Chapter 2
Hilbert Spaces and Orthonormal Systems

The organic unity of mathematics is inherent in the nature of
this science, for mathematics is the foundation of all exact
knowledge of natural phenomena.

David Hilbert

Hilbert spaces constitute at present the most important
examples of Banach spaces, not only because they are the most
natural and closest generalization in the realm of “infinite
dimensions”, of our classical Euclidean geometry, but chiefly
for the fact they have been, up to now, the most useful spaces in
the applications to functional analysis.

Jean Dieudonné

2.1 Introduction

Historically, the theory of Hilbert spaces originated from David Hilbert’s
(1862-1943) work on quadratic forms in infinitely many variables with their
applications to integral equations. During the period of 1904-1910, Hilbert
published a series of six papers, subsequently collected in his classical book
Grundziige einer allemeinen Theorie der linearen integralgleichungen published
in 1912. It contains many general ideas including Hilbert spaces (¢*> and L?),
the compact operators, and orthogonality, and had a tremendous influence on
mathematical analysis and its applications. After many years, John von Neumann
(1903-1957) first formulated an axiomatic approach to Hilbert space and developed
the modern theory of operators on Hilbert spaces. His remarkable contribution
to this area has provided the mathematical foundation of quantum mechanics.
Von Neumann’s work has also provided an almost definite physical interpretation
of quantum mechanics in terms of abstract relations in an infinite dimensional
Hilbert spaces. It was shown that observables of a physical system can be
represented by linear symmetric operators in a Hilbert space, and the eigenvalues
and eigenfunctions of the particular operator that represents energy are energy levels
of an electron in an atom and corresponding stationary states of the system. The
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differences in two eigenvalues represent the frequencies of the emitted quantum of
light and thus define the radiation spectrum of the substance.

The theory of Hilbert spaces plays an important role in the development of
wavelet transform analysis. Although a full understanding of the theory of Hilbert
spaces is not necessary in later chapters, some familiarity with the basic ideas and
results is essential.

One of the nice features of normed spaces is that their geometry is very
much similar to the familiar two- and three-dimensional Euclidean geometry. Inner
product spaces and Hilbert spaces are even nicer because their geometry is even
closer to Euclidean geometry. In fact, the geometry of Hilbert spaces is more or less
a generalization of Euclidean geometry to infinite dimensional spaces. The main
reason for this simplicity is that the concept of orthogonality can be introduced in
any inner product space so that the familiar Pythagorean formula holds. Thus, the
structure of Hilbert spaces is more simple and beautiful, and hence, a large number
of problems in mathematics, science, and engineering can be successfully treated
with geometric methods in Hilbert spaces.

This chapter deals with normed spaces, the L? spaces, generalized functions
(distributions), inner product spaces (also called pre-Hilbert spaces), and Hilbert
spaces. The fundamental ideas and results are discussed with special attention
given to orthonormal systems, linear functionals, and the Riesz representation
theorem. The generalized functions and the above spaces are illustrated by various
examples. Separable Hilbert spaces are discussed in Sect.2.14. Linear operators
on a Hilbert space are widely used to represent physical quantities in applied
mathematics and physics. In signal processing and wavelet analysis, almost all
algorithms are essentially based on linear operators. The most important operators
include differential, integral, and matrix operators. In Sect. 2.15, special attention is
given to different kinds of operators and their basic properties. The eigenvalues and
eigenvectors are discussed in Sect. 2.16. Included are several spectral theorems for
self-adjoint compact operators and other related results.

2.2 Normed Spaces

The reader is presumed to have a working knowledge of the real number system and
its basic properties. The set of natural numbers (positive integers) is denoted by N,
and the set of integers (positive, negative, and zero) is denoted by Z, and the set of
rational numbers by Q. We use R and C to denote the set of real numbers and the
set of complex numbers respectively. Elements of R and C are called scalars. Both
R and C form a scalar field.

We also assume that the reader is familiar with the concept of a linear space
or vector space which is an example of mathematical systems that have algebraic
structure only. The important examples of linear spaces in mathematics have the
real or complex numbers as the scalar field. The simplest example of a real vector
space is the set R of real numbers. Similarly, the set C of complex numbers is a
vector space over the complex numbers.
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The concept of norm in a vector space is an abstract generalization of the length
of a vector in R3. Tt is defined axiomatically, that is, any real-valued function
satisfying certain conditions is called a norm.

Definition 2.2.1 (Norm). A real-valued function ||x|| defined on a vector space X,
where x € X, is called a norm on X if the following conditions hold:

(@) |lx|| = 0if and only if x = 0,
(b) |lax]| = |a]||x|| foreverya € Rand x € X,
© llx+yl<lxll + |yl forallx,y € X.

Condition (c) is usually called the triangle inequality. Since
0 =0l = llx — x| < lx| + | = x|l = 2[lx]I.

it follows that ||x|| > O for every x € X.

Definition 2.2.2 (Normed Space). A normed space is a vector space X with a
given norm.

So, a normed space is a pair (X, II. ||), where X is a vector space and ||.|| is a norm
defined on X. Of course, it is possible to define different norms on the same vector
space.

Example 2.2.1. (a) R is areal normed space with the norm defined by the absolute

values, ||x| = |x|.

(b) C becomes a complex normed space with the norm defined by the modulus,
llzll = Izl

Example 2.2.2. (a) RN = {(x1,x2,...,xy) © x1,%2,...,xy € R} is a vector

space with a norm defined by

x| = 3+ 24+ 53, @.2.1)
where x = (x1,X2,...,xy) € R¥. This norm is often called the Euclidean
norm.
() CV = {(z1.22.....28) : Z1.22.....2v € C} is a vector space with a norm
defined by
Iz = Viai? + 2P + - + v 2, (222)
where z = (z1,22.....2n) € CV.

Example 2.2.3. The sequence space £”(1 < p < o0) is the set of all sequences
o0

x = {x,}°2, of real (complex) numbers such that Z |xu|” < oo and equipped

n=1
with the norm
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i, = (5 \xnv)”p. .

This space is a normed space.

Example 2.2.4. The vector space C ([a, b]) of continuous functions on the interval
[a, b] is a normed space with a norm defined by

£ = (/b |f(x)\2dx)l/2, 2.2.4)

or, with a norm defined by

[7]= sw |00 (2.2.5)

Remark. Every normed space (X , ||||) is a metric space (X, d), where the norm
induces a metric d defined by

d(x,y) = Hx —y“.

But the converse is not necessarily true. In other words, a metric space (X, d) is not
necessarily a normed space. This is because of the fact that the metric is not induced
by a norm, as seen from the following example.

Example 2.2.5. We denote by s the set of all sequences of real numbers with the
metric

= |xn — ynl
d(x,y) = . 226
(x.7) ; T CE P— (2.2.6)

This is a metric space, but the metric is not generated by a norm, so the space is not
a normed space.

Definition 2.2.3 (Banach Space). A normed space X is called complete if every
Cauchy sequence in X converges to an element of X. A complete normed space is
called a Banach space.

Example 2.2.6. The normed spaces RV and CV with the usual norm as given in
Examples 2.2.2(a) and (b) are Banach spaces.

Example 2.2.7. The space of continuous functions C ([a, b]) with the norm
defined (2.2.4) is not a complete normed space. Thus, it is not a Banach space.

Example 2.2.8. The sequence space £ as given in Example 2.2.3 is a Banach space
for p > 1.
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Example 2.2.9. The set of all bounded real-valued functions M ([a, b]) on the
closed interval [a, b] with the norm (2.2.5) is a complete normed (Banach) space.

This is left for the reader as an exercise.
The following are some important subspaces of M ([a, b]):

(a) C ([a, b]) is the space of continuous functions on the closed interval [a, b],
(b) D ([a, b]) is the space of differentiable functions on [a, b],

(c) P ([a, b]) is the space of polynomials on [a, b],

(d) R([a, b]) is the space of Riemann integrable functions on [a, b].

Each of these spaces are normed spaces with the norm (2.2.5).

Example 2.2.10. The space of continuously differentiable functions C’ =
C’([a, b]) with the norm

|71 = max | ()] + max | f'(x)] 22.7)

is a complete normed space.

It is easy to check that this space is complete.

2.3 The L? Spaces

If p > 1 is any real number, the vector space of all complex-valued Lebesgue
integrable functions f defined on R is denoted by L?(R) with a norm

00 1/p
11, = U_ |f(x)\”dx] < o0. 23.1)

The number | f ||p is called the L?-norm. This function space L?(R) is a Banach
space. Since we do not require any knowledge of the Banach space for an
understanding of wavelets in this introductory book, the reader needs to know some
elementary properties of the L”-norms.

The L? spaces forthecases p = 1, p = 2,0 < p < l,and 1 < p < o0
are different in structure, importance, and technique, and these spaces play a very
special role in many mathematical investigations.

In particular, L' (R) is the space of all Lebesgue integrable functions defined on
R with the L'-norm given by

|f] = /_Oo | f(x)| dx < oo, (23.2)
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Definition 2.3.1 (Convergence in Norm). A sequence of functions fi, f3,...,
€ L'(R) is said to converge to a function f € L'(R) in norm if
an—fH1 — 0asn — oo.

So, the convergence in norm is denoted by f, — f in. This is the usual

convergence in a normed space.
o0

Usually, the symbol / f(x)dx or / f(x) dx is used to represent the integral

—00 R
over the entire real line. In applications, we often need to integrate functions over
bounded intervals on R. This concept can easily be defined using the integral

/R f(x)dx.

Definition 2.3.2 (Integral Over an Interval). The integral of a function f over
an interval [a, b] is denoted by

/ab f(x)dx

and defined by

b
/ 709 X () dx, 23.3)

where ¥ [4.5] denotes the characteristic function of [a, b] defined by

234
0, otherwise ( )

17 S S b’
Xfa.b)(X) = { 4=% }

and f Y4 is the product of two functions.

b
In other words, / f(x)dx is the integral of the function equal to f on [a, b]

a
and zero otherwise.

b
Theorem 2.3.1. If f € L'(R), then the integral / f(x)dx exists for every
interval [a, b]. ‘

The proof is left to the reader as an exercise.
The converse of this theorem is not necessarily true. For example, for the constant

function f = 1, the integral / f(x) dx exists for every —oo < a < x < b < 00,

although f ¢ L'(R). This suggests the following definition.
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Definition 2.3.3 (Locally Integrable Functions). A function f defined on R is
called locally integrable if, for every —oco < a < x < b < oo, the integral

b
/ f(x) dx exists.

Although this definition requires integrability of f over every bounded interval, it
is sufficient to check that the integral f(x) dx exists for every positive integer .

The proof of this simple fact is left as an exercise.
Note that Theorem 2.3.1 implies that L' (R) is a subspace of the space of locally
integrable functions.

Theorem 2.3.2. The locally integrable functions form a vector space. The absolute
value of a locally integrable function is locally integrable. The product of a locally
integrable function and a bounded locally integrable function is a locally integrable
function.

For a proof of this theorem, the reader is referred to Debnath and Mikusinski
(1999).

Theorem 2.3.3. If f is a locally integrable function such that if | f'| < g for some
g € L'(R), then f € L'(R).

Proof. Let f, = f Yjup forn =1,2,3,.... Then, the sequence of functions { f,, }
converges to f everywhere and | f| < g for every n = 1,2,.... Thus, by the
Lebesgue dominated convergence theorem, f € L' (R).

The function space L*(R) is the space of all complex-valued Lebesgue integrable
functions defined on R with the L? — norm defined by

[ele) 1/2
|1, = U_ |f(x)\2dX} < o0. (23.5)

Elements of L2(R) will be called square integrable functions. Many functions in

physics and engineering, such as wave amplitude in classical or quantum mechanics,

are square integrable, and the class of L? functions is of fundamental importance.
The space L>[a, b] is the space of square integrable functions over [a, b] such

b
that / | £(x)|*dx exists, Thus, the function x~3 € L2[a, b] but x™3 ¢ L?[a, b].
a

Remark. The fact that a function belongs to L? for one particular value of p does
not imply that it will belong to L” for some other value of p.

Example 2.3.1. The function |x|~2¢~* € L!(R), but it does not belong to L2(R).
On the other hand, (1 + |x|)™" € L?(R), but it does not belong to L!(R).

Example 2.3.2. Functions x"e ™! and (1 + xz)_1 € L'(R) for any integer n.
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We add a comment here on the integrability and the local integrability. The
condition of integrability is more stringent than local integrability. For example, the

. _1 -1 .
functions equal almost everywhere to |x|~2 and (1 + xz) , respectively, are both

locally integrable, but only the latter one belongs to L'(R) because |x|_% decays
very slowly as |x| — oo. The additional constraint imposed by integrability over
that imposed by local integrability is associated with the nature of the function as
|x| — oo. However, a function f € L'(R) does not necessarily decay to zero at
infinity. For example, for the function f whose graph consists of an infinite set of
rectangular pulses with centers at x = +1,+2,...,%n,..., the pulse at x = *n
with height n and width n~3, we obtain that f € L'(R), but it does not tend to zero
as |x| — oo.

We make another comment on functions in L? spaces. If a function f belongs
to L?(a, b) for some value of p > 1, then it also belongs to L% (a, b) for all g such
that 1 < ¢ < p. In other words, raising a function to some power p > 1 makes the
infinite singularities get “worse” as p is increased. On the other hand, if a function
is bounded in R and belongs to L? for some p > 1, then it does belong to L9 for all
q > p.Inother words, raising a bounded function to some power p makes its nature
at infinity get “better” as far as integrability is concerned. For example, the function
fx) = (1 + |x|)_1 € L'(R) and is also bounded on IR, and also square integrable.
However, if the condition of boundedness is relaxed, this result does not hold, even
if the function is still locally bounded, that is, it is bounded on every finite interval
on R.

Definition 2.3.4 (Convolution). The convolution of two functions f,g € L'(R)
is defined by

(f *8)(x) = /_ Fx =) g dy (23.6)

which exists for all x € R or at least almost everywhere. Then, it defines a function
which is called the convolution of f and g and is denoted by f * g.

We next discuss some basic properties of the convolution.

Theorem 2.3.4. If f.g € L'(R), then the function f(x — y) g(y) is integrable for
almost all x € R. Furthermore, the convolution

(f *g)(x) = /_ Flx—y) gy dy 23.7)

is an integrable function and (f * g) € L'(R) and the following inequality holds:

I/ *&li <171 lel- (238)

Proof. We refer to Debnath and Mikusinski (1999) for the proof of the first part of
the theorem, that is, (f * g) € L' (R).
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To prove inequality (2.3.8), we proceed as follows:
o0 o0 o0
|7 osl, = [ wslax= [ [~ ra-nemaax
<[ 1w nllewrayax
—00 J—00
= / / |f(x — y)Hg(y)|dy dx, by Fubini’s Theorem
—o0 J—o00

= /_Z |/ (x = y)|dx /_Z |g(n] dy

= /: |f(x)|dx/_c: g dy = | 1]l

Thus, the proof is complete.

Theorem 2.3.5. If f. g € L'(R), then the convolution is commutative, that is,
(f *g)(x) = (g% f)(x). (2.3.9)

The proof follows easily by the change of variables.
Theorem 2.3.6. If f.g,h € L'(R), then the following properties hold:

(a)
(fxg)xh=fx(gxh) (associative), (2.3.10)
(b)

(f+g) xh=f*xh+gxh (distributive). (2.3.11)

We use Fubini’s theorem to prove that the convolution is associative. We have

(/5 sh=(gx /) hto) = [/ g(x—z—y)f(y)dy}h(z)dz

—0o0 —0o0

- /_ /_ FO) g(x—2— y)h(@) dzdy
= f x (g *h)(x).

The proof of part (b) is left to the reader as an exercise.

Remarks. The properties of convolution just described above shows that the L' (R)
is a commutative Banach algebra under ordinary addition, multiplication defined
by convolution, and ||.||; as norm. This Banach algebra is also referred to as the
L'-algebra on R.
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Theorem 2.3.7. If f is an integrable function and g is a bounded locally integrable

function, then the convolution f * g is a continuous function.

Proof. First, note that since |f(x —-y) g(y)| < M|f(x — y)| for some constant
o0

M and every x, the integral / f(x —y)g(y)dy is defined at every x € R by
Theorem 2.3.3. Next, we show_t?at f = g is a continuous function.

For any x, h € R, we have

(f % )(x + 1) — (f % 9))| = U_ FGeth—y) g dy —/_ Fx =) 8 dy‘

_ ]/_w [f(x+h—y)—f(x—y)]g(y)dy‘

IA

/ | f =) — G —0)]|gO)]dy

IA

M[_ 1£0+h—y)— £O— y)dy.

which tends to zero as h — 0 since
o0
iim [~ 0= )= fenldy =0,
h—0 —00

Thus, the proof is complete.

2.4 Generalized Functions with Examples

The Dirac delta function 3(x) is the best known of a class of entities called general-
ized functions. The generalized functions are the natural mathematical quantities
which are used to describe many abstract notions which occur in the physical
sciences. The impulsive force, the point mass, the point charge, the point dipole,
and the frequency response of a harmonic oscillator in a nondissipating medium are
all aptly represented by generalized functions. The generalized functions play an
important role in the Fourier transform analysis, and they can resolve the inherent
difficulties that occur in classical mathematical analysis. For example, every locally
integrable function (and indeed every generalized function) can be considered as the
integral of some generalized function and thus becomes infinitely differentiable in
the new sense. Many sequences of functions which do not converge in the ordinary
sense to a limit function can be found to converge to a generalized function. Thus,
in many ways the idea of generalized functions not only simplifies the rules of
mathematical analysis but also becomes very useful in the physical sciences.

In order to give a sound mathematical formulation of quantum mechanics, Dirac
in 1920 introduced the delta function §(x) having the following properties:
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= x
-2
Fig. 2.1 The sequence of functions {8,(x)} forn =1,2,3...
3x)=0, x#0
o . 2.4.1
/ d(x)dx =1 ( )
)

These properties cannot be satisfied by any ordinary function in classical mathe-
matics. Hence, the delta function is not really a function in the classical sense.
However, it can be regarded as the limit of a sequence of ordinary functions. A good
example of such a sequence 8, (x) is a sequence of Gaussian functions given by

8 (x) = \/Z exp (—nx?). (2.4.2)

Clearly, §,(x) — 0 asn — oo for any x # 0 and §,(x) — oo asn — —o0, as
shown in Fig.2.1. Also, foralln = 1,2,3,...,

/_OO Sp(x)dx =1

o0
and
lim 8,(x)dx = / lim §,(x)dx = / d(x)dx = 1. (2.4.3)
n—oo J_ oo N0 00

Thus, the Dirac delta function can be regarded as the limit of sequence 8, (x) of
ordinary functions, and we write

§(x) = lim 3,(x) = linéo\/z exp (—nx?). (2.4.4)



40 2 Hilbert Spaces and Orthonormal Systems

This approach of defining new entities, such as §(x), which do not exist as
ordinary functions becomes meaningful mathematically and useful from a physical
point of view.

Another alternative definition is based on the idea that if a function f is
continuous at x = a, then §(x) is defined by its fundamental property

/_00 f(x)3(x —a)dx = f(a). 2.4.5)

Or, equivalently,

/_ f(x)3(x)dx = f(0). (2.4.6)

This is a rather more formal approach pioneered by Laurent Schwartz in the late
1940s. Thus, the concept of the delta function is clear and simple in modern
mathematics. It has become very useful in science and engineering. Physically, the
delta function represents a point mass, that is, a particle of unit mass is located at
the origin. This means that a point particle can be regarded as the limit of a sequence
of continuous mass distribution. The Dirac delta function is also interpreted as a
probability measure in terms of the formula (2.4.5).

Definition 2.4.1 (Support of a Function). The support of a function f : R — C
is {x : f(x) # 0} and denoted by supp(f). A function has bounded support if
there are two real numbers a, b such that supp( /) C (a, b). By a compact support,
we mean a closed and bounded support.

Definition 2.4.2 (Smooth or Infinitely Differentiable Function). A function f :
R — C is called smooth or infinitely differentiable if its derivatives of all orders
exist and are continuous.

A function f : R — C is said to be n-times continuously differentiable if its first
n derivatives exist and are continuous.

Definition 2.4.3 (Test Functions). A fest function is an infinitely differentiable
function on R whose support is compact. The space of all test functions is denoted
by Z(R) or simply by 2. The graph of a “typical” test function is shown in Fig. 2.2.

Since smooth (infinitely differentiable) functions are continuous and the support
of a continuous function is always closed, test functions can be equivalently defined
as follows: ¢ is a test function if it is a smooth function vanishing outside a
bounded set.

Example 2.4.1. A function ¢ defined by

exp [(x2 — az)_l] , for |x| < a,

0, otherwise

d(x) = { (2.4.7)

is a test function with support (—a, a).
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o(x)

VANV

4 .

Fig. 2.2 A typical test function

Using this test function, we can easily generate a number of examples. The
following are test functions:

d(ax + b), a,b are constants and a # 0,

f(x) d(x), f is an arbitrary smooth function,

™ (x), n is a positive integer.

Definition 2.4.4 (Convergence of Test Functions). Suppose {¢,} is a sequence
of test functions and ¢ is another test function. We say that the sequence {¢,}

2
converges to ¢ in &, denoted by ¢, — ¢, if the following two conditions are
satisfied:

@ ¢1,¢2,...,n,... and ¢ vanish outside some bounded interval [a, b] C R,
(b) for each k, ¢,,(x) — ¢(x) as n — oo uniformly for some x € [a, b], where
) (x) denotes the kth derivative of ¢.

Definition 2.4.5 (Generalized Function or Distribution). A continuous linear
functional F on Z is called a generalized function or distribution. In other words, a
mapping F : 2 — C is called a generalized function or distribution if

(@) F(ap + b)) =aF(d) + bF() foreverya,b, € Cand d,y € Z(R),
(b) F(¢,) — F(¢) (in C) whenever ¢, — ¢ in 2.

The space of all generalized functions is denoted by 2’ (R) or simply by 2'. Tt is
convenient to write (F, ¢) instead of F(¢).

Distributions generalize the concept of a function. Formally, a function on R is
not a distribution because its domain is not 2. However, every locally integrable
function f on R can be identified with a distribution F' defined by

(F.¢) = [R £() 6() dx. (248)

The distribution F is said to be generated by the function f.
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Definition 2.4.6 (Regular and Singular Distributions). A distribution F € 2’ is
called a regular distribution if there exists a locally integrable function f such that

(F.¢) = /R £) 60 dx (24.9)

for every ¢ € 2. A distribution that is not regular is called a singular distribution.

The fact that (2.4.9) defines a distribution is because of the following results.
First, the product f¢ is integrable because it vanishes outside a compact support
[a, b]. In other words,

) b
(F.¢) = /_ F() b(x) dx = [ £ o) dx

exists. Hence, F is a linear functional on Z. Also,

b
I(F. ) — (F.0)] = / [0 () — 6(0)] f(x)dlx

IA

b

[ 1m0 = 4|0l

“ b

max‘q)n(x)—cb(x)‘/ |f(x)‘dx—>0 asn — oo,

IA

because ¢, — ¢ uniformly. Hence,
(F,¢n) = (F,¢) asn — oo.

This means that F is a continuous linear functional, that is, F' is a distribution.
Thus, the class of generalized functions contains elements which corresponds to
ordinary functions as well as singular distributions. We now give an interpretation

of (F, ¢).
The integral / f(x)d(x)dx in (2.4.9) can be interpreted, at least for some test

function ¢, as thﬂé average value of f with respect to probability whose density
function is ¢. Thus, (F,$) can be regarded as an average value of F and of
distributions as entities that have average values in neighborhoods of every point.
However, in general, distributions may not have values at points. This interpretation
is very natural from a physical point of view. In fact, when a quantity is measured,
the result is not the exact value at a single point.

Example 2.4.2. If Q is an open set in R, then the functional F' defined by

(F,¢) = /Q b(x) dx (2.4.10)
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is a distribution. Note that it is a regular distribution since

(F.¢) = /_ $() Yo () dx, 24.11)

where Y q is the characteristic function of the set 2.

In particular, if 2 = (0, 0c0), we obtain a distribution

(H,d) :/0 ¢(x) dx (2.4.12)

which is called the Heaviside function. The symbol H is used to denote this
distribution as well as the characteristic function of 2 = (0, c0).

Example 2.4.3 (Dirac Distribution). One of the most important examples of gener-
alized functions is the so-called Dirac delta function or, more precisely, the Dirac
distribution. It is denoted by § and defined by

@6, 9) = /_ d(x)8(x) dx = ¢(0). (2.4.13)

The linearity of 8 is obvious. To prove the continuity, note that ¢, — ¢ in &
implies that ¢, — ¢ uniformly on R and hence ¢, (x) — ¢(x) for every x € R.
This implies that the Dirac delta function is a singular distribution.

Example 2.4.4.
(@)
(B(x —a), ) = (8(x), d(x +a)) = d(a). (2.4.14)
(b)
(8(ax). ) = %' $(0). (2.4.15)
We have
(S(x —a), ({)) = /_ 3(x —a) dp(x)dx

- /_ 300 6y +a)dy = b(a).

o0

This is called the shifting property of the delta function.

Similarly,

Ban.0) = [ s@nomar= [~ 5000 (2) 2L = o).

—00 —

oo
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Hence, for a # 0,

d(ax) = ﬁ ¢(0). (2.4.16)

The success of the theory of distributions is essentially due to the fact that
most concepts of ordinary calculus can be defined for distributions. While adopting
definitions and rules for distributions, we expect that new definitions and rules will
agree with classical ones when applied to regular distributions. When looking for an
extension of some operation A, which is defined for ordinary functions, we consider
regular distributions defined by (2.4.9). Since we expect AF to be the same as Af,
it is natural to define

(AF, ) = AAf(xm(x) dx.

If there exists a continuous operation A* which maps & into & such that

[arwomax = [ 1 aoe ax.
then it makes sense to introduce, for an arbitrary distribution F,
(AF, ) = (F, A ).

If this idea is used to give a natural definition of a derivative of a distribution, it
suffices to observe

P ad
/R {gf(x)} b(x)dx = —/Rf(x)a ¢(x) dx.

Definition 2.4.7 (Derivatives of a Distribution). The derivative of a distribution
F is a distribution F’ defined by

dF \ do
(E’ 4,) __ (F E) _ (2.4.17)

This result follows by integrating by parts. In fact, we find

dF ® dF oo o0 ’ ’
(F0) = [ G ords = [Fe00)% = [~ Fowdx = ~(F.4/(w),

—00 —00

where the first term vanishes because ¢ vanishes at infinity.
More generally,

(F(k), ¢) — (_1)k (F, ¢(k))’ (2.4.18)

where F®)(x) is the kth derivative of distribution F.
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Thus, the extension of the idea of a function to that of a distribution has a major
success in the sense that every distribution has derivatives of all orders which are

again distributions.
Example 2.4.5 (Derivative of the Heaviside Function).
()
H'(x) = §(x).
We have

(2.4.19)

/ H'(x) 6(x) dx = [H)$)] / H() ¢/(x) dx

—/ ¢'(x) dx = $(0) = (8, ), since ¢ vanishes at infinity.
0

This proves the result.
(b) (Derivatives of the Dirac Delta Function).

6" ¢) = =6, ¢") = =9'(0),
(8", ¢) = (=1)"$"(0).
We have

(2.4.20)
(2.4.21)

®.¢) = / 8'(x) ¢(x) dx = [3(x)d(x)] 7, / 8(x) ¢'(x) dx = —4'(0),

since ¢ vanishes at infinity.

Result (2.4.21) follows from a similar argument.

Example 2.4.6. If h is a smooth function and F is a distribution, then the derivative

of the product (hF) is given by
(hF) = hF' + h'F.
We have, for any ¢ € 2,
((FY.0) = —(hF.¢')

—(F. h¢')

—(F. (hoy = H'9)
= (F'.h¢) + (F.h'¢)
= (hF'.¢) + (h'F. )
= (hF' +1'F.¢).

This proves the result.

(2.4.22)
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Example 2.4.7. The function |x| is locally integrable and differentiable for all
x # 0 but certainly not differentiable at x = 0. The generalized derivative can
be calculated as follows.

For any test function ¢, we have

(I=[-¢)

—(IxI. ¢)

_/00 |x|c{)/(x)dx:/0 xd)’(x)dx—/oooxd)’(x)dx

—0o0 —0o0

which is, integrating by parts and using the fact that ¢ vanishes at infinity,

0 0o
= —/ d(x)dx + / d(x) dx. (2.4.23)
oo o

Thus, we can write (2.4.23) in the form

(I

o0
’,¢) = / sgn (x)d(x) dx = (sgn, ) foral p € 2.
—00
Therefore,
|x|" = sgn (x), (2.4.24)
where sgn (x) is called the sign function, defined by

1, x>0,

sgn(x) = lx<o (2.4.25)
Obviously,
H(x) = % (1 +sgnx). (2.4.26)
Or, equivalently,
sgnx = 2H(x) — 1. (2.4.27)
Thus,
d /
o (sgnx) = 2H'(x) = 28(x). (2.4.28)

Definition 2.4.8 (Antiderivative of a Distribution). If F is a distribution on R and
F € 9'(R), a distribution G on R is called an antiderivative of F if G’ = F.
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Theorem 2.4.1. Every distribution has an antiderivative.

Proof. Suppose ¢g € Z(R) is a fixed test function such that

/ h do(x)dx = 1. (2.4.29)

Then, for every test function ¢pg € Z(R), there exists a test function ¢; € Z(R)
such that ¢ = Ko + ¢1, where

K:/oocl)(x)dx and /ooc{)l(x)dx:O.

Suppose F € 2’'(R). We define a functional G on Z(R) by
(G.¢) = (G. Ko + 1) = CK — (F. V),

where C is a constant and { is a test defined by

Y(x) = /_ i) dr.

Then, G is a distribution and G’ = F.

We close this section by adding an example of application to partial differential
equations.
Consider a partial differential operator L of order m in N variables

L= > A,D" (2.4.30)

la|<m
where & = (ap,02,...,0ay) is a multi-index, the o,’s are nonnegative integers,
la| =ar + a2+ -+ an, Ay = Agan.ay (X1.X2,...,Xy) are functions on RN

(possibly constant), and
B g 9 ay a|01|
D= — R = - 2.4.31
(8x1 ) (BXN) axy .oy ( )
Equations of the form

LG =3 (2.4.32)

are of particular interest. Suppose G is a distribution which satisfies (2.4.32). Then,
for any distribution f with compact support, the convolution ( f * G) is a solution
of the partial differential equation

Lu=f. (2.4.33)
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We have

L(f*G)=Y_ AyD*(f *G)

la|<m

= ) Aq(f * D"G)

a|<m

=fx| ) ADG|=fxLG

a|<m
=f*x8=7

This explains the importance of the equation Lu = §, at least in the context of the
existence of solutions of partial differential equations.

2.5 Definition and Examples of an Inner Product Space

Definition 2.5.1 (Inner Product Space). A (real or complex) inner product space
is a (real or complex) vector space X with an inner product defined in X as a

mapping
(,.): XxX—>C

such that, for any x,y,z € X and o, € C (a set of complex numbers), the
following conditions are satisfied:

(a) (x,y) = (y,x) (the bar denotes the complex conjugate),

(b) {ox +By.z) = a(x.z) +B(y.2),
(¢) {x,x) >0, and (x, x) = 0 implies x = 0.

Clearly, an inner product space is a vector space with an inner product specified.
Often, an inner product space is called a pre-Hilbert space or a unitary space.

According to the above definition, the inner product of two vectors is a complex
number. The reader should be aware that other symbols are sometimes used to
denote the inner product: (x, y) or (x/y). Instead of z, the symbol z* is also used
for the complex conjugate. In this book, we will use (x, y) and z.

By (a), (x, x) = (x, x) which means that (x, x) is a real number for every x € X.
It follows from (b) that

(x,ay + PBz) = (ay + Pz, x) = o (y.x) + B (z.x) = a(x,y) + P (x.2).

In particular,

{ox,y) =a{x,y) and (x,ay)=ax,y).
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Hence, if a = 0,
(0,y) = (x,0) = 0.

The algebraic properties (a) and (b) are generally the same as those governing
the scalar product in ordinary vector algebra with which the reader should be
familiar. The only property that is not obvious is that in a complex space the inner
product is not linear but conjugate linear with respect to the second factor; that is,

(x,ay) = a(x,y).

Example 2.5.1. The simplest but important example of an inner product space is
the space of complex numbers C. The inner product in C is defined by (x, y) = xy.

Example 2.5.2. The space CV of ordered N-tuples x = (xi,...,xy) of complex
numbers, with the inner product defined by

N
(x.y) =) Xk Tk x=(xr.....xn). ¥ = 0N).
k=1

is an inner product space.

Example 2.5.3. The space £> of all infinite sequences of complex numbers {x; }
o0

such that Z |x¢|? < oo with the inner product defined by
k=1

o

(x7y>:Zxk)7ks where x=(x1,x2,)C3,...), y:(ylsy25y3v--')ﬂ
k=1

is an infinite dimensional inner product space. As we will see later, this space is one
of the most important examples of an inner product space.

Example 2.5.4. Consider the space of infinite sequences {x, } of complex numbers
such that only a finite number of terms are nonzero. This is an inner product space
with the inner product defined as in Example 2.5.3.

Example 2.5.5. The space %([a, b]) of all continuous complex-valued functions on
the interval [a, b] with the inner product

b
(f.8) = / f(x) g(x)dx 2.5.1)

is an inner product space.

Example 2.5.6 (The Space of Square Integrable Functions). The function space
Lz([a,b]) of all complex-valued Lebesgue square integrable functions on the
interval [a, b] with the inner product defined by (2.5.1) is an inner product space.
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Similarly, the function space L2(R) is also an inner product space with the inner
product defined by

b —
(fg) = / F(0) 3@ dx, (25.2)
where f, g € L>(R).
Since
1
fe=5|(r+9"-(/-2)].
and

el = 5 (1717 + lef").

it follows that f, g € L'(R).
Furthermore,

£+l = |7+ 20 2] + gl

Integrating this inequality over R shows that (f + g) € L*(R).
It can be shown that L?(R) is a complete normed space with the norm induced
by (2.5.2), that is,

71, = {/R If(X)izdx} %. 2.5.3)

This is exactly the L?-norm defined by (2.3.1). Both spaces L*([a, b]) and L*(R)
are of special importance in theory and applications.

Example 2.5.7. Suppose D is a compact set in R* and X = C?(D) is the space of
complex-valued functions that have continuous second partial derivatives in D. If
u € D, we assume

Vi = (ﬂ du ou ) (2.5.4)

x;” 0xy dx3

We define the inner product by the integral

du I du v du v
= b — — o — f — - — 2.5.
(M’V) /D [MV+ 8x1 8x1 + 8x2 8x2 + 8X3 8X3:| dx’ ( > 5)

where x = (x1, X2, X3).
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Clearly, this is linear in u and also (u,v) = (v,u) and (u,v) > 0. Furthermore,

if (u,u) = 0, then / lul*dx = 0. Since u is continuous, this means that u = 0.
D

Hence, (2.5.5) defines an inner product in the space X. Obviously, the norm is

given by

| = (/D (luf® + |val?) dx)%, (2.5.6)

where

2 2 2

ou

ou
8x3

8x1

ou
3)62

(2.5.7)

[Vul?

2.6 Norm in an Inner Product Space

An inner product space is a vector space with an inner product. It turns out that
every inner product space is also a normed space with the norm defined by

||x|| =/ {x,x).

First notice that the norm is well defined because (x, x) is always a nonnegative
(real) number. Condition (c) of Definition 2.5.1 implies that ||x|| = 0 if and only if
x = 0. Moreover,

] = Vo) = ik = ]

It thus remains to prove the triangle inequality. This is not as simple as the first two
conditions. We first prove the so-called Schwarz’s inequality, which will be used in
the proof of the triangle inequality.

Theorem 2.6.1 (Schwarz’s Inequality). For any two elements x and y of an inner
product space, we have

x| =[x v] 2.6.1)
The equality |(x, y)| = Hx || Hy || holds if and only if x and y are linearly dependent.

Proof. If y = 0, then (2.6.1) is satisfied because both sides are equal to zero.
Assume then y # 0. By (c) in Definition 2.5.1, we have

0<(x+ay,x+oay)=(x,x)+axy)+a(yx)+]a(yy). (2.6.2)
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Now, put o = —(x, ¥)/(y, y}) in (2.6.2) and then multiply by (y, y) to obtain

0=<{x,x){y.y)— \(Jw)\z-

This gives Schwarz’s inequality.

If x and y are linearly dependent, then y = ax for some o € C. Hence,

x| = )| = fail] (e, )| = Jal x| |x ]| =[x ] ax] = <] ]]-
Now, let x and y be vectors such that |(x, y)| = ||x H || y H Or, equivalently,
(. )y, x) = (x. x)(y. ). (2.6.3)

We next show that (y, y)x — (x, y)y = 0, which shows that x and y are linearly
dependent. Indeed, by (2.6.3), we have

((y, y)Ix —={x, )y, (v, y)x — (x, y)y>

=(y. y)*(x.x) = (. y)(y. x)(x, ) — (x. ) (y. ¥}y, x)
+{x, y){y. x)}(y,y) =0.

Thus, the proof is complete.

Corollary 2.6.1 (Triangle Inequality). For any two elements x and y of an inner
product space X, we have

[+ =[x+ ] (2.6.4)
Proof. When o = 1, equality (2.6.2) can be written as
|x+ 27 = (x + y.x +¥) = (x,x) + 2Re (x, ) + (3, )
< (xx) +2(x )+ (. 9)
< |xIP+ 2 x|y + |»]° by Schwarz’s inequality)
< (<l + 1y’ (2.6.5)

where Re z denotes the real part of z € C. This proves the triangle inequality.

Definition 2.6.1 (Norm in an Inner Product Space). By the norm in an inner
product space X, we mean the functional defined by

||x|| = {x,x). (2.6.6)
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We have proved that every inner product space is a normed space. It is only
natural to ask whether every normed space is an inner product space. More precisely,
is it possible to define in a normed space (X , ||.||) with an inner product (., .) such

that ||x|| = /(x,x) for every x € X? In general, the answer is negative. In the
following theorem, we prove a property of the norm in an inner product space that
is a necessary and sufficient condition for a normed space to be an inner product
space.

The next theorem is usually called the parallelogram law because of its remark-
able geometric interpretation, which reveals that the sum of the squares of the
diagonals of a parallelogram is the sum of the squares of the sides. This characterizes
the norm in a Hilbert space.

Theorem 2.6.2 (Parallelogram Law). For any two elements x and y of an inner
product space X, we have

Hx+y||2+||X—Y||2=2(||XHZ+ ||y||2). (2.6.7)
Proof. We have
|x+ 27 = (x +y.x +¥) = (nx) + () + (rx) + (7.0
and hence,
e+ = x]” + o) + o2 + ) (2.6.8)

Now, replace y by —y to obtain

Jx =y 1" =[x = e 0) = o) + 2] (2.6.9)

By adding (2.6.8) and (2.6.9), we obtain the parallelogram law (2.6.7).

One of the most important consequences of having the inner product is the
possibility of defining orthogonality of vectors. This makes the theory of Hilbert
spaces so much different from the general theory of Banach spaces.

Definition 2.6.2 (Orthogonal Vectors). Two vectors x and y in an inner product
space are called orthogonal (denoted by x L y)if (x,y) = 0.

Theorem 2.6.3 (Pythagorean Formula). For any pair of orthogonal vectors x
and 'y, we have

lx+ )7 = [x)* + |»]* (2.6.10)

Proof. If x L y,then (x, y) = 0 and thus the equality (2.6.10) follows immediately
from (2.6.8).
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In the definition of the inner product space, we assume that X is a complex vector
space. However, it is possible to define a real inner product space. Then condition
(b) in Definition 2.5.1 becomes (x, y) = (y,x). All of the above theorems hold
in the real inner product space. If in Examples 2.5.1-2.5.6, the word complex is
replaced by real and C by R, we obtain a number of examples of real inner product
spaces. A finite-dimensional real inner product space is called a Euclidean space.

If x = (x1,X2,...,xy) and y = (y1, y2,..., yn) are vectors in RV, then the

N

inner product (x, y) = Z X Yk can be defined equivalently by
k=1

(xy) = |x][ |y cos®.

where 0 is the angle between vectors x and y. In this case, Schwarz’s inequality
becomes

[ ] _
ElEE.

|cose‘ =

2.7 Definition and Examples of Hilbert Spaces

Definition 2.7.1 (Hilbert Space). A complete inner product space is called a
Hilbert space.

By the completeness of an inner product space X, we mean the completeness of
X as a normed space. Now, we discuss completeness of the inner product spaces
and also give some new examples of inner product spaces and Hilbert spaces.

Example 2.7.1. Since the space C is complete, it is a Hilbert space.

Example 2.7.2. Clearly, both RY and CV are Hilbert spaces.

In RY, the inner product is defined by (x, y) Z Xk Vk-

In CV, the inner product is defined by (x, y) Z Xk Vk-

In both cases, the norm is defined by

bl = v = (s )

Since these spaces are complete, they are Hilbert spaces.
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Example 2.7.3. The sequence space [? defined in Example 2.5.3 is a Hilbert space.

Example 2.7.4. The space X described in Example 2.5.4 is an inner product space
which is not a Hilbert space because it is not complete. The sequence

11 1
X, =(1,=,=,...,—,0,0,...
23 n

is a Cauchy sequence because

. . n 1 2
Wln11_1)100 Hxn — Xm || = n’ylnll_{loo L Z:H ﬁ:| =0 form <n.
=m

11
However, the sequence does not converge in X because its limit (1, 33 ) is

not in X. However, this sequence {x, } converges in /2.

Example 2.7.5. The space defined in Example 2.5.5 is another example of an
incomplete inner product space. In fact, we consider the following sequence of
functions in €'([0, 1]) (see Fig. 2.3):

1
1 if 0<x<-.
2
1-2 if Loyx<(Ll 4]
=J1-2n{x—= - <x —+ =),
Ja(x) > =%=15,73
11
0 f(—+2)<x=<1
! (2n+2)_x_

Af(%)

—

1
2

Fig. 2.3 Sequence of functions f,(x)
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Evidently, the { f,,} are continuous. Moreover,

1

1/2
an_fmnf(;'f'%) —-0 asm,n — o0.

Thus, { fn} is a Cauchy sequence. It is easy to check that this sequence converges to
the limit function

1 if 0
fx) = 1
2

=X =

’

—_— N =

0 if <x =<

The limit function is not continuous and hence is not an element of %”([O, 1])
Consequently, %([O 1]) is not a Hilbert space.

Example 2.7.6. The function space LZ([a, b]) is a Hilbert space. Since LZ([a, b])
is a normed space, it suffices to prove it is complete. Let { fn} be a Cauchy sequence
in LZ([a, b]), that is,

b
/ |fm—fn|2dx—>0 as m,n — 0o.

Schwarz’s inequality implies that as m,n — oo

/ab{fm—fn{dxs \//abdx\//ab{fm—f,,|2dx=«/m\/mdx_>o_

Thus, { f,} is a Cauchy sequence in L' ([a, b]) and hence converges to a function f
in L' ([a, b]), that is,

b
/|f—f,,|dx—>0 asn — oo.

By Riesz’s theorem, there exists a subsequence { fpn} convergent to f almost
everywhere. Clearly, given an ¢ > 0, we have

/ o o

for sufficiently large m and n. Hence, by letting n — oo, we obtain

2
dx <¢

b
[ 1~ P <
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by Fatou’s lemma (see Theorem 2.8.5 in Debnath and Mikusinski 1999, p. 60). This
proves that /€ L?([a, b]). Moreover

/ublf—ﬁ|2dx§/ab|f—fpn

for sufficiently large n. This shows that the sequence { fn} converges to f in
Lz([a, b]) Thus, the completeness is proved.

b
2dx+/ | fon = ful dx < 2

Example 2.7.7. Consider the space %6,(R) of all complex-valued continuous func-
tions that vanish outside some finite interval. This is an inner product space with the
inner product

(fig) = /_ £() 3@ dx.

Note that there is no problem with the existence of the integral because the
product f(x) g(x) vanishes outside a bounded interval.
We now show that %,(R) is not complete. We define

fulx) = §““‘ 0 /(L4 Ix]) il < n,

if |x| > n.

Clearly, f,, € 6o(R) for every n € N. For n > m, we have

- o
=l = [ o= fucofar =2 [ e e

m

This shows that { fn} is a Cauchy sequence. On the other hand, it follows directly
from the definition of f, that

sin x

A0 0 = ey

which does not belong to %, (R).

Example 2.7.8. We denote by Lz*p([a, b]) the space of all complex-valued square
integrable functions on [a, b] with a weight function p which is positive almost
everywhere, that is, f € Lz*‘)([a,b]) if

b
/ |f(x)|2p(x) dx < o0.

This is a Hilbert space with the inner product

b R
(f.g) = [ £ 300 p(x) dx. @7.1)
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Example 2.7.9 (Sobolev Space). Let €2 be an open set in RY. Denote by
H™(Q),m = 1,2,..., the space of all complex-valued functions f € €"(R2)
such that D* f € L?(Q) for all |a| < m, where

ool £

Dif = ,
S axyoxy? ... oxyY

la] =a;+---+ay, and ay,....,ay >0.

For example, if N = 2,a = (2, 1), we have
3 f

D*f = ———.
/ 8x128x2

For f € ¥ (L2), we thus have

J

fgr every multi-index a = (o, a2, ..., ay) such that |a| < m. The inner product in
H'(R2) is defined by

olel £

o (%) N
Oxy'0xy7 ... 0xy

< o0

(f.g) =/ Y D*f Dug. (2.7.2)

2 Ja|<m

In particular, if @ C R2, then the inner product in H2(2) is given by

(f; g) = /Q (fg + f:V g’f + fy gy + fxx gxx + fyy gyy + fxy g_xy) (273)

Or, if @ = (a,b) C R, the inner product in I:I’"(a, b) is

b m n dT
(fg)= / S dvs (2.7.4)

— dx"  dx"

The function space H™ () is an inner product space, but it is not a Hilbert space
because it is not complete. The completion of H™(S2), denoted by H™ (), is a
Hilbert space. The function space H™ (£2) can be defined directly if D in the above
is understood as the distributional derivative. This approach is often used in more
advanced textbooks and treatises.

The space H™(S2) is a particular case of a general class of spaces denoted by
W,"(£2) and introduced by S.L. Sobolev. We have H™ (€2) = W,"(£2). Because of
the applications to partial differential equations, space H™(£2) is one of the most
important examples of Hilbert spaces.
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2.8 Strong and Weak Convergences

Since every inner product space is a normed space, it is equipped with a conver-
gence, and the convergence is defined by the norm, This convergence is called the
strong convergence. Moreover, the norm induces a topology in the space. Thus, a
normed space is, in a natural way, a metric space and hence a topological space.

Definition 2.8.1 (Strong Convergence). A sequence {x,} of vectors in an inner
product space X is called strongly convergent to a vector x in X if

|xn = x| — 0 as n — oo.
The word “strong” is added in order to distinguish “strong convergence” from “weak
convergence.”
Definition 2.8.2 (Weak Convergence). A sequence {x,} of vectors in an inner
product space X is called weakly convergent to a vector x in X if

(Xu,y) = (x,y)  asn — oo, foreveryy € X.

The condition in the above definition can also be stated as (x, — x,y) — 0 as
n — oo, forevery y € X.
It is convenient to reserve the notation “x,—x” for the strong convergence and

w
use “x, — x” to denote weak convergence.

Theorem 2.8.1. A strongly convergent sequence is weakly convergent (to the same

. . . . . w
limit), that is, x,—Xx implies x, — X.

Proof. Suppose that the sequence {x, } converges strongly to x. This means
|xn = x| — 0 as n — oo.
By Schwarz’s inequality, we have
|(x,,—x,y)‘§Hx,,—xH||yH—>0 asn — oo,
and thus,
(xp —x,9) >0 asn — oo, foreveryy € X.

This proves the theorem.

For any fixed y in an inner product space X, the mapping (.,y) : X — Cisa
linear functional on X . Theorem 2.8.1 states that such a functional is continuous for
every y € X. Obviously, the mapping (x,.) : X — C is also continuous.
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In general, the converse of Theorem 2.8.1 is not true. A suitable example will be
given in Sect. 2.9. On the other hand, we have the following theorem.

Theorem 2.8.2. If x, — x and [xa]| = || x|, then x, — x.

Proof. By the definition of weak convergence, we have
(xn,y) = (x,y) asn — oo, forall y.
Hence,
2
(xp,x) = (x,x) = ||xH .
Now,

Hx,, —x”2 = (xp — X, X5 — X)
= (Xn, Xn) — (X0, x) — {x, x) + {x,x)

= ool = 2Re (on. ) + [ > [ =2)x|* + |x[]* =0 asn— o0

The sequence {x,} is thus strongly convergent to x.

Theorem 2.8.3. Suppose that the sequence {x,} converges weakly to x in a Hilbert
space H. If, in addition,

, (2.8.1)

<l = tim [

then {x,} converges strongly to x in H.
Proof. We assume that (x,, y) — (x, y) and hence, (y, x,) — (y, x). We have the
result
2 2 2
||x — Xp H = (X=X, X —X,) = Hx” + Hx,, H — {x, x,) — (xp, x). (2.8.2)

In view of the assumption (2.8.1), result (2.8.2) gives

Tim = = 5P+ |x]* = ] = | <] =o.

This proves the theorem.

We next state an important theorem (without proof) that describes an important
property of weakly convergent sequences.

Theorem 2.8.4. Weakly convergent sequences are bounded, that is, if {x,} is a
weakly convergent sequence, then there exists a number M such that ||x,, || < M for
alln e N.
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2.9 Orthogonal and Orthonormal Systems

By a basis of a vector space X, we mean a linearly independent family 2 of vectors
m

from X such that any vector x € X can be written as x = Z AnX,, wWhere
n=1

X, € A and \,’s are scalars. In inner product spaces, orthonormal bases are of

m
much greater importance. Instead of finite combinations Z An Xy, infinite sums are
n=1
allowed, and the condition of linear independence is replaced by orthogonality. One

of the immediate advantages of these changes is that in all important examples it
is possible to describe orthonormal bases. For example, Lz([a, b]) has countable
orthonormal bases consisting of simple functions (see Example 2.9.2), whereas
every basis of LZ([a, b]) is uncountable and we can only prove that such a basis
exists without being able to describe its elements. In this section and the next, we
give all necessary definitions and discuss basic properties of orthonormal bases.

Definition 2.9.1 (Orthogonal and Orthonormal Systems). Let X be an inner
product space. A family S of nonzero vectors in X is called an orthogonal system
if x L y for any two distinct elements of S. If, in addition, ||x|| = 1 forall x € S,
S is called an orthonormal system.

Every orthogonal set of nonzero vectors can be normalized. If S is an orthogonal
system, then the family

Slzgi:xes}

[

is an orthonormal system. Both systems are equivalent in the sense that they span
the same subspace of X.

Note that if x is orthogonal to each of yi, ..., y,, then x is orthogonal to every
linear combination of vectors yi, ..., y,. In fact, we have

(x,y) = <x, Z)\kyk> = Zxk(x,yk) =0.
k=1 k=1

Theorem 2.9.1. Orthogonal systems are linearly independent.

n
Proof. Let S be an orthogonal system. Suppose that Zockxk = 0, for some

k=1
Xiy..., X, € Sanday,...,ua, € C. Then,

n n n
o=<Zakxk,zakxk>=Z|ak\2uxk||2.
k=1 k=1 k=1

This means that ay = 0 for each k € N. Thus, x1, ..., x, are linearly independent.
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Definition 2.9.2 (Orthonormal Sequence). A finite or infinite sequence of vectors
which forms an orthonormal system is called an orthonormal sequence.

The condition of orthogonality of a sequence {xn} can be expressed in terms of
the Kronecker delta symbol:

0 if ,
(Xms Xn) = Sun = ) ff””é” (2.9.1)
ITrm=n.

Example 2.9.1. For e, = (0,...,0,1,0,...) with 1 in the nth position, the set
S = {ej, ey, ...} is an orthonormal system in the sequence space /2.

Example 2.9.2 (Trigonometric Functions). The sequence ¢,(x) = e™/~2 ,
n =0,+1,42,... is an orthonormal system in L?([— , ]). Indeed, for m # n,
we have

(om0 =5 [ gy = €T
R T N 2 i(m—n) o

On the other hand,

(q)nv ¢n> = ZL/ ei(n—n)xdx =1.

Thus, (¢, dn) = 8y for every pair of integers m and n.

For the real Hilbert space LZ([— , ]), we can use the real and imaginary parts
of the sequence {¢,} and find that functions

1
—— cosnx, —— sinnx, (m=0,1,2,...)
V2o V2o
form an orthonormal sequence.

Example 2.9.3. The Legendre polynomials defined by

Po(x) = 1, (2.9.2a)

1 d"

Pux) = 21! dxn

(x> —1)", n=1273,..., (2.9.2b)

form an orthogonal system in the space Lz([—l, 1]). It is convenient to write
(x2 = 1)" = pa(x) so that

1 1 1
/ P,(x)x"dx = / P (x) x™ dx. (2.9.3)
—1 an’l' —1
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We evaluate this integral for m < n by recursion. First, we note that
k
p(x) =0

forx =+landk =0,1,2,...,(n — 1). Hence, by integrating (2.9.3) by parts, we
obtain

1 1
/1 pfl")(x) x"dx = —m/l pff’_l)(x) x"Vdx.
Repeated application of this operation ultimately leads to
1 1
m!(—l)m/ P (x) dx = mi(—1)" [p},"—m—”(x)] =0 (m<n).
_l -
Consequently,
1
/ P,(x)x"dx =0 form < n. (2.9.4)
—1
Since P, is a polynomial of degree m, it follows that

1
(P, Pp) = / P,(x)Pu(x)dx =0 forn # m. (2.9.5)
—1

This proves the orthogonality of the Legendre polynomials. To obtain an
orthonormal system from the Legendre polynomials, we have to evaluate the norm

of P, in L>([-1,1]):
1
20 =/ [ (Putoyas.

By repeated integration by parts, we first obtain

1 1
/(1—x2)”dx=/ 1=x)"(1+x)"dx
- -1

1

1

. n 1 n+l1 _

_n+1/_1(1 )" A +x)"Tdx = ...

_on(n—1)...21 ! -

T+ D +2).. 2 /_1 (1+x)™ dx
(}1')2 22n+1
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A similar procedure gives
1 5 1
/1 {p"(x)}" dx = 0—/1 P V() prt(x)dx = ...
1
=" [ o pE 0 dx
-1
1
= (2n)!/ (1—-x)"1 + x)"dx, (2.9.7)
-1

where we have used the fact that the 2nth derivative of p,(x) = ()c2 - 1)" is the
same as the derivative of the term of exponent 2n. The 2nth derivatives of all the
other terms of the sum are zero. From (2.9.2), (2.9.6), and (2.9.7), we obtain

1 2 ~2n+1
/ 1 (n)?2 2 298)

2
P d = 2 ! = .
1 {Pa()} (27n1)? @m) @n)'@n+1) 2n+1
. 1 .

Thus, the polynomials {/n + 3 P,(x) form an orthonormal system in the space
LZ([—l, 1]).

Example 2.9.4. We denote by H, the Hermite polynomials of degree n, that is,

2 dl‘l 2

H,(x) = (D" —e™". (2.9.9)
dx"

The functions ¢, (x) = e ~/>H,(x) form an orthogonal system in L>(R). The
inner product

(b, dm) = (_1)n+m/ exz d e 2d—e_xzdx

oo dxm dxm

can be evaluated by integrating by parts, which gives

— 00

2 d”" 2 dm! 2
n e m—1 e

dx dx oo

o0 n m—1
—/ d |:e"‘2 d e—xz} d—e_""zdx, (2.9.10)

oo dx dx" dxm—1

(_1)n+m<¢nv dm) = I:e

and hence, all terms under the differential sign contain the factor e™*

any k € N, we have

2 .
. Since, for

2
x‘e ™ —0 as x — 0o,
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the first term in (2.9.10) vanishes. Therefore, repeated integration by parts gives the
result

(Dn.dm) =0 asn #m. (2.9.11)

To obtain an orthonormal system, we evaluate the norm:

= o0 n 2
fouk? = [ e oy = [ e o o T

(o]

Integrating by parts n times yields

2 n o —x2 | x2 d" —x2 2
Hc{),,” =(-1) /_ooe [e dx"e i|dx.

Since H,(x) is a polynomial of degree n, direct differentiation gives

2 d"

ex We_xz = (—2x)n +
and
d" 2 d” 2 d"
x 2| _ o) Uy
T [e dx”e :| dx”{( 2x)" + } (=D)"2" n.
Consequently,
2 n * —Yz n
[on]” =2 n!/ e dx =2"nly". (29.12)
—0o0
Thus, the functions
1 _a2
Un(x) = —=—===¢" 2 Hu(x)

form an orthonormal system in the Hilbert space L*(R).

In the preceding examples, the original sequence of functions is orthogonal but
not orthonormal. Although the calculations involved might be complicated, it is
always possible to normalize the functions and obtain an orthonormal sequence.
It turns out that the same is possible if the original sequence of functions (or, in
general, a sequence of vectors in an inner product space) is linearly independent,
not necessarily orthogonal. The method of transforming such a sequence into an
orthonormal sequence is called the Gram—Schmidt orthonormalization process. The
process can be described as follows.
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Given a sequence {y, } of linearly independent vectors in an inner product space,
define sequences {w, } and {x,} inductively by

wi
w1 = Y1, X1 = m,
k—1
Wi
Wk:yk_Z(Yksxn>-xn7 xk:H, fork =1,2,...
n=1 Wk

The sequence {w, } is orthogonal. Indeed,

(wa, i) = <YZ - (J’2,x1)xl,)’1> = (y2, y1) — (y2, x1){x1, »1)

(y2, y1) (¥1, y1) —

= {y2, 1) — B
3]
Assume now that wy, ..., wy_ are orthogonal. Then, for any m < k,

k—1

D 5k W) (W W)

=1

(Wks W) = (Vi W) — = >
[
(ks Wi ) (Wis Wi )
= (3o W) — Pl
[ |

Therefore, vectors wy, ..., wy are orthogonal. It follows, by induction, that the
sequence {w,} is orthogonal and thus, {x,} is orthonormal. It is easy to check
that any linear combination of vectors x, ..., X, is also a linear combination of
Vi,..., s and vice versa. In other words, span{xi,...,x,} = span{yj,..., Vn}

forevery n € N.

2.10 Properties of Orthonormal Systems

In Sect. 2.6, we proved that the Pythagorean formula holds for any pair of orthogonal
vectors in an inner product space X. It turns out that it can be generalized to any
finite number of orthogonal vectors.

Theorem 2.10.1 (Pythagorean Formula). If xy,..., x, are orthogonal vectors in
an inner product space X, then

= Xn: x| (2.10.1)

n
D%
k=1
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Proof. If x; L x,, then Hx1 + X7 ||2 = Hx1 ||2+ sz ||2 by (2.6.10). Thus, the theorem
is true for n = 2. Assume now that the (2.10.1) holds for n — 1, that is,

n—1 2 n—1

2
2w =2l
k=1 k=1

n—1
Setx = Zxk and y = x,. Since x L y, we have
k=1

szc =[x+ 2 = [+ Iy = é el + | = k; el

This proves the theorem.

Theorem 2.10.2 (Bessel’s Equality and Inequality). Ler xi,...,x, be an
orthonormal set of vectors in an inner product space X. Then, for every x € X, we
have

= x|’ - Z\ X, X) (2.10.2)

n
x—E X, X)X
k=1

and

n

S ) [P < | x]) (2.10.3)

k=1

Proof. In view of the Pythagorean formula (2.10.1), we have

2 n n
=2 o ]* = 3 Jeu
k=1 k=1

for any arbitrary complex numbers o, . . ., o,. Hence,
n 2 n n
X — Zakxk = <x - Zakxk,x - Zakxk>
k=1 k=1 k=1
n n n
= Jof = Yo} - (St} + Sl
k=1 k=1 k=1
n n n
= Hx||2 - Z@(x,xk) - Zock(x,xk) + Zock(x_k
k=1 k=1 k=1

=27 =D [ [P+ D o)~ (2104
k=1 k=1
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In particular, if oy = (x, xx), this result yields (2.10.2). From (2.10.2), it follows
that

2

3

0 < [x]* = 3| (e )
k=1

which gives (2.10.3). Thus, the proof is complete.

Remarks. 1. Note that expression (2.10.4) is minimized by taking ox = (x, xx).
n

This choice of a;’s minimizes

X — Zakxk and thus provides the best

k=1
approximation of x by a linear combination of vectors xi, ..., X,.

2. If {x,} is an orthonormal sequence of vectors in an inner product space X, then,
from (2.10.2), by letting n — oo, we obtain

o0
Z | (x, x) |2 < Hx”2 (2.10.5)
k=1
o0
This shows that the series Z | (x, xr) |2 converges for every x € X. In other words,
k=1

the sequence {(x xk)} is an element of /2. We can say that an orthonormal sequence
in X induces a mapping from X into /2. The expansion

o
X ~ Z(x, Xp)Xn (2.10.6)
n=1
is called a generalized Fourier series of x. The scalars o, = (x,x,) are called

the generalized Fourier coefficients of x with respect to the orthonormal sequence
{x,}. It may be observed that this set of coefficients gives the best approximation.
In general, we do not know whether the series in (2.10.6) is convergent. However,
as the next theorem shows, the completeness of the space ensures the convergence.

Theorem 2.10.3. Let {x,} be an orthonormal sequence in a Hilbert space H and
o0

let {a,} be a sequence of complex numbers. Then, the series Z o, X, converges if

n=1

o0
and only th |0L,, iz < 00 and in that case

n=1

2 o0
=3 (2.10.7)
n=1

[e%e)
E Oy Xy
n=1
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Proof. For every m > k > 0, we have

2

S| =Y Jew> by @.10.1). (2.10.8)
n=k n=k
o0 o
If Z ‘oc,,|2 < oo, then the sequence s, = Zanx,, is a Cauchy sequence
n=1 n=1

o0
by (2.10.8). This implies convergence of the series Zanxn because of the
n=1
completeness of H.
o0
Conversely, if the series Zanxn converges, then the same formula (2.10.8)

n=1

o0
L 2
implies the convergence of E |0Ln| because the sequence of numbers o,, =

n=1
m

2. .
E |ocn‘ is a Cauchy sequence in R.

n=1
To obtain (2.10.7), it is enough to take k = 1 and let m — oo in (2.10.8) .
The above theorem and (2.10.5) imply that in a Hilbert space H the series

ok

(x, xn)x, converges for every x € H. However, it may happen that it converges

n=1
an element different from x.

to

1
Example 2.10.1. Let H = L*([— . ]), and let x,(1) = e sinnt for
n = 1,2,.... The sequence {xn} is an orthonormal set in H. On the other hand,

for x(¢) = cost, we have

oo oo

Z(x,xn)xn(t) = Z [%/_ cost sinnt dt:| Sijft

n=1 n=1

o0
=ZO-sinnt = 0 # cost.
n=1

It {xn} is an orthonormal sequence in an inner product space X, then, for every
x € X, we have

i ’ (%, x2) ’2 < 00,

n=1

and consequently,

lim (x, x,) = 0.
n—o0
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Therefore, orthonormal sequences are weakly convergent to zero. On the other hand,
since ||x,, H = 1 for all n € N, orthonormal sequences are not strongly convergent.

Definition 2.10.1 (Complete Orthonormal Sequence). An orthonormal
sequence {xn} in an inner product space X is said to be complete if, for every
x € X, we have

X = Z(x,xn) X (2.10.9)
n=1

It is important to remember that since the right-hand side of (2.10.9) is an infinite
series, the equality means

n

x—Z(x,xk)xk

k=1

lim
n—>00

:0,

where ||| is the norm in X. For example, if X = L*([— ., ]) and {/,} is an
orthonormal sequence in X, then by

ED VAN
n=1

weE mean

2
dt =0,  where oy :/ F(@t) fe () dt.

g&/Pm—Zwﬁm
- k=1

o0
This, in general, does not imply pointwise convergence: f(x) = Z oy fn (X).
n=1

Definition 2.10.2 (Orthonormal Basis). An orthonormal system S in an inner
product space X is called an orthonormal basis if every x € X has a unique
representation

(9]
X = E Op Xp,
n=1

where o, € C and x,,’s are distinct elements of S'.

Remarks. 1. Note that a complete orthonormal sequence {xn} in an inner product
space X is an orthonormal basis in X. It suffices to show the uniqueness.
Indeed, if

o0 o0
X = E o, X, and x = E Bn Xn,
n=1 n=1
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then

2 oo
= Z |0‘n_6n|2

n=1

Z (otn — Bn) Xu

n=1

o0 o0 2
E 0(;,)6,,—5 ann -

n=1 n=1

0= x| =

by Theorem 2.10.3. This means that o, = B, for all n € N. This proves the
uniqueness.
2. If {x,,} is a complete orthonormal sequence in an inner product space X, then
the set

n
span{xy, x,...} = {Zakxk:n eNap,...,0 €C
k=1

is dense in X.

The following two theorems give important characterizations of complete
orthonormal sequences in Hilbert spaces.

Theorem 2.10.4. An orthonormal sequence {xn} in a Hilbert space H is complete
if and only if (x, x,) = 0 for alln € N implies x = 0.

Proof. Suppose {x,,} is a complete orthonormal sequence in H . Then, every x € H
has the representation

o0
Exx,,

Thus, if (x,x,) = 0 forevery n € N, then x = 0.

Conversely, suppose (x, x,) = 0 for every n € N implies x = 0. Let x be an
element of H. We define

o
Exx,,

The sum y exists in H by (2.10.5) and Theorem 2.10.3. Since, for everyn € N,

o0
(x =y, xu) = (x. x0) —<Z(x,xk)xk,xn>
k=1
o0
= (x,xy,) Z X, X ) Xk, Xp)
k=1

= (X, xp) — (x,x0) =

we have x — y = 0 and hence,

o0
Exx,,
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Theorem 2.10.5 (Parseval’s Formula). An orthonormal sequence {xn} in a
Hilbert space H is complete if and only if

|x| Z| X, X) (2.10.10)

foreveryx € H.

Proof. Letx € H.By (2.10.2), for every n € N, we have
X — Z X, xk
k=1

If {x,, } is a complete sequence, then the expression on the left-hand side in (2.10.11)
converges to zero as n — o0o. Hence,

. [anZ—Z |<x,xk>|2] .
k=1

Therefore, (2.10.10) holds.

= [« —Z\ xoxe) | (2.10.11)

Conversely, if (2.10.10) holds, then the expression on the right-hand side
of (2.10.11) converges to zero as n — oo and thus,

2
n
n11>rrolo X — Z(x,xk)xk = 0.
k=1
This proves that {x, } is a complete sequence.
Example 2.10.2. The orthonormal system
bu(X) = ——, n=0,%1,%2,...,

NI

given in Example 2.9.2, is complete in the space Lz([— , ]). The proof of
completeness is not simple. It will be discussed in Sect.2.11.

A simple change of scale allows us to represent a function f* € L?([0, a]) in the
form

(X) Z B eZn 1x/a

n=—oo

where

= l/ f@)e™" "edr.
aJo
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Example 2.10.3. The sequence of functions
1 cosx sinx cos2x sin2x
\/2—5 \/— ’ \/— ’ \/— ) \/_ PR

is a complete orthonormal system in L?([— , ]). The orthogonality follows from
the following identities by simple integration:

2 cosnx cosmx = cos(n + m)x + cos(n —m)x,
2sinnx sinmx = cos(n —m)x — cos(n + m)x,

2 cosnx sinmx = sin(n + m)x — sin(n — m)x.

Since

/cosznxdxzf sifmxdx =

the sequence is also orthonormal. The completeness follows from the completeness
of the sequence in Example 2.10.2 in view of the following identities:

=1 and e'"" = (cosnx + isinnx).

Example 2.10.4. Each of the following two sequences of functions is a complete
orthonormal system in the space L*([— , ]):

1 12 12 5 12 3
——, 1/ — COS X,/ — cos2x,/— cos3x,...,
Ve
2 . 2 . 2 .
— sinx, 4/ — sin2x, 4/ — sin3x,....

Example 2.10.5 (Rademacher Functions and Walsh Functions). Rademacher func-
tions R(m, x) can be introduced in many different ways. We will use the definition
based on the sine function,

R(m,x) = sgn(sin(Z’” x)), m=0,1,2,...,x €[0,1],
where sgn denotes the signum function defined by

1 if x>0,
sgn(x) =3 0 if x=0,
-1 if x<0O.
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Rademacher functions form an orthonormal system in 1.2 ([O 1]) Obviously,

1
/ |R(m,x)|2dx =1 for all m.
0

To show that for m # n, we have

/l R(m,x) R(n,x)dx = 0.
0

b
First, notice that / R(m, x) dx = 0 whenever 2" (b —a) is an even number. Thus,

a
form > n > 0, we have

1 1
/ R(m,x)R(n,x)dx = / R(m,x)R(n,x)dx
0 0

» ok
= Z/z R(m,x)R(n, x) dx
=175

2" k.
2k —1 "
ZZSgn(R(n’ 2 ))/;R(m’x)dxzo
k=1

o7

because all of the integrals vanish.

The sequence of Rademacher functions is not complete. Indeed, consider the
function

1
0 if 0<x< -,
4
1 3
X) = 1 if - <x<-—,
S(x) if J=x=g
0 if 3< <1
if - <x .
1 =<

Then
1

1
/R(O,x)f(x)dx:l and /R(m,x)f(x)dx:O form > 1,
0 2 0

1
but f(x) # ER(O,x).
Rademacher functions can be used to construct Walsh functions, which
form a complete orthonormal system. Walsh (1923) functions are denoted by

W(m,x),m =0,1,2,.... Form = 0, we set W(0, x) = 1. For other values of m,
we first represent m as a binary number, that is,

n
m= ZZk_lak =a;+2'ar +2%a3 + -+ 2" a,,
k=1
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w(O0, ]
( x)o ]
w(l, x) » ]

( x)() |
W(z.x) (_.) | | |8 1
wis.) S,
WiSix) 11— R = e’

P | F——1 —;
w(6, x) g1 i 1 | )

Fig. 2.4 Walsh functions W(n, x)

where ay,a,,...,a, = 0or 1. Then, we define

n

W(m,x) =[] (Rk.x)* = (R(1.x)" (R2.x))" ... (R(n.x))""

k=1

where (R (m, x))0 = 1. For instance, since 53 is written as 110101 in binary form,
we have

W(53,x) = R(1,x) R(3,x) R(5, x) R(6, x).
Clearly, we have
R(n,x)=w(2"',x), neN

Several Walsh functions are shown in Fig. 2.4.

2.11 Trigonometric Fourier Series

In this section, we prove that the sequence

inx

du(x) = \/2—7

n=0=%x1,%£2,...,



76 2 Hilbert Spaces and Orthonormal Systems

is a complete orthonormal sequence in Lz([— , ]) The orthogonality has been
established in Example 2.9.2. The proof of completeness is much more complicated.
For the purpose of this proof, it is convenient to identify elements of the space
L! ([— , ]) with 2 -periodic locally integrable functions on R due to the fact that

[fmmzﬁzfmmzﬁfmﬁMt

forany f € L'([~ , ])andanyx € R.
Let f € L'([- ., ])and

n

fi= Y (frdbe. n=0,1.2,....

k=—n
Then
"1 . : "1 ‘
L@ =Y — [ f@e™die™ = > — [ f)erMdr.
k;nz /_ k;nz /_
We next show that, for every f € L' ([— , ]), we have
fim ottt A
n—o00 n+1
inthe L'([— . ]) norm. We first observe that
Bl £ A0 2t 50 (1LY (1o
k=—n
$ 1 ( |k| ) —ikt ikx
= —(1-— f@)edte
k;n 2 /
_ 1 _ K ik
= / f(t)( - ( +1)e )dt.
2.11.1)

Lemma 2.11.1. Foreveryn € N and x € R, we have
, (m+ x

n sin
k . 1
E : 1— | | elkx — 2
n+1 n-+1 .2 X

k=—n sin 0
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Proof. We have
) 1 1

1 1 . .
sin g = E(l —cosx) = ~ e+ 5~ Ze”‘.

Then, direct calculation gives

[ U A N k| \ i
— o 1_ IKX
(46 t373c kz_:n nt+1)€

1 1 _. 1 1 ;
— __ ,—iln+1x -~ jiln+D)x
( 4 HE ) '

This proves the lemma.

Lemma 2.11.2. The sequence of functions

n k 4
K= 3 (1_n|+|l)elk,

k=-n

is a Fejér summability kernel.

Proof. Since/ e =2 ifk =0 and/ e’ = 0 for any other integer k, we

R |k| ikt g,
/_Kn(t)dt—k;n(l—n+l)/_ efdr =2 .

From Lemma 2.11.1, it follows that K,, > 0 and hence

obtain

/_ |K,,(t)|dt=/_ K,(t)dt =2 .

t 8
Finally, let § € (0, ).Fort € (8,2 —§), we have sin 3 > sin 3 and therefore

., (n+1)x
sin® ————

1 2 1
K@) = < < .
. 8
nl sin’ 2 (n + 1)sin® 3

Thus,

2 =8
/ K, ()i < -
8 (n + 1)sin? >

For a fixed §, the right-hand side tends to 0 as n — oo. This proves the lemma.
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Theorem 2.11.1. If f € Lz([— , ]) and |(f, d),,)| = 0 for all integers n, then
f=0ae

Proof. If
‘/fMKmsz

for all integers n, then

ho= Y - [ roerema—o

k=—n
Consequently,
Sox) + i) -+ ful) 1 . k| ik(x—1) _
o =3 [-ﬂQQZLO ;:06 )m_a

On the other hand, since f and all the functions elkx

! 3 K1Y ikcemr
2_/_ f@(k:_n(l‘m)e“ ))‘“
! : K1Y ik
-5/ f(x‘f)<kzz_n(l—m)ek)df

and hence, by Theorem 3.8.1 (see Debnath and Mikusinski 1999) and
Lemma 2.11.2,

are 2 -periodic, we have

. o+ ittt Su
m

1 =
in the L! ([— , ]) norm. Therefore, f = 0 a.e.
Theorem 2.11.2. The sequence of functions
bu(X) = ——, n=0,%1,%2,...,

V2
is complete.

Proof. If [ € Lz([— , ]), then f € Ll([— , ]) Thus, by Theorem 2.11.1 if
(f, dn) = O for all integers n, then f = 0 a.e., thatis, f =0in f € LZ([— , ])
This proves completeness of the sequence by Theorem 2.10.4.
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Theorem 2.11.2 implies that, for every f € Lz([— , ]), we have

(o]

f=Y dudu (2.11.2)

n=—0oo

where

«/2; and aan%/_ f(t)e "dt.

In this case, Parseval’s formula yields

Hf}|2=/_ Solde= 3 Jul

n=—oo

dn(x) =

The series (2.11.2) is called the Fourier series of f, and the numbers an are called
the Fourier coefficients of f. It is important to point out that, in general, (2.11.2)
does not imply pointwise convergence. The problem of pointwise convergence of
Fourier series is much more difficult. In 1966, Carleson proved that Fourier series
of functions in L>([— , ]) converge almost everywhere.

2.12 Orthogonal Complements and the Projection Theorem

By a subspace of a Hilbert space H, we mean a vector subspace of H. A subspace
of a Hilbert space is an inner product space. If we additionally assume that S is a
closed subspace of H, then S is a Hilbert space itself because a closed subspace of
a complete normed space is complete.

Definition 2.12.1 (Orthogonal Complement). Let S be a nonempty subset of a
Hilbert space H. An element x € H is said to be orthogonal to S, denoted by
x L §,if (x,y) = O0forevery y € S. The set of all elements of H orthogonal to
S, denoted by S L is called the orthogonal complement of S. In symbols,

St={xeH:x LS}

The orthogonal complement of S+ is denoted by S+ = (S J-)l )

Remarks. If x 1 y for every y € H, then x = 0. Thus H+ = {0}. Similarly,
{O}J‘ = H. Two subsets A and B of a Hilbert space are said to be orthogonal if
x L yforevery x € Aand y € B. This is denoted by A L B. Note thatif A L B,
then A N B = {0} or @.
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Theorem 2.12.1 (Orthogonal Complement). For any subset of S of a Hilbert
space H, the set S* is a closed subspace of H.

Proof. Ifa,p € Cand x,y € S+ then
{ax +By.z) = afx,2) +B(y.2) =0
for every z € S. Thus, S+ is a vector subspace of H. We next prove that S+ is

closed.

Let {x,} € S* and x, — x for some x € H. From the continuity of the inner
product, we find

(st> :<hm xnsy>: hm (xan> :O,
n—o00 n—o0

for every y € S. This shows that x € S+, and thus, S+ is closed.

The above theorem implies that S+ is a Hilbert space for any subset S of H.
Note that S does not have to be a vector space. Since S L S+, we have S N S+ =
{0 orSNS+t=0.

Definition 2.12.2 (Convex Sets). A set .S in a vector space is called convex if, for
any x,y € Sanda € (0,1), we haveax + (1 —a)y € S.

Note that a vector subspace is a convex set.
The following theorem concerning the minimization of the norm is of fundamen-
tal importance in approximation theory.

Theorem 2.12.2 (The Closest Point Property). Let S be a closed convex subset
of a Hilbert space H. For every point x € H, there exists a unique point'y € S
such that

|x=»| = inf fx =2 2.12.1)

Proof. Let { yn} be a sequence in S such that

| =yul = infx -2
Denote d = inf ||x — z||. Since 1 (ym + yu) € S, we have
ZE€S 2

>d, forallm,n € N.

1
X_E(ym+yn)
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Moreover, by the parallelogram law (2.6.7),

2

2
||ym_y/1H2 =4 +Hym_yn||z_4

1 1
X_E(ym+y/1) x—z(ym+yn)

2

1
= ”(x —ym) + (x _y/t)Hz + H(x —Ym) — (x _y/t)Hz —4|x— E(ym + )

= 2(Jx =l + = l) =4 = 3 Om + )
Since

2(||x — Vm ||2 + ||x — Vu Hz) — 4d?, asm,n — oo,
and

2
> d?,

1
X_E(Ym‘i‘Yn)

it follows that ||y — yn H2 — 0as m,n — oo. Thus, {y,} is a Cauchy sequence.
Since H is complete and S is closed, lim, 0 ¥, = ¥ exists and y € S. It follows
from the continuity of the norm that

|x—y| = Hx— lim y,| = lim |x—y.| =4d.
n—00 n—00

We have proved that there exists a pointin S satisfying (2.12.1). It remains to prove
the uniqueness. Suppose there is another point y; in S satisfying (2.12.1). Then,

1
since 3 (y + y1) € S, we have

2
||y—y1||2:4d2—4Hx—y—;yl

This can only be true if y = y;.

Remark. Theorem 2.12.2 gives an existence and uniqueness result which is crucial
for optimization problems. However, it does not tell us how to find that optimal
point. The characterization of the optimal point in the case of a real Hilbert space
stated in the following theorem is often useful in such problems.

Theorem 2.12.3. Let S be a closed convex subset of a real Hilbert space H,y € S,
and let x € H. Then, the following conditions are equivalent:

@ = 5] = int | —.
(b) (x—y,z—y)<0 forallz € S.
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Proof. Letz € S. Since S is convex, Az + (1 —\)y € S forevery A € (0, 1). Then,
by (a), we have

[e =yl =lx=de=@ =2y = =0 =2z=n].

Since H is areal Hilbert space, we get
[e=y* =l =yl =2 tv =y 2= p) + e ="

Consequently,

(x—y.z—y)| < % lz— |

Thus, (b) follows by letting A — 0. .
Conversely, if x € H and y € S satisfy (b), then, for every z € S, we have

e =y = lx—2* =2(x = y. 2= y) = |z = ¥|* =0.

Thus, x and y satisfy (a).

If H = R? and S is a closed convex subset of R?, then condition (b) has an
important geometric meaning: the angle between the line through x and y and the
line through z and y is always obtuse, as shown in Fig.2.5.

Theorem 2.12.4 (Orthogonal Projection). If S is a closed subspace of a Hilbert
space H, then every element x € H has a unique decomposition in the form x =
y +z wherey € S and z € St

Proof. If x € S, then the obvious decomposition is x = x + 0. Suppose now that
x # S.Let y be the unique point of § satisfying |x — y| = inf |x —w]. as in
we

Theorem 2.12.2. We show that x = y + (x — y) is the desired decomposition.
Ifwe Sand A € C, then y + Aw € S and

e =37 = e =y = 2w]” = =y |* = 220w = ) - 122 ]
Hence,
2% (w, x — y) + P w]’ = 0.
If A > 0, then dividing by A and letting A — 0 gives

H{w,x —y) <0. (2.12.2)
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X

Fig. 2.5 Angle between two lines

Similarly, replacing A by —i M(A > 0), dividing by A, and letting A — 0 yields
F(w,x —y) <0. (2.12.3)

Since y € S implies —y € S, inequalities (2.12.2) and (2.12.3) hold also with —w
instead of w. Therefore, (w, x — y) = 0 for every w € S, which means x — y € S+

To prove the uniqueness, note thatif x = y; +z;, y; € S, and z; € S+, then
y—y1 € Sandz—z; € S*. Since y—y; = 71—z, we musthave y—y; = z;—z = 0.

Remarks. 1. According to Theorem 2.12.4, every element of H can be uniquely
represented as the sum of an element of S and an element of S*. This can be
stated symbolically as

H=S®S (2.12.4)

We say that H is the direct sum of S and S+. Equality (2.12.4) is called an
orthogonal decomposition of H. Note that the union of a basis of S and a basis
of S+ is a basis of H.

2. Theorem 2.12.2 allows us to define a mapping Ps(x) = y, where y is as
in (2.12.1). The mapping P; is called the orthogonal projection onto S.

Example 2.12.1. Let H = R2. Figure 2.6 exhibits the geometric meaning of the
orthogonal decomposition in R2. Here, x € R?, x = y + 2z, y € S,andz € S*.
Note that if s¢ is a unit vector in S, then y = (x, s¢)5o.

Example 2.12.2. If H = R?, given a plane P, any vector x can be projected onto
the plane P. Figure 2.7 illustrates this example.

Theorem 2.12.5. If S is a closed subspace of a Hilbert space H, then S*+ = §.

Proof. If x € S, then for every z € S+ we have (x,z) = 0, which means x € Sii
Thus, S ¢ S++. To prove that S+l < S consider an x € S++. Since S is closed,
x =y +zforsomey € S andz € S*. In view of the inclusion S C S++, we
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Fig. 2.6 Orthogonal decomposition in R?

P

Fig. 2.7 Orthogonal projection into a plane

have y € S+ and thus, z = x — y € S+ because S+ is a vector subspace.
But z € S+, so we must have z = 0, which means x = y € S. This shows that
S+L  S. This completes the proof.

2.13 Linear Functionals and the Riesz
Representation Theorem

In Sect. 2.7, we have remarked that for any fixed vector x( in an inner product space
X, the formula f(x) = (x,xo) defines a bounded linear functional on X. It turns
out that if X is a Hilbert space, then every bounded linear functional is of this form.
Before proving this result, known as the Riesz representation theorem, we discuss
some examples and prove a lemma.

Example 2.13.1. Let H = LZ((a,b)),—oo < a < b < oo. Define a linear
functional f on H by the formula

b
f(x) =/ x(t)dt.
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If xo denotes the constant function 1 on (a, b), then clearly f(x) = (x,xo) and
thus, f is a bounded functional.

Example 2.13.2. Let H = L*(a,b) and let t, be a fixed point in (a, b). Let f be
a functional on H defined by f(x) = x(t). This functional is linear, but it is not
bounded.

Example 2.13.3. Let H = C" and let ny € {1,2,...,n}. Define f by the

F((x1, 000 X)) = X
We have

f((xl, Ce ,)Cn)) = (()Cl, Ce ,xn)s eno)?

where e, is the vector which has 1 on the ny-th place and zeros in the remaining
places. Thus, f is a bounded linear functional.

Lemma 2.13.1. Let f be a bounded linear functional on an inner product space X .
Then, dim A[(f)* < 1.

Proof. If f = 0, then A((f) = X and dim A(f)L = 0 < 1. It remains to show
that dim A((f)* = 1 when f is not zero. Continuity of f implies that A((f) is
a closed subspace of X and thus A'(f)* is not empty. Let x1,x, € N(f)* be
nonzero vectors. Since f(x;) # 0and f(x;) # 0, there exists a scalar a # 0 such
that f(x;) + af(x2) = 0or f(x; + axy) = 0. Thus, x; + axy € A(f). On the
other hand, since A((f) is a vector space and x;,x; € A(f)*, we must have
X1 +ax, € N(f)L. This is only possible if x; + ax, = 0 which shows that x; and
X, are linearly dependent because @ # 0.

Theorem 2.13.1 (The Riesz Representation Theorem). Let f be a bounded
linear functional on a Hilbert space H. There exists exactly one xo € H such
that f(x) = (x, xo) for all x € H. Moreover, we have Hf” = on ”

Proof. If f(x) = 0 forall x € H, then xo = 0 has the desired properties. Assume
now that f is a nonzero functional. Then, dim A( f)* = 1, by Lemma 2.13.1. Let
70 be a unit vector in AL( f )J-. Then, for every x € H, we have

x = x —{x,20)20 + {x,20)20-
Since (x,20)z0 € AL(f)*, we must have x — (x, z0)zo € N(f), which means that
f(x = {x.20)20) = 0.

Consequently,

f(x) = f({x,20)20) = (x,20) f(20) = {x, f(20)20)-

Therefore, if we put

Xo = f(z0)z0,

then f(x) = (x,x) forallx € H.
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Suppose now that there is another point x; such that f(x) = (x,x;) for all
x € H.Then (x,xo— x1) = 0 forall x € H and thus (xo — x1, xo — x1) = 0. This
is only possible if xo = x;.

Finally, we have

171 = sup 70] = s [t 0] = sup (Jsfa]) = o]

[x]l=1 |x||=1
and
[xo]* = txo. x0) = | £Go)| < [ £ [
Therefore,
171 = lxol]-
The collection H’ of all bounded linear functionals on a Hilbert space H is a
Banach space. The Riesz representation theorem states that H' = H or, more

precisely, that H’ and H are isomorphic. The element x, corresponding to a
functional f is sometimes called the representer of f.

Note that the functional f defined by f(x) = (x, xo), where x¢ # 0 is a fixed
element of a complex Hilbert space H, is not linear. Indeed, we have f(ax+By) =
af(x) + Bf(»y). Such functionals are often called anti-linear or conjugate-linear.

2.14 Separable Hilbert Spaces

Definition 2.14.1 (Separable Hilbert Space). A Hilbert space is called separable
if it contains a complete orthonormal sequence. Finite-dimensional Hilbert spaces
are considered separable.

Example 2.14.1. The Hilbert space Lz([— , ]) is separable. Example 2.10.2
shows a complete orthonormal sequence in Lz([— , ])

Example 2.14.2. The sequence space [ is separable.

Example 2.14.3 (Nonseparable Hilbert Space). Let H be the space of all complex-
valued functions defined on R which vanish everywhere except a countable number
of points in R and such that

2
Z | f (x)| < 00.
fx)#0
The inner product in H can be defined as
(fe)= > flx)g.
Sx)g(x)#0

This space is not separable because, for any sequence of functions f, € H, there
are nonzero functions f such that (f, f,) = O foralln € N.
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Recall that a set S in a Banach space X is called dense in X if every element of
X can be approximated by a sequence of elements of S. More precisely, for every
x € X, there exist x, € S such that |x —x,| — 0asn — oo.

Theorem 2.14.1. Every separable Hilbert space contains a countable dense subset.

Proof. Let {x,} be a complete orthonormal sequence in a Hilbert space H . The set
S ={(o1 +iP)x1 + -+ (@ 4+ iBu)xn a1, ..., Br,.... By € Qn € N}

is obviously countable. Since, for every x € H,

n

Z(x,xk)xk —X

k=1

—0 asn — 0o,

the set S is dense in H .

The statement in the preceding theorem is often used as a definition of
separability.

Theorem 2.14.2. Every orthogonal set in a separable Hilbert space is countable.

Proof. Let S be an orthogonal set in a separable Hilbert space H, and let S; be the
set of normalized vectors from S, that is, S; = {x/| x| : x € S}. For any distinct
x,y € §1, we have

Jx=y[* = tr—y.x =)
= (x,x)—(x,y)—(y,x)+(y,y)
=1-0-0+41 (by the orthogonality)
=2.

This means that the distance between any two distinct elements of S is V2.

Now, consider the collection of (1/+/2)-neighborhoods about every element of
Sj. Clearly, no two of these neighborhoods can have a common point. Since every
dense subset of H must have at least one point in every neighborhood and H has a
countable dense subset, S; must be countable. Thus, S is countable.

Definition 2.14.2 (Hilbert Space Isomorphism). A Hilbert space H; is said to be
isomorphic to a Hilbert space H, if there exists a one-to-one linear mapping 7" from
H, onto H; such that

(T, T() = (x,y) (2.14.1)

for every x,y € H,. Such a mapping T is called a Hilbert space isomorphism of
H, onto H>.
Note that (2.14.1) implies HT” = 1 because ||T(x) || = ||xH for every x € Hj.
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Theorem 2.14.3. Let H be a separable Hilbert space.

(a) If H is infinite-dimensional, then it is isomorphic to the space [?;
(b) If H has dimension N, then it is isomorphic to the space CV .

Proof. Let {x,} be a complete orthonormal sequence in H. If H is infinite
dimensional, then {x,} is an infinite sequence. Let x be an element of H. Define
T(x) = {a,}, where o, = (x,x,),n = 1,2,.... By Theorem 2.10.3, T is a
one-to-one mapping from H onto 2. It is clearly a linear mapping. Moreover for
oy = (x,x;)and B, = (¥, x,),x,y € H,n € N, we have

(T(x).T»)) = ((@.ar,...), Br.B1....))

o

= ZOLnB_n = Z(x,xn)(y,xn)
n=1

n=1
o0
<x ) (¥, Xn )xn>
n=1
The proof of (b) is left as an exercise.
It is easy to check that isomorphism of Hilbert spaces is an equivalence relation.
Since any infinite dimensional separable Hilbert space is isomorphic to the
space /2, it follows that any two such spaces are isomorphic. The same is true for real
Hilbert spaces; any real infinite dimensional separable Hilbert space is isomorphic
to the real space /2. In some sense, there is only one real and one complex infinite
dimensional separable Hilbert space.

= (x,y).

= Z(-xs (ysxn>xn> =
n=1

Thus, T is an isomorphism from H onto /.

2.15 Linear Operators on Hilbert Spaces

The concept of an operator (or transformation) on a Hilbert space is a natural
generalization of the idea of a function of a real variable. Indeed, it is fundamental
in mathematics, science, and engineering. Linear operators on a Hilbert space are
widely used to represent physical quantities, and hence, they are more important
and useful. The most important operators include differential, integral, and matrix
operators. In signal processing and wavelet analysis, almost all algorithms are
mainly based on linear operators.

Definition 2.15.1 (Linear Operator). An operator 7' of a vector space X into
another vector space Y, where X and Y have the same scalar field, is called a linear
operator if

T(axl + bxz) =aTx +bTx; (2.15.1)

for all scalars a, b and for all x1, x, € X.

Otherwise, it is called a nonlinear operator.
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Example 2.15.1 (Integral Operator). One of the most important operators is the
integral operator T defined by

b
Tx(s) = / K(s, 1) x(t) dt (2.15.2)

where a and b are finite or infinite. The function K is called the kernel of the
operator.

Example 2.15.2 (Differential Operator). Another important operator is called the
differential operator

df(x)
dx

(Df)(x) = f(x) (2.15.3)

defined on the space of all differentiable functions on some interval [a,b] C R,
which is a linear subspace of L2 ([a, b])

Example 2.15.3 (Matrix Operator). Consider an operator 7 on C", and let
{e1,ea,...,e,} be the standard base in C”, that is, e; = (1,0,0,...,0),e; =
0,1,0,...,0),...,e, = (0,0,...,1).

We define

ajj = (Tej,e;) foralli,j € {1,2,...,n}.

n
Then, for x = Zaj ej € C", we have

j=1
Tx=Y a;Te; (2.15.4)
=1
and hence
n n
(Tx,e,-)zZaj (Tej,e,-) =Zaijaj. (2.15.5)
ji=1 j=0

Thus, every operator T on the space C” is defined by an n x n matrix.

Conversely, for every n x n matrix (a,-j), formula (2.15.5) defines an operator
on C". We thus have a one-to-one correspondence between operators on an
n-dimensional vector space and 7 X n matrices.

Definition 2.15.2 (Bounded Operator). An operator 7 : X — X is called
bounded if there exists a number K such that

HTxH < KHx” for every x € X.



90 2 Hilbert Spaces and Orthonormal Systems

The norm of an operator 7 is defined as the least of all such number K or,
equivalently, by

Il = o |71,

It follows from this definition that
|7x] < 7 ]x].

If the operator 7 is defined by the matrix (a;;) in Example 2.15.3, then

(2.15.6)

This means that every operator on C”, and thus also every operator on any finite
dimensional Hilbert space is bounded.

The differential operator defined in Example 2.15.2 is unbounded. Consider the
sequence of functions f,(x) =sinnx,n =1,2,3,... definedon [— , ]. Then,

||f,,H={/_ sinznxdx}zzf

and

1

1D, | = {/_ (n cosnx)zdx} e

Thus,
IDf|| =0l fu] > 00 asn— .

Definition 2.15.3 (Continuous Operator). A linear operator T : X — Y,
where X and Y are normed spaces, is continuous at a point xo € X, if, for any
sequence {x,,} of elements in X convergent to x, the sequence {T(xn)} converges
to T'(xo). In other words, T is continuous at xg if ||xn — Xp H — 0 implies || T(x,)—
T (x0) || — 0. If T is continuous at every point x € X, we simply say that T is
continuous in X .

Theorem 2.15.1. A linear operator is continuous if and only if it is bounded.

The proof is fairly simple (see Debnath and Mikusinski 1999, p. 22) and omitted
here.
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Two operators 7' and S on a vector space X are said to be equal, T = S, if
Tx = Sx forevery x € X. The set of all operators forms a vector space with the
addition and multiplication by a scalar defined by

(T+S)x =Tx+ Sx,
(aT)x =aTx.
The product T'S of operators T and S is defined by
(TS)(x) =T(Sx).

In general, TS # ST. Operators T and S for which TS = ST are called
commuting operators.

Example 2.15.4. Consider the space of differentiable functions on R and the
operators

Tf(x)=xf(x) and D = i
dx

It is easy to check that TD # DT.

The square of an operator T is defined as 72x = T(T x). Using the principle of
induction, we can define any power of T' by

T"x =T (T" 'x).
Theorem 2.15.2. The product T'S of bounded operators T and S is bounded and

I7s] <I71]s]-

Proof. Suppose T and S are two bounded operators on a normed space X; | T || =

k1 and ||S|| = k5. Then,
HTSxH fleSx” §k1k2Hx|| for every x € X.

This proves the theorem.

Theorem 2.15.3. A bounded operator on a separable infinite dimensional Hilbert
space can be represented by an infinite matrix.

Proof. Suppose T is a bounded operator on a Hilbert space H and {en} is a
complete orthonormal sequence in H. For i, j € N, define

ajj = (TEj,€i>.
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For any x € H, we have

n
Tx=T nlgrc}o;(x,ej)ej
j=

n

:nlggoT Z:l(x,ej)ej , by continuity of T
=

n

= lim Z(x,ej)Tej , by linearity of T

n—o00

j=1
o0
= Z(x,ej)Tej.
j=1
Now,
o0 o0 o
(Tx,e;)) = <Z(x,ej)Tej,ei> = Z(Tej,e,-)(x,ej) = Za,'j (x,e;).
j=1 j=1 j=1

This shows that T is represented by the matrix (ai j).

Suppose T is a bounded operator on a Hilbert space H . For every fixed xo € H,
the functional f defined on H by

Jf(x) = (Tx, xo)

is a bounded linear functional on H. Thus, by the Riesz representation theorem,
there exists a unique yo € H such that f(x) = (x,y0) forall x € H. Or,
equivalently, (Tx, xo) = (x, yo) for all x € H.If we denote by 7" the operator
which to every xo € H assigns that unique yy, then we have

(Tx,y) = (X,T*y) forall x,y € H.

Definition 2.15.4 (Adjoint Operator). If 7 is a bounded linear operator on a
Hilbert space H, the operator T" : H — H defined by

(Tx,y)=(x,T"y) forallx,y e H
is called the adjoint operator of T .

The following are immediate consequences of the preceding definition.
(T+S) =7"+8", (aT) =ar",

(Y =1, 1"=1. (1S) =58"T",

for arbitrary operators 7" and S, [ is the identity operator and for any scalar a.
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Theorem 2.15.4. The adjoint operator T" of a bounded operator T is bounded.
Moreover,

[Tl =771 ana |77 =|T["

Proof. The reader is referred to Debnath and Mikusinski (1999, p. 151).
In general, T # T" . For example, suppose H = C?, and suppose T is defined by

T(z1,22) = (0,z1).
Then,

(T(x1.x2), 1. y2)) =x172 and  ((x1,x2), T(y1, y2)) = x2 J1.

However, operators for which 7' = T" are of special interest.

Definition 2.15.5 (Self-adjoint Operator). If 7 = T, that is, (Tx,y) =
(x,Ty) forall x,y € H,then T is called self-adjoint (or Hermitian).

Example 2.15.5. Suppose H = C" and that {e;, e, ..., ey} is a standard orthonor-
mal base in H. Suppose T is an operator represented by the matrix (ai j), where

ajj = (Te;,e;) (see Example 2.15.3). Then, the adjoint operator T" is represented
by the matrix by; = (T"e i, ex). Consequently,

bij = (ej. Tex) = (Tex.ej) = ajk.
Therefore, the operator T is self-adjoint if and only if a;; = a;;. A matrix that

satisfies this condition is often called Hermitian.

Example 2.15.6. Suppose H is a separable, infinite-dimensional Hilbert space, and
suppose {e, } is a complete orthonormal sequence in H. If T is a bounded operator
on H represented by an infinite matrix (ai j), the operator T is self-adjoint if and
only if a;; = aj; foralli, j € N.

Example 2.15.7. Suppose T is a Fredholm operator on Lz([a, b]) defined
by (2.15.2), where the kernel K is defined on [a, b] X [a, b] such that

b b ,
//|K(s,t)| dsdt < oo.

This condition is satisfied if K is continuous. We have

b b
(Tx,y):/ / K(s,t) x(t) y(s) ds dt

b b
=/ / K(s,t) x(t) y(s)ds dt
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b b
:/ x(t)/ K(s,t) y(s)ds dt

b
_ <x/ Ko y0) dt>.

This shows that

* b—
(T x)(s) =/ K(s,t)x(t)dt.

Thus, the Fredholm operator is self-adjoint if its kernel satisfies the equality
K(s,t) = K(t,s).

Example 2.15.8. The operator T on LZ([a,b]) defined by (Tx)(t) = tx(¢) is
self-adjoint.
We have

b L b
(Tx,y) =/ tx@)y(@t)dt = / x(@)ty(@t)dt = (x,Ty).

Example 2.15.9. The operator T defined on L*(R) defined by (7'x) (1) = e lx (1)
is bounded and self-adjoint.
The fact that T is self-adjoint follows from

(Tx,y) = /_00 e Mx@) y(0)dt = /_OO x()e Ml y(t)dt = (x,Ty).

The proof of boundedness is left as an exercise.

Theorem 2.15.5. If T is a bounded operator on a Hilbert space H, the operators
A=T+T" and B = T"T are self-adjoint.

Proof. Forall x,y € H, we have
(Ax,y) = ((T n T*)x,y> - (x, (T + T*)*y> - (x, (T + T*)y> = (x, Ay)
and

(Bx,y) = (T* Tx,y> =(Tx,Ty) = <x, T*Ty> = (x, By).

Theorem 2.15.6. The product of two self-adjoint operators is self-adjoint if and
only if they commute.
Proof. Suppose T and S are two self-adjoint operators. Then,

(TSx,y) =(Sx,Ty) = (x,STy)
Thus, if TS = ST, then T'S is self-adjoint.
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Conversely, if T'S is self-adjoint, then the above implies 7S = (T'S ) =ST.

Example 2.15.10. Consider the differential operator D in the space of all differen-
tiable functions on R vanishing at infinity. Then,

(Dx,y) = / —x(t) y(t)dt = /_x(t) — (@) dt

=/_ x(0)- (——y()) { = (x.—Dy).

Thus, —D is the adjoint of the operator D.

d
Example 2.15.11. Consider the operator T = i n in the space of all differentiable

functions on R vanishing at infinity.
We have

o0 d - o0
<Tx,y>=/_ iExm-y(z)dr:—i[_ X0 @ dr

o0

&0 d
= /_oox(t) . (i Ey(t)) dt = (x,Ty).

Therefore, T is a self-adjoint operator.

Theorem 2.15.7. For every bounded operator T on a Hilbert space H, there exist
unique self-adjoint operators A and B suchthatT = A+ iB and T" = A—iB.

Proof. Suppose T is a bounded operator on H. Define
1 * 1 *

Evidently, A and B are self-adjointand T = A + i B. Moreover, forany x,y € H,
we have

(Tx,y) = ((A +iB)x, y) = (Ax, y) + i(Bx, y)
= (x, Ay) + i(x, By) = (x, (A- iB)y).

Hence, T = A—iB.
The proof of uniqueness is left as an exercise.

In particular, if T is self-adjoint, then T = A and B = 0. This implies that
self-adjoint operators are like real numbers in C.

We next discuss projection operators and their properties.

According to the projection Theorem 2.12.4, if S is a closed subspace of a Hilbert
space H, then for every x € H, there exists a unique element y € S such that
x = y +zand z € S*. Thus, every closed subspace induces an operator on H
which assigns to x that unique y.
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Definition 2.15.6 (Anti-Hermitian Operator). An operator A is called anti-
Hermitianif A = —A".
The operator in Example 2.15.10 is anti-Hermitian.

Definition 2.15.7 (Inverse Operator). Let T be an operator defined on a vector
subspace of X. An operator S defined on R(T) is called the inverse of T if
TSx = xforallx € R(T)and ST x = x forall x € D(T). An operator which has
an inverse is called invertible. The inverse of T will be denoted by 7.

If an operator has an inverse, then it is unique. Indeed, suppose S| and S, are
inverses of 7. Then

Si=811=8TS=15=5.
Note also that
D(T™")=R(T) and R(T')=D(T).

First, we recall some simple algebraic properties of invertible operators.

Theorem 2.15.8. (a) The inverse of a linear operator is a linear operator.

(b) An operator T is invertible if and only if Tx = 0 implies x = 0.

(c) If an operator T is invertible and vectors x1, ..., x, are linearly independent,
then T'xy, ..., Tx, are linearly independent.

(d) If operators T and S are invertible, then the operator T'S is invertible and we
have (TS)™! = S~

Proof. (a) Forany x,y € R(T) and o, p € C, we have

T Wax+By) =T N aTT 'x+BTT 'y)
=T ' Tl 'x+pT7'y)=aT 'x +BT"y.

(b) If T is invertible and Tx = 0,then x = T~'Tx = T~'0 = 0. Assume now
that Tx = 0 implies x = 0. If Tx; = Tx,, then T(x; — x) = 0 and thus
x; — x = 0. Consequently, x; — x, = O. which proves that T is invertible.

(¢) Suppose a;Tx; + -+ + a,Tx, = 0. Then, T(ot;x; + -+ + a,x,) = O,

and since T is invertible, ajx; + --- 4+ a,x, = 0. Linear independence of
X{,..., X%, impliesa; = -+ = o, = 0. Thus, vectors T'xy, ..., T x, are linearly
independent.

(d) In view of (b). if T(Sx) = 0, then Sx = 0 since T is invertible. If Sx = 0,
then x = 0, since S is invertible. Thus, T'S is invertible by (b). Moreover,

(ST'TIN(TS)=8S(TT'T)S=S"'S =1

Similarly, (7S)(S~'7~") = I. This proves that (TS)_1 =S-IT1
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It follows from part (c) in the preceding theorem that if X is a finite dimensional
vector space and T is a linear invertible operator on X, then R(T) = X.
As the following example shows, in infinite dimensional vector spaces this is not
necessarily true.

Example 2.15.12. Let X = [2. Define an operator 7 on X by
T(Xl,XQ,...) = (0,)61,)62,...).

Clearly. this is a linear invertible operator on /2> whose range is a proper subspace
of I2.

The next example shows that the inverse of a bounded operator is not necessarily
bounded.

Example 2.15.13. Let X = 2. Define an operator T on X by

T(xl’x2"”)=(xla%,%,...,);—n, )
Since
o | |2 >
HT(Xl,xz,..-)” = Z n"2 < len|2: H(xl,xz,...) ,
n=1 n=1

T is a bounded operator. 7 is also invertible:
T_l(xl,xz, . ) = (x1,2x2,3x3, e X, . )

However, T~! is not bounded. In fact, consider the sequence {e, } of elements of / 2
where {e,} is the sequence whose nth term is 1 and all the remaining terms are 0.
Then, H e, H = 1and || T e, H = n. Therefore, T~ is unbounded.

If X is finite dimensional, then the inverse of any invertible operator on X is
bounded because every operator on a finite dimensional space is bounded.

Theorem 2.15.9. Let T be a bounded operator on a Hilbert space H such that
R(T) = H. If T has a bounded inverse, then the adjoint T is invertible and

()" = ()"
Proof. Tt suffices to show that

* ® *

(T T"x=T"(T"") x=x (2.15.7)

for every x € H.Indeed, for any y € H, we have

(3. () T x) = (7710, T7x) = (TT 7y %) = (3.%)
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and

Thus,
(3. () T7x) = (3. 77 (17) %) = (y.x) forall y € H. (2.15.8)

This implies (2.15.7).

Corollary 2.15.1. If a bounded self-adjoint operator T has bounded inverse T,
then T~ is self-adjoint.

Proof (T71) = (T")"' =71,

Definition 2.15.8 (Isometric Operator). A bounded operator T on a Hilbert
space H is called an isometric operator if | T x|| = || x| forall x € H.

Example 2.15.14. Let {e,} ,n € N, be a complete orthonormal sequence in a
Hilbert space H. There exists a unique operator 7' such that Te, = e, for all

o o
n € N. In fact, if x = Z o, e,, then Tx = Zanen+1. Clearly, T is linear and

n=1 n=1
o0
H Tx“2 = Z iocn |2 = ||x“ Therefore, T is an isometric operator. The operator T

n=1
is called a one-sided shift operator.

Theorem 2.15.10. A bounded operator T defined on a Hilbert space H is isometric
ifand only if T"T = I on H.

Proof. If T is isometric, then for every x € H we have || Tx Hz =|x ||2 and hence,
(T"Tx,x) = (Tx,Tx) = (x,x)  forallx e H.
This implies that 7° 7 = I. Similarly, if 7° 7 = I, then

|Tx| = \/(Tx,Tx) = \/(T*Tx,x) = \/(x,x) = ||x|.

Note that isometric operators “preserve inner product™ (Tx,Ty) = (x,y).
In particular, x L y if and only if Tx L Ty. The operator in Example 2.15.12
is an isometric operator.

Definition 2.15.9 (Unitary Operator). A bounded operator 7" on a Hilbert space
H is called a unitary operatorif T"T =TT =1 onH.

In the above definition it is essential that the domain and the range of T be the
entire space H.
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Theorem 2.15.11. An operator T is unitary if and only if it is invertible and
T =T".

Proof. Assume that T is an invertible operator on a Hilbert space H such that
T~ =T . Then, T°T = T7'T = I and TT" = TT~' = I. Therefore, T
is a unitary operator. The proof of the converse is similar.

Theorem 2.15.12. Suppose T is a unitary operator. Then

(a) T is isometric,
(b) T~ and T" are unitary.

Proof. (a) follows from Theorem 2.15.10. To prove (b), note that

(T =7"T' =TT = I
Similarly, 7='(T~")" = 1, and thus, 7" is unitary. Since 7~ = T~', by
Theorem 2.15.11, T" is also unitary.

Example 2.15.15. Let H be the Hilbert space of all sequences of complex numbers
o0

x ={...,X_1, X0, X[, ...} such that ||xH = Z |x,,‘2 < oo. The inner product is

n=—0oo

defined by
o0
> X
n=—oo

Define an operator 7 by T'(x,) = (x,—1). T is a unitary operator and hence, T is
invertible and

This implies that 7~ = T,

Example 2.15.16. Let H = L?([0, 1]). Define an operator T on H by (Tx)(1) =
x (1 — t). This operator is a one-to-one mapping of H onto H. Moreover, we have
T=T" =T""Thus, Tisa unitary operator.

Definition 2.15.10 (Positive Operator). An operator T is called positive if it is
self-adjoint and (T'x,x) > O forall x € H.

Example 2.15.17. Let ¢ be a nonnegative continuous function on [a,b]. The
multiplication operator T on L*([a, b]) defined by Tx = ¢x is positive. In fact
for any x € L*([a, b]), we have

b _ b
(Tx,x)z/ d)(t)x(t)x(t)dtz/ o(1)|x (1) dr > .
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Example 2.15.18. Let K be a positive continuous function defined on [, b] X [, b].
The integral operator 7" on Lz([a, b]) defined by

b
(Tx)(s)z/ K(s,t) x(t)dt

is positive. Indeed, we have

b b b b
(Tx,x)z/ / K(s,t)x(t)%dtds=/ / K(s,t)\x(t)|2dtds20

forall x € L*([a, b]).

Theorem 2.15.13. For any bounded operator A on a Hilbert space H, the
operators A" Aand AA™ are positive.

Proof. Forany x € H, we have
(A" Ax, x) = (Ax, Ax) = |Ax|* = 0
and
(44" x,x) = (4"x,4"x) = | 4x|* = 0.

Theorem 2.15.14. If A is an invertible positive operator on a Hilbert space H,
then its inverse A~ is positive.

Proof. If y € D(A™"), then y = Ax for some x € H, and then
(A7'y, y) = (47" Ax, Ax) = (x, Ax) > 0.

To indicate that A is a positive operator, we write A > 0. If the difference A — B
of two self-adjoint operators is a positive operator, thatis, A — B > 0, then we write
A > B. Consequently,

A > B if and only if (Ax,x) > (Bx,x) forall x € H.

This relation has the following natural properties:

IfA>BandC > D,thenA+ C > B + D;
IfA>0anda > 0(a € R), then a4 > 0;
IfA>Band B> C,then A > C.

Proofs are left as exercises.

Theorem 2.15.15. If T is a self-adjoint operator on H and || T|| <1, thenT <1I.
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Proof. If |T|| < 1, then
(Te.x) =< | T = (. x) = (1.2)

forallx € H.

Definition 2.15.11 (Orthogonal Projection Operator). If S is a closed subspace
of a Hilbert space H, the operator P on H defined by

Px=y ifx=y+z yeS and zeSt, (2.15.9)

is called the orthogonal projection operator onto S, or simply, the projection
operator onto S. The vector y is called the projection of x onto S.

Since the decomposition x = y 4 z is unique, it follows that projection operators
are linear. The Pythagorean formula implies that

[Px]® =1y = 1P = Dl =< "

This shows that projection operators are bounded and H Px H < 1. The zero operator
is a projection operator onto the zero subspace. If P is a nonzero projection operator,
then H Px || = 1 because, for every x € S, we have Px = x. The identity operation
1 is the projection operator onto the whole space H .

Moreover, it follows from (2.15.9) that

(Px,x— Px)=0 for every x € H.

Example 2.15.19. If S is a closed subspace of a Hilbert space H and {e,} is a
complete orthonormal system in S, then the projection operator P onto S can be
defined by

Px = Z(x,e,,)e .
n=1
In particular, if the dimension of S is unity and u € S, ||u|| = 1, then Px =

(x, u)u.

Example 2.15.20. Suppose that H = LZ([— , ]) Every x € H can be
represented as x = y + z, where y is an even function and z is an odd function. The
operator defined by Px = y is the projection operator onto the subspace of all even
functions. This operator can also be defined as in Example 2.15.19:

o0

Px = (x,¢n)dn,

n=0

1 1
where g = —— and ¢,(t) = — cosnt, n=1,2,3,....
V2 Ng



102 2 Hilbert Spaces and Orthonormal Systems
Example 2.15.21. Let H = Lz([— , ]) and P be an operator defined by

0 t<0
Px)yt)y=3" -
(P2)@®) x(t),t>0
Then, P is the projection operator onto the space of all functions that vanish for
t<0.

Definition 2.15.12 (Idempotent Operator). An operator 7 is called idempotent
ifT?=T.
Every projection operator is idempotent. In fact, if P is the projection operator

onto a subspace S, then P is the identity operator on S. Since Px € S for every
x € H, it follows that P> = P(Px) forall x € H.

Example 2.15.22. Consider the operator T on C? defined by T'(x, y) = {(x — y,0).
Obviously, T is idempotent. On the other hand, since

(T()C, y)v ()C, y) - T()C, y)) = XY— |J’|Zs

T (x, y) need not be orthogonal to (x, y) — T'(x, y) and thus 7 is not a projection.

Definition 2.15.13 (Compact Operator). An operator 7 on a Hilbert space H is
called a compact operator (or completely continuous operator) if, for every bounded
sequence {xn} in H, the sequence {Txn} contains a convergent subsequence.

Compact operators constitute an important class of bounded operators. The
concept originated from the theory of integral equations of the second kind.
Compact operators also provide a natural generalization of operators with finite-
dimensional range.

Example 2.15.23. Every operator on a finite dimensional Hilbert space is compact.
Indeed, if T is an operator on CNV, then it is bounded. Therefore, if {xn} is a bounded
sequence, then {Tx,,} is a bounded sequence in CV. By the Bolzano—Weierstrass
theorem, {Txn} contains a convergent subsequence.

Theorem 2.15.16. Compact operators are bounded.

Proof. 1f an operator T is not bounded, then there exists a sequence {xn} such that
Hx,, H = 1, foralln € N, and H T x, H — 00. Then, {Tx,,} does not contain a
convergent subsequence, which means that 7" is not compact.

Not every bounded operator is compact.

Example 2.15.24. The identity operator / on an infinite dimensional Hilbert space
H is not compact, although it is bounded. In fact. consider an orthonormal sequence
{e,} in H. Then, the sequence /e, = e, does not contain a convergent subsequence.

Example 2.15.25. Let y and z be fixed elements of a Hilbert space H . Define
Tx = (x, y)z.
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Let {xn} be a bounded sequence, that is,
Since

xn” < M forsome M > Oandalln € N.

(e )l < [l ] < M)y

’

the sequence {(x,, )} contains a convergent subsequence {(x,,, y)}. Denote the
limit of that subsequence by a. Then,

Txp, =(xp,.y)z—>az asn — oo.

Therefore, T is a compact operator.

Example 2.15.26. Important examples of compact operators are integral operators
T on LZ([a, b]) defined by

b
(Tx)(s)z/ K(s,t)x(t)dt,

where a and b are finite and K is continuous.

Example 2.15.27. Let S be a finite-dimensional subspace of a Hilbert space H . The
projection operator Py is a compact operator.

Theorem 2.15.17. Let A be a compact operator on a Hilbert space H, and let B
be a bounded operator on H. Then, AB and BA are compact.

Proof. Let {x,} be a bounded sequence in H. Since B is bounded, the sequence
{Bx,} is bounded. Next, since A is compact, the sequence {ABx,} contains a
convergent subsequence, which means that the operator A B is compact. Similarly,
since A is compact, the sequence { Ax, } contains a convergent subsequence {Ax P }
Now, since B is bounded (and thus continuous), the sequence {BAx pn} converges.
Therefore, the operator BA is compact.

The operator defined in Example 2.15.27 is a special case of a finite-dimensional
operator.

Definition 2.15.14 (Finite-Dimensional Operator). An operator is called finite-
dimensional if its range is of finite dimension.

Theorem 2.15.18. Finite-dimensional bounded operators are compact.

Proof. Let A be a finite-dimensional bounded operator and let {z;,...,z} be an
orthonormal basis of the range of A. Define

T,x = (A)C, Zn)Zn
forn =1,...,k. Since

Tn.x = (Ax,Zn>Zn = (xa A*Zl‘l)zna
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the operators 7,, are compact, as proved in Example 2.15.25. Since

k
A=>"T,.
n=1

A is compact because the collection of all compact operators on a Hilbert space H
is a vector space.

Theorem 2.15.19. If T, T, ... are compact operators on a Hilbert space H and
H T,.—T || — 0 asn — oo for some operator T on H, then T is compact.

Proof. Let {xn} be a bounded sequence in H. Since 7 is compact, there exists a
subsequence {xl,n} of {x,,} such that {Tlxl,n} is convergent. Similarly, the sequence
{szl,n} contains a convergent subsequence {szz,n}- In general, for k > 2, let
{xk,n} be a subsequence of {Xk—1,n} such that {Tkxk,n} is convergent. Consider
the sequence {x,,,,,}. Since it is a subsequence of {xn}, we can put x,, = X,
where { p,,} is an increasing sequence of positive integers. Obviously, the sequence
{Tkx pn} converges for every k € N. We will show that the sequence {Tx],n} also
converges.

Let ¢ > 0. Since H T, — T|| — 0, there exists k € N such that || T, — TH < ﬁ,
where M is a constant such that Hx,, H < M for all n € N. Next, let k; € N be such
that

|| Tk‘x]’n - Tk‘x]’m

=

e
3

forall n,m > k;. Then,

A
=
=

Ry

+ “ Tkxpn - Tk‘x]’m

+ “ Tkxpm - T‘x]’m

“ T'xpn - T‘x]’m - Tkxp,,

<8+8+8
— — — =g
-3 3 3

for sufficiently large n and m. Thus, {Tx Pn} is a Cauchy sequence in H . Complete-
ness of H implies that {Tx],n} is convergent.

Corollary 2.15.2. The limit of a convergent sequence of finite-dimensional opera-
tors is a compact operator.

Proof. Finite-dimensional operators are compact.
Theorem 2.15.20. The adjoint of a compact operator is compact.

Proof. Let T be a compact operator on a Hilbert space H, and let {xn} be a
bounded sequence in H, that is, Hxn H < M for some M for all n € N. Define
yp =T xy,n =1,2,....Since T" is bounded, the sequence {yn} is bounded. It
thus contains a subsequence {yx, } such that the sequence {7y, } converges in H.
Now, for any m,n € N, we have
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2 . . 2
e[ = s -7
= (1" (v = 0,). " (35, = 31,))
= (TT* (Xt — Xk, ) (X0, — xk,,)>

< H TT" (XK — Xk,)

(R

< 2M|Tyy, — Ty,

— 0, asm,n — oo.

Therefore, { Yk,,} is a Cauchy sequence in H, which implies that { ykn} converges.
This proves that T" isa compact operator.

In the next theorem, we characterize compactness of operators in terms of weakly
convergent sequences. Recall that we write “x, — x” to denote strong convergence

w
and “x, — x” to denote weak convergence.

Theorem 2.15.21. An operator T on a Hilbert space H is compact if and only if
Xn = x implies Tx, — Tx.

Proof. For a proof of this theorem, the reader is referred to Debnath and Mikusinski
(1999).

Corollary 2.15.3. If T is a compact operator on a Hilbert space H and {x,} is an
orthonormal sequence in H, then lim,o T x,, = 0.

Proof. Orthonormal sequences are weakly convergent to 0.

It follows from the above theorem that the inverse of a compact operator on an
infinite-dimensional Hilbert space, if it exists, is unbounded.

It has already been noted that compactness of operators is a stronger condition
than boundedness. For operators, boundedness is equivalent to continuity. Bounded
operators are exactly those operators that map strongly convergent sequences into
strongly convergent sequences. Theorem 2.15.21 states that compact operators on a
Hilbert space can be characterized as those operators which map weakly convergent
sequences into strongly convergent sequences. From this point of view, compactness
of operators is a stronger type of continuity. For this reason, compact operators are
sometimes called completely continuous operators. The above condition has been
used by F. Riesz as the definition of compact operators. Hilbert used still another
(equivalent) definition of compact operators: an operator 7 defined on a Hilbert
space H is compact x, — x weakly and y, — y weakly implies (Txn, y,,) —
(Tx. y) strongly.
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2.16 Eigenvalues and Eigenvectors of an Operator

This section deals with concepts of eigenvalues and eigenvectors which play a
central role in the theory of operators.

Definition 2.16.1 (Eigenvalue). Let 7" be an operator on a complex vector space
X. A complex number A is called an eigenvalue of T if there is a nonzero vector
u € X such that

Tu = . (2.16.1)

Every vector u satisfying (2.16.1) is called an eigenvector of T corresponding to the
eigenvalue \. If X is a function space, eigenvectors are often called eigenfunctions.

Example 2.16.1. Let S be a linear subspace of an inner product space X, and T be
the projection on S. The only eigenvalues of 7" are 0 and 1. Indeed, if, for some
A€ Cand0 # u € X, we have Tu = Au, then

M= Nu,

because 72 = T. Therefore, A = 0 or A = 1. The eigenvectors corresponding to 0
are the vectors of X which are orthogonal to S. The eigenvectors corresponding to
1 are all elements of S.

It is important to note that every eigenvector corresponds to exactly one
eigenvalue, but there are always infinitely many eigenvectors corresponding to an
eigenvalue. Indeed, every multiple of an eigenvector is an eigenvector. Moreover,
several linearly independent vectors may correspond to the same eigenvalue. We
have the following simple theorem.

Theorem 2.16.1. The collection of all eigenvectors corresponding to one particu-
lar eigenvalue of an operator is a vector space.

The easy proof is left as an exercise.

Definition 2.16.2 (Eigenvalue Space). The set of all eigenvectors corresponding
to one particular eigenvalue )\ is called the eigenvalue space of L. The dimension
of that space is called the multiplicity of A. An eigenvalue of multiplicity one is
called simple or nondegenerate. In such a case, the number of linearly independent
eigenvectors is also called the degree of degeneracy.

Example 2.16.2. Consider the integral operator 7 : Lz([O,Z ]) — Lz([O,Z ])
defined by

2
(Tu)(t) = /0 cos(t — y)u(y) dy. (2.16.2)
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We will show that T has exactly one nonzero eigenvalue A = , and its
eigenfunctions are

u(t) = acost + bsint

with arbitrary a and b.

The eigenvalue equation is

2
(Tu)(t) = /0 cos(t — y)u(y)dy = hu(t).

2 2
cost/ u(y)cosydy + sint/ u(y)siny dy = hu(t). (2.16.3)
0 0

This means that, for A # 0, u is a linear combination of cosine and sine functions,
that is,

u(t) =acost + bsint, (2.16.4)
where a, b € C. Substituting this into (2.16.3), we obtain
a=MAa and b =M\b. (2.16.5)

Hence, A = , which means that 7 has exactly one nonzero eigenvalue and its
eigenfunctions are given by (2.16.4). This is a two-dimensional eigenspace, so the
multiplicity of the eigenvalue is 2.

Equation (2.16.3) reveals that A = 0 is also an eigenvalue of 7. The correspond-
ing eigenfunctions are all the functions orthogonal to cos? and sin¢. Therefore,
A = 0is an eigenvalue of infinite multiplicity.

Note that if A is not an eigenvalue of 7', then the operator 7' — A/ is invertible, and
conversely. If space X is finite dimensional and X is not an eigenvalue of 7', then the
operator (T - )_1 is bounded because all operators on a finite-dimensional space
are bounded. The situation for infinite dimensional spaces is more complicated.

Definitions 2.16.3 (Resolvent, Spectrum). Let 7" be an operator on a normed
space X. The operator

7= (T —\)"

is called the resolvent of T'. The values A for which 7, is defined on the whole space
X and is bounded are called regular points of T. The set of all A’s which are not
regular is called the spectrum of T'.
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Every eigenvalue belongs to the spectrum. The following example shows that the
spectrum may contain points that are not eigenvalues. In fact, a non empty spectrum
may contain no eigenvalues at all.

Example 2.16.3. Let X be the space C([a,b]) of continuous functions on the
interval [a, b]. For a fixed u € C ([a, b]), consider the operator 7" defined by

(Tx)(1) = ult) x(0).

Since

—1 X (t)
(T =N) x(1) = ") —
the spectrum of 7' consists of all A’s such that A — u(¢#) = 0 for some ¢ € [a, D].
This means that the spectrum of 7 is exactly the range of u. If u(¢) = c is a constant
function, then A = c is an eigenvalue of 7. On the other hand, if u is a strictly
increasing function, then 7" has no eigenvalues. The spectrum of 7" in such a case is
the interval [u(a), u(b)].

The problem of finding eigenvalues and eigenvectors is called the eigenvalue
problem. One of the main sources of eigenvalue problems in mechanics is the
theory of oscillating systems. The state of a given system at a given time ¢/ may
be represented by an element u(¢) € H, where H is an appropriate Hilbert space of
functions. The equation of motion in classical mechanics is

d?u

“a =Tu (2.16.6)

where T is an operator in H . If the system oscillates, the time dependence of u is
sinusoidal, so that u(t) = vsin w¢, where v is a fixed element of H. If T is linear,
then (2.16.6) becomes

Tv= (-’ (2.16.7)

This means that —w? is an eigenvalue of 7. Physically, the eigenvalues of 7" corre-
spond to possible frequencies of oscillations. In atomic systems, the frequencies of
oscillations are visible as bright lines in the spectrum of light they emit. Thus, the
name spectrum arises from physical considerations.

The following theorems describe properties of eigenvalues and eigenvectors for
some special classes of operators. Our main interest is in self-adjoint, unitary, and
compact operators.

Theorem 2.16.2. Let T be an invertible operator on a vector space X, and let A
be an operator on X. The operators A and TAT ! have the same eigenvalues.
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Proof. Let \ be an eigenvalue of A. This means that there exists a nonzero vector u
such that Au = Au. Since T is invertible, Tu # 0 and

TAT Y (Tu) = TAu = T (\u) = \Tu.

Thus, X is an eigenvalue of TAT .

Assume now that A is an eigenvalue of TAT ', that is, TAT ~'u = \u for some
nonzero vector u = Tv. Since AT 'u = AT "'w and T~'u # 0, hence, \ is an
eigenvalue of A.

Theorem 2.16.3. All eigenvalues of a self-adjoint operator on a Hilbert space
are real.

Proof. Let ) be an eigenvalue of a self-adjoint operator 7', and let u be a nonzero
eigenvector of A. Then,

Muou) = O u) = (Tu,u) = (u, Tu) = (u, u) = AMu, u).

Since (u, u) > 0, we conclude A = A.

Theorem 2.16.4. All cigenvalues of a positive operator are nonnegative. All
eigenvalues of a strictly positive operator are positive.

Proof. Let T be a positive operator, and let 7x = Ax for some x # 0. Since T is
self-adjoint, we have

0<(Tx,x)={x,x)=x|x|”. (2.16.8)

Thus, A > 0. The proof of the second part of the theorem is obtained by replacing
<by <in (2.16.8).

Theorem 2.16.5. All eigenvalues of a unitary operator on a Hilbert space are
complex numbers of modulus 1.

Proof. Let \ be an eigenvalue of a unitary operator 7', and let u be an eigenvector
of A, u # 0. Then,

(Tu, Tu) = (e, ) = |2 Jue] .
On the other hand,
(Tu, Tu) = (u, T" Tu) = (u,u) = HuH2

Thus, |\ = 1.

Theorem 2.16.6. Eigenvectors corresponding to distinct eigenvalues of a self-
adjoint or unitary operator on a Hilbert space are orthogonal.
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Proof. Let T be a self-adjoint operator, and let u; and u, be eigenvectors
corresponding to distinct eigenvalues A; and X\, that is, Tu; = M\u; and
Tu; = huy, M # Ay By Theorem 2.16.3. A and A, are real. Then

M (ur, ) = (Tuy, up) = (uy, Tua) = (ur, htaa) = Aoy, uz) = Ay (uy, uz),
and hence,
()\.1 —_ )\.2)(1/11, M2) = 0

Since A # Ay, we have (u;, up) = 0, that is, u; and u, are orthogonal.

Suppose now that 7" is a unitary operator on a Hilbert space H. Then, TT" =
T*_T = I and ||[Tu| = |jul| for all u € H. First, note that A; # X, implies
MAz # 1. Indeed, if A\jA; = 1, then

do = Mhaka = M M|’ =
because |>\2| = 1 by Theorem 2.16.5. Now,
)\.1&.2(111,1/[2) = ()\11/[1, quz) = (Tul, Tuz) = (Ml, T* Tuz) = (Ml,u2>.

Since Ajhs # 1, we get (u1,up) = 0. This proves that the eigenvectors u; and u,
are orthogonal.

Theorem 2.16.7. For every eigenvalue \ of a bounded operator T, we have
M = IT.

Proof. Let u be a nonzero eigenvector corresponding to A. Since Tu = Au, we have

3

[ = (7w

and thus,
Ml = 7w < | 7]«
This implies that |A| < | T'||.

If the eigenvalues are considered as points in the complex plane, the preceding
result implies that all the eigenvalues of a bounded operator 7 lie inside the circle
of radius || T ||

Corollary 2.16.1. All eigenvalues of a bounded, self-adjoint operator T satisfy the
inequality

|A] < sup [(Tx.x)|. (2.16.9)

llxll<1

The proof follows immediately from Theorem 2.16.5, proved by Debnath and
Mikusinski (1999).



2.16 Eigenvalues and Eigenvectors of an Operator 111

Theorem 2.16.8. If T is a nonzero, compact, self-adjoint operator on a Hilbert
space H, then it has an eigenvalue \ equal to either H T || or — || T H

Proof. Let {u,} be a sequence of elements of H such that ||u,, H =1, foralln € N,
and

|Tun| - |T|| asn — oc. (2.16.10)
Then

2
HTZM" — | Tu, qu,, = (Tzun — || Tun ||2un, T?uy — || Tu, H2Mn>

= 72 " = 2| T | {200 ) + | T | ]|
=72 )" = | T ]*
< |71 = 7w

= | Tw]* (171 = | Ta]*)
Since || Tu, || converges to H T H, we obtain

H Tzu,, — HTM,, ||2u,, -0 asn — oo. (2.16.11)

The operator 72, being the product of two compact operators, is also compact.
Hence, there exists a subsequence {u pn} of {un} such that {Tzu pn} converges. Since
H T || # 0, the limit can be written in the form || T“v, v # 0. Then, for every n € N,
we have

NPy =17 Pus, | < [T = 205, | + | 7200, = | Tup, [P |

+ |1 7up Pup, = T |
Thus, by (2.16.10) and (2.16.11), we have
Ty =1T ] >0 asn— oo
Or,
Tl 0=up)|—0  asn— oo

This means that the sequence {u Pn} converges to v and therefore

T2 = | T
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The above equation can be written as

(r~|7)0) (7 + |7]1)v =0
Ifw= (T + HT”I) v # 0, then (T — ||THI) w = 0, and thus ||TH is an eigenvalue
of T. On the other hand, if w = 0, then —|| 7| is an eigenvalue of T'.

Corollary 2.16.2. If T is a nonzero compact, self-adjoint operator on a Hilbert
space H, then there is a vector w such that |w|| = 1 and

(Tw,w)| = sup [{Tx, x)|

lxll<1

Proof. Letw, HWH = 1, be an eigenvector corresponding to an eigenvalue A such
that || = || T||. Then

(Twl] = (b = [l = 2] = 7] = sup (7.

lxll=<

by Theorem 4.4.5, proved by Debnath and Mikusinski (1999).

Theorem 2.16.8 guarantees the existence of at least one nonzero eigenvalue but
no more in general. The corollary gives a useful method for finding that eigenvalue
by maximizing certain quadratic expressions.

Theorem 2.16.9. The set of distinct nonzero eigenvalues {\,} of a self-adjoint
compact operator is either finite or limy oo Ay = 0.

Proof. Suppose T is a self-adjoint, compact operator that has infinitely many
distinct eigenvalues A,,n € N. Let u, be an eigenvector corresponding to A,
such that ||u,, || = 1. By Theorem 2.16.6, {un} is an orthonormal sequence. Since
orthonormal sequences are weakly convergent to 0, Theorem 2.15.14 implies

0= lim |Tu,|* = lim (Tu,, Tu,)
n—o0 n—>o0

2

= 1im (A sy, Ay ) = lim 32w, | = lim 22
n—>oo

n—00 n—00

Example 2.16.4. We determine the eigenvalues and eigenfunctions of the operator
T on L*([0,2 ]) defined by

2
(Tu)(x) =/O k(x —t)u(t)dt,

where k is a periodic function with period 2 and square integrable on [0,2 ].

As a trial solution, we take
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Uy (x) — einx

and note that

2 X
(T“")(x) = / k(x —1) e””u(t) dt = ei"x/ k(S) ™ ds.
0 x—=2
Thus,
Tu, = Myuy, ne,

where
2 .
M =/ k(s)e'™ ds.
0

The set of functions {u,,n € Z} is a complete orthogonal system in L*([0,2 ]).
Note that T is self-adjoint if k(x) = k(—x) for all x, but the sequence of
eigenfunctions is complete even if 7 is not self-adjoint.

Theorem 2.16.10. Let {P,,} be a sequence of pairwise orthogonal projection
operators on a Hilbert space H, and let {)\,,} be a sequence of numbers such that
M — 0asn — oo. Then,

o
(a) Z An Py converges in B(H, H) and thus, defines a bounded operator;

n=1

o
(b) For eachn € N, \, is an eigenvalue of the operator T = Z M Py, and the
n=1
only other possible eigenvalue of T is 0.

(c) Ifall \,,’s are real, then T is self-adjoint.
(d) If all projections P, are finite-dimensional, then T is compact.

For a proof of this theorem, the reader is referred to Debnath and Mikusinski (1999).

Definition 2.16.3 (Approximate Eigenvalue). Let 7 be an operator on a Hilbert
space H. A scalar \ is called an approximate eigenvalue of T if there exists a
sequence of vectors {xn} such that ||xn H = 1foralln € N and || Tx, — AXy, H -0
asn — oQ.

Obviously, every eigenvalue is an approximate eigenvalue.

Example 2.16.5. Let {e,} be a complete orthonormal sequence in a Hilbert space
H . Let )\, be a strictly decreasing sequence of scalars convergent to some A. Define
an operator 7' on H by

o0
Tx = Z M, en) en.

n=1
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It is easy to see that every A, is an eigenvalue of T, but A is not. On the other hand,
HTe,, — )\en” = ||)»ne,, - )»enH = “O‘n — X)enH = \)»n — )»\ —0 asn — oo.

Thus, A is an approximate eigenvalue of 7. Note that the same is true if we just
assume that A, — A and ), # Aforalln € N.

For further properties of approximate eigenvalues, see the exercises at the end of
this chapter.

The rest of this section is concerned with several theorems involving spectral
decomposition.

Let H be a finite-dimensional Hilbert space, say H = CV. It is known from
linear algebra that eigenvectors of a self-adjoint operator on H form an orthogonal
basis of H. The following theorems generalize this result to infinite-dimensional
spaces.

Theorem 2.16.11 (Hilbert-Schmidt Theorem). For every self-adjoint, compact
operator T on an infinite-dimensional Hilbert space H, there exists an orthonormal
system of eigenvectors {u,,} corresponding to nonzero eigenvalues {)\,,} such that
every element x € H has a unique representation in the form

o0
x = Zoc,,un +v, (2.16.12)
n=1

where an o, € C and v satisfies the equation Tv = 0. If T has infinitely many
distinct eigenvalues M, Ay, . .., then N, — 0 asn — oo.

For a proof of this theorem, the reader is referred to Debnath and Mikusinski
(1999).

Theorem 2.16.12 (Spectral Theorem for Self-adjoint, Compact Operators).
Let T be a self-adjoint, compact operator on an infinite-dimensional Hilbert space
H. Then, there exists in H a complete orthonormal system (an orthonormal basis)
{v1,va, ...} consisting of eigenvectors of T. Moreover, for every x € H,

Tx = Z)\n(x,vn)vn, (2.16.13)

where )\, is the eigenvalue corresponding to v,.

Proof. Most of this theorem is already contained in Theorem 2.16.11. To obtain a
complete orthonormal system {vi,v,, ...}, we must add an arbitrary orthonormal
basis of S+ to the system {u;,us, ...} (defined in the proof of Theorem 2.16.11).
All of the eigenvalues corresponding to those vectors from S+ are all equal to zero.
Equality (2.16.13) follows from the continuity of 7.
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Theorem 2.16.13. For any two commuting, self-adjoint, compact operators A and
B on a Hilbert space H, there exists a complete orthonormal system of common
eigenvectors.

Proof. Let A be an eigenvalue of A4, and let X be the corresponding eigenspace. For
any x € X, we have

ABx = BAx = B(Ax) = ABx.

This means that Bx is an eigenvector of A corresponding to A, provided Bx # 0.
In any case, Bx € X and hence B maps X into itself. Since B is a self-adjoint,
compact operator, by Theorem 2.16.12, X has an orthonormal basis consisting of
eigenvalues of B, but these vectors are also eigenvectors of A because they belong
to X. If we repeat the same procedure with every eigenspace of A, then the union
of all of these eigenvectors will be an orthonormal basis of H .

Theorem 2.16.14. Let T be a self-adjoint, compact operator on a Hilbert space
H with a complete orthonormal system of eigenvectors {vi, v, ...} corresponding
to eigenvalues {\1,\y,...}. Let P, be the projection operator onto the one-
dimensional space spanned by v,. Then, for all x € H,

o0
x=) Px, (2.16.14)
and

T=> P (2.16.15)

Proof. From the spectral theorem 2.16.12, we have
o0
X= ) (x.va) v (2.16.16)
n=1

For every k € N, the projection operator P; onto the one-dimensional subspace Si
spanned by vy is given by

Prx = (x,v) vi.

Now, (2.16.16) can be written as

o0
X = E P,x,
n=1

and thus, by Theorem 2.16.2,

Tx—ZX X, V) vy = ZXP)C.
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Hence, forall x € H,
o0
Tx = (Z )»,,Pn) X
n=1

o0

This proves (2.16.15) since convergence of Z A\n P, is guaranteed by Theorem
n=1

2.16.10.

Theorem 2.16.15 is another version of the spectral theorem. This version is
important in the sense that it can be extended to noncompact operators. It is also
useful because it leads to an elegant expression for powers and more general
functions of an operator.

Theorem 2.16.15. If eigenvectors uy,us,... of a self-adjoint operator T on a
Hilbert space H form a complete orthonormal system in H and all eigenvalues
are positive (or nonnegative), then T is strictly positive (or positive).

Proof. Suppose uj,u,, ... is a complete orthonormal system of eigenvalues of T
corresponding to real eigenvalues Aj, A2, . ... Then, any nonzero vector u € H can
o0
be represented as u = Z o, Uy, and we have
n=1
o0 o
(Tu u <Tu Za,,u,,> = Za_n(Tu,u,,) = Z(x—,,(u, Tu,,)
n=1 n=1
o0 o0
:Za_u)\un ZXanuun=ZXa_nan
n=1 n=1
o0
= an ian|2 > 07
n=1

if all eigenvalues are nonnegative. If all A,,’s are positive, then the last inequality
becomes strict.

2.17 Exercises

1. Show that on any inner product space X

(@) (x,ay +Bz) = afx.y)+ ﬁ(x,z) forall a,p € C,
®) 2[x. ) + 0] =[x+ ] = x—»|*
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2. Prove that the space Co(R) of all complex-valued continuous functions that
vanish outside some finite interval is an inner product space with the inner product

el = [ reratia,

3. (a) Show that the space C'([a,b]) of all continuously differentiable complex-
valued functions on [a, b] is not an inner product space with the inner product

b [
(fg)= / f(x) g’ (x) dx.

(b) If f € C'([a,b]) with f(a) = 0, show that C'([a,b]) is an inner product
space with the inner product defined in (a).

4. (a) Show that the space C ([a,b]) of real or complex-valued functions is a

normed space with the norm H f H = max ‘ f (x)|.
a<x<b

(b) Show that the space C ([a,b]) is a complete metric space with the metric
induced by the norm in (a), that is,

d(f.e)=|f—¢g| =a1§f§b|f(X)—g(X)|-

5. Prove that the space CO1 (R) of all continuously differentiable complex-valued
continuous functions that vanish outside some finite interval is an inner product
space with the inner product

(fg)= /_oo f'(x) g'(x) dx.

6. Prove that the norm in an inner product space is strictly convex, that is, if x # y
and |[x|| = || = 1. then |x + y| <2.

7. (a) Show that the space C ([— , ]) of continuous functions with the norm
defined by (2.2.4) is an incomplete normed space.
(b) In the Banach space L*([— , ]),

oo

1.
fx) = HZ::IE sinnx,
where f(x) = —7 in (— ,0) and f(x) = ) in (0, ). Show that f is not

continuous in C ([— , ]), but the series convergesin L>([— , ]).
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8. Show that, in any inner product space X,
[ =yl + 1y =z = > =
ifandonlyif y = ox + (1 —a)zforsome ain0 < o < 1.
9. (a) Prove that the polarization identity
1
()= (ol = e =y i i) =i = iv|)

holds in any complex inner product space.
(b) In any real inner product space, show that

()= (b + P = =>I).

10. Prove that, for any x in a Hilbert space, Hx“ = sup |(x y)|
yll=1

11. Show that Lz([a,b]) is the only inner product space among the spaces
L? ([a,b]).

12. Show that the Apollonius identity in an inner product space is

1 +y|?
Jo= 5l + =1 = 5 I =5+ 2 o= 2]
13. Prove that any finite-dimensional inner product space is a Hilbert space.

14. Let X = {f € C!([a.b]) : f(a) =0} and

b —_—
(fg)= / f/(x) g’ (x)dx.

Is X a Hilbert space?
15. Is the space C, (R) with the inner product

(fg) = /_ S WF

a Hilbert space?

16. Let X be an incomplete inner product space. Let H be the completion of X . Is
it possible to extend the inner product from X onto H such that H would become a
Hilbert space?
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17. Suppose x, — x and y, — y as n — oo in a Hilbert space, and o, — a in C.
Prove that

@ xp+yn—>x+y,
d) a,x, — ax,

©) {xn, yyl) ( Y>s
@) fn ]| = [ x]-

w . . .
18. Suppose x, % xand yn — y asn — oo in a Hilbert space, and o, — o in C.
Prove or give a counter example:

(a) xn+yni>x+y,
(b) a,x, — ax,

(©) (Xn, yu) = (x.¥),
@) fxa] = =]
(e) If x, = y, foralln € N, then x = y.

19. Show that, in a finite-dimensional Hilbert space, weak convergence implies
strong convergence.

20. Is it always possible to find a norm on an inner product space X which would
define the weak convergence in X ?

o0
21. Iqun = u, show that

n=1

for any x in an inner product space X .

22. Let{xi,...,x,} be afinite orthonormal set in a Hilbert space H . Prove that for
any x € H the vector

n

X — Z(x,xk)xk

k=1

is orthogonal to x; foreveryk = 1,...,n.

23. In the pre-Hilbert space 4’([— . ]), show that the following sequences of
functions are orthogonal

(a) xx(t) =sinkt, k=1,2,3,..
(b) y,(t) = cosnt, =0,1,2,..
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24. Show that the application of the Gram—Schmidt process to the sequence of
functions

fO(t) =1, fl(t) =1, f2(t) = tzv LR f;l(t) =1",
(as elements of LZ([—I, 1])) yields the Legendre polynomials.

25. Show that the application of the Gram—Schmidt process to the sequence of
functions

foty = e fi(t) = 1e™ 2, fo(1) = 1272 fult) = 12

(as elements of L?(R)) yields the orthonormal system discussed in
Example 2.9.4.

26. Apply the Gram—Schmidt process to the sequence of functions

fO(t) = lv fl(t) =1, f2(t) = tzv""f;l(t) = tn7

defined on R with the inner product

(fg)= /_oo () g(t) exp(—t?) dt.

Compare the result with Example 2.9.4.

27. Apply the Gram—Schmidt process to the sequence of functions

fO(t) = lv fl(t) =1, f2(t) = tzv""f;l(t) = tn7

defined on [0, co) with the inner product

o0
re)= [ roz@e a
The resulting polynomials are called the Laguerre polynomials.
28. Let T, be the Chebyshev polynomial of degree n, that is,
To(x) =1, T,(x) = 2" cos(n arcos x).

Show that the functions

V2o

form an orthonormal system in L2[(—1, 1)] with respect to the inner product

bn(x) =

T, (x), n=0,1,2,...,

/ J_ F() 30 dx.
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29. Prove that for any polynomial
pu(x) = X" + a1 X" + - + ay,

we have

’

[Illlaﬁ ‘pn(-x)‘ > [Tflﬁ ‘Tn(-x)

where T, denotes the Chebyshev polynomial of degree 7.

30. Show that the complex functions

du(z) = \/Zz"_l, n=12,3,...,

form an orthonormal system in the space of continuous complex functions defined
in the unit disk D = {z eC:|z|l < 1} with respect to the inner product

(fe)= /D f(2)2@ dz.

31. Prove that the complex functions

1 1
W) =—7""", n=1,2,3,...
(0 V2

form an orthonormal system in the space of continuous complex functions defined
on the unit circle C = {z eC: |zl = 1} with respect to the inner product

(fe)= /C f(2)2@ dz.

32. With respect to the inner product

1 [
re)= | 0 ET w0,

where o(x) = (1 — x)*(1 + x)? and o, > —1, show that the Jacobi polynomials

n

—1)" — ) a n
PO = S 10 [ (140" (-]

form an orthogonal system.
33. Show that the Gegenbauer polynomials

n

Gl = (=) oy
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1 . .
where y > 3 form an orthonormal system with respect to the inner product

! S 1_
()= [ f00gto (1= %),

Note that Gegenbauer polynomials are a special case of Jacobi polynomials if

1
a:B:y—E.

34. If x and x; (k = 1,...,n) belong to a real Hilbert space, show that

=Yl + 303 g, ).

k=1 k=11=1

n
X — Zakxk
k=1

Also show that this expression is minimum when Aa = b where a =
(al, . ,an),b = ((x,xl), e, (x,xn)), and the matrix 4 = (ak/) is defined
by axr = (xk, x1).

35. If {a,} is an orthonormal sequence in a Hilbert space H and {a, } is a sequence
in the space /2, show that there exists x € H such that

(roan) = and | {on} | = |x

’

where || {a,} H denotes the norm in the sequence space /2.

36. If o, and B, (n = 1,2,3,...) are generalized Fourier coefficients of vectors
x and y with respect to a complete orthonormal sequence in a Hilbert space, show
that

(x, y) = Zock Bx.
k=1

37. If {x,} is an orthonormal sequence in a Hilbert space H such that the only
element orthogonal to all the x,’s is the null element, show that the sequence {x,}
is complete.

38. Let {x,} be an orthonormal sequence in a Hilbert space H. Show that {x,} is
complete if and only if cl(span {x1,x2,...} ) = H.In other words, {x,} is complete
if and only if every element of H can be approximated by a sequence of finite
combinations of x,,’s.

39. Show that the sequence of functions

—x/2

(X)) = S Lo(x), n=0,1,2,...,

n!



2.17 Exercises 123

where L, is the Laguerre polynomial of degree n, that is,

n

d
Ly(x) ="
() =e" -2

(v'e™).
form a complete orthonormal system in L2(0, c0).
40. Let

inx

V2
andlet f € L'([— . ]). Define

bu(x) = n=0%1,£2,...,

n

) = D" (fidu)br.  forn=01.2.....

k=—n

Show that

So) + A+ -+ fux) _ Z": (1_ |k

n+ 1 n+1)(ﬁ¢k>¢k(x)-

k=—n
41. Show that the sequence of functions
1  cosx sinx cos2x sin2x
\/2—5 \/— ’ \/— ’ \/— ) \/_ PR

is a complete orthonormal sequence in L> ([— , ])

42. Show that the following sequence of functions is a complete orthonormal
system in L2([0, ]):

1 12 [2 5 12 3
——, 4/ — COSX, 4/ — CcOS2x, 1/ — COS3X,....
NG

43. Show that the following sequence of functions is a complete orthonormal
system in LZ([O, ])

2 . 2 . 2 .
— sinx, 4/ — sin2x, 4/ — sin3x,....

44. Show that the sequence of functions defined by

1 in x
L (x) = ex ( ) n=0,=+x1,+£2,...
J&3) V2a P\

is a complete orthonormal system in LZ([—a, a]).
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45. Show that the sequence of functions

1 1 cos (n x) 1 sin(n x)
V24 JJa a /) Ja a /T
is a complete orthonormal system in L*([—a, a]).

46. Show that each of the following sequences of functions is a complete orthonor-
mal system in L?([0. a]):

1 \/Ecos( x) 2cos 2 x \/jcos(n x)
Ja' Va a’ Va a )77 Va a /T

2 . X 2 . (2 x) 2 . /n x
—sm(—), —sin|—),..., —sm(—),....
a a a a a a

47. Let X be the Banach space R? with the norm H (x, y)” = max {|x[, |y|}. Show
that X does not have the closest-point property.

48. Let S be a closed subspace of a Hilbert space H and let {e,} be a complete
orthonormal sequence in S. For an arbitrary x € H, there exists y € S such that
[x—»| = inf |x —z||. Define y in terms of {e, }.

ZE

49. If S is a closed subspace of a Hilbert space H,then H = S @ S+. Is this true
in every inner product space?

50. Show that the functional in Example 2.13.2 is unbounded.

51. The Riesz representation theorem states that for every bounded linear func-
tional f € H’ on a Hilbert space H, there exists a representer x ; € H such that
f(x) = (x,xy) forall x € H.Let T : H' — H be the mapping that assigns x s
to f. Prove the following properties of 7'

(a) T is onto,
® T(f+)=T()+T(),
(©) T(af)=aT(f),

@ |TH|=|r

where f,g € H anda € C.

3

52. Let f be abounded linear functional on a closed subspace X of a Hilbert space
H . Show that there exists a bounded linear functional g on H such that H f H = H g ||
and f(x) = g(x) whenever x € X.

53. Show that the space /? is separable.

54. (a) Show that the sequence of Gaussian functions on R defined by
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fa(x) = I exp(—n’x?), n=1,23,...

Y

converges to the Dirac delta distribution §(x).
(b) Show that the sequence of functions on R defined by

sinnx
fulx) = , n=12,...
X

converges to the Dirac delta distribution.
55. Show that the sequence of functions on R defined by
1
0, forx < ——,
2n |
X) = yfor — — < x < —,
Julx) . 7ot 2n_x_2n
0, forx > —
2n

converges to the Dirac delta distribution.

56. If f is a locally integrable function on R", show that the functional F on 2
defined by

(o) =[ 1o

is a distribution.
57. If f,(x) = sinnx, show that f, — 0 in the distributional sense.
58. Find the nth distributional derivative of f(x) = |x|.

59. Verify which functions belong to L'(R) and which do not belong to L'(R).
Find their L'(R) norms when they exist.

@ f00)=(a?+x)", ) f(x) =x(a>+x2)7",
_JL o k=1 .
© so={n @ S =",

60. Let {e,} be a complete orthonormal sequence in a Hilbert space H, and let {\, }
be a sequence of scalars.

(a) Show that there exists a unique operator 7 on H such that Te, = A,e,,.
(b) Show that T is bounded if and only if the sequence {)\,} is bounded.
(¢) For a bounded sequence {\,}, find the norm of 7.

61. Let T : R? — R? be defined by T(x,y) = (x + 2y,3x + 2y). Find the
eigenvalues and eigenvectors of 7.
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62. Let T : R? — R? be defined by T'(x,y) = (x + 3y,2x + y). Show that
T" #T.

63. Let T : R® — R? be given by T'(x, y,z) = (3x —z,2y, —x + 3z). Show that
T is self-adjoint.
64. Compute the adjoint of each of the following operators:

(a) A:R3 - R3, A(x,v,2) = (=y +z,—x + 2z, x + 2y),
(b) B:R? - R?, B(x,y,2) =(x+y—2z—x+2y +2z,x +2y + 32),

d d
© C: PR~ P[R).,  C{p(x)}=x— p(x)———(xpx)),
dx dx
where P,(R) is the space of all polynomials on R of degree less than or equal to 2.

65. If A is a self-adjoint operator and B is a bounded operator, show that B AB is
self-adjoint.

66. Prove that the representation 7 = A + i B in Theorem 2.15.7 is unique.
67. fA"A+ B"B =0, show that A = B = 0.

68. If T is self-adjoint and 7" # 0, show that T" #0foralln € N.

69. Let T be a self-adjoint operator. Show that

@ |Tx+ix]" = |7x|" + x|,

(b) the operator U = (T — iI)(T + iI)™" is unitary. (U is called the Cayley
transform of T.)

70. Show that the limit of a convergent sequence of self-adjoint operators is a self-
adjoint operator.

71. If T is a bounded operator on H with one-dimensional range, show that there
exists vectors y,z € H such that Tx = (x,z)y for all x € H. Hence, show that

(@) T x = (x,y)zforallx € H,
(b) T? = AT, where X is a scalar,
© 7] = |»]l-

(d) T" =T ifand only if y = az for some real scalar a.

’

72. Let T be a bounded self-adjoint operator on a Hilbert space H such that
HT” < 1. Prove that (x, Tx) > (1 — ||T|)||x||* for all x € H.

73. If A is a positive operator and B is a bounded operator, show that B AB is
positive.

74. If A and B are positive operators and A + B = 0, show that A = B = 0.

75. Show that, for any self-adjoint operator A, there exists positive operators S and
T suchthat A =S —T and ST = 0.

76. If P is self-adjoint and P? is a projection operator, is P a projection operator?
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77. Let T be a multiplication operator on L?([a, b]). Find necessary and sufficient
conditions for T to be a projection.

78. Show that P is a projection if and only if P = P"P.
79. If P, Q,and P + Q are projections, show that PQ = 0.
80. Show that every projection P is positive and0 < P < I.

81. Show that, for projections P and Q, the operator P + Q — P Q is a projection
if and only if PQ = QP.

82. Show that the projection onto a closed subspace X of a Hilbert space H is a
compact operator if and only if X is finite dimensional.

83. Show that the operator T : [?> — [? defined by T'(x,) = (27"x,) is compact.

84. Prove that the collection of all eigenvectors corresponding to one particular
eigenvalue of an operator is a vector space.

85. Show that the space of all eigenvectors corresponding to one particular
eigenvalue of a compact operator is finite dimensional.

86. Show that a self-adjoint operator 7" is compact if and only if there exists a
sequence of finite-dimensional operators strongly convergent to 7.

87. Show that eigenvalues of a symmetric operator are real and eigenvectors
corresponding to different eigenvalues are orthogonal.

88. Give an example of a self-adjoint operator that has no eigenvalues.

89. Show that a nonzero vector x is an eigenvector of an operator 7 if and only if
[(Tx. )| = | 7x] ] x].

90. Show that if the eigenvectors of a self-adjoint operator 7" form a complete
orthogonal system and all eigenvalues are nonnegative (or positive), then T is
positive (or strictly positive).

91. If ) is an approximate eigenvalue of an operator 7', show that M < H T H

92. Show that if 7' has an approximate eigenvalue X such that |x| = | T, then
o ({7, = 7]
x[[<1

93. If A is an approximate eigenvalue of 7', show that A + | is an approximate
eigenvalue of 7" 4+ w7 and A is an approximate eigenvalue of u 7.

94. For every approximate eigenvalue A of an isometric operator, show that we
have |A| = 1.

95. Show that every approximate eigenvalue of a self-adjoint operator is real.
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