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1 Introduction

In this note, unless we say otherwise every vector space or algebra we speak
about is over C.

If A is a Banach algebra and e € A satisfies xe = x and ex = x for all z € A,
and also |le|| = 1, we say that e is unity and that A is unital.

If A is a unital Banach algebra and x € A, the spectrum of x is the set o(x)
of those A € C for which Ae — x is not invertible. It is a fact that if A is a unital
Banach algebra and x € A, then o(z) # 0.!

If A and B are Banach algebras and T': A — B is a map, we say that T
is an isomorphism of Banach algebras if T is an algebra isomorphism and an
isometry.

Theorem 1 (Gelfand-Mazur). If A is a Banach algebra and every nonzero
element of A is invertible, then there is an isomorphism of Banach algebras
A—C.

Proof. Let z € A. a(x) # 0. If A1, Ay € o(z), then neither Aje —x nor Age —x is
invertible, so they are both 0: x = Aje and z = Age, whence A\; = \y. Therefore
o(x) has precisely one element, which we denote by A(x), and which satisfies

x = Ax)e.

If v,y € A, then z +y = Ax)e + A(y)e = (A(x) + M(y))e and also x +y =
Mz +y)e, so Mx+y) =Az)+ Ay). fz € A and a € C, then azx = aA(x)e
and also ar = A ax)e, so Maz) = ai(z). Hence z — A(z) is linear. If
Mo € C, then A(M\ge) = Ao, showing that = — A(z) is onto. If A(z) = A(y)
then = = A(z)e = A(y)e = y, showing that x +— A(x) is one-to-one. Therefore
x +— A(z) is a linear isomorphism A — C.

If z € A, then = = A\(z)e gives

[zl = IA(@)ell = [A(@)] [lell = [A)],

showing that the map z — A(z) is an isometry A — C. O

IWalter Rudin, Functional Analysis, second ed., p. 253, Theorem 10.13.



2 Complex homomorphisms

An ideal J of an algebra A is said to be proper if J # A. An ideal is called
mazximal if it is a maximal element in the collection of proper ideals of A ordered
by set inclusion.

The following theorem, which is proved using the fact that a maximal ideal
is closed, the fact that a quotient of a Banach algebra with a closed ideal is a
Banach algebra, and the Gelfand-Mazur theorem, states some basic facts about
algebra homomorphisms from a Banach algebra to C.2

Theorem 2. If A is a commutative unital Banach algebra and A is the set of
all nonzero algebra homomorphisms A — C, then:

1. If M is a maximal ideal of A then there is some h € A for which M = ker h.
2. If h € A then ker h is a maximal ideal of A.
3. x € A is invertible if and only if h(z) # 0 for all h € A.

4. x € A is invertible if and only if  does not belong to any proper ideal of

A.

5. A € o(z) if and only if there is some h € A for which h(z) = A.

3 The Gelfand transform and maximal ideals

Suppose that A is a commutative unital Banach algebra and that A is the set
of all nonzero algebra homomorphisms A — C. For each z € A, we define
Z:A—Chby

Z(h) = h(x), h e A.

We call  the Gelfand transform of x, and we call the map I': A — C* defined
by I'(z) = & the Gelfand transform.

We define A = {Z : x € A}, and we call the set A with the initial topology
for A the mazimal ideal space of A. That is, the topology of A is the coarsest
topology on A such that each & : A — C is continuous. If X is a topological
space, we denote by C(X) the set of all continuous functions X — C. C(X) is
a commutative unital algebra, although it need not be a Banach algebra.

The radical of A, denoted rad A, is the intersection of all maximal ideals of
A. If rad A = {0}, we say that A is semisimple.

The following theorem establishes some basic facts about the Gelfand trans-
form and the maximal ideal space.?

Theorem 3. If A is a commutative unital Banach algebra and A is the maximal
ideal space of A, then:

2Walter Rudin, Functional Analysis, second ed., p. 277, Theorem 11.5.
3Walter Rudin, Functional Analysis, second ed., p. 280, Theorem 11.9.



1. I': A— C(A) is an algebra homomorphism with ker I" = rad A.
2. If z € A, then imZ = o(x).

3. A is a compact Hausdorff space.

Proof. Let x,y € Aand a € C. For h € A,
[(az+y)(h) = h(az+y) = ah(z)+h(y) = ol (z)(h)+T(y)(h) = (D(x)+T(y)(h),
showing that T'(ax + y) = ol'(z) + T'(y), and

I(ay)(h) = h(zy) = h(z)h(y) = T(z) (W) (y)(h) = (T(2)(y))(h),

showing that I'(xy) = I'(x)I'(y). Therefore I' : A — C(A) is an algebra homo-
morphism. z € ker T is equivalent to h(xz) = 0 for all h € A, which is equivalent
to x € kerh for all h € A. But by Theorem 2, {kerh : h € A} is equal to
the set of all maximal ideals of A, so x € kerI is equivalent to = € rad A, i.e.
kerT' = rad A.

Let x € A. If A\ € im & then there is some h € A for which #(h) = A, and
by Theorem 2, this yields A € o(z). Hence imZ C o(x). If A € o(z), then by
Theorem 2 there is some h € A for which h(z) = A, i.e. there is some h € A for
which #(h) = A, i.e. A € im . Hence o(z) C im . Therefore, imZ = o(x).

It is straightforward to check that the topology of A is the subspace topology
inherited from A* with the weak-* topology; in particular, the topology of A is
Hausdorff. Therefore, to prove that A is compact it suffices to prove that A is
a weak-* compact subset of A*. Let

K={ e A |\ <1}

By the Banach-Alaoglu theorem, K is a weak-* compact subset of A*. If h € A,
then because h is an algebra homomorphism A — C it follows that ||A| < 1.4
Thus, A C K. Therefore, to prove that A is compact it suffices to prove that
A is a weak-* closed subset of A*.

Suppose that h; € A is a net that weak-* converges to A € A*. Then h;(e) —
Ale), i.e. 1 — A(e), so A(e) = 1. Thus A # 0. Let z,y € A. On the one hand,
hi(zy) — A(xy), and on the other hand, h;(z) — A(x) and h;(y) — A(y), so
hi(z)hi(y) = A(x)A(y) and hence h;(zy) = hi(z)h;(y) = A(x)A(y). Therefore,
AMzy) = AMz)A(y), and because A € A* is linear, this shows that A : A — C
is an algebra homomorphism, and hence that A € A. Therefore A is a weak-*
closed subset of A*. O

If A is a commutative unital Banach algebra, the above theorem shows that
I': A — A is an algebra isomorphism if and only if rad A = {0}, i.e., T is an
algebra isomorphism if and only if A is semisimple.

4Walter Rudin, Functional Analysis, second ed., p. 249, Theorem 10.7.



The above theorem tells us that if A is a commutative unital Banach algebra
and © € A, then im 4 = o(x). This gives us

2] = p(z), (1)

where p(z) is the spectral radius of z, defined by

plz) =sup{|A| : A € o(2)}.

Therefore, & = 0 is equivalent to p(x) = 0, and so by the above theorem,
r € rad A is equivalent to p(z) = 0. Moreover, it is a fact that p(x) < [jz].5
Therefore,

2]l < [l - (2)

In the proof of Theorem 3 we used the fact® that the norm of any algebra
homomorphism from a Banach algebra to C is < 1. In particular, this means
that any algebra homomorphism from a Banach algebra to C is continuous.
The following theorem shows that any algebra homomorphism from a Banach
algebra to a commutative unital semisimple Banach algebra is continuous.”

Theorem 4. Suppose that A is a Banach algebra and that B is a commutative
unital semisimple Banach algebra. If ¢ : A — B is an algebra homomorphism,
then v is continuous.

Proof. Because ¢ : A — B is linear, to prove that 1 is continuous, by the closed
graph theorem?® it suffices to prove that

G = {(x, () : x € A}

is closed in A x B. To prove that G is closed in A x B, it suffices to prove that
if (xn,yn) € G converges to (z,y) € A x B then (z,y) € G.

Let h € Ag. Then ¢ = hot: A — C is an algebra homomorphism. Because
h:B — Cand ¢ : A — C are algebra homomorphisms with codomain C, they
are both continuous. Therefore, h(y,) — h(y) and ¢(x,,) — ¢(z). Therefore,

h(y) = limh(y,) = lim h(¢(2,)) = lim(hoy))(zn) = lim ¢(z,) = ¢(x) = h(¢(x)),

so h(y —¢(z)) = 0. This is true for all h € Ap, hence y — ¥(z) € rad B. But
B is semisimple, so y — ¢(x) =0, i.e. y = (x), so (x,y) € G. O

If A is a commutative unital Banach algebra and x € A, we recorded in (2)
that ||&]| , < [|#[|. The following lemma® shows that if ||2?| = |#|* and = # 0,

then inf Hﬂﬁ" > 1, hence that ||#]| = [z[|. Therefore, if ||22|| = ||z||* for all

x €A, thenT': A — C(A) is an isometry.

5Walter Rudin, Functional Analysis, second ed., p. 253, Theorem 10.13.
SWalter Rudin, Functional Analysis, second ed., p. 249, Theorem 10.7.
“Walter Rudin, Functional Analysis, second ed., p. 281, Theorem 11.10.
8Walter Rudin, Functional Analysis, second ed., p. 51, Theorem 2.15.
9Walter Rudin, Functional Analysis, second ed., p. 282, Lemma 11.11.



Lemma 5. Let A be a commutative unital Banach algebra. If
[Eall 2]

e NTTEA = T

o

then s2 < r < s.

Theorem 3 shows that if A is a commutative unital Banach algebra, then I :
A — C(A) is an algebra homomorphism. Therefore I'(A) = A is a subalgebra
of C'(A). Moreover, Theorem 3 also shows that A is a compact Hausdorff space.
Therefore, C'(A) is a unital Banach algebra with the supremum norm. (If X is
a topological space then C'(X) is an algebra, but need not be a Banach algebra.)
For A to be a Banach subalgebra of C'(A) it is necessary and sufficient that A
be a closed subset of the Banach algebra C(A). The following theorem gives
conditions under which this occurs.'®

Theorem 6. If A is a commutative unital Banach algebra, then A is semisimple
and A is a closed subset of C(A) if and only if there exists some K < oo such
that [|z]|* < K ||22|| for all = € A.

Proof. Suppose that there is some 0 < K < oo such that x € A implies that
|z|* < K Hm2|| Then

T

= inf = —.
o£0 ||z|* T w0 K|l2?| K

By Lemma 5, with s = inf, ﬂﬁ" we have

LA

k=%

hence [|#]|, > & [lz||. Thus, if z € A then [|&]|, > & [z|, from which it
follows that T' : A — C(A) is one-to-one. Since I' is one-to-one, by Theorem
3 we get that A is semisimple. Suppose that z,, € A converges to & € A ie.
|&n = &llg = 0, ie. [T(@n =) = 0. But [[T(zn — @)l > % l2n — z], so
|#r, — 2| — 0, showing that I'~ L. A — Ais bounded. Therefore F:A— Alis
bilipschitz, and so Aisa complete metric space, from which it follows that Ais
a closed subset of C(A).

Suppose that A is semisimple and that A is a closed subset of C (A). The
fact that A is semisimple gives us by Theorem 3 that I : A — Aisa bijection.
The fact that A is closed means that A is a Banach algebra. Because F A— A
is continuous, linear, and a bijection, by the open mapping theorem!! it follows
that there are positive real numbers a, b such that if x € A then

allzll < [Tzl < bzl

121l > a. By Lemma 5, it follows that inf;o Iz ”|2| > a?. Hence,

llll
for all o # 0 we have ||z[|* < K ||2?||, with K = L. O

10Walter Rudin, Functional Analysis, second ed., p. 282, Theorem 11.12.
HWalter Rudin, Functional Analysis, second ed., p. 49, Corollary 2.12.
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4 It

Let M(R™) denote the set of all complex Borel measures on R™, and let S :
R™ x R™ — R™ be defined by S(z,y) = +y. For 1, us € M(R™), we denote
by w1 X po the product measure on R™ x R™, and we define the convolution of
w1 and pe to be py * o = Sy (1 X pe), the pushforward of p; x ps with respect
to S. That is, if E is a Borel subset of R™, then

(1 x p2)(E) = (Su(pr x p2))(E)
= (% p2)(STHE))

/ / xe(e + y)dpn (@)dps(y).

With convolution as multiplication, M (R™) is an algebra.

If uw € M(R™), the variation of p is the measure |u| € M(R™), where for
a Borel subset E of R", we define |u|(E) to be the supremum of . |u(A)
over all partitions w of F into finitely many disjoint Borel subsets. The total
variation of u is ||p|| = |w/(R™). One proves that ||-|| is a norm on M (R™) and
that with this norm, M(R") is a Banach algebra.!?

Let m,, be Lebesgue measure on R", let § be the Dirac measure on R", and
let A be the set of those y € M(R™) for which there is some f € L'(R™) and
some « € C with which

dp = fdm,, + adé.

One proves that A is a Banach subalgebra of M(R™). A is a unital Banach
algebra, with unity . In particular, A is a unital Banach algebra that contains
the Banach algebra L(R™).

If f+ad, g+ B3 € A (identifying f € L'(R™) with the complex Borel measure
whose Radon-Nikodym derivative with respect to m,, is f), then

(f +ad) = (g+B5) = (f+g+Bf+ag)+aBs, (3)
where

(fxg)(x) = - FW)g(x —y)dmau(y).

If t € R, let e;(r) = exp(it - z), and if f € L*(R"), define f:R" = C, the
Fourier transform of f, by

f(t) = fe_idmy,, t e R".
Rn

If t € R™, define hy : A — C by
h(f +ad)=f(t) +a,  fradeAd,
and define ho, : A — C by

hoo (f + @d) = a, f+ade A

12See Walter Rudin, Real and Complex Analysis, third ed., chapter 6.




By (3) it is apparent that for each t € R™U{oo}, the map h; is a homomorphism
of algebras. It can be proved that A = {hy : t € R"} U {hoo}.1? Let R™ U {00}
be the one-point compactification of R, and define T : R” U {c0} — A by
T(t) = hy, which is a bijection.

Suppose that tp — ¢ in R™. If f 4+ ad € A, then because f : R —» C is
continuous, we have

T(t)(f + ad) = he (f + ad) = f(te) + o — f(t) + a = T(t)(f + ad).

Suppose that ¢y — co. If f +ad € A, then by the Riemann-Lebesgue lemma
we have f(¢x) — 0, and hence

T(ti)(f 4+ ad) = f(te) + @ = @ = hoo(f + ad) = T(c0)(f + ad).

Therefore, T': R™ U {oo} — A is continuous.

Suppose that hy, — by in A, tg,t € R™. If f 4+ «d € A, then hy, (f + ad) —
he(f +ad). But hy, (f +ad) = f(tr) + o and he(f +ad) = f(t) +a, so f(te) —
f(t). Because this is true for all f € L'(R™), it follows that t;, — ¢. Suppose
that hi, — hoo in A, &, € R™. If f + ad € A, then hy, (f + ad) = hoo (f + ),
ie. f(t) +a — a,ie f(tg) — 0. Because this is true for all f € L}(R"), it
follows that ¢, — oco. Therefore, T~! : A — R"™ U {oo} is continuous, and so A
is homeomorphic to the one-point compactification of R™.

5 Involutions
If A is an algebra, an involution of A is a map * : A — A satisfying
L (@ 4y) =y

2. (ax)* =az*

* .k

3. (zy)" =y*x
4. ™ =1x.

We say that x is self-adjoint if * = x.
Following Rudin, if A is a Banach algebra with an involution * : A — A
satisfying
* 2
o™ =[]z, =€ A,

we say that A is a B*-algebra.

The following theorem shows that a commutative unital B*-algebra with
maximal ideal space A is isomorphic as a B*-algebra to C(A).'* (An isomor-
phism of B*-algebras is an isomorphism of Banach algebras that preserves the

involution; the involution on C(A) is (z — f(z)) — (x — f(x)).)

13Walter Rudin, Functional Analysis, second ed., p. 285.
14Walter Rudin, Functional Analysis, second ed., p. 289, Theorem 11.18.



Theorem 7 (Gelfand-Naimark). If A is a commutative unital B*-algebra, then
I' : A — C(A) is an isomorphism of Banach algebras, and if x € A then

[(z*) =T(x).

Proof. Let u € A be self-adjoint, let h € A, and let h(u) = o+ i8. For t € R,
put z = u + ite. We have

h(z) = h(u) + h(ite) =a+if+ it = a+i(f+1),

and
22" = (u +ite)(u — ite) = u? + t?e,
hence
o®+ (B+1) = b)) < |l2|” = l|l22"|| = [|u® + || < |Jull® + ¢,
i.e.

o + B2+ 28t < |lul|.

Because this is true for all ¢ € R, it follows that § = 0. Therefore, if u € A is
self-adjoint then h(u) € R.

Furthermore, if z € A then with 2u = 4+ 2* and 2v = i(z* — z) we have
x = u + v with v and v self-adjoint. Then z* = u — v, and so

h(z*) = h(u — iv) = h(u) — ih(v) = h(x).

This shows that if z € A then I'(z*) = [(z). In particular, 4 is closed under
complex conjugation. If hy # hs, then there is some x € A for which h(z) #
ho(x), i.e. @(h1) # &(hg), so A separates points in A. Because A is a unital
Banach algebra, it follows from the Stone-Weierstrass theorem that A is dense

in C(A).
Let z € A. With y = aza*, we have y* = (zz*)* = z**z* = za* = y, from
which it follows that ||y?|| = [|y||*. Assume by induction that [jy™| = ||ly[|", for

m = 2". Then, as (y™)* = y™,

* 2 2
2™ |1 = lly™y™ (I = ly™ ™)1 = 1ly™ 1" = (yl™)? = lylI™™

The spectral radius formula!® gives

: 1
ply) = lim "7
and because ||y™| = ||ly||™ for m = 2", we have lim [jy™|"/™ = ||y||. Because
the limit of this subsequence is ||y||, the limit of ||y”|\1/n is also ||y||, so we obtain
p(y) = llyll-

But (1) tells us [|7|. = p(y), so we have ||g||, = ||y||. Because y = zz*, using
['(z*) = T'(z) and the fact that I is an algebra homomorphism, we get
P(y) = T(za") = D@)T(z") = T(@)T(z) = (@)

15Walter Rudin, Functional Analysis, second ed., p. 253, Theorem 10.13.




That is, § = |2|? and with ||g]|, = ||y|| we obtain

1212 = 191l = llyll = llz2*|| = [l[|*,
ie.
12l = ]| -

This shows that I' : A — C(A) is an isometry. In particular, I' maps closed
sets to closed sets, so A = I'(A) is a closed subset of C(A). We have already
established that A is dense in C(A), so A = C(A). The fact that I is an isometry
yields that I' is one-to-one, and the fact that A= C(A) means that that T is
onto, hence I' is a bijection, and therefore it is an isomorphism of algebras.
Because I is an isometry, it is an isomorphism of Banach algebras. O

The following theorem states conditions under which a self-adjoint element
of a unital Banach algebra with an involution has a square root.'6

Theorem 8. Let A be a unital Banach algebra with an involution * : A — A.
If z € A is self-adjoint and o(x) contains no real A with A < 0, then there is
some self-adjoint y € A satisfying y? = z.

If Ais a Banach algebra and « € A, we say that x € A is normalif xa* = x*x.
If A is a Banach algebra with involution * : A — A, by £ > 0 we mean
that = is self-adjoint and o(z) C [0,00), and we say that x is positive. The
following theorem states basic facts about the spectrum of elements of a unital
B*-algebra.!”

Theorem 9. If A is a unital B*-algebra, then:
. If z is self-adjoint, then o(z) C R.
. If z is normal, then p(z) = ||z||.

. If z € A, then p(za*) = ||z|°.

1
2
3
4. If x > 0and y > 0, then z +y > 0.
5 If z € A, then zz* > 0.

6

. If z € A, then e + xa* is invertible.

6 Positive linear functionals

Suppose that A is a Banach algebra with an involution *: A — A. If F: A — C
is a linear map such that F(zx*) is real and > 0 for all € A, we say that F is a
positive linear functional. In particular, if h € A and x € A, then from Theorem
7 we have h(z*) = h(x), and so h(xz*) = h(x)h(z*) = h(z)h(z) = |h(z)|* > 0.
Thus, the elements of A are positive linear functionals.

We shall use the following theorem to prove the theorem after i

t.18

16Walter Rudin, Functional Analysis, second ed., p. 294, Theorem 11.26.
17"Walter Rudin, Functional Analysis, second ed., p. 294, Theorem 11.28.
I8Walter Rudin, Functional Analysis, second ed., p. 137, Theorem 5.20.



Theorem 10. If X is a real or complex Banach space, X; and X, are closed
subspaces of X, and X = X; + X5, then there is some 7 < oo such that for
every x € X there are 1 € X1, 29 € X satisfying = x1 + x2 and

o]l + 2]l <yl

The following theorem establishes some basic properties of positive linear
functionals on a unital Banach algebra with an involution.®

Theorem 11. Suppose that A is a unital Banach algebra with an involution
*:A— A If F: A — C is a positive linear functional, then:

1. F(z*) = F(x).

2. |F(zy*)” < F(za*)F(yy*).

| F(2)]? < Fe)F(zx*) < F(e)?p(xx™).

3

4. If x is normal, then |F(z)| < F(e)p(x).
5. If A is commutative, then ||F|| = F\(e).
6

. If there is some @ such that ||z*|| < B||«| for all z € A, then ||F| <
BY2F (e).

7. F is a bounded linear map.

Proof. Suppose that x,y € A. For any a € C, we have on the one hand
F((z + ay)(z + ay)*) > 0, and on the other hand

F((z+ay)(z+ay)*) = F((z+ay)(z*+ay*)) = F(za* +azy* +oyz*+|a*yy").

Therefore,
Flaz®) + GF(ay") + aF(ys") + [ol2F(yy") > 0. (1)
Applying (4) with a = 1 gives
Flax®) + F(ry™) + F(ya™) + F(yy™) = 0.
In particular, this expression is real, and because F(zz*) and F'(yy*) are real

we get that F(zy*)+ F(yz*) is real, so Im F(yz*) = —Im F(zy*). Applying (4)
with o = ¢ gives

F(aza®) —iF(zy*) + iF (y2*) + F(yy") = 0.

In particular, this expression is real, and so —iF(xy*) + iF(yz*) is real, i.e.
F(zy*) — F(yz*) is imaginary, so Re F'(yz*) = Re F(zy*). Therefore F(yz*) =
F(zy*). Using y = e yields -

19Walter Rudin, Functional Analysis, second ed., p. 296, Theorem 11.31.
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Suppose that z,y € A and that F(zy*) # 0. For any t € R, using (4) with
a= mF(CL‘y*) gives

_t
| F(zy™)|

F(zz*) + F(zy*)F(zy*) + F(zy*)F(yz*) + °F(yy*) > 0,

| F(zy™)|

1.e.
* * t * * *
Fox®) + | F(zy™)| + WF(W VF(yz*) + *F(yy*) > 0,

and as F(yz*) = F((zy*)*) = F(zy*), we have

F(zz*) 4 2t|F(zy*)| + t*F(yy*) > 0.

For t = — ‘?Ezz*gl this is
*\ 2 *\ 2
_ lEy)l® | [EEy)l”

Flea) F(yy*) Fyy*) — 7

B F(ay™) < Flaa®) Fyy").

Suppose that x € A. Because ze* = x and ee* = e, we have
[F(x)|* < F(e)F(xz™).

We shall prove that F(zz*) < F(e)p(zx*). Let t > p(axz*). It then follows that
o(te — xzz*) is contained in the open right half-plane, and thus by Theorem 8
there is some self-adjoint u € A satisfying u? = te — xz*. Then

F(te — x2*) = F(u?) = F(uu*) > 0,
S0
F(xz™) < tF(e).

Because this is true for all t > p(zx*), we obtain
F(zz*) < F(e)p(zz™).

Suppose that x is normal. It is a fact that if z and y belong to a unital Banach
algebra and zy = yz, then o(zy) C o(z)o(y).2° Thus o(zz*) C o(x)o(z*), from
which we get

plaz”) < ple)pla”).

It is a fact that o(2*) = o(x),%!, so we have p(x) = p(x*), and thus

plea®) < plx)’.

20Walter Rudin, Functional Analysis, second ed., p. 293, Theorem 11.23.
21Walter Rudin, Functional Analysis, second ed., p. 288, Theorem 11.15.
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But |F(x)|> < F(e)?p(xzz*), so we have |F(z)? < F(e)?p(z)?, i.e.

|F(z)| < F(e)p(x).

Suppose that A is commutative, and let x € A. Since A is commutative,
x is normal and hence we have |F(z)| < F(e)p(x), and as always we have
p(z) < ||z||. Therefore, for every x € A we have

|F'(2)| < F(e) |l

This implies that ||F|| < F(e), and because the above inequality is an equality
for x = e, we have ||F|| = F(e).

Suppose that there is some 8 such that ||z*|| < g||z|| for all z € A. We have
p(zz*) < ||lzz*| < ||| |z*|| < B ||lz]|>. (We merely stipulated that A is a unital
Banach algebra with an involution; if we had demanded that A be a B*-algebra,
then we would have ||zz*|| = ||z|| |=*| = ||z||>.) Using |F(z)> < F(e)2p(zz*)
then gives us |F(2)|2 < 8F(e)?||#||*, hence

|[F(z)] < B2 F(e) |l

If F(e) =0, then |F(x)|?> <0 for all x € A, and hence F = 0, which indeed
is bounded. Otherwise, F'(e¢) > 0, and F' is bounded if and only if ﬁF is
bounded. Therefore, to prove that F' is bounded it suffices to prove that F' is
bounded in the case where F(e) = 1.

Let H be the set of all self-adjoint elements of A. H and iH are real vector
spaces. For any x € A, defining 2u = = + «* and 2v = i(z* — z), we have
x = u+ v, and u, v are self-adjoint. It follows that

A=H+1iH.

Because the elements of H are self-adjoint, the restriction of F' to H is a real-
linear map H — R. For u € H, because u is self-adjoint it is in particular
normal, and so |F(z)| < F(e)p(x) < F(e) ||z|| = ||z||, because F(e) = 1. Hence
the restriction of F' to H is a real-linear map H — R with norm 1, and therefore
there is a unique bounded real-linear map ® : H — R whose restriction to H is
equal to the restriction of F' to H, and [|®[| = 1.

Suppose that y € H NtH. There are u,, € H with uw,, — y and there are
v, € H with iv, — y. Then u2 — y? and —v2 — y, or v2 — —y%. Because
|F(un)|?> < F(e)F(unul) = F(u2), we have

|F(un)|?* < F(up) < Fluj, +vp).
Because u,, and v,, are self-adjoint, u2 + v2 is normal and hence
|F(u7, + )] < Fle)p(up, +v7) = plup + o) < [Jug + o[

and so we have
|F(un)]? < Hui + U,,QLH .

12



But u2 — y and v2 — —y, so ||u2 + v2|| = ||y — y|| = 0. Therefore, F(u,) — 0,
and so
O (y) = lim F(u,) — 0.
That is, if y € H NiH, then F(y) = 0.
Because A = H + iH, certainly A = H + iH, so by Theorem 10 there is
some 7 < oo such that for all € A, there are x; € H and xo € H satisfying

r=aytivy, [l 4 ] <l

Let x € A and let © = x1 +1ixo, where x1, x5 satisfy the above, and let x = u+iv
with u,v € H, namely 2u = x + z* and 2v = i(z* — z). Supposing that 1 —u
and x5 — v € H NiH, which Rudin asserts but whose truth is not apparent
to me, we obtain F(z; —u) = 0 and F(zz —v) = 0, or F(z1) = F(u) and
F(z3) = F(v). Then,

F(z)=F(u+iv) = F(u) +iF(v) = F(x1) + iF(x2) = O(x1) + iP(z2),
and therefore, because ||®|| = 1 and because ||z1|| + ||z=2]] < 7 ||=],

IF(2)] < [®(21) + iD(w2)] < [0(21)| + [®(z2)] < o] + 22l < 7 o],
showing that ||F'|| < ~, and in particular that F' is bounded. O

7 The Riesz-Markov theorem and extreme points

We say that a positive Borel measure 1 on a compact Hausdorff space X is
reqular if for every Borel subset E of X we have

w(E) = sup{u(F) : F is compact and F C E}

and

w(E) = inf{u(G) : G is open and E C G}.
We say that a complex Borel measure p on a compact Hausdorff space is regular
if the positive Borel measure |p| is regular, and we write ||u| = |p[(X). The
following is the Riesz-Markov theorem, stated for complex Borel measures on a
compact Hausdorff space.??

Theorem 12 (Riesz-Markov). Suppose that X is a compact Hausdorfl space.
If A is a bounded linear functional on C'(X), then there is one and only one
regular complex Borel measure p on X satisfying

Af = /X fdu,  feO(X).

This measure p satisfies ||u|| = ||A]-

The following theorem uses the Riesz-Markov theorem to define a corre-
spondence between positive linear functionals on a commutative unital Banach
algebra with a symmetric involution and regular positive Borel measures on its
maximal ideal space.??

22Walter Rudin, Real and Complex Analysis, third ed., p. 130, Theorem 6.19.
23Walter Rudin, Functional Analysis, second ed., p. 299, Theorem 11.33.
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Theorem 13. Suppose that A is a commutative unital Banach algebra with
an involution * : A — A satisfying

h(z*) = h(z), xeAheA. (5)

Let K be the set of all positive linear functionals F' : A — C satisfying F'(e) < 1,
and let M be the set of all regular positive Borel measures p on A satisfying
p(A) <1. K and M are convex sets. If u € M, then F : A — C defined by

F.(x)= /Aid,u, x €A,

belongs to K, and this map p +— F), is an isometric bijection M — K.

Proof. It F1,F, € K and 0 < ¢t < 1, then (1 — ¢)F} + tF; is linear, and it is
straightforward to check that it is positive. Moreover, ((1 — t)F; + tFy)(e) =
(1I-t)Fi(e)+tFy(e) < (1—t)+t=1,s0 (1 —t)F; +tFy € K. Therefore K is
a convex set.

Suppose that p1, pue € M, that a1, as are nonnegative real numbers, and let
1= aijpurtasps. If E is a Borel subset of A, then for any € > 0 there are compact
subsets F1, Fy of A such that py(E) < p1(F1)—e€ and p2(E) < pa(Fz) —e. With
F = F; U F;, we have

u(E) arp1 (F) + azpa(F)

arpi1 (F1) + azpa(Fy)
a1(p1(E) + €) + az(p2(E) + €)
= pu(E)+ (a1 + az)e.

(AVARLYS

It follows that u(E) = sup{u(F) : F is compact and F' C E}. If E is a Borel
subset of A, then for any € > 0 there are open subsets G1,Gs of A such that
p1(E) > p1(Gr) — € and pa(E) > pa(Ga) — e. With G = G1 N Gy, we have

WG) a1p1(G) + azp2(G)
arp1(G1) + azpz(Ga)
a1(p1(E) + €) + az(p2(E) +€)

= pu(E)+ (a1 + az)e.

A A

It follows that u(E) = inf{u(G) : G is open and E C G}. Therefore, y = ayp;+
aspo is a regular positive Borel measure. In particular, if 0 < ¢t < 1 and
a; =1 —1t, as = t, then p is a regular positive Borel measure. Finally, for
= (1—1t)u +tus, 0 <t <1, we have, because u1(A) <1 and pa(A) <1,

(D) = (1= (D) + (A) < (1 — ) + =1,

so u € M, showing that M is a convex set.
Let ¢ € M. It is apparent that F,, : A — C is linear. For z € A, we have

I'(zx*) = T'(z)[(z*), and as I'(z*) = I'(x) by (5), we get I'(zz*) = |T'(x)|%. As
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I0(x)|?(h) > 0 for all h € A, we have

Fylar’) = [ Tart)du= [ Ir@)Pau>o.

showing that F), is a positive linear functional. Furthermore, é(h) = h(e) =1
for all h € A, so

Fu(e) = p(A) <1,
showing that F), € K.
If z € rad A, then p(x) = 0 by (1), and so F(z) = 0 by Theorem 11. We
define FF: A - C R
F(2) = F(x);
this makes sense because if & = g then I'(x — ) = 0, and so by Theorem 3 we

have x —y € rad A and hence F(xr —y) =0, i.e. so F(z) = F(y). Forx € A, x
is normal because A is commutative so we have by Theorem 11 that

|F(2)| = |F(z)] < F(e)p(x)

and by (1) we have p(x) = ||£] ., so

|F(2)] < F(e) |12 -

As ﬁ(A) = F(e), it follows that Hﬁ” = F(e). By (5) and because A separates

points in A, applying the Stone-Weierstrass we obtain that Ais dense in C (A).
Because F is a continuous linear functional on the dense subspace A of C ( ),
there is a unique continuous linear functional A on C'(A) such that A = F on

21\, and ||A| = HF\H Applying Theorem 12, there is one and only one regular
complex Borel measure p on X that satisfies

Af= /A fdu,  fec). (6)
and ||p]| = ||Al = HFH = . It follows that p — F}, is one-to-one. Because

é(h) =1for all h € A,

p(8) = [ xadn= [ edu=re=F(E) = Fle) = Il = (&)
The fact that u(A) = |p|(A) implies that p is a positive measure. The above

equalities also state u(A) = F(e), and since F' € K we have F(e) < 1, hence
p(A) < 1. Therefore, p € M. For z € A, as & € C(A) we have by (6) that

Fu(z) = /A Zdp = A = F(2) = F(x),

showing that F' = F},. This shows that u — F), is onto, and therefore u — F},
is a bijection M — K. O
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Because the map p ~ F, in the above theorem is an isometric bijection
M — K, it follows that that p is an extreme point of M if and only if F), is an
extreme point of K.

It is a fact that the set of extreme points of the set of regular Borel probability
measures on a compact Hausdorff space X is {6, : € X}.2* Given this, one
proves that the set of extreme points of M is {0} U {0, : h € A}. For z € A,
Fo(x) =0,1e. Fy=0. For h€ A and z € A,

Fs, (z) = /A:?cdéh = &(h) = h(z),

so Fj5, = h. Therefore, the extreme points of K are {0} U A, that is, the set of
algebra homomorphisms A — C.

Corollary 14. Suppose that A is a commutative unital Banach algebra with
involution * : A — A satisfying

h(z*) = h(z), r €A heA.

If K is the set of all positive linear functionals F' : A — C satisfying F(e) < 1,
then
ext K = {0} UA.

Moreover, it is straightforward to check that the set K in the above corollary
is a weak-* closed subset of A*: if F; € K is a net that weak-* converges to
A € A*, one checks that A(zz*) > 0 for all z € A and that Ae < 1. By the
Banach-Alaoglu theorem, the set B = {A € A* : |A|| < 1} is weak-* compact,
and if F € K then ||F|| = F(e) by Theorem 11 and F(e) < 1, s0 K C B. Hence,
K is a weak-* compact subset of A*. Therefore, the Krein-Milman theorem?®
tells us that K is equal to the weak-* closure of the convex hull of the set of its
extreme points, and by the above corollary this means that K is equal to the
weak-* closure of the convex hull of {0} U A.

8 Positive definite functions

A function ¢ : R™ — C is said to be positive-definite if r > 1, z1,..., 2, €
R™ c1,...,¢. € C imply that

> oz —x) > 0

ij=1

in particular, for ¢ to be positive-definite demands that the left-hand side of
this inequality is real.

A positive-definite function need not be measurable. For example, R is a
vector space over QQ, and if ¢ : R — R is a vector space automorphism of R over

24Barry Simon, Convezity: An Analytic Viewpoint, p. 128, Example 8.16.
25Walter Rudin, Functional Analysis, second ed., p. 75, Theorem 3.23.
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Q, one proves that = — e¥(*) is a positive-definite function R — C, and that
there are 9 for which = — ¢*¥(®) is not measurable.

The following theorem states some basic facts about positive-definite func-
tions. More material on positive-definite functions is presented in Bogachev; for
example, if ¢ : R — C is a measurable positive-definite function, then there
is a continuous positive-definite function R™ — C that is equal to ¢ almost
everywhere.26

Theorem 15. If ¢ : R™ — C is positive-definite, then

¢(0) >0, (7)
and for all x € R™ we have
o(x) = (=) (8)
and
[p(2)] < ¢(0). ()
Proof. Using r =1 and ¢; = 1, we have for all ; € R™ that ¢(x1 —21) > 0, ie.
$(0) > 0.

Using r = 2, for 1, x5 € R™ and ¢1, ¢ € C we have
cieip(zy — w1) + er1éad(z1 — 12) + catrd(z2 — 71) + caad(z2 — 72) > 0.
Take z1 = x and zo = 0, with which
61[26(0) + e1730(x) + exeTd(—) + es26(0) > 0

in particular, the left-hand side is real, and because ¢(0) is real by (7), this
implies that c;cz¢(x) + cotid(—x) is real. That is, it is equal to its complex
conjugate:

c1Cd(x) + catip(—x) = Cicad(x) + Cac10(—2).

The fact that this holds every ¢y, co € C implies that ¢(z) = ¢(—=x).
Again using that

citip(xr — 1) + c1Gap(x1 — T2) + catip(x2 — 1) + catadp(x2 — x2) > 0,
with 1 = z,20 = 0 and ¢c3 = 1 we get
le1[*¢(0) + c1d(x) + Trp(—x) + ¢(0) > 0.

Applying (8) gives

lc1[26(0) + c1(x) + c10(x) + $(0) > 0.
For ¢; € C such that |¢1| =1,

2¢(0) + 2Re (c19(x)) = 0,

26Vladimir I. Bogachev, Measure Theory, vol. 1, p. 221, Theorem 3.10.20. See also Anthony
W. Knapp, Basic Real Analysis, p. 406.
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or

—Re (c1¢()) < ¢(0).
Thus, taking ¢; € C such that |¢;] = 1 and for which —Re (¢16(z)) = |o(z)],
we get [¢(z)] < ¢(0). .

The following lemma about positive-definite functions follows a proof in Bo-
gachev.2”

Lemma 16. If ¢ : R® — C is a measurable positive-definite function and
f € L*(R™) is nonnegative, then

/ o o(z —y) f(z)f(y)dmy (z)dm,(y) = 0.

Proof. For r > 2 and for any x1,...,2- and ¢y = 1,...,¢. = 1, we have

> bz —ax) >0,

Jk=1

or
ré(0) + > d(x; — k) > 0.
J#k
By (9), ¢ is bounded. It follows that we can integrate both sides of the above
inequality over (R™)" with respect to the positive measure

flxy) - flzr)dmy(z1) - - - dmy ().
Writing
I = f(z)dmy(z),
Rn
we obtain

o1 + 3 [ o [ by mn) ) Sl dmaen) - dm ) 2 0,
sk /R JRT

and so, writing

J= / 6 — y) (@) f(y)dmn()dm,, (y),

we have
ré(0)I"+ Y " JI" >0,
#k
or
r¢(0)I" +r(r —1)JI"2 > 0.

27Vladimir 1. Bogachev, Measure Theory, vol. 1, p. 221, Lemma 3.10.19.
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If I = 0, then because f is nonnegative it follows that f is 0 almost everywhere,
in which case J = 0, so the claim is true. If I > 0, then dividing by r(r —1)I"—2
we obtain

—$(0)[2+J > 0.
0O +T 20

This inequality holds for all » > 2, so taking r» — oo yields
J >0,
which is the claim. O

For f,g € L'(R"),

(fxg)(x) = - F@W)g(x —y)dmn(y).

The support of a function f : R™ — C, denoted suppf, is the closure of the set
{z € R™: f(z) # 0}. We denote by C.(R") the set of all continuous functions
f :R™ — C such that suppf is a compact set. It is straightforward to check that
an element of C.(R™) is uniformly continuous on R™. The following theorem
is similar to the previous lemma, but applies to functions that need not be
nonnegative.?8

Theorem 17. For f : R" — C, define f : R* — C by f(z) = f(—x). If
¢ : R™ — C is a continuous positive-definite function, then for all f € C.(R"),
we have

/n(f*f)wzo.

If 11 is a complex Borel measure on R", the Fourier transform of u is the
function fi : R® — C defined by

pe) = [ ecn  ger

One proves using the dominated convergence theorem that /i is continuous.

Theorem 18. If 4 is a finite positive Borel measure on R", then ji: R™ — C
is positive-definite.

28Gerald B. Folland, A Course in Abstract Harmonic Analysis, p. 85, Proposition 3.35.
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Proof. For &,...,& € R™ and ¢q,...,c. € C, we have

Z Cj@,a(f] _gk) Z CJ@/ efi(gjfgk)-xd'u(z)

J,k=1 7,k=1

T
/ Y e T epem v dp(x)
" i k=1
. TN
/ che_igf'x che—ifk"” du(x)
"\ j=1 k=1
2

/ Z cje S| du(x)

j=1

Y

0.
O

The following proof of Bochner’s theorem follows an exercise in Rudin.?"

Theorem 19 (Bochner). If ¢ : R" — C is continuous and positive-definite,
then there is some finite positive Borel measure v on R" for which ¢ = 0.

Proof. Let A be the Banach algebra defined in §4, whose elements are those
complex Borel measures 1 on R™ for which there is some f € L'(R™) and some
a € C such that

du = fdm, + add,

where m,, is Lebesgue measure on R™. For f + ad, g+ B € A, we have

(f +ad)*(g+B0) = (f*g+Bf +ag) + aBd;

we are identifying f € L*(R™) with the complex Borel measure whose Radon-
Nikodym derivative with respect to m,, is f. The norm on A is the total variation
norm of a complex measure; one checks that for f + «d this is

I+ adl = [If]] + e,

where ||f]| = [gu |f(x)ldmn(x). ~
For f € LY(R"), we define f € L'(R") by f(z) = f(—z), and we define
*:A— Aby

(f+ad)*=f+as, f+adeA

29Walter Rudin, Functional Analysis, second ed., p. 303, Exercise 14. Other references
on Bochner’s theorem are the following: Barry Simon, Convexity: An Analytic Viewpoint,
p. 153, Theorem 9.17; Edwin Hewitt and Kenneth A. Ross, Abstract Harmonic Analysis, vol.
II, p. 293, Theorem 33.3; Mark A. Pinsky, Introduction to Fourier Analysis and Wavelets,
p- 220, Theorem 3.9.16; Walter Rudin, Fourier Analysis on Groups, p. 19, Theorem 1.4.3;
Yitzhak Katznelson, An Introduction to Harmonic Analysis, third ed., p. 170; Vladimir I.
Bogachev, Measure Theory, vol. 1I, p. 121, Theorem 7.13.1; Gerald B. Folland, A Course in
Abstract Harmonic Analysis, p. 95, Theorem 4.18.
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On the one hand,
(f+ad)x(g+pB9)" = ((f+xg+Bf+ag)+aBd)”
= frxg+Bf+ag+aBs
= fxg+Bf+ag+aps,

and

frgla)= / F)g(—x — y)dmn ().
Rn
On the other hand,

(9+B0)* * (f +ad)" = (§+B6)x(f +ad)
= (g% f+ag+Bf)+ Bas,

and

@D = [ 5w - ydm.)

[ STt g )

= / g(=y — x) f(y)dmn(y).
Therefore we have

((f +ad) x (g + B0))" = (g + B6)" * (f + ad)™.

Thus * : A — A is an involution (the other properties demanded of an involution
are immediate).

We define F': A — C by
F(f+ad) = fodmy, + ad(0), f+ade A
Rn
It is apparent that F is linear, and because |¢(z)| < ¢(0) for all «,

PU+ad)] < | [ fodm,| +lalo

IN

[ 1#llgidm + ala(o)

IN

00) [ Ifldm, + jalo0)
5(0) | + o]

from which it follows that | F|| = #(0), and in particular that F' is bounded.
Let Ag ={f+ad € A: f e C.(R™)}. Because F : A — C is bounded and Ay
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is a dense subset of A, to prove that F' is a positive linear functional it suffices
to prove that for all f + ad € Ag we have F((f + ad) * (f + «d)*) > 0.
For g € C.(R™), by Theorem 17 we obtain

Flg+g") = F(g*g) = / (g % )édm,, > 0. (10)

n

Define 7 : R — R by
1
n(z) =
{0 2| > 1,

and for € > 0, define . : R" — R by ne(z) = e "n(£). Let f + ad € Ay and
define g, = f + ane € C.(R™). From (10) we have F(g. * g¥) > 0 for any € > 0.
On the other hand,

F(ge*g:) = F((f+~04776)*(f+5776)> N
= F(f*f+af*77€+a776*f+|a|2776*776)

- ) * e d n € d n
l(f*f)JrOé/n(f Ne)pdm +C¥/n(77 * f)pdm
2 € € d n-
+af /n(n * 7 )pdm

We take as granted that

[ =nisdm, — [ gom,
as € — 0, that

[ x Poam, — [ Foam,
as € — 0, and that

[t nyodm - 600
as € = 0. Furthermore,
F((f+ad)*(f+ad)") = F((f +~a5) * (f+~a5))
= F(f+f+af+af+]af)

Thus
F(ge xg7) = F((f + ad) = (f + ad)")

as € = 0. Since F(ge * g¥) > 0 for all € > 0, it follows that
F((f+ad)*(f+ad)*) > 0.

Therefore, F': A — C is a positive linear functional.
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Because F is a positive linear functional and F'(e) = F(6) = 1, we can apply
Theorem 12, according to which there is a regular positive Borel measure g on
A satisfying

F(f+oz6):/AF(f+a5)du, fradeA,

and hence, from the definition of F,

fodm, + ap(0) = / L(f + ad)dp, f+raeA
R A
We state the following again from §4 for easy access. If ¢ € R™, define
ht A= C by ~
h(f+ad)=f(t)+a,  f+adeA,
and also define hy : A — C by
hoo (f + ) = a f+ade A

Let R™ U {co} be the one-point compactification of R™. We proved in §4 that
the map T : R™” U {oo} — A defined by T'(¢t) = h; is a homeomorphism. With
v=(T7Y).u we have u = T,v, and then

J G +andn = [ Tt a [ T@

A

_ /Ar(f)d(T*u)Jra/AxAdu

- L(f) o T(t)du(t) + aF(5)

_ / he( f)dv(t) + ag(0)
RrU{oco}

= J f(t)dv(t) + ag(0).
Therefore
| Jodma+ag(0) = | J(B)dv(t) +as(0),
i.e.
fodm, = [ f()dv(t).
Rn ]Rn
As

/ vt = / ) ( / ) e"”f(x)dmn(:c)) dv(t)

[ 1@ [ e it o)

f(@)o(z)dmy(2),
R
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we have

fodm, = [ fodm,.

R"L R”L
This is true for all f € L*(R™), from which it follows that ¢ = 0.
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