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Preface

This book is based on a one-semester course in the Introductory Functional
Analysis the author offered at MUN in the winter of 2005 for both undergraduate
and graduate students. The prerequisites of this book are deliberately modest,
and it is assumed that this will be the student’s first experience with abstract
mathematical reasoning. Thus the exposition of this book is careful and detailed
with an emphasis on simplicity, concreteness and abstraction, and the examples
are all quite elementary, requiring at most some knowledge of elementary linear
algebra and real analysis.

As can be seen from the table of Contents, the students who take and finish
this course should have a good understanding of normed vector spaces, Banach
spaces with fixed point theorems, linear operators, and four fundamental theo-
rems — Hahn-Banach Theorem, Uniform Boundedness Principle, Open Mapping
Theorem and Closed Graph Theorem, Hilbert spaces and their adjoint opera-
tors. In the process of learning this course, the students are strongly suggested
to follow an important principle; that is, the best way to learn mathematics is
to do mathematics. Moreover, the students are urged to acquire the habit of
studying with paper and pencil in hand; in this way mathematics will become
increasingly meaningful to them. At the end of each chapter there are some ba-
sic problems for the students. Answers to those problems can be found in the
part of Solutions to Exercises. This part is followed by a list of references. These
books also supplement the author’s text since they were used while preparing
the course. Last but not least, an index is attached.

The author would like to express his gratitude to Professor B. Watson of
MUN who had made some valuable suggestions on a course outline. The author
would also like to take this opportunity to thank his undergraduate students:
J. Bishop, P. Deal, J. Martin, S. Maye, B. Rowe, M. White and graduate stu-
dents: J. Howell, N. Kirby, L. Li, J. McGraw, X. Yang and O. Yasar, as well as
his teaching assistant: F. Zhang, who participated in the course. Without their
compliments, criticisms, comments, and careful scrutiny of the text at all stages
from classroom notes to page proofs, the author would not have ended up with
the typewriting of this textbook.

St. John’s, 2005 J. Xiao
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1. Normed Linear Spaces

In this chapter, we discuss the definition of a linear space which is the same as
thing as a vector space — simply an abstract version of the familiar vector spaces
R", n € N.We shall always use the former terminology in order to emphasize
the linearity that permeates the subject of this course. Note that vector spaces
have certain algebraic properties: vectors may be added, multiplied by scalars,
and vector spaces have bases and subspaces. Linear maps between vector spaces
may be described in terms of matrices. Using Euclidean norm or distance, vector
spaces have other analytic properties: for instance, certain functions from R" to
R are continuous, differentiable, Riemann integrable and so on.

1.1 Linear Spaces, Subspaces and Independence

Definition 1.1.1. A linear space over a field F is a set V' equipped with maps
@: VXV —=>Vand ®:F xV — V with the properties below:

(i) (commutative for vector addition) x ®y =y ®x Vr,y € V;

(ii) (associative for vector addition) (x @ y)Bz=x® (y® 2) Va,y,2 € V;

(iii) (a zero element for vector addition) 30 €V 320 =00z =z Ve € V;

(iv) (additive inverse for vector addition) 3 —x € V 3 2@ (—z) = (—z) Pz =
0OvVzreV;

(v) (associative for scalar multiplication) o © (8 © z) = (af) ©® z Yo, €
F,xeV,;

(vi) (distributive for scalar multiplication over scalar addition) (a+ ) ©x =
(a0z)® (foOz)Va,B e F,zeV;

(vii) (distributive for scalar multiplication over vector addition) a® (x®y) =
(a0z)®(a0y) Vae F,z,y € V;

(viii) (a unit element for scalar multiplication) 1 ©@ x = x Yz € V where 1 is
the multiplicative identity in F.

Ezample 1.1.1. (i) V = R" is a linear space with the usual vector addition and
scalar multiplication over R.

(ii) Let V be the set of all polynomials with coefficients in R of degree less
than n. Then V is a linear space with usual addition of polynomials and scalar
multiplication over R.

(iii) Let V be M, ,,(C) of complex-valued m x n matrices. Then V' is a linear
space with usual addition of matrices and scalar multiplication over C.
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(iv) Let lo denote the set of infinite sequences (x;) that are bounded:
sup; |7;]| < oo. Then £ is a linear space over R with:

sup [z; + y;| < sup|xj| +suply;l;  suplaz;| = |afsup |z;| < oco.
J J J J J

(v) Let C(S) be the class of continuous functions f : S — R with (f@g)(z) =
f(z)+g(x) and (a® f)(z) = af(z). Here S is any nonempty subset of R. Then
C(S) is a linear space over R.

(vi) Let V' be the class of Riemann-integrable functions f : (0,1) — R for

which fol |f|? < oo. Then V is a linear space over R with usual addition and
scalar multiplication. Indeed, by the Cauchy-Schwartz inequality:

([a) < ([ 1e)([12) vraev

we have

1 1
[ 1r+al < [ (5P +2fllgl+ loP)
0 0

< [ ) ([ we) e [ o
=Uﬁumﬁ+pfwmﬂ?

[ st =t [t

(vii) Let C*°[a, b] be the space of infinitely differentiable functions on [a, b].
Then it is linear space over R with usual addition and scalar multiplication.

(viii) Let £2 C R™ be nonempty, and C*(£2) the space of k times continuously
differentiable functions. This means that if a = (aq,...,a,) € N™ has |a| =
a1 + -+ ap < k, then the partial derivatives

Meanwhile,

a olalf
b*= Oxit...0xy"

exists and are continuous. Then it is linear space over R with usual addition and
scalar multiplication.

Note: For convenience, we shall drop the special notation &, ® for vector
addition and scalar multiplication, and simply refer to V as a linear space over
F. Moreover, if F = R then we shall say that V is a real linear space; whereas
if F = C, then we shall say that V is a complex linear space.

As in the linear algebra of finite-dimensional vector spaces, subsets of linear
spaces that are themselves linear spaces are called linear subspaces. With this,
we have
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Definition 1.1.2. Let V be a linear space over the field F. A subset W C V is
called a linear subspace of V if ax + By € W for Vo, € F and Va,y € W.

Ezample 1.1.2. (i) The set of vectors in R™ of the form (x1, 2, x3,0, ...,0) forms
a three-dimensional (3D) linear subspace of R".

(ii) The set of polynomials of degree < r forms a linear subspace of the set
of polynomials of degree < n for any r < n.

(iii) The space C**1(£2) is a linear subspace of C*(£2).

Definition 1.1.3. Let V be a linear space over F. If W = {x¢g + ¢ : 9 € S}
where S is a linear subspace of V and c is a fized element of V', then W is called
an affine subset of V.

Ezample 1.1.8. (1) W = {z = (x1,22,1,...,1) € R"} then it is an affine subset
~—_———
of R™.
(ii) In Example 1.1.1 (iii), let W be the set of matrices with certain blocks
of I's. Then W is an affine subset of M, ,(C).
(iii) In R? all lines and planes through the origin are subspaces, whereas lines
and planes not passing through the origin are affine subsets.

Definition 1.1.4. A hyperplane W of a linear space V is a maximal proper
affine subset of V; that is, W = {x € V : © = 2o + ¢,x9 € S} where c € V
s fized, and S is a mazximal linear subspace of V in the sense that any other
subspace of V' containing S is either S or V itself.

Note that a hyperplane W is proper subset of V. So W # V which implies
S#£V.

Ezample 1.1.4. Hyperplanes in R? are lines; hyperplanes in R? are planes.

A fundamental concept for linear spaces is that of dimension, but first we
need a few more definitions.

Given a linear space V. Elements x1,xs,...,x, € V are linearly dependent
provided that there are scalars ay,qo,...,a, (not all zero) such that ajzq +
X + -+ + anpx, = 0. If there is no such set of scalars, then they are linearly
independent.

The linear span of the vectors x1, o, ...,z, € V is the linear subspace of V:

n
span{zi, ..., T, } = {m = Zajmj Doy € F}
j=1

Definition 1.1.5. If the linear space V is equal to the space spanned by a lin-
early independent set of n vectors, then V is said to have dimension n. If there
is no such set of vectors, then V is infinite-dimensional. Furthermore, a linearly
independent set of vectors that spans V is called a basis for V.
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Ezample 1.1.5. (i) The space R™ has dimension n; the standard basis is given
by the vectors e; = (1,0, ...,0), e2 = (0,1,0,...,0),..., e, = (0,0,...,0,1).

(i) {1,¢,¢%,...,t"} is a basis of the linear space of polynomials of degree < n
which has dimension n + 1.

(iii) All linear spaces given in Example 1.1 (iv)-(viii) are infinite-dimensional.

1.2 Norms

A norm on a a vector space is a way of measuring the length of a vector and
hence the distance between two vectors.

Definition 1.2.1. A norm on a linear space V over the field F is a non-negative
function || - || : V. — R with the following properties:

(i) [l2] =0 iff = = 0;

(i) lz + yll < ||zl + llyll for Yo,y € V;

(iii) ||ex|| = |el||lz|| for V& € V and Yo € F.

In the definition we are assuming that |- | denotes the usual absolute value.
If || - || is a function with (ii) and (iii) only it is called a semi-norm.

Definition 1.2.2. Let V' be a linear space over the field F.

(i) The normed linear space (V, || -||) is V with a norm || - || (denoted by || - || v,
sometimes);

(ii) A set C C V s convex if for any two points x,y € C, tx + (1 —t)y € C
for ¥t € [0,1];

(iii) A norm || - || is strictly convez if ||z|| = ||y|| = 27|z + y|| = 1 implies
x=y.

Ezample 1.2.1. (i) Let V = R™ with the usual Euclidean norm

n 1

2

ol = (D" )
j=1

Note that the only difficulty is the triangle inequality—for this we use the Cauchy-
Schwarz inequality:

n n 1 n 1
2 2
> lwysl < (Z|$j|2) (Z |Z/j|2) -
i=1 =1 i=1
(ii) There are many other norms on R", called the p-norms. For p € [1,00)

define
n 1
oy = (D lal?) "
j=1

Then || - ||, is a norm on V: it suffices to verify the triangle inequality which
follows from the Minkowski’s inequality
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B =

(Zm‘ +yj|p)p < (lejlp)P + (lejlp) :
j=1 j=1 j=1

In case of p = oo, define
[#]loc = sup |z;].
1<j<n

It is conventional to write £} for these spaces. Note that £} and ¢} have exactly
the same elements.
(iii) Let V' = £, the linear space of bounded infinite sequences. Define

1
p .
ey = 4 (S5 kesl?) it 1<p < oc,
SUP1<jcoo Zj],  if p= o0,
If we restrict attention to the linear subspace on which || - ||, is finite, then || - ||,
is a norm: the somewhat difficult triangle inequality follows from the infinite
version of Minkowski’s inequality. This yields an infinite family of normed linear

spaces:
by =A{z = (z;) : [lz]l, < oo}

Notice that for p € [1,00) there is a strict inclusions: ¢, C lo and ¢, C ¢, and
hence ¢, is a linear subspace of ¢, whenever p < ¢. Consequently, ¢, # ¢, if

p#q.

(iv) Let V = Cl[a, b]. Then it becomes a normed space with the p-norm below
1
b P .
= 3 (L1r@lran)” it 1<p< o,
Sup,<i<p | f()], if p=ooc.

Note that the triangle inequality for p € [1,00) follows from the integral form of
the Minkowski inequality:

(/ablergl”)% < (/ablfl”)% + (/:|g|P)%.

(v) Let V be the class of Riemann-integrable functions f : (0,1) — R with

1= [ )"

Then it is a normed linear space.

1.3 Isomorphism and Product of Normed Spaces

Recall from linear algebra that linear spaces V and W over the field F are
algebraically isomorphic if there is a bijection 7' : V' — W that is linear:

T(az + By) = aT(z) + BT (y), Va,BeF;Vz,yeV.
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Definition 1.3.1. (i) A pair (X, |lx), Y, |- |ly) of normed linear spaces are
topologically isomorphic if there is a linear bijection T : X — Y with the property
that there are two positive constants c¢1 and cy with

allz|x <T@y < callz| x.

We shall usually denote topological isomorphism by X =Y. If c; = co =1 then
T is called an isometry and the normed spaces X and Y are called isometric.

(ii) Two norms || - ||y and || - ||(2) defined on X are said to be equivalent if
there are two constants c1,co > 0 such that

all -y < e < el -llw-

Ezample 1.3.1. (i) Let X be the set of all real polynomials of the form f(t) =
a+ bt + £t* with the norm | f||x = max{lal,[b|,|c[}, and Y the set of all three
dimensional vectors z = ai + bj + ck with the norm ||z]|y = Va2 + b2+ 2. If
T:Y — X is given by T'(z) = a + bt + £t then T is linear, bijective and has

1
IT(2)l|x = max{a,b,c} < Va? + b+ c = |z]ly; %Ilzlly <1 T()llx < llzlly-
So the two spaces are topologically isomorphic.
(ii) The real linear spaces (C, |-|) and (R2,]| -||2) are topologically isometric.

Theorem 1.3.1. (i) Any two norms on a finite dimensional linear spaces are
equivalent.

(ii) If X and Y are n-dimensional normed linear spaces over the field F then
X and Y are topologically isomorphic.

Proof. (i) Let X be an n-dimensional linear space over F and let ||-[| ), k = 1,2,
be two norms on X. Choose a basis x1, ..., z, for X and define a third norm,
| - [l(3), as follows: For each 2 € X there is a unique set of scalars aj, ..., ay, in F
such that z = 377, a;z;. Let

n

Il = D layl-

j=1
Suppose that each of the norms | - [|(x), & = 1,2 is equivalent to || - [|(3). Then
there are positive constants mq, M7 and mse, My such that

mell oy < -l < Ml - [y, k=1,2.

It follows that
M,y
Il [y

Tl o<l < ==
a1l < e < -
implying the desired.

Now let || - || denote either || - |[(1y or || - [[(2). We shall show that | - || is

equivalent to || - [|(s). If 2 = 37| aja; then
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n
ol < D lesllesl < (s sl
=
This implies one-side estimate. To prove that there is a constant ¢ > 0 such that

|-y <l -, ie.,

Z|aj| chZajxjH. (1.1)
j=1 j=1

We may assume that ||z 3) = 1 by dividing the last inequality by Z?Zl |l
Now if (1.1) is not true then there would be a sequence yj, = Z?:l oz with
vl = 2251 lewj| = 1 but limy_ [lyx]| = 0. Note that |ay;| < 1 for j =
1,...,n and every k. So there is a subsequence of (y), denoted itself also, such
that limy_. o, exists and equals, say, a; for j =1,2,...,n as well as

n n
Jim g — Z%‘%‘H < max || klijgoz |ar; —a;| = 0.
7j=1 Jj=1
Thus Y77, || = 1 while 3., ajz; = 0. This is impossible, since the ; are
linearly independent. This completes the argument.

(ii) It suffice to show that X is topologically isomorphic to F™ with the
Euclidean norm. There is an isomorphism 7" from X onto F". We can use this
map to define a new norm on X as follows: For each x € X let |||z||| be the
norm of T'(x) in F”. When X is given this new norm T becomes a topological

isomorphism. However, (i) shows that ||| - ||| is equivalent to any norm || - || x on
X. Hence T is a topological isomorphism from (X, | - ||x) onto F™.
If Y is a subspace of a linear normed space (X, || - ||x) then || - ||x restricted

to Y makes Y into a normed subspace.

Example 1.3.2. Let Y be the space of infinite real sequences with only finitely
many non-zero terms. Then Y is a linear subspace of £,, 1 < p < oo, so the
p-norm makes Y into a normed space.

Definition 1.3.2. If (X,| - [|x) and (Y, || - |ly) are normed linear spaces, then
their product is defined by

XxY={(z,y): z€X, yeY}

It may be made into a normed space under any of the following norms:
1

(1) Iz, )]l = (el + lylly)7, p € [1,00);

(i) [[(z,y)l| = max{||z|[x, [[ylly}-

Of course, this does not exhaust all the possible combinations of the norms
lz||x and |ly||y, but these are the most commonly used ones. The extension to
products of n normed linear spaces is defined in a similar manner.

Ezample 1.3.5. It n = m + k with m > 0,k > 0,n < co then £ may be viewed
as the product of normed linear spaces £;" and 8’;.
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1.4 Continuous Mappings between Normed Spaces

We have seen continuous mappings between R and R in real analysis. To make
this definition we used the distance function |z —y| on R: a function f : R — R
is continuous at a € R if

Ve>0,30 >0 > |zx—a|l<d=|f(x)— fla)] <e.

Looking at this, we find that exactly the same definition can be made for map-
pings between linear normed spaces. Thus, on suitably defined spaces, questions
like “is the mapping f +—— f’ or [ f continuous?” can be asked.

Definition 1.4.1. A mapping T : X — Y between normed linear spaces (X, || -
llx) and (Y, || - |y) is continuous at a € X if

Ve>0,30 =0(e,a) >0 > J|z—allx <d=|T(x)—-T(a)|ly <e

If f is continuous at every a € X then we simply say T is continuous on X.
Moreover, T is called uniformly continuous if

Ve>0,30=0(e) >0 > |lz—allx <d=|T(z)—T(a)|y <e.

Ezxample 1.4.1. (i) The mapping  —— 22 from (R, |- |) to itself is continuous
but not uniformly continuous.

(ii) Let T'(z) = Ax be the non-trivial linear map from R™ to R™ (with
Euclidean norms) defined by the m x n matrix A = (a;;). Using the Cauchy-
Schwarz inequality, we see that f is uniformly continuous. In fact, fix a € R"
and b = Aa. Then for any € R™ we have

Az — Aal3 = Y| D" ay (e, —ay)
< 3 (i|aij|2)(i|xj —aj|2)
=1 j=1 j=1

3

= C?|lz — a3

where

Cc? = iimijl? > 0.

i=1 j=1
(iii) Let X = C[—1,1] with the sup-norm. Define a map T': X — X by

T(u)(t) =1 —|—/O (sinu(s) 4 tans)ds.

The map T is uniformly continuous on X. To see this, we calculate by the Mean
Value Theorem for Derivatives
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T (u) = T(v)l|eo = S T (u)(t) = T(0)(@)|

= sup ] ‘/t (sinu(s) — Sinv(s))ds‘

te[—1,1 0
t

< sup /
te[—1,11J0

t
< sup /
te[—1,11J0

< lu = vffoo-

sinu(s) — sinwv(s) ‘ds

u(s) — v(s)‘ds

(iv) Let X be the space of complex-valued square-integrable Riemann inte-
grable functions on [0, 1] with 2-norm. Define a map T': X — X by

T(u)(t) = /O W2(s)ds.

Then T is continuous. To see this, we estimate by Holder’s inequality and
Minkowski’s inequality

k- 01~ | 00— oy
< (/Ot (|u(s)+v(s)|)2ds)%(/0t (|u(s)—v(8)|)2ds)%

< (lull2 + loll2)lu — v]|2,
so that

1T (u) = T(v)]2 < Sup T()(®) = T()®)| < (lullz + [[vll2)]u = vll2.

(v) The same map as in (iv) applied to square-integrable Riemann integrable
functions on [0, 00) is not continuous. To see this, let a,b > 0 and define

a, 0<t<2b?,
u(t) = { ia, 20% < t < 4b%,
0, otherwise

Then ||u — 0||2 = 2ab. On the other hand,

a’t, 0 <t < 2%
T(u)(t) = { 4b%a® — a®t, 2b < t < 4b?,
0, otherwise

Then ||T(u) —T(0)|]2 = %aQb?’. Now, given any § > 0 we may choose constants
a,b with 2ab < § but %agb?’ = 1. This is, given any § > 0 there is a function u
with the property that ||u — 0|2 < but ||T(u) — T'(0)||2 = 1, showing that T is
not continuous.
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1.5 Sequences and Completeness in Normed Spaces

Let X = (X,| - ||x) be a normed linear space. Just as for continuity, we can
employ || - ||x to define convergence for sequences and series in X using the
corresponding notion for R.

Definition 1.5.1. A sequence (x;) in X is said to converge to a € X if
limj_.oo |z — allx = 0. Similarly, a series ) ;x; converges if the sequence of

partial sums (s) defined by sy, = Z?:l x; s convergent in X.

Example 1.5.1. (i) If (z;) is a sequence in R", with z; = (;vg-l), ey xg-")), then for

p € [1,00], ||z, — 0 iff x§k) — 0 foreach k=1,...,n.

(ii) For infinite-dimensional spaces, it is not enough to check convergence on
each component using a basis. Given p € [1,00]. Suppose (z;) is the sequence
in £, given by z; = (0,0, ...,1,...) where the 1 appears in the jth position. Then
if we write x; = (m§1),m§2), ...) we certainly have ac;k) — 0 as j — oo for each
k. However, we also have ||z;||, = 1 for all j, so the sequence is certainly not
converging to 0. As a matter of fact, it is not converging to anything.

Theorem 1.5.1. Let X = (X,] - ||x) and Y = (Y| - |ly) be normed linear
spaces. A map T : X — Y is continuous at a € X iff lim; oo T'(x;) = T'(a) in
Y for every sequence (x;) converging to a in X.

Proof. Replace || with || - || in the proof of this statement for functions from R
to itself.

Definition 1.5.2. A sequence (x;) is a Cauchy sequence in the normed linear
space X = (X, || - [lx) if

Ve >0,AN > n,m > N = ||z, —zn|x <e

Clearly, a convergence sequence is a Cauchy sequence. We know that in the
normed linear space (R, |-|) the converse also holds, and it is a simple matter to
verify that in R"™ the converse holds too. In many reasonable infinite-dimensional
normed linear spaces however there are Cauchy sequences that do not converge.

Example 1.5.2. Let X = (C[0,1], | - ||2). If (f;) in X is defined by

+ <l A
Si= A
~ A i
AN
—_ +m.|>~
Sl

ol= |

Nl=

+1

an_fm”% = /l_i |fn(t)_fm(t)|2dt+/ |fn(t)_fm(t)|2dt

1
2

—0 as m>n— oo.
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But nevertheless, it is not hard to verify lim; . || f; — f|l2 = 0, where
0 <
f(t) = %7 = %
1

is not continuous at ¢ = 1 and so not in C[0, 1]. In other words, (f;) does not
converge in C[0, 1] with respect to || - ||2. In fact, if there is a function g € C/0, 1]
such that hmjHOO Ilfi— g||2 = 0, then the triangle inequality implies || f —g||2 = 0.
Now consider g(3). If g(3) # f(3), then |f — g| must be pomtlve on (3 —46,1)
for some § > 0, Wthh contradlcts [f—gllz =0.If g(3) = f(3), then |f — g|
must be positive on (3,6 + 1) for some § > 0, again contradicting lf—glla=0.

Definition 1.5.3. A normed linear space is said to be complete if all Cauchy
sequences are convergent.

Ezample 1.5.3. (i) If C[0, 1] is equipped with the sup-norm, then it is complete.
(i) (C10,1], |- |l2) is not complete.

1.6 Some Topology

There are some properties of subsets of normed linear spaces and other more
general spaces that we use very often. Topology is a subject that begins by
attaching names to these properties and then develops a shorthand for talking
about such things.

Definition 1.6.1. Let X = (X, || - ||x) be a normed linear space.

(1) A set C' C X is closed if whenever (c;) is a sequence in C that is convergent
in X, the limit lim;_. c; also lies in C.

(ii)) A set U C X is open if for every uw € U there exists € > 0 such that
|z —ullx <e=zel.

(i) A set S C X s bounded if there is an M > 0 with the property that
reS=|z)|lx <M.

(iv) A set S C X is connected if there do not exist open sets A, B in X with
SCAUB,SNA#0,SNB#0 and SNANB=0.

(v) The interior of S C X is the set

S°={reX:3>0 3 |z—y|lx<d=>ycSh
(vi) The closure of S C X is the set
S={reX:Ve>03s€8 > |s—x|x <e}.

Clearly, S° ¢ S C S for any S C X. Moreover, a map f : X — Y between
two normed linear spaces is continuous iff for every open set U C Y, the pre-
image f~1(U) C X is also open. But, there is a continuous map f : R — R such
that f(U) is not open even if U is open.



12 1. Normed Linear Spaces

Recall that the Bolzano-Weierstrass theorem: if S C R™ is bounded and
closed, then a continuous function f : § — R attains its maximum and mini-
mum: 3z1, 22 € S > f(z1) = sup,eg f(2), f(x2) = infres f(x). This is really
the same as the Heine-Borel theorem that reads: a subset of R™ is compact iff
it is bounded and closed.

Definition 1.6.2. (i) A subset S of a normed linear space is compact iff every
sequences (sj) in S has a subsequence (sj,) that converges in S.

(ii) A subset S of a normed linear space is relatively (conditionally) compact
iff its closure S is compact.

Below is a more general version of the Bolzano-Weierstrass theorem.

Theorem 1.6.1. Let X = (X, || ||x) and Y = (V.|| - ||lv) be two normed linear
spaces, and f: X — Y a continuous map. If A C X is compact, then f(A) CY
is compact too. Consequently, if Y = (R,|-|) then f attains its mazimum and
minimum on A.

Proof. Assume that (y,) is a sequence in f(A). For each j € N let z; € A satisfy
f(z;) = y;. Since A is compact, we conclude that (z;) has a subsequence (z;,)
converging to xo € A. Note that f is continuous at xy. So y;, = f(xj,) — f(x0)
in Y as & — oo. Obviously, f(zxo) € f(A). Thus, f(A) is compact. In case
Y = (R,]||), we know f(A) is bounded and closed in R and thus get the desired
result.

Some standard sets are used so often that we give them special names.

Definition 1.6.3. Let X = (X, || - ||x) be a normed linear space.
(i) The open ball of radius r > 0 and center x is the set

B (z0) ={x € X : |z — zo||x < r}.
(ii) The closed ball of radius v > 0 and center xo is the set
B (zo) ={x € X : |z — zo||x < r}.

(iii) A subset S C X is dense if every open ball in X has non-empty intersec-
tion with S. X is said to be separable if there is a countable set S = {x1,x2,...}
that is dense in X.

Ezample 1.6.1. (i) Open and closed balls in normed linear spaces are convex.
(ii) R™, equipped with the norm ||-||2, is separable because Q™ is a countable
set and is dense in R™.
(iii) Cla,b] is separable under the sup-norm: Let S be the set of piecewise
linear functions of the form

Sk+1 — Sk
f(t)=8k+7tk+ m (t—t1), trp<t<trp1,
+1 —
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where a =ty < t; < --- < t, = bis a partition of [a, b], and the sy, ¢}, are rational
(with the possible exceptions of tg = a and ¢, = b). The set S is enumerable.
Given g € Cla, b]. For any € > 0. Then there is a § > 0 such that

€
[t=s| <= lg(t) —g(s)| < 7.

Let a =tg < t1 < -+ < t, = b be a partition of [a,b] with ¢1,...,t,—1 rational
and such that maxy(tx4+1 — tx) < d. Let sq, ..., s, be rational numbers such that
maxy, |g(tr) — sx| < §. Then for £ <t <t 1 we have

tpt1 — ¢

t—tg
sk — g(t)) + ————
th+1 — tk( 1) tk+1 — Tk

f@t)—g(t) = (sk41 —g(1)),

and hence

£ () =g < lsk —g(tr)[ +19(tx) = 9(O) + |sr1 = g(trr1) [+ 19 (Err1) —g(8)] < e

Thus S is dense in CJa, b].

(iil) (£p, || - |lp) is separable for 1 < p < oo but not for p = co. In fact, let W
be the set of all elements of ¢, of the form « = (z1, ..., z;,...), where all of the z;
are rational and all but a finite number of them vanish. Clearly, W is countable.
If p € [1,00) then W is dense in £,. To see this, let € > 0 and = € ¢, be given.
Then take N so large that 7 v |zx|? < €/2. Now for each k < N, there is a
rational number r; such that

1§k‘§N=>|l‘k—Tk|p<L

2N’
Set r = (r1,...,7n5,0,0,...). Then r € W and
N oo
lz =72 = lox =P+ > |zl <e
k=1 k=N-+1

This shows that W is dense in £,, p € [1,00). But, if p = oo then let z™ =
(x%"),xg"), xg-"), ...), n € N, be any sequence of elements in {,. Define x =
(x1,...,xj,...), where

941, i 2P <1
rj=9q 7 - )
0, if fa;7] > 1.
Thus z € £,,. Moreover,

This shows that the sequence (z(™) cannot be dense in /..

As an application of the above concepts, quotients of normed linear spaces
may be formed. Note that we need both the algebraic structure (subspace of a
linear space) and a topological property (closed) to make it all work.
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Definition 1.6.4. Let X be a normed linear space over F and Y be a linear
subspace of X . Then the linear space X /Y ~the quotient or factor space is formed
as follows. The elements of X/Y are cosets of Y — sets of the form x +Y =
{r4+y: yeY} forx e X. The set of cosets is a linear space under the
operations:

for any x1, z2, x € X and A € F.

It is worth remarking that the operations make sense precisely because Y is
itself a linear space, so for instance Y +Y = {y1 +y2: y1,92 € Y} =Y and
AY ={dy: yeY} =Y for A # 0. Moreover, 1 +Y and z2 +Y are equal iff as
sets x1 +Y = x5 4+ Y; this is true iff 1 — x2 € Y which is denoted by =1 ~ 2 —
x1 is equivalent to x5 with respect to Y.

Ezxample 1.6.2. (i) Let X = R3, and let Y be the subspace spanned by (1,1,0).
Then X /Y is a two-dimensional real vector space: since (1,0, 1)+Y and (0,0, 1)+
Y generate X/Y.

(ii) The linear space Y of finitely supported sequences (of which all but a
finite number of entries vanish) in ¢; is a linear subspace. The quotient space
£1/Y is very hard to visualize: its elements are equivalence classes under the
relation (z;) ~ (y;) if (z;) and (y;) differ in finitely many positions.

(iii) The linear space Y of ¢; sequences of the form (0,...,0,zp41,...) (first
n are zero) is a linear subspace of ¢;. Here the quotient space ¢1/Y is quite
reasonable: in fact it is isomorphic to R"™.

(iv) Recall that for p,q € [1,00), p < ¢ = ¢, C ;. This means that for
any p < ¢ there is a linear quotient space £,/¢,. These quotient spaces are very
pathological.

(v) Let X =C[0,1]] and Y = {f € X : f(0) = 0}. Then X/Y is isomorphic
to R.

(vi) Y = C]0,1] is a linear subspace of the space X of square-Riemann-
integrable functions on [0, 1]. The quotient X/Y is again a linear space that is
impossible to work with.

Evidently, these examples tell us that not all linear subspaces are equally
good: (i), (iii) and (v) are quite reasonable, whereas (ii), (iv) and (vi) are ex-
amples of linear spaces unlike any we have seen. The reason is the following:
the space X/Y is guaranteed to be a normed space with a norm related to the
original norm on X only when the subspace Y is itself closed. Notice that (i),
(iii) and (v) are precisely the ones in which the subspace is closed.

Theorem 1.6.2. If X = (X,| - ||x) is a normed linear space, and Y is a
closed subspace of X, then X/Y is a normed space under the norm ||z + Y| =
infoeaty 2]l x-

Proof. Note that ||z + Y| =inf.cptv ||2]|x = infyey ||z —y]|-
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Firstly, if || + Y| = 0 then there is a sequence of vectors y; € Y such
that lim; o ||z — y;|| = 0. Since Y is closed, z € Y and then z +Y =0+ Y.
Conversely, |0+ Y| = 0.

Secondly, the homogeneity is clear:

Mz +Y)[l = inf |[Az]x =[A] inf_[[z]x = [A[[lz+ Y.
z€x+Y z€x+Y

Finally, the triangle inequality:

[(z1+Y) + (z2 + V)| |21 + 22| x

inf
z1€x1+Y,22€x2+Y

inf ||Zl||X + inf ||Z2||X
z1€x1+Y z2€x2+Y

ler + Y| + [|[z2 + Y|

IN

Example 1.6.3. (i) If X = (R?,|| - ||2) and Y = (1,0)R, then X/Y consists of
lines in X of the form (s,¢)+Y . Note that each such line may be written uniquely
in the form (0,¢) + Y, and this choice minimizes the norm of the element of X
that represents the line.

(ii) The quotient space may be a little odd. For instance, let ¢ denote the
space of all sequences (z;) with the property that lim;_.. z; exists. This is a
closed subspace of ¢,. What is the quotient £ /c?

(iii) ||z + Y| defines a norm on X/Y only if Y is a closed subspace.

(iv) dim(X/Y)-the dimension of X/Y is called the codimension of Y. More-
over, a linear subspace of codimension one is called a hyperplane.

Exercises

1.1 Let p € (1,00) and ¢ = p/(p — 1). Prove Holder’s inequality in the following
forms. For vectors:

Q=

n n 1 n
p
>zl < (lejlp) (Z|yj|q)
j=1 j=1 j=1
For sequences (z;) and (y;) with > |27 < oo and >, |y;|? < oo

3l < (Dxﬂp)%(;wﬂqﬁ

For Riemann-integrable functions f, g with fol |f]P < oo, fol lg]? < oo:

Lot (L) ([ )
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1.2 Let p € [1,00). Show Minkowski’s inequality in the following forms. For

vectors:
n 1 n 1 n 1
P P P
(Dt wil) " = (D lat) "+ (X lwal?) "
j=1 j=1 j=1

For sequences (z;) and (y;) with > [2;[P < oo and }; [y;|P < oo
1 1 1
(Z|$j+yj|p) S(Z%‘l”) +(Z|yj|p) :
J J J
For Riemann-integrable functions f, g with fol [fIP < o0, fol lg|P < oo:

(Auf+m0%<(éuﬂ0%+(éum0?

1.3 For each of the following linear spaces, determine the dimension:

(i) The set of vectors = (z;) in R™ with Z?Zl x; = 05

(ii) The set of continuous functions f : [0,1] — R;

(iii) The set of polynomials on [0, 1].
1.4 Prove that if X is an n-dimensional normed linear spaces over R then X is
topologically isomorphic to R™.

1.5 Norms || - [|(1) and [ - [|(2) are said to be equivalent if the identity map
I (X - lly) = (X, ]~ ll2)) is a topological isomorphism. Prove that on C[0, 1]
the sup-norm is not equivalent to any p-norm, 1 < p < co.

1.6 Prove that any norm || - || : V — R on a linear space V over the field
F is continuous on V', but also vector addition and scalar multiplication are
continuous whenever X x Y is equipped with the norm || - || x + | - [|y-

1.7 Recall that ¢, is the space of all bounded infinite sequences = (x;) of
complex numbers with the sup-norm [|z[ = sup;cn |2;|. Prove: if £g is the
class of all infinite sequence of complex numbers which have only finitely many
non-zero terms, then £; is not closed in f.

1.8 Given a normed linear space X = (X, ||| x). Prove the following statements:

(i) S°c S c S forany S C X;

(ii) Suppose Y = (Y, - ||y) is another normed linear space. Then a map
f: X — Y is continuous iff for every open set U C Y, the pre-image f~1(U) C X
is also open. But, there is a continuous map f : R — R such that f(U) is not
open even if U is open.

(iii) Any open and closed balls in X are convex.

1.9 Prove that if X = (X, ||+ ||x) is a normed linear space, and Y is a subspace
of X, then X/Y is a normed space under the norm ||z + Y| = inf.c,qv ||2] x
iff Y is closed.



2. Banach Spaces

In this chapter, we consider complete spaces - trying to do functional analysis
in non-complete spaces is a little like trying to do elementary analysis over the
rationals. In particular, we discuss the contraction mappings on Banach spaces
and their applications in differential and integral equations.

2.1 Definition

Definition 2.1.1. A complete normed linear space is called a Banach space.

Ezample 2.1.1. (i) Any finite-dimensional normed linear space (£,1 < p < c0)
is a Banach space.

(ii) C[0,1] with sup-norm is a Banach space over R. In fact, if (f;) is Cauchy
in C[0,1], then for any e > 0 there exists N € N such that

m,n >N = |fm(z) = fu(@)| < || fin — fallo <€ forall zel0,1].

So (fj(z)) is Cauchy sequence in R. Therefore it converges to some real number
f(x) for each x € [0, 1]; this defines a new function f such that f; — f pointwise.
It remains to be shown that (f;) converges to f uniformly on [0,1], and that
f € C[0,1]. But this follows readily from the last estimate when letting m — oco.

(iii) The sequence space £, is a Banach space. To see this, assume that (z;)
is a Cauchy in ¢, and write z; = (x;l),xf), ...)- Recall that || - ||, > || - ||co for all
p € [1,00]. So, given € > 0 we may find N such that m,n > N = ||z, — 2, < €
which in turn implies that ||z, — Zm||e < €, so for each k, \xglk) - a:gf)| < e. That
is, if (x;) is Cauchy in ¢, then (x§k)) is a Cauchy in R. Since R is complete, we

deduce that for each k we have xg-k) — y) . Note that this does not imply by
itself ; — y. However, if we know that (z;) is Cauchy, then it does. In fact,
we prove this for p < oo but the p = oo case is similar. Fix ¢ > 0, and use the

Cauchy criterion to find N such that n,m > N implies that
o0
Z |z(F) — 2B P < e
k=1

Now fix n and let m — 0o to see that
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el O <
k=1

This last inequality means that ||z, — y|, < e%, showing that z, — y =
(y(l), y(Q), ) € L.

Definition 2.1.2. For a sequence (x;) in a normed linear space (X,| - ||), we
say that the series Zjil xj s absolutely convergent provided Zjil lz;]] < oo.

Theorem 2.1.1. Let (X,| - ||) be a normed linear space. Then it is a Banach
space if and only if the absolute convergence of ZFl x; implies its convergence.

Proof. On the one hand, suppose that (X, ] -||) is a Banach space. Consider the
sequence of partial sums s; = 2?21 x;. Since Z;’;l x; is absolutely convergent,
we conclude that

m
lsm — skl < Z lzj]] =0 as m >k — oo.
j=k+1

It follows that (s,,) is Cauchy; since X is complete this sequence converges, so
> o Tj converges.

On the other hand, assume that (z;) is a Cauchy sequence in (X, || - ||). Then
for each k € N there is a N € N such that

i,j > Ny = ||z — x5 <278

Without loss of generality, we may assume that N1 > Ni. This yields that
(xn,) is a subsequence of (). Set y1 = xn, and yr = znN, — TN,_, when k > 2.
Note that

! !
Do llyell < llgnll+ D20 < gl + 1.
k=1 k=2

So (Zﬁc:l llyxll) is non-decreasing and bounded, and hence is convergent. By
hypothesis, Y, | yx is convergent. Since Y ,_, yr = xn,,, it follows that (z,4+x)
is convergent in (X, ||+ ||). This, together with the fact that (xj) is Cauchy, infers
that (xy) is convergent. Therefore, (X, || - ||) is a Banach space.

Example 2.1.2. Theorem 2.1.1 is clearly not true for general normed linear
spaces. For example, if fj(z) = 297! — 27 for j € N, then f; € C[0,1],
> =1l fjll2 < oo, and

ifj(x) = lim (1 - ),z e0,1],

is not an element of C[0, 1]. This is, of course, due to the fact that (C[0,1],]-[l2)
is not complete.
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2.2 Contraction Mapping Theorem

In this section we prove the simplest of the many fixed-point theorems. Such
theorems are useful for solving equations, and with the formalism of function

spaces one uniform treatment may be given for equations like * = cosx, and

9 = g + tan(zy), y(0) = yo.

Definition 2.2.1. Let X = (X, || ||x) andY = (Y, || - ||y) be two normed linear
spaces. A map T : X — 'Y is called a contraction if there is a € [0,1) such that

1T(x) =Ty <allr —yllx, =»yeX.
Here « is called the contraction constant.

Ezample 2.2.1. (i) Let X =Y = C[0, 1] be equipped with the sup-norm and set
T(f)(x) =« [ f(t)dt, a > 0. Clearly, if a € [0,1) then T is a contraction since

1T(f) = T(9)lloe < allf = gllc-
(ii) If f(x) = 37 1(x+sinx) then f is a contraction mapping from R to itself.

A contraction mapping contracts or shrinks the distance between points by
the factor a. Clearly, any contraction map is uniformly continuous on X. A
mapping 7' : X — X has a fixed point if T'(p) = p for some p € X. We show the
following Banach’s theorem on contraction mapping and fixed point.

Theorem 2.2.1. Let X = (X, || - ||x) be a Banach space. If T : X — X is a
contraction mapping, then T has a unique fized point.

Proof. Let pg € X. Define py+1 = T(pi) for k € N U {0}. One claims that {py}
is a Cauchy sequence in X. In fact,

lp2 — pillx = 1T (p1) — T'(po)||x < allp1 — pollx,
and so
Ips — p2llx = IT(p2) — T(p1)llx < ellp2 — prllx < o®|lp1 — pollx.

Generally, one has that if k > j then

k—1 k—1 .
. a]
lpe —pillx <) lpiv1 —pillx <) a’llpr = pollx < ——llp1 — pollx-
11—«
i=j =]

This, together with « € [0,1), implies {p;} is Cauchy and hence it converges to
a point p € X: limg_,oo pr = p in X.
Since T is uniformly continuous,

T(p) = lim T(py) = lim pyi1 = p.
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That is to say, p is a fixed point of T'.
Regarding the uniqueness, suppose ¢ is also a fixed point of T'. Then

lp—qlix =1T(p) - T(@llx <ellp—qllx
and hence ||p — ¢||x = 0 due to « € [0,1). This implies p = g¢.

It is worth remarking that the above proof is constructive in the sense that
the fixed point is the limit of the iterates given by

Pr+1 = T(pr)

where the initial point or initial guess pg is an arbitrary point in X. The previous
estimate gives the rapidity of the convergence of py — p:

o
lp = pjllx < 7= lIT (o) = pollx-

Corollary 2.2.1. If S is a closed subset of the Banach space X = (X, | - || x),
and T : S — S is a contraction mapping, then T has a unique fixed point in S.

Proof. Simply notice that S is itself complete (since it is a closed subset of a
complete space), and the proof of the above theorem does not use the linear
space structure of X.

Corollary 2.2.2. Let S be a closed subset of the Banach space X = (X, ||| x)-
Suppose there is an n € N such that the n-th composition

n

18 a contraction mapping, then T has a unique fized point.

Proof. Since T, is a contraction mapping, it has a unique fixed point p. If « is
the contraction constant for T;,, then

IT(p) = plix = [IT(Ta(p)) = Tu(P)llx = ITW(T(p)) = Tu(p)llx < allT(p) - pllx

and hence T'(p) = p.
If ¢ is another fixed point of T then it is also a fixed point of T;, since

To(q) = Ta1(T(q)) = Taor(q) = -~ = q.
By the uniqueness of the fixed point of T}, it follows that ¢ = p.

Ezample 2.2.2. (i) Each map defined in Example 2.2.1 has a unique fixed point.
(ii) Let X =Y = Ca, b] be equipped with the sup-norm, 0 < b—a < co and

T(f)(;zc):/gcf(t)dt7 a<xz<b.
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It is easy to see
1T(f) = T(9)lloc < (b= a)|lf = gllc-

If b—a > 1 then T is not a contraction. However,

1

To(f)(x) = =1

/ (x—t)" 1 f(t)dt, neN
with the estimate

ITa(f) = Ta(@)ll < (b= )" ~ gl

so that T}, is a contraction for n large enough.
(iii) If the contraction constant a = 1 then the theorem fails. For example,
let X =Y =R and f(z) = § + 2 — arctanx, then

|z —y| < |z -y

CQ
[f (@) = fWI =" Ollz —yl = e

where ( is a point lying between z and y. However, there is no z € R such that
flz) =z

(iv) There is a discontinuous function f such that its iteration becomes a
contraction mapping. For instance, if

(i if 2 e0,1/2],
J(@) = { it we(2
then f(f(z)) =1/4 for z € [0,1].

(v) A basic linear problem is the following: let 7' : R™ — R be the affine
map defined by T'(z) = Az + b where A = (a;;) is an n x n matrix. Equivalently,
T(z) = y where y; = Z;;l a;jxrj +b; for ¢ = 1,2,...,n. If T is a contraction
map, then we can use the above theorem to solve the equation T'(x) = x. The
conditions under which 7" is a contraction depend on the choice of norm for R™.
Three cases follow.

(1) |z|loo = max;{|z;|}. In this case,

I7(0) = T = x| Sy, = 35)] < (e g ) o = o
j=1 Jj=1

Thus the contraction condition is

n

< . .
11;1%an1 laij| <a <1 (2.1)
=

(2) lzlli = D21 |2i]- In this case,

I17@) = Tl = 30| 3 ewas — )| < (m]aXi jais) ) llz = yll.
j=1 i=1

%
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Thus the contraction condition is

n

.. < . .
gjagnzl laij] <a <1 (2.2)
1
3) [lzll2 = (Z?Zl |$z|2) 2. In this case,

n n n

7@ - TWIE =3 (S esstes - 1) < (LD lasl) o - ol

i=1  j=1 i=1 j=1

Thus the contraction condition is

n

ZZ |a¢j|2 <a<l. (23)

i=1 j=1

It follows that if any one of these three conditions holds, then there exists a
unique solution in R™ to the affine equation Az + b = . Moreover, the solution
may be approximated using the iterative scheme xz; = T'(x¢),z2 = T(z1), ....
Note that each of these three conditions is sufficient for the method to work, but
none of them are necessary, since (2.1), (2.2) and (2.3) are not equivalent.

2.3 Applications to Differential and Integral Equations

As mentioned before, the most important applications of the contraction map-
ping method are to differential and integral Equations. The first result in this
direction is due to Picard.

Theorem 2.3.1. Let D C R? be open and (x9,y0) € D. Let f : D — R be a
continuous and satisfy a Lipschitz condition of the form:

[f(@,y1) = f(2,92)l < Llys — w2l (2,91), (2,92) € D.
Consider the Initial Value Problem (IVP):

Y~ Jaya)), vlw) = o,

Then there exists a § > 0 such that the IVP has a unique solution in the interval
[xo — &, 20 + ¢].

Proof. Clearly, solving this IVP is equivalent to solving the integral equation

y(@) =yo + / " F ().

So, it is our wish to show that the last equation has a unique solution.
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Suppose R C D is a closed rectangle centered at (xg, yo). Then there is M > 0
such that

< M.
;};ﬁgg%lf(m,y)l <

Now choose § > 0 such that Lé < 1 and
[xo — &, 20 + 6] X [yo — Md,yo + Md]) C R.
Set
S = {(b € Clzo — 6,20 + 0] : ([0 — 6,20+ 0]) C [yo — Ma,yo+M5]}.

Note that S is a closed subset of C[zg — 0, zg + d]. So S is complete.
Define a mapping T : S — S by

T(¢)(z) = yo + / ’ f(t, o(t))dt.

Obviously, T'(¢) is continuously differentiable and
IT(#)(x) — yo| < M|z — o] < Mo.

This implies T'(¢) € S. Now, our problem is equivalent to showing that 7" has a
unique fixed point in S. Thus, it suffices to verify that T is a contraction. For
this, if € [xg — d,20 + 0] and ¢, € S, then

IT(¢)(x) = T(¥)(2)] < /I £t 0(t) — £, 9 (t)]dt < Lz — zolll¢ — ¥,

and the result follows.

Ezample 2.3.1. (i) Note that any existence theorem for the IVP in the above
must be local in nature. For example,

dy 2
2 =Y y(1) ,

has the solution y(x) = —1/z, which is not defined at x = 0 even though
f(x,y) = y? is continuous there.

(ii) If the Lipschitz condition is dropped, the IVP still has a solution, but
the solution may fail to be unique. For instance the IVP:

dy 1/3
—= = 0 0
dr gy, y( ) s
has an infinite number of solutions
0, if 0<x<eg,

ve() = { (M)?’/Q, if c<aw<l

3

where ¢ € [0, 1].
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The condition on the set D used in the last theorem arise very often so it is
useful to have a short description for them.

Definition 2.3.1. A domain in a normed linear space X is an open connected
set.

An example of a domain in R containing the point a is an interval (a—9, a+0)
for some ¢ > 0. Note that if D is a domain in (X, - ||x) and a € D then for
some r > 0 the open ball B,.(a) = {x € X : ||z — a||x < r} lies in D.

Picard’s theorem easily generalizes to systems of simultaneous differential
equations.

Theorem 2.3.2. Let D C R™*! be a domain containing (20, Y01, -, Yon) and
let f1,..., fn be continuous functions from D to R each satisfying a Lipschitz
condition

|fi(xay17 7y’n) - fi($7217 7Zn)| S L max |yl - Zl|
1<i<n

for (z,y1, -y yn), (X, 21, .., 2n) € D. Then there is an interval (xo — §, 90 + ) on
which the system of simultaneous ordinary differential equations

dy;
dx

= fi(lz,y1, .y yn) for i=1,...n

has a unique solution y; = ¢;(x), i = 1,...,n satisfying the initial conditions
oi(x0) = yoi, 1 =1,...,n.

Proof. As in the proof of the last theorem, write the system in integral form
0:@) =uoi+ [ S 6r(0), e a0t i =1,
To

Since each of f; is continuous on D, there is a bound | f;(z, y1, ...yn)| < M in some
domain D’ C D with (29, yo1, ..., Jon) € D’. Choose § > 0 with the properties
that Mé < 1 and

|x — 20| <6 and max|y; — yoi| < M = (z,y1,...,yn) € D'.
1
Let now S be the set of n-tuples ¢ = (¢1, ..., d,) of continuous functions

defined on the interval [z — §, zo + ] and such that |¢;(z) — yo;| < MJ for all
t=1,...,n. The set .S may be equipped with the norm

9]l = max |6 (@)

It is easy to check that S is complete. The mapping T defined by the set of
integral operators

(T(9))i(=) =y0¢+/I fi(t,pr(t), .oy n(t))dt, i =1,...,m.
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for | — zo| < § is a contraction from S to itself. To see this, first note that if
¢ €S and |x — x| <6,

H(bl y01| -

/ Filt, 1 (t)s oy o (t))dt| < M6, i =1,...,n

so that T'(¢) = ((T'(¢)1, ..., (T(¢))n) lies in S. It remains to check that T is a
contraction map:

[(T(9))i(z) = (T(@))i(2)] < ' fi(t, @1.(2), s o (2)) = fi(t, 01(2), ..o on (£))]dE

Zo

< Mémax |¢;(z) — ¥i(2)]

soT : S — S is a contraction. It follows that the equation has a unique solution.
so the system of differential equations has a unique solution.

Integral equations may be a little less familiar than differential equations
although we have seen already that the two are intimately connected, so we
begin with the following example.

Ezample 2.3.2. (i) Given problems in physics led to the need to “invert” the
integral equation

= [

for functions f and g of specific kinds. This was solved — formally at least — by
Fourier in 1811, who noted that this equation requires that

f(x) e Vg (y)dy.

IR

(ii) When studying generalizations of the tautochrone problem, Abel was led
to the integral equation

o) = [ L5y ve @), gl0)=0

for which he found the solution

sinwb [Y "z
1= 22 [ e

s

Theorem 2.3.3. Let k : [a,b] x [a,b] — R be continuous and ¢ € Cla,b]. Then
the Fredholm Integral Equation (FIE):

b
f) = A / ko) f)dy + 6(x). AER

has a unique solution f € Cla,b] for certain A.
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Proof. Define a mapping K : Cla,b] — C|a, b] by

b
K(le)=A [ Ko@)y +ola), AeR.
And recall the sup-norm on C|a, bl:
Il = s 170

Solving the FIE is equivalent to showing that K has a fixed point. Now
IK(f) = K(g)lle < Al sup [|k(z,y)|(b— a)|lf — glloo-

z,y€(a,b]

Thus, if
(Al sup [k (2, y)|(b—a) <1,

z,y€la,b]

then K is contraction and, therefore, has a unique fixed point.
More is true.

Theorem 2.3.4. Let k : [a,b] x [a,b] — R be continuous and ¢ € Cla,b]. Then
the Volterra Integral Equation (VIE):

F@) =2 [ k)i @iy + 0(0)

has a unique solution in Cla,b).

Proof. To see this, it is enough to show that K : Cla,b] — Cla, b] defined by

x

KUX@=A/‘Mawﬂw@+¢u»

a

has a unique fixed point. A simple calculation implies that if f1, fo € C|a, b] and
M = SUPz ye[a,b) |l€($,y)| then

(K (f)(x) = K(f2)(@)] < MM fi = falloo(x — a),

r—a 2
KUK ()@~ KK ()@ < (A1~ ol 52
and
Knlf)(e) = Knlf2)@)] < (M) "1~ falle 2
Hence "
Al(b—a)M
1) = Kol < LIy
Because n
—(|)\|(b — a)M) —0 as n— o0
n! ’

it follows that K, is a contraction mapping for large n and, therefore, has a
unique fixed point for any value of the parameter .
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Exercises
2.1 Prove that if C™[0,1], n € N, is equipped with

Il = sup sup |fP(1),
0<k<n te€[0,1]

then it is a Banach space under this norm || - ||.

2.2 Let ¢y denote the set of all infinite sequence (z;) of complex numbers such
that z; — 0 as j — oo. Explain why cg is a Banach space under the norm
1(@)lloc = sup; |2;].
2.3 Define T : C[0,1] — C[0,1] by T(f)(z) = [, f(t)dt. Prove that

i) T is not a contraction;

ii) T has a unique fixed point;

iii) T(T") is a contraction.
2.4 Let f : R — R be differentiable with |f’(x)| < «, where a € [0,1). Prove
that f is a contraction mapping.

2.5 Show that there is a unique continuous function f : [0,1] — R such that

1
flx) = sinx+/0 f(y)exp(— (x+y+ 1))dy.
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3. Linear Operators

Given two linear spaces X and Y over a field F, a linear operator T': X — Y is
a map 7T from X to Y such that

T(a1z1 + agxa) = arT(x1) + aoT(x2), Vai,22 € X; Vag,as € F.

From this definition it follows that 7'(0) = T'(2-0) = 2T(0), so that T(0) = 0.
Also, we write T(X) = {Tx : x € X}. If T(x1) = T(x2) implies 1 = x5 then
we say that T is a one-to-one map. Clearly, if T is linear then T is one-to-one if
and only if T'(z) = 0 implies z = 0.

In this chapter, we discuss bounded operators, inverse operators, and four
classical theorems in functional analysis: uniform bounded principle, open map-
ping theorem, closed graph theorem and Hahn-Banach theorem.

3.1 Bounded Operators

To begin with, we give the definition of a bounded operator.

Definition 3.1.1. Let X = (X, || - [|x) and Y = (Y, || - |ly) be normed linear
spaces over F. We say that a linear operator T : X — Y 1is bounded provided
there exists a constant C' > 0 such that ||Tz|y < C||lz||x for all x € X. Define

T(Ey
170 = [Thxey = sup {1E2IY
z€X,z#0 [l x

Ezample 3.1.1. (i) || T|| = supy) x=1 |72y follows from
Hx||gc||;(1HX =1 Vz#0.

(ii) Equip ¢ with 2-norm, and let T': ¢35 — {5 be given by Tx = (0, x1, x2, ...)
when & = (21, x2,...). Then it is easy to check that T is a bounded linear operator
with ||T]| = 1.

(iii) Choose for both X and Y the space C[0, 1] with the sup-norm. Define
T:X —-Y by (Tf)(x)=e*f(x), x €0,1]. Then T is bounded with || T| = e.
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Recall Theorem 1.5.1 that a continuous linear transformation T from X to
Y is a linear transformation with the property:

|zn — z||x — 0= ||Tx, — Tx|y =0.

The following result tells us that the boundedness of a linear operator is equiv-
alent to its continuity.

Theorem 3.1.1. Let (X, - ||x) and (Y,|| - |ly) be normed linear spaces and
T:X —Y be alinear operator. Then the following are equivalent:

(i) T is continuous in X.

(ii) T is continuous at 0.

(iii) T is bounded.

(iv) T maps bounded subsets of X to bounded subsets of Y.

Proof. (i)« (ii). The direction (i)=- (ii) is trivial. Regarding (ii)= (i), we suppose
that 7" is continuous at 0 € X. If z,, — z then z,, —  — 0. Hence T'(z,, — z) —
T(0), so that T(x,) — T'(z).

(iii)< (ii). If T is bounded and z,, — 0, then Tz, — 0 also. It follows that T
is continuous at 0, so by (1)< (ii) T is continuous in X . Conversely, assume that
T is continuous in X. If T is not bounded, then for any n € N there exists a point
zn € X with [|T2s|ly = nllan|lx. Let yn = 52, so that [[ya]x = n~t —0.
However, || Ty,|ly > 1 and T'(0) = 0, contradicting the assumption that T is
continuous at 0.

(iv)e (ii). Suppose (ii) is true. So T is bounded with ||T'|| < C for some
constant C' > 0 due to (iii)< (ii). If S is a bounded subset of X, then there is a
constant M > 0 such that ||z||x < M Vz € S and hence

ITz|ly <C|z|x <CM VxeX.

That is to say, T'(S) is a bounded subset of Y. Conversely, assume that (iv) is
true. Given an open ball BY (0) = {y € Y : ||ylly <€} in Y, let B{X(0) = {x €
X :||lz]|x < 1} denote the open unit ball in X. By (iv) it follows that T'(By) is
bounded in Y. Thus, there is a A > 0 such that

T(BY) CABY(0) ={y € Y : [|lylly <Ae}.
This implies T'(B5-,) C BY since T is linear, and so T is continuous at 0.

Example 3.1.2. Suppose X = R™ with 2-norm, and e; = (0, ..., 1, ...,0) are a ba-
sis of R™. Then any « € R™ has the form = = 377 aje; and ||lz[3 = 377, |a;]*.
If T:R"™ — Y is a linear transformation, where Y = (Y,|| - ||y) is a normed
linear space over F. The Cauchy-Schwarz inequality implies

=

IT@)lly < llzllz { Y17 (eI
j=1

1

So, T is bounded with ||T| < (Z}Ll ||T(ej)||2y) ’
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Indeed, the last example is a special case of the following result.

Theorem 3.1.2. Let X = (X, || ||x) and Y = (V.|| - ||lv) be two noremd linear
spaces over F. If X is finite dimensional, then any linear transformation T :
X —Y is bounded.

Proof. Note that any two norms on a finite dimensional linear space X over F
are equivalent. So, we construct a new norm || - || via || - || x and || - ||y as follows.

el = llzllx + [ Telly, =eX.

Of course, || - || is a norm on X and so it is equivalent to || - || x. This implies a
constant C' > 0 with || - || < C|| - || x. It follows that | Tz||y < ||z|| < C|z|x for
all z € X. In other words, T': X — Y is bounded.

Next, we consider the space of linear operators.

Definition 3.1.2. Let X = (X, || ||x) andY = (Y, || - ||y) be two noremd linear
spaces over F. Denote by B(X,Y) the set of all bounded linear operators from
X toY. In particular, B(X) = B(X, X).

Theorem 3.1.3. (i) B(X,Y) is a linear space over F with respect to operations:
(T+ S)(z) =T(z) +S(x); (aT)(z)=aT(x), x€X; acF.
(ii) The function || - || : B(X,Y) — R, defined for every T € B(X,Y) by

T(x Y
A G0
vex|lzlx20  Zlx

is a norm on B(X,Y).
(iii) If Y is a Banach space, then B(X,Y) is a Banach space.

Proof. (i). Check those conditions for a linear space with B(X,Y).

(ii) We have to verify three conditions required for a norm. First, it is clear
that || T|| > 0. If ||T'|| = 0 then ||Tz||y =0 for all z € X, and hence Tx = 0 for
all z € X. This gives T = 0. Conversely, T' = 0 implies ||T'|| = 0.

Next,

oTl— sy 0TIy

= |||
vexX Jzlxz0  [1@llx
Finally,
T(x)+ S(x
wEX, |1z x 0 ]| x
T S
< sup I (x)”Y+ sup .S (2)]ly
cex |ollx20 1Zx  zex zixz0 lTlx

T[]+ 11S1I-
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(iii) Let Y be a Banach space. If (T}) is a Cauchy sequence in B(X,Y’), then
it is bounded and so there is a constant C' > 0 such that ||T;z|ly < C|z|x for
all x € X and j € N. Since

ITje — Tyzly <|[Tj = Tillllzllx =0 as j>k— oo,

the sequence (Tjz) is a Cauchy sequence in Y. Nevertheless, Y is a Banach
space, so Tjx converges to y € Y: y = lim; .o Tjz = Tz. Clearly, T is linear,
and |[|[Tz|ly < C||lz||x for all z € X. This means T' € B(X,Y).

Note that we have not yet proved that T; — T in || - ||. But, since (T}) is
Cauchy, for every € > 0 there is N € N such that

J>k>N=|T;, - Tk <e.
Consequently,
j>k>N=|Tjx —Tyx|y <e€lz||lx VzrelX.

If 5 — oo then
k>N = ||Tx — Trx|y <e€llz]x.

That is to say, | Ty — T|| < € as k > N. Thus, ||Tx — T|| — 0 as k — .

In many situations it makes sense to multiply elements of a normed linear
space together.

Definition 3.1.3. Let (X, | - ||x) be a Banach space over F. If there is a mul-
tiplication (x,y) — zy from X x X — X such that for any x,y,z € X and
acF,

(i) 2(y2) = (w9)2:

(i) o(y + 2) = ay + 22

(iii) (v +y)z = zz + yz;

(iv) a(zy) = (ax)y = z(ay);

) lleyllx < [zl xlyllx,
then X 1is called a Banach algebra.

Ezample 3.1.3. (i) (C[0,1], |- ||co) is a Banach algebra with (fg)(z) = f(z)g(x).
(ii) If X = R™ then by choosing a basis for R” we may identify B(R"™) with
the space of n x n real matrices.
(iii) If X is a Banach space over F, then (B(X),| - ||) is a Banach algebra
with ST = S o T since

IST(@)lx = IS(T(@)lx < ISHITE@)x < ISHTl«lx Ve e X.

In the rest of this section, we focus on composition of linear transformations.
We start with the following simple result.

Theorem 3.1.4. Let (X, - ||x), (Y,| - llyv) and (Z,]| - ||z) be normed linear
spaces over F. If T € B(X,Y) and S € B(Y,Z) then ST = SoT € B(X,Z)
with [[ST| < ISIIT]-
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Proof. Clearly, ST is a linear transformation from X to Z. Since T and S are
continuous, we conclude that

1(5T)zllz = [IS(T(2)llz < ST @)y < ISHTzllx, vzeX.

This yields that ST is continuous and so in B(X, Z) with ||[ST| < ||S|[|IT]|, as
desired.

In fact, the composition defines a multiplication of two operators. Using this,
we are now able to study inverses.

Definition 3.1.4. Let X = (X, || - [|x) and Y = (Y, || - ||y) be normed linear
spaces over F. We say that T is invertible if there exists a linear transformation
S:Y — X such that TS = Iy and ST = Ix, where Ix and Iy are identity
elements in X and Y respectively. In particular, T € B(X) is called invertible if
there exists a linear operator S € B(X) with ST =1 =TS, where I € B(X) is
the identity operator. In this case, we write S = T~1.

Ezample 3.1.4. Define T : ¢35 — s by T(x1,22,...) = (0,21, 22, ...). This map
is continuous but not invertible, since it is clearly not onto. If S : f5 — {5 is
given by S(x1,x2,...) = (z2, z3,...), then it is continuous but also not invertible,
because it is clearly not one to one. Note that ST =1 # T'S.

Theorem 3.1.5. Let (X, |- ||x) be a normed linear space over F.
(i) If T, S € B(X) are invertible, then ST € B(X) is invertible and

(ST) '=T7"'s"

(i) If (X, - |lx) s @ Banach space and T € B(X) satisfies ||T|| < 1 then
I —T € B(X) is invertible and

(I-T)'=lim (1+T+T%+--+T") in (BX),] ).

n—oo

(iii) If (X, ||-llx) is @ Banach space and I stands for the class of all invertible
operators in B(X), then T is an open set in B(X).

Proof. (i) This follows from
(STYT™'S™ =1 =T"157(ST).

(i) If z € X then (I 4+T+T%+---+ T”)(x))n is a Cauchy sequence in X.
This is because: m > n implies

[coim | = [ U+T+T?> 4 +T™)2) =T +T+T*+ -+ T (2)| x
= [T (2) + -+ T™ ()] x

[T (@) x + -+ 1T (2)] x

(HT"“H 4+t ||Tm|\)|lﬂf||x

N

IN
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IN

(S 170 el

i=n—+1
_ g
1— |7

— 0 as n — oo.

[l x

Note that X is a Banach space. So the sequence converges to a limit y € X.
Let y = Az. It is not hard to show that A : X — X is a linear operator on X.
Furthermore, letting m — oo, we have

)"+
17|

[A(@) = (I +T +T%+ -+ T")(2)|x < lzllx  Vz e X,

sothat A— (I +T+T?+---+T") € B(X), and thus A € B(X). It is evident

that
7|+t

L[|

and so that I + T 4+ T2+ --- +T" — A as n — oo. It remains to verify that
A= (I—-T) ! For any z € X we have

A= (I +T+T*+---+T")| <

—0 as n— oo,

(I -T)A)(z) = ((I—T)JLII;O(I+T+T2+---+T"))(x)
= ((I—T)nlln;o(lm+Tx+T2m+---—i—T"m))
= lim (z—71""(2)).

n—oo

But
[T (@)l x <[ T]"*Hzllx =0 as n— oo,

so that T (z) — 0 as n — oo, and so ((I — T)A(z)) = z. Similarly, we have
(A(I = T))(z) = x for any x € X. Therefore A = (I —T)~ L.
(iii) If T € Z, then ||T~| # 0. We prove that the open ball

B={SeBX):|T-58| <7}

is a subset of Z. To do so, it suffices to show that every element S € B is
invertible. Because of

(T =) T~ <IT - ST~ <1,

we obtain that
ST '=1—(T-85)T*

is invertible by (ii) above, and so that S = (ST1)T is invertible due to (i)
above.

Ezample 3.1.5. If X is a Banach space and T' € B(X), then we may define an
operator
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1 1
T __ 2 —m3
=TT T T+

which makes sense since
1 1
le"l <1+ (IT)| + gl\Tll2 + gl\Tll3 + - =exp([|T))-

This is particularly useful in linear systems theory and control theory; if z(t) €
R" then dz/dt = Az(t), z(0) = zo, where A is an n x n matrix, has a solution
z(t) = ey,

3.2 Uniform Boundedness, Open Mapping and Closed
Graph

In this section, we proceed to discuss the uniform boundedness principle or the
Banach-Steinhaus theorem, open mapping theorem and closed graph theorem.
The first is the so-called uniform boundedness principle.

Theorem 3.2.1. Let (X, |- ||x) be a Banach space and (Y, || -||y) be a normed
linear space. Let {T,} be a family of bounded linear operators from X to Y. If
sup,, [|[Taz|ly < oo for each x € X, then sup,, [|Ts| < oo.

Proof. Suppose that there are two constants C,d > 0 and a point zg € X such
that

sup | Toz|y < C. (3.1)

asllz—molx <&
Then it is possible to find a uniform bound on {||7,|}. In fact, for any y € X
with y # 0, define

z=——Y + Xo.
2llylix

Then ||z — zo||x < § and hence by (3.1) one gets ||T,z|ly < C. Furthermore, the
linearity of T, and the triangle inequality of norm yield

1) 1)
O Tuylly — [ Tazolly < H—Ty  Tawol| = | Tazlly < C.
2|yl x 2|yl x v
which gives
2C 1 |Taolly) AC]yllx
Tyl < 2O azollv)), o AT

Of course, it follows that || T, < 2£, as desired.

To end the argument we have to verify that (3.1) holds. This can be done
by a contradiction argument. As a matter of fact, assume that (3.1) fails. Fix
an arbitrary ball By C X. By assumption there is a point z; € By such that
| Te,z1|ly > 1 for some index «. Since each T, is bounded and hence continuous,
there exists a ball Bs, (z1) C Bp such that 0 < §1 < 1 and [|T,, (2)]]y > 1 for
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x € By, (x1). By assumption, {T,z} is not bounded on Bs, (x1), so there exists
a point e € Bs, (x1) with ||Ta,x2||y > 2 for some index ag # ;. Continue in
the same way: by continuity of T,, there is a ball Bs,(x2) C Bs, (z1) such that
0<dy <27t and ||Ta,z|ly > 2 when = € B, (x2).

Repeating this process produces points 3, x4, ..., different indices as, ay, ...,
and positive numbers 03, dy4, ... such that

1
Bs, () C Bs, _,(xp—1), 0<d, < - and ||y, z|ly >n V€ Bs, (xy).

Consequently,
m >n = Bs_ () C -+ C Bs, (zn).

This gives that the sequence (z,,) is a Cauchy sequence and thus converges to
some point z € X since X is a Banach space. The continuity of T, implies
ITw, 2|y > n which contradicts the hypothesis that {T4z} is bounded.

Definition 3.2.1. Let (X, |- ||x) and (Y, || - |ly) be normed linear spaces.

(i) A sequence (Ty,) in B(X,Y) is uniformly convergent if there is a T €
B(X,Y) such that lim,,_, | T, — T|| = 0.

(ii) A sequence (T),) in B(X,Y) is strongly convergent if for any v € X, the
sequence (Tpx) is convergent in Y. Moreover, if there is a T € B(X,Y) such
that limy, oo ||[The — Tx||ly = 0 for all x € X, then (T,) is strongly convergent
toT.

Example 3.2.1. Clearly, the uniform convergence implies the strong convergence,
but not conversely. Consider £, p € [1,00). For each n € N define

Thx = (Tn, Tnt1,-..), « = (z1,22,...) € lp.

Then T, is in B(¢,) with ||T,|| < 1. Note that if x = (1,22, ...) € ¢, then

p

o0
HTTL:EH;D = Z |xj|p —0 as n— oo.
j=n

So (T3,) is strongly convergent to 0. On the other hand, if e,, = (0,...,0,1,0,...)
then |le,|lp, = 1 and The, = (1,0,0,...) and hence ||T5,|| > ||Then|lp, = 1. This
shows that (T3,) is not uniformly convergent to 0.

A special consequence of the uniform bounded principle that is quite useful
is the following.

Theorem 3.2.2. Let (X, |- ||x) be a Banach space and (Y, || -||y) be a normed
linear space. If a sequence (Ty,) in B(X,Y) is strongly convergent, then there
exists T € B(X,Y) such that (Ty,) is strongly convergent to T .
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Proof. Let (T,) in B(X,Y) be strongly convergent. Then for each z € X the
sequence (T,x) is convergent in Y and hence defines a linear operator T on X:
Tz = lim,— oo Thz. The key is to show that T' € B(X,Y). Note that (T,x) is
bounded in Y. So, from the uniform bounded principle it turns out that there
is a constant C' > 0 such that sup,, |75, < C. Hence ||T,z|y < C||z|x for all
x € X. This implies ||Tz|y < C|z| x for all z € X, showing that 7" is bounded.
The definition of T' means that (7},) converges strongly to T

The second is to establish the open mapping theorem. To do so, we need the
Baire category theorem.

Definition 3.2.2. Let (X, |- ||x) be a normed linear space.
(i) A subset S C X is nowhere dense if Bo(x)N (X \ S) # 0 for every point x
in S-the closure of S, and for every open ball B.(z) = {y € X : ||y — z||x < €}.
(ii) The diameter of S C X is defined by diam(S) = sup, ,cq |z —ylx.

Theorem 3.2.3. Let (X, |- ||x) be a Banach space.

(i) If {F,} be a decreasing sequence of non-empty closed sets; that is, X D
F, D Fhy1 Vn € N, and if lim,,_.« diam(F,)) = 0, then there exists uniquely
one point in (\,—; Fy.

(ii) X cannot be written as a countable union of nowhere dense sets.

Proof. (i)Ifz,y € (,—; Fn, then |z—y||x < diam(F,) — 0asn — oo and hence
x = y. It follows that there can be no more than one point in the intersection.

Now choose a point z,, € F,, for eachn € N. Then ||z, —2n,||x < diam(F,) —
0 as m > n — oo. Thus (z,) is Cauchy, so has a limit z say by completeness.
Each F,, is closed and contains z,, with m > n, so x € F,,. It follows that
ze(o, Fn.

(ii) Suppose X = U;il X, where X is nowhere dense; that is, X; has empty
interior. Fix a ball Bi(wzg). Since X; does not contain Bj(zg), there must be a
point x; € By(xo) with 21 ¢ X;. It follows that there is a ball B, (z1) such that
B, (71) C Bi(xo) and B, (71) [ X1 = 0. Assume without loss of generality that
r; < 1/2.

Similarly, there is a point z2 and a radius re such that By, (z2) C By, (1)
and B,,(z2) N X2 = 0, and without loss of generality 7o < 1/3. Note that
B,,(z2) N X1 = () automatically since B,.,(x2) C B, (z1).

Inductively, we obtain a sequence of decreasing closed balls B, (z,) such
that B, (v,)NX;=0for 1 <j<mnandr, —0asn— oc.

Now by (i), there must be a point z in NS, B, (z,,), so z ¢ X, for all j > 1.
This yields that « ¢ U2, X; = X, a contradiction.

Recall that a continuous map between normed linear spaces has the property
that the pre-image of any open set is open, but in general the image of an open
set is not open. Bounded linear operators between Banach spaces cannot do this.
This is the content of the open mapping theorem as follows.

Theorem 3.2.4. Let (X,| - ||x) and (Y, - ||y) be Banach spaces. If T is a
bounded linear operator from X ontoY, then T'(U) is open in Y whenever U is
open in X.
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Proof. We split the proof of the theorem into three steps. In what follows, denote
by BX(x) and BY (y) the balls of radius r > 0 centered at *x € X and y € Y,
respectively.

Step 1. We prove that for any € > 0 there is a § > 0 such that

T(BX) > BY.

To see this, note that

X:GnB;X:G{nx:xeB;X},

n=1 n=1

and T € B(X,Y) is surjective. So we have

v =17(x) = | nT(BX) = |J{ny : y € T(BY)}.
n=1 n=1
Since (Y, || - ||yv) is a Banach space, we conclude that from Theorem 3.2.3 (ii)

that some nT(BX) is nowhere dense in Y, and so that
nT(BX) = {ny:y e T(BX)} D By () ={y €Y : |y — 2|y <}

for some z € Y and 7 > 0. Thus T(BX) must contain the ball BY (y) where
Yo = = and ¢ = —. It follows that the set

V={y1—y2: y1,92 € By (o)}
is contained in T'(U), where
U={z1—22: x1,22 EB;X} - Bgi.

Thus, T(B_gi) D V. Any point y € BY can be written as y = (y + yo) — %o, S0
BY C V, as desired.
Step 2. We further prove that for any € > 0 there is a > 0 such that

T(Bx) > By .

To do so, choose (€,) with €, > 0 and >~ | €, < €. By Step 1 there is a sequence
(0) such that T (f{n) D Bj . Without loss of generality, we may assume that
lim,, o0 6 = 0.

Let y € Bgz. Then there is a point z1 € Bj., with ||y — Ta1]ly < 2. Since
y—Tx, € By, we conclude that there is a point x5 € Bj;, such that ||y — Tz; —
Txs5|ly < d3. Continuing, we obtain a sequence (x,,) such that xz,, € ngn and

(S, <o

k=1

n
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Since ||zn||x < 2€,, we conclude that > 7, z, is absolutely convergent and
hence convergent to z = Y~ | . This implies

oo oo
lzllx < lenllx <2 en <26
n=1 n=1

The map T is continuous, so y = Tz since d, — 0. In other words, for any
y € BY (6 = 41) we have found a point z € B such that Tz = y, implying the
desired inclusion.
Step 3. We prove that if G is open in X then for any point = € G, there
exists a § > 0 such that
B} (Tz) C T(G).

In fact, if 2 € G, then there exists an ¢ > 0 such that Bs(x) C G. By Step 2,
we have T'(B3.) D BY for some ¢ > 0. Hence

T(G) D T(x+ By) =T(z) + T(Bs) D Tx + BY = BY (Tz).
Of course, this step completes the proof of the theorem.

As an application of the open mapping theorem we establish a general prop-
erty of inverse maps.

Definition 3.2.3. Let T : X — Y be an injective linear operator. Define the
inverse of T, T~ by requiring that T~'y = z if and only if Tx = y. Then the
domain of T~ is a linear subspace of Y and T~ is a linear operator. Moreover,
T Tz =2Ver € X and TT 'y =y for all y in the domain of T".

Lemma 3.2.1. Let X andY be Banach spaces, and let T be an injective bounded
linear map from X toY. Then T~ is a bounded linear map.

Proof. Tt suffices to prove the continuity of T-1. Since 7' = (T~!)~! maps Ba-
nach space X to Banach space Y, we conclude from Theorem 3.2.4 that T" maps
open sets in X to open sets in Y. This amounts to saying that 7! is continuous.

Corollary 3.2.1. Let | - [[1) and || - ||(1) be two norms defined on a Banach
space X . If there is a constant Cy > 0 such that ||z[|1) < Cillz]/2) V2 € X,
then there exists another constant Cy > 0 such that ||z[|2) < Collz|(1) Vo € X.
Consequently, both norms are equivalent.

Proof. Consider the identity operator: I : (X, ||-[|(2)) — (X, [|-[|(1)); [z = 2V €
X. Clearly, I is bounded. By Lemma 3.2.1 I~! is also bounded, giving the norm
inequality in the other direction.

Definition 3.2.4. Given two normed linear spaces X and Y, letT : X —Y be
a linear operator. Then we define the graph of T to be

GT)={(z,y) e X XY :y =Tz}

Moreover we say that G(T') is closed if G(T') is a closed subset of X x Y.
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The forthcoming result is called the closed graph theorem.

Theorem 3.2.5. Let (X, | ||x) and (Y,]||-|ly) be Banach spaces. Then a linear
operator T : X — 'Y is bounded if and only if G(T) is closed.

Proof. We initially observe that X x Y is a Banach space under (among others)
the norm ||(z,y)|| = ||z]lx + ||ly|ly for x € X and y € Y. Addition and scalar
multiplication are defined in the expected manner:

(x1,y1) + (22,2) = (1 + 22,91 +92) and a(z,y) = (az,ay).

The completeness of (X x Y, | - ||) follows readily from the hypothesis.

On the one hand, suppose that T': X — Y is bounded. To prove that G(T)
is closed subset of X x Y it is enough to show that G(T) is (sequentially) closed.
Accordingly, assume that x, — = in X and Tz, — y in Y. The boundedness
of T implies Tz, — Tz in Y. Note that Y is Banach space. So Tz = y. This
means (x,y) € G(T). Thus G(T) is closed.

On the other hand, suppose that G(T') is closed. To verify that T is bounded,
we consider the projection map P from G(T') onto X via: P(x,Tx) = z. Clearly,
P is linear, bijective and bounded. From Lemma 3.2.1 it turns out that P! is
bounded linear map from X to G(T'), so there is a constant C' > 0 such that

lzllx + I Tzlly = [|(z, T2)| = [|1P7 2]l < Cllz|x Vo€ X.

Consequently, T" is bounded.

3.3 Hahn-Banach Theorem

Definition 3.3.1. Let X be a linear space over F. A linear map from X to F is
called a linear functional on X. If X is a normed linear space, then B(X,F) =
X* is called the dual space of X.

The question is whether or not X* consists only of zero functional for a
given normed linear space X. This is answered in great generality using the
Hahn-Banach theorem. First, let us give the following Hahn-Banach lemma.

Lemma 3.3.1. Let X be a real linear space, and p : X — R a continuous
function with

p(x+y) <px) +ply) and p(Az)=Ap(z) VA>0,z,y € X.

If Y is a subspace of X and f is a real-valued linear functional on Y with
f(x) < p(x) Vo € Y, then there is a real-valued linear functional F on X such
that F(x) = f(z) Ve € Y and F(z) < p(z) Vo € X.
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Proof. Assume that IC is the set of all pairs (Y, g,) in which Y, is a linear
subspace of X containing Y, and g, is a real linear functional on Y, with

go(@) = f(x) Vz €Y, gal(x) <p(z) VzeY.

Make K into a partially ordered set by defining the relation (Yo, go) = (Y3, 93)
if Y, C Yg and g, = g on Y,. Clearly, any totally ordered subset {(Y, gx)} (for
which at least one of (Y, ga) = (Y3,93) and (Y3,93) = (Ya, ga) holds) has an
upper bound [ J, Y\ on which the functional is given by gy on each Y. By Zorn’s
lemma — if S is a partially ordered set in which every totally ordered subset has
an upper bound then S has a maximal element, we find that there is a maximal
element (Yp, go) in K. The proof will be completed if Yy = X and hence F' = go.

If Yy # X, then there is y; € X \ Yy. Let Y7 be the linear space spanned by
Yy and yq; that is,

Yi={z=y+Iy1: yeY, A€ R}
Note that if z,y € Yy then

90(y) — go(x) = go(y — ) < p(y — ) <p(y +y1) +p(—y1 — )

and hence
—p(=y1 — ) — go(®) < p(y +y1) — go(y)-
It follows that

A= sup {=p(-y1—2) —go@)} < inf {p(y+y1) —90(y)} = B-

Now for any number ¢ € [A, B] define g1 (y+Ay1) = go(y)+ Ac. Then gy is clearly
linear, and g1(y) = go(y) < p(y) when y € Y,. Moreover, if A > 0 and y € Y,
then

a(y+ ) = A(Qo(—) + C)
< )\(90(%) +p(% +y1) — 90(%))
= )\p(% + 1)
=p(y + A\y1),

whereas if A < 0, then

g1(y +Ay1) = W(go(%) - c)

< M (90(757) = 90(75) + p-wn + 750)
= I)\|p( -y + |y)\_1|)

=ply + Ay1).
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Consequently,
91(y + A1) = go(y) + Ae < p(y + Ay1) VAER, y €Y.

This to say, (Y1,91) € K and (Yo, g90) = (Y1, ¢1) with Yy # Y3. This contradicts
the maximality of (Yo, go).

The following is the Hahn-Banach theorem over R.

Theorem 3.3.1. Let (X,||-||x) be a real normed space, and Y a linear subspace
of X. Then to any f € B(Y,R) there corresponds an F € B(X,R) such that

IE[F =17 and F(y) = f(y) VyeY.
Proof. Given f € B(Y,R), let p(z) = ||f|||lz]|x Yz € X. Then

f@) <N flllzllx =plz) VzeY.

And hence from Lemma 3.3.1 it turns out that there is an extension /' € B(X,R)
with F'= fonY and F < p on X. It is clear that

Ifll=" s [fly)l= suw [Fy)] <[F].
Ve, fyllx=1 Ve Jlyllx=1

In order to verify the reverse inequality, we write F(z) = 6|F(x)| for § = £1.
Then

|F(2)] = 0F (z) = F(0x) < p(0x) = [|f[[|0x] x = [ fl[ll«] vz € X;
that is, [|F|| < ||f]|. Therefore || F|| = || f||. The proof is complete.

As one of the most important results in functional analysis, the Hahn-Banach
theorem has many useful consequences of which some are given below.

Corollary 3.3.1. Let (X, |- ||x) be a real normed linear space. Then
(1) If Y is a linear subspace of X and o € X satisfies infycy ||y — zol|x =
d >0, then there is an F' € B(X,R) such that

F(x()) = 13 ||F|| = d_la F(y) =0 vy ey

(ii) If Y is a linear subspace of X and is not dense in X, then there is a
nonzero F' € B(X,R) such that F(y) =0Vy €Y.

(iii) If x # 0 in X then there is an F € B(X,R) such that ||F| = 1 and
F(z) = ||z x.

(iv) If y,z € X and y # z, then there is an F' € B(X,R) such that F(y) #

V) [lzllx = Sup p£o % = Sup| p|=1 | (2)].

(vi) If Np = {z € X : F(z) = 0}, then there exists a one-dimensional
subspace Y of X such that X = Nrp +Y and NpNY = {0}.
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Proof. (i) Let Y7 be the linear space spanned by Y and zq. Since o ¢ Y, every
point z € Y; may be written uniquely as © = y + Azg, with y € Y, A € R.
Define a linear functional f € B(Y1,R) by f(y + Axg) = A. Then f(y) = 0 and
flxo) =1.If A #£0 and & = y + Axg, then

lzllx = [ly + Azollx = [A[|A""y + o[ = [Ad = |f(2)]d,

and hence || f|| < d~!. Pick a sequence (y,,) in Y with ||2o—yn||x — d asn — oo.
Then
1= f(zo —yn) < [[fllllo —ynlx — dllfI],

so ||f]| > d~'. Therefore ||f|| = d~'. Accordingly, a direct application of the
Hahn-Banach theorem produces an F' € B(X,R) such that F(z) = f(z) as
z €Yy and ||F|| = ||f|l, as desired.

(ii) Since Y is not dense in X, we conclude that there is an z¢g € X such that
infyey ||y — zol|x = d > 0. An application of (i) produces the conclusion in (ii).

(i) Just apply (i) with Y = {0} to get f € B(X,R) such that | f|| = ||=| %",
f(z) = 1. We may then take F = ||z| x f.

(iv) Apply (iii) to z =y — z.

(v) Clearly, we have sup| g1 |[F'(z)| < [z]|x. By (iii), for z # 0 there is an
f such that £ = [la]|x and ||fl| = 1. so supy s [F(@)] = [lz].x.

(vi) If F # 0 then there is a point zg # 0 such that F(x¢) = 1. Note that
any element € X can then be written as z = © — Azg + Azg with A = F(z).
So, if Y = {Azg : A € R} then the desired decomposition follows right away.
It is clear that Y is the one-dimensional space spanned by zo. If z € Nz NY,
then © = Az and 0 = F(x) = AF(x9) = X and hence x = 0. This completes the
proof.

Of course, Lemma 3.3.1, Theorem 3.3.1 and Corollary 3.3.1 are valid for C.

Exercises

3.1 Prove that if C[0,1] is equipped with the sup-norm and 7' : C[0,1] — R is
given by T(f) = f(0), then T is bounded with |T|| = 1.

3.2 (i) Suppose the infinite matrix (a; ;) satisfies sup;cn Z?‘;l la; ;| < co. Define
an operator

o0 o0
T:xz=(x1,22,...) my=Tx= E ay ;x;, E as jTj, ...
j=1 j=1

Prove that T': £o; — loo is bounded and [|T']| = sup;en 252 |ai -

(ii) Let T : £ — {5 be defined by T'(z) = (0,21, x2, ...) for x = (21,22, ...) €
lo. Prove that ||Tz||2 = ||z]|2-

(iii) Let R![a,b] be the space of all Riemann integrable functions f on [a, b]
with ||f]1 = f: | f(z)|dz < co. Define T'f(z) = [ f(t)dt. Prove T is a bounded
linear operator from R'[a,b] to itself with ||T|| = b — a.
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3.3 Let C(0,1) be the space of all real-valued continuous functions on (0,1).

Equip C/(0, 1) with 2-norm: || fl|l2 = ([ [£(t)|2dt)?. Define T : C(0,1) — C(0,1)
by T(f)(t) = tf(t) for t € (0,1). Prove that T is bounded but not invertible.

3.4 Show by an example that the uniform bounded principle does not hold once
the completeness is dropped.

3.5 (i) Prove lim, fOQﬂ |sin(n + 1)z||sin £|~1da = oc.
(ii) Given a Riemann-integrable function f : (0,27) — R, let its Fourier
series be

S 1o |
s(x) = Z ame™®,  where a,, = 5 Fly)e ™ dy.
m=—o00 0

Extend the definition of f to make it 2wperiodic. Define the n-th partial sum of
the Fourier series to be s, (z) = >_" ame™*. Prove

m=—n

1 [ sin(n + 1)y
sn(®) = 5 ; flaty)— Ve (0, 2m)

(iii) Let X be the Banach space of continuous functions f : [0,27] — R with
f(0) = f(27), with the sup-norm. Prove that the linear operator 7), : X — R

defined by
27 : 1
T (f) = L/O f(m)sm(n + §)xdaj

2w sin £

2
1 27
7 = 5= [
™ Jo

(iv) Prove that there exists a continuous function f : [0,27] — R with
f(0) = f(27) such that its Fourier series diverges at = = 0.

3.6 Let T : R?> — R? be given by T(x,y) = (2,0). Prove that T is linear,
bounded, but not onto, and cannot map open sets to open sets in R2.

3.7 Let X = C'[0,1] and Y = C[0, 1], both equipped with the sup-norm. Prove:
(i) X is not complete.
(ii) The map (d/dz) : X — Y is closed but not bounded.

3.8 Let (X, || - ||) be normed linear space over C. Prove:

(i) If f is a complex linear functional and v = $f then u is a real linear
functional and f(z) = u(x) —iu(iz) for all z € X. Conversely, if u is a real linear
functional and f(z) = w(z) — iu(iz), then f is a complex linear functional. In
this case, ||ul] = || f]-

(ii) If Y a linear subspace, p is a seminorm on X (i.e., a nonnegative function
on X with properties: p(z+y) < p(z)+p(y) and p(azx) = |afp(z) for all z,y € X
and a € C) and f is a complex linear functional on Y such that |f(z)| < p(x)
for z € Y, then there is a linear functional F' on X such that |F(z)| < p(zx)
Ve € X and F(z) = f(z) Vz €Y.

is bounded, and
3 44
Sl]l(n 2).]7 -
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4. Lebesgue Measures, Integrals and Spaces

In this chapter, we set forth the basic concepts of Lebesgue measure and its
integration, but also deal with L, spaces — an interesting and important class
of Banach spaces of functions whose norm are defined in terms of Lebesgue
integrals.

4.1 Measurable Sets and Functions

We begin with the notion of a o-algebra.

Definition 4.1.1. A non-empty collection A of subsets of a set X is called a
o-algebra provided:

(i) 0, X belong to A;

(ii) S € A implies S°= X\ S € A;

(iil) If (S;) is a sequence of sets in A, then U;’il S, belongs to A.

Note that these assumptions imply that if (S;) is a sequence of sets in A,
then mjil Sj € A, and if 51,59 € A then Sy \SQ =51N Sg € A.

It is easy to see that any family F of subsets of X can be extended to a sigma-
algebra just taking the sigma-algebra consisting of all subsets of X. Among all
these extensions there is a special one. Consider all the sigma-algebras that
contain F and take their intersection, denoted X, i.e., a subset S C X is in X
if and only if S is in every sigma-algebra containing F. Clearly, X' is indeed a
sigma-algebra. Actually, it is the smallest sigma-algebra containing F—the sigma-
algebra generated by F. An important example is the sigma-algebra B of Borel
sets of R™ which is generated by the open subsets of R™. Alternatively, it is
generated by the open balls in R™. But, it has been proved that B does not
contain all subsets of R™.

Definition 4.1.2. Given a o-algebra A, a measure p on A is a function from
A to [0,00] such that

(i) (0) = 0;

(ii) u(S) >0 for any S € A;

(iil) p is countably additive in the sense that if (S;) is any sequence of disjoint
sets in A, then
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Because p is allowed to take oo, Z;’il 1(S;) may be a divergent series. If a
measure does not take oo, then it is called a finite measure. In addition, if A = B
then p is called a Borel measure.

Lemma 4.1.1. Let p be a measure defined on a o-algebra A.

(i) If S1,S2 € A and Sy C Sa, then u(S1) < u(S2) and hence pu(S2 \ S1) =
w(S2) — p(S1) whenever p(Sy) < oo;

(ii) If (S;) is an increasing sequence in A, then

u( U Sj) = fim p(S;);
j=1
(iil) If (S;) is an decreasing sequence in A and if u(S1) < oo, then

S;) =1 S;).
N(jg J) jggoﬂ( i)
Proof. (i) Since Sy = (S2 \ S1) U S1 and Sy \ S1 = S2 N S§, we conclude that if
p(S1) = oo then p(S2) = oo and hence p(S1) < pu(S2). If otherwise p(S1) < oo
then
w(S2) = p(S1) + p(S2 \ S1) > u(Sh)
and so (82 \ S1) = p(S2) — p(S1).

(ii) Since (S;) is an increasing sequence in A, we have

USj:Slu(s2\51)U(S3\SQ)U...

Jj=1

and accordingly, if letting So = () then
H( U Sj) =Y S\ S)) = im > S\ 8)) = Jim p(Spt1)-
j=1 §=0 §=0

(iii) Note that

s | =Uss
j=1 j=1

and that (S%) is increasing when (5;) is decreasing. This, together with (ii) and
(i), yields the desired formula.

Definition 4.1.3. (i) An ordered pair (X, A) consisting of a set X and a o-
algebra A of subsets of X is called a measurable space. Any set in A is called a
measurable set; more exactly, A-measurable set. (ii) A measure space is a triple
(X, A, 1) consisting of a set X, a o-algebra A of subsets of X, and a measure
u defined on A.

(iii) Given a measure space (X, A, ), two functions are said to be equal pi-
almost everywhere, denoted f = g, p-a.e. provided p({x € X : f(z) # g(x)}) =
0. Similarly, f = lim, o fn, p-a.c., if there is a set S such that u(S) =0 and
fu(x) — f(x) for each x € X \ S.
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Example 4.1.1. Given a non-empty set X, let 2% be the set of all subsets of X.
Then 2% is a o-algebra and hence (X,2%) is a measurable space. Moreover, let
P be a fixed element in X. Define a function z on 2% as follows:

0, if P¢S

“(5)2{1, it Pes

Then p is a finite measure which is called the unit measure concentrated at P.
By definition, (X,2%, 1) is a measure space.

Definition 4.1.4. Given two points (ai,...,an), (b1,...,bn) € R™ with a; < b,
for3=1,..,n. Then

I=(a1,b1) X (an,bp) ={(z1,....zpn) 1 a; < z; <bj, j=1,...,n}

is called an open interval in R™. Any or all of the < signs may be replaced by <,
with corresponding changes made in the interval notation. Such subsets of R™ are
called the intervals of R™. In particular, {(z1,...,xzn) 1 a; <x; <bj, j=1,..,n}
or {(x1,...,xn) 1 aj < x; <bj, j=1,...,n} is called a half-open intervals, and
{(1,.,zn) a; < xy < by, j =1,..,n} is called o closed interval. For an
interval I, let m(I) = (by — a1) -+ (bn — an). It is clear that if n = 1,2,3 then
m(I) is the length, area, volume of I. If S is an arbitrary subset of R™, then the
Lebesgue outer measure of S is defined by

m*(S) = inf » " m(l;),
j=1

where the infimum is taken over all countable collections {1;} of open intervals
such that S C Uj_, I;.

To see whether or not m* is a measure on 2®" | we first establish the following
result.

Theorem 4.1.1. The set function m* on 2R" satisfies:
(i) m*(0) = 0;
(i) 0 <m*(S) <m*(T) VS cCT CR";
(iii) For any sequence (S;) of subsets of R",

m*( [j Sj) < im*(Sj).

Proof. (i) It is obvious since () is a subset of any open interval I;-: with
m(lj-1) =j"" — 0.
(if) 0 < m*(S) follows right away from the definition. If S C T, then any

open covering (I;) of T must cover S, and so

m*(S) < 3 m(I;).
j=1
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giving the desired inequality.
(iii) Given € > 0, for each j € N there is a sequence of open intervals (I; ;)
such that

Sj C U Ii7j and Zm([i,j) < m*(SJ) + 27 e,
i=1 i=1

Then
U S; C U I
i,j=1
and
Z m(Li;) = sz(jm)
7,j=1 j=11:i=1
< im*(Sj) + i2‘ﬂe
Jj=1 Jj=1
= Zm*(Sj) +e
j=1
Thus by (ii) it follows that
m*(U Sj) < Z m(1;;) < Zm (55) +e
j=1 i,j=1 j=1

Since € > 0 is arbitrary, we conclude that (iii) is true.

Ezample 4.1.2. (i) If E = Q™ N [0,1]" then m*E = 0. It suffices to verify the
casen = 1. Let E = {ry,ro,....} and I; = (r; — 2=+ Ve r; 4270+ D¢) for € > 0.
Then

m*(E) < Zm([i) =ec¢— 0.

(ii) If S is an interval I C R™, then m*(S) = m(I). Clearly, m*(S) < m({).
To see the converse inequality, let € > 0 be arbitrary, there is a covering (I;) such
that I C U2, I; with 3772, m(I;) < m*(I) + e. A simple geometric argument
yields

oo

m(I) =m(U, (INI;) immlj)gzm(fj)gm*uwm
Jj=1 ]

yielding m(I) > m*(I).
(iil) m* does not satisfy (iii) of the definition of a measure — there is a sequence
of disjoint subsets E; of R" such that
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For simplicity, let us consider n = 1 only. We say that x ~ y if x —y € Q.
For z € [0,1] let E(x) = {z +r € [0,1] : » € Q}. It is clear that z € E(z). If
E(x) # E(y), then we say that both F(z) and E(y) are different. Note that it
is possible to have E(x) = E(y) even if x # y. However, if E(x) # E(y), then
E(z)NE(y) = 0 — In fact, if E(x) N E(y) #  then there is z € E(x) N E(y)
and hence z = x + 1, = y + ry where 7,7, € Q. This yields y = . +r; — 7y.
Whenever u € E(y), we have u =y +r, = & + 1, — ry + r,, where r, € Q, and
so u € E(x). Similarly, v € E(z) = u € E(y). Thus E(z) = E(y) contradicting
the given condition E(z) # E(y). This tells us that [0, 1] is decomposed into the
union of all disjoint sets E(z), and so there is a set S C [0,1] which contains
exactly one point from each equivalence class determined by ~. It is clear that

o1c |J S+rcl-12
reQn[—1,1]

as well as
(S+r)N(S+s)=0 if rsecQ and r#s.

Note that m*(S 4 r) = m*(S) by definition. So if m* is countably subadditive
then it follows that

t=m ) <m ([ S+n)= 3 m®)<m(-12) =3
reQn[—1,1] reQn[—1,1]

This is a contradiction. Thus

m*( U (S—|—r)) +* Z m*(S +r).

reQn[—1,1] reQn[—1,1]

Definition 4.1.5. A subset S of R™ is said to be m*-measurable provided for
each subset T of R™ one has m*(T) = m*(T' N S) + m*(T N S°).

Theorem 4.1.2. Let S C R". Then the following statements are equivalent:
(i) S is m*-measurable;
(ii) For any A C S and B C S¢ one has m*(AU B) = m*(A) + m*(B);
(iii) S¢ is m*-measurable.

Proof. (1)< (ii). Take T = AU B. Then TNS = A and TN 5S¢ = B. So, if (i)
holds, then

m* (AU B) = m*(T) = m* (TN S) + m*(T'N S) = m*(A) + m*(B),

reaching (ii). Conversely, if (i) holds, then A = T'NS and B = T N S° give
AUB =T and

m*(T) =m*(AUB) =m*(A) + m*(B) = m*(T'NS) +m*(T' N S°).
(i) (iii). This follows from

m* (T NS)+m* (T NS =m*(T N(S))+m*(T NS).



50 4. Lebesgue Measures, Integrals and Spaces

Theorem 4.1.3. Let M, be the class of all m*-measurable subsets of R™. Then
(1) IfSl, Sy € M then S USQ, St ﬂSQ, S \SQ € M. MO?”@OU@?”, ZfSl NSy = 0
then
m* (T N(S1US2)) =m*(TNSy)+m*(TNSy) VT e2R".

(ii)) M,, is a o-algebra.

(iil) m* is countably additive and hence a measure on M,,.

Proof. (i) Let Sy, Sy € M,,. Then for any T € 2®" we use Theorem 4.1.2 to get

m*(T) =m*(T N Sy) +m*(T NS
=m*(T'NS1)+m*((TNS5)NS2) +m*((TNSF)NSs)
=m*(TNS1) +m*((TNSY)NS2) +m*(TN(S1US:)°)
=m*(T'N (S1U(S{NS2)) +m* (TN (5 US:)°)
=m*(TN(S1US))+m*(TN(SUS)°%),

so that S; U Sy € M,,.

Since

S1M 82 = ((S1Nn82)°) = (SfUSS)",

we conclude from Theorem 4.1.2 (iii) and the forgoing (i) that S1 NSy € M,.
This result implies S; \ Sz = S1 NS5 € M,,.

The last result of (i) follows immediately from Theorem 4.1.2 (ii).

(ii) To see that M, is a o-algebra, it suffices to check that if S; € M,,, j € N
are disjoint then U72,S5; € M,,. This is because of

U =51 U (S2\ S1) U (S5\ (S1US2)) U (Sa\(S1US>US3)) U

Now for any T' € 2R" and k € N, one gets from (i) that for Ej, = |J7_ S

j=1
and Ew = U2, 5,

=3 m (TN S;) +m* (TN (Ex)).

j=1
Letting k — oo and using the property (iii) of m*, one obtains
T)>> m*(TNS;)+m"(TN(Ex))

n;*(T N Es) +m* (T N (Ex)").

On the other hand, note that
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T = (TN Ex) U(T N (Ex)C).

So
m*(T) <m*(TNEx) +m* (TN (Ex)®).

Therefore E is m*-measurable.

(iii) As a product of the previous argument and the property of m* one finds
that m™* is countably additive: m*(Ew) = Z;‘;l m*(S;). Of course, here (S;)
are assumed to be disjoint m*-measurable subsets of R™. This implies m* is a
measure on M,,.

Ezample 4.1.3. (i) If m*(E) = 0 then E is m*-measurable; Any subset of m*-
zero set is m*-measurable; countable union of m*-zero sets is m*-measurable.
(ii) Any interval in R™ is m*-measurable.
(iii) Any open or closed subset of R™ is m*-measurable.

(iv) The set S constructed in Example 4.1.2 is a non-m*-measurable subset
of R™.

We shall now take up the theory of extended real-valued measurable functions
with domains in R"™.

Definition 4.1.6. An extended real-valued function f defined on E € M,, is
called Lebesgue measurable provided {x € E : f(x) > a} belongs to M,, for any
a € R.

Note that measurability does not require a measure at all. Moreover, if f is an
extended complex-valued function, then we say that f is Lebesgue measurable
provided its real and imaginary parts are Lebesgue measurable in the previous
sense.

Lemma 4.1.2. Let E € M,, and f : E — [—00,00|. Then the following state-
ments are equivalent:

(1) The set {x € E: f(x) > a} belongs to M, for each a € R;

(ii) The set {x € E: f(x) > a} belongs to M,, for each a € R;

(iii) The set {x € E : f(x) < a} belongs to M,, for each a € R;

(iv) The set {x € E: f(z) < a} belongs to M,, for each a € R.

Proof. Since M, is a o-algebra, we conclude that (1)< (iv) and (ii)<(iii) right
away. Note that
{reE: f(x)>a}= ﬁ{xEEf(m) >a—j1}
j=1
So (i) implies (ii). Also
{reE: f(x)>a}= [j{er:f(m)Za—&-j*l}
j=1

Then (ii) yields (i).
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Ezample 4.1.4. Let E € M,, and f : E — [—00, 00| be Lebesgue measurable.
Then {z € E : f(x) = a} € M, for any a € R U {—00, 00}, but not conversely.
The first part follows from the foregoing lemma and the following formulas:

{er:f(m):a}:{xEE:f(x)Sa}ﬂ{er:f(m)Za} if aeR,

oo

{er:f(ac):oo}:ﬂ{er:f(ac)>j}

j=1
and -
{reE: f(z)= -0} = ﬂ{xe E: f(z) < —j}.
j=1
Regarding the second part, consider a non measurable set S C (0,1) and define

z, if ze€b,
f(x):{ it 2¢s.

—x,

Clearly, this function is one-to-one and so {x € (0,1) : f(z) = a} € M; for any
a € [—o0,00], but since {x € (0,1) : f(z) > 0} =5 ¢ My, f is not Lebesgue
measurable.

Theorem 4.1.4. (i) If f and g are real-valued Lebesgue measurable functions
on E € M,, and c is a real number, then so are f+g, fg, cf, |f|, f+ = max{f,0}
and f_ = max{—f,0}.

(ii) If (f;) is a sequence of real-valued Lebesque measurable functions on
E € M,,, then the following four functions:

(inf f3)(z) = inf fj(z), (sup fj)(x) = sup f;(z),
JeEN jEN
(iminf f;)(x) = sup inf fip(z), (limsup f;)(z) = inf sup fr(x),
jENKk=>j JEN >4
are Lebesgue measurable on EE € M,,.
Proof. Since (f+g)(x) < ais equivalent to f(z) < a—g(x), the density of rational

numbers in R implies, the equivalence amounts to the existence of a rational
number r such that f(z) < r < a—g(x). This yields that {z € E : (f+g)(z) < a}

equals
U ({meE:f(a:)<r}ﬂ{xEE:g(aj)<a—r}).

reQ

Then f + g is Lebesgue measurable on F.
If ¢ = 0 then {x € E : ¢f(x) > a} is either ) or E, and hence Lebesgue
measurable on F. If ¢ > 0 or ¢ < 0 then

{reE:cf(x)>a}={x € E: f(zx)>ac} €M,

or
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{reE:cf(x)>al={z € E: f(z) <alc} € M,

and hence cf is Lebesgue measurable on E.
In order to see that fg and | f| are Lebesgue measurable on E, we just observe

l hI’ee equahl 1€S:

{g€E:f2a) > lal} = {z € E: f(2) > V]a[} U{z € E: f(x) < —/]al},

and

{zeFE:|fl(x)>a}={xcE: flx) >alU{z € E: f(x) < —a}.
To check that fy and f_ are Lebesgue measurable on E, we note that

_+s lF1-7
- .

f+ 5

and f_ =

(ii) It suffices to verify that inf f; is Lebesgue measurable on E. In fact, for
a € R, we have

{z € E:inf fj(z) > a} = ﬂ{gceE:fj(x) >a} €M,
j=1

as desired.

Definition 4.1.7. A real-valued function with only a finite number of elements
in its range is called a simple function. In particular, let

1, if z€ekF,
1E(“)_{0, if «¢E.

be the characteristic function 1g of a set E C R™.

Every simple function can be written as a finite linear combination of char-
acteristic functions. More precisely, if the range of the simple function s is
{c1, ..., ek}, then s(z) = 25:1 cjlp;(x), where E; = {z € R" : s(z) = ¢;}.
The function s is Lebesgue measurable if and only if F1, ..., By € M,,.

Theorem 4.1.5. Let E € M,, and f : E — [—00,00]. Then f is Lebesque
measurable on E if and only if there exists a sequence (s;) of simple functions
on E such that lim;_. s;(x) = f(z) and |s1(z)] < |s2(x)| < ... for any x € E

Proof. 1t is enough to verify the necessity.
Case 1: f > 0. For any j € N let

() = k279, if k279 < flz) < (k+1)277, k=0,1,..,527 — 1,
EA A I it j < f(x).
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Then s; is a simple function on F and is of monotone property: s;(x) < s;41(z)
for any z € F.

If f(z) = oo then s;(z) = j and hence lim;_, s;(x) = f(x).

If f(x) < oo then there is an N € N such that f(z) < N and so j > N
implies that there is a k = 0,1, ..., 2/ — 1 such that f(z) € [k277, (k + 1)277)
and then s;(z) = k277. Of course, we have

J=N=|f(x) —si(x)| <277

Consequently, lim;_, s;(z) = f(z).

Case 2: f # 0. In this case, we know that fi,f- >0, f= f+ — f— and |f| =
f++ f—. By Case 1, we have simple functions (s; 1) and (s;—) corresponding to
f+ and f_ respectively. It is not hard to see that s; = s; 1 —s; _ are the desired
simple functions.

4.2 Integrals and Their Convergence

We now have the machinery to develop Lebesgue integrals and three fundamen-
tal convergence results of integration theory: monotone convergence theorem,
Fatou’s lemma and Lebesgue dominated convergence theorem.

Definition 4.2.1. Let E € M,, and m = m* on M,,. Then
(i) The Lebesgue integral of a Lebesgue measurable simple function s(x) =

25:1 cjlg,(x) on E is defined by

/sdm ch (ENE;j)

(ii) The Lebesgue integral of a Lebesgue measurable function f : E — [0, 0]
1s defined by

/fdmzsup{/sdm:sissimple and 0<s<f}.
E E

iii) The Lebesgue integral of a Lebesgue measurable function f : E —

[—00, 0] is defined by
/Efdmz/Ef+dm—/Ef_dm.

If at least one of fE frdm and fE f—dm is finite, then we say that f has Lebesgue
integral on E, and moreover if fE fdm is finite then f is Lebesque integrable and
all such functions are denoted by L(E).
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Theorem 4.2.1. Let E € M,,.Then
(i) L(E) is a linear space over R.
(ii) f € L(E) = |f| € L(E) with | [, fdm| < [ |f|dm.
(iii) f € L(E) and f(z) > 0Vzx € E = [, fdm > 0.
(iv) f € L(E) = [4 fdm =0 VS C E with m(S) = 0.
(V) S,TeM, TCSCE and m(S\T)=0= [g fdm = [, fdm.
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Proof. (i) follows from the Lebesgue monotone convergence theorem which will
be discussed later on. The proof of (ii) deponds on (i). However, (iii), (iv) and

(v) just follow from Definition 4.2.1.

The following property shows that the Lebesgue integrals are countably ad-

ditive.

Theorem 4.2.2. Let E€ M,,,0< f € L(E) and Er,Es,... C E. If (E;) C M,

are mutually disjoint, then

oo

/u;olEj fdm:Z(/Ej fdm).

j=1
Proof. If f =1, then by the countable additivity of m,
/ fdm:m(UEjﬁE):Z(/ fdm).
U5z, B j=1 j=1 YEj

Of course, if f is a simple function, then the result is still true.

Next, if f > 0 is arbitrary Lebesgue integrable on E, then by definition, for

any € > 0 we may choose a simple function s < f so that

L

j=1""7

fdm§e+/ sdm

ux E;

oo
=1

= e+ Z/ sdm
j=1"Fi
<et+y [ fdm.
j=1"Fi
This yields

/ujm:lEj fdmgi(/Efdm),

J

On the other hand, for any k¥ € N let 55, j = 1, ..., k be simple functions satisfying

0<s; < faswellas
/ s;dm > < + fdm.

Let s = max;—1,. 1 s;. Then s is a simple function obeying 0 < s < f. Clearly,
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/sdmZ—E—l—/ fdm.
E; k E;

J

This, together with the definition of s and the first part, infers

/ fdmZ/ sdm
U® E uk_E

. k .
j=1-7 j=1-7

:/ sdm+-~-/ sdm
E1 Ek

> —e+ fdm+ -+ fdm.
FE1 Ey

Note that € > 0 and k£ € N are arbitrary. So

[Jﬁlfdng/&fdm.

The desired equality follows right away.
The Lebesgue monotone convergence theorem reads as

Theorem 4.2.3. Let E € M,, and (f;) be a sequence of Lebesgue measurable
functions from E to [0,00] such that f1 < fo < --- on E. If f =lim; o f; on
FE, then

lim fidm :/ fdm.

j—oo Jg E
Proof. From monotonicity of (f;) it follows that ( [, fjdm) is non-decreasing
and hence A = lim; . [}, fjdm exists: note that A is allowed to be co. Since
fi < f on E, we conclude that A < fE fdm. The proof will be concluded by
proving fE fdm < A. To do this we take a number n € (0,1) and a simple
function s obeying 0 < s < f on E. Let E; = {x € E : fj(z) > ns(xz)}. Then
EFiCFE,CFE3C---and F = U2, Ej. This implies

By Theorem 4.2.2 we get that

sdm = sdm + / sdm
/E Ey Z EN\Ej_1

j=2
k
= sdm + lim / sdm
/El k%oo; E\E;_1
= lim sdm.

k—o00 Ey

and so that A > nfE sdm. Letting n — 1, we obtain A > fE sdm. Taking the
supremum over all such simple functions gives A > [ g fdm. We are done.
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Proof of Theorem 4.2.1 (i). It is enough to prove

/(f+g)dm:/fdm+/gdm Vf,g € L(E), E¢&M.
E E E

Clearly, this is valid for simple functions. Also, we may assume f,g > 0 on E.
In this case, we use Theorem 4.1.5 to obtain two non-decreasing sequences of
simple functions (s;) and (¢;) such that

lim s;=f and limt;=g on FE.
j—o0

J—00

An application of Theorem 4.2.3 implies

/(f—!—g)dm: lim /(sj+tj)dm
E j—=oo g

= lim sjdm + lim t;dm
J—00 E J— 00 E

/Efdm—&—/Egdm.

The following is the Fatou’s lemma.

Lemma 4.2.1. Given E € M,,, let (f;) be a sequence of Lebesgue measurable
functions from E to [0,00]. If f =liminf; . f; on E, then

/fdmglim inf /fjdm.
E i— JE

Proof. For each k € N let g = inf;> f;. Then by Theorem 4.1.4, we see that
gk is Lebesgue measurable, and (gx) is non-decreasing with f = limg_o0 gx =
supren g on E. By Theorem 4.2.3 and the fact that g < f; for each j > &, we
obtain

/ fdm = lim grdm < lim inf fidm,
E k—oo Jg

— J—7xX JE

as desired.

The most useful general result about Lebesgue integration is the following
Lebesgue’s dominated convergence theorem.

Theorem 4.2.4. Given E € M,,, let (f;) be a sequence of Lebesgue measurable
functions from E to [—00,00] andlim;_,« f; = f a.e. on E. If there is a function
g € L(E) such that |f;| < g a.e. on E, then

lim fjdmz/ fdm.
J—00 E E
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Proof. 1t is obvious that g € L(E) and | f;| < g a.e. on E imply f; € L(E). From
Fatou’s lemma it follows that

/|f|dm:/ lim |fjldm <lim inf / |fj|dm§/gdm.
E B I i—oJE E

Because of f; + g > 0 a.e. on E, by Fatou’s lemma again it follows that

/fdm+/gdm:/1im inf (f; + g)dm
5 E E J— 00

<lim inf [ (f; +g)dm
J— 00 E

= lim inf fjdm—i—/ gdm.
E E

]—M)O
This gives
fdm <lim inf fidm.

J—oo J R
Also g — f; > 0 a.e. on E, a similar argument yields
lim inf fjdm < lim sup / fidm < / fdm.
j— JE j—ooJE E
The last two lines of inequalities are combined to derive the desired result.

As a direct consequence of the Lebesgue’s dominated convergence theorem,
we have the following the bounded convergence theorem.

Corollary 4.2.1. Given E € M,, with m(E) < oo, let (f;) be a sequence of
Lebesgue measurable functions from E to [—oo,00] and limj_. f; = f a.e. on
E. If there is a constant M > 0 such that |f;| < M a.e. on E, then

Jim | fdm = /fdm

Proof. Since m(E) < oo, we conclude that [, Mdm < oo. This, together with
Theorem 4.2.4, deduces the desired limit result.

4.3 L,-Spaces and Their Completeness

After this discussion of Lebesgue measures and integrals we proceed to a survey
of the linear vector spaces formed by equivalence classes of Lebesgue integrable
functions.

Definition 4.3.1. Let E € M,,. If p € [1,00) then Ly(E) is defined to be the
class of all Lebesque measurable functions f : E — [—o0, 00| satisfying

T ( /| Ifl”dm>p < o0
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Note that
E= U{mEE:|f(5r:)|Zj_l}u{er:f(x):O}.
j=1

So, || fllp = 0 is equivalent to f = 0 a.e. on E. This indicates that L,(FE)
really consists of equivalence classes of functions rather than of functions, via
the equivalence relation ~: f ~ g < f =g a.e on FE. However, we conform
to standard malpractice by referring to these equivalence classes as functions.

In order to see more properties of L,(E), we need the following Holder’s
inequality and Minkowski’s inequality.

Theorem 4.3.1. Let E € M,,. .
(i) Holder’s inequality: If f € LP(E), g € L»—1(E), p € (1,00), then fg €
Li(E) with
gl < WA lpllgll 2 -
(ii) Minkowski’s inequality: If f,g € Ly(E), p € [1,00), then f+ g € L,(E)
with
I+ gl < 1F1lp + llgllp-

Proof. (i) Let ¢ =p/(p—1) and ¢(t) = ¢ for ¢t > 0. Since p~le(0,1),¢"(r) <0
for all » > 0 and ¢ is concave. Hence ¢(t) < ¢(1) + ¢'(1)(t — 1), or
1 t—1 t 1
1 <14 —— =+ -
p p q

Setting ¢ = uPv~9, where u > 0 and v > 0, we find since 1 — ¢ = —¢/p that

ub e
uw < — + —.
p q
Obviously, this inequality also holds when v = 0.
If | fll, = 0 or ||g]ls = O then the inequality is evident. So we may assume
that ||f|l, > 0 and ||g||q > 0. The first paragraph shows that

|fgl LfIP lg|?

< + .
1A sllglle — 2B allglld

Taking Lebesgue integration on both sides of the estimate gives the desired
inequality.

(ii) It is enough to verify the case p > 1. Without loss of generality, we may
assume that || f + g||, # 0. By Hélder inequality with |f| (or |g|) and |f + g[P~!,
we achieve

||f+g||§=/ 1+ gllf + g7 dm
E

< [ 1+ g am e [ lgls g
E E

< I |I1F + gl + Nl + 9P,
= 1+ gl (1 s + ).
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Theorem 4.3.2. Let E € M,, and p € [1,00). Then (L,(E), |- |lp) is a Banach
space.

Proof. Theorem 4.3.1 implies that (L,(E),| - |p) is linear.

Next, let’s verify that || - ||, is a norm on L,(E). It is known that || f||, > 0
for which the equality holds if and only if f = 0 a.e. on E. Also it is trivial to
get |lafllp = ||| fllp for @ € R. The triangle inequality for | - ||, follows from
the Minkowski inequality.

The nontrivial part is to check the completeness. By Theorem 2.1.1 one
suffices to verify that if 377, || f;[l, < oo then 3772, f; converges in || - [|,. Now

for each k € N let g, = Z?:l |fj]. Then the Minkowski’s inequality gives

k [e%S)
lgrlly < D il < D lIfilly < oo

=1 =1

Since (gx) is non-decreasing, there is an extended real-valued function g such
that limg_o gr = g pointwise on E. Clearly, g is Lebesgue measurable, and
this, together with Fatou’s lemma, implies

(/ gpdmy < lim inf (/ ggdm)" <3l < .
B k—oo E j=1

In particular, this estimate shows that g is finite a.e. on E. For each = such that
g(z) is finite, the series Zj’;l fj(z) is absolutely convergent. Let

_ 0, if g(z)is infinite
s(z) = Yoy fi(@), if g(x)is finite.

This function equals to the limit of the partial sums sg(x) = Zkzl fi(z) a.e. on
E, and hence is itself Lebesgue measurable. Since |si| < g a.e. on E, we conclude
that |s| < g a.e. on E. Of course, s € L,(F) and |s; — s|P < 2PgP. We can now
use Lebesgue’s dominated convergence theorem to obtain

li —s||P= 1l — s)Pdm = 0.
klﬂ;o|‘5k s||p kLII;O/E(Sk s)Pdm =0
Definition 4.3.2. A simple function s = Z?:l cjlg; is called a step function

if each of the sets E; has finite Lebesgue measure.

In what follows, we show the density of all step functions in the Lebesgue
spaces.

Theorem 4.3.3. Let E € M,, and p € [1,00). Then the step functions are
dense in (L,(E), | - |lp)-
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Proof. Let f € L,(E). Since f = fy — f_, it is enough to consider f > 0 a.e. on
E. In this case, there is a sequence of simple functions: (s;) such that

0<s51<s5<---<f, limsj=f aeon E.
Each of these simple functions is actually a step function. Moreover,
(f—=s1)P>(f—s2)P >--->0, lim(f—s;)’P=0 ae on E.

Lebesgue’s dominated convergence theorem now tells us that

1
tin (11 = s5ll, = lim ([ 1£ = 5,7)" =0,
J—00 J— 00 E
We are done.

To complete the picture of L,, spaces, we consider a space corresponding to
the limiting case p = co. For a Lebesgue measurable function f on E € M, let

Iflloc =inf{a: m({x € E: |f(z)| >a > 0}) =0},

with the convention inf ) = oco. Note that the infimum is actually attained since

freB:|f@)|>a) = Jleec B:|f@)]>a+j" >0}

J=1

and if the sets on the right hand side are empty, so is the one on the left hand
side. || f]loo is sometimes called the essential supremum of f and written

[fllsc = esssup, e lf (2)]-

However, this is not the same as sup,. | f()|: for example, if

_J1, it zeQnjo,1],
f(x)_{o, if 2eQ°nlo,1].

then sup ¢ 1) |f(2)] = 1 and esssup,¢(o 1[f ()| = 0. Of course, f = 0 a.e. on
[0,1], for m(QN[0,1]) =0.

Definition 4.3.3. Let E € M,,. Then Lo (F) is defined to be the class of all
Lebesgue measurable functions f : E — [—00,00] with ||f|lcc < o0, with the
usual convention that two functions are equal a.e. on E define the same element

of Loo(E).

The results and their proofs given above for 1 < p < oo can readily extend
to the value p = co.

Theorem 4.3.4. Let E € M,,.
(i) If f € L1(E) and g € Loo(E) then fg € Li(E) with |[fglly < | fll1llglloo;
(i) (Loo(E), || - |loo) is a Banach space;
(iii) The bounded step functions are dense in (Loo(E), | - |loo)-

Proof. 1t is left to the reader for an exercise.
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Exercises

4.1 Prove:

(i) Every half-open interval I in R™ is Lebesgue measurable and m*(I) =
m(I).

(ii) Every open set in R™ is the union of a countable collection of disjoint
half-open intervals.

(iii) Every open set in in R™ is Lebesgue measurable and so is a closed set.

4.2 Let E C R" be Lebesgue measurable. Prove:

(1) For any € > 0, there is a sequence of open subsets (G;) of R™ such that
ECG=n5,Gj and m(G\ E) <e.

(ii) For any € > 0, there is a sequence of closed subsets (F;) of R™ such that
EDF=Ux,Fjand m(E\ F) <e

4.3 We say that an extended real-valued function f on F C R"™ is continuous
at xg € E if yo = f(x0) is finite, and for any open ball V' (yo) C R centered at yq
there is an open ball U(z9) C R™ centered at o such that f(U(xo)NE) C V(yo).
If f is continuous at any point in F, we say that f is continuous on E. Now, let
f be an extended real-valued continuous on a Lebesgue measurable set £ C R™.
Prove that f is Lebesgue measurable on FE; that is, for any a € R, the set
E[f >a]={x € E: f(z)> a} is Lebesgue measurable.

4.4 Let f be an extended real-valued function on R™. Prove that 1/ f is Lebesgue
measurable if f is Lebesgue measurable.

4.5 Show that monotone convergence in the monotone convergence theorem
cannot be replaced by pointwise convergence in the monotone convergence the-
orem and that the dominating function g is needed in Lebesgue’s dominated
convergence theorem.

4.6 Prove by example that the strict inequality in the Fatou lemma can occur.

4.7 (i) Show that if f is Riemann integrable on [0, 1], then f is Lebesgue inte-
grable on [0,1] and [, ,\ fdm = I fla)da.

(ii) Construct a function such that it is Lebesgue integrable on [0, 1] but not
Riemann integrable.



5. Hilbert Spaces

As a straightforward generalization of finite-dimensional Euclidean spaces and
the most important Banach spaces, the Hilbert spaces and the most refined
analysis on these spaces will be discussed in this chapter.

5.1 Definition and Basic Properties

Definition 5.1.1. Let X be a complex linear space.
(i) A dnner product on X is a map (x,y) — (x,y) from X x X to C such
that
(a
(b

(ax + By, z) = oz, z) + Bly, z) Vo,y,2 € X and Vo, € C;
(y,x) = (z,y) Yo,y € X;

(¢) (x,z) >0 Ve € X and (x,z) =0 if and only if x = 0.

(ii) If X is equipped with an inner product, then X is said to be an inner
product space or a pre-Hilbert space.

(iii) A Hilbert space is a complete, complex, inner product space.

Ezample 5.1.1. (i) C™ is a Hilbert space under the inner product (z,y) =
Z?Zl z;y; for & = (1, ..., 2n), y = (Y1,..,yn) € C™.

(ii) Given E € M, let Ly(E) be the set of all Lebesgue measurable functions
f: R™ — C such that ||f]l2 = ([ |f|2dm)% < oo. It is easy to see that the
formula (f,g) = [, fgdm defines an inner product on Ly(E). In fact, Ly(E) is
a Hilbert space.

This example motivates the following result.

Theorem 5.1.1. Let X be a complex linear space equipped with the inner prod-
uct (-, ). If ||z|]| = /{x,x) Vo € X, then we have

(i) Schwarz’s Inequality: [{x,y)| < |||yl Vz,y € X, with equality if and
only if © and y are linearly dependent.

(ii) Norm: || - || defines a norm on X;

(iii) Parallelogram Law: ||z + y||* + ||z — y||* = 2(]|=|* + |y||?) Vz,y € X.

Proof. (i) If {x,y) = 0, then there is nothing to argue. If (z,y) # 0, then z # 0
and y # 0 holds. Let « = (z,y) and z = ay. Then for t € R we have

0 < (v —tz, 2 — tz) = ||| — 2|z, y)|* + [z, ) [ly]*
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The last expression is a quadratic function of ¢ whose absolute minimum occurs
at t = |ly||~2. Substituting this value for ¢, we get

0 < [l —t2]* = l2[|* = Iyl ~*|(z, »)I”

with equality if and only if z — tz = x — aty = 0, from which the desired result
is immediate.

(ii) Tt is obvious that ||z|| = 0 if and only if z = 0 and that ||A\z| = |A|||=].
As for the triangle inequality, (i) is applied to imply that

lz+ylI* = ll2[* + 2R(z, y) + lylI* < (l=]| + y])*.

(iii) This follows directly from expanding the inner products defining ||z +y||?
and [|lz — y||*.

Remark 5.1.1. If a norm || - || on X satisfies the parallelogram law above, then
4
(w,y) =471 i"le iyl (= -1),
n=1

defines an inner product on X. As a matter of fact, this (-,-) yields
i1+ i1 —i|?
(@, 2) = |l* + ——lle* = ——ll=ll* = [l«|* Vo e X.

To verify that (-, -) is actually an inner product, one suffices to prove that Defi-
nition 5.1.1 (i) (a) holds for « = 8 =1 and (\-,-) = A(:,-) for any A € C. To the
former, we use the parallelogram law to achieve

lu+v +wll* + [lu+v — wl|* = 2[lu+ vf* + 2[w]?

and
lu— v+ wl* + [lu— v —w[|* = 2[ju — 0| + 2| w|]*.

Hence
(lutv+w|?—[lu—v+w]*)+(Jutv—w|® - [u—v—w|?) = 2[jutv]]*-2|lu—v]*.

This infers
R(u 4+ w,v) + R(u — w, v) = 2R(u, v).

The relation with R replaced by < is proved similarly. So
(u+w,v) + (u —w,v) = 2(u,v).

When u = w, one has (2u, v) = 2(u,v). Taking u +w = z,u —w = y,v = 2, one
gets
r+y

2
To reach the latter, one notes that for any m € N,

(x,z>+<y,z>:2< ,Z>=<5L‘—|—y72>.
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(mz,y) = ((m — Dz +z,y) = ((m — Da,y) + (z,y) = = m(z,y).
Thus for any k € N,

B(5ow) = (@y) and (2y) =k a).

Consequently, for any r = m/k,
x m
gy = m(Ey) = (o) = ().

Since (x,y) is continuous functional in z, one concludes that A(x,y) = (Az,y)
for any A > 0. If A < 0 then

)‘<$7y> - <>\1'7y> = >\<£17,y> - \)\|<—x,y> = )\<0,y> =0.

Also, it is not hard to see that i{x,y) = (ix,y). Finally, for any A = u+iv € C,

Mz, y) = plx,y) +i(ve,y) = (1 +iv)z, y),

as desired.

5.2 Orthogonality, Orthogonal Complement and
Conjugate Spaces

First of all, let us consider orthogonality.

Definition 5.2.1. Given a Hilbert space X. Let x,y € X.
(i) The angle between x and y is defined by

0, if xory=0,
Ty —

R .
arccos Hz.u) otherwise.
[ESIIEA]

(ii) « and y are called orthogonal provided (z,y) = 0.
(iii) For any subset S of X, S* ={x € X : (x,y) =0 Yy € S} is called
the orthogonal complement of S.

The following result has natural geometric and finite-dimensional antecedents.

Theorem 5.2.1. A closed convex subset M of a Hilbert space X contains a
unique element of smallest norm; that is, there exists exactly one x € M such
that ||| = infyen |ly-

Proof. Let 6 = infyca |ly|| and let (z;) be any sequence in M such that
lim;_,o ||z]| = 4. It is clear that such sequences exist. Using the parallelogram
law we may write

ok + 2511 + llze — 2;5)1° = 2(|2ell® + ll51%).
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Since M is convex, we conclude that 27! (z; + z)) € M and hence
o + ;1% = 4l127" (zx + @)1 > 46%.

The above statements imply ||z; —zx|| — 0 as j, k — oo. Namely, (z;) is a Cauchy
sequence and so there is a point € M such that z; — z in X. The continuity of
the norm leads to ||z|| = §. Finally, « is unique since given y € M with ||y|| = 4,
the forgoing argument can be applied to the sequence x,y, x,y, x,y, .... to show
that it is Cauchy, which can only be the case if x = y.

Next, we recall the definition of the direct sum.

Definition 5.2.2. Given a linear space Z and subspaces X and Y, Z is said to
be the direct sum of X and Y, denoted Z = X @Y, provided every z € Z can be
expressed uniquely in the form z=xz+y, x € X andy €Y and X NY = {0}.

We are about to prove a theorem about decomposing Hilbert space into a
direct sum of mutually orthogonal closed subspaces. Before doing so, we need
the following result.

Lemma 5.2.1. Let M be a proper closed subspace of a Hilbert space X. Then
there exists a (clearly not unique) nonzero z € X such that (z,y) = 0 for all
ye M.

Proof. Given any x € X, the set x+ M is a closed convex set. Thus by Theorem
5.2.1 there exists a unique z € X such that z € + M and ||z|| = infyers ||z 4y
We shall show that (z,y) = 0 for all y € M and if we choose x ¢ M then z # 0.
In fact, given any y € M and any a € C, we have z+ay € x+ M. By our choice
of z we then have ||z + ayl||? > ||z||* and, expanding,

la?||y||? + 2R(a(z,y)) >0 Va e C.

Choose 6 € [0, 2m) with ‘
"z =1z )

and let a = te'?, t € R. The inequality obtained by substituting for « is then

e

2|yl + 2t (z,y)| >0 Ve R.

By choosing t negative and letting ¢ approach 0 we get (z,y) = 0 since otherwise
the negative term would eventually dominate the positive term and contradict
the inequality. Since y € M was arbitrary, we thus have (z,y) =0 for all y € M.

Theorem 5.2.2. If M is a closed subspace of a Hilbert space X, then X =
Mo M-*-.

Proof. Given x € X, apply the procedure in the proof of Lemma 5.2.1 to obtain
z € X such that 2 € x + M and (z,y) = 0 for all y € M. Then z € M+ and
z =12 —y for somey € M. Hence x = y + z, y € M, and z € M~*. Noting that
M N M+ = {0} since
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reMNM* = (z,2) =0=2=0,

we thus have X = M @ M*. Observe that M' is closed. Indeed, if x5 € Mt
and z; — x in X, then for any y € M we have by Schwarz’s inequality,

Ky, 2) < [y, x5 — o) + [y, 2;3)] < [lylll|lz; — =] — 0
as j — 00. Sox € M+,

Finally, we consider the conjugate space of a Hilbert space. Below is the
classical Riesz representation theorem.

Theorem 5.2.3. Given a Hilbert space X and y € X, define L, : X — C by
Ly(x) = (z,y). Then L, € X* and | Ly|| = ||lyll. Conversely, for every f € X*
there exists a unique y € X such that f = L.

Proof. Clearly, L, € X* with ||Ly[| < [[y||. Note that [ly||* = Ly (y) < || Ly]lllyll-
So ||Ly|| = |ly||. Conversely, let f € X* be given. If f = 0, then f = L, where
y = 0. If f # 0, then we may assume without loss of generality that ||f] = 1
since f/||f|| = Ly = f = Ljjfy- For such an f, let

M={zeX: f(x)=0}.

Then it is closed subspace of X. If M = X then f = 0 and hence f(z) = (z,0) =
Lo(x). If M # X then by Lemma 5.2.1 we can obtain a unique nonzero y € M=+
such that f(y) # 0. Now for any « € X, we have

Accordingly,

By taking z = f(y)|ly|| "2y, we further get f(x) = (z,z), and then f = L.. To
see the uniqueness, assume that there is another point w € X such that f = L,,.
Then (z,w — z) =0 for all z € X, and hence

lw—z|]?=(w—2z,w—2)=0 and w =z
We are done.

Corollary 5.2.1. Let X be a Hilbert space. Then the map o : X — X* given
by (ox)(y) = (y, ) is an isometric embedding from X onto X*.Moreover, X* is
also a Hilbert space.

Proof. The first part has just been proved in Theorem 5.2.3. Furthermore it is
easily seen that o(x1 + x2) = o(x1) + o(x2) so the isometry is additive. Since

o(ar)(y) = (y, ax) = aly,z) = ao(z)(y),

we conclude that o(ax) = ac(z). Note that the inherited inner product on X*
must be defined by (o(x),o(y)) = (y, x) so that its action on the second variable
will be conjugate linear. Of course, this yields that X* is a Hilbert space.
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5.3 Orthonormal Bases

Definition 5.3.1. Let X be a Hilbert space. A set S C X is called orthogonal
if any two different elements in S are orthogonal. An orthonormal set is an
orthogonal set consisting entirely of elements of norm 1.

A well-known and constructive result about orthonormal sets is the Gram-
Schmidt orthonormalization as follows.

Theorem 5.3.1. Given any countable linearly independent set {x;} of a Hilbert
space X, an orthonormal set {e;} can be constructed so that

span({e;}7_y) = span({a; )7, Vn € N

Proof. Define e; = x1/||z1(|, and, proceeding inductively, if {e;}"_; are success-
fully defined, let e, 1 = Yn+1/||yn+1]| where

n

Ynt1 = Tng1 — O _(Tni1,€5)€;.
=

Then ||yn+1]| # 0 since otherwise we would have
Ty € span({e;}i_,) = span({z;}j_,,

contradicting the linear independence of {z;}. It is clear that

span({e; )71 = span({a; }41)

since this is true for {e;}7_; and {z;}}_;. Finally, for j <n,

(Tng1,e5) — (Tny1,€5)(ej, €5)

||yn+1H

(en+1,€5) = =0,
so the set {e;} obtained by this inductive construction is an orthonormal set
with the desired property.

Ezample 5.3.1. Given a < b,a,b € [—00,00] and a function w : (a,b) — (0,00)

with the property that the Riemann integral f: t"w(t)dt is finite for all n € N,
define the Hilbert space L' (a,b) to be the linear space of Lebesgue measurable

functions f on (a,b) with || f]l. = (f, f)@ where

(f:9)w = fgwdm.
(a:b)

It may be verified that the linearly independent set {1,¢,¢2,...} has a linear
span dense in L% (a,b). The Gram-Schmidt orthonormalization process may be
applied to this set to produce various families of classical orthonormal functions:
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(i) f w =1and a = —1,b = 1, then the process generates the Legendre
polynomials;

(i) If w(t) = (1 —#2)"2 and a = —1,b = 1, then the process generates the
Tchebychev polynomials;

(iii) If w(t) = 971 (1 — ¢)P~9 (with ¢ > 0 and p — ¢ > —1) and a = 0,b = 1,
then the process generates the Jacobi polynomials;

(iv) If w(t) = e %" and @ = —00,b = o0, then the process generates the
Hermite polynomials;

(v) If w(t) = e " and a = 0,b = oo, then the process generates the Laguerre
polynomials;

Lemma 5.3.1. Let {e;}}_; be a finite orthonormal set of a Hilbert space X.
Then

(1) Xy lz,e)* < [l=l* Vo e X;

(ii) (z — E;L:1<x7€j>€j;ek> =0 VeeX and k=1,2,..n.

Proof. (i) This follows from

n

0< Jlo = (z,e5e? = llal* = Y [z, e5) ),
j=1

j=1

where the last equality is obtained by expanding in the usual fashion and using
orthonormality of {e;}7_;.
(ii) This follows from

(@ — Z(w, ejre;, ex) = (x,ex) — (x, ex)(er, ex) = 0.

J=1

Corollary 5.3.1. Let I be any index set and {e;}jer be an orthonormal set of
a Hilbert space X. Then S = {e; : (z,e;) # 0} is countable for any x € X .

Proof. For each n € N, define
Sn=Aej: [z, ¢5)]* > [l2]|* /n}.

By Lemma 5.3.1 each S,, contains at most n — 1 members. Since S = |J;~; Sn,
we conclude that S is countable.

Given an arbitrary orthonormal set {e;};er, we would like to extend the
results of the last lemma. Using this lemma and its corollary, we denote by
Ej |<mvej>|2 and Ej <x7€j>€j the series 220:1 |<x7€jk>|2 and X:j,c <m’ejk>ejk re-
spectively, where we restrict ourselves to the countable number of e;, for which
(z,ej5,) # 0. The following result assures that both series are well defined.

Theorem 5.3.2. Let {x}}2 be an orthonormal sequence in a Hilbert space X,
and let {c;} be any sequence of scalars. Then > ;- | cxxy is convergent in X if
and only if >"po, |cx|? < 00, and if so
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2 S

Sl

k=1

oo
E CkTk
k=1

Moreover, 21211 crxk 1s independent of the order in which its terms are arranged.

Proof. From the orthonormality of {x}}7°, it follows that for m > n,
2

m m
S e =3 la
k=n k=n

This, together with the completeness of X, implies the ‘iff” part of the theorem.
If n =1 and m — oo, then the desired equality follows.
To complete the proof, we assume that > .-, |cx|? < oo and let y =
> o2, ¢k xk, be a rearrangement of © = >~ | ¢xxk. Then
o =yl = (z,2) + (v, y) — (&,y) — (v, 2),

and (z,z) = (y,y) = > peq |cx|?. I

m m
Sy = Z cpxr and t,, = chlxkl,
k=1 =1
then
o0
<33a y> = n}gnoo<3mvtm> = Z |Ck|2-
k=1

Note that (y, ) = (z,y) = (z,y). So it follows that || —y|| = 0 and hence x = y.
We are done.

Theorem 5.3.3. Let I be any index set and {e;}jcr be an orthonormal set of
a Hilbert space X.

(i) (Bessel’s inequality) 3 ;c; Kz,ei)]? < |lz||* VzeX

(i) (z — > e (z.€j)ej,ex) =0 Vo € X and kel
Proof. (i) This follows from

n

Sl )P = Tim S [t e,) P < ]

jer k=1

(ii) By using continuity of the inner product in its left-hand variable (which
follows from Schwarz’s inequality) we obtain

(@ = (z,e5)e5,ex) = (w,en) = O _(w,¢5)e5,ex)

jerI jerI

= <$,€k> - <n1LH;O Z <$,€jm>€j,ek>
1

m

M=

= (x,er) — lim (Y (z,ej,)e;,ex)

n—oo

1
0.

3
Il

= (z,ex) — (x,ex)
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Definition 5.3.2. An orthonormal set {e;} of a Hilbert space X is called an
orthonormal basis for X provided

(z,e;) =0 Ve; =z =0.

Less formally, this definition says that an orthonormal set is an orthonormal
basis if it is impossible to adjoin an additional nonzero element to the set while
still preserving its orthonormality.

Theorem 5.3.4. Let {e;} be an orthonormal set in a Hilbert space X. Then
the following are equivalent:

(1) {e;} is an orthonormal basis;

(i) The closed linear span of {e;} is X ;

(iii) (Parseval’s identity) ||z||*> = > |(z,e;)]> VoeX.

Proof. First, we prove that (i) implies (ii) and (iii). If (i) is true, then Definition
5.3.2 and Theorem 5.3.3 (ii) yield

x = Z(x,ej)ej Vo e X.
J
Clearly, (iii) follows from Theorem 5.3.2.

Next, we prove that each of (ii) and (iii) implies (i).

(ii)=-(i). Suppose that y € X satisfies (y,e;) = 0 Ve;. To prove y = 0,
consider S = {z € X : (y,x) = 0}. It is easy to see that S is linear subspace
of X. Since e; € S, it follows that S must contain the linear span of {e;}. On
the other hand, S is closed in view of the continuity of the inner product, and
so S must contain the closure of the linear span of {e;}. Hence S = X by (ii).
In particular, we have y € S and so (y,y) = 0, whence y = 0 as required.

(ili)=-(i). Suppose on the contrary that {e;} does not form an orthonormal
basis of X. Then there exists a nonzero € X such that (z,e;) =0 Ve;. Then

0# 2> = [{x,e;)]* = 0.
J

This is a contradiction.

Ezample 5.3.2. {e},cz} is an orthonormal basis for L[0,2n]. This leads to
the classical Fourier analysis.

Theorem 5.3.5. Fvery Hilbert space has an orthonormal basis. Any orthonor-
mal basis in a separable Hilbert space is countable.

Proof. Let X be a Hilbert space, and consider the collection E of orthonormal
subsets of X. From Theorem 5.3.1 it is seen that E is nonempty and can be
partially ordered under inclusion. If F' is any totally ordered subcollection of
E, the set U = |Jgcp S is member of E/ and an upper bound for F. By Zorn’s
lemma there is a maximal orthonormal set M. Since M is maximal, we conclude
from Definition 5.3.2 that M is an orthonormal basis.
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If X is separable, and if {e;} is an uncountable orthonormal basis, then for
j # k, we have
llej — exll” = lleslI* + llex])* = 2,

and so the open balls Bj/y(e;) (with center e; and radius 1/2) are mutually
disjoint. If {z;}%2, is a dense countable sequence in X, because {e;} is uncount-
able, there is a ball By /5(ej,) that does not contain any of the points x;. Hence
€j, is not in the closure of {z;}. This contradicts the density of {z;} in X. We
are done.

Corollary 5.3.2. Any two infinite dimensional separable Hilbert spaces are iso-
metrically isomorphic.

Proof. Suppose X and Y are two such spaces. Theorem 5.3.5 tells us that there
are sequences {xz;} and {y;} that form orthonormal bases for X and Y respec-
tively. If x € X and y € Y, then

o0

$:Z<$,$j>ﬂfj and y:Z<y7yj>yj

j=1 j=1

Define a map T : X — Y by Tae = y if (z,2;) = (y,y;). It is clear that T is
linear and one-to-one, and it maps X onto Y since ((z,;))32; and ((y,y;))2,
run through all of ¢5. Also

T2l = Ky yn)P =D [, 25) P = |Jalf?,
j=1 j=1

so T is isometrically isomorphic. The proof is complete.

5.4 Adjoint Operators

Definition 5.4.1. Let X be a Hilbert space. Then the adjoint operator T* of a
T € B(X) is defined by

(Tx,yy = {(z,T"y) Vz,ye X.

Of course, this adjoint operator is unique since for each fixed y € X, (T'z, y)
is a continuous linear functional on X. Thus by the Riesz theorem there exists
a unique z € X such that (T'z,y) = L,(z) = (z, z), and we define T*y = z. The
linearity of T follows from the following calculation:

(x, T (ayr + By2)) = (Tx, ay1 + Pyz)
= a(Tz,y1) + B(Tx, y2)
= (x,aT "y + BT y2)
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Theorem 5.4.1. Let X be a Hilbert space. Then the operator x maps B(X) to
itself, and has the following properties for all T, S € B(X) and o, 3 € C:

(i) (T 4 B9)* = aT™ + 5S™;

(ii) (T9)* = S*T*;

(iil) T** =T,

(iv) [|[T]| = ||T||;2

V) ([T = IT°]|*
Proof. First of all, we verify that * maps B(X) to B(X). The linearity of T*
follows from the following calculation:

(x, T*(ay1 + By2)) = (Tw, ay1 + Py2)
= a(Tz,y1) + B{Tx,ys)
= (x,aT™y1 + BT y2)

By the definition of the operator norm, we have

1T = sup [[T"y]|

lyll=1

< osup o [, Ty
llzll=1,]lyll=1

= sup [(Tz,y)|
[lz][=1,|ly|l=1

< sup [Tz

lell=1
= I71]-

This implies * is bounded on B(X).
Next, we check those five properties.
(i) For any =,y € X, we have

(@, (T + B8)"y) = Tz, y) + B{Sz,y) = (z,(@T* + BS*)y).
(ii) This follows from
(z,(TS)"y) = (TSz,y) = (Sz,T"y) = (x, S™T"y).
(ifi) This follows from
(z,T""y) = (T"x,y) = (y, T*z) = (Ty,2) = (z, Ty).

(iv) It is known that || 7| < ||T|| and T** = T'. So ||T|| < ||T*||. This gives
1T = [[T]-
(v) By (iv), we get

17T < |T*NTI = 117>
For the reverse inequality, we note that
| Tz|* = (T T, ) < || T*Tx||||«]| < |T°T| ]
So, ||T'||? < |T*T||, which completes the proof.
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Example 5.4.1. Let ¢5 be the Hilbert space of square summable complex-valued
sequences. If T is the operator on {5 defined by T(z1,x2,...) = (0,21, 2, ...),
then T*(x1,x2,...) = (x2,x3,...). Clearly, | T|| = || T*| = 1.

5.5 Self-adjoint, Normal, Unitary, and Projective
Operators

Definition 5.5.1. Let X be a Hilbert space. An operator T € B(X) is said to
be self-adjoint provided T = T™*.

Theorem 5.5.1. Let X be a Hilbert space. Then T € B(X) is self-adjoint if
and only if (Tx,x) is real for all x € X.

Proof. It T € B(X) is self-adjoint, then (Tz,z) = (z,Tx) = (Tz,z) for any
x € X. Hence (T'z,z) is real for all x € X.
Conversely, If f(z) = (T'z,z), then

f@+y) =f@)+ fy) + (Ty,2) + (Tz,y)
and
fl@+iy) = f(x) + f(y) +i(Ty,z) —i(Tz,y).
Since f(x) is real-valued, we conclude from the last two identities that there are
r,s € R such that
(Ty,z) + (Tz,yy =r and (Ty,z)— (Tz,y) =1s.

This yields . .
(Ty,z) = TJ;ZS and (I'z,y) = T;ZS,

and thus

(Ty,z) = (Tx,y) = (x, T*y) = (T"y, x).
Of course, T'= T*. We are done.

Ezample 5.5.1. Given a Hilbert space X, let T' € B(X) be such that (T'z,z) =
0 Vz € X. Then for z,y € X and o € C we have

0=(T(ax+y,ax+y) =a(Tx,y) + a(Ty, ).
Taking a = i, 1 respectively, we get
(Tz,y) — (Ty,z) =0 and (Tz,y)+ (Ty,z) =0,
which implies (T'z,y) = 0 and so (Tz,Tz) = 0. Thus T = 0.

Definition 5.5.2. Let X be a Hilbert space. An operator T € B(X) is said to
be:

(i) Normal if TT* =T*T.

(ii) Positive if (Tx,x) >0 Vee X;
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The following result shows that the normal operators correspond to complex
numbers.

Theorem 5.5.2. Given a Hilbert space X, let T € B(X). Then the following
are equivalent:

(i) T is normal;

(ii) T = Ty + iT> where Ty and Ts are self-adjoint and T1Ty = ToTy;

(iii) [|[Tx| = | T*z|| Vz € X.

Proof. (1)=(ii). Put

T+T* T-T*
T1 = + and T2 = " .
2 24

It is easy to see that 17 and 15 are self-adjoint and commute.
(ii)=(iii). Using the given decomposition of T" together with 71T, = 15T,
we have

IT2|* = (x, T*Tx)
= <33, (Tl — ZTQ)(Tl =+ ZTQ)JZ>
= <$, (ThTy + T2T2)5C>
= <$, (Th 4+ iTL)(Th — iTg)$>
= (z,TT"z)
= [|T"=|*.

(iii)=(i). For any = € X, we have

(TT* = T*T)x,x) = (TT*x,x) — (T*Tx,x) = |T*z|* — | Tz||* = 0.

So, TT* —T*T =0 and T is normal.

Below is the basic structure of a positive operator.

Theorem 5.5.3. Given a Hilbert space X, let I € B(X) be the identity opera-
tor. If T € B(X) is a positive operator, then

(i) T + I is invertible;

(ii) No negative real number can belong to the spectrum of T':

o(T)={r e C: T — A isnot invertible}.
Proof. (i) Since T' € B(X) is a positive operator, we conclude that
(T+DNx=0= (T+DNz,2) =0=0< (Tz,2) = —|jz||>=2=0

and injectivity of 1"+ I follows.

Surjectivity will follows if we can prove that M = range(T +I) is both dense
and closed. The argument used for injectivity applies to € M~ to infer that
(T +1)z,z) =0Vx € M+ and so M+ = 0. On the other hand, for any = € X,

we have
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(T + Dz|?* = |Tx||” + 2(Tz, z) + ||
and hence
)l < (T + I)z]|.

Consequently, if ((T + I)xj) is a Cauchy sequence in M, then (z;) is a Cauchy
sequence in X and hence it is convergent. This shows that M is complete and
thereby closed in X. From Theorem 5.2.2 it turns out that X = M @ M+ = M;
that is, T'+ I is surjective.

(i) Assume r € o(T), r < 0. Then —r~'T + I = —r~1(T — rI) is not
invertible. Since —r~17T is a positive operator, we conclude from (i) that T'—rI
is invertible, a contradiction.

Definition 5.5.3. Let X be a Hilbert spaces. Then T € B(X) is called unitary
provided T is an isometric (| Tx| = ||z||) isomorphism of X onto itself.

Ezample 5.5.2. The operator T defined by Tz = (x2,21,...) for any = =
(1,x2,...) € £ is a unitary operator on fs.

We have a characterization of the unitary operators as follows.

Theorem 5.5.4. Let X be a Hilbert spaces. For T € B(X) the following are
equivalent:
(1) T is unitary;
(il) TT* = T*T = I;
(il) (Tx,Ty) = (z,y) for all z,y € X, and T is surjective.
Proof. (i)=-(iii). If T is unitary, then ||Tz| = ||z| and hence
4
(Tx,Ty) =471 i"| T +i"Ty|?
n=1
4

=471 ) T (@ + i)

n=1
4
=471 i a4 iyl
n=1

= (z,9).

Surjectivity of T follows the definition of a unitary operator.
(iii)=-(ii). Clearly, (iii) implies that T is injective. Moreover

(T*Tx,z) = (Tx, Tx) = (x,x).
This, along with Example 5.5.1, yields
(T"'T—Dx,2) =0=T"T=1=TT"=1
(ii)=(i). If (ii) is true, then T is surjective and
|IT2|* = (T2, Ta) = (z, T"Tx) = (z,z) = ||=]*.

This implies that T is injective, and thereby T is unitary.
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Ezample 5.5.3. Let T' = 2¢I on a given Hilbert space X, where I is the identity
operator on X. Then T* = —2¢] and T7T* = T*T = 4. Thus, T is normal
operator but not unitary nor self-adjoint.

The final class of operators that we consider is the important class of projec-
tion operators.

Definition 5.5.4. Let X be a Hilbert space. Then an operator T € B(X) is
called a projection provided T? =T.

Ezample 5.5.4. Let M be a closed subspace of a Hilbert space X. Then X =
M @& M*; that is, any 2 € X there are unique y € M and z € M+ such that
x =y+ z. If Py(x) =y then Py is a projection. In fact,

Piy(x) = Pu(y) =y = Pu(w) = Pip = Pur.
The fact that Py € B(X) follows from
2ll® = lly + 2l1* = lyl* + 1121 > lly* = [ Par @)l = [ Parll < 1.

Traditionally, Py, is called the orthogonal projection of X onto M. Moreover, if
M # {0} then Py # 0 and hence for any z € M \ {0} we have z = = + 0 and
Pyx = x, giving || Py = 1.

The following theorem singles out the above orthogonal projections as a very
important subclass.

Theorem 5.5.5. Let X be a Hilbert space. If T € B(X) is a projection, then
the following are equivalent:

(i) T is positive;

(ii) T s self-adjoint;

(iii) T' is normal;

(iv) T is the orthogonal projection on its range T'(X).
Proof. Since (i)=-(ii)=>(iil) are straightforward, we only verify (iii)=(iv)=(i).

(iil)=-(iv). Assume that (iii) holds. To reach (iv), let M = range(T).

We first prove that M is closed. Given (y;)52; in M with y; — y, we have
y; = Tz;, x; € X. Since T is a projection, we can conclude from y; — y that

yj:Ta:j:Tza:j:TyjHTy:szyeM

and hence M is closed.

Next, given z € X write 2 = y + 2, y € M and z € M. We must verify that
Tx =y. Because Tx = Ty + Tz, it suffices to prove that Ty = y and Tz = 0.
Since y € M, there is w € X such that y = Tw and so

Ty=Tw="Tw=y.

By definition of M we have Tz € M, and if we can also prove that Tz € M+,
then we can conclude that Tz = 0. Accordingly, given any u € M, then there is
v € X such that v = Tv and
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(Tz,uy = (Tz,Tv) = (z,T*"Tv) = (2, TT*v) =0

due to z € M+ and TT*v € M. That is to say, Tz € M*.
(iv)=(). For any = € X, let

r=y+z, yeM=T(X) and ze& Mt

Then
(Tz,z) = (y,y + 2) = (y,y) + (¥, 2) = (y,y) > 0.

Hence T is positive and the proof is complete.

Last of all, it is worth pointing out that there is a natural one-to-one cor-
respondence between projection operators T and direct sum decompositions
X =M@ N, M and N closed. As a matter of fact, if T' is a projection, then
X =M&N where M =T(X) and N = (I —T)(X). Conversely, if X = M & N,
then we define T' as was done for the orthogonal projection but using IV instead
of M. The orthogonal projections are precisely those that arise when N = M+,
and these are generally the projections of interest in Hilbert space theory.

5.6 Compact Operators

In this section, we consider compact operators on Banach spaces which are
stronger than boundedness, in particular, prove the spectral theorem for compact
self-adjoint operators on Hilbert spaces.

First of all, we need the definition of spectrum of a linear operator on Banach
space.

Definition 5.6.1. Let X be a Banach space and T € B(X). Then (i)
o(T)={ € C: X[ -T is not invertible}

is called the spectrum of T, where I € B(X) is the identity operator.
(ii) If Tx = Az, then x and X\ are called an eigenvector and eigenvalue of T
respectively.

Ezample 5.6.1. (i) Tt is clear that o(I) = {1} since AI — I is invertible if and
only if A # 1.

(ii) If X is a finite dimensional normed vector space, then we can identify
every continuous linear operator 7' on X with a square matrix A and hence A\[—T
is invertible if and only if Al — A is invertible, where the second I stands for the
identity matrix. This yields that o(T") consists exactly of all the eigenvalues of
T, and these are precisely the eigenvalues of A.

(iii) If Ta = (0,21, @2, ...) for x € ¢3 then T has no eigenvalues.

Theorem 5.6.1. Let X be a Banach space and T € B(X). Then
(i) Every eigenvalue of T' belongs to o(T).
(ii) If |A| > ||T|| then A ¢ o(T); that is, o(T) C{A € C: |\ <||T|}.
(iii) o(T) is closed in C.
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Proof. (i) (Al —T)x = 0 implies AI — T has non-trivial kernel and cannot thus
be invertible.
(i) [A| > ||T|| yields ||A71Y]| < 1. This, together with Theorem 3.1.5 (ii),
infers that I — A~!T is invertible, and so A — T is invertible, whence A & o(T).
(iii) Suppose f(A) = A —T'. This is a map from C to B(X). It is clear that

[F A1) = FO2)ll = A = o] VAL, A2 € C,

and so that f is continuous. By Theorem 3.1.5 (iii), we have that S, the set of
all non-invertible linear operators in B(X), is closed. Therefore, o(T) = f~1(S)
is closed due to the continuity of f.

To see the existence that points of o(T') lie on the unit circle centered at
origin, we need to consider the compact operators.

Definition 5.6.2. Let (X, || -[/x) be a Banach space. Then a linear operator T
on X is called compact provide that for every bounded sequence (:cj)}zlnfty mn

X, the sequence (T(xj));il has a convergent subsequence.

Ezample 5.6.2. (i) A compact linear operator T on X must be continuous.

For otherwise, there exists a bounded sequence (xj)é-:ln fty in X such that
. o0
lim; o || Tz} = 00, so (T(;zcj))j:1 cannot have any convergent subsequence.

(i) If T has finite rank; that is, dim(7'(X)) < oo, then T is compact.

Lemma 5.6.1. Let X be a Banach space. If T; € B(X) is compact and
lim;_,o |75 — T|| = 0 then T is a compact operator on X.

Proof. Suppose (z; );";1 is a bounded sequence in X. Since T is compact, there
is a subsequence (71, )=y out of (z;)72,; such that (Thz1,m)5—; is convergent.
Also since T» is compact, there is a subsequence (z2.,)%_; out of (z1,m)2_
such that (Thza,m)59_; is convergent. Continuing this process, we can obtain
subsequence (Zyn41,m)me—q OUt of (Zr m )y such that (Th41Znt1,m)pe—q IS cON-
vergent. It follows that (T, Tm,m)50_; is convergent for any n € N.

Note that (zm,m)5e—; is bounded in X. So there is a constant ¢ > 0 such that
SUPen |Tm,mllx < c. Given € > 0, limj_. || 7 — T'|| = 0 implies that there is
an N € N such that [|[Ty — T'|| < 5. Since (TN%m,m)j=1 is convergent in X,
there is an N7 € N such that

€
k,l > N, — ||TNCC;€’;€ — TleJH < g
With this, we achieve

1 Txr e — Tl x
< |\ Txpr — Inzrrllx + | Tvee, — Inzcllx + | Tveg — Tegl| x

€
<|NT = Tnllllzekllx + 3T IT — Tzl x
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and 80 (T%m,m)oe—; is convergent in X owing to the fact that X is a Banach
space under the norm || - || x.

oo

Ezample 5.6.3. (i) Suppose X is a Hilbert space with orthonormal basis {e;}22,
and T € B(X) is defined by Te; = Aje;. Then T is compact on X if and only if
lim; o A; = 0. To see this, if lim; .., A\; = 0, then for eachn € N let T\,e; = Te;
if j <n and T,e; = 0 if 7 > n. Then T}, has finite rank and hence is compact,
and it is straightforward to see that

[T =Tl = sup [A4].
j>n

Thus T is compact due to Lemma 5.6.1. Conversely, if there is some € > 0 with
{j : |Aj| > €} being infinite, then

[Te; — Tex|* = (A1 + [[Ak]? > 267,

Therefore {T'e;}32; has no convergent subsequence, giving that 7' is not com-
pact.

(ii) Suppose X is a Hilbert space with orthonormal basis {ej};?';l. IftT e
B(X), then T is called a Hilbert-Schmidt operator provided 375 _ [(T'e;, ex)|* <
oo. Then T is compact. To see this, just define Th,e; =e; if j <n and Tye; =0
if 7 > n and prove lim,_, ||T — T5|| = 0.

Before reaching the spectral theorem for compact operators, we also need
one more auxiliary result on self-adjoint operators.

Lemma 5.6.2. Let X be a Hilbert space and T € B(X).
() If T is self-adjoint and TM C M, then TM+ C M*.

(i) 17| = sup{[{Tz, )| : [l[], lyl| <1}
(iil) If T s self-adjoint, then |T|| = sup{|{Tx,x)| : ||z|]| < 1}

Proof. (i) If y € M+ then for any x € M one has To € M and hence (x, Ty) =
(Tz,y) = 0.
(ii) It is clear that the Schwarz inequality implies
1T = sup{[(Tz, y)| - [|[], lyll < 1}.

For the reverse inequality, we may just consider the case T' # 0. Regarding any

y with Ty # 0, we have
Ty
Ty, o) = 1Tyl
‘< 1Tyl

Taking the supremum over all y with ||y|| = 1 yields || T|| and then
1T < sup{[{Tz,y)| - [[=[|, [yl < 1}.

(iii) Let k = sup{|(Tz,z)| : ||z|]] < 1}. It is easy to see that k < |T||. By
(i), we suffice to verify [(T'z,y)| < &|lz|/||y| for all z,y € X. As this estimate is
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unchanged if we multiply y by a complex number of modulus 1, we may assume
(Tz,y) € R. Since T = T™*, we can conclude that

(T(z+y), (x+y)) = (Te,x) + 2(Tx,y) + (Ty,y)

and
(T(z —y), (x—y)) = (Tx,x) — 2(Tx,y) + (Ty,y)

Subtracting the last equation from the one preceding it, we obtain

ATw,y) = (T(x+y), (@ +y) = (T(x—y) (- y))

This, together with the definition of x and the parallelogram law, derives
K K
(Tz,y)] < Z(lz+yl* +llz = yl*) < Sl + lyll*).
For any A > 0, we apply the inequality to v/ Az, /v/), and thus have

R —
(Tz,y)l < Sl + A7 yl?) Yo,y € X.
In particular, A = ||y||||z||~* (of course, x # 0 is assumed, otherwise, there is

nothing to argue) produces |(T'z,y)| < k, as desired.
Now, it is time to state the spectral theorem for compact operators.

Theorem 5.6.2. Let X be a Hilbert space and T € B(X) be compact self-
adjoint. Then

(i) At least one of £||T|| is an eigenvalue of T, and so belongs to o(T).

(ii) X has an orthonormal basis consisting of eigenvectors of T'.

Proof. (i) The assertion is obviously true whenever T' = 0. So, we just consider
the case T' # 0. Noticing Lemma 5.6.2 (iii), we get a sequence (z;)52; in X such
that ||z;|| = 1 and lim; . [(T'x;, z;)| = ||T||. Since T is self-adjoint, we conclude
that (T'w;, ;) is real. Replacing (7;)52, by a subsequence if necessary, we may
therefore assume that lim;_ o (T'xj,z;) = A, where A\ = £||T'||. Then a simple
calculation gives

1Ta; — A ||* < NTIPlajl1? = 2M(Txj, 25) + N2[aj]|? = 20% — 2X(T'wj, ;) — 0

as j — oo. It follows that T'zj — Az; — 0 in X. However, since 1" is compact
too, we conclude that there is a subsequence (z;, )72, out of (z;)32; such that
(Txj,)52, is convergent to y in X. This implies Az;, — y as & — oo. The
continuity of T' further infers AT'z;, — Ty as k — oo. Thus T'(y) = Ay with

[yl = lim Az || = [Al = [T # 0.

Namely, A and y are eigenvalue and eigenvector of T'.
(ii) By Zorn’s lemma we can choose an orthonormal set of eigenvectors of
T which is maximal among all orthonormal sets of eigenvectors. Let M be the
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closure of the span of these vectors. It suffices to prove M = X. It is clear that
TM C M, and so TM+ C M+ by Lemma 5.6.2 (i). Then the restriction of T
on M+ belongs to B(M™) and is self-adjoint. Since X = M @ ML, the proof
will be complete if one shows M+ = {0}. Suppose now M+ # {0}. Then by
the preceding argument for (i), there is an eigenvector of T in M *. This clearly
contradicts the maximality property of the orthonormal set generating M.

Exercises

5.1 Let C[—1,1] be the space of all continuous complex valued functionb on

[—1,1] with the 2-norm and the inner product (f,g) f f(z)g(x)dz. Prove
that C[—1,1] is an inner product space but not a Hllbert Space

5.2 Suppose ), 1 < p < 00, is the space of all complex-valued sequences with
p-norm. Prove that ¢s is a Hilbert space under the inner product (x,y) =
dieywiyy for @ = (25)%, and y = (y])J 1, but ¢, is not a Hilbert space

according to p-norm ||z(|, = (3272, [P )P if p # 2.

5.3 Let X be a Hilbert space and M be a closed subspace of X. Prove (M+)+ =
M.

5.4 Let Ls[—1,1] be the class of all Lebesgue measurable complex-valued
functions that are square integrable on [—1,1] with inner product (f,g) =

f[—l,l] fgdm.

(i) Let M = {f € Ly[-1,1]: f(z) =0 Va e [-1,0]}. Find M*;

(ii) Let Mogq = {f € Lo[-1,1] : f(—z) = —f(z) Va € [-1,1]} and
Meyen = {f € L2[-1,1] : f(—z) = f(z) Va € [-1,1]}. Prove Lo[—1,1] =
Modd ¥ Meven-

5.5 Let Lo[—m, 7] be the Hilbert space of all Lebesgue measurable complex-
valued functions that are square integrable on [—, 7] with inner product (f, g) =
f[_ﬂ ) fgdm. Prove

i) ((27) " zein® is an orthonormal sequence.
(@) (( ez
(i)
((277)_% T % cost,m Zsint, m % cos2t, w2 sin2t,...)
is an orthonormal basis of Lo[—, 7).

5.6 Given ¢ € C[—m, 7|, let T : Lo[—m, 7] — Lo[—m, 7] be given by T(f) = ¢f.
(i) Calculate T using the inner product defined above.
(ii) Prove that if ¢ is real-valued then T is self-adjoint.
(iii) Find a condition on ¢ such that T is respectively unitary, positive, or a
projection.

5.7 Suppose X = C[0,1] and T € B(X) is given by Tx(t) = tx(t). Prove
o(T) =10,1].



Exercises 83

5.8 Suppose that X is a Hilbert space, and that T € B(X). Prove o(T*) = {\:
reo(T)}.

5.9 Suppose that X is a Banach space, and that 7' € B(X) is a compact oper-
ator. Prove that T'S and ST are compact for any S € B(X).
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1. Normed Linear Spaces

Ex.1.1. It suffices to verify the inequality for continuous functions. Let ¢(¢) = t¥
for t > 0. Since p~' € (0,1), ¢"(s) < 0 for all s > 0 and ¢ is concave. Hence
o(t) < ¢(1) +¢'(1)(t — 1), or

t-1 t 1

<1+ LS
p p g

o=

t

Setting ¢t = uPv ™9, where u > 0 and v > 0, we find since 1 — g = —q/p that

p q
w< =+ L (5.1)
P q

Obviously, this inequality also holds when v = 0.

If || f|]lp = 0 then f =0 on [0, 1] (since f is continuous) and both sides of Holder’s
inequality are 0. Similarly both sides are 0 if ||g||; = 0. Suppose || f||, > 0, ||lg|lq > 0,
and let fi = [[f[,"f, g1 = llgllg"a. Then [[fill, =1 = |lg1]l4, and setting u = |fi]
and v = |g1| in (1) one has

Ifglla /1 11
e = | Allgl <=+ ==1
I fllpllglla  Jo P q

This proves Hélder’s inequality.
For vectors:

n 1 n 1 n 1
(Zh’j +yj|p) ' < (Z |$j|p) T+ (Z|yj|p) B
j=1 j=1 j=1

For sequences (z;) and (y;) with . |z;|” < oo and ) |y;|" < cc:

1

(Zhﬁj -HJj|p)E < (Zlmp)% + (;lyjlp)%-

For continuous functions f, g with fol |fIP < o0, fol lg|? < oo:

([rrar) < ([ur) = ([ur)"

Ex.1.2. It suffices to verify the inequality for continuous functions. Note that
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/|f+g|”§/ |f||f+g|”‘1+/ gllf + 9P (5.2)
0 0 0

However, by Holder’s inequality,

/01 AIF+aP " < (/ Iflp)%(/ol £+ale00) .

Since (p — 1)q¢ = p, one concludes from estimating similarly the last term in (2)

that
1 1 %
[ieear <+t ([ 15+ar)"
0 0

If || f +gllp = 0, then both sides are 0. Otherwise one divides both sides by (fol |f+

1

glP ) . This yields Minkowski’s inequality.

Ex.1.3. (i) n—1, since the following n—1 vectors (1, —1,0,...0), (0,1, —1,0,...,0),...,
(0,0,0,...,1, —1) are linearly independent; (ii) oo, since 1,t,t*, ...,t" are linearly
independent for any n € N; (iii) oo, since 1,t,t2, ...,t" are linearly independent for
any n € N; (iii) oco.

Ex.1.4. Let {x1,x2,...,Xn} be a basis of X. Given x € X, x has a representation as
x = Z;”Zl a;x;, a; € R. Since the set of coefficients ax, ..., an are the only ones
that will give us x, by the linear independence of {x1, X2, ..., Xn }, we can use them
to define a map T : X — R" by

ai
Tx =
Qn
Clearly, T' maps X onto R" and it is linear:
T(x+y)=Tx+Ty and T(Ax) = \Tx.

To verify that T is 1 — 1, we suffice to prove that T'x = 0 = x = 0, but this follows
from the definition of 7. Suppose || - ||x is any norm on X. Now define another
norm || -||x as follows: |||z|||x = ||Tz||r»-any given norm on R". By Theorem 1.3.1
we see that || - ||x and |||x|||x are equivalent and so that || - ||x is equivalent to
||Tx||rn. Therefore, X and R™ are topologically isomorphic.

Ex.1.5. Obviously, ||f||, < ||fllcc when p € [1,00) and f € C]0, 1], but there is no
such a constant £ > 0 that ||f]le < || f|lp, VS € C[0,1]. For k —2 € N let

3

1
te,
—t)
0,

k
(

t
t

3
3=

f& =<k

I
I

BN
INIAIA
INIAIA
— o =

wa-l»—t o

t
1

It is easy to see that ||f|lcc = k? — o0 (as k — 00) and || f||, = 1. This verifies the

nonexistence of the above constant x > 0.

Ex.1.6. Note that [||z|| — |lal|| < ||z —al|. So || - || : V — R is continuous. Also,
regarding the continuity of the vector addition and the scalar multiplication, we
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naturally assume that the norm defined on X X Y is given by || - [[x + || - ||v-
Therefore, the desired continuity follows from:

(@ +y) = (o +yo) | < llz = zoll + lly — yoll

and
[Az = Aozol| < [Alllz — @ol| + [A = Aol[[zo]-

Ex.1.7. It is clear that £ is a linear subspace of £ . Note that a = (1, %, %, r) € oo
For every n € N, let z, = (1,2,2%,...,2,0,0,...) € £o. Then

999 31y

1 1 1
n oo — 0,...,0,—7—,_,_, = 0
le all H( n+l n+2 )H n+1_>

as n — oo. It follows that (x,) converges in £, but the limit a does not belong to
£o. Hence ¢y is not closed in {s.

Ex.1.8. (i) follows from the definition right away.

(ii) By a neighborhood of a point, one means an open ball centered at this point.
So, f : X — Y between two normed linear spaces is continuous at p € X iff for
every neighborhood V' of f(p) there is a neighborhood U of p such that f(U) C V.
Let f : X — Y be continuous and U C Y be open. Let p be any point of f~*(U)
and V' be a neighborhood of f(p) such that V' C U. Since f is continuous, there
is a neighborhood B of p such that f(B) C V. Then B C f~'(U) which shows
that f~'(U) is open. Conversely, let f~'(U) be open for each open set U. Let p
be any point of X, and V be any neighborhood of f(p). Since V is open, f~1(V)
is open and contains p. If U is a neighborhood of p such that U C f~*(V). Then
f(U) C V which shows that f is continuous at p. Since this is true for every p € X,
f is continuous on X.

Let f(z) = ﬁ Then f((—l, 1)) = (3, 1] which is not open even though (—1,1)
is open.

(iii) Let U be an open ball in X, namely, U = {z € X : ||z — xo|]|x < r} for
some xo € X and r > 0. If 1,22 € U and x = tx1 + (1 — t)z2 for t € [0, 1], then
lzr — xo||x <7, k=1,2 and hence

[z —zollx = [[t(z1—z0) + (1 —t)(z2 —z0)||x < t|z1—zollx +(L—1)||z2—z0llx <7
That is to say, z € U and U is convex. Similarly, any closed ball in X is convex.

Ex.1.9. The ’if’ part has been proved in the text. So it suffices to verify the ’only-if’
part. Now assume that Y is not closed and let « be a point that is not in Y but is
in the closure of Y. If (y;) is a sequence of points of Y that converges to = then

z+Y| = inf |z]|x < inf ||z —y;

e+ ¥l = _inf_lzllx < inf llo — pillx

Since the right side infimum is zero, ||z + Y|| = 0 and consequently z € Y- a
contradiction. Therefore || - || could not be a norm on X/Y. We are done.

. Banach Spaces

Ex.2.1. If (f;) is Cauchy in C™[0, 1], then for any e > 0 there exists N € N such
that

myn > N = |f3) (@) = @) < lfm = fallw <€ forall ze€[0,1].

So for each integer k € [0,n|, one has that (fj(k)(z)) is Cauchy sequence in R.
Therefore it converges to some real number gi(x) for every x € [0, 1]; this defines a



90

Solutions to Exercises

new function g such that f;k) — gr pointwise on [0, 1]. Moreover, (fj(k)) converges
to gr uniformly on [0, 1], and that gi € C[0, 1] — this follows readily from the last
estimate when letting m — oo. In particular, k = 0 implies that (f;) converges
uniformly on [0, 1] to go = f, and f is differentiable with f’ = g1. Furthermore, the
same reasoning yields f*) = g, on [0,1]. So, f € C™[0,1].

Ex.2.2. Suppose (a:(j) = (mgj),x;j), ...) is Cauchy in co. Then for any € > 0 there
exists N € N such that

(m) _

m,n > N = |z; xgn)| < 2™ — 2™ <€ forany jeN.

(m)
J
such that (z;m)) converges to ¢; as m — oo. It turns out from the above estimates

that ¢ = (¢;) belongs to the space co. Thus, co is complete and a Banach space.

Ex.2.3. 1) Taking f =1 and g = 0 one has |T(f) = T(g)|loc =1 = ||f — glloo;
ii) If T(f) = f, then [’ f = f(z) and hence f = 0 which gives the uniqueness;
iii) If 15 denotes the characteristic function of the set E, then

rren = [ ([ sy = [ @ oson

IT(T(f) = T(T(9)lloe < %Ilf = Glloo-

So, for each j, (z;"’) is Cauchy in C. By the completeness of C, there is ¢; € C

and hence

Ex.2.4. It follows from Theorem 2.2.1 with |f(b) — f(a)| = |f'(c)(b—a)| < a|b — a]
for some c € [a, b].

Ex.2.5. Define the operator T' on C[0, 1] by

T(f)(z) = sinac—i—/ f(y) exp ( —(z+y+ 1))dy.

Let f,g € C|0,1]. We have

() =Tl < s / @) — gw)lexp (— (e +y + 1))dy

z€[0,1
1
< sup |f(z) - g(e)|exp(—) / exp(—(y + 1))dy
EE[O,I] 0
< —gllelet — ),

wheree ' —e 2 ¢ (0,1). Hence T is a contraction mapping. Therefore, by Theorem
2.2.1, there is a unique f € C[0,1] with T'(f) = f.

Linear Operators

Ex.3.1. It is clear that T is linear. Furthermore, if f € C[0, 1] then

TN =1FO)] < I floe
giving the boundedness of T with ||T'|| < 1. If f(x) =1 then

[flle =1 and Tf=1.
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This yields ||T|| = 1.
Ex.3.2. (i) Clearly,

n oo
T2l < sup > assllzs| < 2o sup Y lail
1<i<n =1 1<i<n =1

and so

IT|| < sup Z |ass-

1<i<n =1

To get the equality, just take x; = sgnas,,; where

Z aia| = sup Z |aisl-

<i<n =1

Then |[z]loc =1 and yi =3, |aig ;|- So

Tl = [IT2]lc = sup @3,55gN i 5
1<i<n

n
> ‘ E @iy,;58NGig ,j
j=1

giving the desired equality.
(ii) It follows from the definition of || - ||2.
(iii) Tt is clear that for f € R'[a,b],

b x
||Tf||1:/ / dt‘dz

// t)|dtdx

//|f )|dtdz

(o= a)llfll,

and so that T is bounded with ||T'|| < b — a. To see the equality, for any n € N
with a+n"" < b let

_fn,if tefa,a+n
f”(x){o, if te(a+nt,b).

It is easy to check ||fn]l1 =1 and

a+n71 b
1T frllx :/ n(x—a)da:—l—/ de=(b—a)—(2n)""

at+n—1
So ||T'|| > suppen [T frlls = b — a. Therefore ||T'|| =b — a.

Ex.3.3. The boundedness is obvious. Since ¢f(t) = tg(t) (for ¢ € (0,1)) implies
f(t) = g(t), we conclude that T is 1-1. But, T is not onto. In fact, if Tf = 1 on
(0,1) then the only possible candidate for fis f(t) = t~'. It is clear that f € C(0,1)
with || f]|2 = co. From this it turns out that T is not invertible.
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1

Ex.3.4. Take X =Y = E and equip it with 2-norm: ||z||2 = (E;’;1 |x]-|2) ). Here
z € F if and only if x € £ and it has only finitely many nonzero entries. Then X
and Y are not complete. Now define T,z = (0, ..., 0,nz,,0,...) for z = (21, 2, ...).
Then 75, is bounded with || 7| = n — co. On the other hand, if x € E« then
there is an N € N such that n > N, z, = 0 and hence ||Thz||2 = n|z,| = 0 and
if n < N then ||Thz|2 = n|zn| < n||lz|l2 < NJjz||2. Hence for each z € X we have
sup,, || Tnz||2 < co. Clearly, the uniform bounded principle fails.

Ex.3.5. (i) Since |sinz| < |z|, we conclude that the integral is not less than

27
/0 §| sin(n + %)x|dm
Note that

1 1
k:7r+%g(n+§)x§k7r+§:>|sin(n—|—§)z|2 , keN.

N =

So

27 -1
k+
/ —|s1n(n—|— x|d1’>§ (g) — 00 as mn — oo.
0 n+3

(ii) It follows from the change of varlable that
1 2T —x n
sn(m):%/_z f(x—l—z)( Z )dz

This yields that s,(z) = sn(z) and hence s, (z) is real-valued. Note that e =
cosx +isinx and f is 2w-periodic. So

2T —x n
sn(x) = % f(z—|—z)( Z cosmz)dz
1 27—z n
= 9. B f(x+z)(1+2231cosmz)dz
2w —x . —1
1 sin(n + 2
= e+ Z>ﬁdz
_ sm(n +27 )y
N / U sin 2-1y L

(iii) For any f € X, we have

1 27
T < — o
T < 5l |
27
1
<5 [
T Jo

To prove the equality actually holds, we may assume

sin(n + 1)z
(.712) dz,
sin §

and then
sin(n + $)x

T
Sin bl

dzx.

sin(n 427 1)z
sin2~1z

qn(z) =
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and g (x) = sgngn (z), that is,

17 g’ﬂ(x) > 07
gn(x) = { 0, gn(z) =0,
-1, gn(z) <0

Then |gn(z)| = gn(z)gn(z). Though g, is not continuous, for any € > 0, there is a
continuous function f, such that

L
21w

/ (fu(@) = gn(2))gn(x)dz| < c.

This can be easily realized since g, is continuous on [0, 27]. In fact, it is enough to
use piecewise-defined segments to connect the discontinuous points of g, so that
fn is sufficiently close to gn. Then ||fn|lco = max,c(o,2+] |fn(z)] = 1, but

1 27
Tl = e | Fe@anto)ie
1 027r

= @@ [ a@n @

2 0
> /O 9 (@) (2)d —i/o (f2(2) = gn(@))n (@)de
> / lgn (@)]dz — €.

Obviously, this implies

27 . 1
1 sim(n + s)x
Tz o [ |5,
2 o sin 3
and so ) L
1 " |sin(n + )z
N il Gk 12
2 o sin 5

(iv) It is clear that T3 (f) = sn(0) for all f € X. Moreover, for fixed f € X, if the
Fourier series of f converges at 0, then {T,f} is bounded as n varies since each
element is just a partial sum of a convergent series. Thus if the Fourier series of f
converges at 0 for all f € X, then for each f € X the set {T5 f} is bounded. By the
uniform bounded principle, this implies that {||T||} is bounded, which contradicts
(i) and (iii).

Ex.3.6. Here, suppose that the norm on R? is 2-norm.

Linear: T (a1, 1) + B(w2,y2)) = (a1 + Bx2,0) = oT (w1, y1) + BT (2, y2)-
Bounded: ||T(z, y)lz = |a] < (z,9)]|2-

Not onto: (z, 1) has no preimage under T

An example: S = (0,1) x (0,1) is an open set of R?, but T'S = {(x,0) : 2 € (0,1)}
is not open set of R?.

Ex.3.7. (i) Consider fn(z) = 1/(z —2~1)2 +n~2. Then (f») is convergent to f(z) =
|z — 27| uniformly on [0, 1]; that is,

-2
n -1

<n
\/(ac —27 12 4+ n-24 \/(ac —2-1)2

— 0.

|fo(@) = |z =271 =




94

Solutions to Exercises

So,

Tim [|fa — flle =0,
However, f is not in 01[0, 1]. Namely, X is not complete under the sup-norm.
(i) To prove that d/dz is closed, let (z,) be a sequence in C'[0,1] such that
Zn — ¢, Txn — y. Since the convergence in C'[0, 1] means the uniform convergence,
we conclude that Tz, converges to y uniformly on [0, 1] and y € C[0, 1]. Of course,
x € C[0,1] and y(t) = 2'(t); that is, T is closed. But, it is not bounded since if
Zn(t) = sin nwt then

|Tzy|| = max |cosnrmt|nm = nm — oo.
te[0,1]

Ex.3.8. (i) Let w = Ref. Then u is clearly real linear and Imf(z) = —Re(if(z)) =
—u(ix), so f(z) = u(xz) —tu(iz). If u is real linear and f(z) = u(z) —iu(iz), then f
is clearly linear over R, and f(iz) = u(iz) — iu(—z) = u(iz) + iu(z) = if(z), so f
is also linear over C. Finally, since |u(z)| = |Ref(z)| < |f(x)| we have |Ju]] < ||f]|-
On the other hand, if f(x) # 0, let o = sgnf(z), where

sgnf(x) = exp (—img f(@). i f@)#0,
0, if  f(z)=0.

Then
|f(@)] = af (z) = flaz) = u(ox)
because f(az) is real, so

|f(@)] < llullllez]l = ffullllz(],

whence |[f[| < [|u].

(ii) Let uw = Ref. Then by the real Hahn-Banach theorem there is a real extension
U of u to X such that |U(z)| < p(z) for all z € X. Set F(x) = U(z) — iU (ix)
as in (i). Then F is a complex linear extension of f, and as in the proof of (i), if

a = sgnf(x), then we have

|F(z)| = aF(x) = F(az) < p(ax) = p(z).
Lebesgue Measures, Integrals and Spaces

Ex.4.1. (i) Let H = {z = (z1,...,zn) € R" : z; > ¢} or {& = (z1,...,zn) € R" :
x; < c}. Then we have to prove that for any 7' C R™ one has

m (T)=m " (TNH)+m*(T\H)=m™"(TNH)+m"(TNH°),
it suffices to verify that
m*(T) >m" (TNH)+m*(TNH)

since m* is subadditive. If m*(T') = oo, then there is nothing to prove. We assume
m*(T) < oco. In case (I;) is a sequence of open intervals such that T C U;’il I;
then

TnHC|JLNH and TnHC|JLNH"

j=1 j=1
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Hence, by monotonicity and countable sub-additivity of m™,
m* (T N H) +m*(T N H®) Z +m*(I; N H°).

If we show that for every open interval I C R™ one has

m"(I)=m"(INH)+m*(INH®), (5.3)
then -
m* (T N H) +m*(T N H°) Z
and hence
m (TNH)+m*(TNH) < inf m*(I;) =m™(T),
rcl 1 o

giving the desired inequality.

Suppose now I = {z = (z1,...,%n) : a; < x; < bj, 7 = 1,...,n}. Without loss of
generality, we may assume that H is given by {z = (z1,...,2n) : x1 < c}. Since
(1) is obviously true if ¢ < a1 or ¢ > b1, let us suppose a1 < ¢ < b1. Consequently,
I N H is an open interval given by

{z=(z1,..,2n): a1 <z1<c and a; <z; <bj,j=2,..,n}
I N H€ is the set given by
{z=(z1,..,2n): c<z1<b1 and a; <z; <bj,j=2,..,n}
It can be checked easily that
m* (INH)=(c—ai)(bz —az) - (bn — an),
m* (INH) = (b1 —c)(ba —az2) - (bn — an),
and
m" (INH)+m " (INH) = (b1 —a1)(ba —a2) -+ (bn — an) = m*(I).

(ii) Let H; = {z = (z1,...,zn) € R" : ¢; < x;}. Then H; is Lebesgue measurable
due to (i), and hence Hj is Lebesgue measurable too. Without loss of generality,
we may assume that the half-open interval is I = {x = (z1,...,2n) € R" : b; <
z; <c¢j, j=1,....,n}. Then

ﬂ JiNHf) where Jj={z=(z1,..,22) € R": bj <a;}.
This implies that I is Lebesgue measurable since so are J; and Hj.
(iii) Let O C R™ be an open set. For each k € N, the hyperplanes

w;=127% 1eZ; j=1,..,n, (5.4)

partition R"™ into a countable collection of disjoint half-open intervals. Let
I, 1?13, ... be a collection of such intervals generated by (2) for k = 1 that are
contained in O. We use recursion to define suitable I}.’s. For k > 1, let I} I?, I3, ...
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be the collection of half-open intervals generated by (2) which are contained in O
but not contained in any interval I} with 1 < ¢ < k. If € O, then z is an interior
point; so there is a partition of R™ given by (2) such that the interval containing
x is contained in O. Therefore

OCOUI};.

k=1 1

Since If C O for each 1, k, we have

0> OUI};.
k=1 1

This is clearly a countable collection of half-open intervals, and we have constructed
them so they are disjoint. (iv) It follows from (iii) and (ii) right away.

Ex.4.2. (i) First, assume that E is bounded. Then m*(E) = m(FE) is finite. Given
€ > 0, then by definition of m*, there is a countable collection of open intervals
(I;) such that

EC UIj and Zm(lj) <m(E)+e.
j=1

Let V = |JI;. Then V is open set in R™. Moreover, m(V) < Z;’il m(l;) < m(E)+
e. Since E C V and m(E) < oo, we conclude that m(V \ E) = m(V) — m(E) < e.

Secondly, suppose that E is an unbounded Lebesgue measurable set in R™. For
each k € N, let

Je ={z = (z1,....,zn) ER": |z5| <k, j=1,...,n}

Of course, Ji, is bounded but also Lebesgue measurable. Note that R™ = (J; | Jx.
So E = U;il E N Ji. The previous results now apply to the bounded Lebesgue
measurable set £ N Ji: For € > 0 and k € N, there is an open set V) such that
J.NE C Vi and m(Vk \ (BN Jk)) <27k ItV = U:i1 Vi, then V is open and
E CV and

')

m(V\E):m(GVk— DEﬂJk) gm(U (Vk\(EﬂJk))) gieg—k =
k=1 k=1

k=1 k=1

(ii) To establish this assertion, let FF = R"™ \ E, then F is Lebesgue measurable.
Hence for each € > 0 there is an open set V' in R"™ such that FF C V and m(V \
F) < e Set U =R"\ V. Then U is closed and U C E. Since FNU = () and
E\NU=R"\U)\ F=V\F, we conclude that m(E\ U) < e.

Ex.4.3. Let a € R and = € E[f > a]. Since f is continuous on E, we conclude that
there is an open ball U(z) C R" centered at « such that U(z) N E C E[f > a]. Put
0= UEEE[f>a] U(z). Then

E[f >al CONE|[f >a] and henceE[f >a]=0NE.

Since O is open, we get that O N E is Lebesgue measurable.
Ex.4.4. Note that
{zeR": f>0}Nn{zeR": f<1l/a}, if a>0,

{reR": 1/f>a}—{ {zeR": f>0}\{z€eR": f=oc0}, if a=0,
{zeR": f>0U{zeR": f<1/a}, if a<O.
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Then the desired result follows right away.

Ex.4.5. For k € N let
0, if 0<z< %1
fe@)=<Fk if L <zx<+

p) >
0, if 1<z<l.
Since lim infx_. o fx = 0, we conclude that f[o 1 lim infy_ o frdm = 0. But,

/ frdm = 0odm + /
[0,1] [0,5%) (5%

1
2k k

kdm +/ O0dm = 271
] (1)
implies

k— oo k—oo

lim inf / frdm=2"1>0 :/ lim inf frdm =0..
[0,1] [0,1]
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Ex.4.6. (i) For each k € N, partition [0, 1] into k subintervals with the equal width
k~'. Let P, denote this partition and 0 = 9 < 1 < --- < xr = 1 denote the

points of Pj. Define

k k
gr(z) = ijl[rj—hrj)(x) and  hi(z) = ZMjl[Ij—lej)(x)'
j=1 j=1

Here and henceforth,

my; =inf{f(z) : = € [x;-1,2;]} and M; =sup{f(z): z € [z;—1,z,]}.

It is clear that (gx) and (hj) are nondecreasing and nonincreasing sequences re-

spectively. Put
g(z) = klim gr(z) and h(z) = klim hi(z).
Then g and h are Lebesgue integrable that satisfy
g(z) < f(z) < h(z) ae. onl0,1].
Note that

k k
/ gkdm = ij (Ij — ijl) and / hkdm = Z Mj (Ij — ijl)
[0,1] j=1 [0,1] =1

but also

ht —gr >0 ae.on[0,1] and klim (hte —gx) =h —g.

So, by Lebesgue’s monotone convergence theorem it follows that

0< / (h —g)dm
[0.1]

= lim / (hi — gx)dm
[0,1]

k—oo

= lim/ hrpdm — lim/ grdm
k—o0 [0,1] k—o0 [0,1]

n

n

= lim Mj(l’j—l’j_1)— lim E m]-(x]-—a:]-_l)
k—oo k—o0 £ ]
j=

j=1
=0.
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Here, we have used the fact that f is Riemann integrable on [0,1]. The above
estimates tell us that h — g = 0 a.e. on [0, 1] and so that f = g = h a.e. on [0, 1].
Consequently, f is Lebesgue measurable, and

k—o0

fdm = lim / grdm
[0,1] [0,1]

n

= lim Mj(l’j —1‘]'_1)

k—o0 4

j=1
1
= / f(x)dzx.
0
(ii) Consider 1q where Q is the set of all rational numbers in [0, 1]. It is well-known

that this function is not Riemann integrable on [0, 1]. Since m(Q) = 0, we conclude
that this function is Lebesgue integrable with f[o 1 lgdm = 0.

Hilbert Spaces

Ex.5.1. It is easy to check that the inner product (f,g) = fjl f(w)mdm satisfies
(a), (b) and (c) of Definition 5.1.1, and so C[—1, 1] is an inner product space. Since
the norm equipped with C[—1,1] is the 2-norm: ||f]l2 = fjl |f(z)|?dz, we can
conclude that this space is not complete. In fact, for each j € N let

-1, if x¢€[-1,0),
fiw) =% jz, if xel-j7'i71,
1, if zeclj™1).

then f; € C[—1, 1]. Observe that for each m,n € N satisfying m > n, one has

| fm — fn”% =2 </m (mx—nz)zdl’—k/n (1 —nx)de>
0 m—1

_o(m=m® 1 1
B 3m3 3n m m2 3m3
6 1

7
<—+—-<-—0 as n— oo
m n n

This means that (f;) is a Cauchy sequence in C[—1,1]. On the other hand, (f;)

converges pointwise to
-1, if =ze€[-1,0),
flx)y=1< 0, if =0,
1, if xe€(0,1].

which does not belong to C[—1,1]. Therefore, C[—1, 1] is not a Hilbert space.

Ex.5.2. It is clear that (z,y) = Z;‘;l x;y; is an inner product defined on ¢2. From
Example 2.1.1 (iii) we have seen that ¢2 is complete under the norm ||z||2 = /(z, ).
So, 45 is a Hilbert space. To obtain that ¢, is not a Hilbert space, one takes z =

(1,1,0,0,...) and y = (1,—1,0,0,...). Then z,y € £, and ||z|l, = ||lyll, = 27 but
lz+yllp = ||z — y|lp = 2. Hence the parallelogram law fails at p # 2; that is to say,
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if p # 2 then || - ||, does not induce an inner product, and hence ¢, is not a Hilbert
space.

Ex.5.3. Obviously, M C (M*)*. To get the reverse inclusion, let z € (M), Then
the projection theorem (Theorem 5.2.2) implies that there exist y € M C (M*)*
and z € M™* such that z = y+ 2. Because x € (M) and (M™*)" is a linear space,
onehas z=xz—y € (MYt andso z € M+ N (M)t = {0}, ie.,z=0and z = y.
This gives (M) c M.

Ex.5.4. (i) Given g € M*. Then for any f € M one has

0= / fgdm = fgdm.
-1,1] [0,1]
If f is taken to respectively be 0 a.e. on [-1,0] and g a.e. on (0,1], then
fol lg(x)|*dz = 0 and hence g = 0 a.e. on (0,1]. It follows that M+ = {g €
Ly[-1,1]: g(x) =0 aeon (0,1]}.
(ii) Any function f € La[—1,1] can be written as feven + fodd Where

feven(x) = W and fodd(l‘) = M

Clearly, feven € Meven and foaa € Moqq. Moreover, if f € Meyen N Moaq, then
f(x) = —f(x) and hence f(z) = 0. In other words, Mecyen N Mogq = {0}. This
implies the desired direct sum decomposition.

Ex.5.5. (i) This follows from

o 77re =0 if n # m.

(ii) First of all, a calculation gives

/ ldx = 2m, / cos® nzdr = / sinffnzdz =7 Vne N;

/ cosnrdr = / sinnxdr =0 Vn € N;

- ™

™ ™
/ cos mx cos nrdxr = / sinmasinnzder =0 VYm # n,m,n € N;

and .

/ sinmz cosnxdr =0 Vm,n € N.
Now, let {e;}72 be this orthonormal set. According to the definition of orthonormal
basis, we must prove that

(fiej)=0 = f=0 ae on [-mm]

To do so, let us first consider the case that f is continuous and real-valued. If f # 0
a.e. on [—m, 7], then there is an xo € [—m, 7] at which |f| achieves a maximum, and
we may assume f(zo) > 0. Thus, there is a § > 0 such that

f(z) > @ Va € (zo — 0,0 + 9).
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If
g(z) =1+ cos(zo — x) — cos 9,

then
1<g(xz) Vx € (xo—d,xz0+6) andlg(z)| <1 Vze|[—m, x|\ (zo— 0,20+ 0).

Note that (f,e;) = 0. So for any n € N,

0=(fg" /f

- / @ e+ / z0+5f(w)g"(w)dw+ / " @) @)

0—9 0+d

Using the properties of g above, we see that

‘ / f@)g" (@) / + J@)g" (@) <

zo+96
/ f(z dm>/ f(z)g"(z)dz V[a,b] C (xo — 0§, z0 + 0).

0—6

)

and

Since g is continuous on [a,b], we can conclude that g achieves a minimum value,
K > 1, there. This implies

4 f(zo) > / f(x)g" (x)dx > f(;o)m"(b —a) > 00 as m — oo.

This is a contradiction. Thus, f =0 on [—m, 7.
If f is continuous but not real-valued, then our hypothesis gives

/ f(x)e ™ dz =0 and / f@)e ™ de =0 Vk=0,%1,%2,....

—T
Hence

/ﬂ Rf(z)ej(x)dz =0 and /_ﬂ Sf(2)e;(x)da = 0.

- ™

By the first part, we get that R®f(z) =0 = Sf(z) and so f =0 on [—m, 7.
Finally, we no longer assume that f is continuous. But, f generates a continuous

function .
@=[ s
Integration by parts yields

/7r F(z)sin(kz)d / f(x) cos(kz)d

/7r F(z)cos(kx)dx = 0.

™

Similarly,
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This infers that F' and F' — C for every constant C, is orthogonal to each of the
non-constant members of {e;}. For (27)~ /2, let

1 ™

Co=—
7 o .

F(x)dzx.

Then (F — Co,e;) =0 for all j € N. Since F is continuous, we conclude from the
first two parts that F' — Co = 0. Of course, f = F' =0 a.e. on [—m, 7).

Ex.5.6. (i) From (T'f,g) = (f,T"g) we have
[ ersan— [ rram
[—m,m] [—m,m]

and so T*g = ¢g by uniqueness of T*. _

(ii) It is clear that if ¢ is real-valued, then ¢ = ¢ and hence T* = T.

(iii) If |¢| = 1 a.e. on [—m, 7] then T is unitary; If ¢ > 0 a.e. on [—m,n] then
(Tf, f) > 0 and hence T is positive; If ¢ = 1 a.e. on [—7, 7| then T?f = ¢?f = f
and hence T is projection.

Ex.5.7. Consider (A — T)x = y. Thus z(t) = y(t)/(A — t) provided ¢ # A for
t € [0, 1]. So there is a unique solution = € C|0, 1] except when ¢t = X for ¢ € [0, 1]
and so o(T) = [0, 1].

Ex.5.8. Tt follows from (A —T)* = X\ — T"*.

Ex.5.9. Consider a bounded sequence (z;) in X. Since T is compact, the sequence
(T'z;) has a convergent subsequence, say, (T'zj, ) which is convergent to y in X.
Then

15Ty, — Syll < ISl Tws, —yll =0 as k— oo.

This shows that ST is compact. Note that (Sz;) is bounded. So (T'Sz;) has a
convergent subsequence, showing that T'S is compact.
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