). Thus A is an
eigenvalue of (8.24) if and only if A=! is an eigenvalue of Gy (the existence of
Gy shows that A = 0 cannot be an eigenvalue of (8.24)), and the eigenfunctions
of (8.24) coincide with those of Gy. Furthermore, the kernel go is continuous
and symmetric, so the operator Gg is compact and self-adjoint in the space H,
so the results of Section 8.1, together with those of Chapter 7, show that there
is a sequence of eigenvalues {\, }, and a corresponding orthonormal sequence of
eigenfunctions {e,}, and the set {e,} is an orthonormal basis for H (it will be
proved below that Ker Gg = {0}, so by Corollary 7.35 there must be infinitely
many eigenvalues).

In this simple situation the eigenvalues and eigenfunctions of the problem
(8.24) can be explicitly calculated.

Example 8.23

Suppose that a = 0, b = 7. By solving (8.24) we find that for each n > 1,
Ao = -2, en(s) = (2/m)? sinns, s € [0,7],

see Exercise 8.8 for the (well-known) calculations. Thus the eigenfunctions of
(8.24) are exactly the functions in the basis considered in Theorem 3.56, and
the eigenfunction expansion corresponds to the standard Fourier sine series
expansion on the interval [0, 7].

Thus, qualitatively, the above results agree with the calculations in
Example 8.23, although the integral equation does not tell us precisely what the
eigenvalues or eigenfunctions are. However, combining the fact that the set of
eigenfunctions is an orthonormal basis for H with the specific form of the eigen-
functions found in Example 8.23 gives us an alternative proof of Theorem 3.56
(at least, once we know that H is separable, which can be proved in its own
right using Exercise 3.27). However, if this was all that could be achieved with
the integral equation methods the theory would not seem worthwhile. Fortu-
nately, these methods can be used to extend the above results to a much more
general class of problems, for which the eigenvalues and eigenfunctions cannot
be explicitly calculated

We will consider the boundary value problem

W+ qu =,

u(a) = u(b) =0, (8.26)

where ¢ € Cgla,b]. This problem may still look rather restricted, but much
more general boundary value problems can be transformed to this form by a
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suitable change of variables (see (8.31) and Lemma 8.31 below) so in fact we
are dealing with a broad class of problems. The boundary value problem (8.26)
and the more general one (8.31) are called Sturm-Liouville boundary value
problems.

For this problem we will again construct a kernel g such that the correspond-
ing integral operator G is a solution operator; again the kernel g will be called
a Green’s function for the problem. We will also consider the corresponding
eigenvalue problem

v’ + qu = \u,

w(a) = u(b) = 0, (8.27)

and we will obtain the spectral properties of this problem from those of G.
We first note that for a solution operator to exist it is necessary that there
is no non-zero solution of the homogeneous form of problem (8.26). In other
words, A = 0 must not be an eigenvalue of (8.27). We will now construct the
Green’s function for (8.26).
Let wu;, u, be the solutions, on [a, b], of the equation u” + qu = 0, with the
conditions

uy(a) =

l u;(a) =1,
wn(b) = ) (8.28)

0,
0,
(this is a pair of initial value problems, so by Theorem 8.18 these solutions

exist — a trivial modification of the theorem is required in the case of u, since
the “initial values” for w, are imposed at b rather than at a).

Lemma 8.24

If 0 is not an eigenvalue of (8.27) then there is a constant & # 0 such that
wi(s)ul(s) — up(s)uj(s) = & for all s € [a,b].

T

Proof

Define the function h = wu]. — u,u;. Then
B =wul! — ) = —quiu, + qupuy =0

(by the definition of u; and u, ), so h is constant, say h(s) = & for all s € [a, b].
Furthermore, from (8.28), £y = £(a) = —u,-(a), and u,(a) # 0, since otherwise
u, would be a non-zero solution of (8.27) with A = 0, which would contradict
the assumption that 0 is not an eigenvalue of (8.27). O
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Theorem 8.25

If 0 is not an eigenvalue of (8.27) then the function

(.0 & tu(s)up(t), if a<s<t<b,
s,t) =
I & tun(s)w(t), if a<t<s<b,

is a Green’s function for the boundary value problem (8.26). In other words, if
G is the integral operator with kernel g and f € X, then u = G f is the unique
solution of (8.26).

Proof

Choose an arbitrary function f € X and let u = G f. Then, using the definitions
of g, u, ur, and differentiating, we obtain, for s € [a, b],

s b
€ou(s) = up(s) / w(t) F(£) dt + w(s) / wr (1) (2) d,

s b
o (s) = ui(s) [ w(®fOdt+ u(su() )+ (o) [ w0t
— w(s)ur()(5)
s b
(o) [ w10 dt+ i) [ w10 d

s b
' (s) = () [ w(OF (@) dt 1 ()un(s) )+ (s) [ (®f @)
i ()ur (3) £ (5)
s b
= ~a)urs) [ w®f)dt - alshus) [ w50 dt+ (o)

= —q(s)&u(s) + o f(s).

Thus the function u = Gf satisfies the differential equation in (8.26). It can
readily be shown, using the above formula for yu(s) and the conditions (8.28),
that u also satisfies the boundary conditions in (8.26), and so u is a solution of
(8.26). Furthermore, it follows from the assumption that 0 is not an eigenvalue
of (8.27) that the solution of (8.26) must be unique, so v = Gf is the only
solution of (8.26). Thus G is the solution operator for (8.26) and g is a Green’s
function. O

For the problem (8.23) it is clear that w;(s) = s — a, u,(s) = s — b and
&0 = —ur(a) = b — a, so that the Green’s function gy has the above form.
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We now relate the spectral properties of the problem (8.26) to those of the
operator Gy.

Lemma 8.26

Suppose that 0 is not an eigenvalue of (8.27). Then:
(a) Gy is compact and self-adjoint;

)
(b) Ker Gy = {0}, that is, 0 is not an eigenvalue of Gy;
(c) X is an eigenvalue of (8.27) if and only if A=! is an eigenvalue of Gyy;
)

(d) the eigenfunctions of (8.27) corresponding to A coincide with the eigenfunc-
tions of G4y corresponding to A1,

Proof

It is clear that the Green’s function g is continuous and symmetric, so part
(a) follows from Theorem 8.3 and Corollary 8.7. Also, it follows from Theo-
rem 8.25 that InGx = Y}, so Y, C Im Gy Since Y}, is dense in H (see Ex-
ercise 8.11), part (b) now follows from (7.8) and Lemma 3.29. Next, parts (c)
and (d) clearly hold for the operator Gx, by Theorem 8.25, and it follows from
Theorem 8.12 that the result also holds for the operator Gy. O

The main spectral properties of the boundary value problem (8.27) can now
be proved (even without the assumption that 0 is not an eigenvalue of (8.27)).

Theorem 8.27

There exists a sequence of eigenvalues {\,,} and a corresponding orthonormal
sequence of eigenfunctions {e,} of the boundary value problem (8.27) with the
following properties:

(a) each A, is real and the corresponding eigenspace is 1-dimensional;

(b) the sequence {A,} can be ordered so that Ay > A3 > ..., and A\, — —o0
as n — oo;

(c) the sequence {e,} is an orthonormal basis for H.

Proof

Suppose initially that 0 is not an eigenvalue of (8.27). The existence and prop-
erty (c) of the sequences {\,} and {e,} follows from Lemma 8.26 and the
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results of Section 7.3 (the fact that {e,} is a basis for H, and hence the se-
quences {\,} and {e,} have infinitely many terms, follows from part (b) of
Lemma 8.26 and Corollary 7.35). The reality of the eigenvalues follows from
(a) and (c) of Lemma 8.26 and Theorem 7.33. Now suppose that up, us are
two non-zero eigenfunctions of (8.27), corresponding to an eigenvalue A. Then
u}(a) # 0 (otherwise uniqueness of the solution of the initial value problem
(8.14), (8.15) would imply that u; = 0), so we have u)(a) = yuj(a), for some
constant ~y, and hence, again by uniqueness of the solution of the initial value
problem, us = ~vyu;. This shows that the eigenspace corresponding to any eigen-
value is one-dimensional, and so proves part (a). Next, it follows from Exercise
8.10 that the set of eigenvalues is bounded above, and from Corollary 7.23 the
eigenvalues )\, ! of G tend to zero, so we must have \,, — —oo as n — oco. It
follows that we can order the eigenvalues in the manner stated in the theorem.
Since the eigenspace of any eigenvalue is one-dimensional, each number \,, only
occurs once in the sequence of eigenvalues, so we obtain the strict inequality
in the ordering of the eigenvalues (we observe that if the eigenspace associated
with an eigenvalue \,, is m-dimensional then the number A = \,, must occur in
the sequence m times in order to obtain the correct correspondence with the
sequence of eigenfunctions, all of which must be included in order to obtain an
orthonormal basis of H).

Next suppose that 0 is an eigenvalue of (8.27). Choose a real number «
which is not an eigenvalue of (8.27) (such a number exists by Exercise 8.10)
and rewrite (8.27) in the form

v+ qu=u"+(q¢g—a)u= (A—a)uqu,
u(a) =u(b) =0

(writing ¢ = ¢ — «, A=A— a). Now, A =0 is not an eigenvalue of this problem
(otherwise A = a would be an eigenvalue of the original problem) so the results
just proved apply to this problem, and hence to the original problem (the shift
in the parameter X back to the parameter A\ does not affect any of the assertions
in the theorem). ]

We can also combine (8.26) and (8.27) to obtain the slightly more general
problem

u’ 4+ qu— du=f,

8.29
u(a) = u(b) = 0. (8:29)
Solvability results for this problem follow immediately from the above results,
but nevertheless we will state them as the following theorem.
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Theorem 8.28

If A is not an eigenvalue of (8.27) then, for any f € X, (8.29) has a unique
solution v € X, and there exists a Green’s operator G(\) for (8.29) with a
corresponding Green’s function g(A) (that is, a function g(A, s,t)).

Proof

Writing ¢ = ¢ — A and replacing ¢ in (8.26) and (8.27) with ¢, the theorem

follows immediately from the previous results. a
By Theorem 8.27, any element v € H can be written in the form

U= Z(u, €n)en, (8.30)

n=1

where the convergence is with respect to the norm || - ||». This is often a useful
expansion, but there are occasions when it is desirable to have convergence
with respect to the norm || - || x. We can obtain this for suitable functions w.

Theorem 8.29

If u € Y}, then the expansion (8.30) converges with respect to the norm || - || x.

Proof

Define a linear transformation T : Yy, — X by Tu = u” + qu, for u € Y;,. For
any integer k > 1,

k k k
T ( u— (u,en)en ) =Tu— Z(u, en)Anen =Tu — Z(w An€n)en
n=1 n:l 7’2:1
=Tu— Z(u,Ten)en =Tu— Z(Tu, €n)én
n=1 n=1

(the final step is a special case of part (¢) of Lemma 8.31). Now, since G is the
solution operator for (8.26), we have

k

u— (u,en):G<Tuf

k
1 n=

(TU7 en) ) s

n 1
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so by (8.2) (where M is defined for the kernel g as in Section 8.1)

k
o St = o (re- Srmen)]

n= n=1

< M(b—a)/? H Tu — zk:(Tu,en)

‘ —0, ask— o0
H

since {e,} is an orthonormal basis for H, which proves the theorem. O

We noted above that the eigenfunctions of the problem (8.24) are the func-
tions in the orthonormal basis considered in Theorem 3.56. Thus Theorem 8.29
yields the following result.

Corollary 8.30

Ifa=0,b=mand S = {s,} is the orthonormal basis in Theorem 3.56, then,
for any u € Y}, the series

00
E u, Sn Sns

converges with respect to the norm || - || x

Corollary 8.30 shows that the Fourier sine series converges uniformly on
[0,7] when u € Yj, that is, when u(0) = u(r) = 0 and v € C?[0,n]. In
particular, the series converges at the points 0, 7. Now, since s,,(0) = s,(7) =0
(this is clear anyway, but also these are the boundary conditions in the problem
(8.24)), the condition u(0) = wu(w) = 0 is clearly necessary for this result.
However, the condition that v € C2[0, 7] is not necessary, but some smoothness
condition on u is required. Thus Corollary 8.30 is not the optimal convergence
result for this series, but it has the virtue of being a simple consequence of a
broad theory of eigenfunction expansions for second order differential operators.
As in Section 3.5, we do not wish to delve further into the specific theory of
Fourier series.

We conclude this section by showing that the above results for the problem
(8.27) hold for a much more general class of problems. We consider the general
eigenvalue problem

d du
& (POFO) Faoue) =), selotl
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where p € C2la,b], ¢ € Cgla,b] and p(s) > 0, s € [a,b]. It will be shown that
this problem can be transformed into a problem having the form (8.27) by
using the following changes of variables

t:lf(S):/S;D(y)’l/2 dy, u(t) = u(s(t)p(s(t)"/*. (8.32)

We can make this more precise as follows. Let ¢ = t(b) = f: p(y)~1/? dy. Now,

dt/ds = p(s)~'/2 > 0 on [a,b], so the mapping f : [a,b] — [0,¢] defined by
f(s) = t(s) (using the above formula) is differentiable and strictly increasing,
so is invertible, with a differentiable inverse g : [0,¢] — [a,b]. Thus, we may
regard t as a function ¢ = f(s) of s, or s as a function s = g(t) of ¢ — the latter
interpretation is used in the above definition of the function u. The change of
variables (8.32) is known as the Liouwville transform. The following lemma will
be proved in Exercise 8.12.

Lemma 8.31
(a) The change of variables (8.32) transforms the problem (8.31) into the
problem
@(t) + q(t)u(t) = Mu(t), tel0,c]
aez '\ T ’ e (8.33)
u(0) = u(c) =0,
where

10 = o) + 15 (7 (600 1 o).

(b) Suppose that u, v € L?[a,b] are transformed into @, v € L?(0,c) by the
change of variables (8.32). Then

(u7 U) = (’(7, 5),

where (-,-) denotes the L?[a,b] inner product on the left of this formula,
and the L?(0, ¢) inner product on the right.

(¢) For any u € Y}, define Tu € X to be the function on the left-hand side of
the equation in the problem (8.31). Then, for any u, v € Y,

(TU’ U) = (ua Tv),

where (-, ) denotes the L?[a,b] inner product.
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As a consequence of parts (a) and (b) of Lemma 8.31 we now have the
following theorem.

Theorem 8.32
Theorems 8.27 and 8.29 hold for the general problem (8.31).

Proof

The transformed problem (8.33) has the form of problem (8.31), and part
(b) of Lemma 8.31 shows that the Liouville transform does not change the
value of the inner product. In particular, by Theorem 8.27, there exists an or-
thonormal basis of eigenfunctions {e,} of the transformed problem, and this
corresponds to a set of orthonormal eigenfunctions {f,} of the original prob-
lem. To see that {f,} is also a basis we observe that if it is not then there
exists a non-zero function g € L?[a, b] orthogonal to the set {f,} (by part (a)
of Theorem 3.47), and hence the transformed function g # 0 is orthogonal to
the set {e,}, which contradicts the fact that this set is a basis. O

Part (c¢) of Lemma 8.31 shows that, in a sense, T is “self-adjoint”, and
this is the underlying reason why these results hold for the problem (8.31)
(particularly the fact that the eigenfunctions form an orthonormal basis, which
is certainly related to self-adjointness). This is also why equation (8.31) is
written in the form it is, which seems slightly strange at first sight. However, T’
is not bounded, and we have not defined self-adjointness for unbounded linear
transformations — this can be done, but involves a lot of work which we have
avoided here by converting the problem to the integral form.

Finally, we remark that much of the theory in this chapter carries over
to multi-dimensional integral equations and partial differential equations, with
very similar results. However, the technical details are usually considerably
more complicated. We will not pursue this any further here.

EXERCISES

8.8 Calculate the eigenvalues and normalized eigenfunctions for the
boundary value problem

u”’ = A,
u(0) =u(r) =0

(consider the cases A > 0, A < 0, A = 0 separately).
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8.9

8.10

8.12

Calculate the Green’s function for the problem

u’ — du = f,
u(0) = u(w) =0,

when A # 0 (consider the cases A > 0, A < 0 separately).

Show that if A is an eigenvalue of (8.27) then A < ||g||x-

[Hint: by definition, the equation u”’ + gu = Au has a non-zero solu-
tion u € X; take the L?[a,b] inner product of this equation with u
and integrate by parts.)

Prove the following results.

(a) Given an arbitrary function z € H, and € > 0, show that there
exists a function w € C?[a, b] such that ||z — wl||» < €.
[Hint: see the proof of Theorem 3.54.]

(b) Given an arbitrary function w € C?[a,b], and § > 0 such that
a+ 90 € (a,b), show that there exists a cubic polynomial ps such
that, if we define a function vs by

vs(s) = ps(8), if sé€la,a+ 4],
n w(s), if s€la+d,b],

then vs € C?[a,b] and vs(a) = 0.
[Hint: find ps by using these conditions on vs to write down a
set of linear equations for the coefficients of ps.]

(¢) Use the construction of ps in part (b) to show that, for any € > 0,
there exists 6 > 0 such that ||w — vs||y < €.

(d) Deduce that the set Y}, is dense in H.

This result is rather surprising at first sight (draw some pictures),
and depends on properties of the L?[a, b] norm — it is certainly not
true in Cla, b].

Prove Lemma 8.31.

[Hint: (a) use the chain rule to differentiate the formula u(s) =
p(s)~Y/*u(t(s)), obtained by rearranging (8.32);

(b) use the standard formula for changing the variable of integration
from the theory of Riemann integration (since the transformation is
differentiable, this rule extends to the Lebesgue integral — you may
assume this);

(c) use integration by parts (twice).]
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Solutions to Exercises

Chapter 2

2.1 Let (z,9), (u,v) € Z and let a € F.

(@) [ 9l = llzlly + [lyll2 > 0.

(b) If (z,y) = 0 then z = 0 and y = 0. Hence ||z]|1 = |ly/l2 = 0 and so
1z, )| = 0.

Conversely, if ||(z,y)|| = 0 then ||z||1 = ||y]]2 = 0. Thus z = 0 and
y =0 and so (z,y) = 0.

(©) lla(z,y)ll = l[(ez; ay)|| = ezl + laylls = |alllz(l + [al]yl2
= lel[(z, ).

(d) [Itz,y) + (w,0)l| = [[(x +u,y + )| = [lz +ullL + ly + vll2
<l + ully + [lyllz + vl = G )+ 1 (u, 0) -

2.2 Let f, g € Fp(S,X) and let a € F.

(@) [[flls = sup{llf(s)l| : s € S} > 0.

(b) If f =0 then f(s) =0 for all s € S so that ||f(s)]| =0 for all s € S
and hence ||f||» = 0.

Conversely, if || f]ls = 0 then ||f(s)]| = 0 for all s € S. Thus f(s) =0
for all s € S and so f = 0.

265
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(©) llaflly = sup{llaf(s)ll : s € S}
= sup{lal|f(s)l| : s € S} = [a|sup{|[f(s)]| : s € S} = |all| fo-

(@ IF+ 9N < NF G+ Mgl < N fllo + llglly for any s € S. Hence

1+ gllo = sup{[|(f + 9)(s)]l - s € S} < [Ifllo + llglo-

2.3 We use the standard norms on the spaces.

(a) [[fnll = sup{|fn(z)[ : 2 € [0,1]} = 1.

(b) As f, is continuous, the Riemann and Lebesgue integrals of f are the

same, so that || f,| = fol " dr = %H
24 1 a =+ then [laz]] =al o] =
x
2.5 Let € > 0.

(a) Suppose that {(xn,yn)} converges to (z,y) in Z. Then there exists
N € N such that

(&0 = 2,90 = y)| = [[(@n, yn) = (z,9)[| <€

when n > N. Thus ||z, —z|1 < |[(@n—2,yn—y)|| < €and ||y, —yll2 <
(zn, — 2,yn — y)|| < e when n > N. Thus {z,,} converges to = in X
and {y,} converges to y in Y.

Conversely, suppose that {x,, } converges to x in X and {y,, } converges
€
to y in Y. Then there exist N1, N3 € N such that ||, —z|1 < 3 when

n > Ny and |y — g2 < % when n > No. Let Ny = max(Ny, N»).
Then

[(@n,yn) = (29| = (@0 — 2,90 =Yl = llzn —2(l1 + [y —yll2 < €
when n > Ny. Hence {(z,,y,)} converges to (z,y) in Z.

(b) Suppose that {(z,, yn)} is Cauchy in Z. Then there exists N € N such
that

(@0 = 2m, yn = ym) | = [1(@ns yn) = (@, ym) || <€

when m, n > N. Thus ||z, — Zm|l1 < ||(®n — T, Yn — ym)|| < € and

[ = Ymll2 < (@n — TmsYn — ym)|| < € when m, n > N. Thus {z,}

is Cauchy in X and {y,} is Cauchy in Y.

Conversely, suppose that {z,} is Cauchy in X and {y,} is Cauchy
€

in Y. Then there exist Ni,Na € N such that ||z, — zn|1 < 3
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€

when m,n > Ny and ||yn — ymll2 < when m, n > N,. Let

2
No = max(Ny, N3). Then
[(@n,yn) = (@m, ym) | = 120 = T, yn — ym) |
= [lzn = zmlls + [yn — ymll2

<e

when m, n > Ny. Hence {(2,,y,)} is Cauchy in Z.

2.6 Suppose that ||-||; and |||z are equivalent on P. Then there exist M, m > 0
such that

mllplly < pll2 < Mplly
1
for all p € P. Asm > 0 there is n € N such that o <m. Let p, : [0,1] = R

1

be defined by p,(x) = z™. Then ||p,|l1 = 1 and ||p,|]2 = — by Exercise
n

2.3. Hence

1
m=m|pali < llpall2 =
n
which is a contradiction. Thus || - ||; and || - |2 are not equivalent.

2.7 The sets are shown in Figure 9.1.

dh
NI

(a) (b)

Fig. 9.1. (a) The standard norm; (b) the alternative norm
€
2.8 Let € > 0. There exists N in N such that ||z, —zn |1 < 17 when m, n > N.
Hence, when m, n > N,
[z = &m| < Kllzn — zm[l1 <e.

Therefore {x,} is Cauchy in the metric space (X, d).
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2.9

2.10

2.11

2.12

2.13

2.14

1

As ||z|| < —|lz||; for all z € X, if {x,} is Cauchy in the metric space
m

(X,dy1), then {z,} is Cauchy in the metric space (X, d) by Exercise 2.8.

Conversely, as ||z]l; < M|z| for all z € X, if {x,} is Cauchy in the
metric space (X,d), then {x,} is Cauchy in the metric space (X,d;) by
Exercise 2.8.

11
If z = (1,5,5,...> then z € 2\ S. For each n € N, let z,, =

(1,1,1,...,i70,0,...).ThenanSand
2°3 n

1 1 X 12
2 2
_ - 0,0,...,0,7,7,...) =y (7)

Jj=n+1
Hence lim ||z — x,|| = 0 and so lim z,, = 2. Therefore z € S\ S and
n—oo n—oo
thus S is not closed.
nlzll 7 : iy
= = — <1, so by the given condition —— €Y.
H2III 2zl 2 2|| ||

(b) Let z € X \ {0}. As Y is open there exists n > 0 such that {y € X :
Iyl < n} € Hence 5ty

vector in Y is also in Y we have x =

€Y by part (a). As a scalar multiple of a

2”‘“‘( )eY So X C Y.
n \ 2]z

As Y is a subset of X by definition, it follows that ¥ = X.

(a) Let {z,} be a sequence in T" which converges to a point z € X. Then
|z, — z|| < r for all n € N, and so ||z — z|| = lim ||z, — x| <, by
Theorem 2.11. Thus z € T so T is closed.

() 2=zl = lz— A —=n"Yz|| = n7Y|2|| < n~'r for all n € N. Therefore
lim z, = z.
Since S C T and T is closed, S C T. Conversely, if z € T and z,
is defined as above then ||z,|| = (1 —n Y|z < (1 —n"Y)r < r so

z, € S. Thus z is a limit of a sequence of elements of S, so z € S.
Hence TC SsoT =8S.

Let {(zn,yn)} be a Cauchy sequence in Z. Then {z,} is Cauchy in X
and {y,} is Cauchy in Y by Exercise 2.5. As X and Y are Banach spaces,
{zn} converges to x € X and {y,} converges to y € Y. Hence {(2,yn)}
converges to (z,y) by Exercise 2.5. Therefore Z is a Banach space.

Let {fn} be a Cauchy sequence in F(S, X) and let ¢ > 0. There exists
N € N such that || fr, — fm|ls < € when n, m > N. For all s € §

[fn(s) = fm () < [ frn = Fimllo <€
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when n, m > N and so it follows that {f,(s)} is a Cauchy sequence

in X. Since X is complete {f,(s)} converges, so we define a function
f:8S—=Xby

f(s) = lim f(s).

n—oo

As [|fn(s) — fm(8)|| < € for all s € S when n, m > N, taking the limit as
m tends to infinity we have || f,(s) — f(s)|| < € when n > N. Thus

[F( < et lfa(o)ll < €+ [l Fnllo

when n > N for all s € S. Therefore f is a bounded function so f €
Fy(S,X) and lim f, = f as || fn — fllp < € when n > N. Thus F,(S, X)

is a Banach space.
Chapter 3

3.1 Rearranging the condition we obtain (z,u —v) = 0 for all x € V. If
x =u—v then (u—v,u—v) =0, and hence u —v = 0, by part (b) in the
definition of the inner product. Thus u = v.

3.2 Let v = Z::1 An€n, Yy = Zﬁ:l //Lné\na = Zﬁ:l Opén € V,a,B€F. We
show that the formula in Example 3.6 defines an inner product on V' by
verifying that all the properties in Definition 3.1 or 3.3 hold.

(a) (1'7:,6) = Zi:1 )‘nxn > 0.

(b) If (z,2) = 0 then Zﬁzl |An|? = 0 and so A\, = 0 for all n. Thus z = 0.
Conversely, if z = 0 then A, = 0 for all n, so (z,z) = 0.

(¢) (az+ By,2) = S8 _ (aXn + Bn)Tn
=Yk AT+ B n_ | T
= a(z,2) + By, 2).

(@) (@,9) = Xy Anfly = Xy fin A = (9,2
3.3 (a) The inequality follows from
0 < (Ja| = [o])* = |al* — 2[al[b] + [b]*.

() Ja+b]? = (a+0b)(@+b) = |a*> + ab+ab + |b|?
< la? + 2[a|[b] + [b]* < 2(|af* + [b]?)  (by inequality (a)).
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3.4

We now show that £2 is a vector space. Let z = {z,}, y = {yn} € £% and
a € F. Then Y 07, |az,|* = |a* Y02, |zn]? < 00, so az € ¢2. Also, for
any n € N, |z, + yn|?> < 2(|zn|? + |yn|?) (by inequality (b)) so

o0

o0
S a4 vl <23 (el + ) < oo,

n=1 n=1

and hence z 4+ y € ¢2. Thus, £2? is a vector space. Moreover, by inequal-
ity (a),

oo oo
Z |zn,| < % Z |xn|2 + [Yn] ) 00,
n=1 n=1

so 2y € /% (in the proof of the analogous result in Example 3.7 we used
Holder’s inequality, since it was available, but the more elementary form
of inequality used here would have sufficed). Since 27 € £, it follows that
the formula (z,y) = > .o, .7, is well-defined. We now verify that this
formula defines an inner product on £2.

(a) (w,2) =302 |2nl? 2 0.
(b) If (x,z) = 0 then Y7, |,|*> = 0 and so z,, = 0 for all n. Thus z = 0.
Conversely, if = 0 then A\, = 0 for all n, so (z,z) = 0.
(¢) (aw+ By, z) =37 (a@n + Byn)Zn
= Q) TaZn + B0 YZn
= a(z,2) + By, 2)
(d) (x,y) = Zzozl Tnln = EZO:1 YnTn = (yvx)

(a) By expanding the inner products we obtain

(utv,z+y) = (u,2)+ (0,9) + (v,y) + (v,7)
(u=v,2—y) = (v,2) + (v,y) = (v,y) = (v,2).

Subtracting these gives the result.

(b) In the identity in part (a), replace v by iv and y by iy to obtain

2(u, iy) + 2(iv, x)
—2i(u,y) + 2i(v, x).

(u+ v,z +1y) — (u— v,z — iy)

Multiply this equation by ¢ and add to the identity in part (a) to
obtain

(utv,z+y) — (u—v,2—y)+i(u+iv,z+iy) —i(u—iv,x —iy)

=2(u,y) +2(v,z) + 2(u,y) — 2(v,z) = 4(u, y).
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3.5 (a) Putting v = y and v = x in the identity in part (a) of Exercise 3.4
and using the definition of the induced norm gives the result.

(b) Putting v =  and v = y in the identity in part (a) of Exercise 3.4
and using (z,y) = (y, ) gives the result.

(c¢) Putting v = z and v = y in the identity in part (b) of Exercise 3.4
gives the result.

3.6

y Xty

Xy

X

Fig. 9.2. Parallelogram with sides x and y in the plane

Writing out the cosine rule for any two adjacent triangles in the above
figure (using the angles § and 7 — 6 at the centre) and adding these yields
the parallelogram rule in this case (using cos(m — 6) = — cosf).

3.7 From the definition of the norm | - ||; on R* we have
[+ &l + oy - allf =22 4 22 = 8,
2/l + lle2llf) = 2(1 +1) = 4.

Thus the parallelogram rule does not hold and so the norm cannot be
induced by an inner product.

3.8 From
((x + ay), (z + ay)) = |l«]* + lylI* + 2Re (a(y, 2)),
(@ = ay), (z = ay)) = =] + [ly]|* — 2Re (a(y, ),
it follows that, for any a # 0,

lz+ oyl = [l — ay|| = Re(a(y,2)) =0 <= (z,y) =0.

3.9 We have ||a]| = V/18, ||b]| = V2, and putting v; = ||la||~a and vy = ||b] b
it can be checked that {v1,v2} is an orthonormal basis of S. This can be
extended to an orthonormal basis of R? by adding the vector (1,0,0) to
the set and applying the Gram—-Schmidt algorithm, to obtain the vector

v3 = £(2,-1,2) orthogonal to v; and vs.
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3.10

3.11

3.12

3.13

3.14

3.15

3.16

The Gram—Schmidt algorithm yields
e = %, eq = \/gx, e3 = \/%(312 —1).

By Example 3.10, H is an inner product space so we only need to show
that it is complete with respect to the norm induced by the inner product
defined in Example 3.10. Now, Exercise 2.14 shows that H is complete with
respect to the norm defined in Example 2.8, while Remark 3.11 notes that
this norm is equivalent to the induced norm, so H must also be complete
with respect to the induced norm.

The results of Exercise 3.9 (and Example 3.28) show that S is spanned
by the vector vs = £(2,—1,2).

Since a is the only element of A, it follows from the definition of AL that
r = (z1,...,7;) € AL if and only if

0= (z,a) =a1x1 + ...+ arxg.

Let S = Sp{ept1,...,ex}. If & € S then =z = Zi:pﬂ Anén, for some

numbers A\,, n =p+1,..., k. Any a € A has the form a = Y7 _| amepn,.
By orthonormality,

k P
(xva) = Z Z )\nam(enaem) =0,
n=p+1m=1
for all a € A. Thus z € A, and so S C At. Now suppose that = € A+
and write x = Zfl:l Anen. Choosing a = %:1 Ameém € A, we have

P
0=(z,a) = Z |)‘m|2’
m=1
and so A\, = 0, m = 1,...,p. This implies that x = Zn:pH Anén €5,
and so A+ C 8. Therefore, S = A'L.

Let S = {(z,) € ?: 29,1 =0foralln € N}. If z € S and y € A then
(z,y) = >0 2y, = 0. Thus z € A+, and so S C AL. Conversely, let
x € At and suppose 2,1 # 0 for some m € N. The vector €a,,_1 in the
standard orthonormal basis in #2 belongs to A4, so 0 = (z,€m—-1) = Tam—1,
which is a contradiction. Thus 9,1 = 0 for all m € N, so z € S. Hence
At c S, and so A+ = S.

Since A C A we have ar C At by part (e) of Lemma 3.29. Let y € A*.
Then (x,y) = 0 for all x € A. Now suppose that © € A, and {x,} is
a sequence of elements of A such that lim,, .oz, = z. Then (z,y) =
lim,, o0 (25, ) = 0. Thus (2,y) =0 for any z € A, and so y € A" Hence
At c ZJ', and so AL = A"
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3.17

3.18

3.19

3.20

3.21

3.22

XCX+YandY C X+Yso(X+Y)+ Cc X+ and (X+Y)*+ C Yt Thus
(X +Y)t c Xt Nyt Conversely let u € X+ NY+ and let v € X + Y.
Then v € X+, u€Y* and v = 2 + y, where € X and y € Y. Hence

(v,u) = (z +y,u) = (z,u) + (y,u) =0+ 0 =0,

sou € (X +Y)!, and hence X+ NY+ C (X +Y)*t. Thus X+ NY+ =
(X +Y)*

Let E={xz € H: (z,y) = 0}. For any = € H,
(,y) =0 <= (r,ay)=0,Va€F +—= zcS*

since any vector in S has the form ay, so E = S*+. Now, since S is 1-
dimensional it is closed, so by Corollary 3.36, E+ = S++ = §.

Suppose that Y+ = {0}. Then by Corollary 3.35 and part (c) of
Lemma 3.29, Y = Y+t = {0} = H, which contradicts the assumption
that Y # H, so we must have Y+ # {0}.

The result need not be true if Y is not closed. To see this let Y be a dense
linear subspace with Y # H. Then by Exercise 3.16, Y+ = Y =Ht =
{0}. To see that such subspaces exist in general we consider the subspace
S in Exercise 2.10. It is shown there that this subspace is not closed. To
see that it is dense, let y = {y,} be an arbitrary element of ¢? and let
€ > 0. Choose N € N such that > 77 v |yn|? < €2, and define an element
r={z,} € ? by x, =y, if n < N, and x, = 0 otherwise. Clearly,
|z —yl|* = >0 v [yn|* < €2, which proves the density of this subspace.

(a) By parts (f) and (g) of Lemma 3.29, A+ is a closed linear subspace
containing A. Hence Sp A C AL by Definition 2.23. Now suppose
that Y is any closed linear subspace containing A. Then by part (e) of
Lemma 3.29 (twice) and Corollary 3.35, A+ C Y+ =Y, and hence
A++ € Sp A, by Definition 2.23. Therefore A++ = Sp A.

(b) By part (f) of Lemma 3.29, A is a closed linear subspace. By Corol-
lary 3.35, (A+)+L = AL,

With the notation of Example 3.46 we have, putting x = ey,
oo
Yo l@e)P =0<1= |z
n=1

Using Theorem 3.42 we have:

(a) Yoo n?<oo,s0 Y0 nlte, converges;



274

Linear Functional Analysis

3.23

3.24

3.25

(b) 3= n~t=00,50 Yo n~Y2e, does not converge.

(a) By the given condition and Theorem 3.42 we have

oo oo

Z(a:,ep(n))en converges <= Z (2, €p(m))|* < 00

n=1 n=1
00

— Z |(2,en)]? < o0

E X, €n )€, CONVErges.

However, since {e,} is an orthonormal sequence, >~ (z,e,)e, con-
verges (by Corollary 3.44). Hence Y ", (&, €,(n))en converges.

(b) Since {e,} is an orthonormal basis, by Theorem 3.47
e} o
I3 emenl” = Z| s = 3 1@ en) = 2]
n=1 n=1

From Theorem 3.47, z = Y, (z, €,)e,, so by the continuity of the inner
product,

k k
G b G
i .’L' en

The first part of the question follows immediately from the characteriza-
tion of density given in part (f) of Theorem 1.25 (for any € > 0 there exists
k € N such that £ > 1/e and for any k € N there exists € > 0 such that
k> 1/e).

Next, suppose that M is separable and N C M. Then there is a count-
able dense set U = {u, : n € N} in M. Now consider an arbitrary pair
(n, k) € N2, If there exists a point y € N with d(y, u,) < 1/k then we put
b(n,k) = ¥; otherwise we ignore the pair (n, k). Let B C N be the complete
collection of points b, ;, obtained by this process. The set B is countable
(since the set N? is countable — see [7] if this is unclear). Also, for any k > 1
and any y € N, there exists u,, € U such that d(y,u,) < 1/2k, so by the
construction of B there is a point b(, o) € B with d(bp,2x), un) < 1/2k.
It follows that d(y,b(, 2r)) < 1/k, and so B must be dense in N. This
proves that N is separable.
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3.26 By

Lemma 3.25 and Exercise 3.25 each of Y and Y are separable

Hilbert spaces, so by Theorem 3.52 there exist orthonormal bases {e; }1,
and (f;)j—, for Y and Y respectively (where m, n are the dimen-
sions of Y, Y+, and may be finite or co). We will show that the union
B = {e;}i, U{f;}}-, is an orthonormal basis for H. Firstly, it is clear
that B is orthonormal (since (e;, f;) = 0 for any ¢, j). Next, by Theo-
rem 3.34, x = u+v with w € Y, v € Y1, and by Theorem 3.47,

r=u+4v= Z(U,ei)ei + Z(w fi)fi
i=1 j=1

= Z(l’, ei)ei + Z(x» fj)fj’

Jj=1

and hence, by Theorem 3.47 again, B is an orthonormal basis for H.

3.27 (a)

Consider the space Crla,b], with norm || - ||, and suppose that f €
CRrla,b] and € > 0 is arbitrary. By Theorem 1.40 there exists a real
polynomial pi(z) = > j_, axa® such that || f — pi1|| < €/2. Now, for
each k = 0,...,n, we choose rational coefficients 0, such that |3, —
an| < €/(2ny*) (where v = max{|al, [b[}), and let po(z) = Y- }_, Bra*.
Then

n
Ipr = pall <18 — anly® < /2,
k=0

and hence ||f — p2|| < €, which proves the result (by part (f) of The-
orem 1.25). For the complex case we apply this result to the real and
imaginary parts of f € Ccla,b].

Next, consider the space Li[a,b], with norm || - ||, and suppose that
f € Lila,b] and € > 0 is arbitrary. By Theorem 1.62 there exists
a function g € Cg[a,b] such that ||f — g|| < €/2. Now, by part (a)
there exists a polynomial p with rational coefficients such that ||g —
pllc < €/(24/|b — a]) (where || - |c denotes the norm in Cgla, b)), so
the L2[a,b] norm ||g — p|| < €/2 and hence ||f — p|| < €, which proves
the result in the real case. Again, for the complex case we apply this
result to the real and imaginary parts of f.

Now, the set of polynomials with rational coefficients is countable, and we
have just shown that it is dense in Cla, b, so this space is separable.

3.28 (a)

The 2nth order term in the polynomial u, is clearly 2" and the 2nth
derivative of this is (2n)!.
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(b) It suffices to consider the case 0 < m < n. Now, if 0 < k < n, then by
k integrations by parts,

1 n n—1 1 n—1
d™u d" " tu, L d"
E@ Un g n B (k—1) n
dr = k d
,/_1 v dxm v * d.’l?n_l —1 ,/_1 x dx"—l v

1 dn—kun
1 da:"_k
'dnfkflun
" dypn—k—1

= (—1)*k! da

1
= (-1)*k =0.
-1

Since P, has order m < n, it follows that (P,,, P,) = 0.

(¢) Using (a) and a standard reduction formula we obtain

1 n n 1 2n
/ dun d"uy, dr = (—1)"/ d unundm

_y dz™ dan 1 dx?m

- (1)"(2n)!2/()7r/2(sin9)2"+1 do

(2n)(2n —2)...2
= e T =1

= (2"n!)?

n+1°

(d) Parts (b) and (c) show that the given set is orthonormal. Thus, by
Theorem 3.47 it suffices to show that Sp{e, : n > 0} is dense in H.
Now, a simple induction argument shows that any polynomial of order
k can be expressed as a linear combination of the functions ey, ..., ek
(since, for each n > 0, the polynomial e, is of order n ). Thus, the
set Sp{e, : n € N} coincides with the set of polynomials on [—1,1],
which is dense in ‘H by Exercise 3.27. This proves the result.

Chapter 4
4.1 Since |f(2)] < sup{|f(y)| :y € [0,1]} = || f]| for all z € [0,1],

() = ’/Olf(x) dx| < /01 [f(2)] dz < /01 1f1l dae = [ £

Hence T' is continuous.
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4.2 (a) Since |h(z)| < |||l a-e.,
|f(@)h(@)|* < | ()] ]| ae.
Therefore

1 1
/ PR dp < (B / P du < oo,
0 0

since f € L?. Thus fh € L?. Moreover
1 1
| Fl2 = / PR dp < (B / P dp = | FIIR]

(b) IT(HIZ = [IFR13 < IfI3IIR]I3, so T is continuous.

4.3 By the Cauchy—Schwarz inequality, for any x € H,
2 2
[f@)7 = ()" < =) ly]?
so f is continuous.
4.4 (a) We have to show that ||(0, 41, xo, 423,24, . ..)||3 < co. Now

||(O,4$1,.132,41‘3, T4y - )”%
2 2 2 2
oo
<16 |
n=1
< o0,
as {z,} € (2. Hence (0,4x1, 72,423, T4,...) € (2.
(b) T is continuous since

IT{a D3 = 10, 421, w2, 423, 24, ) |[5 < 16]{zn }]3-

4.5 Let p, € P be defined by p,(t) = t". Then

[pnl = sup{lpn(£)] : ¢ € [0,1]} = 1,

while || T(pn)|| = lIp,,(1)|| = n. Therefore there does not exist k > 0 such
that |T'(p)|| < E|lp|| for all p € P and so T is not continuous.

4.6 (a) In the solution of Exercise 4.1 we showed that

T(f)] = / /() da

g/olf(w)ldxs/ol £l d =[]

Hence ||T|| < 1.
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/01 g(x)dx

Combining this with the result in part (a) it follows that ||T|| = 1.

(b) [T(g)| = = 1. Since ||g|| = sup{g(x) : € [0,1]} = 1,

L=1T()| <IITllgll = IT1.

4.7 In the solution of Exercise 4.2 we showed that

ITCHNZ = 1FRI5 < I3 171%-
Hence [[T'(f)ll2 < [ fllz[[2lloc and so [T} < |[|oo-

4.8 In the solution of Exercise 4.4 we showed that
IT{zn }I3 = 10, 41, 22, dz3, 24, .. )13 < 16][{n 5.
Therefore ||T{x,}H2 < 4||{xs}||2 and so
17| < 4.
Moreover ||(1,0,0,...)|]2 =1 and
17(1,0,0,...)]l2 = ]/(0,4,0,...)|]2 = 4.

Thus || T|| > 4 and so ||T|| = 4.

4.9 Since T is an isometry, || T(z)|| = ||z|| for all z € X, so T is continuous
and ||T|| < 1. Also, if ||z|| =1 then

L= lzll = [T )] < Tl < T

and so ||T|| = 1.
4.10 By the Cauchy—Schwarz inequality, for all x € H,

2 2
[f@)” =1z, y)|” < [lz*[ly]*.
Thus ||f|| < |ly||.- However,
F) =y =yl
and so || f[| = [ly||. Therefore [ f|| = [[y]|.
4.11 By the Cauchy—Schwarz inequality,
1Tz || = |l(z, y)zll = [z )l < l=(lyllllz]].

Hence T is bounded and ||T|| < ||y|l|lz]|-
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4.12 By Lemma 4.30,
TR = PRI < [PIIR]QI-
Thus T is bounded and ||T|| < || P|||Q|l-

4.13 (a) T*(x1, 29, 73,74, ...) = T(T (21,72, 73, T4,...))
=T(0,4x1, x2,4x3, 24, . ..)
= (0, 0,41‘1,41‘274,@3,41'47 . )

(b) From the result in part (a)
IT?({zn )3 = 1(0,0, 421, 42, 4w, 4z4, .. )13 = 16]{zn } 3,
and hence ||T?|| < 4. Moreover ||(1,0,0,...)|]2 =1 and
I72(1,0,0,..)]l2 = 1/(0,0,4,0,...)]ls = 4.
Thus ||T?|| > 4 and so ||T?| = 4.

Since ||T|| = 4, by Exercise 4.8, it follows that || T'||? # || T?].

4.14 Since S and T are isometries,
(S oT)(@)|| = [IS(T (@) = [IT(x)]| = l|=[],
for all x € X. Hence S oT is an isometry.
4.15 (a) Since
7 =1="TT",
T7t is invertible with inverse 7.
(b) Since
(M) (T ') = T DT =TT =1
and
(T ' T (WD) =T (T T =Ty ' Ty =1,
T\ T, is invertible with inverse T, 'T; '

4.16 The hypothesis in the question means that the identity map I : X — X
from the Banach space (X, ||||2) to the Banach space (X, ||-]|1) is bounded.
Since I is one-to-one and maps X onto X it is invertible by Theorem 4.43.
Since the inverse of I is I itself, we deduce that I is a bounded linear

operator from (X, | - |[1) to (X, | - ||]2). Therefore, there exists r > 0 such
that ||z|l2 < r|z|; for all z € X, and so ||z||; and ||z||2 are equivalent.
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4.17 (a) Let a = inf{|e,| : n € N}. Then |¢,| > aforalln € N and so

4.18

4.19

4.20

d, =
@

1 1
— < — for all n € N. Thus d = {d,,} € {*°. Now
n

TTa{w,} = ToAdpan} = {cndnrn} = {x,}

and
Tch{xn} = Td{cnxn} = {dnc’ﬂ‘rn} = {x"}
Hence T. Ty =T,4T,. = 1.

(b) Since A ¢ {c, : n € N}~ then inf{|c, — A| : n € N} > 0. Hence if
by, = ¢p — A then {b,} € £ and as inf{|b,| : n € N} > 0 then T is
invertible by part (a). But Tp{x,} = {(chn=N)zn} = {cnzn}—{ Az} =
(T. — M){zn} so Ty = T. — M. Thus T, — A\ is invertible.

Since |[e,|| =1 for all n € N and

1
T.(&,) = (0,0,...,0,=.,0,...)

n

so that

~ 1
lim ||T.(ey)]| = lim — =0,

n—oo N

it follows that T is not invertible by Corollary 4.49.

Since lim T, = T there exists N € N such that

n—00

1T, —T| <1
when n > N. Now
[ =T, T = T, (T = D) < T T =T < 1

when n > N. Thus T]§1T is invertible by Theorem 4.40 and so T =
TNTy'T is invertible.

With €, € ¢2, n > 1, as in Definition 1.60, we have ||T,,(€,) = n, so
|75 || > n, and hence the set {||T,| : » € N} is not bounded. To see that
U is not complete, define

11

k

=11,-,-,...
u <72333 s

which yields a Cauchy sequence {u*} in U, which does not converge in U.
However, setting X = F and S = N, we see that this example satisfies all
the hypotheses of Theorem 4.52 except the completeness of U. Since the
conclusion of the the theorem does not hold, we see that the completeness
of U is necessary.

T =

,0,0,...) eV, k>1,
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4.21 Tt follows from the hypothesis in the question that the mapping T : ¢* — F
defined by Tz = Y ;- | agxy, is well defined, and by Corollary 4.53, T €
B(¢*,F). Hence, |ay,| = ||Te,| < ||T||, for all n € N, which shows that
{an} € €.

Chapter 5

5.1 Since M is a closed linear subspace of a Hilbert space, M is also a Hilbert
space. Since f € M’ there exists y € M such that f(z) = (z,y) for
all x € M and ||f|| = |ly||, by Theorem 5.2. If we define g : H — C
by g(z) = (z,y), for all z € H, then g € H' and ||g|| = |ly||, by the
solution to Exercise 4.10. Hence, g(z) = (z,y) = f(z) for all x € M and

L=yl = llgll-

5.2 (a)

(b)

5.3 (a)

A simple adaptation of the proof of Theorem 3.52 (b) shows that ¢?
is separable for all 1 < p < co.

Let ¥, k > 1, be an arbitrary sequence in ¢, with each z* having
the form 2% = (2}, 25,...). Defining z € £ by z, =27 + 1, n > 1, it
is clear that ||z — 2%||oc > |2 — 2¥| = 1 for all k£ > 1, so the set {z*}

cannot be dense in £°°.

Suppose that 1 < p < oo, and let z € /P and € > 0 be arbitrary.
By definition, there exists an integer k£ > 1 such that |z,| < € for all
n > k. Now define z € Sby z, = 2z,, n =1,...,k, xz, =0, n > k.
Then ||z — z||co < €, which shows that S is dense in ¢P. Since ¢? is

separable, S must be separable (by Theorem 1.43).

Since £°° is not separable, S cannot be dense in £°°. For a more explicit
demonstration of this, define z = (1,1,...) € £°. If x € S then x has
only finitely many non-zero entries, so ||z — z||cc > 1, and hence S
cannot be dense in £°°.

By definition, S C ¢y C £* so by Exercise 5.2 and Theorem 1.43, S is
dense in ¢y and ¢ is separable.

Suppose that ¢y is not closed in ¢°°. Then there exists a sequence
2% € cg, k =1,2,..., and an x € £°>°\ ¢g such that ||zF — x|, — 0.
Since x ¢ co, there is a 6 > 0 such that |z,| > § for infinitely many
n > 1. However, for each k > 1 we have lim,, ., [z¥| = 0, so by the
definition of || - ||so, ||2¥ — 2||sc > & which is a contradiction.

The proof that T, : £* — (cg)’, is a linear isometric isomorphism now
follows the proof of Theorem 5.5, with some minor differences to the
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inequalities due to the sequences lying in ¢*° and ¢', rather than in ¢?
and /9.

5.4 We simply verify the conditions in Definition 5.9:

5.5

5.6

9.7

5.8

(a) f(x+y) = f(z) + f(y); flax) = af(x);

(b) p(z +y) =|f(x) + f(y)| < p(z) +pY); plax) = |a|f(z) = ap(x);

(d) plxz+y) = 1f(@) + fW)] < plx)+p(y); plax) = ap(z);

(d) p(x +y) = |z1 + 1| + 22 +y2 < |z1] + 22 + |y1]| + y2 = p(x) + p(Y);
plax) = a(|z1| + z2) = ap(z).

By (5.6),
lg()> = |gr()|* + |lgr(iv)|?, veEV.

Hence, if g € V' then for any v € V, |gr(v)| < |g(v)] < |lglll|v]l, so that
gr € Vi, and |lgr|| < |lgl]. Conversely, if gr € V}, then for any v € V we
can choose a € C such that |g(v)| = ag(v) (clearly, |a| = 1), and so

l9(v)| = g(av) = gr(av) < |grlllv]-

Hence, g € V' and ||g]| < ||gr]l-

Corollary 5.22:

(a) This follows from Theorem 5.21, with W = {0}.
(b) This follows immediately from part (a).

(c) This again follows from Theorem 5.21, with W = Sp{y} (or inter-
change the roles of z and y if z = 0).

Corollary 5.23: letting W = Sp{z1,...,z,} C X, Theorem 5.1 shows that
there exist functionals fiw,..., fo,w € W' with the required properties
and, by Theorem 5.21, these can be extended to functionals in X".

If W is dense in X and W C Ker f, for some f € X’, then by continuity
f(z) =0forall x € X, that is, f is the zero functional. If W is not dense in
X then there exists x € X such that 6 > 0, where ¢ is as in Theorem 5.21.
This theorem then yields a suitable functional f € X'.

By Exercise 5.2, the set S is not dense in > so there exists z € £*° such
that infies ||z — 2||oo > 0 (for example, z = (1, 1,...), see the solution to
Exercise 5.2). Hence, by Theorem 5.21, there exists non-zero f € (£>°)’
such that f(z) = 0 for all x € S. Hence, for any n > 1, €, € S, so
f(e,) = 0. Now, if f had the form f, for some sequence a, then we would
have a,, = f(€,) = 0, for all n, which would yield a = 0, and hence f = 0,
which contradicts the fact that f is non-zero.
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5.9

5.10

5.11

5.12

5.13

By definition, Ac = (J,c 4 Be(0), that is, Ac is a union of open sets, so is
open. Next, for i =1, 2, let a; € A, §; € B.(0). Then, for any A € [0,1],

Aa14+01)+(1=X)(ag+0d2) = Aar + (1= A)az+Ad1 + (1 —N)d2 € A+ B.(0),

since A is convex and [|Ad1 + (1 — A)da|| < Al|61]] + (1 = N)||02|| < €, which
proves that A, is convex.

Suppose that X is complex and the hypotheses of Theorem 5.30 hold in
X. Since the definition of convexity only involves multiplication by real
numbers, these hypotheses also hold in X g, so the real case of the theorem
constructs a real functional fr € X, such that either (5.11) or (5.12) hold,
with Re f replaced by fr. Now define a complex functional f on X as in
(5.6). By Lemma 5.15, f € X’ and by definition, e f = fg, so that
(5.11) or (5.12) hold as stated, which completes the proof.

As suggested by the hint in the Exercise, we follow the proof of Theo-
rem 5.30 — for brevity we simply describe the necessary changes.

Let W = Sp{wo} @ U and define fy(awp+u) =a, a € R, u € U. Tt
follows from the condition A N (xg + U) = @ that wy + u ¢ C, for any
u € U, and hence pc(wg + u) > 1. It then follows that fy satisfies (5.3),
and so, as before, fyr has an extension f € X’'. Now, with v = f(xg), it
follows as before that f(a) <y = f(zo+u), a € A, uw € U. That is, g+ U
is contained in the hyperplane H = f~1(v), and AN H = @.

Suppose that 2 € X \ W. By Theorem 5.21 there exists f € X’ such that
f(w) =0, w e W, and f(x) # 0. Let H be the hyperplane f~1(0). Then
W C H and = ¢ H, which proves the result.

Applying Theorem 5.30 (b), with A = {z¢}, yields a functional f, € X’
satisfying (5.12). Now, by the condition on B in the Exercise, 0 € B, so
we must have v < 0 in (5.12). Hence, defining f; = v~ 1fy € X/, (5.12)
yields

Re f1(b) < 1 < Re f1(z), bEB.

Now suppose that there exists by € B such that |f1(b1)| > 1. Let a =
|f1(b1)] f1(b1)~, where fi(b1)~ denotes complex conjugate. Then |a| =
and so, by the condition on B and the above inequality,

—_

1< |fi(b1)* = afi(br) = fi(abi) = Re fi(aby) < 1.

This contradiction shows that |f1(b)] < 1 for all b € B. Finally, let g =
|f1(x0)|f(xo)~, and define f = Sf;. Since |8] = 1, f has all the required
properties.
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5.14

5.15

5.16

5.17

For each a € A, Jx(z,) € X" satisfies Jx(z4)(f) = f(zq). Then
|Jx (za)]| = ||zall, and for each f € X’ we have

sup{|Jx (z4)(f)] : a € A} < 0.

Since X" is a Banach space, it follows from the uniform boundedness
principle (Theorem 4.52) that

sup{||za] : @ € A} = sup{||Jx(za)] : a € A} < 0.

Let © € /P, y € ¢4, be arbitrary. Then, by the various definitions,
Ty (Jor (2)(y) = Joo (@) Ty () = Tp(y)(x) = Y ynwn = Ty()(y),
n=1

so that T} (Jew(2)) = Ty(z), and hence T} o Jp» = Tj,.

Now, by Theorem 5.5, T},, T, are isomorphisms, so by Theorem 5.53, TI’,
is an isomorphism, and hence Jyr is an isomorphism, which proves that ¢?
is reflexive.

(a) Let f € W3 and let x € W;. Then « € W5 and so f(x) = 0. Therefore
f € W and hence Wy C W7.

Let y €°Z5 and let g € Z;. Then g € Z5 and so g(y) = 0. Therefore
y €°Z1 and hence °Zy C°Z;.

(b) Let x € Wy. Then f(z) = 0 for all f € W7. Therefore x €°(W7;) and
so Wy C °(W?)
Let g € Z;. Then g(y) = 0 for all y €°Z;. Therefore g € (°Z;)° and
so Z1 C (°Zy)°.

(c) It is easy to check that W and °Z; are linear subspaces. Let {f,} be
a sequence in W7 which converges to f and let x € Wj. Then for each
n € N we have f,(z) = 0 and so f(z) = ILm fn(x) = 0. Therefore
f € WP and so WY is closed. e

Let {y,} be a sequence in °Z; which converges to y and let g € Z;.
Then for each n € N we have g(y,) = 0 and so g(y) = lim g(y,) = 0.
n—oo

Therefore y €°Z; and so °Z; is closed.

First suppose that z € Ker T and let f € (Im 7”). Then there exists
g € Y/ such that f =T'(g). Hence

fl@) =T'(g)(x) = g(T(x)) =0

and so z € °(Im T7).
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5.18

5.19

5.20

Conversely, suppose that x € °(Im 7”). Then if g € Y”,

9(T(x)) = (T'(9))(z) = 0,

since T"(g) € (Im T"). Hence, by the Hahn-Banach theorem, T'(z) = 0
and so « € Ker T. Therefore Ker T'= °(Im T").

By Theorem 5.53 (a), we need to prove that T” is an isometry. By defini-
tion, T"(f)(x) = f(Tx), for all z € X, so

1T (A @ = 1T < IANTHel = 1T f < 17

(since ||T|| = 1). On the other hand, for any € > 0 there exists y € ¥ such
that [|y|| = 1 and || f(y)|| > ||f|| — €. Letting x = Ty, we have ||z| = 1
and

1T 2 T () @) = 1A Ta)l = If @) = 1] = e

Clearly ||z + Y| > 0. Suppose that ||z + Y| = 0 and let {y,} be a
sequence in Y such that lim ||z +y,|| = 0. This means that z = lim —y,

and therefore z is in the closure of Y. Since Y is closed, x € Y and so
x+Y=Y=0+Y.

Let 1, 2 € X, let y1, y2 € Y and let a € F. Since
[(z1+22) + Y| < [lz1 + 22 + 1 + el < llzn + vl + (|22 + yall,
it follows that H(CL‘l + .’L'Q) +Y| < ||£C1 + YH + ||CL'2 + YH

If o = 0 then it is clear that ||(az1) + Y| = |af||z1 + Y|, so to complete
the proof we can assume that a > 0. Then

I(az1) + Y < [l(az1) + w1l = lalllar + (@) "'l

and hence ||(az1) + Y| < |af||lz1 + Y. A similar argument shows that
|all|z1 + Y| < |[(cw1) 4+ Y|, which completes the verification.

By the Hahn—Banach theorem, the set E(f) is non-empty, and there exists
h € E(f) such that ||f|| = ||h]]. Let g € X'. If g € E(f) then g(x) = f(x)
for all x € M, so g(x) = h(x) for all x € M. Hence g — h € Y°, and
therefore g € h+Y°. Reversing this argument, if g € h+Y° then g € E(f),
so that E(f) is the coset h +Y°. Therefore T is well defined and it is easy
to check that it is a linear transformation. In addition, if g+Y*° € X'/(Y°)
and k is the restriction of g to Y then k € Y’ and T'(k) = g + Y°. Hence
T maps Y’ onto X'/(Y°).

It g € E(f) then [[g|| > [|f]], so

IfII < inf{llgll : g € E(F)} < Al = I7]-
Therefore ||f|| = ||h 4+ Y°||, so that T is an isometry.
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5.21

5.22

5.23

5.24

By the definition of the quotient norm, @ is a linear transformation of
X onto X/Y with ||Q| < 1. Hence, by Theorem 5.53, ||Q’]] < 1 and
Ker @ = {0}, and so |Q'(k)|| < ||k| for all k € (X/Y).

IfyeY and k € (X/Y)' then

(Q'(k))(y) = k(Qy)) = k(0+Y) =0,

so that Q" maps (X/Y)" into Y°. Conversely, let g € Y°. If p+Y =¢+Y
then p — ¢ € Y, so that g(p — ¢) = 0, and hence g(p) = g(q). Therefore,
the mapping h : X/Y — F defined by h(z+Y) = g(z) is well-defined and
it is easy to check that h is a linear transformation. Also

[h(z+Y)| = [g(2)] < llglll]l,
for any z € X, and so
[h(z+Y)| < [|lgllinf{llyl| : y € 2 + Y} < [gll|lz + Y.

Therefore h is bounded and ||h|| < ||g||. Also

(Q'(W)(z) = hQ(x)) = h(z +Y) = g(),

for all z € X. Hence Q'(h) = g and so Q' maps (X/Y)" onto Y°. Moreover,
from above, ||h|| < |lg]| = |Q(R)||- Thus Q' is an isometry.

Suppose that ¢ is reflexive. Then ¢y is isomorphic to ¢fj, so ¢ is separable
(co is separable, by Exercise 5.3). However, by Exercise 5.3, ¢ is isomor-
phic to ¢!, so by Theorem 5.5 and Corollary 5.54, ¢fj is isomorphic to £,
which is not separable. This contradiction shows that ¢y is not reflexive.

(a) (PQ)? = PQPQ = P2Q? = PQ, so PQ is a projection. Clearly,
ImPQ =ImQ@QP C Im P NImQ@, while if z € Im P N Im @ then, by
Lemma 5.60, PQx = Px = x, so that x € Im PQ.

(b) (P+Q)?=P2+PQ+QP+Q*=P+Q,so P+Q is a projection.
Now, if £ € ImP NIm @ then = Px = PQx = 0. Hence, it is
clear that Im (P 4+ @) C Im P ® Im Q. Next, if x € Im P & Im Q) then
x=u+v=Pu+Quelm(P+Q), where u € Im P, v € Im Q.

(¢) H ImP C ImQ then, for any 2 € X, Pr € Im@Q, so QPx = Px.
Conversely, if QP = P and u € Im P, then u = Pu = QPu = Qu,
and hence v € Im Q.

It is clear that the series in the definition of d,, converges for all f, g € X'.
It is also clear that d,(f,g) > 0, dw(f,9) = dw(g, f) and d,(f, f) = 0.
Conversely, if dy, (f, g) = 0 then, by definition, f(sg) = g(sk) for all k, and
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9.25

5.26

5.27

5.28

5.29

5.30

since {sx} is dense in X, this implies that f = g. Finally, if h € X’ then
for any k > 1,

|f (sk) = h(sk)| < [f(sk) = g(sk)| + [g(sk) — hlsk)l;

from which it follows that d,, satisfies the triangle inequality, and hence
that d,, is a metric.

(a) If f € H' then by the Riesz—Fréchet theorem (Theorem 5.2) there
exists y € H such that f(z) = (x,y) for all x € H. Therefore {z,} is
weakly convergent to x if and only if lim,, o (2, y) = (z,y) for all
y €H.

(b) Again by the Riesz—Fréchet theorem, it suffices to show that (e,,y) —
0 for any y € H. However, this follows immediately from Bessel’s
inequality (Lemma 3.41).

Since {ex} is an orthonormal basis, Sp {ex} = H, so the result follows
from Lemma 5.66 and the Riesz—Fréchet theorem.

On the other hand, the sequence x, = ne,, n = 1,2,..., satisfies
limy, oo (@, ex) = 0, for all k, but is unbounded, so cannot be weakly
convergent.

Let {sx} be a dense sequence and d,, the corresponding metric. For each
n =1,2,..., choose ¥, € (Sp{s1,...,sn})", with ||z,] = n. Then the
sequence {z,} is unbounded and

oo

1 |(3k, Ifn)| n

d(20,0) = Y oS <

(.13 ) 2k ||Sk|| 2n
k=n-+1

so that dy,(2,,0) — 0.

Consider an arbitrary f € Y’, and define fr = foT € X’. Since z,, — x
in X, we have fr(z,) — fr(z), that is, f(Tz,) — f(Tz). Since f € Y’
was arbitrary, this shows that Tz,, = Tx in Y.

By Corollary 5.22 there exists f € X’ such that || f|| = 1 and f(z) = ||z||,
so by weak convergence,

lall = f(@) = lim f(z,) < liminf .
n—oo n—oo

It follows from x,, — z and ||z, || — ||z| that

nh—>n;o 2, —z||* = nh_{go(x” — T, Ty — )

= 1 (Jlzall” = (20, 2) = (2,20) + [l2]*) = 0.
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5.31

Define m = inf{|jy — z|| : € M}, and choose a sequence {z,} in M such
that ||y — 2, || — m. Since {x,} is bounded it has a subsequence (which
we still denote by {z,}) which converges weakly to some yy; € M (by
Lemma 5.70 (d) and Theorem 5.73). Now, by Exercise 5.29,

ly —ymll < lim |ly — znll = m < |ly — yull,
n—oo
which proves the first result.

To prove the second result, let H be an infinite-dimensional Hilbert space,
let {e,} be an orthonormal sequence in H, let y = 0 and suppose that
M = {(1+ 1)e, : n € N}. Then M is bounded and closed, and m = 1,
but clearly there is no element of M with norm 1.

Chapter 6

6.1

6.2

6.3

6.4

Let {xn}, {yn} € ¢ and let {2,} = T ({yn}). From
{enzn}, {yn}) = (Te{an}, {yn}) = {zn} {20}),

we obtain > 07| aTnYn = > ney TnZy. This is satisfied for all {z,,} € (2
if Z, = cu Y, (or z, = Gy, ) for all n € N. Hence, writing ¢ = {¢,} we
have (T.)* = Tz by the uniqueness of the adjoint.

Let # = {z,},y = {yn} € 2 and let z = {2,} = (T)*({yn}). Since
(Tz,y) = (z,2), we have

((074$1, 562,41'3,1'4, <. ) 9 (ylvaa Y3, Y, - - ))

= ((x171'2,$3,$4, <. ')7 (Z17227237Z47 .. ))

Therefore
41‘1%%—932%%—41‘3@4— .. = $171+I272+I373+ e
This is satisfied if z; = 4ys, 20 = y3, 23 = 4y4,.... Hence it follows that

T*(y) = (4y2,y3,4y4, . . .) by the uniqueness of the adjoint.

(Tz,w) = ((z,y)z,w) = (z,y)(z,w) = (w,z)(z,y) = (z, (w, 2)y). Thus
T*(w) = (w, 2)y by the uniqueness of the adjoint.

(a) For all z € H and y € K we have

(z, (UR+AS)"y) = (LR + AS)z,y)

= (uRx + XSz, y)
W(Rz,y) + A(Sz,y)
w(x, Ry) + Az, S*y)
z, pR*y) + (z, AS*y)
x, (ER* + XS*)y).

= (
=
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Thus (AS + pR)* = AS* + iR* by the uniqueness of the adjoint.
(b) For all z € H and z € £ we have
(TRx,z) = (Rx,T"z) = (z, R*"T*2).
Hence (TR)* = R*T* by the uniqueness of the adjoint.
6.5 (a) If z € Ker T then Tax =0 so T*Txz = 0. Hence z € Ker (T*T).
Conversely if z € Ker (T*T'), we have T*Tx = 0. Hence
(x, T*Tz) =0,

and so (T'z,Tx) = 0. Therefore Tx = 0 and thus z € Ker T.
Combining these results it follows that Ker T' = Ker (T*T).

(b) Im 7% = ((Im T%)4)+ by Corollary 3.36
= (Ker T)* by Lemma 6.11
Ker T*T)*+ by part (a)

(Im (T*T)*)+)t by Lemma 6.11
(Im T*T)*+)+ as (I*T)* =TT

=1Im T*T by Corollary 3.36.
« | 10 « 121 . R I B |
6.6 A —[1 1},501414 —[1 1},Wh11eAA—{1 2].Therefore

A is not normal.

6.7 (a) (T.)* =T% so
= TE({Cnxn})
= {Cncnn}
= {‘CnPwn}
= T|C|2{:L‘n}
Therefore (T.)*Te = Tcp2.

= {CnCnn}
= {lenzn}
= T|C|2{£L'n}

Thus T (71.)* = Tj.> and so T, is normal.

(b) T*T({Zﬂn}) = T*(O, 256171‘2, 2I3,1}47 .o ) = (41‘1,132,42837584, . )
TT*({xn}) = T(222, 3,224, x5, . ..) = (0,42, 23,424, . . .).
Hence T*T = TT* so T is not normal.
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6.8

6.9

6.10

6.11

6.12

6.13

6.14

By first using the identity in Lemma 3.14(b), with v = Tz and v = Ty,
and the hypothesis in Lemma 6.29 we obtain

ATz,y) = (T(z+y),z+y) - (T(z—y),z—y)
+i(T(x 4+ 1),z +iy) —i(T(x —iy),x —iy)
=(S@+y),e+y) - (S —-y),z-y)
+ i(S(z +iy), z +iy) —i(S(x —iy), x —iy)
= 4(5z,y),
using the identity in Lemma 3.14(b) with u = Sz and v = Sy.
Thus (Tz,y) = (Sz,y) for all z,y € H and so Tax = Sz for all x € H by
Exercise 3.1. Hence S =T.
(TT*z,x) = (T*x,T*x) = |T*z||* = | Tz||* (by the assumption in the
exercise) = (Txz,Tx) = (T*Tx,x). Thus, T*T = TT* by Exercise 6.8 and
so T is normal.
(a) If ¢, € R for all n € N,¢ = ¢ and so (T.)* = Tz = T.. Hence T, is
self-adjoint.
(b) If [cn| = 1 for all n € N, then T.(T.)* = Tj¢2 = I and similarly
(T.)*T. = I. Therefore T, is unitary.

By Lemma 6.8 and Theorem 6.10, we have
(T*ST)* = T*S*T** = T*ST,
as S is self-adjoint. Hence T* ST is self-adjoint.
By Lemma 6.14, A* is invertible and (A4*)~! = (A~!)*. However, as A is
self-adjoint, A* = A so A= = (A~1)*. Hence A~! is self-adjoint.
As S and T are self-adjoint, (ST)* = T*S* = T'S by Lemma 6.8. Therefore
ST = (ST)* if and only if ST =T'S.
(a) U*U** = U*U = I and similarly U**U* = I, since U is unitary. Hence
U* is unitary. U is an isometry, by Theorem 6.30, so ||U|| = 1. Since
U* is also unitary, |U*|| = 1.
(b) (U1U2)* = U3UY so
(U1U2) UhUy = U3 U UL U, = UsUy =1,

as Uy, Uy € U and similarly U1Us(U1Uz2)* = I. Hence U1Us € U.
As U; is unitary (Up)* = Uy and so Ut € U.

(¢) Let {U,} be asequence in U which converges to U € B(H). Then {U;}
converges to U* so {U,U;} converges to UU*. However, U, U} = I
for all n € N and so UU* = I. Similarly, U*U = I so U € U. Hence U
is a closed subset of B(H).
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6.15 As U is unitary,
T = |vU-TUU~||
< |[Ullu=TuU|u=
= U=
= |U*TU||
< [Tl
=7

for all T € B(H). Hence || f(T)|| = |T|| and so f is an isometry.
6.16 (a) (1,0,0,...) and (0,1,0,0,...) are in £? and
7(1,0,0,...) = (1,0,0,...) = 1(1,0,0,...)
so 1 is an eigenvalue of T with eigenvector (1,0,0,...). Also
7(0,1,0,0,...) = (0,~1,0,0,...) = (—=1)(0,1,0,0,...)
so —1 is an eigenvalue of T with eigenvector (0, 1,0,0,...).
(b) T? =1 as

T2(l‘171‘25 Z3,T4,. - ) = T(‘Tla —X2,T3, —T4, .- )

= (1}1,:,52,:0371'4, . )

Thus o(T?) = {1} and thus since o(7?) = (o(T))? it follows that
o(T) C {—1,1}. But from part (a), 1 and —1 are eigenvalues of T', so
{-1,1} C o(T). Hence o(T) = {-1,1}.

6.17 We have
S*S(x1,x9,x3,...) = S*(0, 21,22, x3,...) = (1,22, X3, ...)
50 S*S = I. On the other hand
SS*(x1,x2,x3,...) = S(x2,23,...) = (0,22, 3, ...).

Thus $5*(1,0,0,...) = (0,0,0,...) = 0(1,0,0,...) so 0 is an eigenvalue of
SS5* with eigenvector (1,0,0,...).

6.18 (a) Clearly,
To(En) = (0,0,...,0,¢m,0,...) = cn(0,0,...,0,1,0,...) = cmpm.
Hence ¢,, is an eigenvalue of T, with eigenvector €,,.
(b) {¢n :n € N} C o(T,) by part (a) and so, as o(T,) is closed,

{en :n €N}~ Co(T0).
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6.19 (a)

6.20 (a)

(b)

T*(x1,x9,x3, %4, ...) = (4xa, 23,424, ...) by Exercise 6.2. Hence

(T*)Q(xl,mg, T3,T4,- - ) = T*(T*(l‘l,l‘g, 3,24, - - ))
= T*(4$2,$3,4]}47 T5, .- )
= (4.133,41‘4, 4.135,4$6, . )

We need to find a non-zero {x,} € ¢ such that

(dzs, day, das, . . ) = (pxy, pxe, pxs, . . .),
that is, 4x,42 = pz, for all n € N. Let 21 = 29 = 1 and x9,—1 =
1

e
Top, = (%) for n > 2. Then {x,} is non-zero and, as |u| < 4,

i | |2 = Qi (M)Q("_l) < 00
n=1 ! n=0 4 ’

so {z,} € £2. Thus (T*)?({z,}) = p{z,} and so p is an eigenvalue of
(T*)? with eigenvector {x,,}.

{A € C: |\ <4} Co((T*)?) by part (a) and Lemma 6.34. Thus,
{A e C: |\ <4} Co(T?) by Lemma 6.37. However, from elementary

geometry
AeC: |\ <4} ={\eC:|) <4},

so {A € C: |\ <4} Co(T?). As o(T?) is closed by Theorem 6.36
{INeC: |\ <4} Co(T?.

Hence if |\| < 2 then A € o(T') otherwise A\? ¢ o(T?) by Theorem 6.39.
This implies that |[A|? > 4, which is a contradiction. On the other hand,
if A € o(T) then A\? € o(T?) by Theorem 6.39. Hence

AP < 7o (T%) < |77 = 4
by Theorem 6.36 and Exercise 4.13. Hence o(T) = {A € C: |\| < 2}.

A is self-adjoint so its norm is the maximum of || and |A2| where Ay
and X\ are the eigenvalues of A. The characteristic equation of A is

1-A 1

that is, (I — A)(2 — A\) — 1 = 0. Hence the eigenvalues of A are

3EvI—4 or 3j:\/5.Thusthen0rmofAis 3+\/S.
2 2 2
. 11 3+v5
=15 = [ ]y ][ T 131 = 25 vy pare
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6.21

6.22

6.23

6.24

6.25

(8™)* = (5*)" = 5™ as S is self-adjoint. Hence S™ is self-adjoint and thus
by Theorem 6.43

|S™[| = sup{|u| : p € o(S™)}
= sup{|\"| : A € (9)}
= (sup{[A[: A€ a(S)H"
= [|S|I"™

Since S — A is self-adjoint and o(S — AI) = {0} by Theorem 6.39, it
follows that
IS = M| =r,(S—X)=0,

by Theorem 6.43. Hence S — AI =0 and so S = Al.

Let T be the linear transformation defined on ¢% by
T(x1, 29, 23,24,...) = (0,21,0,23,0,...).

Then T is bounded as

(O,l‘l,O,l‘g,O, .. )H2

1T (1, 22, T3, T4, - . ) ||? = ||
< |[(@1, w2, 23, x4, )|

Moreover, T' is non-zero but

T%(x1, 22,73, 74,...) = T(0,21,0,23,0,...)
= (0,0,0,0,0,...).

Hence T? = 0, so if A € o(T) then \? € o(T?) = {0}. On the other
hand 7(0,1,0,0,...) =(0,0,0,0,0,...), so 0 is an eigenvalue for T and so
0 € o(T). Hence o(T) = {0}.

As A is self-adjoint, A1 is also self-adjoint. As A is positive, A > 0 for all
A € o(A). Hence

oA ={At: Nea(A)} C0,00)

and so Al is positive.

Pz = Zizl(Px, en)en since Pr € M, by Theorem 3.47. Hence
J J J
Pz =Y (Pz,en)en = > _(z,Pen)en = Y (x,en)en,
n=1 n=1 n=1

as P is self-adjoint and e,, € M so Pe,, = e, for 1 <n < J.
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6.26

6.27

6.28

Since P2 = P,

S?2=(0Q2P -1 =4P?> 4P +1=1.
If A € 0(9) then A2 € 0(S?) = o(I) = {1}. Then, A = &1 and so

o(S) C {-1,1}.
As P = %(S + 1) it follows that o(P) = %(J(S) +1)C %{0,2} ={0,1}
by Theorem 6.39.
(a) PQ is self-adjoint as PQ = QP. Also
(PQ)? = PQPQ = PPQQ = PQ,
as PQQ = QP and P and @ are orthogonal projections.

(b) As P is self-adjoint, (PQx,y) = (Qz, Py). Hence

PQ=0 < (PQz,y)=0forallz and y € H
< (Qz,Py)=0forall z and y € H
<= Im @ is orthogonal to Im P,

as every element of Im @) is of the form Qz for some = € H and every
element of Im P is of the form Py for some y € H.

(a) = (b). If z € H then
Prelm PCIm Q.

Hence QPx = Pz so QP = P.
(b) = (c). As P and @ are orthogonal projections P* = P and Q* = Q
so P = P* = (QP)* = P*Q* = PQ.
(c) = (d). [|Pz]| = |PQuz|| < ||P[||Qx[| = Q] as [ P|| = 1.
(d) = (e). As P is an orthogonal projection,

(Px,z) = (P?z,z) = (Px, P*z) = (Px, Px) = | Pz|?,
and similarly (Qx, ) = ||Qx||? so

(Pz,z) = ||Pz|® < |Qx|* = (Qz,2).

Hence ((Q — P)xz,z) > 0 for all € H and so, as Q — P is self-adjoint,
P<Q.
(e) = (a). If y € Im P, let y = Qy+ 2 where Qy € Im Q and z € (Im Q)+
be the orthogonal decomposition. Since y € Im P and P < @,

lyll* = (v, 9) = (Py,y) < (Qu,y) = (Q%y,y) = (Qu. Qy) = [Qyl*,

so [|2]* = 0 as [lylI* = [Qu]|* + [|z[|*. Hence y = Qy € Im @ so Im P C
Im Q.
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6.29

6.30

6.31

Let h, k € Cr(c(S)) be defined by h(z) = 1 and k(z) = z for all x € o(9).
For 1 <j < mn,let f; : 0(S) — R be the function defined by

- 1 ifx:)\j7
ff(x)_{ 0 ifz#

As o(S) is finite, f; € Cr(o(S)) with f7 = f; and f;fm = 0 if j # m.
In addition > 7, f; = h and 377 A f; = k. Let P; = f;(S). Then P; is
self-adjoint and

P? = f3(S) = f;(8) = P,

by Lemma 6.57, so P; is an orthogonal projection. Similarly,
PP, = (f;fe)(S) =0

if j # k. Moreover, by Lemma 6.57 again,

n

I=h(8) =) fi(5)=> P,
j=1

j=1
and N N
j=1 j=1

(a) As S is self-adjoint so is S? and I — S2. Also o(S) C [-1,1] as S is

self-adjoint and ||S|| < 1. Hence
o(8%) = (0(5))* € [0,1]
and so o(I — S?%) C [0,1].
(b) As I —S?is positive, I — S? has a square root. If p is any polynomial,
Sp(I — S?) = p(I — 5?)S so S(I — S?)/?2 = (I — S?)1/28, by Theo-

rem 6.58. Let Uy = S +i(I — S?)Y/2 and Uy = S — i(I — S?)1/2. As
(I — S?)1/2 is self-adjoint Uy = Uy and so

UiU, = (S+i(I — SH)Y2)(S —i(I — %)) =82 + (I - S*) = 1.

Similarly U;U; = I. Hence U; is unitary, and Us is also unitary as
Ui = Us.

(a) The characteristic equation of A is (1 — A)(9 — X) = 0, so the eigen-
values of A are 1 and 9. A normalized eigenvector corresponding to

1
the eigenvalue 1 is ﬁ(l’ 1) and a normalized eigenvector correspond-
ing to the eigenvalue 9 is —=(1,~1). Let U = - | 1 !
o the eigenvalue 9 is —(1,—1). Let U = —=
ing igenvalue 9 i , Gl

¥ | Then
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1 0
0 9

1 0

UAUDWhereD[ 0 3

].LetE [ ].Thenthe

2 -1
square root of A is URU* = [ 1 9 ]

(b) We follow the method in the proof of Theorem 6.59. The matrix

1 ; "y _
2vi 2 },SOB*B:{E) 4].Bythe

B = —
\/i[—Qz'—l ~1+42 —4 5

solution to part (a) it follows that C' = (B*B)% = [ 2 -l

. N
1 9 } ow

1 1 ]
0—1:{2 1:|SOU:BC_1= [1 ! }Heneethepolar

301 2 V21 —i
1 1 2 -1
decomposition of B is (\/§ [ 1 _zz ]) [ 1 9 } .
Chapter 7
7.1 For any bounded sequence {z,} in X, the sequence Tyz, = 0, n =
1,2,..., clearly converges to zero, so Ty is compact. Alternatively, Ty

7.2

7.3

7.4

7.5

is bounded and has finite rank so is compact.

Exercise 4.11 shows that T is bounded and it clearly has finite rank
(ImT C Sp{z}), so T is compact.

Suppose that T has the property that for any sequence of vectors {z,} in
the closed unit ball B;(0) C X, the sequence {T'z,,} has a convergent sub-
sequence, and let {y, } be an arbitrary bounded sequence in X. Since {y, }
is bounded there is a number M > 0 such that ||y,|| < M for all n € N.
Thus the sequence {M 'y, } lies in the closed unit ball B;(0), so by the
above assumption the sequence {T'M ~'y,} = {M~'Ty,} has a conver-
gent subsequence, and hence {T'y,, } must have a convergent subsequence.

This shows that T' is compact. The reverse implication is trivial.

For any m, n € N, m # n, we have ||e,, — en]|*> = (€m — €n,em — €n) = 2.
Thus the members of any subsequence of {e,,} are all a distance v/2 apart,
and hence no subsequence can be a Cauchy sequence, so no subsequence
converges.

The space B(X,Y) is a Banach space (see Theorem 4.27), and Theo-
rems 7.3 and 7.9 show that K (X,Y) is a closed linear subspace of B(X,Y).
Therefore, by Theorem 2.28(e), K(X,Y) is a Banach space.
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7.6

7.7

7.8

It follows from Exercise 6.5(b) and Lemma 7.13 that either the numbers
r(T) and r(T*T) are both infinite, or they are finite and equal.

Suppose that the sequence {||Te,||} does not converge to 0. Then by
compactness of T' there exists a subsequence {e,(y} and a vector y # 0
such that

Tenqy —yll < rlor=1,2,....
Now, for each k € N, let ), = Zle r’len(T). Since Y02 r7? < oo

and the sequence {e, ()} is orthonormal, Theorem 3.42 shows that the
sequence {x} converges, so is bounded. However,

| "1 "1
ITael = || 32 Tene | 2 30 Sl =3 5 = o,
r=1 r=1 r=1

which contradicts the boundedness of T'.

(a) Using part (c) of Theorem 3.47 we have

Z |Ten® = Z ( Z (Ten, fn)|)
- (Z|en,Tfm )= Z||T*fm||2

(the change of order of the infinite sums is valid since all the terms in
the summation are positive). A similar calculation also shows that

oo )
Z ||Tf7LH2 = Z HT*fm||27
n=1 m=1

which proves the formulae in part (a) of Theorem 7.16. It follows from
these formulae that > - || Te,||* < oo if and only if Y07 | [|Tf,[* <
00, so the Hilbert—Schmidt condition does not depend on the basis.

(b) It follows from the results in part (a), by putting the basis { f,,} equal
to {e,}, that Y07, [|Te,]|? < oo if and only if Y07, [|[T%e,||* < oo,
which proves part (b) of the theorem.

(¢) We use Corollary 7.10. Since {e,} is an orthonormal basis, any = € H
can be written as = > -, (z,€e,)en, by Theorem 3.47. For each
k € N we now define an operator Ty, € B(H) by

k

) = Z(x, en)Te,.

n=1

nx:T(

3
M-
i
~—
&
[
3
o)
3
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Clearly, r(Ty) < k. Also, for any = € H,

k 0

(T — Tx| = H Z (z,en)Te, — Z (z,en)Tey,

=1 n=1

< Z [(, en)| | Tenl|
n=k+1
o 1/2 o 1/2
(X M@ed?) (X ITe?)
n=k+1 n=k+1
e 1/2
<zl (Y ITenl®)
n=k+1

(using the Cauchy-Schwarz inequality for ¢? and Theorem 3.47).

Hence
o0

1/2
1T =Tl < (> ITeal®)

n=k+1

and since the series on the right converges, we have limy o || T —7T|| =
0. Thus Corollary 7.10 shows that T is compact.

(d) If S, T € B(H) are Hilbert—Schmidt and a € F, then

oo )
D llaTen® = la* > | Tenl® < oo,
n=1 n=1

00

DS +Theal® <D (lSenll + 1 Tenll)?
n=1

n=1
&S]

<23 (ISenl® + [ Teall?) < oo,

so oT and S + T are Hilbert—Schmidt and hence the set of Hilbert—
Schmidt operators is a linear subspace.

7.9 (a) Suppose that T is Hilbert—Schmidt. Then

S 11Tenll? < 3 IS Ten? < oo,
n=1 n=1

so ST is Hilbert—Schmidt. The proof is not quite so straightforward
when S is Hilbert—Schmidt because the set of vectors {T'e,, } need not
be an orthonormal basis. However, we can turn this case into the first
case by taking the adjoint; thus, (ST)* = T*S*, and by part (b) of
Theorem 7.16, S* is Hilbert—Schmidt, so (ST)* is Hilbert—Schmidt,
and hence ST is Hilbert—Schmidt.
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(b) If T has finite rank then by Exercise 3.26 there exists an orthonormal
basis {e,} such that e, € ImT if 1 < n < r(T) < oo, and e, €
(ImT)* if n > r(T). Now, by Lemma 6.11, (Im 7))+ = Ker T* so

o) r(T)
YT enl® =D 1T enl® < oo
n=1 n=1

Thus T* is Hilbert—Schmidt and so, by part (b) of Theorem 7.16, T'
is also Hilbert—Schmidst.

7.10 Let {e,} be the orthonormal basis of L?[—m, 7] with e, (t) = (27) /2",
n € Z, discussed in Corollary 3.57 (again, we could relabel this basis so
that it is indexed by n € N, but this is a minor point). Since k is a non-zero
continuous function on [—, 7],

1 ™
lkeall? = 5 [ k(o) de £

2 J_,
as n — 0o, which, by Exercise 7.7, shows that T} cannot be compact.

7.11 (a) Suppose that the sequence {a,,} is bounded, that is, there is a number
M such that |a,| < M for all n € N. Then for any = € H we have

IT2]* = lanPl(z,e)* < M? Y |(2,e0)]* < M|
n=1 n=1
(by Lemma 3.41), and so T is bounded. On the other hand, if the
sequence {a, } is not bounded then for any M > 0 there is an integer
k(M) such that [agap| > M. Then the element ey (yr) is a unit vector
and, by definition, Teynry = aan fe(ar), 50 | Tepanll = laran| >
M. Thus T cannot be bounded.

(b) Now suppose that lim, . o, = 0. For each k = 1, 2,..., define the
operator Ty : H — H by

k
Tix = Z an(z,en)fn.
n=1

The operators T} are bounded, linear and have finite rank, so are
compact. By a similar argument to that in the proof of part (c) of
Theorem 7.16, given in Exercise 7.8, we can show that ||, — T|| — 0,
so T is compact by Corollary 7.10.

Now suppose that the sequence {«,} is bounded but does not tend
to zero (if {a,} is unbounded then by the first part of the exercise
T is not bounded and so cannot be compact, by Theorem 7.2). Then
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7.12 (a)

there is a number € > 0 and a sequence n(r), r =1, 2,..., such that
|ctp(ry| > € for all r. Now, for any r, s € N, with r # s,

HTen(r) - Ten(s) ”2 - ||a7L(7')er(7') - an(s)fn(s) ||2
= |an(r)|2 + |an(s)|2 > 262.

Thus no subsequence of the sequence {T'e, )} can be Cauchy, so no
subsequence can converge. Hence T' cannot be compact.

By the definition of T', we have Te,, = q, fm, for any m € N, so by
Theorem 3.47

‘T‘em”2 Z | Temafn = Z |am<fmafn)|2 = ‘am|27

n=1
SO
00 00
Do Tenl? = laml?,
m=1 m=1

and the required result follows immediately.

Clearly f,, € ImT for any integer n with a,, # 0, so the result follows
from the linear independence of the set {f,}.

If y € ImT then there exists z such that y = Tz, so y has the given
form with &, = (z,e,), for n € N, and by Lemma 3.41, {£,} € £2.
On the other hand, if y has the given form with {¢,} € ¢? then by
Theorem 3.42, we can define a vector z by . = Y ° | &,ep, and it is
clear from the definition of T" that y = Tz.

Next, suppose that infinitely many of the numbers «,, are non-zero
and lim,, .o, a,, = 0. Choose a sequence {£,,} such that {a,&,} € £2,
but {£,} & £? (see below), and define the vector y by

o0 k
Yy = § apépe, = lim § annen.
k—oo
n=1 n=1

Since the finite sums in this formula belong to Im7T we see that
y € ImT. However, by the first part of the question we see that
y & ImT, hence ImT is not closed.

[You might worry about whether it is possible to choose a sequence
{&,} with the above properties. One way of constructing such a se-
quence is as follows. For each integer r > 1, choose n(r) (> n(r — 1)
when 7 > 1) such that o,y < r~1/2 (this is possible since a,, — 0)
and let &,y = r~/2. For any n not in the sequence {n(r)} let &, = 0.
Then Y7 |an&nl® = D200 [anmyénm)® < Yoy r™? < 0o, while
S el = X0, v = oo
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(b) For any z, y € H,
(z, T*y) = (Tz,y) Zan z,en)(fn,y) Z z, (Y, fn)en),
n=1

(by the definition of the adjoint) which shows that 7™ has the form
given in the question. Next, from Corollaries 3.35 and 3.36, and
Lemma 6.11 we have,

ImT = (Ker T*)* = H <= KerT* = {0},

since Ker T is closed, which proves the second result. It follows from
this that to prove the third result it is sufficient to find sequences {a, },
{en}, {fn}, such that T is compact and Ker T* = {0}. Since we are
now supposing that H is separable we may let {e,,} be an orthonormal
basis for H and let {f,} = {en}, and choose {«,} such that a,, # 0
for all n and lim,,_,o, @, = 0. Then by part (b) of Exercise 7.11, T
is compact. Now suppose that 7%z = 0. Then (T*x,ex) = 0, for each

k e N, and
0= (T"z,e) = Zan(x,en)(en,ek) = ai(z, er).
n=1

Since, ay, # 0, for all k, this shows that (z,ej) = 0. Hence, since {e, }
is a basis, this shows that z = 0, and so Ker T* = {0}, which proves
the result.

(c) This follows immediately from the formulae for Tz and T*z, since
oy, = ay, forn € N.

7.13 If 'H is not separable then it is not possible to find a compact operator on
‘H with dense range since, by Theorem 7.8, Im T is separable.

7.14 (a) Suppose that A is relatively compact and {a,} C A. Then {a,} C
A and A is compact, so {a,} must have a convergent subsequence
(converging to an element of A C M).

Now suppose that any sequence {a,} in A has a subsequence which
converges (in M). We must show that A is compact, so suppose that
{x,} is a sequence in A. Then for each n € N there exists a,, € A
such that d(an,z,) < n~!. By assumption, the sequence {a,} has
a subsequence {a, ()} which converges to a point y € M say. It can
easily be shown that the corresponding subsequence {x,,(y} must also
converge to y, and since A is closed we have y € A. This shows that
A is compact.
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7.15

7.16

(b) Let z € A and € > 0. By the definition of closure, there exists a € A
such that d(z,a) < €¢/2, and by the definition of density, there exists
b € B such that d(a,b) < ¢/2. Hence, d(z,b) < €, so B is dense in A.

(¢c) We may suppose that A # @, since otherwise the result is trivial.
Suppose that the property does not hold for some integer ry. Choose
a point a; € A. Since the set {a;1} is finite it follows from our suppo-
sition about r¢ that there is a point as € A such that d(aq, a;) > 7“51.
Similarly, by induction, we can construct a sequence {a,} in A with
the property that for any integers m, n > 1, d(am,an) > 7"0_1. How-
ever, this property implies that no subsequence of the sequence {a,}
can be a Cauchy sequence, and so no subsequence can converge. But
this contradicts the compactness of A, so the above supposition must
be false and a suitable set B, must exist for each 7.

(d) Let B =2, By, where the sets B, are those constructed in part (c).
The set B is countable and dense in A (for any @ € A and any € > 0
there exists r > ¢! and b € B, with d(a,b) < r~! < ¢€), so A is
separable.

We follow the proofs of Theorems 3.40 and 3.52. Let {w,} be a count-
able, dense sequence in X. Clearly, Sp {w,} = X. Let {y,} be the subse-
quence obtained by omitting every member of the sequence {w,} which
is a linear combination of the preceding members. By construction, the
sequence {y,} is linearly independent. Also, any finite linear combination
of elements of {w,} is a finite linear combination of elements of {y,},
so Sp{w,} = Sp{yn}, and hence Sp{y,} = X (by Lemma 2.24). For
each k € N, let Uy, = Sp{y1,..-,yr}. We will construct a sequence of
vectors {x,} inductively. Let z1 = y1/||y1||. Now suppose that for some
k € N we have constructed a set of unit vectors {x1,..., 2}, with k ele-
ments, which has the properties: Sp {z1,...,zr} = Uy, and if m # n then
|€m — 2n|| > a. By applying Theorem 2.25 to the spaces Uy, and U1 we
see that there exists a unit vector xy1 € Uk such that

[k —yll = @,y €Uy

In particular, this holds for each vector x,,, m = 1,...,k. Thus the set
{z1,..., Tk, xp+1}, with k + 1 elements, also has the above properties.
Since X is infinite-dimensional this inductive process can be continued
indefinitely to yield a sequence {z,} with the above properties. Thus we
have Sp {z,,} = Sp {yn} = Sp {w,} = X (since the sequence {w,, } is dense
in X), which completes the proof.

Since H is not separable it follows from Theorem 7.8 that ImT # H, so
KerT = Im T # {0} (see Exercise 3.19). Thus there exists e # 0 such
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7.17

7.18

that Te = 0, that is, e is an eigenvector of T' with eigenvalue 0.

The operator S has the form discussed in Exercise 7.11 (with {€,} the
standard orthonormal basis in ¢2, and for each n > 1, f, = €41, Qn =
1/n), so it follows from the results there that S is compact. The proof
that T' is compact is similar.

The proof that o,(S) = @ is similar to the solution of Example 6.35. By
Theorems 7.18 and 7.25, o(S) = o,(5) U {0}, so ¢(S) = {0}.

Next, 0 € 0,(T') since Te; = 0. Now suppose that A # 0 is an eigenvalue of
T with corresponding eigenvector a € ¢2. Then from the equation Ta = \a
we can easily show that a,, = (n — 1)!]A\"“tay, n > 1, which does not give
an element of £2 unless a; = 0, in which case we have a = 0, which is
a contradiction. Thus A # 0 is an not eigenvalue of T, and so, again by
Theorems 7.18 and 7.25, we have (1) = o,(T) = {0}.

To show that Im S is not dense in £ we note that any element y € Im S
has 1 = 0, so ||é1 — y|| > 1, and hence Im S cannot be dense in ¢2. To
show that Im 7 is dense in ¢? consider a general element y € ¢ and an
arbitrary € > 0. Letting y* = (y1,...,y,0,0,...), there exists k > 1 such
that |ly — v*|| < e. Now, defining

Jik = (O,y1,2y2,...,kyk,O,O,...),
we see that y* = Tz so y* € Im T, and hence Im T is dense in £2.

Suppose that (u,v), (z,y) € X x Y. Then

M[(u,v) + (z,y)] = M(u+z,v+y)
=(A(u+2z)+Bw+y),Clut+z)+ D(v+y))
= (Au+ Bv,Cu+ Dv) + (Az + By, Cx + Dy)
:M(u,v)JrM(x,y),

using the linearity of A, B, C, D. Similarly, M (a(z,y)) = aM(z,y), for
a€C,so M € L(X xY). Now, by the definition of the norm on X x Y,

M (2, y)|| = [[Az + Byl| + [|Cz + Dy
< [|Az|[ + [|By|| + [|Cz| + [ Dy]|
< (1Al Dzl + ABI + 121Dyl
= K|[(z,9)l;

where K = max{||A||+||C||, || B||+||D||}, which shows that M € B(X xY).
Next, if A™! exists then by matrix multiplication we see that

A —A—lB]_[IX 0}—1 [A—l —AT'B

Ml[o Iy 0 Iy 0 Iy }Ml:l
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7.19

7.20

7.21

7.22

(these matrix multiplications are valid so long as we keep the operator
compositions (“multiplications”) in the correct order). This, together with
a similar calculation for Ms, shows that M7 and Ms are invertible, with

A"t —A7'B At 0
-1 _ -1 _
e R B P e |

inverses

The second result follows from

Ml |:z:| = |:8:| s A:E—I—By:Oandy:() — CUGKerAandy:(),

Similarly,

Mo [Zj = [8] < Axr=0and Cx+y =0,

so Ker My = {(z,y) : ® € Ker A and y = —Cxz}.
By the definition of the inner product on M x N,

(M (u,v),(z,y)) = ((Au + Bv,Cu + Dv), (z,y))
= (Au+ Bv,z) + (Cu+ Duv,y)
= (u, A*x) 4+ (v, B*x) + (u, C*y) + (v, D*y)
= ((u,v), (A*z + C*y, B*x + D*y))

from which the result follows.
For all u, w € M,

(Au,w) = (T = M)u,w) = (u, (T" — A)w) = (Pamu, (T — M)w)
= (u, Pm(T* — M)w),

which, by the definition of the adjoint, proves that A* = Py(T* — ) o1.
Note that (T* — A )w may not belong to M, so the projection Py is
needed in the construction of A* to obtain an operator from M into M.

(a) If S is invertible then A=1S~! is a bounded inverse for T, so T is
invertible. Also, S = TA™!, so a similar argument shows that if T is
invertible then S is invertible.

(b) z € KerT <= Az € Ker S, so the result follows from the invertibil-
ity of A.

If o(T) is not a finite set then by Theorem 7.25 the operator T has in-
finitely many distinct, non-zero eigenvalues \,, n =1, 2,..., and for each
n there is a corresponding non-zero eigenvector e,. By Lemma 1.14 the set
E = {e, : n € N} is linearly independent, and since e,, = \,;'Te,, € ImT,
we have E C ImT. Thus r(T) = cc.



9. Solutions to Exercises 305

7.23

7.24

7.25

7.26

Suppose that v € (Ker (T — AI))t is another solution of (7.5). Then by
subtraction we obtain (T' — AI)(ug — v) = 0 which implies that

ug — v € Ker (T — M) N (Ker (T — \I))*

and so ug—v = 0. Thus ug is the unique solution in the subspace (Ker (7' —
AI))*L. Hence the function Sy : Im (T'— AI) — Ker (T — M)+ constructed
in Theorem 7.29 is well defined, and we may now use this notation.

Next, multiplying (7.27) by a € C we obtain (T — AI)(aSx(p)) = ap, so
that a.Sy(p) is the unique solution of (7.27) in (Ker (T'— AI))* when the
right hand side is ap, so we must have aSy(p) = Sx(ap). Similarly, by
considering (7.27), and the same equation but with ¢ € Im (T — AI) on
the right hand side, we see that Sx(p + q) = Sx(p) + Sa(g). This shows
that S is linear.

Since N is invariant under T" we have Ty € L(N). For any bounded
sequence {z,} in N we have Tz, = Tz, for all n € N, so the sequence
{Tnx,} has a convergent subsequence, since 7' is compact. For any z, y €
N we have (Tyz,y) = (Tz,y) = (z, Ty) = (z, Tny), so Ty is self-adjoint.

Since H is infinite-dimensional there exists an orthonormal sequence {e,, }
in H. Define the operator T : H — H by

Tz = Z An(z,ep)e
n=1

By Exercises 7.11 and 7.12, this operator is compact and self-adjoint (since
the numbers A, are real). Also, Te,, = A\, ey, for each n € N, so the set of
non-zero eigenvalues of T contains the set {\,,}. Now suppose that A # 0
is an eigenvalue of T, with eigenvector e # 0, but A &€ {\,}. Then by
Theorem 7.33, (e,e,) =0, n € N, so by part (a) of Theorem 3.47, e = 0.
But this is a contradiction, so the set of non-zero eigenvalues of T must
be exactly {\,}.

Since A, > 0, for each 1 < n < r(S), the numbers v/\,, are real and strictly
positive. Thus, by Exercises 7.11 and 7.12, R is compact and self-adjoint.
Also,

r(S) r(S)

R:E:Z: x,en)(en, T, en)
Z\F Zfl
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7.27

so R is positive. Finally,

r(S) r(95)
= é( Z \/E(sc,en)en ) = Z \/E(x,en)]?%en
(
= (@)2(%60% = Sz,

1

&

n

using the representation of Sx in Theorem 7.34, and the E)rmula Re,, =
VAnen (which follows immediately from the definition of R).

Clearly, we can define other square root operators by changing /A, to
—v/A, when n belongs to various subsets of the set {j : 1 < j < r(S)}.
These square root operators will not be positive, so this result does not
conflict with the uniqueness result in Theorem 6.58.

By definition, for each n =1,...,7(S5),
S*Se, = ple,.
Also, to satisfy the first equation in (7.17), we define
1
fn=—>9e,.
Hn
Combining these formulae we obtain

S* fn = tnen,

which is the second equation in (7.17). To see that the set {fn}r(f) is

orthonormal we observe that if 1 < m, n < r(S) then

(fmvfn) = !

(Sem, Sen) =

miEn Hom

(2,

b

(S*Senu 6n)

(emaen)v

) the orthonormality of the set {f,}, .- S) follows from that of the set
{e n} ) . Now, any x € H has an orthogonal decomposition z = u + v,
with u € Im S*S, v € Ker §*S = Ker S, and, by Theorem 7.34, {en}:ff1
is an orthonormal basis for Im S*S, so

(S)

szSqu(%uen n) Zunxen
n=1

(since (u, en) = (z,ey), for each 1 < n < r(S5)), which proves (7.18).
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7.28

7.29

7.30

7.31

Finally, let x> 0 be a singular value of S, that is v = p? is an eigenvalue
of §*S = S2. By Theorem 6.39, v = A\? for some A € o(S) so A # 0 is an
eigenvalue of S and p = ||

No. Let au,, {en}, {fn} be as in Exercise 7.11, with corresponding opera-
tor T'. If, for each integer n > 1, we write ay, = pne'", with p,, real and
non-negative, and define g,, = %" f,,, then the sequence {g,} is orthonor-
mal and it can easily be seen that we obtain the same operator T if we
repeat the constructions in Exercise 7.11 using the sequences {u,}, {en},

{gn}'

Following the constructions in Exercise 7.27,

0 1] o [0 0] wee [0 O
s=lo o] s=[1 0] w5 [o 3]

so the only non-zero eigenvalue of S*S is 1, with corresponding eigenvector
e =(0,1). Hence, f = Se = (1,0), and for any « = (z1, z2),

sx—(x,e)f—@m.

Let {en}r(s and {fn}r(s) be the orthonormal sets found in Exercise 7.27.
By (7.18) and Theorem 3.22 or Theorem 3.42,

00 oo 7(S)
> 1S = 3 (X 1l (gnsem)? )
n=1 = m=1
T(S) r(S)

Z |um|2(§j| emsgn)? ) = Z 2,

where the reordering of the summations is permissible because all the
terms are real and non-negative, and Y o, [(€m, gn)|? = |lem||* = 1 (by
Theorem 3.47).

Combining Exercises 7.12 and 7.27 we see that Im S is not closed if
there are infinitely many non-zero numbers p,,, and this is equivalent to

r(9) = 0.

Chapter 8

8.1

Taking the complex conjugate of equation (8.6) yields
(I — pK)u=f

(using the assumption that k, p and f are real-valued). Since the solution
of (8.6) is unique, we have u = @, that is, u is real-valued.
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8.2

8.3

Rearranging (8.6) and using the given form of & yields

n
w=f+pKu=f+pYy ap;,

j=1

where the (unknown) coefficients a, j = 1,...,n, have the form

b
o = [ out)ar

This shows that if (8.6) has a solution w then it must have the form
(8.11). Now, substituting the formula (8.11) into (8.6), and using the given
definitions of the coefficients w;; and 3;, yields

n n
0 =uzajpj—uK(f+uZajpj)
j=1 j=1

=pu Z(aj - B))p; — 1 Z Z QjWisPi

j=1 j=11i=1

n n
= MZ ( a; — i *Mzwijai >Pi-
i=1 Jj=1

Thus (8.6) is equivalent to this equation, and since the set {p1,...,p,} is
linearly independent, this equation is equivalent to the matrix equation
(8.12). From this it follows that equation (8.6), with f = 0, has a non-
zero solution u if and only if equation (8.12), with S = 0, has a non-zero
solution «, so the sets of characteristic values are equal. The remaining
results follow immediately.

For the given equation we have, in the notation of Exercise 8.2,

pl(s) =S, pQ(S) = 13 Q1(t) = 17 qQ(t) = ta

o=t

Hence the characteristic values are the roots of the equation

0= det(I —pW) = (1 - 3p)* - 34°,

and so
W= [

W=

which gives the first result. Now, putting u = 2, equation (8.12) becomes

5 o] =[5
-2 0| | B2]’
which, with (8.11), yields the solution

u(s)zf(s)—3s/0 tf(t)dt—/o F(t) dt.
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8.4

8.5

8.6

Rearranging equation (8.6) yields
u=f+ puKu. (9.1)

By assumption, f is continuous, and by Lemma 8.1 the term Kwu is con-
tinuous, so it follows immediately that u is continuous, that is, u € X,
which proves (a). Next, u is a characteristic value of the operator Ky, if
and only if there is 0 # u € H such that (I — pK3)u = 0. But by the
result just proved, u € X, so p is a characteristic value of the operator
Kx. Since X C H, the converse assertion is trivial. This proves (b). Fi-
nally, from (8.2), (9.1) and the inequality mentioned in the hint (writing
v=M(Q- a)1/2)7

lullx < Ifllx + lplllKullx < [[fllx + lelyllulx
<Ifllx + [ Cliflle < A+ [uhCl - a) ) fl1x,

which proves (c).

The integral equation has the form

/S u(t)dt = f(s), sé€la,b]. (9.2)

If this equation has a solution u € Cf[a,b], then the left-hand side is dif-
ferentiable, and differentiating with respect to s yields

u(s) = f'(s), sé€la,bl. (9.3)

Since u € Cla, b, this implies that f’ € C[a,b], so f must be in C[a, b].
Conversely, if f € C'[a,b] then the formula (9.3) yields a solution of (9.2)
which belongs to Cla, b].

Next, for each integer n > 1 let f,(s) = sinns, and let u,, = ncosns be
the corresponding solution of (9.2). Then |uy|lx = n = n||falx (when
n(b —a) > 7), so the solution does not depend continuously on f.

The proof follows the proof of Theorem 4.40. The main change required
is to notice that here the series > - ||T™||y converges due to the quasi-
nilpotency condition and the standard root test for convergence of real
series (see Theorem 5.11 in [2]) while the proof of Theorem 4.40 used

the convergence of the series )™~ || T[]}, which was due to the condition
IT|ly <1 imposed there and the ratio test for real series.

Next, suppose that 0 # A € C. Then the operator A\ —T can be written as
A — A71T), and this operator has an inverse given by A= (I — A\=1T) =1,
if the latter inverse operator exists. But this follows from the result
just proved since, if T is quasi-nilpotent then o' is quasi-nilpotent for
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8.7

8.8

any a € C (since H(aT)"H;/" = \04|||T"||§,/" — 0 as n — 00). Thus, by
definition, A is not in the spectrum of 7T'.

The proof that the Volterra integral operator K is quasi-nilpotent on the
space X follows the proof of Lemma 8.13, using the norm || - ||x rather
than the norm || - ||. For instance, the first inequality in the proof of
Lemma 8.13 now takes the form

[(Ku)(s)] < / ks, t)[Ju(t)| dt < M (s — a)]|ul|x-

The rest of the proof is similar. The final result follows immediately from
the results just proved.

(a) Suppose that v € ¥; and w € X satisfy the relation w = Tju. Then
(8.16), (8.17) and w = u” hold. Substituting these into equation (8.14)
tranforms it into (8.18), and reversing this process tranforms (8.18)
into (8.14). Thus (8.14) holds with this u if and only if (8.18) holds
with this w.

(b) Suppose that u € ¥}, and w € X satisfy the relation w = Tpu. Then
(8.21) holds. Now, if u satisfies (8.20) then w = f — qu, and by sub-
stituting this into (8.21) we obtain (8.22). Conversely, if u satisfies
(8.22) then we can rewrite this equation as u = Go(f — qu), which,
by comparison with (8.21), shows that v = w = f — qu, and hence u
satisfies (8.20).

We first consider the case A < 0 and write v = v/—A > 0. The general
solution of the differential equation is then A sin vs+ B cos vs. Substituting
this into the boundary values yields

B=0, Asinvr=0.

Clearly, A = 0 will not yield a normalized eigenfunction, so the second
condition becomes sin(v7) = 0, and hence the negative eigenvalues are
given by A, = —n?, n € N (negative integers n yield the same eigenvalues
and eigenfunctions, so we need not include them). The corresponding nor-
malized eigenfunctions are e,, = (2/7)'/?sinns (putting A = (2/7)'/?).

Now suppose that A > 0 and write v = v/A > 0. The general solution of
the differential equation is now Ae”® + Be~"%. Substituting this into the
boundary values and solving the resulting pair of equations in this case
leads to the solution A = B = 0, for any v > 0, which is not compatible
with a non-zero eigenfunction. Thus there are no eigenvalues in this case.
It can be shown in a similar manner that A = 0 is not an eigenvalue.



9. Solutions to Exercises 311

8.9 We first consider the case A > 0 and write v = v/A > 0. The general

8.10

solution of the homogeneous differential equation is then Ae”® + Be V.
We now find the functions u;, u,, used in the construction of the Green’s
function in Theorem 8.25. From the initial conditions for u; we obtain

A+B=0, vA—vB=1.

Hence, ) )
A=—, B=——,
2v 2v
and a similar calculation for u, leads to the functions

1 ) ) 1
w(s) = 5(6’“ —e ") = > sinh vs,

1
up(s) = (ev(m=3) —gmv(m=9)y = - sinhv(m — s).

o
The constant & is given by

1
& = —u,(0) = —sinh v,
v

Hence, by Theorem 8.25, the Green’s function in this case is

sinhvssinhv(m — t)

fo<s<t<m,

vsinh v ’

A s, t) =
95 0) _ sinhy(r — s)sinh vt

— , ifo<t<s<m.
vsmnuvm

Similar calculations in the case A < 0 (putting v = v/—X > 0) leads to the
Green’s function

sinvssiny(m — t)

g0\, 5,1) = | psinum
sinv(m — s) sinvt

if 0<s<t<m,

)

if 0<t<s<m.

vsinvm ’

Clearly, the function g(\, s, t) is singular at the eigenvalues of the boundary
value problem (that is, when sinvm = 0 in the second case).
Using the hint,

b
M) = (' + quin) = [ (s)u(s)ds + (qu.)

ab
=wwM@m1/w@w@w+@mw

= —(u',u') + (qu, ) <|lgllx (u,w)

(using the boundary conditions u(a) = u(b) = 0 in (8.27)). Hence the
result follows, since (u,u) # 0.
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8.11 (a)

8.12 (a)

The proof of Theorem 3.54 constructs a suitable function as a trigono-
metric polynomial on the interval [0, 7]. An even simpler proof would
construct a suitable function here as an ordinary polynomial. The
argument can easily be extended to an arbitrary interval [a, b].

Write ps as ps(s) = p1.s(s — a) + pas(s — a)? + p3.s(s — a)?, for some
constants pi s, p2,s, P3,s (this cubic polynomial satisfies the required
condition at a). To ensure that vs is C? at the point a + § we require
that the derivatives pgl) (a+6) =w(a+6),i=0,1, 2. These condi-
tions comprise a set of three linear equations for the coefficients p; s
which can be solved (do it) to yield
3 1
P1s = 5o = 2wy + - 0ws,
3
P2,6 = — 5 Wo + TW1 — W,
B R L

P35 = ﬁwo - 5*27111 + ﬁwQ
(writing w; = w® (a+406), i =0, 1, 2). Having found ps, we then define
vs as described in the question.

From the values of the coefficients found in part (b) we see that
|p1,5| S 015717 |p275| S 015727 |p375| S 01673’

where C7 > 0 is a constant which depends on w, but not on §; similarly
for Cy, C3 below. Thus, by the construction of vs, we see that

5 5
lw—wvsl3, < [ lwl*ds+ [ |ps|*ds
0 0

< Cqy { 0+ /6 ((6718)2 + (67252 + (6735%)?) ds }
0
S 0367

which proves part (c).

Finally, consider arbitrary z € H and ¢ > 0. By part (a) there exists
w € C?[a,b] with ||z — wl||3 < €/3; by parts (b) and (c) there exists
v € C?[a,b] with v(a) = 0 and ||w — v||3 < €/3; by a similar method
near b we can construct u € C?[a,b] with u(a) = 0, u(b) = 0 (that
is, u € Y), and ||v — u||x < €/3. Combining these results proves that
|z — u|l7¢ < €, and so proves that Y}, is dense in H.

It is clear from the definition of the Liouville transform that the trans-
formed function @ satisfies the boundary conditions in (8.33). Now,
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applying the chain rule to the formula u(s) = p(s)~4u(t(s)), we

obtain
du 1 _5udp_ ypudu
ds ~ 4P gttt P
1 gudp g du
=Tttt
d (e A (L adpy L adpdd
ds ds ds 4 ds 4 ds dt

1 _3/4dpdﬂ 1/4d2u —1/2
rE R P T L

L (L (dp\® A\~ d%
L ( 4? as) Taz)t e ds?

(note that, to improve the readability, we have omitted the arguments
s and t in these calculations, but it is important to keep track of
them: throughout, v and p have argument s, while @ has argument t).
Substituting these formulae into (8.31) gives (8.33).

(b) By the definition of the change of variables (8.32) and the standard
formula for changing variables in an integral we see that

c b b
T dt = w(s)v(s)p(s)2p(s)~1/2 ds = u(s)v(s)ds.
A(ﬂ@ﬁ L (s)o(@p(s)*p(s) "2 d / (s)0(s) d

a

(c) Using integration by parts and the boundary conditions we see that,
for u, v € Yy,

b b
(Tu,v) = / (pu')'T + quv) ds = [pu']° + / (—pu'v’ + quv) ds

b
=HM%+/W@W+W@®=WW)

(again for readability we have omitted the argument s in these calcu-
lations).






Further Reading

In this book we have not discussed many applications of functional analysis.
This is not because of a lack of such applications, but, conversely, because
there are so many that their inclusion would have made this text far too long.
Nevertheless, applications to other areas can provide a stimulus for the study
of further developments of functional analysis. Mathematical areas in which
functional analysis plays a major role include ordinary and partial differential
equations, integral equations, complex analysis and numerical analysis. There
are also many uses of functional analysis in more applied sciences. Most notable
perhaps is quantum theory in physics, where functional analysis provides the
very foundation of the subject.

Often, functional analysis provides a general framework and language which
allows other subjects to be developed succinctly and effectively. In particular,
many applications involve a linear structure of some kind and so lead to vector
spaces and linear transformations on these spaces. When these vector spaces are
finite-dimensional, standard linear algebra often plays a crucial role, whereas
when the spaces are infinite-dimensional functional analysis is likely to be called
upon. However, although we have only mentioned the linear theory, there is
more to functional analysis than this. In fact, there is an extensive theory of
non-linear functional analysis, which has many applications to inherently non-
linear fields such as fluid dynamics and elasticity. Indeed, non-linear functional
analysis, together with its applications, is a major topic of current research.
Although we have not been able to touch on this, much of this theory depends
crucially on a sound knowledge of the linear functional analysis that has been
developed in this book.

There are a large number of functional analysis books available, many at a
very advanced level. For the reader who wishes to explore some of these areas
further we now mention some books which could provide a suitable starting
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point. References [8], [11], [12] and [16] discuss similar material to that in this
book, and are written at about the same level (some of these assume differ-
ent prerequisites to those of this book, for example, a knowledge of topology
or Zorn’s lemma). In addition, [8] contains several applications of functional
analysis, in particular to ordinary and partial differential equations, and to nu-
merical analysis. It also studies several topics in non-linear functional analysis.
For a more advanced treatment of general functional analysis, a reasonably
wide-ranging text for which knowledge of the topics in this book would be a
prerequisite is [14]. An alternative is [15]. Rather more specialized and advanced
textbooks which discuss particular aspects of the theory are as follows:

e for further topics in the theory of Banach spaces see [6];

for the theory of algebras of operators defined on Hilbert spaces see [9];

for integral equations see [10];

for partial differential equations see [13];

for non-linear functional analysis see [17].



(1]
2]
3]

(4]

(9]

[10]
[11]

(12]
(13]

[14]
[15]

[16]
[17]
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(-,-) 51 L(V,W) 6
-1 31 L'la,b] 24
r+A, A+B 3 LYX) 24
f+g, af 5 L'(X) 26
Smz 2 LP(X) 27
RNez 2 LP(X) 27
zZ 2 r 28

A, AT 13 M (F) 9
A2 201 MMT) 10
A* 170 n(T) 8
By(r) 13 R R" 21
B(X) 106 p(S) 216
B(X,Y) 91 ro(A) 188
c(M) 17 ro(T) 188
C*la,b] 236 r(T) 7

co 127 o(A) 184
d(-,-) 11 o(T) 184
G 121 op(S) 216
dimV 4 Sp 4
[T SpE 46
er 29 T-' 109
Fy(S,X) 38 ™ 107
F(S,V) 5 T 169
g(T) 94 T 151
ImT 7 T2 201
Iy 6 V(A) 189
Jx 145 V(T) 188
KerT 8 X' 105
K(X,Y) 206 X" 144
L(V) 6
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adjoint closed

— of a matrix 170 — ball 13

— of an operator 169 — linear span 46

algebra 7 — set 13

almost everywhere 22 closed graph theorem 115
annihilator 148 closure 13

closure point 13

Baire’s category theorem 16 COdOmaln. 2
ball compact linear operator 205

compact metric space 16

— closed 13

compact set 16
—open 13 complementary subspaces 155
~ unit 13 Y

complete orthonormal sequence 78
complete space 16

complex rationals 79

complex vector space 3
components 5,61

composition of functions 3
conjugate linear 56

continuous function 15

continuous linear transformation 87

Banach space 48

Banach’s isomorphism theorem 115
basis

— finite 4

— orthonormal 61

Bessel’s inequality 74

bijective transformation 8
Bolzano—Weierstrass theorem 17
Borel measure 23

convergent
boundary conditions 250 _ sequgence 192
boundary value problem 250 _ series 49
bounded

convex set 68

— function 17 countable set 19

- l%near operator 9.1 countably additive 22

— linear transformation 91 countably infinite set 19
—set 13 counting measure 22,24, 28
Cartesian product of vector spaces 5 degenerate kernel 244
Cauchy sequence 12 dense set 13
Cauchy—Schwarz inequality 57 differential equations 247
characteristic function 23 dimension 4

characteristic value 241 domain 2
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dual

— operator 151
— second 144
— space 105

eigenfunction 253

eigenspace 8

eigenvalue 8,253

eigenvector 8

equivalence class in £P(X) 26,27
equivalent norm 39

essential infimum 26

essential supremum 26
essentially bounded 26
extension 128

finite rank transformation 8
finite-dimensional space 4
Fourier coefficients 79
Fourier series 84

— cosine 84

— sine 84

Fredholm alternative 222

Gram—Schmidt algorithm 62
graph of linear transformation 94
Green’s function 253,255
Green’s operator 253

Hahn-Banach theorem

— general 131

— normed 133

—real 130

Hermitian kernel 240

Hilbert space 63
Hilbert—Schmidt operator 212
Holder’s inequality 27,29
homogeneous equation 221
hyperplane 142

identity transformation 6
image 7

imaginary part of an operator 181
induced inner product 57
induced metric 11
infinite-dimensional space 4
inhomogeneous equation 221
initial conditions 248

initial value problem 248
inner product 51,53

inner product space 53
integrable function 24
integral 24

— Lebesgue 23,24

— Riemann 20

integral equation

— Fredholm, first kind 237

— Fredholm, second kind 237
— Volterra, first kind 245

— Volterra, second kind 245
integral operator

— Fredholm 237

— Volterra 245

invariant subspace 226
inverse of linear operator 109
invertible linear operator 109
isometric isomorphism 102

isometrically isomorphic spaces 102

isometry 100
isomorphic spaces 109
isomorphism 109

kernel 8,237
Kronecker delta 121

Lebesgue

— integrable 25

— integral 23,24

— measurable 23

— measure 23

Legendre polynomials 85
length of interval 21
linear

— combination 4

— functionals 105

— operator 91

— subspace 3

— transformation 6
linearly dependent set 4
linearly independent set 4
Liouville transform 261

matrix of linear transformation 9
measurable

— function 23

— set 22

measure 22

— space 22

— zero 22

metric 11

metric associated with norm 36
metric space 11

Minkowski functional 139
Minkowski’s inequality 27,28
multiplicity 8

Neumann series 111
nilpotent operator 246
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norm 31

— of a matrix 98

— of an operator 98
normal matrix 176
normal operator 176
normed space 32
normed vector space 32
null set 22
null-space 8

nullity 8

numerical range

— of a matrix 189

— of an operator 188

one-to-one transformation 8
onto transformation 8
open ball 13

open mapping theorem 113
open set 13

operator 91

orthogonal

— complement 65

— decomposition 70

— polynomials 85

— projection 194

— vectors 60

orthonormal

— basis 61,78

— sequence 72

— set 61

parallelogram rule 58
Parseval’s relation 81
Parseval’s theorem 78

partial order 137

partially ordered set 137

point spectrum 216

pointwise convergence 18
polar decomposition

— of a matrix 203

— of an operator 203
polarization identity 58
positive matrix 192

positive operator 192

product of linear operators 106
projection 155,194

projection along a subspace 157

quasi-nilpotent operator 246

range 7

rank 7

real part of an operator 181
real vector space 3

reflexive space 146
relatively compact set 16
resolvent set 216

Riesz’ lemma 47
Riesz—Fréchet theorem 123
ring 7

scalar 3

scalar multiplication 3
self-adjoint matrix 179
self-adjoint operator 179
seminorm 129
separable space 19
separation theorem 140
sequence 12

o-algebra 21

o-field 21

simple function 23
singular value 233
singular value decomposition 233
span 4

spectral radius

— of a matrix 188

— of an operator 188
spectrum

— of a matrix 184

— of an operator 184
square root

— of a matrix 199

— of an operator 199
standard basis

— for £2 79

— for R* 5

standard inner product
—onCF 53

—on¢* 55

~ onR* 52

—on L*(X) 54
standard metric

—on ¢ 28

-~ onFF 11

—on LP(X) 28
standard norm

—onF* 32

—on/f” 35

—on ¢* 35

—on Cr(M) 33

- on LP(X) 34

- on L>®(X) 34
Stone—Weierstrass theorem 19
Sturm—Liouville problem 255
sublinear functional 128
subsequence 12



324

Linear Functional Analysis

subspace test 4
symmetric kernel 240

topological complement 155
total order 137

totally ordered set 137
triangle inequality 11, 32

uniform boundedness principle 118
uniform convergence 18

uniform metric 18

uniformly continuous function 15
unilateral shift 101

unit ball 13

unit vector 32
unitary matrix 181
unitary operator 181

vector 3
— addition 3
— space 3

weak convergence 162
weak-* convergence 162
well-posed equation 223

Zorn’s Lemma 138
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