CHAPTER X

THE SPECTRAL THEOREM OF GELFAND

DEFINITION A Banach algebra is a complex Banach space A on which
there is defined an associative multiplication x for which:

(1) zx(y+2z)=zxy+axxzand (y+2)xcr=yxz+zxz for
all z,y,z € A.

(2) zx (A\y) =Az xy=(Ax) xyforall xz,y € Aand X € C.

3) llz <yl < [lzlllly]] for all z,y € A.

We call the Banach algebra commutative if the multiplication in A is
commutative.

An involution on a Banach algebra A is a map x — z* of A into itself
that satisfies the following conditions for all z,y € A and A € C.

(1) (@+y)" =" +y".

(2) (A\x)* = A\z*.

(3) (2" = .
(4) (xy)" =y x 2.
(5) lle* ]| = 2]l

We call x* the adjoint of x. A subset S C A is called selfadjoint if z € S
implies that x* € S.

A Banach algebra A on which there is defined an involution is called
a Banach *-algebra.

An element of a Banach *-algebra is called selfadjoint if z* = z. If a
Banach *-algebra A has an identity I, then an element z € A, for which
X x* = x* x x = I, is called a unitary element of A. A selfadjoint
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element z, for which 2 = z, is called a projection in A. An element x
that commutes with its adjoint x* is called a normal element of A.
A Banach algebra A is a C*-algebra if it is a Banach *-algebra, and
if the equation
* 2
[l x z*[| = ||z

holds for all z € A. A sub C*-algebra of a C*-algebra A is a subalgebra
B of A that is a closed subset of the Banach space A and is also closed
under the adjoint operation.

REMARK. We ordinarily write xy instead of z x y for the multi-
plication in a Banach algebra. It should be clear that the axioms for
a Banach algebra are inspired by the properties of the space B(H) of
bounded linear operators on a Hilbert space H.

EXERCISE 10.1. (a) Let A be the set of all n xn complex matrices,
and for M = [a;;] € A define

M| =

n
1=

n
> a2

1j5=1

Prove that A is a Banach algebra with identity I. Verify that A is a
Banach *-algebra if M™ is defined to be the complex conjugate of the
transpose of M. Give an example to show that A is not a C*-algebra.

(b) Suppose H is a Hilbert space. Verify that B(H) is a C*-algebra.
Using as H the Hilbert space C?, give an example of an element = €
B(H) for which ||z?|| # ||z||?. Observe that this example is not the same
as that in part a. (The norms are different.)

(c) Verify that L'(R) is a Banach algebra, where multiplication is
defined to be convolution. Show further that, if f*(z) is defined to be
f(—x), then L*(R) is a Banach *-algebra. Give an example to show that
L'(R) is not a C*-algebra.

(d) Verify that Cy(A) is a Banach algebra, where A is a locally com-
pact Hausdorff space, the algebraic operations are pointwise, and the
norm on Cy(A) is the supremum norm. Show further that Co(A) is a
C*-algebra, if we define f* to be f. Show that Cy(A) has an identity if
and only if A is compact.

(e) Let A be an arbitrary Banach algebra. Prove that the map
(z,y) — xy is continuous from A x A into A.

(f) Let A be a Banach algebra. Suppose = € A satisfies ||z| < 1.
Prove that 0 = lim,, ™.
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(g) Let M be a closed subspace of a Banach algebra A, and assume
that M is a two-sided ideal in (the ring) A; i.e., zy € M and yx € M if
2z € Aand y € M. Prove that the Banach space A/M is a Banach algebra
and that the natural map 7 : A — A/M is a continuous homomorphism
of the Banach algebra A onto the Banach algebra A/M.

(h) Let A be a Banach algebra with identity I and let « be an element
of A. Show that the smallest subalgebra B of A that contains x coincides
with the set of all polynomials in x, i.e., the set of all elements y of the
formy = 37" a;27, where each a; is a complex number and 2% = I. We
denote this subalgebra by [z] and call it the subalgebra of A generated
by x.

(i) Let A be a Banach *-algebra. Show that each element z € A can
be written uniquely as x = x7 + ixo, where x1 and x5 are selfadjoint.
Show further that if A contains an identity I, then I* = I. If A is a
C*-algebra with identity, and if U is a unitary element in A, show that
i = 1.

(j) Let x be a selfadjoint element of a C*-algebra A. Prove that ||z"| =
||z||™ for all nonnegative integers n. HINT: Do this first for n = 2.

EXERCISE 10.2. (Adjoining an Identity) Let A be a Banach alge-
bra, and let B be the complex vector space A x C. Define a multiplication
on B by

(2, A) x (', ) = (za’ + X&' + N, AN),

and set || (z, A)[| = [lz]| + [A].

(a) Prove that B is a Banach algebra with identity.

(b) Show that the map x — (x,0) is an isometric isomorphism of the
Banach algebra A onto an ideal M of B. Show that M is of codimension
1; i.e., the dimension of B/M is 1. (This map z — (z,0) is called the
canonical isomorphism of A into B.)

(¢) Conclude that every Banach algebra is isometrically isomorphic
to an ideal of codimension 1 in a Banach algebra with identity.

(d) Suppose A is a Banach algebra with identity, and let B be the
Banach algebra A x C constructed above. What is the relationship, if
any, between the identity in A and the identity in B?

(e) If A is a Banach *-algebra, can A be imbedded isometrically and
isomorphically as an ideal of codimension 1 in a Banach x-algebra?

THEOREM 10.1. Let = be an element of a Banach algebra A with
identity I, and suppose that ||z = o < 1. Then the element I — x is
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invertible in A and

PROOF. The sequence of partial sums of the infinite series ZZO:O "
forms a Cauchy sequence in A, for

J k
1D => aml=1 > ="
n=0 n=0 n=k+1
J

> el

n=k+1

IN

J

> ezl

n=k+1

J
:E a”.

n=k+1

IN

We write ‘
[e%e] J
Y= Zx” = limZx" = lim Sj.
n=0 J n=0 J

Then
(I -2}y = lim(I — 2)S,
J

J
= lim(I — n
1Jm( x)nz_;)x

= lim(I — 27*1)
J

:I7

by part f of Exercise 10.1, showing that y is a right inverse for I — x.
That y also is a left inverse follows similarly, whence y = (I — )7}, as
desired.

EXERCISE 10.3. Let A be a Banach algebra with identity I.

(a) If x € A satisfies ||z|| < 1, show that I 4+ x is invertible in A.

(b) Suppose y € A is invertible, and set § = 1/||y~!||. Prove that z is
invertible in A if ||z — y|| < 6. HINT: Write z = y(I +y~!(z — v)).
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(c) Conclude that the set of invertible elements in A is a nonempty,
proper, open subset of A.
(d) Prove that the map z — a2~
B T C R E
(e) Let x be an element of A. Show that the infinite series

oo
Z x" /nl
n=0

1 is continuous on its domain. HINT:

Y

converges to an element of A. Define

o0
e’ = Z " /nl.
n=0

Show that
etV = e

if xy = yx. Compare with part ¢ of Exercise 8.13.

(f) Suppose in addition that A is a Banach *-algebra and that x is
a selfadjoint element of A. Prove that e'® is a unitary element of A.
Compare with part d of Exercise 8.13.

THEOREM 10.2. (Mazur’s Theorem) Let A be a Banach algebra
with identity I, and assume further that A is a division ring, i.e., that
every nonzero element of A has a multiplicative inverse. Then A consists
of the complex multiples \I of the identity I, and the map A — A is a
topological isomorphism of C onto A.

PROOF. Assume false, and let = be an element of A that is not a
complex multiple of I. This means that each element x) = x — Al has
an inverse.

Let f be an arbitrary element of the conjugate space A* of A, and
define a function F' of a complex variable A by

F(A) = f(z3") = f((z = AD)7H).

We claim first that F' is an entire function of A. Thus, let A\ be fixed. We
use the factorization formula
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We have
FOA+h) = F(\) = f(zyly,) = f(=3")
= flzyin(@r — zagpn)zy )
= hf(zxipey’)-
So,
iy FO\+ h})L —F(\) _ fas?)

and F' is differentiable everywhere. See part d of Exercise 10.3.
Next, observe that

i, F) = Jim Sz = AD™)
= Jlim (/2 f(((z/\) = D7)
= 0.

Therefore, F' is a bounded entire function, and so by Liouville’s Theorem,
F()\) = 0 identically. Consequently, f(z5') = f(z~') = 0 for all f € A*.
But this would imply that z—! = 0, which is a contradiction.

We introduce next a dual object for Banach algebras that is analogous
to the conjugate space of a Banach space.

DEFINITION. Let A be a Banach algebra. By the structure space
of A we mean the set A of all nonzero continuous algebra homomor-
phisms (linear and multiplicative) ¢ : A — C. The structure space is a
(possibly empty) subset of the conjugate space A*, and we think of A
as being equipped with the inherited weak* topology.

THEOREM 10.3. Let A be a Banach algebra, and let A denote its
structure space. Then A is locally compact and Hausdorff. Further, if A
is a separable Banach algebra, then A is second countable and metrizable.
If A contains an identity I, then A is compact.

PROOF. A is clearly a Hausdorff space since the weak* topology on
A* is Hausdorff.

Observe next that if ¢ € A, then [|¢|| < 1. Indeed, for any x € A, we
have

|o(@)] = (™)™ < NIl el — llz]],

implying that ||¢]] < 1, as claimed. It follows then that A is contained
in the closed unit ball B; of A*. Since the ball B; in A* is by Alaoglu’s
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Theorem compact in the weak* topology, we could show that A is com-
pact by verifying that it is closed in B;. This we can do if A contains
an identity I. Thus, let {¢,} be a net of elements of A that converges
in the weak* topology to an element ¢ € Bj. Since this convergence is
pointwise convergence on A, it follows that ¢(zy) = ¢(z)¢p(y), for all
x,y € A, whence ¢ is a homomorphism of the algebra A into C. Also,
since every nonzero homomorphism of A must map I to 1, it follows
that ¢(I) = 1, whence ¢ is not the 0 homomorphism. Hence, ¢ € A, as
desired.

We leave the proof that A is always locally compact to the exercises.

Of course, if A is separable, then the weak™* topology on Bj is compact
and metrizable, so that A is second countable and metrizable in this case,
as desired.

EXERCISE 10.4. Let A be a Banach algebra.

(a) Suppose that the elements of the structure space A of A separate
the points of A. Prove that A is commutative.

(b) Suppose A is the algebra of all n x n complex matrices as defined
in part a of Exercise 10.1. Prove that the structure space A of A is the
empty set if n > 1.

(¢) If A has no identity, show that A is locally compact. HINT: Show
that the closure of A in Bj is contained in the union of A and {0},
whence A is an open subset of a compact Hausdorfl space.

(d) Let B be the Banach algebra with identity constructed from A
as in Exercise 10.2, and identify A with its canonical isomorphic image
in B. Prove that every element ¢ in the structure space A4 of A has
a unique extension to an element ¢’ in the structure space Ag of B.
Show that there exists a unique element ¢9 € Ap whose restriction
to A is identically 0. Show further that the above map ¢ — ¢’ is a
homeomorphism of A4 onto Ag — {¢g}.

DEFINITION. Let A be a Banach algebra and let A be its structure
space. For each x € A, define a function & on A by

The map x — & is called the Gelfand transform of A, and the function
Z is called the Gelfand transform of x.

EXERCISE 10.5. Let A be the Banach algebra L'(R) of part ¢ of
Exercise 10.1, and let A be its structure space.
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(a) If X is any real number, define ¢, : A — C by

¢)\(f) — /f(x)ef%ri)\a: dr.

Show that ¢ is an element of A.
(b) Let ¢ be an element of A, and let A be the L* function satisfying

o(f) = / f(@)h(a) da.

Prove that h(z +y) = h(x)h(y) for almost all pairs (z,y) € R?. HINT:
Show that

[ [ 1@+ dyds = [ [ ()9 M) dyda

for all f,g € L'(R).

(c) Let ¢ and h be as in part b, and let f be an element of L*(R) for
which ¢(f) # 0. Write f,, for the function defined by f.(y) = f(z + y).
Show that the map x — ¢(f,) is continuous, and that

h(z) = ¢(f-2)/d(f)

for almost all x. Conclude that A may be chosen to be a continuous
function in L*°(R), in which case h(z + y) = h(z)h(y) for all x,y € R.

(d) Suppose h is a bounded continuous map of R into C, which is
not identically 0 and which satisfies h(x + y) = h(z)h(y) for all z and
y. Show that there exists a real number A such that h(z) = e*™*% for
all z. HINT: If h is not identically 1, show that there exists a smallest
positive number ¢ for which h(§) = 1. Show then that h(5/2) = —1
and h(6/4) = +i. Conclude that A = +(1/0) depending on whether
h(6/4) =i or —i.

(e) Conclude that the map A — ¢ of part a is a homeomorphism
between R and the structure space A of L!(R). HINT: To prove that the
inverse map is continuous, suppose that {\,} does not converge to .
Show that there exists an f € L'(R) such that [ f(z)e 2™ dz does
not approach [ f(x)e2™ dg.

(f) Show that, using the identification of A with R in part e, that the
Gelfand transform on L'(R) and the Fourier transform on L!(R) are
identical. Conclude that the Gelfand transform is 1-1 on L(R).
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THEOREM 10.4. Let A be a Banach algebra. Then the Gelfand
transform of A is a norm-decreasing homomorphism of A into the Ba-
nach algebra C(A) of all continuous complez-valued functions on A.

EXERCISE 10.6. (a) Prove Theorem 10.4.

(b) If A is a Banach algebra without an identity, show that each
function Z in the range of the Gelfand transform is an element of Cy(A).
HINT: The closure of A in Bj is contained in the union of A and {0}.

DEFINITION. Let A be a Banach algebra with identity I, and let
x be an element of A. By the resolvent of x we mean the set resa(z)
of all complex numbers A for which Al — = has an inverse in A. By the
spectrum sp a(z) of x we mean the complement of the resolvent of x;
i.e., spa(z) is the set of all A € C for which AI — z does not have an
inverse in A. We write simply res(x) and sp(z) when it is unambiguous
what the algebra A is.

By the spectral radius (relative to A) of 2 we mean the extended real
number ||z||sp defined by

[zllsp = sup [A|
A€spa(z)

EXERCISE 10.7. Let A be a Banach algebra with identity I, and
let = be an element of A.

(a) Show that the resolvent ress(z) of x is open in C, whence the
spectrum sp 4 (z) of x is closed.

(b) Show that the spectrum of z is nonempty, whence the spectral
radius of z is nonnegative. HINT: Make an argument similar to the
proof of Mazur’s theorem.

(c) Show that ||z||sp < ||z||, whence the spectrum of z is compact.
HINT: If X # 0, then A —x = A(I — (z/))).

(d) Show that there exists a A € spa(x) such that ||z|sp = |A|; i-e.,
the spectral radius is attained.

(e) (Spectral Mapping Theorem) If p(z) is any complex polynomial,
show that

spa(p(z)) = p(spa(a));

ie, p € spa(p(z)) if and only if there exists a A € spa(z) such that
= p(A). HINT: Factor the polynomial p(z) — p as

n
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whence
n

p(x) — pl = CH(JU —\I).
i=1
Now, the left hand side fails to have an inverse if and only if some one
of the factors on the right hand side fails to have an inverse.

THEOREM 10.5. Let A be a commutative Banach algebra with
identity I, and let x be an element of A. Then the spectrum spa(x) of
coincides with the range of the Gelfand transform & of x. Consequently,
we have

[2lsp = N1%[loc-

PROOF. If there exists a ¢ in the structure space A of A for which
Z(¢) = A, then

P —x) = A= d(x) = A — () =0,

from which it follows that A\I — x cannot have an inverse. Hence, the
range of & is contained in sp(z).

Conversely, let A be in the spectrum of x. Let J be the set of all
multiples (Al — x)y of AI — = by elements of A. Then J is an ideal in
A, and it is a proper ideal since Al — = has no inverse (I is not in J).
By Zorn’s Lemma, there exists a maximal proper ideal M containing J.
Now the closure of M is an ideal. If this closure of M is all of A, then
there must exist a sequence {m.,,} of elements of M that converges to I.
But, since the set of invertible elements in A is an open set, it must be
that some m,, is invertible. But then M would not be a proper ideal.
Therefore, M is proper, and since M is maximal it follows that M is
itself closed.

Now A/M is a Banach algebra by part g of Exercise 10.1. Also,
since M is maximal, we have that A/M is a field. By Mazur’s Theorem
(Theorem 10.2), we have that A/M is topologically isomorphic to the
set of complex numbers. The natural map 7 : A — A/M is then a
continuous nonzero homomorphism of A onto C, i.e., 7 is an element of
A. Further, m(AI —x) = 0 since A\ —x € J C M. Hence, &(m) = A,
showing that A belongs to the range of z.

EXERCISE 10.8. Suppose A is a commutative Banach algebra with
identity I, and let A be its structure space. Assume that x is an element
of A for which the subalgebra [z] generated by z is dense in A. (See part
h of Exercise 10.1.) Prove that Z is a homeomorphism of A onto the
spectrum spa(z) of z.



THE SPECTRAL THEOREM OF GELFAND 199

THEOREM 10.6. Let A be a commutative C*-algebra with identity

I. Then, for each x € A, we have z* = .

PROOF. The theorem will follow if we show that & is real-valued
if z is selfadjoint. (Why?) Thus, if = is selfadjoint, and if U = €@ =
oo o(ix)™/nl, then we have seen in part f of Exercise 10.2 and part i of
Exercise 10.1 that U is unitary and that ||U|| = |[U~!|| = 1. Therefore,
if ¢ is an element of the structure space A of A, then |¢(U)| < 1 and
1/|¢(U)| = |p(U~1)| < 1, and this implies that |¢(U)| = 1. On the other

hand,

$(U) = " (ig(w))"/n! = €.

n=0

But |e’| = 1 if and only if ¢ is real. Hence, #(¢) = ¢(x) is real for every
¢ €A

The next result is an immediate consequence of the preceding theo-
rem.

THEOREM 10.7. If z is a selfadjoint element of a commutative
C*-algebra A with identity, then the spectrum spa(x) of  is contained
in the set of real numbers.

EXERCISE 10.9. (A Formula for the Spectral Radius) Let A be a
Banach algebra with identity I, and let x be an element of A. Write
sp(z) for spa(x).

(a) If n is any positive integer, show that p € sp(z™) if and only if
there exists a A € sp(z) such that g = A", whence

lllsp = ™ (1"

Conclude that

|#lsp < liminf [|2"]*/™.

(b) If f is an element of A*, show that the function A — f((A —z)~!)
is analytic on the (open) resolvent res(x) of x. Show that the resolvent
contains all X for which || > [|z]|sp-

(c) Let f be in A*. Show that the function F(u) = pf((I — pz)~1) is
analytic on the disk of radius 1/||z||sp around 0 in C. Show further that

F(p) =Y fla"u"+!
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on the disk of radius 1/||z|| and hence also on the (possibly) larger disk
of radius 1/|z||sp-

(d) Using the Uniform Boundedness Principle, show that if |u| <
1/||z||sp, then the sequence {p"+12™} is bounded in norm, whence

limsup [l2” |/ < 1/u]
for all such p. Show that this implies that
timsup 2 [ < [o]op-

(e) Derive the spectral radius formula:

2 lsp = Tim ||z /"
(f) Suppose that A is a C*-algebra and that x is a selfadjoint element
of A. Prove that

[z]| = sup [A| = [|@]|sp.
A€sp(x)

THEOREM 10.8. (Gelfand’s Theorem) Let A be a commutative
C*-algebra with identity I. Then the Gelfand transform is an isomet-
ric isomorphism of the Banach algebra A onto C(A), where A is the
structure space of A.

PROOF. We have already seen that x — 2 is a norm-decreasing
homomorphism of A into C'(A). We must show that the transform is an
isometry and is onto.

Now it follows from part f of Exercise 10.9 and Theorem 10.4 that
[|2]] = ||Z]|co Whenever z is selfadjoint. For an arbitrary x, write y = x*x.
Then
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showing that the Gelfand transform is an isometry.

By Theorem 10.6, we see that the range A of the Gelfand transform
is a subalgebra of C'(A) that separates the points of A and is closed
under complex conjugation. Then, by the Stone-Weierstrass Theorem,
A must be dense in C(A). But, since A is itself complete, and the Gelfand
transform is an isometry, it follows that A is closed in C'((A), whence is
all of C(A).

EXERCISE 10.10. Let A be a commutative C*-algebra with iden-
tity I, and let A denote its structure space. Verify the following prop-
erties of the Gelfand transform on A.

(a) x is invertible if and only if & is never 0.

(b) x = yy* if and only if & > 0.

(¢) x is a unitary element of A if and only if |Z| = 1.

(d) A contains a nontrivial projection if and only if A is not connected.

EXERCISE 10.11. Let A and B be commutative C*-algebras, each
having an identity, and let A4 and Ap denote their respective structure
spaces. Suppose T is a (not a priori continuous) homomorphism of the
algebra A into the algebra B. If ¢ is any linear functional on B, define
T'(¢) on A by

T'(¢) = ¢oT.

(a) Suppose ¢ is a positive linear functional on Bj i.e., ¢(xxz*) > 0
for all x € B. Show that ¢ is necessarily continuous.
(b) Prove that T" is a continuous map of Ap into Ay.

(c) Show that &(T"(¢)) = Jf(x\)(qﬁ) for each = € A.

(d) Show that ||T'(x)|| < ||z|| and conclude that T' is necessarily con-
tinuous.

(e) Prove that T" is onto if and only if T is 1-1. HINT: T is not 1-1
if and only if there exists a nontrivial continuous function on A 4 that
is identically 0 on the range of T”.

(f) Prove that T” is 1-1 if and only if T is onto.

(g) Prove that T is a homeomorphism of Ap onto A4 if and only if
T is an isomorphism of A onto B.

EXERCISE 10.12. (Independence of the Spectrum)

(a) Suppose B is a commutative C*-algebra with identity I, and that
A is a sub-C*-algebra of B containing I. Let x be an element of A. Prove
that spa(z) = spp(z). HINT: Let T be the injection map of A into B.

(b) Suppose C is a (not necessarily commutative) C*-algebra with
identity I, and let  be a normal element of C. Suppose A is the smallest
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sub-C*-algebra of C' that contains z, z*, and I. Prove that spa(z) =
spe(x). HINT: If A € spa(z), and AI — x has an inverse in C, let B be
the smallest sub-C*-algebra of C' containing z, I, and (A — x)~!. Then
use part a.

(c) Let H be a separable Hilbert space, and let T" be a normal element
of B(H). Let A be the smallest sub-C*-algebra of B(H) containing 7,
T*, and I. Show that the spectrum sp(T') of the operator T coincides
with the spectrum spa(7T') of T thought of as an element of A.

THEOREM 10.9. (Spectral Theorem) Let H be a separable Hilbert
space, let A be a separable, commutative, sub-C*-algebra of B(H) that
contains the identity operator I, and let A denote the structure space
of A. Write B for the o-algebra of Borel subsets of A. Then there exists
a unique H-projection-valued measure p on (A, B) such that for every
operator S € A we have

S = / S dp.

That is, the inverse of the Gelfand transform is the integral with respect
to p.

PROOF. Since A contains I, we know that A is compact and metriz-
able. Since the inverse T' of the Gelfand transform is an isometric iso-
morphism of the Banach algebra C(A) onto A, we see that T satisfies
the three conditions of Theorem 9.7.

(1) T(fg) =T(f)T(g) for all f,g € C(A).
(2) T(F) = [T(f)]" for all f € C(A).
(3) T(1)=1.
The present theorem then follows immediately from Theorem 9.7.

THEOREM 10.10. (Spectral Theorem for a Bounded Normal Op-
erator) Let T' be a bounded normal operator on a separable Hilbert space
H. Then there exists a unique H-projection-valued measure p on (C, B)
such that

= [rap= [ 10,
where f(X) = . (We also use the notation T = [ Adp()).) Furthermore,
Psp(T) = I; i.e., p is supported on the spectrum of T.

PROOF. Let Aj be the set of all elements S € B(H) of the form

m

S = zn: Z aijTiT*j,

i=0 j=0
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where each a;; € C, and let A be the closure in B(H) of Ay. We have
that A is the smallest sub-C*-algebra of B(H) that contains T, T*, and
1. Tt follows that A is a separable commutative sub-C*-algebra of B(H)
that contains I. If A denotes the structure space of A, then, by Theorem
10.9, there exists a unique projection-valued measure ¢ on (A, B) such
that

5= [Sdg= [ 5)da(o)

for every S € A.

Note next that the function 7' is 1-1 on A. For, if T(¢1) = T'(¢), then
T\*(gbl) = f;(dag), and hence S(¢1) = S(¢2) for every S € Ag. Therefore,
S(¢1) = S(¢2) for every S € A, showing that ¢ = ¢o. Hence, T is a
homeomorphism of A onto the subset sp4(T") of C. By part ¢ of Exercise
10.12, spa(T) = sp(T).

Define a projection-valued measure p = T*q on sp(T') by

pE =TwqE = dp-1(p)-

See part ¢ of Exercise 9.3. Then p is a projection-valued measure on
(C, B), and p is supported on sp(T).

Now, let f be the identity function on C, i.e., f(A) = A. Then, by
Exercise 9.13, we have that

[rd = [ rap
u-
:/qu

:T,

T)dg

as desired.

Finally, let us show that the projection-valued measure p is unique.
Suppose p’ is another projection-valued measure on (C, B), supported
on sp(7T), such that

- /)\dp’()\) _ /)\dp()\).
It follows also that

T*:/;\dp/(x\):/j\dp(/\).
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Then, for every function P of the form
P()\) = Z Z Cij)\ij\j7
i=1 j=1

we have

/ POV dp' () = / P(\) dp().

Whence, by the Stone-Weierstrass Theorem,
[rovar oy = [ o

for every continuous complex-valued function f on sp(T). If ¢’ = T; Ly
is the projection-valued measure on A defined by
r_
g = pT(E)’

then, for any continuous function g on A, we have

/gdq’ =/(90T_1)dp’

:/gdq-

So, by the uniqueness assertion in the general spectral theorem, we have
that ¢’ = ¢. But then

P =T.q =Tuq=p,

and the uniqueness is proved.

DEFINITION. The projection-valued measure p, associated as in
the above theorem to a normal operator 7', is called the spectral measure
for T.

The next result is an immediate consequence of the preceding theo-
rem.
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THEOREM 10.11. (Spectral Theorem for a Bounded Selfadjoint
Operator) Let H be a separable Hilbert space, and let T' be a selfadjoint
element in B(H). Then there exists a unique projection-valued measure
p on (R,B) for which T = [ Adp()). Further, p is supported on the
spectrum of T.

REMARK. A slightly different notation is frequently used to indi-
cate the spectral measure for a selfadjoint operator. Instead of writing
T = [ Adp(X), one often writes T = [ AdE). Also, such a projection-
valued measure is sometimes referred to as a resolution of the identity.

EXERCISE 10.13. Let T be a normal operator in B(H) and let p
be its spectral measure.

(a) If U is a nonempty (relatively) open subset of sp(T), show that
py # 0. If U is an infinite set, show that the range of py is infinite
dimensional.

(b) Show that if E is a closed subset of C for which pg = I, then
E contains sp(T'). Conclude that the smallest closed subset of C that
supports p is the spectrum of 7.

(c¢) If T is invertible, show that the function 1/X is bounded on sp(T")
and that 771 = [(1/X) dp(N).

(d) If sp(T") contains at least two distinct points, show that T = T; +
Ts, where T and T5 are both nonzero normal operators and 77 o Ty = 0.

(e) Suppose S is a bounded operator on H that commutes with both
T and T*. Prove that S commutes with every projection pg for E a
Borel subset of sp(T"). HINT: Do this first for open subsets of sp(T),
and then consider the collection of all sets E for which ppS = Spg. (It
is a monotone class.)

(f) Suppose S is a bounded operator that commutes with T. Let
E = sp(T) N Bc(A\o), where € > 0 and A is a complex number. Show
that, if = belongs to the range of pg, then S(z) also belongs to the
range of pg, implying that S commutes with pg. (Use part b of Exercise
9.11.) Deduce the Fuglede-Putnam-Rosenbloom Theorem: If a bounded
operator S commutes with a bounded normal operator T, then S also
commutes with 7.

EXERCISE 10.14. Let T be a normal operator on a separable
Hilbert space H, let A be a sub-C*-algebra of B(H) that contains T
and I, let f be a continuous complex-valued function on the spectrum
sp(T') of T, and suppose S is an element of A for which S=foT.

(a) Show that the spectrum sp(S) of S equals f(sp(T)). Compare this
result with the spectral mapping theorem (part e of Exercise 10.7).
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(b) Let p” denote the spectral measure for 7' and p° denote the
spectral measure for S. In the notation of Exercises 9.3 and 9.13, show
that

pS = f*(pT)'

HINT: Show that S = [ Adf.(p”)(A), and then use the uniqueness as-
sertion in the Spectral Theorem for a normal operator.

(¢) Apply parts a and b to describe the spectral measures for S = ¢(T")
for ¢ a polynomial and S = e’

EXERCISE 10.15. Let p be an H-projection-valued measure on the
Borel space (5, B). If f is an element of L>°(p), define the essential range
of f to be the set of all A € C for which

pr-1(B.(\) # 0

for every € > 0.

(a) Let f be an element of L (p). If T' is the bounded normal operator
f f dp, show that the spectrum of T coincides with the essential range
of f. See part e of Exercise 9.10.

(b) Let f be an element of L*°(p), and let T = [ fdp. Prove that
the spectral measure ¢ for T is the projection-valued measure f.p. See
Exercises 9.3 and 9.13.

EXERCISE 10.16. Let (S, ) be a o-finite measure space. For each
[ € L*(p), let my denote the multiplication operator on L?(u) given
by myg = fg. Let p denote the canonical projection-valued measure on
L*(p).

(a) Prove that the operator my is a normal operator and that

mf:/fdp.

Find the spectrum sp(my) of my.
(b) Using S = [0,1] and g as Lebesgue measure, find the spectrum
and spectral measures for the following m’s:

1) f:X[o,1/2]7

2) f(z) =z,

f(z) = a?,

f(x) = sin(27x), and

) [ is a step function f = >"" | a;xr,, where the a;’s are complex
numbers and the I;’s are disjoint intervals.

(
(
(
(
(
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(c) Let S and p be as in part b. Compute the spectrum and spectral
measure for my if f is the Cantor function.

DEFINITION. We say that an operator T' € B(H ) is diagonalizable
if it can be represented as the integral of a function with respect to a
projection-valued measure. That is, if there exists a Borel space (.5, B)
and an H-projection-valued measure p on (S, B) such that T = [ fdp
for some bounded B-measurable function f. A collection B of operators
is called simultaneously diagonalizable if there exists a projection-valued
measure p on a Borel space (5, B) such that each element of B can be
represented as the integral of a function with respect to p.

REMARK. Theorem 10.11 and Theorem 10.10 show that selfadjoint
and normal operators are diagonalizable. It is also clear that simultane-
ously diagonalizable operators commute.

EXERCISE 10.17. (a) Let H be a separable Hilbert space. Suppose
B is a commuting, separable, selfadjoint subset of B(H). Prove that the
elements of B are simultaneously diagonalizable.

(b) Let H be a separable Hilbert space. Show that a separable, selfad-
joint collection S of operators in B(H) is simultaneously diagonalizable
if and only if S is contained in a commutative sub-C*-algebra of B(H).

(c) Let A be an n x n complex matrix for which a;; = @j;. Use the
Spectral Theorem to show that there exists a unitary matrix U such
that UAU ! is diagonal. That is, use the Spectral Theorem to prove
that every Hermitian matrix can be diagonalized.

One of the important consequences of the spectral theorem is the
following:

THEOREM 10.12. (Stone’s Theorem) Let ¢ — U; be a map of R
into the set of unitary operators on a separable Hilbert space H, and
suppose that this map satisfies:

(1) Upys = U o Uy for all t, s € R.
(2) The map t — (U(x),y) is continuous for every pair z,y € H.

Then there exists a unique projection-valued measure p on (R, B) such
that

Ut — /6—27ri/\t dp(>\)

for each t € R.
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PROOF. For each f € L*(R), define a map Ly from H x H into C
by

Ly(y) = /R F(5)(Us(), ) ds.

It follows from Theorem 8.5 (see the exercise below) that for each f €
L*(R) there exists a unique element Ty € B(H) such that

Lf(xay) = (Tf(x)a y)

for all x,y € H. Let B denote the set of all operators on H of the form
Ty for f € L*(R). Again by the exercise below, it follows that B is a
separable commutative selfadjoint subalgebra of B(H).

We claim first that the subspace Hy spanned by the vectors of the
form y = T¢(x), for f € L'(R) and = € H, is dense in H. Indeed, if
z € H is orthogonal to every element of Hy, then

0= (Tf(z)v Z)
= [ f(s)(Us(z),2)ds
R

for all f € L*(R), whence
(Us(2),2) =0

for almost all s € R. But, since this is a continuous function of s, it
follows that
(Us(2),2) =0

for all s. In particular,
(Z,Z) = (UO(Z)7Z) = 07

proving that Hj is dense in H as claimed.

We let A denote the smallest sub-C*-algebra of B(H) that contains
B and the identity operator I, and we denote by A the structure space
of A. We see that A is the closure in B(H) of the set of all elements
of the form A + Ty, for A € C and f € L*(R). So A is a separable
commutative C*-algebra. Again, by Exercise 10.18 below, we have that
the map 7T that sends f € L'(R) to the operator T is a norm-decreasing
homomorphism of the Banach x-algebra L'(R) into the C*-algebra A.
Recall from Exercise 10.5 that the structure space of the Banach algebra
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L'(R) is identified, specifically as in that exercise, with the real line R.
With this identification, we define T : A — R by

T'(¢) = ¢oT.

Because the topologies on the structures spaces of A and L!(R) are the
weak* topologies, it follows directly that 77 is continuous. For each
f € L*(R) we have the formula

F(T'(9) = [T'(DI(f) = &(Ty) = T5(9).

By the general Spectral Theorem, we let ¢ be the unique projection-
valued measure on A for which

S:/$@@w>

for all S € A, and we set p = T.q. Then p is a projection-valued measure
on (R, B), and we have

[Fav=[(For)dg
— [ # o) date)
:/ﬁwww

for all f € L'(R).
Now, for each f € L'(R) and each real ¢ we have

<wmm»w=4ﬂmmum»ww
a@ﬂmwﬁmwMS
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where f_; is defined by f_:(x) = f(x —t). So, because the set Hy of all
vectors of the form Ty (x) span a dense subspace of H,

Ui= [ e ap,

as desired.

We have left to prove the uniqueness of p. Suppose p is a projection-
valued measure on (R, B) for which U; = [ e=?™At dp()\) for all t. Now
for each vector x € H, define the two measures u, and [, by

pa(E) = (pe(r), )

and
fie(E) = (PE(), ).

Our assumption on p implies then that
/6727ri/\t d,LLz(A) — /6727ri/\t d,LNLz(A)

for all real t. Using Fubini’s theorem we then have for every f € L'(R)
that

[ i) = [ [ e e
= [0 [
= [0 e am
= [ fov (.

Since the set of Fourier transforms of L! functions is dense in Cp(R), it

then follows that
/ gdpiy = / g dfiy

for every g € Cp(R). Therefore, by the Riesz representation theorem,
e = fi,. Consequently, p = p (see part d of Exercise 9.2), and the proof
is complete.

EXERCISE 10.18. Let the map t — U, be as in the theorem above.
(a) Prove that Uy is the identity operator on H and that U} = U_;
for all ¢.
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(b) If f € L'(R), show that there exists a unique element Ty € B(H)
such that

/R F(8)(Us(), y) ds = (Ty(x). y)

for all x,y € H. HINT: Use Theorem 8.5.
(c) Prove that the assignment f — T defined in part b satisfies

IT¢1l < [1.f 1l
for all f € L}(R),
Tpeg =Ty o1,y
for all f,g € L'(R) and
for all f € L*(R), where
fr(s) = f(=s).

(d) Conclude that the set of all T}’s, for f € L'(R), is a separable
commutative selfadjoint algebra of operators.

EXERCISE 10.19. Let H be a separable Hilbert space, let A be a
separable, commutative, sub-C*-algebra of B(H), assume that A con-
tains the identity operator I, and let A denote the structure space of A.
Let x be a vector in H, and let M be the closure of the set of all vectors
T(x), for T € A. That is, M is a cyclic subspace for A. Prove that there
exists a finite Borel measure 1 on A and a unitary operator U of L?(u)
onto M such that

UloToU= Mg

for every T' € A. HINT: Let G denote the inverse of the Gelfand trans-
form of A. Define a positive linear functional L on C(A) by L(f) =
([G(f)](x),x), use the Riesz Representation Theorem to get a measure
u, and then define U(f) = [G(f)](z) on the dense subspace C(A) of
L?(p).



