2
Gelfand Theory

Our main objective in this chapter is to develop Gelfand’s theory for commuta-
tive Banach algebras. Associated with any such algebra A is a locally compact
Hausdorff space A(A), the structure space of A, and a norm-decreasing homo-
morphism I'4 from A into Cy(A(A)) (Section 2.2). If A has an identity, A(A)
is compact. The converse is true whenever I'4 is injective (A is semisimple),
a fact that can be shown only later (Chapter 3). This representation of A as
an algebra of functions on a locally compact Hausdorff space is fundamental
to any thorough study of commutative Banach algebras. Thus basic questions
are when I'4 is injective or surjective. It turns out that I'4 is an isometric
isomorphism onto Cy(A(A)) precisely when A is a C*-algebra (Section 2.4).

If A is unital and (topologically) finitely generated by n elements, say,
then A(A) can be canonically identified with a compact subset of C™ (Section
2.3). There is a complete characterisation of subsets of C" arising in this way
as structure spaces of finitely generated commutative Banach algebras. This
leads to the study of uniform algebras, closed unital subalgebras of C(X),
for a compact subset X of C™, which separate the points of X. In Section
2.5 we investigate the algebras P(X) and R(X) of polynomial and rational
functions on X, respectively. Comparison of such algebras is interesting from
the approximation theory point of view. Considerably more complicated is
the algebra A(X) of continuous functions on X which are holomorphic on the
interior of X (Section 2.6).

Following our intention to emphasize the connections with commutative
harmonic analysis, we extensively study the convolution algebra L!(G) of
integrable functions on a locally compact Abelian group G. The structure
space A(L(G)) turns out to be homeomorphic with the dual group G of G,
and the Gelfand homomorphism is injective, but surjective only when G is
finite (Section 2.7). Much more subtle are weighted group algebras L' (G, w).
We confine ourselves to showing that L!(G,w) is always semisimple and to
determining A(L'(G,w)) in some special cases (Section 2.8).
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Proceeding further with algebras of functions associated with locally com-
pact groups, in Section 2.9 we elaborate the Gelfand representation of the
Fourier algebra A(G) for an arbitrary locally compact group G. Next, ap-
plying the Gelfand theory to the C*-algebra of almost periodic functions,
we establish the existence of the Bohr compactification of a locally compact
Abelian group (Section 2.10).

Finally, we investigate tensor products of two commutative Banach al-
gebras A and B, especially the projective tensor product A ®,B. Although
A(A®,B) is in the obvious manner homeomorphic to A(A) x A(B), semisim-
plicity of A®,B is a very delicate question (Section 2.11). In fact, by us-
ing failure of the approximation property for Banach spaces one can con-
struct semisimple commutative Banach algebras A and B such A&, B is not
semisimple.

2.1 Multiplicative linear functionals

A linear functional ¢ on an algebra A is called multiplicative if ¢(zy) =
o(x)p(y) for all z,y € A. We start with identifying the multiplicative ones
among all linear functionals on A in terms of spectra (Theorem 2.1.2). We do
not assume here that A is commutative.

Lemma 2.1.1. Let A be a real or complex algebra with identity e, and let ¢
be a linear functional on A satisfying

ple) =1 and p(2*) = p(z)*
for all x € A. Then ¢ is multiplicative.

Proof. By assumption we have
p(2?) + p(zy +ya) + o(y*) = p(a® + zy +ya +y?)
p((z+y)%) = (o(x) + 9(y))?
p(2?) + 20()(y) + o(y?),

and therefore
plry +yr) = 2¢(2)e(y)
for all z,y € A. Thus it remains to verify that ¢(yx) = ¢(zy). Now, for
a,b € A, the identity
(ab — ba)* + (ab + ba)? = 2[a(bab) + (bab)a]
implies
(ab —ba)?) + ¢(ab + ba)?

p(ab — ab)® + 4p(a)?p(b)* = ¢
©((ab — ba)* + (ab + ba)?)
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Taking a = x — p(x)e, so that p(a) =0, and b = y we obtain p(ay) = ¢(ya)
and hence p(zy) = p(yx). O

The following theorem is often called the Gleason—Kahane—Zelazko theo-
rem.

Theorem 2.1.2. Let A be a unital Banach algebra. For a linear functional ¢
on A the following conditions are equivalent.

(i) ¢ is monzero and multiplicative.
(ii) p(e) = 1 and @(x) # 0 for every invertible element x of A.
(iii) p(x) € ca(x) for every x € A.

Proof. If ¢ is nonzero and multiplicative, then ¢(e) =1 and 1 = ¢(z)p(x~1)
whenever x is invertible. Thus (i) = (ii). Also, (ii) = (iii) is obvious since if
A € pa(x), then 0 # p(x — Ae) = p(z) — A\

Now assume (iii) and note first that ¢(e) = 1. We are going to show
that ¢(2?) = ¢(x)? for all x € A. To that end, let n > 2 and consider the
polynomial

PN = ¢ — 2)")

of degree n. Denoting its roots by A1, ..., \,, we have for each 1,
0=p(Ai) = o((Aie —x)") € ga((Xie — 2)").

This implies that \; € o4(x) and hence |\;| < ra(z). Now

n
n

il;[l()\ — i) =p(\) = A" —np(x) A"+ < 2) ()N 4 (1) p(a™).

Comparing coefficients we see that

ix\izmp(x) and > A = <g) o(2?).

1<i<j<n

On the other hand, by the second equation,

n

n 2 n
<Z/\i> =D N+2 ) AN =) N 4nn— Dp@?).
=1 =1

1<i<j<n i=1

Combining these formulae yields

n?lo(x)? — p(a?)] = ‘—w(ﬂrZ) + Y X < nlp(®)] +nraz)®.

=1

This being true for all n, we conclude that ¢(z?) = ¢(x)? for all z € A. Tt
follows now from Lemma 2.1.1 that ¢ is multiplicative. a



46 2 Gelfand Theory

Throughout the book, for any Banach algebra A, A(A) denotes the set
of all nonzero multiplicative linear functionals on A. It is very important to
know how A(A) and A(A.) are related.

Remark 2.1.3. Because i(e) = 1 for every ¢ € A(A.), each ¢ € A(A) has
a unique extension ¢ € A(A.) given by

e+ re)=p(x)+ A, xze€A IeC.

Let A(A) = {@ : ¢ € A(A)}. Moreover, let ¢oo denote the homomorphism
from A. to C with kernel A, that is, oo (x + Xe) = A. Then

A(Ae) = A(A) U {pac ).

In fact, if € A(A) and ¥ # @, then P[4 € A(A) and hence § =9[4,
Identifying A(A) with A(A) C A(A.) we always regard A(A) as a subset of
A(A.). In this sense, A(A.) = A(A) U {poo}-

Remark 2.1.4. A simple unitisation argument shows that for a linear func-
tional ¢ on a Banach algebra A, condition (iii) in Theorem 2.1.2 is equivalent
to multiplicativity of ¢ without assuming that A has an identity.

Lemma 2.1.5. Let A be a Banach algebra. Every ¢ € A(A) is a bounded
linear functional on A and |p(x)| < ra(x) holds for all x € A. In particular,
lell <1 and ||l =1 if A is unital.

Proof. We can assume that A has an identity e. If z € A and A\ € C are such
that [A| > ra(z), then r4((1/A)z) < 1 and hence de —z = A(e — (1/N)z)
is invertible in A by Lemma 1.2.6. This implies ¢(x) # A for all such A, so
that |¢(x)] < ra(z). This implies that ||| < 1 and actually ||¢| = 1 since

ple) = 1. O

The obvious problem which we have to encounter is the existence of non-
zero multiplicative linear functionals on commutative Banach algebras A. To
start with let A be a complex Banach space and define a product on A by
setting xy = 0 for all z,y € A. If ¢ is a multiplicative linear functional on A,
then

p(2)* = p(zz) = ©(0) = 0.

Less trivial examples showing that nonzero multiplicative linear functionals
need not exist are the following two. Note that, for any commutative Banach
algebra A, A(A) = () whenever r4(x) = 0 for every x € A.

Example 2.1.6. Let A = P(D) as a Banach space. For f,g € A define a
function f og on D by

fog(z)= 2/0 flz —tz)g(tz)dt,
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z € D. We claim that f o g € A. For that notice first that if polynomials

Zajzj and ¢(z Zbkz

aj, by € C, are given then, for any z € D,

n m 1
(Plooalp)(z) = 3.3 ajbysi ! / (1~ ey,

=0 k=0 0

so that p|p o ¢|p equals the restriction to D of a polynomial. Now, given
arbitrary f and g in A and € > 0, let p and ¢ be polynomials such that
I/ = ppllec < €and ||g — ¢lplleo < €. Then, for any z € D,

Fog(=) - plpoaln(2)] < / |F(= — t2)g(t2) — plz — t2)a(te)|dt
1
< / ()] - 1f (2 — t2) — p(z — 2)|dt
+ / Ip(z — t2)] - lg(t2) — a(t=)dt

|9lloo|l.f = Plpllco + llPIDllocllg — dlplloo

<
< 6(Hf”oo + ”gHoo + 6)'

Hence fog is the uniform limit of polynomial functions on D, whence fog € A.
Clearly, ||f o glloc < ||fllocllgllco- Moreover, the multiplication (f,g) — fog
is commutative, associative, and distributive. In fact, this is straightforward
from the definition of f o g. Thus A with product o is a commutative Banach
algebra.

We proceed to show by induction that

1f"(2)] < £ 5l

1
(n—1)!

for every f € Aand all z € D and n € N. The case n = 1 being obvious, assume
the estimate to hold for n. Let z € D and write z = re??,0 < r < 1,0 € R.
Then

f"“(z) = re'¥ /1 flz— trei“’)f”(trei“’)dt
0
= ew/ f(z — se) fm(se)ds
0

and hence by the inductive hypothesis,
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P @) < [l / £ (s6%)|ds
<o o [ eas
= -l J)
1 n+1l n
Il

1
= IFIE

as required. Thus, for every f € A and n € N,

1115

[ lloo < (n—1)

and hence, by the spectral radius formula,
1 1/n
ra(f) = Jim |fIE" < e Jim () 2y )" =0

This shows that o4(f) = {0} for all f € A, and therefore A(A) = 0.

Example 2.1.7. Define a bounded linear operator T on C0, 1] by

Tf(t):/f(s)ds, fecqcio], telo,1].
0

Let A be the norm closure in B(C0, 1]) of the set of all polynomials in 7" of
the form

n
ZaiTi, ai,...,a, € CineN.
i=1

A is a commutative Banach algebra which does not have an identity. A
straightforward induction argument shows

T £ < o

for all t € [0,1] and n € N. Hence

” 1
1T Flloo < 1 l1e

1/n
I < ( ' )
n!

for all n € N. Since (n!)'/™ — oo as n — oo, we get ra(T) = 0. The spectral
radius r4 is subadditive and submultiplicative (Lemma 1.2.13) and continu-
ous. Therefore it follows that r4(S5) =0 for all S € A.

and this inequality gives
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Of course, the algebra A is reminiscent of the Volterra algebra which was
introduced in Exercise 1.6.12. In fact, restricting the convolution of Example
1.6.12 to C[0, 1] and denoting by u the constant one function on [0, 1], we have

(1) = / u(t — 5)f(s)ds = u x f(t)

for all f € C[0,1] and ¢t € R. It is now easily verified that u", the n-fold
convolution product of u, is given by u"(t) = ¢"~1/(n — 1)!, n € N. Since the
polynomials are uniformly dense in C[0, 1], it follows that A equals the closure
of in B(C[0,1]) of the algebra of all convolution operators

T,:C[0,1] — C[0,1], f — g f,

g € C[0,1]. Because of this similarity, A is also sometimes termed Volterra
algebra.

If A is a unital commutative Banach algebra, the anomaly just discussed
cannot occur. This is an immediate consequence of the next theorem which
forms the basic link between A(A) and ideals in A.

Theorem 2.1.8. For a commutative Banach algebra A, the mapping
p —kerp={xeA:p(x)=0}

is a bijection between A(A) and Max(A), the set of all mazimal modular ideals
in A.

Proof. For ¢ € A(A),ker ¢ is an ideal and a closed linear subspace of codi-
mension one in A. To verify that ker ¢ is modular simply choose u € A such
that ¢(u) = 1. Then, for any x € A,

p(ur —z) = p(u)p(z) — p(z) =0,

whence uz — 2 € ker ¢. Thus w is an identity modulo ker ¢, and hence ker ¢
is a maximal modular ideal.

Let now that ¢1, pa2 € A(A) be such that ker ¢1 = ker ¢9 and denote this
ideal by I. Let u be an identity modulo I. Then, since the codimension of I
is one, each x € A can be uniquely expressed as

r=Xu+y, yel, MeC.
As p(u) = 1 for every homomorphism ¢ with ker ¢ = I, we get
p1(x) = Ap1(u) + 1Y) = A = Apa(u) + @2(y) = @2(x).

Finally, let M € Max(A) and let u be an identity modulo M. We already
know that M is closed in A, so A/M is a Banach algebra. Suppose there exists
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x € A\ M such that x + M is not invertible in A/M. Then A/M(x + M) is
a proper nonzero ideal in A/M since

z+M=wu+M)(z+M)ec A/M(x+ M)

is nonzero. This contradicts the maximality of M. Thus A/M is a Banach
division algebra and hence, by the Gelfand—Mazur theorem (Theorem 1.2.9),
isomorphic to the field of complex numbers. Clearly, this isomorphism defines
a homomorphism ¢ : A — C with ker ¢ = M. a

Definition 2.1.9. Let A be a commutative Banach algebra. The radical of
A, rad(A), is defined by

rad(A) = (J{M : M € Max(A)} = ({kery : ¢ € A(A)},

where rad(A) is understood to be A if A(A) = ). Clearly, rad(A) is a closed
ideal of A. The algebra A is called semisimple if rad(A) = {0} and radical if
rad(A) = A.

In Examples 2.1.6 and 2.1.7 we have already seen examples of radical
Banach algebras with nontrivial multiplication. On the other hand, it will
follow from Theorem 2.2.5 in the next section that A is semisimple if and
only if for every € A, ra(z) = 0 implies that = 0. Because the spectral
radius is subadditive and submultiplicative, this means that A is semisimple
if and only if 74 is an algebra norm on A. Thus A(A) # 0.

Returning to the existence of nonzero multiplicative linear functionals,
assume that A is a commutative Banach algebra with identity. Then the
proper ideal {0} is contained in some maximal ideal which, by Theorem 2.1.8,
is the kernel of a homomorphism from A onto C.

We continue with a number of interesting applications of Lemma 2.1.5.

Corollary 2.1.10. Let ¢ be a homomorphism from a commutative Banach
algebra A into a semisimple commutative Banach algebra B. Then ¢ is con-
tinuous.

Proof. By the closed graph theorem it suffices to show that if z,, € A,n € N,
are such that z, — 0 and ¢(z,) — b for some b € B, then b = 0. Let
¢ € A(B). Then p o ¢ € A(A) U {0} and hence both, ¢ and ¢ o ¢, are
continuous by Lemma 2.1.5. It follows that

p(b) = Tim @(¢(zn)) = lim (po@)(zn) = 0.

Since this holds for all ¢ € A(B) and B is semisimple we get b = 0. O

Corollary 2.1.11. On a semisimple commutative Banach algebra all Banach
algebra norms are equivalent.
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Proof. Suppose A is a semisimple commutative Banach algebra, and let || - ||;
and || - |2 be two Banach algebra norms on A. The statement follows by
applying Corollary 2.1.10 with ¢ the identity mappings (A4, ||-]l1) — (A4, -|]2)
and (A, [ [l2) = (A, [ - [l1)- o

Corollary 2.1.12. Every involution on a semisimple commutative Banach
algebra A is continuous.

Proof. Let || - || be the given norm an A. We define a new norm |- | on A
by |z| = ||z*||. It is clear that |- | is submultiplicative. If =, € A,n € N,
form a Cauchy sequence for |- |, then (z}), is a Cauchy sequence for || - .

Consequently, ||z} — z|| — 0 for some x € A, and hence |x,, — 2*| — 0. This
shows that (A, |- |) is complete. By Corollary 2.1.11 there exists ¢ > 0 such
that

"] = || < c||]]

for all x € A, as was to be shown. O

Let C*°[0, 1] denote the algebra of all infinitely many times differentiable
functions on [0, 1].

Corollary 2.1.13. The algebra C*°[0, 1] admits no Banach algebra norm.

Proof. Suppose there is a Banach algebra norm || - || on C°°[0,1]. Applying
Corollary 2.1.10 to the identity mapping from C>°[0, 1] into C|0, 1] we see that
there exists ¢ > 0 such that

[ flloo < cllfll

for all f € C*°[0,1]. Using this inequality, we prove that the differentiation
mapping D : f — f/ from C*°[0,1] into itself is continuous. Thus, let f, €
C*°[0,1],n € N, be such that

lim [|fu]| =0 and lim [|f;, —g]| =0
for some g € C*°[0, 1]. Then
lim ||fu]lee =0 and lim ||f, — g|lec = 0.

Since for each z,y € [0, 1],

Y Y

/ g()dt| < fuly) — ful@)] + / (1) — ()t

x x

< 2|fulloc + ly — 2l - 1.f7 = 9lloos

it follows that fwy g(t)dt = 0. Hence g = 0 because = and y are arbitrary. By
the closed graph theorem, D is continuous. Thus there exists d > 0 such that



52 2 Gelfand Theory

1 < dllfll
for all f € C>[0,1]. Now, let f(t) = €2, ¢ € [0,1]. Then
2d|| £ = 17l < dll £II-
This contradiction shows that there cannot exist a Banach algebra norm on
™[0, 1]. a

2.2 The Gelfand representation

In this section we develop the basic elements of Gelfand’s theory which repre-
sents a (semisimple) commutative Banach algebra as an algebra of continuous
functions on a locally compact Hausdorff space.

Definition 2.2.1. Let A be a commutative Banach algebra and, as before,
A(A) the set of all nonzero (hence surjective) algebra homomorphisms from
A to C. We endow A(A) with the weakest topology with respect to which all
the functions

A(4) = C, p— (), z€A,

are continuous. A neighbourhood basis at @9 € A(A) is then given by the
collection of sets

U(po, @1y .. Zn,€) ={p € A(A) : |p(x:) —po(z:)| < e,1<i<n},

where € > 0,n € N, and x4, ..., z, are arbitrary elements of A. This topology
on A(A) is called the Gelfand topology. There are several names in use for
the space A(A), equipped with the Gelfand topology: The structure space,
the spectrum or Gelfand space of A, and the mazximal ideal space, the latter
notion being justified through the bijective correspondence between A(A) and
Max(A) (Theorem 2.1.8).

Remark 2.2.2. We have seen in Lemma 2.1.5 that A(A) is contained in the
unit ball of A*. The Gelfand topology obviously coincides with the relative
w*-topology of A* on A(A). When adjoining an identity e to A, A(A.) =
A(A) U {¢oo} (Remark 2.1.3) and according to the following theorem the
topology on A(A) is the one induced from A(A.).

Theorem 2.2.3. Let A be a commutative Banach algebra. Then

(i) A(A) is a locally compact Hausdorff space.
(ii) A(Ae) = A(A) U {poo} is the one-point compactification of A(A).
(iil) A(A) is compact if A has an identity.
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Proof. 1t is easy to see that A(A) is a Hausdorff space. Indeed, if @1 and ¢
are distinct elements of A(A), then for some z € 4,6 = }|p1(z) — pa(z)| >0
and hence

Ulpr,2,6) NU(p2,2,0) = 0.

To prove that A(A) is compact if A has an identity e, let

C=][{zeC: |zl <}

r€A

Equipped with the product topology, C' is a compact space by Tychonoff’s
theorem. Since |¢(z)| < |jz| for all ¢ € A(A) and = € A, we can define a
mapping ¢ from A(A) into C by

() = (p(7))zea-

Then ¢ is injective and, by definition of the Gelfand topology, a homeomor-
phism from A(A) onto ¢(A(A)). Thus, in order to establish that A(A) is
compact it remains to show that ¢(A(A)) is closed in C. To this end, let
A = (Az)zea € C lie in the closure of ¢(A(A)) and let z,y € A,o, 0 € C
and ¢ > 0 be given. If ¢ € A(A) is such that |p(a) — Aq] < e for
a € {z,y,xy, ax + Py}, then

lahs + BAy — /\anrﬁyl <ol |Ae = w(2)] + B |)‘y — oyl
+ |90(0‘$ + By) — /\anrﬁyl
<e(laf + (8] +1)

and

Aay = Aady| < [Aay — @(ay)] + oY) [(x) = A
+ 1Al lo(y) = Ay
< e+ [lyll + llz[))-

Since € > 0 was arbitrary, it follows that ¢ : + — A\, A — C is a homomor-
phism. Moreover, ¥ € A(A) because ¥(e) = Ac = 1. This completes the proof
of statement (iii).

Now we drop the hypothesis that A be unital and consider A(A.) and
A(A) C A(A.). We denote the basic neighbourhoods in A(A4) and A(A.) by
U and U,, respectively. Then, for ¢ € A(A),e > 0 and a finite subset F of A,

_ JU(p,Fie) U{ps} if [p(x)| < € for all z € F,
Uelep, ) = { Ulp, Fe) otherwise.

It follows that the Gelfand topology on A(A) coincides with the relative

Gelfand topology of A(A.). However, the singleton {¢s} is closed in A(A4.),

so that A(A) is open in A(A.) and hence is locally compact. This proves (i).
Finally, for x € A and € > 0,
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Ua(sooo,w):{%o}u{weﬂ( ) lp()] < €}
A(A)\{Y € A(A) : [Y(x)] > €}

Now, the sets {p € A(A.), |[¢(x)| > €}, x € A, are closed in A(A.) and
hence compact. The complement of a basic neighbourhood of ¢, is a finite
union of such compact sets. Therefore it follows that A(A.) is the one-point
compactification of A(A). O

A natural question arising in view of the preceding theorem is whether
a semisimple commutative Banach algebra A has to possess an identity if
A(A) is compact. Actually, this is true. This turns out to be a consequence of
Shilov’s idempotent theorem, the proof of which utilises the several-variable
functional calculus. A considerably simpler proof is available when A is regular
(Corollary 4.2.11).

Definition 2.2.4. For z € A, we define z : A(A) — C by Z(¢) = ¢(x). Then
Z is a continuous function, which is called the Gelfand transform of x. It is
easily checked that the mapping

Wi A— C(AA), z—=Z

is a homomorphism, the Gelfand homomorphism or Gelfand representation of
A. We quite often denote I'4(A) by A.

Fundamental properties of the Gelfand transform and the Gelfand repre-
sentation are given in the next theorems.

Theorem 2.2.5. Let A be a commutative Banach algebra. For each x € A,
oa(x) \ {0} € Z(A(A)) = {¢(z) : ¢ € A(A)} C a().
If A is unital, then T(A(A)) = oa(x).

Proof. Suppose first that A has an identity e. Then p(z) € oa(x) for every
v € A(A) (see Theorem 2.1.2). Conversely, if A € o4(z), then

=Xe—1x)A

is a proper ideal in A and hence contained in ker ¢ for some ¢ € A(A) (Lemma
1.3.2 and Theorem 2.1.8). It follows that ¢(Ae —z) = 0, so that A € Z(A(A)).

If A fails to be unital, then by the preceding paragraph and the definition
of the spectrum,

oa(® )\{0}—0,46(96)\{0} 2(A(Ae)) \ {0}
T(A(A)) = 2(A(Ae)) = oa. ()

= UA(a:),

as was to be shown. O
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The following corollary is an immediate consequence of Theorem 2.2.5 and
the spectral radius formula.

Corollary 2.2.6. For x € A,z = 0 if and only if

ra(z) = lim ||a:"||1/" =0.
Theorem 2.2.7. Let A be a commutative Banach algebra and I the Gelfand
representation of A.

(i) I" maps A into Co(A(A)) and is norm decreasing.
(ii) I'(A) strongly separates the points of A(A).
(iii) I" is isometric if and only if ||x||* = ||2?|| for all x € A.

Proof. (i) Since, by Theorem 2.2.3, A(A.) is the one-point compactification
of A(A) and Z(ps) = 0 for z € A, we have T € Cy(A(A)). Moreover, by
Theorem 2.2.5,

[Z]loc = ra(z) < [l

(ii) It is clear that I'(A) strongly separates the points of A(A), that is,

I'(A)(p) # {0} for each p € A(A), and if 1 # pa, then Z(p1) # Z(p;1) for
some x € A.

(iii) If ||y||? = ||y?|| for all y € A, then ||2" || = ||=||*" for every z € A and
n € N. Hence
IZ]lo = ra(e) = lim [l2*"|['/2" = z]].
n—oo
Conversely, ||72]| = ||7%]|« = [|Z]|%, = ||z||* when I" is an isometry. O

We now present three simple examples. More difficult and challenging ones
are discussed in subsequent sections.

Example 2.2.8. Let X be a locally compact Hausdorff space. The closed
ideals in Cy(X) have been completely determined in Theorem 1.3.6. In par-
ticular,

x— M, ={f€CyX): f(z) =0}

sets up a one-to-one correspondence between the points of X and the maximal
modular ideals of Cy(X). On the other hand, by Theorem 2.1.8, we have a
bijection
A(Cy(X)) = Max(Co (X)), ¢ — kerep.

This yields a bijection X — A(Cy(X)),x — ¢, where p,(f) = f(x) for
f € Cp(X). The map z — ¢, is a homeomorphism. Indeed, given z € X
and an open neighbourhood V of z, by Urysohn’s lemma there exists f €
Co(X) such that f(z) # 0 and f[x\y = 0, and hence V contains the Gelfand
neighbourhood {y : |¢y(f) — ¢z ()| < |f(z)|} of z. After identifying X with
A(Cy(X)), the Gelfand homomorphism of Cy(X) is the identity mapping.
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Example 2.2.9. Let A = C"[a,b], and for each ¢ € [0,1] define p, € A(A)
by @:(f) = f(t). We claim that

¢ :la,b] = A(A), t— g

is a homeomorphism. Obviously, ¢ is injective and continuous. Let M be any
maximal ideal in A. Then, by the same reasoning as in the proof of Theorem
1.3.6, we find s € [a,b] such that M = {f € A : f(s) = 0}. It follows that
M = ker p;. Hence ¢ is a homeomorphism since [a, b] is compact and A(A)
is Hausdorff. As in the previous example, after identifying [a,b] with A(A),
the Gelfand homomorphism of A is the identity mapping.

Example 2.2.10. We determine the structure space of [}(Z). For z € T,
define ¢, : I}(Z) — C by

() = 3" Fm)=.

nez

Then, for f,g € I*(Z),

p:(frg) =) <Z fln— m)g(m)> z "
nezZ \mezZ
= 3" Fm)g(m)z

n,mez

= 02 (fp=(9).

Thus ¢, € A(I'(Z)) and the map z — ¢, is clearly injective. Conversely,
every ¢ € A(I*(Z)) is of this form. Indeed, let z = p(6_1). Then

P(0_pn) =0 _1%...%0_1) =p(0_1)" = 2"

and hence also ¢(0,) = 1/p(d_,) = z~™ for all n € N. Since the finite linear
combinations of Dirac functions §,, n € N, are dense in ['(Z), it follows
that ¢ = .. By routine arguments it is shown that the map z — ¢, is a
homeomorphism.

We have seen earlier (Example 1.1.5) that the commutative Banach algebra
AC(T) is isomorphic to [*(Z), the isomorphism being given by f — (¢, (f))n,

where
1
Cn(f) - o

for n € Z. Thus, by the preceding example, A(AC(T)) can be identified with
T as follows. For z € T, let

0-(f) =D ealf)z", f € AC(T),

neZ

2T
f(eit)efintdt
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Then z — ¢, is a homeomorphism between T and A(AC(T)). On making
this identification,
F2) =D calf)2" = f(2)
nez
for all f € AC(T), so that the Gelfand representation of AC(T) is the identity.
As a simple consequence we obtain the following classical result due to Wiener.

Theorem 2.2.11. If f € AC(T) is such that f(z) # 0 for all z € T, then
1/f € AC(T); that is, 1/ f has an absolutely convergent Fourier series.

Proof. With the previous identification of A(AC(T)) with T, the assumption
on f means that f belongs to no maximal ideal of AC(T). Thus f is invertible
in AC(T) and so 1/f € AC(T). O

Lemma 2.2.12. Let A and B be commutative Banach algebras. If A and B
are algebraically isomorphic, then A(A) and A(B) are homeomorphic.

Proof. Suppose ¢ : A — B is an algebra isomorphism. Let ¢* : A(B) — A(A)
be the dual mapping; that is,

¢"()(a) = p(¢(a)), ac A, ¢eAB).

It is easily checked that ¢* is a bijection. ¢* is continuous provided that all
functions
AB)—=C, ¢—¢"(p)(a), acA,

are continuous. However, that such functions are continuous follows immedi-
ately from the definition of ¢* and the definition of the topology on A(B).
(¢*)~! is continuous on the same grounds. O

Corollary 2.2.13. For locally compact Hausdorff spaces X and Y the follow-
ing conditions are equivalent.

(i) Co(X) and Cy(Y) are isometrically isomorphic.
(ii) Co(X) and Co(Y') are algebraically isomorphic.
(iii) X and Y are homeomorphic.

Proof. (i) = (ii) is trivial, and (ii) = (iii) is a consequence of the preceding
lemma and Example 2.2.8. Finally, if ¢ : X — Y is a homeomorphism, then
f — f o ¢ is an isometric algebra isomorphism from Cy(Y') to Co(X). a

We continue with a proposition which often can efficiently be used to
identify the Gelfand topology.

Proposition 2.2.14. Let X be a locally compact Hausdorff space and let A
be a family of functions in Co(X) which strongly separates the points of X.
Then the topology of X equals the weak topology with respect to the functions
x — f(x), f € A.
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Proof. The given topology on X is stronger than the weak topology. Thus
it suffices to show that given = € X and an open neighbourhood U of x in
X, there exists a set V' such that z € V' C U and V is open in the weak
topology. Let X be X if X is compact, and let X = X U {oo} be the one-
point compactification of X if X is noncompact. Every f € Cp(X) extends
continuously to X by setting f(co) = 0. Since A strongly separates the points
of X, for every y € X \ U there exists fy € A such that

ey = |fy(y) — fy(x)] > 0.

Then, for every y € X \ U,
Vy={z€X:[f,(2) = f,(¥)| < /2}

is an open neighbourhood of y in X , and because X \ U is compact there are
finitely many y1,...,y, € X \ U such that X \ U C |Jj_, V. Let

V={2eX:|fy,(2) = fy,(x)] <ey,/2foralll<j<n}
Then z € V and V is contained in U. Indeed, if z € V and z € U, then z € V,,
for some 7, and hence
| fy; (@) = fy, i)l < |y, (@) = fy, ()] + [ fy, (2) = fy, (05)] < ey,
This contradicts the definition of ¢, . O

For a closed ideal I of a commutative Banach algebra A, we now relate
the Gelfand topologies on A(I) and on A(A/I) to the Gelfand topology on
A(A). For a subset M of A, the hull h(M) of M is defined to be

h(M) ={p € A(A) : o(M) = {0}}.

Lemma 2.2.15. Let I be a closed ideal of A and q : A — A/I the quotient
homomorphism.
(i) The map ¢ — @ o q is a homeomorphism from A(A/I) onto h(I).
(ii) The map ¢ — |1 is a homeomorphism from A(A) \ h(I) onto A(I).
Proof. (i) Tt is obvious that the map is a bijection. It is a homeomorphism
since

Ulp,x+1e)oq={yoq: e AA/),[p(x + 1) —p(x+ )| <e}

={pehl):|p(z) —poq(z) <e}

for all p € A(A/I),x € A and € > 0.

(ii) If 1, p2 € A(A)\ h(I) are such that v1|r = 2|1, then choosing x € I
such that o (z) = 1, it follows that
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P1(y) = p1(yz) = p2(yz) = p2(y)

for all y € A. So the map ¢ — ¢|; is injective, and it is clearly continuous.
Given ¢ € A(I), again choose x € I with ¢(x) = 1 and define ¢ on A by
o(y) = ¥(yx), y € A. Then ¢ extends 9, and it is easily verified that ¢ €
A(A)\h(I). Finally, let ¢ € A(A)\h(I),y € A,y # 0, and € > 0 be given and
let 6 = min{e/2, ¢/2||ly||}. Then, if p € A(A) is such that p|; € U(pl|r, z,yz, ),
it follows that

lp(y) — )| < [p(W)] - [p(x) — p(2)] + [p(yz) — P(yz)]
<Oyl +6 <e,

whence p € U(p,y,€). Thus the map ¢ — ¢|; is also open, hence a homeo-
morphism. O

By Lemma 2.2.15, for each y € A there is a unique continuous function
fy on A(I) such that yz(¢) = f,(¢)z(p) for all ¢ € A(I) and € A. This
in particular applies when a commutative Banach algebra A has a bounded
approximate identity and hence can be considered as a closed ideal of its mul-
tiplier algebra M(A) (Theorem 1.4.12). The following proposition, however,
shows that this same conclusion holds if A is merely assumed to be faithful
(see Proposition 1.4.11).

Proposition 2.2.16. Let A be a commutative Banach algebra and let T €
M(A). Then there exists a unique continuous function f on A(A) such that

@(gp) = f(p)x(p) for all p € A(A) and x € A. Furthermore, f is bounded
and || flloe <[ T1-

Proof. If ¢ € A(A) and z,y € A are such that Z(¢) # 0 and y(¢) # 0, then
it follows from (Tz)y = x(Ty) that

Ta(p) _ Tyly)
z(e) Yl
For each ¢ € A(A) choose x € A with Z(p) # 0, and define

The above equation shows that this definition is independent of the choice of
x, and hence f is a well-defined continuous function on A(A). Moreover, if
Z(p) = 0 then Tx(¢) = 0. Indeed, this follows from

Tz()(p) = () Ty(y)

by choosing y such that y(¢) # 0. Thus the equation f;\v(go) = f(¢)Z(p) holds
for all x € A and ¢ € A(A).
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If g is a second continuous function on A(A) satisfying Tz = g7 for all
x € A, then (f(p) — g(9)x(p) = 0 for all z € A and ¢ € A(A), and this

implies f(¢) = g(®). So f is unique.
To show that f is bounded, observe that

(@) = [Tx(@)] < llell - 1T] < [l - 1T - [l

for all z € A and ¢ € A(A). Taking = € A with ||z|| = 1, we obtain

[F (@) - sup{[Z(@)] = [l] = 1} < o]l - Tl

for all ¢ € A(A) and hence || f|loc < ||T. O

2.3 Finitely generated commutative Banach algebras

Many naturally occuring Banach algebras are generated (in the sense of the
following definition) by finitely many elements. Such algebras admit a partic-
ularly satisfying description of their structure spaces and this is the theme of
the present section.

Definition 2.3.1. Let A be a commutative Banach algebra with identity e. A
subset F of A is said to generate A if every closed subalgebra of A containing
E and e coincides with A. Equivalently, the set of all finite linear combinations
of elements of the form

ey -cxrr, x; € B, ny e NU{0}, reN,

T

is dense in A. A is called finitely generated if there exists a finite subset of A
that generates A.

As a very simple example, recall that [1(Z) is generated by the two Dirac
functions 67 and d_;.

Definition 2.3.2. Let A be a commutative Banach algebra with identity
and let z1,...,z, € A. Then the joint spectrum of x1,...,x, is the subset
oa(xy,...,x,) of C" defined by

oalxr, ..., xn) ={(o(x1),...,0(xn)) : ¢ € A(A)}.

Since A(A) is compact and the mapping

A(A) = C" o= (1), p(20))

is continuous, 0 4(x1, ..., x,) is a compact subset of C". It is also evident from
Theorem 2.2.5 that the joint spectrum of a single element x reduces to the
spectrum o 4(x) of x.
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Lemma 2.3.3. Let A be a unital commutative Banach algebra, and suppose
that E C A generates A. Then the mapping

A) = [[oa@), ¢ = (p@))ees

reE

is a homeomorphism between A(A) and ¢(A(A)) C [[,cpoa(x). In particu-
lar, if E is finite, say E = {x1,...,x,}, then we have a homeomorphism

A(A) = oa(zr, .. xn), ©— (o(x1),...,0(z0)).

Proof. Assume first that ¢1,p2 € A(A) are such that ¢1(z) = po(x) for
all x € E. Let B denote the smallest subalgebra of A containing E and the
identity. Then B is dense in A, and ¢1(y) = w2 (y) for ally € B. Since elements
in A(A) are continuous it follows that ¢1 = ¢o. Hence ¢ is injective.

Now [ [, 0a(x) carries the weak topology with respect to the projections

yi [[ ea(@) = oaly), yeE.
el

Therefore ¢ is continuous provided that all the functions p, o ¢,y € E, are
continuous. However, this is clear from p, o ¢(¢) = ¢(y). Thus

¢ A(A) = #(A(4)), ¢ = (¢(@))zer

is a continuous bijection between a compact space and a Hausdorff space, and
hence is a homeomorphism. O

We now aim at characterizing those compact subsets of C™ which arise in
this way as structure spaces of commutative Banach algebras generated by n
elements, n € N (Theorem 2.3.6). The relevant geometrical notion is that of
polynomial convexity.

Definition 2.3.4. A compact subset K of C",n € N, is said to be polyno-
mially conveg if for every z € C™ \ K there exists a polynomial p such that
p(z) =1 and |p(w)] < 1 for all w € K.

Lemma 2.3.5. Every compact convex subset K of C™ is polynomially convez.

Proof. We view C" as a 2n-dimensional real vector space. Then, given w €
C" \ K, there exist a real linear functional ¢ on C* = R?*" and o € R such
that

PY(w) > o and P(z) < a for all z € K.

Let z = (21,...,2,) € C", with z; = z; +iy;, j,y; € R. Then ¢ has the form

n
Z (ajz; + bjy;),
Jj=1
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where aj,b; € R,1 < j < n. Let ¢; = a; —ibj,1 < j < n, and consider the
function

n
z) = exp E %
=1

on C". Then

|f(2)| = exp (Re chzj ) = exp (Z a;z; + b;y; ) =expt(z)

7j=1 Jj=1

and hence |f(w)| > e* and |f(z)| < e for all z € K. It follows that, for a
suitable N € N, the polynomial g defined by

satisfies |g(w)] > e and |q(z)| < e® for all z € K. Finally, the polynomial
p = |q(w)|~1q has the properties required in Definition 2.3.4. O

Theorem 2.3.6. For a compact subset K of C" the following conditions are
equivalent.

(i) There exists a unital commutative Banach algebra A which is generated
by n elements x1,...,x, such that K = oa(x1,...,2,).
(ii) K is polynomially convez.

Proof. To prove (i) = (ii), let e denote the identity of A and let
A= (/\1,...,)\71) S (C”\UA(xl,...,xn).

Then, given any ¢ € A(A), p(x;) # A; for some 1 < j < n. Equivalently, for
each M € Max(A) there exists j such that z; — \je ¢ M. Consider the ideal

I= {Zn:(xj —Aje)y; 1 y; € A}

j=1

of A. If I were a proper ideal, then I C M for some M € Max(A), but
xz; —Aje € I and zj — Aje € M for some j. Thus I = A, and hence there exist
Y1, ---,Yn € A such that

n
E =e.
Jj=1

Choose & > 0 such that 6377, [lz; — Aje[ < 1. Since A is generated by
Z1,...,Tn, there exist polynomials pq,...,p, in n variables such that
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1pj (1, sen) —ysll <0

for 1 < j < n. It follows that

n
Z e)p;(x1,..., o)

Now, define a polynomial p on C" by

n
<Yl = Asell - lly; —pi(@, )| < 1
=1

n
p(zla"'a Z pj Zla"'azn)'

Jj=1

Then p(A1,...,A\,) =1, and for every ¢ € A(A)

lp(p(z1), ..., p( L= (o) = \)py (), w@(xn))‘
j=1
)= > ela; — Aie)p(ps(ar, ... an))]
j=1
Z e)p;(x1,...,Tn)
< 1. -
This proves that o4 (x1,...,x,) is polynomially convex.

Conversely, suppose that K C C"™ is polynomially convex. Let A = P(K),
the algebra of all functions f : K — C that are uniform limits of polynomial
functions on K. Then A is generated by the functions

fi(z) =2, z=(z1,...,2) €K, 1<j<n.

We are going to show that K = c4(fi,..., fn). For z € K, define ¢, € A(A)
by ¢.(f) = f(z). As distinct points can be separated by the functions f;, the
mapping
o K — A(A), z— @,

is injective. ¢ is also continuous since A(A) carries the weak topology with
respect to the functions ¢ — ¢(f), f € A, and z — . (f) = f(z) is continuous
on K. Thus ¢ is a homeomorphism from K onto ¢(K) C A(A). We claim that
d(K) = A(A). Towards a contradiction, suppose there exists p € A(A)\ ¢(K)

and put
=p(f;), 1<j<n, and A= (A1,...,\p).

Then A ¢ K since otherwise ¢x(f;) = f;(A) = Aj = ¢(f;),1 < j < n,
and hence p = @) as A is generated by f1, ..., fn. Because K is polynomially
convex, we can choose a polynomial p in n variables such that [p(z1,. .., 2z,)| <
1 for all z = (z1,...,2,) € K and p(A\) = 1. Then, as K is compact,
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[plxllse = sup [p(2)] < 1,
zeK

and hence |1(p|x)| < 1 for all ¢ € A(A). Now, p|x is a finite linear combina-
tion of functions of the form

z— 22y ezt = fr(2)™ fa ()T f(2)

As o(f;) = Aj,1 < j < n, we obtain ¢(p|x) = p(X) = 1, which is a contradic-
tion. It follows that ¢(K) = A(A), and hence

O’A(fl,...,fn) = {((Pz(fl),...,goz(fn)) z € K}
={(21,...,2n): 2€ K} = K.

This shows (i) = (i). O

It is worth emphasising that the proof of (ii) = (i) in Theorem 2.3.6 shows
that A(P(K)) = K when K is polynomially convex.

The following theorem provides a topological description of polynomially
convex subsets of C.

Theorem 2.3.7. A compact subset K of C is polynomially convex if and only
if C\ K connected.

Proof. We first assume that K is polynomially convex and that nevertheless
C\ K is not connected. Then C\ K has a bounded connected component
S # (0. Then S is closed in C\ K and also open C\ K, since C \ K is locally
connected. Hence S is also open in C, and therefore its boundary 9(S) is
contained in K.

By Theorem 2.3.6 there exists a commutative Banach algebra A with
identity that is generated by some element a € A such that K = oa(a).
For every x € A there is a sequence p,,n € N, of polynomials such that
lpr(a) — z|| — 0. Because

IPn(p(a)) = @(2)] = l@(pn(a)) — (@) < |pnla) — ||

for all ¢ € A(A), (pn)nen converges uniformly on K = o4(a) = a(A(A))
with limit Z. Since 9(S) C K, (pn)nen converges uniformly on all of S by the
maximum modulus principle. We now fix some A € S. Note that lim, e pn(A)
does not depend on the particular choice of polynomials p,, with p,(a) — x.
Indeed, if (g, ), is a second sequence of polynomials such that g¢,(a) — =z,
then for each ¢ € A(A)

IPn(p(a)) — an(p(a))| < |pa(p(a)) — ()] + lgn(p(a)) — @(x)] = 0,

so that p,, — ¢, converges uniformly to zero on K, and hence on S. It follows
that

lim p,(A\) = lim ¢,(A).

n—oo
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This allows us to define ) : A — C by setting
d(x) = lim pn(X),

where (p,)n is any sequence of polynomials with p,(a) — . It is now easily
verified that v is a homomorphism. For example, if p,(a) — z and ¢, (a) — y,
then (pngn)(a) — xy and therefore

n—oo

With p, = 1,n € N, we get ¢(e) = 1, so that ¢ € A(A). Finally, choosing
pn(z) = z for all z € C,n € N, we obtain p,,(a) = a and hence

b(a) = lim p,(A) = A

Thus A € a(A(A)) = K, contradicting the fact that A € S C C\ K.
Conversely, suppose that C\ K is connected, and consider A = P(K) as
in the proof of Theorem 2.3.6, (ii) = (i). Then A is generated by the function
f(z) = z. Moreover, oc(x)(f), the spectrum of f in C(K), equals K since
z — A— f(z) is invertible in C'(K) if and only if A € K. As C\ K is connected,
Theorem 1.2.12 implies K = 04(f), and hence K is polynomially convex by
Theorem 2.3.6, (i) = (ii). O

Remark 2.3.8. More generally, it is true for arbitrary n € N, that if K C C"
is polynomially convex, then C™\ K is connected. This is proved analogously
by employing the maximum modulus principle for polynomials of several com-
plex variables. However, the following example shows that for n > 2 there ex-
ist compact subsets of C™ which fail to be polynomially convex, even though
C™\ K is connected.

Example 2.3.9. Let n > 2 and
K={2=(z1,...,2p) €C": |25/ = 1,1 < j <n}.

Assuming that K is polynomially convex we find a polynomial p in n variables
such that |p(z)| < 1 for all z € K and p(0,1,...,1) = 1. Define a polynomial
¢ in one variable by

g(w) =p(w,1,...,1), weC.

Then |¢(w)| < 1 for all w € C with |w| = 1 and ¢(0) = 1. This contradicts the
maximum modulus principle. Nevertheless, C™ \ K is connected. To see this,
let

Aj={z=(21,...,20) € C" : |25] > 1}
and

Bj={z=(z1,...,2n) € C" 1 |2;| < 1},
1 < j < n, we see that C" \ K = U;-Zzl(Aj U Bj). The sets A; and B; are
arcwise connected, A; N Ay # 0, BjN By, # 0, and, for j # k, A;N By # 0. It
follows that C™ \ K is connected.
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2.4 Commutative C*-algebras

In this section we investigate the question of when the Gelfand homomor-
phism of a commutative Banach algebra A is an isometric isomorphism onto
Co(A(A)). We start with the relevant definition.

Definition 2.4.1. Let A be a Banach algebra with involution z — z*. Then
A is called a C*-algebra, if its norm satisfies the equation ||z*z| = ||x||? for
all x € A. The definition of a C*-subalgebra is evident.

Note that a C*-algebra is a Banach x-algebra since the equation |z||? =
||[z*z|| implies ||z|| < ||«*| and hence ||z|| = ||z*|| for all x € A.

Now let A be a commutative Banach algebra for which the Gelfand ho-
momorphism is an isometric isomorphism onto Co(A(A)). Notice first that in

this case for every & € A there is a unique element z* € A such that x* = 7.
Obviously, the mapping x — z* is an involution. Moreover,

27| = ll2* [l = [[Zllc0 = [l]I,

and hence
o z]| = 2% 2] oo = [ZZ]|0o = 12112, = l|2]|>.

Thus A is a C*-algebra. The main purpose of what follows is to show that
conversely for each commutative C*-algebra A the Gelfand homomorphism is
an isometric *-isomorphism onto Cy(A(A)). This is one of the most striking
results in Gelfand’s theory.

Example 2.4.2. (1) Let X be an arbitrary topological space. With the in-
volution given by f*(x) = f(z) and the supremum norm || - ||s, C®(X) is
a commutative C*-algebra. If X is a locally compact Hausdorff space, then
Co(X) is a C*-subalgebra of C*(X).

(2) Let H be a complex Hilbert space, and recall that for T' € B(H), T*
denotes the adjoint operator of T'. Then B(H) is a C*-algebra since | T*T|| =
|IT]|? holds for all T € B(H). However, B(H) is not commutative whenever
dim H > 2. K(H), the closed ideal consisting of all compact operators in H,
is a C*-subalgebra of B(H) because T* is compact whenever T is.

(3) Suppose T' € B(H) is normal, that is, T7*T = TT*, and let A(T) de-
note the smallest closed subalgebra of B(H) containing 7', 7* and the identity
operator of H. Then A(T) is a commutative C*-algebra with identity.

(4) The Gelfand-Naimark theorem [39] states that for every C*-algebra
A there exists a Hilbert space H such that A is isometrically #-isomorphic to
some C*-subalgebra of B(H).

(5) Let G be a locally compact Abelian group. Then L!(G) is a commuta-
tive Banach *-algebra. However, whenever G # {e}, the L'-norm fails to be
a C*-norm. In fact, it is not difficult to construct f € L*(G) such that

L7 flly # 17113
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(Exercise 2.12.25).

(6) The assignment f — f*, where f*(z) = f(z), defines an involution
on the disc algebra A(D) (Example 1.1.7(2)). However, A(D) fails to be a
C*-algebra (Exercise 1.6.15).

If A is a x-algebra, then so is A, once we define
(a+Xe)*=a*+Xe, acA, NeC.

Then A, is a normed *-algebra with ||a + Ae|| = ||a]| + |A|, yet in general not
a C*-algebra if A is. The following lemma, where we do not assume A to be
commutative, shows that nevertheless a different norm can be introduced on
A, which extends the norm on A and turns A, into a C*-algebra.

Lemma 2.4.3. Let A be a C*-algebra without identity. There exists a norm

- llo on Ae such that |lallo = |la|| for all a € A and (Ae,| - |lo) becomes a
C*-algebra.
Proof. Let || - || denote the above norm on A.; that is,

lla+ Xe|| = |la]| + |A], a€ A, XeC.
For x € A., let L, : A — A be defined by L,(a) = za, a € A. Then
[Lzal < [z - [lall,

so that L, is bounded and ||L.| < ||z
We claim that ||z||o = || L,| defines a C*-norm on A, extending the given
norm on A. Note first that, for a € A,

| La(a®)|| = llaa™]| = llal* = |lal| - [la*]

and hence ||Ly|| > |la|| and therefore ||L,|| = ||al|. Now, x — ||z|/o is a norm
on A, as soon as we have seen that L, = 0 implies = 0. To this end let

r=b+Xe, be A IeC,

be such that xza =0 for all a € A. If X\ # 0, then a = (—(1/A)b)a for all a € A,
that is, u = —(1/A)b is a left identity for A. Since

ut =t = (wn) = ()" =,
and hence, for all a € A,

au = au” = (ua*)* = (a*)* = q,

u is also a right identity for A. This contradiction yields x = b € A, and
therefore = 0 as ||b|| = || Ls||. Moreover, || - ||o is an algebra norm since
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lzyllo = | Layll = [|La © Lyll < [[Lallll Lyl = lIzllollyllo,

and A, is complete because A is complete and A./A is one-dimensional.
Finally, || - |lo is a C*-norm on A.. Indeed, from
ILe()l” = [lzall? = ||(za)* (za)]|
= lla*(@"z)al < [ - [ Lo=aall

< llall?[| La~e|l

it follows that

[2/l5 = 1 Lall® < [[Lawzll = l2*zllo < | Lox ||| Lall = lz*[lo]lz]lo,
and this in turn gives
[zllo < [[2*"[lo and [[z*[[o < [lz*[lo = [|z[[o-
Thus [[z*(|o = [|z]lo, and [|z*z([o < [[#*[o[lz]lo = l|2]|3- O

Lemma 2.4.4. Let A be a commutative C*-algebra. Then the Gelfand homo-
morphism is a *-homomorphism; that is, v* = T for all x € A.

Proof. We have to show that ¢(z*) = ¢(x) for p € A(A) and = € A. Of
course, we can assume that A has an identity e. Let

o) =a+if and @(z*) = v + id,
a, B,7,d € R. Towards a contradiction, assume that g+ 6 # 0 and let
y=(B+0) "z +az*— (a+7)e) € A
Then y = y* and
p(y) = (B+0) " a+iB+7y+id — (a+7) =i
This implies that, for all t € R,
oy +tie) = ¢(y) + ti = (t + 1)i,
and hence |t + 1| < ||y + tie||. Since y = y*, the C*-norm property gives

(t+ 1) < ||y + tie||* = [|(y + tie)(y + tie)"|
= ||(y + tie)(y — tie)|| = [ly* + %]
< ly?|| + 2.
However, this inequality cannot hold for large ¢. This shows that § = — 3 and
therefore
e((iz)") = p(—iz") = —ip(z") = —i(y +1i6) = —f — i7.

On the other hand p(ix) = i(a+i3) = — 3+ ia. Applying what we have seen
so far with iz in place of z, we obtain v = « and hence ¢(z*) = p(z). O
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We are now ready to prove the first main result of this section.

Theorem 2.4.5. For a commutative C*-algebra A the Gelfand homomor-
phism is an isometric x-isomorphism from A onto Cyo(A(A)).

Proof. To prove that x — T is isometric, note first that if y = y* € A, then
lyll? = lv*y|l = ||l¥?|| and hence by induction ||y||?>" = ||y*"|| for all n € N, so
that

2 =l

ra(y) = lim [y
n—oo
If now & € A is arbitrary, then by what we have just seen,
ra(e*z) = ||z*z|| = ||z||*.

Recalling that z* = Z (Lemma 2.4.4) and o4(z) \ {0} C Z(A(A)) C oa(x)
(Theorem 2.2.5) we conclude that

22| = [[(272) oo = ra(z”a) = ||z]*.

12113 =

Thus z — 7 is isometric and, in particular, the image Aof Ais complete with
respect to the supremum norm and hence closed in Cy(A(A)). On the other
hand, Aisa x-subalgebra of Cy(A(A)) which strongly separates the points of
A(A) (Theorem 2.2.7). Thus A'is dense in Co(A(A)) by the Stone—Weierstrass
theorem. This proves that A = Co(A(A)). O

The preceding theorem, together with the following corollary, sets up a
bijection between the homeomorphism classes of locally compact Hausdorff
spaces and the isomorphism classes of commutative C*-algebras.

Corollary 2.4.6. For two commutative C*- algebras A and B the following
are equivalent.

(i) A(A) and A(B) are homeomorphic.
(ii) There exists an isometric *-isomorphism between A and B.
(iii) There exists an algebra isomorphism between A and B.

Proof. The implication (ii) = (iii) is trivial and, as we have seen earlier
(Lemma 2.2.10), the implication (iii) = (i) holds even for general commu-
tative Banach algebras A and B. To prove (i) = (ii), note first that if
¢+ A(A) — A(B) is a homeomorphism, then f — f o ¢ is an isometric
isomorphism from Cy(A(B)) onto Co(A(A)) satistying f — fo¢. On the
other hand, by Theorem 2.4.5, A and B are isometrically x-isomorphic to
Co(A(A)) and Cy(A(B)), respectively. It follows that A and B are isometri-
cally x-isomorphic. O

Corollary 2.4.7. Let A be a commutative C*-algebra. For x € A consider
the following conditions.
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*

He=cz
(ii) oa(z) CR
(iil) Z is real-valued.
(iv) x = y*y for some y € A.
(v) 0a() C [0,00).
(vi) & > 0.

Then (i), (ii), and (iii) are equivalent, and so are (iv), (v), and (vi).

Proof. The equivalence of (ii) and (iii) and of (v) and (vi) follows immediately
from

F(A(A)) U {0} = oa(z) U {0}

The Gelfand homomorphism is injective and satisfies z* = Z. Therefore (i)
and (iii) are equivalent. If (iv) holds, then Z = y*y = 77 > 0. Conversely,
itz >0, let f € Co(A(A)) be the positive square root of z. The Gelfand
homomorphism being surjective, there exists y € A such that 4 = f. Now y
satisfies y*y = 7 and hence y*y = z. O

In the sequel we present two applications of Theorem 2.4.5. The first one
(Theorem 2.4.9) is the construction of a functional calculus in which contin-
uous functions act on elements of a commutative C*-algebra, and the second
(Theorem 2.4.12) concerns the existence of a Stone-Cech compactification for
a completely regular topological space.

We know that in general the spectrum of an element in a Banach algebra
may become larger upon passing to a subalgebra. We need that for C*-algebras
this cannot happen as we observe next.

Lemma 2.4.8. Let A be a commutative C*-algebra with identity e and B a
C*-subalgebra of A containing e. Then oa(x) = opg(x) for each x € B.

Proof. 1t suffices to show that if y € B is invertible in A, then y is already
invertible in B. Let y € BN G(A) and note first that y* € G(A) since

(y—l)*y* _ (yy—l)* — e = ee* = (6*6)* — ™ — e,

Thus yy* € G(A) and, by Theorem 2.2.5, yy*(A(A)) = g4 (yy*). On the other
hand, by Lemma 2.4.4,

yy(AA)) = {elyy™) - o € AA)} = {le(y)* : 0 € A(A)}.

Hence 04 (yy*) C [0,00), so that pa(yy*) = C\oa(yy*) is connected. Theorem
1.2.12 now yields

os(yy") = oalyy™).

Therefore, yy™* is invertible in B and hence so is . O
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Theorem 2.4.9. Let A be a commutative C*-algebra with identity e and x €
A. Let A(x) denote the smallest C*-subalgebra of A containing x and e. There
exists a unique isometric x-isomorphism

¢: Cloa(x)) = Alx), [ — flx)

with the property that ¢ maps the constant function 1 onto e and the function
A — X onto x.

Proof. Because 04(z) = 04(,)(7) by Lemma 2.4.8, we can assume that A =
A(x). This means that the set of all polynomials in z,z*, and e is dense in
A. Let f € C(oa(x)) denote the function f(A) = A, and suppose that ¢y
and ¢o are isometric -isomorphisms from C(o4(x)) onto A = A(z) with
¢j(1g,(z)) = € and ¢;(f) = x. Then

¢; (@) =¢; (@) = f, j=1,2,

so that gbfl and ¢ ! coincide on all polynomials in z, z* and e. Since A = A(z)
and (bl_l and ¢, L are continuous, we conclude that (bl_l =0y L

To prove the existence of ¢, we show first that ¢ — () defines a home-
omorphism between A(A) and o4(z). Every ¢ € A(A) is determined by
its value at z since ¢ is continuous, A is generated by z,z*, and e, and
p(z*) = p(x) and p(e) = 1. Thus ¢ — p(z) is injective. On the other hand,
Z(A(A)) = oa(z) by Theorem 2.2.5. Clearly, the map ¢ — ¢(x) from A(A)
onto o 4(z) is continuous, and hence it is a homeomorphism since A(A) is com-
pact and o4(x) is a Hausdorff space. Let ¢ denote the associated isometric
k-isomorphism between C(o4(z)) and C(A(A)); that is,

P(9)(p) = g(e(@)), geCloalr)), ¢e AlA).

By Theorem 2.4.5 the Gelfand homomorphism y — 7 is an isometric *-
isomorphism from A = A(x) onto C'(A(A)). Composing its inverse with 1,
we obtain an isometric #-isomorphism ¢ : C(ca(z)) — A = A(z) given by

#(g) =y if and only if () = g(p(z)) for all ¢ € A(A).

Then ¢ has the required properties since 1, ,)(¢(7)) = 1 = €(p) and
Flpl)) = o) = () for all ¢ € A(A), 0

Remark 2.4.10. Returning to Example 2.4.2; let T' be a normal operator in
a Hilbert space H and A(T) the closed subalgebra of B(H) generated by T',T"*
and the identity operator I on H. According to the preceding theorem, there
is a unique isometric *-isomorphism from C(o(T")) onto A(T) which maps the
function f(A) = A to T and the constant one function to I. This result can
be used to derive the spectral theorem for normal operators in Hilbert spaces.
Because of this, Theorem 2.4.9 is often referred to as the abstract spectral
theorem.
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For the second application of Theorem 2.4.5 mentioned above we first
recall some notions from topology.

Definition 2.4.11. Let X be a Hausdorff space. A pair (Y, 3), consisting of a
compact Hausdorff space Y and a mapping 5 : X — Y, is called a Stone—Cech
compactification of X, if the following conditions are satisfied.

(i) B(X) is dense in Y, and 8 : X — [(X) is a homeomorphism.
(ii) Every f € C*(X) extends continuously to Y in the sense that there exists

f € C(Y) such that f(B(x)) = f(x) for all x € X.

Of course, fis then uniquely determined since 5(X) is dense in Y.

Suppose now that X possesses a Stone-Cech compactification (Y, 3). Then
given a closed subset E of X and 2 € X \ E, there exists f € C*(X) such
that f|lg = 0 and f(x) # 0. In fact, if C' is a closed subset of Y with C' N
B(X) = B(E), then B(z) € C, and hence by Urysohn’s lemma we find g €
C(Y) such that g(B(z)) # 0 and glc = 0. Now, f = go f € C"(X) has
the desired properties. A Hausdorff space X for which C°(X) shares this
separation property is called complelety regular.

Stone and Cech proved that every completely regular space admits a
Stone—Cech compactification, which is uniquely determined up to homeomor-
phisms. We conclude this section by showing that the existence of a Stone—
Cech compactification can be obtained as an application of Gelfand’s theory.

Theorem 2.4.12. Let X be a completely reqular topological space. Let Y =
A(CY(X)) and define B: X — Y by B(z) = ¢, where ¢a denotes the evalua-
tion of functions in C(Y') at x. Then (Y, 3) is a Stone—Cech compactification
of X.

Proof. C*(X) is a commutative C*-algebra with identity. Therefore, ¥ =
A(CP(X)) is compact, and the Gelfand homomorphism f — f is an isometric
*-isomorphism from C?(X) onto C(Y). The map

B:X =Y, x—p,

is one-to-one because given distinct points x; and xo in X, the complete
regularity of X guarantees the existence of some f € C?(X) with

Py (f) = fl21) # f22) = @u, (f)-

Condition (ii) of Definition 2.4.11 is satisfied with f= J? since, by definition
of 3, R R
fB) = flpe) = ¢u(f) = f(2)
for all f € C*(X) and z € X.
To verify that 8 : X — B(X) is a homeomorphism, for zo € X, e > 0, and
fis--oy fn € CP(X) consider the sets
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V=AzeX:|filx)— fi(zo) <el<i<n}CX
and

U ={px € B(X) : [@u(fi) = e (fi)| < &,1 < i <m} CBX).

Then V = 371(U) and V is open in X. These sets U form an open basis
for the relative topology on B(X) C Y = A(C*(X)). Hence f3 is continuous,
and for 3 to be open it suffices to show that such sets V' form a basis for the
topology on X. For that, let W be an open subset of X containing xy. Then,
since X is completely regular, there exists f € C?(X) such that f(zg) # 0
and f[x\w = 0. It follows that

zg € {z € X :[f(z) — f(zo)| < |f(xo)|[} CW.

To complete the proof of the theorem it remains to show that §(X) is dense
in Y. Assuming the contrary, there exists ¢ € C(Y) such that g # 0, but
9lp(x)y = 0. The Gelfand homomorphism maps C*(X) onto C(Y). Thus we

find f € C*(X) such that f = g. Then

~

0=9(pz) = f(ez) = a(f) = f(x)

for all x € X. However, f = 0 implies ¢ = 0. This contradiction shows that
B(X) is dense in Y. O

2.5 The uniform algebras P(X) and R(X)

The next two sections centre around elaborating the Gelfand representation
of certain algebras of continuous functions on compact spaces.

Definition 2.5.1. Let X be a compact Hausdorff space. A closed subalgebra
A of C(X), equipped with the || - ||so-norm, is called a uniform algebra if A
separates the points of X and contains the constant functions.

In Example 1.1.2 we have already introduced, for X a compact subset of
C, the uniform algebras P(X), R(X), and A(X). The definitions in the more
general case of a compact subset of C" are analogous. Instead of polynomials,
rational functions, and holomorphic functions in one variable we simply have
to take such functions in n complex variables.

Remark 2.5.2. If A is a uniform algebra on X then, because X is compact
and A(A) is a Hausdorff space, the mapping ¢ : © — ¢,, where ¢, (f) = f(z)
for f € A, is a homeomorphism of X onto its range ¢(X) C A(A). In general,
however, ¢(X) is a proper subset of A(A).
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Our goal is to determine the structure spaces of P(X), R(X), and A(X).
In this section we treat P(X) and R(X) for X C C™ and in the next section
A(X) for X C C. Moreover, we study the problem of when equality holds for
any of the inclusions P(X) C R(X) and R(X) C A(X).

Example 2.5.3. Let D ={z € C:|z| <1} and T = {z € C: |z| = 1}, the
boundary of D.

(1) The algebra P(D) is generated by the function f(z) = z,z € D. Now,
opm)(f) = D. In fact, if [A| > 1, then the function

Z_>)\—1f(z) /\1— )\Z( )

is a uniform limit of polynomials on D, and hence the function A\ — f is invert-
ible in P(ID). Thus, by Lemma 2.3.3, the mapping z — ¢, where ¢.(g) = g(2)
for g € P(D), is a homeomorphism between I and the structure space of P(D).

By the maximum modulus principle, the mapping r : ¢ — ¢g|r is an iso-
metric isomorphism from P(D) onto P(T). It follows that A(P(T)) = D via
the mapping z — ¢, p.(h) = r~1(h)(z) for h € P(T).

(2) We claim that P(D) = A(D) # C(D). Since the function z — z fails to
be holomorphic, A(D) # C(D). To show that P(D) = A(D), let f € A(D) and
for 0 < t < 1, define f; by fi(z) = f(¢tz). Then f; is a holomorphic function
on {z € C: |z] < 1/t}, and f; — f uniformly on D as ¢ — 1 because f is
uniformly continuous on . Finally, f; admits a power series representation
and hence can be uniformly approximated by polynomials on D. Thus f is a
uniform limit of polynomials on D, as required.

Definition 2.5.4. Let X be a compact subset of C". The polynomially convex
hull, X, of X is the set

)A(p ={ze€C":|p(2)|] < |Ip|x]loo for all polynomials p}.

Then, by Definition 2.3.4, X is polynomially convex if and only if X = )?p.
The rational convex hull )/fr of X is the set of all z € C™ such that

) < @) |1

q

o0

for all polynomials p and ¢ with ¢ # 0 on X. Finally, X is said to be rationally
conver if X, = X.

We continue with some simple observations concerning X, and X,.

Remark 2.5.5. (1) Clearly, X C X, C )A(p. In particular, if X is polynomially
convex, then it is rationally convex.

(2) Each compact subset of C is rationally convex. Indeed, if zyp € C\ X,
then ¢(z) = z — 2o satisfies 1 > 0 = |¢(20)] - ||(1/¢)| x|/ .- On the other hand,
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recall that X is polynomially convex if and only if C\ X is connected (Theorem
2.3.7).
(3) Both X and X are compact. To Verlfy this, since these sets are

closed and X, C Xp, it is enough to show that Xp is bounded. Now, with
pj(z) = 2z;,1 < j <mn, for everyzeXp,

n n
1201 =D 1pi ()2 < Y lpslx Iz
j=1 J=1

Lemma 2.5.6. For any compact subset X of C™,
X, = {z € C": p(z) € p(X) forevery polynomial p}.

Proof. Let z € C™ and suppose that there is a polynomial p such that p(z) ¢
p(X). Then ¢(w) = p(w) — p(z) is non-zero on X and

o= i

so that z & X'T. Conversely, if z ¢ XT7 then there are polynomials p and g,
with ¢ # 0 on X, such that

O ETCIN M

In particular, p(z) # 0. If ¢(z) = 0, we are done since 0 ¢ ¢(X). Otherwise,
replacing p by g = q(2)p(2) " !p, we get that g(z) = ¢(z) and

9 q(z) Hp H
= . < 1'
H |XH ‘p(Z) q|X o
Then the polynomial f = ¢ — g satisfies f(z) =0 and 0 € f(X), for if z € X
and f(z) =0, then (g/¢)(x) = 1 contradicting ||(g/¢)|x |l < 1. O

We can now work out the Gelfand representation of P(X) and R(X).
Theorem 2.5.7. Let X be a compact subset of C™.

(i) The restriction map ¢ : f — f|x is an isometric isomorphism from P()?p)
onto P(X). Moreover, for x € X,, define ¢, : P(X) — C by

o(f) =07 (f)x), fePX).

Then x — @y is a homeomorphism from )?p onto A(P(X)).
(ii) The map ¢ : f — flx is an isometric isomorphism from R(X,) onto
R(X), and v — @, where

(pr(f):d)_l(f)(ﬂj), fER(X), $€)?r,

is a homeomorphism between X, and A(R(X)).
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Proof. (i) The map q|;{p — ¢|x takes the dense subalgebra of P(X),) consist-

ing of all polynomial functions on )/fp homomorphically onto the corresponding
subalgebra of P(X). This map preserves the norm since

l9(2)] < llglxllo

for all polynomials ¢ and all z € )?p. It follows that ¢ is an isometric isomor-
phism from P()A(p) onto P(X). For each z € )/fp, ¢z as defined above belongs
to A(P(X)), and the mapping = — Lpz,)A(p — A(P(X)) is injective. It is
continuous since

z = @a(f) = ¢~ (f)(2)

is a continuous function on )?p for every f € P(X). Hence x — ¢, maps X,
homeomorphically onto its image in A(P(X)). It remains to show that given
p € A(P(X)), there exists © € )Z'p such that ¢ = ¢,. To that end, let z; =
©(pjlx), where p;(2) = 2zj,1 < j < n. We claim that x = (z1,...,2,) € )A(p
and ¢ = ¢,. For any polynomial ¢,

q(z) = q(e(p1|x),- -, 0Pnlx)) = ¢lalx),

and hence |¢(x)] < ||¢|x||co- This proves z € )/fp, and ¢ = ¢, follows from

vz(pjlx) = pj(z) = 7; = v(pjlx),

1 < j < n, since the functions p;|x generate P(X).
(i) is proved in very much the same way as (i). Note first that if f =
(p/q)|,, where p and ¢ are polynomials with ¢ # 0 on X,, then [|f|le =

| f1x lloo since for each z € X,

(o) <l 1|

Consequently, f — f|x maps the dense subalgebra of rational functions in
R()?T) homomorphically and isometrically onto a dense subalgebra of R(X).
This yields the first statement in (ii).

Clearly, for each = € )?T,

vo(f) =07 (f)(@), feRX),

defines an element of A(R(X)), and the mapping z — ¢, X, — A(R(X)) is
injective and continuous. What is left to be shown is that every p € A(R(X))

is of the form ¢ = ¢, for some z € X,. Given ¢, as in (i) define 2 =
(x1,...,2n) € C" by
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Now, for every polynomial g,

9(@) = qle(P1]x), - (Pnlx)) = 0(alx) = dlx (¢) € or(x)(alx) = q(X).

According to Lemma 2.5.6 this shows that z € X,. Finally, ¢, (pjlx) =2; =
¢(pjlx) implies ¢, (px) = ¢(p|x) and hence

CR SRR

for all polynomials p and ¢ with ¢ # 0 on X. It follows that ¢ = @,. ad

In the proof of part (i) of Theorem 2.5.7, for surjectivity of the map z — ¢,
from X, to A(P(X)) we could alternatively have appealed to the proof of
Theorem 2.3.6. We now obtain the following approximation result.

Theorem 2.5.8. If X is a compact subset of C", then P(X) = R(X) if and
only if Xp = X,.. In particular, for a compact subset X of C, P(X) = R(X)
if and only if C\ X is connected.

Proof. Suppose first that P(X) = R(X), and let x € )A(p. Then the function
0zt f — (71 f)(x), where ¢ is as in part (i) of Theorem 2.5.7, defines an
element of A(P(X)) = A(R(X)). By Theorem 2.5.7(ii), ¢, = ¢, for some
Yy € X, Tt follows that

q(y) = ¢y(dlx) = ¢alalx) = q(z)

for all polynomials ¢, so that = y. This shows )?p - )?T and hence )?p = )?T
(Remark 2.5.2).

Conversely, let )?p = X,.. To prove R(X) C P(X) it suffices to show that
if ¢ is a polynomial such that ¢(z) # 0 for all z € X, then g| x s invertible in
P(X). Now, by Lemma 2.5.6, ¢ has no zero on X,.. Since X, Xp = A(P(X)),
this implies ¢(¢|x) # 0 for every ¢ € A(P(X)). Therefore ¢|x is contained
in no maximal ideal of P(X), and therefore is invertible in P(X).

Finally, suppose that n = 1. If C\ X is connected, then X is polynomially
convex (Theorem 2.3.7) and hence X, = )/fp. Conversely, if )Z'p — X, then,
because every compact subset of C is rationally convex (Remark 2.5.5), X is
polynomially convex and hence C \ X is connected. a

Next we show an interesting result about generation of R(X).

Theorem 2.5.9. If X is a compact subset of C™, then R(X) is generated by
n+1 elements.

Proof. The set of n + 1 generators we produce consists of the coordinate
functions p;(z) = z;,z € X,1 < j < n, and an additional function f which
has to be constructed. Notice first that since P(X) contains a countable dense
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subset, there exists a sequence of polynomials g,,, m € N, such that ¢, # 0
on X and the set

{ P |X :meN;pa polynomial}
dm

is dense in R(X). Let g, = ¢m|x, and by induction define positive real num-
bers ¢, m € N, so that

cm |9l <27 and em |9 gn]l, < 27w

for 1 < k <m — 1. Then the series S 77, crg; '(z) converges uniformly on X
and hence defines an element f of R(X). We claim that A, the unital closed
subalgebra of R(X) generated by f and all the p;,1 < j < n, coincides with
R(X).

The set of functions of the form (pg;,})|x, m € N, p a polynomial, is dense
in R(X). Therefore it is enough to show that g,.,! € A for every m € N. Let

fm = Z ckgk_1 € R(X).

k=m

Next, observe that, for each m € N, g.-! € A provided that f,, € A. Indeed,
this can be seen as follows. If f,, € A, then f,,9,» € A and, by the choice of
Ck,

oo oo
[ fmgm —eml| =1 D Ckgmg,Ql’ < > allomer
k=m-+1 0 k=m-+1
oo
<cm Z 27k < Crmy-
k=m+1

Thus f,,gm is invertible in A, and hence so is g,,. It now follows by induc-
tion that f,, € A for all m € N. Indeed, f; = f € A, and supposing that
fi,--, fm € A, by the preceding paragraph, g; ', ..., g, ' € A. It follows that

frpr=Ff=> gy € A
k=1

This finishes the proof of the theorem. a

It is worth pointing out that we have not proved that R(X) admits a
system of n 4+ 1 generators, each of which is a rational function. In fact, this
strengthened version is false, as can already be seen in the plane: if X is a
compact subset of C and C\ X has infinitely many connected components, then
R(X) cannot be generated by a finite family of rational functions (Exercise
2.12.41) even though it is doubly generated as a Banach algebra.

A nice geometric consequence of Theorem 2.5.9 and the previous results
is the following
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Corollary 2.5.10. Every rationally convex compact subset of C™ is homeo-
morphic to some polynomially convex subset of C*+1.

Proof. If X is a compact subset of C" and rationally convex, then X =
A(R(X)) by Theorem 2.5.7. On the other hand, R(X) is generated by n + 1
elements fi,..., fnt1, and hence, by Lemma 2.3.3, A(R(X)) is homeomorphic
to the joint spectrum

UR(X)(fla RN fn+1) - (Cn+17
which is polynomially convex by Theorem 2.3.6. d

We proceed by constructing a compact subset X of C with empty interior
such that R(X) # C(X). This example is usually called Swiss cheese, a label
which becomes apparent from the construction.

Example 2.5.11. As before, let D denote the closed unit disc. We are going
to show the existence of a sequence of closed discs A;,j € N, of radii r; > 0
with the following properties.

(1) A; € D° ={z€C:|z| <1} and A; N A, =0 for j #k.

(2) 272 < 1.

(3) D\ UjZ; A§ has an empty interior.

Let y1,y2, . .. be a numbering of the countable set of complex numbers a+i3 €
D° with «, 8 rational. We construct by induction on n a sequence (4A,), of
closed discs such that (1) holdsfor 1 <j <k <n,0<r; <2 for1<j<n
and

n n
v € [ J A= A
Jj=1 j=1

For y € C and r > 0, let B(y,r) denote the closed disc of radius r around y.
Choose 0 < 11 < ; such that Ay = B(y1,71) € D°. Suppose that Aq,..., A,
with the required properties have been found. Then y,, & U?Zl A; for some
m > n + 1. Indeed, otherwise y;, € U?:l A; for all k and hence, because the
set {yy : k € N} is dense in D°, D° = [Ji_, A;, which is impossible. Let m be
minimal such that y,, ¢ U;-Zzl Aj, and choose 0 < rypq1 < 2~ (n+1) such that
Apy1 = B(Ym, rnt1) satisfies

An+1 g D° and An+1 n U AJ = (Z)
j=1

This finishes the inductive step. It is obvious that the sequence (4A;); has
properties (1) and (2).
Now, let X = D\ U;il Aj. Then X has empty interior because y, €

Uj=, 43 for each n. So (3) holds also.
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To prove that R(X) # C(X), we construct a bounded linear functional /
on C(X) such that I # 0 and I| g(x) = 0. Let z; denote the centre of Aj, j € N,
and let I, j € N, be the curve defined by

Ii(t) =z +rje’, telo,2n).
Moreover, define Iy by
Io(t) =e™ ™, telo,2n]
For f € C(X), let

(NH=> | f()dz
j=0""13

Note that since >, r; < oo and

/Fj f(z)dz

the above series converges absolutely, and therefore [ defines a bounded linear
functional on C'(X).
Now, fFo zdz = —2mi and

2m
T flz + rje”)ieitdt‘
0

<2717 fl oo,

2
/ Zdz = ir; / (zj +rje”)etdt = 27rirJ2-
r 0

j
for j > 1. Thus, by property (2),

oo

l(z— 2)=2mi ZT?—l #0.

J=1

It remains to show that I|r(x) = 0.

To that end, let p and ¢ be complex polynomials such that ¢(z) # 0 for
all z € X. Then ¢ # 0 on some open neighbourhood V of X. Let X,, =
D\ U?:l A2, so that X,,41 C X, for all n and X = N, Xy It follows
that X,, C V for all n > ng for some ng € N. We want to apply Cauchy’s
integral formula to the holomorphic function f = (p/q)|v and the closed
curves [o, I, ..., I, in V, n > ng. For every point z ¢ I';([0, 27]), let w(I7}, 2)
denote the winding number of I'; with respect to z. If z € C\ V, then either
z ¢ D and hence w(I7j,z) = 0 for all j € Ng, or z € D. In the latter case,
z € Uj_; A3 because D\ |Jj_, A7 = X,, C V for n > ng, and therefore
z € A3 for exactly one j € N. This implies that

wak, =w(l},z)+w(lp,z)=1—1=0.
k=0
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Thus we have seen that X} w(I},2z) = 0 for all z € C\ V and n > ng. A
version of Cauchy’s integral formula (see [23, p. 206]) now yields that

ij:O/Fj f(z)dz=0

for all n > ng and hence I(f|x) = 0. Since [ is continuous, it follows that
Ur(x)=0.

The next theorem holds more generally for compact subsets of C of
Lebesgue measure zero and in this generality is referred to as the Hartogs—
Rosenthal theorem.

Theorem 2.5.12. Let X be a countable compact subset of C. Then P(X) =
C(X).

Proof. We first observe that C\ X is connected. To see this, let 21, 20 € C\ X.
Since X is countable, there is a ray L emanating from z; which does not
intersect X. For any point z € L, let z, zo denote the line segment connecting
z and z. Again, because X is countable, one of them, say z, z5, misses X. So
z1 and 29 are connected in C\ X by z1,2z U 2, z9. Theorem 2.5.5 now shows
that P(X) = R(X).

It remains to show that R(X) = C(X). Let p € C(X)*, that is, a bounded
regular Borel measure on X, and suppose that u is nonzero and nevertheless
annihilates R(X). Note that, for every z € C\ X, the function w — 1/(w — z)
belongs to R(X) and hence [y 1/(w — z)du(w) = 0. Since supp p is countable
and compact, at least one of the points of supp p is open in supp p. So there
exist zo and an open disc U centered at z of radius R > 0 such that pu({z0}) #
0 and U Nsupp p = {20}. Since X is countable, we find 0 < r < R such that
the path v(t) = zo + 7€', t € [0, 27], does not meet X. An easy application of
Fubini’s theorem shows that

L(/}{wizdu(w)) dz:/X</71/(w—z)dZ> dp(w).

Now the left-hand side of this equation is zero since X N ~[0,27] = ) and
Jx 1/(w = z)du(w) = 0 for every z ¢ X. On the other hand, the right-hand
side is nonzero. To see this, note first that if w € supp p, then either w ¢ U or
w = zo. In the first case, [ 1/(w —z)dz =0, whereas [ 1/(w — z)dz = —2mi
in the second case. It follows that

/x <L w 1— zdz> dp(w) = —2mip({zo}) # 0.

This contradiction shows that there is no nonzero p € C(X)* annihilating
R(X). Thus R(X) = C(X) by the Hahn—Banach theorem. O
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Since a countable compact subset of C has empty interior, Theorem 2.5.12
is a very special case of Mergelyan’s theorem which states that if X is a com-
pact subset of C such that C\ X is connected, then P(X) = A(X). It is also
worth pointing out that R(X) = C'(X) holds more generally whenever X is
totally disconnected. In fact, this follows from Corollary 3.5.6 because every
compact subset X of C is rationally convex (Remark 2.5.5) and therefore
homeomorphic to A(R(X)) (Theorem 2.5.7). However, the proof of Corollary
3.5.6 relies on Shilov’s idempotent theorem. A somewhat surprising conse-
quence of Theorem 2.5.12 is the following corollary.

Corollary 2.5.13. Let X be a countable compact Hausdorff space and let A
be a closed subalgebra of C(X). Then A is self-adjoint.

Proof. Let f € A. Then f(X)U {0} is a countable compact subset of C. By
the preceding theorem there exists a sequence of polynomials p,,n € N, such
that p,(z) — z uniformly on f(X)U {0}. Let ¢, = pn — pn(0). Then each
gr is a polynomial without constant term and ¢,(z) — z uniformly on f(X).
Thus ¢,(f(z)) — f(z) uniformly on X. Since g, is without constant term,
Gn o f € A. This proves that f € A. a

In concluding this section we present a theorem (Theorem 2.5.15 below),
which is usually referred to as Wermer’s maximality theorem. The proof re-
quires the following lemma.

Lemma 2.5.14. Let X be a compact Hausdorff space and A a uniform algebra
on X. If f and g are functions in A such that |1+ f + gllec <1, then f+g¢
is invertible in A.

Proof. Let h = f+gand ¢ = [[1+Reh[o. Since |1+ f+gll < 1 and hence
14+ f+ 9l <1, we have

1
l1+Rehl|o = 2Hl—|—f—|—g+1—|—f‘|’g”oo<1.

Thus, for all z € X, |1 + Reh(x)| < ¢ < 1. This means that h(z) lies in the
left half-plane for all &, which suggests that, for small € > 0,1+ € h(z) lies in
the unit disc for all z. In fact,

|1+ eh(z)|* = 1+ 2¢Reh(z) + 2|h(z)|?
< 1+42¢(c—1)+€|h2,

for all x € X. Since ¢ < 1, it follows that |1+ €h|lo < 1 for sufficiently small
€ > 0. This eh is invertible (Lemma 1.2.6) and hence so is h. O

Theorem 2.5.15. Let A be a uniform algebra on the unit circle T such that
P(T) C A. Then either A= P(T) or A= C(T).
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Proof. For h € C(T) and k € Z, let

1 27 . .
cr(h) = 271_/0 h(e)e~*tdt,

the k-th Fourier coefficient of h. Then h € P(T) if and only if ¢;(h) = 0 for
all & <0.

Now suppose that A # P(T). Then there exists h € A with ¢, (h) # for
some k < 0. Without loss of generality we can assume that ¢_;(h) = 1. Indeed,
the function g defined by g(z) = h(z)z~**+1) belongs to A since A D P(T)
and —(k+1) > 0 and c¢_1(g) = cx(h) # 0. Choose a trigonometric polynomial

r with ||k — 7|l < } and define s € C(T) by

s(2) =r(z2)+ (1 —c_1(r))z %
Then c_1(s) = c_1(r) + (1 —c_1(r)) = 1 and

I8 = Plloo < [l = Plloc + 1 = ca(r)] = [Ir = hlloc + c1(h — 7))
<2[h —r|le < 1.

Thus s is of the form

-2 N

s(z) = Z cr(s)2F + 271 + Z cr(s)2"

k=—N k=0

for some N € N. It follows that

-2 N

zs(z) = Z cr(s)2F 142 Z cr(s)zF

k=—N k=0
= zp(2) + 1+ 2q(2),

where p and ¢ are polynomials in z. Since ||s — h||oo < 1, we obtain that
14 2(q = h) + 2pllec = [z = 2h[loc = [[s = hlloc < 1.
Since ¢ — h € A and p € A, Lemma 2.5.14 shows that the function
z = 2(q(2) = h(2)) + 2p(2) = 2(¢ — h + p)(2)

is invertible in A. So the function z — z is invertible in A, and hence A
contains all the functions z — 2z, m € 7Z. Because the linear combinations of
these functions are dense in C'(T), we conclude that A = C(T). O
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2.6 The structure space of A(X)

Let X be a compact subset of C. Recall that A(X) is the closed subalgebra of
C(X) consisting of all functions in C'(X) which are holomorphic on the interior
X° of X. Our aim is to work out the structure space of A(X). Since A(X)
is a uniform algebra, the mapping = — ¢,, where ¢, is the point evaluation
vz (f) = f(x), f € A(X), at z, is an embedding of the compact set X into
A(A(X)). As might be expected, this map is actually surjective, but this is
much harder to prove than the corresponding fact for R(X). To establish this
result, we need a sequence of preparatory lemmas.

In passing, we mention that in some special cases we already know that
A(A(X)) = X.

Remark 2.6.1. Clearly, R(X) C A(X), and A(X) = C(X) whenever X° =
(). There exist sets X such that R(X) is strictly contained in A(X). An ex-
ample is provided by the so-called Swiss cheese (Example 2.5.11) which was
obtained by deleting countable many disjoint open discs from the closed unit
disc in an appropriate way. On the other hand, P(D) = A(D) # C(D) (Ex-
ample 2.5.3).

In the sequel, A\(M) denotes the Lebesgue measure of a Borel subset M of
C.

Lemma 2.6.2. Let X be a Borel subset of C. Then, for any z € C,

1

/ dr < 2(mA(X))V2.
x |z — 2|

In particular, the functions v — 1/(xz — z), z € C, are integrable on compact

subsets of C.

Proof. Nothing has to be shown if A(X) = 0 or A(X) = oco. Thus we can
assume that 0 < A\(X) < oo.Let R =71~ /2\(X)/2, S = {z € C: |z—2| < R}
and, for any ¢ > 0, S, = {z € C: e < |z — z| < R}. Then, introducing polar
coordinates, we get

1 2
/ dr = lim dx = hm/ / de dr
sz — 2| =0 S€$—2|
= lirr(lJ 2n(R —€) =27R
= 2(mA\(X))Y/2.

It therefore suffices to show that

A
o= = s e 2]

To that end, note first that A\(X) = 7R? = A(S) and X = (X N S)U (X \ 9)
and hence
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AMXNS) =AX) = AMXNS) =AXS\AMSNX)=AS5\X).

Now 1/|z — 2| >1/Ron S\ X and 1/|x — 2| <1/Ron X \ S. It follows that

1 1 1
/ dx:/ dx—i—/ dx
x |z — 2| xns [T — 2| X\S |z — 2|

1 1
< dr+ _MX\S
/ms|x—z| pAENS)

:/X ! dx+;%)\(S\X)

ns |z — 2|

1 1
g/ dfc+/ dz
xns [T — 2| S\X |z — 2|

1
z/ dx,
s |z — 2]

as required. O

Lemma 2.6.3. Let K be a compact subset of C and g a bounded Borel mea-
surable function on K. Define a function f on C by

_ [ 9@)

Then f wvanishes at infinity and f is holomorphic on C\ K and continuous
everywhere.

Proof. First of all, the integral exists for all z € C because the function
x — 1/(z — z) is integrable on compact sets (Lemma 2.6.2) and ¢ is bounded.
If R > 0 and the distance from z to K is > R, then

16 < [ lat@ias < 25 ol

This shows that f vanishes at infinity.
Next, for z,zp € C\ K with z # 25 we have

IOI 1 (0 @ Yy [,
z— 2o z—20 Jg\z—2 x—2 x (@—2)(x—2)
Since zg ¢ K, the function x — g(x)/(x — z)(x — 2¢) converges uniformly on
K, as z — zg, with limit g(x)/(x — 29)?. Therefore, as z — zo,

O [ g
K

z— 20 (x — 20)?

Thus f is holomorphic on C\ K.
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It remains to show that f is continuous at all points of K. We fix R > 0
so that K CU = {x € C: |z| < R/2} and prove that f is continuous on U.
Since the function z — 1/z is integrable on any compact subset of C (Lemma
2.6.2) and C,(C) is dense in L*(C), given ¢ > 0, there exists h € C.(C) such
that

dr < e.

For y € U we then have

10~ [ atntu—a] < [l 1~ =] au
<lgllo [ |}, A
Slgle [ |, )] do

< ¢el|gllco-

As h is uniformly continuous, there exists § > 0 such that, for all z,y € C,
|h(x) — h(y)| < € whenever |z —y| < ¢. For z,y € U with |x —y| < ¢ it follows
that

£@) = £ < 2 gl + /|g (=) = h(u—y)ldu
< clgll2 + MK

This shows that f is (uniformly) continuous on U. O

Lemma 2.6.4. Let X and K be compact subsets of C and let f € A(X).
Extend f to all of C by setting f(x) =0 for all x € C\ X, and define h on C

N (&)~ f(2)
@ -1
Z)_/K T —z

Then h is continuous on C and holomorphic on X°.

Proof. Since x — f(z) — f(#) is a bounded Borel measurable function on C,
h(z) is defined for all z € C and h is a continuous function (Lemma 2.6.3).
Therefore, to show that h is holomorphic on X°, by Morera’s theorem it is
enough to verify that f,y h(z)dz = 0 for every triangle path v which together
with its interior is contained in X°. For that, fix v, let I" denote the trace of
v, and note first that the function

flx) = f(2)

r—z

(z,2) —

is a Borel function on K x I' satisfying
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/(/K 'f<ﬁ:£|(z>'dx> dz < oo

(Lemma 2.6.2). Thus we can apply Fubini’s theorem to conclude that

/h(z)dz:/</K f(x;:f(z)da:>dz:/l(</ f(xx):ic(z)dz>dx.

Now the inner integral along «y is zero for all x € C\ I'. In fact, this is so
for every x € C\ X° since then the function z — (z — 2)71(f(z) — f(2)) is
holomorphic on X° | whereas for each x € X°\ I',

/ f(xa): : Z(Z) dz = 2mi <f(x) . /() dz) =0

21 N 2 X

by the Cauchy integral formula. Since K N I" has Lebesgue measure zero, it
follows that fv h(z)dz = 0, as required. 0

The preceding three lemmas together lead to the following approximation
result which is the main tool to prove that A(A(A)) = X.

Lemma 2.6.5. Let X be a compact subset of C and let zo € X and f € A(X).
Then there exists a sequence (fn)n in A(X) such that

f(2) = f(20) = (z = 20) fn(2) = 0
uniformly on X as n — oo.

Proof. Replacing X by X —2p and f by f — f(20), we can assume that zo = 0
and f(z9) = 0. Extend f to all of C by setting f(x) =0 for z € C\ X. For
neN, let K, ={ze€C:|z|] <1/n} and define f,, on C by

[ f@) =),

T Jk, T—z

fn(2) =

Then each f,, is continuous on C and holomorphic on X° (Lemma 2.6.4).
Since A\(K,) = 7/n?, we have for all z € C,

)= 1) =" [ n (119 ) a

™ T —z
We need to estimate the integral on the right. For r > 0, let
M(r) =sup{|f(2)]: z € X,|z| <r}.

With this notation, for all z € C, it follows that

W - s@r< " (i (D) ) [

o — 2|
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Now, if |z| > 1/n, then |z — z| > |z| — 1/n for all x € K, and hence

2 1 1
(2) " / do < .
T Ji, | — 2] lz| = 1/n

On the other hand, if ¢ > 1 and |z| < ¢/n, then by Lemma 2.6.2

1 1 1 2
/ dx:/ dmg/ dr <27 q’
K, 1T — 2] K-z |7 ja|<2q/n [] K

and hence, for all such z,

TL2

1
(3) / dx < 4qn.
T Jk, | — 2|

Now let € > 0 be given and choose ¢ € N, ¢ > 1, such that (¢ — 1)e > || f]|co-
If |z| > g/n > 1/n, then combining (1) and (2) yields

[2[M() + 1If(Z)I

2] —
! 1 1

1+ " M o
( +|z| i) (. ) nl ez
< (),

<, ()
Similarly, if |z| < ¢/n then combining (1) and (3) gives
2 = g < aan (Dr () 4 L (1))

:4q<qM( >+M(n))

However, M(r) — 0 as r — 0 since f is continuous on X and f(0) = 0. It
follows that zf,,(z) — f(2) — 0 uniformly on X. O

[2fn(2) = f(2)] <

IN

+ €.

Theorem 2.6.6. Let X be a compact subset of C. Then the mapping x —
vz, where p,(f) = f(x) for all f € A(X), is a homeomorphism between
X and A(A(X)). With this identification of A(A(X)) and X, the Gelfand
homomorphism of A(X) is the identity.

Proof. We only have to show that given ¢ € A(A(X)), there exists x € X
such that ¢(f) = f(z) for all f € A(X).

Let © = ¢(idx). Then # € X since, for every A € C\ X, the function
z — 1/(A = z) belongs to A(X) and therefore
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AZoax)(idyx) = idx (A(A(X))).

Now, for any f € A(X), by Lemma 2.6.5 there exists a sequence (f,)n in
A(X) such that

f(z) = f(@) = (z =) fu(2) = O
uniformly on X. This implies that

o(f) = f() = Tim (plidx) = 2)e(fn) =0,

as was to be shown.

2.7 The Gelfand representation of L'(G)

In commutative harmonic analysis the central object of study is the L'-algebra
of a locally compact Abelian group. In this section we present its Gelfand rep-
resentation. Thus, in the sequel, G always denotes a locally compact Abelian
group and L!(G) the convolution algebra of integrable functions on G.

To begin with, we introduce the dual group of G which turns out to be
canonically identifiable with A(L(G)).

Definition 2.7.1. A character o of G is a continuous homomorphism from
G into the circle group T. Clearly, the pointwise product of two characters is
again a character and so is a ! defined by a~!(z) = a(x) for all x € G. Thus
@, the set of all characters of G, forms a group, the dual group of G.

We proceed to show that there is a bijection between G and A(LY(G)).
Theorem 2.7.2. For o € G, let @, : LY (G) — C be defined by

:/f(x)a(x)dac, feLa).
G

Then oo € A(LY(G)) and the mapping o — @, is a bijection from G onto
A(LYG)).

Proof. Of course, ¢, is a linear functional. For f,g € C.(G), Fubini’s theorem
and the invariance of Haar measure yield

Palf*g) = / /f )g(yLx)dydz

/ / F(y)alz)gly~)dedy
/ / F(y)alyz)g(z)dzdy
/ / ) (y)dady

Palg)-
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Since |¢a(f)] < ||f|l1 for all f € L1(G), this formula even holds for all f,g €
LY(G). Moreover, ¢,, is nonzero since for any nonnegative function f in C.(G),
f # 0, we have

Yalaf) = /Gf(x)|oz(a:)|2da: > 0.

This shows that ¢, € A(L*(G)). Moreover, the map a — ¢, is injective.
Indeed, if a, B € G are such that

0= oalf) —ps(f) = /G f(2)(a(z) - B(x))de

for all f € LY(G), then a = B because L'(G)* = L*°(G) and « and f3 are
continuous functions. N

It remains to show that given ¢ € A(L'(G)), there exists a € G such that
© = @q. To that end, choose g € L'(G) such that ¢(g) = 1 and observe that
since p € L'(G)*, there exists x € L>(G) such that o(f) = [, f( x)dx
for all f € L'(G). The function

(z,y) = x(@)f(y)gly"z)

belongs to L'(G x G), and hence Fubini’s theorem implies that

o(f) = o(f = / (/ Wy~ dy) dz
=/Gf(y) </Gg(y1x)x(x)dw) dy
:/Gf(y)sa(Lyg)dy

for all f € LY(G). Now, define a : G — C by a(y) = ¢(Lyg), y € G. The
function « is continuous because the map y — L,g from G into L'(G) is
continuous and

loa(z) — a(y)| = [¢(Leg — Lyg)| < [|[Lzg — Lygll
for all x,y € G. From g * Lyyg = L,g * Lyg it follows that
a(ry) = ¢(Layg) = ¢(9) ¢(Leyg) = (g * Layg)

= p(Lzg * Lyg) = p(Lzg)p(Ly9g)
= a(x)a(y).

We claim that |a(z)| =1 for all # € G. For that, notice that

la(y)| = [o(Lyg)| < [[Lygll = [lgll1

for all y € G, and hence, by the multiplicativity of «,
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a(@)[" = la(z")| < gl

for all n € Z. Since a(e) = ¢(g) = 1, we conclude that |a(z)| = 1 for every
x € G. This shows that o € G and ¢, = ¢. a

After identifying A(L* (G)) as a set with G, our next purpose is to describe
the Gelfand topology on G in terms of G itself rather than LY(G).

Lemma 2.7.3. Let f € LY(G) and o € G.

(i) For all x € G, (f xa)(x) = a(x)f(a) = I:_Tf(a), In particular, L/l(E)
is invariant under multiplication with functions of the form a — «a(x),
zed.

(i) Ifg € LY(G) is defined by g(z) = a(z)f(z), then g = Lof. In particular,
Ll(G) C CO(G) is translation invariant.

(iii) ?; =f and Ll(G) C Co(@) is norm-dense in Co(G).

Proof. (i) f * « is a continuous function and

(f %)z /f 2)dy = a(z) fla)

for all x € G. On the other hand,
(f % a)(z /1fxy =L, 1 f(a)
(ii) For all 8 € G, we have
900) = | 1)@ = fla™8) = Lof(0).

so that Lof =3 € L/lia)
(iii) For each a € G, we have

o) = [ e = [ f@a)ds = o).

so that f* = f. Thus Ll(G) is a self-adjoint subalgebra of Co(@) which

strongly separates the points of G' and therefore is dense in (Co(@), [I1lo0) by
the Stone-Weierstrass theorem. O

Lemma 2.7.4. Let f € L'(G) and ¢ > 0 and let o denote the Gelfand topology
on G. Then there ezists a neighbourhood W of e in G with the following
property. If y,x € G and B, € G are such that y € Wz, ¢o(f) = 1, and
BeU(a, f,L.f,€/3), then

16(y) — alz)] <e

In particular, the function (x,o) — a(x) is continuous on G x (é, o).
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Proof. For arbitrary y,x € G and f,a € G such that f(a) = 1 we obtain
from Lemma 2.7.3,

B(y) — o@)| < |B(y) = BWFB)] + 18) F(B) — B) F(B)]

+18(2) F(B) — a(x) f(o)]

= 1= F(B)| + Ly F(B) — Lo f(B)| + | Lo f(B) — Luf ()]
<1F(B) = F(@)| + 1Ly f = Laflh + Lo f(B) — Lo f(a)-

Now let W be a neighbourhood of e such that |[|[Lsf — L f]|1 < ¢/3 whenever
t~ls € W. For all y € Wz and 8 € Ula, f,L.f,¢/3) it then follows that

16(y) — e(z)] <e.

For the last statement of the lemma we only have to recall that given
a € G, there exists f € L1(G) such that f(a) = 1. O

We now consider the compact open topology 7 on G. A T-neighbourhood
basis of ay € G is formed by the collection of sets

Viag, K,e) = {a € G : |a(z) — ap(x)| < € for all z € K},

where € > 0 and K is any compact subset of G. Then (é,’i’) is a topological
group since V(ap, K,¢)™' = V(ag ', K, €) and

V(O[()v Ka 6)V(605 K7 6) g V(aﬂﬁ()a K7 26)
In fact, the latter inclusion follows from

[aB(z) — aofo()] < @) (B(x)) = Bo(x))| + |Bo(x)(a(z) — ao(z))|
< [B(x) = Bo(@)] + o) — ao ()]

Theorem 2.7.5. On G the Gelfand topology and the compact open topology
coincide.

Proof. Let 1g denote the trivial character of G. Note that, for o € CAv', 6 >0,
and f1,..., fn € L*(G), we have

aU(1G7f1,"'7fn,5) = U(a7fla7"'7fna75)'
In fact, for # € G and f € L'(G),

5(fa) — palfa) = / f(@)a(@)(B(x) — a(z))dz

- [ 1@ ~1)da

- @a*lﬁ(f) ‘Plc(f)-

Hence we only have to verify that every 7-neighbourhood of 15 contains a
o-neighbourhood of 15 and vice versa.
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Let V(1g, K, 6) be given and choose f € L'(G) such that [, f(z)dx = 1.
By Lemma 2.7.4, there exists a neighbourhood W of e in G such that if
x,y € G satisty y € Wz and if « € U(lg, f, Ly f,6/3), then |a(y) — 1] < 6.
Because K is compact, we find z1,...,2, € K so that K C U§:1 Wz It
follows that

U(lGa f7 Lw1f¢ s 7L5Erf7 5/3) - V(1G7 K, 6)

Conversely, let U(1q, fi,.-., fn,d) be given. We can assume that f; # 0
for all j =1,...,n. For every j, choose g; € C.(G) with || f; — g;|l1 < /4. Set

K = J{suppg; : 1 <j <n}

and

o . _ .
e= pmin{|fj] 1< <n}

We claim that
V(1G7K7 6) g U(lGaflv - '7fn75)'

Indeed, if « € V(1g, K, €) then, for each j =1,...,n
ealls) — 916(f3)] < /K 1£5(@)] - lada) — 1]dz
+/ 1£5(@)] - la(z) — 1)da
G\K
<elfili+z [ 1)z
G\K

=€||fj||1+2fg\K|fj(:v) — g;(@)lda

<ellfjlli +20f; — gillx
< 4.

This completes the proof. O

Since (@,cr) is locally compact and (CAJ, 7) is a topological group, Theo-
rem 2.7.5 in particular shows that G i is a locally compact group. Identifying
A(L'(G)) as a topological space with @G, the Gelfand representation of L!(G)
is the mapping f — f, where f S CO(G) is defined by

a) = /Gf(a:)oz(a:)da:, aeG.

We now present a number of simple examples of dual groups, such as fR, Z,
and T.
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Example 2.7.6. (1) The dual group of the real line R is topologically iso-
morphic to R. In fact, for each y € R, define a character a, of R by
ay(z) = exp(2mizy), x € R. Then the map y — «, from R into R is in-
jective and every character of R arises in this way (see Exercise 2.12.29). In
addition, y — oy, is a homeomorphism. Now,

Do, (f) = /Rf(x) exp(—2mizy)dz = f(y).

Thus, after identifying R with R, the Gelfand homomorphism of L (R) agrees
with the Fourier transformation.

(2) In Example 2.2.10 we have already determined the Gelfand represen-
tation of I*(Z). Implicit in the arguments given there is the fact that the map
z — ay, where a,(n) = 2" for n € Z, is a homeomorphism between T and the
dual group 7. N

(3) It follows from Z = T and the duality theorem for locally compact
Abelian groups (a proof of which we present in Theorem A.5.2) that T is
isomorphic to Z. However, this can be seen directly as follows. First, for every
n € Z, the function z — 2" is a character of T. To show that every character
a of T is of this form, consider the functions f; on T defined by fi(z) =
2% (k € Z). By the Weierstrass approximation theorem the linear span of
these functions f, is dense in C(T) and hence in L*(T). Thus fk(a) # 0 for
at least one k. On the other hand, for arbitrary k,l € Z,

o= filz) = /tk(t_lz)ldt = 2% = fu(2)
T
if k = I and = 0 otherwise. Thus fi(a)fi(a) = fi(a) if | = k and fi(a)fi(a) =
0 otherwise. This implies that fi(a) = 1 for exactly one k and fi(a) = 0 for
all | € Z, | # k. Now, because

f[(ak) = / Zl_kdz = 0
T

for all [ € Z, we obtain that a = ay, as was to be shown. Finally, the relation
fl(ak) = 0kt (k,l € Z) also shows that the Gelfand topology on T is discrete.
Thus T is topologically isomorphic to Z, and identifying T with Z, we have

= / f(z)z7"dz
T
for f € L}(T) and n € Z.
(4) Let G; and G be two locally compact Abelian groups and G = G1 x G4
their direct product. It is not difficult to show that the map

(v, ) — a, a(zr,22) = a1 (z1)a(x2) (o € @j,a:j €G,j=12)



2.7 The Gelfand representation of L' (G) 95

furnishes a topological isomorphism from @1 X ég to G. Therefore, combin-
ing the cases (1), (2), and (3), the Gelfand representation of L!(G) can be
explicitly given for groups of the form R x Z™ x T", m,n,r € Ny.

Our next goal is to show that L!(G) is semisimple. To achieve this opens
the opportunity to introduce the regular representation of L!(G) and the
group C*-algebra of G. Both are needed anyway in Chapter 4 in our approach
to establish regularity of L!(G).

To start with, recall that for f € L'(G) and g € C.(G), the convolution
product f x g is given by

(f * 9)a /f

for every © € G, and f * g is a continuous function. For g,h € C.(G) and
f € LY(Q), using Fubini’s theorem and Holder’s inequality, we get

L+

Vh(z)dydx

‘ / / e yx)dwdy‘
/ £()| / |9(2) Ly ()| dzdy

< /G F@)] - 1Ly-shll2lgll2dy
< [ fll:llgll21lR]l2-

Since C.(G) is dense in L?(G) it follows that the map

h— [ @) o) @yt

extends to a bounded linear functional on L?(G) the norm of which is at
most || f||1]|gll2. Since L?(G)* = L*(G), we conclude that f x g € L*(G) and
IIf = gll2 < |Ifll1llgllz (see also Proposition A.4.7). Thus the linear mapping
g — f g from C.(G) into L%(G) extends uniquely to a bounded linear
transformation Ay : L2(G) — L?(G) and ||| < [|f]]1.

Theorem 2.7.7. The mapping A : f — \¢ from LY(G) into B(L*(G)) is an
injective x-homomorphism.

Proof. Tt is clear that ) is linear. For fi, fo € LY(G) and g € C.(Q),

Aot (9) = fr* (faxg) = A (Mg (9))-

Thus A is a homomorphism. Moreover, for f € L'(G) and g, h € C.(G),
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(N5 (9), ) = (9, A5 (1)) J/ J/ F)h(y—12)dydz
]ft/"f h(ya)dady
//f Umw—éqwmwmmm
(9). ).

This proves that A is a *-homomorphism.

Finally, A is injective. Indeed, if f € L*(G) is such that 0 = A¢(g9) = f x g
for all g € C.(G), then f = 0 since C.(G) contains an approximate identity
for LY(G). O
Definition 2.7.8. The #-homomorphism A : f — A from L'(G) into
B(L*(G)) is called the regular representation of L*(G) on the Hilbert space
L?(G). Let C* (@) denote the closure of A\(L'(G)) in B(L?(G)). Then, by Theo-
rem 2.7.7, C*(@G) is a commutative C*-algebra, the so-called group C*-algebra
of G.

Every commutative C*-algebra is semisimple and A is injective (Theorem
2.7.7). Thus we conclude the following

Corollary 2.7.9. LY(G) is semisimple.

We now turn to the interesting and likewise important question of when
the Gelfand homomorphism L!(G) — Cy(G) is surjective. Clearly, this is
the case if G is finite because then L'(G) is a finite-dimensional dense linear

subspace of CQ(CA?). To establish the converse, we first show that surjectivity
forces G to be discrete.

Lemma 2.7.10. Let G be a locally compact Abelian group, and suppose that
the Gelfand homomorphism I : f — f from LY(G) into CO(G) is surjective.
Then G has to be discrete.

Proof. Let I'* : M(é) = (Co(é))* — LYG)* = L*>(G) denote the dual
mapping of I'. Since I' is surjective, it is an isomorphism of Banach spaces and
hence I'* is also an isomorphism. For we M (G) deﬁne its inverse Fourier—
Stieltjes transform i on G by f(z) = [, af . Then, using Fubini’s

theorem, for any p € M(G) and f € Ll(G)

() ) = {w, T(f)) = /éf(a)du(a)

_ /@ ( /G f(x)a(x)dx) e
_ /G () ( /@ a(x)du(a)) da
:wammm
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It follows that I"*(p) = fi locally almost everywhere for every p € M (@)

Now, using the facts that the function (z, o) — a(x) is continuous on G x G
(Lemma 2.7.4) and that

i) — )] < /G la(z) — a(y)ldlul ().

it is easily verified that /i is continuous. Since I'* is onto, this means that every
function in L*>°(@G) is equal locally almost everywhere to a continuous function.
However, this implies that G is discrete. Indeed, let U be an open, relatively
compact subset of G which is not dense in G and let g be a continuous function
on G which equals the characteristic function of U locally almost everywhere.
Then g(x) = 1 for x € U, whereas g(x) = 0 for x € G\ U. It follows that U
is closed in G and since this holds for any such set U, we conclude that G is
discrete. ad

Lemma 2.7.11. Let G be a compact Abelian group and let X be an infi-
nite subgroup of G. Then there exists f € C(G) such that buppf C X and

> 1F 00l = o0

xeX

Proof. The key step in achieving the existence of such a function f is to find

a sequence (g ), of continuous functions on G with the following properties.

(1) llgnllos < 20D/,

(2) The range of g, is contained in {—1,0,1}.

(3) |gn| is the characteristic function of some subset X,, of X having precisely
2™ elements.

Suppose first that such a sequence (g, ), exists. Then, because X is infinite and
all X,, are finite, we can inductively define a sequence of characters x1, xo, . ..
in X such that, with yo = 1g, the sets x, ' X,,,n € Ny, are pa1rw1se disjoint.

Then, let f, = 2~ ”/QXngn,n € Ny, so that the range of fn is contained in
{-2~ 2/n ,0,27"/2} and 2"/2|f,| is the characteristic function of the set 4, =
XnXn Wthh contains exactly 2" elements. Since ||fulloo < 27?||gnlloe <
21/2 we can define a continuous function f on G by setting

()= 22, ()
n=0
Now, if x € Ur—, Ay, then
)= 27" falx) =
n=0

whereas, if x € (J,—, An, then x € A, for exactly one n and hence

FOOl =272 fu() = 27"
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It follows that supp fg X and

o0 oo

ST =21 S 100l =Y 274l =,

xeX n=0 \x€A, n=0

as required.

To start the construction of the sequence (gp)., first let x1,x2,... be
any sequence of characters of G which are specified later. Define sequences
90,91, - - . and hg, hq,... inductively in C(G) by go = ho = 1 and

gn+1 = gn + Xn+1hn and hn+1 =0n — Xn+1hn~

It is straightforward to verify that
|9n+1(@)* + [hnt1 (@) = 2(Ign(@)]? + [hn(2)[?)

for all z € G and n € Ny. Hence the supremum norm of |g,1]* + [hny1]?
bounded by < 272 whenever the supremum norm of |g,,|? + |h,,|? is bounded
by < 2"*!. Suppose that the ranges of both g, and ﬁn are contained in
{—1,0,1}. Then the same is true of g,+1 and h,y; provided that x,1 has
the property that R

SUPP G N Xn+1(supp hn) = 0.

Moreover, if x,11 has this property and |g,| and |ﬁn| are the characteristic
functions of sets F,, and Fj,, respectively, such that F, and F,, each contain
precisely 2" elements, then |g,,1]| is the characteristic function of F,,Ux 11 F,
which has 2"+ elements, and similarly for [, 41].

It is now obvious fairly how the sequence x1,x2,... has to be chosen.
Since [, x(z)dz = 0 for every x # lg (Exercise 2.12.30), we have gy =

iAzo = §1,. Hence x1 may be any nontrivial character from X. Suppose that
X1,--->Xn € X have been chosen such that ¢1,...,g9, and hq,..., h, have
the above properties. Then we simply have to select x,+1 € X so that E, N
x;}ran = (), and this is possible since E,, and F,, are finite and X is infinite.
This completes the construction of a sequence (g, ), with properties (1), (2),
and (3) above. O

The functions f, constructed in the proof of Lemma 2.7.11 are analogues
of the Rudin-Shapiro trigonometric polynomials on the circle group (see [72,
p. 33, Exercise 6]).

Theorem 2.7.12. Let G be a locally compact Abelian group. Then the Gelfand
homomorphism I' : L*(G) — Co(Q) is surjective if and only if G is finite.

Proof. Suppose that I' is surjective. Then G is discrete by Lemma 2.7.10.
Towards a contradiction, assume that G is infinite. For each x € G, define
a character x, of G by xu(a) = a(zr). Then x — x, is a bijection between
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G and the subgroup X = {x, : « € G} of the dual group G of G. Since G

is compact and X is infinite, by Lemma 2.7.11 there exists f € C(G) such
that supp f € X and > ¢ [f(X)| = oo. Since I" is surjective, there exists

g € LY(G) with g = f. Now recall that [ x(a)da = 0 for every x € G\ {1a}.
It follows that

This contradiction shows that G' must be finite. O

To prove Theorem 2.7.12, it is possible to avoid the use of Lemma 2.7.11
and instead only apply Lemma 2.7.10 and the Pontryagin duality theorem.
However, we prefer not to utilise the duality theorem although in Appendix
A.5 we have presented a proof of it, based on the Plancherel theorem. In
addition, we feel the construction performed in the proof of Lemma 2.7.11 is
of independent interest.

2.8 Beurling algebras L'(G, w)

Let G be a locally compact Abelian group and w a weight function on G.
In Section 1.3 we have introduced the associated Beurling algebra L!(G,w).
Extending some of the results of the preceding section, we now describe the
structure space A(L'(G,w)) of L*(G,w) in terms of so-called w-bounded gen-
eralised characters of G. These generalized characters can be identified ex-
plicitly when G is either the additive group of real numbers or the group of
integers. We also show that L!(G,w) is always semisimple.

Definition 2.8.1. An w-bounded generalised character on G is a continuous
homomorphism « from G into the multiplicative group C* of nonzero complex
numbers satisfying |a(z)| < w(z) for all x € G. Let G(w) denote the set of
all such w-bounded generalised characters on G equipped with the topology
of uniform convergence on compact subsets of G.
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It is clear from the very definition of (A?(w) that G is contained in CAv'(w) if
and only if w(x) > 1 for all x € G. Our first result is the analogue of Theorem
2.7.2.

Theorem 2.8.2. Let G be a locally compact Abelian group and w a weight on
G. For a € G(w), define p, : L'(G,w) — C by

:/f(a:)a(a:)da:, fe LG, w).
G

Then po € A(LY(G,w)), and the map o — @ is a bijection between G(w)
and A(LY(G,w)).

Proof. Tt is straightforward to show that ¢, is a nonzero homomorphism and
that, since C.(G) C L'(G,w), the map a — ¢, is injective (compare the
proof of Theorem 2.7.2).

To show that every ¢ € A(L'(G,w)) equals ¢, for some a € é(w), we
proceed in a similar manner as in the proof of Theorem 2.7.2. Choose g €
C.(G) such that ¢(g) = 1 and define a : G — C by a(y) = ¢(Lyg),y € G.
Then « is continuous because the map z — L,g from G into L'(G,w) is
continuous (Lemma 1.3.6) and

la(z) — a(y)| = |¢(Leg — Lyg)| < [[Lag — Lygll1,w-

For all y € G, using Lemma 1.3.6,

la(y)| = le(Lyg)| < ||IL < w9l e

Moreover, since ¢ is a homomorphism, we have a(xy) = a(z)a(y) for all
z,y € G (compare the proof of Theorem 2.7.2) and therefore

la(y)] = la(y™) V™ < wly™ gl < w@)lgls

for all y € G and n € N. It follows that |a(y)| < w(y) for all y € G. This

shows that o € @(w)
Finally, for any f € C.(G),

o(f) = plo+ ) = ( -~/ f(y)Lyg(x)dy>

/f yg)dyz/cf(y)a(y)dy

= ()00‘
Since ¢ and ¢, are continuous, we conclude that ¢ = ¢,,. a

Remark 2.8.3. Suppose that the weight w on G satisfies lim,, o w(2™)Y/" =
1 for all z € G. Then G = G(w). In fact, the condition implies that w(x) > 1
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for all € G and hence G C G (w). Conversely, let a € é(w) We have seen
in the proof of Theorem 2.8.2 that

lo(z)] < lim w(z™)}/"

n—oo

and hence |a(x)] <1 for all € G. Since « is multiplicative, this implies that
|a(z)| =1 for all z € G. Therefore, G(w) C G.

Lemma 2.8.4. Let f € LY (G,w), v € G, and ¢ > 0. Then there erist a
neighbourhood W of e in G and § > 0 with the following property. If y € G
and B, € G(w) are such that y € Wz, oo(f) =1 and 8 € Ula, f, L. f,9),
then

16(y) — ()| <e.
In particular, the function (z,0) — a(z) on G x G(w) is continuous.
Proof. Note first that fz\f(v) = *y(z)f(fy) for all z € G and v € G(w) since v

is multiplicative. For arbitrary y,z € G and 3, o € G(w) such that ¢, (f) =1,
as in the proof of Lemma 2.7.4 we get

16() = @) < BW - 1= FB) + 1Lyf = Lafllw +1Lf(8) = Laf (@)
<w)|f(B) = Fle)l + 1Ly = Lol + L () = Lef().

Now, fix a compact neighbourhood K of z and let
C = max{1,sup{w(t) : t € K}} < o0

(Lemma 1.3.3). Let 6 = ¢(3C)~! and let W be a neighbourhood of e such that
Wax C K and

[Lyf = Lafll1w <d

for all y € Wz (Lemma 1.3.6). Then, if y € Wz and 8 € U(q, f, L, f,0), the
above estimate shows that |8(y) — a(z)| < e. O

Because weight functions are only locally bounded, in contrast to the case
of LY(G) we cannot expect that W and ¢ in the preceding lemma can be
chosen independently of x.

Theorem 2.8.5. On G(w) = A(LY(G,w)) the Gelfand topology coincides
with the topology of uniform convergence on compact subsets of G.

Proof. Let g be a bounded measurable function on G with compact support,
K say. Then g € L'(G,w) (Lemma 1.3.5) and for any a, 8 € G(w),

0alg) — ws(g)] < /K 9(2)] - Ja(z) — B(a)|dz

< |lglloc| K| sup |a(z) — ()],
reK
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where | K| denotes Haar measure of K. Now, given f € L'(G,w) and € > 0,
there exists such a function g satisfying ||g — f||1,» < €. It follows that

loa(f) = ws(f)l < 20f = gll1w + lpalg) — ¢s(9)]
< 2e+ [|glloo] K| Sup, la(z) — B()].

This shows that the Gelfand topology on CAv'(w) is coarser than the topology
of uniform convergence on compact subsets of G.
Conversely, let « € G(w), a compact subset K of G, and € > 0 be given.
Let
Vi, K, €) = {8 € Gw): |B(x) — a(z)| < € for all z € K}

and choose f € L'(G,w) such that f(a) = 1. By Lemma 2.8.4, for every
x € K there exist a neighbourhood W, of e in G and §,, > 0 with the following
property: If y € Wy and 8 € Ula, f, Ly f, 62), then |B(y) — a(z)| < e. Since
K is compact, there exist x1,...,z, € K such that K C U?:l W, ;. Let
d =min{d,,,..., 0, . Then

Ula, fiLeyf, ooy La, f,0) S Ve, K, 26).

Indeed, if 3 is in the set on the left side and « € K, then x € W, z; for some
je{l,....,n} and B € U(a, f, Ly, f, 02;) and therefore

18(z) — a(z)| < [B(x) — alz;)| + |a(z;) — a(z)] < 26

This shows that the Gelfand topology on (A?(w) is finer than the topology of
uniform convergence on compact subsets of G. a

Identifying A(L'(G,w)) as a topological space with CAv'(w), the Gelfand

o~ ~

representation of L'(G,w) is given by the map f — f(a), where f(a) =
Jo f@)a(z)ds for a € G(w).
We now determine A(L'(G,w)) for G equal to R or to Z.

Lemma 2.8.6. Let w be a weight function on R and define nonnegative real
numbers Ry and R_ by

Ry =inf{w®)": ¢t >0} and R_ = sup{w(—t)"Y*:t> 0}

Then 0 < R— < Ry, and every z € C satisfying —In Ry < Rez < —InR_
defines an element ¢, of A(L*(R,w)) by

p:f) = [ e at, f e LR )
R
Proof. We show first that

R, = tli,lgow(t)l/t'
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To see this, let ¢ > 0 and choose ¢y > 0 such that w(to)'/* < R, + . Write
any t > 0 ast = mtg + s, where m € Ny and 0 < s < tg. Then

w(t)/* < wlmto)!w(s)'* < w(to)' /"0 (w(to) /") w(s)".
< (Ra + o) (wlto) /") w(s) V",

This inequality shows that w(t)'/* converges, as t — oo, with limit R, . Simi-
larly, it is shown that
R_ = lim w(—t)~ %
t—o0

Since w(0) < w(—t)w(t) for all t € R, we obtain

0<R-= lim w(0)Y w(—t)" < lim w(t)V/t = R,

T t—oo

Now, let z € C be such that —InR; < Rez < —InR_. We claim that
le™=t] < w(t) for all t € R. For this, notice that by definition of R,

exp(—tRez) <exp(tlnRy) < exp(tIn(w(t)*?)) = w(t)
for all ¢ > 0. Similarly, for all ¢ < 0,
exp(—tRez) < exp(tln R_) < exp(tIn(w(t)¥/?)) = w(t).

Thus |e™?t| = exp(—t Re z) < w(t) for all ¢ € R and hence the integral

/R f(t)e *dt

converges absolutely for each f € L!(R,w). Therefore, we can define a
bounded linear functional ¢, on L}(R,w) by

o (f) = / f(t)e .

It is then easily verified that ¢, (f * g) = ¢.(f)p.(g) for all f,g € L'(R,w).
Hence ¢, € A(L'(R,w)). O

Proposition 2.8.7. Let w be any weight on R and let Ry and R_ be as in
Lemma 2.8.6. Let S,, be the vertical strip in the complex plane defined by

Sw={2€C:—-InRy <Rez< -InR_}.

Then the map z — ., where ¢, is as in Lemma 2.8.6, is a homeomorphism
from S, onto A(L*(R,w)).

Proof. Tt is clear that the map z — ¢, from S, into A(L'(R,w)) is injective.
We show that every ¢ € A(L(R,w)) arises in this manner. To see this, recall
first from Theorem 2.8.2 that there exists a continuous function v : R — C
satisfying v(t + s) = y(t)v(s) and 0 < |y(t)| < w(t) for all ¢, s € R and
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= d
e = [ 1o

for all f € L'(R,w). The functional equation v(t + s) = v(t)7(s) and the
continuity of v imply that there exists w € C such that

() = e

for all t € R (Exercise 2.12.29). If w = a + ib with a,b € R, then |y(¢)| < w(t)
implies that e~ < w(t) for all ¢+ € R. Since

67b _ (efbn)l/n < w(n)l/n _ R+
as n — oo, we get —b < In R, . Similarly
¢ = (IEM) TR =y ()| P 2 w(—n) ™ R

as n — oo, whence —b > InR_. Thus —InR; < b < —InR_ and hence
b+ia €S, and ¢ = Ypiiq-

By Theorem 2.8.5, the map o« — ¢, is a homeomorphism between ]?R(w)
and A(L'(R,w)). On the other hand, the map z — a,, where a,(t) = e*

for t € R, from S, to @(w) is bijective and obviously a homeomorphism.
Combining these two facts shows that z — ¢, is a homeomorphism from S,
onto A(L'(R,w)). O

The formula of Lemma 2.8.6 is reminiscent of the Laplace transform. In
fact, ¢, (f) is nothing but the Laplace transform of f at z € S,,. We now turn
to the group of integers.

Proposition 2.8.8. Let w be a weight function on Z and define positive real
numbers Ry and R_ by

R, = inf{w(n)/" : n € N} and R_ = sup{w(m)'/™ : m € —N}.
Then there is a homeomorphism from the annulus
K(R_,Ry)={2€C:R_<|z| <Ry}.
onto A(IM(Z,w)) given by z — ., where
p=(f)= D f(n)e", fel(Zw).

Proof. The following formulae can be verified in very much the same manner
as the spectral radius formula (Lemma 1.2.5):

R, = lim w(n)™ and R_ = lim w(—n)"'/".

n—oo n—0o0
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For the reader’s convenience we nevertheless include the proof of the second.
Let € > 0 be given and choose k € N such that w(—k)~'/* > R_ — . Write
n € Nin the form n = p(n)k+¢(n), where p(n) € Ny and 0 < g(n) < k. Then

)1yl

n k n

as n — oo. Since w(r + s) < w(r)w(s) for all r,s € Z, we have w(—n) <
w(—k)PMw(—g(n)) and hence, for all n € N,

w(=n) V" = w(=k) P M (—g(n) 7"

~1/F as n — oo. Thus w(—n)~ /" >

—1/7_ Now, the inequal-

The right hand side converges to w(—k)
R_ — ¢ eventually and therefore R_ = lim,,_, w(—n)

ity
wn) " w(=n)" > w(0)/" > 1

implies that w(n)'/™ > w(—n)~/" for all n € N. It follows that

R_ = lim w(—n)*l/” < lim w(n)l/" =R,.

n—oo n—o0

For z € K(R_,Ry) and f € [}(Z,w), by definition of Ry and R_, we have

D@2 = 1FO)[+ D 1) - 2"+ D I (=n)l - |27
ne”z n=1 n=1

<1FO)+ Y 1f)wn) + D [F(=n)l(w(—n) /™)™
n=1 n=1
< If(n)|w(n)

ne”z

= [I£1

Thus, for every z € K(R_, R4 ) we can define a bounded linear functional on
1'(Z,w) by

lw-

() =3 Fln)=".

ne
Then, for f,g € I1(Z,w),

p(frg) =) 2" (Z fn— m)g(m)>

neZ meZ
= > g(m)e" (Z f(n - m)z"—m>
meZ ne
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So ¢, € A(l'(Z,w)) and since ¢, (51) = z. The map z — ¢, from K(R_, Ry)
into A(1Y(Z,w)) is injective, and the map is continuous since z — ¢, (5,,) = 2™
is continuous for each m. Conversely, let ¢ € A(I'(Z,w)) and set z = ¢(61).
Then, for all n € N|

|2" = |p(dn)| < ||5nH1,w =w(n),

and hence |z| < inf{w(n)/" : n € N} = R,. Similarly, it is shown that
|z] > R_. Since ¢(d,,) = z" for all n € Z and the finite linear combinations of
the Dirac functions 6, n € Z, are dense in I*(Z,w), continuity of ¢ implies
that ¢ = ¢,. Thus z — ¢, is a continuous bijection between the compact
space K(R_, Ry) and the Hausdorff space A(I*(Z,w)) and hence is a home-
omorphism. ]

Propositions 2.8.7 and 2.8.8 in particular show that L*(R,w) and I}(Z,w)
are semisimple for any weight w. Our intention is to establish semisimplicity
of L'(G,w) for arbitrary locally compact Abelian groups. We start with the
following dichotomy.

Lemma 2.8.9. L'(G,w) is either semisimple or radical.

Proof. Assume that L'(G,w) is not radical, and fix any ¢ € A(LY(G,w)).
By Theorem 2.8.2, there exists a continuous function v : G — C satisfying
v(zy) = v(@)y(y), 0 < |y(x)] <w(z) for all z,y € G and

o) = [ s@nta)s
for all f € LY(G,w). For each a € G, define 1o € L' (G, w)* by
valf) = [ F@a(@)(e)ds,
G

Then v, € A(LY(G,w)) since ay € C?(w) Now, let f be an element of the
radical of L*(G,w). Then fv € L*(G) and

Fr(@) = $al(f) =0

for all @ € G. Since L(G) is semisimple (Corollary 2.7.9), it follows that
f~v=0and hence f = 0 almost everywhere since y(z) # 0 for all x € G. This
shows that L'(G,w) is semisimple. O

Theorem 2.8.10. Let G be a locally compact Abelian group and w a weight
on G. Then the Beurling algebra L*(G,w) is semisimple.

Proof. By virtue of Lemma 2.8.9, it suffices to show that L!(G,w) is not
radical. We construct a function f € L'(G,w) such that
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1
roiGe(f) = Jim | fS >

where f™ denotes the n-fold convolution product of f.
Choose a relatively compact symmetric neighbourhood U of the identity
e of G and let f = 1y, the characteristic function of U. Then

M =sup{w(z) 2 €U} < o0

since w is locally bounded, and w(z) < M™ for all x € U™. Since f € L'(G,w)

and w(x) > w‘(”z(f)l) for all x € G, it follows that

1 = /G 7 (@) () de
. 1
> w(e) [ 3@, )y do

w(e)
>4 g,

This inequality implies that

roGe () = lim IR0 > tim 1]

n—oo

1
= MTL1(G)(1U),

and hence 771 (g, (f) > 0, as required. O

2.9 The Fourier algebra of a locally compact group

In this section we present a class of semisimple commutative Banach algebras
which is currently a matter of intensive study, the Fourier algebras A(G)
of locally compact groups G. When G is Abelian, A(G) can be shown to
be isometrically isomorphic to Ll(é). We introduce A(G) and determine its
structure space.

Let G be an arbitrary locally compact group. For functions f and ¢ in
L?(@G), the function f * g : G — C is defined by

f*g(z /fxy

Then £+ € Co(G) and || # §lloe < || ll2]lgll>- Since the mappings f — f 3
and g — f* g from L?(G) into Cy(G), respectively, are linear and continuous,
there is a unique continuous linear map ¢ from the projective tensor product
L*(G)®,L?*(G) into Cy(G) satisfying ¢(f®g) = f*g for all f and g in L*(Q)).
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Definition 2.9.1. Let A(G) denote the range of the map
¢ : L*(G)®L*(G) — Co(G),

and endow A(G) with the quotient norm from L?(G)&,L?*(G). Then A(G)
becomes a Banach space.

Since Cp(G) is dense in L2(G), Co(G) ® C.(G) is dense in L?(G)&,L*(G)
and hence 7(C.(G) ® C.(@)) is dense in A(G). So A(G) N C.(G) is dense in
A(G).

Theorem 2.9.2. With pointwise multiplication, A(G) is a Banach algebra.

Proof. Let f1, fa, g1, g2 € Ce(G). We first show that
o(f1 ® g1)d(f2 ® g2) € A(G)
and that
6(f1 @ g1)d(f2® g2)|| < [|6(f1 ® g1)|| - l$(f2 @ g2)]-
To that end, for y € G, define functions F, and G, on G by
Fy(z) = fi(zy) f2(2) and Gy(z) = g1(wy)ga(z).

Then F,, G, € C.(G) and the map y — F, ® G, vanishes outside the compact
subset
C = (supp f2) "' supp f1 N (suppga) ' supp g1

of G. Moreover, the map y — F, ® G,, from G into L?(G)&,L*(G) is contin-
uous. Indeed, for y,yo € G,

71'(Fy ® Gy - Fyo ® Gyo) < HFy - FyoH2(”Gy - Gyo||2 + ”GyoH2)
HFyoll21Gy = Gyoll2

and
[y — Fyoll2 < [[follso | Ry f1 — Ry, f1ll2,

and similarly for Gy. Thus the vector-valued integral
1= [ (R oG- [ (7 o6

exists and defines an element of L?(G)&,L?(G). Then

d(H) = ¢(f1 @ g1)d(f2 ® g2).

Indeed, for each z € G, we have
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819 )@ 92)(w) = [ Hlennwidy [ faleiga()dz
G G
— [ [ A neg sy
GJG

_ /G ( /G Fy(xz)Gy(z)dz> dy

- /G O(F, ® Gy)()dy
— o(H)(x).

This shows that [¢(L*(G) ® L*(G))]*> € A(G). We now need to estimate the
integral [, m(F, ® Gy)dy. Note first that

L= | ( / |f1<xy>f2<x>|2da:) dy
- /C (@) ( /C |f1(xy>|2dy> dx

= [ AlEI£213,

and similarly [, ||Gyl3dy = |l91/|3]l¢2]|3. Thus, by the Cauchy-Schwarz in-
equality,

[ 7By @Gy = [ IR G, lady
C C

1/2 1/2
< ([imaga) ([ e ga)
C C

= [ f1ll2ll f2ll2llg1 2]l g2[l2
=7(f1 ® g1)7(f2 @ ga).

Combining this estimate with the above formula for ¢(H) gives

lp(f1 ® g1)d(f2 ® g2)llace) < 16(f1 @ g1)llae)llo(fe @ g2)llaca)-

Thus multiplication on ¢(L?(G) ® L*(G)) is continuous. This implies that
A(Q) is closed under multiplication and the norm on A(G) is submultiplica-
tive. ad

The following lemma will be used to determine A(A(G)) and also later in
Chapter 5.

Lemma 2.9.3. Let a € G and f € A(G) such that f(a) = 0. Then, given
€ > 0, there exists h € A(G) N Co(G) vanishing in a neighbourhood of a such
that [|h — flla@) < e
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Proof. Notice first that, since A(G) N C.(G) is dense in A(G), without loss of
generality we can assume that f # 0, f has compact support and € < || f||oo
and € < 1. Let

W={yeG:|f—-Ryfllaec) <€}

Then W is a compact neighbourhood of e in G. Choose an open neighbourhood
V of e such that V C W and sup{|f(ay)| : y € V} <€, and choose a compact
neighbourhood U of e such that U C V and |U| > |V|(1 — ¢). Now, define
functions u, g and h by setting u = |U|"'1y, g = 1,v f and

h=(f—g)«ucAQG).

Then h has compact support since W is compact and f has compact support.
For any z € G,

hz) = U] /U Fay)[L - Loy (y)]dy.

It follows that, if x € G satisfies a= 12U C V, then h(z) = 0. Thus h vanishes
in a neighbourhood of a. Moreover,

1/2
1
ful =012 < i ()

1/2
o= ([ 1fwPar) < dvi,
aV

and

If = f*ulla) =

’f— o /U (Ry f)dy

sup || f — Ry flla@) <e
yeU

A(G)

IN

Combining all these estimates, we obtain

] ] 1 1/2
If = hla@) < 1If = filla) + lgllllills < e+ € (1 _e) '

This finishes the proof. a

Theorem 2.9.4. Let G be a locally compact group. For v € G, let ¢, :
A(G) — C denote the evaluation at x. Then the map x — @, is a home-
omorphism from G onto A(A(G)).

Proof. Tt is obvious that ¢, € A(A(G)) and that the map x — ¢, is injective.
Now let ¢ € A(A(G)) be given and suppose that ¢ # ¢, for all x € G. Then,
for each x € G there exists f, € A(G) such that ¢(f;) =1, but ¢, (f,) = 0.
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By Lemma 2.9.3, every g € A(G) vanishing at z is the limit of a sequence
(gn)n in A(G) with the property that each g, vanishes in a neighbourhood of
2. Therefore we can assume that f, vanishes in a neighbourhood V. of x.

Since A(G)NC.(G) is dense in A(G), there exists fo € C.(G)NA(G) such
that ¢(fo) = 1. Choose z1, ..., 2, € supp fo such that

n
supp fo € | J Va,
=1

and let
f = fOfr1 R frn S A(G)

Then f(z) = 0 for every = € G, whereas
o(f) = ¢(fo) [T e(fz,) = 1.
j=1

This contradiction shows that ¢ = ¢, for some x € G.

Finally, since the subalgebra A(G) of Cy(G) strongly separates the points
of G, by Proposition 2.2.14 the topology on G coincides with the weak topol-
ogy defined by the set of functions z — f(z) = ¢ (f), f € A(G). Thus the
map ¢ — ¢, from G to A(A(G)) is a homeomorphism. O

Of course, after identifying A(A(G)) with G, the Gelfand homomorphism
of A(G) is nothing but the identity mapping. In particular, A(G) is semisimple.

We close this section with a straightforward result which, in the terminol-
ogy of Chapter 4, implies that A(G) is regular.

Lemma 2.9.5. Let G be a locally compact group, K a compact subset of G and
U an open subset of G such that U D K. Then there exists u € A(G) N C(G)
with the following properties: 0 < u < 1, u(x) =1 for allx € K and u(z) =0
for allz € G\U.

Proof. Since K is compact, there exists a compact symmetric neighbourhood
V of the identity such that KV? C U. Let

w(z) = V| (kv * 1v)(x) = [V]7 - |2V N KV

Then 0 < u < 1. If z € K, then |2V N KV| = |2V]| = |V|, so that u(z) = 1,
whereas if 2 ¢ KV?, then 2V N KV = ) and hence u(x) = 0. Thus suppu C
KV?2, which is compact. In particular, u(z) = 0 for all z € G\ U. O

2.10 The algebra of almost periodic functions

In Theorem 2.4.12 we have seen that the Stone-Cech compactification B(X)
of a completely regular topological space X arises as the structure space of
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the commutative C*-algebra C®(X). In this section we study, for G a locally
compact group, a certain C*-subalgebra of C*(G), the algebra AP(G) of al-
most periodic functions on G, and show that A(AP(G)) is homeomorphic to
the Bohr compactification of G.

Let G be a topological group. A complex-valued bounded continuous func-
tion f on G is called left almost periodic (respectively, right almost periodic)
if the set Cy = {L,f : © € G} (respectively, the set Dy = {R,f : y € G})
is relatively compact in (C?(G), || - ||). Let AP(G) denote the set of all left
almost periodic functions on G.

Example 2.10.1. Let G be a compact group. Then AP(G) = C(G). In fact,
for f € C(G) the map x — L, f from G into C(G) is continuous because f is
uniformly continuous and

ILaf = Lyflloo = sup |f(z7t) = f(y~'1)
teG

So Cy is a continuous image of the compact group G, hence compact.

Lemma 2.10.2. AP(G) is a closed x-subalgebra of C*(G).

Proof. 1t is clear that Cy 4 C Cy+Cy,Coy = aCy and Cyy € CrCy for f,g €
C’(@) and a € C. Thus AP(G) is a subalgebra of C*(G). Also f € AP(G)
implies that f € AP(G). It remains to show that AP(G) is closed in C?(G).

Let f € AP(G). Since C; is bounded in C®(G), by the Arzela—Ascoli
theorem it suffices to verify that Cy is equicontinuous. To that end, let z € G
and € > 0 be given. Choose g € AP(G) such that || f — g]|oc < €/3. Since Cj is
equicontinuous, there is a neighbourhood V' of 2 such that |L,g(y) — Lag(x)| <
¢/3 for all a € G and y € V. If follows that

|Laf(y) = Laf(x)| < [Laf(y) = Lag(y)| + | Lag(y) — Lag(z)|
+ |Lag(w) - Laf(x)l
<2|If = glloo + |Lag(y) — Lag(x)| < €

for all y € V and a € G. So Cf is equicontinuous. O

Since AP(G) is a unital commutative C*-algebra, Theorem 2.4.5 implies
the following

Corollary 2.10.3. Let A(AP(G)) denote the structure space of AP(G). Then
the Gelfand homomorphism is an isometric x-isomorphism from AP(G) onto

C(A(AP(Q))).

Each z € G defines an element ¢, € A(AP(G)) by p(f) = f(z),f €
AP(G).

Lemma 2.10.4. The mapping ¢ : x — @, from G into A(AP(G)) is conti-
nuous and has dense range.
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Proof. Because A(AP(G)) carries the w*-topology and the functions z —
vz (f) = f(x), f € AP(G), are continuous on G, it follows that ¢ is continuous.

Suppose that there exists a nonempty open subset U of A(AP(G)) such
that UN¢(G) = (0. Then, by Urysohn’s lemma there exists g € C(A(AP(QG)))
with g # 0 and glaap@)\v = 0. By Corollary 2.10.3, g = fAfor some
f € AP(G). But then

~

f(@) = @u(f) = fpa) = g(pz) =0
for all x € G, contradicting f # 0. Thus ¢(G) is dense in A(AP(G)). O

Our aim is to introduce a group structure on A(AP(G)) which makes
A(AP(G)) a compact group and ¢ a group homomorphism. Of course, the
mapping ¢ is in general not injective and it is not clear at all that the
families of points in G which cannot be separated by AP(G) are cosets of
some normal subgroup of G and that therefore ¢ defines a group structure
on ¢(G) C A(AP(G)). Moreover, supposing that this problem can be satis-
factorily settled, there remains the question of extending the group structure
on ¢(G) to the whole of A(AP(G)). To handle these problems requires us to
consider two-sided translates of f € AP(G) and to show that actually such
an f is also right almost periodic.

Lemma 2.10.5. Let f € AP(G) and € > 0. Then there exist finitely many
ai,...,a, € G with the following property. For every a € G there exists some
je{l,...,n} such that

|f(zay) — fza;y)| <e
for all x,y € G.

Proof. There exist by, ..., b, € G such that the set {L;, f :1 < j < m} forms
an €/4-net for Cy. Let I" be the finite set of all mappings v from {1,...,m}
to itself with the property that there exists a, € G such that

€

Lo,y f = Lbia, flloo <

4
fori =1,...,m. For each v € I', choose such an a.. Now, given any a € G, by
the choice of by, . .., by, for every 1 < i < m there exists some j(i) € {1,...,m}
such that .
| Lb,af — Lbj(i)fHOO < 4°

So i — j(i) defines an element of I'. It follows that for every a € G we find
some v € I" such that

€
||Lbiaf - Lb,;m,f”oo < 9

forall 1 <4 < m. Since for every « € G there exists b; so that || L, f—Lp, f]lc <
€/4, we obtain that
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||Lwaf - Lwawf”oo < HLwaf - Lbiaf”oo + HLb,iaf - Lbiawf”oo
+ ||Lbia~,f - Lza.y.fHoo
< € T 3 + €
= €.
4 2 4

Thus we have seen that for every a € G there exists some a- such that

f(zay) = f(zayy)| < |[Laaf = Laa, flloo < e

for all z,y € G. Now, enumerate {a : vy € I'} as {a1,...,an}. O

Corollary 2.10.6. Let f € AP(G) and e > 0. Then there existay,...,a, € G
such that the functions Lq, Ra, f,1 <i,5 <n, form an e-net for the set of all
two-sided translates LoRyf,a,b € G.

Proof. Choose 0 < 0 < €/2. By Lemma 2.10.5, there exist aj,...,a, € G
with the property that for any a € G there is j € {1,...,n} such that, for all
z,y € G, |f(zay) — f(zajy)| < §. Thus, given a,b € G, there exist ¢ and j
such that

|f(at) — f(ait)] <6 and |f(sb) — f(sa;)| <o
for all s,t € G. It follows that, for all z € G,
|f(axb) — f(aswa;)| < |f(axb) — f(asxb)| + |f(aixb) — f(asza;)]
< 29,
whence ||LoRyf — La,Ra, flloo <26 <e. O

Corollary 2.10.7. Retain the notation of Corollary 2.10.6. If x and y are
elements of G such that

|f(aiza;) — f(aiya;)| < e
forall1 <i,5 <n, then
|f(axb) — f(ayb)| < 3e
for all a,b € G.
Proof. Given a,b € G, by Corollary 2.10.6 there exist ¢ and j such that
|LaRyf — La, Ra, flloo < €.
Combining with the presumed inequality, we get

| f(azb) — f(ayb)| < |[LaRof — La,Ra, f|ls
+[f(aiza;) — f(aiya;)|
+ HLaiRajf - LaRbeoo
< 3,

as claimed. O
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It follows from Corollary 2.10.6 that every left almost periodic function is
automatically right almost periodic. Therefore, in the sequel we simply call
the functions in AP(G) almost periodic rather than left almost periodic.

Another consequence of Corollary 2.10.6 is that every almost periodic
function is uniformly continuous. Now, on every noncompact locally compact
group G one can construct a bounded continuous function which fails to be
uniformly continuous (Exercise 2.12.55). Thus AP(G) is a proper subalgebra
of C*(@) whenever G is a noncompact locally compact group.

Let ¢, € A(AP(G)). For neighbourhoods U of ¢ and V of ¢ in
A(AP(G)), let

Avv = {¢zy 1 z,y € G such that p, € U and ¢, € V}.

Then Ay,y # 0 since ¢(G) is dense in A(AP(G)). Let U and V be the set of all
neighbourhoods of ¢ and 1, respectively. Because Ay, v; € Ay,,y, whenever

Ui C Uy and Vi C Vs, the collection of all closed subsets Ay y of A(AP(G)),
where U € Y and V' € V, has the finite intersection property. A(AP(G)) being
compact, it follows that the set

Ay =(V{Avv : U €U,V €V}

is nonempty.

We shall see soon (Corollary 2.10.9) that Ay, is a singleton for any two
elements ©,1) of A(AP(G)). Since @,y € Ay, o, it follows in particular that
Ap, oy = {0ay} forall z,y € G.

Lemma 2.10.8. Let o, f € A(AP(G)) and f € AP(G). Let € > 0 and let
{Layfy..o Ly, f} be an e-net for Cy and {R,, f,..., Ry, f} an e-net for Dy.
Define neighbourhoods U and V' of a and 3, respectively, by

U=U(o,Ry, f,...,Ry, fre) and V. =U(B, Ly, f,...,La, f,€).
If x,a,y,b € G are such that ¢, 0, € U and @y, pp € V, then

P2y (f) = @an(f)] < 8e.
Proof. Choose j € {1,...,n} and k € {1,...,m} such that
[Lo=1f = La;flloo < € and [|[Ryf — Ry, flloo <€

Then we have

P2y (f) — Can ()] < [f(@y) — f(ab)| + [f(xb) — f(ab)]

= [Ly-1f(y) = Lo f(O)| + | Ry f(2) — Ro f(a)]

< L1 f(y) = Loy f()| + | La, f(y) = La, £ ()]
+[La, f(b) = L1 f(O)| + [Ro f(x) — Ry, f(2)]
+ Ry, f(x) = Ry, f(a)| + [Ry, f(a) — Ry f(a)|

S 2Ly f = Lo, flloo + |La, f(2) — La, f(a)]
+2[[Rof — Ry, flloo + [Ry, f(y) — Ry, f (D)

< de+ |90y(Lacjf) - SDb(Lacjf)l + |501(chf) - @a(Rykf)|~
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Now, since ¢, v, € U and ¢, ¢p €V,

|00 (Ry f) = pa(Ry, f)] < 2¢ and |@y(La; f) = ¢o(La; )] < 2e.
It follows that |wuy(f) — wan(f)] < 8e. O

Corollary 2.10.9. For each pair of elements ¢, of A(AP(G)), Ay is a
singleton.

Proof. Let a,3 € Ay, and f € AP(G). We show that |a(f) — B(f)| < ¢ for
each 6 > 0. Fix ¢ and let € = 6/24. Let U and V be defined as in Lemma
2.10.8. By definition of A, 4 there exist x,a,y,b € G such that ¢,, ¢, €
U, oy, €V, and

0 0
alf) = eea(£)] < 5 and 180 = ganlf)] <
From Lemma 2.10.8 we now infer that

la(f) = BN < [alf) = by (N + [0y (F) = Par(f)]

+ lpan(f) = B

)
< =0
73+3+86 ,

as required. O
Now we are able to introduce a group structure on A(AP(G)).

Theorem 2.10.10. Let G be a topological group. For ¢,¢ € A(AP(G)), let
ey denote the unique element of A, . Then the assignment

(p:9) = ¢, A(AP(G)) x A(AP(G)) — A(AP(G))

turns A(AP(G)) into a compact group. Furthermore, ¢z, = Qgy for x,y €
G.

Proof. The last statement is clear since A, , = {@zy}. We show next that
multiplication on A(AP(G)) is continuous. Let a and 8 be two elements of
A(AP(G)). It suffices to show that given 6 > 0 and f1, ..., f, € AP(G), there
exist neighbourhoods U of « and V' of 5 in A(AP(Q)), respectively, such that

lew(f5) —aB(f;) <0

forallpeUandy € Vand j=1,...,n.
Let € = §/10 and for any p € A(AP(G)) let

W, = {7 € A(AP(G)) : h(f;) — p(f;)| < ¢ for 1< j < n}.

For each j = 1,...,n, Lemma 2.10.8 provides neighbourhoods U; of o and V
of (3 such that
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|02y (fi) — wan(fj)] < 8e

whenever z,a,y,b € G are such that ¢, 0, € U; and ¢y, ¢p € Vj. Let U =
N7_Uj and V = ﬂ;;l V;. Since aff € Ay,y, we have Ayy N Weg # 0, and
hence there exist a,b € G such that ¢, € U, ¢, € V and gqp € Was. Now, let
¢ € U and ¢ € V be arbitrary. Then Ay y N Wy, # 0 and hence there exist
x,y € G such that v, € U,p, € V, and @,y € Wy. Therefore we have

lpab(fj) — aB(f;)| < e and |puy(fj) — e¥(fj)] <€
for j =1,...,n. Because ¢z, v, € U and ¢y, vp € V, |@zy(fi) — van(fj)] < 8€

for 7 =1,...,n. Combining these inequalities gives
lov(f;) — aB(fi)] < 1o (fi) = Cay (fi)] + @ay(f3) — ab(f5)]

+ lpab(f5) — aB(f;)] < 10e
= 0.

Thus multiplication on A(AP(G)) is continuous.

It remains to show the existence and continuity of inverses in A(AP(QG)).
Let ¢ € AP(G) and let (x4 )a be a net in G such that ¢, — ¢ in A(AP(G)).
We show that the net (,-1)a converges to some element of A(AP(G)) and
that the limit does not depend on the choice of the net (x4), in G but only
on the fact that ¢,k — .

Let f € AP(G) and € > 0. By Corollary 2.10.6 there exist a1,...,a, € G
such that the functions Lg, Ry, f,1 <i,j < n, form an €/3-net for the set of
all two-sided translates L,Ryf,a,b € G. Define a neighbourhood U of ¢ in
A(AP(G)) by

U={¢ € A(AP(Q)) : [ (La; Ra,; ) = p(La, Ra, )| < €/3,1 <1, j <n}.
If z and y are elements of G such that ¢, ¢, € U, then
|f(aizaj) — flaiya;)| <€/3, 1<i,j<mn,
and hence, by Corollary 2.10.7,
|f(axb) — f(ayb)| < e

for all a,b € G. Taking a = 7! and b = y~! this becomes |f(y~1)— f(z71)| <
e. This shows that, for each f € AP(G), the net

(@pz1 (Mo = (f@z"))a
forms a Cauchy net in C and that

11(51’1 @w;l(f) = 11}31’1 @y;l(f),

where (ys)s is another net in G such that ¢,, — ¢ in A(AP(G)). Thus we
can define a map ¢~ ! : AP(G) — C by
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e (f) =lmp,1 (/). feAP(@),

by taking (z4)a to be any net in G such that ¢,, — ¢. It is clear that
ot € A(AP(Q)) and that ¢, ! = p, -1 for every € G. Since multiplication
in A(AP(Q)) is continuous and pup = papp for all a,b € G, it follows that

pp ! =limp,, - limp, 1 = lim(p, ,-1) = pe.

Consequently, A(AP(G)) is a group and ¢! is the inverse of (.

Finally, the map ¢ — ¢! from A(AP(G)) into A(AP(G)) is continuous.
To see this, let ¢ € A(AP(G)), f € AP(G), and 6 > 0. Define g € AP(G) b
g(z) = f(z71). If p € A(AP(G)) and z,y € G are such that

lo(g) —¥(9) <6, lwa(g) —(g)] <0 and [py(g) —¥(g)| <4,

then
le-1(f) =y ()] = lea(g) — @y(g)| <36

and hence

[T () =T DI < ™ ) = a1 (O + loy-1 (f) = 9 7H(F)] + 36

As we have shown above, ¢,-1 — ¢~ and ¢,-1 — 1~ whenever ¢, — ¢

and ¢, — 1. Hence it follows that ¢ — ¢~ is continuous. ad

We have thus achieved making A(AP(G)) a compact group having the
following properties.

(1) The map ¢ : G — A(AP(G)) is a homomorphism with dense range.

(2) A bounded continuous function f on G is almost periodic if and only if
there exists a function f € C(A(AP(G))) such that f(x) = f(¢(x)) for
all z € G.

We remark next that properties (1) and (2) determine the compact group
A(AP(QG)) up to topological isomorphism.

Remark 2.10.11. Let A = A(AP(G)) and suppose that A’ is a second
compact group and ¢ : G — A’ is a homomorphism satisfying the anal-
ogous properties (1) and (2). Then F — F is an algebraic isomorphism of
c ) onto C’(A) Let 6 : A — A’ be the associated homeomorphism; that is,
5(0)(f') = o(f) for ¢ € A and f € AP(G). Then

3(@)(f') = ¢@)() = f(x) = &' (2)(]')

for all » € G and f € AP(G). Thus § extends the homomorphism ¢’ o ¢~ :
#(G) — ¢'(G). Because 0 is a homeomorphism and ¢(G) is dense in A, it
follows that § is a topological isomorphism.
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Definition 2.10.12. The topological group G is said to be almost periodic
if the homomorphism ¢ : G — A(AP(G)) is injective. Even though in gen-
eral ¢ need not be injective, A(AP(QG)) is called the Bohr or almost periodic
compactification of G and usually denoted b(G).

In the remainder of this section we use the notation b(G) in order to
emphasize the fact that b(G) is a compact group rather than just the structure
space of the algebra AP(G).

We now turn to locally compact Abelian groups. Of course, in that case a
major portion of the analysis in this section is superfluous. However, for such
G, considerably more can be said about AP(G), and b(G) can be identified
in terms of G only.

Let T(G) denote the linear subspace of C?(G) consisting of all finite linear
combinations of characters of G. Functions in T'(G) are called trigonometric
polynomials. Since Gis a group, T(G) is a subalgebra of C*(G). For y € G
and x € G we have Lyx(y) = x(x)x(y). Thus

Cx={x(@)x:we G C Ty,
which is a compact subset of C*(G). This implies that T(G) C AP(G).

Theorem 2.10.13. Let G be a locally compact Abelian group. The Gelfand
isomorphism f — f from AP(G) onto C(b(G)) maps G onto b(G) and hence
T(G) onto T(b(G)). Moreover, T(G) is norm dense in AP(G).

Proof. 1t suffices to show that if v € @, then 7 € b@), and that every
character of b(G) arises in this way. For z,y € G, we have

F(pzpy) = V(pzy) = v(wy) = v(2)7(y) = V(P)T(Py)-

Since 7 is continuous on b(G) and ¢(G) is dense in b(G), we conclude that
~ € b(G). -

Conversely, if x € b(G) then x o ¢ € G since ¢ is a continuous homomor-
phism from G into b(G). By the first part of the proof m € b(G). The
two characters x and X/o\¢ of b(G) agree on the dense subset ¢(G), whence
X=X ¢

Because the Gelfand homomorphism of AP(G) onto C(b(G)) is isometric
and, as we have just seen, maps T'(G) onto T'(b(G)). Thus for the last state-
ment of the theorem it is enough to observe that T'(b(G)) is norm dense in
C(b(@)). Now, if H is a compact Abelian group, then T'(H) is *-subalgebra of
C(H) which strongly separates the points of H. Thus T'(H) is dense in C(H)
by the Stone-Weierstrass theorem. ad

Corollary 2.10.14. Let G' be a locally compact Abelian group, and let Ga
denote the algebraic group G endowed with the discrete topology. Then the

discrete dual group b(G) of b(G) is isomorphic to Gg.
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Proof. Being the dual group of the compact group b(G), b((?) is discrete. By
Theorem 2.10.13, the Gelfand homomorphism of AP(G) maps G onto b(G)
and this map is obviously a group isomorphism. Thus Gy is isomorphic to

b/@). 0

Employing the Pontryagin duality theorem for locally compact Abelian
groups, Corollary 2.10.14 can be rephrased as follows. The group b(G) is
topologically isomorphic to the dual group of Gy since it is topologically iso-
morphic to the dual group of b((?)

2.11 Structure spaces of tensor products

The purpose of this section is to determine the structure space of the tensor
product of two commutative Banach algebras and to investigate its semisim-
plicity. For the basic theory of tensor products of Banach algebras we refer to
Section 1.5. We remind the reader that e denotes the injective tensor norm.

Lemma 2.11.1. Let A and B be commutative Banach algebras and let ~ be
an algebra cross-norm on A @ B such that v > €. Given ¢ € A(A) and
Y € A(B), there is a unique element of A(A®.B), denoted ¢ @1, such that

(¢ @)z ®y) = p(2)¥(y)
for all x € A and y € B. Furthermore, the mapping
A(A) x A(B) = A(A@yB), (p,%) — 9 ®y¢
is a bijection.

Proof. Let ¢ € A(A) and ¢ € A(B) and recall first that there is a unique
homomorphism w : A ® B — C such that w(z ® y) = p(z)¢(y) for all z € A
and y € B. By definition of € and since v > ¢, for any x1,...,2, € A and
Yis---,Yn € B, we have

w<szj®yj> = Z@(%W(yg) <6<ij®yj> <“/<Z$j®yj>~
j=1 j=1 j=1 j=1

Thus w is continuous with respect to v and therefore extends uniquely to an
element of A(A ®, B), denoted ¢ &1

The mapping (¢, ) — ¢ ®v¢ is 1njectlve To Verlfy this, let p1, w2 € A(A)
and 11,19 € A(B) such that 801®v¢1 = cp2®7@/12 Fix b € B such that
11(b) = 1. Then, for all x € A,

p1(2) = p1(2)91(0) = (1 @ Y1)(z @ b) = (p2 @ P2) (2 @ b) = Pa(2)1)2(b)-
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Now, since ¢; and o are non-zero homomorphisms, this equation implies
that 12(b) = 1. Hence 1 = ¢2, and this in turn yields that ¢1 = 1)s.
It remains to show that given p € A(A®,B), there exist ¢ € A(A) and
1 € A(B) such that p(z @ y) = ¢(z)¢(y) for all x € A and y € B. Choose
a € Aand b € B such that p(a®b) =1, and define ¢ : A - Cand¢: B — C
by
p(z) = p(ra ©b) and ¢(y) = p(a @ yb).

Clearly, ¢ and v are linear maps and

p(2)¥(y) = plza® @ yb*) = plz @ y)p(a® @ b*) = p(z @ y)
for all x € A and y € B. In particular, both ¢ and 1 are nonzero. Finally, for
T1,2T0 € A,
p(z122) = p(z1220 ® b) = p(T12720 ® b)p(a ® b)
p((z10 ® b)(120 ® b)) = p(r10 ® b)p(T20 ® b)
= p(z1)p(22),

and similarly, ¥ (y1y2) = ¥ (y1)¥(y2) for all y1,y2 € B. Thus ¢ and ¥ have all
the required properties. O

Theorem 2.11.2. Let A and B be commutative Banach algebras and let y be
an algebra cross-norm on A ® B such that v > €. Then the mapping

A(A) x A(B) = A(A®,B), (¢, 9) = ¢ &0
is a homeomorphism.

Proof. As to continuity, it suffices to show that for each ¢ € A@WB, the
function (p,v9) — (¢ ®47)(c) is continuous on A(A) x A(B). For c € A® B,

say ¢ =) . ;a;®b;, aj € A,bj € B,1 < j <n, this follows at once from the

equation
n

(p@)(c) = Y play)b(by).
j=1
Now, let z € A®., B be arbitrary. Since || &, < 1, the function (p,¢) —
(p®,0)(2) is a uniform limit on A(A) x A(B) of functions (p,1) —
(p®,1)(c), c € A® B, and therefore is continuous.

For openness, it is enough to prove that the mappings np@vw — ¢ and
© @) — ¢ from A(A®,B) into A(A) and A(B), respectively, are continu-
ous. To show that the map ¢ @ﬁ/} —  is continuous, we check that, for each
a € A, the function

F,: A(A®,B) = C, &% — ¢(a)

is continuous. Fix a € A and for every p = ¢ @)vw € A(A (X\)VB) select a, € A
and b, € B such that p(a, ® b,) = 1. Then
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Fulp) = pla)p(ay)(by) = wlaap)i(b,) = plaa, @ bp).

Now let (py)a be anet in A(A ®.,B) converging to some p € A(A&.,B). Then

Pa (ap ® bp)pa (aapa ® bpa) = Pa (aap ® bp)ﬂa (apa ® bpa)
= palaa, @b,)
— plaa, ®by).

Since pa(a, @ b,) — pla, ®b,) =1, we conclude that

Fa(pa) = palaa,, @bp,) — plaa, @ by) = Fa(p).

Thus F, is a continuous function. Similarly, the map @@71/) — @ from
A(A®,B) to A(B) is continuous. O

As the reader will have observed, the last slightly more technical part of
the preceding proof can be omitted when A and B are unital. Indeed, in
this case the map (p,¢) — @@7@[1 is a continuous bijection from the com-
pact space A(A) x A(B) to the Hausdorff space A(A®,B) and hence is a
homeomorphism.

Corollary 2.11.3. Let A, B and ~ be as before. If A (EA@,YB is semisimple, then
so are A and B.

Proof. Let a € A such that @ = 0. Fix any nonzero b € B. Then

@ ® b(p ®y1) = pla)b(b) =0

for all ¢ € A(A) and ¢ € A(B). Since every p € A(A®,B) is of the form
p = @41 for some ¢ € A(A) and ¢ € A(B), we get that a ® b = 0. Because
A®+B is semisimple, it follows that ¢ ® b = 0 and hence a = 0. So A is
semisimple, and similarly for B. O

Remark 2.11.4. The converse to Corollary 2.11.3 is false. In fact, Milne [89]
has shown that the following two conditions are equivalent.

(i) The projective tensor product of any two semisimple commutative Banach
algebras is semisimple.
(ii) Every Banach space has the approximation property.

However, as first shown by Enflo [31], there are Banach spaces which don’t
share the approximation property (for all this, compare [114]). In this context
compare also Theorem 2.11.6 below and Appendix A.2.

Elements of A(B) give rise to certain continuous homomorphisms from
A®,B onto A. These homomorphisms are extremely useful when dealing
with tensor products.
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Lemma 2.11.5. Let A and B be commutative Banach algebras and let ~y be
an algebra cross-norm on A ® B such that v > e. Let v € A(B). Then
there is a unique continuous homomorphism ¢, : A@)VB — A such that
oy (a®@b) =1(b)a for alla € A and b € B.

Proof. The map A x B — A, (a,b) — (b)a is bilinear. Hence there is a
unique linear map ¢, : A ®@ B — A satisfying ¢y(a ® b) = 1(b)a for all
a € Aand b € B. Now, let a1,...,an, € A and by,...,b, € B. Then, with

=30 a;®bj,
:sup{

> Flaj)g(by)
j=1

gy (@)l = || > wb(b;)a;
j=1

< sup{

<7(z).

Thus ¢, is norm decreasing for the norm v on A ® B and therefore extends
uniquely to a continuous linear map, also denoted ¢y, from A®,B to A.
Finally, ¢, is a homomorphism since

dyp((a@b)(a’ ®Y)) = ¢y(aa’ @bb") = P (bb')aa’
= (p(b)a)(1p(b')a")
= ¢y(a®@b)gy(a’ @)
for a,a’ € A and b,V € B. a

f(Z%b(bj)aj)‘ 1 f€ AT}
j=1

:feAf,gEBT}:e(x)

Of course, starting with ¢ € A(A), we obtain an analogous homomorphism
Gy - A@WB — B. We proceed with two applications of Lemma 2.11.5 which
concern the projective tensor product. The first one settles the important
question of when A ®, B is semisimple.

Theorem 2.11.6. Let A and B be commutative Banach algebras. Then the
projective tensor product A&, B is semisimple if and only if the following two
conditions are satisfied.

(i) A and B are semisimple.

(ii) The natural homomorphism A&B — A®.B is injective.

Proof. Suppose first that A @B is semisimple. Then A and B are semisimple
by Corollary 2.11.3. Let ¢ be the natural homomorphism from A ®,B into
A®€? and let ¢ = 3772 ) a; @ bj, where 337° [laj|| - [[b]| < oo, be an element
of A®,DB such that ¢(c) = 0. Then Z;’il flaj)g(bj) =0 for all f € A* and
g € B*. In particular,

(pBrth)(e) = Y la)e(b) = 0

Jj=1
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for all p € A(A) and ¢ € A(B). Since A &, B is semisimple and every element
of A(A®,B) is of the form ¢ ®,1, it follows that ¢ = 0. Thus ¢ is injective.

Conversely, suppose that conditions (i) and (ii) hold. Let ¢ be an element
in the radical of A®,B, say ¢ = Z;’;l aj ® b;. Since A is semisimple, from
Lemma 2.11.5 we get that Z]Oil Y(bj)a; = 0 for all ©» € A(B). This implies
that, for every f € A* and all ¢y € A(B),

0=f| D wbag | =3 ) fa) =9 | D flay; | -
i=1 /

j=1 =1

<.

Since B is semisimple, it follows that Zj’;l f(aj)b; = 0 for every f € A*.
This in turn gives

0=y Z flazb; | = Zf(aj)g(bj) = (f®eg)(c)

for every f € A* and g € B*. Now, condition (ii) yields ¢ = 0. So A®;, B is
semisimple. O

Proposition 2.11.7. Let A and B be commutative Banach algebras. Then
A®xB is unital if and only if both A and B are unital.

Proof. 1t is apparent that if e4 and ep are identities of A and B, respectively,
then e4 ® ep is an identity of A ®,B.

Conversely, let Zj’;l a; @ bj, where a; € A and b; € B, represent an
identity for A®,B. Then

a®b=Zaja®bjb
j=1
for all a € A and b € B. Since A®,B is unital, A(A®,B) # § and hence
A(A) and A(B) are both nonempty by Theorem 2.11.2. Choose ¢ € A(B)

and b € B with 1(b) = 1, and let ¢, : A@,B — A be the homomorphism of
Lemma 2.11.5. Then

a=¢y(a®b) = oy Zaja@)bjb

j=1
= dula;a@bb) =D W(bb)aja
j=1 j=1

Z’lﬁ(bj)aj a
j=1

for all @ € A. Thus Z;’;l ¥ (bj)a; is an identity for A. Similarly, it is shown
that B is unital. O
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To conclude this section, let A be a semisimple commutative Banach al-
gebra and G a locally compact Abelian group. Since L'-spaces do have the
approximation property, we could use Theorem 2.11.6 and Corollary 2.7.9
to deduce that L'(G,A) = L'(G) ®,A is semisimple. However, this can be
shown directly without appealing to Theorem 2.11.6 as follows.

Theorem 2.11.8. Let G be a locally compact Abelian group and A a semisim-
ple commutative Banach algebra. Then LY (G, A) = L*(G) ®, A is semisimple.

Proof. Let ¢ : LY(G)®zA — L'(G,A) be the isometric isomorphism sat-
isfying ¢(f ® a)(x) = f(z)a for all f € L*(G) and a € A and almost all
2z € G (Proposition 1.5.4). For a € G, let ©q be the corresponding element
of A(L*(G)) and recall that A(LY(G) ®,A) = A(L'(G)) x A(A) (Theorem
2.11.2). Let f € L'(G),a € G,a € Aand e A(A). Then

(Palrt)(f ® a) = Fla)w /f

/

:/Goz(x)w(d)(f@a)(x))dx
— U6 © ) (@)

By linearity and continuity, this implies

—

(Pa@at) (1) = P(d(u))(a)

for all u € L'(G) ©,A,a € G and ) € A(A). Since L'(G) is semisimple, this
equation shows that if v € L'(G) ®,A is such that 4 = 0, then ¥(p(u)) = 0
for all ¢ € A(A). Thus ¢(u) = 0 since A is semisimple and hence u = 0 as ¢
is injective. ad

2.12 Exercises

Exercise 2.12.1. The following example shows that the Gleason-Kahane—-
Zelazko theorem (Theorem 2.1.2) fails to hold for real Banach algebras. Let
A = C®([0,1]) be the algebra of all real valued continuous functions on [0, 1]
with the supremum norm. Define ¢ : A — R by ¢(f fo t)dt. Show that
©(f) # 0 whenever f is invertible, but ¢ is not multlphcatlve

Exercise 2.12.2. Find an example of a real commutative Banach algebra
with identity which does not admit a nonzero real multiplicative linear func-
tional.
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Exercise 2.12.3. Let V denote the Volterra integral operator on L2[0, 1] de-
fined by

Vf(s)= /Osf(t)dt, feL?0,1],s €[0,1],

and let A be the closed subalgebra of B(L?[0,1]) generated by V. Show that
A has precisely one maximal ideal.

Exercise 2.12.4. For 1 < p < oo, consider the non-unital commutative Ba-
nach algebra [P(N). Identify the maximal modular ideals of I?(N). Show that
IP(N) has maximal ideals which are not modular.

Exercise 2.12.5. Let A be a non-unital commutative Banach algebra and
M a maximal ideal of A. Show that M is modular if and only if M has
codimension one and does not contain A2.

Exercise 2.12.6. Let A be the algebra of entire functions in the complex
plane endowed with the norm || f|| = sup{|f(z)| : |z| = 1}. Then A is a non-
complete commutative normed algebra. Prove that A contains maximal ideals
of infinite codimension.

Exercise 2.12.7. Let A be the algebra of all continuously differentiable func-
tions f : [0,1] — C with pointwise multiplication and the norm ||f|| =
[ flloc + [1flloo- Let

I={feA:f(0)=r(0)=0}

Show that A/I is a two-dimensional algebra which has a one-dimensional
radical. Thus A is an example of a semisimple commutative Banach algebra
which admits a non-semisimple quotient.

Exercise 2.12.8. Find examples showing that Corollaries 2.1.10 and 2.1.11
are no longer true without assuming semisimplicity.

Exercise 2.12.9. Let A be a commutative Banach algebra and I" : A —
I'(A) C Co(A(A)) its Gelfand homomorphism. Show that I" is a topological
isomorphism (if and) only if there exists ¢ > 0 such that ||a?|| > ¢ ||a||? for all
a € A

Exercise 2.12.10. Let A be a semisimple commutative Banach algebra with

norm || - ||, and let B be a subalgebra of A which is a Banach algebra with
some norm | - |. Show that there exists a constant ¢ > 0 such that ||z] < ¢|z|
for all z € B.

Exercise 2.12.11. Let A and B be commutative Banach algebras and A® B
their direct sum with the norm ||(a,b)|| = max(||al],||b]|). Show that there is

a canonical homeomorphism between A(A @ B) and the topological disjoint
union of A(A) and A(B).
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Exercise 2.12.12. Let A be a unital commutative Banach algebra, and let
I; and I be nontrivial closed ideals of A such that A = I; ® I. Show that
A(A) is not connected.

Exercise 2.12.13. Let A be a semisimple commutative Banach algebra and
A={a:a€ A}. Let ¢ : A(A) — A(A) be a homeomorphism. We say that
@ 1is induced from a homomorphism h : A — A if ¢(¢)(x) = @(h(x)) for all
xz € Aand p € A(A).

(i) Prove that ¢ is induced from a homomorphism h : A — A if and only
if f Egimplies fooe A

(ii) Find an analogous condition on ¢ which is equivalent to ¢ being in-
duced from an automorphism of A.

Exercise 2.12.14. In Exercise 2.12.13, take A = [!(Z) and identify A(A)
with T. Conclude that a homeomorphism ¢ : T — T is induced from a homo-
morphism of A if and only if ¢ € A.

Exercise 2.12.15. Let A and B be commutative Banach algebras and let
h: A — B be a homomorphism with dense range. Show that

h*: A(B) — A(A), h*(¥)(a) = ¥ (h(a)),

a € Ay € A(B), defines an injective continuous mapping from A(B) into
A(A). If B is unital, then A* maps A(B) homeomorphically onto h*(A(B)).

Exercise 2.12.16. Construct examples of semisimple commutative Banach
algebras A and B and a homomorphism h : A — B with dense range such
that the corresponding mapping h* : A(B) — A(A) (see Exercise 2.12.15)
(i) is not surjective,
(ii) not a homeomorphism onto its range.

Exercise 2.12.17. Let X and Y be nonempty compact Hausdorff spaces and
¢ : C(X) — C(Y) aunital homomorphism, and let ¢* : A(C(Y)) — A(C(X))
be the map ¢ — ¢ o ¢. Show

(i) ¢* is injective if and only if ¢ is surjective.

(ii) ¢* is surjective if and only if ¢ is injective.

Exercise 2.12.18. Let X be a compact Hausdorff space and let A be a uni-
form algebra on X. Let ¢ : A — C be a homomorphism. Show that there
exists a probability measure p on X such that o(f) = [y f(x)du(z) for all
feA

Exercise 2.12.19. Let A and B be semisimple and unital commutative Ba-
nach algebras. Let ¢ be a linear map of A onto B. Prove that ¢ is an algebra
isomorphism between A and B if and only if op(¢(x)) = oa(x) for all z € A.
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Exercise 2.12.20. Let A C A; C Ay be commutative Banach algebras with
norms || - ||, || - [[1 and || - ||2 respectively. Assume that A is dense in A; and in
As in their respective norms and that A(A) = A(Az) (that is, every element
of A(A) is continuous with respect to || - ||2). Show that A(A;) = A(As).

Exercise 2.12.21. Let A be a semisimple and faithful commutative Banach
algebra. For any T' € M (A), let fr denote the continuous function on A(A)
satisfying ﬁ(gp) = fr(p)z(p) for all ¢ € A(A) (Proposition 2.2.16). Show
that the mapping T'— fr is a continuous isomorphism from M (A) onto the

subalgebra R
B={fecC"A(A):f-T7cAforallzc A}

of CY(A(A)).

Exercise 2.12.22. Let A be a semisimple commutative Banach algebra, T :
A — A a bounded linear operator and 7™ the adjoint of 7. Prove that T €
M(A) if and only if for each p € A(A) there exists a constant ¢(¢) such that

T(p) = c(p)ep-

Exercise 2.12.23. Let A be a commutative Banach algebra such that A(A)
is infinite. Prove that there exists 2z € A such that o4 (x) is infinite.
(Hint: Let ¢, € A(A), n € N, such that ¢, # ¢, for n # m. For m,n € N,
n #m, let

Vi ={z € At om(z) # on(x)}

and show that V;, ,, is dense in A. Conclude that N{V,, , : m # n} # ().

Exercise 2.12.24. Consider the disc algebra A(D) and view D = A(A(D))
as a subset of A(D)*. Show that the topology on D induced by the norm
topology of A(D)* coincides with the complex plane topology on D° and with
the discrete topology on T.

(Hint: For the first part of the assertion, use Schwarz’ lemma which states
that if f : D° — D is a holomorphic function vanishing at zy € D°, then
[f(2)] <]z — 20|/|1 — 2z 20| for all z € D°.)

Exercise 2.12.25. Let A be a closed subalgebra of C'(D) satisfying the fol-
lowing two conditions:

(1) The function z — z belongs to A.

(2) For every f € A, | flloo = /1]l
Then A C A(D). To prove this, proceed as follows.

(i) Apply Wermer’s maximality theorem (Theorem 2.5.15) to conclude
that Aly = {f|r: f € A} is equal to either P(T) or C(T).

(ii) By (2), every g € Alr extends uniquely to some g € A. Consider
the homomorphism g — g(0) from A|r to C to exclude the possibility that
Alr = C(T).

(iii) Show that if f € A and g € A(D) are such that f|r = g|r, then f = g.
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Exercise 2.12.26. Let A be a commutative Banach algebra with identity e.
Prove that the following two conditions are equivalent.
(i) For z,y € A, expx = expy implies that z —y = (2kni)e for some k € Z.
(ii) A(A) is connected.
(Hint: Show that the equation exp z = e has no nonzero solution in the radical
of A and that it has solutions different from (2kmi)e, k € Z, if and only if A(A)
is not connected.)

Exercise 2.12.27. Let I?(N) be as in Exercise 1.6.9. Determine A(I?(N)).

Exercise 2.12.28. Let Lip,, [0, 1] be the Banach algebra of Lipschitz functions
of order « (see Exercise 1.6.11). For ¢ € [0,1], let ¢ (f) = f(t), f € Lip,[0,1].
Show that the map t — ¢, is a homeomorphism of [0, 1] onto A(Lip,[0, 1]).
(Hint: If f € Lip,[0,1] is such that f(t) # 0 for all t € [0,1], then }
Lip,[0,1].)

S

Exercise 2.12.29. Let v be a continuous homomorphism of R into the mul-
tiplicative group C* of nonzero complex numbers.
(i) Show that v is differentiable and satisfies the differential equation

v'(t) = v(0)(¢), t € R.

(Hint: There exists ¢ > 0 such that [; v(s)ds # 0, and then

)= ([ 2(ehas) h / s
for all t € R.)

(i) Deduce that there exists z € C such that v(t) = e?* for all ¢ € R.

Exercise 2.12.30. Let G be a compact Abelian group and let a and ( be
distinct characters of G. Show the orthogonality relation [, a(z)B(z)dx = 0.
(Hint: For v € G\ {1}, choose 2 € G such that v(zo) # 1 and observe that
Jev(@)dz = y(z0) [ v(x)da).

Exercise 2.12.31. Let G be a compact Abelian group with normalized Haar
measure and let 1 < p < oo. With convolution, LP(G) is a commutative
Banach algebra. For y € G and f € LP(G), let

ox(f) = Fon) = /G f(@)x(@)d.

Show that the map x — ¢, is a bijection between G and A(LP(G)) and that
A(LP(@)) is discrete.

Exercise 2.12.32. In Theorem 2.7.12 it was shown that, for a locally compact
Abelian group G, the Gelfand transform f — f from L'(G) to Co(G) is onto
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(equivalently, the norms f — || f||; and f — || f]lec are equivalent) only when
G is finite. For the real line, one can explicitly construct a sequence of functions
fn € LY(R), n € N, such that ||f,|1 = 1 for all n, whereas ||f,|lcc — 0 as
n — oo. In fact, normalizing Lebesgue measure so that [0, 1] has measure one,
define f, by
1
t) = exp(—(1 4 ni)t? ,

fult)= ) exp(=(1+ni)#)
t € R, and show that this sequence has the stated properties.
(Hint: Use the formula

1/2 2
/ exp(—ist — zt?)dt = (W) exp (— S ) ,
R z 4z

which holds for all s € R and all z € C with Rez > 0.)

Exercise 2.12.33. Let f € C(T) C LY(T). Show that the following condi-
tions are equivalent.

() f € P(T).

(ii) There exists g € A(D) such that g|r = f.

(iii) f(—n) =0 for all n € N.

Exercise 2.12.34. Let 1 denote Lebesgue measure on the unit interval [0,1]
and let L>°(u) be the space of equivalence classes modulo sets of measure
zero of complex valued essentially bounded measurable functions on [0,1].
With the essential supremum norm, pointwise multiplication and f — f,
L*°(p) is a unital commutative C*-algebra. Let A = A(L>°(u)) and L>°(u) —
c(a), f— f the Gelfand isomorphism. Observe that f — fol F@)du(t) is a
bounded linear functional of norm one on C(A). By the Riesz representation
theorem there is a regular probability measure i1 on A satisfying

/ﬂwmwzjf@wm
A 0

for all f e L*(u).
(i) Show that (U) > 0 for every nonempty open subset U of A.
(ii) Show that for every nonempty open subset U of A there exists fy €

L°°(p) such that J/CE = 1y p-almost everywhere.

Exercise 2.12.35. Retain the setting and notation of Exercise 2.12.34. Prove
that A is extremally disconnected, that is, the closure of every open subset of
A is open. N

(Hint: Let U be an open subset of A and f € L*(u) such that f = 1y pi-
almost everywhere. Deduce from continuity of f that ftakes only the values
0 and 1.)
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Exercise 2.12.36. Let A be a commutative Banach x-algebra. Then A is
called symmetric if p(z*) = ¢(z) for all z € A and ¢ € A(A). Prove that the
following two conditions are equivalent.

(i) A is symmetric.

(ii) —1 € oa(z*x) for every z € A.
(Hint: Without loss of generality, assume that A has an identity e. For (ii) =
(i), use (ii) to show that if x is a selfadjoint element of A and « and 3 are
real numbers with 8 # 0, then («a + i8)e — x is invertible.)

Exercise 2.12.37.Let D = {2z € C : |z] < 1}, the closed unit disc, and
A= P(D). For f € A, define f* by f*(z) = f(z).
(i) Show that f — f* is an involution on A.
(ii) Does this involution turn A into a C*-algebra?
(iii) Is ca(f*f) C R for all f € A?
(iv) Which ¢ € A(A) satisty o(f*f) >0 for all f € A?
(v) Does there exist an involution f — f on A such that o(f) = ¢(f) for
all f e Aand pe A(A)?

Exercise 2.12.38. Let G be a locally compact Abelian group such that G #
{e}. Construct a function f € L'(G) such that ||f* = f|| # ||f]|?, thereby
showing that || - ||1 fails to be a C*-norm.

(Hint: In case G has at least three elements e, a and b, choose a compact
symmetric neighbourhood V' of e with the property that the three sets V', aV'
and bV are pairwise disjoint and consider the function f = 1y +ilay + 1yy.)

Exercise 2.12.39. Let A be C*-algebra with identity e. Then e is an extreme
point of the unit ball A1 = {a € A : |jal]s < 1}. To prove this, proceed as
follows.

(i) Suppose that e = ;(a +b), a,b € A;. Show that there exist selfadjoint
elements z and y of A; such that e = } (z + y) and zy = yx.

(ii) Let B be the closed subalgebra of A generated by z, y and e. Apply
Theorem 2.4.5 and show that Z(¢) = y(¢) for all ¢ € A(B).

Exercise 2.12.40. Let S" = {z € R"*! : ||z|| = 1}, the unit sphere in R" !,
n > 1. Use the Stone-Weierstrass theorem to show that C'(S™) admits a
system of n 4 1 generators.

(Remark: Using cohomology theory, one can prove that C'(S™) cannot admit
a system of less than n + 1 generators.)

Exercise 2.12.41. Let X be a compact subset of C and suppose that C\
X has infinitely many connected components. Prove that R(X) cannot be
generated by finitely many rational functions.

Exercise 2.12.42. For 0 < r < R < oo let K(r,R) denote the compact
annulus

K(r,R)={z€C:r <|z| <R}
Prove that the uniform algebra A(K(r, R)) is generated by the two functions
z—zand z — 1/z.



132 2 Gelfand Theory

Exercise 2.12.43. Let A be a commutative Banach algebra and let ¢1, ..., ¢,
be distinct elements of A(A). Show that the mapping

= (p1(x), ..., on(z))
maps A onto C".

Exercise 2.12.44. Let K be a compact subset of C", n € N. Show that there
exist a unital commutative Banach algebra A and elements x1,...,z, of A
such that

K=o04(z1,...,2p).

Why does this not contradict Theorem 2.3.67

Exercise 2.12.45. Let A be a commutative Banach algebra with identity e
and let z1,...,z, € A. Let A denote the set of all A\ = (A1,...,\,) € C™ with
the property that for any y1,...,yn € A, the element Z;;l y;j(Ae — ;) is not
invertible in A. Prove that

A=oca(z1,...,24,).

(Hint: Let A = (A1,...,A,) € A. To show that A € ga(z1,...,x,), observe
that the set of all elements E?:l yj(Ae —x;), y; € A, either equals A or is a
proper ideal of A and hence is contained in a maximal ideal.)

Exercise 2.12.46. Prove that the two-dimensional torus
T={(z,w) € Cc?: |z| = |w| =1}

in C? has as its polynomially convex hull the 4-dimensional bicylinder I x .
(Remark: The question of whether there is any relation between the topolog-
ical dimension of a compact subset of C™ and the topological dimension of its
polynomially convex hull has been a matter of some interest.)

Exercise 2.12.47. Consider the following subset

1

z
of <C2.A Show that for every compact subset X of Y, the polynomially convex
hull X,, of X is contained in Y.

Exercise 2.12.48. In Proposition 2.8.8, consider the following choices of w:
(i) w(n) = 2" for all n € Z;
(ii) w(n) = 2™ for n > 0 and w(n) = 1 for n < 0;
(iii) w(n) = 14 2™ for all n € Z;
(iv) w(n) =14 2" for n > 0 and w(n) =1 for n < 0.
For which of these choices is K (R_, Ry ) a circle? For which of them is ll(/Z,\w)
closed under complex conjugation?
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Exercise 2.12.49. Determine the structure space of the Beurling algebra
1*(Z,w) for the following weights w:

(i) wn) =el" nezZ.

(ii) wa(n) =1+ n|)*, neZ, 0 < a< .

Exercise 2.12.50. Let w be a continuous weight function on RT. Then the
limit limg o w(t)!/* exists and is equal to p = inf{w(t)'/* : ¢ > 0}. Suppose
that p > 0 and let

S={2€C:Rez > —lInp}.

The purpose of this exercise is to determine, by analogy with Beurling alge-
bras on R (Proposition 2.8.7), the structure space of the convolution algebra
LY(RT,w).

(i) For z € S, show that

oo(f) = / (e =tdt, f e L'R*,w),

defines an element of A(L'(RT,w)).

(ii) Prove that every element of A(L*(R™,w)) is of the form ¢, for some
zes.

(iii) Deduce that L'(R*,w) is semisimple.

(iv) Show that the map z — ¢, is a homeomorphism from the halfplane
S onto A(LY(RT,w)).

Exercise 2.12.51. Let w and p be as in the preceding exercise and assume
that p = 0. Show that then L!(R™,w) is radical. An example of such a radical
weight is w(t) = exp(—t?),t € RT.

Exercise 2.12.52. Let T be the multiplicative group of complex numbers of
absolute value one with normalized Haar measure. Recall that the Fourier
transform of f € C(T) on T = Z is defined by f(n) = [; f(z)z""dz, n € Z.
Prove that f — ffurnishes an isometric isomorphism of the Fourier algebra
A(T) to 11(Z).

Exercise 2.12.53. Show that the Fourier algebra A(Z) of the group of inte-
gers is isometrically isomorphic to L!(T).

Exercise 2.12.54. Let G be a locally compact group and A(G) the Fourier
algebra of G as studied in Section 2.9. Exploit Lemmas 2.9.3 and 2.9.5 (with
K = {e}) to establish the existence of a net (uq)q in A(G) with the following
properties:

(1) |luallac) = uale) =1 for all a;

(2) llvuallaqy — 0 for every v € A(G) with v(e) = 0.

Exercise 2.12.55. Let G be a noncompact locally compact group. Show that
there exists a bounded continuous function on G which fails to be uniformly
continuous (and hence is not almost periodic).
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Exercise 2.12.56. Let G be a locally compact group and
N={xecG: f(x)= f(e) for all f € AP(G)}.

Using only the fact that f € AP(G) implies that L,Ryf € AP(G) for all
a,b € G, give a direct proof that N is a normal subgroup of G and that, for
z,y € G, f(z) = f(y) for all f € AP(G) if and only if y~'z € N.

Exercise 2.12.57. Let G be a locally compact Abelian group and let P :
L>(G) — L*(G) be a norm-bounded projection such that P(L.f) =
L,(P(f)) for all f € L>®(G) and x € G. Show that P maps AP(G) into
AP(G) and that there exists a finite measure p on the Bohr compactification
b(G) such that P(f) = f*p for all f € AP(G) = C(b(G)).

Exercise 2.12.58. Let A be a commutative Banach algebra and let D
be a continuous derivation of A. The Singer—Wermer theorem states that
Dz € rad(A) for every x € A. In particular, there are no nonzero continuous
derivations on a semisimple commutative Banach algebra.

Prove the Singer-Wermer theorem as follows. For ¢ € A(A) and = €
A, consider the function z — ¢(exp(zD)z). Show that this is a bounded
holomorphic function in the entire complex plane (note that & — ¢(exp(zD)x)
is a multiplicative linear functional on A). Conclude that ¢(Dz) = 0.

Let A be a commutative Banach algebra and ¢ € A(A). A linear functional
D on A is called a point derivation at o if D(ab) = ¢(a)D(b) + ¢(b)D(a) for
all a,b € A.

Exercise 2.12.59. Show that there is a nonzero continuous point derivation
on Lip, [0, 1] at every ¢ € [0, 1].

(Hint: Let (t,)n C [0,1] be a sequence such that ¢, — t and ¢,, # ¢ for all n.
Define [,, € (Lip, [0, 1])* by

ftn) = f(2)

)

and let [ be a w*-accumulation point of the sequence (I,,), in (Lip,[0,1])*.)

Exercise 2.12.60. Let t € [0,1] and let I and .J be the closed ideals in C™[0, 1]
defined by

I={feC0,1]: f(t) =0} and J = {f € C"[0,1] : £(t) = f'(t) = O}.

It follows from Taylor’s formula that I? is dense in J. Let D be a continuous
point derivation of C™[0, 1] at ¢, that is,

D(fg) = ft)D(g) + g(t)D(f)

. Show that D(J) = {0} and hence D is of the form

for all f,g € C™[0,1]
(t) for some «, 3 € C. Conclude that D(f) = Bf'(t) for

D(f) = af(t) + Bf
all f € 70, 1].
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Exercise 2.12.61. Let A C C(X) and B C C(Y) be uniform algebras. Let

A, B={feCXxY): f(hy)€eAforallyeY
and f(z,-) € B for all z € X}.

Show that A®, B is a uniform algebra on X x Y and that A(A®, B) can be
canonically identified with A(A) x A(B). A®, B is called the uniform tensor
product (slice product) of A and B.

Exercise 2.12.62. Let A and B be commutative Banach algebras such that
A is semisimple and B is finite dimensional. Prove, without using the fact
that B has the approximation property, that A ®,B is semisimple.

(Hint: Let A(B) = {41, ..., %} and choose b; € N{ker ¢y, : k # j} such that
1;j(bj) = 1. Then by, ..., by, form a basis of B.)

Exercise 2.12.63. Let G and H be discrete Abelian groups with dual groups
G and H. Prove that the Gelfand homomorphism maps ['(G x H) into the
projective tensor product C(G) ®@,C(H).

2.13 Notes and references

Theorem 2.1.2, characterizing multiplicative linear functionals on (not nec-
essarily commutative) Banach algebras, has been established independently
by Gleason [44] and Kahane and Zelazko [64] using analytic tools. The fairly
elementary algebraic proof given here was found by Roitman and Sternfeld
[109] and the preliminary Lemma 2.1.1 is due to Zelazko [141]. There exist an
extensive theory and a wealth of interesting examples of radical commutative
Banach algebras. These play a fundamental role in the investigation of auto-
matic continuity problems (see [25] for a comprehensive account). We have
confined ourselves to including just two illustrative examples. The continu-
ity results Corollaries 2.1.10 and 2.1.12 and the uniqueness of norm property,
Corollary 2.1.11, trace back to Rickart [106]. Corollaries 2.1.11 and 2.1.12 hold
as well for non-commutative semisimple Banach algebras. This follows from
Johnson’s theorem [61] stating that if A and B are Banach algebras with B
semisimple, then every homomorphism from A onto B is continuous. For a
short proof of Johnson’s theorem, see [101].

The Gelfand representation is the pioneering work of Gelfand. All the basic
results presented in Section 2.2 appeared first in [38] and [40] and are nowadays
part of any book on Banach algebras. Also, the examples and immediate
applications of Gelfand’s theory given in Section 2.2 are standard.

Many commutative Banach algebras are generated by finitely many ele-
ments. If ay,...,a, generate A, then A(A) is canonically homeomorphic to
the joint spectrum of ay, ..., a,, which is a compact subset of C". It is there-
fore an important issue to identify the compact subsets of C" arising in this
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manner as joint spectra. Theorem 2.3.6, which states that these are exactly
the polynomial convex subsets of C", was shown by Shilov, as was Theorem
2.3.7, which says that a compact subset of C is polynomially convex if and
only if its complement is connected [121, 123]. The problem of a topological
characterisation of polynomial convex subsets of C" for n > 2 is open. For
more details and partial results we refer the reader to [126].

C*-algebras were first studied by Gelfand and Naimark in their fundamen-
tal paper [39]. Theorem 2.4.5, which is usually referred to as the commutative
Gelfand-Naimark theorem and which identifies the commutative C*-algebras
as precisely the uniform algebras Cy(X), where X is a locally compact Haus-
dorff space, as well as the continuous functional calculus (Theorem 2.4.9) can
be found in [39]. Let X be a completely regular topological space. The intro-
duction of the Stone-Cech compactification 3(X) as the structure space of
the commutative C*-algebra C*(X) (Theorem 2.4.12) is for instance given in
[126] and [36].

There is a vast literature on uniform algebras, in particular on P(X),
R(X) and A(X), where X is a compact subset of C". We refer the reader to
the monographs by Stout [126], Gamelin [36] and Leibowitz [78] concerning
much more detailed material. Equality to hold at any position in the chain of
inclusions P(X) C R(X) C A(X) C C(X) can be interpreted as a result in
qualitative approximation theory and is therefore of interest beyond Banach
algebra theory. Samples of such results are Theorem 2.5.8 and Theorem 2.5.12,
the former being a major step towards Mergelyan’s theorem which asserts that
if X is a compact subset of C, then P(X) = A(X) precisely when C\ X is
connected. Except for n = 1, there are no topological characterisations of
those compact subsets of C™ which arise as structure spaces of algebras P(X)
and R(X) (Theorem 2.5.7). Examples of compact subsets X of C with empty
interior for which R(X) # C(X) have been given by several authors. The
example we have presented in Section 2.5 is basically due to Mergelyan [87],
somewhat modified by McKissick [85] (see also [73]). The maximality theorem,
Theorem 2.5.15, was found by Wermer [136]. Lemma 2.5.14 and the simple
proof of Theorem 2.5.15 based on it was discovered by Cohen [22]. The related
result displayed in Exercise 2.12.25 was shown by Rudin [112].

Theorem 2.6.6 is due to Arens [4] and can also be found in [126] and [36].
It is worth pointing out that when X is a compact subset of C™ for some
n > 1, then A(A(X)) need not be homeomorphic with a subset of C™ [126].

The convolution algebras L*(G) of locally compact Abelian groups, which
are the central object of study in commutative harmonic analysis, form a large
and extremely important class of commutative Banach algebras. The fact that
the structure space of L'(G) identifies canonically with the dual group G of G,
endowed with the topology of uniform convergence of characters on compact
subsets of G (Theorems 2.7.2 and 2.7.5) is classical. We refer to [54], [105],
and [113]. Note that for G the group of real numbers, the Gelfand transform
is nothing but the Fourier transform. To show semisimplicity of L!(G), we
have exploited the left regular representation of L!(G) on L?*(G) and the
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semisimplicity of commutative C*-algebras. A highly non-trivial fact is that
the Gelfand homomorphism of L*(G) into Co(G) is surjective only when G
is finite (Theorem 2.7.12). There are approaches to Theorem 2.7.12 different
from the one chosen here, either using the Pontryagin duality theorem or some
other tools none of which we want to employ in this context (see [28, Theorem
B.4.6], [34], and [45]).

Beurling algebras behave in many respects similarly to L'-algebras. For
instance, Theorems 2.8.2 and 2.8.5 exposing the Gelfand representation of
LY(G,w), parallel Theorems 2.7.3 and 2.7.5. Some technical complications,
however, arise from the facts that weights are only locally bounded and that
the set of w-bounded generalized characters is less handy than the dual group
G. The concrete realizations of A(L'(R,w)) and A(I'(Z,w)) by means of a
vertical strip and an annulus in the complex plane, respectively, are classical
[41, Chapter III]. The elementary proof of semisimplicity of L'(G,w) given
here (Theorem 2.8.10) is due to Bhatt and Dedania [16].

The Fourier algebra A(G) of a locally compact group G was introduced
by Eymard [32] as the predual of the group von Neumann algebra VN (G).
The realization of A(G) which we have taken as the definition and all the
basic results, such as Theorem 2.9.4 and Lemma 2.9.5, are contained in [32].
Our presentation follows the one in [25]. Eymard has also shown that A(G)
is isometrically isomorphic to L'(G) when G is Abelian. This is one of the
reasons why the large class of Fourier algebras currently attracts a lot of at-
tention within the theory of commutative Banach algebras. A result of Leptin
[79] says that A(G) has a bounded approximate identity if and only if G is a
so-called amenable group. One of the many open questions is whether A(G)
always possesses an (unbounded) approximate identity.

The Bohr or almost periodic compactification b(G) of a locally compact
Abelian group G originated from a paper by Bohr [18] who was the first
to study almost periodic functions on the real line. Discussions of the subject
under various different aspects can be found in the monographs by Hewitt and
Ross [54, 55], Loomis [81], and Weil [134]. In particular, the fairly elementary
proof showing that one-sided almost periodic functions are necessarily two-
sided almost periodic is due to Loomis. In Section 2.10 we have established
the existence and properties of b(G) by applying Gelfand’s theory to the
commutative C*-algebra of almost periodic functions.

Tensor products of commutative Banach algebras have been investigated
by several authors. Theorem 2.11.2, which canonically identifies A(A®.B)
with the product space A(A) x A(B), was independently shown by Tomiyama
[128] and Gelbaum [37], following earlier work of Hausner [48, 49] and G.P.
Johnson [62] on L'(G, A) and C(X,A). The more subtle question of when
the projective tensor product A®,B is semisimple was addressed in [128],
where Theorem 2.11.6 can be found. The fact that condition (ii) of Theorem
2.11.6 need not be satisfied and consequently the projective tensor product
of two semisimple commutative Banach algebras need not be semisimple, was
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discovered by Milne [89] by exploiting the existence of Banach spaces which
don’t share the approximation property [31]. Note in this context that Theo-
rem 2.11.6 contradicts Corollary 1 of [77].
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