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Spaces

1.1 Linear Spaces and Linear Operators

As we have said in the preface, the concept of a norm is defined on
linear spaces, and one of the important class of functions between
normed linear spaces is the class of all linear operators.

1.1.1 Linear spaces

Definition 1.1.1 A linear space over the field K, which is either
R or C, consists of a non-empty set X together with two operations,

(x,y) —z+y (vector additon),

(o, ) = ax (scalar multiplication),

defined on X x X and K x X, respectively, with values in X which
satisfy the following conditions:

1. z4+y=y+z Vz,ye X,

2. (z+y)+z=xz+Wy+2) Vz,yzelX,

3. 30 € X such that z+60 =2 VzelX,

4. Vxe X,d2 € X such that z+zx=286.

5. alz4+y)=ar+ay Vr,yeX Vacek

6. (a+p)r=ar+pr Vre X and Vo,B ek
7. (af)r=a(fzr) Vze Xand Vo, €k

8. lx=z VzelX.
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A few terminologies:
e A linear space is also called a vector space.
e Elements of a vector space are called vectors.
e Elements of the field K are called scalars.
Observe:

e The zero vector 6 in condition 3 in Definition 1.1.1 is unique
(Exercise). It is called the zero vector, and it is usually denoted
by 0.

e The element Z in condition 4 in Definition 1.1.1is unique (Ex-
ercise), and it is usually denoted by —zx.

e Condition 8 in Definition 1.1.1 enables us to have the following
cancellation rule:

a,feK, 0#FreX, ar=pfr= a=2,.

e By condition 2 in Definition 1.1.1, we can define sum of a finite

number of elements x1,...,x, in a vector space as follows as
r1+ ...+ Ty,

which may be understood as the element ¥, where y1,...,yn

are defined iteratively as y; = x1 and for k =2,... n,

Yk = Yk—1 T Tk-

Definition 1.1.2 Let X be a linear space.

1. A subset Xy of X is said to be a subspace of X if X itself
is a linear space with respect to the operations of addition and
scalar multiplication for X.

2. A subspace Xy of X which is a proper subset of X is called a
proper subspace of X.

We observe the following:
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e A subset X of a linear space X is a subspace if and only if for
every z,y € Xp and a € K,

r+y € Xy and ax € Xp.

e If X7 and X, are subspaces of a vector space X, then X; N Xy
is a subspace of X, whereas X; U X9 need not be a subspace.

In the following we list some of the standard examples of linear
spaces that one studies in linear algebra:

Example 1.1.1 1. The space K" of all n-tuples of numbers in
K, that is,

K" ={(ai,...,an) 0, €K,i=1,...,n}
with coordinatewise addition and scalar multiplication: If
r=(a1,...,an), y=(L1,...,0n), ack
then z + y and ax are defined by
x4y:=(a1+P1,...,an+ ), ax:=(aaq,...,aq).

2. The space P, of all polynomials of degree atmost n with coef-
ficients from K, that is,

p(t) € Py <= p(t) =ap+art + ...+ apt"

for some ag, a1, ..., a, in K. Here addition and scalar multipli-
cation are defined as follows: Let

p(t) =ao+art+...+ant", q(t) =by+bit+ ...+ bpt"
and a € K. Then
p(t) + q(t) == (ap + bo) + (a1 + b))t + ... + (an + by)t",
ap(t) := aag + aart + ... + aapt™.

3. The space P of all polynomials with coefficients from K, that

18,
P=JPu
n=1

Here addition and scalar multiplication are defined as follows:
Let p(t) and ¢(t) be in P and a € K. Then there exists n € N
such that both p(t) and ¢(t) belong to P,. Then p(t) + q(t)
and ap(t) are defined as in P,.
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Let ©2 be any non-empty set. Then F(£2) is the space of all K-
valued functions defined on €2 with addition and scalar multi-
plication defined pointwise, that is, for f,g € F(2) and a € K,

(f+9)@) =fH)+9(t), teQ,

(@f)(t) = af(t), tef
We see that the set B(12) of all K-valued bounded functions on
) is a subspace of F(2).

Let Q be a metric space or, more generally, a topological space.
Then C(2), the space of all K-valued continuous functions de-
fined on €, is a subspace of F(£2). The subspace C(2) N B(Q)
will be denoted by Cy(€2).

For an interval J, let P,(J) be the set of all elements in P,
considered as K-valued functions defined on J, and

PI) = [ Pul).
n=1

Thus, p € P,(J) if and only if there exists ag,a,...,a, in K
such that

p(t) =ag+art+...+apt"™ VteJ,

and p € P(J) if and only if there exists n € N such that
p € Pp(J). Thus, for an interval J,

e P,(J) is a subspace of P(J) and

e P(J) is a subspace of C(J).
If f is a complex valued function defined on [a, b], then we say
that f is Riemann integrable if its real and imaginary parts,

namely, Re(f) and Im(f), respectively, are Riemann integrable,
and in that case we define

b b b
/ F(t) di = / Re(f)(t)dt + i / T (f)(£)d.

Here, ¢ denotes the complex number whose square is —1. Let
Rla, b] be the set of all K- valued Riemann integrable functions
on [a,b]. Then R]a,b] is a subspace of F([a,b]).
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8. As a special case of F(Q2), taking 2 = N, we obtain the space
of all scalar sequences. We may recall from real analysis that
a sequence of scalars is often written as (a,) or (ai,ag,...)
whenever «,, = z(n), n € N for some z € F(N). Thus, we
identify the space

X ={(aq,09,...):a; € K for i € N}

of all infinite-tuples with the space F(N). In the sequel we
shall consider many subspaces of the above sequence space by
imposing conditions on its elements. Some of the standard
subspaces of F(N) are the following:

(a) The space of all bounded sequences, denoted by £°°.
(b) The space of all convergent sequences, denoted by c.

(c) The space all convergent sequences with limit 0, denoted
by c¢g.

(d) The space of all sequences having only a finite number of
non-zero entries, denoted by cqg.

We observe:

® (o is a proper subspace of ¢y,
e (g is a proper subspace of c,

e cis a proper subspace of £°°.

Also, note that, with respect to the usual metric on N,
C(N) = F(N), Cy(N)=¢> = B(N).
O

Notation 1.1.1 The space K" is also realized as F(€2) with 2 =
{1,...,n}. When K" is in this avatar, the coordinates of an element
x in K" are written as z(1),...,z(n). Thus, z = (z(1),...,z(n)).
Also, the n'® coordinates of an element x € F(N) is written as z(n)
so that we may also write z as (z(1),x(2),...). O
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1.1.2 Linear independence, basis and dimension

Definition 1.1.3 Let E be a subset of a linear space X.

1. F issaid to be linearly dependent if there exist uy, ..., u, in
FE and ay, ..., qa, in K, with atleast one of them nonzero, such
that

oqul + - -+ apuy, = 0.

2. F is said to be linearly independent if it is not linearly
dependent.

3. Anelement ¢ € X is a finite linear combination of members
of F if there exist u1,...,u, in F and ag, ..., a, in K such that

r=ai1u] + - -+ apun

and in that case z is also called a linear combination of
ULy oy Up.

4. Span of E, written span (E), is the set of all finite linear com-
binations of members of F.

5. FEisabasis of X if it is linearly independent and span (E) = X.
¢

Let X be a linear space. We observe:

e A subset E of X is linearly independent if and only if either
FE = @ or for any finite number of vectors uq,...,u, in F,

alul+...+anun:0 — 041:0,...,0671:0.

e For any subset E of X, span (E) is a subspace of X.
e If F is linearly independent in X, then F is a basis for span (E).
It can be shown that (see Nair [5])

e If X has a basis consisting of n elements, then any subset of X
containing more than n elements is linearly dependent.

Consequently:

e If X has a finite basis, then any two bases of X have the same
number of elements.
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Definition 1.1.4 Let X be a vector space.

1. X is said to be a finite dimensional vector space if there is
a finite basis for X, and in that case the number of elements in
a basis is called the dimension of X, and we write this number
as dim (X).

2. X is said to be an infinite dimensional vector space if it is
not a finite dimensional vector space, and in that case we say
that the dimension of X is infinity and we write this fact as
dim (X) = oc.

O
Using Zorn’s lemma, it can be shown that (see Nair [5])
e Every vector space has a basis.
Observe:

e If a vector space contains an infinite linearly independent set,
then it is infinite dimensional.

Suppose E = {u1,...,u,} is a basis of a (finite dimensional)
vector space X. If ¢ is a bijective function from {1,...,n} to itself
which is not the identity function and if a4, ..., a, are in K, then we
know that the linear combinations

aiul + ... apu,  and Q1UL(1) F - Anlp(n)

are different. Thus, the order in which the basis elements appear in
a linear combination matters.

Definition 1.1.5 Let X be a vector space with a countable basis F.
The set F with its elements arranged in a particular order is called

an ordered basis. O
Thus, if X is finite dimensional and if F = {uy,...,u,} is a basis
of X, then for each bijective function ¢ from {1,...,n} to itself, we

obtain an ordered basis

Ep = {upys - -5 Upm) }-

Similarly if X is infinite dimensional with a countably infinite basis
E = {uy,us, ...}, then for each bijective function ¢ from N to itself,
we obtain an ordered basis

By = {upn), up), - - -}-
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Notation 1.1.2 In the sequel we shall use the following Dirac func-
tion: If S is a nonempty set, then for every s € S, the function
es : S — R is defined by

1 if t=s,
es(t) = 0u ::{ 0 if t#s.

O

Using the above notation, if S = {1,...,n}, then foreach i € 5, ¢;
can be identified with the element (d;1,...,d;) in K", and if S =N,
then e; can be identified with the sequence (d;1, d;2, - - ).

Example 1.1.2 1. Let e;j(j) = d;; for 4,5 = 1,...,n and let
E = {ey,...,en}. It can be verified that F is a basis of K".
This basis is called the standard basis of K™.

2. Let e;(j) = d0i; for 4,5 € N and let E = {ey,e2,...}. It can be
verified that

(a) FE is a basis of ¢,

(b) FE is linearly independent in ¢p, but not a basis of ¢y. For
instance, a sequence in c¢g with infinite number of nonzero
components cannot be written as a finite linear combina-
tion of members of E.

3. {1,t,...,t"} is a basis of P,.
4. {1,t,#2,...} is a basis of P.

5. If uy(t) = eM for t € [a,b] and A\ € R, then {uy : A € R} is
linear independent in C*[a,b] for any k& € N. Here, C*[a, ]
is the vector space of all k times continuously differentiable
functions on [a, b).

O

1.1.3 Linear transformation

We observe that if X is a finite dimensional linear space and {u1, ..., u,}
is an ordered basis of X, then the function

n
Zaiui = (. an)
=1
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transfers the linear structure of X to that of K" and vice versa. To
make this more precise let us recall, from linear algebra, the definition
of a linear operator.

Definition 1.1.6 Let X and Y be linear spaces. Then a function
T : X — Y is said to be a linear transformation or a linear
operator if

Tx+y) =T(x)+T(y), z,y € X,

T(ax) = aT(x) re X, aek.

A linear operator with its codomain as the field of scalars is called a
linear functional. O

Notation 1.1.3 Value of a linear operator T': X — Y at a point
x € X is also denoted by T'z. Linear functionals are usually denoted
by small letters such as f, g, etc. O

It is to be observed that the null space of T', namely,
N(T)={x e X : Tz =0},
and the range space of T', namely,
R(T)={y €Y :3x € X such that y =Tz},
are subspaces of X and Y, respectively.
For a linear operator 7' : X — Y, we observe:

e T is one-one or injective if and only if N(7') = {0}, and it is
onto or surjective if and only if R(T) =Y.

e If T is injective, then its inverse from its range, namely the
function T~ : R(T) — X, is also a linear operator.

Definition 1.1.7 Let X and Y be linear spaces.

1. The spaces X and Y are said to be isomorphic or linearly
isomorphic if there exists a bijective linear operator from X
toY.

2. A bijective linear operator between X and Y is called a linear
isomorphism between X and Y.
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O

Suppose T': X — Y be a linear operator between linear spaces
X and Y. Then we observe the following:

e If T is injective and uq,...,u, are linearly independent in X,
then Tuq,...,Tu, are linearly independent in Y.

e If uy,...,u, are in X such that Tuq,...,Tu, are linearly in-
dependent in Y, then wui,...,u, are linearly independent in

X.

e If dim (X) = dim (YY), then T is one-one if and only if T is
onto.

To brush up our memory, in the following we present a few ex-
amples of linear operators and linear functionals:

Example 1.1.3 1. Let X be a finite dimensional linear space
and let £ := {u1,...,un} be an ordered basis of X. For z =

> o1 aguj € X, let

Qn

Then the function z — [z]g defines a linear transformation
from X to K", which is bijective, so that it is a linear isomor-
phism between X and K".

2. Let A = (a;j) be an m x n matrix over K. Let 7' : K" — K™
be defined by

T(x) = Alz]g, z € K",

where FE is the standard basis of K™. Then T is a linear oper-
ator.
More generally we have the following:

3. Let X and Y be finite dimensional linear spaces, and {u1, ..., u,}
and {v1,...,v,} be ordered basis of X and Y, respectively.
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Let (a;;) be an m x n matrix over K. Corresponding to each
x =" aju; € X, let

T(z) = Z (Zn: aijaj)vi.

i=1  j=1

Then T : X — Y is a linear operator. Here are a few special
cases:

(a) If m = n and (a;;) is the identity matrix, then T is a
linear isomorphism satisfying T'(u;) = v;, ¢ = 1,...,n.
Thus, any two vector spaces of the same dimension are
linearly isomorphic.

(b) If m=1,Y =K and v; =1, then T is a linear functional
given by
T(x) =aioq1 + ...+ apon,

where a; := a;1.

O

Let X and Y be finite dimensional linear spaces, and T : X — Y
be a linear operator. Let E := {u1,...,u,} and F := {v1,..., v}
be ordered basis of X and Y, respectively. For each j € {1,...,n},
let a;;, i = 1,...,m be such that

m
TUj: E aijvi.
=1

Then for every x = >0 aju; € X,
m n
Txr = Z (Zaijaj)vi.
=1 j=1

The m x n matrix (a;;) is called the matriz representation of T' with
respect to the ordered bases F and F', and it is usually denoted by

[Te.F.
Using the notation introduced in Example 1.1.3, we see that

[T.I']F = [T]EJT[@']E Ve X.
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Example 1.1.4 Let X = CJa,b].
1. The function T : X — X defined by

(Tx)(s) = /s z(t)dt, =z € Cla,b], s € [a,b],

is a linear operator.

2. The function f: X — K defined by

b
f) = [ atat. weCla,
is a linear functional.
3. For each 7 € [a, b], the function f; : X — K defined by
fr(x) =z(1), =z € Cla,b],

is a linear functional.

O
Example 1.1.5 Let X = C'[a, b] be the space of all K-valued con-
tinuous functions which have continuous derivatives on [a, b], where
derivative at a and b are understood to be the left and the right
derivative, respectively.

1. The function T : X — C|a, b] defined by
T(z) =1, z € X,
is a linear operator.
2. For each 7 € [a, b], the function f. : X — K defined by
fr(x)=2'(r), =zeX,

is a linear functional.

1.2 Normed Linear Spaces

So far we have been discussing linear spaces and linear transforma-
tions. Now, we shall introduce an additional structure on a linear
space which makes it a metric space, so that results from metric
spaces can be used for analysis on linear spaces.
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1.2.1 Norm on a linear space

Definition 1.2.1 Let X be a linear space (over K). Then a norm
on X is a function which assigns each x € X a unique non-negative
real number, denoted by ||z||, such that the following conditions are
satisfied.

(i) Forze X, [jz|| =0 < z=0.
(i) For every z,y in X, [lz +yl| < [[z]| + [yl
(iii) For every x € X and o € K, ||ax| = |a| |||

A linear space together with a norm is called a normed linear
space. O

Condition (i) is called the positive definiteness and condition (ii)
is called the triangle inequality. The reason behind the nomencla-
ture triangle inequality will be clear once we give the example of the
FEuclidean norm on the linear space R?

o If X is a subspace of a normed linear space X with norm || - ||,
then || - || is a norm on Xy as well.

Theorem 1.2.1 Suppose X is a normed linear space. Then the
function d : X x X — R defined by

d(ZE’y):Hx_va x,yeX,
18 a metric on X.

Proof. Let x,y,z € X. From the definition of the norm, it follows
that
lz =yl =0,

[z -yl =0 <= z=y,
|z —yll=l(z —2) + (= =y < [z =yl + Iy — 2|
Thus, d satisfies all the conditions for it to be a metric. 1

The metric in the above theorem is called the metric induced
by the norm.

e A bounded metric on a nonzero linear space does not induce a
norm.
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Throughout this book, we shall make use of concepts from metric
space for a normed linear space, where the metric is understood to
be the induced metric.

Let X be a normed linear space. Using the induced metric on X,
we write a few definitions and results. More definitions and results
will be introduced or recalled in the due course.

Definitions:

1. A sequence (zp) in X converges to an element x € X if for
every € > 0, there exists a positive integer IV such that

|zn — || <€ Vn > N.

2. A sequence (z,,) in X is a Cauchy sequence if for every € > 0,
there exists a positive integer N such that

|lzn —zm|| <e Vn,m > N.

3. A subset S of X is bounded if and only there exists M > 0
such that [|z]| < M for all z € S.

4. A point zg € X is an interior point of a set S C X if there
exists 7 > 0 such that the open ball

B(zg,r):={z e X : |z — x| <r}
is contained in S.

5. The set of all interior points of a set S C X is called the interior
of S, and it is denoted by S° or int(S).

6. A subset S of X is an open set if every point in S is an interior
point of S.

7. A subset S of X is a closed set if it is compliment of an open
set.

8. A point xg € X is a limit point of a set S C X if for every
r > 0, the open ball B(zg,r) contains a point of S and also a
point of its compliment.

9. The closure of a set S C X is the set S together with all its
limit points, and it is denoted by S or cl (.9).
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10. If Y is also a normed linear spaceand D C X, then a function
F : D — Y is continuous at a point x¢ € D if for every € > 0,
there exists § > 0 such that

x €D, |lx—u) <d=||F(z)—F(y)| <e.

Results:

1. A sequence (z,,) in X is a bounded sequence if and only if the
set {x,, : n € N} is bounded.

2. Every convergent sequence is a Cauchy sequence.
3. Every Cauchy sequence in X is bounded.

4. Every Cauchy sequence having a convergent subsequence is also
convergent.

5. A set S is closed if and only if for every sequence (x;) in S, if
(z5,) converges to some z € X, then x € S.

6. A set S is open if and only if S° = S.
7. A set S is closed if and only if S = S.

8. A set S is totally bounded if and only if every sequence in S
has a Cauchy subsequence.

9. A set S is compact if and only if every sequence in S has a
subsequence which converges to an element (point) in S.

Definition 1.2.2 A normed linear spaceis called a Banach space
if it is complete, that is every Cauchy sequence in it converges with
respect to the induced metric. O

1.2.2 Examples of norms

Assertions in the following examples for which proof is not given are
to verified by the reader.

Example 1.2.1 For x € K", define
n
Izl ==Y le@)],  [#llo = max{lz(i)] : i =1,...,n},
i=1

Then || - ||; and || - ||oo are norms on K". O
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Example 1.2.2 For z € Cla,b], let
b
[zl 12/ lz@®)|dt,  |zlloo = sup |z(t)].
a a<t<b

Then || - ||; and || - [|s are norms on Cla, b]. O

For the next two examples we shall make use of the Schwarz
inequality on K™ and on Cfa, b] as given in the following theorem.

Theorem 1.2.2 (Schwarz inequality)
(i) For z,y € K",

Z\x |<(le ) (S It

=1

1/2

(ii) For z andy in Cla,b],

12 1/2
/\x dt</\x //|y /.

Proof. (i) For x € K", let

falle = (3 l=F)
=1

Clearly, the inequality holds if either x = 0 or y = 0. Hence, assume
that both x and y are nonzero vectors, so that ||z||2 and ||y||2 are
nonzero. Then, using the relation

a® + b?

ab <
2

for every a,b € R, we obtain

[z(@)] ly(@)] _ 1 (va(i)l2 L It )|2)

lzllz llyllz = 2\ [zl llyli3

for each i = 1,...,n, so that taking sum, we have

1" z(i)|? 2
Z! Z(I()ler()I) L

Hsz Hyllz S\ lzlE vl
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Thus, the inequality in (i) is proved.
(ii) For x € Cla, b], let

b 1/2
Jolla = ([ le() ",
As in (i), we have

W@ﬂ@@lgioﬂﬂﬁ+w&w>7

lzll2 [yl =13 llyll3

for each t € [a, b], so that taking integral, we have

b ra@] @ 1 0P | wOPY
/a <qu2 Hy||2>‘”§2/a <||xr|% T >dt‘1'

From this, we obtain the inequality in (ii). §

Example 1.2.3 For z € K", let

ol = (30 w?) "

We show that || - ||2 is a norm on K". For this, first we observe that
|z||]2 > 0 for all z € K". Further the conditions (i) and (iii) in the
Definition 1.2.1 can be easily verified. Hence, we need to verify only
the condition (ii). Note that

D1z +y@F <Y (2@ +ly(@) + 202(0)] ly(@))-
i=1

i=1

By the Schwarz inequality (i) in Theorem 1.2.2,

D L@ y@)] < llzl2 llyl-
i=1

Hence, we obtain,

lz + 113 < llzl13 + 1l + 2ll2ll2 [lyll2 = (lz]]2 + llyll2)*

and consequently,
1z +yll2 < llzll2 + llyll2-

Thus, we have shown that | - ||2 is also a norm on K". O
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The norm || - [|2 on K" defined in the above example is called the
Euclidean norm on K".

Example 1.2.4 For = € Cla, b, let

1/2
lallz = /|:c e

Note that, for x € Cla,b], ||z|l2 > 0 and |z|]]2 = 0 if and only if
x = 0. As in Example 1.2.3, replacing summation by integrals, we
see that x — ||z|2 is also a norm on Cla, b]. O

One may wonder whether

. /
Izl = (X le@r) ", wexn,
=1

defines a norm on K™. It does if and only if 1 < p < co. To prove
this we first establish an inequality called the Hélder’s inequality, for
which we shall make use of the following lemma.

Lemma 1.2.3 Let p and g be positive real numbers satisfying

11
S4-=1
P q

Then, for every positive real numbers a and b,

a? b
ab< —+ —
p q
Proof. Recall from real analysis that a real valued function ¢
defined on an interval J is convex if for every «,8 € J and for

A€ [0,1] with A+ p =1,

p(Aa+ pp) < Ap(a) + pe(B).

We know that the function p(t) := €', t > 0, is a convex ([3], Propo-
sition 4.3.1). Thus, for every «, 5 € J and for \,u € [0,1] with
A+ upu=1,

AT < Ne® 4 pieP;

equivalently,
A ¥ehB < Ne® ,ueﬁ;

Taking A = 1/p, u = 1/q and « and S such that a = e/P b = ebla,
we obtain the required inequality. |
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It is obvious that if p and ¢ are positive real numbers satisfying

1 1
—4+-—-=1,thenl <p<ooand 1< q< oo.
P q

Theorem 1.2.4 (Holder’s inequality). Let p and q be positive
real numbers satisfying

.
p q
For xz,y € K",
S Ja(i)y(i)] < (Z ,x(i)‘p) 1/p<Z \y(i)]q>1/q.
= =1 i=1

Proof. For z € K", let

follp = (-l
=1

Note that
|z, =0 < 2 =0.

Thus, for z,y € K", if atleast one of x and y is 0, then the inequality
holds trivially. So, we assume that both z and y are nonzero vectors.
For each i € {1,...,n}, taking

=), Iyt

(el 1yllg

in Lemma 1.2.3, we have

2@y (@) _ =@ |y
lzlpllylle ~ pllzlz — allyllg

Taking sum, we obtain

Ll
e
Z Hx‘lelqu Z pl!pr Z qHqu P

From this, the required inequality follows. 1

Theorem 1.2.5 For 1 <p < o0, let

- /
Izl = (S lal) ",z ek
=1

Then x — ||z||, is a norm on K.
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Proof. The case of p =1 has already been considered in Example
1.2.1. So, assume that p > 1 and let =,y € K. Note that

n
le+ylly = Z () +

= Zlfﬂ (@) (@) +y ()P~

le‘ ) (@) +y(i |”1+Z|y ) | (@) +y ()P~

Applying Holder’s inequality (Theorem 1.2.4), we have

i‘di)llﬂf(i)w(i)lp‘l < |a:Hp(Z\fc ®- 1)q>1/q
=1

= zllplle + yll/e.

IA

Similarly,

Z [y z(6) + y@) P < llyllplle + ylI5/e.

Hence,
Iz + b < (l2llp + lyllp) 1=+ yl12/7.

From this, we obtain
Iz +yllp < llzllp + llyll, — Va,y K"
All other conditions for || - ||, to be a norm can be easily verified. |1

Note that the norm x +— ||z||2 on K" is the Euclidean norm.

Remark 1.2.1 It is to be observed that for n > 1, if 0 < p < 1,

then
i . 1/p n
lell, = (X lzG)P) ) @ ek,
=1

does not define a norm. To see this, it is enough to observe that

ler + e2ll, = 27 > 2 = Jleallp + lle2ll,.
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Example 1.2.5 Let © be a nonempty set. Recall that B(£2), the
set of all K-valued bounded functions on {2, is a vector space with
respect to the addition and scalar multiplication defined pointwise.
It can be easily seen that

2 [|2]|oo = sup |2(2))]
teQ

is a norm on B(2). In particular, taking 2 = N, then norm on B(N)
is given by

[#lloc =sup|z(n)|, x € B(N).
neN

Since the space Cfa,b] and the space R[a,b] are subspaces of
B([a,b]), || - oo is @ norm on these spaces as well. O

Notation 1.2.1 The space B(f) is also denoted by ¢>°(2). The
space ¢*°(N) is usually denoted simply by £>°. O

Next we consider p-norms on C|[a, b]. For that purpose, we require
the Hoélder’s inequality on Cla, b].

Theorem 1.2.6 (Ho6lder’s inequality). Let p and q be positive
real numbers satisfying

1 1
-+ -=1.
p q

Then, for x,y € Cla,b],

[ woia< ([ eor)” ([ wor)

Proof. For z € Cla,b), let

et = ([ o)

Let x,y € C[a,b]. We have to prove that

b
/rmmmn&gnm&mu

This follows as in Theorem 1.2.4 by replacing sums by integrals. |1
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Remark 1.2.2 With the convention 1/00 = 0, we say that numbers
p,q in [1,00] are conjugate exponents if they satisfy

1 1
T
p q

and in that case we may say p is a conjugate exponent to ¢, and
vice versa. Now, for any z,y € K", we have

Z!x (@] < llllx [ylloo,
and for any x,y € Cla, ],

/kr D), dt < 1 ]l

Thus, for all p, ¢ € [1, oo] which are conjugates to each other, we have
the Holder’s inequalities

Z 2@y (@) < llzllp lylly  Va,y e K",
[ eua < ety lolly vy e Clas
O
Example 1.2.6 For 1 < p < oo, let
P = {m € F(N): Z |z(7)|P converges }
i=1
For p € [1, 0], define
— o p) P ,
2l (Z]w(z)\p) if zefP 1<p<oo,
Tllp = i=1
sup{|z(i)| : : € N} it xel® p=oc.
We have already seen that || - || is a norm on £*°. It can be easily

seen that ¢! is a linear space and || - ||; is a norm on /'
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Next, we show that ¢” is a linear space and || - ||, is a norm on ¢?
for 1 < p < co. For this, let x,y € fP. Then, for any n € N, we know
by Theorem 1.2.5 that

(Zn: (i) + )" < (Zn: i)+ (Zn: )"
=1 1 P

2y + [lylp

IN

so that

D l2(@) +y@F < (lellp + llyllp)-
=1

Hence, taking the limit, we obtain

D 1z +y@OF < (lally + [yl
i=1

Thus, for every x,y € P and o € K,
r+yel and axel?

so that (P is a linear space and = — ||z||, satisfies the triangle in-
equality. All other conditions for || - ||, to be a norm can be easily
verified. O

Remark 1.2.3 We observe the following:
1. For1l<p<r<oo,Pis a proper subspace of £".

2. As in the case of K" for n > 2 (cf. Theorem 1.2.5), we see that

for0<p<1,
> /
Izl = (3 leo) "
=1

does not define a norm on {x € F(N) : Y, |z(4)[P < co}.

Example 1.2.7 Recall the following subspaces of F(N):

coo = {x € F(N):3Ik e Nsuch that z(n) =0Vn >k},
co = {zeF(N):z(n)—0as n— oo},
¢ = {ze€F(N):(z(n)) converges }.
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We have the strict inclusions
coo ClP CcpCeC ™

for 1 < p < oo. Further, for 1 < p < oo, || - ||, is @ norm on ¢gg, and
|| - [[oo i @ norm on ¢y and ec. 0

The following lemma helps us to have norms on an arbitrary linear
space using some other normed linear spaces.

Lemma 1.2.7 Let X be a linear space, Y be a normed linear space
with norm || - ||y, and T : X — Y be an injective linear operator.
Then

lzlx = [T(@)ly, =€X,

defines a norm on X.

Proof. Clearly, ||z||x > 0 and since T is injective ||z|x = 0 if and
only if z = 0. Also by the linearity of T, for every z,y € X,

lz+yllx = IT@+y)ly = IT) +TH)ly
< T@)ly + 1Ty = llzllx +llyllx,

and for x € X, a € K,
ozl x = [T (ex)lly = [[aT (x)|ly = [ [T(2)lly = laf 2] x-
Thus, z — ||z||x is a norm on X. 1

As a particular case of Lemma 1.2.7, we have the following example.

Example 1.2.8 Let X be a finite dimensional linear space and
E ={uy,...,u,} be an ordered basis of X. Let || - || be norm on K",
eg, ||-Il=1|pfor 1 <p<oo. Let T: X — K" be defined by

T(z) = (a1,...,ap), reX,

where (a1, ...,a,) € K" is such that « = )" | a;u;. Then T is an
injective linear operator. Hence, by Lemma 1.2.7,

ez = Txl,  zeX,

defines a norm on X. O

Next subsection gives a special class of normed linear spaces
whose norms are induced by a new structure on the linear spaces,
the so called inner products.
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1.2.3 Inner product spaces

Definition 1.2.3 An inner product on a linear space X is a map
which associates each pair (x,y) of vectors from X, a unique scalar
denoted by (x,y) such that the following conditions are satisfied:

(i) Forevery xz € X, (x,z) >0and (r,z) =0 <= z=0.

(ii) (z,y) = (y, ) for every z,y € X,
(iii) (z+y,2) = (,2) + (y, 2) for every z,y,z € X,
(iv) (az,y) = afx,y) for every z,y € X and o € K.

A linear space X together with an inner product is called an
inner product space. O

We show that if X is an inner product space, then the inner
product will induce a norm on X. For showing this, we require the
analogue of Schwarz inequality proved for the spaces K" and C|a, b].

Theorem 1.2.8 (Cauchy-Schwarz inequality) Let X be an inner
product space. If x,y € X, then

(2, 9)|* < (z,2)(y,y)  Va,yeX.

Proof. Let z,y € X. Clearly, the inequality holds if one of  and
y is 0. Hence, assume that both x and y are non-zero. Thus, by

taking
u=—2 v=—12
(z,7) (y,9)

we have (u,u) =1 = (v,v). Hence,

)

0

IA

{(u— (u,v)v, u— (u,v)v)
< <u7 u> - (u’ 2}> <u7 U> - <u7 U> <u7 U> + <u) U> <u7 U> ‘ <Ua ’U>|
— 1|

Thus, |(u,v)|? < 1. But,

(z,y)

AN N

Thus, we have proved the required inequality. |
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Theorem 1.2.9 Let X be an inner product space and for x € X, let

lz|| :== /{zx, ), Voe X.

Then || - || is a norm on X.

Proof. Conditions for || - || to be a norm, except the triangle in-
equality, can be verified easily. To show the triangle inequality, let
x,y € X. Then,

lz +ylI* = (@ +y,z +y) = ||z]* + [ly]|* + 2Re(z, ).
Now, by Schwarz inequality,
Re(z, y)| < [{z, )| < |l [ly]-
Hence,
lz+ylI* < ll2[” + ly 1> + 2l ] 1yl = =]l + [y])>.

Thus,we obtain, ||z +y| < |z| + |y|. |

Definition 1.2.4 An inner product space which is a complete with
respect to the norm induced by the inner product is called a Hilbert
space. %

Example 1.2.9 As examples of inner product spaces, we have the
following:

3

(i) X =K" with (z,y) = > _ 2(0)y(i).

=1

(i) X =0 with (z,y) = > =(i)y().
=1

b
(i) X = Cla, ] with (z,y) — / 21y () dt.

Note that, in the above three examples, the norm induced by the
inner product is || - ||2. We shall see that with respect to the given
inner products, K" and ¢2 are Hilbert spaces, whereas Cl[a, b] is not
a Hilbert space. O
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1.3 Banach Spaces

Recall that a normed linear space is said to be a Banach space if
the metric induced by the norm is complete. Banach spaces play
important and useful roles in analysis and its applications. In this
section we shall consider some standard examples of Banach spaces
and discuss some properties of Banach spaces.

1.3.1 Examples and properties

First and foremost we recall that K is a Banach space with respect
to the usual norm, namely, the absolute value.

Example 1.3.1 We show that for k¥ € N, K¥ with ||- |, is a Banach
space for any p with 1 < p < oco. Although the reader might be
knowing that

Jalloo = max{le(i)] : i = 1,...,k}

defines a complete norm on K¥, we provide its proof for the sake of
completion of presentation. For this, let (x,) be a Cauchy sequence
with respect to || - ||co, i.€., for every & > 0, there exists N € N such
that

|Trn — Tmlleo <€ Vn,m > N.

Hence, for each i € {1,...,k}, (z,(4)) is a Cauchy sequence in K.
Since K is complete, there exists o; € K such that z,(i) — «; as

n — oo. Hence, with z = (a1,...,ax),
|z — || = max{|zn(i) —a4| : i=1,...,k} -0 as n — oo.
Thus, K* is a Banach space with respect to the norm || - [|oc.

Next we observe that for any p with 1 < p < oo and z € K,

Izlloo < llly < k77| ]loo-

hence, for every sequence (z,,) in K,

e (z,) is a Cauchy sequence with respect to || - ||, if and only if
() is a Cauchy sequence with respect to || - ||,
e (z,) converges to € K¥ with respect to | - ||, if and only if
(xy,) converges to x with respect to || - [|oc-
Hence, K* is a Banach space with respect to || - ||, for any p with

1<p< oo O
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Before proceeding to discuss further, let us give some examples
of normed linear spaces which are not Banach spaces.

Example 1.3.2 Let X, := ¢op with || - ||,. For 1 < p < o0, let

1 .
=, 1<j<n
T N — ]27 —_ — I
n() { 0, j7>n.
Note that x,, € X, for all n € N. It can be seen that () is a Cauchy
sequence in X}, which does not converge to any element in X,,. Thus,
X, is not a Banach space.
In fact, cqg is a dense proper subspace of /P for 1 < p < oo, and it

is a dense subspace of ¢y with respect to |- ||oo. Indeed, for x € F(N),
considering the sequence (z,,) defined by

2 (j) = { z(j), 7 <mn,

0, j>n,

we see that x, € ¢y for all n € N, and ||z — x|, — 0 if x € ¢ for
1 <p<oo,and if x € ¢y for p = 0. O

Example 1.3.3 Let X = Cla,b] be with || - ||;. Let ¢ € (a,b) and
kENbesuchthatc—i—%<bfora11n2k. For n >k, let

1, a<t<c
n(t) =3 1—n(t—c), c<t<c+2,
0, c+i<t<o

It can be seen that x,, € X for all n > k, (zx4,) is a Cauchy sequence
in X which does not converge to any element in X. Thus, X is not
a Banach space. O

In Example 1.3.1, for proving that K* is a Banach space with
respect to | - ||, for 1 < p < oo, what we used is the fact that K is
a Banach space with respect to || - || and the inequality

200 < [lz]lp < EYP|2)l0e V€ KE.

Definition 1.3.1 Let X be a linear space with norms || || and || - [|«.

1. The norms || - || and | - ||« are said to be equivalent if there
exist ¢; > 0 and ¢y > 0 such that

eillell < ol < eslle]l V€ X.
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2. The norm || - || is said to be weaker than || - ||« if there exists
¢ > 0 such that

[zl < ellzll« Ve X,

and in that case || - ||« is said to be stronger than || - |.
O
Theorem 1.3.1 Suppose || - || and || - ||« are equivalent norms on a
linear space X. Then X is a Banach space with respect to ||-|| if and
only if X is a Banach space with respect to || - ||«.

Proof. Exercise. 1
In fact, we have the following more general result.

Theorem 1.3.2 Let X and Y be a normed linear spaces with norms
|- lx and || ||y, respectively and let T : X — 'Y be a bijective linear
operator such that there exist positive constants ci,co satisfying

allz|x <|Tzly <ecfzllx  VoeX. ()
Let S C X. Then the following hold:
(i) X is complete if and only if Y is complete.
(ii) S is compact in X if and only if T(S) is compact in'Y .
(iii) S is closed in X if and only if T(S) is closed in Y.
(iv) S is bounded in X if and only if T'(S) is bounded in Y.

Proof. Recall that a subset €2y of a metric space {2 is compact if
and only every sequence in €2 has a subsequence which converges to
an element in .

Now, let (x,) and (y,) be sequences in X and Y, respectively,
such that y, = Tx,, and z € X and y € Y such that y = Tx. Then
from the relation (), we observe that

1. (zy) is a Cauchy sequence in X if and only if (y,) is a Cauchy
sequence in Y,

2. (xy,) converges to x € X if and only if (y,,) converges toy € Y,
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3. (z) has a convergent subsequence if and only if (y,) has a
convergent subsequence.

From these, (i), (ii) and (iii) follow, and (iv) is obvious. 1

We have already noted that, for p,r € [1, 0c], the norms ||- |, and
| - || on K* are equivalent. We shall show that any two norms on
a finite dimensional vector space are equivalent. However, this need
not be true for infinite dimensional case as the following example
shows.

Example 1.3.4 Consider the norms || -||; and || ||cc on Cla, ], that
is, for z € Cla, b],

1
[l 22/ [x(®)ldt, |zl = sup |a(t)].
0 0<t<1

We see immediately that
[zl < (b—a)lzllc Ve Cla,b].
However, there is no ¢ > 0 such that
lz|loo < c||z||1 V€ Cla,bl.

To see this we consider the sequence (x,) in Cfa,b] such that for
n>2/(b—a),

Then we have

[#Znlle =n and |lznli=1  Vn>2/(b-1).

Theorem 1.3.3 The following hold.
(i) Any two norms on a finite dimensional space are equivalent.
(ii) Ewery finite dimensional normed linear space is a Banach space.

(iii) Ewvery finite dimensional subspace of a normed linear space is
closed.
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Proof. Let X be a normed linear space of dimension n with || - ||
and F := {uy,...,u,} be an ordered basis of X. Let T : X — K"
be defined by

n
Tx = (a1,...,0n), m:ZaiuiEX.
i=1

Let
|zl & == | T2 0o, r e X.

Then we know that || - |z is a norm on X and since K" is complete
with respect to the metric induced by || ||oo, X is a Banach space with
respect to || - || as well (cf. Lemma 1.2.7 and Theorem 1.3.2). Also
we know from real analysis that every complete subset of a metric
space is closed. Hence, by Theorem 1.3.2, it is enough to show that
| - || and || - || g are equivalent.

Note that

n n
lzll <D laa(@) usll < Nlzlle D sl (%)
i=1 =1

Thus, || - || is weaker than || - ||g.
Now, let S = {z € X : ||z||g = 1}. Then we see that

T(S) ={y € K" : [[ylloc = 1}

Since T'(S) is a compact subset of K" (with respect tot the norm
| - |loo), by Theorem 1.3.2, S = {z € X : ||z||g = 1} is compact in
X. Also, note that, by (x), the function x — ||z|| is continuous on X
with respect to || - |g. Hence, there exists xy € S such that

[zoll = inf{[lz] - [lz][& = 1}.

Now, let x € X be a non-zero vector in X. Consider the vector
u=z/||z||g. Then ||u||g =1 and hence ||zo|| < ||u||, that is,

[zl llzoll < Izl Vo e X.

This, together with (x), shows that || - || and || - ||z are equivalent. |

Remark 1.3.1 The proof of equivalence of norms in the proof of
Theorem 1.3.4 is adapted from [1]. O
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Theorem 1.3.4 (Heine-Borel theorem) Every closed and bounded
subset of a finite dimensional normed linear spaceis compact.

Proof. Suppose X is finite dimensional, say dim (X) = m. Let
E :={uy,...,un} be an ordered basis of X. Define T': X — K™ by

m
Ter=(a1,...,0m), x:Zajuj € X,

j=1
and let
lz|lg = |1T%||co, =€ X.
We know that || - ||g is a norm on X. By Theorem 1.3.3, this norm
is equivalent to the original norm || - || on X, that is, there exists

c1,cy > 0 such that

allzl] < || Tx|loo < e2l|z]] Ve X.

Now, let S be a closed and bounded subset of X. By Theorem 1.3.2,
T(S) is closed and bounded in K™, and hence T'(S) is compact in
K™. Again, by Theorem 1.3.2, S is compact in X. |

From Theorem 1.3.4 we deduce the following best approximation
property for finite dimensional subspaces.

Theorem 1.3.5 (A best approximation theorem) Let X be a
normed linear space and Xg be a finite dimensional subspace of X.
Then for every x € X, there exists xg € Xo such that

|l — || = dist (x, Xp).
Further, if Xo is a proper subspace, then there exists & € X such that
|Z]| =1 and dist(z,Xo) = 1.

Proof. Let x € X and d := dist (z, Xg). Then there exists a
sequence () in Xg such that

|l —xn|| = d as n — occ.

In particular, (z,,) is a bounded sequence in Xj. Since X is finite
dimensional, by Theorem 1.3.4, (z,) has a subsequence, say (Z,),
which converges to some element zg € Xy. Hence, we have

lo = &l = 2 — w0l as n— oo,



Banach Spaces 33

so that ||z — zo|| = dist (x, Xp).
Next suppose that Xo # X and = € X \ Xo. Then
~ T — o

Xri=
[l — o

satisfies ||Z|| = 1 and dist (Z, Xo) = 1. 1

By Theorem 1.3.4, in a finite dimensional normed linear space,
every closed and bounded subset is compact. In fact, it is a char-
acterization of the finite dimensionality of a normed linear space, as
Theorem 1.3.7 shows.

Theorem 1.3.6 Let X be a normed linear space. Then X 1is finite
dimensional if and only if the set S = {x € X : ||z|| = 1} is totally
bounded.

Proof. Suppose X is finite dimensional. Then, by Theorem 1.3.4,
S :={x € X : ||z|]| = 1} is compact. In particular S is totally
bounded.

To prove the converse, assume that X is infinite dimensional. We
have to show that S is not totally bounded. For this, let zo be a
nonzero element in X, and Xy := span{zg}. Since X is a finite
dimensional subspace of X, by Theorem 1.3.5, there exists 1 € X
such that

|zl =1 and dist(x1,Xo) = 1.

Now, let X := span {zg,z1}. Again, since X is a finite dimensional
subspace of X, Theorem 1.3.5 implies the existence of 2 € X such
that

|z2]l =1 and dist (ze, X;) = 1.

Now, by induction argument, we obtain a sequence (z,) in X such
that
||l =1 and dist(x,, X,—1) =1 Vn €N,

where X, := span {zg, z1,...,2,} for each n € N. Since =, € X,
for n > k, we have

|zn —zm| >1 Vn,meN; n#m.

In particular, the sequence (x,) in S := {z € X : ||z|]| = 1} cannot
have a Cauchy subsequence. Hence, S is not totally bounded. This
completes the proof. I
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Using Theorem 1.3.4 and Theorem 1.3.6, we derive the following
theorem.

Theorem 1.3.7 Let X be a normed linear space. Then the following
are equivalent.

(i) X is finite dimensional.
(i

)

) Every closed and bounded subset of X is compact.

(iii) The closed unit ball D := {x € X : ||z|| < 1} is compact.
)

(iv) For any 9 € X and r > 0, the open ball B(xg,r) is totally
bounded.

Proof. The implications (i) = (ii) = (iii) = (iv) follow from
Theorem 1.3.5 and using the facts that every closed subset of a com-
pact set is compact and every subset of a compact set is totally
bounded. Therefore, it is enough to show the implication (iv) =

(i). So, let us assume that B(zo,r) is totally bounded for some
xg € X and r > 0. Since

”
o + 5{:6 € X :||z]| = 1} C B(zo, 1),

it follows that {z € X : ||z|| = 1} is also totally bounded. Hence, by
Theorem 1.3.6, X is finite dimensional. 1

Now, we give some examples of infinite dimensional Banach spaces.

Example 1.3.5 Let Q be a nonempty set. We show that B(€2) is
a Banach space. For this, let (z,) be a Cauchy sequence in B(f2)
and let € > 0 be given. We have to show that there exists z € B(2)
such that ||z, — z||lcc — 0 as n — oco. Now, since (x,) is a Cauchy
sequence in B({2), there exists N € N such that

[Zn — Zmllo <€ Vn,m>N.
In particular, for each t € Q,
|2 (1) — 2 (O)] < ||2n — Tmlleo <€ Vn,m > N. (%)

Hence, for each t € Q, (z,(t)) is a Cauchy sequence in K. Since K is
complete, there exists a; € K such that

Tn(t) = oy as n — oo.
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Define z(t) := a4, t € 2. Then, by (x), we have
|z (t) — x(t)| = nlgn |zn(t) — 2 (t) <e VYn > N.
This is true for all ¢ € Q. Hence, it follows that
x € B(Q) and |z, —2|lec <e Vn>N.

Thus, (x,) converges to x € B(Q2). O

Example 1.3.6 Let Q be a metric space. We show that Cy(2), the

set of all K-valued bounded continuous functions defined on 2, is a
closed subspace of B(2) so that it is a Banach space with respect to
the norm || - ||eo. For this, let (z,,) be a sequence in Cp(€2) such that
|Xn —x||oo — O for some z € B(£2). We have to show that = € Cy(Q).
That is, to show that x is continuous at every 7 € . So, let 7 € )
and € > 0 be given. Let N € N be such that

|zn — zl|oo <€ Vn>N.
Hence, for t € Q2 and for n > N,

jz(t) — 2(7)] |2(t) = 2n(t)] + [2n(t) = 20 (7)] + [2n(T) — 2(7)]

<
<z = zalloo + [0 (t) = 2a(T)] + |20 — 2|00
< e+ |zp(t) — xn(T)| +e.

In particular,
[2(t) — (1)l < e+ |an(t) —an(T) + e

Since Xy € Cp(2), there exists an open set G C  containing 7 such
that

|a:N(t) — xN(T)‘ <e Vteqaq.

Thus, we have proved that for every £ > 0, there exists an open set
G containing 7 such that

|x(t) —x(1)] < 3¢ Vtedq.

Therefore, z € Cp(92). O
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Example 1.3.7 We have seen in Example 1.3.5 that for every
nonempty set 2, B() is a Banach space with respect to the norm
| - |loo- In particular, £ := ¢*°(N) is a Banach space. Now, we
show that /P is a Banach space for 1 < p < oo as well. For this,
let 1 < p < oo and let (z,) be a Cauchy sequence in F and let
€ > 0 be given. We have to show that there exists « € ¢P such that
|zn — x|, = 0 as n — oco. Since (z,) is a Cauchy sequence in 7,
there exists N € N such that

|zn —zmllp <e VYn,m>N.
In particular, for each k € N,
k
Z\aﬁn —2m(J)F < lon —znlh <P Vn,m>N. ()
Hence, for each j € N, (z,(j)) is a Cauchy sequence in K. Since K
is complete, there exists a; € K such that

zn(J) = o as n — oo.

Define z(j) := oy, j € Q. Then, by (x), for every k € N, we have

Z\wn NP = lim len —am(j)P <P Yn>N.

m— 00

This is true for every k € N. Hence,
Z|azn —z(j)P <P Vn>N.

Therefore, it follows that
zxell and |z,—z|p<e VYn>N.

Thus, (x,) converges to x € 7. O

Example 1.3.8 Following the arguments as in Example 1.3.6, it
can be shown that

(i) ¢, the space of all convergent scalar sequences, is a closed sub-
space of £°°.
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(ii) co, the space of all convergent scalar sequences having limit 0,
is a closed subspace of c.

Thus, both ¢ and ¢y with || - ||oc are Banach spaces. O

We have seen that cgy is not a Banach space with respect to
| - ||, for any p with 1 < p < oco. One may ask whether cyy is a
Banach space with respect to any other norm. The answer is, in
fact, negative, which we shall see in the next subsection. In fact, we
shall deduce this fact from a more general result. For its proof, we
shall we shall make use of the Baire category theorem (cf. [9]), which
the reader must have already seen in the real analysis.

Theorem 1.3.8 (Baire category theorem) A complete metric
space cannot be written as a countable union of closed subsets with
empty interiors.

We shall also make use of the following lemma.

Lemma 1.3.9 If a subspace of a normed linear space contains any
of its interior point, then it is the whole space.

Proof. Let X be a subspace of a normed linear space X and zq be
an interior point of X. Then there is r > 0 such that B(xg,r) C X.
Hence, for any non-zero x € X,

rr

T +
2|]|

€ B(xo,7) C Xo.

Hence, it follows that x € Xy, which implies that Xo = X. |

Theorem 1.3.10 A normed linear space with a denumerable basis
cannot be a Banach space.

Proof. Suppose X is a normed linear space having a denumerable
basis, say E = {u1,us,...}. For n € N, let

Xy i=span{uy, ..., up}.

Then each X, is a proper closed subspace of the space X, 11, and

oo
X = U X,
n=1

By Lemma 1.3.9, interior of each X, is non-empty. Hence, by Baire-
Category theorem (Theorem 1.3.8), X cannot be a Banach space. 1
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Following are some of the consequences of the above theorem:

. The space cgg is not a Banach space with respect to any norm.

The space P of all polynomials is not a Banach space with
respect to any norm.

Every infinite dimensional space has a subspace which is not a
Banach space with respect to any norm.

A Banach space is finite dimensional if and only if every sub-
space of it is closed.

As in the case of series of scalars, we can define a series of vectors.

Definition 1.3.2 Let (x,) be a sequence in a normed linear space X .

1.

A series associated with (z,) is an expression of the form
Yool xp, and for each n € N, the s, := Y ' | x; is called
the n'" partial sum of the series o T

The series Y 7, z, is said to be a convergent series in X

if the sequence (s,) of its partial sums converges, and in that
[e.9]

case we write E T, = lim s,.
n—oo
n=1
The series -, xp is said to be an absolutely convergent
. . o0
series if > ° | ||, | converges.

O

Recall that if a series of scalars is absolutely convergent, then it

converges. However, this need not be true for series of vectors, as
the following example shows.

Example 1.3.9 Let X = cgg with any of the norms [|-[|,, 1 < p < o0.

Let

€n

Tp=—, NEN
n

Clearly, > >, x, is absolutely convergent as » -, # converges.
But, Y7, z,, does not converge in X. To see this, let
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Suppose there exists € cgo such that [|s, — x|, = 0 as n — oo.
Then we would get ||s,(j) — z(j)] — 0 as n — oo for each j € N.
Observe that

sn(j) =1/j* ¥nzj.

Thus, we arrive at a contradiction that z(j) = 1/42 for all j € N. O

The situation in the above example does not occur if the space is
a Banach space. That is the essence of the following theorem.

Theorem 1.3.11 A normed linear space X is a Banach space if and
only if every absolutely convergent series in X is convergent in X.

Proof. Suppose X is a Banach space and (x,) is a sequence of
vectors in X such that ) .7, ||z;| converges. Let ¢ > 0 be given.

Then taking
n
Sp = in, n €N,
i=1

we have for n > m,

n n
lsn = smll =1 > @l < > il
1=m+1 i=m-+1

Since > 7, ||lz;|| converges, there exists N € N such that
n
Z||xl||<s Vn>m>N.
i=m

Thus, (sy) is a Cauchy sequence in X. By the completeness of X,
(sn) converges, that is, the series > -°; x; converges.

Conversely, suppose X is a normed linear space such that every
absolutely convergent series in X is convergent in X. We show that
X is Banach space. For this, let (y,) be a Cauchy sequence in X. For
this it is enough to show that there(y, ) has a convergent subsequence.
For each k € N, let n; € N be such that

1
Hyn_ymH < ok Vn,m > ny.

Without loss of generality, assume that n; < ng4q for all £ € N.
Then we have

1
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In particular, the series Y 72 ||Yn,., — Yn, || converges. By the hy-
pothesis, the series Y 7° | (yn, ., — Yn,) converges. That is, taking
Zm = et Unprr — Uny, ), m € N, the sequence (z,,) converges. But,

Ynm = Ynq + Zm—1 V,m Z 2.
Hence, (y,,,) converges. This completes the proof. 1

1.3.2 Semi-norms and quotient spaces

In the definition of a norm if the condition
|z =0 = z=0

is not demanded, then the resulting function is called a semi-norm.
More precisely, we have the following definition.

Definition 1.3.3 Let X be a linear space. A function p: X — R is
called a semi-norm if the following conditions are satisfied:

(i) p(z+y) <p(r)+ply) Yo,yelX,

(ii) plax) =lalp(z) Vze X, ack.

The following can be seen easily (Ezxercise):

e If p is a semi-norm on a linear space X, then p(z) > 0 for all
x € X and p(0) =0 .

e Every norm on a linear space is a semi-norm.

Theorem 1.3.12 Let X be a normed linear space and Xo be a sub-
space of X. Then

p(x) = dist (z, Xo) := inf{||z —u|| : v € Xo}
defines a seminorm on X.
Proof. For z,y € X, and for u,v € Xy, we have
lz+y = (u+0v)l <l —ul +lly— vl
Hence,

dist (z + y, Xo) < ||z — u| + ||y — v Vu,v e X.
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Now, taking infimum over all u,v € X, we obtain
dist (z + y, Xo) < dist (z, Xo) + dist (y, Xo).
We also have (verify!), for every z € X, a € K,
dist (ax, Xo) = inf{||az — au|| : v € Xo} = |a|dist (z, Xo).

This completes the proof. I

Although a seminorm need not be a norm, a seminorm does give
rise to a norm on a quotient space in a natural way as Theorem 1.3.13
below shows. First let us recall the definition of a quotient space.

Let X be a linear space and Xy be a subspace of X. Consider
the quotient space X /Xy, i.e.,

X/Xo:={x+ Xo: v € X},

where x + Xo := {z +u : u € Xy} is the coset corresponding to x.
Note that X/Xj is the set of all equivalence classes of vectors in X
under the equivalence relation:

T~y <= x—y € Xp.

Thus, for each = € X, then equivalence class [z] of x is the set z+ X,
ie.,
[l’] =+ XQ.

Defining addition and scalar multiplication as
[zl + =z +yl,  afz]:=[az]

for x,y € X and a € K, it can be easily verified that X/ Xy is a linear
space with its zero as [0] = Xo. In order that the above operations
to be meaningful, one has to verify that

wela], v e[yl = [u] + o] = [+,

Theorem 1.3.13 Let p: X — R be a seminorm on a linear space
X. Then
Xo:={z € X :p(x) =0}

is a subspace of X, and the function
[z] = p(x)

is a norm on X/Xj.
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Proof. The fact that Xy := {z € X : p(x) = 0} is a subspace of
X is obvious from the definition of a seminorm. Thus, it is enough to

show that, for x € X, p(z) = 0 implies [z] = [0]. Clearly, for z € X,
p(z) =0= z € Xo = [0] = [z] = [0].
This completes the proof. I

Theorem 1.3.14 Let X be a normed linear space and Xg be a closed
subspace of X. Then

[x] — dist (x, Xo)
is a norm on X/Xj.

Proof. Let p(z) = dist (z, Xo), = € X. Since Xy is a closed sub-
space of X, we have for z € X,

p(z) =0 <= z € Xy,

so that Xo = {x € X : p(z) = 0}. Now the result follows from
Theorem 1.3.12 and Theorem 1.3.13 . 1

Theorem 1.3.15 If X is a Banach space, then X/Xo is Banach
space.

Proof. Suppose X is a Banach space. Let (&,) be a Cauchy se-
quence in X/ Xy, and let &, = [x,] for n € N. We have to show that
(&) converges to an element in X/Xj. For each k € N, let n € N
be such that

dist (z, — 2, Xo) < Vn,m > jj;.

2k

Without loss of generality, assume that n; < ngyq for all £ € N.
Then we have

. 1
dist (zp,,, — Tn,, Xo) < o" VkeN.

Therefore, for each k € N, there exists ug € Xg such that

1
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Let v1 = 0 and vgy 1 = Zle u; for + € N. Then v, € X,
ur = vp+1 — Vg for every k € N, and

1
1@ gy = Vk41) = (n, — o)l < o VEEN.

Since > 77, 2% converges, it follows that the sequence (2, — vr)3,
is a Cauchy sequence in X. By the completeness of X, there exists
x € X such that

|lzn, —veg —z|| =0 as k— oc.
Hence

dist (z, —z,Xo) = dist(zn, —v; — 2z, Xo)
< an, —vg —z|| >0 as k— oo.

Thus, we have shown that the Cauchy sequence (§,) has a subse-
quence which converges to [z] € X/Xy, so that (§,) also converges
to [z]. 1

Using the concept of a seminorm, we prove the following.

Theorem 1.3.16 If X is a normed linear space, then there exists
a Banach space Y such that X 1is linearly isometric with a dense
subspace of Y.

Proof. Let X be a normed linear space with norm || - ||, and let X
be the set of all Cauchy sequences in X. We observe that

(@n), (yn) € X = (zn +yn) € X,
(xn) € X, a € K= (ax,) € X.
Now, for (zy,), (yn) € X and o € K, define
(Tn) + (Yn) = (Tn +Yn), a(zn) = (axn).

Then, it can seen that, with respect to these operations, X is a
linear space with its zero as (#,) with 6, = 0 for all n € N, and
—(zp) := (—x,). Next we observe that

(xn) € X = lim ||z,|| exists.
n—oo
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This follows from the fact that if (x,) is a Cauchy sequence, then
(llzn]]) is a Cauchy sequence in R. Now, define p : X — R by

p(Z) = lim ||z, T = (z,) € X.

n—o0

Then p(+) is a seminorm on X. This follows from the relations
lim (|2, + ynl| < lim [Jz,]| + Lm ||y, |,
n—0o0 n—oo n—oo
lim [azy|| = [af lLm |lz,]]
n—oo n—oo
for any (x,), (yn) € X and « € K. Hence, by Theorem 1.3.13,
I[z]ll == p(2),  [2] € X/ X,
defines a norm on the quotient linear space X'/ AXj, where
Xo:={z € X :p(x)=0}
Let T: X — X /X, be defined by
T(z) =[z], where Z:= (z,) with x, =2 Vn €N.

We show that X'/Xp is a Banach space with respect to the norm
|| - ||« defined above, and T is a linear isometry with its range dense
in X / XO.

It can be easily seen that 7' is a linear operator, and

1T(x) [l = p(&) = [l=[|.

Now, to show that range of T is dense in X'/Xp, let = (z,) € X
and let € > 0 be given. For each k£ € N; let

Ty = (a:k’n) with Thn = Tk Vn e N.

Then
p(Z —Tf) = lim |z, — 2p,|| = Hm ||z, — 2.
n—oo n—oo
Let N € N be such that ||z — z,|| < ¢ for all k,n > N. Hence,
I1z] = T(ze)ll« = [[2] = [Z]ll« = p(Z — ) <e  VE=N.

Thus, range of T is dense in X'/Ap.
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It remains to show that X' /Ay is a Banach space. For this, let
(Z,,) be a sequence in X such that ([Z,]) is a Cauchy sequence in
X /Xp. Since range of T is dense in X'/Xp, there exists (y,) in X

such that )
lZn] = Gallls <~ VneN,

where, for each n € N, ¢, = (yn) with y, 1 = yy, for all £ € N. Let

¥ = (yn). We show that [|[Z,] — [7]]|« — 0 as n — co. Note that

[(al = @l < ] = Gl + 5] = 300
1 _ _
< =[5l - Bl

where
19n] = [9]llx = M flyn = yel = Lim {ly, — yxll
—00 k—o0
But,
Hyn - yk” - n}gnoo Hyn,m - yk,mH
= |/[gn] — [Tx]ll«
< @n] = [Zallls + [Zn] = [Z]lls + 1[Z£] — [Fx]l]
= Ll - Bl + £
Thus,
1[n] = [F]ll+ = Hm [lyn — ykll < L4 lim [[Zn] — (2]l
Yn Yllle = k—oo Yn Ykl = n k—00 Tn ThJll
so that
] = 7 < = + a3l < > + lim (7] — 2]l
Ln y*_n Yn y*_n kglc;lo Ln TE|||*-
Given € > 0, let ng € N be such that
2 e - - €
- <5 and ||[xn]—[xk]|\*<§ Vn,k > ng.

Then we obtain

- _ 2 - -
Zn] = Gl = — 4 lim [[[Zn] — [Zk]lle <€ ¥Vn,k 2 no.
—00

Thus, ||[Z,] — [7]]l« = 0asn —oco. |
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Remark 1.3.2 It can be easily seen that if a normed linear spaceis
linearly isometric with a dense subspace of a Banach space Y and
also a dense subspace of another Banach space Z, then Y is linearly
isometric with Z (verify!). Hence, the completion of a normed linear
space as described in Theorem 1.3.16 can be thought of as unique
upto linear isometry.

Recall that

1. coo is dense in ¢y with respect to || - ||oo;
2. cqo is dense in /P with respect to for any p with 1 < p < o0;

Therefore, the Banach spaces ¢y and P with 1 < p < oo are linearly
isometric with the completions of cyy with respect to the norms || ||oo
and || - ||, respectively.

It can be shown that the completion of C|a,b] with respect to
| - ||, for 1 < p < oo is linearly isometric with the space LP[a, D]
(cf. Nair [5]). Here, by the space LP[a,b] we mean the space of all
Lebesgue measurable functions f : [a,b] — K such that

b
[ 1s@ram) < .
a
where m(-) denotes the Lebesque measure, and the norm on LP|a, b]
is given by

1/p

1= ([ roran®)”, 1 e v,

For a comprehensive treatment of Lebesgue measure and Lebesgue
integral one may refer Royden [8], and for properties of LP-spaces in
the abstract setting and in the setting of topological spaces, one may
refer Rudin [10]. It is to be remarked that the Hoélders inequality

b
[ 150gtdm(e) <1171l
and the Minkowsk: inequality

1+ gllp < 171l + llgllp

hold for measurable functions f and g. Here, for p = oo, L*][a, ]
is the space of all functions f :: [a,b] — K which are essentially
bounded, i.e., there exists M > 0 such that

|f(x)| <M ae. on [a,b],
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and the norm on L*]a,b] is the quantity

[ flloo :=inf{M > 0:|f| < M ae.}.

1.4 More About Inner Product Spaces

In this section, we study more about inner product spaces. First
let us consider a concept for inner product spaces which distinguish
them from general normed linear spaces.

1.4.1 Orthogonality and orthonormal basis

Definition 1.4.1 Let X be an inner product space.

1. Elements x and y in an inner product space are said to be
orthogonal to each other if (x,y) = 0, and in that case, we
may also write z L y.

2. For E C X, the set
Et:={zreX:(x,u)=0YueFE}

is called the orthogonal compliment of F.

e For a subset E of an inner product space X,

E*+ = [span (E)]*T = [clspan (E)]*.

The proof of the following theorem is omitted as the result can
be verified easily using the definition of the induced norm and the
orthogonality.

Theorem 1.4.1 Let X be an inner product space.

(i) (Parallelogram law) For every z,y in X,
lz + ylI* + o = ylI* = 2(l|* + Iyl

(ii) (Pythagoras theorem) If z,y in X are such that (x,y) =0,
then
2z +ylI* = [l + [lylI*
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Definition 1.4.2 Suppose X is an inner product space and £ C X.
Then

(i) F is said to be an orthogonal set if for every z,y € E,
r#y = (z,y) =0,

(ii) FE is said to be an orthonormal set set if it is an orthogonal
set and ||z|| = 1 for every z € E.

(iii) A sequence (uy) in X is called an orthonormal sequence in
X if the set {uy : n € N} is an orthonormal set.

O

e Every orthogonal set which does not contain the zero vector is
linearly independent.

e If F is a basis for a linear space X, then there exists an inner
product on X with respect to which F is an orthonormal set.

The proof of the following theorem is easy and hence left as an
exercise.

Theorem 1.4.2 Let X be a linear space and Y be an inner product
space with inner product (-,-)y. Suppose there is a bijective linear
operator T : X — Y. Then

(x,uyx := (Tx,Tu)y, z,u € X,
defines an inner product of X.

For the next theorem, we recall the following definitions from real
analysis:

1. A subset S of a metric space is said to be dense in Q if S = Q,
and

2. a metric space is said to be separable if it has a countable dense
subset.

Theorem 1.4.3 Every orthonormal set in a separable inner product
space is countable.
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Proof. Let X be a separable inner product space and D be a
countable dense subset of X. Let E be an orthonormal set in X.
Then for every u,v € E with u # v, we have ||u — v|| = v/2. Hence,
the family of all open balls B(u, v/2) with u € E is a pairwise disjoint
family. Since D is dense in X, each ball B(u,+/2) must contain at
least one point from D. Hence, E cannot be uncountable. |

What about the converse of the above theorem?

Way back in 1953, Dixmier [2] gave an example of a non-separable
inner product space for which every orthonormal set is countable.
However, the answer to the above raised question is affirmative if X
is a Hilbert space, which we shall prove in a later subsection.

A typical example of a separable (infinite dimensional) Hilbert
space is £2. We shall show that this space is, in fact, the only sepa-
rable (infinite dimensional) Hilbert space, up to linear isometry.

Definition 1.4.3 Suppose X is an inner product space. An or-
thonormal set £ C X is said to be an orthonormal basis if it is
a maximal orthonormal set, i.e., if E is an orthonormal set which
contains F/, then E=E. O

Observe:

e An orthonormal set is an orthonormal basis if and only if its
orthogonal compliment is the zero space.

e An orthonormal set which is also a basis is an orthonormal
basis.

e Every orthonormal basis of a finite dimensional inner product
space is a basis.

Example 1.4.1 Consider cog with the £2— inner product. We may
observe that £ = {ej,eq,...} is a basis of ¢y, and it is also an
orthonormal set. Hence, E is an orthonormal basis of ¢yg.

Also, for = € (2, (x,e,) = 0 for all n € N implies z = 0. Hence,
E is an orthonormal basis of ¢? as well. However, E is not a basis of
22 O

Question: Can an orthonormal basis of a Hilbert space be a basis?
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We know that if F is a denumerable orthonormal basis of a Hilbert
space X, then it cannot be a basis of X. What about if E is un-
countable? The answer is given in the following theorem.

Theorem 1.4.4 Let X be a Hilbert space and E be an orthonor-
mal basis of X. Then E is a basis of X if and only if X is finite
dimensional.

Proof. We have observed that if X is finite dimensional, then
every orthonormal basis of X is a basis.

Conversely, suppose F is a basis of X. Assume for a moment that
X is infinite dimensional and Ey = {uy,ug,...} is a denumerable
subset of E. We know that Ey # E. Let Xy = clspan (Ep). We
show that Ej is a basis of X, which is a contradiction, since X is
also a Hilbert space.

So, let x € Xy. We have to show that x € span (Ep). Suppose
x ¢ span (Ep). Since F is a basis of X, there exists up,...,u, in Ey
and vy, ...,y in E\ Ey, and scalars g, ..., an, 51, .. ., Bm such that

rT=ao1U1 + ...+ apun + G101 + ...+ BmUm.

Since aqui +. ..+ ayu, € Xg and S1v1+. ..+ Bnvm € Xd-, it follows
that

x— (qqug + ... + apuy) :B1v1+...+/3mvm€XgﬂX0L:{0}.
Thus, we have £ = aquy + ... + ayu, € span (Ep). 1

We know, by making use of Zorn’s lemma, that every linear space
has a basis. Using similar argument, it can be shown that:

e Every inner product space has an orthonormal basis.

1.4.2 Bessel’s inequality

Theorem 1.4.5 (Bessel’s inequality) Let X be an inner product
space and {u1,...,up} be an orthonormal set in X. Then, for every
re X,

n
> e un)? < lz
i=1

If X is infinite dimensional and (uy) is an orthonormal sequence in
X, then for every x € X,

[e.e]
>l u)? < ).
i=1
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Proof. Let x € X. Then taking z, := Y ., (x, u;)u;, we have
lz = zall* = ll2]* + llzall® = (2, 2n) = (2n, ).

Note that
laall? = (2, 20) = (.2 Dm

Thus,
n
Iz = 2nll® = fl]* = [, u)?
i=1

n
> e un)? < lz.
i=1

If (uy,) is an orthonormal sequence in X, then letting n tend to oo in
the above inequality, we obtain Y oo, [(z, u;)|? < ||z[*. |

In particular,

The proof of the following corollary is immediate from the last
part of Theorem 1.4.5.

Corollary 1.4.6 Suppose (u,) is an orthonormal sequence in an
inner product space X. Then, for every x € X,

(x,up)y -0 as n— oo.

Theorem 1.4.7 Let X be an inner product space and E be an or-
thonormal set in X. Then, for every x € X, the set

E,={ueFE: (z,u) #0}
s countable.
Proof. Let x € X. For each n € N; let
Eyn={ue E:|(z,u)| >1/n}.

Clearly, F; = UpenFy,n. Hence, it is enough to prove that each E ,
is a finite set. For fixed n € N, consider uq,...,u; in E,. Then, by
Bessel inequality, we have

E::BMV<WMW

e

so that k < n?||z||?>. This shows that E,, is a finite set for each
neN. |
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We know from real analysis that if (a,) is a sequence of positive
real numbers such that ) °°  a, converges, then for any bijection
¢ : N — N, the series ) 7, Ay (n) also converges, and

D agmy = an. (%)
n=1

n=1

Thus, in view of Theorem 1.4.7, if E is an orthonormal basis in an
inner product space X, then for z € X, we may write

> Nz, w)* for thesum Y |(z,u)f,

where E, = {u € E: (z,u) # 0}.

We also know from real analysis that the equality in (%) above
need not hold for a general convergent series Y | a, of real num-
bers. However, in the setting of inner product spaces, we have the
following result, which would simplify certain notations.

Proposition 1.4.8 Let (uy) be an orthonormal sequence in an inner
product space and x € X. If Y o2 (x,u;)u; converges, then for every
bijection ¢ : N — N, the series Y ;21 (T, Up(;)) Uy (i) converges, and

Z<:L', uw(l)>u¢(z) = Z<.%', uz)uz
1=1 i=1

Proof. Suppose Y .2, (x,u;)u; converges and ¢ : N — N is a bi-
jection . For n € N, let vy, = uy(p),

n n

Yn = Z(m,uﬁuz and z, = Z(x,%‘ﬂh‘-

i=1 i=1

Suppose y, — y. We have to show that z, — y.

Note that
oo o
Ilyl> = Jim Iyl = lim ZI zou)? = e w)? = [, v
i=1 i=1
and

ly = zall® = lyl* + ll2nll* = (y, 20) = (zn,3)-
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Taking k large enough such that {vy,...,v,} C {uy,...,ux}, we see
that

<yk,2n> = Z |<$7vi>‘2 = <Zn7yk>

Now, since [|z,[|? = Y1 [(z,v:)|?, and

(Y, zn) = lim (yi, 2zn) and (z,,y) = lim (2, ys),
k—o0 k—o0
we obtain
Iy —zall®> = 1ul* + llzall® = (¥, 20) — (20, 0)

n
= llyl* =D la,v)l?
i=1

—0 as n — oo.
This completes the proof. I

In view of Proposition 1.4.8 and Theorem 1.4.7, if F is an or-
thonormal set in an inner product space X and for z € X, if

E, ={ue E: (x,u) #0} = {uj,ug,...}
. o0 . .
is such that > ° | (x, up)u, converges, then we may write this sum

as Y _,cplT, uu.

Convention: For an orthonormal set /' in an inner product space
X and x € X, if we say >, . p{(z,u)u converges, then it means that
either it is a finite sum or an infinite series which converges.

Note that the conclusion in Proposition 1.4.8 is made under the
assumption of convergence of the series > 7 | (@, Un)Un.

1.5 Hilbert Spaces

In this section we prove some results for Hilbert spaces.

Theorem 1.5.1 Let X be a Hilbert space and E be an orthonormal
set in X. Then for every v € X, > cp(x,u)u converges, say to
yeX,andx —ye B .
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Proof. Let x € X and E; = {u € E : (x,u) # 0}. We know that
FE, is a countable set. First consider the case that E, is a finite set,
say By = {u1,...,un}. fy=>" (x,u;)u;, then we have

(x—y,uj) =0 Vjie{l,...,n}.
Since (z,u) = 0 = (y,u) for every u € E \ E;, we obtain
(x—y,uy=0 YuekE.

Hence, z — y € E*.
Next assume that F, is denumerable, say F, = {uj,use,...}. For
n e N, let y, = > 1 ;(®,u;)u;. Then for n,m € N with n > m, we

have
n

Hyn_ymH2 = Z ‘<‘T’u1>|2

i=m-+1
In view of Bessel’s inequality, (y,,) is a Cauchy sequence in X . Since

X is a Hilbert space, (y,) converges to some y € X. As in the first
part, we obtain z —y € E+. |

1.5.1 Fourier expansion and Parseval’s formula

Suppose X is a finite dimensional inner product space and
{u1,...,u,} is an orthonormal basis of X. Then it can be easily
seen that for every x € X,

n

=Y (zudu; and [z* =D [{z,u)
=1

=1

One may ask whether such representations are possible in the setting
of an infinite dimensional inner product space. We give an affirmative
answer when the space is a Hilbert space.

Theorem 1.5.2 Let X be a Hilbert space and E be an orthonormal
set in X. Then, the following are equivalent.

(i) E is an orthonormal basis.

(ii) (Fourier expansion) For every x € X, = = Z(:c, u)u.
uck

(iii) (Parseval’s formula) For every z € X, ||z|> = Z [, u)]?.
uel
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Proof. (i)== (ii): Suppose E is an orthonormal basis and x € X.
By Theorem 1.5.1, ), - p(x, u)u converges, tosay y € X and z —y €
E+. Since E is an orthonormal basis, E+ = {0} so that y = .

(ii)== (iii): This follows from the continuity of the inner product.

(iii)== (i): By (iii), if # € X is such that (x,u) =0 for allu € E,
then = = 0, so that E+ = {0} and hence F is an orthonormal basis.
Thus, the proof is over. I

The following corollary is immediate from the above theorem.

Corollary 1.5.3 If {u1,ug,...} is an orthonormal basis of a Hilbert
space X, then for every x € X,

S S
=3 s and ol = 3 o)
n=1 n=1

Remark 1.5.1 If E is a denumerable orthonormal basis of a (sepa-
rable) Hilbert space X, say E = {u, : n € N}, then for x € X, the
scalars (z,u,) for n € N are called the Fourier coefficients of z.

1.5.2 Riesz-Fischer theorem

By Theorem 1.5.2, it is clear that if F is a denumerable orthonormal
basis, say E = {u, : n € N} of a Hilbert space, then for every x € X,
the sequence ({x,u,)) belongs to £2. In fact, the converse is also true.

Theorem 1.5.4 (Riesz-Fischer Theorem) Suppose X is a Hilbert
space with a denumerable orthonormal basis E = {u,, : n € N}. Then
for every (a,) € €2 there exists a unique x € X such that a,, = (x,uy,)

for all n € N.

Proof. Suppose (ay,) € ¢2. For each n € N, let z, = > 1| ou;.
Then, for n > m, we have

n

ln = wmll? = 3 ol

i=m+1

Since (av,) € £2, it follows that (z,,) is a Cauchy sequence in X. Since
X is a Hilbert space, there exists # € X such that z = Y ;2| oju;.
Clearly, (x,u,) = ay, for all n € N. Orthonormality of FE implies
that this z is unique. |
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In view of Theorems 1.5.2 and 1.5.4, we have the following theo-
rem.

Theorem 1.5.5 A separable Hilbert space is linearly isometric with
either KV for some N € N or £? according as it is finite dimensional
or infinite dimensional.

Proof. Let E := {u, : n € A} be a countable orthonormal basis
of X, where A = {1,...,N} if dim(X) = N < co and A = N
if dim (X) = oco. Now, by Theorems 1.5.2 and 1.5.4, we have the
following:

(i) Suppose X is finite dimensional with dim (X) = N. Then,
the map

x = ((z,u1),...,{(x,uN))

is a linear isometry from X onto K.

(ii) Suppose X is infinite dimensional. Then the map

T = (<$7u1>? (.%', u2>7 .- )
is a linear isometry from X onto /2. 1

1.5.3 Projection theorem

Now, we prove an important theorem in Hilbert space theory, the so
called projection theorem.

Theorem 1.5.6 (Projection theorem) Let X be an inner product
space and Xy be a complete subspace of X. Then

X =Xo+ Xy and X3+ =X
In particular, every x € X can be uniquely represented as
r=y+z with yEXO,ZGXd‘.

Proof. Let E be an orthonormal basis of Xy and x € X. By
Theorem 1.5.1, Y~ p(x, u)u converges, to say y € Xg and z —y €
E+. Sine Xj is complete and E is an orthonormal basis of Xg, by
Theorem 1.5.2, any z € X can be written as z = ) - p(z,u)u.
Hence, we obtain

z—yeXg.

Thus, every x € X can be represented as x = y + z with y € Xy and
z € XOL, and hence X = Xg + Xd-.
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It remains to show that XOLL = Xj. It is easy to see the inclusion
X C Xg+. To see the reverse inclusion, let € X+ and let u € X
and v € Xg be such that = u + v. Then we have

0= (z,v) = (u,v) + (v,v) = (v,v).

Thus, v = 0 so that x = u € Xy. Therefore, we obtain X&-l C Xp.
The last part of the theorem is obvious. |1

In most of the books on Functional Analysis, projection theorem
is written in the following way, which is an immediate consequence
of Theorem 1.5.6

Corollary 1.5.7 (Projection theorem) Let X be a Hilbert space
and Xg be a closed subspace of X. Then

X =Xo+ Xy and X3t =X
Here are two consequences of projection theorem.

Theorem 1.5.8 Suppose X is a Hilbert space and E is an orthonor-
mal basis of X. Then span (FE) is dense in X. In particular, X is
separable if and only if E is countable.

Proof. Let Xy = clspan (E). Since E+ = {0}, it follows that
X5 = {0}. Hence, by Projection theorem, X = X, showing that
span (F) is dense in X.

By Theorem 1.4.3 we know that if X is separable, then E is
countable. Next, suppose that E is countable. Clearly, countability
of E implies that span (F) is separable, and hence X = clspan (F) =
Xy is also separable. 1

Theorem 1.5.9 (Best approximation) Let X be an inner product
space and Xo be a complete subspace of X. Then for every x € X,
there exists a unique y € Xo such that

|z — y|| = dist (z, Xo).

Proof. By Theorem 1.5.6, every x € X can be written as uniquely
asx = y+z withy € Xp and z € X . Clearly, ||z —y|| > dist (z, Xo).
By Pythagoras theorem, for any w € Xj,

I

lz = w|* = l[(z = y) + (y = 0)|I* = lz = yl* + ly — wl® > ||lz — y|>
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Since this true for any w € Xy, we obtain dist (z, Xo) > ||z — y||. To
see the uniqueness, suppose y; € Xg be such that

[ =y || = dist (2, Xo).
Then, again by Pythagoras theorem,

I

lz = yll” = Iz —y) + (v =y I* =z = ylI* + ly — w1 ]1%

Sine ||z — y1|| = ||z — y||, it follows that y; = y. This completes the
proof. 1

Definition 1.5.1 A linear operator P : X — X on a linear space X
is said to be a projection operator onto a subspace Xj if

R(P)=Xp and Pr==z Ve Xp.
O

It can be seen that linear operator P : X — X is a projection
operator if and only if P? = P, and in that case,

R(P)=N(I - P), R(I — P)= N(P).
Definition 1.5.2 A projection operator P : X — X on an inner
product space X is said to be an orthogonal projection if
R(P) L N(P).
O

Theorem 1.5.10 Let X be an inner product space and P : X — X
be a projection operator. Then P is an orthogonal projection if and

only if
<any> - <£L‘,Py> Va,ye X.

Proof. Suppose P is an orthogonal projection. Let z,y € X, and
let z1,y1 € R(P) and z2,y2 € N(P) such that

T =1 +T2, Y=Yty
Since Px = x1, Py =y and (x;,y;) = 0 for i # j, we have

(Pz,y) = (x1, 51 + y2) = (1, ¥1),
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(w, Py) = (x1 +y1,51) = (71, 91)-

Thus, (Pz,y) = (z, Py).
To prove the converse, suppose (Pz,y) = (z, Py) for all z,y € X.
Let x € N(P) and y € R(P). Then

(z,y) = (z, Py) = (Pz,y) =0,
since Pz = 0. Thus, N(P) L R(P). 1

Theorem 1.5.11 Let Xy be a complete subspace of an inner product
space X. Then there exists an orthogonal projection onto Xjy.

Proof. By Theorem 1.5.6, every x € X can be written uniquely
as x =y + 2z with y € Xg and z € X&-. Define Px = y. Then it is
easily seen that P : X — X is an orthogonal projection onto Xy. 1

1.6 Problems

1. Prove the following:
(a) The zero vector in condition 3 in the Definition 1.1.1 is
unique.

(b) The vector Z in condition 4 in the Definition 1.1.1, corre-
sponding to a vector x € X, is unique.

(¢) If o, € K and x is a nonzero vector in X such that

axr = Bz, then a = .

2. Prove that if f : K® — K is a linear functional, then there exist
(a1,...,an) € K" such that

f(@) =aiz1+ .. anzn, = (x1,...,2) €K™

3. Prove that a bounded metric on a nonzero linear space does
not induce a norm.

4. Let X be a normed linear space. Prove the following:

(a) For every xg € X, the function o — g is continuous
from K to X.

(b) For every xp € X and « € K, the function  — = + axg is
continuous from X to X.
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5.

10.

Spaces

Let X be a normed linear spaceand let (z,,) be a sequence in
X. Prove the following;:

(a) If (ay,) be a sequence of positive real numbers such that
Zzozl a, converges and if

Hxn—i-l - «TnH <a, VneN,

then (z,) is a Cauchy sequence in X.

(b) If (z,,) is a Cauchy sequence and if it has a subsequence
which converge to x € X, then (z,) also converges to x.

(¢) If (x,) is a Cauchy sequence and if («;,) be a sequence of
positive real numbers such that a,, — 0, then there exists
a strictly increasing sequence (k,) in N such that

H:CknJrl - I‘an < ap VneN.

Let X be a linear space and v : X — R be such that v(x) # 0
whenever z # 0 and for every x,y € X and a € K|

v+ y) <v(@)+uly),  via) = avla).
Prove that v(0) = 0 and v(z) > 0 for all z € X.

If || -] is @ norm on K such that ||1|] = 1, then prove that
lz|| = |=| for all x € K.

Let X be a normed linear space with norm || - ||. Define
d(x,y) = min{la ||£C - y”}a z,y € X.

Prove that d is a metric on X which is not induced by any
norm on X.

Prove that
Coogfl QEPQZTECOECQWO

for every p,r € (1,00) with p < r. Also, prove that the inclu-
sions are strict.

1/
Prove that for 0 < p < 1, ||z||, := <Z;’i1 |x(z)|p) " does not
define a norm on {z € F(N) : Y -2, |z(i)|P < oco}.
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Verify the following;:

(a) For any p and r with 1 < p < oo and 1 < r < oo, the
norms || - ||, and || - || on K™ are equivalent.

(b) For 1 < p < oo, the norm || - ||, on Cfa,b] is weaker than
the supremum norm || - [|sc-

(c) For 1 <p < r < oo, the norms | - ||, and | - ||, on C|a, b]
are not equivalent.

(d) For 1 <p < r < oo, the norms || - ||, and || - ||, on ¢ are
not equivalent.

Let X be a normed linear spaceand (z,) be a sequence in X.
Prove the following.

(i) If (xy,) is Cauchy sequence, then there exists a subsequence
(zk,) of (x,) such that the series Y o0 (g
absolutely convergent.

n+1 - xkn) iS

(ii) If the series > 7, (@n4+1 — xp) is absolutely convergent,
then (x,) is a Cauchy sequence.

Prove that C[a, b] is a Banach space with respect to ||- ||, if and
only if p = cc.

Prove that ¢! is not a closed subspace of £> and ¢ is not a
Banach space with respect to the norm || - || -

Prove that for 1 < p < r < oo, P is not a closed subspace of
0"; in particular, /P is not a Banach space with respect to the
norm || - ||,

Prove that

(a) ¢, the space of all convergent scalar sequences, is a closed
subspace of £°°.

(b) co, the space of all convergent scalar sequences having
limit 0, is a closed subspace of c¢g.

Justify the following statements:

(a) The space cgp is not a Banach space with respect to any
norm.
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18.

19.

20.

21.

22.

23.

24.

25.

26.
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(b) The space P of all polynomials is not a Banach space with
respect to any norm.

(c¢) Every infinite dimensional space has a subspace which is
not a Banach space with respect to any norm.

(d) A Banach space is finite dimensional if and only if every
subspace of it is closed.

Let Cp(R) be the set of a continuous functions z : R — K
such that |z(t)| — 0 as |[t| — oo. Prove that Cp(R) is a closed
subspace of B(R).

Let C.(R) be the set of a continuous functions x : R — K such
that cl{t € K: z(t) # 0} is compact in K. Prove that C,(R) is
a dense subspace of Cy(R) with respect to | - ||oo-

If p(-) is a semi-norm on a linear space X, then p(z) > 0 for all
z € X and p(0) =0 .

Show that the function p(-) in each of the following is a semi-
norm, but not a norm.
(a) Let X = Cla,b] and for 7 € [a, b], let p(x) = |z(7)], v € X.
(b) Let X = R([a,b],R), the space (over R) of all real valued

Riemann integrable functions, and let p(z) = ff |z(t)|dt, x €
X.

(c) Let X = R™ and A € R™*" with det(A) = 0 and p(z) =
|Az|l2, z € X. (Here, z € R" is considered as a column
vector.)

For a subset E of an inner product space X, prove that

E+ = [span (E)]* = [clspan (E)]*.
Prove that if D is a dense subset of an inner product space X
and if z € X is such that (x,u) =0 for all uw € D, then z = 0.

Verify the functions (-,-) defined in (i)-(iii) in Example 1.2.9
are inner product.

Prove Theorem 1.4.1(i) and (ii).

Prove the following:



27.
28.

29.

30.

31.

Problems 63

(a) Every orthonormal set is linearly independent,

(b) An orthonormal set E is an orthonormal basis if and only
if £+ = {0},

(c) An orthonormal set which is also a basis is an orthonormal
basis.

Prove Corollary 1.4.6.

If F is an orthonormal set in an inner product space, z € X
and r > 0, then prove that {u € E : |(z,u)| > r} is a finite set.

Let X be a Hilbert space and Xy is a closed subspace of X.
Prove the following:

(a) For every x € X, there exists a unique pair (y,z) € Xp X
XOL such that z =y + z.

(b) Consider the map P : X — X defined by Px = y, where y
is obtained as in (a). Then P is an orthogonal projection.

Let X be a Hilbert space and E be a countable orthonormal
subset of X. Define P: X — X by

szZ(x,u)u, z e X.
uek

Prove that P is an orthogonal projection.

Suppose X is an infinite dimensional (separable) Hilbert space
and E = {u, : n € N} is an orthonormal basis of X. Let
P, : X — X be defined by

n
P,x = Z(aj,ui>ui, r e X.
i=1
Then, prove that
|z — Pyx| = dist (x, R(P,)) VeeX

and for every z € X,

o0
|z = Pozl> =) [z, u)* -0 as n— oo
i=n
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32.

33.
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Show that a linear operator P : X — X is a projection operator
if and only if P2 = P, and in that case,

R(P)=N(I-P), R(I-P)=N(P).

Let Xy be a complete subspace of an inner product space X or
a closed subspace of a Hilbert space X. If P is the orthogonal
projection from X onto X, then prove that, for every xz € X,
Pz is the unique best approximation of x from Xj.

Prove that if X is an inner product space and P: X — X is a
projection operator, then P is an orthogonal projection if and
only if

(Px,y) = (z,Py) Vuz,yeX.





