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Introduction

These notes are an expanded version of a set written for a course given to final-year
undergraduates at the University of Oxford.

A thorough understanding of the Oxford third-year b4 analysis course (an introduction
to Banach and Hilbert spaces) or its equivalent is a prerequisite for this material. We
use [24] as a compendium of results from that series of lectures. (Numbers in square
brackets refer to items in the bibliography.)

The author acknowledges his debt to all those from whom he has learnt functional
analysis, especially Professor D. A. Edwards, Dr G. R. Allen and Dr J. M. Lindsay. The
students attending the course were very helpful, especially Mr A. Evseev, Mr L. Taitz
and Ms P. Iley.

This document was typeset using KITEX 2c with Peter Wilson’s memoir class and the
AMS-ETEX and Xy-pic packages. The index was produced with the aid of the Makelndex
program.

Alexander C. R. Belton
Lady Margaret Hall
Oxford

20th August 2004

This edition contains a few additional exercises and the electronic version is equipped
with hyperlinks, thanks to the hyperref package of Sebastian Rahtz and Heiko Oberdiek.

ACRB

University College
Cork

30th September 2006

Convention

Throughout these notes we follow the Dirac-formalism convention that inner products
on complex vector spaces are conjugate linear in the first argument and linear in the
second, in contrast to many Oxford courses.
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One Normed Spaces

Throughout, the scalar field of a vector space will be denoted by F and will be either
the real numbers R or the complex numbers C.

Basic Definitions

Definition 1.1. A norm on a vector space X is a function
|1 X = R* i= [0,00); @+ [a]

that satisfies, for all x, y € X and a € F,

(i) ||zl =0if and only if x =0 (faithfulness),
(i) ozl = |af ||z (homogeneity)
and (i) |z +y| < ||zl + [y (subadditivity).

A seminorm on X is a function p: X — R7 that satisfies (ii) and (iii) above.

Definition 1.2. A normed vector space is a vector space X with a norm ||-|; if necessary
we will denote the norm on the space X by ||-||x. We will sometimes use the term normed
space as an abbreviation.

Definition 1.3. A Banach space is a normed vector space (E, || - ||) that is complete,
i.e., every Cauchy sequence in FE is convergent, where F is equipped with the metric

d(z,y) = [l —y|.

Definition 1.4. Let (2,,),>1 be a sequence in the normed vector space X. The series
Y @y is convergent if there exists € X such that (ZZ=1 xk)@l is convergent to x,
and the series is said to have sum . The series is absolutely convergent if "> | ||z, ]| is
convergent.

Theorem 1.5. (Banach’s Criterion) A normed vector space X is complete if and
only if every absolutely convergent series in X is convergent.

Proof
This is a b4 result: see [24, Theorem 1.2.9]. O
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Subspaces and Quotient Spaces

Definition 1.6. A subspace of a vector space X is a subset M C X that is closed under
vector addition and scalar multiplication: M + M C M and aM C M for all a € F,
where

A+B:={a+b:ac A be B} and aAd:={aa:a€ A} VA BCX, aeF.

Example 1.7. Let (X, T) be a topological space and let (E, || - ||g) be a Banach space
over IF. The set of continuous, E-valued functions on X forms an vector space, denoted
by C(X, E), where the algebraic operations are defined pointwise: if f, g € C(X, F) and
a € F then

(f+9)@) = f(z) T glz) and (af)(x) =af(x) VaeX
The subspace of bounded functions
Ob(X’ E) = {f € C(X> E) ’ Hf”oo < OO})

where

I lloo: Cu(X, E) = R f = sup{||f(2)]p : @ € X},

is a Banach space, with supremum norm || - ||~ (see Theorem 1.36). If X is compact
then every continuous, F-valued function is bounded, hence C'(X, E) = Cy(X, E) in this
case. If E = C (the most common case of interest) we use the abbreviations C'(X) and

Ch(X).
Proposition 1.8. A subspace of a Banach space is closed if and only if it is complete.

Proof
See [24, Theorem 1.2.10]. O

Definition 1.9. Given a vector space X with a subspace M, the quotient space X /M
is the set

X/M = {[z] =z+M|zeX} where x+ M :={x+m:m € M},
equipped with the vector-space operations
[z] + [y] == [z +y] and «afz] = |ax] Ve,ye X, a €F.

(It is a standard result of linear algebra that this defines a vector space; for a full

discussion see [7, Appendix A.4].) The dimension of X/M is the codimension of M (in
X).

Theorem 1.10. Let X be a normed vector space with a subspace M and let

H[x]HX/M =inf{|lt —m|:meM} Vz]eX/M.
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This defines a seminorm on X /M, which is a norm if and only if M is closed, called
the quotient seminorm (or quotient norm) on X/M. If E is a Banach space and M is a
closed subspace of E then (E/M, |- ||g/) is a Banach space.

Proof
Clearly H[x]HX/M = 0 if and only if d(x, M) = 0, which holds if and only if z € M.

Hence HH X/M is faithful if and only if M is closed.
If « € Fand x € X then
= inf{|laz —m| :m e M}
=inf{|a| ||z —n|| :ne M} = |a| |[z]

latzlll 0 = llla]]l 0,
e jar
using the fact that a='M = M if a # 0 (because M is a subspace).

For subadditivity, let x, y € X and note that

1]+ Wl par = Il + 9l 0 < N2y = (0l < o —ml| + [y — nl|

for all m, n € M. Taking the infimum over such m and n gives the result.
We prove the final claim in Proposition 2.15 as a consequence of the open-mapping
theorem; see also Exercise 1.2. O

Example 1.11. Let I be a subinterval of R and let p € [1,00). The vector space of
Lebesgue-measurable functions on I that are p-integrable is denoted by LP(I):

Lr(I)={f:1—-C ’ f is measurable and || f||, < oo},

with vector-space operations defined pointwise and

1l = /|f )i dz)’
(Note that

[f+gl” < (1 +19l)” < (2max{| ], 1g]})" = 22 max{|f[", |9} < 2°(|/ 1" + 1gI"),

so LP(I) is closed under addition; it is simple to verify that LP(I) is a vector space.)
The map f — ||f||, is a seminorm, but not a norm; the subadditivity of || - ||, is known
as Minkowski’s inequality (see [17, Theorem 28.19] for its proof).

If N ={f € Lp( ) | fll, = 0} then LP(I) := LP(I)/N is a Banach space, with
norm — || If H = [|fll,- (A function lies in N if and only if it is zero almost
everywhere) As is usual practise in functional analysis, we shall frequently blur the
distinction between f and [f]. (Discussion of LP(R) may be found in [17, Chapter 28]
and [20, Chapter 7]; the generalisation from R to a subinterval [ is trivial.)

Example 1.12. Let [ be a subinterval of R and let £°°(]) denote the vector space of
Lebesgue-measurable functions on I that are essentially bounded:

L) :={f: I — C| f is measurable and || f||o < oo},
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with vector-space operations as usual and
I flloo == Inf{M : |f(x)| < M almost everywhere}.

(It is not difficult to show that ||f]|. = sup{|f(z)
which may, of course, depend on f.)

As in the previous example, f — || f|lo is a seminorm, N = {f € L>(I) : || f|lo = 0}
consists of those functions that are zero almost everywhere and L>°(I) := L>®/N is a
Banach space with respect to the norm [f] H[f]”oo = || fllo-

:x € I'\ N} for some null set N

Although it may seem that we have two different meanings for || f||«, the above and that
in Example 1.7, they coincide if f is continuous.

Example 1.13. Let €2 be an open subset of the complex plane C and let
H,(Q) :={f: Q2 — C| f is bounded and holomorphic in 2}.

Equipped with the supremum norm on 2, H,({2) is a Banach space. (Completeness is
most easily established via Morera’s theorem [16, Theorem 5.6].)

Completions

Recall that a map f: X — Y between metric spaces (X, dx) and (Y, dy) is an isometry
if dy(f(xl),f(xg)) = dx(zy1,22) for all zy, x5 € X, and an isometric isomorphism
between normed vector spaces is an invertible linear isometry (the inverse of which is
automatically linear and isometric).

Theorem 1.14. If X is a normed vector space then there exists a Banach space X and a
linear isometry i: X — X such that i(X) is dense in X. The pair ()2', z) is a completion
of X, and is unique in the following sense: if (Y, ¢) and (Z, j) are completions of X then
there exists an isometric isomorphism k: Y — Z such that ko7 = j.

Proof
We defer this until we have developed more machinery; see Propositions 3.11 and
2.6. O

As we have uniqueness, we talk about the completion of a normed vector space.

The process of completing a given space may often be simplified by realising it as a dense
subspace of some known Banach space. The following examples demonstrate this.

Example 1.15. If (X, 7) is a topological space and (E, || - ||) a Banach space then
Cy (X, E) contains two subspaces worthy of note:

(i) Co(X, E), the continuous, E-valued functions on X that vanish at infinity (i.e.,
those f € C(X,E) such that, for all € > 0, the set {z € X : ||f(x)] = €} is
compact);
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(ii) Coo(X, F), the continuous, E-valued functions on X with compact support (i.e.,
those f € C(X, E) such that supp f := {x € X : f(z) # 0} is compact).

The first is a closed subspace of Cy, (X, E) (the proof of this is Exercise 2.1) and if X
is Hausdorff and locally compact (for all z € X there exists U € T such that z € U
and U is compact) then Cp(X, E) is dense in Cy(X, E). Hence the latter space is the
completion of the former; for the proof of this claim see Proposition 2.18.

Example 1.16. It is immediate that C[0,1] is a subspace of £'[0,1] (because of the
inequality || f|l1 < ||f]|s). Furthermore, since step functions can be approximated arbi-
trarily well by continuous functions (with respect to the || - ||; norm), C[0, 1] is dense in
L[0,1]; more accurately, its image under the map f +— [f] is. Hence the completion of
C[0,1] (with respect to || - ||1) is L]0, 1].

Direct Sums

Throughout this section (Ea fa € A) denotes a family of Banach spaces with common
scalar field F.

Definition 1.17. Let ) _,E, denote the algebraic direct sum of the spaces E,, i.e.,
Yoweala = {x = (Za)aca ’ x, = 0 for all but finitely many a € A} - XaeA E,.
This is a vector space, with the vector-space operations defined pointwise:

T4y = (To+ Ya)aca and az = (aTq)een Va,y€ ZEQ, ael.
acA

Theorem 1.18. The set
HQGAEQ = {17 = (xa)aeA : ||J7||oo < OO} g ><a€A Eaa
equipped with vector-space operations defined pointwise and norm
|- oo @ +— Sup{||:pa|| ja € A},

is a Banach space, the direct product of the Banach spaces F,.

Proof
The only thing that is not immediate is the proof of completeness; this follows the
pattern of the b4 proof that ¢>° is complete [24, Example 1.3.4] so we omit it. O

For other types of direct sum we need the following definition.

Definition 1.19. (Uncountable Sums) If A is an arbitrary set let

Zxa = sup{ Z T, : Ap is a finite subset of A}

acA acAp
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for any collection (z,)sca of non-negative real numbers. It is easy to show that this
agrees with the usual definition if A is countable. (We are looking at the net of finite
sums (Zae Ao xa) Agch in R™, where A is the aggregate of all finite subsets of A, ordered
by inclusion; see Definition 1.39.)

Theorem 1.20. For p € [1,00) and x € [[,. 4 F, let

acA

ey = (X )

acA

Then
S By = {x € [TyenBa : ||2]l, < 00}

is a subspace of [[,. 4 £, and (ZaeA w ||+ |lp) is a Banach space, the p-norm direct sum
of the Banach spaces FE,,.

Proof
Let Ap be a finite subset of A; the inequality

S llza + wall? < 3 22 (lzall? + lyall?) < 2022+ IylE) Yo,y € N2, E,,

acAg acAyp

which may be proved as in Example 1.11, shows that Z( E, is a subspace of [[ .4 E.

Subadditivity of || - ||, on nge) 1 E, follows from Minkowski’s inequality on C", a d
this can be obtained by applying the integral version of Minkowski’s inequality in Ex-
ample 1.11 to suitable step functions.

To see that we have completeness, let (z(),s; be a Cauchy sequence in Zae A

Since ||:L‘£Ln) — ™ | < |2 — 2™, we have that z, := lim,, 2" exists for all a € A.

If Ay C A is finite then

Sl = Jim S P < lim ()

a€Ap acAyp

this last limit exists because (||x ") ., is Cauchy: [z ], = [z ,| < fJla™ |-

This bound shows that x € Z it remains to prove that (™ — x. Note first that

acA a7
if Ay C A is finite and m, n € N then »_ _, Hx MM < Y|la™ (m)Hp Let e >0
and suppose that ng € N is such that ||z — H < ¢ for all m, n > ng. Then

Z |2q — 2™ ||P = llm Z |20 — 2P <P Ym > ny,

acAg aer
so ||z — 2™, < e for all m > ng, and this gives the result. O

Proposition 1.21. For all p € [1,00) the algebraic direct sum ) ., F, is dense in the

p-norm direct sum nge) 1 FEa
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Proof

This is a simple consequence of the fact that if z € nge) 1E, then z, # 0 for only
countably many a € A: see Exercise 1.7. O
Definition 1.22. The previous proposition motives the definition of Zi?)lEa as the
completion of ) _ , E, with respect to || - [|o; this space is the direct sum of the Banach
spaces E,. Clearly Zg’eozlEa C [[,cafa, but the inclusion may be strict.

Example 1.23. (Sequence Spaces) Let A = N :={1,2,3,...} and take E, = F for
all @ € A. Then the algebraic direct sum

Y wealla = coo = {x = (Tp)nen : 3N € N such that zy1 =y == 0},

the p-norm direct sum
e ifpell, o),

S0 g, - {

co if p= o0,

and the direct product [, 4 E, = (.
In general, if A is any set and E, = F for all a € A then we define cyo(A), ¢o(A) and

(P(A) in this manner.

Initial Topologies

Definition 1.24. Let X be a set and F' be collection of functions on X, such that
[+ X — Yy, where (Yy, 8f) is a topological space, for all f € F. The initial topology
generated by F', denoted by T, is the coarsest topology such that each function f € F'is
continuous. (Older books call T the weak topology generated by F: the adjective ‘weak’
is tremendously overworked in functional analysis so we prefer the modern term.) It is
clear that T is the intersection of all topologies on X that contain

U rsy)={r"wy:feF Ues;}.

fer

In fact, every element of T is the arbitrary union of sets of the form
(f'W0)  (meN, fi,.... fa€F U1 €8,,..., Uy €8y,); (1.1)

these sets are a basis for this topology. (To see this, note that every set of this form
lies in Tp, and that the collection of arbitrary unions of these sets is a topology (cf.
Exercise 1.4).)

Proposition 1.25. Let F' be a collection of functions as in Definition 1.24 and let
(Z, U) be a topological space. A function g: (Z, U) — (X, Tr) is continuous if and only
if fog: (Z, U) — (Yy, 8) is continuous for all f € F.
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Proof

As the composition of continuous functions is continuous, one implication is imme-
diate. For the converse, suppose that fog is continuous for all f € F' and let U € Tp.
We may assume that U = (\I_, f; '(U;) for fi, ..., fo € Fand Uy € 8y,, ..., U, € 8;,,
and then

9 (U) = ﬂg’l(ffl(Ui)) = ﬂ(fz- 2g9) 1 (U;) € U,

as required. O

The above may remind the reader of a result concerning the product topology, which is
an initial topology (that generated by the coordinate projections). We shall see other
examples of initial topologies later.

Proposition 1.26. Let F' be a collection of functions as in Definition 1.24, such that
(Yy, 8) is Hausdorff for all f € F. The initial topology Tr is Hausdorft if F' separates
points: for all z, y € Y such that x # y there exists f € F such that f(z) # f(y).

Proof

Let , y € X be distinct and suppose that f € Fis such that f(z) # f(y). Since §;
is Hausdorff there exist disjoint sets U, V' € 8y such that f(x) € U and f(y) € V. Then
f~HU), f~Y4(V) € T are such that

ve [T(U), ye[H(V) and [fTHU)NSTHV)=fTUNV)=0.

Hence T is Hausdorff, as claimed. O

Nets

In a metric space (X, d) it is readily proven that, given a set M C X, the element z € M
if and only if there exists a sequence (x,),>1 € M such that x, — x. Hence closed sets
(those such that M = M) may be characterised by means of sequences, and therefore
so can the topology generated by the metric d.

If X = R is equipped with the cocountable topology (which consists of the empty
set and the complement of each countable subset of R) then M = R\ {0} has closure
M = R but there is no sequence (Zn)n>1 € M such that z,, — 0. This shows that the
result of the previous paragraph does not hold for general topological spaces (and that
the cocountable topology on R is non-metrizable).

However, arguments with sequences are often very natural and easy to follow, whereas
arguments involving open sets can sometimes appear rather opaque. Is it possible to
replace the notion of sequence with some generalisation which allows a version of the
result above? The answer is, of course, yes.

Definition 1.27. Let A be a set. A preorder < on A is a binary relation that satisfies,
for all a, b, c € A,

(i) a<a (reflexivity)
and (i) a <band b < cimply that a < c¢ (transitivity);
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we say that A is ordered by <. For convenience we write b > a if and only if a < b. A
directed set (A, <) is a set A and a preorder < on A with the following property: for all
a, b € A there exists ¢ € A such that a < ¢ and b < ¢; the element c is called an upper
bound or majorant for a and b. A net in a set X is a directed set (A, <) and a function
x: A — X this is denoted by (x,)sca (the preorder being understood).

Example 1.28. If N is equipped with the usual order < then it is a directed set, and
the net (x,)nen is the same thing as the sequence (x,),>1.

Example 1.29. Let f be a continuous function on the interval [0, 1], and let A be the
collection of (real-valued) step functions ¢ on [0,1] that are bounded above by f: a
step function ¢ € A if ¢(x) < f(x) for all z € [0,1] (where < is the usual order on
R). Order A by saying that ¢ < ¢ if and only if ¢(z) < ¥(z) for all x € [0,1]; since
¢V x— max{¢p(x),(x)} is a step function if ¢ and ¢ are, the pair (A, <) forms a
directed set.

Definition 1.30. Let (X, T) be a topological space. A net (x,)sca in X is convergent
if there exists x € X such that, for all U € T with x € X, there exists ag € A such that
r, € U for all a > ag; the element z is the limit of this net, and we write x, — x or
lim,e 4 ¢, = x. (This latter notation is a slight abuse as, in general, limits need not be
unique. )

Proposition 1.31. A net in a Hausdorff topological space has at most one limit.

Proof
This may be proved in the same manner as the corresponding result for sequences
[22, Proposition 4.2.2]. O

Example 1.32. A net (z,)nen in a topological space (X, T) converges to z if and only
if the sequence (x,),>1 converges to x; the proof of this is immediate. Hence nets are
generalisations of sequences.

Example 1.33. If (A, <) is the directed set of Example 1.29 and [ ¢ denotes the integral
of the step function ¢ then ([ ¢)sea is a net in R that converges to [ f. (To see this,
note first that [ f = sup{ [ ¢: ¢ € A}: see [17, §9.6].)

We now give some theorems that illustrate how nets can be used to answer topological
questions.

Theorem 1.34. Let (X, T) be a topological space and suppose that M C X. Then M
is closed if and only if limge4 z, € M for all convergent nets (z,)qea € M.

Proof

Suppose M is closed and (z,)4ea is a net in M, such that z, — x for some z € X. If
x ¢ M then X \ M is an open set containing x, so it contains some elements of (z,)4ca,
contrary to hypothesis. Hence lim,c 4z, € M.

Conversely, let z € M and let A = {U € T: 2 € U} denote the collection of open
sets containing x; this forms a directed set if ordered by reverse inclusion, i.e., A < B
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if and only if A O B. If A € A then AN M # (), for otherwise X \ A is a closed set
containing M and so must contain z. Hence we may choose x4 € AN M for all A € A,
and the net (z4)aeca converges to x: note that if U € T contains z then x4 € U for all
A > U. This gives the result. 4

The following proposition shows why nets and initial topologies work so well together.

Proposition 1.35. Let (X, 7) and (Y, 8) be topological spaces. A function f: X — Y
is continuous if and only if f(x,) — f(z) for every net (z,)4ec4 such that z, — x.

Proof

Let f be continuous, suppose that (x,).ca is convergent to z and let U € § contain
f(z). Then V = f~YU) € T contains z, so there exists ay € A such that x, € V for all
a > ag. Hence f(x,) € U for all a > ay, as required.

Conversely, let U € 8§ and suppose for contradiction that V' = f~1(U) is not open.
Then there exists x € V' '\ V°, and no open set containing x is contained in V: for all
AcA={W eT:2 e W} there exists x4 € AN (X \ V). If A is ordered by reverse
inclusion then (x4)4cx is a net converging to x, so f(x4) — f(z). In particular there
exists Ag € A such that f(x4,) € U, and x4, € V, the desired contradiction. t

This proposition allows us to give a simple proof of the completeness of C}, (X, E).

Theorem 1.36. If X is a topological space and E' is a Banach space then Cy(X, F) is
a Banach space with respect to the supremum norm || - ||o.

Proof
We prove only completeness; everything else is trivial. Let (f,),>1 be a Cauchy
sequence in Cy(X, E) and note that || f,(z) — f(2)|| < ||fn — finlleo for all x € X so

f: X — E; x— lim f,(2)

is well defined. If £ > 0 then there exists ng € N such that || f, — fiullee < € if m, n > ng,
SO

1£(2) = ful@)ll = lim [ fu(@) = fu(@)| <& Vm>mp, o€ X

whence || f = fulloo = 0 asm — oo and also || fllee < [[f = faolloo + | frolloe < €+ || froloo:
i.e., fis bounded. Finally, if z, — 2 then choose ay € A such that || f,,(xa) — fuo ()| < €
for all a > ag and note that

1 (za) = f)| < Nf(@a) = Suo(@a)ll + [[fro (2a) = fuo (@) + [[fro () — f(@)]] < 3¢

for all @ > ag. This shows that f(z,) — f(x), so f is continuous. O

Proposition 1.37. Let F' be a collection of functions as in Definition 1.24, and suppose
that (24)eea is a net in X. Then z, — = in (X,Tr) if and only if f(z,) — f(z) in
(Yy,8y) for all f € F.

Proof
As Tp makes each f € F' continuous, half of the proof follows from Proposition 1.35.
For the other half, suppose that (z,)eca € X and x € X are such that f(z,) — f(x)
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for all f € F. Let U € Tp be such that x € U; it is sufficient to consider U of the form
(1.1) in Definition 1.24. Note that z € f; *(U;) fori =1, ..., n, so fi(z) € U; and there
exists a; € A such that f;(z,) € U; for all a > a;. If ag € A is such that a; < qg for each
i then z, € N_, f; ' (U;) = U for all a > ay, as required. O

Example 1.38. Let 2 C C be open and let
et C(Q) = C(K); [ flie
be the restriction map to K, where K C €. If
F ={ux : K is a compact subset of Q}

and each C'(K) has the supremum norm then Tp is the topology of locally uniform
convergence:

fo— [ <= fulx — f|x uniformly on K for all compact K C .

Nets allow us to give a proper treatment of summability, which coincides with the ad
hoc method used in Definition 1.19.

Definition 1.39. Let X be a normed vector space. A family (z,)sca € X is summable
if the net of partial sums (Zae Ao :L‘a) AgeA is convergent, where A is the collection of
finite subsets of A, ordered by inclusion. If (2,)sca is summable then )~ _, z, denotes
the limit of the net of partial sums.

Example 1.40. If (z,)qc4 is a family of non-negative real numbers then this definition
agrees with Definition 1.19 (Exercise 1.6). If (2,)nen is a family of complex numbers
then it is summable if and only if Y ° | z, is absolutely convergent (see Exercises 1.7
and 1.8). Note also that if (x,).ca is a family of vectors in a Banach space then

Z 24| < 00 = Zxa is convergent,
acA acA

i.e., absolute summability implies summability (Exercise 1.7).

Nets were introduced by Moore and Smith in [13] — the theory is also called Moore-Smith
convergence, especially in older references — and they were applied to general topological
spaces by Garrett Birkhoff [2]. As to the choice of nomenclature, the reader may care
to reflect upon the following, taken from [12, Third footnote on p.3]:

[J. L.] Kelley writes me that [“net”] was suggested by Norman Steenrod
in a conversation between Kelley, Steenrod and Paul Halmos. Kelley’s own
inclination was to the name “way”; the analogue of a subsequence would then
be a “subway”!

An aged but excellent introduction to nets is [9, Chapter 2]; McShane’s article [12] is a
very pleasant introductory exposition. Pedersen [14] refers to the viewpoints of topology
in terms of nets and of open sets as dynamic and static, respectively.
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Exercises 1

Exercise 1.1. Let X be a normed vector space and let M be a closed subspace of X.
Prove that

m{ye X ly—z|| <e}={ly) € X/M:||[y] - [z]|| < ¢} Ve X, e>0,

where 7: X — X/M; x +— [z] is the natural map from X onto X/M (the quotient map).
Deduce that the quotient norm yields the quotient topology on X /M given by

Q:={UCX/M:7xYU) €T},

where T denotes the norm topology on X, and that the quotient map is open (i.e., sends
open sets to open sets). Prove also that the quotient map is linear and continuous.

Exercise 1.2. Prove directly that if F is a Banach space and M is a closed subspace of
E then the quotient space (E/M, || - ||g/a) is complete. [Use Banach’s criterion.]

Exercise 1.3. Let M and N be subspaces of the normed space X. Prove that if M is
finite dimensional and N is closed then M + N is closed. [Recall that finite-dimensional
subspaces of normed spaces are closed [24, Corollary 1.2.18] and use the quotient map.]

Exercise 1.4. Prove that if {A}:ie I, j € J} and {Bf : k € K, | € L} are families of
sets, where the index sets I, J, K and L are arbitrary, then

Unynldnsen= U N 4ns:
el jeJ keK lel (i,k)eIxK (4,l)eJXL

What does this have to do with initial topologies?

Exercise 1.5. Prove that if T is the initial topology on X generated by a collection
of functions F and Y C X then Tg|y, the relative initial topology on Y, is the initial
topology generated by F|y = {f|y : f € F'}, the restrictions of the functions in F' to Y.

Exercise 1.6. Let (2,)4c4 be a family of non-negative real numbers and let A denote
the collection of finite subsets of A. Prove that (2,).ea is summable (with sum «) if and
only if § = sup{zaeA0 et Ag € A} < oo and in this case a = f3.

Exercise 1.7. Let E be a Banach space and let (z,),ec4 a family of vectors in E. Prove
that if > _, ||| is convergent then S := {a € A: z, # 0} is countable. [Consider the
sets Sy, :={a € A: ||z,|| > 1/n} for n € N.] Deduce that (z,)sc4 is summable with sum

Y wcs Ta if S is finite,
ZaeA Ty = 00 . .. .
> o1 %q; if Sis infinite,

where (if S is infinite) j — a; is a bijection between N and S.

Exercise 1.8. Prove that a family of complex numbers (2,)4c4 is summable if and only
if (|za|)ae ,, is summable. [Consider real and imaginary parts to reduce to the real case
and then consider positive and negative parts.]
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Exercise 1.9. Find a Hilbert space H and a countable family of vectors (z,)nen in H
that is summable but not absolutely summable (i.e., (||xn||)neN is not summable).

Exercise 1.10. Prove the converse to Proposition 1.31, that in a space with a non-
Hausdorff topology there exists a net that converges to two distinct points. [Take two
points that cannot be separated by open sets and define a net that converges to both of
them.|

Exercise 1.11. A sequence in a normed vector space that is convergent is necessarily
bounded. Is the same true for nets?






Two Linear Operators

Preliminaries

Let X be a normed vector space; for all » € R* let X, denote the closed ball in X with
radius r and centre the origin:

X, ={zeX:|z|| <r}.

Definition 2.1. A bounded (linear) operator from X to Y is a linear transformation
T: X — Y such that the operator norm ||T|| is finite, where

|IT|| = inf{M € R":||Tz|| < M|z| for all z € X}
= sup{||Tz| :z € Xy}
= sup{[|Tz| :z € X, ||z =1}

Proposition 2.2. Let T: X — Y be a linear transformation. The following statements
are equivalent:

(i) T is a bounded linear operator;

(ii) T is uniformly continuous;

(iii) 7T is continuous;

(iv) T is continuous at 0;

(v) T(X;) is bounded: T'(X;) CY, for some r € R*.

Proof
The implications (i) = (i) = (iii) = (iv) = (v) = (i) are immediate. O

We denote the collection of bounded linear operators from X to Y by B(X,Y) (or B(X)
if X =Y). Note that B(X,Y) is a normed vector space, where

(T+S)r:=Tx+Sx and (oT)x:=aTx VS, TeBX,)Y), z€X, aelF
and the norm on B(X,Y') is the operator norm.

Theorem 2.3. If T: X — Y be a linear transformation then

(i) the kernel ker T := {x € X : Tx = 0} is a subspace of X;

17
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(i) the image imT := {Tx : x € X} is a subspace of Y;
(iii) X/kerT = imT wvia the linear transformation

T:X/kerT —imT; [z] — T

If X and Y are normed spaces and 7' € B(X,Y) then kerT' is closed, X/kerT is a
normed space and 7" is continuous, with HTH = |7

Proof
The algebraic facts are immediately verified, as is the fact that ker T = T-1{0} is
closed if T" is continuous. If

m: X — X/kerT; o — [z]

is the quotient map, the inequality ||« (z)|| = ||[z]|| < [|=|| implies that ||7|| < 1 and so
T < HTH |7l < ’TH (because T = T). Conversely, let z € X, e > 0 and choose

y € ker T such that ||z — y|| < ||[2]|| + &. Then

(Tl = I T2l = 1T = )l < I e =yl < TN 2] + ),

and since this holds for all e > 0 and x € X we have the result. O

Completeness of B(X,Y)

Proposition 2.4. If X # {0} then the normed vector space B(X,Y) is a Banach space
if and only if Y is a Banach space.

Proof

The fact that the completeness of Y entails the completeness of B(X,Y) is a result
from b4 [24, Exercise 1.5.17(ii)]; a leisurely proof may be found in [10, Theorem 2.10-
2] and a more concise version in [14, Theorem 2.1.4]. We prove the converse as an
application of the Hahn-Banach theorem: see Proposition 3.12. U

Extension of Linear Operators

Often it is easiest to define a linear operator on some dense subspace of a Banach space,
and extend it to the whole space “by continuity”: the following theorem explains the
meaning of this.

Theorem 2.5. (BLT) Let Xj be a dense subspace of a normed vector space X and
let Ty € B(Xo,Y), where Y is a Banach space. There exists a unique 7" € B(X,Y") such
that T'|yx, = Tp, and such satisfies ||T'|| = ||To]|-

Proof

Existence is a b4 result [24, Exercise 1.5.17(iii)]; for a proof see [10, Theorem 2.7-11] or
[14, Theorem 2.1.11]. For uniqueness, note that if S|x, = Ty = T'|x, for S, T € B(X,Y)
then (S —T)|x, =0 and so S — T = 0 by continuity: if x € X let (z,),>1 € Xo be such
that x, — 2 and note that (S — T)x = lim,,_o(S — T)z,, = 0. O
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Uniqueness of Completions

We are now in the position to prove that the completion of a normed space is unique.

Proposition 2.6. Let (Y, i) and (Z, j) be completions of the normed space X. There
exists an isometric isomorphism k: Y — Z such that the following diagram commutes.

) k
J
7
Proof
Note that

ko: i(X) — Z; i(x) — j(x)
is a well-defined linear isometry from a dense subspace of Y onto a dense subspace of
Z, viz j(X). Hence, by Theorem 2.5, kg extends to k € B(Y, Z) and k is an isometry:
if y € Y then there exists (z,,),>1 € X such that i(z,) — y, but k£ and = — ||z| are
continuous, so

k(o) = Tim [ (i) | = T ko (i) || = tim i) | = iyl

n—0o0

Furthermore, k(Y') is closed in Z: to see this, let (k(yn))@l be a convergent sequence
(with y, € Y') and note that it is Cauchy, so (y,),>1 is Cauchy (k being an isometry) and
hence convergent, to y € Y; the continuity of k gives k(y,) — k(y) € k(Y), as required.
As k(Y') contains j(X), it contains its closure, Z, and therefore k is surjective. O

The Baire Category Theorem

Definition 2.7. A subset of a metric space is said to be meagre or of the first category
if it is a countable union of closed sets with empty interior; a set is non-meagre or of the
second category otherwise. (Recall that a set is nowhere dense if its closure has empty
interior.)

We introduce some notation (which we learned from Dr J. M. Lindsay) that will be used
in the proof of the next theorem. If (X, d) is a metric space then let

BX(x):={y € X :d(x,y) <r} (the open ball of radius r and centre x)
and

BX[x]:={y € X :d(x,y) <7} (the closed ball of radius r and centre x)

for all z € X and r € (0,00); if the space is clear from the context then we abbreviate
these to B.(r) and B.[z] respectively. If X is a normed space then

BX(x) = x +rB;*(0) and BXr|=r+ X, =2 +rXy;
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furthermore, BX (z) = B [x].

T

Recall that G is said to be dense in the topological space (X, T) if and only if G = X.
This is equivalent to the condition that GNU # 0 for all U € T\ {0} (because G = X
if and only if (X \ G)° = X \ G = (). If T is given by a metric d then this condition is
equivalent to requiring that G N B.(x) # () for all z € X and £ > 0.

Theorem 2.8. (Baire) If (G,,),>1 is a sequence of open, dense subsets of the complete
metric space (X, d) then the intersection (), 5, Gy, is dense in X.

Proof
Let zp € X and ry > 0; it suffices to prove that B,,(zg) N ﬂn>1 G, # 0. To do this
we construct sequences (7,,),>1 C (0,00) and (z,),>1 € X such that

ro>11 >19 > — 0 (2.1)
as n — oo and
B, [z, € By, (xn1)NG,  Vn>1. (2.2)

Given (2.2), if n > m > 1 then B, [z,] C B,, ,(xn_1) C B, ,[tn-1] C -+ C B,, (Tm);
in particular,
d(zp, ) < max{r,,rm} Ym,n>1,
which, if (2.1) holds, shows that (,,),>1 is Cauchy, and so convergent. As x,, € B, [2p,]
foralln>m > 1,
nll_}rlgo T, € ﬂ B, [x,] C By (o) N m G,
n>1 n>1

and we are done. (This last step shows why we must consider both closed and open
balls.)

To see why we may find sequences satisfying (2.1) and (2.2), consider first the case
n = 1. Note that B, (z¢) N Gy is open (being the intersection of two open sets) and
non-empty (as G is dense in X'). Hence there exists 1 € X and s € (0,79) such that
By(z1) € Byy(x9) N Gy; taking r1 € (0,min{s, 1}) shows that (2.2) holds in the case
n = 1. This argument may be repeated for all n (each time ensuring that r, < 1/n)
which completes the proof. O

An alternative formulation of Baire’s category theorem as follows, which states that a
complete metric space is non-meagre.

Theorem 2.9. Let (F,),>1 be a sequence of closed subsets of the complete metric
space (X,d). If X = {J,5, F,, then there exists ng € N such that F,, has non-empty
interior.

Proof
Suppose for contradiction that F° = () for all n > 1, and let G,, = X \ F,,. Then

G,=X\FE,=X\F =X

and so GG, is an open, dense subset of X, whence ﬂn>1 G, is dense, by Theorem 2.8, but

ﬂn?lGn:ﬂn21X\Fn:X\Un>1Fn:@- O
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The Open-Mapping Theorem

Recall that a function between topological spaces is open if the image of every open set
is open.

Proposition 2.10. Let X and Y be normed spaces; a linear transformation 7: X — Y
is open if and only if 7'(X;) contains Y; for some £ > 0.

Proof

It T is open then T(Bf(((])) is an open subset of Y that contains 70 = 0, and so
contains B} (0) for some £ > 0. Hence Y. C B}.(0) C T(B{(0)) C T(Xy).

Conversely, suppose there exists € > 0 such that Y. C T(X;). Let U be an open
subset of X; if u € U then Bs5(u) C U for some 6 > 0. Hence

T(U) 2 T(u+0B5(0)) 2 Tu+ 6T(X1) D Tu+ 5Y: D BL(Tw),

which shows that T'(U) is open, as required. O

The Open-Mapping Lemma

Definition 2.11. Let (X, d) be a metric space and suppose that A, B C X; we say that
A is k-dense in B if for all b € B there exists a € A such that d(b,a) < k. Equivalently,
B C Jyea Bela). (If Ais dense in B then A is k-dense in B for all k£ > 0; if A is dense
in B and B is k-dense in C' then A is k’-dense in C' for any &' > k.)

Lemma 2.12. (Open-Mapping Lemma) Let E be a Banach space, Y a normed
space and T' € B(E,Y). If there exist r > 0 and k € (0, 1) such that T'(E,) is k-dense
in Y] then

(i) for all y € Y there exists x € F such that ||z|| < 17“—k||y|| and Tz =y, so T is

surjective,

(ii) 7T is an open mapping
and (iii) Y is complete.
Proof

To prove (i) let y € Y'; without loss of generality we may take y € Y} (the case y =0
is trivial and otherwise we may replace y by y/||y|| ) so there exists xy € E,. such that

ly — Toll < k-
As k7! (y — T'zy) € Y; there exists x; € E, such that
|k~ y — Tawo) —Tay|| <k = |y —T(wo+ kxy)|| <K

Continuing in this way we see that there exists a sequence (2);>9 C E, such that

ly=T> Ka| <k Vn>o0. (2.3)
=0
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Let x := Y ;° k'z;; note that this series is absolutely convergent, so convergent, and
(2.3) shows that Tz = y. The inequality ||z|| < /(1 — k) follows from the definition of
z and the fact that the series > ;° k' has sum 1/(1 — k).

For (ii), note that (i) implies that T'(X;) 2 Y(1_y)r: if y € Y satisfies ||y|| < (1—-k)/r
then there exists x € X such that Tx = y and ||z|| < rlly||/(1 — k) < 1. Hence T is
open, by Proposition 2.10.

Finally, let Y denote the completion of Y and regard Y as a dense subspace of Y,
so that 7' is a bounded operator from F into Y. The hypotheses of the theorem hold
with Y replaced by Y, i.e., T(E,) is k'-dense in Y (where k' € (k, 1), say k' = (k+1)/2:
to prove this, use the density of ¥; in ¥} ) and so by (i) we must have that T(E) = Y.
Since T(E) C Y this gives the equality Y = Y, showing that Y is complete. O

Theorem 2.13. (Open-Mapping Theorem) If 7' € B(FE, F) is surjective, where E
and F' are Banach spaces, then T is an open map.

Proof

Since T' is surjective, F' = J, 5, T(E,) and so, by Theorem 2.9, there exists ng € N
such that the closure of T'(E,,) has non-empty interior: let yo € F' and € > 0 be such
that B (yo) C T(E,,). If y € F} then

y= %((yo%y)—(yo—ey)) € 2—18(35[3/0]—35[3/0]) < 2—15<T(En )—T(Eno>> C T(Eny/e),

where A—B:={a—b:a€ A, be B} forall A, B C E. (For the last inclusion, let
(Tn)n>1s Wn)n>1 € Ey, be such that (Tx,),>1 and (T'y,)n,>1 are convergent, and note
that

1 1 =
—( lim Tz, — lim Tyn) = lim T<2—(xn — yn)) € T(E,,.)
n—o00 n—o0o £

2€ ‘n—oo
since ||(zn — yn)/(26)|| < (no + no)/(26) = no/e.) This shows that T(E,,.) is dense in
Fi, and the result follows by Lemma 2.12. O

Corollary 2.14. If T' € B(E, F) is a bijection between Banach spaces E and F then
the inverse 7! € B(F, E).

Proof
This is immediate. O

Exercises 2

Exercise 2.1. Let X be a topological space and E a Banach space; recall that Cy, (X, F),
the space of E-valued, bounded, continuous functions on X, is complete with respect to
the norm

f= flloo := sup{[lf(#)l|e : © € X}

Prove that Cy(X, E), the continuous, E-valued functions on X that vanish at infinity
(i.e., those f € C(X, E) such that {z € X : || f(z)||g = €} is compact for all £ > 0) is a
closed subspace of Cy, (X, E).
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Exercise 2.2. Let (X, 7) be a Hausdorff, locally compact space and let oo denote a
point not in X. Show that

T:=TU{UC X :00€U X\U is compact}

is a Hausdorff, compact topology on X := X U {co}. [(X, T) is the one-point compacti-
fication of (X, T).] Prove that there is a natural correspondence between Cy(X, E) and
{f € C(X,E): f(oo) = 0}.

Exercise 2.3. Let X be a separable normed space. Prove that X is separable (in the
norm topology). Prove that any separable Banach space E is isometrically isomorphic
to a quotient space of ¢'. [Consider the map = +— > 7 | x,e, for suitable (e,),>1 C E.]

Exercise 2.4. Prove that no infinite-dimensional Banach space E has a countable Hamel
basis (where a Hamel basis is a linearly independent set S such that every vector in
is a finite linear combination of elements of ).

Exercise 2.5. Let T: X — Y be a linear transformation from the normed space X
onto the finite-dimensional normed space Y. Prove that 7' is continuous if and only if
ker T" is closed and that if 7" is continuous then 7" is open. [Recall that all norms on a
finite-dimensional space are equivalent. |

Exercise 2.6. Let X = C([0, 1], R) denote the Banach space of continuous, real-valued
functions on the unit interval and for all £ € N let

Dy :={f € X : there exists t € [0, 1] such that |f(s)— f(t)| < k|s—t| for all s € [0, 1]}.

Prove that Dy, is closed. [You may find the Bolzano-Weierstrass theorem useful.] Prove
further that Dy is nowhere dense. [Consider suitable piecewise-linear functions.] Deduce
that there exist continuous functions on [0, 1] that are differentiable at no point in (0, 1).

Exercise 2.7. Let H be an infinite-dimensional, separable Hilbert space. Prove that
B(H), is not separable in the norm topology. [Take an orthonormal basis {es, es, ...} of
H | define suitable projection operators on its linear span and extend these by continuity.
Recall the b4 proof that ¢*° is closed; you may assume that 2V, the set of all subsets of
N, is uncountable.]

Completeness of Quotient Spaces

The open-mapping theorem provides a quick proof of the following proposition.

Proposition 2.15. Let M be a closed subspace of the Banach space E. The quotient
space (E/M, || - ||g/a) is complete, i.e., a Banach space.

Proof

If [z] € (E/M), then, by definition of the quotient norm, there exists m € M such
that x —m € E, (any number greater than 1 will do) and so (E/M), C 7(E,), where
7: x — [x] is the quotient map. Since 7 is a bounded linear operator, the result follows
by Lemma 2.12. O
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Urysohn’s Lemma

To prove certain facts about C'(X), the continuous functions on a compact, Hausdorff
space (which is the most important of all commutative Banach algebras) we need a result
from analytic topology.

Definition 2.16. A topological space X is normal if every pair of disjoint, closed sets
can be separated by open sets: if C, D C X are closed and disjoint there there exist
disjoint, open sets U, V C X such that C' C U and D C V. Equivalently, X is normal
if for every open set W and closed set C such that C' C W C X there exists an open set
U such that C C U C U C W. [To see the equivalence, let D = X \ W]

Some authors require the additional condition that all singleton sets to be closed for
a topology to be normal; we follow [3], [9] and [22], but the definition in [21] includes this
and [11] insists on the seemingly stronger requirement that normal spaces be Hausdorff;
in fact, in a normal space the conditions that singletons are closed and the Hausdorft
property are equivalent.

It is an easy exercise [22, Exercise 5.10.17] to prove that a compact, Hausdorff space
is normal (for a proof see [3, Lemma 6.1], [14, Theorem 1.6.6] or [21, Theorem 27.A]).
The following lemma yields the fact that compact, Hausdorff spaces (indeed, Hausdorff
spaces that are normal) have sufficient continuous functions to separate points.

Lemma 2.17. (Urysohn) Let X be a normal space and let C';, D C X be disjoint and
closed. There exists a continuous function f: X — [0, 1] such that f|c =0 and f|p = 1.

Proof
~ Let Uy =X \ D; by normality there exists an open set Uy, such that C' C Uy, and
Uyj2 € Uy, and then open sets Uy 4 and Us/y such that

C C Uiy CUi CUppo and Urjo C Usyy € Usyy C Us.

Continuing in this manner we find a family of open sets {Upo-n : 1 < m < 2", n > 1}
such that C C U, C U, C U, if r < s. (Throughout this proof the letters r, s and ¢
refer to dyadic rationals in (0, 1], i.e., numbers of the form m2™", where n, m € N and
1 < m < 2% these are dense in [0, 1].) We set

1 ifxreD,

f:X—>[0,1];x+—>{. |
inf{r:zeU,} ifx¢D.
It is immediate that f|p = 1, and f|c = 0 since C' C U, for all r; it remains to prove
that f is continuous.

If a € (0,1] then f(x) < a if and only if inf{r : € U,} < a, which holds exactly
when z € U, for some r < a, and hence f~'0,a) = {J,_, U, is open. If b € [0,1) then
inf{r : x € U,} < bif and only if for all » > b there exists s < r such that = € U, which

gives that
o0 =Uu. <0

r>bs<r t>b
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This inclusion is actually an equality; let z € U, for all ¢ > b and suppose that r > b.
There exist s, ¢ such that 7 > s > ¢ > b and so z € U; C U, whence z € (.., U,., Us,
as claimed. This shows that f~1[0, ] is closed, and so f~1(b, 1] is open, for all b € [0, 1).
As {(0,a], (b,1] : a € (0,1], b € [0,1)} is a subbase for the usual topology on [0, 1] we
have the result. O

Proposition 2.18. Let X be a locally compact, Hausdorff space and let £ be a Banach
space. The space Cyo(X, E) of compactly supported, continuous, F-valued functions on
X is dense in Cy(X, E), the space of continuous, E-valued functions on X that vanish
at infinity.

Proof

Let ¢ > 0 and f € Cy(X, E); by definition, K = {x € X : ||f(x)|| = €} is compact.
For all x € K let U, be an open set containing x and with compact closure; these
exist by local compactness. As K is compact, K C |J;_, U,, for zy, ..., z, € K, and
L=, U,, is a compact set such that K C L°.

By Urysohn’s lemma there exists a continuous function g: L — [0, 1] such that
glxk =1 and g|\ro = 0; extend g to X by defining

g(x) ifxel,

h:X—>[O,1];xr—>{ _
0 ifre X\ L.

Then h has compact support and is continuous: if C' C [0,1] is closed then g~ 1(C) is
closed in L, so in X, and h=!(C) equals g *(C) (if 0 ¢ C') or g~ (C)U(X \ L°) (if 0 € C).
Hence fh € Cyo(X, E), and || fh— [l < €, as required: if z € K then f(z)h(z) = f(z),
and if o € X'\ K then |[f(2)[ <&, so [[f(z)h(z) = f(2)] = (L = h(2))[f(2)[ <e. O

The following theorem can be deduced from Urysohn’s lemma directly, or with an ap-
plication of the open-mapping lemma. It is a theorem of Hahn-Banach type, but applies
to continuous functions on normal spaces.

Theorem 2.19. (Tietze) Let X be a normal space and let Y be a closed subset of X.
If f is a continuous, bounded, real-valued function on Y then there exists a continuous,
bounded, real-valued function F' on X such that F|ly = f and ||F||oc = || f||co-

Proof
Let
T: Co(X,R) = G (Y,R); fr fly

be the restriction map and note that 7" is continuous. Let f € Cy(Y,R) be such that
| flleo <1, and let C' = f~1[—1,—1/3] and D = f~![1/3,1]. These are closed subsets of
Y, so of X, and by Urysohn’s lemma there exists g € C,(X,R) such that ||g]l. < 1/3,
gle = —1/3 and g|p = 1/3. Hence ||T'g — f|leo < 2/3, and so T satisfies the conditions
of the open-mapping lemma: T'(Cy,(X,R);/3) is 2/3-dense in C,(Y,R),. In particular, T’
is surjective, so there exists ' € C(X,R) such that T'(F') = f and

1/3

o & F o & ———= co — 00
Il € 1Pl € 221 = 1)
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as required. O

It is an exercise to extend the above to unbounded real-valued functions, and to complex-
valued functions; see Exercise 3.3.

The Closed-Graph Theorem

Recall that if (X, T) and (Y, 8) are topological spaces then the product topology on X xY
has basis

(UxV:U€eT, Ves)

If X and Y are normed spaces then this topology is given by the product norm,
I sy s X xY =R (2,9) = [lzllx + lylly-

Theorem 2.20. (Closed-Graph Theorem) Let E, F be Banach spaces. A linear
transformation 7": £ — F' is bounded if and only if the graph of T,

S(T):={(z,Tx) :x € E} CE X F,

is closed (with respect to the product topology on E x F').

Proof
It is a standard (and simple) result from point-set topology that any continuous
function with values in a Hausdorff space has closed graph; this is often set as an exercise
[21, Exercise 26.6], [22, Exercise 4.3.3] and a proof may be found in [19, Proposition 2.14].
Now suppose that G(T') is closed and note that G(7') is a subspace of E X F, so a
Banach space with respect to the product norm. Let

m:9(T)— E; (z,Tx) — x;

this linear transformation is norm-decreasing (so continuous) and bijective, so by the
open-mapping theorem 7, ' is bounded. Furthermore

mo: §(T) — F; (z,Tz) — Tx

is continuous, hence T' = my o7, is bounded, as required. 0

The closed-graph theorem is often used in the following manner. A priori, to show that a
linear transformation between Banach spaces is continuous we must show that if z,, — x
then T'z,, — Tz, for any sequence (x,),>1. The closed-graph theorem means that we
need only show that the graph of 7" contains its limit points, i.e., if (x,,),>1 is such that
x, — x and Tz, — y then Tx = y. In this case we have control over (z,),>1 and also
over (Tx,)n>1, which is a considerable improvement. An application of this idea occurs
in the solution to Exercise 4.8.
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The Principle of Uniform Boundedness

We employ the closed-graph theorem to give a proof of the principle of uniform bound-
edness, also known as the Banach-Steinhaus theorem.

Theorem 2.21. (Banach-Steinhaus) Let E be a Banach space, Y a normed space
and suppose that {T, : a € A} C B(E,Y). If {T,z : a € A} C Y is bounded, for all
x € E, then {||T,| : @ € A} is bounded.
Proof

Note first that we may replace Y by its completion, so without loss of generality we

assume that Y is a Banach space. Let Y, := Y for all a € A and let Z := [],_,Ya be
their direct product. Define

acA

T:E—Z; v (Tyx)aeca

and note that the pointwise boundedness of the T, ensures that T is well defined. For
all b € A let

T Z = Yy, (Ya)aca — Uy
and observe that this map is linear and norm-decreasing. Let (z,,Tx,)n>1 € 9(T) be

convergent, say x,, — = and Tz, — y. For all a € A we have that

oy = lim 7,7z, = lim T,z, =T,xr = n,Tx,

n—oo n—~o0

by the continuity of 7, and T,, which shows that y = T'x. Hence T has closed graph, so
is bounded, and

[Tz = lmaT|| < [Tl < [Tl Vzek,

which shows that ||T,|| < ||T|| for all a € A. O

The Strong Operator Topology

Let H be a Hilbert space with orthonormal basis {ej,es,...} and define orthogonal
projections P, € B(H) by setting

P,: H— H;, v+ Z(ek,x>ek.
k=1

It is easy to see that P,z — x as n — oo for all x € H, by the Parseval equality, but as
| Py — Py|| = 1 for all m # m it cannot be the case that ||P, — || — 0 as n — oo. This
example highlights the utility of a weaker sense of convergence for operators.

Definition 2.22. Let X and Y be normed spaces; the initial topology on B(X,Y)
generated by the family of maps {T'+— Tx : x € X} (where Y is equipped with its norm
topology) is called the strong operator topology.
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Since
[Tzl < TN |z VzeX, TeBX,Y),

we see that norm convergence implies strong operator convergence: a net (7;)qea in
B(X,Y) is convergent to 7' in the norm topology if and only if for all € > 0 there
exists ag € A such that ||T, — T'|| < € for all @ > ag, and similarly for strong operator
convergence. Hence sets that are strong operator closed are also norm closed, and so the
strong operator topology is coarser that the norm topology on B(X,Y).

Exercises 3

Exercise 3.1. Let H be a separable Hilbert space with orthonormal basis {eg,es,...}.
For n > 1 let P, denote the orthogonal projection onto Fe; + - -- 4 Fe,; prove that
P,TP,x — Tx asn — oo for all T' € B(H) and z € H. Deduce that B(H) is separable
in the strong operator topology.

Exercise 3.2. Prove that if £ is a Banach space with respect to two different norms then
they are either equivalent or non-comparable (i.e., neither is coarser than the other).

Exercise 3.3. Prove the following extension of Tietze’s theorem to complex-valued
functions: if X is a normal space, Y a closed subset of X and f € C(Y) then there
exists F' € Cp(X) such that Fly = f and ||F|lw = [|f]lc. Prove also that Tietze’s
theorem applies to unbounded, real-valued functions: if X and Y are as above and
f:Y — R is continuous then there exists F': X — R such that F|y = f.

Exercise 3.4. Let E be a Banach space, Y a normed vector space and suppose that
(T)n>1 € B(E,Y) is such that lim,, ., T,z exists for all x € E. Prove that there exists
T € B(E,Y) such that T,, — T in the strong operator topology. What can be said
about the norm of T'7

Exercise 3.5. Let © = (z,),>1 be a sequence of complex numbers such that the series
> o pyn is convergent for all y € ¢p. Prove that x € ¢'. [Consider the mappings

fory =200 5]
Exercise 3.6. Let £ be a Banach space with closed subspaces F' and G such that

E = F®G (ie., every element of E can be expressed uniquely as the sum of an element
of F' and an element of (). Define Pr and Pg by setting

Ppi:E—FE;, f+g—f and Psg: E—F;, f+g—yg VfeF, ged.
Prove that Pr and Py are bounded linear operators such that P2 = Pp, P2 = Py and
PrPg = PoPr = 0.

Exercise 3.7. Find a Banach space E with closed subspaces F' and G such that F =
F & G and
P:E—FE; f+g—f VfeF geG

has norm strictly greater than one. [Let F = R3 with the norm |[(xy, 70, 23)| =
max{|z|, |z, |z3]}.]
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Exercise 3.8. Let £ be a Banach space with closed subspaces F' and G such that
F NG ={0}. Prove that F @ G is closed if and only if there exists C' > 0 such that

[fl<Clf+gll VfeF ged.
Deduce that F' & G is closed if and only if

co=inf{[[f —gll: feF, geG [fll=]gl=1}>0.






Three Dual Spaces

Initial Definitions

Definition 3.1. Let X be a vector space over the field F. A linear functional on X is a
linear map ¢: X — [F. The set of all linear functionals on X is a vector space denoted by
X', the algebraic dual space of X, where the vector-space structure is defined pointwise:

(@ + ) (@) = ¢(x) +¥(x) and (ad)(z):=ad(z) Vo, €X' a€cl.

If X is a normed space then X’ contains X* := B(X,F), the topological dual space of
X. An element of X* is said to be a bounded linear functional on X.

Our notation for the algebraic and topological dual spaces is the opposite of that adopted
in [10].

If X is infinite dimensional then the inclusion of X* in X’ is proper; if X is finite
dimensional then the spaces coincide. Being interested primarily in analysis, henceforth
the term dual space will refer to the topological dual.

Example 3.2. Recall that
(co)* = /(" and ((P)* = (*

if pe[1,00) and 1/p+1/q = 1, where = denotes isometric isomorphism. More generally,
if I is a subinterval of R (or a o-finite measure space)

LP(1)* 2 L9(])

for the same pairs p and ¢; the isomorphism is analogous to the ¢ case: g € L(I) yields
an element of LP(I)* via f — [, g(t)f(t)dt. Proof that every element of LP(I)* arises
this way requires the Radon-Nikodym theorem [18, Theorem 6.16].

Example 3.3. The Riesz-Fréchet theorem implies that H* = H for any Hilbert space
H.

The Weak Topology

Definition 3.4. Any normed space X gains a natural topology from its dual space, its
weak topology. This is the initial topology generated by X*, i.e., the coarsest topology

31
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to make each map ¢ € X* continuous. The weak topology on X is denoted by o (X, X*).
(The letter o is used here because the German word for weak is schwach.)

It is by no means clear that an infinite-dimensional space has any continuous functionals,
but the Hahn-Banach theorem guarantees a plentiful supply (enough to ensure that
the weak topology is Hausdorff). In order to prove the Hahn-Banach theorem in full
generality, we need a version of the Axiom of Choice.

Zorn’s Lemma

Definition 3.5. A partial order on a set A is a preorder < (see Definition 1.27) that is
antisymmetric: for all a, b € A,

a < band b < aimply that a = 0.

Let A be a set with a partial order <. A chain C in A is a subset of A such that, for all
a, b € C, either a < b or b < a. An upper bound or majorant for B C A is an element
a € A such that b < a for all b € B. An element a € A is mazimal if a < b implies that
a=>bforallbe X.

Lemma 3.6. (Zorn) Let A be a non-empty set with a partial order <. If every chain
in A has an upper bound then A has a maximal element.

Proof
We take the lemma as axiomatic; it is equivalent to the Axiom of Choice. (For a
proof of this, see [14, Theorem 1.1.6].) O

The Hahn-Banach Theorem

Definition 3.7. Let X be a real vector space. A sublinear functional on X is a function
p: X — R such that, for all z, y € X and o € R",

(i) plaz) = ap(x) (positive homogeneity)
and (i) p(x+y) <plx) +ply) (subadditivity).

Theorem 3.8. (Hahn-Banach) Let p be a sublinear functional on the real vector
space X and suppose that M is a subspace of X. If f € M’ is a linear functional that
satisfies f(m) < p(m) for all m € M (p is a majorant for f) then there exists a linear
functional F' € X’ such that F|y = f and F(z) < p(z) for all x € X.

Proof

The proof of the Hahn-Banach theorem falls naturally into two parts. The first
involves showing that f has a “one-dimensional extension”, i.e., f extends to N, where
N has codimension one in M: this should be familiar from the b4 course. The second
part is an application of Zorn’s lemma (which is necessary only if X is non-separable;
otherwise simple induction will suffice). Throughout we assume (as we may) that M is
a proper subspace of X.
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Choose a vector g € X \ M, let N := M + Rz and for all 4 € R define
fv: N —=R; m+azxy— f(m)+ay.

This is a sound definition because N is the direct sum of M and Rz, and furthermore
fylm = f. It remains to show that we may find v € R such that f,(z) < p(z) for all
r € N, ie.,

f(m)+avy < p(m + axy) Vme M, a e R.

By positive homogeneity of p and linearity of f, the above inequality will be satisfied if
fm)+y<pm+xz) YmeM and f(m) —~ <p(m—x9) Vme M.
Hence we wish to find v € R such that
Fm) = plm — 20) <74 < —f(n) + p(n + ) Ym,n € M
but, by the subadditivity of p and linearity of f,
—f(n) +pn+x0) = f(m) + p(m — x0) = —f(n+m) +pn+m) =0,

so such v exists.
Let

S:{(g,N):Nisasubspace of X, MCN, ge N, glu=1f, g(x) <p(x)Vx€N}

denote all suitable extensions of f; the previous part shows that this set is non-empty.
Define < on § by saying that

(9, N)< (h,P) <= NCP and hly=g

and note that this is a partial order. Let {(g,, No) : a € A} be a chain in (8, <), let
N := U, ea Na and define

g: N = R; x— gu(x) if z € N,.

It is a simple exercise to see that (¢, N) € 8§ and (g,, N,) < (g,N) for all a € A. By
Zorn’s lemma we conclude that there exists (h, P) € § that is maximal for <; if we can
show that P = X then we are done. Suppose otherwise; then P is a proper subspace
of X and there exists a proper extension of h, by the first part of this proof. This
contradicts the maximality of (h, P). O

Theorem 3.9. (Bohnenblust-Sobczyk) Let p be a seminorm on the vector space
X and suppose that M is a subspace of X. If ¢ € M’ is a linear functional such that
|o(m)| < p(m) for all m € M (¢ is dominated by p) then there exists a linear functional
® € X' that extends ¢ (i.e., ®|y = ¢) and is dominated by p (i.e., |®(z)| < p(x) for all
r e X).
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Proof

Suppose first that X is a real vector space. Note that a seminorm is a sublinear
functional, so we may apply the Hahn-Banach theorem to obtain ® € X’ such that
Oy = ¢ and ¢(x) < p(x) for all x € X, but also

—®(z) <p(—z) =p(z) VreX

by the homogeneity of the seminorm p. Hence |®(z)| < p(z) for all x € X, as required.

Now suppose that X is a complex vector space. We may regard it as a real vector
space and apply the first part of this proof to obtain a real-linear functional F on X
that extends Re ¢ and is dominated by p. Define ® by

®: X —C; x+— F(x) —iF(ix).
It is clear that ® is additive, and if a, b € R then

P((a+ib)x) = F((a+ib)x) — iF(i(a + ib)x)
= F(ax) + F(ibx) — iF (iax) — iF(—bx)
=(a+ib)F(z) —i(a+ib)F(iz) = (a+ib)®(zr) Vze X,

so ® € X'. Note also that

®(m) = F(m) —iF(im) = Re¢p(m) — i Reip(m)
=Reop(m) +ilmop(m) = p(m) Vm e M,

so @y = ¢. Finally, let + € X and choose a« € T := {z € C : |z| = 1} such that
a®(z) € RT. Then

|®(z)| = |a®(z)| = Rea®(x) = Re ®(ax) = F(az) < plazx) = p(z)

and so ® is dominated by p, as required. 0

The Dual Space Separates Points

Theorem 3.10. Let X be a normed space. For all z € X \ {0} there exists ¢ € X* such
that ¢(z) = |[z[| and [[¢]| = 1.

Proof

Let M = Fz := {az : a € F} and define f: M — F; az — aljz||. Note that
|f(ax)| = |a| ||z|| = ||az|| and so f is dominated on M by || - ||. By Theorem 3.9 there
exists a linear functional ¢: X — I such that ¢|y, = f (in particular, ¢(x) = [|z|| ) and
lo(y)| < |ly|| for all y € X (so that ||¢|| < 1). Combining these observations gives the
result. O

This proves that the weak topology on X is Hausdorff: if z, y € X are such that x # y
then there exists ¢ € X* such that ¢(x —y) = ||z — y|| # 0; the claim follows by
Proposition 1.26.
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Existence of Completions

Recall that X** = (X*)* is the bidual or second dual of the normed space X. For all
x € X define a linear functional & on X* by setting #(¢) = ¢(x) and note that

2(0)] = |o(2)| <[] ||l
so that 2 € X** with ||Z|| < ||z||. Theorem 3.10 shows that the map
X —-X" -z

is an isometry, called the canonical embedding of X into its bidual. If the canonical
embedding is surjective then X is said to be reflexive.

Proposition 3.11. If X is a normed vector space then it has a completion: there exists
a Banach space X and a linear isometry i: X — X such that i(X) is dense in X.

Proof

Let X := I'(X) be the closure in the bidual X** of the image of X under the
canonical embedding. As X** is complete (being the dual of a normed space) and closed
subspaces of Banach spaces are complete (Proposition 1.8), (X ] X) is a Banach

X**
space containing X as a dense subspace. Let i: X — X; x +— Z; it is immediate from
the previous remarks that ¢ is a linear isometry, as required. U

There is another, more pedestrian way of finding the completion of a normed space (or
any metric space) which mimics the way that the real numbers may be constructed as a
collection of equivalence classes of sequences of rational numbers: see [3, pp. 34-35] or
[22, Theorem 11.2.2]; it is not difficult to check that the completion inherits the structure
of a normed space [3, Theorem 2.7].

Y is Complete if B(X,Y) is Complete

Proposition 3.12. If X and Y are normed vector spaces with X # {0} and B(X,Y)
complete then Y is complete.

Proof

Let (yn)n>1 € Y be a Cauchy sequence and let xy € X be a unit vector. By
Theorem 3.10 there exists a linear functional ¢ € X* such that ||¢|| = 1 = ¢(zg). For
n > 1 define T,, € B(X,Y) by setting T,,x = ¢(x)y, and note that T,,xo = y,. Then

(T = Ton)zl| = (@) [[yn = ymll < v =yl Izl Ve X

and so |1, — Tl < ||Yn — Yml|, which shows that (7),),>1 is a Cauchy sequence in
B(X,Y). Let T be the limit of this sequence and conclude by noting that

lim y, = lim T,y = Txg.

n—oo
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Vector-valued Holomorphic Functions

Definition 3.13. Let X be a complex normed space and let U be an open subset of

C. A function f: U — X is weakly holomorphic if ¢ f: U — C is holomorphic for all

¢ € X*, and is strongly holomorphic if
fEER) - ()

exists Vze U
h—0 h * ’

where this limit is taken with respect to the norm topology on X. Note that every
strongly holomorphic function is weakly holomorphic.

Theorem 3.14. (Liouville) Let f: C — X be a weakly holomorphic function into the
complex normed space X. If f is bounded, i.e., there exists r € RT such that || f(2)|| < r
for all z € C (equivalently, f(C) C X,) then f is constant.

Proof
For all ¢ € X* we have that ¢- f: C — C is bounded and holomorphic everywhere,
and so constant, by the classical Liouville’s theorem [16, § 5.2]. Hence

¢(f(2)) = o(f(0)) VzeC, ¢ X"

As X* separates points in X we must have that f(z) = f(0) for all z € C, ie., fis
constant. U

The proof holds if the holomorphic function f is only required to be weakly bounded,
i.e., for all ¢ € X* there exists r, € R™ with |¢(f(2))] < 7y for all z € C. This is not a
generalisation, however, as a subset of a normed space is weakly bounded if and only if
it is norm bounded (Exercise 4.6).

The Weak Operator Topology

Definition 3.15. Let X, Y be normed spaces; the intial topology on B(X,Y") generated
by the collection of maps {T' — ¢(Tx) : € X, ¢ € Y*} (where F is equipped with its
usual topology) is called the weak operator topology.

In the same manner as we compared strong operator and norm convergence, the fact
that
[p(Tx)| < llo[[Tz]] VzeX, oY, T eBX,Y)

shows that strong operator convergence implies weak operator convergence; thus sets
that are weak operator closed are also strong operator closed, and so the weak operator
topology is coarser than the strong operator topology.

Adjoint Operators

Theorem 3.16. Let X, Y be normed vector spaces and let T € B(X,Y’). There exists
T* € B(Y*, X*) such that

o(Tx) = (T"¢p)(x) VeeX, peY™.
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Furthermore ||T*|| = ||T||.

Proof
This is a b4 result [24, Theorem 2.2.13]. O

Definition 3.17. If M is a subspace of the normed space X and N is a subspace of X*
then
M*:={p€ X*:p(zx)=0forall x € M}

is the annihilator of M and
N :={r € X :¢(x) =0 for all p € N}
is the pre-annihilator of N.
Theorem 3.18. Let X and Y be normed spaces and let 7' € B(X,Y’). Then
ker T = *(im T*) and ker T* = (im T)*.

Proof
Note that, since Y* separates points in Y,
kerT = {z € X :Ter=0} = {ze€X:¢(Tx)=0forall ¢ € Y}
= {reX:(T"¢)(x)=0forall p € Y*} = +(imT").

The other identity can be established in the same manner. O

The Weak* Topology

Definition 3.19. Let X be a normed vector space. The weak™ topology on X* is the
initial topology generated by the maps

T: X" —=TF; ¢— o(2) (x € X),

i.e., the coarsest topology to make these maps continuous. The weak™® topology on X*
is denoted by o(X*, X).

Note that the weak* topology is Hausdorff, by Proposition 1.26: if ¢, ¢ € X* are distinct
then there exists x € X such that ¢(x) # ¢(x), and so the map & separates these points.
Note also that ¢ +— ¢(x) € X*™* for all z € X, so the weak™ topology o(X*, X) is even
coarser than the weak topology o(X™*, X**): there are fewer functions required to be
continuous.

Exercises 4

Exercise 4.1. A closed subspace M of the normed space X is complemented in X if there
exists a closed subspace N such that M ® N = X, i.e., M+ N = X and M NN = {0}.
Prove that M is complemented in X if M is finite dimensional. [Start by considering a
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basis of M*.] Prove also that M is complemented in X if M has finite codimension, i.e.,
dim X/M < oc.

Exercise 4.2. Let M be a finite-dimensional subspace of the normed space X and let N
be a closed subspace of X such that X = M & N. Prove that if ¢, is a linear functional
on M then

¢: M BN —TF;, m—+n— ¢g(m) VmeM, ne N

is an element of the dual space X*.

Exercise 4.3. Prove that a normed vector space X is separable if its dual X* is. [You
may assume that if M is a non-empty subspace of X and 7y € X \ M then there exists
¢ € X* such that ¢|y; = 0 and ¢(zo) = 1.] Find a separable Banach space E such that
E* is not separable. [Proof of (non-)separability is not required.] Prove that a reflexive
Banach space E is separable if and only if £* is.

Exercise 4.4. Prove that a Banach space E is reflexive if and only its dual E* is
reflexive.

Exercise 4.5. Prove that any infinite-dimensional normed space has a discontinuous
linear functional defined on it.

Exercise 4.6. Let A be a subset of the normed vector space X. Prove that A is norm
bounded (there exists r € RT such that [ja|]| < r for all a € A) if and only if it is weakly
bounded (for all ¢ € X* there exists r, € R such that |¢(a)| < ry for all a € A). [Use
the principle of uniform boundedness and the canonical embedding I': z +— #.] Deduce
that a weakly holomorphic function is (strongly) continuous. [Cauchy’s integral formula
may be useful.]

Exercise 4.7. Let H be a Hilbert space. Prove that the adjoint 7"+ T™ is continuous
with respect to the weak operator topology on B(H), but not necessarily with respect
to the strong operator topology. [For the latter claim, consider the operators T), € B(¢?)
such that T,z = (e1, z)e, for all x € (?, where {e, : k > 1} is the standard orthonormal
basis of 2]

Exercise 4.8. Let E and F' be Banach spaces. Show that if T': £ — F and S: F* — E*
are linear transformations that satisfy

&(Tz) = (S¢)(z) VaeE, ¢ F*

then S and 7" are bounded, with S = T™. [Use the closed-graph theorem.|

Exercise 4.9. Let £ and F' be Banach spaces and suppose that T € B(E, F') has closed
range, i.e., im T is closed in F. Prove that im 7™ = (ker T')* (where

M+ :={¢p € E*: ¢(x) =0 for all z € M}

is the annihilator of the subspace M C FE).

Exercise 4.10. Let E = ¢y, so that E* = ¢! and E** = (. Prove that x — 220:1 T, 18
weakly continuous on ¢! but is not weak* continuous.
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Exercise 4.11. Prove that a compact metric space is separable. Prove that if X is a
separable normed space then X7, the closed unit ball of the dual space X*, is metrizable
when equipped with the weak™® topology. [Let (z,)n>1 € X be dense in X; and consider
d(gp, ) :==>"% 27" p(x,) —1(x,)].] Deduce that X* is separable in the weak* topology.

n=1

Exercise 4.12. Let X and Y be normed spaces and for all z € X and y € Y let
r®y: B(X,Y") = F;, Tw— (Tz)(y).

Prove that x ® y € B(X,Y™")*, with ||z ® y|| = ||z|| |ly||, and that the mapping
X XY —-BX, V) (r,y) — 2@y

is bilinear. If Z is the closed linear span of {r ® y:x € X, y € Y} in B(X,Y™*)*, prove
that
JrBX,YY) = 27 j(T)z = 2(T)

is an isometric isomorphism. [For surjectivity, let ¢ € Z* and consider ¢,.: y — ¢(z®vy).]

Tychonov’s Theorem

Definition 3.20. Let ((X,, T,) : a € A) be a collection of topological spaces. Their
topological product is (X, T), where

X=X _ X, ={(%a)aca: 1, € X, Va € A}

acA 0

is the Cartesian product of the sets X, and T =[]
initial topology generated by the projection maps

wcaJa 18 the product topology, i.e., the

mp: X — Xy, (Ta)aca — T (be A).

The fundamental fact about the product topology is that is preserves compactness; this
is Tychonov’s theorem. The proof of Tychonov’s theorem is not particularly simple; to
avoid clutter, we remind ourselves of some minor points from basic topology.

Let (X, 7) be a topological space.

(i) The space (X, T) is compact if and only if every collection of closed subsets of
X with the finite-intersection property has non-empty intersection; a collection F
of subsets of X has the finite-intersection property if Fy N...NF, # { for all
Fi, ..., F, € F. [For a proof of this, see [21, Theorem 21.D] or [3, p.116].]

(i) f AC X thenx € A if and only if every open set containing = meets A. [Otherwise
re(X\A)P°=X\A]

(iii) If X is the product of {(X,, T,) : a € A} then every set in T is the union of sets of
the form

n

r'U:)  (neEN, ar,... a0 €A Uy €Ty, Uy €T,);
=1

these sets form a base for 7.
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Theorem 3.21. (Tychonov) Let {(X,, T,) : a € A} be a collection of compact topo-
logical spaces. The product space (X, T) is compact.

Proof

Let F be a family of closed subsets of X with the finite-intersection property. By
Zorn’s lemma we may find a maximal family H of (not necessarily closed) subsets of X
such that I contains F and has the finite-intersection property. Note that I is closed
under finite intersections: if Ay, ..., A, € Hthen A= A;N...N A, € H, as otherwise
H U {A} strictly contains H, contains F and has the finite-intersection property, which
contradicts the maximality of H. Furthermore, if A C X is such that AN H # () for all
H € H then A € H; otherwise considering H U {A} leads to the same contradiction.

Let a € A and note that {m,(H) : H € H} has the finite-intersection property
(because f((Nyep S6) € pep f(Sp) for any function f and collection of sets {Sy}), so
there exists x, € [\yeqTa(H) by the compactness of X,. We complete the proof by
showing that @ := (24)eea € (\yeqge H, Which suffices to show that (.4 F # 0.

Any open set containing z contains a set of the form U = (., 7, (Ua), where
U, € T, contains x, and Ay is a finite subset of A. If a € Ay then z, € U, N7, (H), so
7, ' (U,)NH # 0, for all H € K. Hence 7, '(U,) € H for all a € Ay, and so U € H, as H
is closed under finite intersections. As H has the finite-intersection property, U (| H # ()
for all H € H, and therefore x € (.4 H, as required. U

The Banach-Alaoglu Theorem

Theorem 3.22. (Banach-Alaoglu) If X is a normed space then X7, the closed unit
ball of X*, is compact in the weak™ topology.

Proof
By Tychonov’s theorem, the space K = Xme « Fiz is compact when equipped with
the product topology. The map
F:X{ = K; ¢ (0(x)),
is well defined (since |¢(z)| < |||l ||z]] < ||z]|) and injective, so F'~1 is well defined on
F(X{). This map is weak™ continuous, by Proposition 1.25, since &|x; ° F-1= Te| F(x7)
for all z € X, and X} = F~1(F(X})) is weak* compact if F(X7}) is closed in K. To
prove this, by Theorem 1.34 it suffices to take a net (¢,)sca in X; such that (F(qﬁa))aeA

has limit f = (f,)zex € K and show that ¢: x — f, € X{. Note that F'(¢,) — f if and
only if ¢,(z) — f., by Proposition 1.37, and so

foet+af, = lim Pa(T) + alim ba(y) = lim bo(r + 0y) = foiay Vr,ye X, a€l.
Hence ¢: x — f, € X', and f, € Fyg for all z € X implies that |¢(z)| = |fz] < ||=]], so

||l < 1, as required. (The linearity result used here follows from continuity of addition
and multiplication in F.) d
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Characterisation of Normed Vector Spaces

The following theorem reduces the study of normed vector spaces to the study of sub-
spaces of a particular type of Banach space, the collection of continuous functions on
a compact, Hausdorff space. In particular, all Banach spaces are isomorphic to closed
subspaces of C(K) for some compact, Hausdorff space K.

Theorem 3.23. Let (X, || - ||) be a normed space. There exists a compact, Hausdorff
space K and a linear isometry i: X — C(K) such that X is isometrically isomorphic to
i(X), a subspace of C'(K), which is closed if and only if X is complete.

Proof

Let K = X7 be the closed unit ball of X*, equipped with the (restriction of the) weak*
topology. (This is Hausdorff, being a subspace of the Hausdorff space (X*,o(X*, X)).)
Define i: X — C(K) by setting i(z) = Z|k, i.e.,

i(r): K = F; ¢ — ¢(x);

this map is continuous by the definition of the weak™® topology, and i is clearly linear.
Furthermore,

li(2)lloo = sup{li(z)(¢)] : ¢ € K} = sup{lo(x)] : ¢ € K} = ||z,

by Theorem 3.10. Hence i is an isometry, so i(X) is closed if and only if X is complete:
a subspace of a Banach space is closed if and only if it is complete (Proposition 1.8) and
isometries preserve Cauchy sequences. U

The previous theorem is the starting point which motivates the theory of operator spaces:
every Banach space is isometrically isomorphic to a closed subspace of some C(K),
which is the paradigm example of a commutative C* algebra. An operator space is a
closed subspace of some B(H), where H is a Hilbert space; B(H) is the natural non-
commutative generalisation of C'(K'). This is a very active area of current research (see

[5] or [15]).

Topological Vector Spaces

Definition 3.24. Let X be a vector space. A set of linear functionals A C X’ is
separating if for all € X \ {0} there exists ¢ € A such that ¢(x) #0. If M C X' is a
separating subspace then o(X, M) := T, is the initial topology on X generated by M;
this topology is Hausdorff by Proposition 1.26.

The weak and weak™ topologies are defined in this fashion.

Proposition 3.25. Let X be a vector space with separating subspace M C X’. A linear
functional ¢ € X' is o(X, M)-continuous if and only if ¢ € M.
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Proof
See Exercise 5.1. O

Proposition 3.26. Let X be a vector space over F and let M C X’ be a separating
subspace. The functions

FxX—X; (,2) — azx and XXX —=X; (v,y)—x+y

are continuous (where X is equipped with the topology (X, M) and F has its usual
topology).

Proof

The function (o, x) +— ax is continuous if (a, x) — ¢(ax) is continuous for all p € M,
by Proposition 1.25, and this function is continuous if ¢(o,x,) — ¢(ax) for any net
(a, Tg)aca € Fx X such that (o, z,) — (o, z), by Proposition 1.35. If (o, z,) — (a, )
in F x X then (by the definition of the product topology and Proposition 1.37) o, — «
and z, — z, i.e., ¢(x,) — ¢(x) for all ¢ € M. Continuity of multiplication in F yields

¢(Qata) = af(T0) — ad(z) = dlax) Vo€ M,

as required. The proof for the other function is similar (and depends upon the continuity
of addition in F). O

Definition 3.27. A topological vector space is a vector space X equipped with a Haus-
dorff topology such that the maps

XxX—=X; (v,y)—z+y
and
FxX—X; (a,2) — azx
are continuous.

Any normed space, or vector space equipped with the topology given by a separating
subspace of linear functionals, is a topological vector space.

Lemma 3.28. Let X be a topological vector space. A linear functional ¢ € X' is
continuous if and only if |¢|~![0, 1) contains an open set containing 0.

Proof

One implication is immediate from the definitions. For the converse, suppose that
U C X is an open set containing 0 and such that |¢(u)] < 1 for allu € U. Let A CF
be open and let 2 € ¢~ (A); there exists e, > 0 such that B, := BE (¢(z)) C A. As

0(y) — o(@)[ = lo(y —2)| <ea  Vyeu+el,

we see that

¢~ (A) 207 (By) 2w +e,U
and so ¢ 1(A) = Usep-1(ay(z +.U) is open, as required. (The fact that x+¢,U is open
follows as the maps y — y + = and y — &,y are homeomorphisms of X to itself.) U
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Separation

Definition 3.29. A subset C of a vector space is convez if tC' + (1 —t)C C C for all
t e (0,1),ie,ter+ (1—t)y € Cforall z,y € C and t € (0,1). [Geometrically, this
condition states that every line segment with endpoints in C' lies in C. It is immediate
that linear transformations preserve convexity.]

Lemma 3.30. Let X be a real topological vector space. If C' is a convex, open set in
X that contains the origin then the map

po: X - RY: z— inf{t e RY : z € 1C}

(called the gauge or Minkowski functional of C') is a sublinear functional on X such that
C=p0,1)={z € X :pc(r) <1}.
Proof

If € X then m,: R — X; ¢+ tx is continuous, so m ' (C) is open and contains 0.
Hence there exists § > 0 such that tx € C'if |t] < 0, i.e., z € sC if |s| > §~'. This shows
that pc is well defined.

Let x, y € X and suppose that € > 0; we may find s, t > 0 such that s < pc(x) +¢,
t <pc(y)+eand z € sC,y e tC. Then

S

x—l—yEsC’—l—tC’z(s—l-t)( SO+ C)g(s+t)0,

s+t
by the convexity of C, and uc(x +y) < s+t < po(z) + pe(y) + 26. Since € > 0 is
arbitrary we have the subadditivity of pc.

Positive homogeneity is immediate: if s > 0 then x € tC if and only if sz € stC,
hence pc(sx) = spc(x) for all x € X and s € RT.

Finally, if z € C then (1 +¢)z € C for some ¢ > 0 (because m,'(C) is open and
contains 1) and so z € (1 + ¢)~'C, which yields uc(z) < 1. Conversely, if uc(z) < 1
then z € tC for some t < 1, whence t 'z € C' and so x = (1 — )0+ ¢(t"'z) € C because
0 € C and C'is convex. O

s+

Definition 3.31. A topological vector space is locally convez if every open set containing
the origin contains a convex open set containing the origin. A normed space, or a topo-
logical vector space with topology given by a separating subspace of linear functionals,
is locally convex (Exercise 5.8).

Theorem 3.32. Let X be a topological vector space and let A, B be non-empty, disjoint,
convex subsets of X.

(i) If A is open then there exists a continuous linear functional ¢ € X’ and s € R such
that
Re¢(z) < s < Re¢(y) Vee A yeB.

(i) If X is locally convex, o € X \ B and B is closed then there exists a continuous
linear functional ¢ € X’ such that

Re ¢(xo) < inf{Re d(y) : y € B}.
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Proof

First, note that we may assume that the scalar field F = R, working as in the last part
of the proof of Theorem 3.9: if ¢ is a continuous, real-linear functional on X satisfying
(i) or (ii) then ®: z — ¢(x) — ig(ix) is an continuous element of X’ with the same
property (since Re ® = ¢).

For (i), let ag € A, by € B and consider C' = A — B + (by — ao); it contains 0, is open
(being the union of translates of the open set A) and is convex (this is immediate upon
checking the definition). Hence the gauge pc is sublinear on X.

Since A and B are disjoint, xo := by—ag ¢ C, and therefore pc(zg) = 1. Let N = Rz
and define ¢y on N by setting ¢o(tzg) =t for all t € R. Then ¢y < e on N, and so, by
Theorem 3.8, there exists a (real-linear) functional ¢ such that ¢(zg) = ¢o(xg) = 1 and
¢ < pe. If x € C then ¢(x) < pe(x) < 1 and if x € —C then ¢(x) = —p(—z) > —1.
Hence |p(x)] < 1 on C' N (—=C); since C' N (—C) is an open set containing the origin, ¢
is continuous (by Lemma 3.28).

Ifae A, be B thena—b+ xg € C and so

¢la) —ob) +1=d(a—b+x0) < pela—b+z9) <1,

hence ¢(a) < ¢(b). Then ¢(A) and ¢(B) are disjoint, convex subsets of R and ¢(A) is
open (see Exercise 5.3), so taking s = sup ¢(A) gives the result.

For (ii), note that (X \ B) — x, is open and contains 0, so by local convexity there
exists a convex, open set U such that 0 € U C (X \ B) —xy. Then A := 27+ U is convex,
open and contained in X \ B; the result follows by (i). O

Corollary 3.33. If X is a locally convex topological vector space and z € X \ {0} then
there exists a continuous linear functional ¢ € X’ such that ¢(x) # 0. In other words,
the topological dual of X separates points.

Proof
Let B = {0}, xy = « and apply Theorem 3.32(ii). O

Example 3.34. Let 0 <p < 1,
LP[0,1] :== {f: [0,1] — C | f is measurable and d(f,0) < oo},

where
d(f,g) == / £(6) — g()P dt,

and let LP[0,1] = LP[0,1]/N, where N := {f € LP[0,1] : d(f,0) = 0} is the subspace of
functions zero almost everywhere. The map ([f], [g]) — d(f,g) is a metric on L0, 1]
which makes it a topological vector space (with algebraic operations defined pointwise).
However, this topology is not locally convex and the only continuous linear functional
on LP[0, 1] is the zero functional (Exercise 5.6),
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A consequence of Proposition 3.25 is the fact that the collections of norm-continuous
and weakly continuous linear functionals on a normed space coincide; combined with
the separation theorem this yields the following.

Corollary 3.35. A convex subset of a normed space is norm closed if and only if it is
weakly closed.

Proof

Since the weak topology is coarser than the norm topology, we need only consider a
non-empty, norm-closed, convex subset C' of the normed space X. If x ¢ C' then there
exists ¢ > 0 such that B.(z) N C' = 0); applying Theorem 3.32(i) with A = B.(x) and
B = (C'yields ¢ € X* and s € R such that

{ye X :Reo(y) <stnC=10.

As (Re @) !(—o0, s) is weakly open and contains z, it follows that C' is weakly closed
and we have the result. O

In fact, the previous proposition holds for all locally convex topological vector spaces:
the proper generalisation of the weak topology is the initial topology generated by all
the continuous linear functionals (Exercise 5.9).

The Krein-Milman Theorem

Definition 3.36. Let X be a vector space. A face of a convex set C' is a non-empty,
convex subset F' C C such that if ¢t € (0,1) and x, y € C satisty tx + (1 — t)y € F then
x and y € F. An extreme point of a convex set C' is a one-point face, i.e., an element of
C' that cannot be expressed as a non-trivial convex combination of elements of C. [We
blur the distinction between an extreme point and the singleton set containing it.] The
extremal boundary of C' is the set of its extreme points, denoted by 0, C'

In geometrical terms, a face F'is a subset of the convex set C' such that if f € F and ¢ is
a line through f then /NC C F. An extreme point is a point of C' that is not contained
in the interior of any line segment in C.

[Some pictures would go well here.]

Definition 3.37. If X is a vector space and A C X then

cnv A = {Zaixi neEN, aq,...,0, €RT, Z(xi =1, x1,...,2, € A}
i=1 i=1
is the conver hull of A. If X is a topological vector space then the closed convex hull of
A, denoted by ¢nv A, is the closure of cnv A.

Proposition 3.38. If X is a vector space and A C X then cnv A is the smallest convex
set containing A. If X is a topological vector space then cnv A is the smallest closed,
convex set containing A.
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Proof
The convexity of cnv A is readily verified. Let B be any convex set containing A; we
claim that cnv A C B, i.e., for all n € N,

Z(xixiEB if x1,...,2, € Aand oy,...,a, € RT with Z%’Zl- (3.1)
i=1

i=1

To see this, we proceed by induction: the cases n = 1 and 2 are immediate, so suppose
that n > 2 and that (3.1) holds for sums containing n — 1 terms. Without loss of
generality «,, # 1 and

n—1

iaixi =(1—ay,) (Z %xo + o, € B
i=1 n

i=1

by the inductive hypothesis and convexity. This proves the first statement.

If B is a closed, convex set containing A then cnv A C B (since B is convex) and
hence civ A C B = B (taking closures). It remains to prove that v A is convex; let
x, y € cnv A and choose a net (z,,y,)pep C cnv A X cnv A such that (z,,v,) — (z,v)
(recall that the closure of a product is the product of the closures). By continuity of
scalar multiplication and vector addition,

tr+ (1 -ty = tlljlergxp +(1—1) })ggyp = })ggt:pp +(1—1t)y, € cuv A=:cnv A

for all t € (0,1), as required. O

Lemma 3.39. Let X be a topological vector space and let C' be a non-empty, compact,
convex subset of X. If ¢ € X’ is continuous then

F:={2z€C:Re¢(zr) =min{Reg(y) : y € C}}

is a closed face of C.

Proof

The set F' is non-empty (since C' is compact and x — Re ¢(z) is continuous), closed
(since it is the pre-image of a point under the continuous function Re ¢) and convex (since
Re ¢ is real-linear). Furthermore, if ¢ € (0,1) and x, y € C are such that tx+(1—t)y € F
then

mcin Re¢p = Re¢p(tex + (1 —t)y) =tRep(x) + (1 —t) Rep(y) = mcin Re ¢. (3.2)

(The notation mcin means that the minimum is taken over the set C.) If x is not in F

then Re ¢(z) > ming Re ¢, which gives a strict inequality in (3.2), a contradiction, and
similarly for y. Hence z, y € F', as required. O

Theorem 3.40. (Krein-Milman) Let X be a locally convex topological vector space
and let C' be a non-empty, compact, convex subset of X. Then C' = cnv 0, C, i.e., C is
the closed convex hull of its extreme points. (In particular, d, C' is non-empty.)
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Proof

Let F denote the collection of closed faces of C'; it is an exercise to verify that
(F, D) is a non-empty, partially ordered set, such that every chain in F has an upper
bound. Applying Zorn’s lemma we obtain a maximal element of F, i.e., a closed face
Fy such that if Fy € F satisfies Fy O F) then F; = Fy. We claim that Fy € 0.C’; to
see this, suppose otherwise, so that there exist distinct x, y € Fy. By Corollary 3.33
there exists a continuous ¢ € X' such that ¢(x) # ¢(y), and without loss of generality
Re ¢(z) < Re¢(y) (else we replace ¢ by one of —¢, i¢ or —i¢). Let

F = {z € Fy: Rep(z) = min{Rep(w) : w € FO}};

this is a proper subset of Fy (since y ¢ Fi) and a closed face of Iy, by Lemma 3.39, and
so a closed face of C': a face of a face of C' is itself a face of C. This contradicts the
minimality of Fy and so 9,C # 0.

It is immediate that C' O ¢nv 0, C, so to complete the proof suppose for contradiction
that x € C'\ ecnv 9, C. By Theorem 3.32(ii) (applied to x and cnv d,C') we may find a
continuous 1 € X’ such that Rey(z) < min{Re¢(y) : y € cnv 9, C'}. Let

F={zeC:Ret(z) =min{Re(w) : w € C}};

this is a closed face of ', by Lemma 3.39, and applying the first part of this proof, with
F in place of C| yields z € 0, F C 9,C. Hence

mCiYn Rey) = Rep(z) > Reyp(z) > mcin Re,

the desired contradiction. O

Exercises 5

Exercise 5.1. Prove that if X is a vector space with separating subspace M C X’ and
¢ € X' is a linear functional that is o(X, M)-continuous then there exist ¢1,..., ¢, € M
such that

6(2)] < max ()] Vae X,

1<i<n

Deduce that (), ker ¢; C ker ¢ and that there exists f € (F")* such that

f(o1(x), ... on(2)) =o(x) VaeX.
Conclude that ¢ € M.

Exercise 5.2. Let X be an infinite-dimensional normed space and let V' C X be a
weakly open set containing the origin. Show that V' contains a closed subspace of finite
codimension in X. Deduce that the weak topology on X is strictly coarser than the
norm topology.

Exercise 5.3. Let X be a topological vector space. Prove that every ¢ € X'\ {0} is
open. [Note that m,: a — ax is continuous for all x € X and that there exists o € X
such that ¢(zg) = 1.
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Exercise 5.4. Suppose that X is a vector space equipped with a topology that makes
vector addition and scalar multiplication, i.e., the maps

XxX—=X; (vr,yy—z+y and FxX—X; (a,2) — az,

continuous. Show that if this topology is such that singleton sets are closed (i.e., {z} is
closed for all x € X) then the topology is Hausdorff (so X is a topological vector space).

Exercise 5.5. Let X be a topological vector space. Prove that every open set containing
the origin contains a non-empty open set which is balanced: a set B is balanced if \b € B
for all b € B and A € F;. [Balanced sets are in some ways analogous to open balls about
the origin in normed spaces.] Deduce that if C' C X is compact and does not contain
the origin then there exist disjoint open sets A, B C X such that C' C A and B is a
balanced set containing 0. Show that a balanced set is connected and give an example
to show that a balanced set need not be convex.

Exercise 5.6. Let p € (0,1),
L7[0,1) :={f: [0,1] — C | f is measurable and A(f) < oo},
where A(f) = fol |f(z)[P dx, and let LP[0, 1] := LP[0, 1]/N, where
N:={f:[0,1] = C ’ f is measurable and zero almost everywhere}.

Prove that d([f],[g]) := A(f — g) is a metric on L?[0, 1] and that L?[0, 1] is a topological
vector space (when equipped with this topology). Prove further that L?[0, 1] has no
convex, open sets other than () and LP[0,1]. Deduce that the only continuous linear
functional on L?[0, 1] is the zero functional.

Exercise 5.7. Let X be a topological vector space over F and let M be a finite-
dimensional subspace of X. Prove that M is linearly homeomorphic to F", where n
is the dimension of M. Prove also that M is closed in X.

Exercise 5.8. Prove that a topological vector space with topology given by a separating
family of linear functionals is locally convex.

Exercise 5.9. Suppose that X is a locally convex topological vector space and M is
the collection of continuous linear functionals on X. Prove that a convex subset of X is
closed (with respect to the original topology) if and only if it is closed with respect to
o(X, M), the initial topology generated by M. Need this hold if X is not locally convex?

Exercise 5.10. Let X be a locally convex topological vector space. Show that if N
is a non-empty subspace of X and xyp € X \ N then there exists a continuous linear
functional ¢ € X’ such that ¢|y = 0 and ¢(zy) = 1. [Use the separation theorem.]

Exercise 5.11. Let X be a topological vector space and suppose V is an open set
containing 0. Prove there exists an open set U containing 0 such that U + U C V.
Deduce or prove otherwise that if A C B C X, where A is compact and B is open, then
there exists an open set U C X such that 0 € U and A+ U C B.
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Exercise 5.12. Suppose that X is a topological vector space such that the continuous
elements of X’ separate points. Prove that given disjoint, non-empty, compact, convex
A, B C X there exists a continuous ¢ € X’ such that

sup Re ¢(x) < igg Re ¢(x).

z€EA

[Consider X equipped with the topology o(X, M), where M is the collection of contin-
uous linear functionals on X.] Deduce that Theorem 3.40 is true for topological spaces
with continuous dual spaces that separate points.

Exercise 5.13. Let X be a topological vector space and suppose that C'is a non-empty;,
compact, convex subset of X. Prove that (F, D), the collection of closed faces of C
ordered by reverse inclusion, is a non-empty, partially ordered set such that every chain
in F has an upper bound.

Exercise 5.14. Prove that the closed unit ball of ¢y has no extreme points.

Exercise 5.15. Let H be a Hilbert space. Prove that every unit vector in H is an
extreme point of the closed unit ball Hy. [Note that 1 is an extreme point of Fy.]
Deduce that every isometry in B(H) is an extreme point of the closed unit ball B(H),.

Exercise 5.16. Let C be a convex subset of a topological vector space X. Prove that if
x € C and y € C°, the interior of C, then tz + (1 —t)y € C° for all t € [0,1). Prove also
that the interior C° and the extremal boundary J.C' are disjoint (as long as X # {0}).

Exercise 5.17. Let C' C R" be compact and convex. Prove that every element of C' can
be written as a convex combination of at most (n+ 1) elements of 9, C. [Use induction.]
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Four Normed Algebras

We start with some purely algebraic definitions. All the algebras that we consider will
have scalar field R or C.

Definition 4.1. An algebra (more correctly, an associative algebra) is a vector space A
equipped with a bilinear map (called multiplication)

wAxA— A; (a,b) — ab

that is associative:

(ab)c = a(be) Va,b,ce A

An algebra is commutative if its multiplication is, i.e., ab = ba for all a, b € A. An
algebra is wunital if there exists 1 € A such that la = al = a for all a € A; such an
element is unique if it exists. A subalgebra of the algebra A is a subspace B that is closed
under multiplication: ab € A for all a,b € B (more briefly, B> C B).

Example 4.2. A field is a unital algebra over itself. (If the underlying scalar field F
of an algebra needs to be mentioned explicitly we refer to an algebra over F.) More
generally, the collection of n x n matrices over a field F forms a unital algebra, denoted
by M, (F), when equipped with the usual multiplication:

(). () s = (Zai )

The examples above are finite-dimensional (the dimension of an algebra is its dimension
as a vector space) and every finite-dimensional algebra A over F is isomorphic to a
subalgebra of M, (FF) (with n = dim A if A is unital, or n = 1 4 dim A otherwise), where
homomorphism and isomorphism are defined in the usual manner: see Definition 4.7

Example 4.3.

If X is a topological space then the set of complex-valued, continuous functions on X
is an algebra over C, denoted by C'(X), with the algebraic operations defined pointwise:
if f, g€ C(X) and a € C then

(f +ag)(z) = f(x) +ag(x) and (fg)(z):= f(x)g(z) VreX.

This algebra has three important subalgebras:

93
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(i) Coo(X), the continuous functions on X with compact support;
(i)

Co(X), the continuous functions on X that vanish at infinity;
(iii) Ch(X)

, the bounded, continuous functions on X.

We have
Coo(X) C Co(X) C Gy(X) C C(X),

with equality if and only if X is compact. Note that C,(X) and C'(X) are unital, but
Coo(X) and Cy(X) are unital only if X is compact.

Definition 4.4. A normed algebra is a normed space that is also an associative algebra,
such that the norm is submultiplicative: |ab|| < ||al| ||0|| for all a, b € A. A Banach
algebra is a complete normed algebra, i.e., a normed algebra that is also a Banach space
(with respect to its norm). A normed algebra is unital if it is a unital algebra and
1 = 1.

Note that the submultiplicativity of the norm means that multiplication in normed
algebras is jointly continuous: if a,, — a and b, — b then (a,),>1 is bounded and
|anbn, — abl| = [lan (b, — b) + (an — a)b]] |anl| [|bn — bl + [|an — all [|B]

<
< sup{|lan|l} 1bn = bll + (bl llan — all — 0

as n — OoQ.

Example 4.5. If X is a Banach space then (B(X), || - ||) is a unital Banach algebra,
where || - || is the operator norm; this example generalises Example 4.2, as if X is finite-
dimensional then B(X) is isomorphic to M, (F) (where n = dim X).

Example 4.6. Let X be a locally compact, Hausdorff space. When equipped with the
supremum norm

I Moo f = [ flloo := sup{[f(2)] : 2z € X},

Cy(X) is a unital Banach algebra, Cy(X) is a closed subalgebra of C},(X) (so a Banach
algebra in its own right) and Cyo(X) is a dense subalgebra of Cy(X). [This follows from
Proposition 2.18.]

Quotient Algebras

Definition 4.7. Let A and B be algebras over the field F. An algebra homomorphism
is an F-linear map ¢: A — B such that ¢(ab) = ¢(a)p(b) for all a, b € A. An algebra
isomorphism is a bijective algebra homomorphism (which implies that ¢! is an algebra
homomorphism from B to A). The kernel of an algebra homomorphism ¢: A — B is

ker ¢ :={a € A: ¢(a) = 0} and the image is im ¢ := {p(a) : a € A}.
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The obvious fundamental theorem about homomorphisms is true; in order to state it we
need to define the concept of a quotient algebra.

Definition 4.8. Let A be an algebra. An ideal of the algebra A is a subspace I such
that ab, ba € I for all a € A and b € I (i.e., AI, A CI). If I is an ideal of A then the
quotient space A/l is an algebra, called the quotient algebra of A by I, when equipped
with the multiplication

(a+I1)b+I)=ab+1 Vabe A,
and A/I is unital if A is unital.

Theorem 4.9. Let A be an algebra and ¢: A — B an algebra homomorphism. Then
ker ¢ is an ideal of A, im ¢ is a subalgebra of B and A/ker ¢ = im ¢, via
¢: A—im¢; [a] == a+ker ¢ — é(a).
Proof
This is trivial. U

Proposition 4.10. If A is a normed algebra and I is a closed, proper ideal then A/I is
a normed algebra when equipped with the quotient norm, unital if A is unital; if A is a
Banach algebra then so is A/I.

Proof
To see that the quotient norm is submultiplicative, note that if a, b € A then

ey 112
= inf{lla—z||:zel}inf{||b—y|:yel}
> inf{||ab—ay —xb+xy| :x,y € I} > inf{|lab—z||:x €I} = H[ab]HA/I.

In particular, if A is unital then

sz = N gz < N

so ||[1]{|ayr = 1 (since I is proper, 1 ¢ I and so [1] # [0], whence [|[1]|| > 0). We have
also that [|[1]||4;r < ||1/la = 1 and therefore ||[1]||4/; = 1. Everything else follows from
Theorem 1.10. u

Unitization

In many cases an algebra has a unit; there are some situation, however, when none exists
but it would be useful to act as though one did.

Definition 4.11. If A is an algebra over the field F then A" is the unitization of A,
defined by setting A" = A @ F and

(a,a)(b, 5) = (ab + ab + fa, af) Va,be A, a,8€F.
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The algebra A is an ideal of A". The unitization A" is commutative if and only if A is
commutative.
If A is a normed algebra over R or C then A" is a normed algebra, where

|- flaw: A" = R (a,0) = flafla + |af.

The unitization A" is complete if and only if A is complete, and A is a closed ideal of
A",

Example 4.12. Let L'(R) denote the space of (equivalence classes of) complex-valued,
Lebesgue-integrable functions on the real line, with norm

Il @)~ B fo [ 111
R
This is a commutative Banach algebra when equipped with the convolution product:
frxg:R—R; tH/f(t—s)g(s)ds.
R

(By the theorems of Fubini and Tonelli, if f and g are integrable then this integral exists
almost everywhere and defines an element of L!(R).) This algebra lacks a unit; it is easy
to see that L'(R)" is isomorphic to the algebra given by adjoining the Dirac measure do:
by definition

(f % 80)(t) = “/Rf(t—s)éo(s)ds” — f(t) VieR
and 50 *50 = 50.

Approximate Identities

Definition 4.13. Let A be a Banach algebra. An approximate identity for A is a net
(ex)rea € A such that

li/l\rne,\a:a:ali/l\rne)\ Vae A.

Example 4.14. The sequence (e,),>1 is an approximate identity for L'(R), where

S

en(T) = i nei(nx) VreR.

For a proof of this, see [17, Section 33.13 and Theorem 33.14] (but note that ky(z) should
equal w/%e*%’\ﬁ). Another possibility is (hy,)n>1, where

hn(z) = Lo = nhy(nx) VzeR:

7 1+ n2a2

see [18, Section 9.7 and Theorem 9.10].
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Example 4.15. Let A = L'[—7, 7], which we can identify with the closed subalgebra
of L'(R) consisting of 2m-periodic functions. This has approximate identity (P,),ep,1),
where [0, 1) is directed in the usual manner and

oo

1 , 1 1—r2 1 1 4 rett
P.(t) = — nlgint — _— = —Re ——.
(*) Z e 271 —2rcost +1r2 2w el—re”

n=—0oo

[The function P is the Poisson kernel; it occurs in the theory of harmonic functions on
the unit disc.] To prove that this is an approximate identity, note that if f: ¢ s e
(where k € Z) then

™ 0 ) ) > [n| pint  pm
(P % f)(t) = / gy Z plrlein(t=s)giks qg — Z ! 26 / ekb=ms g = T|k‘f(t)>
—m &7 n=-—00 n=-—00 T

—T

so (P f) — fllh = (1 = 7*N||f|l; — 0 as r — 1—. The linear span of {¢** : k € Z}
(the trigonometric polynomials) is dense in L'[—m, 7| (an easy consequence of Fejér’s
theorem [16, Theorem 30.4]) so a simple £/2 argument gives this result for general f.
In fact, Fejér’s theorem implies that if f is continuous and ¢ > 0 then there exists a
trigonometric polynomial p: t — S a,e™ such that || f — plle < /2, so that

(B f) ()= f (0] < |(Pox f)(8) =p(E) |+ |p(2) = f (£)| < ( > 1—7“”') [flleotllp—fllo <

if r is near enough to 1. Hence P, x f — f uniformly in this case. [Compare this proof
to that given in [16, Section 10.36(2)].]

Completion

We have the notion of completion as for a normed space; an isometric isomorphism is
now required to be multiplicative, of course.

Theorem 4.16. If A is a normed algebra then there exists a Banach algebra A and
an isometric homomorphism i: A — A such that i(A) is a dense subalgebra of A, with
A unital if A is; (A, i) is called a completion of A. Furthermore, if (B, j) and (C, k)
are completions of A then there exists an isometric isomorphism [: B — C' such that
loj=k.
Proof

Let (A, 1) be the completion of A considered as a normed space (see Theorem 1.14).
Define a product on A by setting

ab = lim i(a,b,) Va,be A

n—~oo

if (an)n>1, (b)), € A are such that i(a,) — @ and i(b,) — b as n — oo; this limit
exists (as (i(a,by))s, is Cauchy), is independent of the choice of sequences (a,)5°, and
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(bp)ee, and the new product agrees with the old on i(A), i.e., i(a)i(b) = i(ab) for all
a, b € A. (To see the first claim, note that

i(anbn) — i(ambn)|l = [Ji(anb, — ambm)H
= ||anbn — ambn|

< el on = bl + llan = aml[ [[om]]
= lian)[Hi(bn) = i(bm)I| + llian) = i(am )| [i(bm)]

— 0

as m,n — oo; proof of uniqueness is similar.) It is easy to verify that this product makes
A an associative algebra (which is unital if A is) and the norm on A is submultiplicative
because

li(an)i(bn)ll = l[i(anbn) |l = llanbnl| < {lan|| 1bn]] = [lé(an)[| l2(bn)]l

Hence A is a Banach algebra with dense subalgebra i(A).
If (B, j) and (C, k) are completions of A then there exists an isometric linear bijection
l: B — C such that [-j = k, by Proposition 2.6. Furthermore, if a, b € A then

1(j(a)j(b)) = U(j(ab)) = k(ab) = k(a)k(b) = I(j(a))L(j (b)),

which shows that [ is multiplicative on j(A). Since j(A) is dense in B and multiplication
is jointly continuous, [ is multiplicative on B and so is an isometric isomorphism. U



Five Invertibility

From now on, A denotes a unital Banach algebra over C.

Definition 5.1. An element a € A is invertible if there exists b € A such that ab =
ba = 1. [If such an inverse exists, it is unique.] The collection of invertible elements
in A is denoted G(A); this is a group. [This last claim is obvious once we recall that
(ab™')™' = ba~! if a and b are invertible.]

Proposition 5.2. Let a € A be such that ||a|| < 1. Then 1 —a € G(A) and

(1—a)' =) a", (5.1)

where this series converges in the norm topology. Hence G(A) is an open subset of A;
furthermore a +— a~! is a homeomorphism of G(A).

Proof
Since ||a|| < 1, the Neumann series (5.1) is absolutely convergent, so convergent.
Furthermore,

n

lim <Zaj>(1 —a)=(1—a) lim Zaj = lim 1 —a"*t =1,
=0

7=0
so the sum of this series is an inverse for (1 — a), as claimed.
If a € G(A) let b € A and note that
b=a—(a—b)=a(l—a'(a—0)) € G(A)
if [[at(a—0)]| <1,eg.,ifbe Bﬁ}flu,l(a); this shows that G(A) is open.
Finally, if h € A is such that ||h|| < [|a™|~" then |la~*h|| < %, which implies that
a+h=a(l+a'h) € G(A) and
(a + h)—l . a—l _ a—l((l +a_1h)_1 . 1) _ a—l Z(_a—lh)n
n=1
has norm at most
la™* [ fla™"All/(X = lla™"Al)) < 2[la”"|I*[|2]
(using the fact that || > 07 2" < ||z /(1 — ||=|]) if ||| <1). Hence (a+h)' —a ' as
h — 0, as required. O

29
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The Spectrum and Resolvent
Definition 5.3. For all a € A the spectrum of a is
ola) ={AeC: Al —a¢ G(A)}.

The resolvent set of a is p(a) := C \ o(a), the complement of the spectrum of a. The
resolvent of a is the function defined on p(a) by A — ry(a) :== (A1 —a)~".

Theorem 5.4. The resolvent satisfies the resolvent equation,

ra(a) —ru(a) = —(A = pra(a)ru(a) VA p e pla),
and is strongly holomorphic on p(a), which is an open set. The spectrum is a compact,
non-empty subset of Cq.

Proof
For the first claim, note that if A, u € p(a) then

AL—a)™ — (ul =)™ = (M —a) "' (1~ (AL = ) (ul —a) ™)
= (M —a)" (41 — @) — (AL - @) (ul — )"
— (A= WM —a) (el —a)

From this equation and Proposition 5.2 it follows that

rala) —ru(a)
A—p

= —na(a)ry(a) = —ru(a)”

as A — p: the resolvent is strongly holomorphic on p(a) (recall Definition 3.13). To
see that this set is open, let f: C — A; A — Al — a and note that f is continuous, so
J7HG(A)) = p(a) is open.

If a € A and |\| > |la|| then |[A'a| < 1, so by Proposition 5.2 we have that
Al —a = M1 — A ta) is invertible. Hence o(a) C {\ € C : |\ < |la||}. By the
Heine-Borel theorem and the fact that o(a) = C\ p(a) is closed, o(a) is compact.

Suppose for contradiction that o(a) is empty, so that the resolvent is a strongly
holomorphic function defined on the whole of C. If [A| > ||a|| then

rafa) = A1 =X ta) Tt = Z A~ (D gn (5.2)
n=0

and so
Ira(@)ll < I/ (L= A all) = (1AL = llall) ™

this shows that r)(a) — 0 as A — oo. In particular the resolvent is bounded, so constant
(by Theorem 3.14) and therefore equal to 0; this is the desired contradiction. 0
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The Gelfand-Mazur Theorem

It is rather surprising that a theorem with as short a proof as the following has such
important consequences. Note that commutativity forms no part of the hypotheses but
is part of the conclusion.

Theorem 5.5. (Gelfand-Mazur) If A is a unital Banach algebra over C in which
every non-zero element is invertible then A is isometrically isomorphic to C.

Proof
Let a € A; since o(a) is non-empty and

Aeo(a) & M—-—aé¢GA) & M—-—a=0 & a=\I,
we see that for all a € A there exists A\, € C such that a = \,1. The map a — )\, is the
desired isomorphism; note that ||al| = [[A.1]] = |Aal. O
The Spectral-Radius Formula

Definition 5.6. The spectral radius of a € A is the radius of the smallest disc about
the origin that contains the spectrum of a:

v(a) :=inf{r 2 0:0(a) CC,} =sup{|A|: A € o(a)}.

We recall the spectral mapping theorem for polynomials; it is stated in b4 for bounded
operators on a Banach space but its proof holds in any Banach algebra

Theorem 5.7. Let a € A and suppose that p(z) € C[z] is a complex polynomial. Then

o(p(a)) =p(o(a)), ie.,
o(p(a)) :={A e C: Al —p(a) ¢ G(A)} = {p(\) : \1 —a ¢ G(A)}.

Proof
This follows the same pattern as the proof which may be found in Dr Vincent-Smith’s
b4 notes ([25, Theorem 5.2.11]). O

The following theorem gives the Beurling-Gelfand spectral-radius formula. (According
to [11, p.525], Beurling led Sweden’s effort to crack the Enigma code during the second
world war.)

Theorem 5.8. If a € A then the sequence (||a"||1/")n>1 is convergent and

v(a) = inf ||a

= lim |[ja
n=>1 n—00

Proof
Firstly, the spectral mapping theorem for polynomials implies that

v(a)" =v(a") < ||a”|] Vn > 1. (5.3)
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Next, f: A+ (Al—a)~" is continuous on p(a), so M, := sup{||(Al—a)~!|| : [\| =7} < o0
for all 7 > v(a). Let ¢ € A* and note that f is strongly holomorphic, so ¢- f is
holomorphic, on S = {\A € C: |\ > v(a)}, with

(o /)N = dlamA= D (|IA] > [|al])

by (5.2), so for all A € S, by the uniqueness of Laurent series. Furthermore, by the
integral formula for Laurent coefficients,

1

— o YA A < "¢ M,
i, G DO <o o]

|p(a™)| =

and so ||a"]| < r""'M, (by Theorem 3.10) for all r > v(a). This and (5.3) yield
v(a) < la" V" < v(rM, )" — 7

as n — oo; the result follows. (If @ < a, for all n and a,, — « then a = inf a,; that
|a™(|"/™ — v(a) is immediate.) O

The following theorem allows us to restrict our attention to commutative algebras when
considered certain questions about the spectrum. Zorn’s lemma allows us to prove that
any commutative set in A is contained in a maximal commutative subalgebra.

Theorem 5.9. Let B be a maximal commutative subalgebra of A. If a € B then
op(a) ={A€C: ANl —a¢ G(B)}=o04(a) (={AeC: A —a¢GA)}).

Proof
Clearly G(B) C G(A), so we need to prove that if A\l — a is invertible in A then it is
invertible in B. Suppose that A1 —a € G(A), let b = (A1 —a)~! and let ¢ € B; note that

bc = be(Al — a)b = b(Al — a)ch = cb
and so b € B (else B is not maximal) as required. U

Example 5.10. If S is a subset of the unital Banach algebra A then
S¢:={a€ A:sa=asforall se S}

is the commutant (or centraliser) of S. It is readily verified that S° is a unital, closed
subalgebra of A, that if S C T C A then T° C S° and that S is commutative if and only if
S C S°. Furthermore, if S is commutative then the double commutant (or bicommutant)
S = (5°)¢ is a commutative subalgebra of A containing S. It is an exercise to prove
that a commutative subalgebra B is maximal if and only if B = B¢ and that the
proof of Theorem 5.9 goes through with the weaker hypothesis that B is a commutative
subalgebra of A containing {a}.
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Exercises 6

Exercise 6.1. Prove that the vector space L'(R) is a commutative Banach algebra
when equipped with the convolution product and the norm |[|f||; := [|f]. [To show
associativity, use the convolution theorem and the inversion theorem for the Fourier
transform.] Prove further that this algebra is not unital. [You may assume that the
functions f,: z — (n/v/27) exp(—in?z?) are such that || f, g — g||i — 0 as n — oo for
all g € L'Y(R).]

Exercise 6.2. Let X be a Hausdorff, locally compact space. Prove that Cy(X)", the
unitization of the algebra of continuous functions on X that vanish at infinity, is topo-
logically isomorphic to C (X ), the algebra of continuous functions on X, the one-point
compactification of X.

Exercise 6.3. Let A = C|z]| denote the unital algebra of complex polynomials and let
Ipll == sup{|p(a)| : |a| < 1} for all p € A. Show that (A, | - ||) is a unital, normed
algebra which is not complete. [For the latter statement, consider invertibility and the
polynomials p,(z) =1+ z/n.]

Exercise 6.4. Let A be a (non-unital) Banach algebra such that every element is nil-
potent (i.e., for all @ € A there exists n € N such that " = 0). Prove that A is
uniformly nilpotent: there exists N € N such that o’ = 0 for all a € A. [Consider the
decomposition A = J,n{a € A:a™ =0} ]

Exercise 6.5. Let A be a unital Banach algebra over C and let e := >~ ' a"/n! for all
a € A. Prove that e4™® = e%e? if @ and b commute. Deduce that e? is invertible. Prove
further that f: A — e is holomorphic everywhere, with f'(\) = af()\) = f(\)a, for all
ac A

Exercise 6.6. Let A be a unital Banach algebra over C and let a, b € A. Use the
identity (ab)™ = a(ba)" b to prove that ab and ba have the same spectral radius.

Exercise 6.7. Let A be a unital Banach algebra over C. Suppose that there exists
K > 0 such that |ja|]| < Kv(a) for all a € A, where v(a) denotes the spectral radius of a.
Prove that A is commutative. [Let a, b € A and consider the function g: A — e*be=* ]

Exercise 6.8. Let A be a Banach algebra and suppose that (x,),ep, (y4)qeq C A are
absolutely summable. Prove that

DD U= D =Dyl

peEP qeQ (P,9)EP*Q q€Q peP






Six Characters and Maximal Ideals

Proposition 6.1. Let A be a unital algebra. If ¢: A — C is a non-zero algebra homo-
morphism then ¢(1) =1 and ¢(a) # 0 for all @ € G(A). Furthermore, if A is a Banach
algebra then ¢ € A* with ||¢|| = 1.

Proof

Note that ¢(a) = ¢(1la) = ¢(1)¢(a) for all a € A; it cannot be the case that ¢(a) =
for all a € A (as ¢ # 0) and so ¢(1) = 1. Thus 1 = ¢(1) = ¢(aa™t) = ¢(a)p(a™?) for all
a € G(A), whence ¢(a) # 0 if a is invertible.

To see the statement about the norm of ¢, note that ¢(1) = 1 (so ||¢|| = 1) and
suppose for contradiction that there exists a € A such that [ja]| < 1 and \(b( )] > 1. Let
b= ¢(a) a, so that ||b]| <1 and 1 —b € G(A), but ¢(1 —b) =1 — ¢(a)'¢(a) = 0, the
desired contradiction. t

From now on, A is a commutative unital Banach algebra over C, unless otherwise
specified.

Definition 6.2. A character of A is a non-zero algebra homomorphism from A to C.
The collection of all characters of A is denoted by ®(A). A mazimal ideal of A is an
ideal I that is proper (I # A) and maximal with respect to inclusion: if J is an ideal
such that J O I then either J = A or J = I.

Proposition 6.3. Every proper ideal of A contains no invertible element of A and is
contained in a maximal ideal. A maximal ideal of A is closed.

Proof

If I is an ideal of A such that I N G(A) # 0 then 1 = a~'a € I for some a € G(A)
and so [ = A, i.e., I is not proper.

To see the next claim, let I be a proper ideal of A, let F denote the collection of
proper ideals of A that contain I, preordered by inclusion, and apply Zorn’s lemma (note
that no proper ideal contains an invertible element of A, so neither does the union of a
chain of such).

Finally, let I be a maximal ideal; since the closure of an ideal is an ideal (an easy

exercise), either I = A or I = I; if the former then I N G(A) # (), but I C A\ G(A)
implies that I C A\ G(A) since G(A) is open. Hence I = I, as claimed. O

65
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Before we can prove the fundamental connexion between characters and maximal ideals,
we need a fact from algebra.

Lemma 6.4. Let A be a unital commutative algebra (or even a commutative ring with
identity) and suppose that I is an ideal of A. Then A/I is a field if and only if [ is
maximal.

Proof

Suppose that I is maximal and let a € A\ I. Then aA + I is an ideal in A that
properly contains I, so aA + I = A. Hence there exists b € A and ¢ € [ such that
ab+ ¢ =1, whence [a][b] = [1] (where [a] = a + I et cetera) and A/I is a field.

If I is not maximal then there exists a € A\ [ such that aA+1# A, so 1 ¢ aA+1
and there exists no b € A such that [a][b] = [1]. Hence [a] is not invertible and A/ is
not a field. t

Theorem 6.5. The map ¢ +— ker¢ is a bijection between ®(A) and the set of all
maximal ideals of A.

Proof

Since A/ker¢p = im¢ = C, A/ker ¢ is a field for all ¢ € $(A) and hence ker ¢ is
maximal, by Lemma 6.4.

Suppose that ¢, 1 € ®(A) are such that ker ¢ = kertp. For all a € A we have that

dla — p(a)l) =0, s0 a— ¢(a)l € kerp = kertp and 0 = ¢(a — ¢(a)l) = ¢(a) — ¢(a).
Hence ¢ = 1 and ¢ — ker ¢ is injective.

Finally, if I is a maximal ideal of A then A/ is a field (by Lemma 6.4) and a Banach
algebra (with respect to its quotient norm), so A/I = C, by the Gelfand-Mazur theorem;
let i: A/I — C denote this isomorphism. Then ¢ = i 7 is the desired character, where
m: A — A/I is the quotient map. O

Characters and the Spectrum

Recall that A is a commutative, unital Banach algebra over C, unless otherwise stated.
Corollary 6.6. Let a € A. Then
(i) a € G(A) if and only if ¢(a) # 0 for all ¢ € ®(A);
(i) o(a) = {6(a) : 6 € B(A)};
(iii) v(a) = sup{|p(a)| : ¢ € (A)}.
Proof
For (i), note that

aeGA) & A=Aa
< Aa is not contained in a maximal ideal of A
& AaZkerg Ve P(A)
& ¢la) #0 Vo e d(A).
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The other two claims are immediate. O

Corollary 6.7. If A is a (not necessarily commutative) unital Banach algebra and
a, b € A commute, i.e., ab = ba, then

v(ia+0b) <v(a)+ v(b) and v(ab) < v(a)v(b).
Proof

Let B be a maximal commutative subalgebra containing a and b. By Theorem 5.9,
op(a+b) =oca(a+b) et cetera, and so
v(a+0b) =sup{|p(a +b)| : ¢ € P(B)}
< sup{|¢(a)] - ¢ € ®(B)} + sup{[p(b)| : ¢ € ®(B)} = v(a) + v(b).

The other claim is proved in the same manner. O

Recall that an element a of a ring is said to be nilpotent if a” = 0 for some n € N. If
a € A is nilpotent then o(a) = 0, by the spectral mapping theorem. More generally, we
have the following definition.

Definition 6.8. An element a € A is quasinilpotent if v(a) = 0. The set of all quasi-
nilpotent elements in A is the Jacobson radical of A, denoted by J(A). An algebra is
semisimple if J(A) = {0}.

Proposition 6.9. The Jacobson radical of A is an ideal; in fact,

J(A) = ﬂ ker ¢,
)

pED(A

the intersection of all maximal ideals in A.

Proof
Since
v(a) = sup{|p(a)| : ¢ € ®(A)},
we have that v(a) = 0 if and only if a € ker ¢ for all ¢ € O(A). O

The Gelfand Topology

Lemma 6.10. The character space ®(A) is a compact, Hausdorff space when equipped
with the Gelfand topology, i.e., the restriction of o(A*, A), the weak™ topology on A*,
to ®(A). Equivalently, it is the coarsest topology to make the maps a|s(a): ¢ — ¢(a)
continuous (for all a € A).

Proof
Recall that A} is a compact, Hausdorff space, by Theorem 3.22, and

P(A) = {peAl:6(1) =1, é(ab) = ¢(a)p(b) Va,b e A}
= Anitmn N (@—&6)1(0)

a,beA
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is a closed subset of A} (since a: A* — C; ¢ +— ¢(a) is continuous for all @ € A). [Note
that the condition ¢(1) = 1 is necessary to rule out the zero homomorphism.] This gives
the result. ]

The Representation Theorem
From now on it is more convenient to let
i: B(A) = C; 6 > Bla).
That is, a is the restriction to ®(A) of the map ¢ — ¢(a) on A*.

Theorem 6.11. If A is a commutative unital Banach algebra then the Gelfand transform
A C(P(A); a— a

is a norm-decreasing homomorphism. Its kernel is J(A) and its image Aisa subalgebra

of C'(®(A)) that separates the points of ®(A).

Proof
The Gelfand transform is a homomorphism because characters are; for example,

o~

ab(¢) = ¢(ab) = p(a)o(b) = (ab)(9) V6 € B(A), a,be A.
Furthermore,
lalloe = sup{|g(a)] : 6 € D(A)} = v(a) < la]  Vae€ A,

so a +— a is norm-decreasing; this calculation also shows that the kernel is as claimed.
Finally, if ¢, ¢» € ®(A) are such that a(¢) = a(y) for all a € A then ¢ = ¢ (by definition),
so A separates the points of ®(A). O

Gelfand theory reaches its peak when the algebra is equipped with an involution, i.e., a
conjugate-linear map a — a* such that

(ab)* =0b"a* and (a")*=a Va,be A
If the involution satisfies ||a*a|| = ||a||* for all @ € A then we have a C* algebra: for the
theory of such, see [8, Chapter 4 et seq.] or [19, Chapter 11 et seq.].
Examples

Example 6.12. If X is a compact, Hausdorff space and A = C(X) is the algebra of
continuous functions on X then ®(A) = {e, : x € X}, where

&: C(X) = C; ¢ ¢(v)
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is the evaluation homomorphism at x.
Example 6.13. If D = BY(0) = {z € C: |z| < 1} and
A(D) = {f € C(D) : f|p is holomorphic}

is the disc algebra then A(D) is a Banach algebra (when equipped with the supremum
norm: recall that uniform limits of holomorphic functions are holomorphic). In this
case the character space of A(D) is again just the set of evaluation homomorphisms,
{e,: z € D}.

Example 6.14. Suppose that n € N and let Z/nZ denote the quotient group of integers
with addition modulo n. The finite-dimensional Banach space

gl(Z/”Z) = {(x])JGZ Tj=Tpij VjE Z} { LI ]]EZ/”Z}

becomes a commutative, unital Banach algebra when equipped with the convolution
product

(xxy)y = Z Y-k Va.y € (N(Z/n7).

[k]€Z/nZ

Let

and note that
T = Z ;67 Vo € (N(Z/nZ).
[J]€Z/nZ
In particular, any ¢ € ®(¢*(Z/nZ)) is determined by A = ¢(5) and A is an nth root of
unity as A" = ¢(6") = ¢(1) = 1. Conversely, each A € {w? : j =0,1,...,n — 1}, where
w = exp(2mi/n), corresponds to a character, via

T = Z x[j])\j.

lilez/nZ

Hence the Gelfand theory of /*(Z/nZ) corresponds to the theory of the discrete Fourier
transform.

Before investigating the Gelfand theory of L'(R) we need a couple of preliminary results.
(The fact that L'(R)* = L>°(R) gives a simple proof of the following; as this has not
been established the lemma is proved directly.)

Lemma 6.15. If f € L'(R?) and ¢ € L'(R)* then

o= [ 10:9)5) = [ 6= 1) s
Proof

Note first that Fubini’s theorem gives that f(-,s): r — f(r,s) € L'(R) for almost
every s € R and that [, f(-,s)ds: r— [, f(r,s)ds € L'(R), so the quantities above are
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well defined; measurability of s +— gb( f(, s)) will follow from the below. If f = yaxp
(where A, B C R are bounded intervals) then s — ¢(f(-,s)) = ¢(xa)xp and

¢>(/Rf(~,s>ds>= <><A/><B ) ds) /mAxB ds—/<z> ) ds.

as claimed; linearity gives the result for all f € L5*P(R?). For general f € Ll(RQ) take
(fa)ns1 € L**P(R?) such that f, — f in L'(R?). Note that [, fu(-,s)ds — [5 f(-,s)ds
in L'(R) as

/}/fnrsds—/frsdsydr //|fnrs f(r,s)|dsdr = ||f, — fll1.

. s)ds) = 1i (s d = li n(ey s d =
¢(/Rf(,s) ) = Jim o[ £u(5)ds) = Jim [ 6(5,(.9) ds = [ o(rCs
The last equality holds as

[otntonas— [ o(rc.0)as

(This calculation also shows that s — ¢(fu(-,s)) — s — ¢(f(-,s)) in L'(R), so has
there is a subsequence such that ¢(fnk(~, s)) — qﬁ(f(', s)) for almost every s € R. In
particular, s +— gb( f(, s)) is the almost-everywhere limit of a sequence of measurable
functions, so is measurable.) t

/ww $)llids = 18] 17 — £

Lemma 6.16. If y: R — C is a continuous, bounded function such that x(0) = 1 and
x(s+1t) = x(s)x(t) for all s, t € R then there exists @ € R such that x(t) = e’ for all
teR.

Proof
Since x(0) = 1 and x is continuous, there exists 7 > 0 such that ¢ = [ x(x)dz # 0.
Hence

qm:A}u+wm=[WMww (t € R)

and y is differentiable; differentiating the equation y(s+t) = x(s)x(t) with respect to s
at 0 yields x/(t) = x’(0)x(¢) and so x(t) = exp(dt), where d = x’(0). Since x is bounded
we must have that d is purely imaginary, as claimed. 0

Example 6.17. Recall that L'(R) is a non-unital Banach algebra when equipped with
the convolution product; let A = L'(R)" denote its unitization. If ¢ € ®(A) then either
ker¢ = L'Y(R) (i.e., ¢(al + f) = a for all @ € C and f € L'Y(R)) or there exists
f € L'(R) such that ¢(f) = 1. Suppose that the latter holds; as Cy(R) is dense in
L'(R) we may assume that f is continuous and has compact support. (If g € Cpo(R) is

such that [|f — g[ly < 1/2 then [¢(g)| > |o(f)] — [o(f —g)l Z 1 = o[l lf — gl = 1/2;
now replace f by g/¢(g).) If g € L'(R) then Lemma 6.15 gives that

6(9) = B(/)6g) = 6(f * g) = SH/ﬂ wzémmWMt
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where fi(s) = f(s —t) for all s, t € R. Define

X:R—C; t— o(f)

and note that, since |[fill = [If[l for all £ € R, [x()] < [[¢l[ lfills = [If[l1; i-e x is
bounded. Furthermore, x(0) = ¢(fo) = ¢(f) =1 and

IX(E+h) = x(O] = |¢(fen = f)l < I fern = felly = 1fn = fll = 0

as h — 0; this follows from the continuous form of the dominated-convergence theorem.
Note also that, if g, h € L'(R),

(g b)) = [

Rg(r—p—<s+t>)h<p>dp:/g<r—q—s>h<q—t>dq:<gs*ht><r>

R

and so

X(5 4+ 1) = 0(fort) = O(fer)O(f) = O(foqe * f) = O(fs x fr) = o(fs)o(fe) = x(s)x(t)

for all s, ¢ € R. By Lemma 6.16 we must have that x(t) = e~ for all ¢ € R, where
s € R is such that e™ = y(1). To see that s € R is independent of the choice of f, let
g € L*(R) be such that ¢(g) = 1 and note that

x(t) = o(fi)olg) = ¢(fexg) = o(f xg) = &(f)p(ge) = P(g:)  VEtER.

Hence

o(g) = / g dt  Yge INR)

and the Gelfand transform corresponds the classical Fourier transform for L'(R); the
fact that ol 4+ f — a + [, f(t)e ™" dt is a character for all s € R is an immediate
consequence of Fubini’s theorem.

Example 6.18. If L!(R") is equipped with the convolution product

(f % 9)(t) = / ft—s)g(s)ds Y f.ge DR

then it becomes a Banach algebra. The Gelfand theory here corresponds to the Laplace
transform.

Example 6.19. Let T=0D = {2 € C: |z| =1} and A = {f € C(D) : f|lr € AD)|r}:
A consists of those continuous functions on the closed unit disc D that agree on the unit
circle T with a continuous function on D that is holomorphic in . The character space
of A is homeomorphic to the sphere S? := {(z,y,2) € R®: 22 + 3> + 22 = 1}.
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Exercises 7

Exercise 7.1. Let A = C(X), where X is a compact, Hausdorff space. Prove that the
map €: X — ®(A); = — ¢, is a homeomorphism, where €,(f) = f(z) for all z € X and
feldX).

Exercise 7.2. Prove that if A is a unital Banach algebra generated by a single element
(i.e., there exists a € A such that {p(a) : p(z) € C[z]} is dense in A) then ®(A) is

homeomorphic to o(a). [Consider ¢ + ¢(a).] Deduce that ®(A) is homeomorphic to
D:={2e€C:|z] <1} if A= A(D) is the disc algebra.

Exercise 7.3. Let A be a unital Banach algebra that is generated by one element,
a, and let A ¢ o(a). Show there exists a sequence of polynomials (p;),>1 such that
pn(2) — (A — 2)~! uniformly for all 2z € o(a). [Hint: (A1 —a)~! € A.] Deduce that the
complement of o(a) is connected. [Prove that if C' is a bounded, maximally connected
component of C\ o(a) then C' is open and then employ the maximum-modulus theorem
[16, Theorem 5.20].]

Exercise 7.4. Let A be a commutative, unital Banach algebra. Prove that the Gelfand
transform on A is isometric if and only if ||a?|| = ||a||? for all a € A.

Exercise 7.5. Let A be a Banach algebra and B a semisimple, commutative, unital
Banach algebra. Prove that if ¢: A — B is a homomorphism then ¢ is continuous. [Use
the closed-graph theorem.|

Exercise 7.6. Let A = ([0, 1], equipped with the norm || f]| :== || f|lcc + ||//||cc- Prove
that A is a semisimple, commutative, unital Banach algebra and find its character space.
Prove that I = {f € A: f(0) = f(0) = 0} is a closed ideal in A such that A/I is a
two-dimensional algebra with one-dimensional radical. What do you notice about A and
A/I?

Exercise 7.7. Prove that the Banach space ¢*(Z) is a commutative, unital Banach
algebra when equipped with the multiplication

axb: Z — C; nHZambn_m (a,befl(Z)).
meZ
[You may assume that > /> apnb, => ;> - anb, forall a, b e (*(Z).]

Exercise 7.8. Let 6 € ('(Z) be such that 6; = 1 and ¢, = 0 if n # 1. Prove that a =
> ez @n0" for all a € £*(Z). Deduce that the character space of £!(Z) is homeomorphic
to T :={z € C: |z|] = 1} and (with this identification) the Gelfand transform on ¢!(Z)
is the map

L:MZ) — C(T); T(@)(\) = > anA"  VAET, a€l(Z).

nez

Exercise 7.9. Let f: T — C be continuous and such that ) _, |f(n)| < oo, where

f(n) = %/ fle®e ™ dt (ne€Zz).
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Prove that if f(z) # 0 for all z € T then g = 1/f: T — C; z — 1/f(2) satisfies
Y nez lG(n)] < oo. [This result is known as Wiener’s lemma.]

Exercise 7.10. Let T=0D = {z € C: |z| =1} and A = {f € C(D) : flr € A(D)]r}:
A consists of those continuous functions on the closed unit disc D that agree on the unit
circle T with a continuous function on D that is holomorphic in .

[A corollary of the maximum-modulus theorem [16, Theorem 5.20] will be useful: if

f € AD) then [|flleo == sup{[f(2)] : [2| < 1} = sup{[f(2)] : |2[ = 1} = [|f[r]lsc ]
(i) Show that A is a Banach algebra when equipped with the supremum norm.

(ii) Prove that I = {f € A : f|lr = 0} is a closed ideal in A and that A = A(D) & I.
[Consider a suitable map j: A — A(D).]

(iii) Prove that

i: I — Co(D); fr= flo

is an isometric isomorphism. Deduce that I* is topologically isomorphic to C (]D)),
where D is the one-point compactification of .

(iv) Prove that if ¢ € ®(A) is such that ker ¢ 2 I then ¢ = ¢-j, where ¢ € O(A(D)).
Deduce that ¢ = ¢, j for some z € D (where €,: A(D) — C; f— f(2)).

(v) Let D, and D, be two copies of the unit disc and let S? = D; UD, /N be the sphere

obtained by identifying each point on T; = 0ID; with the corresponding point on
Ty = 0Dy. Define

e.°j (€D )

T:S* — ®(A); 2+ J ,1)
e, (2 €Dy)

and prove that this is a well-defined, continuous injection.

(vi) Prove that ®(A) is homeomorphic to the sphere S






A Tychonov via Nets

Compactness in metric spaces can be characterised by the behaviour of sequences (viz
every sequence having a convergent subsequence: the Bolzano-Weierstrass property).
Furthermore, a proof of Tychonov’s theorem for countable products of metric spaces can
be given using sequences, together with construction of a diagonal subsequence (of a
sequence of sequences!).

The astute reader may suspect that compactness in general topological spaces is
equivalent to a property involving nets and that a proof of Tychonov’s theorem can be
given using subnets, whatever they may be. This suspicion is well founded; first we need
to define a subnet.

Definition A.1. Let (A, <) be a directed set and (z,)qca a net. A subnet of (z,)aea is
a net (yp)pep (Where (B, <) is a directed set) and a map j: B — A such that

(i) yp = 2@ for all b € B;
(ii) for all ap € A there exists by € B such that if b > by then j(b) > ay.

Definition A.2. A net (x,)qea is eventually in a set S if there exists ag € A such that
x, € S for all a > ag. (A net in a topological space converges to a point if it is eventually
in every open set containing that point.) A net (x,)qca is frequently in S if for all ag € A
there exists a € A such that @ > a¢ and z, € A. (Note that a net is not frequently in a
set if it is eventually in its complement et cetera.) If X is a topological space then x € X
is an accumulation point for a net if that net is frequently in every open set containing
x.

Lemma A.3. Let (,)qca be a net in X and let F be a non-empty family of subsets of
X that forms a directed set under reverse inclusion, such that (x,).ea is frequently in S
for all S € F. There is a subnet of (z,).c4 that is eventually in every S € F.

Proof
Let
B={(c,S) e AxF:z.€ S5},

ordered by setting

(¢,S) < (d,T) <= c¢<d and SDOT.

75
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If (¢,S), (d,T) € B then there exist f € A and W € JF such that ¢, d < f and
S, T DO W. Since (24)aca is frequently in W, there exists g > f such that z, € W, and
so (¢, 9), (d,T) < (g,W) € B. This shows that (B, <) is a directed set; we claim that
defining

Ye,5) = Te V(c,5)€B and  j:B—A; (¢,5)—c

makes (yp)pep @ subnet of (z,).eca that is eventually in S for all S € F.

Let S € F and ay € A; there exists ¢ € A such that ¢ > a¢ and z. € S, so if
by := (¢, S) then b = (d,T) > by implies that j(b) > ag (we have a subnet) and that
Y =24 €T C S (s0 (yp)ep is eventually in S). This gives the result. O

Proposition A.4. Let (z,).ca be a net in the topological space X. The point x € X is
an accumulation point of (z,).e4 if and only if there is a subnet of (z,),c4 that converges
to x.

Proof
Let (yp)pep be a subnet of (x,)qc4 that converges to x, let U be an open set containing
x and let ag € A. There exists by € B such that j(b) > ao for all b > by (from the
definition of a subnet) and there exists by € B such that y, € U for all b >> by (as (yp)ven
converges to ). If b > by and b > b then z;4) = y» € U and j(b) > ao, as required.
Conversely, let x be an accumulation point of (x,).ca and let F={U € T: 2z € U}.

Then (x,)sca has a subnet that is eventually in every element of F, i.e., converges to x,
by Lemma A.3. O

From here we can prove the Bolzano-Weierstrass theorem in its full generality.

Theorem A.5. A topological space X is compact if and only if every net in X has a
convergent, subnet.

Proof

Suppose that every net in X has a convergent subnet, and so an accumulation point,
by Proposition A.4. Suppose further that X has an open cover & with no finite subcover,
and let A denote the collection of finite subsets of F. Ordered by inclusion, A is a
directed set; we define a net (z,)qea by choosing z, & (J,c, U for all a € A. Let = be an
accumulation point of (z,).e4; since F is a cover, there exists Uy € F such that z € Uy.
The net (x,)aca is frequently in Uy (as this set contains an accumulation point) and so
there exists a € A such that a 2 {Up} and z, € Uj. Since z, ¢ Uy, U 2 Uy, this is a
contradiction.

Conversely, suppose that X is compact and let (z,),ec4 be a net with no accumulation
points: for all x € X there exists an open set U, containing x and a, € A such that
xp ¢ U, for all b > a,. The sets {U, : * € X} form an open cover of X, so there is a
finite subcover {U,,,...,U,,}, but if a € A is such that a > a,, for i =1, ..., n then
z, ¢ U, Uy, = X. This contradiction gives the result. O

Definition A.6. A net in X is universal if, for every S C X, the net is eventually in S
or eventually in X \ S.
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A universal net can be thought of as being ‘maximally refined’; the first part of the next
proposition makes this idea rigorous.

Proposition A.7. A universal net converges to its accumulation points. The image of
a universal net by any function is universal.

Proof

If z is an accumulation point of the universal net (z,)sca then let U be an open
set containing x. Since (z,)qea is frequently in U, it is eventually in U (since it cannot
eventually be in its complement). Hence (z,).c4 converges to x.

If (24)aea is a universal net in X and f: X — Y then let S C Y. The net (24)4ea is
eventually in either f~1(S) or X\ f71(S) = f~1(Y \ 9), hence (f(:pa))aeA is eventually
in either S or Y\ S, as required. (Note that f(f~'(B)) = BN f(X) forany BCY.) O

The next lemma is the most technically involved; the proof involves construction of what
a Bourbakiste would call a filter (indeed, an ultrafilter).

Lemma A.8. Every net has a universal subnet.

Proof
Let (24)aca be anet in X and let

C:={U={UCX}:U€eU= (z,) is frequently in U; U,V e U=UNV €U},

ordered by inclusion. By Zorn’s lemma, C has a maximal element, Uy, and Lemma A.3
implies that (z,).ca has a subnet (y,)pep Which is eventually in every U € Uy.

If S C X is such that (yp)pep is not eventually in X \ S then (y;)pep is frequently in S
and so (z,)aea is frequently in U NS for all U € Uy: by the construction in Lemma A.3,
(Un)beB = (Y(a,0))(@)ep and given (a,U) € B there exists (b,V) € B such that b > a,
V CU and o, = ypv) € 5, 50 as x, € V (by construction) z, € VNS CUNS. Hence,
by maximality, S € Uy (as Ug U{S,SNU : U € Uy} € C) and so (yp)pep is eventually in
S. This shows that (y,)pep is universal, as required. O

Corollary A.9. A space is compact if and only if every universal net is convergent.

Proof

By the Bolzano-Weierstrass theorem (Theorem A.5), if the space is compact then
every universal net has a convergent subnet and so an accumulation point (by Proposi-
tion A.4). Since universal nets converge to their accumulation points (Proposition A.7),
the universal net is convergent.

Conversely, if every universal net is convergent then, as every net has a universal
subnet (Lemma A.8), every net has a convergent subnet. Theorem A.5 gives the result. [J

We can now present a proof of Tychonov’s theorem that has a beautiful simplicity (the
dust having been swept under the rug that is Corollary A.9).

Alternative Proof of Tychonov’s Theorem
Let (X, T) be the product of the compact spaces {(X, Tp) : b € B} and suppose
that (24)eca 18 a universal net in X. Since the image of a universal net is universal
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(Proposition A.7), (my(24))aca is universal in X;, so convergent (by Corollary A.9), for
all b € B. Hence x, — x, where z}, := lim,ec 4 my(,) (by a property of initial topologies),
and X is compact, by Corollary A.9 again. O

Exercises A

Exercise A.1. Let X = ¢* and for all n € N define ¢,, € X* by setting (5n((xk)k>1) =
x,. Prove that (d,),>1 has no weak*-convergent subsequence but that (J,),>1 has a
weak*-convergent subnet.
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Exercise 1.1. Let X be a normed vector space and let M be a closed subspace of X.
Prove that

m{ye X ly—z|| <e}={ly) € X/M: ||[y] - [z]|| < ¢} Vee X, e>0,
where 7: X — X/M; x — [z] is the natural map from X onto X/M (the quotient map).

Let
BX(x) :={ye X :|lz —y|| <&}

denote the open ball in X with centre z and radius e. If y € BX(z) then
[y = =]l = ([ly — 2]l <y —2ll <<

and m(y) € BEX/M([x]). If y € X is such that ||[y] — [#]|| < e then there exists m € M
such that ||y — 2 — m|| < e, whence [y] = 7(y — m) € n(BX(z)).

Deduce that the quotient norm yields the quotient topology on X /M given by
Q:={UCX/M:7xY(U) €T},

where T denotes the norm topology on X, and that the quotient map is open (i.e., sends
open sets to open sets).

Let T denote the topology on X/M given by the quotient norm. If U € Q then
71 (U) € T and so 771 (U) =,y BX (), whence

U=n(rt(0) = Jn(BZ() = J BEM([a]) € Ty

(The first equality holds because 7 is surjective.) Conversely, since 7! (7(A)) = A+M
forall A C X,

a (ij/M([x])> - 7r_1<7T(B§(:c))> ~BX@)+ M= ] BX(x+m)€T.

meM

Hence B / M([x]) € Q and we have the first result. The quotient map is open by the
first part of this exercise.

79
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Prove also that the quotient map is linear and continuous.

Linearity is immediate and continuity follows from the fact that ||[z]|| < ||| for all
reX.

Exercise 1.2. Prove directly that if F is a Banach space and M is a closed subspace of
E then the quotient space (E/M, || - ||g/u) is complete.

Let ([zn]), ., be a sequence in E/M with > o2 1 ||[2n]]| convergent. For all n > 1 there
exists m,, € M such that |z, —m,|| < ||[z,]||+27", by definition of the quotient norm,

and by comparison >~ | ||z, —m,|| is convergent. Hence ) | x,, —m,, converges, by

the completeness of E, and, as the quotient map 7: £ — E/M; x + [z] is continuous,
so does (D07 xy —my) = >0 (]

Exercise 1.3. Let M and N be subspaces of the normed space X. Prove that if M is
finite dimensional and N is closed then M + N is closed.

Note that M + N = 7~ !(«x(M)) if 7: X — X/N is the quotient map, and that if
{x1,...,2,} is a basis for M then {m(xy),...,7(z,)} is a spanning set for m(M), so
m(M) is finite-dimensional and therefore closed. Hence M + N is the preimage of a
closed set under a continuous map, so is itself closed.

Exercise 1.4. Prove that if {A}:ie I, j € J} and {Bf : k € K, | € L} are families of
sets, where the index sets I, J, K and L are arbitrary, then

Unsnidnser= U M 4ns:
el jeJ keK el (i,k)eIxK (4,l)eJXL
We have that

e (N4 n(UJNs

iel jeJ keK leL
<— digel, k:OGKsuchthathA;-O andeBlko Vield lel
<= F(ip, ko) € I x K such that x € AY N B V(j,1)€JxL
— =zwe€ U ﬂ Aé- N By,
(i,k)eIx K (jl)eJx L
as claimed.
What does this have to do with initial topologies?
A consequence of this is that the collection of arbitrary unions of finite intersections of

elements of a subbase is itself closed under finite intersections, and so initial topologies
are as claimed in Definition 1.24.

Exercise 1.5. Prove that if T is the initial topology on X generated by a collection
of functions F and Y C X then Tg|y, the relative initial topology on Y, is the initial
topology generated by F|y = {f|y : f € F'}, the restrictions of the functions in F to Y.
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Since f|y1(U) = f~1(U)NY, this is immediate.

Exercise 1.6. Let (z,)4c4 be a family of non-negative real numbers and let A denote
the collection of finite subsets of A. Prove that (x,)sca is summable (with sum «) if and
only if § = sup{gjaeA0 Tyt Ag € A} < oo and in this case a = (.

If > e, Ta — a then let € > 0 and choose A; € A such that ’Zaer T, — a| < € for
all Ag € A with Ay D A;. If Ay € A then

Z$a< Z T < | Z To — a| +|a] < |a| +¢,

a€Ag acA1UA> a€A1UA9

SO sup{ > e, Ta s Ao € A} < 00.
Conversely, if § = sup{ D e, Ta s Ao € A} < oo then let € > 0 and choose A; € A
such that > _, x, > 3 —e. Then

g+e> Zxa22xa>ﬁ—s
acAg acA

for all Ay € A such that Ay O Aq; hence Zae Ay La = (. Since R is Hausdorff we must
have o = 3.

a€A;

Exercise 1.7. Let E be a Banach space and let (z,),ec4 a family of vectors in E. Prove
that if > _, [[x,]| is convergent then S := {a € A: z, # 0} is countable.

Let S, = {a € A : ||z,|| > 1/n} for n € N; applying the previous exercise to
> wea Tall we see that 3 = sup{>",c 4, lall : Ao € A} < 00. If S, is infinite for some
n € N then let aq,...,a, be distinct elements of S,,, where m > nf(, and note that
> oy lza, || > m/n > B, a contradiction. Hence S = (J;Z, S, is a countable union of
finite sets, so countable.

Deduce that (z4)4ec4 is summable with sum

3 Y wcs Ta if S is finite,
€T, —
e >y Ta,; if S'is infinite,

where (if S is infinite) j — a; is a bijection between N and S.

If S is finite then Y, 4 a — > ,cqTa = 0 for all Ay € A such that Ay 2 S, hence
> acdy Ta = Doges Ta- If S is countably infinite, j — a; is as above and m, n € N are
such that m > n then

m n m n
I 2 =z < 3 llaal <83 llea - (%)
j=1 j=1 j=n+1 j=1

Let € > 0 and choose Ay € A such that >, |74l > B —¢; if ng := max{j : a; € Ao}
then 37 ) |z, [l = D, a, [|7all > B — € for all n > ng, so from (x) we have that

1> 20~ Y 2| <B-(B-e)=¢c  Ymn>n
J=1 j=1
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Thus (Z?:lxa].)n>1 is Cauchy, so convergent to x € F, say. If n > ng is such that
szzlxaj — xH < ¢ then, for all Ay € A such that Ay D {ay,...,a,},

12 wa=all < I > wll+ 3w 2l
j=1

ac€Ag ac€Ao\{a1,....an}
n
< Y llwall =D llall + ¢
aEAo j:1

< B—-(B—e)+e = 2e.

r, — x, as claimed.

Hence >

acAgp

Exercise 1.8. Prove that a family of complex numbers (2,)4c4 is summable if and only
if (|za|)aeA is summable.

Note first that, since
max{|Rez|,[Imz|} < |z| <|Rez|+ |Imz| VzeC,

and (| Im 2, ‘ )aca are summable, by Ex-
and (Im Za>a

(|Za|)a6A is summable if and only if (| Re Za|)a€A
ercise 1.6. Note also that (z,)sea is summable if and only if (Re Za>a€

are summable, because if Ag is a finite subset of A then

max{’Z Reza—Rez},}Z Imza—lmz}}

A cA

a€Ap acAo
< ’Zza—z} < ’ZReza—Rez}—k}ZImza—Imz.
acAgy acAg a€Aop

Hence it suffices to prove the real case of this proposition.

Given (24)aea C R let 27 = max{x,,0} and 2, = —min{z,, 0} for all a € A; note
that
Z|xa\22x:+2xcj VA €A,
acAp acAg a€Ap

SO (|:10a|)ae , is summable if and only if (v )aca and (7, )aca are summable. Since
(Ya)aca is summable if and only if (—y4)aca is, and x, = ) — x,, it suffices to prove
that the summability of (z,)sca implies that of (2} ).ca.

For this we suppose otherwise; let ) _, x, = z, take ¢ > 0 and choose A, € A such
that ’Zaer z, — x| < £ for all Ay € A that contain A;. Set Ay = {a € A; : z; > 0}
and let A3 € A be such that

Zx:> Zw;+|x|+5;
a€As3 a€As
this exists as ) ., #} is not convergent. If Ay = {a € A3 : 2} > 0} U A, then
Soab <> ab <D af —ag —al 4D w b <e+ ), +]al,
a€As3 a€Ap a€Ap a€Ap a€As

the desired contradiction.
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Exercise 1.9. Find a Hilbert space H and a countable family of vectors (z,)nen in H
that is summable but not absolutely summable (i.e., (||xn||)neN is not summable).

Let H = (*(N) and let x,, = e, /n for all n € N, where ¢, is the standard basis vector,
with 1 in nth position and 0 elsewhere. As the harmonic series is divergent,

k
sup{ Z ||zn|| © No is a finite subset of N} > sup{Z% k€ N} = 00,

n€Ny n=1

and Exercise 1.6 gives that (||xn||)neN is not summable. However, (x,),en has sum
z:=(1,1/2,1/3,...): for e > 0 take k € N such that >>°, | 1/n* < £* and note that
| > nen, Tn — || < € for every finite subset Ny C N that contains {1,..., k}.

Exercise 1.10. Prove the converse to Proposition 1.31, that in a space with a non-
Hausdorff topology there exists a net that converges to two distinct points.

Suppose that T is not a Hausdorff topology on the set X: there exist distinct points
x, y € X such that every pair of open sets (U, V) with z € U and y € V satisfies
UNV #10. Let A C T x T denote the aggregate of such pairs, with preorder < defined
by setting

(A,B)<(C,D) <= ADCand B2 D.

This is a directed set: if (A, B), (C,D) € A then (ANC,BN D) € T x T is an upper
bound for (A, B) and (C, D), and since xt € ANC andy € BND, (ANC,BND) € A.
For all (A, B) € A let x(4,5) € AN B; we claim that the net (z(a p)),p)ca converges
tox and toy. If U € T is such that # € U then x4 5) € U for all (A, B) € A such that
A CU, hence x(a,p) € U for all (A, B) > (U, X) and x(4,5) — «. This same argument
works for y and so we have the result.

Exercise 1.11. A sequence in a normed vector space that is convergent is necessarily
bounded. Is the same true for nets?

For a simple counterexample, consider Z directed by its usual order and define a net
(Zn)nez by setting z, =n if n <0 and x, = 1/nif n > 0.

Solutions to Exercises 2

Exercise 2.1. Let X be a topological space and E a Banach space; recall that Cy,(X, E),
the space of E-valued, bounded, continuous functions on X, is complete with respect to
the norm

f = flloo i= sup{[lf (2)l|g : # € X}

Prove that Cy(X, E), the continuous, E-valued functions on X that vanish at infinity
(i.e., those f € C(X, E) such that {x € X : || f(x)||g = €} is compact for all € > 0) is a
closed subspace of Cy(X, E).
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Note that any function f € Cy(X, E) is bounded, as f is continuous on the compact
set {v € X : || f(z)]|g = 1} and so bounded there. Let (f,)n>1 € Co(X, E) converge
to f;if e > 0 and n € N are such that ||f,, — f|l < €/2 then

Ifa@)l = 1f @I = I fu(z) = f@) > [f ()] - 3¢

so{z € X :||f(z)]] = e} is a closed subset of the compact set {x € X : || fn(x)] = /2}
and therefore is itself compact. Hence Cy(X, E) is closed.

If f, g€ Co(X,E) then K ={x € X : | f(z)| >¢/2} and L ={z € X : ||g(2)| >
£/2} are compact, and if x ¢ K U L then

1f (@) + 9@l < [If @) + llg(2)]| < 56+ 36 =€,

whence {z € X : ||(f + ¢)(z)|| = e} € K UL is compact. If a € F then either a = 0,
in which case af =0 € Co(X, E) trivially, or {z € X : ||af|| = e} ={z e X : ||f|| >
e/|a|} is compact for all € > 0. This shows that Cy(X, E) is a subspace of C, (X, E).

Exercise 2.2. Let (X, 7) be a Hausdorff, locally compact space and let oo denote a
point not in X. Show that

T:=TU{UC X :00€eU, X\U is compact}
is a Hausdorff, compact topology on X := X U {co}.

It is routine to verify that Tis a topology; recall that compact sets are closed under
finite unions and arbitrary intersections, and that compact sets are closed in Hausdorff
spaces. If € C T is an open cover of X then there exists U € @ such that co € U,
and since X \ U is compact and has open cover €\ {U}, this has a finite subcover
Co. Hence €y U {U} is a finite subcover of the cover €, showing that T is compact.
Finally, since T is Hausdorff it suffices to take x € X and prove that there exist open
sets separating co and z. As T is locally compact there exists U € T such that x € U
and U is compact, whence U and {co} U (X \ U) are elements of T as required.

Prove that there is a natural correspondence between Co(X, E) and {f € C(X,E) :

f(o0) = 0}
For f € Cy(X, E) let
flx) ifxe X,

0 if x = oo.

fX—>E,x»—>{

Let U C E be open; if 0 ¢ U then f~Y(U) = f~'(U) € T C T, and if 0 € U then
without lost of generality U = BF(0) (as we may write U as the union of a set of this

form and the open set U \ {0} = (X \ {0}) N U). Since
J7HBE(0)) = {ooyUfz € X« || f(a)]| < e} = {oo}U(X\{z € X : || f(2)] > ¢}) €T,

we see that f is continuous.
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Conversely, let‘f € C(X, E) be such that f(co) = 0, and let f = f|x. Since the
relative topology Tx equals T, f is continuous, and if € > 0 then

freX:|f@l<et={reX:|f@)l<efnX = (BIO)NX=X\K

for some compact set K C X, as required.

Exercise 2.3. Let X be a separable normed space. Prove that X is separable (in the
norm topology).

Let S be a countable, dense set in X and note that {gs : ¢ € Q, s € S} is countable
(being the image of the countable set Q x S under the mapping (¢, s) — ¢s). Hence
we may assume, without loss of generality, that S is closed under multiplication by
rationals.

Let # € X; and choose (y,)n,>1 C S such that ||z —y,|| < 1/n for all n > 1. Then
Zn i=ny,/(n+1) €S forall n > 1, z, — « by the algebra of limits and

1+n
n+1 n+1

n n

lzall < === = 2)[| + |- Izl < 1,

as required.
Prove that any separable Banach space E is isometrically isomorphic to a quotient space
of (.

Let (e,)n>1 C Ey be dense; such exists by the first part of the question. Define

T: 0! — FE, e—Tx ::anen

n=1

and note that T € B((', E); linearity is obvious, as is the absolute convergence of Tx
(and the fact that ||7']| < 1) because
=1

oS
D lzneall < lwal = [l
n=1 n=

Since T((fl)l) D {e, : n = 1}, which is dense in E;, the open-mapping lemma gives
that T is surjective. Furthermore, this set is k-dense in E; for all k£ € (0,1), so if
y € F there exists z; € ¢! such that y = T'zy, and |lzg|| < || Tz||/(1 — k). The identity
Txyp = Tay for all k, k' € (0, 1) gives that

Tzl _ [Tl

1

where [z] = x4+ ker T and T: /' /ker T — im T = E is a bijection such that Tz = T'[x]
for all x € ¢*. This shows that H[y] H < HT[y] H for all y € ¢!, and the opposite inequality
follows from the fact HTH = ||T|| < 1. Hence ¢'/ker T is isometrically isomorphic to
im7T = F, as required.
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Exercise 2.4. Prove that no infinite-dimensional Banach space E has a countable Hamel
basis (where a Hamel basis is a linearly independent set S such that every vector in
is a finite linear combination of elements of ).

Suppose for contradiction that S = {ej,eq,...} is a countable Hamel basis for the
Banach space F, let F,, = Fe; + - - - Fe,, and note that £ = Uiozl F,,. Each F), is closed
(being finite-dimensional) and has empty interior: if U C F,, is open and non-empty
then it contains BE(u) for some v € U and € > 0, but then u + 3eepi1]| e €
U C F,, whence e, € F,, contradicting linear independence. This shows that F is a
countable union of nowhere dense sets, a contradiction to the Baire category theorem.

Exercise 2.5. Let T: X — Y be a linear transformation from the normed space X onto
the finite-dimensional normed space Y. Prove that T is continuous if and only if ker T’
is closed and that if 7" is continuous then 7" is open.

It is immediate that if 7" is continuous then ker 7' = T~{0} is closed. If ker T is closed
then X/ ker T is a normed space (with respect to the quotient norm) and the quotient
map 7: X — X/ker T is open and continuous. Furthermore, T : X/ker T — imT =Y
is a linear bijection between finite-dimensional normed spaces, so is a homeomorphism.
(Recall than a linear transformation between normed space is continuous if its domain
is finite dimensional: if S: Y — Z is a linear transformation and dimY < oo then
the norm y — ||y|ly + [|Sy||z is equivalent to || - ||y, so there exists M > 0 such that
1Syllz < llylly + |Syllz < M||y|ly for all y € Y.) As T = Tox and both these maps
are open and continuous, so is 7.

Exercise 2.6. Let X = C([0, 1], R) denote the Banach space of continuous, real-valued
functions on the unit interval and for all £ € N let

Dy :={f € X : there exists t € [0, 1] such that |f(s)— f(t)| < k|s—t| for all s € [0, 1]}.
Prove that Dy, is closed.

Let (fn)n>1 € Dy be convergent, with limit f, and for each f, let ¢, be as in the
definition of Dj. Then (¢,),>1 is a bounded sequence, so (by the Bolzano-Weierstrass
theorem, passing to a subsequence if necessary) we may assume that ¢, — ¢ € [0, 1].
Let £ > 0 and ng € N be such that |f(¢,) — f(t)| < e for all n > ng; for such n,

|f(8)_f(t)| < |f(8)_fn(5)|+|fn(8)_fn(tn)|+|fn(tn)_f(tn)|+|f(tn)_f(t)|
< 2f = falloo + Kls — tal + £
— kls—t|+e¢
as n — o0, and since this holds for all € > 0 we see that f € Dj.
Prove further that D, is nowhere dense.

Let f € X and let £ > 0; since f is uniformly continuous on [0, 1] we may find 6 > 0
such that |s—t| < J implies that | f(s)—f(¢)| <e/2. Choose 0 =ty <t; <---<t, =1
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such that ¢t; —t,_1 <6 fori =1,2,...,n and let

t—t t—t;_ . .
f(tifl) + ; ; ! f(tl) <lft € [tifl, tl], 1= 1, 2, .
i bi—1

g:[0,1] > R; t+—

i —tiz1
The function g is piecewise-linear (so continuous) and if ¢ € [t;_1, ;] then

t,—1 t—1;1 9
10 - 9(0)] < 1) = St + T - Sl < 5,

so ||f — glleo < €/2; furthermore,
M = inf{m e R":|g(s) — g(t)] <m|s —t| for all s,t € [0,1]}
sup{lg(s) — g(®)[/[s —t]: s, € [0, 1], s # t}

1 then either s, ¢ € [t;_1,t;], so (9(t) — g(s))/(t —s) = ¢'((t + 5)/2),

<
asif 0 <s<t<
or s € [ti_1,t;] and t € [t;_q,t;] for j > i, so

'g(t) —9)| o 'g(t) —g(ti-)]  |g(ti—) —g(tj—s) ’g(ti) —g(s)

tl‘—S

_I_

t—s t— tj—l ' tj—l — tj_g
(sincet —s>t—t;y,t—s>t,—sandt—s >ty —ty_; if k lies between j and 7).
Next, define the saw-tooth function (draw a picture)

h: R—R; t—el3 — (t—n) (tenn+1], neZ)

and let g,,: [0,1] = R; x — g(x)+ h(mx) for m € N. Since ||h||o < /2 we have that
| f — gmllee <e,80 i m>(M+k)/e, t €0,1] and s is sufficiently near to ¢ then

gm(s) — gm(t)’ > m 'h(ms) - h(mt)' B ’9(8) - g(t)'
- MJ“k?S—_Mmi s -

which shows that f lies in the closure of X \ Dy. Thus Dy has empty interior and is

nowhere dense.
Deduce that there exist continuous functions on [0, 1] that are differentiable at no point
in (0,1).
If f € X is differentiable at ¢ € (0,1) then
— J(t
-1,

(1) s=t

is continuous on [0, 1], so bounded. Hence |f(s) — f(t)| < ||gl|oo|t — s| for all s € [0, 1],
and [ € Dy, for all k > [|g||e. Since X # |J;—, Dy (by the Baire category theorem)

g:[0,1] = R; s+

the result follows.
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Exercise 2.7. Let H be an infinite-dimensional, separable Hilbert space. Prove that
B(H ), is not separable in the norm topology.

Let {e1,es,...} be an orthornormal basis for H, let Hy = lin{ey, ey, ...} denote the
linear span of this basis and for each subset A C N define

Py(A): Hy — Ho; Zanen — Zanen.

neN neA

(In Hy only finitely many coefficients in ) aye, are non-zero, so this map is well
defined.) It is immediate that ||Py(A)| < 1, so we may extend Py(A) to P(A) €
B(H) such that P(A) = Py(A)|n, and [|[P(A)|| < 1. If A, B C N are distinct then
|P(A) — P(B)|| > 1: let n € (A\ B)U (B\ A) and consider ||(P(A4) — P(B))e,||.
Suppose that S C B(H); is dense and let Sy € S be such that ||[S4— P(A)|| < 1/2 for
all A CN;if A, B C N are distinct then

1< |[P(A) = P(B)[| < [[P(A) = Sall + 1S4 = S5l + 1S5 = P(B)|| <1+ ([Sa — 55l

hence A +— S, is injective and thus S is uncountable.

Solutions to Exercises 3

Exercise 3.1. Let H be a separable Hilbert space with orthonormal basis {eg,es,...}.
For n > 1 let P, denote the orthogonal projection onto Fe; + --- 4 Fe,; prove that
P,TP,x — Txasn — oo forall T € B(H) and x € H.

Note that

[P T Pz = Tl < [[PTI (P = Dl + [[(Fo — 1) T'x|
< TR = Dyl + ([P = DT,

so it suffices to prove that P,y — y for all y € H. To see this, note that Parseval’s
equality gives that

I(Bo = Dyll? = ((Pa = Dy, (P = Dy) = llyl* = Y Kewy)* — 0

as n — oQ.

Deduce that B(H) is separable in the strong operator topology.

Note that |, 5, P.B(H) P, is strong operator dense in B(H ) and that a countable union
of countable sets is countable, so it suffices to prove that, for alln > 1, P, B(H )P, con-
tains a countable, strong-operator-dense set. Next, note that P, B(H)PF, is isomorphic
to F™ and all norm topologies on finite-dimensional spaces coincide, so P,B(H)P, is
norm separable. As the norm topology is finer than the strong operator topology the
result follows.
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Exercise 3.2. Prove that if £ is a Banach space with respect to two different norms then
they are either equivalent or non-comparable (i.e., neither is coarser than the other).

If the norms || || and || || are comparable then, without loss of generality, the topology
J).| generated by the first is finer than TJj., the topology generated by the second. In
particular, the identity map is continuous from (E,Tj.) to (E,Tj.) (as Ty € Typ)-
Since every continuous, linear bijection between Banach spaces has continuous inverse,
we have the result.

Exercise 3.3. Prove the following extension of Tietze’s theorem to complex-valued
functions: if X is a normal space, Y a closed subset of X and f € C,(Y') then there
exists F' € Cp(X) such that Fly = f and || F||lec = || f]|co-

Apply Tietze’s theorem to obtain g, h € C,(X,R) such that gly = Re f and hly =
Im f. Let k = g + ih, so that k|y = f and let

z if 2] < {1/ oo,
2l Flleo/121 i |2] > [ floo-

Then F = lok is as required: if y € Y then F(y) = l(k(y)) = I(f(y)) = f(y) and
[E oo = lelloo < 11 fllco-

Prove also that Tietze’s theorem applies to unbounded, real-valued functions: if X and
Y are as above and f:Y — R is continuous then there exists F': X — R such that

Fly = f.

Let g = arctane f, so that g takes values in (—m/2,7/2); by Tietze’s theorem there
exists G € Cp(X) such that |G|l < /2 and G|y = g. The set C = G~ {+x/2}
is closed and, by Urysohn’s lemma, there exists H € Cy(X) such that ||H|. < 1,
H|c =0 and H|y = 1. The function F' = tan. GH is as required: |GH| < 7/2 and

F(y) = tan(G(y)H(y)) = tan(arctan f(y)) = f(y)  VyeY.

[:C—C; zr—>{

Exercise 3.4. Let E be a Banach space, Y a normed vector space and suppose that
(T)n>1 € B(E,Y) is such that lim,_.., T,z exists for all x € E. Prove that there exists
T € B(E,Y) such that T,, — T in the strong operator topology.

It is immediate that
T: E—Y; rw— lim T,z

n—oo

is a linear operator, by the continuity of vector addition and scalar multiplication in
a normed space. As convergent sequences in normed spaces are bounded, {||7,z| :
n > 1} is bounded for all z € F, and, as F is complete, the principle of uniform
boundedness implies that M := sup{||T,|| : n = 1} is finite. Hence ||T|| < M, because

|ITz| = lim |Thz|| < M||z||  VazeE.

What can be said about the norm of 77
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The working above shows that (||T”||)n>1 is a bounded sequence, so there exists a

subsequence (||77,, ”)1@1 such that |1, || — lim,, || 75| := sup,,>; infy>p [|Th||. Since
a subsequence of a convergent sequence converges to the same limit,

|Tz|| = lim ||T,, x| < Um ||T,, || ||z|| = Lm ||Z,]| ||| VreFE.
k—o0 k—o00 n—00
Hence ||T|| < lim,,_ || 75]]-

Exercise 3.5. Let © = (x,),>1 be a sequence of complex numbers such that the series
220:1 TnYyy is convergent for all y € . Prove that o € /1.

For n > 1 define the linear operator

Jnico—C ym— Z»’ijj-

J=1

Since | fu(y)| < D251 |75l [yl < [[yllee D= |25] it follows that f, is bounded, with
Ifull < >25_ @] This is actually an equality: let y; € T := {a € C : |a| = 1}
be such that y;z; = |z;| and note that z = (y1,...,¥,,0,0,...) € (¢o); is such that
| fu(2)] = 375 |7j]. For all y € ¢ the sequence (f,(y))n>1 is convergent, so

sup{[/n(y)| : n = 1} < o0

and, since ¢q is a Banach space, the principle of uniform boundedness implies that

oo

Izl =Y |zal = sup{l full : n > 1} < o0

n=1

Exercise 3.6. Let £ be a Banach space with closed subspaces F' and G such that
E = F®G (ie., every element of E can be expressed uniquely as the sum of an element
of F' and an element of (). Define Pr and Pg by setting

Ppi:E—FE;, f+g—f and Psg: E—F;, f+g—yg VfeF, ged.

Prove that Pr and Py are bounded linear operators such that PZ = Pp, PC% = P and
PrPg = PoPr = 0.

The algebraic facts are easily verified; we prove only that Pr is bounded, by applying
the closed-graph theorem. Let (2,,),>1 C E be such that x,, — x and Ppx, — y; since
Prx,, € F for alln and F is closed, y € F', and similarly x—y = lim,, . x,— Prx, € G.
Thus © =y + (z — y) € F + G and by uniqueness Prz = y, as required.

Exercise 3.7. Find a Banach space E with closed subspaces F' and G such that F =
F & G and
P:E—FE; f+g—f VfeF geG

has norm strictly greater than one.
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Let E = R3 equipped with the norm ||x|| = max{|zy|, |z2|, |z3|} (writing vectors in
bold and denoting their coordinates in the obvious manner) and let

f:R® = R; (21,29, 23) — 22, + 229 — 323,

F :=ker f and G := Ru, where u := (1,1, 1); since x = (x — f(x)u) + f(x)u for all
x € R¥ and f(u) = 1, E, F and G are as required. Suppose for contradiction that
|P|| = 1 and let v := Pu; note that ||v|| = ||Pu|| < [|P]||u|| = 1, so |v;] < 1 for
i=1,2,3.

If x:=(1,-1,1) and y := x + t(u — Pu), where t € R is chosen so that y € F|
whence y = Px, then

yeF < x+tuelF < t=3,

by direct calculation, so y = (4,2,4) — 3Pu = (4 — 3vy,2 — 3vy,4 — 3v3). Now,
lyll = [|Px]| <1, s0 |4 —3v| <1and v, € [1,5/2]; since |v1] < 1, v, =1 = w3 and, as
y € F,vo=1/2. Thus v=Pu=(1,1/2,1).

Now let z := (—1,1,1) and w := z+s(u— Pu), where s € R is chosen so that w € F
and so w = Pz. As w = (—1,1+ s/2,1), it follows that s = 3 and w = (—1,5/2, 1),
contradicting the fact that ||w| = || Pz|| < 1.

[This example is due to Goodner [0].]

Exercise 3.8. Let £ be a Banach space with closed subspaces F' and G such that
F NG ={0}. Prove that F & G is closed if and only if there exists C' > 0 such that

IfF<Clf+gl  VfeF ged.

If FF&® G is closed then the projection map Pr: F & G — F; f+ g — f is bounded
(by Exercise 3.6). Hence

AP =1Pe(f + 9l < [IPellllf +9ll - VSeF ged,

as required.

Conversely, suppose that such C' > 0 exists and let (x,,),>1 € F' @ G be such that
r, — x for some x € E. Let x, = f, + g, for all n > 1, where f, € F and g, € G,
and note that

1fn = Foull S Cll(fre = Fin) + (g0 = gm) | = Cllzn =z,

5O (fn)n>1 is Cauchy and hence convergent, say f, — f € F. Furthermore, since G is
closed,
lim g, =limx,—f,=2x—feG

and x = f+ (x — f) € F'® G, as required.
Deduce that F' & G is closed if and only if

co=inf{[[f —gll: feF, geG [fll=]gl=1}>0.
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If F @ G is closed then, by the previous part, there exists C' > 0 such that || f| <
C||f+g| forall f € F and g € G. Hence (replacing g by —g) ||f—g|| = C7 || f|| = C*
if feF,geGand|f| =gl =1, whence c > C~! > 0.

Conversely, if F'@ G is not closed then there exists no such C| so for all n > 1 there
exist f, € I and g, € G such that || f,|| > n|| f. + gn||; replacing f, by f,./||f.| and g,
by gn/||fnll we may assume that ||f,|| = 1 and || f, + gn|| < 1/n. Since

1= Ngall| = [Ifall = I = gull]| < 1fa + gull < 1/

we see that
1 2
[ £+ Mgl ™ gn || < M fn =+ gnll + || =g + llgnll " gn]| < ~ =1+ llgal ™| Ngall < o

thus ¢ < 2/n for all n > 1 and so ¢ = 0, as claimed.

Solutions to Exercises 4

Exercise 4.1. A closed subspace M of the normed space X is complemented in X if there
exists a closed subspace N such that M & N = X, i.e., M+ N = X and M NN = {0}.
Prove that M is complemented in X if M is finite dimensional.

Let {z1,...,2,} be a basis for M, let {¢1,...,¢,} € M* be the dual basis, use the
Hahn-Banach theorem to extend ¢; to QNSZ € X* and then let N = _, ker ggz The fact
that IV is closed is immediate and if x € M N N then ¢;(z) = 0 for all ¢, so z = 0.
Finally, note that « — 3.1 | ¢i(2)2; € N for all z € X.

Prove also that M is complemented in X if M has finite codimension, i.e., dim X/M <
00.

Let X/M have basis {[z1],...,[z,]} and suppose that N is the vector space spanned
by {z1,...,2,}. Then N is closed (being finite-dimensional), X = 7 '(X/M) =
71 (7(N)) = M + N (where 7: X — X/M is the quotient map) and if Y\ | a;x; €
M NN then [0] = Y"1, 4[], whence a = -+ = a,, = 0 by linear independence of

{[:pl], o [xn]}

Exercise 4.2. Let M be a finite-dimensional subspace of the normed space X and let N
be a closed subspace of X such that X = M & N. Prove that if ¢, is a linear functional
on M then

¢: M BN —TF;, m—+nr— ¢g(m) VmeM, ne N

is an element of the dual space X*.

Note that ker ¢ = N + ker ¢ is closed, as N is closed and ker ¢ is finite-dimensional.
The result follows from the fact that surjective linear transformations with finite-
dimensional range and closed kernel are continuous (Exercise 2.5).

Exercise 4.3. Prove that a normed vector space X is separable if its dual X* is.
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Let (¢n)n>1 be dense in X*, let (z,)n,>1 € X be such that |¢,(z,)] = ||¢n]/2 for all
n>1andlet M =Q — lin{z,} (or (Q+iQ) —lin{z,} if F = C). If M # X then let
19 € X \ M; by a corollary to the separation theorem there exists ¢ € X* such that
é|m = 0 and ¢(xg) = 1. Let (¢n, )x>1 converge to ¢ and note that

as k — oo, implying that ¢ = 0. This contradiction gives the result.

Find a separable Banach space E such that E* is not separable.

Note that the separable Banach space ¢! has non-separable dual space ¢*°.

Prove that a reflexive Banach space E' is separable if and only if E* is.

The first part gives one implication and the other follows immediately by applying the
first part with E* in place of E; note that £ and E** are isometrically isomorphic.

Exercise 4.4. Prove that a Banach space E is reflexive if and only its dual E* is
reflexive.

If F is reflexive then the canonical embedding I': £ — E** is an isometric isomorphism:
for all Z € E*** we wish to find ¢ € E* such that

Z(U) = U(p) Ve E™

Consider ¢ = Z-TI'; it is immediate that ¢ € E*, and if ¥ € E** then ¥ = I'(z) for
some x € F, so

U(Z-T) =T(z)(Z-T) = Z(I'(x)) = Z(¥),
as required.

Conversely, suppose that E* is reflexive but F is not, so that I'(E) is a proper
subspace of E** (which is closed because E is complete). Exercise 4.2 and Theorem 3.9
give Z € E** such that Z|pg) = 0 but Z # 0; as £ is reflexive, Z = I'*(¢) for some
¢ € E* (where I'": E* — E*™* is the canonical embedding) but then

0=2((x)) =I"(¢)(I'(x)) = T(x)(¢) = d(x)  Vrelk,
contradicting the fact that Z = I'*(¢) # 0.

Exercise 4.5. Prove that any infinite-dimensional normed space has a discontinuous
linear functional defined on it.

First use Zorn’s lemma to prove that the space X has a Hamel basis {e, : a € A}
with ||e,|| = 1 for all @ € A. Define ¢ by choosing an infinite set of distinct elements
{a, : n € N} and setting

gb(Z)\aea) :in/\an V:E:Z/\aea e X,
n=1

acA acA

it is easy to verify that ¢ is a well-defined linear functional on X and since ¢(e,,) =
n — 00 as n — 00, ¢ is not bounded.
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Exercise 4.6. Let A be a subset of the normed vector space X. Prove that A is norm
bounded (there exists r € R such that |la]| < r for all a € A) if and only if it is weakly
bounded (for all ¢ € X* there exists ry € RT such that |¢(a)| < ry4 for all a € A).

If A is norm bounded then there exists r € R* such that |ja|| < r for all a € A.
If ¢ € X* then |¢p(a)| < |||l ||lal| < ||¢||r for all @ € A, showing that A is weakly
bounded. Conversely, if A is weakly bounded then {¢(a) : a € A} = {a(¢) : a € A} is
bounded for all ¢ € X*, and the principle of uniform boundedness yields boundedness
of {||a]| : @ € A}. Since ||a|| = ||a|| we see that A is norm bounded.

Deduce that a weakly holomorphic function is (strongly) continuous.
Suppose that f: U — X be weakly holomorphic, where U is an open subset of C and

X is a complex normed space. Let a € U and choose £ > 0 such that BS (a) C U; if
¢ € X* then, by Cauchy’s integral formula,

(¢of)(2)—(¢°f>(a)’:’%myﬁ(w@"f)(w) dwjgj% ¥z e BSy(a) \ {a},

z—a —2)(w — a)

where v: [0,27] — C; ¢+ a+ ee’ and My = sup{|(¢- f)(w)| : |w — a| = €}. Hence
{w:0<|z—a|<s/2}

is weakly bounded, so norm bounded: there exists » € R™ such that
1f(z) = f@ll <rlz—a|  Vze€ Bgya),

whence f(z) — f(a) in X as z — a.
[This is the first step in proving Dunford’s theorem, that weakly holomorphic functions
are strongly holomorphic [19, Theorem 3.31].]

Exercise 4.7. Let H be a Hilbert space. Prove that the adjoint 7"+ T™ is continuous
with respect to the weak operator topology on B(H), but not necessarily with respect
to the strong operator topology.

Note that 7, — T in the weak operator topology on B(H) if and only if (z,T,y) —
(x,Ty) for all x, y € H. Since (z, Sy) = (S*x,y) = (y, S*z) and z — Z is continuous
on C we have the first claim. For the second, let {e, : n € N} denote the standard
orthonormal basis of £* and let T}, = |e,)(e1| for all n > 1, i.e.,
T,: 0?2 — 0% x> (e, x)e,.

It is readily verified that 7,, € B(H) (with ||T,,|| < 1) and ||T,e;]| = 1. Furthermore,
TF = |er){e,| and | T x|| = |{en, )| — 0 as n — oo (by Parseval’s equality) so 7" — 0
in the strong operator topology. This gives the result.

Exercise 4.8. Let E and F' be Banach spaces. Show that if T': £ — F and S: F* — E*
are linear transformations that satisfy

o(Tx) = (S¢)(x) VeeE, ¢ € F* (%)
then S and T are bounded, with S = T™.
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Let (z,y) be a limit point of §(7'), the graph of 7', and suppose that (x,),>1 C E is
such that x,, — = and Tx,, — y. For all ¢ € F* we have that S¢ € E* and so

Bly) = lim §(T,) = lim (59)(x2) = (S6)(x) = 6(T),

n—oo

hence Tx = y (since F* separates points in F'); by the closed-graph theorem T' €
B(E, F). Furthermore, T* € B(F*, E*) is such that S = T*, by (x), as E certainly
separates points in £*.

[This is the Hellinger-Toeplitz theorem.]

Exercise 4.9. Let E and F' be Banach spaces and suppose that 7' € B(E, F') has closed
range, i.e., im T is closed in F. Prove that im 7™ = (ker T')* (where

M+ :={¢p € E*: ¢(x) =0 for all z € M}
is the annihilator of the subspace M C E).
If € F* then
(T*¢)(x) = ¢(Tx) =p(0) =0  Vae&kerT,

so that im T* C (ker T')*. Conversely, suppose that ¢ € (ker T')*, i.e., ¢ € E* satisfies
¢(z) =0 for all = € kerT', and define

Op: E/ker T — F; [x] — 9(x).
This is a good definition (because ker T' C ker ¢)) and
0[] = |(2)| = |¢(x +m)| < ||| ||z + m]| Vm € ker T,

so [Og[z]] < ||¢| [|[z]]| for all x € E and 6 is continuous. Since imT is closed, the
bounded linear operator T': £/ kerT" — imT has continuous inverse (by the open-
mapping theorem); extending 6y T~ to § € F* by the Hahn-Banach theorem we see
that

(T*0)(x) = 6(Tx) = Oy[z] = Y(x) Ve ekl
so ¢ € imT™ and the result follows.

Exercise 4.10. Let E = ¢, so that E* = (' and E** = (. Prove that z — > 7z, is
weakly continuous on ¢! but is not weak* continuous.

The weak topology on ¢! is such that §: x +— > 7, y,x, is continuous for all y € £>°,
soif 1 :=(1,1,...) then 1: x — 3 >° z, is weakly continuous. If (x("))n>1 C /s
defined by setting 2 = 1 and x,(:) =0 if k # n then 1(z™) =1 for all n > 1 but
g(:p(")) =1y, — 0asn — oo for all y € co, i.e., 2™ — 0 in the weak™ topology. Hence

1 is not weak™ continuous.

Exercise 4.11. Prove that a compact metric space is separable.
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Let (X, d) be a compact metric space. For n € N the set {By/,(x) : # € X} is an

open cover of X, so there exist z\", ..., 2% such that X = Ui, Bism (x,g")) We claim
that S = UneN{xﬁ"), . ,xﬁ,?,)l} is countable (being a countable union of finite sets) and

dense in X. For the latter claim, let ¢ > 0 and x € X; there exists n € N such that
e > 1/n and some k € {1,...,m,} such that = € Bl/n(x,gn)), whence d(:p,x,gn)) <e
and SN B.(x) # (). The result follows.

Prove that if X is a separable normed space then X7, the closed unit ball of the dual
space X*, is metrizable when equipped with the weak*® topology.

Let (z,)n>1 € X be dense in X; and define
d: X; x X7 =R (¢,9) = > 27"[¢(xa) — (). (1)
n=1

Note that the series is convergent (by comparison with Y > 27"||¢ — ¢|) so d is well
defined. Symmetry and the triangle inequality are immediate and if d(¢, 1) = 0 then
(¢ —)(z,) =0 for all n > 1, whence ¢ = 1. Hence d is a metric on X7; it remains to
prove that T4 = o(X*, X)|x;. Note first that (¢,v) — [¢(zn) — V(zn)| = |Z0(d — V)|
is a continuous function on X; x X7 (where each factor is equipped with the weak*
topology) and the series (}) is uniformly convergent on this set, so continuous. In
particular, the balls

{veXi:d¥,0)<e} (peX], €>0)

are o(X*, X)|x:-open, so Ty C o(X*, X)[xr. As Ty is Hausdorft and o(X*, X)|x:
is compact, these topologies are equal. (Recall that a continuous bijection from a
compact space to a Hausdorff space is a homeomorphism.)

Deduce that X* is separable in the weak*® topology.

This follows because X is separable for all n € N (being the image of the weak™*-
separable space X{ under the homeomorphism z +— nz) and X* = J, oy X,

Exercise 4.12. Let X and Y be normed spaces and for all x € X and y € Y let
r@y: B(X,Y") = F;, Tw— (Tz)(y).

Prove that x ® y € B(X,Y™*)*, with ||z ® y|| = ||z|| |ly||, and that the mapping
X XY - BX, V) (r,y) — 2@y

is bilinear.

It is straightforward to see that x ® y € B(X,Y™) with ||z @ y|| < ||z|| |ly]; for the
reverse inequality, suppose that x and y are non-zero and let ¢ € X* and ¢ € Y* be
such that [|¢]] = ||[¥]| = 1, ¢(x) = ||z|| and ¥ (y) = ||y||. (These exist by Theorem 3.10).
If T:= 2z ¢(2)¢ then T € B(X,Y™), with ||T|| < [|¢] [|[¢| =1, and (x @ y)(T) =
o(x)(y) = ||z|| ||lyll, whence ||z @y| = ||z|| ||ly]|, as required. Verification of bilinearity
is routine.
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If Z is the closed linear span of {r®y: 2z € X, y € Y} in B(X,Y™)*, prove that
J:B(X,Y") = 7% j(T)z = 2(T)
is an isometric isomorphism.

Clearly, j is a linear map and ||j(7)| < ||7|| for all T" € B(X,Y™). For the reverse
inequality, let € > 0 and choose € X such that ||z|]| = 1 and ||Tz| > ||T|| — /2,
then choose y € Y such that ||y|| = 1 and ||(Tx)(y)|| > ||Tx| —e/2. It follows that
@yl = 1 and [[(z @ )T| = |(T2)(w)]| > |T) =, whence [[f(T)]| > |T. Finally,
let ¢ € Z* and let ¢ : Y — F; y = ¢(x®y). Since [p(z@y)| < [0l =]l [[y], ¢- € Y,
and if T := z +— ¢, then ||T]| < [|¢]], so T € B(X,Y™*) and j(T) = ¢; hence j is
surjective.

[This idea, which allows one to put a weak™ topology on B(X, Y*), was used by Arveson
in [1] and dates back to Schatten [20, Theorem 3.2].]

Solutions to Exercises 5

Exercise 5.1. Prove that if X is a vector space with separating subspace M C X’ and
¢ € X' is a linear functional that is o(X, M)-continuous then there exist ¢1,...,¢, € M
such that

6(2)] < max ()] Vae X,

1<i<n

By the definition of o(X, M),
61710, 1) 2 () ¢4l [0, ),
i=1

where ¢1,...,¢, € M and ¢q,...,&, > 0. Replacing ¢; by ¢;/e; if necessary, with-
out loss of generality e = -+ = ¢, = 1. If x € X is such that a = |¢(z)| >
maxXigi<n |¢i()] then [¢(a'z)| =1 but

max [¢;(a ' z)| = max [¢;()|/|¢(x)] < 1,

1<i<n 1<i<n
a contradiction.

Deduce that (;_, ker ¢; C ker ¢ and that there exists f € (F")* such that

f(1(@),..., dul@)) = ¢(x)  VaeX.
The first deduction is immediate; for the next, define ®: X — F" by setting

®(z) = (¢1(2),...,00(2)) VzeX
and note that ker ® = (I_, ker ¢; C ker ¢, so that if ®(z) = ®(y) then ¢(z) = ¢(y).

Hence
for ®(X) = F; (¢1(2), ..., dn(x)) = o(2)
is well defined, and we extend fy to f € (F")* by setting f|ox) = fo and flex)r = 0.
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Conclude that ¢ € M.

Let f(0,...,1,...,0) = a; (where the 1 is in the ith place) so that
$(x) = f(D1(2), ..., du(2)) = di(2); = (Z ai@) (z) VzrelX,
i=1 i=1

ie., o= Z?:l a;¢; € M.

Exercise 5.2. Let X be an infinite-dimensional normed space and let V' C X be a
weakly open set containing the origin. Show that V' contains a closed subspace of finite
codimension in X.

Since V' is a weakly open set containing 0 there exist ¢1,...,¢, € X* such that V
contains )7_, [¢;|7'[0,1). The linear transformation

®: X = F" 20— (¢1(2),. .., du(2))

has kernel ker ® = (), ker ¢; C V/, which is closed because ker ¢; is closed for ¢ =
1, ..., n. Since X/ ker ® = im ® C F" ker ® has finite codimension, as desired.

Deduce that the weak topology on X is strictly coarser than the norm topology.

Note that the open unit ball Bi*(0) is open with respect to the norm topology on X, but
it contains no subspace of X other than {0}, which does not have finite codimension.
Hence o(X, X*) has fewer open sets than the norm topology.

(To see that these topologies are comparable, note that x — ¢(z) is norm continuous
for all ¢ € X*, so ¢~ 1(U) is open (with respect to the norm topology) for all open
UCF.)

Exercise 5.3. Let X be a topological vector space. Prove that every ¢ € X'\ {0} is
open.

Let o € X be such that ¢(zg) = 1 and let A C X be open. If x € A then A — x is
an open set containing 0 (by the continuity of vector addition) and so m (A — ) is
an open set containing 0, where m,,: F — X; a — axq (by the continuity of scalar
multiplication). Hence there exists ¢ > 0 such that azg € A — z if |a| < §, and so
a+¢(x) = ¢p(azg+x) € ¢(A) for such a. This shows that ¢(A) is open and gives the
result.

Exercise 5.4. Suppose that X is a vector space equipped with a topology that makes
vector addition and scalar multiplication, i.e., the maps

XxX—=X; (vr,yy—z+y and FxX—X; (a,2) — az,

continuous. Show that if this topology is such that singleton sets are closed (i.e., {z} is
closed for all x € X) then the topology is Hausdorff (so X is a topological vector space).
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Note that, for fixed y € X, the map x +— x+y is a homeomorphism of X with itself, so
it suffices take z € X'\ {0} and find an open set U such that 0 € U and UN(z+U) = ().
Note that the map

XxX—=X; (y,2)—y—=z

is continuous and so {(y, z) € X x X : y—z # x} is an open subset of X x X containing
(0,0). Hence there exist open sets V., W C X such that 0 e VNW and x ¢ V — W;
taking U = V NW gives the result.

Exercise 5.5. Let X be a topological vector space. Prove that every open set containing
the origin contains a non-empty open set which is balanced: a set B is balanced if \b € B
forall be B and \ € Fy.

Let U C X be an open set containing 0. As m : F x X — X; (\z) — Ax is
continuous, m~1(U) is an open set in F x X which contains (0,0); by the definition of
the product topology, there exist ¢ > 0 and an open set V' C X such that 0 € V' and
BE(0) x V. Cm™1(U). Tt is easily verified that m(BY(0) x V) ={\v: |\ <&, v eV}
is balanced, contained in U and open, since it is the union of AV over all A € F such
that 0 < |A| < e and the map v +— Av is a homeomorphism for all A # 0.

Deduce that if C' C X is compact and does not contain the origin then there exist disjoint
open sets A, B C X such that C' C A and B is a balanced set containing 0.

As X is Hausdorff, for all x € C' there exist disjoint open sets A,, B, C X such that
x € A, and 0 € B,; by the first part of this exercise, B, may be taken to be balanced.
Since C' is compact, there exist xy,...,z, € C such that A := A, U---UA, C X,
and if B := B,, N---N B, then A and B are as required.

Show that a balanced set is connected and give an example to show that a balanced set
need not be convex.

For any point x in a balanced set B, the path ¢ — (1 — t)x connects = to the origin;
thus B is path connected, so connected. The cross-shaped set {(x,0),(0,y) : z,y €
[—1,1]} € R? is balanced but not convex.

Exercise 5.6. Let p € (0,1),
LP[0,1) == {f: [0,1] = C | f is measurable and A(f) < oo},
where A(f) := fol |f(z)[P dx, and let LP[0,1] := LP[0, 1]/N, where
N:={f:[0,1] = C ’ f is measurable and zero almost everywhere}.

Prove that d([f],[g]) := A(f — g) is a metric on LP[0, 1] and that LP[0, 1] is a topological
vector space (when equipped with this topology).

The mean-value theorem may be used to establish the inequality (1 + 2)P — 2P < 1
for all z > 0, from which it follows that (z 4+ y)? < aP + y? for all , y > 0. This is
enough to see that LP[0, 1] is closed under sums and so is a vector space; it also gives
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the triangle inequality for d. The other two requirements of a metric are obviously
satisfied and the inequalities

d([f + gl [fa + ga]) < d([f], [fa]) + d([g], [9a])

and
duﬁanQA—MwA|ﬂmmﬂ+mmawuﬂb

show that vector addition and scalar multiplication are suitably continuous.

Prove further that L?[0, 1] has no convex, open sets other than () and L0, 1].

Let V # () be convex and open; without loss of generality 0 € V' and so there exists
e > 0 such that {f € LP[0,1] : d(f,0) < ¢} € V. Let f € L?[0,1] and choose
n € N such that n?~'d(f,0) < e. By the intermediate-value theorem, there exist
0=x9 <21 <---<ux, =1such that

| 1rera=agom =10
let g;n :=nf on [x;_1, ;) and 0 elsewhere, so that f = (g1, + -+ + gnn)/n and
lgins0) = [ IFOP dt =7 d(£,0) < ¢

for all 7. It follows immediately that f € V and V' = LP[0, 1].

Deduce that the only continuous linear functional on LP[0, 1] is the zero functional.

If ¢ € L?[0,1]' is continuous then ¢~*(BE(0)) is convex, open and non-empty, for all
e > 0. Hence ¢(L[0,1]) € BE(0) for all € > 0 and so ¢ = 0.

[This argument is (essentially) due to Tychonov [23], who worked with the sequence
space {(zn)nen @ Yooy 2|2 < 00} ]

Exercise 5.7. Let X be a topological vector space over F and let M be a finite-
dimensional subspace of X. Prove that M is linearly homeomorphic to F", where n
is the dimension of M.

Let {e1,...,e,} be a basis for M and let
T:F" — M; (M, ) = Aeg + -+ \pey.

It is immediate that 7" is a linear bijection which is continuous, because scalar multi-
plication and vector addition are; it remains to show that 7' is open. Let

Si={A, .. ) M+ )P =1

be the unit sphere in F"; this is compact and therefore so is its image, T'(S). By
Exercise 5.5, there exist disjoint open sets U, V' C M such that 0 € U, which is
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balanced, and T(S) C V. It follows that U C T(B(0)): otherwise, there exists
w € U such that w = T(A,...,\,) with a = [\[2 + -+ + [\, = 1, but then
a V2N, .. ) € S and a2y € T(S) N U, a contradiction. Hence if W C F” is
open and w € W then there exists € > 0 such that BY¥(0) C W — w, so

Tw+eU C Tw + T (BY(0)) C T'(w+ BF(0)) € T(W);

since Tw + €U is open and contains T'w, the set T (W) is open and the result follows.

Prove also that M is closed in X.

Let T be the map above, now considered to have codomain X; clearly 7' is (still)
continuous and the same working as above yields an open set U C X such that 0 € U
and UNM C T(Bf(0)). Let  be in the closure of M and note that tx — 0 as t — 0+,
by the continuity of scalar multiplication, so there exists » > 0 such that = € rU.
Hence

zerUNM CrUNM CrT(BY0) C T((F"),) =T((F"),) C M,
since (F"), is compact and T is continuous. (The first inclusion holds as rU is open.)

Exercise 5.8. Prove that a topological vector space with topology given by a separating
family of linear functionals is locally convex.

Let X be such a topological vector space, with separating family M. If U is an open
subset of X containing the origin, there exist ¢q,...,¢, € M and &1,...,c, > 0 such
that

(o' (BE(0) €U,

i=1
so it suffices to prove that ¢—1(B¥(0)) is convex for any ¢ € M and & > 0. To see this,
let t € (0,1) and suppose u and v € X are such that |¢p(u)| < € and |¢p(v)| < e. Then
|p(tu+ (1 —t)v)| < t|lo(u)| + (1 —t)|p(v)| < e, as required.

Exercise 5.9. Suppose that X is a locally convex topological vector space and M is
the collection of continuous linear functionals on X. Prove that a convex subset of X is
closed (with respect to the original topology) if and only if it is closed with respect to
o(X, M), the initial topology generated by M.

As o(X, M) is the coarsest topology to make every element of M continuous, by
definition, o(X, M) is coarser than Ty, the original topology on X; in particular,
every o(X, M)-closed set is Tx-closed. Conversely, if B C X is convex and Tx-
closed then let zp € X \ B; by Theorem 3.32(ii), there exists ¢ € M such that
Re ¢(z0) < inf ep Re¢(y). Thus B is o(X, M)-closed, as required.

Need this hold if X is not locally convex?

No: if X = L0, 1] for some p € (0, 1) then, by Exercise 5.6, F' = {0} and Tr = {0, X },
the trivial topology. However, the one-dimensional subspace of X consisting of the
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constant functions is closed, convex, non-empty and not the whole of X. (For the first
of these claims, either use Exercise 5.7 or prove it directly: if the sequence of constant
functions (A, 1),>; converges to f € X then it is Cauchy, but d(A,1, A1) = [N\, — AP
and so A, — A for some A € C. Furthermore, d(f, A1) < d(f, \,1) +d(A\,1,)\) — 0, so
f = A1, as required.)

Exercise 5.10. Let X be a locally convex topological vector space. Show that if N
is a non-empty subspace of X and xg € X \ N then there exists a continuous linear
functional ¢ € X’ such that ¢|y =0 and ¢(zo) = 1.

Let B = N; by the separation theorem (Theorem 3.32) there exists a continuous
¢o € X' such that

Re ¢o(zo) < inf{Re¢y(y) : y € B}.
In particular, ¢o({z0}) Ndo(B) = 0, and as ¢(B) is a subspace of ¢o(X) = F we must
have that ¢o(B) = {0}. Hence ¢g(xo) # 0 and ¢: x +— ¢o(x)/do(z0) is as required.

Exercise 5.11. Let X be a topological vector space and suppose V' is an open set
containing 0. Prove there exists an open set U containing 0 such that U +U C V.

Since a : X x X — X (x,y) — x +y is continuous and 0 + 0 = 0 € V, the pre-image
a~'(V) is an open set containing (0, 0); hence there exist open sets Wy, W, C X such
that 0 € Wy N Wy and Wy + Wy C V. Letting U := Wy N W, establishes the claim.

Deduce or prove otherwise that if A C B C X, where A is compact and B is open, then
there exists an open set U C X such that 0 € U and A+ U C B.

If x € A then B — x is an open set containing 0 so, by the first part, there exists an
open set U, which contains 0 and satisfies U, + U, C B — z. As x + U, is open for all
x € A, compactness yields z1,...,x, € A such that A C (1 +U,,)U---U(z, + U,,);
it U :=U,, N---NU,, then U is an open set containing 0 and

A+UC|J@i+ U, +U) € (@i + Up, + Us,) € B,
i=1 i=1

as required.

The Appendix provides the means for an alternative proof. Suppose, for contradiction,
that if U C X is open and contains 0 then there exist xyy € A and yy € U such that
xy + yu € B. Ordering such U by reverse inclusion, (yy) converges to 0 and (zy) is
contained in the compact set A, so has a convergent subnet, by Theorem A.5. Hence
(xy 4+ yu) has a convergent subnet, with limit z in A, but xy + yy € X \ B for all U,
which is closed, so z € X \ B C X \ A. This contradiction gives the result.

Exercise 5.12. Suppose that X is a topological vector space such that the continuous
elements of X’ separate points. Prove that given disjoint, non-empty, compact, convex
A, B C X there exists a continuous ¢ € X’ such that
sup Re ¢(z) < inf Re ¢(x).

zeB

T€EA
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Since o(X, M) is coarser than the original topology on X, the sets A and B are
o(X, M)-compact; furthermore, o(X, M) is Hausdorff, because M separates points,
(Proposition 1.26) and both vector addition and scalar multiplication are o (X, M)-
continuous, by Propositions 1.25, 1.35 and 1.37 together with the continuity of addition
and multiplication in F. Hence X is a topological vector space when equipped with
(X, M); we work with this topology from now on, which has the benefit of being
locally convex, by Exercise 5.8, and also gives rise to the same collection of continuous
linear functionals, M, by Exercise 5.1. Applying Exercise 5.11 to A and X \ B yields
an open set U containing 0 such that A+ U C X \ B, whence A + U and B are
disjoint. Moreover, the set U may be taken to be convex, so A + U is convex and
Theorem 3.32(i) yields ¢ € M and s € R such that Re¢(z) < s < inf ep Re¢(y) for
all x € A+ U; the result follows.

Deduce that Theorem 3.40 is true for topological spaces with continuous dual spaces
that separate points.

The proof given in Section 3.12 applies with the following changes: Corollary 3.33 is
not required, since the continuous dual space is assumed to separate points, and the
result just established is a generalisation of Theorem 3.32(ii).

Exercise 5.13. Let X be a topological vector space and suppose that C' is a non-empty;,
compact, convex subset of X. Prove that (&, D), the collection of closed faces of C'
ordered by reverse inclusion, is a non-empty, partially ordered set such that every chain
in F has an upper bound.

Since C'is trivially a face of itself, F is non-empty, and reverse inclusion is easily seen
to be reflexive, transitive and antisymmetric, i.e., a partial order. If € is a chain in
F then consider F', the intersection of all the elements of C; it is immediate that this
is an upper bound for € if it is a face. The set F'is closed and also non-empty: C' is
compact, so every collection of closed subsets of C' with the finite-intersection property
has non-empty intersection and € has this property because it is a chain. If z, y € C
and ¢t € (0,1) are such that tx + (1 — t)y € F then tx + (1 — t)y lies in every element
of C, so z and y lie in every element of C, as these elements are faces. Hence x and y
are in F' and F' is a face.

Exercise 5.14. Prove that the closed unit ball of ¢y has no extreme points.

Let z € (CO)1 and note that there exists ny € N such that |z,,| < % Define y and
z € ¢y by setting vy, = z, = x,, for all n # ng, Yn, = Tpn, — % and z,, = T, + % It is
immediate that y, z € (co)1 and x = %(y + z), showing that z is not an extreme point

of (co)l.

Exercise 5.15. Let H be a Hilbert space. Prove that every unit vector in H is an
extreme point of the closed unit ball H;.

Suppose that z is a unit vector in H and let y, z € H; and t € (0,1) be such that
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x =ty + (1 —t)z. Then
L= [l2]* = t{y,z) + (1 = t){z, ),

which implies that ¢ = § and (y,z) = (z,2) = 1 (because 1 is an extreme point in Fy).
As 1= |{y,z)| < |ly| ||z]| < 1 we have equality in the Cauchy-Schwarz inequality and
so x and y are linearly dependent; since (y, x) = 1 we must have y = x. Hence z is an
extreme point of Hj.

Deduce that every isometry in B(H) is an extreme point of the closed unit ball B(H),.

Let V € B(H) be a isometry; it is immediate that ||V|| = 1 and so V' € B(H),. Let
S, T e B(H), and t € (0,1) be such that V=¢S5 + (1 —¢)T and let x € H be a unit
vector. Then [|[Vz| = ||z|| = 1, so V is a unit vector, and ||Sz||, ||Tz| < 1, so the
identity Va = tSz + (1 — t)Tx implies that Sz = Tz = Vz, by the first part. As this
holds for all unit vectors in H we have that S =T =V, so V is an extreme point of
B(H),, as claimed.

Exercise 5.16. Let C' be a convex subset of a topological vector space X. Prove that
if x € C and y € C°, the interior of C, then tz + (1 —t)y € C° for all t € [0, 1).

Since y € C°, there exists an open set U such that y € U C C; if ¢t € [0,1) then
tr + (1 —t)U is open (since z — 2z + tx and z — (1 — ¢)z are homeomorphisms) and
contained in C (since C is convex).

[It follows that C' is the sequential closure of C°, if this set is non-empty: for every
x € C there exists a sequence (x,,),>1 € C° such that z, — x.]

Prove also that the interior C° and the extremal boundary 0, C' are disjoint (as long as

X #10}).

Suppose for contradiction that x € C°N0J, C and let U be an open set with z € U C C.
Let u € X be a non-zero vector and note that function f : R — X; A — o + Au is
continuous, so f~1(U) is an open set containing 0. Hence there exists § > 0 such that
x £+ 0u € U, but then, since x € 9,C,

z=3(x+0u) + 3(x — du) =+ du =2 — du = u =0;
this contradiction give the result.

Exercise 5.17. Let C' C R" be compact and convex. Prove that every element of C'
can be written as a convex combination of at most (n + 1) elements of 0, C.

If n = 1 then C is connected, so is a compact interval and the claim is clear. Now
suppose the result holds for some n and let C' C R"™! be compact and convex. If every
set of n+1 points in C' is linearly dependent then lin C' is at most n-dimensional (since
C' is a spanning set which contains no more than n linearly independent points) so
C ClinC and the result follows by the inductive hypothesis. Otherwise, there exists
a linearly independent subset of C' containing n + 1 points; the convex hull of this set,
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being homeomorphic to the standard n + 1-simplex

n+1

(s ) €R™ AL A > 0, Z/\Z- =1},
=1

has non-empty interior, and therefore so does C'. Suppose now that z € C'\ C°
Theorem 3.32(i) gives a continuous linear functional f such that f(c¢) < f(x) for all
c € C°and so f(c) < f(x) for all ¢ € C, by Exercise 5.16. If

D:={ceC: flc)=f(x)}=(x+kerf)nC

then D is a face of C' which lies in an n-dimensional hyperplane, so the result follows by
the inductive hypothesis; recall that 9, D C 0,C'. Finally, if x € C° then let y € 0,C
and consider the line L through x and y; this is a closed set and so C'N L is compact
and convex, so is an interval. As y is an extreme point of C', it must be one end-point of
this interval; let z be the other and note that z € C'\ C°, since C°NL C (CNL)° (where
the second interior is taken with respect to the relative topology on C'N L). Hence z
is an interior point of the interval, so there exists ¢t € (0, 1) such that x = ty + (1 —t)z;
furthermore, by the previous working, z is a convex combination of at most n points
in 0. C and the result follows.

[This result is due to Carathéodory [1].]

Solutions to Exercises 6

Exercise 6.1. Prove that the vector space L' (R) is a commutative Banach algebra when
equipped with the convolution product and the norm || f||; := [ |f].

We take it for granted that L'(R) is a normed space and that (f,g) — fxg is a
well-defined, bilinear map. It remains to prove that this multiplication is commutative
and associative and that L'(R) is complete.
For commutativity and associativity note that the Fourier transform f — f is
injective on L'(R), that - -
frg=fg=9f=9*f
and that

fxlgxh)=fgxh=f(gh) = (fg)h=Ffrgh=(fxg)*h
by the convolution theorem. (This theorem, which asserts the existence of f % g, is an
easy application of the theorems of Fubini and Tonelli; see [17, §§ 26.15-26.16]).

For the proof of completeness we use Banach’s criterion. If (fy)r>1 € L'(R)
is such that Y, [|fi] < oo then the monotone-convergence theorem applied to
(> i | fkl)n=1 vields the convergence almost everywhere of > 7 | fx(z)| to an inte-
grable function and the fact that > .=, [ |fel = [ > orey [fxl- Hence f(z) = > 07, fi(x)
is (absolutely) convergent almost everywhere, and applying the dominated-convergence
theorem to (3°}_; fi)n>1 (with dominating function > 7, |fi|) gives that f € L'(R),
as required.
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Prove further that this algebra is not unital.

Forn > 1 let

n SnTx
faor R—=R; z+— \/%e 2
and note that [ f,, = 1. The continuous version of the dominated-convergence theorem
gives that ||g; —gl[1 — 0 ast — 0 for all g € Cpo(R), where g;: s — g(s—t). As Cyo(R)
is dense in L'(R) it follows that |lg; — g|[i — 0 as t — 0 for all ¢ € L*(R); note that
t — g; maps L*(R) to itself, that ||g; — h¢||1 = ||g — h||1 and that

19: — gl < [lge — Relly + |he — Rl + [|h — gll1 = 2[|h — gllL + [|he — B]|1
If g € L'(R) then

o« fu =l = [ 1] at = )1(s) = a011,(5) s
< [ [lo.=sl®atnfitns)ds = [ g =allfitr)dr =0

as n — 00, by the dominated-convergence theorem: the map t — ||g; — g||1 is bounded
and f; € LY(R).

Suppose that there exists 1 € L'(R) such that 1« f = f for all f € L'Y(R).
Then 1% f, — 1 asn — oo (in LY(R)) but (1* f,,)(z) = fu(x) — 0 as n — oo almost
everywhere, which implies that 1(x) = 0 almost everywhere. This is clearly impossible.

Exercise 6.2. Let X be a Hausdorff, locally compact space. Prove that Cy(X)", the
unitization of the algebra of continuous functions on X that vanish at infinity, is topo-
logically isomorphic to C (X ), the algebra of continuous functions on X, the one-point
compactification of X.

Recall from the solution of Exercise 2.2 that the map f — f|x is a bijection between
I={feC(X): f(co) =0} and Cy(X). Since f — f(co)l € I for all f € C(X) the
map

C(X) = Co(X)"; fr (f — f(00)1)|x + f(o0)1

is a bijection, and it is readily verified that it is an algebra homomorphism. Finally,

I(f = f(o0)D)Ixlleo + [ f(00)| < [If[x oo + 2[f (00)] < 3|l

so this map is a continuous bijection between Banach spaces, hence a homeomorphism
(by Theorem 2.14).

Exercise 6.3. Let A = C|z| denote the unital algebra of complex polynomials and let
|| = sup{|p(a)| : |a] < 1} for all p € A. Show that (A, || -||) is a unital, normed
algebra which is not complete.

Proving that || - || is a submultiplicative norm on A is trivial.

Consideration of degree shows that G(A) = (C\ {0})1, so p, € A\ G(A) for all
n > 1, where p,(z) := 1+ z/n. If A is complete then G(A) is open, but ||p, — 1|| — 0
asn — oo and 1 € G(A), so A\ G(A) is not closed. This gives the result.
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Exercise 6.4. Let A be a (non-unital) Banach algebra such that every element is nil-
potent (i.e., for all @ € A there exists n € N such that a” = 0). Prove that A is uniformly
nilpotent: there exists N € N such that «” = 0 for all a € A.

Let E, = {a € A:a" = 0} for all n € N; these sets are closed and A = |J,,.y En so,
by the Baire category theorem, EY # () for some N € N. Hence there exists ag € A
and ¢ > 0 such that |Ja — ag|| < € implies that a® = 0. Let b € A\ {0} and note that

p(t) == (ag +tb)N = aév 4.+ tNpN =0 Vite (—g/HbH,g/HbH)

because ||(ag + tb) — agl| = [t]||b]| < &. Hence 0 = p™(0) = N!b", where p™¥) is the
Nth derivative of p, and so bV = 0, as required.

Exercise 6.5. Let A be a unital Banach algebra over C and let e* := >~ a"/n! for
all @ € A. Prove that e*™ = e%” if @ and b commute.

Note first that e® converges absolutely, so converges. As

n

(a+b)" =) (Z) afyh = niz

k=0 k=

k bnk

if a, b € A commute, it suffices to prove that if a = Y ja, and b = > 7 b, are

absolutely convergent in A then ab= )" ¢,, where ¢, = >} apb,_p.
To see this, note that

n k
Z Z albk,l = aobo -+ (a0b1 + albo) + -+ (aobn + e+ anbo)

k=0 [=0
n n—1 n n n—k
= aOZbl+alzbl+---+anbo = (Zak>b+2ak<2bl—b>
1=0 1=0 k=0 k=0 =0

so it suffices to prove that r, = >, axdp_ = >} _gan—kdy — 0 as n — oo, where
dp =37 b —b. Let € > 0 and choose N such that ||d,| < ¢ for all n > N; if n > N
then

Hzan v < Hzan i+ 3 llnel e
HzanfkdkHHZHaku = &Y lla
k=0 k=1 k=1

as n — o0. As € > 0 is arbitrary we have the result.

Deduce that e® is invertible.

Since €’ = 1 we have that e =1 = e %, i.e., (e*)"! = e for all a € A.

Prove further that f: A — e is holomorphic everywhere, with f'(\) = af(\) = f(\)a,
for all a € A.
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Let a € A, A€ C and h € C\ {0}. Then

€(>\+h)a — e B ae)\a _ e _ 1= ha \a 0
h h
as h — 0, because
eh® —1— ha =R e ellllal — 1
plEEE————— < p—
e D — —ll
d
and —e?ll = |lal|.
dz a0

Exercise 6.6. Let A be a unital Banach algebra over C and let a, b € A. Use the
identity (ab)™ = a(ba)"~'b to prove that ab and ba have the same spectral radius.

Note that
1(ab)™ I < ™| (ba)™ ™[] "
a7 (|| (ba)™ Y =D) =D g e y(ba)

and so v(ab) < v(ba). Exchanging the roles of a and b gives the result.

Exercise 6.7. Let A be a unital Banach algebra over C. Suppose that there exists
K > 0 such that ||a]] < Kv(a) for all a € A, where v(a) denotes the spectral radius of
a. Prove that A is commutative.

The function g: C — A; X\ — e*be ™ is holomorphic everywhere and bounded,
because
lg(N)]| < Kv(erbe™) = Kv(be*e™) = Ku(b).

Hence g is constant, so 0 = ¢'(0) = ag(0) — g(0)a = ab — ba, as required.

Exercise 6.8. Let A be a Banach algebra and suppose that (x,)yep, (y,)eqo C A are
absolutely summable. Prove that

Z Z Tplq = Z TpYq = Z Z TpYq-
peP q€Q (P.@)EPXQ q€Q peP

We prove only the first equality; the second follows by symmetry. Let € > 0 and note
that (2pYq)p.qepxq is absolutely summable (as |z,y,l| < ||@p]| [|yqll) so there exist
finite sets Ry C P, Sp C @ and Ty C P x () such that

HZ:EP—prH < _c for all finite R C P such that R O Ry

pPER peP

(where [ly[ls = >_4eq lvall)

szq—quH < %Hx!h for all finite S C @ such that S O .Sy,
qeSs qeQ
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(where [lz]l; = ,ep Il ) and

H Z Tplq — Z xpqu <e for all finite 7" C P x @) such that T' D Tj.

(p,9)€T (P,9)EPXQ

If RC P and S C @ are finite sets such that T'= R x S O Ty U (Ro X Sp) then

{ Z Tplq — Z%quH

(p,q)EPXQ pEP  q€Q
< H Z TpYq — Z xpqu
(P,a)EPXQ (p,a)€T
= Ml D S va =D wall + 1D w0 =D w[ llylh
PER q€eSs qeQ PER peP
< g+e+e.

As g > 0 is arbitrary, we have the result.

Solutions to Exercises 7

Exercise 7.1. Let A = C(X), where X is a compact, Hausdorff space. Prove that the
map €: X — ®(A); x+— ¢, is a homeomorphism, where €,(f) = f(z) for all z € X and

fel(X).

Note that € is continuous if and only if fee: z — e,(f) = f(z) is continuous for all
f € A, by definition of the Gelfand topology. Furthermore, if , y € X are distinct
then there exists f € A such that f(x) # f(y), i.e., €,(f) # €,(f), by Urysohn’s lemma.
As X is compact and ®(A) is Hausdorff, € is a homeomorphism between X and ¢(X);
it remains to prove that € is surjective.

If p € ®(A) \ €(X) then for all x € X there exists f € A such that f € ker ¢ but
f & kere, (ie., f(x) # 0). By compactness there exist fi, ..., f, € ker ¢ such that
UL, {z € X : fi(z) # 0} = X, but then f:= 3" fifi € ker¢ and f(x) > 0 for all
r € X, whence ker ¢ = A, a contradiction.

Exercise 7.2. Prove that if A is a unital Banach algebra generated by a single element
(i.e., there exists a € A such that {p(a) : p(z) € Cl|z]} is dense in A) then ®(A) is
homeomorphic to o(a).

Note that a: ®(A) — o(a) is a continuous function from a compact space onto a
Hausdorff space. If ¢, 1) € ®(A) are such that a(¢) = a(v) then ¢(p(a)) = ¥(p(a)) for
any complex polynomial p (as ¢(1) = 1 and ¢(a") = ¢(a)" for all n € N so ¢(p(a)) =
p(é(a)) = p(a(ep)) ). Hence ¢ = 1, by continuity and the density of {p(a) : p(z) € C|z]}
in A, so a is a homeomorphism.
Deduce that ®(A) is homeomorphic to D := {z € C : |z| < 1} if A = A(D) is the disc
algebra.
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If f € A(D) then f is uniformly continuous, so if ¢ > 0 there exists r € (0,1) such
that |f(z) — f(rz)| < /2 for all z € D (because |z — 72| < 1 —r). Since z — f(rz)
is holomorphic on {z € C : |z| < r~'}, its Taylor series is uniformly convergent on D,
so there exists a polynomial p such that |p(z) — f(rz)| < /2 for all z € D. Hence
|f = pllso < € and polynomials in id: D — C; z + z are dense in A.

Exercise 7.3. Let A be a unital Banach algebra that is generated by one element,
a, and let A ¢ o(a). Show there exists a sequence of polynomials (p,),>1 such that
Pn(2) — (A — 2)7! uniformly for all z € o(a).

Since A € o(a), the inverse (A1 —a)™! is an element of A, so there exists a sequence of
polynomials (p,),>; such that p,(a) — (Al —a)~'. If 2 € o(a) then, by Exercise 7.2,
there exists ¢ € ®(A) such that ¢(a) = z; since ¢ is a unital algebra homomorphism,
it follows that

pa(2) = (A = 2) 7' = [¢(pala) — (AL = a) )| < [[pala) — (AL —a) |

and therefore p,(z) — (A — 2)~! uniformly on o(a) as n — occ.

Deduce that the complement of o(a) is connected.

Suppose for contradiction that C \ o(a) has a maximally connected component, C,
which is bounded (and non-empty); fix A € C' and choose (p,),>1 as above. Note
first that 0C' := C\ C°, the (topological) boundary of C, is contained in o(a): if
z € CN(C\ o(a)) then there exist a sequence (7,),>1 C C such that z, — = and
e > 0 such that BS(z)No(a) = 0, as o(a) is closed. Hence BE(2)NC # () and therefore
BE(x) C C, as C is maximally connected, so z € C°. It follows that C' is a bounded
region in C (i.e., an open, connected set): if z € C' then x ¢ o(a), so x & OC and thus
x e C°.
By the maximum-modulus theorem [16, Theorem 5.20],

sup{|pn(2) — pm(2)| : 2 € C} = sup{|pn(2) — pm(2)| : 2 € IC}
<sup{[pn(2) = pm(2)| : 2 €0(a)} — 0

as m, n — 00, S0 (pn)n>1 is uniformly convergent on C and its limit, f, is continuous
there and holomorphic in C. Then g: z — (A — z) f(z) — 1 is holomorphic in C" and
g(z) =0 for all z € 9C, so g = 0, by the identity theorem, contradicting the fact that

g(\) =—1.

Exercise 7.4. Let A be a commutative, unital Banach algebra. Prove that the Gelfand

transform on A is isometric if and only if ||a?|| = ||a||? for all a € A.
If ||a?|| = ||a|* then ||a*"|| = ||a||*" for all n € N, and so
lalloc = v(a) = lim fa"[[¥" = lim [Ja*"|'/*" = ||al].
—00 n—oo
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Conversely, if v(a) = ||@|looc = ||a|| then there exists A € o(a) such that |[A| = |al.
Hence A\? € o(a?) (by the spectral-mapping theorem for polynomials) and so

la®[| < llall* = [A]* = [N*] < v(a®) < [la?]].

Exercise 7.5. Let A be a Banach algebra and B a semisimple, commutative, unital
Banach algebra. Prove that if ¢: A — B is a homomorphism then ¢ is continuous.

By the closed-graph theorem, it suffices to take a sequence (a,)n,>1 € A such that
a, — a and ¢(a,) — b and prove that b = ¢(a). Let ¢ € ®(B) and note that 1
and 1 ¢ are continuous, by Proposition 6.1; note that ¢ extends to A" by setting
¢(al +a) = a+ ¢(a) so we may assume without loss of generality that A is unital.
Hence

¥(b) = lim ¢(¢(an)) = ¥(d(a))

n—0o0

for all ¢» € ®(B), and therefore b — ¢(a) € J(B), which gives the result.

Exercise 7.6. Let A = ([0, 1], equipped with the norm || f]| := || f|lec + || f/||cc- Prove
that A is a semisimple, commutative, unital Banach algebra and find its character space.

To prove completeness, let (f,)n>1 € A be Cauchy, which implies that (f,),>1 and
(f})n>1 are Cauchy, so convergent, sequences in C[0,1]. Let f = lim, .o fn, g =
lim, . f; and note that

= 1 =1 " = i w(t) — f,(0) = — f(0),
[o=[ imsi=tm [ = im0~ f0) = 50 - 5O
so f'(t) = g(t) for all t € [0, 1] and

1= Full = 17 = Falle + 1 = lloe = 17 = Fullow + lg = il = 0.

as required.
To see that A is semisimple, note that ®(A) = {e, : € X} (which may be proved

as for C(X)), so J(A) = (\,extf € A: f(x) =0} = {0}.
Prove that I = {f € A: f(0) = f'(0) = 0} is a closed ideal in A such that A/ is a

two-dimensional algebra with one-dimensional radical.

j: CY0,1] — My(C); f ( fg()) ff/((g)) )

is a continuous algebra homomorphism with kernel I and 2-dimensional image. Every
linear functional on this image must have the form

Note that

a b
O: (O a)»—>)\a+ub Va,beC,

where A\, € C. If ¢(1) =1 then A\ = 1, and multiplicativity forces = 0, so A/ has
one maximal ideal (viz. id 4 I).
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What do you notice about A and A/I?
This example shows that a quotient of a semisimple algebra need not be semisimple.

Exercise 7.7. Prove that the Banach space ¢'(Z) is a commutative, unital Banach
algebra when equipped with the multiplication

axb: Z — C; nHZambn_m (a,befl(Z)).

meZ

Note that >, |b,| < oo implies that (b,),ez is bounded, and so if a, b € £'(Z) then
Y mez @mbn_m is (absolutely) summable for all n € Z. Furthermore,

all:[bll; = Z|am|2|bn| = ZZ|am||bn|

meZ nez mEZ neZ
DD amllbpml = D [axb)| = flaxblh
meEZ peEl PEZL

which shows that a xb € ¢*(Z) and || - ||; is submultiplicative on ¢1(Z). (To see that
the reversal of order is valid, note that > > c2,ys = Z(m)eRxsx,«ys for any
absolutely summable (z,),cr, (ys)ses in a Banach algebra.) Furthermore,

(a*b)n:Zamnm Zbanp (bxa),

meZ PEL

S0 % is commutative; bilinearity is readily verified, and if a, b, ¢ € £*(Z) and p € Z then

((a *b) * c)p = Z <Z ambn_m) Cpon = Z U Z br—mCp—n

n€Z meZ meZ ne”L
= Z amZbrcp,m,r = Z am(b* C)pern = (a* (b*c))p.
meZ reZ meZ

If 1 € (*(Z) is defined by setting 1o =1 and 1,, = 0 for all n € Z \ {0} then 1 € ¢}(Z),
I =1 and

(Ixa), Zlman m = ap Vn€Z, acl'(Z).

meZ

Exercise 7.8. Let § € (*(Z) be such that 6, = 1 and 6, = 0 if n # 1. Prove that
a=3,ca,0" for all a € (1(Z).

If £ > 0 choose a finite set Ay C Z such that ) |a,| > |lal]; — € and note that

necAg

|la — Zan5”||1 = sup{ Z |a,| : B is a finite subset of Z} = |lall, — Z la,| < e

neA neB\A neA

for any finite set A C Z such that A D A,.
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Deduce that the character space of ¢!(Z) is homeomorphic to T := {z € C : |z| = 1}
and (with this identification) the Gelfand transform on ¢'(Z) is the map

L:NZ) = C(T); T(@)(\) =Y _a,\"  VAET, acl(Z).

nez

Let ¢ € ®(¢1(Z)) and note that ¢(6") = ¢()" for all n € Z, so

dla) =Y a,0(6") => a,\"  Vae (),

nez ne”L

where A = ¢(§); as ¢ is continuous, if x5 — x then ¢(z;) — ¢(x). Furthermore, A € T
because

@) <lolllloli =1 and  [6(0)|=e(@ ) < [lofl o~ ] =1.

Conversely, if X € T then ¢: a +— > _, a,A" defines a character. To see this, note that
this series is absolutely summable, ¢ is linear and bounded (because |¢(a)| < ||lal/1)
and

A(O™ % 6") = P(™T) = A = XA = ¢(6™) (") Vm,n € Z;
it follows by continuity that ¢(a)@(b) = ¢(a=b) for all a, b € ¢*(Z). Hence

5: D(LNZ)) = T; ¢ — ¢(9)

is a continuous bijection from a compact space to a Hausdorff space, so a homeomor-
phism.

Finally, note that f € C(®(¢*(Z))) corresponds to fo0~' € C(T) and so the
Gelfand map becomes

~

[:0NZ) — C(T); avs a6 ",

ie.,

Exercise 7.9. Let f: T — C be continuous and such that ) _, |/ (n)| < co, where

f(n) = % /_Tr fletye ™ dt (ne€Z).

Prove that if f(z) # 0 for all z € T then g = 1/f: T — C; z — 1/f(2) satisfies
2 nez [9(n)] < oo.
Exercise 7.8 implies that A = I'(¢*(Z)) consists of those g € C(T) such that

g(z) = Zanz" (z€T) and Z la,| < oo.

nez nel
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Since ., a,2" is uniformly convergent on T for such g we see that
~ an " int ,—imt
m) = — ee dt=a,, (meZ
g(m) HEEZ . /_7r ( )

and so A consists of those g € C(T) such that > _,|g(n)| < co. In particular, f € A
and the condition f(z) # 0 for all z € T is equivalent to the fact that ¢(f) # 0 for all
¢ € P(A), ie,0&o(f). Hence 1/f € A, as required.

Exercise 7.10. Let T=0D = {z € C: |z = 1} and A = {f € C(D) : flr € A(D)|r}:
A consists of those continuous functions on the closed unit disc D that agree on the unit
circle T with a continuous function on D that is holomorphic in D.

[A corollary of the maximum-modulus theorem [16, Theorem 5.20] will be useful: if

f € AD) then || flloc := sup{[f(2)| : |2] < 1} =sup{[f ()| : |2] = 1} = || f]rlloc.]
(i) Show that A is a Banach algebra when equipped with the supremum norm.

Let (f,)n>1 C A be such that f, — f € C(D). Forn > 1let g, € A(D) be such
that f,|T = gn|r and note that

19n = Gmlloo = 1(gn — gm)Irllco = [(fn = frn)llloo <[ fn = finlloo = 0

as m, n — 00, S0 (gn)n>1 converges to g € A(D). Since
glr = lim g, | = lim falr = flr,

we see that f € A, as required.
(ii) Prove that I = {f € A: f|r =0} is a closed ideal in A and that A = A(D) @ I.

Suppose that f € A;if g, h € A(D) are such that f|r = g|t = h|r then ||g—hllo =
(g — h)|1]l0 = 0 and so g = h. Thus to every f € A there exists a unique
j(f) € A(D) such that f|r = j(f)|r; the map

g A= AD); f=3(f)

is a norm-decreasing algebra homomorphism (as ||7(f)|lcc = |fIrllcc < ||f]lo0). In
particular, I = {f € A: f|r =0} = ker j is a closed ideal. Furthermore, if f € A
then f—j(f)€Iso fel+AD)andif f € AD)NI then ||f|loc = ||f|r]lcc = 0;
thus A = A(D) & 1.

(iii) Prove that
i: 1 — Cy(D); fr flp

is an isometric isomorphism. Deduce that I is topologically isomorphic to € (]D)),
where D is the one-point compactification of D.
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If f el and € > 0 then
{zeD:|f(x)l e} ={2€D:|f(2)] >}

is a closed subset of D and is therefore compact; hence f|p € Cy(D). Since
| fIpllooc = ||flleo the map i is isometric; it remains to prove that ¢ is surjective.
Let f € Cy(D) and define g: D — C by setting g|p = f and gt = 0. Let U C C
be open; if 0 € U then ¢~ (U) = f~}(U) is an open subset of I, and therefore of
D, so suppose that 0 € U. Then ¢~ 4(U) = f~4(U) UT and, since 0 € U, there
exists € > 0 such that BE(0) C U. Thus f~(U) 2 f'(BE(0)) and f~(BL(0))
has compact complement, hence

D\ f7HU) €D\ f7H(B(0)) € By[0]

for some r E (0,1). From this we see that f~'(U) 2 D\ BF[0] and therefore
g U) = fFHU) U (D\ BE[0]) is open. This shows that g is continuous, as
required.

The deduction follows immediately from Exercise 6.2.

(iv) Prove that if ¢ € ®(A) is such that ker ¢ O I then ¢ = ¢oj, where ¢ € ®(A(D)).
Deduce that ¢ = ¢, j for some z € D (where ¢,: A(D) — C; f— f(2)).

Note that if f, g € A are such that j(f) = j(g) then f—g € I so ¢(f) = ¢(9).

Hence .
¢: A(D) — C; j(f) — o(f)
is well defined. It is immediate that gzNS is an algebra homomorphism such that

¢ = ¢oj, and since ¢ is non-zero, so is ¢. The deduction is immediate, as
O(A(D)) = {e. : z € D} by the solution to Exercise 7.2.

(v) Let D, and D, be two copies of the unit disc and let S? = D; UD, /N be the sphere
obtained by identifying each point on T; = 0; with the corresponding point on
= 0ID,. Define
Ex Oj (Z S Dl),

T:S* — ®(A); 2+ _
e, (2 €Dy)

and prove that this is a well-defined, continuous injection.

If 2 € Ty UTy then e.(j(f)) = j(f)(2) = f(2) = e.(f) for all f € A, so this is
a good definition. As ®(A) has the weak™ topology, T" is continuous if f-7" is
continuous for all f € A, and since

X [ iR (zeDy),
(f T)(z)—{ Ho) (zeDy)

this follows because f|r = j(f)|r. Since the identity function lies in A(D), e, # &,
and e, 0§ # £, 04 for all distinct z, w € D. Finally, to see that €, # £, for all
z, w € D, note that there exists f € I such that f(z) =1 (by Urysohn’s lemma)
and so €,(f) =1# 0= (g4°7)(f). Hence T is an injection.
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(vi) Prove that ®(A) is homeomorphic to the sphere 52,

If € ®(A) is such that ker¢ D I then ¢ = £,¢j for some z € D. Otherwise
ol # 0; note that .
o:I"—>C; f+al—o(f)+a

is a character of I" = (D) and so has the form e, for some z € D. Since
¢|; = ¢|; is non-zero, z # oo and ¢|; = ¢, for some z € D. Choose f € I such
that f(z) =1 (such exists by Urysohn’s lemma) and note that f(g — ¢(g)1) € I
for all g € A, so

9(2) = ¢(g) = (flg— d(9)1)) = o (f(g — d(9)1)) = ¢(f)p(g — d(g)1) = 0,

ie., ¢(g9) = e.(g). Hence T is surjective and we have the result (since ®(A) and
S? are both compact, Hausdorff spaces).

Solutions to Exercises A

Exercise A.1. Let X = ¢ and for all n € N define §,, € X* by setting 5n((xk)k>1) =
Zn. Prove that (0,),>1 has no weak®-convergent subsequence but that (,),>1 has a
weak*-convergent subnet.

Suppose for contradiction that (d,,) has a weak™-convergent subsequence, say (6, )k>1-
Define = € ¢*° by setting
=1 1= ngp_1,
T = 1 [ = Nnog,
0 otherwise.

Then (5nk($l)l>1)k>1 =(—1,1,—1,1,...) is not convergent, the desired contradiction.

For the second claim, note that (d,),>1 € X, which is weak™ compact by the
Banach-Alaoglu theorem (Theorem 3.22). Hence the existence of a convergent subnet
follows from the (generalised) Bolzano-Weierstrass theorem, Theorem A.5.
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