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Chapter 1

Normed spaces

1 Definitions and examples

In this lecture we consider vector spaces over the fields K = R or K = C. We
use the syntagm vector space over K in order to indicate that both a real and
a complex vector space can be meant. If not otherwise stated, we will tacitly
assume that the vector space is not the trivial one {0}.

Definition 1.1 (Seminorm and norm) Let X be a vector space over K. A func-
tion p: X — [0, +00) is called seminorm if

(a) p(Az) = |A|p(z) VA € K Vz € X;
(b) (triangle inequality) p(z +y) < p(z) + p(y) Vx,y € X.

In this case (X, p) is called a seminormed space.
The function p is called norm if, in addition,

(c¢) p(z) =0< 2z =0.

Norms are usually denoted with the symbol || - || and (X, || - ||) is called a normed
space.

One can easily see that (a) (for A = 0 and = = 0) yields p(0) = 0.
On a normed space (X, || - ||) one can induce in a natural way the metric

d: X x X = [0,+00), d(z,y)=|lz—1yl.
It is easy to see that the metric axioms are, for arbitrary z,y, z, € X, fulfilled:
(a) d(z,y) = 0;
(b) d(z,y) = d(y, z);
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(c) dz,y) < d(z,z) +d(y, 2);
(d) d(z,y) =0z =y.

Definition 1.2 (Cauchy sequence and convergent sequence) Let (X, || -|) be a
normed space and (z,).en a sequence in X. We say that

(a) (zn)nen is a Cauchy sequence if

Ve > 0 there exists N € N such that Ym,n > N it holds ||z, — z,| <.

(b) (zp)nen converges to x € X (and write lim,,_, o x, = x) if

Ve > 0 there exists N € N such that ¥n > N it holds ||z, — z|| < e.

In a normed space every convergent sequence is a Cauchy sequence, however,
as we will see later, the opposite statement is in general not true.

Definition 1.3 (Banach space) A metric space (X, d) is said to be complete if
every Cauchy sequence in X converges to an element in X. A complete normed
space (X, || - ||) is called Banach space.

In Chapter III we will show that every normed space which is not complete
can be “embedded” into a Banach space.

Example 1.4 The vector space K" endowed with each of the following norms
(defined for x = (z1, ..., z,) € K")

n
Izl = |
=1
n 1/2
[z]l2 = (Z |37z‘|2>

=1
7]l = max |z
i=1,...,n

)

is a Banach space. Every sequence in K" which is Cauchy /convergent with respect
to one of the norms is Cauchy/convergent with respect to each of the other two
norms.

Example 1.5 (The space ¢>°(T)) Let T be a nonempty set and
>°(T) :=={z: T — K| z is a bounded function}.
It is easy to see that, for z € (>°(T),

[ 2] = sup [(2)]
teT
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defines a norm on on ¢>(7T’), which is the so-called supremum norm.

(0>°(T),] - ||) is a Banach space.
We will show that this normed space is complete. Let (x,),en be a Cauchy
sequence in (>°(T'). Let t € T be fixed. Since

|xm(t) - xn(t)| < me - anoo Vm,n € N,

it follows that (z,(t))nen is a Cauchy sequence in K. Since K is complete, there
exists z(t) := lim, 1 x,(t) € K. This defines a function = : 7" — K. We show
that (x,)nen converges to x in the supremum norm (which actually means that
the sequence converges uniformly to = on K).

Let € > 0 be fixed. Then there exists N € N such that

|Zm — Tnlloo < g Vm,n > N.
Let t € T'. Then there exists M > N such that
[zas(t) —2(0)] < 5.
For every n > N it holds

|2 (t) — 2(O)] <[zn(t) —2n(O)] + |22 (t) — 2(t))]

9
S”In — IMHOO -+ 5 < €.

On the one hand, for every ¢t € T it holds
2(0)] < Jzn ()] + o) —2n (O] < [on]o + e,
which shows that = is bounded. On the other hand, we have
|z — x||eo < €V¥n >N,
which proves that z,, — x as n — 4o0.

Lemma 1.6 (a) If X is a Banach space and M is a closed linear subspace of
X, then M is complete.

(b) If X is a normed space and M a complete linear subspace of X, then M is
closed.

Proof. (a) Let (x,),en be a Cauchy sequence in M. Since X is a Banach space,
there exists x := lim,, ., x,, € X. Taking into account that M is closed, z € M.

(b) Let (zn)nen € M be a given sequence and x := lim,, 1 x, € X. Since
the sequence (z,),en 1S convergent, it is also a Cauchy sequence. From the fact
that M is complete it yields that (z,),en must have a limit in M. Using that
the limit of the sequence is unique, it follows that € M. This proves that M is
closed. |
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Lemma 1.6 can be used to prove the completeness of linear subspaces of
Banach spaces. To this end one just has to prove that the respective linear
subspaces are closed.

Example 1.7 (The space of continuous functions) Let T' be a topological (met-
ric) space and

C*(T) :={x: T — K| z is a bounded and continuous function}.

It is obvious that C®(T) is a linear subspace of £>°(T).

C®(T) endowed with the supremum norm is a Banach space.

To prove this, according to Lemma 1.6, it is enough to show that if (x,,),en C
C®(T) is a sequence, which converges uniformly to a bounded function z on T,
then z is continuous on 7.

To this end, let ty € T be fixed and € > 0. Then there exists N € N such that
lzn — 2]|oo < §. Since xy is continuous, there exists a neighbourhood U(ty) of
to in 1" such that for all ¢t € Ul(t) it holds |zn(t) — 2n(to)| < 5. From here we
have for all t € U(ty) that

() — x(to)| <[x(t) —2n ()] + [en(t) — 2n(to)] + [2n(to) — z(to)]
L2z — xN]|oo + 2N (t) — 2N (t0)| < €.

This shows that x is continuous at ty. Since t, was arbitrarily chosen, it follows
that x is continuous.

If T is a compact topological (metric) space, then every continuous function
x: T — K is bounded. In such a case, instead of C*(T'), one writes C(T').

Example 1.8 (Spaces of differentiable functions) Let
C'a,b] := {x : [a,b] — K | z is continuously differentiable on [a, b]}.

C'la,b] is a linear subspace of C|[a, b].

Clla, b] endowed with the supremum norm is not a Banach space.
This is a consequence of Lemma 1.6(b) and of the fact that C'[a,b] is not
closed with respect to the supremum norm. Indeed, define for every n > 1

Tn: [-1,1] = R, x,(t) = (t2 + 1)é

n

We obtain in this way a sequence of continuously differentiable functions, which
converges uniformly to the absolute value function | - |, which is obviously not a
continuously differentiable function.
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We consider on C'[a, b] the following norms (which is easy to see)

]| =max{|z[|oc, 2"} = sup max{|x(t)],[2'()[}

te(a,b]
[zl =llzlloe + 12"l oo-
C'[a,b] endowed with each of the norms || - || and ||| - ||| is a Banach space.
It holds
lzll < [ll[l] < 2[|z]| Yo € C*[a, b].

Thus, (C'[a,b], || - ||) is complete if and only if (C'[a,b],]|| - |||) is complete. Let
(Tn)nen be a Cauchy sequence with respect to one of the two norms. Then
(n)nen and (z,),en are Cauchy sequences with respect to || - ||«. Since Cla, b] is

complete with respect to the supremum norm, the two sequences have both limits
in Cla, b]; let these be x and y, respectively. Since (x,)n,en converges uniformly
to x and (2, )nen converges uniformly to y, it follows that z is differentiable and
2’ =y. In conclusion, z € C'[a, b] and lim,,_, o =, = .

Analogously, for r € N,;r > 1, let be

C"la,b] :={x: [a,b] = K| x is r — times continuously differentiable on [a, b]}.

C"[a,b] endowed with the norm |||z||| = Y_I_, [|[+?]|« is a Banach space.

Similarly, one can endow spaces of r-times continuously differentiable func-
tions of several real variables with corresponding norms in order to obtain Banach
spaces.

Example 1.9 (The sequence spaces ¢, co, ¢, ¢>°) Consider the vector spaces

coo *={(tn)nen C K | £, # 0 for at most finitely many n}
co :={(tn)nen C K| hm t, =0}

¢ :={(tn)nen C K| ( n)neN is convergent }
0%° = 0>°(N) ={(t,)nen € K| (t1)nen is bounded}

endowed with the supremum norm

‘|$HOO = sup ’tn’7 for z = (tn)nEN-
neN

It holds
coo Ccg CcC s

and, as seen in Example 1.5, /*° is a Banach space.

o, ¢ and £*° are Banach spaces with respect to the supremum norm, ¢y is not
a Banach space.
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coo 1s not closed (and the conclusion follows from Lemm 1.6 (b)). Let z =
(%)neN and, for every n € N,

11
wi=(1,2,..,2,0,0,... ).
o= (1o p00.)

1
n+1

cis closed. Let (x,)nen € cand x, — x € (*° asn — +o00. Let z, 1= (L, x)ken
and limg, oo tn g = tnoo for every n € N, and = := (fx)gen. Since (Z,)nen is a
Cauchy sequence, (t, o )nen is a Cauchy sequence, too, thus convergent in K. Let
loo 1= limy, 54 o0 Ty 0. We show that limy_, 4 ot = oo, which will prove that x € c.
To this end, let be ¢ > 0 and N € N such that

Then (z,)nen C coo and ||z, — z||c = — 0 as n — +o0, however, = ¢ cgy.

€ €
ey — 2o < 3 and [tneo — too| < 3

Let K € N be such that for all £k > K
€

[tng — tN o] < 3

Therefore,
[tk — too| <[te =t il + [tNk — tN 0ol + [EN00 = tool
2
<oy = o+ 5 <2 V> K.

o is closed. Let (y)nen C ¢o and x, — x € £* as n — +o0o. Using the
notations above, we have that x € c and limy_, oty = too = lim,, 1oty oo = 0.
In conclusion, x € cy.

Example 1.10 (The sequence spaces /F (1 < p < o0)) Let

+oo
r = {(tn)neN CK| Z t,]P < +oo}

n=1

400 %
]l := (Z Itn|”> :
n=1

(7. - |l,) is a Banach space.

For A € K and = €  we obviously have that Az € (7.

Let now 2 = (tp)nen, ¥ = (Sn)nen € P and n > 1 be fixed. By the Minkowski
inequality (see Ubungsbeispiel 2) it holds for all m > n

1 1 1 1 1
n p n P n P P m p
k=1 k=1 k=1 k=1 k=1

and, for z = (t,)nen;

NE
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By letting m — 400 we see that

n % +oo —+o0 %
(thwsup) S(thup) +<lek|p> = llall, + llyll, < +oo.
k=1 k=1 k=1

By letting now n — +o00 we obtain the Minkowski inequality for sequences

Q=

12+ yllp < l2llp + [1yllp, (1.1)

which yields x +y € (P.

Therefore, (P is a vector space. It is easy to see that (a), (b) (by taking into
account (1.1)) and (c¢) in Definition 1.1 are verified, thus || - ||, is a norm on ¢7.

It remains to show that (¢, || -||,) is complete. To this end we consider a
Cauchy sequence (2, )nen in 0P, where x,, := (t,x)ren for all n € N. Let k£ € N be
fixed. Since |tk — thkl < ||&m — 2|, for all m,n € N, it follows that (¢, )ken
is a Cauchy sequence in K. Thus there exists ¢ := lim, ,;t,r € K. Let
x := (tx)ven. We will prove that z € ¢ and ||z, — z|[, = 0 as n — +o0.

Let € > 0 be fixed and N € N such that ||z, — z,[/, < § for all m,n > N.
Let K € N be fixed. It holds

K 0 .
(Z [— tn,k|p> < llm = anlly < 5 ¥m,n > N.
k=1

For all n > N and all K € N, by letting m — +o00, we get

K >
(Z |t — tn,k|p> <
k=1

and further, by letting K — 400,

+0o0
(Z It — tn,k|p> = || — 2|, < ¥n > N.

k=1

DO ™

3=

Thus ||z, —z||, = 0asn — 400 and xy—z € (P, which leads tox = z—ay+aN €

o,

Remark 1.11 (Holder inequality for sequences) For x € ¢! and y € ¢ it holds
xy € (* and

eyl < llzll1lylloo-
By using the Hélder inequality (see Ubungsbeispiel 1 (b)) and the same technique
as in Example 1.10 one can prove that, for p, ¢ > 1 fulfilling i—i—é =1landx € ¢?
and y € (9, it holds zy € ¢! and

eyl < llzllpllyllq
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Before introducing a new class of Banach function spaces we will prove the
following lemma, which characterizes complete seminormed spaces.

Lemma 1.12 Let (X, | -||) be a seminormed space. The following statements
are equivalent:

(i) X is complete, namely, every Cauchy sequence in X (in the sense of Defini-
ton 1.2(a)) converges to an element in X (in the sense of Definiton 1.2(b)).

(ii) Every absolutely convergent series in X is convergent, in other words, for
every sequence (Tp)nen C X fulfilling > 725 ||2,|| < 400 there evists x € X

Zf:[:l Ty — ZL'H = 0.

Proof. (i) = (i1) For every n > 1let be s, := Y ,_, x,. For every n > m > 1
we have

such that limy_, 1 o

n

> n

k=m+1

n

< > llzll

k=m+1

Hsn - SmH =

Thus limy, s 100 |[Sn — Sm|| = 0, which means that (s,)nen is a Cauchy sequence.
From here and the fact that X is complete the conclusion follows.
(i1) = (i) Let (z,)nen be a Cauchy sequence in X. For every k£ € N, let be
N € N such that )
|Tm — zn|| < 5 Vm,n > Ny.
This leads to a sequence (z,, )ren fulfilling

1
||Ink+1 - xnk|| < ? Vk € N.

We notice that ;%5 [|Zn,,, — T, || < +00, which means that there exists y € X
such that
K

Z(xnk+1 - xnk) -y

k=1

= lim Hx — Ty, — H
K—+00 NK+1 ni y

0= lim
K—4o0

We will show that the whole sequence (x,,)n,en converges to x,, +y (in the sense
of Definiton 1.2(b)). Let € > 0 and N € N be such that

|Tm — zn|| < g Vm,n > N.
Let k£ € N be such that ny > N and
0, = (o + )l < .
Then for all n > N it holds

2 = (@n, + W) < ll2n = 2|l + 20, = (@0 + )] <,

and the statement is proved. [ |
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Example 1.13 (The spaces L” (1 < p < o0)) Let I C R be an interval, > the
Borel o-algebra on I (the smallest o-algebra containing all open subsets of I)
and A the Lebesgue measure on I. Let (if f is measurable, then |f[? is also
measurable)

LP(I) = {f : I — K| f is measurable and/|f|pd)\ < —I—oo}
I

T ( / rf|w)p |

For a € K and f € £P(I) we obviously have that af € LP(I). Choose now
f,g € LP(I). Then f + g is measurable and it holds

and, for f € LP(]),

/I () + g(DPaA(H) < / (17 (0)] + lg(t)PdA(E) < / (2max{| £(£)], |g(t)})PdA(2)
— o / max{| f (D)7, |g(t) "INt
<o ( /] PPN + /I ]g(t)\pd)\(t)) < +oo.

This proves that £P(I) is a vector space.

(LP(I), ]| - |I5) is a complete seminormed space.
It holds

ol = ( / raf<t>|pdx<t>)” ~ o] ( / If\”dA>p — lalllf]l; Va € K Vf € £2(1).

In order to prove the triangle inequality we will derive first variants of the Holder
and the Minkowski inequality in the context of function spaces.
A variant of the Hélder inequality for £P(1): Let p,q > 1 be such that i—i—% =

1, f e Lr(I) and g € LY(I). Then fg € £L'(I) and

gl < I[Nl (1.2)

We denote A := (|| f||5)? and B := (||g||;)?. If A = 0, then f = 0 almost
everywhere (a.e.), thus fg = 0 a.e. and the conclusion follows. We come to
the same conclusion if B = 0, thus we can assume that A, B > 0. The Young
inequality (see Ubungsbeispiel 1(a)) yields for every t € [

FOL®L  (IFOPN? (lg®l\F _ 11F@P
AL B;‘(A)(B)Sp

1]g(t)"
A +q B

The conclusion follows by integration.
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A variant of the Minkowski inequality for £P(I): Let p > 1 and f,g € LP(I).
Then

1f +gll, < 711+ llgll;- (1.3)
We assume that p > 1 (the case p = 1 is trivial) and define ¢ := 1%' Then
% + % = 1. We apply twice (1.2):

(Uf + gl = / () + g(t)Par()
< / FOIFE) + g(B)Fan() + / 9OI1F(0) + 9P dA)

LAIGILE + g5 + gl + a5
= (I£15 + Mgl LS +gll;)P~

From here, the conclusion follows.

The triangle inequality for ||-[|5 is nothing else than (1.3). Thus (£P(1), [|-|/;)
is a seminormed space. One can easily see that [| - ||7 is “only” a seminorm, since
| f1l; = 0 if and only if f = 0 almost everywhere. However, as we will see in the
following, (LP(1), | - ||;) is complete.

We will use Lemma 1.12 (i7) = (). Let (fy)nen € LP(I) be such that M :=

o I fallh < +o0. We define for every n € N the functions g, (t) = >p_, | fu(t)]
for all ¢ € I. Since LP(I) is a vector space, g, € LP(I) for every n € N. In
addition, according to the Minkowski inequality, we have

IN

lgalls < STIAllE < M < o0 VneN.
k=1

Since for every t € I, 0 < gn(t) < gnt1(t) for every n € N, there exists g(t) :=
My, 400 Gn(t) = 3025 | fe(t)] € [0,400]. The function g is measurable. Making
use of the Theorem of Beppo Levi we can conclude that

/g(t)pd)\(t) = lim [ g,(t)PdA(t) < MP.

n—-40o I

This mean that ¢” and, consequently, ¢ is finite almost everywhere. In other
words, there exists a set N € % of measure zero such that

gt) = i) €ER VEtET\N.

Using the Cauchy criterion for series we can conclude that

F£) =" fult) €K
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exists for every t € I \ N. We define f(t) := 0 for all £ € N and get in this way
a measurable function f: I — K.
We define for every n € N the functions s, (t) = > _, fx(t) for all ¢ € I. Then

lsn(t)] < gn(t) <g(t) YneNVteIl\N.

Therefore |f( )| < g(t) for all ¢ € I\ N, which implies that [, |f(t)[PdA(t) <
[ 9(t)PdA(t) < MP, thus f € LP(I).

Fmally7 we have lim,, 1o |s,(t) — f(t)| = 0, thus lim,,_, |s,(t) — f(t)|P =0
for every ¢t € I \ N. On the other hand,

E}ﬁ _<#H;Z]h@0 = g(t)"”

for every t € I\ N and g is Lebesgue integrable. By the Lebesgue dominated
convergence Theorem we conclude that

ka_ || = hm |80 — fH;:nl_igloo (/’371 (t)|PAN(t ))p —0.

In order to obtain a complete normed space we have to identify functions
which coincide almost everywhere. This approach uses the notion of quotient
(semi) normed space.

0 <[sn(t) — f(t)]P = lim

m—+00

lim
n—-+o0o

Definition 1.14 Let (X, ||-||) be a seminormed space and A C X. The distance
function to the set A is defined as

dist(-,A) : X - R, dist(x, A) := inf{||z — al| : a € A}.
It holds dist(z, A) = 0 < = € A.

Theorem 1.15 Let X be a seminormed space over K and M C X a nonempty
linear subspace. Let

X/M ={[z]=2+M |z e X}
be the quotient space of X by M. Recall that X/M with the operations
[#] +[y] =z +y] Ve,yeX

and

Az] == [Ax] YAeKVreX

15 a vector space over K. The following statements are true:

(a) ||[x]|| := dist(z, M) defines a seminorm on X /M.
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(b) If M is closed, then || - || is a norm on X/M.

(¢) If X is complete and M s closed, then X/M is complete.

Proof. (a) We prove first that || - || is well-defined. If z + M = y + M, then
there exists m € M such that x = y + m. Thus dist(x, M) = inf{||y + m — m/|| :
m' € M} =inf{|ly —m/|| : m' € M} = dist(y, M).

It is clear that dist(z, M) > 0 for all x € X.

For A € Kand z € X it holds

IA[z]|| = dist(Az, M) = inf{||A\z —m]| : m € M} = inf{||\x — Im]| : m € M}
= [Minf{{lz —m[ :m e M} = A dist(z, M) = |Al[[[2]]].

Let z,y € X and € > 0. Then there exist m,n € M such that ||z — m| <
I[z]]| + € and ||y — n|| < |/[y]]| +&. It holds

[z +ylll < Iz +y) = (m+n)ll < llz —mll +lly —n

Ifz] + Il =
< [l + [Tyl + 2.

Letting € — 0, it yields [|[z] + [y][| < [}l + ]I,

(b) We have that ||[z]|]] =0 < dist(z, M) =0 x € M = M < [z] = [0].

(c) Let (2)nen € X be such that 72 ||[z,]|| < +o00. For every n € N there
exists m,, € M such that ||z, —m,|| < ||[z,]]|+27". Then Z:iil |z —my|| < 400

and, according to Lemma 1.12 (i) = (1), there exists x := > '~ (z,, —m,,). This
implies for every N € N

] =[]

N
‘ = dist (:c — an,M>
n=1

n=1
N
n=1
Letting N — o0, it yields > [x,] = [#]. In the light of Lemma 1.12 (1) = (i)
we obtain that X /M is complete. |

Remark 1.16 If (X, | -||) is a seminormed space, then N := {x € X : ||z|| = 0}
is a closed linear subspace of X. For every x € X it holds dist(z, N) = ||z].
Thus, according to Theorem 1.15, ||[z]|| := ||z|| for every x € X, defines a norm
on X/N and, if X is complete, then X/N is a Banach space.

Coming back to the LP spaces discussed in Example 1.13, we consider the
kernel of the seminorm || - || (which actually does not depend on p)

N, := {f is measurable | f =0 a.e.} = {f is measurable | || f[|; = 0}
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and the quotient vector space
LP(I) := LP(I)/N,.

We denote the quotient norm on LP(I) by || - ||, or by || - ||ze. In view of Remark
1.16 we have that:

(LP(I),]| - ||p) is a Banach space for p > 1.

The elements of LP(I) are equivalence classes of functions, however, they are
handled as functions. This means that instead of [f] € LP(I) we write f € LP(I).

Having a measure space (2,3, i) one can similarly introduce for p > 1 the
space LP(§2, %, ), which is also shortly denoted by LP(u), and prove that:

(LP(w), || - ||p) is a Banach space for p > 1.
For 2 = N, ¥ = the power set of the set of natural numbers, and p = the
counting measure, it holds LP(€, 3, u) = ¢P.

Example 1.17 (The spaces L>) Let I C R be an interval, 3 the Borel o-algebra
on I and A the Lebesgue measure on . Further, let be

LX) :={f:I— K| fis measurable and
IN € ¥, A(N) = 0 such that f|;n is bounded}

and, for f € £L>(I),

oo 1= inf su )| = inf 0o (< 400).
Ilim o= s 1O = int Sl (< +00)

It is easy to see that £(]) is a vector space.

We notice that for every f € L£>(I) there exists a set N = N(f) € X of
measure zero such that || f||7~ = || f]r~|ls- Indeed, for every k& € N, let be N}, €
> with )\(Nk) = ( such that Hf’I\Nk”oo S Hf”zoo + % Define N := UkeNNk € .
Then A(N) =0 and

* * 1
1z < W flnwlloo < I flnmilloo < Ifllz + 2 VA €N.
Letting k — 400, the conclusion follows.
(L), - ||I%,) is a complete seminormed space.

For every a € K and every f € £°°(1) it holds

loflls = vt laflnwlle = lal | _inf il = lall /I

Let f,g € L£>®(I) and N(f),N(g) € ¥ such that A(N(f)) = AM(N(g)) = 0,
[z = [ [nwveplloe and [lgllze = llglnnig)lloo- We have

1f 4+ gllze < N+ 9)Inviunepllee < N Inavinunie llee + lglnwrung o
< fInwvpllee +lglnnlloo = [1f 110 + gl 7o
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Next we will prove that £([) is complete. Let (f,)nen @ Cauchy sequence
in £°(I) and, for every pair (n,m) € Nx N, let N, , € 3 such that A(N,,,,) =0
and || fr, = fmllZee = [|(fn = fo)|\Nm [|oo- Define N := Uy menNpm € 3. It holds
A(N) =0 and for all n,m € N

1(fr = frdlnwlloe SN (fn = frn) [0 lloo = 1 fn = finl[Zoc-

This implies that (f,|n~)nen is a Cauchy sequence in (£°(1 \ N), || - ||) and,
consequently, convergent to a function f: I\ N — K. We define f(t) = 0 for all
t € N and notice that f is the uniform limit of the sequence of measurable and
bounded functions (f,Xxnn)nen, Where, for a set A C I, xa(t) =1fort € A and
xa(t) =0 for t ¢ A. This implies that

i W = Flze <l e = Pl = 0

The kernel of the seminorm || - ||%, is
Ny := {f is measurable | f =0 a.e.}
and the corresponding quotient vector space is denoted by
L(I) := L£2(I)/Nw.
The quotient norm on L*°(I) is denoted by || - ||~ and it is called the essential

supremum norm. In view of Remark 1.16 we have that

(L>(I),] - ||z) is a Banach space.

The elements of L>(]) are handled as functions, which means that instead of
[f] € L*°(I) we write f € L*°(I).

For a given measure space (€2,3, i) one can introduce in a similar way the
space L>(€), 3, i), which is also shortly denoted by L*°(u), and prove that

(L>=(p), || - ||n=) is a Banach space.

2 Properties of normed spaces

The following theorem shows that addition, multiplication with scalar and || - ||
are continuous mappings on normed spaces.

Theorem 2.1 Let X a normed space. The following statements are true:
(a) If x, = = and y, — y as n — +oo, then x, +y, = z+y as n — +oo.
(b) If \, = X in K and x,, = = as n — +oo, then \,z, — Ar as n — +oo.

(¢) If x, = x as n — 400, then ||x,| — ||z|| as n — +oo.
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Proof. (a) We have
[z +yn) = (2 + Y| < llan — 2l + llyn =yl = 0 (n = +00).
(b) We have
| Anxn — Az|| < | A = Az ]| + M|z — 2] = 0 (n — +00).
(c) We have
lznll = llzll] < llan — 2l =0 (n = +o0).
|

As a direct consequence of Theorem 2.1, we obtain that the closure of a linear
subspace of a normed space is also a linear subspace.

Definition 2.2 (Equivalent norms) Two norms ||-|| and |||-||| defined on a vector
space X are said to be equivalent if there exist two positive numbers 0 < m < M
such that

mlz|| < |l|z|]| < M|z|| Vz e X.

Theorem 2.3 Let || || and ||| -||| be two norms on X. The following statements
are equivalent:

(i) || -1 and ||| - ||| are equivalent.

(i1) A sequence in X is convergent with respect to ||-|| if and only if it is convergent

with respect to ||| - ||.

(c) A sequence in X converges to zero with respect to ||-|| if and only if it converges
to zero with respect to ||| - |||

Proof. The implications () = (ii) = (iii) are trivial.
(i7i) = (i). We assume that there is no M > 0 such that |||z]|| < M||z||
for every x € X. This means that for every n € N there exists z,, € X such

that |||z,||| > n||z.|. We define y,, = iy for every n € N and notice that
lynll = 2 = 0 (n = +00). Since |||y,]|| > 1 for every n € N, (yn)nen does not
converge to zero with respect to ||| - |||. Contradiction! The existence of m > 0
can be shown analogously. [
If the norms || - || and ||| - ||| defined on a vector space X are equivalent, then
(Zn)nen is a Cauchy sequence in (X, || - ||)
< (xn)nen is a Cauchy sequence in (X, ||| - []]),

which means that

(X, ]| - |) is complete < (X, ||| -]||) is complete.
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Example 2.4 (a) The norms |- || and |||-||| on C'[a,b] introduced in Example
1.8 are equivalent. They are not equivalent to || - |-

(b) The norms | - ||; (see Ubungsbeispiel 7) and || - ||oo on C[0, 1] are not equiv-
alent. It holds ||z]|; < ||z||« for every x € C[0, 1]. However, (C[0,1], | - /o)
is complete (see Example 1.7), while (C[0,1],]| - ||1) is not complete (see
Ubungsbeispiel 7).

(c) For a > 0, we define on C0, 1] the norm
llz[]la = sup |z(t)]e™".
0<t<1
Such constructions are useful in the theory of ordinary differential equa-
tions. It holds
Hzllla < llzllee < e®fllzllla V2 € C[0,1],
which means that ||| - |||, and || - ||c are equivalent.

Theorem 2.5 Any two norms defined on a finite-dimensional space are equiva-
lent.

Proof. Let X be a vector space of dimension n, {ej,...,e,} a basis of X and
| - || a norm on X. We will show that || - || is equivalent to the Euclidean norm
| - ||2- The triangle inequality and the Cauchy-Schwarz (Holder) inequality yield

S aied| <3l < (zw) (zuew)
=1 =1 =1

=1
1
n 2
_ (z uein?)
=1

n
>
=1
1
n 2
]| < (Zueiy\?) |zlls V€ X.
=1
ll-l2

This implies that || - || is continuous in (X, || - ||2), since, for z,, — = (n — +00)
we have (see Theorem 2.1(c)) ||z,|| — [|z]| (n = +00).

Using that S = {z € X : ||z||o = 1} is compact in (X, | - ||2), there exists
m > 0 such that

V(ay, ..., a,) € K",

2
therefore

m := min ||z||.
zeS
Since mm € S for every x # 0, we obtain that

mllzfy < |zl vz e X.

This shows that every norm on X is equivalent to || - ||2, and from here the
conclusion follows. [
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The following lemma will play an important role in the characterization of
finite-dimensional normed spaces.

Lemma 2.6 (Riesz Lemma) Let X be a normed space and M C X a closed
linear subspace of X such that M # X and 0 < 6 < 1. Then there exists x5 € X
such that ||xs]| = 1 and

|les —m||>1—-6 Vme M.

Proof. Let x € X \ M. Since M is closed, dist(x, M) = inf{||z — m| : m €
M} > 0 (see Definition 1.14). Since dist(z, M) < = dist(x, M), there exists
ms € M such that ||z — ms| < =5d(x, M). Define

r — Mg

Ty = —.
[ — me]|

Then ||zs|| = 1 and for every m € M it holds (notice that ms+ ||z — ms||m € M)

1 1
Tz = myl| |z — (ms + ||z — ms|lm)

—90 dist(z, M) =1 — 0.

_ - >_ - 7
s =mi 12 S a0

Remark 2.7 Riesz Lemma does not hold in general for 6 = 0. In order to see
this, consider X := {z € C0,1] | z(0) = 0} endowed with the supremum norm
and M :={z € X | fol z(t)dt = 0} (see Ubungsbeispiel 13).

Theorem 2.8 Let X be a normed space. The following statements are equiva-
lent:

(i) dim X < oo.
(ii) Bx :={x € X | ||z|| < 1} is compact.
(11i) Every bounded sequence in X has a convergent subsequence.

Proof. (i) = (i7). Follows from the equivalence of norms in finite-dimensional
normed spaces and the Theorem of Heine-Borel, which says that a subset of R
is compact if and only if it is bounded and closed.

(13) = (i1i). Let (z,)nen and M > 0 be such that ||z,|| < M for all n € N.
Then (z,,)nen € M By, which, according to (ii), is a compact set. The conclusion
follows from the Theorem of Bolzano-Weierstrafl.

(173) = (7). Assume that dim X = oco. Let z; € X with ||z;|| = 1 and define
M, := lin{z1}, where lin A denotes the linear subspace generated by the set A.
Then M, is finite-dimensional, thus M; # X and, according to Lemma 1.6 (b), it
is a closed linear subspace of X. According to Riesz Lemma, there exists zo € X
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such that [|zo| = 1 and ||zs — 21|| > 1. We define My := lin{zy, 2>} and make
use of the same arguments to obtain an element x5 € X such that ||z3]| =1 and
|zs — 21|l > 5, |lzs — 22]| > 5. In this way we construct inductively a sequence
(Zn)nen with the property that ||z, = 1 for every n € N and ||z, — @ > 3
for every n # m. The sequence (x,),en is bounded, however it cannot have a
convergent subsequence, since it has no Cauchy subsequence. [ |

In the final part of this chapter we will introduce and discuss the notion of
separability of normed spaces.

Definition 2.9 (Separable space) A topological (metric) space T is called sepa-
rable if it has a countable dense subset, in other words, if there exists a countable
set D C T such that D =1T.

R™ is separable, since Q" is dense in R". Since every subset of a separable
metric space is separable, it follows that every T' C R™ is a separable space.

Lemma 2.10 Let X be a normed space. The following statements are equivalent:
(i) X is separable.

(i) There exists a countable set A such that X :=lin A.

Proof. (i) = (ii). Since X is separable, X = A, for a countable set A C X.
Then X = A Clin A C X and the conclusion follows.
(17) = (i). We consider first the case when K = R and denote

B = {Z)\kxk:né N, \x EQ,ZBkEA,k’Zl,...,TL}.

k=1

It is obvious that B is countable. We will prove that B = X. Let 2 € X
and ¢ > 0. Choose ay € linA,ay = ZZ:1 Ak, where n € N, A\, € R and
v, € Ak =1,...,n, such that ||z —ay|| < 5. For every k = 1,...,n, choose y;, € Q
such that (3, [|@k|) [\ — pe| < 5. Then, for a := Y} | uay, € B, it holds

n
g
7 = all < llo = aoll + llao — all < 5+ max | — e (Z ||xk||) <e

In the case when K = C one just needs to replace in the above proof Q by Q +:Q.
|
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Example 2.11
(a) The space (7 is separable for all 1 < p < co. For n € N, let

en = (0,...,0,1,0,...),

where the n-th element is 1 and all other elements are 0. For A := {e, | n € N}
it holds ¢? = lin A. Indeed, for = (¢,),en We have

n —+00 %
k=1 »

k=n+1
(b) The spaces ¢y, ¢o and ¢ are separable.

(¢) The space (*° is not separable. Assume that ¢>° is separable and let D be a
countable set in ¢> such that D = ¢*. Let F be the family of all subsets of N.
Then F is uncountable. For every F' € F, let xr € > be the sequence defined as
xr(n) =1, forn € F, and xp(n) = 0, otherwise. If F,G € F with F # G, then
Xr — Xclloo = 1. For every F € F, let dp € D be such that |[xp — dp|w < 3.
We notice that, if F, G € F with F' # G, then ||dp—dg|| > ;. Indeed, assuming
that ||dr — dgll < 1, it holds

3
Ixr = xclloo < lxr = drllo + ldr = dalloc + llde = xclloo < 7
Contradiction! This proves that F' +— dp is injective and, since it maps an
uncountable set into a countable one, we obtain the desired contradiction.

Example 2.12

(a) The space Cla,b] is separable. According to the Stone-Weierstrass Theorem
(see [4, Theorem 7.26]), the linear subspace Pla, b] of polynomial functions defined
on [a,b] is dense in (Cla, b], | - ||o). Thus Cla,b] = lin{1,¢,¢?,...} for K =R, and
Cla,b] = lin{1,1,t,it,t2,it?, ...} for K= C.

(b) The space L|a,b] is separable for all 1 < p < oco. We will show that Pla, b
is dense in (LP[a,b],]| - ||r»). To this end we will use that Cla,b] is dense in
(LP[a,bl, || - ||zr) (see [5, Theorem 3.14]). Let f € LPla,b]. Then there exists
(fa)nen € Cla, b such that || f,, — f||» — 0 (n — +00). For all n € N there exists

1
gn € Pla,b] such that [|f, — gulleo < % Since || fn = gnllr < (b—a)? || frn = gnlloo <

(b — a)%% for all n € N, it holds || f, — gnllzr — 0 (n — +00). The conclusion
follows from the fact that

“gn - f”LP S ||gn - anLP + ”fn - f”LP \V/TL S N.

(¢) The space L*[a,b] is not separable.
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Chapter 11

Continuous linear operators

3 Properties and examples of continuous linear
operators

Definition 3.1 A continuous linear mapping between two normed spaces is
called continuous linear operator. A continuous linear mapping from a normed
space into its field of scalars is called continuous linear functional.

In the following, for a continuous linear operator T : X — Y, we will write
Tz instead of T'(x).

Theorem 3.2 Let X and Y be two normed spaces and T : X — Y a linear
operator. The following statements are equivalent:

(i) T is continuous.
(i1) T is continuous at 0.
(iii) There exists M > 0 such that

|Tz|| < M|z| VreX.

(i) T is uniformly continuous.

Proof. (iii) = (iv). Let ¢ > 0 and 6 > 0 be such that MJ < . Then for every
x,y € X with |[|[z—y|| < ditholds [|[Tz—Ty| = |T(z—y)| < M||lz—y|| < MJ < e.
(v) = (i) = (i7). Everything is clear.
(1) = (i4i). Assuming that (i7i) does not hold, for all n € N there exists
x, € X such that ||Tz,|| > n||z,|. It is obvious that x,, # 0 for all n € N. Define

Yn = o and notice that |yn|| = £ for all n € N. Thus y, — 0 as n — o0,
however, ||Ty,|| = % > 1 for all n € N, thus (Ty,)nen does not converge to

zero. Contradiction! [ |

27
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Definition 3.3 We denote the smallest constant M in Theorem 3.2 (iii) by |7,
namely,

|7 = inf{M >0 | |Tz|| < M]||z|| Yz € X}.

It is easy to see that

[T

|T|| = sup ——— = sup |[Tz|| = sup ||Tz||
w20 |zl = <1

and
|Tz|| < [|T[[z]| Ve X.

Continuous linear operators map the unit ball By = {z € X | ||z|| < 1}
into a bounded set. This is the reason why they are also called bounded linear
operators.

It is easy to see that

L(X,Y):={T:X — Y | T is linear and continuous},
endowed with the operations

(S+T)(z) =Sz +Tx
(AT)(x) := ATz,

is a vector space. The zero element is the operator x +— 0 for all x € X. We also
denote L(X) := L(X, X).

Theorem 3.4 (a) ||T'|| = sup, < [|Tz| defines a norm on L(X,Y), which is
the so-called operator norm.

(b) If Y is complete, then L(X,Y) is also complete.
Proof. (a) It holds ||7']] > 0 and ||7'|| = 0 if and only if 7= 0. In addition,
AT = sup [[XTz|| = [A] sup [[Tx] = [A[|[T]] VA eKVT e L(X,Y).
1

=<1 ll=l|<
Furthermore, for S,7T € L(X,Y) it holds

IS+ Tl = sup [[(S+T)z|| = sup [[Sz+ Tzl < sup [|Sz| + sup |[T]]

=<1 f[=I<1 [lz]|<1 [lzf|<1

< IS+ 1171-

(b) Let (7},)nen be a Cauchy sequence in L(X,Y) and x € X. Then (T,,x)nen
is a Cauchy sequence in Y. Let Tx := lim,, ., T,x. For all A\, € K and all
u,v € X it holds

T(A\u+ pv) = ngrfoo T, (Au+ pv) = nginoo ANou+p lim Tho = ANTu+ pTo,

n—-+o0o
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which shows that T is linear.
Let € > 0. Then there exists N € N such that

1T, — Tl < g Vm,n > N.

Let z € X with ||z|| < 1. Choose M > N such that
£

| Tyx —Tx|| < 5

Then, for every n > N, it holds
£
[T — T < Tz — Taga] + | Taser — Tl < T~ Tl + 5 <

Taking the supremum over all {x € X | ||z|| < 1}, it yields ||7,, —T'|| < € for every
n > N, thus T,, converges to T" in the operator norm as n — +o0. In addition,
\T|| < ||T—Tn|| + [|Tn]| < 400, which shows that T" € L(X,Y). [

Lemma 3.5 If S € L(X,Y) and T € L(Y, Z), then TS € L(X,Z) and
TSI < [[TNIS1-
Proof. TS is a linear operator and for every x € X it holds
[T Szl| < IS < [ TSN =],
thus 7'S is continuous and ||T°S|| < ||T||||.S]|- [

Please notice that for the operators S : R* — R? S(x,y) = (,0), and T :
R? = R?, T(z,y) = (0,y), it holds 0 = ||T'S|| < [|T[|[|S]| = 1.

The following result shows that continuous linear operators defined on a dense
linear subspace of a normed space can be extended to the whole space.

Theorem 3.6 Let X be a normed space, M a dense linear subspace of X, Y a
Banach space, and T € L(M,Y). Then there exists a unique continuous linear
extension T € L(X,Y) of T. In addition, ||T| = ||T.

Proof. Let z € X and (z,)nen € M be such that z,, - x (n — +o0). This
means that (x,)nen is a Cauchy sequence, which yields that (T'z,),en is a Cauchy
sequence in Y. Thus lim, , . Tz, = Tr € Y exists. Then T is well-defined,
linear and continuous on X. It is easy to see that ||f|| =||7T||.

Assume that S € L(X,Y) is another continuous linear extension of 7" and let
x € X. Then there exists (z,)nen € M such that z, — = (n — +00) and we
have Sz = lim,,_, 1o Sz, = lim,, , o Tx, = Tx. [ |
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Example 3.7 (a) The identity operator Id : X — X,z — z, fulfills Id € L(X)

(b)

(c)

and ||Id| = 1.
Let X be a vector space and || - || and ||| - ||| two norms on X. The two
norms are equivalent if and only if both operators

Id: (X[ = (G-I and Td = (X[ 1) = (X1

are continuous.

Let X be a finite-dimensional normed space and Y an arbitrary normed
space. Then every linear operator 7' : X — Y is continuous. Let {eq,...,e,}
be a basis of X. According to Theorem 2.5, there exists M > 0 such that
for every © € X with # = > | ase; it holds > | || < M]z|. The
conclusion follows from the fact that for every z = > | aye; € X it holds

n
ITz|| = <Y lailllTe|l < max | Tegf|M]|z].

1,....m
=1

Example 3.8 (a) Let T : (C[0,1],] - |l««) = K,Tz = 2(0). Then T is linear

and
|Tx| = |2(0)] < [|z]le Vx € C|0,1].

Thus T is continuous and ||T|| < 1. For the function 1(¢) = 1 for every
t € [0,1], it holds 71 = 1, thus ||T|| = 1.

Let T : C0,1] = K, Tz = z(0) + 2/(1). T is linear. If we endow C*[0, 1]
with the norm ||z]|cr = ||2||co + |70, then we get

T2] < [l2lloc + 12" = 2l Vo € CHO, 1,
thus 7' is continuous and ||7']| < 1. Since T'1 = 1, it holds ||T']| = 1.

If we endow C[0,1] with the norm |||z]|| = max{||%|/e, |||}, then we
get
72| < [zl + ']l < 2[l[2lll Yz € C[0,1],

thus 7" is continuous and ||T]| < 2. For z(t) = (t— %)2 + 2 for every
t €10,1], it holds |Tz| = 2 and |||z||| = 1, thus ||T|| = 2.

The differential operator D : C'0,1] — C[0,1], Dz = 2/, is well-defined
and linear.

If we endow C'[0,1] and C0, 1] with the supremum norm, then D is not
continuous. Indeed, for x,(t) := t", for all n > 1, we have ||z, = 1
and || Dap|lec = sup,eoq [nt"~'| = n. Thus, there is no M > 0 such that
| D2yl < M||2p||oo for all n > 1.

If we endow C'0,1] with |z]|cx = ||7]|e + [|7']|ee and C[0,1] with the
supremum norm, then [|[Dz|l, < ||z||cr for all x € C[0,1], thus D is
continuous.
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Example 3.9 (a) Let T': ¢ — K, Tz = limg 1 o0 t, for = (tx)ren. Then T
is linear and continuous, and ||T|| = 1. Notice that c¢q = T~1({0}), which
is another proof for the fact that ¢g is closed in c.

(b) Let T : ¢op — K, Tx = Ziol ktg, for @ = (tg)ren. T is well-defined and
linear. If we endow ¢y with the supremum norm, then 7' is not continuous.

Indeed, for e,, = (0, ...,0,1,0,...), where the n-th element is 1 and all others
are 0, we have ||le,||~ =1 and |Te,| = n for all n € N.

Example 3.10 (integral operators)
(a) Let g € C[0,1] and
1
T:C00,1] - K, Tzx= / x(t)g(t)dt.
0

T is linear. For every z € (0, 1] it holds

/ 1 x(t)g(t)dt' </ e )llg(0ldt < ( / 1 |g<t>|dt) ol

This proves that 7" is continuous and ||7']| < fo lg(t)|dt. We will show that
actually ||T'|| = fo lg(t)|dt.

Let € > 0. Define

Tx| =

Then z. € C[0,1], |||~ < 1, and
Ta.| = dt > dt —
rod = [ O s [ igar -

1
7= sup [7al = sup|7a] > [ lgto)at
0

[l oo <1

This gives

and proves the statement.

(b) Let T: C[0,1] = K, Tz = fol x(t)dt. Asseenin (a), T'is a continuous linear
operator with ||T'|| = 1. Let X = {x € C[0,1] | z(0) = 0} be endowed with
the supremum norm and S := T|x. Then

Sx Tx
Isl= sup 132l < [Tz
zeX,z#£0 ||x||oo z€C[0,1],2#0 ||x||00

=[]l
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On the other hand, for all n € N and z,(t) = "T“t% we have that z, €
X, ||lzn]loe = =2 and |Sz,| = 1, thus

| Sy n
S|| > su =su =
151 = sup T = S

This shows that ||S|| = 1. One can notice that there exists no z €
X, ||| < 1, such that [Sz| = ||S|| = 1.

(c) Let (£2,%, u) be a measure space, 1 < p < oo, and %—i—% =1 (with £ =0).
Then, for every g € L9(u), the operator

Tg: 1) > K, (Tg)(f) = / fodu,

is linear and continuous with ||7'g|| < [|g|L«. This is a direct consequence
of the Holder inequality in integral form (see Ubungsbeispiel 14).

We actually have
ITgll = llgll e (3.1)
if
(i) 1 <p< oo

(ii) p =1 and p is semi-finite, namely, for every M € 3 with pu(M) = +o0
there exists N C M, N € 3, with 0 < u(N) < +oc.

(i) This is obvious if g = 0 almost everywhere. Otherwise, let A := {x €
Q| |g(x)] > 0} and choose:

(i)ifl<p<oo, f:i= ‘% (Mﬁiq)p xa- Then || f|lr» = 1and [ fgdu =
laller: )
(i2) if p=o0, f = I%IXA' Then || f|lr~ =1 and [ fgdp = |g||L:-

(ii) For the proof of (3.1) in case p = 1 (see Ubungsbeispiel 21, Gruppe

1).

Example 3.11 (Fredholm integral operator) Let &k : [0,1] x [0,1] — K be con-
tinuous and

T:C[0,1] = C[0,1], (Tx)(s):= /1 k(s,t)x(t)dt,

the so-called Fredholm integral operator with kernel k.

We show that for all z € C0, 1] the function T'z : [0, 1] — K is continuous. Let
e > 0. Since k is uniformly continuous (being continuous on a compact set), there
exists § > 0 such that for all (s, 1), (s',t') € [0, 1] x [0, 1] with ||(s,t) — (s, t')||2 < 0
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it holds |k(s,t) — k(s',t')] < e. This means that for every s,s' € [0,1] with
|s — '] < 4 it holds

(Tz)(s) = (Tx)(s)] < /0 [k (s, 1) — k(s', )| (t)|dt < el|z]|oo,

which proves that Tz is continuous.
T is linear. If C'[0,1] is endowed with the supremum norm, then 7" is contin-
uous. Indeed, we have (according to Example 3.10 (a))

IT|| = sup [Tzl = sup sup [(T'z)(s)| = sup sup

/01 k(s t)x(t)dt‘

lz]lco <1 [|z]|co <1 s€[0,1] 5€[0,1] [|z|lco <1
1
— sup / k(. B)|dt < k]
s€[0,1] JO

In the following we will investigate the invertibility of continuous linear oper-
ators in normed spaces. If T': X — Y is a bijective continuous linear continuous
operator between two normed spaces X and Y, then its inverse 77! : Y — X
is linear, but, in general, not continuous. The continuity of the inverse operator
plays an important role, for instance, in the characterization of the dependence
of a solution of a linear equation from the data. The following result provides a
first characterization of the continuity of the inverse operator.

Theorem 3.12 Let T : X — Y be a linear operator between two normed spaces
X and Y. Then the inverse T~' :ranT := T(X) — X exists and is a continuous
operator if and only if there exists m > 0 such that

ITz|| > mlz| Ve X. (3.2)

Proof. “<” Notice that ran T is a linear subspace of Y. If (3.2) holds, then T is

injective and its inverse 7! : ran T — X exists. For \, u € Kand Tz, Ty € ran T,
it holds

T Wz + puTy) =T (T(\x + py)) = Az + py = AT~ HTz) + T (Ty),

which shows that the inverse operator is linear. Since, according to (3.2),
_ 1
1Tyl < —llyll Yy € ranT,

we obtain that 7! is continuous.
“=” Using that T-! : ranT — X is continuous, it holds

1T~y < 1T~ llyll ¥y € ranT,
and, from here,
2l = 1T~ (T2)l| < IT Tl Vo € X,

which shows that (3.2) is fulfilled for m := IITl‘lH‘ |
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Example 3.13 The inverse of the identity operator Id : (C[0,1],] - ||e) —
(C[0,1],]| - |]1) is not continuous. Otherwise, there would exists m > 0 such
that llz]|1 > mlz||e for all z € C[0,1]; in particular, for x,(t) = ¢" it holds

—= = [|znll1 = m||zn]|c = m for all n € N. Contradiction!

Definition 3.14 (isomorphism) A continuous linear operator 7' : X — Y be-
tween two normed spaces X and Y is called isomorphism if T is bijective and
T~1 is continuous. If for a linear operator T : X — Y it holds || Tz|| = ||=| for
all x € X, then T is said to be isometric. Two normed spaces X and Y are said

to be (isometrically) isomorphic if the there exists an (isometric) isomorphism
between them; we denote this by (X =VY) X =Y.

If T:X — Y is an isomorphism, then there exist M > m > 0 such that
mllz]| < Tzl < Mllz| Ve e X.

Example 3.15 (¢ = ¢y) Let © = (sg)ren € ¢ and [(x) := limy_, 1 sp € K. We
define y = (tx)ken by t1 := (x) and t; := sx_1 — l(z) for all £ > 2. Then y € ¢
and T : x — y is a linear operator from ¢ to ¢y. For all x € ¢ it holds

[T%(|cc = sup [tk] < sup [sp] + [I(2)] < 2|2
keN keN

This proves that T is continuous.
Let y = (tx)ren € co and define © = (sg)ken by Sk 1= tgr1 + ¢ for all k& > 1.
Then z € cand S : y — x is a linear operator from ¢q to ¢. For all y € ¢ it holds

15ylloe = sup [si] < sup [tera| + [ta] < 2[jy]loo-
keEN keN

This proves that S is continuous.
It is easy to see that ST = Id, and T'S = Id,,, thus S™' = T and T is an
isomorphism.

Example 3.16 (quotient operator) A linear operator T': X — Y between two
normed spaces X and Y is called quotient operator if 7" maps the open unit ball
in X onto the open unit ball in Y, in other words, if T'(int Bx) = int By. Then
T is surjective and continuous with ||T'|| = 1. It is clear that T is surjective. Let
z € X with [|z]| < 1. Then ||T (nLHx)H < 1 or, equivalently, ||Tz| < 2 for
all n > 1, thus ||Tz|| < 1. This proves that |7 < 1. On the other hand, let
y € Y with |ly|| = 1. Then for all n € N there exists z, € X, ||an < 1, such that
Tx, = ;25y. For all n € N we have ||T'[| > ”HT:i"”” Syl = 25, thus [T > 1.

If M C X is a closed linear subspace of the normed space X, then T :
X — X/M,z — [z], is a quotient operator. Indeed, if ||z|| < 1, then ||[z]| =
dist(z, M) < ||z|| < 1. On the other hand, if [x] € X/M fulfils ||[z]|| < 1, then
there exists m € M such that |z —m|| < 1 and it holds T'(x —m) = [x —m] = [z].

If T:X — Y is a quotient operator, then X/kerT = Y = ranT (first
isomorphism theorem), where ker T = {z € X | Tz = 0} (see Ubungsbeispiel 23,
Gruppe 1).
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The following result introduces a method which can be sometimes used to
calculate the inverse of an operator. For T € L(X), we denote T° := Id and
T":=To..oT (n times) for all n € N.

Theorem 3.17 (Neumann series) Let X be a normed space and T € L(X). If
o8 T s convergent in L(X), then Id =T is invertible and

(Id—T)~ ZT”

The series Y 120 T™ is convergent z'n L(X) if X is a Banach space and ||T|| < 1.

In this sztuatzon [(Id=T)71 < = “T”

Proof. Let be m € N;m >0, and S,, :== ", T™. Then
(Id =T)S,, = Spp(Id =T) = 1d =T V¥m > 0.

The Cauchy criterion guarantees that 7" — 0 as n — +oo. Using that the
operators S +— T'S and S +— ST are continuous (see Lemma 3.5), we obtain

Id= lim (Id-7"*" = lim (Id-T7)S, = (Id-T) lim S,

m—+00 m—-+00 m——+400

and, similarly,

Id= lim Sp(Id-T),

m—-+00
which proves that
+oo
(d-T)"'= lim S, =) T

m—-+00

Assume now that ||| < 1. It holds >0 |77 < S°7°° || T||" < +oo, thus
:i% T™ is absolutely convergent. Since X is complete, L(X) is also complete,
thus, according to Lemma 1.12, :f(’) T™ is convergent. In addition,

1(1d =T)~"] =

4 Dual spaces

Definition 4.1 (dual space) Let X be a normed space over K. The space L(X, K)
of continuous linear functionals on X is called dual space of X and is denoted by
X*.
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The dual space X* of a normed space X endowed with the norm

|z*|| == sup |z"(x)]|
lel<1

is a Banach space.
Example 4.2 ((/7)* = (7,1 < p < oo; (cp)* = 1)
(a) Let 1 < p < oo and ]13 + % =1 (with = = 0). The operator

“+o00

T:t9— (), (Tx)(y) =) _ Sutn:

n=1

where = (Sp)nen € 09 and y = (t,)nen € (P, is an isometric isomorphism.

We will prove the statement for 1 < p < oo. The proof in case p = 1 follows
similarly.

Let © = (S,)nen € ¢4. According to the Holder inequality we have

((Tz) ()| < Nzllollyll, < +oo Vy = (tn)nen € 7,

which proves that ZZS& Sptn is convergent. In addition, T'x is linear and
continuous, thus, Tx € ()* and ||Tz|| < ||z|,-

It is easy to see that T is linear. Assuming that Tx = 0, it follows that
sn = (Tx)(e,) = 0 for all n € N, thus x = 0, which proves that T is
injective.

We prove that T is surjective and isometric. To this end, let y* € (¢7)* and
define

Sn:=1y"(e,) and = := (Sp)nen  Vn € N.
We will prove that

veltl, Tr=y", x|, <[y =Tz
For all n € N we define

sl for s, # 0,
t, = sn
0 fors,=0.

For all N € N it holds

N N N
Z Ite|? = Z |sn|p(‘1_1) — Z |5
n=1 n=1 n=1
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and

N N N N
Z |Sn|q = Z Sntn - Ztny*(en) - y* (Z tn€n>
n=1 n=1 n=1 n=1

N 0 N v
< Iy (Z !tn!p) = [ly"| <Z|8n|q> :
n=1 n=1

1
thus <Z7]1V:1 |8n|q> * < |ly*||. Letting N — +oo we get x € £9 and ||z, <

ly”]l-

By construction, (T'z)(e,) = y*(e,) for all n € N, thus (Tz)(y) = y*(v)
for all y € cpo = lin{e, : n € N}. The continuity of Tz and y* gives
(Tz)(y) = y*(y) for all y € ¢op = lin{e, : n € N} = (P (see Example 2.11),
thus Tx = y*.

(b) In a similar way, one can prove that the operator

T:0' > (o), (Tx)(y) =) sutn,

where T = (8,)nen € €1 and y = (£,)nen € o, IS an isometric isomorphism.

(c) We will see in Example 6.13 that ¢! C (£°)*.

Example 4.3 Let 1 < p < oo and %4— = 1 (with = = 0). By using the
operator

1
q

= szyu
i=1
for x = (21, ....,2,) € K* and y = (1, ...., yn) € K", it is easy to see that
(K™ 1lp)™ = (K 1 lg)-
Example 4.4 (a) Let (£2,%, 1) be a finite measure space, 1 < p < oo, and
]lj + % =1 (with £ = 0). The operator
T2 L) = (DP()", / Fodp,

is an isometric isomorphism, thus (L”(x))* = L9(p). The spaces (L (u))*
and L'(p) are in general not isomorph.

(b) Let K be a compact topological Hausdorff (metric) space, > a o-algebra
on K and M(K,¥) the Banach space of measures on % endowed with the
total variation norm (see Ubungsbeispiel 12, Gruppe 1). The operator

T M(K) > (C(K)), (T)(x) = /K 2t

is an isometric isomorphism, thus (C'(K))" = M(K).
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5 Compact operators

Compact operators are meant to compensate in infinite-dimensional normed
spaces the missing property that “every bounded sequence has a convergent sub-
sequence” .

Definition 5.1 (compact operator) A linear operator T between two normed
spaces X and Y is called compact if T'(By) is relatively compact, which means
that T'(By) is compact. Let K(X,Y) := {T : X — Y | T is compact} and
K(X):=K(X,X).

Given a linear operator T': X — Y, the following statements are equivalent:
(i) T is compact;
(ii) For every bounded set B C X the set T'(B) is relatively compact in Y;

(iii) For every bounded sequence (z,)nen € X the sequence (T'x,),en C Y has
a convergent subsequence.

It is easy to see that compact operators are continuous, thus K(X,Y) C
L(X,Y). In the following we will treat compact operators between a normed
space and a Banach space, in order to guarantee that the closure of T'(Bx) lies
in the right space.

Theorem 5.2 Let X be a normed space and Y a Banach space.

(a) K(X,Y) is a closed linear subspace of L(X,Y"), which means that K(X,Y)

1$ a Banach space.

(b) If Z is a further Banach space, T € L(X,Y) and S € L(Y,Z) such that
either T or S is compact, then ST is compact.

Proof. (a) f T € K(X,Y) and A € K, then, obviously, \T' € K(X,Y).
Take now S,7T € K(X,Y) and (x,)nen € X a bounded sequence. Then
there exists a subsequence (2, )ren such that (Sz,, )ren and (T'z,,, ren are
convergent, thus ((S + T')x,, Jken is convergent. This shows that K(X,Y)
is a linear subspace.

We will prove the closedness of this space by using a diagonalization ar-
gument. Let (T,)nen € K(X,Y) and T € L(X,Y) with |7, = T|| — 0
as n — +o0o. Let (z,)nen € X a bounded sequence. Since T} is com-
pact, there exists a convergent subsequence (Tixy, )nen. Denote zl :=
for all n € N. Since T, is compact, there exists a convergent subse-
quence (Tox;, Jnen. Denote 22 := x; for all n € N. Since Tj is compact,

: 2 3. 2
there exists a convergent subsequence (T3x; )nen. Denote x, := xy for
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all n € N. We continue this process and define in this way a sequence
&1 = an,, & 1= Wy, &3 0= X7y, §nn = 2F 5+ Then, for every m € N,
the sequence (T,,&,)nen 1S convergent.

We will prove that (T, ),en is also convergent by proving that it is a Cauchy
sequence. Let L > 0 be such that ||z,| < L for all n € N. This means that
€nll < L for all n € N. Let € > 0, M € N such that |7y — T'|| < 57 and
N € N such that

| Tv&m — Tl < % Vm,n > N.
Then for all m,n > N it holds

1T — Ténll < NTEm — Tarmll + 1 Tarém — Tarnll + [|[Tarn — T4
< 2L||T — Ty| + % <

which leads to the desired conclusion.

(b) Let (z5)nen € X be a bounded sequence and assume that S is compact.
Then (Tx,)nen C Y is bounded, too, and (STx,)nen € Z has a convergent
subsequence.

Assume that T is compact. Then there exists a convergent subsequence
(T, Jken C Y. Consequently, (ST, )ren € Z is convergent.
[ |

Example 5.3 (a) If X is a finite-dimensional normed space and T : X — Y is
linear, then 7" is compact. According to Example 3.7 (a), T" is continuous
and, therefore, since By is compact in X, T(Bx) is compact in Y.

(b) If X is a normed space, Y a Banach space, T' € L(X,Y) and ranT is
finite-dimensional, then T' is compact, since T(Bx) C ranT is bounded
and, therefore, relatively compact.

(c) For X a normed space and Y a Banach space, let
F(X,Y):={T € L(X,Y) | ranT is finite-dimensional }

be the so-called space of finite-rank operators. We denote F'(X):=F(X, X).

By using (b) and and Theorem 5.2(a), it follows that F'(X,Y) C K(X,Y).

(d) If X is a normed space and Y a separable Banach space such that there
exists a bounded sequence (S, )nen in F(Y) with the property

lim S,y=y VyeYy, (5.1)

n—-+00
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then it holds F(X,Y) = K(X,Y) (see Ubungsbeispiel 26(a)).

Relation (5.1) is fulfilled when Y = ¢y or Y = ¢*,1 < p < oo by
Sh ((tk>k€N) = (tl, e, 0, ) Vn € N.

It is also fulfilled in case Y = C[0,1] and Y = LP[0,1],1 < p < oc.

The following theorem provides an useful compactness criterion.

Theorem 5.4 (Arzeld-Ascoli Theorem) Let (T, d) be a compact metric space and
M C (C(T), |l - loo)) with the properties:

(i) M is bounded;
(i1) M 1is closed;
(11i) M is equicontinuous, namely,

Ve >0 36 > 0 such that Vo € M d(s,t) < 0 = |z(s) — z(t)| <e.

Then M is compact.

Proof. We will prove that M is sequentially compact, in other words, that every
sequence in M has a convergent subsequence in M. The compactness of M will
follow from the Bolzano-Weierstral Theorem (see Ubungsbeispiel 26, Gruppe 1).
First we will show that 7" is separable. Let n € N. Since T' = J,.p{s €
T |d(t,s) < i}, thereexists t7,...,¢7% € T such that T = [JJ" {s € T | d(&}, s) <
L}, This shows that the countable set {t : 1 < k < my,,n € N} is dense in T".
Let (z,)nen be a sequence in M and {t¢y,ts,...} a countable dense set in T.
Since M is bounded, the sequence (x,(t1))nen is bounded in K, thus, it has a

convergent subsequence (xy, (t1))nen. Denote zl := x;, for all n € N. The
sequence () (t2))nen is bounded in K, thus, it has a convergent subsequence
(2}, (t2))nen. Denote x2 := zj for all n € N. The sequence (22(f3))nen 18

bounded in K, thus, it has a convergent subsequence (z} (t3))nen. Denote z3 :=
xin for all n € N. We continue this process and define in this way the diagonal
sequence &1 = Ty, & = T4y, &3 = TF, o &nga = 2} ;... Then, for every
m € N, the sequence (&,(t,))nen is convergent.

We will prove that (&,),en is convergent by proving that it is a Cauchy se-
quence with respect to the supremum norm. Let ¢ > 0 and 0 > 0 such that
the property in (iii) holds. Let By, ..., B, be open balls of radius g such that
T =U_ B, Foralll =1,..pin every B; there exists an element ¢’ of the

countable dense set in 7. Let N € N be such that

6t = &nlt) < 5 Vmin = NVI=1,..p,
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We choose an arbitrary ¢ € T and | € {1,...,p} such that ¢ € B;. It holds
d(t,t') < ¢ and the equicontinuity of M gives

Galt) = ult) < VneEN.
Combining the last two inequalities it yields for all m,n > N

[€m(t) = ()] < [&m(t) = En(t)] + [&n(t') = &u(t)] + [€a(t') — &u(D)] <.

Since t € T was arbitrarily chosen, it yields ||, — &l < € for all myn > N,
which provides the desired conclusion. [

Example 5.5 The Fredholm integral operator

T:C0,1] - C0,1], (Tw)(s) = / k(s ety

with kernel k£ € C([0,1]?) is compact. Let M := T(By), which is a closed set.
Since T is continuous (see Example 3.11), M is bounded. We proved in Example
3.11 that T'(By) is equicontinuous, thus M is equicontinuous, too. The Arzeld-
Ascoli Theorem guarantees that M is compact, which means that T" is a compact
operator.



42

Continuous linear perators



Chapter 111
The Hahn-Banach Theorem

6 Extension of functionals

In this chapter we will provide results which guarantee the existence of nonzero
continuous linear functionals with certain properties.

Definition 6.1 Let X be a vector space. A mapping p : X — R is called
sublinear if

(a) p(Az) = Ap(xz) VYA >0Vr e X;
(b) p(x +vy) <p(x)+ply) Vr,yeX.

Example 6.2 Every seminorm is sublinear. Every linear functional defined on
a real vector space is sublinear.

Theorem 6.3 (Hahn-Banach Theorem for Real Vector Spaces) Let X be a real
vector space and M a linear subspace of X. Further, let p: X — R be sublinear
and [ : M — R be linear such that

l(z) < plx) Vze M.
Then there exists a linear extension L : X — R such that
Liyy=1 and L(z)<p(x) VrelX.

Proof. Step 1. We will prove the statement in case dim X/M = dim{[z] =
x4+ M | x € X} = 1. This means that there exists g € X \ M such that every
x € X can be represented as

r=m+Axrg forme M \eR.
For r € R fixed, we introduce the linear functional on X

L.(x) = L.(m+ Axg) := l(m) + Ar.

43
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It is clear that L,(m) = [(m) for all m € M, thus L, is a linear extension of I. It
remains to show that there exists » € R such that L, < p.
The inequality L, < p holds if and only if

I(m)+ Ar <p(m+ Axg) VYme MVAeR. (6.1)

Relation (6.1) is obviously fulfilled for A = 0. In case A > 0, (6.1) is satisfied if
and only if

m m
<p(~ -1~ < -
r_p(A—!—iEo) l()\) VmEM@r_slélj\E(p(SﬂLxO) I(s)).

In case A < 0, (6.1) is satisfied if and only if

—TSp(%—mo)—l(%) Vi € M & r > sup (U(t) = p(t — wv)).

This shows that there exists a real number r such that L, < p if and only if
I(t) — p(t — o) < p(s+xp) —I(s) Vs, t € M.
Since
I(s)+1(t)=Us+1t) <p(s+1t) <p(s+mx) +plt—x0) Vs,t €M,

such a real number r always exists.

One can notice that r is not uniquely determined, which means that the
extension L, is also not uniquely determined.

Step 2. We prove the statement of the theorem in the general case and use
to this end the Zorn Lemma.

Zorn Lemma. If (A, <) is a nonempty partially ordered set in which every
chain (this is a totally ordered set, namely, a set for the elements of which either
a < bor b < aholds) has an upper bound, then A has a maximal element (this

means that there exists max € A such that if max < a for a € A, then max = a).
Let

A= {(N, In) | N is a linear subspace of X with M C N, }

Ly : N — Ris linear with Ly < p|y and Ly|y =1
and the partial order on A
(N1, Ly,) £ (Na, Ly,) & N1 C€ Ny, Ly, |n, = L,

The set A is nonempty since (M, ) € A. Let ((N;, L, )icr) be a totally ordered
subset of A. Then (N, Ly), where

N = UiEINi and LN(.%') = LNZ(SC) Vo € Ni;
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is an upper bound of this chain. Notice that, since ((IV;, Ly, ):er) is totally ordered,
N is a linear subspace of X and Ly is well-defined and linear.

Let (Xo, Lx,) be a maximal element of A. Assuming that X, # X, according
to Step 1, there would exist a majorant of (Xy, Lx,) in A, which would contradict
its maximality. Thus, Xy = X and L := Lx, solves the extension problem. MW

The following lemma will allow us to extend Theorem 6.3 to complex vector
spaces.

Lemma 6.4 Let X be a complex vector space.

(a) If 1 : X — R is a R-linear functional, namely,
Az + py) = MN(z) + pl(y) YA\, ueRVr,ye X,

then . .
[: X —=C, (z):=1z)—1il(ix),

is a C-linear functional and Rel = .

(b) If h: X — C is a C-linear functional, then | := Reh is R-linear and, forl
defined as above, it holds | = h.

(¢c) If p: X — R is a seminorm and [l : X — C is a C-linear functional, then

l(z)] <plx) Vre X < |Rel(z)] <plx) VeelX.

(d) If X is a normed space and | : X — C is C-linear and continuous, then
12l = [[Rel].

Proof. (a) It is clear that [ is R-linear and Rel = I. Since I(iz) = il(z),
we obtain that [ is C-linear.

(b) It is clear that [ = Reh is R-linear. In addition, for all z € X we have

h(z) =Reh(z) +ilmh(z) = Reh(x) —iReih(x) = Reh(x) — i Re h(ix)
=l(z) —il(iz) = l(x).

(c¢) The implication “=" is obvious. Let now z € X and A € C,|\| = 1,
such that I(z) = Ml(z)]. We have

[[(2)] = A7H(z) = 1A ) = [Rel(A~'2)| < p(A~'2) = p(2).

(d) Is a direct consequence of (c).
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Theorem 6.5 (Hahn-Banach Theorem for Complex Vector Spaces) Let X be a
complex vector space and M a linear subspace of X. Further, let p: X — R be
sublinear and l : M — C be linear such that

Rel(x) <p(x) Vze M.
Then there exists a linear extension L : X — C such that
Ly =1 and ReL(z) <p(x) VrelX.

Proof. We apply Theorem 6.3 for Rel and get a R-linear functional F' : X — R
with F|yr = Rel and F(x) < p(z) for all z € X. According to Lemma 6.4, there
exists a C-linear function L : X — C with F' = Re L. One can easily see that
Ly =1. |

In the following we apply the algebraic versions of the Hahn-Banach Theorem
to normed spaces.

Theorem 6.6 (Hahn-Banach Theorem for Normed Spaces) Let X be a normed
space over K and M a linear subspace of X. For every continuous linear func-
tional m* : M — K there exists a continuous linear functional x* : X — K such
that

©oand 2t = [m?).

|y =m
Proof. Assume first that X is a real normed space and define p(x) = [[m*||||z||
for all x € X. Theorem 6.3 provides a linear functional x* : X — R fulfilling
¥y = m* and z*(x) < p(z) for all z € X. Since —z*(x) = 2*(—x) < p(—x) =
p(z) for all x € X it yields |z*(z)| < ||m*||||=|| for all z € X, thus z* is continuous
and [|z*]| < |lm*||. In addition,

[m* = sup |m*(m)| = sup [z"(m)| < sup |z%(z)] = 27

Iml|<1meM Iml|<1meM lel<1zex

For X a complex normed space we can use Theorem 6.5 and the same ar-
guments to obtain a linear functional z* : X — C fulfilling 2*|,; = m* and

| Rez*|| = [[m*||. To conclude we use Lemma 6.4 which gives || Rez*|| = ||z*|.
|

Corollary 6.7 In every normed space X there exists for every x € X,x # 0, a
continuous linear functional x* € X* such that

[zl =1 and "(z) = [|z|.

In particular, the dual space X* separates points in X, which means that for all
x,y € X,x #y, there exists x* € X* such that x*(x) # x*(y).
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Proof. The first statement follows from Theorem 6.6 for M := lin{z} and
m* : M — K, m*(Az) = A||z||. The second statement follows by applying the
first statement to x —y # 0. |

Corollary 6.7 leads to the following result, which is symmetric to the definition
of the norm of a continuous linear functional.

Corollary 6.8 In ecvery normed space X it holds

|z|| = max |z*(x)| Vz e X,
IL'*EBx*

where “max” indicates that the supremum s attained.

Corollary 6.9 Let X be a normed space, M C X a closed linear subspace of X
and x € X \ M. Then there exists x* € X* such that

|y =0 and x*(z)#0.

Proof. Consider the quotient operator [-] : X — X/M. Then [m] = 0 for all
m € M and [z] # 0. According to Corollary 6.7, there exists [ € (X/M)* such
that [([z]) # 0. To conclude, we take z* :=1lo[] € X*. |

The following result is an immediate consequence of Corollary 6.9.

Corollary 6.10 Let X be a normed space and M a linear subspace of X. The
following statements are equivalent:

(i) M is dense in X.
(i1) If x* € X* fulfills x*|py = 0, then z* = 0.

We will close this section by providing some direct consequences of the Hahn-
Banach Theorem.
Let X be a normed space, M C X and N C X*. The closed linear subspace

M* = {r*c X* | 2*(z) = 0 Vo € M}
is called anihilator of M in X*. The closed linear subspace

Ny ={ze X |z"(x)=0Vz" € N}
is called anihilator of N in X.

Theorem 6.11 Let X be a normed space and M a closed linear subspace of X.
Then
(X/M)* = M+ (6.2)

and

M* = X*/M*. (6.3)
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Proof. The isometric isomorphism proving (6.2) is
le (X/M) = a*=1lo[]e M™*.
The isometric isomorphism proving (6.3) is
ot 4+ M+ € X*/M* s 2|y € M*.
|

Theorem 6.12 FEvery normed space with a separable dual space is separable.

Proof. Since X* is separable we have that Sy« = {z* € X* | ||l2*|| = 1} is also
separable (see Ubungsbeispiel 17(a)). Let {z%, 2%, ...} be a countable dense subset
of Sx-. For every k € N we can choose (see Ubungsbeispiel 18) zj, € Sx = {z €
X | ||lz|| = 1} such that |z} (2x)| > 5. Define M :=lin{zy, x5, ...}. We will prove
that M is dense in X, which, by taking into account Lemma 2.10, will allow us
to conclude that X is separable.

Let z* € X* with z*|y = 0. We will prove that 2* = 0 and the conclusion
will follow via Corollary 6.10. Assume without loss of generality that ||z*| = 1.
Then there exists zj, € Sy~ such that ||z* — 27| < 1. This yields

1
1
Contradiction! [ |

< ok (er)| = ok (vk) — 2" (ex)] < [log = 27 [[Jex]] <

N —

Example 6.13 (¢! C (¢>)*) The operator

—+00

T 0" = (0, (Tx)(y) =Y sutn,

n=1

where z = (s,)nen € £F and y = (¢,)nen € €, is isometric, but not surjective. It
is easy to see that 7' is isometric.
We will show that T is not surjective. Consider the continuous linear func-

tional lim : ¢ — K/ limz = limg, 1007y, for 2 = (r,)nen € ¢ (see Example
3.9). In the light of Theorem 6.6 we can extend it to a continuous linear func-
tional z* : > — K with ||z*|| = ||lim|] = 1. Assume that that there exists

T = (8,)nen € (1 such that 2*(y) = (Tz)(y) = .12 sptn forally = (t,)nen € (.
For all n € N it holds
sp = x*(e,) = lime, =0,

thus 2* = 0. Contradiction!

One should notice that there exists no isomorphism between ¢! and (£>°)*,
as (! is separable (see Example 2.11 (a)) and (£>°)* is not separable (otherwise,
according to Theorem 6.12, ¢*° would be also separable, which, as seen in Example
2.11 (c), is not the case).



7 Separation theorems for convex sets 49

Corollary 6.14 Let X be a normed space, I an index set, and x; € X and ¢; € K
for all i € I. The following statements are equivalent:

(i) There exists x* € X* such that x*(x;) = ¢; for alli € I.

(i) There exists M > 0 such that for every finite set F* C I it holds

EEZ/MCi jg:;&$i

el 1€l

<M

Proof. (i) = (ii). Take M := ||z*|.

(17) = (i). Follows from Theorem 6.6 for M :=lin{z; | i € I} and m* : M —
K, m* (ZzeF )\ixi) = > er Aic; for every finite set /' C I, which is a continuous
linear functional on M. [ |

7 Separation theorems for convex sets

In this section we will deal with geometric versions of the Hahn-Banach The-
orem. Given two disjoint convex sets U,V C X, the aim is to separate them
through continuous linear functionals, more precisely, to formulate conditions
which guarantee the existence of x* € X* z* 2 0, such that

supz”*(z) < inf 2"(z) (in case K =R),
zeU eV

respectively,
supRez"(z) < inf Rex*(z) (in case K= C).
zelU zeV

Definition 7.1 Let X be a vector space and A C X.

(i) The set A is called convex if Az 4+ (1 — X)y € A for all z,y € A and all
0< A<

(ii) The set core A :={a € A |Vx € X 30 > 0 such that a+Ax € AV € [0,0]}
is called the algebraic interior of the set A. If A is convex, then core A =
{a€ A| Unso A(A—a) = X}.

(iii) The set A is called absorbing if 0 € core A.

Definition 7.2 (Minkowski functional) Let X be a vector space and A C X an
absorbing set. The Minkowski functional of A is defined by

pa: X =R, pa(z):=inf{\>0|x e A}

In a normed space X we have pp, = pinipy = || - [|. The following proposition
collects some properties of the Minkowski functional (see Ubungsbeispiel 33).
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Proposition 7.3 Let X be a vector space and A C X a convexr and absorbing
set.

(a) Then pa is finite, sublinear and core A = {z € X | pa(x) < 1}.

(b) If, in addition, X is a normed space and A is a neighbourhood of 0, then
PA 1S CONLINUOUS,

int A=coreA={r€ X |pa(z) <1} and A= {x € X | pa(x) < 1}.

Lemma 7.4 If X is a normed space and U C X a convex and open set with
0 ¢ U, then there exists x* € X* such that

Rez*(x) <0 VzeU.

Proof. If U = (), then the statement follows from Corollary 6.7.

We consider first the case K= R. Let g € U and A := U — xy. Then A is
an open set with 0 € A and —x¢y ¢ A. The Minkowski functional p, is finite,
sublinear and it fulfils ps(—z¢) > 1.

On Y :=lin{xy} we define the linear functional

Y (tzg) = (—t)pa(—zo) VteR.

For ¢ < 0 we have y*(tzg) = pa(txg), while for ¢ > 0 we have y*(tzy) =
(=t)pa(—20) < 0 < pa(tag), thus

¥ (y) <paly) Vyey.

Theorem 6.3 provides a linear extension z* of y* on X such that z*(z) < pa(x)
for all x € X. Let € > 0 be such that {x € X | ||z]| < e} C A. Then for every
v e X,x#0,it holds 5% € A = int A, thus pa(x) < 2||z||. This means that for
every r € X we have

2" ()| = max{z"(z), " (—x)} < max{pa(z), pa(—2)} < SHJSH,

which proves that z* is continuous.
In addition, for every x € U it holds

2 (2) = " (2 — 20) + 2 (20) < pa(® — 0) — pa(—z0) < pale — 7o) —1 <0,
since x — xg € A.

In case K = C the statement follows by combining Theorem 6.5 with Lemma
6.4. [ |
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Example 7.5 Consider the normed space (cq, || - ||) over R and
U = {(tn)nen € coo \ {0} | tx > 0 for N := max{n € N | t,, #0}}.

The set U is convex and 0 ¢ U. It is easy to notice that U is not open (for
instance, e; € U\ int U). However, there exists no z* € (¢go)* such that z*|y < 0.
Assume that there exists such a continuous linear functional on cpy. Then it
has a unique continuous linear extension on ¢y (see Theorem 3.6). According to
Example 4.2(b) this can be identified with a sequence (s, )nen € ¢*. Since e, € U,
x*(e,) = s, < 0 for all n € N. Consider z := —z—"l’el +eg € U. Then z*(z) = 0,
which leads to a contradiction.

Theorem 7.6 (Hahn-Banach Separation Theorem) Let X be a normed space
and U,V C X two convex sets such that U is open and U NV = (. Then there
exists x* € X* such that

Rez*(u) < Rex*(v) YueUVveV.

Proof. Theset U -V ={u—v | u € Uw € V} is convex and open (since
U—-V =Upey(U—v)),and 0 ¢ U —V. Lemma 7.4 provides an element z* € X*
such that Rex*(u—v) < 0 for all u € U and all v € V', which leads to the desired
conclusion. |

Theorem 7.7 (Hahn-Banach Strong Separation Theorem) Let X be a normed
space and U,V C X two convexr sets such that U is compact, V s closed and
UNV =0. Then there exists x* € X* such that

sup Rez*(u) < inf Re ™ (v).

Proof. The set U — V is closed and 0 ¢ U — V. This means that there exists
r > 0 such that {x € X | ||z]| <r} N (U —-V) = 0. According to Theorem 7.6,
there exists z* € X* x* # 0, such that

Rex*(z) < Rez*(u—wv) Vre X with ||z <rVueUVYv eV,

thus
sup |Rez*(z)| < inf Rez"(u—wv)
zeX,||z||<r uelUveV
or, equivalently,

0 <rl|Rez”|| < inf Rez"(u—wv),
ueUveV

which finishes the proof. |
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8 Weak convergence and reflexivity

Let X be a normed space, X* its dual space, and X** the dual space of X*. X**
is called the bidual space of X.

Theorem 8.1 (the canonical embedding of a normed space into its bidual) The
mapping ix : X — X** defined for every x € X as

ix(x): X* =K, (ix(x))(z") =2"(z),

is a linear isometry (which is in general not surjective). It is called the canonical
embedding of the normed space X into its bidual.

Proof. Let x € X. It is easy to see that ix(x) is linear. Since | (ix(z)) (z*)| =
lz*(z)| < ||lz*||||z|| for all z € X and all * € X* ix(x) is continuous and
lix(z)|]] < ||z]]. On the other hand, according to Corollary 6.8, there exists
7 € X*,[l2°]| < 1, such hat | (ix(2)) (+%)] = |o*(2)] = 2], thus Jix(z)]) = 2]

Obviously, ix is linear. [ |

The canonical embedding allows to identify a normed space X with a linear
subspace of its bidual. If X is complete, then ix(X) is also complete, thus it is
a closed linear subspace of X** (see Lemma 1.6(b)).

For a normed space X, since X** is a Banach space, we have that ix(X) is
a closed linear subspace, thus it is complete (see Lemma 1.6(a)). This means
that every normed space is isometrically isomorph to a dense linear subspace of
a Banach space.

Definition 8.2 (reflexive space) A Banach space X is said to be reflexive if
1x » X — X is surjective.

Since X™** is complete, a non complete normed space cannot be reflexive.

Example 8.3 (a) ¢ and ¢! are not reflexive. Let X = c¢g. We have seen in
Example 4.2 that X* = ¢! and X** = (*. Let * = (Sp)nen € . We
associate x* € (c)* = X* with an element (,)nen € ¢! and get

+o00

(o (2)) (%) = 2™ (x) = antn = L(z"),
n=1
where L, € (£1)* = X** maps 7* = (t,)nen € X* to 3.7 s,t,. Thus
ico(z) = Ly € (co)™. By identifying (co)™ with ¢*° and L, with =, we get
Qey = Co —> £, iy (x) = x. Obviously, 7., is not surjective.
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Similarly, for z = (s, )nen € ¢1 and z* € (¢1)*, which we can associate with
an element (t,)n,en € €°°, we have

(ip (2)) (x7) = 2" (2) = Y _ sntn.

We have seen in Example 6.13 that i, is not surjective.

(b) For 1 < p < oo, the spaces ¢ and LP(u) are reflexive. As above, the
canonical embedding i, can be identified with the identical operator Id :
P — (P therefore it is surjective. Similar arguments prove that the spaces
LP(p),1 < p < o0, are reflexive.

(c) Finite-dimensional normed spaces X are reflexive, since dim X = dim X* =
dim X,

(d) If X is reflexive, then X = X** However, the opposite statement is not
true in general. For the space J in (Ubungsbeispiel 9, Gruppe 1) it holds
J = J** however, 1 is not surjective.

Theorem 8.4 (a) Closed linear subspaces of reflexive spaces are reflexive.

(b) A Banach space X is reflexive if and only if X* is reflexive.

Proof. (a) Let X be reflexive and M C X a closed linear subspace. Let m** €
M**. The functional z* — m**(x*|5;) on X* is linear and continuous, since

™ (@ )| < [l [l arl] < [l [l

which means that it is an element of X**. Since X is reflexive, there exists r € X
such that
m* (¥ ) = 2" (x) V' e X7

We have that x € M. Otherwise, according to Corollary 6.9, there would exists
x* € X* such that z*|y; = 0 and *(z) # 0. Contradiction! From now on, we
denote x by m.

It remains to show that m**(m*) = m*(m) for all m* € M*. Indeed, let
m* € M* and xz* € X* its extension (the existence of which is guaranteed by
Theorem 6.6). It holds m**(m*) = m™(z*|5;) = 2*(m) = m*(m). We proved
that iy, (m) = m**, which shows that M is reflexive.

(b) “=" Assume that X is reflexive. Let z*** € X***. The functional x* :
X — K, z*(x) = 2**(ix(x)), is linear and continuous, thus z* € X*. For every
x** € X** there exists x € X such that ix(z) = =™, thus

e (@) = 2 (ix (7)) = 27(2) = (ix (2))(27) = 2™ (27),
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which shows that 2*** = ix«(z*). In conclusion, iy« is surjective.

“<” If X* is reflexive, then X** is also reflexive and, according to (a), the
closed linear subspace ix(X) is reflexive, too. Since X = ix(X), it follows that
X is also reflexive. [

Theorem 8.4 and Theorem 6.12 give the following corollary.

Corollary 8.5 A reflexive normed space is separable if and only if its dual space
18 separable.

Example 8.6 The spaces (>, L]0, 1], L°°[0,1] and C]0, 1] are not reflexive.

Definition 8.7 (weak convergence) Let X be a normed space. A sequence
(Zn)nen C X is said be weakly convergent to z € X if

lim z*(z,) =2"(z) Va*e X"

n—+o0o
We write x,, — x (n — +00).

Since X* separates points in X (see Corollary 6.7), the limit is uniquely deter-
mined. Every convergent sequence is weakly convergent. The sequence (e,,)nen in
.1 < p < 00, or in ¢y converges weakly to 0, while ||e,,|| = 1 for all n € N, which
shows that weakly convergent sequences are in general not convergent. However,
in finite-dimensional spaces, a sequence is convergent if and only if it is weakly
convergent.

Theorem 8.8 In a reflexive space X every bounded sequence has a weakly con-
vergent subsequence.

Proof. First we assume that X is separable. According to Corollary 8.5, X*
is also separable; assume that X* = {z%,23,...}. Let (z,)nen be a bounded
sequence in X. By using a similar diagonalization technique as in the proof of
the Arzela-Ascoli Theorem, we construct a subsequence (&,)n,en such that the
sequence (27 (£,))nen is convergent for all m € N.

Let z* € X* and € > 0. Let M > 0 such that ||z,]| < M for all n € N and
K € N such that ||z} — 2*|| < 35;. Then there exists N € N such that for all
m,n > N it holds

|x*(§n) - $*(§m)| < 2M||l‘;( - ZL‘*H + |x;((§n) - x;((fm” <é.

This shows that (x*(£,))nen is a Cauchy sequence, therefore, a convergent se-
quence.
Consider the functional on X*

lim: X* — K, lim(z*) = lim z*(&,).

n—-+o0o
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It is well-defined and linear. Since

| Tim(2%)| =

lim x*(&,)

n—-+o0o

= Jlim_[*(6)] < [l |M ¥a* € X

lim € X**. Since X is reflexive, there exists £ € X such that iy (£) = lim, which
means that

z*(§) = lim(z*) = lim 2*(§,) Vz"e X”
n—-+0o00
and therefore shows that &, — & (n — +00).

Consider now the general case of a reflexive normed space X. Let (z,),en be a
bounded sequence in X and the closed linear subspace Y := lin{zy, x5, ...}. Then
Y is separable and reflexive. As proved above, there exists a subsequence (&,)nen
and an element & € Y such that y*(&,) — y* (&) (n — +00) for all y* € Y*. Let
x* € X*. Then z*|y € Y*, which means that z*(§,) — 2*(£) (n — +00). This
shows that &, = & (n — +00). [

In ¢? we have that e, — 0 as n — +00 and (e, )nen C Sp2 = {x € 2 | ||z|| =
1}, which is a closed set. This shows that closed sets are not necessarily “weakly
closed”. However, the two notions are equivalent for convex sets. This is another
consequence of the Hahn-Banach Theorem.

Theorem 8.9 Let X be a normed space and U C X a closed convex set. If
(Xn)nen C U is weakly convergent to z, then x € U.

Proof. Assume that x ¢ U. According to the Hahn-Banach Strong Separation
Theorem, there exist ¢ > 0 and z* € X* such that ¢ < Rez*(u) — Rex*(z) =
Rex*(u—z) for all uw € U. Thus Rex*(z,,—x) > ¢ for all n € N, which contradicts
lim,, o *(x,) = 2*(x). [

Corollary 8.10 If z, = x (n — +00), then there ewists a sequence of convex
combinations

Nn Nn
Yn = Z)\?:ci, where A > 0,7 =mn, ..., Ny, Z)\? =1,
such that lim, , o [|yn — x| = 0.

Proof. For all n € N, define U, := co{x,,Zns1,...}, where coA := N{C" C
X | A C C,C is convex} denotes the convex hull of a set A. According to
Theorem 8.9, x € U, for all n € N. Thus, for all n € N, there exists an element
Yn € co{@p, Tpy1, ...} such that [y, — x| < L. |
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9 Adjoint operators

Adjoint operators are dual objects which are associated to continuous linear op-
erators.

Definition 9.1 (adjoint operator) Let X and Y be normed spaces and T' €
L(X,Y). The operator T : Y* — X* defined through

(T*y*)(x) :==y"(Tx) Yee XYy €Y~
is called the adjoint operator of T.
It is easy to see that T*y* € X* for every y* € Y* and that T* € L(Y*, X*).
Example 9.2 (a) Let 1 <p < oo and T : ¢? — (P be the left shift operator

T(Sl, S9, ) = (82, S3, )

In order to find its adjoint operator T : {4 — (%, where % + % =1, we will
identify y* € (/)" with an element (Z,)nen € £9. For 2 = (8,)nen We have
y*(Tx) = Z:{g Spiitn = Zz Sptn_1. This shows that T* is the right shift
operator

T*(ty,ta,...) = (0,11, s, ...).

For p = ¢ = 2 we have T'T* = Id, however, T*T # Id.

(b) Let 1 <p < oo and T{y : L?[0,1] — L?[0, 1] be the multiplication operator
T f = hf, where h € L>[0,1]. Its adjoint operator is the multiplication
operator T(q) : L9]0,1] — L9(0, 1] on L4[0, 1], where % + % = 1. Indeed, for
all f € LP[0,1] and g € L9]0, 1] it holds

(Tty0)(f) = / (Tip ) (1)t = / W(t) f(£)g(t)dt
- / (Tl ) O F ()t = (Tg) ().

(c¢) The adjoint operator of the canonical embedding ix : X — X**, (ix)* :
X — X fulfils ((ix)*(2*))(x) = ***(ix(z)) for all z € X and all

kokk

r** € X** thus it is nothing else than the restriction mapping z**
x***|iX(X)'

Theorem 9.3 (a) The mapping T — T* from L(X,Y) to L(Y*, X*) is linear
and isometric, namely, ||T'|| = ||T7||.

(b) ForT € L(X,Y) and S € L(Y, Z) it holds (ST)* = T*S*.
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Proof. (a) The linearity of the mapping is clear. By using Corollary 6.8 we get

|T|| = sup ||Tz|| = sup sup |y (Tz)|= sup [|T*y"|| = [|T7.

x€EBx rEBx y*€By* y*EBy*

(b) Follows by straightforward calculations. [

Lemma 9.4 For T € L(X,Y) we have
T**OiX :iyOT.
Proof. For every x € X and every y* € Y* it holds

[T (ix (2)](y") = (ix (@2))(T*y") = (T*y")(2) = y*(Tx) = [iv (T0)](y").

By using Lemma 9.4 one can easily see that S € L(Y*, X*) is an adjoint
operator if and only if S*(X) C Y, where X and Y are identified with ix(X)
and iy (Y'), respectively. This remark is helpful when showing that the mapping
in Theorem 9.3(a) is in general not surjective (see Ubungsbeispiel 37).

Theorem 9.5 (Schauder Theorem) Let X andY be Banach spaces and T : X —
Y a continuous linear operator. T is compact if and only if T* is compact.

Proof. “=7" Let T be compact and (¥} )nen @ bounded sequence in Y*. Then
K :=T(Bx) CY is a compact metric space. The sequence (f, := y|x)nen 18
bounded and equicontinuous, since

[f(w) = fa(v)] < sup [lyp|[lu = vl vn €N.
ne

According to the Arzela-Ascoli Theorem, {f, | n € N} is relatively compact, thus
there exists a convergent subsequence (f,, )ren- For all k,1 € N it holds

| Ty, =Ty, |l = sup [(y;,, —vn)(Tx) = sup |(yn, —¥n) W] = llyn, —nlloos
zE€B, y€T(By)

since T'(Bx) is dense in K. Thus (T™"y;, )ren is convergent, which proves that 7™
is compact.

“<” Let T* be compact. From the first part of the proof it follows that
T** is also compact, thus T** o 1x is compact and, according to Lemma 9.4,
iy oT : X — Y™ is also compact. Since iy (Y) is a closed linear subspace of Y**,
it follows that T is compact. [ |



58 The Hahn-Banach Theorem

For T': X — Y a given linear operator, we have seen that kerT' = {x € X :
Tx =0} and ranT = T'(X) are linear subspaces. If T is continuous, then ker T’
is also closed; on the other hand, ran7T" is in general not closed. To see this,
consider for instance the identity operator from (Pla, b], || - ||) to (Cla, ], || - |loc)
(see Ubungsbeispiel 8). We have the following characterization of the closure of
the range of a continuous linear operator.

Theorem 9.6 It holds
ranl = (ker 7).

Proof. “C” Let y =Tz € ranT. For all y* € ker T* we have y*(y) = y*(Tx) =
T*y*(xz) =0, thus ran T' C (ker %) | , and the inclusion follows from the fact that
the anihilator is closed.

“D” Let y ¢ ranT. According to Corollary 6.9, there exists y* € Y* such
that y*|.n7 = 0 and y*(y) # 0. Thus T*y*(z) = y*(T'z) = 0 for all z € X, which
shows that y* € ker T*. Since y*(y) # 0, y ¢ (ker 7). |

The following corollary is a direct consequence of Theorem 9.6.

Corollary 9.7 Let T : X — Y a continuous linear operator with closed range
and y € Y. The operator equation

Tr =y
has a solution if and only if the following implication holds

T"y*=0 = y'(y)=0.



Chapter 1V

The fundamental theorems for
operators on Banach spaces

In this chapter we will study the fundamental theorems for operators on Banach
spaces. The main tool in the derivation of these results is the Baire Category
Theorem.

10 An essential tool: the Baire Category Theo-
rem

Theorem 10.1 (Baire Theorem) Let (T,d) be a complete metric space and a
sequence (Oy)nen of open and dense sets in T'. Then NpenO,, is dense in T

Proof. Set D := NuenO,. We will prove that every open ball U.(xg) = {z €
T | d(xg,x) < e}, for e > 0 and z € T, intersects D.

As O; is open and dense, O; N U.(xo) is open and nonempty. We choose
z1€0;and 0 < g < %5 such that

Ue1 (3171) Q 01 N Ue(xo).

As Oy is open and dense, Oy N U, (x1) is open and nonempty. Then there
exist To € Oy and 0 < g9 < %51 such that

U52(IL‘2) Q 02 N Ual(l'l) Q 01 N 02 N UE(ZL’()).

By repeating the above procedure, we can inductively construct the sequences
(€n)nen and (,)nen such that for all n > 2

1 €
O<e, < §€"_1’ thus, g, < o

and
U5n<l‘n) g On N Ugn_l(.ilfn_l) Q Q Ol n...N On N UE(IL'O).

29
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Let N € N. For all n > N it holds z,, € U, (zy) C U%E(xN), thus (2, )nen 18
2

a Cauchy sequence. Since T is complete, there exists x := lim,,, 1« Z,, € U., (n)
for all N € N, thus

T € NpenOn NU:(x9) = D N U ().

Notice that Theorem 10.1 does not claim that N,cnO,, is open. Notice also
that the completeness of the metric space T is an essential hypothesis. Indeed,
for T'= Q, and assuming that Q = {q1, ¢2, ...}, the sets O,, := Q \ {¢,} are open
and dense in Q, while N,enO,, = 0.

A countable intersection of open sets is called a G5 set (the notation originated
in Germany: G means “Gebiet”, § means “Durchschnitt”). Theorem 10.1 says
that in a complete metric space the countable intersection of dense Gy sets is a
dense Gy set.

Definition 10.2 (a) A subset D of a metric space is called nowhere dense if

int(D) = 0.

(b) The set D is said to be of the first category if there exists a sequence
(Dp)nen of nowhere dense sets with D = Uy,en D,

(c) Theset D is said to be of the second category if D is not of the first category.

The set {1/n | n € N} is nowhere dense in R. The set Q is of the first category
in R.

Corollary 10.3 (Baire Category Theorem) The complement of a subset of the
first category of a complete metric space is dense.

Proof. Let (D,)n,en be a sequence of nowhe_re dense sets with D = U,enD,,.
Then X \ D = Mpen(X \ Dy) 2 Npen(X \ Dy). The conclusion follows from

Theorem 10.1, by noticing that X \ D,, are open and dense sets, since X \ D,, =
X \int(D,) = X for all n € N. [

A useful consequence of Corollary 10.3 follows.

Corollary 10.4 A nonempty complete metric space is a set of the second cate-
gory in itself.

The Baire Category Theorem is a very helpful instrument when proving ex-
istence results. We will illustrate this in Ubungsbeispiel 38, Gruppe 1, where
we will show that there exists continuous functions on [0, 1] that are nowhere
differentiable.
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11 The Uniform Boundedness Principle

Theorem 11.1 (Banach-Steinhaus Theorem) Let X be a Banach space, Y a
normed space, I an indez set, and T; € L(X,Y), fori € I, a family of continuous
linear operators. If
sup | Tiz|| < 400 Vz e X,
i€l
then
sup || T;|| < +o0.
iel
Proof. Define E, := {x € X | sup,c; ||Tiz]| < n} for all n € N. It holds
X = UpenE,. Since T; is continuous, for all i € I, the set E, = N;cr|| T3]~ ([0, n]),
for n € N, is closed. According to Corollary 10.4, X is of second category, thus
at least one of the sets (E,),en has an interior point.
Let N € N, yy € Ey and € > 0 be such that U.(yn) = {z € X | ||z —yn]|| <
e} € En. For every u € X with |ju|| < ¢ it holds v + yny,u — yn € Ey, thus
u=1(u+yn)+i(u—yn) € 1EN + 1Ey C Ey, since Ey is convex.
Let i € I. For all |[u| < ¢ it holds || Tu|| < N, thus ||T;|| < £. In conclusion,
N

sup || 73| < —.
iel £

The completeness of X is an essential hypothesis for the Uniform Boundedness
Principle. Indeed, consider the family of operators (T;,),en € L(coo, K) defined by
T ((tm)men) = nt, for alln € N. Obviously, we have sup,,cn | T ((tm)men)| < +00
for all (£,,)men € coo, however, sup,,cn ||1n] = sup,,en 7 = +00.

Corollary 11.2 Let U be a subset of a normed space X. The following state-
ments are equivalent:

(a) U is bounded.
(b) z*(U) C K is bounded for all z* € X*.

Proof. “(a) = (b)” Clear.
“(b) = (a)”. Consider the family of operators (ix(z)).cr € L(X*,K). For
every £* € X* it holds
sup [ (ix (z))(2")] = sup [27(2)] < +oo,
zeU zeU
thus

sup || (ix (@) = sup [|z[| < +oo,
zeU zeU

which proves that U is bounded. [ |
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Corollary 11.3 Weak convergent sequences are bounded.

Proof. Let (z,),en converge weakly to x. The statement follows from Corollary
11.2, by noticing that (z*(z,))nen is convergent, thus bounded, for all z* € X*.
[

The following corollary is a dual statement to Corollary 11.2 and is a direct
consequence of Theorem 11.1.

Corollary 11.4 Let X be a Banach space and U be a subset of its dual space
X*. The following statements are equivalent:

(a) U is bounded.
(b) The set {x*(x) | z* € U} is bounded for all x € X.

The following corollary shows that operators defined as pointwise limits of
continuous linear operators are also continuous and linear.

Corollary 11.5 Let X be a Banach space, Y a normed space and (T,,)nen C
L(X,Y) such that for all x € X the limit Tx = lim,_,, o, T,z exists. Then it
holds T € L(X,Y).

Proof. The linearity of T" is clear. For all x € X we have that sup,cy || Tnz|| <
+o00, thus M := sup,,cy [|T5|| < +00. From here we get

|Tz|| = lim ||[T.z|| < M|z| VzeX.
n——+oo

12 The Open Mapping Theorem

Definition 12.1 (open mapping) A mapping between two metric spaces that
maps open sets to open sets is called open.

An open mapping does not necessarily map closed sets to closed sets. The
projection mapping p : R? — R, p(u,v) = u is open, however, p({(u,v) € R? | u >
0,v > 0,uv > 1}) = (0, +00). Obviously, a bijective mapping is open if and only
if its inverse is continuous.

Lemma 12.2 Let T : X — Y be a linear operator between two normed spaces
X and Y. The following statements are equivalent:

(i) T is open.
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(i) T maps open balls around zero to zero neighbourhoods, namely,
Vr >0 3¢ > 0 such that V. C T(U,),
where U, :={x € X | ||z]| <r} and V. :={y €Y | |y|l <e}.

(ii)
de > 0 such that V. C T(Uy).

Proof. “(ii) < (i7i)” Clear, since U, = rU; and T is linear.

“(i) = (i1)” Also clear, since 0 € T'(U,.) and T'(U,) is open.

“(ii) = (i)” Let O be an open set in X, y € T(O) and = € O such that
Tx =y. Let r > 0 be such that z + U, C O and, according to (ii), let € > 0 be
such that V. C T'(U,). Then it holds y+ V. C Tz + T(U,) C T(O), which proves
that 7'(0O) is an open neighbourhood of y. This shows that 7'(0O) is open. [

Example 12.3 (a) Every quotient operator (see Example 3.16) is open.

(b) The operator T : £>° — ¢o, T'((tn)nen) = (%tn)neN, is not open, since the set
T(Ur) = {(Sn)nen € ¢o | |sn] < £ ¥n € N} is not open.

Every open linear operator is surjective. The following remarkable result,
which goes back to Stefan Banach, asserts that in complete normed spaces the
opposite statement is also true.

Theorem 12.4 (Open Mapping Theorem) Let X and Y be Banach spaces and
T € L(X,Y) a surjective operator. Then T is open.

Proof. We will show that statement (iii) in Lemma 12.2 holds.
Step 1. We will show that there exists £y > 0 such that V., C T'(U;).
Since T is surjective, we have Y = U,enT'(Uy,). According to the Baire Cat-

egory Theorem, there exists N € N such that int(T(Uy)) # 0. Let yo € T(Ux)
and € > 0 such that

lz—wl <e = ze€T(Uy).

Since T'(Uy) is symmetric (z € T(Uy) = —z € T'(Uy)), it holds —yy € T'(Ux)
and

lz+wl <e = zeT(Uy).

Let y € Y with ||y|| < e. Then y 4+ yo,y — yo € T(Uy), thus (since T(Uy) is
convex) y = 3(y + yo) + 3(¥ — yo) € T(Uy), which shows that V. € T(Uy) and,
consequently, Ve C T'(Uy).

Step 2. Let o > 0 with V., C T(U;). We will prove that in fact it holds
V., € T'(Uy). This will lead to the desired conclusion.
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Let y € V,,. We choose € > 0 such that ||y|| < e < . Let § := =2y. Then
I[7]| < o, thus, according to Step 1,5 € T(Uy).
We choose 0 < v < 1 such that
e 1

501*05

< 1.

Then there exists yg = T'zo € T'(Uy) such that

17 — ol < aeo.

Since =2 € V., C T(Uy), there exists y; = Ty € T(Uy) such that

< gy

Hy—yo
— — U

(67

or, equivalently, |7 — (yo + ay1)]| < a?eo.
Since £ M € V., CT(U,), there exists yo = Txy € T(U;) such that

—Ya|| < gy

7 — (yo + ayr)
a2

or, equivalently, [|[7 — (yo + ay; + a?ys)|| < aeo.
In this way we can inductively construct a sequence (z,),>0 C U; with

y—T <i ax)

Since a < L, the series Z % o'w; is absolutely convergent, thus there exists
7= 1% alr; € X. Obviously, TZ = 7.
For x: 535 we have T'x = y and

< a"ley ¥n > 0.

£ <= e <X
|| < — all|lz] < — ol = — <1,
ol < 53 el < 53
which proves that y € T'(Uy). [

One can notice that the statement of the Open Mapping Theorem remains
valid if instead of Y is a Banach space and T is surjective we assume that Y is a
normed space and ran 7' is not of the first category in Y.

The Open Mapping Theorem has a series of important consequences.

Corollary 12.5 Let X and Y be Banach spaces and T € L(X,Y) a bijective
operator. Then T~ is continuous.
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If || - || and ||| - ||| are two norms defined on a vector space X, such that both
norms make X a Banach space, and there exists M > 0 with

[zl < M[lll] vz € X,

then the identity operator from (X, ||| -||) to (X,] - ||) has a continuous inverse,
thus the two norms are equivalent.

Corollary 12.6 Let X and Y be Banach spaces and T € L(X,Y) an injective
operator. Then ranT is closed if and only if T~ : ranT — X is continuous.

Proof. “=7" If ranT is closed, then ranT is a Banach space. Since T : X —
ran7T is a continuous and bijective operator, according to Corollary 12.5, T~ :
ran7 — X is continuous.

“<” If T7' :ranT — X is continuous, then ranT ~ X, which implies that
ranT" is complete. According to Lemma 1.6 (b), ran T is closed. [ |

13 The Closed Graph Theorem

Definition 13.1 (closed graph operator) Let X and Y be normed spaces, M C
X a linear subspace and T': M — Y a linear operator. The operator 7T is called
closed graph if for every sequence (z,),en € M such that (z,),en converges to
x € X and (T'x,)nen converges to y € Y, it holds z € M and Tx = y.

For an operator T defined on a linear subspace M C X we usually write
domT = M and T : domT C X — Y. The graph of a linear operator T :
dom7T C X — Y is defined as

grT :={(z,Tx) |z e M} C X xY.

Obviously, grT" is a linear subspace of X x Y. The operator T' is closed graph if
and only if gr T is closed in X @, Y (see Ubungsbeispiel 6).

Example 13.2 (a) Let C[—1,1] be endowed with the supremum norm. The
differential operator D : C1[—1,1] C C[-1,1] — C[-1,1], Dz = 2/, is graph
closed. Let (z,)nen € C'[—1,1] be such that (x,,),en converges (uniformly)
to x € C[—1,1] and (z},),en converges (uniformly) to y € C[—1,1]. Thus z
is differentiable and a’ = y, which proves that z € C'[—1,1] and Dz = y.

Notice that D is not continuous (see Example 3.8(c)).
(b) The differential operator D : C*[—1,1] C L*[-1,1] — L*[-1,1], Dx = 2/,

1
is not graph closed. Let x, : [—1,1] = R, x,(t) = (t2 + %)5 , for all n € N,
r =] and y = sgn. Then (z,)nen € C'[—1,1], 2, = z and Dz, — y in
L*[—1,1] as n — +o0. However, x ¢ C'[—1,1].
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Lemma 13.3 Let X and Y be Banach spaces, M C X a linear subspace and
T:MCX —Y a closed graph operator. The following statements are true:

(a) M embedded with the norm |||z||| := ||z|| +||Tz||, > € X, is a Banach space;
|- |l s called graph norm.

(b) T : (M,|||-||]) =Y is continuous.
Proof. (a) It is easy to see that ||| - ||| is a norm. Let (z,),en be a Cauchy
sequence in M. This means that (z,),en and (Tx,)nen are Cauchy sequences
in X and Y, respectively. Thus there exist x := lim, , 2, € X and y :=
lim, 4o Tz, € Y. Since T is closed graph, x € M and Tx = y. From here
it follows that |||z, — z||| — 0 as n — 400, which proves that (M, ||| - |||) is
complete.

(b) The continuity follows from the fact that || Tx| < |||z||| for all z € M. B

The following result characterizes the continuity of the inverse of a closed
graph operator.

Theorem 13.4 Let X and Y be Banach spaces, M C X a linear subspace and
T:MCX —Y aclosed graph and surjective operator. Then T is open. If, in
addition, T is injective, then T~ is continuous.

Proof. According to Lemma 13.3, T': (M, |||-]||) — Y is continuous. The Open
Mapping Theorem guarantees that 7" is open. Let O C M be an open set with
respect to || - ||, the original norm on X. Since |- || < |||-||| on M, O is open with
respect to ||| - |||, thus T'(O) is open. This shows that 7" is open with respect to
the original norms or, equivalently, 7! is continuous. [ |

The main theorem of this section follows.

Theorem 13.5 (Closed Graph Theorem) Let X and Y be Banach spaces and
T:X —Y alinear and closed graph operator. Then T is continuous.

Proof. Let || - || be the original norm on X, and ||| - ||| the graph norm on X.
Since || - | < || -]|]| on X and X endowed with each of the two norms is a Banach
space, the two norms are equivalent. However, according to Lemma 13.3, T is
continuous with respect to ||| - |||, thus 7" is continuous with respect to || - ||, too.
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14 The Closed Range Theorem

We introduced in Corollary 9.7 a criterion which characterizes the solvability of
operator equations governed by continuous linear operators with closed range.
In this section we will provide useful necessary and sufficient conditions for an
operator to have a closed range.

We start with two preparatory lemmas.

Lemma 14.1 Let X andY be Banach spaces and T € L(X,Y’) an operator with
closed range. Then there exists K > 0 such that

Vy eranT 3z € X with Tx =y and ||z| < K|y||.

Proof. Notice that kerT is a closed linear subspace, thus X / kerT' and ranT
are Banach spaces. Consider the operator T : X/ker T — ranT,T[z] := Tx.
Then 7 is well-defined, linear, continuous and bijective. According to Corollary
12.5, T-1is continuous, thus,

1Tyl < IIT Iyl Yy € ran T

Let K > ||[T7Y and y € ranT,y # 0. Then there exists #' € X such that
Tz’ = y and ||[2']|| < K||ly||. Consequently, there exists m € kerT such that
r:=a' —me X fulfills ||z|| < K|jy|| and Tz =T(z' —m) =Ta" =y. |

Lemma 14.2 Let X and Y be Banach spaces and T € L(X,Y). If there exists
¢ > 0 such that
clyl < IT7y*|| Vy" e Y™,

then T is open and surjective.

Proof. We will prove that {y € Y | ||yl| < ¢} = V. C T(U;) = T({z €
X | |z|| < 1}). To this end it is enough to prove that V. C T'(U;) and further to
argue similarly as in Step 2 of the proof of Theorem 12.4.

Let yo € V. and assume that yo ¢ T(U;). According to the Hahn-Banach
Strong Separation Theorem, there exist y* € Y* and v € R such that

Rey*(y) <v <Rey*(yo) Yy e T(Uh).

For all x € Uj it holds Re(T*y*)(x) = Rey*(Tz) < v < Rey*(yo) and, conse-
quently,

|T*y*|| = || Re T"y"|| = sup Re(T"y")(z) < Rey*(yo)

zeUy
<y (o)l < Ny Mlwoll < elly™]l-

Contradiction. [}
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The main theorem of this section follows.

Theorem 14.3 (Closed Range Theorem) Let X and Y be Banach spaces and
T € L(X,Y). The following statements are equivalent:

(i) ranT is closed.
(i7) ranT = (ker T*) | .
(#i) ranT™ is closed.
(iv) ranT* = (ker T')*.
Proof. “(i) = (i7)” This is Theorem 9.6.
“(ii) = (1)” Follows since the annihilator is closed.

“(1) = (iv)” Forall y* € Y* and all € ker T'it holds (T™y*)(z) = y*(Txz) = 0,
thus ran T* C (ker T')*. Let z* € (ker T')* and define

*

z*iranT — K, 2*(y) := 2" (z), where y = T'x.

z* is well-defined. Indeed, let y = T = Tu. Then x — u € kerT and, so,
x*(x —u) = 0. It is easy to see that z* is linear. Since ranT is closed, according
to Lemma 14.1, there exists X > 0 such that

Vy e ranT Jz € X with Tz =y and ||z|| < K||y||.
Then for all y € ranT and such an element z € X it holds
125 (W) = 2" (@) < 2 [[ll=]] < [l Kyl

which proves that z* is continuous. Let y* € Y* be a Hahn-Banach extension of
z*. For all x € X we have

v'(z) = 2" (Tr) = y*(Tw) = (T"y") (),

which proves that «* = T*y* € ranT™.

“(iv) = (1ii)” Follows since the annihilator is closed.

“(iii) = (i)” Let Z := ranT and S € L(X,Z),Sz := Tz for all x € X.
Notice that Z is a closed linear subspace of Y, thus a Banach space. For all
y* € Y* and all z € X it holds

(T7y")(x) = y"(Tx) = y*| 2(Sx) = (5"y|2)(2),

thus T*y* = S*y*|z, which proves that ranT* C ran S*. Let now S*z* € ran S*
for z* € Z* and let y* € Y* be a Hahn-Banach extension of z*. Then T*y* = 5*2*,
which proves that S*z* € ranT™. From here we conclude that ran7T™* = ran S*,
and this is by assumption a closed set.
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Since ran S is dense in Z, by Theorem 9.6 we have that (ker.S*), = Z. This
means that ker S* = {0}, which implies that S* is injective. Consequently, S* is
a continuous linear bijective operator from Z* to ran S*. Corollary 12.5 implies
that (S*)~! is continuous, which means that there exists ¢ > 0 with

cllz*|| < ||S*=%|| Ve Z*.

Lemma 14.2 guarantees that S is surjective, thus ran S = Z or, equivalently,
ranT = ran T, which leads to the desired conclusion. [ |
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Chapter V

Hilbert spaces

15 Definitions and examples

Definition 15.1 (inner product) Let X be a vector space over K. A mapping
(,) : X x X — K is called inner product (scalar product) if

(a) (z1+22,y) = (21,y) + (22,y) Vay,22,y € X;
(b) (\x,y) = Mzx,y) Vr,ye X VAeK;

(¢) (x,y) = (y,2) Va,y€X;

(d) (@,2) >0 VeeX;

(e) (z,z) =0«< x=0.

The properties (a)-(c) imply
(@) (@90 +y2) = (z,91) + (2, 42) Vo, 91,92 € X5
(b)) {z,\y) = Ma,y) Vr,y€ X VA K

Notice that the mapping (-,-) is bilinear for K = R, and it is sesquilinear for
K = C. A mapping (-,-) fulfilling (d) and (e) is called positive definite.

Theorem 15.2 (Cauchy-Schwarz inequality) Let X be a vector space endowed
with a scalar product (-, ). It holds

[z, ) |> < (x,2)(y,y) Vz,y € X.

The equality holds if and only if x and y are linearly dependent.

71
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Proof. Take z,y € X. For all A € K it holds
0< {2+ Ay, 2+ Ay) = (z,2) + Mz, y) + Mz, y) + Ay, 9).

If y = 0, then the inequality holds. Assume that y # 0 and choose \ := —<§’z>.
Then 7

0< <:;:— (r,y) {z,9) > () — ()P Key)l® | Ko y)lP

W () (y, ) (. y) (. y)

o~
<

Y

(y,y)”

which gives the desired inequality.
If x and y are linearly dependent, then obviously the equality holds. Viceversa,

if y # 0 and the equality holds, then x = gz;y [ |

||| =/ {z,x) VzreX,
we have, according to Theorem 15.2,
[z, )| < llllllyll Ve,y € X.
Lemma 15.3 The mapping x — ||z|| := /(x,z) defines a norm on X.

Proof. According to (b) and (c¢) in Definition 15.1, it holds ||Az| = |A|||z]|
for all A € K and all x € X. According to (e) in Definition 15.1 we have that
|z|]| = 0 if and only if x = 0. The triangle inequality is a consequence of the
Cauchy-Schwarz inequality:

Defining

lz +yll* = (@ +y,z +y) = |2]* + 2Re(z, y) + lyl* < ll2]* + 2/, y)| + Iyl
< llzl® +2llzlllyll + lyl* = Al + 1ly1)* Vz,y € X.
_

Definition 15.4 (pre-Hilbert space) A normed space X is called pre-Hilbert
space (inner product space) if there exists an inner product (-,-) on X such that
Vi{x,x) = ||z|| for all z € X. A complete pre-Hilbert space is called Hilbert

space.

The Cauchy-Schwarz inequality guarantees that in a pre-Hilbert space X the
mappings = — (z,y), for y € X, and y — (z,y), for z € X, are continuous. If
U is a dense linear subspace of a pre-Hilbert space X such that (z,u) = 0 for all
u € U, then x = 0.

One can express the inner product of a pre-Hilbert space in terms of the norm
as follows:

o for K=R:

1
(.9 = 3w+l — o —yl?) oy e X;
e for K=C:

1 . . . :
(w.y) = 7z +yl* = llo =yl +ille +iyll* —illz —iyl*) Ve,y e X.
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Lemma 15.5 The inner product (-,-) : X x X — K of a pre-Hilbert space X is
a continuous mapping.

Proof. The statement follows from the following inequality, which holds for all
T1,%2,Y1,Y2 € X:

(1, 1) — (@2, 92)| = [{21 — 22, 1) + (T2, 1 — ¥2)|
<z = zal[lyall + [[22l[lyr — yall-

Theorem 15.6 (parallelogram law) A normed space X is a pre-Hilbert space if
and only if

Iz +yll* + llz = yl* = 2llzl” + 2llyl* Yo,y € X.

Proof. “=7" Easy.
“<” We consider the case K = R. Define

1
(w,y) = (v + yl* = llz —yll*) Vz,y e X.

Notice that ||z|| = /(x, z) for all x € X.

We will show that the mapping (-, -) fulfills the statements (a)-(e) in Definition
15.1.

(a) Let z1, 29,y € X. We have

1 + 22 + ylI* = 2l + yl* + 2l z2]* = Iz — 22 + yl?

lor + @2+ yll* = 2llwz + Y1 + 2l [* = 22 — 21 + 9%,

thus,
e 42+ gl = oy + gl + ol + N+ P + [l
= 50w = 22+ ylP + 2z — 1 + 4P
Similarly,
s 2 = P = llow =l + loal + o2 =yl + [
= Slle = 22 =yl + 2z — 21 — ).
Consequently,

1
(w1 +@2,y) = J(lz1 + 22 +y[” = llor + 22 = yl)

1
= U+ 9l + oo + yll* = ll21 = yl* = llz2 = y11°)
= (21,9) + (22, 9).
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(b) Let z,y € X. Statement (a) implies that (b) holds for all A € N. By
definition, (b) holds also for A = 0 and A = —1, thus for A € Z. For A = ™ € Q
we have

n{Az,y) =n <m%,y> =m(x,y) = n\(z,y),

which shows that (b) holds for all A € Q. The continuous functions A — (Az,y)
and A — A(z,y) from R to R are equal on Q, which shows that they are also equal
on R.

(c), (d) and (e) are clear.

In case K = C, one only has to repeat the above arguments for
1 . : . .
(w.y) = 7z +yl* = llo =yl +ille +iyl* —illz —iyl*) Ve,y e X.
[ |

Theorem 15.7 (a) Every linear subspace of a pre-Hilbert space is a pre-Hilbert
space.

(b) A normed space is a pre-Hilbert space if and only if every two-dimensional
linear subspace is a pre-Hilbert space.

(¢c) The completion (the Banach space which contains the original space as a
dense linear subspace) of a pre-Hilbert space is a Hilbert space.

Proof. (a) It follows by restricting the inner product to the linear subspace.
(b) Clear.
(c) Let X be a pre-Hilbert space and X its completion (see Ubungsbeispiel
4, Gruppe 1 or Section 8). Usmg the continuity of the norm, we have that the
parallelogram law holds on X. This means that X is a complete pre-Hilbert
space, thus it is a Hilbert space. [

Example 15.8 (a) C" endowed with the scalar product

((t1sooertn), (51, 00ey80)) 1= Y655,
=1

for (t1,...,t,), (s1,...,Sn) € C", is a Hilbert space.

(b) 2 endowed with the scalar product

<(tk)keN, (5k)keN> = Z t1Sk,

for (tx)ren, (Sk)xen € £2, is a Hilbert space. The Holder inequality guaran-
tees that the inner product is well-defined.
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(c)

L3(I), for I C R an interval, is a Hilbert space. The inner product is defined
by

(f. ) = /I f7dA,

for f,g € L*(I). L*(Q,%,u), for (2,3, 1) a measure space, is a Hilbert
space.

Let I be an index set and

(I):= {f : I — K| f(s) #0 for at most countable many S,Z 1f(s)|* < +oo} .

sel

The sum over all s € [ is to be understand as follows: let {s1, s2, ...} be an
enumeration of the set {s | f(s) # 0}. We set,

> 1Fs)] Z|f

sel

and notice that, due to the absolute convergence of the series, the summa-
tion order does not affect its convergence. Obviously, (?(N) = (2.

For f,g € (*(I),
=S (519

sel
defines an inner product with induced norm

IfIF= <Z|f(8)l2> :

In order to see that ¢2(I) is complete one has to repeat the arguments used
in Example 1.10.

For A € R, define f\ : R — C, fo(t) = e, Define X :=lin{f\ | A € R}. We
define on X the scalar product

(f,9) = lim /f

T—+o00 2T

for f,g € X. The completion of X with respect to the norm || - || := /(-, )
is a Hilbert space, which we denote by AP?*(R) (“AP” stands for almost
periodic).

Since

HfA - fu” = \/5 VA # u,

one can show in a similar way as we did it for £ the AP?(R) is not sepa-
rable.
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16 Orthogonality

Definition 16.1 Let X be a pre-Hilbert space. Two vectors x,y € X are called
orthogonal if (z,y) = 0. In this case we write x L y. Two sets A, B C X are
called orthogonal (we write A L B) if x L y for all x € A and all y € B. The set
At :={ye X |z L yVx € A} is called the orthogonal complement of the set A.

We will see later that the notation A+ is consistent with the one we used for
the anihilator of a linear subspace. It is clear that At is a closed linear subspace,
A C (At and A+ = (lin A)*. Furthermore, we have the Pythagoras Theorem

v Ly = [l* +lyl* = ll= +y]*

Theorem 16.2 (projection operator) Let H be a Hilbert space, K C H a non-
empty convex and closed set and vy € H. Then there exists a unique element
x € K such that

o — ol = inf [zo — K.

This defines a mapping Pk : H — K, Px(xo) := z, which is the so-called projec-
tion operator onto the set K.

Proof. Let d :=infyex ||xo— k| > 0. Then there exists a sequence (ky,)nen such
that ||zg — kn|| = d as n — +o00. According to the parallelogram law, we have
for all m,n € N

2 2

kn — km 1 kn + km
0= B3] = St bl 4 o = ) = - Ep
1
< 5(llzo = knll® + llzo — K ll?) — [l]I?,
where we used that W € K. This implies that lim,, 100 ||kn — k| = 0,

therefore, (k,)nen is a Cauchy sequence. Since H is complete and K closed, there
exists * € K such that k, — = as n — 4+00. The continuity of the norm implies
that ||xg — z|| = d.

Assuming that there exist @’ € K,z # o/, with ||z — z| = ||zo — 2'|| = d, by
using again the parallelogram law, we get

/ "2

427 1 -z
o — = —(d*+d*) — < d*
2 2
Contradiction. This proves the uniqueness of x. |

Lemma 16.3 Let H be a Hilbert space, K C H a nonempty, convex and closed
set, xo € H and x € K. The following statements are equivalent:
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(1) &= P(xo);
(i) Re(zo —z,k—z) <0 VkeK.
Proof. “(ii) = (i)” For every k € K it holds

|20 — k||* = ||zo — 2 + 7 — k||* = ||v0 — 2||* + 2Re{wg — z,0 — k) + ||z — Kk|)?

> fzo — |*.

“(i) = (ii)” Let k € K and ky := (1 —t)x + tk € K, for t € [0, 1]. According
to (i), for all ¢ € [0, 1] it holds

|xo — :1c||2 < |lxo — k:t||2 =(xg—z+tlx—Fk),zo—z+t(xr—k))
= |lzo — z||* + 2Re(zo — z, t(x — k)) + *||z — K|

From here we have
t
Re(zg —z,k —z) < §||x —k||* Vvt e (0,1],
which provides (by letting t — 0) (ii). [ |

Theorem 16.4 (orthogonal projection) Let M # {0} be a closed linear subspace
of a Hilbert space H. The projection operator Py : H — M onto the set M s
linear and continuous, and it fulfills |Py|| = 1, ker Pyy = M+ and Id —Py =
Py1. 1Itis also called the orthogonal projection onto M. It holds H = M @4 M*.

Proof. Let g € H and © € M. According to Lemma 16.3, x = Py/(zo) if and
only if
Re(zg — Py(z0),m — Pr(xg)) <0 Vm € M.

This is equivalent to (since m € M < m — Py (x) € M)

Re(zg — Py(z9),m) <0 VYme M
and further to (since y € M & —y € M < iy € M)

(xg — Py(xg),m) =0 Vm € M.
This shows that Py(x¢) is the uniquely determined element x € M which fulfills
rg—x € M*t.
Let z1, 25 € H and A\, Ay € K. Since M+ is a linear subspace, it holds
M1 4 Aoy — (AL Pas(z1) + NoPor(2)) € M+,

Thus Ppr(A1x1 + Aexe) = A\ Par(x1) + A2 Par(22), which means that Py is linear.
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In the light of the above characterization we have that Py;(zo) = 0 if and only
if 2o € M+, which shows that ker Py; = M ™.

For zy € H, we have seen that xo — Py(79) € M*. In addition, for all
m € M it holds (according to Lemma 16.3)

Re(zg — (xg — Pa(xg)),m — (zo — Pu(20))) = Re(Pr(xo), m — xo + Par(x))
= Re<—PM([E0), o — PM(I'())) S 0.

By using again Lemma 16.3 it follows that xg — Py(x0) = Pyse(0).
Since, for every xog € H, Py(x9) L (xg — Py(20)), the Pythagoras Theorem
leads to
1Par (xo) I + llzo — Par(o) > = [lao|*,

which shows that ||Py|| < 1. On the other hand, since Py, = P%, it yields
| Parll = [P ]| < || Pasl|?, thus 1 < ||Py||. This proves that || Pyl = 1.
Pythagoras Theorem proves that H = M @&y M*. [ |

Corollary 16.5 Let M be a linear subspace of a Hilbert space H. It holds M =
M+,

Proof. Let N := M, which is a closed linear subspace. Then Py = Id —Py. =
P(y1ys, which proves that M = N = (N+)* = M= M [

Theorem 16.6 (Fréchet-Riesz Representation Theorem) Let H be a Hilbert space.
The mapping
O:H—H", yw— (),

18 bigective, isometric and conjugate linear. This means that for every element
x* € H* there exists an unique element w € H such that x*(x) = (z,u) for all
x € H, and ||z*|| = ||ul.

Proof. It is easy to see that ®(y) € H* for all y € H. Obviously, ®(A\y; +
Aa2) = M®(y1) + XAo®(ys2) for all A\, Ay € K and yy,y, € H. According to the
Cauchy-Schwarz inequality we have ||®(y)| < ||y|| forally € H. Fory € H,y # 0,
it holds ®(y)(y/llvll) = (w.u)/llyll = llyll, thus |®(y)|| = [ly]l, which shows that
® is a isometry. Consequently, ® is injective.

We will show that ® is surjective. Let * € H* z* # 0. Then M := ker z*
is a proper closed linear subspace of H. Let y € M+, y # 0 (see Theorem 16.4)
be such that z*(y) = 1. Then H = M &, lin{y} (which actually shows that
M+ =lin{y}). Indeed, for x € H and X := z*(z) we have z — \y € M. Every
x € H can be represented as * = m + Ay, for m € M and A € K. Then
z*(x) = X = (z,y)/|lyl|?, thus ®(y/|ly||*) = =*. This shows that ® is surjective.

If for u € H, 2*(z) = (x,u) = ®(u)(x) for all x € H, we obviously have that
J2*ll = ()| = ] C
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Corollary 16.7 Let H be a Hilbert space. The following statements are true:

(a) A sequence (z,)nen C H converges weakly to x € H if and only of

(xp, —z,y) = 0 (n — +00) Vye H.

(b) H is reflexive.
(c) Every bounded sequence in H has a weakly convergent subsequence.

Proof. (a) Follows from the Fréchet-Riesz Representation Theorem.
(b) Let & : H — H* be the mapping in the Fréchet-Riesz Representation
Theorem. Then
(®(x), (y))u- = (y, )

defines an inner product on H*, which is a Hilbert space. Let ¥ : H* — H** be
the mapping in the Fréchet-Riesz Representation Theorem, this time from H* to
its bidual. It is easy to see that W o ® =iy : H — H**, which shows that the
canonical embedding is surjective.

(c) Follows from (b) and Theorem 8.8. |

The following results strenghtens statement (c) of the above corollary.

Theorem 16.8 (Banach-Saks Theorem) Let H be a Hilbert space and (xy,)nen C
H a bounded sequence. Then it has a weakly convergent subsequence (T, )ren such
that the sequence of arithmetic means

1 n
<n kZ:; xnk> neN

Proof. Without loss of generality we can that assume that (x,),en is weakly
convergent and that its weak limit is equal to 0. Let M > 0 such that ||z,| < M
for all n € N. Choose z,, := x;. Since (z,,z,,) converges to 0 as n — o0,
there exists ny > 1 such that

CONVETGES m norm.

[(Tng, Ty )| < 1

Further, there exists ng > ny such that

DN | —

1
|<£L‘n3,$n1>| §§ and |<$n3axn2>| S
In this way we can inductively construct a sequence (x,, Jken such that

Vi=1,..k

| =

|<xnk+1’ xm>| S
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<

This implies that S | [(Z,,,, 2| < 1forallk € Nand Sp_, S8 (2, 20,
n — 1 for all n € N. From here we have

n 2 n n n n k
S s%ZZuxnk,w:%(annkn%zzz )
k=1 k=1 k=2 i=1

k=1 i=1

nM? 4+ 2n — 2
n2

— 0 (n— +o0).

17 Orthonormal bases

Definition 17.1 A subset S of a Hilbert space H is called orthonormal system
if [le]| =1 for all e € S and (e, f) = 0 for all e, f € S,e # f. An orthonormal
system S is called orthonormal basis if

S CT, T is an orthonormal system = S =T.

Example 17.2 (a) For H = (*, S = {e, | n € N} is an orthonormal system.
(b) For H = L?|0, 27],

S— {%1} U{%Cos(n-) e N} U {%sin(n-) Ine N}

is an orthonormal system.

(c) For H = L*([0,27];C) (which denotes the normed space L?[0,27] over C),

S = {\/%ei(”') |n e Z} is an orthonormal system.

(d) For H = AP?*(R), S = {f\ | A € R} is an orthonormal system.

Later we will show that the orthonormal systems in the above example are in
fact orthonormal bases.

Theorem 17.3 (Gram-Schmidt Algorithm) Let (x,)nen be a linearly indepen-
dent subset of a Hilbert space H. Then there exists an orthonormal system S
with lin S = lin{z,, | n € N}.

Proof. Set e; := ﬁ”. Define f2 = X9 — (T9,e1)eq. Since {xy,x2} is linearly

independent, fo # 0. Set e5 : Hf TR Then ey L es.
We define the sequence (e,)nen by means of the following iterative scheme

n

i=1 n+1

Then S := {ej,eq,...} is an orthonormal system and for all n € N it holds
x, € lin S and e, € lin{z,z9,...,x,}. Consequently, linS = lin{z,, | n € N}. B
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Example 17.4 For H = L?*[—1, 1] and the linearly independent set {x,, | n > 0},
where z,(t) = t",n > 0, the Gram-Schmidt Algorithm furnishes the orthonormal

system
1
en(t) =1/n+ §Pn(t), n >0,

where P, () = 5 (£)" (> — 1)" denotes the Legendre polynomial of order n.

Theorem 17.5 (Bessel’s inequality) Let {e, | n € N} be an orthonormal system
of a Hilbert space H and x € H. It holds

+o0
>z en)l® < lalf®.
n=1

Proof. Let N € N be fixed. Set zy := 2 — ZnN:1<x, en)en. Then zy L e, for
alln =1, ..., N. Pythagoras Theorem leads to

N 2 N N
2] = llewl? + | D (@ enden|| = llanl® + D1 e = D Kz, en)l
n=1 n=1 n=1
The statement follows by letting N — +4o0. |

The following corollary follows by combining Theorem 17.5 with the Holder
inequality.

Corollary 17.6 Let {e, | n € N} be an orthonormal system of a Hilbert space
H and x,y € H. It holds

“+o00

D, en)en, )] < +o0.

n=1

Lemma 17.7 Let S be an orthonormal system of a Hilbert space H and x € H.
The set S, :={e € S| (z,e) # 0} is countable.

Proof. According to Bessel’s inequality, the set Sy, :={e € S| [(z,¢e)] > L} is
finite for all n € N. It holds S, = UpenSan- [ |

The following notion is needed in order to handle non-separable Hilbert spaces.

Definition 17.8 (unconditional convergence) Let X be a normed space, I an
infinite index set and x; € X for all © € I. The series Zie ; @; is called uncondi-
tionally convergent to x € X if

(a) Io={i €I |x; #0} is countable;
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(b) For every enumeration {iy, 4o, ...} of Iy it holds > " x; = .

Since Z+ 1 T, does not depend on the order of the summands, we will write
Sier @i = . Even if I = N, we will differentiate between >~ _ and Y. If
X is a Banach space, then every absolutely convergent series is unconditionally
convergent. For X = K", according to the Riemann Rearrangement Theorem, a
series is unconditionally convergent if and only if it is absolutely convergent. On
the other hand, in infinite-dimensional Banach spaces there exist unconditionally
convergent series that are not absolutely convergent (Theorem of Dvoretzky-
Rogers).

Bessel’s inequality and Lemma 17.7 lead to the following result.

Corollary 17.9 (Bessel’s inequality for orthonormal systems) If S is an or-
thonormal system of a Hilbert space H and x € H, then

> e’ < .
eeS

Theorem 17.10 Let S be an orthonormal system of a Hilbert space H.

a) For every x € H, the series x, eye 1s unconditionally convergent.
Y eeS Y g
(b) The mapping P : x — Y _q(x, e)e is the orthogonal projection onto lin S.

Proof. (a) Let {ej, ez, ...} be an enumeration of {e € S | (x,e) # 0}. Let
N, M eN,M > N. According to the Pythagoras Theorem we have

M
g (x,e,)e
n=N

This shows that Z:ﬁi (x,en)en is a Cauchy series, thus there exists y € H such
that y = :2(:& en)en. Let m: N — N be a permutation and y, € H such that
Yp = Z:g (T, €x(n))€n(n). We will prove that y = y,.

For all z € H it holds (we use Corollary 17.6 and the fact that absolute

convergence implies unconditional convergence)

Z” ze)|> =0 (N, M — +00).

(y,2) = D (@ en)(en, 2) = D (&, entm){enin) 2) = (Yn, 2)-

Consequently, y — y, € H+ = {0}.

(b) Let x € H and {ej, ey,...} be an enumeration of {e € S | (z,e) # 0}.
According to Theorem 16.4 it suffices to prove that z — Pz € (lin S)* = S* or,
in other words, that

+oo
<a7 - Z(x,en>en, e> =0 VeelS.

n=1
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This is clear, both when (z,e) = 0 and when e is an element of the enumeration
{61,62,...}. [ |

The following theorem provides a helpful characterization of the orthonormal
bases.

Theorem 17.11 If S is an orthonormal system of a Hilbert space H, then there
exists an orthonormal base S" such that S C S’. In addition, the following state-
ments are equivalent:

(i) S is an orthonormal base.

(i) If v € H and x L S, then x = 0.
(iii) It holds H =1in S.
(iv) x =3 cq(w,e)e forall v € H.

(v) (x,y) =D .cqlz,e)(e,y) forall z,y € H.

(vi) (Parseval’s identity)

|z]* =) " [z, e)]* Vz e H.

eeS

Proof. The existence is a consequence of the Zorn Lemma applied to the set
A= {5 |85 C S5 5 is an orthonormal system in H} and the partial order
51§52<:>51§Sg.

“(i) = (i1)” If © # 0, then S U {ﬁ} is an orthonormal system.
i1) = (i17)” Follows from Corollary 16.5.
i11) = (iv)” Follows from Theorem 17.10(b).
iv) = (v)” Follows by direct verification (see also Corollary 17.6).
v) = (vi)” Just set z = y.
vi) = (4)” If S is not an orthonormal base, then there exists z € H, ||z|| = 1,
such that S U {z} is an orthonormal system. This gives > .o |(z,¢)[*> = 0.
Contradiction.

Example 17.12 (a) For H = (*, S = {e,, | n € N} is an orthonormal basis,
since (2 =lin S.

(b) For H = L*0,2n], the orthonormal system S in Example 17.2(b) is an
orthonormal basis, since L?[0,27] = lin S. We have that lin S is dense in
M ={f e C|0,2n]| f(0) = f(2m)} with respect to ||| and, consequently,
with respect to || - |2 and that M is dense in L?[0, 27].
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(c) For H = L*([0,27];C), the orthonormal system S in Example 17.2(c)
is an orthonormal basis. Indeed, e™ = cosnt + isinnt, thus linS =
{f | f is a complex-valued trigonometric polynom}. It follows from (b)
that lin S is dense in H.

(d) For H = AP?*(R), the orthonormal system S in Example 17.2(d) is an
orthonormal basis, since, H = lin S.

(e) For H = L?[—1,1], the orthonormal system {e, | n € N} in Example
17.4 is an orthonormal basis, since (see Example 2.12 (a), (b)) L*[—1,1] =
lin{z, | n € N} =lin{e, | n € N}.

Corollary 17.13 Let H be an infinite-dimensional Hilbert space. The following
statements are equivalent:

(i) H is separable.
(i1) All orthonormal bases of H are countable.

(11i) H has a countable orthonormal basis.

Proof. “(i) = (ii)” Let S be an orthonormal basis of H. Since |le — f|| = v/2
for all e, f € S,;e # f, we have that S cannot be uncountable (see the proof of
the statement that £> is not separable in Example 2.11(c)).

“(4i) = (i17)” Clear (see also Theorem 17.11).

“(4ii) = (i)” According to Theorem 17.11 we have that H = lin S, where S is
a countable orthonormal basis. Lemma 2.10 guarantees that H is separable. W

Lemma 17.14 If S and T are orthonormal bases of the Hilbert space H, then
S| = [T7.

Proof. For S finite, this is known from the linear algebra. Let |S| > |N|. For
xe S letT,:={yeT]| (x,y) #0}. According to Lemma 17.7 we have that
|T:| < IN|. According to Theorem 17.11 ((i) < (ii)), we have that T' C U,esTy,
thus || < |S|IN] = |S|. Similary, |S| < |T|, which implies that |S| = |T)|
(Schréder-Bernstein Theorem). |

The cardinal number of a orthonormal basis of a Hilbert space is called the
dimension of the Hilbert space.

Theorem 17.15 If S is an orthonormal basis of a Hilbert space H, then H =
%(9).

Proof. Let x € H and define Tx : S — K, (Tz)(e) = (x,e). The Bessel
inequality guarantees that Tx € ¢2(S). The operator T': H — (*(S), z + T, is
linear and, due to Parseval’s identity, isometric. Let (fe)ces € ¢2(S). As in the
proof of Theorem 17.10, one can see that z := ) __¢ fee is an element of H and,
obviously, Tx = (f.)ees. This shows that T is an isometric isomorphism. [ |
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Corollary 17.16 If H is a separable infinite-dimensional Hilbert space, then
H =~

Theorem 17.17 (Fischer-Riesz Theorem)

L?[0,1] = (2.

18 Operators on Hilbert spaces

Definition 18.1 Let H and G be two Hilbert spaces and T" € L(H,G). The
adjoint operator (in Hilbert space sense) of T is defined as

T :G—H, (x,T"y)y= Tx,y)¢ Vre HVYyeQG.

If g : H — H* and ®¢ : G — G*, are the conjugate linear isometric_iso-
morphism introduced in the Fréchet-Riesz Representation Theorem and 7% €
L(G*,H*) is the “adjoint operator” of T introduced in Section 9, then 7% =
CD;Il oT*o P

Theorem 18.2 Let H,G and K be Hilbert spaces, S,T € L(H,G), R € L(G,K),
and A € K. It holds:

(a) (S+T) =S+ T

(b) (AS)* = AS*.

(c) (RS)* = S*R*.

(d) S* € L(G,H) and ||S]| = ||57|.
(e) S =S.

(f) 1SS | = 18*S|l = [I5]]*-

(9) ker S = (ran S*)*, ker S* = (ran S)*, thus, S is injective if and only if
ran S* is dense in H.

The mapping S — S* is a conjugate linear isometric isomorphism between L(H, Q)
and L(G, H).

Proof. (a)-(e) The statements follow directly from the definition.
(f) For all x € H it holds

1Sz[|* = (S, Sx) = (z, $*Sz) < ||=[|[|S* S|,
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thus

ISII* = sup [|Sz]|* < sup [|l=[||S*Sz[| < [[S*S|| < [[S*[IISII = [IS]I*.

=<1 =<1
We get [|S]|*> = ||S*S|| and, from here,
IS|1* = 1S*[I* = IS™S"]| = [1SS™]|-
(g) We have
St =0 (Sz,y) =0y € G & (2,5Y) =0Vy € G < x € (ran S*)*,
thus ker S = (ran S*)* and, from here, ker S* = (ran $**)* = (ran S)*. |

The following definition introduces some important classes of operators de-
fined on Hilbert spaces.

Definition 18.3 Let T' € L(H, G).

(a) T is called unitary if 7*T = Idy and TT* = Idg, in other words, if T is
invertible with 7-! = T™*.

(b) Let H = G. T is called self-adjoint if T = T™.
(c) Let H=G. T is called normal if TT* = T*T.

It is easy to see that 7" is unitary if and only if it is surjective and (T'z, T'y) = (x,y)
forallz,y € H. Let H = G. Then T is self-adjoint if and only if (T'z, y) = (x, Ty)
for all x,y € H. Furthermore, T" is normal if and only if (Tx, T'y) = (T*x, T*y)
for all x,y € H. Consequently, for a normal operator we have ||Tz|| = ||T*z|| for
all x € H, which implies that ker T" = ker T™.

Example 18.4 (a) Let H = K". If T € L(H) is represented by a matrix
(a;j)i;, then T is represented by its complex-conjugate transpose (aj;); ;-

(b) Let k € L*([0,1]?). The operator
Ty : L?[0,1] — L*[0,1], (Txx)(s) = /1 k(s,t)x(t)dt,

is linear and continuous with || T}|| < ||k||z2. Then T} = T%, where k(s,t) =

k(s,t) for all (s,t) € [0,1]?. Ty is self-adjoint if and only if k(s,t) = k(s,t)
almost everywhere; in this case k is called symmetric kernel.

(c) The left shift operator T : 2 — %, T(s1, S, ...) = (82, S3, ..), i not normal
(see Example 9.2).
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(d) T*T and TT* are always self-adjoint.
Lemma 18.5 Let H and G be Hilbert spaces and T € L(H,G). Then T is an

wsometry if and only if
(Tz,Ty) = (v,y) Vr,y€ H.

In the last part of this section we will provide some characterizations of self-
adjoint operators.

Theorem 18.6 (Hellinger-Toeplitz Theorem) Let H be a Hilbert space and T :
H — H a linear mapping which fulfills the symmetry condition

(Tz,y) = (v, Ty) Vr,y € H.
Then T s continuous and, consequentely, self-adjoint.

Proof. We will show that 7" is graphclosed and the Closed Graph Theorem will
imply that T is continuous, consequently, self-adjoint.
Let (zp)nen € H such that x,, — 0 and Tx,, -y € H as n — +o0. From

2 _ . _ . _ . _
ly"ll = ( lim Twp,y) = lim (Twy,y) = lim (2, Ty) =0
we have y = 0, and the conclusion follows. [ |

Theorem 18.7 Let H be a Hilbert space over K = C and T € L(H). The
following statements are equivalent:

(i) T is self-adjoint.

(ii) (Tz,z) €R for allz € H.
Proof. “(i) = (ii)” For all z € H it holds

(Tx,z) = (x,Tx) = (x,Tz) = (Tz,z).
“(ii) = (4)” Let A € C. Then
(T(x+ \y), 2+ Ny) = (T, z) + MNTx,y) + MTy,z) + |N*(Ty,y) €R,
thus, by taking the complex conjugate,
(T(z+ Ay), x + Ny) = (T, 2) + My, Tx) + M, Ty) + |N*(Ty,y).

This yields _ _
Mz, y) + MTy, x) = My, Tz) + Mz, Ty).

This gives for A =1
(Tw,y) + Ty, x) = (y, Tx) + (x,Ty)

and for A = —1¢
Consequently, (T'z,y) = (z, Ty). [ |
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Theorem 18.8 Let H be a Hilbert space and T' € L(H) self-adjoint. Then

1T = sup [(Tz,z)|.

llzll<1
Proof. We have

sup [(Tz,z)| < sup ||T|l[|lz]| < sup |T|[lz]* = |-

ll=]I<1 =<1 =<1

In order to prove the reverse inequality we denote M := sup,<; [{(T'r,r)|. For
all x,y € H it holds
(Ty,z)

(T(x+y),x+y) = (T(x—y)z—y) =2Tz,y)
=2(Tx,y) + 2(Tx,y) = 4Re(Tx,y).

_|_
[\

The parallelogram law gives
4Re(Tz,y) < M(||lz +ylI* + [lo — y[I*) = 2M(l2* + [[y]]*).

thus
Re(Tx,y) <M V|z,|y|l <1.

Let ||z, |lyll <1 and A € K, |A| = 1, be such that A\|(Tz,y)| = (T'z,y). Then
(T2, y)| = ATz, y) = (T(A"'z),y) < M.
This implies that ||T|| < M. |

Corollary 18.9 If H ia a Hilbert space and T € L(H) a self-adjoint operator
such that (Tx,x) =0 for all x € H, then T = 0.

For K = C, if (Tx,z) = 0 for all x € H, then T is self-adjoint. This is in
general not the case for K = R. Indeed, for H = R?,

0 —1
=)
fulfills (T'x,z) = 0 for all € H, while T" # T™.

Theorem 18.10 Let H be a Hilbert space and P € L(H), P # 0, a projection,
namely, an operator such that P?> = P. The following statements are equivalent:

(i) P: H — ran P is an orthogonal projection, namely, ker P L ran P.
(i) [Pl = 1.

(iii) P is self-adjoint.
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(iv) P is normal.

(v) P is positive, this means, (Px,x) >0 for all z € H.

Proof. Notice that Id —P is also a projection and ran P = ker(Id —P), which
means that P has closed range. In addition, ker P = {x — Pz | x € H}.

“(1) = (4i)” Follows from Theorem 16.4.

“(it) = (i)” Tt is enough to prove that z — Px € (ran P)* for all z € H (see
the proof of Theorem 16.4) or, equivalently, that ker P | ran P.

Let x € ker P,y € ran P and A € K. Then P(z + Ay) = \y, thus

Ayl < llz + Ayl = ll2[I* + 2Re Mz, y) + 1A%,

S0, B
—2Re XMz, y) < [l

Since this inequality holds for every A € R and every A € iR, it yields Re(x,y) =0
and Im(z,y) = 0, thus (z,y) = 0.
“(i) = (uit)” For all x,y € H it holds

(Px,y) = (Px, Py + (y — Py)) = (Pz, Py) = (Px + (x — Px), Py) = (x, Py).
“(iii) = (iv)” Clear.
“(iv) = ()" Since 0 = ((P*P — PP*)z,x) = ||Px|]* — |P*z|]* for all z € H,
we get that ker P = ker P* = (ran P)* (see Theorem 18.2(g)).
“(i1i) = (v)” For all x € H we have (Pzx,z) = (P?z,x) = (Pz,Pz) =
| Pz|* > 0.
“(v) = (i)” For x € ker P,y € ran P and A € R it holds
0 < (P(z +\y),z + \y) = (\y, @ + Ay) = Nyl + My, 2),
which implies that
(y.x) = =Alyl* YA >0and (y,2) < =Ally|* VYA <0.

Thus (z,y) = 0. |
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Chapter VI

Spectral theory

19 The spectrum of a bounded operator

The spectral theory generalizes the eigenvalue theory for matrices to bounded
operators on infinite-dimensional Banach spaces. An eigenvalue A of a linear op-
erator T defined on a finite-dimensional space (which can be identified with a
matrix) is characterized through the fact that A Id —T" is not injective or, equiva-
lently, AId —T' is not surjective. This equivalence is in infinite-dimensional spaces
in general not true, which means that a more general concept is needed.

In the following we assume that X is a Banach space and T" € L(X) is a
continuous linear operator. We write A — T instead of AId —T'.

Definition 19.1 Let T € L(X).
(a) The resolvent set of T is defined as

p(T) :={N € K| (A—T) " exists in L(X)}.

(b) The mapping
p(T) = L(X), A= Ry:=R\(T)=\-T)",
is called resolvent mapping.
(¢) The spectrum of T" is defined as

o(T) =K\ p(T).

The spectrum is decomposed into:

e point spectrum: o,(7T") := {\ | A — T is not injective};
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e continuous spectrum:

0.(T) :={X | A =T is injective, not surjective,

and has dense range};

e residual spectrum: o,.(7T) := {\ | A=T is injective and has no dense range}.

Notice that according to Corollary 12.5, if A—T is bijective, then (A—T)"! is
continuous, consequently, o(1") = 0,(T) U 0.(T") U o,(T). The elements of o,(7")
are called eigenvalues; an element x # 0 with the property that Tx = Ax is called
eigenvector.

Theorem 19.2 It holds o(T) = o(T*). If X is a Hilbert space, then o(T*) =
{AN: XA € a(T)}, whereby T* is the adjoint operator of T in Hilbert space sense
(see Definition 19.1).

Proof. The first statement follows from the fact that a continuous linear oper-
ator between Banach spaces is an isomorphism if and only if its adjoint operator
is an isomorphism (see Ubungsbeispiel 38(a)). If X is an Hilbert space, then

1

(A=) = (-1 = (A1) "
|

Example 19.3 (a) If X is finite-dimensional, then o(7T") = 0,(T"). For K=R
this set can be empty.

(b) Let X = C[0,1] and (Tz)(s) = [ z(t)dt. Then o(T) = o,.(T) = {0}. It is
easy to see hat 0 € ¢,(T), since T is injective (the fundamental theorem of
calculus) and it has no dense range, since (7'x)(0) = 0 for all = € C]0, 1].

Let A # 0. We will prove that the equation
e —Tr=y

has a unique solution, which will imply that A — T" is bijective. The con-
tinuity of its inverse will follow as a consequence of the Open Mapping
Theorem.

Denoting z := Tz, the equation gives rise to the following ordinary differ-

ential equation
. 1 1
40) - 32() = (1), 2(0)=0.
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thus

o) = 20 = (0 +9() = 55 | ¢Fuls)ds+ 300

This proves that A\ — T is bijective.

(¢) Let X = {2z € C[0,1] | 2(0) = 0} and (Tx)(s) = [, (t)dt. Then o(T) =
o.(T) = {0}. One can prove as in (b) that A € p(7T') for all A # 0. On
the other hand, T is injective and, since ranT = {y € C'[0,1] | y(0) =
0,7(0) = 0}, it has a dense range in X.

Theorem 19.4 (a) p(T) is open.

(b) The resolvent mapping is analytic, which means that it can be locally rep-
resented by a power series with coefficients in L(X).

(c) o(T) is compact, more precisely, |\| < ||T|| for all X € o(T).
(d) IfK=C, then o(T) # 0.
Proof. (a) Let \g € p(T) and |A — Xo| < |[(Ao — T)7*||7*. Then
A=T=Mo—T)+ (A=) = (o—T) (Id—(Ag — A)(Ag = 7)) .

According to Theorem 3.17, the Neumann series 7% (Mg — A) (Ao — T)~1)" con-
verges and Id —(X\g — A\)(A\g — T)~! is invertible. Consequently, A — T is also
invertible.

(b) As we have seen above, we can represent the resolvent mapping for |\ —
Aol < [[(Ro = T) 74 as

By = (1= =)o = 7)) ™ o = 1) = D0 = )" (o = 1)),

n=0

which gives the desired local representation as power series with coefficients
(Ao —T)"H)"".
(c) According to (a), o(T") is closed. Let |A| > ||T']|. The series

-1 400
A=T)' =" (101 —%T) =A71y ae
n=0

is convergent. This implies o(T") C {X € K | |A\| < ||T||}, which shows that o(T")
is bounded, consequently, compact.
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(d) Assume that o(T) = (). The resolvent mapping is defined on the whole
space C and is analytic. Let ¢ € (L(X))*. The mapping A — ¢(R,) can for every
Ao € C be locally represented as

+oo

Ry =Y (=1)" (A = )" URS,

n=0

which means that it is analytic. For |[A| > 2||7T’|| it holds

< g2 = o

T
A 20y 1T

—+o00
LENESEIRDS
n=0

On the other hand, the continuous mapping A — ¢(R)) is bounded on the com-
pact set {\ | |A| < 2||T||}, thus it is bounded on C. According to the Liouville
Theorem, an analytic function which is bounded on C must be constant. We
take Ao := 0 and notice that ¢(Ri™) must be equal to zero for all n > 1. In
particular, /(R3) = ¢(T2) = 0. Since this is true for all £ € (L(X))*, according
to the Hahn-Banach Theorem, we must have T2 = 0, which is a contradiction
to the fact that this operator is the inverse of T2. This shows that o(T") cannot
be empty. [

The estimation in statement (c) of the above theorem can be strengthen. To
this end we will use the following convergence statement for sequences of real
numbers.

Lemma 19.5 Let (t,)nen @ sequence of real numbers such that 0 < t,. ., < t,tn,
for all n,m € N. Then ({/t,)nen converges to t := inf,en Vty.

Proof. Lete > 0and N € Nbesuch that {/ty < t+e. Set M := max{ti,...,tn}.
Every n > N can be written as n = kN +1r for 1 <r < N. We have

1 .
Uy = tins, < (tht,)n < (t4+e) % Mw = (t+e)(t +e) nMn < t+2
for n big enough. This proves the statement. [

Lemma 19.5 shows that the limit in the following definition exists and that it
coincides with the infimum of the sequence.

Definition 19.6 The spectral radius of T' € L(X) is defined as
r(T) = inf [|T"||% = lim ||T"]x.
n—-+00

Theorem 19.7 It holds
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(a) |\ <r(T) for all X € o(T);
(b) if K= C, then there exists A € o(T) such that |\| = r(T).
Thus, for K= C we have
r(T) = max{|\| | A € o(T)},
which explains the name of spectral radius of the operator T.

Proof. (a) The statement follows if we prove that for |A| > r(T") the series
ATLS (T /A)™ converges. This is indeed the case if limsup,,_, T/ N <
1, Wthh is true, since

: nj : -1 n| < T(T)
s (/0" = tim (3177 = T

(b) Let ro := sup{|A| | A € o(T")}. According to (a), o < (7). Let |u| > 0.
We will show that || > r(T"), which will imply that ro = r(T"). The statement
will follow by using that the spectrum is compact.

Let £ € L(X)*. On {\| |\ > 1o} € p(T) we consider the analytic function
fe(N) = £((A—=T)71). As seen in the proof of statement (a), this function can be
represented for |A| > r(T") by the convergent series

Z e Tn n+1)

The series converges in the largest open annulus on which f; is analytic. In
particular, it converges at u, which implies that lim,, o £(T"/u™"t) = 0. This
shows that (T7/u"™),en converges Weakly to 0 consequently, it is bounded.
Then there exists K > 0 such that |T"||= < K= |u|" for all n € N. Letting
n — o0, it yields (7)) < |ul. [

We have in general that r(7T") < ||T'|| (see Example 19.3(b), where r(T") = 0).
However, for normal operators defined on Hilbert spaces equality holds.

Theorem 19.8 Let H be a Hilbert space and T € L(H) a normal operator. It
holds r(T") = ||T'||.

Proof. According to Theorem 18.2 we have
T2 = |T*(T*)"|| = I(TT*)|| = |TT*|1* = | T*,

thus ||T?|| = ||T'||?. Since T™ is also normal for all n € N, it yields by induction
that || 72"|| = ||T||>" for all k € N, so

. ko, L
H(T) = Jim T = |7
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20 The Riesz theory

In this section we will provide a complete description of the spectrum of a compact
operator defined on a Banach space X.

Theorem 20.1 (Riesz-Schauder Theorem) Let X be a Banach space, T € K(X)
and S =1d —-T.

(a) The kernel of S has finite dimension.
(b) S has closed range and X/ran S has finite dimension.
(¢) dim(X/ranS) = dim(ker S) = dim(X*/ran S*) = dim(ker S*).
An operator fulfilling (a) and (b) is called Fredholm operator and the number
ind(7") := dim(ker S) — dim(X/ran S)

is called its index. According to the Riesz-Schauder Theorem, operators of the
form S = Id =T, where T is a compact operator, are Fredholm operators with
index 0. Such operators are in particular surjective if and only if they are injective.
This also means that the integral equation Sx = y is for every right-hand side y
solvable if and only if the equation Sx = 0 has only the trivial solution = = 0,
which is much easier to verify. If so, then Sx = y has a unique solution.

Proof. (a) Let (z,)nen be a bounded sequence in kerS. Then there exists a
convergent subsequence (T'xy, )gen. Since 0 = Sz, = x,, — Tz, for all k € N,
(@n, )ken is convergent in X. Using that ker S is closed we have that (z,, )ren
is convergent also in ker S. According to Theorem 2.8 we obtain that ker S is
finite-dimensional. R R

(b) Consider S : X/ker S — ran S, S([z]) = Sz. It is easy to see that S is
linear, continuous and bijective. We will prove that S—1 is continuous. Assuming
that this is not true, by Theorem 3.12 we obtain a sequence (z,)nen € X such
that

dist(xn, ker S) = ||[zn]||x/kers = 1 ¥n € N and Sz, — 0 (n — +00).

This gives a sequence (¥, )nen € X such that ||y, || < 2 for all n € N and Sy,, — 0
as n — +o00. Then there exists a subsequence (Y, )ren such that (T'y,, ken is
convergent, which implies that (y,, )ken = (TYn, + SUn, Jken 1S convergent. We
denote its limit by . Thus Sz = 0 and ||[z]|| x/xers = 0, which is a contradiction.
This shows that S~! is an isomorphismus from X/ker S to ranS and, since

X/ker S is complete, it follows that ranS is complete. According to Lemma
1.6(b), ran S is closed.
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According to Theorem 6.11 we have that (X/ran S)* & (ran S)*. Obviously,
(ran S)* = ker S*, which gives (X/ranS)* = ker S*. Thus dim(X/ranS)* =
dim(ker S*) < +o00, since, according to (a), the kernel of S* is finite-dimensional
(we use here that T* = Id —S* is also compact; see Schauder Theorem). Conse-
quently, dim(X/ran S) = dim(X/ranS)* < +oc.

(¢) From Theorem 6.11 and Theorem 14.3 we have that (ker S)* = X*/(ker S)*
= X*/ran S*, thus

dim(X™/ran S*) = dim(ker §)* < +o0.
It remains to prove that

dim(X/ran S) = dim(ker S)

and from here, taking also into account the proof of (b), the conclusion will follow.
In order to prove this statement we will need some intermediate results. [ |

For m € N we set
Ny :=ker 8™, Ny:={0}, R, :=ranS™, Ry:=X.

We have
NO Q N1 Q N2 Q ... and RO 2 Rl 2 RQ 2

Since for every m € N it holds
m m .
S™=(Id-T)" =1d — —1)* T =14 T,
(1-7) > (7)o

where T is compact, N,, is finite-dimensional, R,, is closed and dim X/R,, < +oc.

Lemma 20.2 (a) There exists a minimal number p € NU {0} such that N, =
Nt

(b) It holds N, = Ny, for allr > 0.

(¢) N,N R, ={0}.

(d) There exists a minimal number ¢ € NU {0} such that Ry = Ry+1.
(e) It holds R, = Ry, for all v > 0.

(f) Ng+ R, =X.

(9) p=q.



98 Spectral theory

Proof. (a) Assume that such a number p does not exist, namely,
NoC N CNo C ...

Since N, is closed, for every n € N there exists due to the Riesz Lemma (Lemma
2.6) an element z,, € N, such that dist(z,, N,—1) > 3 and [|z,|| = 1. For every
n > m > 1 it holds

T~ Tl = lm — (Sn + 2 — Szl > 5,
since S(N,,) € N,,_1, which means that Sz, + z,, — Sx,, € N,_1. This implies
that (Tx,)nen does not have a convergent subsequence. This is a contradiction
to T € K(X).

(b) Let 7 > 0. We will show that N, C N,. Let 2 € N,4,. Then 5" !(z) €
Npy1 = N, consequently, € Np;,_1. By repeating this argument we finally get
that z € N,,.

(c) Let x € N, N R,. It holds SPx = 0 and x = SPy, for y € X. This yields
5%y =0, thus y € Ny, = N,,. Consequently, SPy = 0, thus z = 0.

(d) Assume that such a number ¢ does not exist, namely,

RoDRiDRy D ...

Since R, is closed, for every n € N there exists due to the Riesz Lemma (Lemma
2.6) an clement z, € R, such that dist(z,, R,41) > 3 and ||z,,|| = 1. For every
m >n > 1 it holds

T~ Tl = i — (S + 2 — S)]] > 5,
since S(R,,) = R,41, which means that Sz, + z,, — Sx,, € R,y1. This implies
that (Tx,)nen does not have a convergent subsequence. This is a contradiction
to T € K(X).

(e) Let r > 0. We will show that R, O R,. Let z € R,, which means that
x = S, for y € X. Since S%Y € Ry = Ry, it yields ¢ = S%y = Rgyq. By
repeating this argument we finally get that x € R 4,.

(f) Let x € X. According to (e) we have S € R, = Ry,, which means that
Stz = Sy, for y € X. Then we can write x as x = (z — S%y) + S%y € N, + R,.

(g) Assume that p > ¢. Then R, = R, and there exists z € N, \ N,. We
represent v as x =y +2 € Ny + R;. Then 2 =2 -y € N, + N, = N, and
z € R, = R,. Consequently, z = 0, and so z € N,. Contradiction.

Assume that p < ¢. Then N, = N, and there exists * € R,\ R,. We represent
rasr=y+2€ N, +R;. Theny=2x—-2¢€ R, + R, =R, andy € N, = N,.
Consequently, y = 0, and so z € R,. Contradiction.

[
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Corollary 20.3 Let X be a Banach space, T € K(X) and S = 1d—=T. Then
there exist closed linear subspaces N and R such that

(a) dim N < +oc.

(b) X = N@®Risa topologzcal direct sum, which means that X is the algebmzc
direct sum of N and R and that X is isomorphic to the space NoR
(endowed with one of the norms introduced in Ubungsbeispiel 6).

(¢c) S(N)C N,S(R) C R.
(d) S|z : R — R is an isomorphism.

Proof. Choose p and g as in the above lemma and set N = N, and R:= R,.
Then N is finite-dimensional and R is closed. Lemma 20.2(c) and (b) guarantees
that X = N & R is an algebraic direct sum. Since N and R are closed, they
are Banach spaces, thus N & R is a Banach space. The mapping Na®Rw—
X, (x1,22) +— 21 + xo, is linear, continuous and bijective, thus, according to
Corollary 12.5, it is an 1som0rphlsm This proves (b).

On the one hand we have S(N N) = S(N,) € Nyoy C N, = Nforp>1 and
S(N) = S(NO) Ny = N, for p = 0. On the other hand, S(R) = S(R,) C
Rys1 =R, = = R, which proves (c).

We have seen above that the mapping x — Sz from Rto R is surjective. If
Sy=0fory € E, where y = SPz, then SP™'z = 0, which means that z € N, =
N, = N. This proves that y = SPx = 0, consequently, the mapping is bijective.
It is also continuous and, according to Corollary 12.5, it is an isomorphism. This
proves statement (d). |

We will continue with the proof of the Riesz-Schauder Theorem.

Proof. (Continuation of the proof of Theorem 20.1)
We consider the decomposition X = Né& R in Corollary 20.3 and set S =
S|N . N — N. Let @ : N/ranS — X/ran S, z+ranS — x +ranS. Since

ran S Cran S, ¢ is well-defined and linear.
We will prove that ® is bijective and this will lead to dim(X/rans) =

dim(ker S), since dlm(N /ranS) = dim(ker S), which is known from the linear
algebra (notice that N is finite- dimensional), and ker S = kerS which follows
from the following equivalence:
xEkerS@x:wH—xgeﬁ@gand Sz =0

& =21+ 29 and Sze = —Sxy cNNR

S =21+ 29 and Szg = Sz =0

S r =21+ T and:v2:S:1:1:O(:):EeﬁandSa::O@xekerg.
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In order to prove that ® is injective, let # € N with ®([z]) = 0, in other
words, x € ran.S. We will prove that x € ran S. Let yeX,y=1y1+1ys € ]V@E,
such that x = Sy. We have Sy, = Sy — Sy, = © — Sy, € N. On the other
hand, Sy, € R and so Sy, = 0. Since yp € fi, it holds y, = 0, consequently,
x =Sy € S(N)=ran5.

In order to prove that ® is surjective, let v = x1429 € X = N&R = N@S(ﬁ)
It holds # 4+ ran S = 1 4 ran S, thus ®(z; + ran S) = z + ran S. |

The following result is an important consequence of the Riesz-Schauder The-
orem.

Theorem 20.4 (The Fredholm Alternative) Let X be a Banach space, T €
K(X) and A € K, X\ # 0. Either the equation

A =Tz =0
has only the trivial solution; in this case the inhomogeneous equation
e —Tr=y

is uniquely solvable for every y € X; or there exists n := dimker(A — T) <
+o0o linearly independent solutions of the homogeneous equation, and the adjoint
equation

At —=T"z" =0
has precisely n linearly independent solutions; in this case, the inhomogeneous
equation is solvable if and only if y € (ker(A —T%)) .

Proof. We only have to use Theorem 20.1 and also Theorem 9.6; notice that
A=T =XId-T/N). |

Example 20.5 Let T : C[0,1] — C]0,1],(T =[5 k( t)dt, be the
Volterra integral operator with continuous kernel k: [0,1] x [O 1] — K. We
have seen in Ubungsbeispel 28 that 7' is compact. For A # 0 we consider the

operator equation
A —Tx=0.

We will prove that A — T is injective. Without loss of generality we assume that
A = 1. Let z € C|0, 1] such that Tz = z. For every s € [0, 1] it holds

|z(s)] = |Tz(s)| S/O k(s 0)l[z(t)]dt < skl
and, from here,

s 82
|2(s)| = |Tx(s)] S/O [E(s, )t Ellool|2lloodt < < [[llool|lloc-
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By repeating this approach it yields for every s € [0, 1]

"I kll%
()l = — 7= l@lloe = 0 (n = +00),

thus x = 0.

The uniqueness of the solution of the homogeneous equation Ao — Tx = 0
yields via the Fredholm Alternative the existence of the solution of the inhomo-
geneous equation

e —Tr=y

for every y € C0, 1].

We state now the main theorem of the spectral theory of compact operators
on Banach spaces.

Theorem 20.6 Let X be a Banach space and T € K(X).
(a) If X is infinite-dimensional, then 0 € o(T).
(b) The (possibly empty) set o(T') \ {0} is at most countable.

(c) Every A € o(T)\{0} is an eigenvalue of T and the corresponding eigenspace
ker(A—T) is finite-dimensional. In addition, there exists a topological direct
sum X = N(A) @ R(A) with T(N(X)) € N(X) and T(R(N\)) € R(\), N(\)
finite-dimensional, ker(A —T) C N(X), and (A — T)|ry an isomorphism
from R(\) to R(\).

(d) o(T) has no nonzero accumulation points.

Proof. (a) If 0 € p(T), then T is invertible with continuous inverse and, so,
Id =TT~ is compact. According to Theorem 2.8 we obtain that dim X < +oo.
Contradiction.

(c) The statement follows from Theorem 20.1, Corollary 20.3 and Theorem
20.4.

(b) + (d) The statement follows by proving that for every ¢ > 0 the set
{N€o(T) | |\ > e} is finite.

Assume that there exist ¢ > 0, a sequence (A\,)nen € K and a sequence
(Zn)nen € X such that |N\,| > e,2, #0,Tx, = Az, for all n € N and \, # A,
for all n # m.

The set {z,, | n € N} is linear independent. Assuming that there exists N € N,
linearly independent vectors x4, ..., xy and scalars aq, ..., ay, not all equal to zero,
with zy4 = Zfil o, it yields

Ty = E a;Tz; = E AT = ANH1TN+1 = E AN410GT;.

=1
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This means that for at least one ¢ it must hold A\; = Ay ;. Contradiction.
We define E,, := lin{zy,...,x,} for all n € N. Consequently,

EyCECFE;C ...

For every n € N it holds T'(E,,) C E,,. Let n > 2. According to the Riesz Lemma
(Lemma 2.6) there exists y,, = > i, agn)xi € E, such that dist(y,, E,—1) > 3
and ||z,|| = 1. For every n > m > 1 it holds

HTyn - TymH = H)‘nyn - (Tym + A¥n — Tyﬂ)H
= ’)‘n‘ Hyn - )‘rjl(ym + AnYn — Tyﬂ)H > ’)‘n’ diSt(ym Enfl) >

Y

DO ™

since Ty, € Epy C By and My, — Ty = > oy (A — )\i)ozz(-n)xi e b, 1.
This means that (Ty,).en cannot be a Cauchy sequence, which contradicts
the compactness of the operator T [

Theorem 20.6 states that the spectrum of a compact operator T' consists,
excepting 0, of a zero sequence (or a finite set) of eigenvalues A\. The operator A—T'
can be decomposed in a finite-dimensional component (which can be represented
by a matrix) and an isomorphism. However, as seen in Example 19.3 (c¢) and (d),
not every compact operators has nonzero spectral values.
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