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1 Normed spaces

Definition 1.1 Let X be a vector space over a field K, where K = R or C. A function
|- : X = R is called a norm on X if it satisfies the following conditions.

(1) ||z|| >0 for all z € X.
(i) ||z|| = 0 if and only if x = 0.
(i17) |ax| = |af||z| for x € X and a € K.
(iii) (Triangle inequality) ||x —y|| < ||z — 2[| + ||z — y|| for all v,y,z € X.

In this case, the pair (X, || - ||) is called a normed space.

Example 1.2 The following are important examples of finite dimensional normed spaces.

(i) Let 6% = {(z1,....2n) : 2 € K,i = 1,2...,n}. Put [|(z1, .., 7n)lcc = max{|zi] : i =
1,..,n}.

(i) Let &5 = {(1, .y ap) s 23 €K, i =1,2.,n}. Put [|[(21, ... 2n)llp = (0, |2:fP) /P
for 1 <p < .

Notation 1.3 From now on, (X, || -||) always denotes a normed space over a field K.
Forr >0 and x € X, let

(1) B(z,r) :={ye X :|z—y| <r} (called an open ball with the center at x of radius r)
and
B*(x,r) ={ye X:0< ||z —y| <r}

(ii)) B(z,r) :={y € X : |lx —y|| <7} (called a closed ball with the center at x of radius
r).

Put By :=={zx € X : ||z|| < 1} and Sx := {x € X : ||z|| = 1} the closed unit ball and the
unit sphere of X respectively.



Definition 1.4 We say that a sequence (x,) in X converges to an element a € X if
lim ||z, —a|| = 0, i.e, for any € > 0, there is N € N such that ||z, — a| < € for all
n> N.

In this case, (xy) is said to be convergent and a is called a limit of the sequence (zy,).

In fact, it is easy to show that such limit is unique if it exists.

Proposition 1.5 If X is a normed space, then the addition (z,y) € X x X mx+y e X
and the scalar multiplication (o, x) € K x X +— ax € X both are jointly continuous maps,
that is, whenever, T, — x;y, — y in X and o, — a in K, we have x, +y, — = +y and
QnTn — QL.

Definition 1.6 Let A be a subset of X.

(i) A point z € X is called a limit point of A if for any € > 0, there is an element a € A
such that 0 < ||z — al| < e, that is, B*(z,e) N A # (0 for all € > 0.
Furthermore, if A contains the set of all its limit points, then A is said to be closed
mn X.

(ii) The closure of A, denoted by A, is defined by

A:=AU{z € X : z is a limit point of A}.

Remark 1.7 Using the notations as above, a point z € A if and only if B(z,7)N A # 0 for
all » > 0. This is equivalent to saying that there is a sequence (z,) in A such that z, — a.
In fact, this can be shown by considering r = % forn=1,2....

Proposition 1.8 Using the notations as before, we have the following assertions.
(i) A is closed in X if and only if its complement X \ A is open in X.

(ii) The closure A is the smallest closed subset of X containing A. The ”smallest” in here
means that if F is a closed subset containing A, then ACF.
Consequently, A is closed if and only if A = A.

Proof: If A is empty, then the assertions (i) and (ii) both are obvious. Now assume that
A # 0.

For part (i), let C = X \ A and b € C. Suppose that A is closed in X. If there exists an
element b € C'\ int(C), then B(b,r) € C for all r > 0. This implies that B(b,r) N A # (
for all » > 0 and hence, b is a limit point of A since b ¢ A. It contradicts to the closeness
of A. Thus, C = int(C) and thus, C is open.

For the converse of (i), assume that C is open in X. Assume that A has a limit point z but
z¢ A. Since z ¢ A, z € C =int(C) because C is open. Hence, we can find r > 0 such that
B(z,r) C C. This gives B(z,r7) N A = (. This contradicts to the assumption of z being a
limit point of A. Thus, A must contain all of its limit points and hence, it is closed.

For part (i4), we first claim that A is closed. Let z be a limit point of A. Let » > 0. Then
there is w € B*(z,7) N A. Choose 0 < r; < r small enough such that B(w,r;) C B*(z,r).
Since w is a limit point of A, we have () # B*(w,r1) N A C B*(z,r) N A. Hence, z is a limit
point of A. Thus, z € A as required. This implies that A is closed.

It is clear that A is the smallest closed set containing A.



The last assertion follows from the minimality of the closed sets containing A immediately.
The proof is complete. O

A sequence (z,) in X is called a Cauchy sequence if for any £ > 0, there is N € N
such that ||z, — z,|| < € for all m,n > N. We have the following simple observation.

Lemma 1.9 Fvery convergent sequence in X is a Cauchy sequence.

The following notation plays an important role in mathematics.

Definition 1.10 A normed space X is called a Banach space if it is a complete
normed space, i.e., every Cauchy sequence in X is convergent.

Proposition 1.11 Let X be a normed space. Then the following assertions are equivalent.
(i) X is a Banach space.

(ii) If a series > .2 | xy is absolutely convergent in X, i.e., Y -~ ||zn| < 0o, implies that
the series Y o> | & converges in the norm.

Proof: (i) = (i7) is obvious.

Now suppose that Part (i7) holds. Let (y,) be a Cauchy sequence in X. It suffices to show
that (y,) has a convergent subsequence. In fact, by the definition of a Cauchy sequence,
there is a subsequence (yn,) such that [|yn,,, — yn,|| < 2% for all £ = 1,2.... By the
assumption, the series Y77 (Yn,,, — Yn,) converges in the norm, and hence the sequence
(Yn,,) is convergent in X. The proof is complete. t

Throughout the note, we write a sequence of numbers as a function z : {1,2,...} — K.
The following examples are important classes in the study of functional analysis.

Example 1.12 Put
co :={(z(3)) : (i) € K, lim |x(i)| = 0} (the null sequence space);
loo := {(x(i)) : 2(i) € K, supx(i) < oo (the bounded sequence space);

7

and
coo := {(z(7)) : there are only finitly many z(i)’s are non-zero} (the finite sequence space).

The sup-norm || - ||oc on £y is defined by |||« := sup; [2(i)| for © € lo. Then l is a
Banach space.

Now if ¢qg is endowed with the sup-norm defined above, then cyg is dense in cq, i.e., ¢og = ¢p.
Consequently, ¢q is a closed subspace of /.. In particular, ¢ is Banach space too.

Proof: We first claim that cog C co. Let z € {oy. It suffices to show that if z € ¢og, then
z € ¢, i.€., ng z(i) = 0. Let € > 0. Then there is x € B(z,e) Ncoo and hence, we have

|x(i) — 2(7)| < € for alli=1,2..... Since x € cqo, there is ig € N such that z(i) = 0 for all



i > ig. Therefore, we have |z(i)| = |2(i) — x(i)| < € for all i > iy. Therefore, z € ¢q is as
desired.

For the reverse inclusion, let w € ¢y. We need to show that B(w, r)Ncog # O for allr > 0.
Let r > 0. Since w € ¢, there is ig such that |w(i)| < r for all i > ig. If we let x(i) = w(i)
for1 <i<ig and z(i) = 0 fori > ig, then © € coo and ||z —w||e := sup |z(i) —w(i)| <7

i=1,2...

1$ as required. ]

Example 1.13 For 1 < p < oco. Put

by = {(2(d) s 2(i) €K, Y |a(i)]? < oo}
=1

o0
1
In addition, ¢, is equipped with the norm ||z ||, := (Z |z(i)[P)? for x € £,. Then ¢, becomes
i=1
a Banach space under the norm | - ||,

Example 1.14 Let X be a locally compact Hausdorff space, for example, K. Let Cp(X)
be the space of all continuous K-valued functions f on X which are vanish at infinity, i.e.,
for every € > 0, there is a compact subset D of X such that |f(z)| < e for all z € X \ D.
Now Cj(X) is endowed with the sup-norm, i.e.,

[flloe = sup [f(z)]
zeX

for every f € Cy(X). Then Cp(X) is a Banach space. (Try to prove this fact for the
case X = R. Just use the knowledge from MATH 2060 !!!)

Proposition 1.15 Let (X, ||-||) be a normed space. Then there is a normed space (Xo, ||-|o),
together with a linear map i : X — Xo, satisfies the following conditions.

(i) Xo is a Banach space.
(11) The map i is an isometry, that is, ||i(z)|lo = ||z|| for all x € X.

(iii) the image i(X) is dense in Xg, that is, i(X) = Xo.

Moreover, such pair (Xo,1) is unique up to isometric isomorphism in the following sense.
If (W, || - |l1) is a Banach space and an isometry j : X — W is an isometry such that

J(X) =W, then there is an isometric isomorphism 1 from Xo onto W such that
j=voi: X — Xg—> W.

In this case, the pair (Xo,1) is called the completion of X.

Example 1.16 Proposition 1.15 cannot give an explicit form of the completion of a given
normed space. The following examples are basically due to the uniqueness of the completion.

(i) If X is a Banach space, then the completion of X is itself.



(73) The completion of the finite sequence space cq is the null sequence space c.

(737) The completion of C.(R) is Cp(R).

A metric space is said to be separable if there is a countable dense subset, for example,
the base field K is separable. Moreover, it is easy to see that a normed space is separable
if and only if it is the closed linear span of a countable dense subset.

Definition 1.17 A sequence of element (ey)72, in a normed space X is called a Schauder
basis for X if for each element x € X, there is a unique sequence of scalars (cu,) such that

o0
x:Zanen. (1.1)
n=1

Note: The expression in Eq. 1.1 depends on the order of ¢,’s.

Remark 1.18 Note that if X has a Scahuder basis, then X must be separable. The follow-
ing natural question was first raised by Banach (1932).

The basis problem: Does every separable Banach space have a Schauder basis?

The answer is “No”!

This problem was completely solved by P. Enflo in 1973.

Example 1.19 We have the following assertions.

(i) The space £>° is non-separable under the sup-norm || - ||oc. Consequently, £ has no
Schauder basis.

(ii) The spaces co and P for 1 < p < oo have Schauder bases.

Proof: For Part (i) let D = {x € {>° : (i) =0 or 1}. Then D is an uncountable set and
|z —ylloo = 1 for x #y. Therefore {B(x,1/4) : x € D} is an uncountable family of disjoint
open balls. Therefore, £*° has no countable dense subset.

For eachn =1,2..., let e, (i) = 1 if n =i, otherwise, is equal to 0.

In addition, (e,) is a Schauder basis for the space co and P for 1 < p < co. O

2 Finite Dimensional Normed Spaces

Throughout this section, let (X, || -||) is a normed space. Put Sx the unit sphere of X, i.e.,
Sx ={z e X :|jz|| =1}

Definition 2.1 Two norms || - || and || - ||" on a vector space X are equivalent, denoted by
|-l ~ 1| -|', if there are positive numbers ¢c1 and cz such that c1| - || < || ||' < el - || on X.
Example 2.2 Consider the norms || -||1 and || - ||o on €*. We want to show that || - ||1 and

| loc are not equivalent. In fact, if we put x, (i) :== (1,1/2,...,1/n,0,0, ....) forn,i =1,2....
Then x,, € £* for all n. Note that (z,,) is a Cauchy sequence with respect to the norm || -||oo
but it is not a Cauchy sequence with respect to the norm |- ||l1. Hence || - ||1 » || - oo on €.



Proposition 2.3 All norms on a finite dimensional vector space are equivalent.

Proof: Let X be a finite dimensional vector space and let {ey,...,e,} be a vector basis of

X. For each © = )" | aje; for a; € K, define ||z]|o = max!"; |a;|. Then | - ||o is a norm X.

The result is obtained by showing that all norms || - || on X are equivalent to || - [|o-

Note that for each z = >""" | ae; € X, we have ||z < ( Z lleil)||x]lo- It remains to find
1<i<n

¢ > 0 such that c[| - ||o < || - ||. In fact, let Sx := {x € X : ||z][o = 1} be the unit sphere of

X with respect to the norm | - [|o. Note that by using the Weierstrass Theorem on K, we

see that Sx is compact with respect to the norm || - ||o.

Define a real-valued function f on the unit sphere Sx of X by

frxzeSx |z

Note that f > 0 and f is continuous with respect to the norm || - ||o. Hence, there is ¢ > 0
such that f(z) > ¢ > 0 for all z € Sx. This gives ||z| > ¢|z|o for all z € X as desired.
The proof is complete. 0

Corollary 2.4 We have the following assertions.

(i) All finite dimensional normed spaces are Banach spaces. Consequently, any finite
dimensional subspace of a normed space is closed.

(ii) The closed unit ball of any finite dimensional normed space is compact.

Proof: Let (X, | -||) be a finite dimensional normed space. Using the notations as in the
proof of Proposition 2.3 above, we see that || - || must be equivalent to the norm || - [jo. X
is clearly complete with respect to the norm || - ||o and so is complete in the original norm

|| - |- The Part (i) follows.

For Part (ii), it is clear that the compactness of the closed unit ball of X is equivalent to
saying that any closed and bounded subset is compact. Therefore, Part (ii) follows from
the simple observation that any closed and bounded subset of X with respect to the norm
|| - lo is compact. The proof is complete. O

In the remainder of this section, we want to show that the converse of Corollary 2.4(ii)
holds. Before this result, we need the following useful result.

Lemma 2.5 Riesz’s Lemma: Let Y be a closed proper subspace of a normed space X.
Then for each 6 € (0,1), there is an element xy € Sx such that d(xo,Y) := inf{||zo — y|| :
yeY}>0.

Proof: Let u € X —Y and d := inf{[|u —y|[ : y € Y}. Note that since Y is closed, d >0
and hence we have 0 < d < % because 0 < 6 < 1. This implies that there is yg € Y such
that 0 < d < |[u—yo| < 4. Now put zg := ﬁ € Sx. We are going to show that zg is
as desired. Indeed, let y € Y. Since yo + ||u — yolly € Y, we have

HMAyHZH lw = (yo + llu = yoll)ll = d/llu = yol| > 6.

u— yol|

Thus, d(zo,Y) > 6. O



Remark 2.6 The Riesz’s lemma does not hold when 0 = 1. The following example can be
found in the Diestel’s interesting book without proof (see [6, Chapter 1 Ezx.3(1)]).

Let X = {z € C([0,1,R) : 2(0) =0} and Y ={y € X : fol y(t)dt = 0}. Both X and Y are
endowed with the sup-norm. Note that Y is a closed proper subspace of X. We are going
to show that for any x € Sx, there is y € Y such that |z — ylleo < 1. Thus, the Riesz’s
Lemma does not hold as 0 =1 in this case.

In fact, let x € Sx. Since £(0) = 0 with ||z||cc = 1, we can find 0 < a < 1/4 such that
|z(t)| < 1/4 for allt € [0,a].

We fix 0 < e < 1/4 first. Since z is uniform continuous on [a, 1], we can find a partitions
a=1ty < - <ty,=1on[a,1] such that sup{|z(t) — x(t")| : ¢, € [tp_1,tk]} < €/4. Now
for each (tg—1,ti), if sup{z(t) : t € [tx—1,tk]} > €, then we set ¢p(t) = €. In addition,
if inf{x(t) : t € [tx—1,tk]} < —e, then we set ¢(t) = —e. From this, one can construct a
continuous function ¢ on [a, 1] such that ||¢ — |4 1)llec <1 and |p(z)| < 2¢ for all x € [a,1].
Hence, we have \fal o(t)dt| < 2e(1 — a).

As |z(t)| < 1/4 on [0,a], so if we choose € small enough such that (1 — a)(2e) < a/4,
then we can find a continuous function y1 on [0,a] such that |y1(t)] < 1/4 on [0,a] with
y1(0) = 0;y1(a) = x(a) and [ yi1(t)dt = —fal ¢(t)dt. Now we define y = y1 on [0,a] and
y=¢ onla,1]. Then ||y — z|loc <1 and y € Y is as desired.

Theorem 2.7 X is a finite dimensional normed space if and only if the closed unit ball
Bx of X is compact.

Proof: The necessary condition has been shown by Proposition 2.4(ii).

Now assume that X is of infinite dimension. Fix an element z1 € Sx. Let Y7 = Kuz;.
Then Y7 is a proper closed subspace of X. The Riesz’s lemma gives an element xo € Sy
such that ||z1 — z2| > 1/2. Now consider Y2 = span{xi,z2}. Then Y5 is a proper closed
subspace of X since dim X = co. To apply the Riesz’s Lemma again, there is x3 € Sx such
that ||z — x| > 1/2 for kK = 1,2. To repeat the same step, there is a sequence (z,) € Sx
such that ||z, — x,|| > 1/2 for all n # m. Thus, (x,) is a bounded sequence without any
convergence subsequence. Hence, Bx is not compact. The proof is complete. O

Recall that a metric space Z is said to be locally compact if for any point z € Z, there
is a compact neighborhood of z. Theorem 2.7 implies the following corollary immediately.

Corollary 2.8 Let X be a normed space. Then X is locally compact if and only if dim X <
00.

3 Bounded Linear Operators

Proposition 3.1 Let T be a linear operator from a normed space X into a normed space
Y. Then the following statements are equivalent.

(i) T is continuous on X.
(ii) T is continuous at 0 € X.
(i1i) sup{||Tz| : x € Bx} < oo.

In this case, let ||T'|| = sup{||Tz| : * € Bx} and T is said to be bounded.



Proof: (i) = (i7) is obvious.

For (ii) = (i), suppose that T is continuous at 0. Let z9p € X. Let ¢ > 0. Then
there is 6 > 0 such that |[Tw]| < € for all w € X with ||w|| < 6. Therefore, we have
| Tx — Txo|| = ||T(z — xo)|| < € for any x € X with ||z — zo|| < J. Part (i) follows.

For (ii) = (ui1), since T is continuous at 0, there is § > 0 such that |Tz| < 1 for any z € X
with ||z|| < 6. Now for any z € By with  # 0, we have |[$x| < &. Therefore, we see have
|T($2)|| < 1 and hence, we have ||Tz|| < 2/4. Part (iii) follows.

Finally, we need to show (i7i) = (i7). Note that by the assumption of (¢ii), there is M > 0
such that ||Tz|| < M for all z € Bx. Thus, for each z € X, we have ||Tz|| < M||z||. This
implies that T is continuous at 0. The proof is complete. g

Corollary 3.2 Let T : X — Y be a bounded linear map. Then we have
sup{||Tz|| : # € Bx} =sup{||Tz| : x € Sx} =inf{M > 0: | Tz| < M|z|, Vz € X}.

Proof: Let a = sup{||Tz| : * € Bx}, b = sup{||Tz|| : * € Sx} and ¢ = inf{M > 0 :
[Tz < M|, Vo € X}.

Clearly, we have b < a. Now for each x € By with = # 0, then we have b > || T(z/|z|)| =
(1//|lz|D|Tz|| = ||Tx||. Thus, we have b > a and thus, a = b.

Now if M > 0 satisfies |Tz|| < M||z||, Vx € X, then we have | Tw| < M for all w € Sx.
Hence, we have b < M for all such M, and so we have b < c¢. Finally, it remains to show
¢ < b. Note that by the definition of b, we have | Tz|| < b||z|| for all z € X. Thus, ¢ <b. O

Proposition 3.3 Let X and Y be normed spaces. Let B(X,Y') be the set of all bounded
linear maps from X intoY. For each element T € B(X,Y), let

|T|| = sup{||Tz|| : = € Bx}.

be defined as in Proposition 3.1.

Then (B(X,Y),| - ||) becomes a normed space.

Furthermore, if Y is a Banach space, then so is B(X,Y).

In particular, if Y = K, then B(X,K) is a Banach space. In this case, put X* := B(X,K)
and call it the dual space of X.

Proof: We can directly check that B(X,Y’) is a normed space (Do It By Yourself!).

We want to show that B(X,Y) is complete if Y is a Banach space. Let (T;,) be a Cauchy
sequence in B(X,Y). Then for each x € X, it is easy to see that (T,,x) is a Cauchy sequence
in Y. Thus, lim7T,x exists in Y for each x € X because Y is complete. Hence, we can
define a map Tz := limT,,x € Y for each € X. Clearly, 7" is a linear map from X into Y.
We need show that 7' € B(X,Y) and ||T — T,,|| - 0 as n — oo. Let ¢ > 0. Since (T},)
is a Cauchy sequence in B(X,Y’), there is a positive integer N such that ||T,,, — T,| < ¢
for all m,n > N. Hence, we have |[(T;, — T,)(z)|| < € for all z € Bx and m,n > N.
Taking m — oo, we have ||Tx — Thx| < ¢ for all n > N and = € Bx. Therefore, we
have | T — T,|| < e for all n > N. From this, we see that T — Ty € B(X,Y) and thus,
T=Tnv+(T—Tn) € B(X,Y) and | T —T,|| = 0 as n — oco. Therefore, lim,, T,, = T" exists
in B(X,Y). O



Remark 3.4 By using Proposition 3.1, we can show that if f : X — K is any linear
functional defined on a vector space X, then X can be endowed with a norm so that f is
bounded.
In fact, if we fix a vector basis (e;);cs for X and put ||z]|o := maxjer [a;| as © =3, ae; €
X, (note that it is a finite sum), where a; € K, then the function || - || is a norm on X.
Now for each z € X, set

][y == |f ()] + [|]|oo-

Clearly, the function ||-||; is a norm on X. In addition, we have |f(x)| < ||z||; for all z € X.
Hence, f is bounded on X with respect to the norm || - ||; as required.

Proposition 3.5 Let X and Y be normed spaces. Suppose that X is of finite dimension
n. Then we have the following assertions.

(i) Any linear operator from X into Y must be bounded.

(i) If Ty, : X —'Y is a sequence of linear operators such that Tpxz — 0 for all x € X, then
[T = 0.

Proof: Using Proposition 2.3 and the notations as in the proof, then there is ¢ > 0 such

that
n n
D il <l ) aiedl|
i=1 i=1

for all scalars aq, ..., a,,. Therefore, for any linear map 7" from X to Y, we have

Tz| < Te;
72| < ( max [ Teil)elo]

for all z € X. This gives the assertions (i) and (i7) immediately. O

Remark 3.6 The assumption of X of finite dimension in Proposition 3.5 cannot be re-
moved. For example, if for each positive integer k, we define fi : ¢cg — R by fi(x) := z(k),
then fi is bounded for each k and

lim fy(x) = lim x(k) =0

k—o00 k—o0

for all x € ¢p. However fi, - 0 because || fx|| = 1 for every k.

Proposition 3.7 Let Y be a closed subspace of X and X/Y be the quotient space. For
each element x € X, put T :=x+Y € X/Y the corresponding element in X/Y . Define

1Z]} = inf{llz +y[ - y € Y} (3.1)

If we let m : X — X/Y be the natural projection, i.e., w(x) = & for all v € X, then
(X/Y,||-1]) is a normed space and w is bounded with ||| < 1. In particular, ||7|| =1 asY
is a proper closed subspace.

Furthermore, if X is a Banach space, then so is X/Y .

In this case, we call || - || in (3.1) the quotient norm on X/Y .



Proof: Note that since Y is closed, we can directly check that ||Z|| = 0 if and only is
r €Y, ie,T=0¢€ X/Y. It is easy to check the other conditions of the definition of a
norm. Thus, X/Y is a normed space. Moreover, 7 is clearly bounded with ||7|| < 1 by the
definition of the quotient norm on X/Y.

Furthermore, if Y C X, then by using the Riesz’s Lemma 2.5, we see that ||| = 1.

We show the last assertion. Suppose that X is a Banach space. Let (Z,) be a Cauchy
sequence in X/Y . It suffices to show that (Z,) has a convergent subsequence in X/Y.
Indeed, since (z,) is a Cauchy sequence, we can find a subsequence (Zp, ) of (Z,) such that

ank-&-l - jnkH < 1/2k

for all £k =1,2.... Then by the definition of quotient norm, there is an element y; € Y such
that ||z, — xn, +y1|| < 1/2. Note that we have, x,, —y1 = ZTp, in X/Y. Thus, there is
y2 € Y such that ||zn, — y2 — (zn, —y1)]| < 1/2 by the definition of quotient norm again.
In addition, we have x,, —y2 = Zn,. Then we also have an element y3 € Y such that
|Zns — y3 — (Tny — y2)|| < 1/22. To repeat the same step, we can obtain a sequence (y) in
Y such that

‘|xnk+1 — Yk+1 — (xnk - yk)” < l/zk

for all £ = 1,2.... Therefore, (z,, —yi) is a Cauchy sequence in X and thus, limg(zy, — y)
exists in X while X is a Banach space. Set x = limg(z,, — yx). On the other hand, note
that we have 7(zp, — yr) = m(xy,) for all k£ = 1,2,,,. This tells us that limj 7(x,,) =
limy m(xp, —yx) = 7(x) € X/Y since 7 is bounded. Therefore, (Z,,) is a convergent
subsequence of (Z,) in X/Y. The proof is complete. O

Corollary 3.8 Let T : X — Y be a linear map. Suppose that Y is of finite dimension.
Then T is bounded if and only if ker T := {x € X : Tx = 0} is closed.

Proof: The necessary part is clear.

Now assume that ker T is closed. Then by Proposition 3.7, X/kerT becomes a normed
space. Morover, it is known that there is a linear injection T:X /kerT — Y such that
T =Ton, where m: X — X/kerT' is the natural projection. Since dimY < oo and T is
injective, dim X/ ker T < oco. This implies that T is bounded by Proposition 3.5. Hence T’
is bounded because T = T o 7 and  is bounded. (|

Remark 3.9 The converse of Corollary 3.8 does not hold when'Y is of infinite dimension.
For example, let X = {z € % : Y >° n?|z(n)]> < oo} (note that X is a vector space
Why?) and Y = (2. Both X and Y are endowed with || - ||2-norm.

Define T : X — Y by Tx(n) = nx(n) forx € X and n =1,2.... Then T is an unbounded
operator(Check !!). Note that ker T' = {0} and hence, ker T is closed. Hence, the closeness
of ker T does not imply the boundedness of T in general.

Two normed spaces X and Y are said to be isomorphic (resp. isometric isomorphic) if
there is a bi-continuous linear isomorphism (resp. isometric) between X and Y. We write
X =Y if X and Y are isometric isomorphic.

Remark 3.10 Note that the inverse of a bounded linear isomorphism need not be bounded.

10



Example 3.11 Let X : {f € C°(—1,1) : f™ € C*(=1,1) for alln=0,1,2...} and Y :=
{f € X : f(0) = 0}. In addition, X and Y both are equipped with the sup-norm || - ||sc-
Define an operator S : X =Y by

Sf() = /Oxf(t)dt

for f € X and x € (—1,1). Then S is a bounded linear isomorphism but its inverse S is
unbounded. In fact, the inverse S™': Y — X is given by

S7lg:=¢
forgeY.

In the rest of this section, we are going to investigate some concrete examples of dual spaces.

Example 3.12 Let X = KV. Consider the usual Buclidean norm on X, i.e., ||(x1, ...,zn)| =
V012 + - |zn|?. Define 0 : KN — (KN)* by 0z(y) = 211+ - -+anyn forz = (21, ..., zN)
and y = (y1,...,yn) € KN. Note that 0x(y) = (z,y), the usual inner product on KV. Then
by the Cauchy-Schwarz inequality, it is easy to see that 0 is an isometric isomorphism.
Therefore, we have KN = (KV)*.

Example 3.13 Define a map T : {* — cy by
(Ta)(n) = x(i)n(i)

=1

for x € £ and n € co.

Then T is isometric isomorphism and hence, cf = ¢r. Proof: The proof is divided into
the following steps.

Step 1. T'x € ¢y for all x € o,

In fact, let n € cg. Then

Ta(m)] < [ x(@n@)] < Y le@n@)] < llz]iln]s.
=1 i=1

Step 1 follows.

Step 2. T is an isometry.

Note that by Step 1, we have | Tx|| < ||z||1 for allx € £*. We need to show that | Tz| > ||z|1
forallz € ¢*. Fizx € *. Now for each k = 1,2.., consider the polar form x(k) = |x(k)|e®.
Note that n, = (e‘wl, e 0.0, wi.) €Ecg for alln =1,2.... Then we have

n n

Yo latk)l = w(k)na(k) = Ta(na) = [Ta(,)| < |Tz|

k=1 k=1

for alln = 1,2.... Hence, we have ||x|1 < ||[Tx|.

Step 3. T is a surjection.

Let ¢ € ¢ and let e, € co be given by er(j) = 1 if j = k, otherwise, is equal to 0. Put
z(k) := ¢(ex) for k = 1,2... and consider the polar form (k) = |x(k)|e’ as above. Then
we have

Do lek)l =) e Prer) < [l Y e erllo = 4]
k=1 k=1 k=1

11



for alln = 1,2.... Therefore, x € (*.
Finally, we need to show that Tx = ¢ and thus, T is surjective. In fact, ifn => ;o n(k)ex €
co, then we have

¢(n) = Y _n(k)pler) = Y n(k)z(k) = Ta(n).
k=1 k=1

The proof is complete by the Steps 1-3 above. g

Example 3.14 We have the other important examples of the dual spaces.
(i) () = .
(ii) For 1 <p < oo, ()" = £9, where I%—i— % =1.

(iii) For a locally compact Hausdorff space X, Co(X)* = M(X), where M (X) denotes the
space of all regular Borel measures on X.

Parts (7) and (i7) can be obtained by the similar argument as in Example 3.13 (see also in
[9, Chapter 8]). Part (iii) is known as the Riesz representation Theorem which is referred
to [9, Section 21.5] for the details.

Example 3.15 Let Cfa,b] be the space of all continuous R-valued functions defined on a
closed and bounded interval [a,b]. Moreover, the space C|a,b] is endowed with the sup-
norm, i.e., || fllco := sup{|f(z)| : = € [a,b] for f € C|a,b].

A function p : [a,b] — R is said to be a bounded variation if it satisfies the condition:

n

V(p) = sup{3_ plan) — plar_1) s a =0 < @1 < - < 2, = b} < ox.
k=1

Let BV ([a,b]) denote the space of all bounded variations on [a,b] and let ||p|| := V (p) for
p € BV([a,b]). Then BV (]a,b]) becomes a Banach space.

Besides, for f € Cfa,b], the Riemann-Stieltjes integral of f with respect to a bounded
variation p on [a, b] is defined by

b n
[ #@dpta) =t Y 160 (o) ~ o))
a k=1

where P:a=x0 <21 < - - <x, =band & € [xy_1, 2] (Fact: the Riemann-Stieltjes
integral of a continuous function always exists).

Define a mapping T : BV ([a,b]) — C|a, b]* by

b
T(p)(f) = [ Fa)dp(a)
for p € BV ([a,b]) and f € Cla,b]. Then T is an isometric isomorphism, and hence, we have

Cla,b* = BV ([a, b]).
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4 Hahn-Banach Theorem

A non-negative real valued function p : X — [0,00) defined a vector space X is called a
positively homogeneous sub-additive if the following conditions hold:

(i) p(ax) = ap(z) for all x € X and o > 0.

(ii) p(z +y) < p(x) + p(y) for all z,y € X.

Lemma 4.1 Let X be a real vector space and Y be a subspace of X. Assume that there is
an element v € X \'Y such that X =Y @ Ru, i.e., the space X is the linear span of Y and
v. Let p be a positive homogeneous sub-additive function defined on X. Suppose that f is
real linear functional defined on'Y satisfying f(y) < p(y) for all y € Y. Then there is a
real linear extension F of f defined on X so that

F(x) < p(x) forallz € X.
Proof: It is noted that if F' is a linear extension of f on X and v := F(v) which satisfies
Fy+tv) = f(y) +ty <ply+tv) forallyecY and for all t € R,
then it is equivalent to saying that the following inequalities hold:
fy) +v <plyr+v) and  f(y2) — v < py2 —v) (4.1)
for all y1,y2 € Y. Thus, we need to determine v := F'(v) so that the following holds:

) =pyr —v) < v < —f(y2) +ply2 +v) forally,y €Y. (4.2)
Note that if we fix y1,y2 € Y, we see that

fn) + fy2) = flyr +y2) <plyr +y2) < plyr —v) +ply2 + ).

This implies that we have

f(y1) —pyr —v) < —f(y2) + p(y2 +v)

for all y1,y2 € Y. Therefore, it gives

a:=sup{f(y1) =y —v):y1 €Y} < b:=inf{—f(y2) +(y2+v) :y2 € Y}

Therefore, if we choose a real number ~ so that a < vy < b, then the Inequality 4.2 holds.
The proof is complete. O

Remark 4.2 Before completing the proof of the Hahn-Banach Theorem, Let us first recall
one of super important results in mathematics, called Zorn’s Lemma, a very humble name.
FEvery mathematics student should know 1t.

Zorn’s Lemma: Let X be a non-empty set with a partially order * <7 . Assume that every
totally order subset € of X has an upper bound, i.e. there is an element 3 € X such that
c <3 forallc € C. Then X must contain a mazimal element m, that is, if m < x for some
x € X, then m=x.

The following is the typical argument of applying the Zorn’s Lemma.
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Theorem 4.3 Hahn-Banach Theorem : Let X be a vector space ( not necessary to be
a normed space) over R and let Y be a subspace of X. Let p be a positive homogeneous
sub-additive function defined on X. Suppose that f is a real linear functional defined on'Y
satisfying f(y) < p(y) for all y € Y. Then there is a real linear extension F of f defined
on X so that

F(z) < p(x) forall x € X.

Proof: Let X be the collection of the pairs (Y1, f1), where Y C Yj is a subspace of X and
f1 is a linear extension of f defined on Y7 such that and f; < p on Yj. Define a partial order
< on X by (Y1, f1) < (Ya, f2) if Y1 C Y5 and fa]y, = f1. Then by the Zorn’s lemma, there
is a maximal element (Y, F) in X. The maximality of (Y, F) and Lemma 4.1 give Y = X.
The proof is complete. l

The following result is also referred to the Hahn-Banach Theorem.

Theorem 4.4 Let X be a normed space and let Y be a subspace of X. If f € Y*, then
there exists a linear extension F' € X* of f such that |F| = || f||.

Proof: W.L.O.G, we may assume that ||f|| = 1. We first show the case when X is normed
space over R. It is noted that the norm function p(-) := || - || is positively homogeneous
and sub-additive on X. Since ||f|| = 1, we have f(y) < p(y) for all y € Y. Then by the
Hahn-Banach Theorem 4.3, there is a linear extension F' of f on X such that F(x) < p(x)
for all z € X. This implies that ||F'|| = 1 as required.

Now for the complex case, let h = Ref and ¢ = Imf. Then f = h + ig and f,g both
are real linear on Y with ||h|| < 1. Note that since f(iy) = if(y) for all y € Y, we have
g(y) = —h(iy) for all y € Y. This gives f(-) = h(-) —ih(i-) on Y. Then by the real
case above, there is a real linear extension H on X such that ||H|| = ||h|. Now define
F:X — Cby F(-) := H(-) —iH(i-). Then F € X* and F|y = f. Thus it remains to
show that || F'|| = || f|| = 1. We need to show that |F'(z)| < ||z|| for all z € Z. Note for z € Z,
consider the polar form F(z) = re?. Then F(e™%2) = r € R and thus F(e™%2) = H(e %2).
This yields that

[F(2)| =7 = |F(e™2)| = [H(e™"2)| < [ H|lle™z] < ||2]].

The proof is complete. O

Proposition 4.5 Let X be a normed space and xo € X. Then thereis f € X* with ||f|| =1
such that f(xo) = ||zo||. Consequently, we have

[zoll = sup{|g(z)[ : g € Bx+}.
In addition, if x,y € X with x # vy, then there exists f € X* such that f(z) # f(y).

Proof: Let Y = Kxzg. Define fy : Y — K by fo(axo) := al|zo|| for @ € K. Then fy € Y*
with || fol| = ||zo]|. The result follows immediately from the Hahn-Banach Theorem. O

Remark 4.6 Proposition 4.5 tells us that the dual space X* of X must be non-zero. Indeed,
the dual space X* is very “Large” so that it can separate any pair of distinct points in X .
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Furthermore, for any normed space Y and any pair of points x1,x0 € X with x1 # x2, we
can find an element T € B(X,Y) such that Txy # Txy. In fact, fit a non-zero element
y € Y. Then by Proposition 4.5, there is f € X* such that f(x1) # f(x2). Thus, if we
define Tx = f(x)y, then T € B(X,Y).

Proposition 4.7 Using the notations as above, if M is closed subspace and v € X \ M,
then there is f € X* such that f(M) =0 and f(v) # 0.

Proof: Since M is a closed subspace of X, we can consider the quotient space X /M.
Let m : X — X/M be the natural projection. Note that © := 7(v) # 0 € X/M because
v € X \ M. Then by Corollary 4.5, there is a non-zero element f € (X/M)* such that
f(©) # 0. Therefore, the linear functional f := f o7 € X* is as desired. O

Proposition 4.8 Using the notations as above, if X* is separable, then X is separable.

Proof: Let F := {fi, fa....} be a dense subset of X*. Then there is a sequence (z,) in
X with ||z,,|| = 1 and |f,(z,)| > 1/2]|fn|| for all n. Now let M be the closed linear span
of x,,’s. Then M is a separable closed subspace of X. We are going to show that M = X.
Suppose that M # X and hence Proposition 4.7 gives us a non-zero element f € X* such
that f(M) = 0. Since {f1, f2....} is dense in X*, we have B(f,r) N F # ) for all r > 0.
Therefore, if B(f,r) N F # () is finite for some r > 0, then f = f,,, for some f,;,, € F. This
implies that || f|| = || fmll < 2|fm(zm)| = 2| f(2m)| = 0 and thus, f = 0 which contradicts to
f#0.

Therefore, B(f,r) N F is infinite for all » > 0. In this case, there is a subsequence (fp, )
such that || f,, — f|| = 0. This gives

%ankH < i (@ni) | = [ (ny) = f(@n )| < e = FI =0

because f(M) = 0. Thus||f,,|| — 0 and hence f = 0. It leads to a contradiction again.
Thus, we can conclude that M = X as desired. ]

Remark 4.9 The converse of Proposition 4.8 does not hold. For example, consider X = ¢*.
Then €' is separable but the dual space (£1)* = °° is not.

Proposition 4.10 Let X andY be normed spaces. For each element T € B(X,Y), define
a linear operator T* : Y* — X* by

Ty (x) := y"(Tx)

fory* € Y* and x € X. Then T* € B(Y*, X*) and ||T*|| = ||T||. In this case, T* is called
the adjoint operator of T .

Proof: We first claim that ||7%|| < ||7'|| and hence, || 77| is bounded.

In fact, for any y* € Y* and = € X, we have |T*y*(z)| = |y*(Tx)| < |ly*|||T]|||=||. Hence,
1771 < Il for all y* € Y. Thus, |T*] < |T].

We need to show ||T|| < ||T%||. Let # € Bx. Then by Proposition 4.5, there is y* € Sx-
such that |Tz|| = |y*(Tz)| = |T*y*(x)| < [|T*y*|| < ||T%||. This implies that ||T'|| < ||7%|.
(]
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Example 4.11 Let X and Y be the finite dimensional normed spaces. Let (e;); and
(f;)721 be the bases for X and Y respectively. Let fx : X — X* and fy : X — Y™ be
the identifications as in Example 3.12. Let e} := 0xe; € X™* and fji" = Oy f; € Y*. Then
e (e) = 0 and fj’»*(fl) = 01, where, d; = 1 if ¢ = [; otherwise is 0.

Now if T' € B(X,Y) and (aij)mxn is the representative matrix of 7' corresponding to the
bases (e;)f; and (f;)72, respectively, then ay = f}:(Te;) = T* f;:(er). Therefore, if (aj;,)nxm
is the representative matrix of T corresponding to the bases (f) and (e7), then ay = ay.
Hence the transpose (ay;)! is the the representative matrix of T*.

Proposition 4.12 Let Y be a closed subspace of a normed space X. Let i :Y — X be the
natural inclusion and 7 : X — X/Y the natural projection. Then

(i) the adjoint operator i** : Y** — X** is an isometry.
(ii) the adjoint operator * : (X/Y)* — X* is an isometry.

Consequently, Y** and (X/Y)* can be viewed as the closed subspaces of X** and X* re-
spectively.

Proof: For Part (i), we first note that for any x* € X*, the image ¢*z* in Y* is just the
restriction of * on Y, denoted by x*|y. Now let ¢ € Y**. Then for any z* € X*, we have

i o(a")| = |¢(*27)| = |o(z"|y) < [[ollllz" |y Iy~ < IBlll]" |-

Thus, ||i**¢|| < ||¢||. WE need to show the inverse inequality. Now for each y* € Y*, the
Hahn-Banach Theorem gives an element 2* € X* such that ||z*||x+ = ||y*|ly- and 2*|y = y*
and hence, i*x* = y*. Then we have

[6(y")] = [o(z"y)] = |o(i*a™)| = (i 0 @) ()| < [l l[|=" || x~ = 1™ d[[|y" |y~
for all y* € Y*. Therefore, we have ||i**¢| = |||
For Part (1), let ¢ € (X/Y)*. Note that since ||7*|| = ||| < 1, we have ||[7*¢| < ||¢]|. On
the other hand, for each 7 := w(z) € X/Y with ||Z|| < 1, we can choose an element m € Y’
such that ||z +m|| < 1. Therefore, we have

(@) = [ om(z)] = |pom(z+m)| <[l¢orl =[x ()]
Therefore, we have ||| < ||7*(¢)||. The proof is complete. O

Remark 4.13 By using Proposition 4.12, we can give an alternative proof of the Riesz’s
Lemma 2.5.

Using the notations as in Proposition 4.12, if Y C X, then we have ||| = ||[7*|| = 1 because
™ is an isometry by Proposition 4.12(ii). Thus we have ||| = sup{||7(z)| : x € X, ||z| =
1} = 1. Hence, for any 0 < 6 < 1, we can find element z € X with ||z|| = 1 such that
0 < ||m(z)|| =inf{||z +y|| : y € Y}. The Riesz’s Lemma follows.

Definition 4.14 Let D be a convex subset of a normed space X, i.e., tx+ (1 —1t)y € D for
all z,y € D and t € (0,1). Suppose that 0 is an interior point of D. Define
pp(x) :=inf{t >0:z € tD}
for x € X. In addition, set up(z) = o0 if {t >0: 2 €tD} =0.
The function up is called the Minkowsk:i functional with respect to D.
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Lemma 4.15 Let D be a conver subset of a normed space X . Suppose that 0 is an interior
point of D. Then the Minkowski functional p := pp : X — [0,00) is positively homogeneous
and sub-additive on D.

Proof: It is noted that since 0 € int(D), the set {t > 0:x € tD} # () for all x € X. Thus,
the function p: X — [0, 00) is defined.

Clearly, if we fix t > 0 and x € X, then we have p(tz) < s if and only if tu(x) < s. Hence,
the function p is positively homogeneous.

Next, we show the subadditivity of u. Let € > 0. For z,y € X, we choose s,¢ > 0 such that
x € sD and y € tD satisfying s < pu(z) + ¢ and ¢t < u(y) + . Then x = sdy and y = tdy for
some dy,ds € D. Since D is convex, we have

s t
T4y =sd +tdy = (S+t)(s+td1 + s+td2> € (s+1t)D.
Thus, p(z +y) < s+t and so, pu(z + y) < p(x) + pu(y) + 2e. Therefore, p is sub-additive.

O

Proposition 4.16 Let C be a closed convex subset of a real vector space X and xg € X \C.
Then there is an element F € X* such that

sup F/(C) :=sup{F(z) : x € C} < F(xp). (4.3)

Proof: Clearly, if we fix any point 1 € C, then we can assume that 0 € C' by considering
C — z1 and xg — x1. Since C is closed and 2y ¢ C, we have d := dist(xg,C) > 0. Let
D :={z € X : dist(z,C) < %l} It is noted that D is a closed convex subset of X and
zo ¢ D. Moreover, we have 0 € int(D) because $Bx C D. Let y := pup be the Minkowski
functional corresponding to D. Then p is positive homogeneous and sub-additive on X by
Lemma 4.15. Put Y := Rz and define f : Y — R by f(axg) := au(zg) for « € R. Then
fly) < u(y) for all y € Y since p > 0 and positive homogenous. The Hahn-Banch Theorem
4.3 implies that there is a linear extension F' defined on X satisfying F(z) < p(x) for all
x € X. We want show the linear functional F' is as required.

Note that u(x) <1 for all z € C because C C D. Thus, sup F(C) < 1. On the other hand,
since g ¢ D and D is closed, we have F(zg) = p(zo) > 1. Therefore, the Inequality 4.3
holds. Finally, it remains to show F € X*. In fact, since %B x € D, we have

|F(x)] < p(zr) <1 for all x € %BX.

Therefore, ||F|| < 4 is bounded. The proof is complete. O

5 Reflexive Spaces

Proposition 5.1 For a normed space X, let QQ : X — X** be the canonical map, that is,
Qu(x*) == x*(x) for a* € X* and x € X. Then Q is an isometry.

Proof: Note that for x € X and z* € Bx-, we have |Q(z)(z*)| = |z*(x)| < [|z||. Then
Q@ < Jl2].

We need to show that ||z|| < ||Q(z)]| for all z € X. In fact, for z € X, there is z* € X*
with ||z*|| = 1 such that ||z] = |z*(x)| = |Q(z)(z*)| by Proposition 4.5. Thus we have
|z]] < |Q(x)||. The proof is complete. O
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Remark 5.2 Let T : X — Y be a bounded linear operator and T** : X** — Y™** the second
dual operator induced by the adjoint operator of T. Using notations as in Proposition 5.1
above, the following diagram commutes.

X L, v

o Jor

T**
X** Y**

Definition 5.3 A normed space X is said to be reflexive if the canonical map Q : X —
X** is surjective. (Note that every reflexive space must be a Banach space.)

Example 5.4 We have the following examples.
(i) : Every finite dimensional normed space X is reflexive.
(ii) : CP is reflexive for 1 < p < oo.

(iii) : co and £* are not reflexive.

Proof: For Part (i), if dim X < oo, then dim X = dim X**. Hence, the canonical map
Q : X — X™ must be surjective.

Part (ii) follows from (€P)* =47 for 1 < p < oo, %D + % =1.

For Part (iii), note that c§* = ({*)* = £**. Since £>° is non-separable but cy is separable.
Therefore, the canonical map Q from cy to ci* = €>° must not be surjective.

For the case of £*, we have (£1)** = (£>°)*. Since (> is non-separable, the dual space (£*°)*
is non-separable by Proposition 4.8. Therefore, {1 # (£1)**. O

Proposition 5.5 FEvery closed subspace of a reflexive space is reflexive.

Proof: Let Y be a closed subspace of a reflexive space X. Let Qy : Y — Y™* and
Qx : X — X™ be the canonical maps as before. Let yg* € Y**. We define an element
¢ € X* by ¢(z*) == y§*(z*|y) for z* € X*. Since X is reflexive, there is 29 € X such
that Qxzo = ¢. Suppose g ¢ Y. Then by Proposition 4.7, there is x; € X* such that
x§(xo) # 0 but 25(Y) = 0. Note that we have z{j(zo) = Qxzo(z) = ¢(xf) = y5*(zjly) = 0.
It leads to a contradiction, and so z¢ € Y. The proof is complete if we have Qy (xo) = y§*.
In fact, for each y* € Y*, then by the Hahn-Banach Theorem, y* has a continuous extension
z* in X*. Then we have

Qv (z0)(y") = y™(x0) = 2™ (20) = Qx(w0) (") = (") = y5" (=" |y) = wo" (¥")-

Example 5.6 By using Proposition 5.5, we immediately see that the space £*° is not re-
flexive because it contains a non-reflexive closed subspace cq.

Proposition 5.7 Let X be a Banach space. Then we have the following assertions.
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(i) X is reflexive if and only if the dual space X* is reflezive.
(ii) If X is reflexive, then so is every quotient of X .

Proof: For Part (7), suppose that X is reflexive first. Let 2 € X***. Then the restriction
z :=Zz|x € X*. Then one can directly check that Qz = z on X** since X** = X.

For the converse, assume that X* is reflexive but X is not. Therefore, X is a proper closed
subspace of X**. Then by using the Hahn-Banach Theorem, we can find a non-zero element
¢ € X** such that ¢(X) = 0. However, since X*** is reflexive, we have ¢ € X* and hence,
¢ = 0 which leads to a contradiction.

For Part (ii), we assume that X is reflexive. Let M be a closed subspace of X and 7 :
X — X/M the natural projection. Note that the adjoint operator 7* : (X/M)* — X* is
an isometry (Check !). Thus, (X/M)* can be viewed as a closed subspace of X*. By Part
(7) and Proposition 5.5, we see that (X/M)* is reflexive. Then X /M is reflexive by using
Part (i) again.

The proof is complete. O

Lemma 5.8 Let M be a closed subspace of a normed space X. Let r : X* — M* be the
restriction map, that is x* € X* v x*|yy € M*. Put M+ :=kerr := {o* € X* : 2*(M) =
0}. Then the canonical linear isomorphism 7 : X*/M~+ — M* induced by r is an isometric
isomorphism.

Proof: We first note that r is surjective by using the Hahn-Banach Theorem. We need to
show that 7 is an isometry. Note that 7(z* + ML) = 2*|ys for all 2* € X*. Now for any
r* € X*, we have ||2* +y*||x+ > ||2* + y*||ar- = |2*|ar]|ar+ for all y* € M+. Thus, we have
|7(z* + M1Y)|| = [|a*|ar]lar+ < ||2* + ML||. We need to show the reverse inequality.

Now for any * € X*, then by the Hahn-Banach Theorem again, there is z* € X™* such
that z*|py = 2|y and ||2*|| = ||#*|asllae. Then 2* — z* € M+ and hence, we have
x* + M+ = z* + M*. This implies that

lo* + M| = |2 + M| < 2| = ll2*|arllare = (72" + ME)]].

The proof is complete. U

Proposition 5.9 (Three space property): Let M be a closed subspace of a normed
space X. If M and the quotient space X/M both are reflexive, then so is X.

Proof: Let 7 : X — X/M be the natural projection. Let ¢ € X**. We going to show
that ¢ € im(Qx). Since 7**(¢) € (X/M)**, there exists xp € X such that 7**(¢) =
Qx/m(zo + M) because X/M is reflexive. Thuswe have

T (W)(E) = Qx/n (w0 + M)(T")
for all z* € (X/M)*. This implies that
P(@* o) = p(n*T") = 7 (Y)(T*) = Qx/m (w0 + M)(T) = T" (w0 + M) = Qxwo(T" o )
for all z* € (X/M)*. Therefore, we have

P =Qxxo on M*.
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Therefore, we have ¢ — Qx(xg) € X*/M*. Let f: M* — X*/M+* be the inverse of the
isometric isomorphism 7 which is defined as in Lemma 5.8. Then the composite (¢ —Q xzg)o
f:M* — X*/M+t — K lies in M**. Then by the reflexivity of M, there is an element
mg € M such that

(¥ = Qxwo) o f = Qum(mo) € M™.
Note that for each z* € X*, we can find an element m* € M* such that f(m*)z* + M|bot €

X*/M+* because f is surjective, moreover, by the construction of 7 in Lemma 5.8, we see
that *|pr = m*. This gives

Y(x*) — 2% (w0) = (¥ — Qxxo)(Mm™) o f = Qar(mo)(m*) = m*(mo) = x*(mo).

Thus, we have ¢(z*) = z*(xg+myo) for all 2* € X*. From this we have ¢ = Qx (xz¢+mp) €
im(Qx) as desired. The proof is complete. O

6 Weakly convergent and Weak* convergent

Definition 6.1 Let X be a normed space. A sequence (xy,) is said to be weakly convergent
if there is x € X such that f(x,) — f(x) for all f € X*. In this case, x is called a weak
limit of (xy,).

Proposition 6.2 A weak limit of a sequence is unique if it exists. In this case, if ()
weakly converges to x, denoted by x = w-limz,, or z, — .
n

Proof: The uniqueness follows immediately from the Hahn-Banach Theorem. O

Remark 6.3 Clearly, if a sequence (x,) converges to z € X in norm, then z, 2 .
However, the weakly convergence of a sequence does not imply the norm convergence.

For example, consider X = ¢g and (e,). Then f(e,) — 0 for all f € ¢ = ¢! but (e,) is not
convergent in cg.

Proposition 6.4 Suppose that X is finite dimensional. A sequence (x,) in X is norm
convergent if and only if it is weakly convergent.

Proof: Suppose that (x,) weakly converges to z. Let B := {e1, ..,en} be a basis for X and
let fi be the k-th coordinate functional corresponding to the basis B, i.e., v = Z]kvz1 fr(v)eg
for all v € X. Since dim X < oo, we have f in X* for all k = 1, ..., N. Therefore, we have
lim,, fx(zn) = fix(z) for all k =1,..., N. Thus, we have ||z, — x| — 0. O

Definition 6.5 Let X be a normed space. A sequence (f,) in X* is said to be weak*
convergent if there is f € X* such that lim,, f,(z) = f(z) for all x € X, that is f, point-
wise converges to f. In this case, f is called the weak® limit of (f,). Write f = w*-lim,, f,

or fn — f.
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Remark 6.6 In the dual space X* of a normed space X, we always have the following
implications:

“Norm Convergent” — “Weakly Convergent” — “Weak* Convergent”.

However, the converse of each implication does not hold.

Example 6.7 Remark 6.3 has shown that the w-convergence does not imply ||-||-convergence.
We now claim that the w*-convergence also Does Not imply the w-convergence.

Consider X = co. Then ¢y = (' and c§* = ({1)* = (. Let e}, = (0,...0,1,0...) € £ = ¢,
where the n-th coordinate is 1. Then ef == 0 but e - 0 weakly because e**(eX) = 1 for

all n, where e** = (1,1,...) € £>* = ¢§*. Hence the w*-convergence does not imply the
w-convergence.

Proposition 6.8 Let (f,) be a sequence in X*. Suppose that X is reflexive. Then fp 2 f
if and only if f, s f.
In particular, if dim X < oo, then the followings are equivalent:

(i)« fo 5 1

(ii) : fo = f;
(iii) : fn 2 f.

Theorem 6.9 (Banach) : Let X be a separable normed space. If (fy,) is a bounded sequence
in X*, then it has a w*-convergent subsequence.

Proof: Let D := {z1,22,...} be a countable dense subset of X. Note that since (f,)22,
is bounded, (f,(z1)) is a bounded sequence in K. Then (f,(x1)) has a convergent sub-
sequence, say (fix(z1))72, in K. Let ¢; := limy fi x(x1). Now consider the bounded
sequence (fjx(x2)). Then there is convergent subsequence, say (f2r(z2)), of (fix(z2)).
Put ¢y := limy, fo i (22). Note that we still have ¢; = limy, f2 x(z1). To repeat the same step,
if we define (m, k) < (m/, k') if m < m/; or m = m/ with k¥ < £/, we can find a sequence
(fme)m,k in X* such that

(1) = (fim+1k)32y is a subsequence of (fy, x)50 for m = 0,1, .., where fo := fi.
(ii) : ¢ = limy fo, k(i) exists for all 1 < i < m.

Now put hy := fri. Then (hy) is a subsequence of (f,). Note that for each i, we have
limy, hy(2;) = limy, f; x(2;) = ¢; by the construction (i7) above. Since (||hy||) is bounded and
D is dense in X, we have h(z) := limy hy(z) exists for all x € X and h € X*. That is
h = w*-limy, hy. The proof is complete. ]

Remark 6.10 Theorem 6.9 does not hold if the separability of X is removed.
For example, consider X = ¢*° and 9, the n-th coordinate functional on ¢*°. Then §,, €
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(€2°)* with [[6p||(gee)» = 1 for all n. Suppose that (J,) has a w*-convergent subsequence
(Ony )72~ Define x € £ by

0 if ' m £ ny;
z(m)= <1 if ' m = noy;
—1 if m= Nok+1-

Hence we have [0y, () —6p,,, ()| = 2 for all i = 1,2, ... It leads to a contradiction. Thus(d,)
has no w*-convergent subsequence.

Corollary 6.11 Let X be a separable space. Assume that a sequence in X* is w*-convergent
if and only if it is norm convergent. Then dim X < oo.

Proof: We need to show that the closed unit ball Bx- in X* is compact in norm. Let (fy)
be a sequence in Bx+«. By using Theorem 6.9, (f,) has a w*-convergent subsequence ( fy,, ).
Then by the assumption, (fy,) is norm convergent. Note that if lilgn fn, = f in norm, then

f € Bx=. Thus Bx» is compact and thus dim X* < oco. Thus dim X** < oo that gives
dim X is finite because X C X**. O

Corollary 6.12 Suppose that X is a separable. If X is reflexive space, then the closed unit
ball Bx of X is sequentially weakly compact, i.e. it is equivalent to saying that any bounded
sequence in X has a weakly convergent subsequence.

Proof: Let Q: X — X™** be the canonical map as before. Let (x,) be a bounded sequence
in X. Hence, (Qz,,) is a bounded sequence in X**. We first note that since X is reflexive and
separable, X* is also separable by Proposition 4.8. We can apply Theorem 6.9, (Qx,,) has a
w*-convergent subsequence (Qzy,, ) in X** = Q(X) and hence, (z,,) is weakly convergent
in X. ]

7 Appendix: w*-compactness

Throughout this section X always denotes a normed space. I suppose that the students
have learned a standard course of topology before.
Now for each € > 0 and for finitely many elements x1, ..., £, in X, let

W(x1,.,em;e) ={f € X" :|f(z;)| <e;Vi=1,.,m}.

It is noted that 0 € W (x1, .., x;; €) for any € > 0 and for all finitely many elements x1, ..., Z,,
in X.

Definition 7.1 The weak™*-topology on the dual space X* is the topology generated by the
collection

{h+W(z1,..,xm;e) : h € X*; for e > 0 and for finitely many 1, ..,y € X}.

The following is clearly shown by the definition.
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Lemma 7.2 Using the notations as above, we have
(i) The weak*-topology is Hausdorff.

(ii) Let f € X*. Then for each open neighborhood V' of f, there are ¢ > 0 and x1,..,Tm
in X such that f + W (x1,..,xm;e) CV, that is, the collection {f + W (x1,..,xm;e)}
forms an open basis at f.

(iii) A sequence (fy) waek* converges to f in X* if and only if for each € > 0 and for
finitely many elements x4, ..., xy, n X, there is a positive integer N such that f, — f €
W(x1,..,xm;€) for alln > N.

Before showing the main result in this section, let us recall that product topologies.
Let (Z;)ier be a collection of topological spaces. Let Z be the usual Cartesian product, that
is

Z:=]%:{z: 1] %:2(i) € Z;;Vi e I}.

iel el

Let p; : Z — Z; be the natural projection for i € I. The product topology on Z is the
weakest topology such that each projection p; is continuous. More precisely, the following
collection forms an open basis for the product topology:

{ﬂ pi_l(Wz-) : J is a finite subset of I and W; is an open subset of Z;}.
e

We have the following famous result in topology.

Theorem 7.3 Tychonoff’s Theorem: The Cartesian product of compact spaces is com-
pact under the product topology.

The following result is known as the Alaoglu’s Theorem.

Theorem 7.4 The closed unit ball Bx+ of the dual space X is compact with respect to the
weak™*-topology.

Proof: For each z € X, put Z, := [—||z|, ||z]] € R. Each Z, is endowed with the usual
subspace topology of R. Then Z, is a compact set for all x € X. Let

7 = HZx.

zeX

Then the set Z is a compact Hausdorff space under the product topology. Define a mapping
by
T:feBx-—TfeZ, Tf(x):=f(x)e€Z, forxelX.

Then by the definitions of weak*-topology and the product topology, it is clear that T is
a homeomorphism from Bx~ onto its image T'(Bx~). Recall a fact that any closed subset
of a compact Hausdorfl space is compact. Since Z is compact Haudorsff, it suffices to show
that T'(Bx~) is a closed subset of Z.

Let z € T(Bx~). We are going to show that there is an element f € Bx« such that
f(x) = z(x) for all z € X.

Define a function f: X — K by



for x € X.

Claim : f(z +y) = f(x) + f(y) for all z,y € X. In fact if we fix z,y € X and for any
€ > 0, then by the definition of product topology, there is an element g € Bx+ such that
lg(x+y) —z(x+y)| <e; |g(z) —2(x)| <e; and |g(y) — 2(y)| < . Since g is linear, we have
g(x +y) —g(x) — g(y) = 0. This implies that

|z(z +y) — 2(z) — 2(y)| = [2(x +y) —g(x +y) — (2(z) — g(z)) — (2(y) —g(y))| < 3¢

for all € > 0. Thus we have z(xz +y) = z(z) = 2(y). The Claim follows.

Similarly, we have z(az) = az(x) for all @ € K and for all x € X.

Therefore, the functional f(z) := z(x) is linear on X. It remains to show f is bounded with
|l < 1. In fact, for any x € X and any € > 0, then there is an element g € By~ such that
g(x) — z(x)| < e. Therefore, we have |f(x)| = |z(x)| < |g(z)| + € < ||z|| + €. Therefore, f is
bounded and ||f|| < 1 as desired. The proof is complete. O

8 Open Mapping Theorem

Let E and F be the metric spaces. A mapping f : £ — F is called an open mapping if
f(U) is an open subset of F' whenever U is an open subset of E.
Clearly, a continuous bijection is a homeomorphism if and only if it is an open map.

Remark 8.1 Warning An open map need not be a closed map.
For example, let p : (z,y) € R? — 2 € R. Then p is an open map but it is not a closed map.
In fact, if we let A = {(x,1/x) :  # 0}, then A is closed but p(A) = R\ {0} is not closed.

Lemma 8.2 Let X and Y be normed spaces andT : X — 'Y a linear map. Then T is open
if and only if 0 is an interior point of T(U) where U is the open unit ball of X .

Proof: The necessary condition is obvious.

For the converse, let W be a non-empty subset of X and a € W. Put b = T'a. Since W is
open, we choose r > 0 such that Bx (a,r) C W. Note that U = 1(Bx(a,r)—a) C 2(W —a).
Thus, we have T(U) C L(T(W) — b). Then by the assumption, there is § > 0 such that
By (0,6) CT(U) C X(T(W)—b). This implies that b+rBy (0,6) C T(W) and so, T'(a) = b
is an interior point of T'(W). O

Corollary 8.3 Let M be a closed subspace of a normed space X. Then the natural projec-
tion m: X — X/M is an open map.

Proof: Put U and V the open unit balls of X and X/M respectively. Using Lemma 8.2,
the result is obtained by showing that V' C «(U). Note that if £ = w(x) € V, then by the
definition a quotient norm, we can find an element m € M such that ||z + m|| < 1. Hence
we have v +m € U and = = 7(z +m) € n(U). O

Before showing the main result, we have to make use of important properties of a metric
space which is known as the Baire Category Theorem.

Proposition 8.4 Let E be a complete metric space with a metric d. If E is a union of a
sequence of closed subsets (Fy,) of E, then int(Fy) # 0 for some Fy.
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Proof: Suppose that E = (J;- | F}, and each F), is closed and has no interior points. We
first note that if we consider the sequence (|J;p_; F)5,), we may assume that the sequence
(F,) is increasing since int(Fy U - - F,) = () for all n.

Fix an element z1 € F,,, := Fj. Let 0 < 1y < 1/2. Then B(z1,m1) € F,,. Then one can
choose some x4y € F,,, for some ny > ny such that o € B(xy,,,m) \ Fn,. Since F,, is closed,
we can choose 0 < 19 < 1/22 such that B(z2,n2) N F,, = 0 and B(xa,m2) € B(z1,n1). To
repeat the same step, we have a sequence of elements (zy) in E; a decreasing sequence of
positive of numbers (7)) and a subsequence (Fy, ) of (F,) such that for all k = 1, 2... satisfy
the following conditions:

L 0<n<1/2k

2. B(xk11,Mk+1) € Bk, nk)-
3. x € Fy, and B(Tg41,Mk41) N Fp, = 0.

The completeness of E, together with conditions (1) and (2) imply that the sequence (zy)
is a Cauchy sequence and [ := limy, zj, belongs to (o B(x, k). Since E = (J7- | F,, and
(Fy) is increasing, the limit [ € F,,, for some K. However, it leads to a contradiction
because F,,, N B(xy,n;) = 0 for all £ > K by the condition (3) above. O

Lemma 8.5 Let T : X — Y be a bounded linear surjection from a Banach space X onto
a Banach space Y. Then 0 is an interior point of T(U), where U is the open unit ball of
X, e, U={zeX:|z|| <1}.

Proof: Set U(r) :={z € X : ||z|| <r} for r >0 and so, U = U(1).

Claim 1 : 0 is an interior point of T'(U(1)).

Note that since T is surjective, Y = (Jo2; T(U(n)). Then by the Baire Category Theorem,
there exists N such that int T(U(N)) # (. Let ¥’ be an interior point of T'(U(N)). Then
there is n > 0 such that By (y',n) C T(U(N)). Since By (y',n) NT(U(N)) # 0, we may
assume that y' € T(U(N)). Let 2’ € U(N) such that T'(z') = 3. Then we have

0€ By(y',n)—y CTUN)) —T(') CT(U(2N)) = 2NT(U(1)).

Thus, we have 0 € 5% (By (y',n) —¢') € T(U(1)). Hence 0 is an interior point of T'(U(1)).
The Claim 1 follows.
Therefore there is r > 0 such that By (0,7) C T(U(1)). This implies that we have

By (0,7/2%) C T(U(1/2F)) (8.1)

for all kK =0,1,2....

Claim 2 : D := By (0,7) C T(U(3)).

Let y € D. By Eq 8.1, there is &1 € U(1) such that ||y — T'(z1)|| < /2. Then by using Eq
8.1 again, there is zy € U(1/2) such that ||y — T'(z1) — T(z2)|| < r/22. To repeat the same
steps, there exists is a sequence () such that x;, € U(1/2¥71) and

ly — T(z1) — T(x2) — ... — T(xp)|| < r/2F

for all k. On the other hand, since > 5o ||zx|| < 52, 1/2%7! and X is Banach, z :=
Y pey xp exists in X and ||z|| < 2. This implies that y = T'(z) and ||z| < 3.
Thus we the result follows. O
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Theorem 8.6 Open Mapping Theorem : Using the notations as in Lemma 8.5, then T’
1S an open mapping.

Proof: The proof is complete by using Lemmas 8.2 and 8.5. ([l

Proposition 8.7 Let T be a bounded linear isomorphism between Banach spaces X and Y .
Then T~ is bounded.

Consequently, if || - || and || - ||' both are complete norms on X such that || - || < ¢ - || for
some ¢ > 0, then these two norms || - || and || - ||' are equivalent.

Proof: The first assertion follows immediately from the Open Mapping Theorem.
Therefore, the last assertion can be obtained by considering the identity map I : (X, ||-||) —
(X, |l - |I") which is bounded by the assumption. O

Corollary 8.8 Let X and Y be Banach spaces and T : X — Y a bounded linear operator.
Then the followings are equivalent.

(i) The image of T is closed in'Y .

(ii) There is ¢ > 0 such that
d(xz,kerT) < || Tx||

forallxz € X.
(111) If (xy,) is a sequence in X such that ||z, +ker T|| =1 for all n, then | Tzy| - 0.

Proof: Let Z be the image of 7. Then the canonical map T:X /kerT — Z induced
by T is a bounded linear isomorphism. Note that T'(z) = Tx for all x € X, where T :=
x+kerT € X/kerT.

For (i) = (ii): suppose that Z is closed. Then Z becomes a Banach space. Then the Open
Mapping Theorem implies that the inverse of 1" is also bounded. Thus, there is ¢ > 0 such
that d(z,ker T') = ||Z|| x/kerr < €| T(Z)|| = ¢l|T'(z)|| for all z € X. The part (i) follows.
For (ii) = (i), let (x,) be a sequence in X such that lim Tz, =y € Y exists and so, (T'zy,)
is a Cauchy sequence in Y. Then by the assumption, (Z,) is a Cauchy sequence in X/ ker T
Since X/ ker T is complete, we can find an element x € X such that lim#, = Z in X/kerT.
This gives y = im T (zy,) = lim T(&,,) = T(z) = T(z). Therefore, y € Z.

(7i) < (i7i) is obvious. The proof is complete. O

Proposition 8.9 Let X andY be Banach spaces. Let T and K belong to B(X,Y). Suppose
that T(X) is closed and K is of finite rank, then the image (T + K)(X) is also closed.

Proof: Suppose the conclusion does not hold. We write z := z + ker(T + K) for z €
X. Then by Corollary 8.8, there is a sequence (z,) in X such that ||Z,|| = 1 for all n
and ||(T' + K)x,|| — 0. Thus, (z,) can be chosen so that it is bounded. By passing a
subsequence of (x,) we may assume that y := lim, K(x,) exists in Y because K is of
finite rank. Therefore, we have lim, T'(x,) = —y. Since T has closed range, we have
Tx = —y for some x € X. This gives limT'(z,, — ) = 0. Note that the natural map T is
a topological isomorphism from X/kerT onto T'(X) because T(X) is closed. We see that
|zy, —z+ker T|| — 0 and thus, |y— K (z)+ K (ker T)|| = lim || K (zy,) — K (z)+ K (ker T')|| = 0.
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From this we have y — Ko = Ku for some u € kerT. In addition, for each n, there is an
element t,, € ker T so that ||z, — x + t,|| < 1/n. This implies that

K (tn — w)l| < Kt + (20 —2)) | + || = K (2 + 2) = K(u)|| < [|K][1/n — 0.

Therefore, we have ||t,, — u+ (ker T'Nker K)|| — 0 because t,, — u € ker T" and the image of
K|kerT is closed. From this we see that ||¢,, — u + ker(T + K)|| — 0.

On the other hand, since Te = —y = —Kz — Ku and u € kerT, we have (T'+ K)x =
—Ku —Twu and so, x + u € ker(T 4+ K). Then we can now conclude that

1Znll = [1Zn — (Z + )| < |Zn = Z —tnll + ([t — ]| = 0.

It contradicts to the choice of x,, such that ||Z,|| =1 for all n. The proof is complete. [

Remark 8.10 In general, the sum of operators of closed ranges may not have a closed
range. Before looking for those examples, let us show the following simple useful lemma.

Lemma 8.11 Let X be a Banach space. If T € B(X) with |T|| < 1, then the operator
1 —T is invertible, i.e., there is S € B(X) such that (1-T)S =S(1-T) = 1.

Proof: Note that since X is a Banach space, the set of all bounded operators B(X) is

a Banach space under the usual operator norm. This implies that the series » 72 TF is
n

convergent in B(X) because | T|| < 1. On the other hand, we have 1 —T" = (1 —T)(Z ")
k=0

o
for all n = 1,2.... Taking n — oo, we see that (1 —T)~! exists, in fact, (1 -T)"! = ZTk.
k=0

O

Example 8.12 Define an operator Ty : £>° — £°° by

To(a)(k) = 1a(k)

for x € £>° and k = 1,2.... Note that Ty is injective with | Tp|| < 1 and im Ty C ¢yp. The
Open mapping Theorem tells us that the image im Ty must not be closed. Otherwise Ty
becomes an isomorphism from ¢*° onto a closed subspace of ¢g. It is ridiculous since £ is
nonseparable but ¢o is not. Now if we let 7' := 1T, then ||T| < 1 and T is without closed
range. Applying Lemma 8.11, we see that the operator S := 1 — T is invertible and thus, S
has closed range. Then by our construction T' =1 — 5 is the sum of two operators of closed
ranges but T does not have closed range as required.

9 Closed Graph Theorem

Let T: X — Y. The graph of T, denoted by G(T), is defined by the set {(z,y) € X x Y :
y="T(z)}

Now the direct sum X @Y is endowed with the norm ||-||o0, i.€., ||2®Y||00 := max(||z| x, ||y|ly)-
We write X & Y when X @Y is equipped with this norm.

An operator T': X — Y is said to be closed if its graph G(7') is a closed subset of X @ Y,
i.e., whenever, a sequence (z,) of X satisfies the condition ||(x,,T2y) — (z,y)|cc — 0 for
some z € X and y € Y, we have T'(x) = y.
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Theorem 9.1 Closed Graph Theorem : Let T : X — Y be a linear operator from a
Banach space X to a Banach Y. Then T is bounded if and only if T is closed.

Proof: The part (=) is clear.
Assume that T is closed, i.e., the graph G(T") is || - ||-closed. Define || - ||o : X — [0, 00)
by

lzllo = llzll + [T()]l
for x € X. Then || - ||p is a norm on X. Let I : (X, - [o) — (X,]| -||) be the identity
operator. It is clear that I is bounded since || - || < - ||o.
Claim: (X, || - ||o) is Banach. In fact, let (z,) be a Cauchy sequence in (X, || - ||p). Then
(zy) and (T'(zy)) both are Cauchy sequences in (X, ||-||) and (Y, || -||y). Since X and Y are
Banach spaces, there are x € X and y € Y such that ||z, — x| x — 0 and ||T(z,) —yl|ly — 0.
Thus y = T'(z) since the graph G(T') is closed.

Then by Theorem 8.7, the norms || - || and || - ||o are equivalent. Hence, there is ¢ > 0 such
that [|T(:)]] < |- ]lo < ¢|| - || and hence, T is bounded since [|T'(-)|] < || - |lo. The proof is
complete. O

Example 9.2 Let D := {c = (c,) € % : Y 2% n?|ey|* < oo}. Define T : D — (2 by
T(c) = (ncy). Then T is an unbounded closed operator.

Proof: Note that since ||Tey|| = n for all n, T is not bounded. Now we claim that T is
closed.
Let (x;) be a convergent sequence in D such that (Tx;) is also convergent in (2. Write
Xi = (2i,)% with limx; = x := (x,) in D and imTx; =y := (yp,) in (2. This implies
1 (2
that if we fix ng, then im x; p, = xn, and imnoz; p, = Yny. This gives noxn, = Yn,. Thus
(2 (2

Tx =7y and hence T 1is closed. (|

Example 9.3 Let X = {f € C*(0,1)NnC>(0,1) : f' € C*(0,1)}. DefineT : f € X
f € C%0,1). Suppose that X and C®(0,1) both are equipped with the sup-norm. Then T
1 a closed unbounded operator.

Proof: Note that if a sequence f, — f in X and f, — g in C*(0,1). Then f' = g.
Hence T is closed. In fact, if we fix some 0 < ¢ < 1, then by the Fundamental Theorem of
Calculus, we have

0= (o) — f(a)) = lia( [ (4200 = £©)i) = [ (6(0) — F©)a

for all z € (0,1). This implies that we have [ g(t)dt = [ f'(t)dt. Thus g = f' on (0,1).
On the other hand, since ||Tz"||cc =n for alln € N. Thus T is unbounded as desired. [

Let X be a normed space and let X* be its dual space. Then there is a natural bi-linear
mapping on X x X* (call a dual pair) given by

() XXX =K (z, f) = f(=)
Moreover, this dual pair is non-degenerate, that is, (x, f) = 0 for all f € X* if and only if
x =0 and (z, f) =0 for all x € X if and only if f = 0.
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Proposition 9.4 Let X and Y be Banach spaces. Let G : Y* — X* be a w*-w* continuous
linear map. Then we have the following assertions.

(i) G is bounded.

(i) There exists a bounded linear map T € B(X,Y) such that T* = G.

Proof: For showing Part (i), let (y);) be a sequence in Y* such that y Li(R y* and

Gy}, M) 2* in the norm topologies. By using the Closed Graph Theorem, we want to show

Gy* = z*, that is, (Gy*)(z) = 2*(x) for all x € X. In fact, y LR y*, so vy AN y*. Thus,

we have Gy AN Gy*, so (Gy;)(x) — (Gy*)(x) for all x € X. On the other hand, since

Gy, LR x*, we have (Gy})(x) — x*(x) for all x € X. Therefore, (Gy*)(x) = x*(x) for all

x € X as desired.
For Part (i7), note that for each x € X, the map f € Y* — (x,Gf) is w*-continuous on Y.
Hence, there is a unique element Rx € Y such that

(Rz, f) = (x,Gf)

for all f € Y*. Then by using Part (i) and the Closed Graph Theorem, R is bounded. The
proof is complete. 0

10 Uniform Boundedness Theorem

Theorem 10.1 Uniform Boundedness Theorem : Let {T; : X — Y i € I} be a
family of bounded linear operators from a Banach space X into a normed space Y. Suppose
that for each x € X, we have sup ||T;(x)|| < co. Then sup ||T;|| < oo.

il iel

Proof: For each z € X, define
[[]lo := max(||z|, sup [| T (x)]]).
i€l

Then || - |lop is anorm on X and || - || < || -]lo on X. If (X, || - ||o) is complete, then by the
Open Mapping Theorem. This implies that || - || is equivalent to || - ||o and thus there is
¢ > 0 such that
IT5@) < sup IT: ()| < flfo < clll
(2

for all x € X and for all j € I. Thus||T}|| < c for all j € I is as desired.

Thus it remains to show that (X, || - ||o) is complete. In fact, if (z,) is a Cauchy sequence
in (X, |- [jo), then it is also a Cauchy sequence with respect to the norm || - || on X. Write
x := lim,, z,, with respect to the norm || - ||. For any & > 0, there is N € N such that
|Ti(xy, — xm)|| < € for all myn > N and for all ¢ € I. Now fixing ¢ € I and n > N and
taking m — oo, we have ||T;(z, — z)|| < € and thus sup,c; || Ti(xy, — x)|| < € for all n > N.
Thus, we have ||z, — z|[o — 0 and hence (X, | - [|o) is complete. O

Remark 10.2 Consider ¢op := {x = (x,) : 3 N,V n > N;z, = 0} which is endowed with
|| [|oo- Now for each k € N, if we define T}, € ¢, by Ti((zn)) := kxy, then supy, |T(x)| < 00
for each x € ¢op but (||Tk||) is not bounded, in fact, ||Tk|| = k. Thus the assumption of the
completeness of X in Theorem 10.1 is essential.
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Corollary 10.3 Let X and Y be as in Theorem 10.1. Let Ty, : X — Y be a sequence
of bounded operators. Assume that limy Ty (x) exists in Y for all x € X. Then there is
T € B(X,Y) such that limg |(T — Ty)z|| = 0 for all x € X. Moreover, we have ||T| <
limkinf | T%]|-

Proof: Note that by the assumption, we can define a linear operator 1" from X to Y given
by Tz := lim; Tix for z € X. We need to show that 7' is bounded. In fact, (||T%]) is
bounded by the Uniform Boundedness Theorem since limy Tpx exists for all z € X. Hence,
for each x € By, there is a positive integer K such that || Tz|| < ||[Txx||+1 < (supy || Tk||)+1.
Thus, T is bounded.

Finally, it remains to show the last assertion. In fact, note that for any = € Bx and € > 0,
there is N(z) € N such that | Tz| < ||[Txx| + ¢ < ||Tk|| + ¢ for all & > N(x). This gives
|Tz|| < infgsn [Tkl + € for all & > N(z) and hence, |Txz| < infysy) [Tkl +¢ <
sup,, infi>,, || Tx|| + ¢ for all x € Bx and € > 0. Therefore, we have [|T'|| < limkinf |Tkl]. O

Corollary 10.4 FEvery weakly convergent sequence in a normed space must be bounded.

Proof: Let (x,) be a weakly convergent sequence in a normed space X. If we let @ : X —
X** be the canonical isometry, then (Qz,) is a bounded sequence in X**. Note that (zy,)
is weakly convergent if and only if (Qx,,) is w*-convergent. Thus, (Qx,(z*)) is bounded for
all z* € X*. Note that the dual space X* must be complete. We can apply the Uniform
Boundedness Theorem to see that (Qz,) is bounded and so is (x,). O

11 Projections on Banach Spaces

Throughout this section, let X be a Banach space. A linear operator P : X — X is called
a projection (or idempotent) if it is bounded and satisfies the condition P? = P.

In addition, a closed subspace E of X is said to be complemented if there is a closed subspace
F of X such that X = FE&® F.

Proposition 11.1 A closed subspace E of X is complemented if and only if there is a
projection ) on X with E =1im Q.

Proof: We first suppose that there is a closed subspace F' of X such that X = E&® F.
Define an operator @ : X - X by Qz =uif t =u+ v foru € E and v € F. It is clear
that we have Q? = Q.

For showing the boundedness of @), by using the Closed Graph Theorem, we need to show
that if (z,) is a sequence in F such that limx, = = and lim Qx,, = u for some x,u € F,
then Qx = u.

Indeed, if we let z, = y, + 2z, where y, € F and z, € F, then Qz,, = y,,. Note that (z,) is
a convergent sequence in F' because z, = z, — y, and (x,) and (y,) both are convergent.
Let w = lim z,,. This implies that

x =limz, = lim(y, + 2,) = u + w.

Since FE and F are closed, we have u € E and w € F. Therefore, we have Qx = u as desired.
The converse is clear. In fact, we have X = im @ @ ker () in this case. O
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Example 11.2 If M is a finite dimensional subspace of a mormed space X, then M is
complemented in X.

In fact, if M is spanned by {e; : i = 1,2..,m}, then M is closed and by the Hahn-Banach
Theorem, for each i =1,...,m, there is ef € X* such that e} (e;) =1 if i = j, otherwise, it
is equal to 0. Put N := (", kerel. Then X =M & N.

The following example can be found in [3].

Example 11.3 ¢q is not complemented in £°°.

Proof: It will be shown by the contradiction. Suppose that ¢y is complemented in £°°.
Claim 1: There is a sequence (fy,) in (¢°°)* such that ¢y = [, _, ker f,.

In fact, by the assumption, there is a closed subspace F' of £*° such that /*° = co @ F. If we
let P be the projection from £*° onto F' along this decomposition, then ker P = ¢y and P is
bounded by the Closed Graph Theorem. Let e}, : £°° — K be the n-th coordinate functional.
Then e} € (¢*°)*. Thus, if we put f, = €}, o P, then f, € (¢>°)* and ¢y = [, ker f,, as
desired.

Claim 2: For each irrational number o € [0, 1], there is an infinite subset N, of N such
that N, N Nj is a finite set if a and 3 both are distinct irrational numbers in [0, 1].

In fact, we write [0, 1] N Q as a sequence (7). Then for each irrational « in [0, 1], there is a
subsequence (ry, ) of (r,) such that limjr,, = a. Let N, := {n; : k = 1,2...}. From this,
we see that N, N Ng is a finite set whenever «, 8 € [0,1] N Q¢ with o # . Claim 2 follows.
Now for each « € [0,1] N Q°, define an element x, € {*° by z,(k) =1 as k € N,; otherwise,
zo(k) = 0.

Claim 3: If f € (£*°)* with ¢g C ker f, then for any n > 0, the set {a € [0,1] N Q° :
|f(xzq)| > n} is finite.

Note that by considering the decomposition f = Re(f)+iIm(f), it suffices to show that the
set {a € [0,1]NQ°: f(za) = n} is finite. Let a1, ...an in [0,1] N Q° such that f(za,) > n,
j=1,..,N. Now for each j = 1,..,N, set y;(k) =1 as k € Na, \ U,,.; Na,,; otherwise
yj = 0. Note that x,, —y; € co since Ny N N is finite for a # 3 by Claim 2. Hence, we have
f(za;) = f(y;) for all j = 1,...,N. Moreover, we have {k : y;(k) = 1} N {k;y;(k) = 1} =0
fori,7 =1,..., N with ¢ # j. Thus, we have ||y||c.c = 1. Now we can conclude that

N N
1A= FO u) =D fza,) = Nn.
=1 j=1

j=

This implies that [{o : f(a) > n}| < ||f]|/n. Claim 3 follows.

We are now going to complete the proof. Now let (f,) be the sequence in (£*°)* as found
in the Claim 1. Claim 3 implies that the set S := |Jo_ {a € Q°N[0,1] : fn(za) # 0}
is countable. Thus, there exists v € [0,1] N Q° such that v ¢ S. Thus, we have x, €
o ker f,. Besides, since N, is an infinite set, we see that z, ¢ co. Therefore, we have
co C [ ker fr which contradicts to Claim 1. O

Proposition 11.4 (Dixmier) Let X be a normed space. Leti: X — X** and j : X* —
X** be the natural embeddings. Then the composition @ = joi* : X™ — X** 4s q
projection with Q(X***) = X*.

Consequently, X* is a complemented closed subspace of X***.
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Proof: Clearly, ) is bounded. Note that i*oj = Idx~ : X* — X*. From this, we see that
Q? = Q as desired.

We need to show that im @ = X*, more precisely, im @ = j(X*). In fact, it follows from
Q@ o j = j by using the equality i* o j = Idx+ again.

The last assertion follows immediately from Proposition 11.1. (|

Corollary 11.5 c¢q is not isomorphic to the dual space of a normed space.

Proof: Suppose not. Let T : ¢cg — X™* be an isomorphism from cg onto the dual space
of some normed space X. Then T™* : ¢j* = ¢°*° — X** is an isomorphism too. Let
Q : X — X*™* be the projection with ¢m @ = X™* which is found in Proposition 11.4.
Now put P := (T**)"to Qo T** : (> — (. Then P is a projection.

On the other hand, we always have T%*|., = T (see Remark 5.2). This implies that im P =
co- Thus, ¢ is complemented in ¢*° by Proposition 11.1 which leads to a contradiction by
Example 11.3. g

Recall that a closed subspace M of a Banach space E is called an M -ideal if the space
M+t = {z* € E* : 2*(M) = 0} is a £1-direct summand of E*, that is, there is another closed
subspace N of E* such that E* = M=+ 6961 N, i.e., for every element z* € E* satisfies the
condition: z* = u 4+ v and ||z*|| = ||ul| + |lv|| for a pair of elements u and v in M+ and N
respectively.

Proposition 11.6 We keep the notation as give in Proposition 11.4. If X is viewed as a
closed subspace of X** and suppose that X*** = X+ @Zl N for some closed subspace N of
X q.e. X is an M-ideal of X**, then N = X*.

Proof: Let @ : X*™* — X** be the projection given in Proposition 11.4. Recall that
Qz = j(z|x) for z € X** and im Q = X*. Moreover ||Q] < 1. Note that ker@ =
X+ = {z € X** : z|x = 0} and hence, X** = X+ @ X*. Let 2 € N. Then we have
Q(z) = (Q(z) —2) +2 € X @,, N and hence, [|Q(2)|| = [|Q(2) — 2 + 2] Since Q|| <1,
we see that [|Q(z) — z|| = 0 and thus, z = Q(z) € X*. Therefore, we have N C X*, so
N = X*. The proof is complete. ([l

n

Proposition 11.7 The ¢y space is an M -ideal of L.

Proof: We first notice that for h € ({o)* and & € /s, then Re(h)(§) := Re(h(€)) can be
viewed as a R-linear functional on ¢, and ||h|| = ||Re(h)]|.
Using Proposition 11.6, it suffices to show that for ¢ € ¢ = ¢; and f € cj, we have

lg + fllew) = I9llza)y + Il esoys Where g := {f € (€xc)* : f(co) = 0}. Let e > 0. By
considering the polar decomposition, then there are elements £ and ¢’ in (£ )1 of norm-one
such that

Ifl —e < f(&) and |lgll —< < g(&) = Re(9)(€') = Y Re(&'(n)g(n)).
n=1
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Since g € ¢§ = {1, there is N such that )~ [g(n)| < e. Now let £’ be an element in /o,
given by

oo fem)  insN
&)= {{(n) ifn> N.

Then || ||oo <1 and &’ — £ € cpp. Hence we have f(£) = f(£”) because f(co) = 0.
On the other hand, since ) .y |g(n)| < €, we have

N N
gl — & < Re(9)(€) <D Re(¢'(n)g(n)) + > lg(n)| < Y Re(&'(n)g(n)) +e.
n=1 n=1

n>N

Thus, we have

Re(g)(€") =) Re(¢"(n)g(n))
nl;l
> 3" Re(¢/(n)g(m) ~ | 3 En)g(n)
n=1 n>N

> llgll —2e —e.
Therefore, we have
gl + ILFIF = [1Re(g)]| + 11/
< Re(g)(§") + f(£") +4e
= Re(g + [)(") +4e
< [|[Re(g + f)|| + 4

= llg+ fll + 4e.

for all € > 0. The proof is complete.

]
12 Appendix: Basic sequences
Throughout this section, X always denotes a Banach space.
An infinite sequence (x,) in X is called a basic sequence if for each element x in Xy :=
[x1, 22, -], the closed linear span of {z1,x2, ...}, then there is a unique sequence of scalars
(an) such that z = Y ° apz,. Put ¢, the corresponding i-th coordinate function,
ie, ¥n(z) := ay and @, : Xo — E, := [z1---x,] the n-th canonical projection, i.e.,

Qn(Xonzy ann) =3 i Gnn.
Theorem 12.1 Using the notations given as above, for each element x € Xg, put
a(x) == sup{|Qu(@)l| : n = 1,2...).
Then
(i) q is a Banach equivalent norm on Xg.

(ii) Each coordinate projection Q,, and coordinate function v, are bounded in the original
norm-topology.

Consequently, the coordinate functionals iy, are continuous for allm =1,2....
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Proof: Since z = lim,, @,z for all z € Xy, we see that ¢ is a norm on Xo and ¢q(-) > || - ||
on Xg. From this, together with the Open Mapping Theorem, all assertions follows if we
show that ¢ is a Banach norm on Xj.

Let (x,) be a Cauchy sequence in Xy with respect to the norm ¢. Clearly, (x,) is also a
Cauchy sequence in the | - ||-topology because ¢(-) > || - ||. Let z = lim,, x), be the limit in
Xo in the || - ||-topology. We are going to show that x is also the limit of (z,) with respect
to the g-topology.

Let € > 0. Then there is a positive integer pg such that whenever pi,p2 > pg, we have
|Qnxp, — Qnp,| < e foralln=1,2,.... From this, if we fix n and p; > po, taking ps — oo,
then we have ||Qnzp, — Qnz|| < e. Thus, we have g(x, — ) < e for all p > py. We complete

the proof.
O
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13 Geometry of Hilbert space 1

From now on, all vectors spaces are over the complex field. Recall that an inner product on
a vector space V is a function (-,-) : V- x V' — C which satisfies the following conditions.

(i) (z,z) >0 for all z € V and (x,x) = 0 if and only if = 0.
(ii) (z,y) = (y,x) for all z,y € V.
(i) (ax + By, z) = alx, z) + By, 2) for all z,y,z € V and «, 5 € C.

Consequently, for each x € V, the map y € V — (3!:77 y) € C is conjugate linear by the
conditions (i7) and (iii), i.e., (x,ay + Bz) = a(x,y) + B(x, z) for all y,z € V and o, § € C.
In addition, the inner product (-,-) will give a norm on V' which is defined by

2] :== V/(z,)
forx e V.

We first recall the following useful properties of an inner product space which can be found
in the standard text books of linear algebras.
Proposition 13.1 Let V' be an inner product space. For all x,y € V, we always have:

(i): (Cauchy-Schwarz inequality): |(z,y)| < ||z|/||y| Consequently, the inner product
on 'V XV is jointly continuous.

(ii): (Parallelogram law): |z + y||> + |z — y[|* = 2||=[* + 2y[|*.
Furthermore, a norm || - || on a vector space X is induced by an inner product if and
only if it satisfies the Parallelogram law. In this case such inner product is given by
the following:

1 1 . .
Re(z,y) = J(lz +yl* = llz = yl*) and Im(z,y) = (o +iyl* - = - iy]*)

forall x,y € X.

(17i) Gram-Schmidt process Let {x1,z2,...} be a sequence of linearly independent vectors
in an inner product space V. Put ey := x1/||z1]|. Define e, inductively on n by

T — Y py (Tk, €x) e
|20 — > jy (Ths ex ek

en—l—l = ’

Then {en : n=1,2,..} forms an orthonormal system in V. Moreover, the linear span
of 1, ...,xy 1S equal to the linear span of ey, ...,e, for allm =1,2....

Example 13.2 It follows from Proposition 13.1 immediately that €% is a Hilbert space and
P is not for all p € [1,00] \ {2}.

From now on, all vector spaces are assumed to be a complex inner product spaces.
Recall that two vectors  and y in an inner product space V are said to be orthogonal if

(z,y) = 0.
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Proposition 13.3 (Bessel's inequality) : Let {e1,...,en} be an orthonormal set in an
inner product space V, i.e., (e;,e;) = 1 if i = j, otherwise is equal to 0. Then for any

x €V, we have
N

Dol e)? <l

i=1
Proof: It can be obtained by the following equality immediately

N

N
lz =) (w,eeil® = 12> =) I, ).
=1

=1

Corollary 13.4 Let (¢;)ier be an orthonormal set in an inner product space V.. Then for
any element x € V, the set

{iel: (e,z)#0}

is countable.

Proof: Note that for each z € V', we have

oo

{i€I:(ea)#0}=|J{iel: (e 2)>1/n}.

n=1

Then the Bessel’s inequality implies that the set {i € I : |(e;,z)| > 1/n} must be finite for
each n > 1. Thusthe result follows. OJ

The following is one of the most important classes in mathematics.

Definition 13.5 A Hilbert space is a Banach space whose norm is given by an inner prod-
uct.

In the rest of this section, X always denotes a complex Hilbert space with an inner product

(’)

Proposition 13.6 Let (e,) be a sequence of orthonormal vectors in a Hilbert space X.
Then for any x € V., the series Y o | (x, en)en is convergent.

Moreover, if (e5(n)) is a Tearrangement of (e,), i.e., o : {1,2...} — {1,2,..} is a bijection.
Then we have

Z(x7 en)en = Z(x? ea(n))ea(n)'
n=1 n=1

Proof: Since X is a Hilbert space, the convergence of the series > >, (z,ep)ey follows
from the Bessel’s inequality. In fact, if we put s, := > 0 _(z,€,)e,, then we have

lspex = spl> = D (@ en)l.

p+1<n<p+k
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Now put y = >0 | (z,en)en and 2 = 37 | (7, €5(n) )€o(n)- Note that we have

N N

(3/7 Y- z) = IIJ{TH(Z(:C, en)env Z(x; en)en - z)
n=1 n=1
N N o0
= hj{/vnz |(‘T7 en)’2 - h]{[n Z(xa en) Z (xa eo‘(j))(en7 eo‘(j))
n=1 n=1 j=1
N ———
|(z,en)]? — lij{[n Z(m, en)(x,e,) (N.B: for each n, there is a unique j such that n = o(j))
n=1

ot

1

I
=

Similarly, we have (z,y — z) = 0. The result follows. O

A family of an orthonormal vectors, say B, in X is said to be complete if it is maximal
with respect to the set inclusion order, i.e., if € is another family of orthonormal vectors
with B C €, then B = C.

A complete orthonormal subset of X is also called an orthonormal base of X.

Proposition 13.7 Let {e;}icr be a family of orthonormal vectors in X. Then the followings
are equivalent:

(i): {ei}icr is complete;
(i1): if (x,e;) =0 for alli € I, then x = 0;
(iii): for any v € X, we have x =Y, ;(x, e;)e;;
(): for any x € X, we have ||z]|* =Y, [(z, e)]*.
In this case, the expression of each element x € X in Part (iii) is unique.

Note : there are only countable many (z,e;) # 0 by Corollary 13.4, so the sums in (iii)
and (iv) are convergent by Proposition 13.6.

Proposition 13.8 Let X be a Hilbert space. Then
(i) : X processes an orthonormal basis.

(it) : If {e;}icr and {fj};jcs both are the orthonormal bases for X, then I and J have
the same cardinality. In this case, the cardinality |I| of I is called the orthonormal
dimension of X.

Proof: Part (i) follows from Zorn’s Lemma.

For part (ii), if the cardinality |I| is finite, then the assertion is clear since |I| = dim X
(vector space dimension) in this case.

Now assume that || is infinite, for each e;, put Je, := {j € J : (e;, f;) # 0}. Note that since
{ei}ier is maximal, Proposition 13.7 implies that we have

{fj}jEJ - U Je,-'

icl
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Note that J., is countable for each e; by using Proposition 13.4. On the other hand, we
have |N| < |I| because || is infinite and thus |[N x I| = |I|. Then we have

T <> el =Y IN| = N x I| = |1|.

el el

From symmetry argument, we also have |I| < |J|. O

Remark 13.9 Recall that a vector space dimension of X is defined by the cardinality of a
maximal linearly independent set in X.

Note that if X is finite dimensional, then the orthonormal dimension is the same as the
vector space dimension.

In addition, the vector space dimension is larger than the orthornormal dimension in general
since every orthogonal set must be linearly independent.

We say that two Hilbert spaces X and Y are said to be isomorphic if there is linear
isomorphism U from X onto Y such that (Uz,Ux’) = (z,2’) for all z,2’ € X. In this case
U is called a unitary operator.

Theorem 13.10 Two Hilbert spaces are isomorphic if and only if they have the same or-
thonornmal dimension.

Proof: The converse part (<) is clear.

Now for the (=) part, let X and Y be isomorphic Hilbert spaces. Let U : X — Y be
a unitary. Note that if {e;};c; is an orthonormal basis of X, then {Ue;};cr is also an
orthonormal basis of Y. Thus the necessary part follows immediately from Proposition
13.8. O

Corollary 13.11 Every separable Hilbert space is isomorphic to €2 or C" for some n.

Proof: Let X be a separable Hilbert space.

If dim X < oo, then it is clear that X is isomorphic to C" for n = dim X.

Now suppose that dim X = oo and its orthonormal dimension is larger than |N|, i.e., X has
an orthonormal basis {f; }ic; with || > |N|. Note that since ||f; — f;|| = V2 for all 4,5 € T
with ¢ # j. This implies that B(f;,1/4) N B(f;,1/4) = 0 for i # j.

On the other hand, if we let D be a countable dense subset of X, then B(f;,1/4) N D # ()
for all 4 € I. Thusfor each i € I, we can pick up an element z; € DN B(f;,1/4). Therefore,
one can define an injection from I into D. It is absurd to the countability of D. O

Example 13.12 The followings are important classes of Hilbert spaces.

(i) C™ is a n-dimensional Hilbert space. In this case , the inner product is given by
(z,w) := > p_4 zkWy, for z = (21,...,2,) and (w1, ..., wy,) in C™.
The natural basis {ey, ..., e, } forms an orthonormal basis for C".

(ii) £? is a separable Hilbert space of infinite dimension whose inner product is given by

(z,y) =500, z(n)y(n) for z,y € 2.
If we put e,(n) = 1 and e, (k) = 0 for k # n, then {e,} is an orthonormal basis for
2.
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(i) Let T := {# € C : |z] = 1}. For each f € C(T) (the space of all complex-valued
continuous functions defined on T), the integral of f is defined by

1

7
2T

2w
/ Imf(e)dt.
27 0

1 2m ) 2w )
/ f(z)dz = — fle)dt = / Ref(e)dt +
T 21 Jo 0

An inner product on C(T) is given by

(f.9) = / f(2)g(2)dz

for each f,g € C(T). We write || - ||2 for the norm induced by this inner product.
The Hilbert space L?(T) is defined by the completion of C(T) under the norm || - 2.
Now for each n € Z, put f,(z) = z". We claim that {f, : n = 0,£1,£2,....} is an
orthonormal basis for L2(T).

In fact, by using the Euler Formula: ¢ = cosf + isiné for § € R, we see that the
family {f, : n € Z} is orthonormal.

It remains to show that the family {f,} is maximal. By Proposition 13.7, it needs to
show that if (g, f,) = 0 for all n € Z, then g = 0 in L?(T). for showing this, we have
to make use the known fact that every element in L?(T) can be approximated by the
polynomial functions of z and zZ on T in || - ||s-norm due to the the Stone- Weierstrass
Theorem:

For a compact metric space E, suppose that a complex subalgebra A of C(FE) satis-
fies the conditions: (i): the conjugate f € A whenever f € A, (ii): for every pair
2,2 € E, there is f € A such that f(z) # f(7') and (iii): A contains the constant
one function. Then A is dense in C(E) with respect to the sup-norm.

Thus, the algebra of all polynomials functions of z and z on T is dense in C(T). From
this we can find a sequence of polynomials (pn(z,Z)) such that ||g — pu|l2 — 0 as
n — 0. Since (g, fn) = 0 for all n, we see that (g, p,) = 0 for all n. Therefore, we have

g3 = lim(g, pn) = 0.

The proof is complete.

14 Geometry of Hilbert space 11
In this section, let X always denote a complex Hilbert space.

Proposition 14.1 If D is a closed convex subset of X, then there is a unique element
z € D such that
|z|| = inf{||z| : = € D}.

Consequently, for any element u € X, there is a unique element w € D such that

lu —w|| = d(u, D) := inf{|ju — z|| : x € D}.
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Proof: We first claim the existence of such z.
Let d := inf{||z| : # € D}. Then there is a sequence (z,) in D such that ||z,| — d. Note
that (z,,) is a Cauchy sequence. In fact, the Parallelogram Law implies that

SR =

[

T + Tp

2
S <

1 1 1

L P el 4 Sl — d — 0

as m,n — oo, where the last inequality holds because D is convex and hence % (z,+2,) € D.
Let z := lim,, z,,. Then ||z]| = d and z € D because D is closed.

For the uniqueness, let z, 2’ € D such that ||z|| = ||2/|| = d. Thanks to the Parallelogram
Law again, we have

/ /
Z—Z 9 1 2 1 me Z+z 2 1 2 1 mo 2
= — —_ — _— < —_ —_ —d :0_

Therefore z = 2/.
The last assertion follows by considering the closed convex set w — D := {u —z : z € D}
immediately. t

Remark 14.2 Using the notation given as in Proposition 14.1, we have a well defined
function r : X — X given by x € X +— r(x) € D such that ||z —r(x)| = dist(x, D). Clearly,
we have r(x) = x whenever x € D. Moreover, we have the following assertion which are
shown in [5].

Proposition 14.3 Using the notation as in Remark14.2, the map r : X — X is a contrac-
tion, hence, the map r is a Lipschitz retraction of D in X.

Proof: We first claim that we have Re(x —r(2),r(z) —z) > 0forallz € D and z € X. In
fact, let z € X and = € D. Then by the definition, for all ¢ € [0, 1] we have

Ir(z) = 21> < ||z =tz — (1 = )r(2)||?
= |z = r(2) — t(z — r(2))|?
= |z = 7(2)|]® + 3|l — r(2)||* + 2tRe(x — 7(2),7(2) — 2).
This gives 2|z — r(2)||? + 2tRe(z — 7(2),7(2) — 2) > 0 for all 0 < ¢t < 1. This implies
that Re(x — r(2),r(2) —2) > 0 for all x € D and z € X. From this, for a,b € X we

have Re(r(b) — r(a),r(a) —a) > 0 and Re(r(a) — r(b),r(b) —b) > 0, so we have Re(r(b) —
r(a),r(a) —a) + Re(r(b) — r(a),b—r(b)) > 0. Thus, we have

lr(b) = r(a)|[* = Re(r(b) = r(a), r(b) — r(a))
< Re(r(b) —r(a),b—a)
(

< [(r(b) = r(a),b - a)]
< [lr(6) = r(a)[lf|b = al|

The proof is complete. U

Proposition 14.4 Suppose that M is a closed subspace. Let u € X and w € M. Then the
followings are equivalent:
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(i) [lu = w] = d(u, M);
(ii): w—w L M, ie., (u—w,x) =0 for allxz € M.

Consequently, for each element u € X, there is a unique element w € M such that u —w L
M.

Proof: Let d:= d(u, M).
For proving (i) = (ii), fix an element € M. Then for any ¢ > 0, note that since
w+txr € M, we have

d? < lu —w — tac||2 = ||u— w||2 + ||tav||2 —2Re(u — w, tx) = d? + ||tzzc||2 — 2Re(u — w, tx).

This implies that
2Re(u — w, z) <tz (14.1)

for all ¢ > 0 and for all x € M. Thusby considering —z in Eq.14.1, we obtain
2|Re(u — w,x)| <tz

for all ¢ > 0. This implies that Re(u —w,x) = 0 for all x € M. Similarly, putting +ix into
Eq.14.1, we have Im(u — w,x) = 0. Thus(iz) follows.

For (ii) = (i), we need to show that ||u — w||? < |ju — x| for all # € M. Note that since
u—w 1L M and we M, we have u —w L w — x for all z € M. This gives

lu = 2* = ll(u = w) + (w = 2)|* = Ju—wl* + w - 2]* > |lu - w]|

Part (7) follows.
The last statement is obtained immediately by Proposition 14.1. ([l

Theorem 14.5 Let M be a closed subspace. Put
Mt ={zeX:z 1l M}

Then M* is a closed subspace and we have X = M @ M~*. Consequently, for x € X if
r=u®v foru€ M andv € M*, then dist(x, M) = ||z — ul|.
In this case, M is called the orthogonal complement of M.

Proof: Clearly, M+ is a closed subspace and M N M+ = (0). We need to show X =
M+ Mt

Let w € X. Then by Proposition 14.4, we can find an element w € M such that u—w L M.
Thus v —w € M+ and v = w + (u — w).

The last assertion follows immediately from Proposition 14.4. The proof is complete. [

Corollary 14.6 Let M be a closed subspace of X. Then M C X if and only if there is a
non-zero element z € X such that z 1. M.

Proof: It is clear from Theorem 14.5. OJ

Corollary 14.7 If M is a closed subspace of X, then M+ = M.
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Proof: Clearly, we have M C M*+ by the definition of M++. Then M can be viewed
as a closed subspace of the Hilbert space M++. Thus, if M C M1+, then there exists a
non-zero element z € M-+ so that z L M by Corollary 14.6 and hence, z € M~*. This
implies that z L z and hence, z = 0 which leads to a contradiction. O

Theorem 14.8 Riesz Representation Theorem : For each f € X*, then there is a
unique element vy € X such that

f(z) = (z,v5)
for all x € X and we have || f|| = |lvs]|.
Furthermore, if (€;)icr ts an orthonormal basis of X, then vy =Y. f(e;)e;.

Proof: We first prove the uniqueness of vy. If z € X also satisfies the condition: f(z) =
(w,z) for all z € X. This implies that (x,z —vy) =0 for all x € X. Thusz — vy = 0.

Now for proving the existence of vy, it suffices to show the case ||f| = 1. Then ker f is a
closed proper subspace. Then by the orthogonal decomposition again, we have

X =ker f @ (ker f)*.

Since f # 0, we have (ker f)* is linear isomorphic to C. Note that the restriction of f
on (ker f)* is of norm one. Hence there is an element v € (ker f)* with [jvs|| = 1 such
that f(vy) = || flker pyr |l = 1 and (ker f)* = Cuvy. Thusfor each element x € X, we have
x = z+avy for some z € ker f and a € C. Then f(z) = af(vf) = a = (z,vy) forall z € X.
Concerning about the last assertion, if we put vy = Z asej, then f(e;) = (ej,vy) = @ for
all j e I. ! g

Example 14.9 Consider the Hilbert space H := L*(T) (see Example 13.12). Define ¢ €
H* by o(f) := [7 f(2)dz. Using Proposition 14.4, for each element g € H, there is an
element h € kerg such that ||g — h|| = dist(g,kerp). Then h = g — ([ hdz)1 where 1
denotes the constant-one function on T. In fact, consider the orthogonal decomposition
H = ker ¢ @ (ker ). Note that ©(g) = (g,1) for all g € H. Thus, for each g € H, we
have g = h @ al. From this, we see that o = (g,1). Thus, h =g — ([ hdz)1.

Corollary 14.10 Using the notations as in Theorem 14.8, define the map
Q:fe X" —vrelX, ie, f(y) = (z,2(f)) (14.2)

forally e X and f € X*.

Moreover, if we define (f,g)x+ = (vg,vf)x for f,g € X*, then (X*,(:,-)x=) becomes a
Hilbert space, and ® is an anti-unitary operator from X* onto X, i.e., ® satisfies the
conditions:

d(af + Bg) = a®(f) + fP(g) and (Bf, Pg)x = (9, f)x-

forall f,ge X* and o, B € C.
Furthermore, if we define J : x € X — f, € X*, where f.(y) := (y,x), then J is the inverse
of ®, and hence, J is an isometric conjugate linear isomorphism.
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Proof: The result follows immediately from the observation that vy , = vy + v, and
Vof = avy for all f € X* and a € C.
The last assertion is clearly obtained by the Eq.14.2 above. (|

Corollary 14.11 Ewvery Hilbert space is reflexive.

Proof: Using the notations as in the Riesz Representation Theorem 14.8, let X be a
Hilbert space. and @ : X — X** the canonical isometry. Let ¢ € X**. To apply the Riesz
Theorem on the dual space X*, there exists an element xj € X* such that

for all f € X*. By using Corollary 14.10, there is an element zg € X such that zo = vy
and thus, we have
(f) = (f;20)x+ = (w0, vp)x = f(zo)

for all f € X*. Therefore, 1 = Q(x¢) and so, X is reflexive.
The proof is complete. ]

Theorem 14.12 FEvery bounded sequence in a Hilbert space has a weakly convergent sub-
sequence.

Proof: Let (x,) be a bounded sequence in a Hilbert space X and M be the closed subspace
of X spanned by {x,, : m = 1,2...}. Then M is a separable Hilbert space.

Method I: Define a map by jy : ¢ € M — jy(z) := (,z) € M*. Then (ju(zn))
is a bounded sequence in M*. By Banach’s result, Proposition 6.9, (ja(x,)) has a w*-
convergent subsequence (ja(zn,)). Put ja(zn,) AN fe M ie, ju(zn,)(2) = f(z) for
all z € M. The Riesz Representation will assure that there is a unique element m € M
such that jy/(m) = f. Thuswe have (z,z,,) — (z,m) for all z € M. In particular, if we
consider the orthogonal decomposition X = M & M~ then (z,z,,) — (z,m) for all x € X
and thus (z,,,z) = (m,z) for all z € X. Then z,, — m weakly in X by using the Riesz
Representation Theorem again.

Method IT: We first note that since M is a separable Hilbert space, the second dual
M** is also separable by the reflexivity of M. Thus, the dual space M* is separable (see
Proposition4.8). Let @Q : M — M™** be the natural canonical mapping. To apply the
Banach’s result Proposition 6.9 for X*, then Q(z,,) has a w*-convergent subsequence, says
Q(zp, ). This gives an element m € M such that Q(m) = w*-limy Q(z,,) because M is
reflexive. Thus, we have f(zy,) = Q(zn,)(f) = Q(m)(f) = f(m) for all f € M*. Using
the same argument as in Method I again, z,, weakly converges to m. ([l

Remark 14.13 It is well known that we have the following Theorem due to R. C. James
(the proof is highly non-trivial):

A normed space X is reflexive if and only if every bounded sequence in X has a weakly
convergent subsequence.

Theorem 14.12 can be obtained by the James’s Theorem directly. However, Theorem 14.12
gives a simple proof in the Hilbert spaces case.
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15 Operators on a Hilbert space

Throughout this section, all spaces are complex Hilbert spaces. Let B(X,Y) denote the
space of all bounded linear operators from X into Y. If X =Y, we write B(X) for B(X, X).
Let T'e B(X,Y). We make use the following simple observation later.

(Tz,y)=0forallz € X;yeY ifandonlyif T =0. (15.1)

Therefore, the elements in B(X,Y") are uniquely determined by the Eq.15.1, i.e., T =S in
B(X,Y) if and only if (Tz,y) = (Sz,y) forallz € X and y € Y.

Remark 15.1 For Hilbert spaces H; and Hs, we consider their direct sum H := H; & Ho.
If we define the inner product on H by

(r1 @ 2,91 D y2) = (w1, 91) 1, + (22, 92) 1,

for x1 @ x9 and y1 Dyo in H, then H becomes a Hilbert space. Now for each T € B(H, Hs),
we can define an element T € B(H) by T(x; @ x3) := 0 @ Tx;. Therefore, the space
B(Hy, H2) can be viewed as a closed subspace of B(H). Thus, we can consider the case of
H, = H, for studying the space B(Hj, H2).

Proposition 15.2 Let T : X — X be a linear operator. Then we have

(i): T =0 if and only if (Tx,z) =0 for allx € X. Consequently, forT,S € B(X), T =S
if and only if (Txz,x) = (Sz,x) for allx € X.

(i1): T is bounded if and only if sup{|(Tz,y)| : z,y € X with ||z| = ||ly|| = 1} is finite. In
this case, we have |T|| = sup{|(Tx,y)| : z,y € X with ||z|| = ||y|| = 1}.

Proof: Clearly, the necessary part holds in Part (i). We want to show the sufficient part
in Part (7). We assume that (T'z,x) = 0 for all x € X. Then we have

0= (T(x+1iy),x+iy) = (Tx,x) +i(Ty,z) — i(Tx,y) + (Tiy,iy) = i(Ty,x) —i(Tz,y).

Thus, we have (Ty,x) — (Tx,y) = 0 for all z,y € X. In particular, if we replace y by iy in
the equation, then we get i(T'y,z) — i(Tx,y) = 0 and hence we have (Ty,z) + (Tz,y) = 0.
Therefore we have (Tx,y) = 0.

For showing part (i), let o = sup{|(T'z,y)| : z,y € X with ||z| = ||ly|| = 1}. It suffices to
show ||T|| = a. Clearly, we have || T|| > o. We need to show ||T|| < a.

In fact, let z € X with ||z| = 1. If Ta # 0, then we take y = Tz /||Tx|. Thus, we have
|Tz|| = |(T,y)| < a, and so ||T|| < o.. The proof is complete. O

Proposition 15.3 Let T' € B(X). Then there is a unique element T* in B(X) such that

(Tx,y) = (z,T"y) (15.2)

In this case, T* is called the adjoint operator of T
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Proof: First, we show the uniqueness. Suppose that there are S, Sy in B(X) which satisfy
the Eq.15.2. Then (z, S1y) = (x, S2y) for all z,y € X. Eq.15.1 implies that S; = Ss.
Finally, we prove the existence. Note that if we fix an element y € X, define the map
fy(x) == (Tz,y) for all z € X. Then f, € X*. By applying the Riesz Representation
Theorem, there is a unique element y* € X such that (Tx,y) = (x,y*) for all x € X and
Il fyll = lly*|l. In addition, we have

[fy(@)] = [Tz, y)| < [ T][]]l|yl]

for all z,y € X and thus || fy|| < [|T|||lyll. If we put T*(y) := y*, then T satisfies the
Eq.15.2. Moreover, we have ||[T*y|| = ||y*|| = || fyl| < ||T||||y|| for all y € X. Thus, we have
T* € B(X) and ||T*|| < ||T||. Hence the operator T* is as desired. O

Remark 15.4 Let S,T : X — X be linear operators (without assuming to be bounded). If
they satisfy the Fq.15.2 above, i.e.,

(Tx,y) = (z,Sy)

for all x;y € X. Using the Closed Graph Theorem, we can show that S and T both are
automatically bounded.

In fact, let (xy,) be a sequence in X such that lim z,, = x and lim Sx,, = y for some z,y € X.
Now for any z € X, we have

(z,82) = (Tz,x) =1lim(Tz, x,) = lim(z, Sx,) = (2,9).

Thus Sx =y and hence S is bounded by the Closed Graph Theorem.
Similarly, we can also see that T is bounded.

Remark 15.5 Let T € B(X). Let T' : X* — X* be the transpose of T which is defined
by TU(f) == foT € X* for f € X* (see Proposition 4.10). Then we have the following
commutative diagram (Check!)

where Jx : X — X* is the anti-unitary given by the Riesz Representation Theorem (see
Corollary 14.10).

Proposition 15.6 Let T,S € B(X). Then we have
(i): T € B(X) and |T*|| = |[T].
(ii): The map T € B(X) — T* € B(X) is an isometric conjugate anti-isomorphism, i.e.,
(aT + BS)* =aT* + BS* forall a,€C; and (TS)" =S T

(iii): | T*T| = || T|]>.
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Proof: For Part (i), in the proof of Proposition 15.3, we have shown that || 7| < ||T]|. In
addition, the reverse inequality follows clearly from T7* =T.

The Part (i7) follows from the adjoint operators which are uniquely determined by the
Eq.15.2 above.

For Part (iii), we always have |[T*T| < ||T*|||T|| = ||T||>. For the reverse inequality, let
x € Bx. Then

|T2|? = (Ta,Tw) = (T*Tx,x) < ||T*Tx| ||| < |T*T.

Therefore, we have ||T|> < ||T*T|. O

Example 15.7 If X = C" and D = (ajj)nxn an n X n matric, then D* = (@j;)nxn. In
fact, note that
aji = (De;, e;) = (e;, D*ej) = (D*ej, €;).

Thusif we put D* = (d;j)nxn, then dij = (D*e;, e;) = aj;.

Example 15.8 Let (2(N) :={z : N — C: > 32, |2(i)|> < o0}, and put (z,y) := Zx(z)m
=0
Define the operator D € B({?(N)) (called the unilateral shift) by
Dz(i) = x(i—1)

for i € N, where we set x(—1) := 0, i.e., D(x(0),z(1),...) = (0,2(0), z(1),....).

Then D is an isometry and the adjoint operator D* is given by
D*z(i) :=x(i+1)
fori=0,1,.., i.e., D*(2(0),z(1),...) = (z(1),2(2),....).
Indeed we can directly check that
o0 o0
(Dz,y) =D w(i—y(i) =D _ =)y +1) = (z, D*y).
i=0 =0

Note that D* is NOT an isometry.

Example 15.9 Let (*°(N) = {z : N = C : sup;>¢ |[2(i)| < oo} and [|z[|e = sup;>q |[z(4)].
For each x € (>, define M, € B(£*(N)) by

My(§) :==x-¢
for € € £2(N), where (x-£)(i) := x(i)€(i); i € N.
Then | M| = ||z|lco and M} = Mz, where T(i) := z(i).

Definition 15.10 Let T' € B(X) and let I be the identity operator on X. T is said to be
(i) : selfadjoint if T* =T

(ii) : normal if T*T = TT*;
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(i1i) : unitary if T*T = TT* = 1.

Proposition 15.11 We have

(i) : Let T : X — X be a linear operator. T is a bounded linear selfadjoint operator if

and only if we have
(Tz,y) = (z,Ty) forall x,y e X. (15.3)

(ii) : T is normal if and only if ||Tx| = || T*x|| for all z € X.

Proof: The necessary part of Part (i) is clear.

Now suppose that the Eq.15.3 holds, it needs to show that T" is bounded. Indeed, it follows
immediately from Remark15.4.

For Part (i7), note that by Proposition 15.2, T" is normal if and only if (T*Tz, z) = (TT"*z, z).
Thus, Part (i) follows from

|Tz||?> = (Tx, Tz) = (T*Tz,z) = (TT*z,z) = (T*z, T*z) = | T*z|?

for all z € X. O

Remark 15.12 In Proposition 15.11(7), if the domain of 7" is replaced by dense domain,
then the conclusion does not hold. For example, let D := {z € ¢* : Y >° | |nz(n)|* < oo}
and let T'(z)(n) := nz(n) for x € D. Then D is a dense domain because the canonical basis
(en) € D. Tt is noted that 7' is unbounded on D, but (Tx,y) = (z,Ty) for all z,y € D.

Proposition 15.13 Let T € B(H). We have the following assertions.
(i) : T is selfadjoint if and only if (Txz,x) € R for all x € H.
(ii) : If T is selfadjoint, then |T|| = sup{|(Tz,x)| : x € H with ||z| = 1}.

Proof: Part (i) follows immediately from Proposition15.2.
For Part (ii), if we let a = sup{|(Tz,z)| : € H with ||z|| = 1}, then we have a < ||T'||. We
want to show the reverse inequality. T is selfadjoint, and so we can directly check that

(T(x+y)z+y) — (T(r—y),z—y)=4Re(Tx,y)

for all x,y € H. Thus if z,y € H with ||z|| = |ly]| = 1 and (T'z,y) € R, then by using the
Parallelogram Law, we have

a
(Tz,y)| < Sz +yl* + 2 = ol*) = 5= ]* + ly]*) = a. (15.4)

RS

Now for z,y € H with ||z|| = ||y|| = 1, by considering the polar form of (Tz,y) = re', the
Eq.15.4 gives ‘
(T2, y)| = |(Tz,e”y)| < a.

IT||= sup |(Tx,y)|, and so we have | T|| < a. The proof is complete. O
llzll=llyll=1
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Proposition 15.14 Let T € B(X). Then we have
ker T = (imT*)t  and (ker T)* = imT*
where im1" denotes the image of T.

Proof: The first equality follows clearly from x € ker T"if and only if 0 = (T'z, z) = (z,T%2)
for all z € X.

On the other hand, it is clear that we have M+ = M for any subspace M of X. This,
together with the first equality and Corollary14.7, gives immediately the second equality.
O

Proposition 15.15 Let X be a Hilbert space. Let M and N be the closed subspaces of X
such that
X=Me&N  ............ (%)

Let Q : X — X be the projection along the decomposition (x) with im @Q = M (note
that Q is bounded by Proposition 11.1). Then N = M~ (and hence (x) is the orthogonal
decomposition of X with respect to M) if and only if Q satisfies the conditions: Q* = Q
and Q* = Q. In this case, Q is called the orthogonal projection (or projection for simply)
with respect to M .

Proof: Now if N = M, then for y,y' € M and z,2 € N, we have

Qy+2),y+2)=wy)=Ww+2QW +7)).

Thus@* = Q.

The converse of the last statement follows immediately from Proposition 15.14 because
ker@Q = N and im@Q = M.

The proof is complete. O

Proposition 15.16 When X is a Hilbert space, we put M the set of all closed subspaces
of X and P the set of all orthogonal projections on X. Now for each M € M, let Py be the
corresponding projection with respect to the orthogonal decomposition X = M & M~*. Then
there is an one-one correspondence between M and P which is defined by

MeMw— Py e
Furthermore, if M, N € M, then we have
(i) : M C N if and only if PyyPn = PyPy = Py
(i) : M LN if and only if PpyPny = PnPy = 0.

Proof: Using Proposition 15.15, we note that Py € P.

Indeed the inverse of the correspondence is given by the following. If we let Q € P and
M = Q(X), then M is closed. In addition, clearly we have X = Q(X) & (I — Q)X with
Mt = (I — Q)X. Hence M is the corresponding closed subspace of X, i.e., M € M and
Py =Q.

For the final assertion, Part (i) and (iz) follow immediately from the orthogonal decompo-
sitions X = M & M+ = N @ N+ and together with the fact that M C N if and only if
Nt C Mt O
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16 Spectral Theory 1

Definition 16.1 Let E be a normed space and let T € B(E). The spectrum of T', denoted
by o(T), is defined by

o(T):={A e C: T — X is not invertible in B(E)}.

Remark 16.2 More precisely, for a normed space E, an operator T' € B(F) is said to
be invertible in B(E) if T is an linear isomorphism and the inverse 7! is also bounded.
However, if E is complete, the Open Mapping Theorem assures that the inverse 77! is
bounded automatically. Thus if F is a Banach space and T' € B(E), then \ ¢ o(T) if and
only if T'— X :=T — A is an linear isomorphism. Thus, A lies in the spectrum o(7T) if and
only if T'— X is either not one-one or not surjective.

In particular, if there is a non-zero element v € X such that Tv = Av, then A € o(T') and
A is called an eigenvalue of T with eigenvector v.

In addition, we write o,(T) for the set of all eigenvalue of T" and call ¢,(T") the point
spectrum.

Example 16.3 Let E = C" and T = (aij)nxn € Mn(C). Then X € o(T) if and only if A
is an eigenvalue of T and thus o(T) = op(T).

Example 16.4 Let E = (coo(N), | - |loo) (note that coo(N) is not a Banach space). Define
the map T : coo(N) — coo(N) by

for x € cpo(N) and ¢ € N.
Then T is bounded, in fact, || Tx||c < ||Z]|co for all z € coo(N).
On the other hand, we note that if A € C and x € cpo(N), then

1

(T — Nz(k) = (m -

From this we see that o,(T) = {1, 3, %, ...}. In addition, if A ¢ {1, 3, %, ...}, then T'— X\ is

an linear isomorphism and its inverse is given by
1

(T =N "a(k) = (m -

Nl (k).
Thus, (T — A\)~! is unbounded if A = 0,50 0 € (7).
Besides, if A ¢ {0,1,3,1 ..}, then (T — A\)~! is bounded. In fact, if A = a +ib # 0, for

O RERE]
—al? + |b> > 0 because A ¢ {1, %, %, ...}. This gives

,b € R, th = mi
a en 7 mkm‘l—i—k

Proposition 16.5 Let E be a Banach space and T € B(FE). Then
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(i) : I —T is invertible in B(E) whenever |T|| < 1.
(it) : If N[ > [|T|, then X & o(T).
(i1i) : o(T) is a compact subset of C.

(iv) : If we let GL(E) the set of all invertible elements in B(E), then GL(E) is an open
subset of B(E) with respect to the || - ||-topology. Moreover, the map T € GL(E) —
T-! € GL(E) is continuous in the norm-topology.

Proof: Note that since B(FE) is complete, Part (i) follows immediately from the following
equality.
I-TYI+T+T*+-----. +TNY=1-TN

for all N € N.

For Part (i), if [A| > ||T||, then by Part (i) , we see that I — 1T is invertible and so is
Al — T'. This implies A ¢ o(T).

For Part (iii), since o(T") is bounded by Part (ii), we need to show that o(7") is closed.
Let ¢ € C\ o(T). We need to find r > 0 such that pu ¢ o(T) as |u — ¢| < r. Note
that since T — ¢ is invertible, then for p € C, we have T —y = (T'—¢) — (p —¢) =
(T —e)(I — (p — ¢)(T — ¢)~1). Therefore, if [|(u — c)(lT - < 1, then T — p is

invertible by Part (¢). Thus, if we take 0 < r < ——————— then r is as desired, i.e.,

(T =)~
B(e,r) € C\ o(T). Hence o(T) is closed.
For the last assertion, let T € GL(E). Note that for any S € B(E), we have S = S —
T+T=T01-T YT —-29)). Thus, if 1 — T~YT — S) is invertible, then so is S. Using
Part (), if |7 — 8| < 1/|T7Y|, then 1 — T~Y(T — S) is invertible. Therefore we have
B(T, = lH) C GL(E).
Finally, we show the inverse map is continuous. It suffices to show that if (7},) is a sequence
in GL(E) so that T, — I, then T,;! — 1. Note that if |T;, — 1|] < 1/2, then T,;! =
> o(1 = T,)*, hence, we may assume that (7, 1) is uniformly bounded by 2. Therefore

1T =1 < 1T M T = 1 < 20T = 1))

The proof is complete. U

Corollary 16.6 If U is a unitary operator on a Hilbert space X, then o(U) C {\ € C :
A =1}

Proof: Since |[U|| =1, we have o(U) C {\ € C: |A| < 1} by Proposition 16.5(ii).
Now if [A| < 1, then ||AU*|| < 1. By using Proposition 16.5 again, we have I — A\U* is
invertible. This implies that U — A = U(I — AU™) is invertible and thus \ ¢ o(U). O

Example 16.7 Let E = (?(N) and let D € B(E) be the right unilateral shift operator as
in Examplel5.8. Recall that Dz(k) := z(k — 1) for k € N and z(—1) := 0. Then o,(D) =0
and o(D) ={A e C: |\ <1}

We first claim that o,(D) = 0.

Suppose that A € C and z € £2(N) satisfy the equation Dx = Az. Then by the definition of
D, we have

wlk—1) = dx(k)  eeeeeee (%)
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for all k£ € N.

If X # 0, then we have x(k) = A\~ txy_; for all k € N. Since z(—1) = 0, this forces z(k) = 0
for all 7, i.e., x = 0 in £*(N).

On the other hand if A = 0, the Eq.(x) gives z(k — 1) = 0 for all k£ and so x = 0 again.
Therefore o,(D) = 0.

Finally, we are going to show (D) = {A € C:|\| < 1}.

Note that since D is an isometry, ||D|| = 1. Proposition 16.5 tells us that

(D) C e C: |\ <1}

Note that since o, (D) is empty, it suffices to show that D — 1 is not surjective for all y € C
with |u| < 1.

Now suppose that there is A € C with |[A| < 1 such that D — A is surjective.

We consider the case where |A| = 1 first.

Let e; = (1,0,0,...) € £2(N). Then by the assumption, there is € ¢2(N) such that
(D — X)z = €1 and thus Dx = Az + e;. This implies that

z(k —1) = Dz(k) = \x(k) + e1 (k)

for all k& € N. From this we have 2(0) = —A~! and x(k) = —A"%2(0) for all k& > 1
because e1(0) = 1 and e1(k) = 0 for all £ > 1. Moreover, since |A\| = 1, it turns out that
|z(0)| = |z (k)| for all k > 1. As x € ¢3(N), this forces z = 0. However, it is absurd because
Dx = Az + ey.

Now we consider the case where |A| < 1.

By Proposition 15.14, we have

im(D — A = ker(D — A)* = ker(D* — X).

Thus if D — X is surjective, we have ker(D* — \) = (0) and hence \ ¢ o,(D*).
Note that the adjoint D* of D is given by the left shift operator, i.e.,

D*z(k) =a(k+1)  ceeeeeee ()

for all £ € N.
Now when D*z = px for some p € C and = € ¢2(N), by using Eq.(**), which is equivalent
to saying that

z(k+1) = px(k)

for all k € N. Therefore, if [A| = [A\| <1 and we set z(0) = 1 and z(k + 1) = Xka:(()) for all
k > 1, then z € (?(N) and D*z = Az. Hence A € 0,(D*) which leads to a contradiction.
The proof is complete.

17 Spectral Theory II

Throughout this section, let H be a complex Hilbert space.

Lemma 17.1 Let T' € B(H) be a normal operator (recall that T*T = TT*). Then T is
invertible in B(H) if and only if there is ¢ > 0 such that ||Tz|| > c||z|| for all x € H.
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Proof: The necessary part is obvious.

Now we want to show the converse. We first show the case where T is selfadjoint. Clearly,
T is injective from the assumption. By the Open Mapping Theorem, we need to show that
T is surjective.

In fact since ker T = #mT*~ and T = T*, we see that the image of T is dense in H.

Now if y € H, then there is a sequence (x,) in H such that Tz, — y. Thus, (Tz,)
is a Cauchy sequence. From this and the assumption give us that (x,) is also a Cauchy
sequence. If x, converges to x € H, then y = T'z. Therefore the assertion is true when T
is selfadjoint.

Now if T is normal, then we have ||T*z| = ||[Tx| > c||z| for all x € H by Proposition
15.11(44). Therefore, we have |T*Tz| > c||[Tx| > c?||z|. Hence T*T still satisfies the
assumption. Note that T*T is selfadjoint. Therefore, we can apply the previous case to
know that T*T is invertible. This implies that T is also invertible because T*T = TT*.
The proof is complete. O

Definition 17.2 LetT € B(X). We say that T is positive, denoted by T > 0, if (Tx,z) >0
forallxz € H.

Remark 17.3 Clearly, a positive operator is selfadjoint by Proposition 15.13.
In particular, all projections are positive.

Proposition 17.4 Let T € B(H). We have
(i) : If T >0, then T + I is invertible.
(ii) : If T is self-adjoint, then o(T) C R. In particular, if T > 0, we have o(T) C [0, c0).
Proof: For Part (i), we assume that 7' > 0. This implies that
(T +T)el? = ol + Tl + 2Tz, ) ol

for all x € H. Thus, the invertibility of I + T follows from Lemma 17.1.

For Part (ii), we first claim that T+ ¢ is invertible. Indeed, it follows immediately from
(T +4)*(T +1i) = T? + I and Part (3).

Now if A = a +ib where a,b € R with b # 0, then T — A = —b(32(T — a) + 4) is invertible
because (T — a) is selfadjoint. Thus, o(T") C R.

Finally we want to show o(7") C [0,00) when T" > 0. Note that since o(T") C R, it suffices to
show that T'—c is invertible if ¢ < 0. Indeed, if ¢ < 0, then we see that T—c = —c(I+(=2T))
is invertible by the previous assertion because %IT > 0.

The proof is complete. U

Remark 17.5 In Proposition 17.4, we have shown that if 7" is selfadjoint, then o(7") C R.
However, the converse does not hold. For example, consider H = C? and

(01
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Theorem 17.6 Let T € B(H) be a selfadjoint operator. Put

M(T) := sup (Tz,xz) and m(T)= ||iﬁlf1(Tx7$).
[lz]|=1 =

For convenience, we also write M = M(T) and m = m(T) if there is no confusion.
Then we have

(1) : ||} = max{|m], |M]}.
(ii) : {m, M} C o(T).
(i1i) : o(T) C [m, M].

Proof: Note that m and M are well defined because (T'z,x) is real for all z € H by
Proposition 15.13 (ii). In addition, Part(i) can be obtained by using Lemma 15.13 (i7)
again.

For Part (ii), we first claim that M € o(T") if T > 0. Note that 0 < m < M = ||T|| in this
case by Lemma 15.13. Then there is a sequence (z,) in H with ||z,|| = 1 for all n such that
(Txp,zn) = M = ||T||. Then we have

(T — M)z, |? = | Tzn|? + M?||2p|? — 2M (T2, ) < ||T||J> + M? — 2M (T, ) — 0.

Hence, by Lemma 17.1 we have shown that 7' — M is not invertible and hence M € o(T) if
T > 0.

Now for any selfadjoint operator T if we consider T'— m, then T'— m > 0. Thus we have
M —m = M(T —m) € o(T —m) by the previous case. Clearly, we have o(T —¢) = o(T)—c
for all ¢ € C. Therefore we have M € o(T') for any self-adjoint operator.

We claim that that m(T") € o(T'). Note that M (—T) = —m(T'). Thus, we have —m(T) €
o(=T). Tt is clear that o(—=T) = —o(T). Then m(T) € o(T).

Finally, we want to show o(7T") C [m, M].

Indeed, since T'—m > 0, then by Proposition 17.4, we have o(T') —m = o(T —m) C [0, 00).
This gives o(T") C [m, o0).

On the other hand, we consider M —T > 0. Then we get M —o(T) = o(M —T) C [0, 00).
This implies that o(T") C (—oo, M]. The proof is complete. O

18 Appendix: o(T) # ()

Let X be a complex Banach space. In this appendix, we will show that the spectrum o (7T')
is non-empty for any 7' € B(X).

First we recall some basic result in Complex Analysis. Students can refer to any standard
text book of Complex Analysis, see for example [1].

A function g : C — C is called an entire function if g is differentiable on C, i.e., the following

limit exists for all c € C
g/(c) — lim g(Z) - g(C)

z—cC z2—cC
The following result is one of important properties of entire functions (see [1, p.122]).
Theorem 18.1 Liouville’s Theorem Fvery bounded entire function is a constant func-

tion.
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Theorem 18.2 Using the notion as before, let T € B(X). Then the spectrum o(T) # (.

Proof: Assume that o(T) = 0. Fix f € B(X)*, define the map g(z) := f((z = T)7!)
is defined for all z € C. Note that g is continuous on C by considering the composition
AeC—A—T+w— (A\—T)"! € B(X) and using Proposition 16.5 (iv). Moreover, we have
lim, o |g(2)| = 0. Thus, g is a bounded function on C. On the other hand, if we fix a
point ¢ € C, then we see that

gz —gle)

e ()]
Therefore, g is a bounded entire function. By the Liouville’s Theorem, f((z — T)71) is
a constant function on C. Then the Hahn-Banach Theorem implies that the function
z€Cwr (z—T)"! € B(X) is constant on C. It leads to a contradiction. O

19 Compact operators on a Hilbert space

Throughout this section, let H be a complex Hilbert space.

Definition 19.1 A linear operator T : H — H is said to be compact if for every bounded
sequence () in H, (T'(xy)) has a norm convergent subsequence.

Write K(H) for the set of all compact operators on H and K (H ), for the set of all compact
selfadjoint operators.

Remark 19.2 Let U be the closed unit ball of H. Clearly, T is compact if and only if the
norm closure T'(U) is a compact subset of H. Thus if T is compact, then 7" is bounded
automatically because every compact set is bounded. In particular, if 7" has finite rank,
that is dim @mT < oo, then T' must be compact because every closed and bounded subset
of a finite dimensional normed space is compact. In addition, clearly we have the following
result.

Proposition 19.3 The identity operator I : H — H is compact if and only if dim H < oco.

Example 19.4 Let H = (*({1,2...}). Define Txz(k) := @ for k = 1,2.... Then T is

compact.

In fact, if we let (x,,) be a bounded sequence in €%, then by the diagonal argument, we can

find a subsequence Y, := Txm, of Tk, such that li_r>n ym (k) = y(k) exists for all k =1,2...
m—0o0

Let L := sup,, |, ||3. Since |ym (k)|* < k—LQ for allm, k, we havey € £2. Now let ¢ > 0. Then
one can find a positive integer N such that ZkZN 4L/K* < €. Thus we have

4L
I CRTCED DE-
k>N k>N
for all m. On the other hand, since liﬁm ym(k) = y(k) for all k, we can choose a positive

integer M such that
N-1

lym (k) —y(k)[* <&
k=1

54



for allm > M. Finally, we have ||ym — yl|3 < 2 for all m > M.

Theorem 19.5 Let T' € B(H). Then T is compact if and only if T maps every weakly
convergent sequence in H to a norm convergent sequence.

Proof: We first assume that 7" € K(H). Let (z,,) be a weakly convergent sequence in
H. Since H is reflexive, (z,,) is bounded by the Uniform Boundedness Theorem. Thus we
can find a subsequence (x;) of (z,,) such that (T'z;) is norm convergent. Let y := lim; T'x;.
We claim that y = lim,, T'z,,. Suppose that y # lim, T'x,,. Then by the compactness of T’
again, we can find a subsequence (x;) of (x,) such that Tx; converges to y' with y # v'.
Thus there is z € H such that (y,2) # (v, z). On the other hand, if we let x be the weakly
limit of (z,), then (zn,w) = (x,w) for all w € H. Thus we have
(5:2) = (T, 2) = lin(ay, T*(2) = (@, 7°2) = (T, 2)

Similarly, we also have (v/,2) = (T'x, z) and hence (y,2) = (¥, z) that contradicts to the
choice of z.

For the converse, let (z;,,) be a bounded sequence. Then by Theorem 14.12, (z,,) has a
weakly convergent subsequence. Thus T'(x,) has a norm convergent subsequence by the
assumption. Thus 7T is compact. d

Proposition 19.6 Let S,T € K(H). Then we have
(i) : aS+ BT € K(H) for all o, € C;
(ii) : TQ and QT € K(H) for all Q in B(H);
(i) : T* € K(H).
Moreover K(H) is normed closed in B(H), and hence K(H) is a closed *-ideal of B(H).

Proof: (i) and (ii) are clear.
For property (iii), let (z,,) be a bounded sequence. Then (7™z,) is also bounded. Thus
TT*z, has a convergent subsequence 77z, by the compactness of T'. Note that we have

”T*xnk - T*xan2 = (TT*(xnk: - $nl)7$nk - xnz)

for all ny,n;. This implies that (T, ) is a Cauchy sequence and thus is convergent.
Finally we want to show that K(H) is closed. Let (7,,) be a sequence in K(H) such that
T, — T in norm. Let (z,) be a bounded sequence in H. Then by the diagonal argument
there is a subsequence (x, ) of (z,) such that lilgn Tinn, exists for all m. Now let ¢ > 0.
Since lim,, T,, = T, there is a positive integer N such that ||T'— Ty|| < e. On the other
hand, there is a positive integer K such that ||Tnxxp, — TNy, || < € for all k, k" > K. Thus
we can now have

|70, — Ty | < 1T 20, — Tnaa, || + 1T, — Tnn |l + [T, — Tan, | < (L + 1)

for all k, k' > K where L := sup,, ||y||. Thus limy T'z,, exists. We can now conclude that
T e K(H). O
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Example 19.7 Let k(z,w) € C(T x T). Define an operator T : L*(T) — L?(T) by
TE(2) :—/k(z,w)f(w)dw
T

for z € T and ¢ € L*(T). Then T is a compact operator.

Proof: Clearly, we have ||T|| < ||k||co. On the other hand, Stone-Weiestrass Theorem tells
us the polynomials of (z, Z;w,w) are | - ||oo-dense in C(T x T). Therefore, by using Propo-
sition 19.6, it suffices to show for the case k(z,w) = Zgjzl aij(z, Z)w'w? where a;;(z,2) is
a polynomial of (z, Z) of degree N. From this, we have

N . .
z) Z5:161](2’ z)/Tw w! E(w)dw

for ¢ € L?(T). Thus, T(¢) € span{z'z’ : 0 < i,j < N} which is of finite dimension for all
¢ € L*(T). This implies that T has finite dimensional range and thus, T is compact. The
proof is complete. 0

Corollary 19.8 Let T € K(H). If dim H = oo, then 0 € o(T).

Proof: Suppose that 0 ¢ o(T). Then T~ exists in B(H). Proposition 19.6 gives I =
TT-' € K(H). This implies dim H < oo. O

Proposition 19.9 Let T € K(H) and let ¢ € C with ¢ # 0. Then T —c has a closed range.

1 1
Proof: Note that T € K(H). Thus if we consider fT I, we may assume that ¢ = 1. Let

S=T-—1. Let (xn) be a sequence in H such that an — x € H in norm. By considering
the orthogonal decomposition H = ker S @ (ker S ) , we write x, = y, @© z, for y, € ker S
and z, € (ker S)*. We first claim that (2,) is bounded. Suppose that (z,) is unbounded.
By considering a subsequence of (z,), we may assume that we may assume that ||z, || — co.

ﬁ (ker S) Since Sz, = Sz, — x, we have Sv,, — 0. On the other hand,

since T' is compact, and (v,) is bounded, by passing a subsequence of (v,), we may also
assume that Tv, — w. Since S =T -1, v, = Tv, — Sv, > w—0=w € (kerS)J-.
In addition from this we have Sv,, — Sw. On the other hand, we have Sw = lim,, Sv,, =
lim,, T, —lim,, v, = w—w = 0. Thus w € ker SN (ker S)*. It follows that w = 0. However,
since v, — w and ||v,|| = 1 for all n. It leads to a contradiction. Thus (z,) is bounded.
Finally we are going to show that x € imS. Now since (z,) is bounded, (T'z,) has a
convergent subsequence (T'zy,, ). Let limy T'z,, = z. Then we have

Put v, :=

Zny, = Szny, — Tan, = Sty — T2y, — 2 — 2.

It follows that z = limy, Sz, = limy Sz,, = S(x — 2) € imS. The proof is complete. O]

Theorem 19.10 Fredholm Alternative Theorem : Let T € K(H)s, and let0 # X\ € C.
Then T — X is injective if and only if T — X is surjective.
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Proof: Since T is selfadjoint, o(T) C R. Thus if A € C\ R, then 7" — X is invertible. Thus
the result holds automatically.

Now consider the case A € R\ {0}.

Then T — X is also selfadjoint. From this and Proposition 15.14, we have ker(T' — \) =
(im(T — M)+ and (ker(T — X))+ = im(T — \).

Thus the proof is complete immediately by using Proposition 19.9. g

Corollary 19.11 Let T € K(H)sq. Then we have o(T)\ {0} = o,(T) \ {0}. Consequently
if the values m(T) and M(T) which are defined in Theorem 17.6 are non-zero, then both
are the eigenvalues of T' and ||T|| = max |A].

Xeop(T)
Proof: It follows immediately from the Fredholm Alternative Theorem. This, together
with Theorem 17.6, implies the last assertion. U

Example 19.12 Let T € B(¢?) be defined as in Example 19.4. We have shown that T €
K(¢?) and T is selfadjoint. Then by Corollary 19.11 and Corollary 19.8, we see that o(T) =

{0,1,3,%, ...}

Lemma 19.13 Let T € K(H)s, and let Ey :={x € H : Tz = Az} for A € o(T)\ {0}, that
1s the eigenspace of T corresponding to A. Then dim E) < oo.

Proof: It is because the restriction T|E) : Ex — E) is also a compact operator on Ej,
then dim F) < oo for all A € o(T") \ {0} = 0,,(T") \ {0}. O

Theorem 19.14 Let T € K(H)s,. Suppose that dim H = oo. Then o(T) = {\¢ : k =
1,..,N}U{0}, where 1 < N < oo and (\,) is a sequence of non-zero real numbers with
M| > |Aa] > -+ and \; # A for i # 5. Moreover, if (\,) is an infinite sequence, then
[Anl 40

Proof: Note that since dim H = 00, 0 € ¢(T"). In addition we have ||T'|| = max(|M (T)|, |m(T)|)
and o(T) \ {0} = 0,(T') \ {0}. Thus by Corollary 19.11, there is |\| = )\ma()%) Al = ||T]|-
E€op

Since dim F)y, < oo, then E)J\-1 # 0. By considering the restriction of T3 := T\Ei‘l, if To # 0,
then there is 0 # [A2| = maxye,,(1y) [A| = [|T2]]. Note that Ay € op(T) and |[A2| < [Aq]
because ||T2|| < ||T||. To repeat the same step, if T4 = 0 for some N, then 0 € o,(T).
Otherwise, we can get an infinite sequence (\,) such that (|\,|) is decreasing.

Now we claim that if (A,) is an infinite sequence, then lim,, |A,| = 0.

Otherwise, there is 7 > 0 such that |\,| > 7 for all n. If we let v,, € E), with ||v,|| = 1 for all
n. Note that since dim H = oo and dim E) < oo, for any A € 0,(T) \ {0}, there are infinite
many A,’s. Then w,, := ﬁvn is a bounded sequence and ||Tw, —Twp,||* = [[vn —vm|]? = 2
for m # n. This is a contradiction since T' is compact. Thus lim,, |A,| = 0.

Finally we need to check o(7T") = {A1, A2, ...} U{0}.

In fact, let p € 0,(T). Since |A| = ||T]| > |pl, [Am+1] < |p| < [Am]. Note that we have
E,1Eg for o and 8 in 0,(T) with o # 5. Then by the construction of A,’s, we have
= Apm. For example, if [Ao| < |p| < |Ai| and p # Aq, then E, 1 Ey,. Hence, we have
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E, C (Ey,)*. Then by the construction of Ag, that is [Ae| = ||T2|| > |u| which leads to a
contradiction. Thus, if |A2| < |u| < |A1], then = A;. The proof is complete. O

Theorem 19.15 Let T € K(H)s, and let (A\,))_;, (1 < N < 00), be a sequence of given
as in Theorem 19.14. For each X € o,(T) \ {0}, put d(\) := dimE\ < oco. Let {ey; :
i =1,...,d(\)} be an orthonormal basis for Ex. Then we have the following orthogonal
decomposition:

N
H=%erT®DE;,. (19.1)

n=1

Moreover B := {ex; : A € 0p,(T) \ {0};i = 1,..,d(N)} forms an orthonormal basis of T(H),

and we have
N d(An
= Z Z (@, ex,.i)en,.i (19.2)
n=1 =1

forallx € H.
o0
In addition, if N = oo, then the series Z/\"P” norm converges to T, where P, is the
n=1
d(An)
orthogonal projection from H onto E,, that is, Py(x) = Z (x,ex,.i)exn, i, for x € H.
i=1

Proof: Put F = EBgzl E,,. Clearly, we have ker T C E+. On the other hand, if the
restriction Ty := T|E+ # 0, then there exists an non—zero element p € 0,(Ty) C o,(T)
because Ty € K(E™). It is absurd because p # + for all i. Thus T|E+ = 0 and hence
E+ C kerT. Therefore, we have the decomposmon (19.1). Moreover, from this we see
that the family B forms an orthonormal basis of (ker 7)*. On the other hand, we have
(ker T)* = imT* = imT. Therefore, B is an orthonormal basis for T'(H) and Equation
19.2 follows.

For the last assertion, it needs to show that the series 22021 An Py, converges to T in norm.
Note that if we put Sy, := > " | A, P,, then by the decomposition (19.1), nlgnoo Smr =Tz
for all z € H. Thus it suffices to show that (S5,,)>°_; is a Cauchy sequence in B(H). In fact
we have

A1 Pogr + -0 - + Anap Prpll = (A1l

for all m,p € N because E), LE)  for m # n and |\,| is decreasing. This gives that (.S,)
is a Cauchy sequence since |\,| | 0 as N = co. The proof is complete. O

Corollary 19.16 T € K(H) if and only if T can be approzimated by finite rank operators.

Proof: The sufficient condition follows immediately from Proposition 19.6.
Conversely, for a general compact operator T', we can consider the decomposition:

1 1
T=-(T+T" (—(T —T7)).
ST+ T) il (T~ T)
Note that Re(T) := &(T + T*) (call the real part of T) and Im(T) := 5-(T — T*) (call the

imaginary part of T') both are the self-adjoint compact operators. From this, we see that
the T' can be approximated by finite ranks operators by using Theorem 19.15. ]
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20 Unbounded operators

Throughout this section, let H be a complex Hilbert space. An operator 7' on H means
that T is a linear operator defined in a vector subspace of T' (it is not necessarily bounded).
We write D(T) for the domain of 7. We say that T" is densely defined if the domain D(T")
is dense in H. An operators S is said to be an extension of T'if D(T') C D(S) and Sz =Tz
for all z € D(T'), denoted it by T' C S.

In addition, if T" and S are operators on H, then we naturally define the domains of the
following operations.

(i) D(T+ S) :=D(T)Nn D(S).
(ii) D(SoT):={zxe D(T):Tx € D(S)}.

Definition 20.1 Let T be a densely defined operator on H. Put
D(T*) :={y € H: thereis z € H such that (Tz,y) = (z,2) for all x € D(T)}.

Clearly, D(T™*) is a vector subspace of H. In addition, since T is densely defined, for each
element y € D(T*), there is a unique element in H, denoted it by T™y, satisfying

(Tz,y) = (z,T"y)

for all x € D(T). We call T* the adjoint operator of T.
We call an operator T'" symmetric (resp. self-adjoint) if T C T* (resp. T =T%).
Note that T is symmetric if and only if we have

(va y) - (1‘, Ty)

for all x,y € D(T).

Proposition 20.2 Let S, T be the operators on H. Assume that T, S and ST are densely
defined. Then T*S* C (ST)*.

Proof: We first claim that 7%S* C (ST)*. Let x € D(ST) and y € D(T*S*). Then S*y
is defined and S*y € D(T™). Since z € D(ST') we have z €C D(T') and Tx € D(S). Thus
we have

(8T, y) = (T, S™y) = (x,T"5"y).
This implies that y € D(ST)*) and (ST)*(y) = T*S*y and hence T*S* C (ST)*. O

Example 20.3 First we recall that a function f : [a,b] — C is called an indefinite integral
if there is an element ¢ € L'[a,b] such that

for allz € [a,b], where dt is the Lebesgue measure on [a,b]. In this case we have f'(x) = p(z)
almost everywhere in (a,b).
Let

D :={f:[a,b] = C: f is an indefinite integral with f(a) = f(b) and f' € L*[a,b]}.
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Note that D is dense subspace of L?[a,b]. Define an operator T with D(T) = D by
Tf :=if'

for f € D. We claim that T is self-adjoint. The proof is divided by several steps.
Claim 1: T C T*.
In fact, let f,g € D. Then we have

b
G%mz/ﬁﬁMWt

b
—/mwmw
@ (20.1)

b
:mm@m4/ﬂwwﬁ
b
=/fwwmﬁ=mw>

Therefore, the Claim 1 follows. Next we want to show D(T*) C D(T).
Let g € D(T*). Put ¢ := T*g € L*[a,b]. Note that varphi € L'[a,b] because L?[a,b] C
L'[a,b]. Thus, ®(z) := [’ @(t)dt for x € [a,b] is an indefinite integral of .
Claim 2: There is a constant ¢ so that g(t) = i®(t) + ¢ for all t € [a,b]. Note that for any
f € D, we have

(Tf,9) = (f,T"9)

b

From this if we take f =1 € D in above, then ®(b) = 0. Therefore, we have

b L b L
/iﬂwwﬁz/fwﬂwt

for all f € D. This implies that (g — i®) Lim(T). If we let 1 € L?[a,b] be the function of
constant one in [a,b], then we have

b
11,0 = [ i 0= i(50) - (@) =0

for all f € D, hence C1Lim(T). On the other hand, note that for any & € L?[a,b] if we
put & = € — [PE(t)dt € L2[a,b], then [* & (t)dt = 0. Let h(z) =i [* & (t)dt. Then h € D
and Th = &. Therefore, we have L*[a,b] = C1 + im(T) and hence we have the orthogonal
decomposition L?[a,b] = C1 @ im(T). In particular, (im(T))* = C1. This implies that
g —i® = c for some constant c. Then ¢’ =i®' =ip € L?[a,b], so g is an indefinite integral
because g' € L'[a,b]. Moreover, we see that g(b) = g(a) = ¢ because ®(b) = ®(a)0. We can
now conclude that g € D. The proof is complete.
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Example 20.4 Using the notation as in Example 20.3, we let

Dy = {f €D f(a) = f(b) = 0}.
Then D; is dense subspace of L?[a,b]. Define Ty : D1 — L?[a,b] by

T f=if

for f € Dy. Then Ty is symmetric but it is not self-adjoint.

By using the similar calculation as in Eq 20.1 in Example 20.3 above, we see that Th C T7.
Let Dy == {f : [a,b] — C : f is an indefinite integral and f' € L?a,b] }. Then Dy C
D(TY). In fact, let f € D1 and g € Da, using the same argument as in Eq 20.1 again, we
have

(Tif.g) = if (1) |b—z/f F0dt = /f WO dt = (£, Toy)

because f(a) = f(b) = 0, where To(g) := ig’ for g € Da. Therefore D(Ty) C D(TY) since
D(Th) = D1 € Ds. The proof is complete.

Definition 20.5 An operator T on H is said to be closed if its graph of T, denoted it by
G(T) :={(z,Tx) € Hx H : x € D(T)}, is closed in H x H. More precisely, if (xy) is a
sequence in D(T) such that x,, = x and Tx,, — y, then x € D(T) and Tz = y.

DeﬁneanoperatorV:HXH—>H><Hby V(z, ):— x) for (z,y) € H x H.
Then (V(z,y),V(2',y)) = ((x,y), (2/,y")) for all (z,y) and (2’,y’) in H x H and hence, the
operator preserves the orthogonality on H x H.

Proposition 20.6 Using the notation as above, let T' be a densely operator on H. Then
G(T*) = (V(G(T)))*. Consequently, the adjoint operator T* is closed. In particular, if T
is self-adjoint, then T is closed.

Proof: Note that for z € D(T*) and y € D(T'), we have ((x, T*z),V (y,Ty)) = 0 Therefore,
we have G(T*) C (V(G(T)))*. On the other hand, if (u,v)L(—~Ty,y) for all y € D(T).
Then we have (v,y) = (u,Ty) and hence, u € D(T*) and T*u = v. Therefore, (u,v) €
G(T*). The proof is complete. O

Proposition 20.7 Let T be a symmetric operator on H. Then the following statements
are equivalent.

(i) T is self-adjoint.
(ii) T is closed and ker(T* +1i) = {0}.
(i#i) im(T +1) = H.

Proof: For (i) = (ii), assume that T is self-adjoint. Then by Proposition 20.6, T' is
closed. Next we show ker(T™ — i) = {0}. Let y € D(T* such that T*y = dy. Since
D(T) = D(T*), we have i(y,y) = (Ty,y) = (z,T*y) = —i(z,y). Thus, y = 0. Similarly, we
have ker(T™* + 1) = {0}.

For (i1) = (iii), we first claim that ¢m (T + i) is dense in H. Let zLlim(T + i). Then
2L (T + i)z for all x € D(T), and thus we have (T'z,z) = (z,—iz). This implies that
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z € D(T*) and T*z = —iz. Thus, z € ker(T* + i), so z = 0. Therefore, it suffices to show
that im(T — i) is closed. Let (z,) be a sequence in D(T') such that lim(T" —4)x,, = y. Since
T is symmetric, we have

1T (2 — 2n) — i(zm — ﬁvn)Hz = ||T(zm — xn)Hz + [(@m — xn)HQ

for all m,n. From this we see that u := lim z,, and v := lim T'z,, both exist. T is closed by
the assumption, so u € D(T') and Tu = v. Therefore, we have

y =lm(Tx, —iz,) =v —iu= (T —i)u € im(T — 7).
Hence im(T' — i) = H. Similarly, we have im(T + i) = H.
For the last implication (4ii) = (¢), since T" C T, we need to show that D(T™*) C D(T).
Let uw € D(T™). Since im(T — i) = H, there is an element v € D(T) such that
(T —i)v=(T" —i)u.

Since T' C T*, we have (T — i)v = (T* — i)v, thus, v — u € ker(T™* — ). Then for any
z € D(T), we have

(T +)z,0 =) = (2, (T + )" (v —u) = (=, (T = i) (v — ) = 0.

im(T + i) = H by assumption, so u = v € D(T'). The proof is complete. O

Proposition 20.8 Let T be a symmetric operator on H. Then there is the smallest closed
extension of T, denoted it by T. We call T the closure of T. In addition, G(T) = G(T)
and T = T**.

Proof: Let D(T) := {z € H : (x,y) € G(T) for some y € H}. We first note for each

element © € D(T), there is a unique element y € H so that (x,y) € G(T). In fact, if

(z,y) € G(T), there is a sequence (z,) in D(T) such that limz,, = = and lim Tz, = y.
Note that for any u € D(T), since T is symmetric, we have

(Tu,z) = im(Tu, x,) = lim(u, Tx,) = (u,y).

Therefore, y is uniquely determined by = because D(T) is dense in H. Hence, we can define
Tx =y for x € D(T). Clearly, we have G(T) = G(T) by the construction of T, and hence
T is closed. Moreover, we can directly show that T is the smallest closed extension of 7.

For the last assertion, since T' C T%, T* is densely defined, so T** := (T™)* is defined. Since

V2 = —J and V is an isometry and an orthogonal preserver, by using Proposition 20.6, we
have
G(T™) = [VG(T)]*

= V[G(T*)"]

= VIV(G(T))]

= V*(G(T))

— G(T).
Thus, T = T**. O
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