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Chapter 1

Normed Linear Spaces

1.1 Convex functions and inequalities
(Refer to Rudin’s Real and Complez...)
Definition 1.1.1 A function ¢ : (a,b) — R is said to be convex if
B((1— )z + ty) < (1— )6(x) + t(y) (L1)
for all z,y € (a,b) and 0 <t < 1.

(1.1) is equivalent to say

b(2) — dlx) _ 6ly) — 6(2) (1.2)
z—x - Yy—z

whenever a <z <z <y <b. [Put t = 2= and simplify ]

Theorem 1.1.2
(A) Let ¢ be differentiable function. Then ¢ is convez iff ¢’ is monotonically increasing.
(B) The function exp : R — (0,00) is a convex function.

(C) Any convex function is continuous.

Proof: (A) In (1.2) let a < w < x to obtain
o) — o(w)  9(2) — d(x) _ oY) — #(2).

r—w B Z—T Yy—z

Now take limit as w — = and z — y to see that ¢'(z) < ¢/(y). For the converse, use Lagrange

Mean Value Theorem.

(C) In (1.2), take a < u < w < x < z < y < v < b and obtain

(-2 ) g < (e - x)qﬁ(Ej@)
Put M = max { ‘ 2l —olu)| || $0)-6) ‘} . Given ¢ > 0 take § = ¢/M. .

The following measure theoretic inequality is a far reaching generalization of the (1.1).
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4 CHAPTER 1. NORMED LINEAR SPACES

Theorem 1.1.3 Jensen’s Inequality: Let (X, u) be a probability measure space (i.e., u(X) =
1) and let f € L' (u) taking values inside (a,b). Then for any convex function ¢ on (a,b), we

¢</deu)§/x¢0fdu-

Proof: By the average value theorem, it follows that z := [, fdu € (a,b). Let § = f(z)

have

denote the supremum of LHS of (1.2) over all = such that a < x < z. Then clearly,

0(2) ~ ¢(z) _ 5 W)~ 4(2) (1.3)
z—x y—z
whenever a < z < z < y < b. These two inequalities can be combined to yield
B(s —z) < ¢(s) — ¢(2)
for all @ < s < b. This means that for all z € X
B(f(x) = 2) < ¢(f(x) — d(2)
and hence, upon integration,
0= ([ san== [ an) < [ o0san-o) [ an
X X X X
which yields the required result, since [ x dp=1. '

Definition 1.1.4 Let p, ¢ be positive real numbers such that p + ¢ = pq, equivalently,

We then call p, g conjugate pairs of exponents. Often ¢ is denoted by p'.
Clearly, then 1 < p, ¢ < oo. Also, if we let p — 1 then we get ¢ — 0o and vice versa. So, we

allow these extreme cases as well, which, ofcourse, require us to pay special attention to them.

Theorem 1.1.5 Let 1 < p,q < 0o be a pair of conjugate exponents. Let (X, pu) be a measure
space and f: X — [0,00] be a measurable function. Then
(A) Hoélder Inequality:

/ngduﬁ (/Xfpd/J)l/p (/ngduy/q- (1.4)

(B) Minkowski Inequality:

(/X(erg)”du)l/p < (/X fpdu>1/p+ (/)(gpdu>l/p (1.5)

(C) Schwarz Inequality:

(/)((Hg)?du) " < (/X £ du) " + (/X 9 du) v (1.6)
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Proof: (A) Let a and b be the two quantities on the right side of (1.4). If one of them is zero
it follows that fg = 0 a.e., and hence [y fgdu = 0 and hence (1.4) is true. So we may and
shall assume that a # 0 # b and put F' = f/a,G = g/b. It then follows that

/deuzlz/ Gldpu. (1.7)
b's X

Since exp : R — (0, 00) is onto, we can choose s,t € R such that e* = F(z)?,e! = G(z)?. Since

exp is convex, and 1/p + 1/q = 1, it follows that

1 1
F(z)G(x) = exp(s/p+1t/q) < ;)F(:U)p + 6G(w)q, r e X. (1.8)
Integrating over X, we obtain
1 1
/FG§+:1. (1.9)
X p q

Now (1.7) yields (1.4).
(B) In order to prove (1.5), we may assume that the quantities on the RHS are finite. By

convexity of the power function ¢?, it follows that

1

(f+9)/2)P < 5(f"+4").

N |

Integrating this, we obtain that [ (f + ¢) < oc.
Write (f + ¢g)? = f(f +9)P~ ! +g(f + ¢g)P~! and apply (A) to the two quantities on the

o< ([ fp)l/p (/. (f+g)(p1)q>1/q
Jatrrari< (] gp)l/p (/. (f+g)(””q)1/q

Adding these two and using the fact (p — 1)q = p gives us

/X(f+g)p§ [(/Xfp)l/er(/)(g”)l/p] (/){(Hg)p)l/q.

Cancelling out the last factor on the right, we obtain (1.5).
(C) Put p=2=gqin (B). [ )

right-side to obtain

Remark 1.1.6 Notice that equality holds in (1.8) iff s = ¢ and equality holds in (1.9) iff
equality holds in (1.8), a.e. Therefore, it follows that equality holds in (1.4) iff FP = GY a.e.
Therefore, we can conclude that equality holds in (1.4) iff there exists constants «, § such that
af = Bg a.e. Similarly, it follows that equality holds in (1.5) iff there are constants «, § such
that o fP = Bg9 a.e.

Exercise 1.1.7 1. Let S be a collection of convex functions on (a,b) such that g(t) =

Sup {f(t) : f €S} < oco. Show that g is convex.

2. Let f, : (a,b) = R be a sequence of convex functions. Put g(¢) = limsup,, f,,(t); h(t) =

liminf, f,,(t). Are g and h convex?
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3. Let ¢ : (a,b) — (c,d) be a convex function and 1 : (¢,d) — R be a non decreasing convex

function. Then 1) o ¢ is convex.

4. Let f: (a,b) — R be a function such that for all z,y € (a,b)

flz+y)/2) < (f(@) + f(y)/2.

(a) Show that f satisfies (1.1) for all ¢ € [0, 1] N D where D denotes the set of all dyadic
rationals.

(b) In fact, show that f satisfies (1.1) for all £ € [0,1] N Q.

(c) If f is continuous, show that f is convex.

(d) In fact, if f is bounded on some open interval contained in (a,b) then show that f is
convex and hence continuous.

(e) Tllustrate the necessity of continuity of f in (c).

1.2 Normed Linear Spaces

Throughout these discussion, K will denote either R or C.

Definition 1.2.1 Let X be a vector space over K. By a norm on X we mean a function
| || : X — [0,00) having the following properties:

(i) ||z|| =0 iff x = 0.

(ii) ||az| = |af||z|, a € K,z € X.

(ii)) [z +yll < [lzll +[lyl, =y e X.

A vector space X together with a norm is called a normed linear space (NLS).

For now on, X will always denote a normed linear space unless mentioned specifically

otherwise.

Remark 1.2.2 There is the underlying vector space, the underlying metric space and the
underlying topological space. The metric is given by d(z,y) = || — y||. with respect to this
metric, we write B,.(x) denote the open ball of radius r and centre z € X. The topology
gnenerated by the open balles as a basis is the corresponding metric topology. Properties (ii)

and (iii) tell you that with respect to this topology, the addition and the scalar multiplication:
(z,y) mz+y, (z)—ax
are continuous. In particular, the maps
r—x+yyc€X; x— kx, k€ K\ {0},
are homeomorphisms.

Example 1.2.3
(i) &y =K} :
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Let 1 <p < oo. On K", define || ||, as follows:

_ (Xim1 ’xi‘p)l/pv if p < o0
|2l =

max{|z;| : 1<i<n}, otherwise.

The non trivial thing to verify about these examples is the triangle inequality. However,
for p =1, 00, this is easy and direct.

For 1 < p < oo, we appeal to Minkowski’s inequality: On the set X of n elements
{1,2,...,n} we take the normalized counting measure: p({i}) = 1/n. Points z € K" give

rise to measurable functions |z|: X — [0,00) Then (1.5) translates into

n 1/17 n l/p n l/p n 1/[’
(zmww) s(memDp) s(zw) +<Zyip> |
=1

i=1 i=1 i=1
This is nothing but the triangle inequality for || ||,.
Draw the pictures of unit balls in 6?, and see why we need to take p > 1.
(ii) £, : We now take X to be an appropriate subset of K>, the set of all sequences N — K.
The idea is to take infinite sums in the formulae for ||z[|, and hence the rhs has to make sense.

Thus, let £, denote the set of all those sequences (x1, 2, ..., ) such that

Z\mﬂp < 00

i

(i.e., absolutely power p-summable sequences. Once again, verification that these are vector
spaces and the function ||—||, defined as above satisfies conditions other than triangle inequality
is easy. The TE itself follows from the same in the finite case upon taking the limit. Finally
for the case p = 0o, we replace ‘max’ by ‘Sup’ and the proofs are immediate consequences of
the corresponding results for finite case.

(iii) LP(X, p).

In fact the idea of proving Minkowski inequality for measurable functions is precisely that the

space of all power p-integrable functions on a measure space (X, u) forms a NLS when we

define Up
£l = ( / If!pdu> .

These spaces are also denoted by LP(u) or LP(X). For the case p = oo we take L*°(X) to be

the space of all bounded functions, with

[flloo = Sup{[f(z) : =€ X}.

However, there is a catch!

For 1 < p < oo, ||f|| = 0 does not necessarily imply that f = 0. It only implies f = 0 a.e.
But that is quite satisfactory and is the thing that one expects, when doing measure theory
any way. Therefore, we redefine LP(X) to be the equivalence classes of p-summable functions:
f~giff f—g=0ae. And then the positive definiteness of || ||, is restored.

In view of this, we redefine L>°(X) also as follows: A measurable function f: X — K is

said to be essentially bounded if there exists o > 0 such that u(z € X : |f(z)| > ) = 0. The
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equivalence classes of all essentially bounded measurable functions is denoted by L*°(X) (the
equivalence is defined as before). For f € L*°(X) we then define

|| flloc = the infimum of « such that pu(z € X : |f(z)| > «) =0.

It is routine to verify that with this norm L (X) becomes a NLS.

(iv) Let X be any set and B(X) be the space of all bounded K-valued functions on X. For
f € B(X) we define ||f|cc = Sup {|f(z)| : = € X}. Then B(X) becomes a NLS with this
sup norm. In case X is a metric space, we can consider various subspaces of B(X) :
C(X)={fe€B(X) : fin continuous};

Co(X)={feC(X) : Ye>0,3acompact set K C X with |f(z)] <e,ze X\ K}.
C.(X)={feC(X) : Facompact subset K C X : f(z)=0 for all z ¢ K}.

Elements of Cy(X) (resp C.(X)) are called continuous functions vanishing at oo (continuous
functions with compact support). The norm on all these is the sup norm.

(v) We are also interested in spaces C™(U;K) of m-times differentiable functions on nice
subspaces U C K". For instance, when U is an open or a closed interval, then we can give
C™(U) the norm defined by

1A= 1P oo
=0

where f() denotes the i*" derivative. One can also consider smooth functions and holomorphic

functions and so on.

1.3 Subspaces, Quotients and Products

Definition 1.3.1 Let X be a NLS. Then by a subspace of X we mean a vector subspace Y
together with the norm defined for elements of Y as if they are in X. It follows easily that Y

itself becomes a NLS and a metric subspace as well as a topological subspace.

Remark 1.3.2 We shall meet lots of subspaces. There is a slightly weaker notion of a subspace
which is quite useful. At this stage we shall illustrate this with an example rather than making
a definition. Suppose 1 < p < p’ < co. Let X be a measure space with finite volume. Then we
would like to think of L” (X) as a subspace of LP(X). For this to hold, we should, first of all
identify L?" as a vector-subspace of LP.

For p’ = oo, note that any essentially bounded function is p-integrable, because we have
assumed p(X) < oo. Thus, L>®(X) C LP(X). Moreover, a sequence {f,} converges to 0 in
the sup norm implies that it converges to 0 in p-norm. This implies that the inclusion map is
continuous as well.

However, there can be sequences {f,} in L* which converge to 0 in LP but not in L*°.
For instance, take X = [0,1] witn the standard Lebesgue measure, f, =1 for ¢ < 1/n and 0
otherwise. It is in this broader sense that we can now treat L>°(X) as a subspace of LP(X),
though the norms are different and even the topologies different.

The same comments hold for the case p’ < oo, viz., ||f||, < ||f|l,y- For this, we have to use

the following formula, which is an easy consequence of Hélder’s inequality, applied to |f[? is
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place of f and constant function 1 in place of g and the conjugate exponents being p’/p and ¢

such that p/p' +1/¢=1:

191 = [ 1517 do < ([;<fva7pdu>“@'([;<nqdu>lﬂ7=<nfnﬁ>ﬂ

For another concept of subspace, wait till theorem 1.4.7.

Defining quotient spaces is a little more involved.

Definition 1.3.3 Let X be NLS and Y be a closed subspace. On the quotient vector space
X/Y, we define ‘the induced norm’ as follows: for x € X, let

Il + Yl = inf {lz +yl| : y eV}

Verification that ||| ||| defines a norm on X/Y is straight forward. We call this quotient space
of X by Y.

The beauty of this construction and the justification for the name comes from the fact
that the underlying topological space of X/Y with this norm is equal to the quotient topology

coming from the underlying topological space of X. In fact:

Theorem 1.3.4 The function n: X — X/Y wviz.,, n(x) = x +Y is a continuous, open surjec-
tion. A sequence {x, +Y} in X/Y converges in X/Y iff there is a sequence y, € Y such that

Ty + Yn 1S convergent in X.
Proof: Suppose z, — z € X. Then
I(zn +Y) = (z+Y)[| = ll(zn — 2) + Y|I| < [[2n — 2]

shows that z,,+Y — z+Y. This proves the ‘if’ part of the second claim as well as the continuity
of n. Conversely suppose x,, + Y — x + Y. Then there are integers ny < no < - - - such that for
all n > ng, |||(zn, +Y) — (x +Y)||| < 1/k. This in turn implies that for ny < n < ngyi, there
exist y, € Y such that

lzn —z +ynl| < 1/E.
This then implies that (x, + y,) — «.

Since 7 is clearly surjective, it remains to show that 7 is open. Let U C X be open and
x+Y € n(U) with € U. There exists > 0 such that the open ball B,(z) C U. We claim
that the open ball B,.(z +Y) C n(U). So, let |||[(z+Y) — (x +Y)|| < r. This means that
there exist y € Y such that ||z — 2 + y|| < r which implies that z +y € B,(z) C U. But then
2+ Y =n(z+y) € n(U). »

Remark 1.3.5 This result will come handy later to you in proving open mapping theorem.

Theorem 1.3.6 Let 1 < p < oo. Let (Xy, || [5)),i =1,2,...,k be NLSs. Then on the product
vector space X = X1 X Xo X -+ X Xy, define:

1/p
(S lily) ™ p < o0
maz {||zi|g) + 1<i <k}, p=oo.

2l =
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Then (X, || |I,) is a NLS. Moreover, a sequence {x™} in X converges iff each of the coordinate
(n)

sequences {x; ~ converges in X;. Moreover, the projection maps P; : X — X; can be identified

with the quotient maps by the subspaces Y; = {x : z; = 0}.
Proof: Exercise.

Exercise 1.3.7

1. Let K C X be compact and F' C X be a closed subset disjoint from K. Then there exists
r > 0 such that (K + B,(0)) N F = 0.

2. Let || [[s),@ = 1,...,k be norms of X and r1,...,7 be positive reals. Then for any

1 <p < 0 if we define

(Zle ?”Z-HxHZ))I/P .

; P < o0
Jall = |
Sup {rillzl|s : i=1,...,k}, p=o0
Then || || is a norm on X. Moreover, a sequence z,, € X converges to = wrt || || iff it is

so wrt each || [|()-

3. Let 0 < p<1andn > 2 Forxe€R" define |z| := (31~ |=;/?)}/P. Then show that || |

1s not a norm.

1.4 Linear Functions: continuity

Theorem 1.4.1 Let f: X — Y be a linear function. Then the following are equivalent:
i) f is continuous on X.
ii) f is continuous at 0 € X.

(
(
(iii) f is bounded on some closed ball of positive radius around 0.
(iv) f is uniformly continuous on X.

(

v) There exist a > 0 such that || f(z)]| < a||z||, for all x € X. (Hint: Take o = €/4.)

Corollary 1.4.2 A linear functional f : X — K is continuous iff the hyperspace Z(f) = {x €
X : f(x) =0} is a closed set in X.

Proof: If f = 0 there is nothing to prove. Otherwise choose z € X such that f(z) = 1. If
f is not continuous at 0 then there is a sequence z,, € X such that z,, — 0 and |f(z,)| > 1.
Consider the sequence z,, = ©—xy,/ f(zy) which is inside Z(f) but its limit is  which is outside

Z(f). That contradicts the closedness of Z(f).

The converse is easy, since {0} is closed in K. [

Theorem 1.4.3 A subspace Y C X is equal to X iff its topological interior Y° in X is non

empty. In particular, a hypersurface Y is closed iff it is nowhere dense.
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Proof: If Y = X then Y° = X and hence non empty. On the other hand, if Y° # (), then
there exists an open ball B,(a) C Y. Given any = € X check that a + I E € B,(a) C Y. That
implies x € Y.

The second part follows from the fact that a subset is nowhere dense iff its closure has

empty interior. '

Definition 1.4.4 Following this important theorem, we shall introduce the notation B(X,Y)
for the set of all continuous linear maps from X to Y. It follows easily that B(X,Y") is a vector
subspace of all functions from X — Y.

For f € B(X,Y), it is not difficult to see that
inf {a : [[f(2)]| < ejz]l, for all w € X} = Sup {[[f(2)[| - ||z = 1}.

We denote this common value by |[|f||. It turns out that this makes B(X,Y) into a NLS
(exercise). You shall study this space in more detail later.

An important special case is when Y = K and then we use the notation
X' := B(X,K).

Pay attention to the notation which is not to be confused with X* which denotes the space of

all linear functionals on X. These two spaces co-incide with X is finite dimensional.

Definition 1.4.5 A linear function f : X — Y of normed linear spaces is said to be norm

preserving , if || f(x)|| = ||z|| for all x € X. If further, it is onto also then we call it an isometry.

Remark 1.4.6 Note that a norm preserving linear function is automatically continuous and
injective. If it is an isometry, then its inverse exists, and is automatically linear and norm

preserving. Therefore, it is a homeomorphism.

Theorem 1.4.7 Let f: X — Y be a linear function. Then f is a homeomorphism onto the
subspace f(X) C Y, iff there exist positive real numbers «, 3 such that

allz]| < |[f(2)]| < Bzl = € X. (1.10)

Proof: The first inequality implies that f is injective. Therefore f is a bijection and its inverse
is a linear map. The second inequality now tells us that f is continuous and first one implies
that f~! is continuous.

Conversely, Suppose f : X — Y is a homeomorphism. Then clearly f is onto. We take
B =|If|l and « = ||f~!|| and verify the inequality. [ )

Remark 1.4.8 This result leads us to another concept of a subspace that we were waiting for.
Under the situation of the above theorem, X can be effectively identified with the subspace
f(X) of Y. Even though the norms on X and that on f(X) may differ, the two topologies are

the same: a sequence {x,} in X converges iff the sequence {f(z,)} converges in f(X).



12 CHAPTER 1. NORMED LINEAR SPACES

Example 1.4.9 Two NLSs are said to be equivalent if there is a linear homeomorphism be-
tween them. All £7 for 1 < p < oo are equivalent. This is best illustrated by a picture of the
unit balls in R? with respect to various norms. However, on infinite dimensional spaces, these

norms are not equivalent.

Theorem 1.4.10 Let f : {5 — X be an injective linear map into a NLS X. Then f : 5 —

f5) =Y is a linear homeomorphism onto a closed subspace Y.

Proof: The closedness of Y follows from the completeness of Y, once we establish that f is
homeomorphism.
Now put y; = f(e;),i = 1,...,n. Then {y;} form a basis for Y and hence every element

y € Y has a unique linear combination
liyr +tay2 + - -+ +tpyn.

Also, we have f(t1,...,t,) = t1y1 + ... + thyn. By continuity of the vector space operations,
it follows that f is continuous. We need to show the continuity of f~!. This will follow if we
show that each t; : Y — K is continuous. This in turn follows if we show Z(t;) is a closed
subspace of Y.

This is done by induction on n.

For n = 1, we can take « = 8 = || f(e1)|| and verify the inequality (1.10). Suppose the
result holds for n — 1. This in particular implies that every subspace of X of dimension n — 1
is closed and hence in particular, all Z(¢;) are closed. [ )

We now give another useful result which is due to Riesz, especially while dealing with NLS

which are not necessarily inner product spaces.

Theorem 1.4.11 Riesz: Let X be a NLS and Y be a proper closed subspace. Let 0 <1 < 1.
Then there exists x = x, € X such that ||z|| =1 and r < d(x,Y) < 1.

Proof: Start with any 2/ € X\ Y and put d = d(2/,Y’) > 0. If » = 0 there is nothing to prove.
Otherwise, since d/r > d, it follows that there exists yg € Y such that ||z’ — yo|| < d/r. Put
x = (2’ —yo)/||z’ — yol| so that ||z| = 1. Now for any y € Y,

e =wly )=l ~  d
ly — =l = 5= 2 e 2 4

Corollary 1.4.12 A NLS is finite dimensional iff any and hence every closed ball of positive

radius in X is compact.

Proof: The ‘only if’ part is the so called Heine- Borel theorem in K". To see the ‘if’ part,

assume that B, (x) is compact for some z € X and hence B;(0) is compact. Cover it with a

finitely many open balls By /5(zi),i = 1,2,...,k say. We claim that Span {x1,..., 2y} is the
whole of X. If Y is this span, being finite dimensional, it is a closed subspace of X. If Y #£ X
then by the above theorem, there exists x € X \ Y such that ||z|| =1 and d(z,Y) > 1/2. This

means that x & By p(v;) for any i but € B1(0), which is absurd. [
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Remark 1.4.13 You may wonder the role of putting the restriction r < 1 in the above
theorem. Of course, in the proof, we have immediately used this condition. That does not
automatically mean that this condition is necessary. The problem (1.4.14.7) illustrates the

necessity of this condition, which may initially go against your intuition.

Exercise 1.4.14

1. Let X be any infinite dimensional NLS. Show that there exists
(a) a linear one-to-one function F': X — X which is not continuous.
(b) a linear functional f : X — K which is not continuous.

(c) a subspace Y C X which is not closed.
2. Let X be finite dimensional. Show that every linear functional f : X — K is continuous.

3. Let F': X — Y be a surjective linear map where Y is finite dimensional. Then F' is an

open mapping. Also F' is continuous iff Z(F') is closed.

4. Let Y1, Y5 be subspaces of X. If Y7 is closed and Y5 is finite dimensional, then Y; + Y5 is

closed.

5. Given a < b € R show that there is a family of smooth functions f,; : R — [0, 1] satisfing
the following
(i) f'(t) > 0,t e R.
(ii) f(t) =0,t < a.
(iii) f(t) =1,t >b.

6. Show that given 0 < r < 1 there exists a continuous (smooth) function h : R — [0, 1]
such that 7(0) = 0 [ h(t)dt = r and Sup {|h(t)||t € R} < 1.

7. Consider X = {f € C[0,1] : f(0) =0} and Y = {f € X : fol f(t)dt = 0}, where
C'[0,1] is taken with the sup norm. Then Y is a closed subspace of X. However, there
are no elements g € X such that ||g|| = 1 and d(g,Y) = 1. (Note: In a Hilbert space such
elements would exist! (Compare this with theorem 1.4.11.)

Hint: Use the previous two exercises.

8. (Hilbert Cube) Let 1 < p < co. Let
E={zel, : [z(j)[P <1/ forall j > 1},

Then F is a compact convex subset of £, and E is not contained in any finite dimen-
sional subspace of ¢,. (For p = 2, E is called the Hilbert cube. However, note that the

corresponding set in £y, viz.,
{z€ bt a(j) < 1,j> 1}

is not compact.
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Chapter 2

Hahn-Banach Theorems

2.1 A Separation Theorem

Theorem 2.1.1 Let X be a vector space over C and Xgr denote the underlying real vector
space.

(A) If u is the real part of a complex linear functional on X then u : Xg — R is real linear and
f(z) = u(z) —w(wx), forallz e X. (2.1)

(B) If u: Xg — R is linear then (2.1) defines f as a complex linear functional on X.
(C) If X is a NLS and f,u are related as in (2.1), then ||f|| = ||u].

Proof: (A) (Note that the real part u of a complex linear functional is a real linear functional.)

Since for any complex number z, we have
z=R(z) —1R(12)
(where R(z) denotes the real part of z), we have, in (2.1)
LHS =R(f(z)) —R(ef(x)) = u(x) — 1 R(f(1x) = RHS.
(B) It is clear that for a real linear functional u, f defined by (2.1) is also real linear. Moreover,
F() = u(ew) — 1(—2) = s(u(z) — w(iz)) = 1f (z)

which implies that f is complex linear.
(C) Clearly

1= Sup {[f(2)| : [l <1} = Sup {R(f(2))] = [zl <1} = [[u].

On the other hand, for any x we can choose A € S! such that f(Ax) = A\f(x) = |f(z)|. It then
follows that u(Az) = f(Ax). Also if ||z]| <1 then ||Az| < 1. It follows that || f|| < |lul| as well.

[ )

Lemma 2.1.2 Let X be NLS over R and E # ) be a convex subset of X. Let Y be a subspace
of X such that Y N E = (). If Y is not a hyperspace then there exists z € X \ Y such that
Span {Y,z} N E = 0.

15
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Proof: Consider
S=Y+U{rE : r>0}.

Since FE is open it follows that S is open. We claim S N —S = (. For, if z € S N —S, then
r =y +rier = —(y2 + me2),

for some y; € Y, e; € E and r; > 0. This means that
Y1+ 1 T2
- = er + e
T+ T2 1+ 72 1+ T2
which, in turn implies that Y N E # () a contradiction.
Also, observe that Y NS = () = Y N—S. Suppose we show there exists b € X\ (YUSU-S).

Then this b will satisfy our requirement: For Span {Y,b} N E # () implies there are elements
y€Y,e € E and r € R such that y + rb = e. Clearly, r # 0. Therefore b =e¢/r —y/r. If r >0
this implies b € S and if r < 0 this implies b € —S a contradiction in either case.

How do you prove X # Y NS U —S. This will differ from author to author. We use the

following topological lemma.

Lemma 2.1.3 Let Y be a subspace of X of codimension at least 2. Then X \ Y is path

connected.

The proof of this lemma is left to the reader as an exercise. Granting that, we see that S, —5
are disjoint open subsets of X \ Y which is path connected. Therefore, X \ (Y USU —-S) =
(X\Y)\(SU-S)#0. ®

Theorem 2.1.4 (Banach Separation Theorem) Let X be NLS over R and E C X be a
non empty open convex subset. Given any subspace Y C X such that Y N E = (), there exists
a hyperspace H of X such that HNE =0 and Y C H. In other words, there is f € X' such
that fly =0 and f(x) # 0 for every x € E.

Proof: Apply Zorn’s lemma to the previous lemma. [

Theorem 2.1.5 Hahn-Banach Separation theorem: Let X be a NLS and Eq, Eo be two
non empty, disjoint, convexr subsets of X and let E1 be open. Then there exist f € X' and
a € R such that

Rf(x1) <a <Rf(xz2), forallzy € Er,x9 € Es. (2.2)

Proof: In view of theorem 2.1.1, it is enough to consider X as a real vector space and find
u € X satisfying the above inequality in place of Rf. We can then take f(z) = u(z) — w(wx)
and go home.

Since E1NEy =0, 0 € Ey — Es. Clearly E; — E5 is non empty, open and convex. Therefore
by the previous theorem, there exists f € X’ such that 0 ¢ f(F; — E3). This implies that
f(E1) N f(E3) = (. Both are convex sets and hence are disjoint intervals. By multiplying f by
—1, if necessary, we may assume that f(Fp) lies to the left of f(FEs2). Finally, since f(FE1) is
open, we can take « to be the right-end point of the interval f(FE7). Inequality (2.2) follows.

[ )
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Corollary 2.1.6 Let X be a NLS and E be a convex subset with a non empty interior. Given
b & E°, there exists f € X' such that for all z € F we have

Rf(x) < Rf(b).

Proof: Apply the theorem with F; = E° and Ey = {b} to obtain f € X’ such that Rf(z) <
Rf(b) for all z € E°. The result follows by continuity of f. o

Remark 2.1.7 The hyperplane defined by {z € X : Rf(x) = Rf(b)} is called a supporting
hyperplane for E. When we take b € '\ E°, this is called a proper supporting hyperplane.

2.2 Extension Theorems

Theorem 2.2.1 Let X be a NLS and Y be a subspace. For every g € Y' there exists f € X'
such that fly = g and || f|| = ||g]|-

Proof: In view of theorem 2.1.1, it is enough to prove the statement for the case when K = R
and that is what we are going to do.

Again, if g = 0 then we can take f = 0 and go home. So assume ||g|| # 0 and by dividing
out by |lg|| we may assume ||g|| = 1. Let a € Y be such that g(a) = 1. Put E = B(a, 1) the
open ball of radius 1 and centre a.

Ifye ENY then

lg(y) — 1| = [lg(y) — g(a)ll = llg(y — a)ll < lglllly —all <1

and hence g(y) # 0. This implies that EN Z(g) = (). By the Banach separation theorem 2.1.4,
there exits f € X’ such that f = 0 on Z(g) and is never zero on E. By rescaling we may
assume that f(a) = 1. But then f(a) = g(a) = 1 and Z(g9) C Z(f|y). Therefore f|ly = g.
Clearly ||f]| > |lg]l = 1. On the other hand, for any x ¢ Z(f) we have a — z/f(x) € Z(f).
Therefore a —z/ f(x) ¢ E which is the same as saying |[a —x/f(x) —al| > 1, i.e., ||| > || f(2)]].
Therefore || f|| < 1 also. [ )

Corollary 2.2.2 Let X be a NLS and 0 # a € X. Then there exists f € X’ such that
fa) = [la] and [[f]| = 1.

Proof: Apply the above theorem with Y = Span {a} and g : Y — K given by g(ka) = k||al|.#

Corollary 2.2.3 Let X be a NLS.

(A) Given a subspace Y C X and a € X, a € Y iff for every f € X’ such that f(Y) = {0}, we
have, f(a) = 0.

(B) Given linearly independent elements z1,...,z, € X, there exist z,..., 2], € X’ such that

i(x5) = bij-

Proof: Exercise.
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Example 2.2.4 As an illustration of the application of the above corollary in approximation
theory let us prove the following: Let {r1,...,r,...} be a countable dense subset of [0, 1] and

let

zj(t) =

1, f0<t<ry
0, otherwise.

Then every z € L2[0, 1] can be approximated in the mean square arbitrarily closely by a linear
combination of {xy,z2,...}.

Note that proving this statement is the same as showing that the closure of Span{z,zs...} =
Y is the whole of L2. So, it is enough to show that for every linear functional f on L?, which

vanishes on all z;, is identically zero. Now we know that there exist y € L?[0,1] = X such that

1
f(m):/ xydm, xeX
0

For every s € [0,1], put z(s) = [, ydm. Then z € C[0,1] and z(r;) = f(z;) = 0 for all j. This

implies z = 0. This in turn implies that y = 0 as an element of L?[0,1] which means f = 0.

We shall now consider the uniqueness aspect of the extension. Even in the case of finite
dimensional situation, there is no guarantee of uniqueness. Our first step toward this leads to

a new concept:

Definition 2.2.5 A NLS is said to be strictly convex if ||z + y|| < 2 wherever, ||z|| = |ly|| =1
and x # y.

Remark 2.2.6 It is an easy consequence of parallelogram law that every inner product space
is strictly convex. (Later we shall see that an inner product satisfies even stronger convexity
property, viz., uniform convexity.) Thus, ¢y is strictly convex for 1 < p < oo. On the other
hand, for p = 1, 00, this is not the case as illustrated by the picture of the unit ball in these

spaces.

Theorem 2.2.7 Taylor-Foguel Let X be a NLS. Then every f € Y’ for every subspace

Y C X has a unique norm preserving extension to X iff X' is strictly convexz.

Proof: Assume that X’ is SC. Let Y be a subspace of X and f € Y’. Suppose fi, fo € X’ are
such that f;|Y = f and ||f;]| = || f||. On Y, we have (fi + f2)/2 = f and therefore

If1l= %(Hfl” +Lf2l) = NG+ f2)/20 = (11

By strict convexity of X', this implies f; = fs.

Conversely, X’ is not SC, i.e., there are fi, fo € X' such that f; # fo and such that
L= |lfill = IIf2ll = [[(f1 + f2)/2||. Put Y = {z € X : fi(z) = fa(x)}. Clearly, Y is a closed
subspace. We shall show that || f;j|y| = 1 for j = 1,2. It then follows that X does not have
unique extension property.

Clearly || fjlv || < ||f;]l £ 1, it is enough to show that there is a sequence y, € Y such that
lynll =1 and fi(yn) — 1.
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There exists a € X \ 'Y such that fi(a) = 1 # fa(a). Since ||f1 + f2|| = 2, we can find
a sequence x, of unit norms in X such that (f; + f2)(x,) — 2. Passing onto subsequences
in two stages, we may assume that {fi(zy,)} and {f2(z,)} converge to «,f respectively. It
follows that |a| < 1 and |5| < 1. But |a + 5| = 2. Therefore, it is necessary that @ = 3 and
|a] = 1. Now by rescaling, we may assume that the sequence x,, of unit norms in X is such
that f1(xz,) — 1 and fo(x,) — 1.

Put &, = @) =fo@n) ppep kn, — 0 and hence there exists ng such that ||z, — kpa| # 0

1—f2(a)
for n > ng. For these n, put z,, = z,, — k,a. Then

fo(xn) = fala) f1(zn)
1 — fa(a)

Therefore z, € Y. Taking y, = 2z, /||2n||, We get a sequence as required. [ )

fl(zn):fl(xn)_kn: :fQ(xn)_kan(a):fQ(zn)'

2.3 Completeness of a Norm

Recall that a NLS X is a Banach space if the underlying metric space is complete. We shall

now give a criterion for completeness which is quite useful.

Definition 2.3.1 Let {z,} be a sequence in a NLS X. Put s, = >} ;. Then {s,} is called
the sequence of partial sums of {z,,}. We say {z,,} is summable or equivalently > {°z, is
convergent if the sequence {s,} is convergent in X to say s and then we write s = > .2, ;.
We say {z,} is absolutely summable (summable in norm) if "%, [lz;|| < co. It is not at all

clear why absolute summability should imply summability as is the case with sequences in K.
Theorem 2.3.2 A NLS is a Banach space iff every absolutely summable sequence is summable.

Proof: Let X be a Banach space and ) [|z;]| < co. Then ||Sy,41 — sm || < Zﬁﬁﬂ ||| < o0.
This implies {s,,} is a Cauchy sequence and hence is convergent. Therefore {z;} is summable.
Conversely, assume that X is NLS in which every absolutely summable sequence is summable.
Let {s;,} be a Cauchy sequence in X. In order to show that {s,} is convergent, it suf-
fices to display a subsequence which is convergent. Let m; be such that for all n > ny,
we have ||s, — sp,|| < 1. Inductively, having chosen ny, let ngiq > ng be such that for all
n > i, [|Sn = Snppy || < 1/28 Put 2 = sy, — sn,,- Then clearly 29° [k < 3, o6 < .
By the hypothesis, this implies that the sequence {z}} is summable, i.e., ), x} is convergent.

This merely implies that the sequence {s,, } is convergent as required. o

Theorem 2.3.3 Let X be a NLS and Y be a closed subspace. Then Y with the induced norm
and X/Y with the quotient norm are Banach spaces iff X is.

Proof: Let X be a Banach space. Then being a closed subspace, Y is also complete. To
Show X/Y is a Banach space, let {z,, +Y} be an absolutely summable sequence in X/Y with
respect to the quotient norm ||| [||. This means that >, |||z, + Y|| < co. Now, for each n we

can find y, € Y such that ||z, + yn| < |||zn +Y||| +1/2". Therefore, the sequence {x,, +y,} is



20 CHAPTER 2. HAHN-BANACH THEOREMS

absolutely summable in X. Since X is assumed to be Banach, let x =" (2, + yn). We claim
z+Y is the sum ) (z,+Y). For

IO (@ +Y)) = @+ ) = O (@n +90)) = @+ V) < [ (@n +ya) — 2|l = 0.
1 1 1

Conversely, assume that Y and X/Y are Banach and let {z,} be a Cauchy sequence in X. It
follows easily that {x,, + Y} is Cauchy in X/Y and hence is convergent to say = + Y. Choose
a sequence (!) y, € Y such that z,, + y, — x. But then

19n = ymll = [y + 2n = 2) = (20 = 2m) = (Tm + ym — 2)]|

it follows that {y,} is Cauchy in Y and hence converges to say y € Y. This means x,, - z—y €

X. [
Theorem 2.3.4 A finite product X1 x --- x X of NLSs is a Banach space iff each of X; is.
Proof: Exercise.

Theorem 2.3.5 Let X,Y be NLSs. Then B(X,Y) is a Banach space iff Y is.

Proof: Let Y be a Banach space. Given a Cauchy sequence {f,} in B(X,Y). Then for each

x € X and for all n, m we have

1fn(2) = (@) < [ fr = Fmllll]]

for all n, m. Given € > 0 choose ng such that for n,m > ng, || fn — fm| < €. Then

[fn(@) = fn (@) < €llzl[, 7, m = no. (2.3)

In particular, we have shown that {f,,(z)} is a Cauchy sequence in Y and hence we may define
f(x) =lim, f,(x). It is easily checked that this f : X — Y is linear. Fixing n = ny and letting

m — oo in (2.3), we get

[(frg = P (@) < efl]]- (2.4)

This implies f,, — f € B(X,Y) and therefore, f € B(X,Y). Moreover, (2.4) implies that
fn— fin B(X,Y).
Conversely, assume that B(X,Y’) is a Banach space. Given a Cauchy sequence {y,} in Y,

we want to show that it is convergent. Choose any non zero f € X'. (See Corollary 2.2.2.)
Define F,(z) = f(x)yn,x € X. Then F,, € B(X,Y) and

1 (@) = Fo (@) | = lyn — ymllI1Lf @) < lyn — ymll[1 f][]]]

which shows {F,} is Cauchy. Therefore, F,, - F € B(X,Y). In particular, y, = F,(a) —
F(a) €Y. [ )

Exercise 2.3.6
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. Let Y be a subspace of a NLS X such that the codimension of Y in X is at least 2. Then

show that X \ Y is path connected.

. Let Y be a subspace of X and a € X \ Y. Then there exists f € X’ such that ||f| =

1, fly =0 and f(a) =d(a,Y).

. Let T be a set with at least two points, and tg € T. Let X = B(T, C) be the space of all

complex valued bounded functions on 7. Take H = {x € X : x(tp) € R}. Then H is a
hypersurface of Xg and H NtH = {x € X : z(tg) = 0}.

. Let K, F be two disjoint convex subsets of X with K compact and F' closed. Then there

exists f € X’ and real numbers «, 3 such that

Rf(x) <a<B<Rf(y), v€K, yeF.

. ANLS X is said to be smooth if for every 0 # x € X there is f € X’ such that f(z) = ||z||

and ||f|| = 1. Show that if X’ is strictly convex (resp. smooth) then X is smooth (resp.

strictly convex).

. Let D denote the open unit disc in C. Let X = {f € C(D) : f is analytic in D}. Define

| Il =Sup {|f(#)| : |z] =1}. Then X is a Banach space.

Given f € £, for some p < 0o, show that || f||; = || f|lcc as t — oo.

. For any x € 0,y € {4,z € {,, where % + % + % =1, show that

> lzayizil < lellpllylall=lr-
%

. Let X be a Banach space and F' € B(X,X) be such that ||F|| < 1. Then show that

Ix £+ F are invertible.

Let X and Y be Banach spaces, F' € B(X,Y),G € (Y, X) are such that Go F = Ix.
Given any T' € B(X,Y) such that | T'— F||||G|| < 1, show that there is S € B(Y, X) such
that ST = IX.

Let X be the infinite dimensional vector space of all polynomials p(T) = ap+a1T+...+
apT™. Define

n

Ipll = Sup {lp()[;0 <t <1} |plh = lail.
0

Then || ||, || |l are norms on X such that ||p|| < ||p||1. However, there are no constants

a > 0 such that ||p||1 < «al|p|| for all p € X.

Let X be a real NLS and f : X — R be a continuous function such that f(z +y) =
f(x) 4+ f(y) for all z,y € X. Show that f is linear.
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Chapter 3

Hilbert Spaces

IPSs and Hilbert Spaces: definition and examples, polarization identify and parallelogram
law, Schwarz inequality, strict and uniform convexity,), more examples, orthonormality and
Pythagoras theorem, Gram-Schmidt, Examples, Bessel inequality and Riesz-Fisher theorem,

Fourier expansion and Parseval identity, some examples, separability.

3.1 Definition and Examples

Definition 3.1.1 An inner product on a vector space X over Kisamap (—, —) : X x X - K
satisfying the following axioms:

(i) (z, ) > 0, z € X and equality holds iff z = 0.

(ii) (z1 + @2, y) = (21, y) + (2, y) and (kz, y) = k(z, ).

(iii) (y, z) = (z, y).

Remark 3.1.2 (i) is referred to as positive definiteness; (ii) is called linearity in the first slot;
(iii) Note that the ‘bar’ on the right hand side of rule (iii) denotes the complex conjugate when
K = C and the identity when K = R. Thus, it is called conjugate symmetry, or symmetry
accordingly. Note that combing (ii) and (iii), you get conjugate linearity (resp. linearity) in
the second slot. In some books (especially in some physics books, the slots are interchanged

but this does not influence the the rest of the theory in any way.)

A vector space X together with an inner product is called an inner product space (IPS) or a
pre-Hilbert space. As you may have anticipated, an inner product induces a norm on X as

follows:

lz])* = {z, z).

Thus, an IPS is a NLS and therefore, a metric space as well. If this metric is complete then
the IPS is called a Hilbert space. The norm given by an inner product satisfies the so called

Parallelogram Law:

lz +yl1? + llz =yl = 2[||=]|* + ly|?
which can be verified easily.

23
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A natural question that arises here is: can one recover the inner product from a norm?
The key step toward an answer is the so called

Polarization Identity:
Az, y) = |z +yl* — lla -yl (3.1)
T,y rTy rT—Y .
or
_ 2 2 2 2
Az, y) = llz+yll” = llz —yl* +ollz + ol = dlz — wll (3.2)

respectively if X is real or complex NLS. Here the norm on the right hand side is the one
corresponding to the inner product on the left. Therefore, beginning with a norm, which
should satisfy the parallelogram law above, if we want to get an inner product such that the
corresponding norm is the given one, we must define the inner product as above. It turns out
that this definition indeed gives us an inner product. The verification is left to the reader as
an exercise and should skip reading the proof and go ahead. After giving a good trial, she may
come back to this.

[Let us first consider the real case. Checking symmetry is easy. Putting z =
y, we also see easily that (v, x) = ||z|?>. In order to prove the linearity in the
first slot, fix y € X and consider the function f(z)= (z,y) as given by (3.1).
Then f is continuous and from exercise 2.3.6.12, it is enough to show that f is
an additive homomorphism. That is f(z+z) = f(z)+f(z). For this, we apply parallelogram
law to ||z + z+y|? in two different ways, viz., writing 2 +z2+y=(z+y)+2 =
z+ (y+z), we obtain

lz+ 2 +ylI* = 2(lz + y 1> + [2l1*) =z +y = 217 = 2(z]* + [z + ylI*) = e —y — 2I*.
Likewise we also get
lz+ 2 = ylI* = 2(lz = yI* + [2l*) = |z — y = 217 = 2(|z]* + [z = y[I*) = | +y — 2I>
Therefore
2(|lz + 2z +yl? =l + 2 = ylI*) = 2(lz + ylI* — llz — yI* +2(]z + y]* — [l = y[?)

as required.

In the case of complex NLS, we consider the real and imaginary parts of RHS
of (3.2) separately. What we have proved so far tells us that the real part defines
a real inner product, which we may now denote by (z, y)r. Consider the imaginary

part:
<.’E, y>(C = <I‘, ly>]R~

Then (7, z)c = 0 because |1 +1|> =|1 —1/2, and

4y, 2)c = 4y, wir = 4z, Y)r = 1w+ yl* = i —yl* = llz — wl® = o +4d* = —4(z, y)c
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which proves that (y, z)c = —(z, y)c. However, the linearity in the first slot for
(x, y)c is proved exactly similarly as in the case earlier case. It now follows

that
<$7 y> = <l’, y>R +Z<ZL‘, y>(C

is an inner product.]

3.2 Orthonormal Sets

Definition 3.2.1 Let X be an IPS. Two elements xz,y € X are said to be orthogonal to
each other if (z, y) = 0. We write this by x L y. Similarly, if every element of a subset A
is orthogonal to every element of another subset B we write A 1 B. A itself is called an
orthogonal set if a # b € A implies a L b, i.e., any two distinct elements of A are orthogonal

to each other. If further, each element of A is of norm 1 then A is called an orthonormal set.

The following properties are immediate:

(A) Pythagoras: If {z1,...,zx} is an orthogonal set then
lzs+ -+ zall® = e + - + .

(B) Every orthogonal subset of X \ {0} is linearly independent.
(C) If = # y belong to an orthonormal set, then ||z — y||? = 2.

Theorem 3.2.2 (Gram-Schmidt) Given a linearly independent set {xz, : n = 1,2,...},
define y1 = x1;u1 = y1/||ly1ll; and for n > 2, define

n—1

Yn = T — Y (0, wdus, U = ya/ |yl

=1

Then {u, : n=1,2,...} is orthonormal and
Span {uy,...,u,} = Span {x1,x2,..., x5}, for all n.

Remark 3.2.3 Indeed, if z;s are all continuous functions from some topological space into X,

then so are the resulting u;s.

Example 3.2.4 We know that a polynomial p(¢) in one variable over K has only finitely many
roots. This means that we can consider them as genuine elements of of L?[a,b] and then it
follows that {1,¢,#>...,} is a linearly independent set spanning the space of all polynomials.
However, it is clear that this is not an orthogonal set. So, we can apply GS process to it and get
an orthonormal set {ly,l1,...,0y....} of polynomials. For the special case when [a,b] = [—1, 1]
these [; are called Legendre polynomials. A simple computation (exercise) will show that
lo=1/v2,11 = V3t/\/2,15 = v/10(3t? — 1) /4, and so on.

More generally, given a continuous positive function w : [a,b] — R, we can consider the
space L?[a,b], of all measurable functions z : [a,b] — K such that [ ; |z|?wdp < oo. If we
define

b
S —
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then it is a routine to check that L?[a,b],, becomes an inner product space. If our choice of
w is such that for all n € Z7, fab [t|*"wdu < oo, then we can talk about orthonormal set of
polynomials with respect to the weight function w. Classically interesting cases occur when
[a,b] = [—1,1]. The case of Legendre polynomials corresponds to the weight function 1. For
w(t)y=1/ V1 —12;3/1 — 12, they are respectively called Tchebychev polynomials of I kind and
IT kind. For w(t) = et 6_t2, they are called Laguerre polynomials and Hermite polynomials.
There are fat books written on them and they play some major role in various branches of

mathematics.

Theorem 3.2.5 (Bessel’s inequality) : Let E be a finite or countable orthonormal set in
an IPS X. Then for every x € X we have,

>z, e < el

ecE

Moreover equality in the above expression holds iff x € Span E.

Proof: First consider the case when E is finite. Put z =) __p(z, e)e. Then

(@, 2) = (z,2) = (2, 2) = ) _ (=, e) ™.
eck
Therefore,
0<|lz—z2? = (-2 2—2)

= (x,x)+(z, 2) — (x, 2) — (2, x)

= |zl = Xeep (2, o),
which takes care of the statement when F is finite. Upon taking the limit we obtain the result
when F is countably infinite also. The last assertion is obvious from the steps in the proof:
equality holds iff ||z — 2|2 = 0 iff 2 = z iff 2 € Span E. [

Corollary 3.2.6 Let E be any orthonormal set in an IPS X. Then for any x € X the set
E, ={e€ E : (x,e) # 0} is a countable set. If {ej,es,...,} is an enumeration of E, then

(x, en) — 0 as n — oo.

Proof: For every m > 1, let E,,, = {e € E : |{z, e)|? > ||x||*/m.} Then it follows easily from
Bessel inequality that #(E,,) < m. Now E, = U, F,, is a countable union of finite sets and
hence is countable. The last part follows since for any convergent series of real numbers, the
nt? term must tend to zero. 'y

The next theorem tells the role of a countable infinite orthonormal set in a Hilbert space.

Theorem 3.2.7 Riesz-Fisher: Let {e, : n = 1,2...,} be an orthonornal set in a Hilbert
space H and let A\, € K be a sequence of scalars. Then the following are equivalent:

(A) There exists x € H such that (x, ep) = A\, for all n.

(B) X0 Aaf? < oo.

(C) D27° Anen is convergent in H.
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Proof: (A) = (B): Use Bessel’s inequality.
(B) = (C): The sequence of partial sums s, = Y| Ayep, is Cauchy, due to the fact that {e,}

is orthonormal.

(C) = (A) Take z =) Auen. [ )

Definition 3.2.8 An orthonormal set in an IPS is called an orthonormal basis if it is not
contained in any larger orthonormal set. A simple application of Zorn’s lemma tells you that

every orthonormal set is contained in an orthonormal basis.

Theorem 3.2.9 Let {e,} be an orthonormal set in a Hilbert space. Then the following are
equivalent:

(A) {en} is an orthonormal basis for H.

(B) (Fourier) Given x € H, the set {a : (x, eq) # 0} is countable and x =), (x, ey)en.
(C) Parseval identity: For x € H,

oo
2] = (e, en)l.
1
(D) For xz € H, (z, eq) =0 for all o implies x = 0.

Proof: (A) = (B) We have seen that E, is countable for each x. By Bessel’s inequality,

o
Dl en)? < Jlz))? < oo
1

By Riesz-Fisher, ) .(z, e;)e; makes sense as an element, say, y € H. If y # x then take
e = ﬁ and show that {e,} U {e} is an orthonormal set, contradicting the maximality of

{eat-

Other implications are left as an exercise to the reader. o

3.3 Separability

Theorem 3.3.1 Let X be a Hilbert space. Then the following are equivalent:
(A) H has a countable orthonormal basis.
(B) H is isometric to €5 for some 0 < n < oo.

(C) H is separable.

Proof: (A) = (B): We may assume that H # (0) and let {e, : n = 1,2...,} be an
orthonormal basis for H. Define F' : H — (3 by the formula

F(a)n = (2, en),

i.e., the n'" entry of the sequence F(z) is equal to (z, e,). Clearly, F is linear. Appeal to
Bessel’s inequality to see that F' is continuous. Use Parseval’s formula to see that F' is an
isometry. Appeal to Riesz-Fisher to see that F' is onto.

(B) = (C): Obvious.
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(C) = (A): Start with a countable dense subset {ai,...,an,,...}. We construct a sequence
{ky,} finite or infinite as follows: Put k; = 1. Having chosen k,, let k1 be the first number
such that {ag,,ak,,...,ax,,ax,., } is an independent set, if it exists; otherwise, stop. Rename

ag, as by. Check that {b1,b2,...,} is an independent set such that
Span {b1,b2...,} = Span {aj,as,...}.

Apply Gram-Schmidt to {b1,bs, ...} to obtain an orthonormal set {eq,e2,...}. To show that
this is a basis, it is enough to show that (z,e,) = 0 for all n implies = 0. But this condition
implies (z,b,) = 0 for all n which in turn implies (z, a,,) = 0 for all n. Since {aj,az,...,} is
dense there exists a subsequence a,,, converging to x. By continuity of the inner product, we
get,

(x, x) = (x, limay, ) = lim(z, an, ) = 0.

Therefore x = 0. '

Example 3.3.2 Weierstrass’s approximation theorem says that given any continuous function
f:]a,b] — K and an e > 0, there exists a polynomial function p(t) such that ||f — p|lc < €.
This in turn implies that the space of all polynomials is dense in L?[a,b]. In particular, this
means that the various set of special polynomials such as Legendre polynomials etc. that we

have discussed in example 3.2.4 are all orthonormal basis for the respective Hilbert spaces.

Example 3.3.3 Another important class of orthonormal sets occurs when we are studying
Fourier analysis of periodic functions on R (which are the same as functions on S'). Consider

the space L2[—, 7], and the sequence of functions
un(t) = ™ /V2r, neZ

Check that this is an orthonormal set. A classical theorem in Fourier analysis asserts that this
is indeed an orthonormal basis. This is equivalent to saying that given a measurable function

x on [—m, 7], there are unique & € K (called Fourier coefficients of =) such that
o0
T = Z Tnln
—0oQ
as an element of L2[—, 7).

Exercise 3.3.4

1. Let A C RT be such that for every countable (or finite) subset B C A, we have y, 7 <
00. Then A is countable. ( Compare Corollary 3.2.6.)

2. Let X = Cla,b]. For f,g € X, let

(f, g 0_//f g(t) ds dt,
/ / Smss__tt (s)g(t) ds dt.

and
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Then (, )g is not an inner product but (, ) is. Hint:

gar= s [ ([ emra) ([ ematna)

. In any inner product space, we can introduce the notion of angle: For x = 0 or y = 0, let

Oy = 0. For x # 0 # y, let ©,, = arccos m Show that ©, , satisfying the cosine
formula:

lz + 3% = llz]I* + llyll* + 2z 1y]| cos Oy

. Show that a NLS X is an inner product space iff every two-dimensional subspace of X

1S Sso.

. Let X,Y be two inner product spaces. We say they are isomorphic if there is a linear

map f : X — Y which preserves the inner product. Show that X is isomorphic to Y iff

as NLSs they are isometric.

. Let D be a domain in C and let L?(D) be the space of equivalence classes of square

integrable complex valued functions on D with the inner product given by

(. g) = /D £(2)3(@) da dy.

Let A%(D) denote the subspace of analytic functions. Show that L?(D) is a Hilbert space
and A?(D) is a closed subspace. In fact, if f, — f in L? norm, then f, converges to f
uniformly on every closed disc in D. (Hint: If B, (z9) C D then by mean value theorem
for analytic functions we have

S = | Gy

r

Now use Holder’s inequality to obtain | f(2o)| < || f|lrv/7.)



