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Preface

These notes were designed as lecture notes for a first course in Banach Algebras
and Operator Algebras. The student is assumed to have already taken a first course
in Linear Analysis. In particular, they are assumed to already know the Hahn-
Banach Theorem, the Open Mapping Theorem, etc., all of which can be found in
my notes on Functional Analysis [35]. A list of those results which will be used in
the sequel is included in the second section of the first chapter.

I am indebted to a number of people who have found typos in earlier versions of
the notes, including Dan Pollock, Paul Skoufranis, and Austin Shiner. Any remain-
ing errors are clearly the fault of my friend and colleague Heydar Radjavi. (Ok, I
might be exaggerating there — they might be my fault.)

April 30, 2021
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PREFACE

THE REVIEWS ARE IN!

He is a writer for the ages, the ages of four to eight.
Dorothy Parker

This paperback is very interesting, but I find it will never replace a
hardcover book - it makes a very poor doorstop.

Alfred Hitchcock

It was a book to kill time for those who like it better dead.
Rose Macaulay

That’s not writing, that’s typing.
Truman Capote

Only the mediocre are always at their best.
Jean Giraudoux
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CHAPTER 1

A Brief Review of Banach Space Theory

Somewhere on this globe, every ten seconds, there is a woman giving
birth to a child. She must be found and stopped.

Sam Levenson

Definitions and examples

1.1. In this manuscript, we shall be studying the basic properties of Banach
algebras and of operator algebras acting on a Hilbert space. The reader is assumed
to have already taken a first course in Functional Analysis. In particular, we shall
assume that the reader is familiar with the material contained in An introduction to
functional analysis [35].

In an effort to keep these notes relatively self-contained, we shall list the main
results contained therein. But first, let us also review the definition of a Banach
space, as well as a number of examples thereof.

Those who study Banach spaces are as interested (at times even more interested)
in real Banach spaces as they are in complex Banach spaces. From the point of view
of Banach algebras, complex Banach algebras are considered the more important
example. One reason for this is that complex Banach spaces have the property that
each of their elements has non-empty spectrum, and the spectrum of an element is
one of the most important tools used to study it and the algebra it generates. We
shall much more to say about this in subsequent Chapters. For now, we are only
trying to justify why we are only considering complex Banach spaces in the current
Chapter.

1.2. Definition. Let X be a vector space over C. A seminorm on X is a map
r:X-R
satisfying
(i) v(x) 20 for all x € X;
(il) v(Az) = |\ v(x) for all z € X, A€ C; and
(i) v(z+y) <v(z) +v(y) for all x,y € X.
If v satisfies the extra condition:
(iv) v(z) =0 if and only if x =0,
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then we say that v is a norm, and we usually denote v(-) by | -|. In this case, we
say that (X,|-|) (or, with a mild abuse of nomenclature, X) is a normed linear
space.

A Banach space normed linear space which is complete with respect to the
metric

d(%,y) = ”x_yH7 957y€:f

induced by the norm.

1.3. Example. Let n € N, and let 1 < p < oo be a real number. We define the

p-norm | - |, on C" as follows. Given x = (x1,22,...,2,) € C", we set
n 1/p
ey = (Skp)
i=1

We also define the oco-norm

e
For each 1 <p < oo, (C",|-|,) is complete, hence a Banach space.
1.4. Remark. Recall that two norms |- || and ||-|| on a complex vector space X
are said to be equivalent if there exist constants «, 8 > 0 such that
a [z <zl < 8 ]

for all x € X. It is a theorem that all norms on a finite-dimensional normed linear
space are equivalent. In other words, they generate the same topology.

A consequence of this is that given n € N and any norm |- || on C*, (C",|-||) is
complete, and thus a Banach space.

1.5. Example. Let X be a compact, Hausdorff topological space and set
C(X)={f:X—C: fis continuous }.
With respect to the sup-norm | f||o := maxzex |f ()], the space C(X) is complete,

and thus a Banach space.

1.6. Example. The above example may be generalised somewhat. Let X be a
locally compact Hausdorff space. Then (Co(X), | - |«) is a Banach space, where

Co(X) {feC(X): f vanishes at oo }

{feC(X):Ve>0,{xeX:|f(x)|>e} is compact in X }.

As before, the norm under consideration is the supremum norm: | f| e = sup,cx |f(x)]-
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1.7. Example. If (X, Q, p) is a measure space and 1 < p < co. Set
LP(X,Qu) = {f:X—>C:fis Lebesgue measurable
and [ f(@)F du(w) < o0},

The map v, : f = (fX\f(a:)|pdu(x))1/p defines a seminorm on LP(X,Q, u), with
kernel which we denote by NP(X, €, ). The quotient space

IP(X, Q1) = £2(X, Q1) INP(X, 2, p)

is then a normed linear space, and a standard result from measure theory asserts
that it is complete, and therefore a Banach space. The norm here is given by
ILf]llp := vp(f). With (X, Q, ) as above, and with f: X — C measurable, we also
define

Voo (f) = ess sup(f) = inf{y > 0: p{z e X : [f(x)[ >~} = 0},

and set
Loo(X, Q2 p)={f:X - C: fis Lebesgue measurable and ve(f) < o0}.

Similar to the construction above, we let N *°(X,Q, 1) denote the kernel of vo,, and
set

L=(X, Q) = L2(X, Q, 1) INT (X, Q, ).
In this case the norm is ||[ f]]co := Voo (f) = ess sup(f).
For the sake of readability, we subscribe to the usual abuse of notation and
denote an element of LP(X,Q,u) as “f”, rather than “[f]”, although it is crucial
that the reader be aware that elements of LP(X,Q, ) are equivalence classes of

functions, rather than functions. Thus, in general, it does not make sense to speak
of f(z) for fe LP(X,Q,u) and x € X.

1.8. Example. Let [ # @ be a set and let 1 < p < co. Define ¢’(I) to be the set
of all functions

{f:I>C: 3 If(D) <oo}

iel
and for f e /P(I), define || f], = (Zier|f(4)[P)/P. Then ¢P(I) is a Banach space. If
I =N, we also write /2. Of course,
(=(I)={f: T~ C: sup{|f(D) i e T} <oo)
and | f|eo =sup{|f(¢)|:iel}. A closed subspace of particular interest here is
co(I)={fel(I): for all € >0, cardinality{ie [ :|f(i)|>e} < oo }.

Again, if I =N, we write only £*° and ¢y, respectively.
The reader may wish to review what it means for Y,.;x; to converge (where
x; € C for all 4 € I) when [ is uncountable.



4 1. A BRIEF REVIEW OF BANACH SPACE THEORY

1.9. Example. Let i denote normalised Lebesgue measure on the set T ={z €
C:|z| = 1}. From Example 1.7, for each 1 < p < oo, the space LP(T,Q,u) is a
Banach space, where the corresponding measure space ) on T is the set of Lebesgue
measurable subsets of T. We may also define the so-called Hardy spaces

27 -
HP(T,M):{[f]eL”(T,M):[O F(0)e™ d =0 for all n>1).

These are Banach spaces for each p > 1, including p = oo.

1.10. Example. Let n € N and let
¢™[0,1]={f:[0,1] > C: f has n continuous derivatives}.
Define [[f] = maxoepen{sup{[f® ()| : @ € [0,1]}}. Then (C[0,1],]-[) is a

Banach space.

1.11. Example. If X is a Banach space and 2) is a closed subspace of X, then

¢ 9) is a Banach space under the inherited norm, and
e X/9 is a Banach space — where X/9) = {z+%2) : 2 € X}. The norm is the
usual quotient norm, namely: |z +9Q)| = infyey [z +y].

1.12. Example. Examples of Banach spaces can of course be combined. For
instance, if X and ) are Banach spaces over C, then we can form the so-called
(P-direct sum of X and g) as follows:

Xop) ={(v,y):weX, ye},

1
and | (z, )] = (1% + |yl5)"-

More generally, given a family (X,, || - |x, )» of Banach spaces over C, the space

®nXy = {(xn)n fTp € Xp,m 2 1}

D=

is a Banach space with norm defined by |(zy)n| = (2, |zn Hpn) .

1.13. Example. Let X and ) be Banach spaces over C. Then the set of
continuous linear transformations B(X, 2)) from X into 2) is a Banach space under
the operator norm [T = supj,<1 [Tz]. When X = 9), we also write B(X) for
B(X, X).

In particular, B(C™) is isomorphic to the n x n complex matrices M,, and forms
a complex Banach space under a variety of norms, including the operator norm from
above. On the other hand, as we observed in Remark 1.4, all such norms must be
equivalent to the operator norm.
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1.14. Example. Suppose that X is a Banach space over K. Then X* = B(X, C)
is a Banach space, called the dual space of X.

For example, if p is o-finite measure on the measure space (X,(),
1 <p<oo,and if ¢, 1 < g < oo the Lebesgue conjugate of p so that %+% =1,
then

(P, 0] = LU(X, 9, )
AN
[co]” = ¢%

This is referred to as the Riesz Representation Theorem. Note that in general,
the first two equalities fail if p = oo.
As a second example, suppose X is a compact, Hausdorff space. Then

C(X)* = M(X)

:= {w:pis a bounded, regular Borel measure on X }

Note that for g e M(X), the action on C(X) is given by ®,(f) = [y fdu. This is
known as the Riesz-Markov Theorem.

In the case where X = [0,1], the space of bounded, regular Borel measures
may also be identified with the set BV ([0,1],K) of left-continuous complex-valued
functions of bounded variation on [0,1].

For our purposes, one of the most important examples of a Banach space will
be:

1.15. Definition. A complex Hilbert space H is a Banach space over C
whose norm is generated by an inner product (-, -), which is a map from HxH — C
satisfying:

(i) (z, x) 20 and (z, x) =0 if and only if x = 0;
(i) (@, y) = (y, x); and
(il) (Az+ By, 2) = Ma, 2) + B(y, 2)

for all x,y,z € H; X\, € C. The norm on H is given by |z| = (z, 2)'/?, z ¢ H.

Each Hilbert space H is equipped with a Hilbert space basis, also referred
to as an orthonormal basis. This is an orthonormal set {eq}aep in H with the
property that any x € H can be expressed as

T = Z ToCa

aeA

in a unique way. It is a standard result that any two orthonormal bases for H are
of the same cardinality, which allows one to define the dimension of the space H
as the cardinality of any orthonormal basis of 4. From this it follows that any two
Hilbert spaces of the same dimension are isomorphic. Examples of Hilbert spaces
include:
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The spaces (C", | - |,), n>1, as defined in Example 1.3.
The space L*(X, Q, u) defined in Example 1.7.
The space ¢?(I) defined in Example 1.8.
The space H*(T, i) defined in Example 1.9.
M, (C) is a Hilbert space with the inner product < z, y >= tr(y*x). Here
tr denotes the usual trace functional on M, and if y € M, (C), then y*
denotes the conjugate transpose of y.

It should be noted that the norm induced on M, (C) by the inner prod-
uct is not the operator norm (unless n = 1). For y = [y; ;] € M,(C), the
induced norm is

1
2
2
yz:( >, |yi,j|) ,

1<ij<n

and is referred to as the Frobenius norm.

The main theorems

1.16. We now enumerate the main results we shall assume in the sequel. The
proofs of all of these results may be found in [35].

1.17. Theorem. [The Hahn-Banach Theorem 01.] Suppose X is a Ba-
nach space, M € X is a linear manifold and f : M — C is a continuous linear
functional. Then there exists a functional g € X* such that |g| = | f| and glsn = f.

1.18. Theorem. [The Hahn-Banach Theorem 02.] Let X be a Banach
space and suppose 0 +# x € X. Then there exists f € X* such that |f| = 1 and

fle)=z].

1.19. Corollary. Let X be a Banach space and suppose that x # y are two
vectors in X. Then there exists f € X* such that f(z) # f(y).

1.20. Theorem. [The Hahn-Banach Theorem 03.] Let X be a Banach
space, M be a closed subspace of X and x be a vector in X such that x ¢ M. Then
there exists f € X* such that f =0 on 9 and f(x) +0.

1.21. Theorem. [The Open Mapping Theorem.] LetT : X — Q) be
a surjective continuous linear map of a Banach space X onto a Banach space ).
Then T is an open map; that is, T(V') is open in Y for all open sets V in X.

1.22. Theorem. [The Banach Isomorphism Theorem.| LetT :X — 9
be a bijective, continuous linear map of a Banach space X onto a Banach space 2).
Then T~ is continuous.
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1.23. Definition. Let X and 2 be Banach spaces and M < X be a linear
manifold. Then a linear map T : M - ) is closed if v, > x and Tz, — y together
imply that © € M and Tz =y. This is equivalent to saying that the graph &(T) =
{(z,Tx):x €M} is a closed subspace of X Y.

1.24. Theorem. [The Closed Graph Theorem.] If X and 2 are Banach
spaces and if T : X - ) is a closed linear map that is defined everywhere, then T is
continuous.

An alternative formulation reads:

If X and Q) are Banach spaces, T : X — Q) is linear, {x,}:2, € X, and if
limy—oo T, = 0 and limy,—o0o Tz, = b together imply that b = 0, then T is continu-
ous.

1.25. Theorem. [The Banach-Steinhaus Theorem (aka the Uniform
Boundedness Principle).]

Suppose X and Q) are Banach spaces and F < B(X,2)). Suppose that for all
rxeX, Ky :=supp.g |[Tz| < oo. Then K :=supper || T < oo.

1.26. Corollary. Let {T,} ., be a sequence of bounded linear operators in
B(%,9) such that Tx :=lim, o Thx exists for all x € X. Then sup,s; |Tn| < co and
TeB(X,9).

1.27. Theorem. [The Banach-Alaoglu Theorem.] Let X be a Banach
space. Then the unit ball X7 of X* is compact in the weak™-topology.

1.28. Of course, this is but a brief outline of some of the major results and
definitions which will be relevant to our study of Operator Algebras. For more in-
formation, the reader is encouraged to consult the texts of Dunford and Schwarz [20],
of Bollobas [7], and of Pryce [42], to name but three. Alternatively, one may choose
to save one’s hard earned pennies and consult [35].

Theorems from measure theory

We shall also require a couple of results from Measure Theory.

1.29. Definition. A measure u on the Borel sets of a Hausdorff topological
space X is said to be a Radon measure if it satisfies the following two properties.

(a) The measure p is regular: that is, if U € X is open, then
w(U) =sup{u(K) : K c U, K compact}.

(b) The measure p is locally finite: that is, x € X implies that there exists a
nbhd U in the neighbourhood base Uy of x such that pu(U) < ooy
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1.30. Theorem. [Lusin’s Theorem.] Let (X,Q,u) be a Radon measure
space, and let f : X - C be a measurable function. Given € >0 and Y € X, there
exists a closed set F' ¢ X such that p(Y N\ F) <e and f|p is continuous.

If Y is locally compact, we can choose F' to be compact and we can find a con-
tinuous function g. : X - C with compact support such that ge|p = f and

sup |g: ()| < sup | f(z)].
xreX zreX

1.31. Theorem. [The Riesz-Markov Theorem.] Let X be a locally com-
pact Hausdorff space. If ¢ is a continuous linear functional on the space Co(X)
of continuous functions on X which vanish at infinity, then there exists a unique
regular Borel measure pn on X such that

()= [ fdu for all f € Co(X).

If X is compact, then p is a finite measure, and if 0 < f € Co(X) implies that
©(f) >0, then the measure p is positive.
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Supplementary examples

S1.1. Example. Let = = (z,), be a sequence of complex (or real) numbers.
The total variation of x is defined by

V()= [#ne1 — Tl
n=1

If V(z) < oo, we say that « has bounded variation. The space
bv:={(zy)n: 2, e K,n>1,V(z) < oo}
is called the space of sequences of bounded variation. We may define a norm

on bv as follows: for x € bv, we set

[e9)

||($n)n”bv = |l‘1| + V($) = |l’1| + Z |l'n+1 _xn|~
n=1

It can be shown that bv is complete under this norm, and hence that bv is a
Banach space. which is isomorphic to £!.

If we let bvg = {(zy)y € bv : lim, 2, = 0}, then
| (zn)nlbve =V ((zn)n)

defines a norm on bvg, and again, bvg is a Banach space with respect to this norm,
and that it is isometrically isomorphic to £', though not by the identity map. We
refer the reader to [20] for more details.

S1.2. Example. Given a sequence x = (), € CV, we define the extended real
number

n
S
k=1

p(z) = sup
We then define the space
bs = {z = (zn)n € CV: p(z) < 00}.

Again, it can be shown that |z|ps := u(z) defines a norm on the vector space bs
under which the latter becomes a Banach space. As before, we refer the reader
to [20] for more details.

S1.3. Example. Let D := {z € C: |z| < 1} denote the closed unit disk in the
complex plane, and D° := {z € C:|z| < 1} denote its interior. Then, as we have seen,
C(D) :={f :D — C: f is continuous} is a Banach space when equipped with the
supremum norm | f| e = sup{|f(z)|: z € D}.

By the Stone-Weierstral Theorem, we know that C(D) is the norm-closure of
the set

{p(2,Z) : p a polynomial in two commuting variables}.

The subalgebra A(D) := {f € C(D,C) : flpe is holomorphic} of C(DD) is called the
disk algebra. It is easily seen to coincide with the norm-closure of the set of all
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polynomials {p(z) : p a polynomial} in C(DD), and the function ¢*(2) :=%, z € D is
an example of a function which lies in C(ID) but not in A(D).

S1.4. Example. Another Banach space of interest to those who study the
geometry of said spaces is James’ space.

For a sequence (x,), of real numbers, consider the following condition, which
we shall call condition J: for all k> 1,

sup [(:cm - xn2)2 +(zp, - xn3)2 +ot+ (T, — :z:nk)2] < 0.
ni<n2<:---<ng

The James’ space is defined to be:
J={(zn)n € co: (xn), satisfies condition J}.

The norm on J is defined via:

N

Iz )nly = sup [(xm - xn2)2 + (@, - $n3)2 +oet (T, — xnk)Q] .
n1<n2<:--<ng

It can be shown that J is a Banach space when equipped with this norm.
S1.5. Example. Here’s an interesting example we recently found in a paper of

Kalton [32]. We confess that we are not quite sure what these spaces are used for,
but they do appear somewhat exotic, yet tractable.

Let X and 2 be Banach spaces. A map f: X — 2) is said to be positively

homogeneous if for all z € X and 0 <r e R,
f(rz) =rf(z).

For example, the map g : C3 - C? defined by g(z1,22,23) = (|23, |22 + 21],23) is
positively homogeneous. Observe that g is not linear.

We say that a positively homogeneous map is bounded if

sup{|lf(z) [y : |z]x <1} < oo.
We define the space
D(X,9):={f:X—>9] f is positively homogeneous and bounded}.

We leave it as a routine exercise for the reader to prove that $(X,9)) becomes a
Banach space when equipped with the norm

[ £ o) = sup{llf (@) ]y : 2]z <1}
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Appendix

A1.1. Topological vector spaces (or TVS’s) are a generalisation of normed linear
spaces. A vector space U over C is said to be a topological vector space if it is
equipped with a Hausdorff topology 7 under which the vector space operations of
summation and scalar multiplication are continuous.

Many introductions to Functional Analysis avoid mention of these, in part be-
cause most of their theory can be avoided by simply concentrating on Banach spaces
and Banach algebras. The one place where things get “sticky” is when one wishes to
consider various topologies on the dual spaces of Banach spaces, such as the weak op-
erator topology, the strong operator topology, the weak®-topology, and so on. In these
cases, the resulting topology is not a norm-topology, and it is very fruitful indeed to
see that all of these topologies can be grouped under one umbrella, namely they are
all locally convex topologies generated by a separating family of semi-norms. For
this reason, the reference notes [35] introduce just enough topological vector space
and locally convex space theory so as to be able to study all of the relevant operator
algebra topologies from without having to introduce them ad hoc.
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Exercises for Chapter 1

Exercise 1.1. BANACH SPACES OF OPERATORS
Recall that a normed linear space X is complete if and only if every absolutely
summable series in X is summable; that is, X is complete provided that whenever
{x,}22, € X satisfies 3, | @] < 00, there exists o € X so that z = impy e Y0 Zn.
Let X and 2) be normed linear spaces.
(a) Prove that the operator norm |T| := sup{|Tx| : |z| <1} is indeed a norm
on B(X,9) :={T: X > : [T < oo};
(b) Prove that B(X,%2)) is complete if and only if ) is complete.

Exercise 1.2. (P-SUMS AND DUALS
Let X and ) be Banach spaces and 1 <p<oo. Let 3=%X&,9), i.e., 3={(z,y):
zeX,y e} with [ (z,y)]5 = (|5 + ly[5)".
(a) Prove that ||-|3 is indeed a norm on 3. You may assume that (R?, |- [,) is
a Banach space if this helps.
Note: it is understood that for p = oo, |[(z,y)[3 := max(|z|x, |y[y)-
(b) Show that 3* = X* @, 2", where 1/p+1/q = 1. That is, prove that there

exists a bijective linear isometry from 3* onto X* ®,2”. You may assume
that the dual of (R?, |- ||,) is (R?, |- |,) if this helps.

Prove that the same result holds for p=1 and p = co.

Exercise 1.3. COMPACT OPERATORS BETWEEN BANACH SPACES

Let X and Q) be Banach spaces, and T € B(X,2)). Then T is said to be compact
if T(X1) is compact in ). The set of compact operators from X to 2) is denoted by
K(X,9), and if 9 = X, we simply write IC(X).

Recall that a subset K of a metric space L is said to be totally bounded if for
every € > 0 there exists a finite cover {Vz(y;)}-; of K with y; € K, 1 <i<mn, where
Ve(yi) ={z e L:dist(z,y;) <e}.

We remind the reader that if E' is a subset of L and E is totally bounded, then
so is E, and that if E is a subset of a metric space, then E is compact if and only
if F is complete and totally bounded, if and only if E is sequentially compact (i.e.
for each sequence (z,), in E we can find a subsequence (zy, ), of (z), which
converges to some element of E).

Let X and 2 be Banach spaces, and T € B(X,9)). Given r >0, we denote by X,

the closed ball {z € X: |z|x <r} of radius 7 in X.
Prove that the following are equivalent:

(a) T is compact;

(b) T'(F) is compact in Q) for all bounded subsets F' of X;

(c) If (zn)n is @ bounded sequence in X, then (T'z,), has a convergent subse-
quence in 9);

(d) T'(%*1) is totally bounded.
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Exercise 1.4. TENSOR PRODUCTS OF BANACH SPACES
Let X and 2 be complex Banach spaces and X ©® 2 be the algebraic tensor
product of X and Q) as linear spaces over C.

(a) Show that if for z € X ©%) we define

n n
|2l = inf {37 il Nyl 21, 0 € X1,y € D52 = ) 2 @ i},
i=1 i=1
then || - | is a norm on X ® Q). The completion of X ® ) is called the
projective tensor product of X and ) and is denoted by X®2).
(b) Show that if for z € X ®%2) we define
n
> (i) U(yi)
i=1

|z = sup{ S X1y, Ty € X

n
Y, €50 € X0 €D o] = 0] = 12 =) zi @y},
=1

then || - |; is a norm on X ®%2). The completion of X ® ) with respect to
this norm is called the injective tensor product of X and g), and is denoted
by X®2).

(c) Show that the identity mapping j on X©%) extends to a contractive mapping
from X®%) to X®9).

Exercise 1.5. WEAK CONVERGENCE

(a) Let (x,) be a sequence in ¢ converging in the weak topology to x € (5.
Prove that if |z, |2 converges to |z|2 as n — oo, then |z, — 2|2 — 0.
(b) Let {en}n2, denote the standard ONB of ¢ and let

A={em+mey:1<m<n}.

Prove that 0 is in the weak-closure of A but that no sequence in A converges
weakly to 0.

Exercise 1.6. WEAK CLOSURES OF THE UNIT BALL

Suppose that X is an infinite dimensional Banach space. Prove that the weak
closure of the unit sphere S' = {z € X :||z| = 1} is the closed unit ball ¥; = {z € X:
] <1}

Exercise 1.7. SCHAUDER BASES
(a) Let {e,}o2; be a Schauder basis for a separable Banach space (X,] - |).

Define
Po(> Niei) = Y nXie;

and for = € X, define ||z|| = sup, 51 | Poz|. Prove that ||z| is a norm on X.
(b) Assume that X is complete with respect to this norm and that {e,}roq is

also a Schauder basis for (X,|]]). (See the addendum at the end of the

assignment for a proof.) Prove that the norms ||| and | - | are equivalent.
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(c) Prove that P, € B(X) for all n > 1 (where X carries its usual norm | - |),
and that
sup | P, < oo.
n>1

Exercise 1.8. SEPARABLE BANACH SPACES
Prove that every separable Banach space X is isometrically isomorphic to a

quotient space of £
Hint. Let (x,), be a dense subset of X1, the closed unit ball of X. For each
o= (o) €01, set yo = Y, any, and consider the map T'(a) := yq.



CHAPTER 2

Banach Algebras - an introduction

Who are you going to believe, me or your own eyes?

Groucho Marx

Definitions and Examples

2.1. The principal objects of investigation in this course are Banach algebras.
The typical approach to writing a set of notes or a book is to begin with the definition
of a Banach algebra (or whatever mathematical structure one wishes to investigate),
and to then produce a (hopefully long) list of examples to demonstrate their impor-
tance and to justify having made the definition. This process is, however, essentially
the inverse of how such a concept develops in the first place. In practice, one nor-
mally starts with a long list of examples of objects, each of which has its own intrinsic
value. Through inspiration and hard work, one may discover certain commonalities
between those objects, and one may observe that any other object which shares that
commonality will — by necessity — behave in a certain way as suggested by the initial
objects of interest. The advantage of doing this is that if one can prove that certain
behaviour is a result of the commonality, as opposed to being specific to one of the
examples, then one may deduce that such behaviour will apply to all objects in this
collection and beyond.

Granted an unlimited amount of time, it would be instructive to approach an
entire course through carefully selected examples which gradually lead the students
to discover on their own the desired definitions, propositions and theorems. Over
a period of twelve weeks, however, this is not practical, and so we submit to the
common, if more prosaic practice of definition, example, theorem and proof.

2.2. Definition. A Banach algebra A is a Banach space together with a
norm compatible algebra structure, namely: for all x,y € A, ||xy| < ||=|| |y|. If A has
a multiplicative identity (denoted by e or 1), we say that the algebra A is unital.

Note that when A is unital,
1L =22 < f2)?

15
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and so 1 # 0 implies that |1 > 1. By scaling the norm if necessary, we may (and
do) assume that |1] = 1.

2.3. Example. The Banach space (C(X), |+ | ) of continuous complex-valued
functions on a compact Hausdorff space X introduced in Example 1.5 becomes a
Banach algebra under pointwise multiplication of functions. That is, for f, g €
(C(X), [+ fleo), we set

(fg)(z) = f(z)g(x) for all z e X.
The constant function 1(x) =1, z € X serves as the multiplicative identity of C(X).

2.4. Example. The Banach space (Co(X), |||l ) of continuous complex-valued
functions vanishing at infinity on a locally compact Hausdorff space as introduced
in Example 1.6 also becomes a Banach algebra under pointwise multiplication of
functions. Note that this algebra is not unital unless X is compact. In particular, if
X =N with the discrete topology, then (Co(X), |- |) = co is a non-unital Banach
algebra under component-wise multiplication.

2.5. Example. Let us return to Example S1.3. Let D = {z e C:|z/ <1} and
let D° be the interior of D. Also, let A(D) = {f ¢ C(D) : f is holomorphic on D°}.

Then (A(D), | - |lo) is & unital Banach algebra under pointwise multiplication of
functions, called the disk algebra.
The map

7 AD) - ¢(T)
oo flr

is an isometric embedding, by the Maximum Modulus Principle.
It is often useful to identify the disk algebra with its image under this embedding.
Thus, it is not unusual to see the disk algebra defined as

A(D) ={f €C(T) : f can be holomorphically continued to D°}.

In general, given a compact subset X ¢ C, we may define

A(X) = {feC(X):f is holomorphic on int (X) },
R(X) = {feC(X):fis arational function

with poles outside of X }_H I, and
P(X) = {feC(X):fisa polynomial }7Il

Each of these is a closed subalgebra of C(X) under the supremum norm. Clearly
P(X)<cR(X)cA(X)cC(X), and it is often an interesting and important problem
to decide when the inclusions reduce to equalities. That this is the case, for instance,
when X is a compact subset of the real line is the content of the Stone-Weierstrafl
Theorem.
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2.6. Example. Let G be a locally compact abelian group, and let v denote
Haar measure on G. Then

LH(Gw) = {f:G > C: [ |f(@)|dv(x) < oo},
For f, ge L'(G,v), x € G, we define the product of f and g via convolution:

(P9 @)= [ Fay™) g(y) dv(y).

We also define | f]i = [4|f(z)|dv(x).

This is called the group algebra of G. It is a standard result (cf. Para-
graph 5.32) that f*g=g=* f and that |f *g[1 <|f]1]g]1. (We remind the reader
that elements of L'(G,v) are really equivalence classes of functions, and so the
definition of f ¢ is interpreted as “almost everywhere” with respect to v.)

Writing ¢1(Z) = L'(Z,v) where v represents counting measure on Z, we obtain:

(frg)(n) = iz f(n-k)g(k)
11 Yrez | f ().

As we shall see in Chapter 5, £1(Z) can be identified with the Wiener algebra

AC(T) = {f €C(T): f(e) = 3 ane™, 3 |an| < 0o},

nez nez

where a,, = % 027r f(e®)e=m9 dg.

2.7. Example. The Banach space L*°(X, €2, v) is a unital Banach algebra
under pointwise multiplication (almost everywhere).

2.8. Example. The set C,(€2) continuous, complex-valued, bounded functions
on a locally compact space 2 is a unital Banach algebra under the supremum norm
and pointwise multiplication.

The above examples are all abelian. The following need not be.

2.9. Example. Let X be a Banach space. Then the Banach space B(X) from
Example 1.13 is a Banach algebra, using the operator norm and composition of
linear maps as our product. To verify this, we need only verify that the operator
norm is submultiplicative, that is, that ||[AB]| < |A| | B] for all operators A and B.
But indeed, we observe that

|AB

sup{|ABz| : =] = 1}
sup{[[A[ | Bz : ] = 1}
sup{[[A|[ B[ ] - ] = 1}
lALIB]-

IN N
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In particular, M, can be identified with B(C™) by first fixing an orthonormal
basis {e1,e2,...,e,} for C", and then identifying a linear map in B(C") with its
matrix representation with respect to this fixed basis.

It is easy to verify that any closed subalgebra of B(X) (or indeed, of any Banach
algebra) is itself a Banach algebra using the operator norm.

2.10. Example. Let X be a Banach space, and let T' € B(X). Then
Alg(T) = {p(T) : p a polynomial over C}~I'l

is a Banach algebra, called the algebra generated by 7. The norm under consid-
eration is the operator norm.

2.11. Example. Let 7, denote the set of upper triangular nxn matrices in M,,,
equipped with the operator norm. Then 7, is a Banach subalgebra of M,,. After
fixing an orthonormal basis for the underlying Hilbert space, 7T, can be viewed as
a Banach subalgebra of B(C"). In fact, it is the largest subalgebra of B(C™) which
leaves each of the subspaces Hy = span{eq,es, ..., ex}, 1<k <n invariant.

More generally, given a Banach space X and a collection £ of closed subspaces
{La}aen of X, then

Alg(L)={T eB(X):TLy < L, for all L, €L}
is a Banach algebra. This is closed because if lim,,_, o, 1Ty, = T, then x € L, implies

Tx =lim,—e Tnx € L, for each «.

2.12. Example. The space H* (T, p) defined in Example 1.9 is a unital Banach
algebra under pointwise multiplication of functions (almost everywhere).

2.13. Example. Let H be a Hilbert space and let () denote the set of
compact operators acting on H. (We shall deal with these in more detail in Chap-
ter 7. Then IC(H) is a Banach subalgebra of B(#). It is non-unital if H is infinite-
dimensional. In fact, as we shall see, IC(H) is a closed, two-sided ideal of B(H).

2.14. Example. Let (Ay, || |a)aeca denote a family of Banach algebras indexed
by a set A. Then

A= HAa = {(aa)aeA P0q € Aou Q€ Aa sup HaaH < OO}
e 6%
is a Banach algebra when equipped with the norm
I(aa)all = sup [aal|a-
(0%

If each A, is unital, then so is A. This is the direct product of the algebras A,.
We may also define

B:=oaAn = {(aa)a € [ Aa:[{a € A: |aa]la > }| < 0o for all € > 0}.
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If A is infinite, then B is never unital. We refer to B as the direct sum of the
algebras A,,.

2.15. Example. Consider the Hilbert space $ = H2(T, ;1) of Example 1.9. Let
Py denote the orthogonal projection of L?(T,u) onto $). A Toeplitz operator
with symbol ¢ € C(T) is an operator T, € B($)) of the form

Ts(9) = Ps(pg), ge9.

The Toeplitz algebra on $) to be the set of operators in B($)) of the form
T, + K,

where ¢ € C(T) and K € K($) is a compact operator on . This is a Banach
subalgebra of B($)).

Basic Results

2.16. Now that we have a plentiful supply of Banach algebras at hand, we may
begin to prove results about them.

2.17. Proposition. Let K be a closed ideal in a Banach algebra A. Then the
quotient space AJ/K is a Banach algebra with respect to the quotient norm.
Proof. That A/K is a Banach space follows from Example 1.11. Let w denote the
canonical map from A to A/K. We must show that

[ (@)m ()] < 7 (@) 7 ()]

for all z,y € A.
Suppose € > 0. By definition of the quotient norm, we can find m,n € K such
that |z +m| < |7(z)| +e and |y +n| < |7(y)| + . Then

|7 ()7 (y)l

[7e(z +m)m(y +n)|

< m((z+m) (y+n))

< (@+m)(y+n)

< @ +m)[(y+n)]

< (Im@)[ +&) (7 ()] + ).

Since € > 0 is arbitrary, we obtain the desired result.
|
Recall from Example 2.14 our claim that the set K(#H) of compact operators is

a closed, two-sided ideal of B(#). Using this and the above Proposition, we obtain
the following important example.
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2.18. Example. Let H be a Hilbert space. Then the quotient algebra
Q(H) =B(H)/K(H)

is a Banach algebra, known as the Calkin algebra. The canonical map from B(H)
to Q(H) is denoted by .

2.19. Remark. In general, if a Banach algebra A does not have an identity
element, it is possible to append one as follows:

Consider the linear space A, = A® C. We may define a multiplication on A,, by
setting

(a,a) - (b, B) = (ab+ af + ba, af3).

(This definition is not random — it is helpful to think of the ordered pair (a,«) as
“a + al”, where 1 := (0,1) should be the multiplicative identity of A,. The above
equation then writes itself.)

We define a norm on A, via |(a,a)| = |a| +|a|. Then we have

[(a, @) (0, 8)[ = lab+af +bal +]|as|
lal o]+ lal 1] + ol lad + |ol |6]
(lal +lad) (o] +151)
([[€a, ) [) (I, 5)])

It is clear that the embedding of A into A, is linear and isometric, and that
A sits inside of A, as a closed ideal. (In fact, as a maximal ideal, given that its
co-dimension is equal to 1.) It should be added, however, that this construction is
not always natural. The group algebra L!(R,v) of the real numbers with Lebesgue
measure v is not unital. On the other hand, the most natural candidate for a
multiplicative identity here might be the Dirac delta function (corresponding to a
discrete measure with mass one at 0 and zero elsewhere), which clearly does not
lie in the algebra. Similarly, Co(R) is another much studied non-unital algebra. In
this case, there is more than one way to embed this algebra into a unital Banach
algebra. For instance, one may want to consider the one-point compactification, or
the Stone-Cech compactifications of the reals. Each of these induces an imbedding
of Cp(R) into the corresponding unital Banach algebra of continuous functions on
these compactifications.

[ VAN

2.20. Proposition. FEvery Banach algebra A embeds isometrically into B(X)
for some Banach space X. Here, A need not have a unit.
Proof. Consider the map
o: A - B(A,)
a L,
where Ly (2, ) = (a,0) (x,\) is the left regular representation of A. That
®(aa+b) = Lagsp = aLg + Ly = a®(a) + ()

and that
®(ab) = Lgp = Lo Ly = P(a)P(b)
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for all a,be A and « € C are easily verified.

Then
(@] = |La] = H@D @I 0,0 = al
@n#00) (@A)
and
|®(a)] = |Lal > [ (a,0) (0,1)] = |al,
so that |®(a)| = |La| = |a|. In particular, the map is isometric.

We recall that a group G equipped with a topology 7 is said to be a topological
group if 7 is Hausdorff, and if the maps
w: GxG -G and t: G - G
(9.h) = gh g =~ g
are continous.

Our present goal is to show that if A is a unital Banach algebra, then the group
A~! of invertible elements of A is a topological group using the norm topology,
which is clearly Hausdorff. The next result, while not particularly difficult to prove,
is exceedingly useful when studying Banach and C*-algebras.

2.21. Theorem. The set A~! of invertible elements of a unital Banach algebra
A is open in the norm topology. In fact, if d € AY, then the open ball of radius
ld=t|~t centred at d is contained in A~
Proof. If |a| <1, then the element b= Y7, a"™ exists in A since the defining series
is absolutely convergent. As such,

k
(I-a)b = (1-a) (khm Za")
—o0 7
k k+1
— 1' n _ 1‘ n
Qﬁ%ﬁ)(£;§a)
= lim 1-g*?
k—o0
=1
k k+1
= (1 m) - n
(1 237)- (s 2 )
k
= (lim Za”) (1-a)
k—)oonzo
= b(]l_a')v

so that the open ball of radius 1 centred at the identity 1 is contained in the set of
invertible elements of A.
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Now if d € A™! and |al < |d7}|7!, then (d-a) =d(1-d'a) and |[d'a| < 1 so
that
(d-a)t=(1-da)ta
exists. This means that the open ball of radius |d~!| ™! centred at d is again contained
in A7!. Thus A7! is open.

O

2.22. Corollary. If A is a unital Banach algebra, then the map T:a — a™' is

a homeomorphism of A™' onto itself. It follows that A" is a topological group.
Proof. That multiplication is continuous in A~! follows from the fact that it is
jointly continuous in A. It remains therefore to show that 7 is continuous - as it is
clearly a bijection which is equal to its own inverse.

Let us first show that 7 is continuous at 1. If |b] < 1, then we have just seen
that (1 —b) is invertible and

[1-(-p)7" = 1= 0"
n=0

1> 0"

n=1

> lol"
n=1

[oll/ (1 - o]).
Thus as |b] - 0 (i.e. as b— 0 and hence (1-b) — 1), we get (1-b)"! - 1, implying
that the map 7:a+ a~! is continuous at 1, as claimed.

If a e A™' and a, — a, then a,a™' - aa™' = 1, and also a”

that a,! - a1

IN

1 1

ap > a a=1, so

O

2.23. Proposition. Let G be a locally connected topological group, and let Gg
be the connected component of the identity e in G. Then Gy is an open and closed
normal subgroup of G, the cosets of Gy are the components of G, and G|Gy is a
discrete group.

Proof. A component of a topological space is always closed. If g € G, then G locally
connected implies that there exists an open connected neighbourhood O, of g which
clearly lies in the connected component Cj of g. This shows that Cj is open and
therefore components of G are both open and closed.

Let f € G. Then the map Ly : h f~'h is a homeomorphism of G, and so
f1Gy is open, closed and connected. If, furthermore, f € Gg and g € Gy, then f~1Gy
is a connected set containing e and f~'g, and therefore f'g € Gy, implying that Gg
is a subgroup of G. Since the map Ry : h = h f is also a homeomorphism of G, it
follows that f™' Go f = L-1(R(Go)) is an open, closed and connected subset of G
containing e, so that f~' Go f = Gy, and therefore Gy is normal.
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Since f1Gy is open, closed and connected for all f € G, the cosets of G are
precisely the components of G. In particular, in G/Gy, each point is both open and
closed in the quotient topology, and thus G/Gj is discrete.

O

2.24. Definition. Let A be a unital Banach algebra. Let Aal denote the con-
nected component of the identity in A™'. Then the abstract index group of A,
denoted A 4, is the group Afl/A{)l. The abstract index is the canonical homomor-
phism from A~ to A 4.

2.25. Remark. It follows from Proposition 2.23 that the abstract index group
of a Banach algebra A is well-defined, that A 4 is discrete, and that the components
of A™! are the cosets of Ag! in Ay.

2.26. Example. We leave it as an exercise for the reader to show that the set
GL,(C) of invertible n x n complex matrices is connected. It follows that Ay, (c) =

{0}

2.27. Exercise. More interesting is the fact that A¢(ty ~ Z, which we also leave
as an exercise.

One of the most important tools to study elements of Banach algebras is their
spectrum.

2.28. Definition. Let A be a Banach algebra and a € A. If A is unital, then
the spectrum of a relative to A is the set

oa(a) ={AeC:a- Al is not invertible in A}.

If A is not unital, then o.4(a) is set to be o4, (a).
Observe that since A is a proper ideal in Ay, 0 always lies in o4,(a). When
the algebra A is understood, we generally write o(a). The resolvent of a is the set

pla) = C\o(a).

2.29. Corollary. Let A be a unital Banach algebra, and let a € A. Then p(a)
is open and o(a) is compact.
Proof. Clearly p(a) = {\ € C:a - Al is invertible } is open, since A™! is. Indeed, if
a-Xo1 is invertible in A, then X € p(a) for all X € C such that [A=Xg| < [(a=Xg1)~!| .
Thus o(a) is closed.

If |\l > |laf, then A1 —a = A(1 - X 'a) and |[Ata| < 1, and so (1 - Ata) is
invertible. This implies

AL -a) =Xt (@-2ta) ™

Thus o(a) is contained in the closed disk Dy, = {2z € C: [z] < |a|} of radius |a
centred at the origin. Since it both closed and bounded, o(a) is compact.

O
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The above proof shows that for all a € A, o(a) € D|g. This is a useful fact to
keep in mind.

Although we have determined that o(a) is compact for each element a of a
unital Banach algebra A, it is still not clear that it is not empty. Indeed, if we were
working over the real field R, this could in fact be the case. For example, the matrix

a = [_01 (1)] € My(R) has no real eigenvalues, and so the set of “real eigenvalues”
satisfies
{AeR:a- Al is not invertible} = &.

Since spectrum is one of the most important tools we have to study elements of
Banach algebras, we concentrate our attention on complex Banach algebras where,
as we shall now demonstrate, the spectrum of an element is always non-empty.

2.30. Definition. Let X be a Banach space and U € C be an open set. A
function f:U — X is said to be holomorphic on U if for each z€ U,

7/(2) = lim b (f () = £(2)

exists in X. We say that f : U - X is weakly holomorphic if for each x* € X*,
the complex-valued map =* o f is holomorphic on U in the usual sense.

2.31. Remark. Suppose that @ # U c C is open, that X is a Banach space and
that f: U — X is holomorphic on U. Then for x* € X*, the continuity and linearity
of z* implies that for z € U,

(%o f)(2) = 2" (f'(2))
=z (]1111% W(f(z+h) - f(Z)))
= }lliir(l)h71$*(f(2 +h) - f(2))
- %h-l(m* of(z+h)-z*of(2))
iy &0 Nzt h) ~ (@70 f)(2)

h—0 h

exists. Thus f is weakly holomorphic and (z* o f)'(2) = 2* o f'(2).

If f is weakly holomorphic on U = C, we say that f is weakly entire.
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2.32. Theorem. [Liouville’s Theorem.] Every bounded, weakly entire func-
tion into a Banach space X is constant.
Proof. For each linear functional z* € X*, 2* o f is a bounded, entire function
into the complex plane. By the complex-valued version of Liouville’s Theorem, it
must therefore be constant. Now by the Hahn-Banach Theorem, X* separates the
points of X. So if there exist z1, z2 € C such that f(z1) # f(z2), then there must
exist x* € X* such that 2*(f(z1)) # *(f(22)). This contradiction implies that f is
constant.

O

2.33. Definition. Let A be a unital Banach algebra and let a € A. The map
R(a): pla) - A
A - (M-a)t

is called the resolvent function of a.

2.34. Proposition. [The Common Denominator Formula.] Let a € A, a
unital Banach algebra. If u, A € p(a), then

R\ a) = R(p,a) = (u=A) R(A,a) R(p, a).

Proof. The proof is transparent if we consider ¢ € C and consider the corresponding
complex-valued equation:

T S () B ) B VP
A=t op-t (A=) (p-t) (A=) (p-t)
In terms of Banach algebra, we have:
R(Xa) = R(Aa)R(p,a)(p-a)
R(p,a) = R(p,a) R(A\a)(A-a).

Noting that R(\, a) and R(u,a) clearly commute, we obtain the desired equation
by simply subtracting the second equation from the first.

O

We shall return to this formula when establishing the holomorphic functional
calculus in the next Chapter.

2.35. Proposition. If a € A, a unital Banach algebra, then R(-,a) is holomor-
phic on p(a).
Proof. Let A\g € p(a). Then

R(\ a) - R(\o,a) (Ao —A) R(A,a) R(No,a)

! = li = i
R( Ao, a) = Jim A Ao fusw A Ao
= —R(\o,a)?,

since inversion is continuous on p(a). Thus the limit of the Newton quotient exists
at each point of p(a), and so R(-,a) is holomorphic on that set.
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O

2.36. Corollary. [Gelfand’s Theorem.] Ifa € A, a Banach algebra, then
o(a) is non-empty.
Proof. We may assume that A is unital, for otherwise 0 € o(a) and we are done.
Similarly, if @ = 0, then 0 € o(a). If p(a) = C, then clearly R(-,a) is entire. Now for
Al > |af, we have

(M -a)!

(A1 -2"a))"

AT (A la)”
n=0

o0

A—n—lan

so that if [A| > 2]a|, then
e a]” 1
[(AL-a)™ < Y s :
2 Claly < ol
That is, | R(\,a)] < Ja|™ for all A>2]al.
Clearly there exists M < oo such that

max | R(A,a)| < M,
Als2]al

IN

since R(-,a) is a continuous function on this compact set. The conclusion is that
R(-,a) is a bounded, entire function. By Liouville’s Theorem 2.32, the resolvent
function must be constant. This obvious contradiction implies that o(a) is non-
empty.

]

Recall that a division algebra is an algebra in which each non-zero element is
invertible.

2.37. Theorem. [The Gelfand-Mazur Theorem.| If A is a Banach alge-
bra and a division algebra, then there is a unique isometric isomorphism of A onto
C.

Proof. If b € A, then o(b) is non-empty by Corollary 2.36. Let 8 € o(b). Then
B1 - b is not invertible, and since A is a division algebra, we conclude that 81 = b;
that is to say, that o(b) is a singleton.

Thus: if a € A, then o(a) is a singleton, say {\s}, and a = A\g1. The complex-
valued map ¢ :a — A\;1 is then an algebra isomorphism. Moreover,

lal = [Xal] = [Aa] = [¢(a)],
so the map is isometric as well. If ¢g : A — C were another such map, then ¢g(a) €

o(a), implying that
do(a) = Aq = ¢(a).
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2.38. Definition. Let a € A, a Banach algebra. The spectral radius of a is
spr(a) = sup{|A\|: A e o(a)}.

2.39. Lemma. [The Spectral Mapping Theorem : polynomial version.]
Let a € A, a unital Banach algebra, and suppose p € C[z] is a polynomial. Then

a(p(a)) = p(o(a)) = {p(A) : Aea(a)}.

Proof. Let a € C. Then for some v € C,
p(2) —a=v(z-p1)(z-B2) (2~ Bn)

and so
p(a) —a=v(a-p11l)(a-B21)(a—-Bul).

Thus (as all of the terms (a — ;) commute),

aco(pla)) <= f[ieo(a) forsomel<i<n
<~ p(z)-a=0 for some z€o(a)
— acep(o(a)).

O

2.40. Theorem. [Beurling’s Theorem : The Spectral Radius Formula.]
If a € A, a Banach algebra, then

spr(a) = lim [a”|'".

Proof. First observe that if A is not unital, then we can always embed it isometri-
cally into a unital Banach algebra A,. Since both the left and right hand sides of
the above equation remain unchanged when a is considered as an element of A,,, we
may (and do) assume that A is already unital.

Now o(a™) = (o(a))"”, and so spr(a™) = (spr(a))”. Moreover, for all b € A, the
proof of Corollary 2.29 shows that spr(b) < |b|. Thus

spr(a) = (spr(a™))" < [a”| "™ for all n > 1.

This tells us that spr(a) < inf,s; ||a”] /™.
On the other hand, R(:,a) is holomorphic on p(a) and hence is holomorphic on
{NeC:|\ >spr(a)}. Furthermore, if |A| > |a|, then

R(M\a) = (M -a)™
Aa-xte)™

oo

Z an/>\n+1'

n=0
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Let 2* € A*. Then x* o R(+,a) is a holomorphic, complex-valued function,
[¢" 0 R(-,a)](A) = 3 a* (a™) /A"
n=0

and this Laurent expansion is still valid for {\ € C : |A| > |a|}, since the series for
R(-,a) is absolutely convergent on this set, and applying z* introduces at most a
factor of ||x*| to the absolutely convergent sum. Since [z* o R(-,a)] is holomorphic
on {AeC: |\ >spr(a)}, the complex-valued series converges on this larger set.

From this it follows that the sequence (z*(a™)/\"*!), converges to 0 for all
¥ € A*. In particular, it is bounded for all z* € A*. It is now a consequence of the
Uniform Boundedness Principle that for each A > spr(a), the set

Qy = {a" /A" in > 1)
is bounded in norm, say by M, > 0. That is:
la™ | < My[x™|
for all [A| > spr(a). But then, for all |A| > spr(a),

limsup |a”|'/™ < limsup Mi/n|/\(”+1)/"| = Al
n> n>1
so that

nul/n

limsup |a <spr(a).
n

Combining this estimate with the above yields spr(a) = lim,, o |a™|*/".

O

2.41. Remark. One interesting fact about Beurling’s Spectral Radius Formula
is that it implies that given a Banach algebra A, the limit
lim [a"]"/"
n—oo
exists for any a € A! This in itself is a priori far from obvious.
We also mention that the Spectral Radius Formula is actually a practical tool,
as well as a theoretical tool.
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Supplementary Examples

S2.1. Example. The following example is closely related to that of Exam-
ple 2.12. Let H be an infinite-dimensional, separable Hilbert space. A nest on H is
a chain 91:= {N, : a € A} of closed subspaces of H such that

(a) {0} and H belong to 9; and
(b) 91 is closed under arbitrary intersections and closed linear spans. That is,
if Qc A, then
Mp:=n{Ny: \eQ}eN
and
My :=Vv{Ny: AeQ}eMN.
Given a nest 91 on H, we define the nest algebra
TN)={T eB(H): TN c N for all N € N}.

We leave it to the reader to verify that 7 (A) is a Banach algebra using the operator
norm. In fact, it is closed under the weak operator topology woT on B(H). We
shall see this topology later in looking at von Neumann algebras.

S2.2. Example. An interesting generalisation of a nest algebra is a so-called
commutative subspace lattice algebra, or a CSL algebra for short. Let H be
a (typically) separable Hilbert space. Recall that an orthogonal projection on
H is an idempotent P = P? of norm one. (There are many equivalent definitions
- the most common one being a self-adjoint idempotent. Since we shall introduce
adjoints later - we’ve settled upon this definition.) Given an orthogonal projection
P e B(H), we denote by Mp the range of P, which is necessarily a closed subspace
of H.

Let P be a complete lattice of commuting orthogonal projections, where we
define PvQ:=P+Q - PQ and P A(Q := PQ. Corresponding to P we define a CSL
(or commutative subspace lattice) £(= Lp) by

L:={ranP: P eP}.
Corresponding to £ we obtain a CSL algebra
ALc(L):={T eB(H):TMp c Mp for all Mpe £}
={T eB(H): TP =PTP for all PP},

These algebras have a rich theory. We refer the reader to [18] for more information
regarding both CSL algebras, but especially nest algebras.

S2.3. Example. Let G be a locally compact group with Haar measure u. A
representation of G is a pair (7w, H) where H is a Hilbert space and 7: G — B(H)
is a unital group homomorphism. That is, w(e) = I (where e is the identity element
of the group and I is the identity operator on H), and w(gh) = 7(g)mw(h) for all
g,hed.

We say that the representation (7, H) is continuous if for each z € H, the map

g m(g)x
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is continuous. (Another way of expressing this is to say that 7 is continuous from G
with its locally compact topology to B(#H) with the strong operator topology.
We shall discuss the strong operator topology in greater detail in Chapter 12.) It
follows that m(g) is invertible for all g € G. If w(g) is unitary for all g € G (meaning
that 7(g) is a bijective isometry, or equivalently that m(g)~' = 7w(g)*, the Hilbert
space adjoint of 7(g) for each g € GG), then we say that the representation is a
unitary representation.

We define the Fourier-Stieltjes algebra B(G) to be set of complex-valued
functions on G defined as

B(G) :={gw~ (m(g)§,n): m: G - B(H) a unitary representation of G, &,neH}.
This is an algebra (under point-wise operations), and we endow it with the norm

Il == inf{|&] In] : ¢(g) = (7(g)&,n) for some unitary representation 7}.

This algebra was introduced by Eymard [22] and is a particularly important
Banach algebra for people studying Abstract Harmonic Analysis.

S2.4. Example. The Fourier algebra A(G) — also introduced by Eymard [22]
— may be described as the norm-closure in B(G) of the algebra of elements with
compact support. It admits the following alternate description.

It is known that there exists a group homomorphism

Ao G- B(L*(G, )
g = )\g

with the property that for all y € G and ¢ € L*(G, i), A €(x) = £(g7'z) (ae. - p).
This is referred to as the left regular representation of G, and it is known to be
a unitary representation of G, as defined above.

The Fourier algebra A(G) is equivalently defined to be the space of functions

A(G) = {y = (& m) & e LG, )},
equipped with the norm it inherits as a subset of B(G). It is a Banach algebra,
being the norm-closure of a subalgebra of a Banach algebra.
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Appendix

A2.1. The examples of Banach algebras given in this Chapter are but a tiny
fraction of those which are of interest in the theory of Operator Algebras. One
particular class which we shall be examining in much greater detail is that of C*-
algebras. Even in this subclass there is a plethora of examples, including B(H) itself,
von Neumann algebras, UHF-algebras and more generally A F-algebras, the irrational
rotation algebras, Toeplitz algebras, Bunce-Deddens algebras, group C* -algebras, and
many more.

A2.2. Let H be an infinite-dimensional, separable Hilbert space with orthonor-
mal basis {e, }n>,. For each integer n > 1, define H,, := span{ej, ea,...,en}. It is not
hard to verify that N := {{0},H} U {H, :n>1} is a nest on H. Thus

TN)={TeB(H):TH, S Hp,n>1}

is a nest algebra, as defined in Example S2.1. It is an immediate generalisation of
the finite-dimensional algebra of upper-triangular n x n matrices relative to a fixed
orthonormal basis.

The question of whether or not the invertible group of 7(N') is connected has
been open for at least 40 years.
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Exercises for Chapter 2

Exercise 2.1. CONNECTED COMPONENTS OF INVERTIBLE GROUPS
Let n > 1 be an integer and set GL,(C) := {T € M,,(C) : T is invertible}. Prove
that GL,,(C) is connected.

Exercise 2.2. ABSTRACT INDEX GROUPS
Find the abstract index groups of the following Banach algebras:

(a) A=C[0,1].
(b) B=C(T).

() A=M,(C).
() A=To(C).

Exercise 2.3. ALG(L)

In Example 2.11, we define Alg(L), where £ was a collection of closed subspaces
of X. Show by way of example that it is possible to have £; # L9, and yet Alg(L;) =
Alg(Ls). Is there a way of “correcting this”?

Exercise 2.4. THE UNITISATION OF A BANACH ALGEBRA
Proposition 2.20 shows that if A is a Banach algebra, then the map
o: A - B(A,)

a L,

is an isometric embedding of A into B(A,). Let B = {®(a) +al :a e A ,aeC} be
the smallest norm-closed subalgebra of B(.A,,) which contains ®(.A) and the identity
operator. By identifying A with ®(A), we may view B as a unitisation of A.

What is the relationship between B and the unitisation A, of A we defined in
Remark 2.197

Exercise 2.5. AN OPEN QUESTION
Here is an interesting question to which I would love to see the answer.
Let k and n be positive integers and & > 0. Suppose that T' e B(C") ~ M,,(C) is

a matrix of (operator) norm one, and that ||T* H% < e. Does there exist a nilpotent
operator M € M,,(C) of order k (i.e. M* =0) such that

| M =T| < f(e),

where f:(0,00) — (0,00) is a function which satisfies lim,_o+ f(z) = 07

The key issue here is that the function must be independent of n, the dimension
of the space upon which T acts. I would be happy if we could choose the order of
nilpotence of M to be 2k, or 3k, or some (very nice) function of k, as long as this
order is independent of n.
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Exercise 2.6. THE CLOSURE OF THE SET OF INVERTIBLES
Find the norm closure of the invertibles in the following Banach algebras:
(i) A=M,(C).
(ii) A ="Tn(C).
(ng C([0,1]).

(iv) €=

Exercise 2.7. LEFT INVERTIBLE ELEMENTS

Show that the set of left invertible elements of a Banach algebra A is open.
(Alternatively, show that the set of right invertible elements of a Banach algebra is
open.)






CHAPTER 3

The holomorphic functional calculus

Telegram to a friend who had just become a mother after a prolonged
pregnancy: “Good work, Mary. We all knew you had it in you.”

Dorothy Parker

Integration in a Banach space

3.1. Let a < B € R and let X be a Banach space. An X-valued step function
f is a function on [«, ] for which there exists a partition P = {a =y < a1 <...<

an = B} of [a, B] so that
(1) f () =cg, ap_1<t<ap, 1<k<n

for some ¢ € X,1 <k <n, and f(ag) = ¢1. Given an X-valued step function f, a
partition P satisfying (1) will be referred to as an admissible partition for f.

Denote by S = S([«, 8], %) the linear manifold of X-valued step functions in the
Banach space *°([a, 8],X). For each f € S, define

/Bf: i(ak_ak—l)ck
o k=1

whenever P = {a = g < a1 < ... < a,, = B} is an admissible partition for f. We
remark that this sum is easily seen to be independent of the choice of admissible
partitions, and so fff is well-defined. Moreover, | ff fll<(B=a)|flo- It follows
that the map

d: - X

S
;o 0
is continuous. _
We may therefore extend ® to the closure S in £*°([«,3],X) and continue to

write [ f or [P f(t)dt for f€5. Clearly we still have

B
| [ £1<B=a)lfl
for all feS.

35
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If T e B(%,2) for some Banach space 2), then it is easy to check that T o f €
S([e, 8],2) for all feS, and

([9)- [ '1es

3.2. Proposition. Let f € C([a,3],X) and let ¢ > 0. Then f € S and there
exists 0 > 0 such that for every partition P = {a = ag < aq < ... < ap, = B} of
[a, B] such that |P| = maxicgen (o — ax—1) < 8, and for all ty,tq,..., t, satisfying
ag_1 <t <ag, 1 <k <n, the following statements hold:

(1) there exists g € S([a, B],X) with g(t) = f(tx), (k-1 <t<ax, 1 <k < n)
and |f - g <e.
@) [/ = Zia (o = ) F ()] < (B - a)e.
Proof. Since f is continuous on the compact set [«, 3], it is uniformly continuous
there, and so we can choose 0 > 0 such that |a —b| < ¢ implies that | f(a) - f(b)| <e.
Let P be any partition of [«, 8] with | P| < §, and choose {t;}}_; such that ay_q <
tp <ag, 1 <k<n. Let g(ag) = f(t1), and for 1 <k <n, let g(t) = f(tr), ap-1 <t < .

(1) Now

If=glleo

b [7(8) - g(®)]

teon8

= max sup ||f(¥)-g(t)]

1<k ey 0]

= max sup | f(t) - f(tr)]

1<k<n te(o_1,0]

< €.

(2) Secondly,

[ [T
1[5l
1ol

(B-a)e.

1= oo sl

IN

IN

We remark in passing that a minor adaptation of the above proof shows that
piecewise continuous functions also lie in S.
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3.3. With a < 5 € R as above, we define a curve in X to be a continuous function
7:[a, B] = X. The interval [, 3] is referred to as the parameter interval of the
curve, and we denote the image of 7 in X by 7*. The point 7(«) is then called the
initial point of the curve, while 7(3) is referred to as the final point.

A contour in X is a piecewise continuously differentiable curve. That is, there
exists a partition P = {a =ag <aj <...<ap =} of [a, B] such that 7|, | 4,] I8
continuously differentiable, 1 <i < n. If 7(«) = 7(), we say that the contour 7 is
closed.

Suppose that 7 is a contour in C, and that f: 7" — X is a continuous function.
We can then think of 7 as a parametrization of 7°. We shall define the integral of
f over T as

©) [1Gyaz= [7 1@ @)

Note that the integral on the right hand side exists by the comment following Propo-
sition 3.2.

Suppose next that v : [aq, f1] = [«, 8] is a continuously differentiable bijection
with y(a1) = @ and v(81) = 8. Let 71 = 7o~. Then

—/7'1 f(2)dz

B1
| Fe@)r ) de
[ 1@ G @) ds
ff F(ryNT'(y) dy

[

and so the integral is seen to be independent of the parametrization of the contour.
Any two such contours 71 and 75 for which

[n f(z)dz = [72 f(2)dz

for all continuous functions f € C(7;" = 75) will be considered equivalent.

The notion of equivalence of contours allows us to manipulate vector-valued
integrals in the standard way. For instance, suppose that the final point of 7 equals
the initial point of 73, and suppose f € C(7;7 U7y ). We can “concatenate” the two
contours into one longer contour 7 satisfying

fo(Z)dZ=fﬁf(z)dmfmf(z)dz.
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Moreover, equation (2) shows that

| [ 1G)dz|

| [ 1@ @) dal

B
/e | 7' (@) da
171w I

where | f|loo = max{||f(z)|:x e 7*}, while |7| = | ff 7'(x) dzx|| is (by definition) the
length of 7*. Note that this length is finite as 7’ is piecewise continuous.
Finally, observe that as before, if T' € B(X,%)) for some Banach space 2), then

T([Tf(z)dz):fT(Tof)(z)dz.

3.4. Our present goal is to make sense of expressions of the form f(a), where
a € A, a Banach algebra, and f is a function. An important question in this regard
is to find the largest set of functions for which f(a) makes sense. Clearly if p(z) =
Yk 2" is polynomial over the complex numbers, then

n
p(a) = Z Ck a®
k=0

can be defined in any unital Banach algebra which contains a. (If we also stipulate
that co = 0, then p(a) makes sense even if the algebra is not unital.)

Suppose now that the algebra A is unital, that p and ¢ are polynomials over C,
and that 0 ¢ ¢(o(a)). Then q(z) = B(II} (2 = Ax)), where A\, ¢ 0(a) for 1 <k <m,
so we can define r(z) = p(z)/q(z) as a holomorphic function on some neighbourhood
of o(a) and

IA

r(a) = p(a)8~ (I (a = A) 7).

The question remains: can we do better than rational functions? For general
Banach algebras A and arbitrary elements a € A, we are now in a position to develop
an holomorphic functional calculus: that is, we shall make sense of f(a) whenever
f is a function which is holomorphic on some neighbourhood of o(a).

This is definitely not the only possible functional calculus that exists. For ex-
ample, later we shall see that if A is a C*-algebra and n € A is normal, then one can
develop a continuous functional calculus for n. As another example, if T € B(H) is
a contraction, then an H functional calculus is possible.

Recall from Complex Analysis the following:

3.5. Definition. IfT is a finite system of closed contours in C and X ¢ T', then
the index or winding number of I' with respect to X\ is

1 1
Ind A:—f dz,
ndr(3) 2 Jr (2 - )\) ‘

and represents the number of times that I' wraps around X in the positive (i.e. coun-
terclockwise) direction.
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3.6. Theorem. [Cauchy’s Theorem] Let f be holomorphic on an open set
UcC, and let zg e U. Let ' be a finite system of closed contours in U such that
20 ¢, Indr(z0) =1, and {z € C:Indr(z) #0} cU. Then

f(2)
f(z0 )_27r f(z—zo)

Lf(z)dz=0

Furthermore,

3.7. Remarks.

e We shall say that a complex valued function f is holomorphic on a com-
pact subset K of C if f is holomorphic on some open subset U of C which
contains K.

o Let U ¢ C be open and K ¢ U be compact. Then there exists a finite
system of contours I' € U such that

(a) Indpr(X) € {0,1};

(b) Indp(A) =1 for all e K;;

(¢c) {zeC:Indp(2) #0} c U.
The existence of such a system I' is a relatively standard result from Com-
plex Analysis, and follows from the Jordan Curve Theorem. A proof can
be found in [13], although (to quote Conway himself [14]), “some details
are missing”.

In practice, the idea is to cover K by open disks of sufficiently small
radius so as to ensure that their closures still lie in U. Since K is presumed
to be compact, there will exist a finite subcover V' by these disks. Modulo
some technicalities, the boundary of V will then yield the desired system I
of contours.

In fact, with a bit more work, one can even assume that I' consists of a
finite system of infinitely differentiable curves [14], Proposition 4.4.

3.8. The Riesz-Dunford Functional Calculus. Let a € A, a unital Banach
algebra, and fix U be an open subset of C such that o(a) < U. Set
F(a)={f:U - C : f is holomorphic}.
Choose a system I' € U of closed contours such that
(1) Indp(X\) =1 for all Aeo(a);
(2) {zeC:Indp(2) #0} cU.
We define
@)= 5 [ 1) -0y e
The first question we must ask is whether or not this definition makes sense. As

stated, the definition appears to depend upon the choice of the system I' and of U.
The following Theorem addresses this issue.
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3.9. Theorem. [The Riesz-Dunford Functional Calculus 01.] With the
above setting, f(a) is well-defined (i.e. independent of the choice of curves T'), and
for f,ge F(a), he F(f(a)), and A e C,

(i) (f+g)(a) = f(a) +g(a);

(ii) (Af)(a) = A(f(a));

(i) (fg)(a)=f(a)g(a);
Proof. First note that if U; and Us are two open sets containing o(a), then so is
U:=U;nU,. IfT'q (resp. ') is an eligible system of contours in Uy (resp. Us), then
it suffices to show that the integral along each of I'y and I's agrees with the integral
along an eligible system of contours I' contained in U. By symmetry, it suffices to
show that the integral along I'; agrees with the integral along I'. Since U ¢ Uy, this
implies that the problem reduces to the case where I'y and I's sit inside the same

open set U.
Let I'y and I'y be two eligible systems of contours. We must show that
1 1
b:—f —a)d ——f —a)ldz=0.
o @ e [ - s

By the Corollary to the Hahn-Banach Theorem [Corollary 1.19], it suffices to
show that x*(b) =0 for all z* € A*. Now

x*(b) = 1 /Frl“z f(2)z*(z-a) dz.

2T

Also, f(z) is holomorphic on U, R(z,a) = (2 —a)™! is holomorphic on p(a) 2
I't, Ty and so 2*((z—a)™!) is holomorphic on p(a) for all * € A*. So the integrand
is holomorphic on the open set U n p(a). To apply Cauchy’s Theorem above, we
need only verify the index conditions.

If A ¢ U, then we have Indr, (A) = Indr,(A) =0, and therefore

Indl‘*l_f‘2()\) = Indrl (A) - IndFQ()\) =0.
If Aeo(a), then Indr, (A\) = Indr, (A) = 1, therefore Indp, _r, (A) = 0.

Thus {z € C : Indp,_1,(A\) # 0} € U np(a) and so Cauchy’s Theorem applies,
namely:

1
x*(b)z—,f f(z)z*(z=a) "t dz =0 for all z* € A*.
277’1/ I'1-T's
Thus b =0 and so f(a) is indeed well-defined.
(i) (f +9)(a) = f(a)+g(a):
This follows for the linearity of the integral, and is left as an exercise.
(i) (Af)(a) = A(f(a)):
Again, this follows from the linearity of the integral.
(iti) (fg)(a) = f(a)g(a):
Now f and g are both holomorphic on some open set U 2 o(a). Choose
two systems of contours I'y and I's such that
(a) {zeC:Indp,(2) #0} cU,i=1,2;
(b) Indr,(z) =1 for all zeo(a),i=1,2;
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(c¢) Indr, (2z) =1 for all z € I's.
To get part (c), we choose I'y first and then choose I'; to lie “outside”

of I'y. Then
f@a@ = 5= [ 1G0T d o [ gw)w-a) e
- G [ @) -0 =) dwds
- G [ @) =) - (w- ) dzdu
9 - () [ TG [ )2 dwdz -
(G [ o= [ fE) -2 dzdo
- o s () de

= (f9)(a).

where the first integral in equation (3) is zero since z lies “outside” of I'y
and ¢ is holomorphic.

O

3.10. Remark. Let a be an element of a unital Banach algebra A and let U
be an open set in the complex plane such that o(a) € U. Let

HU)={f:U—-C: fis holomorphic }.
From (i), (ii) and (iii) above, we conclude that the map:

o: HU) > A
f = fla)

is an algebra homomorphism. Moreover, for all a € A and f,g € H(U), we have

f(a)g(a) = g(a) f(a) since f(2)g(2) = 9(2)f(2).

3.11. Proposition. Suppose A is a unital Banach algebra and that a € A. Let
U c C be an open set containing o(a), and let (fn)reo be a sequence of holomorphic
functions on U converging uniformly to f on compact subsets of U. Then f is also
holomorphic on U and

lim | f(a) = f(a)] = 0.

Proof. Choose an open set V with boundary I' consisting of a finite number of
piecewise smooth curves such that o(a) cV cV cU.
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Since (fy)peo converges uniformly on compact subsets of U, f is holomorphic
on U. Thus fe H(U) and (fy)se, converges uniformly to f on I'. It follows that

| fn(a) = f(a)] | (1/2mi) fr[fn(Z) - f()](z-a) " dz]

(1/2) KT fn = frs

where K =sup{|(z—a)™| : z e T'}, ||| represents the arclength of the contour, and
| fn— flr =sup{|fn(2) - f(2)| : z € T'}. Since both K and |T'| are fixed and | f, - f|r
tends to zero as n — oo, we obtain the desired conclusion.

IA

O

3.12. Theorem. [The Riesz-Dunford Functional Calculus 02.] Let A
be a unital Banach algebra and a € A. If f(z) = Yoo gcnz™ converges to a function
holomorphic in a neighbourhood of o(a), then f(a) =Y " qcpa”

Proof. Suppose f(z) = Yo7y cnz"™ converges in Dg({0}) 2 0(a). Then consider the
curve I' = {re? : 0 < @ < 27} for some r, spr(a) < r < R and consider

1@ = g (B o) oot
(4) = 27”2 fz (z-a)tdz
chz”(a),
n=0

where z(a) = 5= [p 2(2 — a) ' dz is the identity function evaluated at a. Note that
(4) uses the uniform convergence of the series on T'.
But

z(a) ! fz(z a) tdz

21

- "o d
iy
ad 1
(5) = Y a'— /Fz_”dz

=0 2mi

(6) = 2 a"(0m)
n=0
= a.

Here (5) uses the uniform convergence of the series when |z| = r > spr(a), and (6)
uses the Residue Theorem. We can now apply induction on part (iii) of Theorem 3.9
to get 2" (a) = (2(a))™ = a”, and so

f@zi%ﬂ

as desired.
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3.13. Corollary. [Dunford: The Spectral Mapping Theorem.]  Let
a €A, a unital Banach algebra and suppose that f is holomorphic on o(a). Then

o(f(a)) = f(o(a)).

Proof. If A ¢ f(o(a)), then g(2) = (A - f(2))~! is holomorphic on o(a). From the

functional calculus,

g(a) (A= f(a))

(9(2) (A= f(2))) (a)
1(a)

1

(A= f(a)) g(a),

since everything commutes. Thus A ¢ o(f(a)).
If Ae f(o(a)), then A - f(z) has a zero on o(a), say at zp. As such,

A= f(2) = (20-2)9(2)

for some function g which is holomorphic on o(a). Via the functional calculus, we
obtain

A= f(a) = (20 - a)g(a),
and since (zg — a) is not invertible and (29 — a) commutes with g(a), we conclude

that A — f(a) is not invertible either. Thus A e o(f(a)).
Combining the two results, f(o(a)) =o(f(a)).

3.14. Theorem. [The Riesz-Dunford Functional Calculus 03.] Suppose
that A is a unital Banach algebra, and that g is a complez-valued function which is
holomorphic on o(a) while f is a complez-valued function which is holomorphic on
g(o(a)). Then (fog)(a)=f(g(a)).

Proof. Let V be an open neighbourhood of g(o(a)) upon which f is holomorphic
and consider U = ¢g7*(V), an open neighbourhood of o(a). Let I'; be a system of
closed contours in U such that

(a) Indp, (A\) =1 for all A e o(a);
(b) Indr, (A) # 0 implies that A e U.

Let I's be a system of closed contours in V' such that

(A) Indr,(B) =1 for all Beg(o(a));
(B) Indr,(5) =1 for all g€ g(I'1);
(C) Indr, (8) # 0 implies that S e V.
(One can view I'y as lying “outside” of g(I'1) in V.)
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(Fon@) = 5o [ (o)) -a)d:
- o [ He@) -

) % fp zim fp f(w)(w=g(2)) " dw(z-a)"dz

< g [ o) )
= o [ S - gl du
- J(a(a).

O

3.15. Corollary. [The Riesz Decomposition Theorem.] Leta € A, a
unital Banach algebra, and suppose that A is a non-trivial, relatively closed and
open subset of o(a).

(i)
(i)

(iii)

Proof.
(i)

(i)

(iii)

There exists a non-trivial idempotent E(A) in A which commutes with a;
If Ac B(X) for some Banach space X, then E(A)X and (I - E(A))X are
complementary subspaces invariant under a.

Let ap = a|E(A)3€. Then o(ap) = A. Moreover, for any function f which is
holomorphic on o(a), we have f(aa) = f(a)|lpa)x-

Consider an holomorphic function g such that g =1 on A and g = 0 on
o(a) N A. Let E(A) = g(a). Then g% = g and so E?(A) = g%(a) = g(a) =
E(A) is an idempotent. Note that E(A) # 0 since 1 € o(g(a)) = g(o(a)).
Similarly, E(A)# I as 0€o(g(a)) = g(o(a)).

Since zg(z) = g(2)z, E(A) commutes with a.
Let X be a Banach space and assume that A ¢ B(X). Then E(A)X =
ker (I - E(A)) is closed, as is (I - E(A))X =ker E(A). Clearly

X=E(A)X + (I-E(A))X.
Moreover, if y € E(A)Xn (I - E(A))X, then
y=B(A)y = B(A) (- E(A))y =0,

Thus F(A)X and (I - E(A))X are complementary. Finally, let € E(A)X.
Then azx = aE(A)x = E(A)ax € E(A)X. Therefore E(A)X is invariant
under a, as is (I - E(A))X.
First we show that o(aa) € A.

TE A ¢ A, let

h(z) = (A-2z)! for z in a neighbourhood of A
“710 for 2 in a neighbourhood of o(a) \ A.
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Then h(z)(A-2) = g(z). Thus h(a)(A-a) = g(a) = E(A). Now h(a)
leaves E(A)X and (I - E(A))X invariant (since h(a) commutes with g(a)).
If Ry :=h(a)|ga)x, then

Ryx(A-an) = (A=an)Ry = Ipax,
so that A € p(ana), i.e. o(an) € A.

Suppose now that X\ € A np(aa), so that for some b € B(E(A)X), we
have

b(A-an) = (A-aa)b=Ign)x-
Let
k(z) = (A-2)"! for z in a neighbourhood of o(a) \ A
710 for z in a neighbourhood of A.

Then
E(a)(A-a)=(A-a)k(a) =1-E(A).
Define r = k(a) + bE(A). Then
r(A—a) k(a) ( A—a)+bE(A)(A-a)
(I-E(A))+b(A—an) E(A)
(I-E(A))+E(A)
= 1.

Similarly, (A —a)r =1, and so A € p(a), a contradiction. We conclude that
o(apn) = A.

Finally, suppose that f is holomorphic on o(a). Then for an eligible
system I' of contours we obtain

flaa) %Lf(A)(A—aA)‘ldA
= o [ SO 0) gaye A

- %(/Ff()\)(A—a)_ld)\)b(A)x
= f(a)lpa)z-
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Supplementary Examples

S3.1. Example. One of the most important questions in operator theory is the
question of whether every continuous linear operator 7" € B(#) acting on an infinite-
dimensional, separable Hilbert space admits a non-trivial invariant subspace, that
is, a closed subspace M ¢ H (other than the trivial spaces {0} and H itself) for which
m € M implies that T'm € M.

The Riesz Decomposition Theorem 3.15 shows that if 7' € B(#H) and o(7") is not
connected, then T" immediately admits a non-trivial invariant subspace, namely the
range of the Riesz idempotent determined by that Theorem.

Thus it suffices to consider operators with connected spectrum. Even in the case
where o(T") = {0} is a singleton set, the answer is not known.

S3.2. Example. Let n € N and suppose that J € M, (C) ~ B(C") is a Jordan
cell relative to the standard orthonormal basis for C". Then J" = 0, from which we
deduce that o(J) =0. Let a € C and set T := al,, + J, so that o(T) = {a}.

Suppose now that U is an open nbhd of o(T") and that f : U — C is a holomorphic
function. Then f is analytic on U, implying that for some ¢ > 0, f admits a power
series representation centred at « on the disc B(\,0) :={z € C: |z - \| < J}, say

f(z):Eak(z—a)k for all z € B(\,9).
%

It follows that
f(T) = an(T - ol = Zaka =aogly + a1 +asJ? + -+ ap1 JV L
k k

We leave it to the interested reader to ponder how one goes from calculating
f(T) for operators T = al,, + J as above to calculating f(X) for general elements of
X e B(C™).

S3.3. Example. Suppose that T € M,,(C) is a diagonalisable operator; that is,
suppose that there exists an invertible operator S € GL,,(C) such that
D=S87'TS

admits a diagonal matrix D = diag(dy,ds,...,d,) relative to the standard orthonor-
mal basis for C". Let U be an open nbhd of o(T') = o(D) = {di}}_;-
An innocuous-looking comment at the end of Paragraph 3.3 shows that

f(T)z%frf(z)(zI—T)*ldz

= S(% fr f(2)(=I - D)fldz) s!
=Sf(D)s .

The calculation of f(D) is now simple; f(D) = diag(f(dy1), f(d2),..., f(dy)). There
are details to fill in to justify the above statements, and these are left to the reader.
Once we have f(D), we clearly have f(T).
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Appendix

A3.1. The Riesz-Dunford functional calculus made its first appearance in a pa-
per of Riesz [47]. In his case, he studied only compact operators acting on a Hilbert
space H, and then the only functions he considered were the characteristic functions
of an isolated point of the spectrum of the given operator. Indeed, alongside a num-
ber of related results by a number of authors, it was Dunford who presented the work
in its most complete form. Recently, Conway and Morrel [17] and again Conway,
Herrero and Morrel [16] have considered what might be termed a “converse” to the
Riesz-Dunford functional calculus.

A3.2. As we have seen, in the Riesz-Dunford functional calculus, one begins
with an element a of a unital Banach algebra A and considers the class F(a) of
functions f which are analytic on some open neighbourhood of the spectrum of a.
One then obtains an algebra homomorphism

7: F(a) - A
[ f(a).
In the Conway, Herrero and Morrel approach, one begins with a subset A of the

complex plane C, and the class S(A) of operators T' acting on a separable Hilbert
space H and satisfying o(7T") ¢ A.

The aim of their program is to determine f(S(A)) ={f(T):T € S(A)}, where
f:A - Cis a fired analytic function. As an example, suppose A = so that S(A)
contains an appropriate scalar multiple of every bounded linear operator on H. If
f(2) = 22, then Cf(S(A)) coincides with the set of all operators possessing a square
root. However, as noted in the Conway and Morrel paper [17], this proves beyond
the scope of present day operator theory, even for such simple functions as f(z) = 2P
or f(z) = e®. Because of this, they study the norm closure in B(H) of the set S(A).
This allows them to employ the elaborate machinery of the Similarity Theorem for
Hilbert space operators, developed by Apostol, Herrero, and Voiculescu [2]. This
theorem and its many consequences detail the structure of the closure of many
similarity invariant subsets of B(#H). In particular, much of the analysis may be
applied to f(S(A)), which is itself similarity invariant.

Examples of results found in [16] are:
o If f(S(A))=B(H), then f(S(A)) = B(H).
e If A=Cand f(z) = zsinz or f(2) =112, (1-a/n?), then f(B(H)) = B(H).
e Let A={zeC:2#2} and f(2) = 2%2(2-2). If U(= S*) is the unilateral
forward shift operator (cf. Example 7.9 below), then Ua U € f(S(A)), but
U¢ f(S(A)). On the other hand, U@ 0 € f(S(A)).
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Exercises for Chapter 3

Exercise 3.1. EXPONENTIALS
Let A be a unital Banach algebra, and let a,b € A, and exp(z) = €*, z € C.

(a) If ab = ba, prove that exp(a)exp(b) = exp(a +b).
(b) Does this necessarily hold if ab + ba?

Exercise 3.2. THE FUNCTIONAL CALCULUS - AN EXAMPLE

010 210
Let A=[0 0 1]and B=|0 2 0] be two elements of M3(C).
0 00 0 0 3
Let
[4 1 0 -4 0 0]
04 -1 0 -4 2
= (2) 8 8 —02 (1) 06 € Ms(C).
02 -1 0 -2 2
00 3 0 0 -3
(a) Let exp(z) =e?, z € C. Find exp(T).
HinT. §:= [i % is invertible and

1 2]z Of|-1 2| (-z+2y 22-2
1 1110 yl|1 -1 |-2z+y 2z-y |
1 iffe <
(b) Let g(2) =40 if|z-2[<%.  Find g(T).
0 if|z-3<3
Exercise 3.3. IDEMPOTENTS FROM THE FUNCTIONAL CALCULUS
Let a and b be two elements of a unital Banach algebra A. Suppose that o(a)
is a disjoint union of two non-empty compact sets o9 and o1. Let I' be a system of
closed contours in C such that o, nT* =@, k =1,2 and Indp(z) = 1 for all z € oy;
Indr(z) =0 for all z € gg.
Prove that )
= 1-a)td
= g -t
is an idempotent in A. That is, f = f2.

Exercise 3.4. SQUARE ROOTS
If a € My(C), does there exist b € Mp(C) such that b? = a? More generally, under
what circumstances does a € M,,(C) have a square root?
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Exercise 3.5. MORE SQUARE ROOTS

Let ‘H be a Hilbert space with orthonormal basis {e; } ;. Let S be the operator
satisfying Se,, = e,41 for all n > 1. (Extend S by linearity and continuity to all of
H.) Does there exist B € B(H) such that B? = S?

Exercise 3.6. LAURENT'" SERIES EXPANSIONS
Let X be a Banach space and let G € C be an open set which contains an open
annulus
Apl (M) i={2€C:ry <|z—Ag| <72}.

Prove that there exists a unique sequence (yy, )nez € X such that for all z € 4, , (o),

f(2) =2 (2= 20)"Yn.

nez

(On Ay, r,(Xo), the series is norm-convergent.)
Hint. Let p e (r1,72) be a real number and set T'(6) := Ao + pe2™, 0 € [0,1]. Show
that one can take

1 f(z)

=— [ ——F—d €.
In=omi Jr (z = Ag)*t oon






CHAPTER 4

The spectrum

Ordinarily he is insane. But he has lucid moments when he is only
stupid.

Heinrich Heine

Basic theory

4.1. Spectrum relative to a subalgebra. Suppose that A and B are Banach
algebras with 1 € A c B. For a € A, we have have two notions of spectrum, namely:

oa(a)={AeC: (M -a) ' ¢ A}

and
op(a)={rAeC: (AN -a)"¢B}.

In general, it is clear that op(a) € 04(a). Our present intention is to exhibit a
closure relation between the two spectra.

4.2. Example. Let B =C(T), where T = {z € C:|z| = 1} is the unit circle in the
complex plane. Let A = A(D) be the disk algebra defined in Example 2.5. By the
same Example, A c B.

Let f be the identity function f(z) = z, so that clearly f € A. Then |f| =1, so
that o.4(f), og(f) €D. Now if [A| < 1, then the function g\(2) = 5= ¢ A(D), and so
A€ oa(f). Since the spectrum of an element is always compact and hence closed,
oa(f)=D.

In contrast, gy € B =C(T), so that op(f) ¢ T. If || = 1, then g, is clearly not
continuous on the circle, so that A € op(f). We conclude that op(f) = T.

This example proves to be prototypical of the phenomenon we wish to explore.

4.3. Definition. Let A be a Banach algebra. An element a € A is said to be a
right topological divisor of zero if there exists a sequence (Tn)n € A, |2n] =1
for all n > 1 such that

limz,a = 0.
n

51



52 4. THE SPECTRUM

Similarly, we say that a € A is a left topological divisor of zero if there exists a
sequence (Tn)n €A, |zn] =1 for all n > 1 such that

limax,, = 0.
n

Finally, we say that a € A is a joint topological divisor of zero if there exists a
sequence (xy)n €A, |zp] =1 for alln>1 such that

lim(ax, + z,a) = 0.
n

4.4. Theorem. Let A be a unital Banach algebra and let a € d(A™). Then a
is a joint topological divisor of zero.
Proof. Since a € 9(A™!), there exists a sequence (b,), € A~! such that lim, b, = a.
Now we claim that the set {|b;]}22; is unbounded, for if ||b,}|| < M for some M >0
and for all n > 1, then

M? || by = by

IN

Thus (b,'), is a Cauchy sequence. Let c¢ = lim, b,'. Then by the continuity of
inversion, ¢ = a”! and so a € A!. But A~! is open, which contradicts the fact that
aed(A™).
Next, by choosing a suitable subsequence of (b,), and reindexing if necessary,
we may assume that [b;!| >n, n>1. Let x, = b,'/|b,}| for each n, and
lazn] = [(a=bn)zn + bpaa|

< (@ ba)aal + 105117

Thus lim,, ax, = 0, and similarly, lim,, z,a = 0.

As an immediate Corollary to this, we obtain the following.

4.5. Corollary. Let A be a Banach algebra and a € A. If X € d(o(a)), then
(a—X) is a joint topological divisor of 0.

4.6. Proposition. Let A be a Banach algebra and suppose that a € A is a joint
topological divisor of 0 in A. Then 0 € o4(a).
Proof. Suppose that there exists b = a™! € A. Take (z,), € AY, |2,] = 1 for all
n > 1, such that lim, ax,, =0. Then

lznl = bazn] < (6] |az]

so that lim, |z, | =0, a contradiction.
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We note that if a € A is a joint topological divisor of 0 in A, and if B is a Banach
algebra containing A, then a is a joint topological divisor of 0 in B, and so 0 € o(a)
as well.

4.7. Proposition. Let A and B be Banach algebras and suppose a € A c B.
Then

(i) og(a) coa(a); and
(i) 9(oa(a)) € op(a).
Proof.

(i) Immediate.
(ii) If Ae d(0.4(a)), then a— A\ is a topological divisor of 0 in A and so a — A is
not invertible in B, by Proposition 4.6.

O

4.8. Remark. The conclusion of Proposition 4.7 is that the most that can
happen to the spectrum of an element a when passing to a subalgebra that contains
a is that we “fill in” the “holes” of the spectrum, that is, the bounded components
of the resolvent of a in the larger algebra.

4.9. Theorem. Let B be a Banach algebra and a € B. Let S be a subset of pg(a)
which has non-empty intersection with each bounded component of pp(a). Finally,
let A be the smallest closed subalgebra of B containing 1, a, and (A —a)~! for each
AeQ. Then o4(a) =op(a).

Proof. Choose ¢ € B* so that ¢(z) =0 for all x € A. Define the function
hg: psla) - C
z = o((z-a)™)
so that hg is holomorphic on its domain. We shall now show that hg = 0. Since this
is true for all ¢ € B* that annihilates A, we can then invoke Corollary 1.19 to obtain

the desired result.
Now if |z| > spr(a), then

(Z _ a)fl — i anflan
n=0

converges uniformly and thus (z —a)™' € A. Hence hy(2) = 0 for all z, |2| > spr(a).
Thus hy = 0 on the unbounded component of pp(a).
If X e lies in a bounded component of pp(a), then note that

(z—a)=()\—a)(1—()\—z)()\—a)71).
Thus if A - 2| < [(A—a)7}|™, we have

(z-a)'= i}()\ —2)"(A-a)™"!
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which converges in norm and therefore lies in A. As such, hy = 0 on an open

neighbourhood of A and so hy = 0 on the entire component of pg(a) containing A.
Since Q intersects every bounded component of pg(a), hy = 0 on pp(a). As
this is true for all ¢ € B* which annihilates the closed subspace A, we conclude that
(z—a)"t e Aforall z € pg(a). Thatis, pa(a) = pg(a), or equivalently, o 4(a) = o5(a).
O

It is worth pointing out that what we have shown is that A coincides with the
closed algebra generated by 1, a, and (z —a)™! for all z € pg(a); in other words,
the algebra generated by the rational functions with poles outside of op(a). This
algebra is often denoted by Rat(a) in the literature.

4.10. Definition. If B is a Banach algebra, then a subalgebra A of B is said
to be a maximal abelian subalgebra if it is commutative and it is not properly
contained in any commutative subalgebra of B.

4.11. Example. Let 2 <n €N and # = C". Fix an orthonormal basis {e;}}_,
for H and let J € B(C") ~ M,,(C) be the Jordan cell relative to this basis; i.e. J is
the unique element of B(C™) defined by Je; =0 and Jeg = ex_1, 2< k < n.

Then A := Alg(J) = {X7d ¥ : g, € C,0 < k < n -1} is a maximal abelian
subalgebra of B(C™). The verification of this is left to the reader.

4.12. Proposition. Let B be a unital Banach algebra, and suppose that A is a
maximal abelian subalgebra of B. Then o4(a) = og(a) for all a € A.

Proof. First observe that 1 € A, for otherwise the algebra generated by 1 and A is
abelian and properly contains A, a contradiction.

Clearly op(a) € 04(a). Suppose that A € pg(a). Then for all ce A, c¢(a- A1) =
(a=Xl)c. If welet b= (a—-A1)"! € B, then multiplying this equation on the left and
the right by b yields be = ¢b for all ce A. Thus b € A, as A is maximal abelian. In
other words, \ € p4(a), and we are done.

O
The upper-semicontinuity of the spectrum

4.13. We now turn to the question of determining in what sense the map that
sends an element a of a Banach algebra A to its spectrum o(a) € C is continuous.

To do this, we shall first define a new metric on the collection of compact subsets
of C, called the Hausdorff metric. Our usual notion of distance between two compact
sets A and B is

dist(A, B) :=inf{la-b| :a€ A, be B}.

Of course, if A ={a} is a singleton , we simply write dist(a, B).

The problem (for our purposes) with this distance is the following. If we let
A ={0} and B =D, the closed unit disk, then dist(A4, B) = 0. We are looking for a
notion of distance that indicates how far two subsets of C are from being identical.
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4.14. Definition. Given two compact subsets A and B of C, we define the
Hausdorff distance between A and B to be

du (A, B) = max{sup dist(a, B), sup dist(b, A)}.
acA beB

We remark that the Hausdorff distance between {0} and I is 1.

4.15. Definition. Let X and Y be topological spaces and let & : X - P(Y) be
a function, where P(Y) denotes the power set of Y. The mapping ® is said to be
upper-semicontinuous if for every xo € X and every neighbourhood U of ®(x¢)
in'Y, there exists a neighbourhood V' of xg such that ®(x) c U for all x V.

4.16. Theorem. [The upper-semicontinuity of the spectrum.] Let A be
a Banach algebra. Then the mapping

»: A - P(C)

a ~ o(a)

1S upper-semicontinuous.
Proof. We must show that if U is an open set in C containing o(a), then there
exists § > 0 such that |z —a| <0 implies o(x) c U.

Suppose otherwise. Then by choosing d,, = 1/n, n > 1, we can find z,, € A with
|zn —al < &, and Ay, € o(x,) N (CNU). Since |A,| < spr(zy,) < ||z, < |a| + 1/n <
|all + 1, we know that the sequence (\y), is bounded, and so by the Bolzano-
Weierstrall Theorem (by dropping to a subsequence if necessary), we may assume
that A =lim,, A, exists.

Clearly A ¢ U as \, ¢ U, n > 1, and C\ U is closed. Thus A —a € A™'. Since
A —a=1limy e A\n — Zn, and A~ is open, we must have A, — z,, € A~ for some n > 1,
a contradiction.

This completes the proof.

It is worth noting that the map ® above need not in general be continuous.
For example, it is possible to find a sequence (Qy)s>; of Hilbert space operators
such that o(Q,) = {0} for each n > 1, converging to an operator T € B(#H) with
o(T)={z€C:|z|<1}.

The above theorem, while basic, is of extreme importance in the theory of ap-
proximation of Hilbert space operators. While this result in itself is sufficient for
a large number of applications, sometimes we require a stronger result; one which
implies the upper-semicontinuity of the “parts” or components of the spectrum.

The theorem we have in mind is due to Newburgh (see Theorem 4.18 below), and
as a corollary we obtain a class of elements for which the spectrum is continuous, as
opposed to just semi-continuous. We begin with the following proposition.
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4.17. Proposition. Let a € A, a unital Banach algebra, and let (ay), €A be a
sequence such that a =lim,, a,. Let U 2 o(a) be open and suppose
(i) o(an) €U for alln>1;
(ii) f:U - C is analytic.
Then lim,, f(a,) = f(a).
Note: Condition (i) can always be obtained simply by applying Theorem 4.16 and
dropping to an appropriate subsequence. o
Proof. Let V ¢ C be an open subset satisfying o(a) €V ¢V c U. Without loss of
generality, we may assume o(a,) €V for all n > 1. Let T" be a finite system of closed
contours satisfying
(a) Indp(X\) =1 for all Ae V;
(b) {zeC:Indr(z)#0} cU.
Then f(a), f(ay) are all well-defined. Moreover,

I [ £ -a)yt = fe) (- an) ! de]
= 1[I (et - ) do

it

|£(a) = f(an)]

IN

1 _
— T [ flr sup [|(z=a)™" = (z = an)
2 zell

where |I'| denotes the arclength of I', and || f|r = sup{|f(2)|:z € '}.
Since inversion is continuous and I' is compact, the latter quantity tends to 0 as
n tends to infinity, and so we obtain

Jim [[£(a) - f(an)] =0

4.18. Theorem. [Newburgh.] Let A be a unital Banach algebra and a € A.
Suppose that U and V' are two disjoint open sets such that o(a) €U UV and that
o(a)nU # @. Then there exists § >0 such that |x —al < 0 implies o(x) NU # @.
Proof. By the upper-semicontinuity of the spectrum, there exists € > 0 such that
|z - al| < e implies o(z) € Uu V. Suppose that our assertion is false. Then there
exists a sequence (), € A satisfying

(a) limy, o0 T, = a; and
(b) o(zn)cV.

Consider the function f: U uV — C defined to be 1 on U and 0 on V. Then f is
clearly analytic on U uV, and so by Proposition 4.17, lim,, || f(a) - f(x,)| = 0. But
flzp)=0foralln>1, and 1€ f(o(a)) =0o(f(a)). Thus f(a) # 0, a contradiction.
We conclude that the assertion holds.

O
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It follows that if (a,)n-1 is a sequence in a Banach algebra A converging to an
element a € A, and if o(a,) is connected for each n > 1, then o(a) is connected.
While this is an easy consequence of Newburgh’s Theorem, it is a useful one.

4.19. Corollary. [Newburgh.] Suppose that A is a unital Banach algebra and
that o(a) is totally disconnected. Then the map a — o(a) is continuous at a.
Proof. Let ¢ > 0. Since o(a) is totally disconnected, we can find a cover of o(a)
consisting of disjoint open sets Uy, Us,...,U,, each of which intersects o(a) non-
trivially and has diameter less than . By the upper-semicontinuity of the spectrum,
there exists 1 > 0 such that |z —a| <41 implies o(x) ¢ U7, Uj.

By Newburgh’s Theorem 4.18, there exists 2 > 0 such that |z — al| < d2 implies
that o(2) nU; # @, 1 < j <n. Thus the Hausdorff distance

du(o(a),o(x)) <e
for all x € A, || - a| < min(d1,d2), implying that the map a — o(a) is indeed
continuous at a.
i
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Supplementary Examples

S4.1. Example. Let H = (2 with orthonormal basis {e,},. Let {d,}, be a
dense subset of D, and define an operator D € B(H)) via De,, = dne,, n > 1. (We let
the reader verify that such an operator exists and is unique.) We invite the reader
to check that o(D) =D. (Unless we explicitly specify otherwise, when considering
an operator 1" € B(H), the spectrum o(7") will always refer to the spectrum relative
to B(H).)

It can be shown that there exists a sequence (M,,), of nilpotent operators (i.e.
M,’f" = 0 for an appropriate choice of k,, € N) such that N = lim,, M,,. By the Spectral
Mapping Theorem, o(M,,) = {0} for all n > 1.

From this we see that the map 7"~ o(T') is far from continuous. We should
definitely learn to appreciate the upper semicontinuity of the spectrum a bit more.

S4.2. Example. More generally, let K € C be an arbitrary non-empty compact
set, and let {d,}, be a countable (possibly finite if K is) dense subset of K. As in
the above example, let H = ¢? with orthonormal basis {e,},. Define an operator
D e B(#H)) via Dey, = dnep, n > 1. (Once again, e let the reader verify that such an
operator exists and is unique.) We invite the reader to check that o(D) = K.

In other words, any compact subset of C serves as the spectrum of some operator
on H.

S4.3 Example. As we shall see in greater detail below, the set C(H) of compact
operators on a separable Hilbert space forms the only non-trivial ideal of B(H).
Ideals are generally thought of as being “small” in some sense. In this case, we shall
also discover that K(H) is the closure of the set F(H) of finite-rank operators on
H, and as such, this gives a measure of how small IC(H) is.

Given T € B(H), therefore, an operator T + K is referred to as a compact
perturbation of T', and is thought of as “affecting T" mostly on a finite-dimensional
space”. The impact upon the spectrum of T', however, can still be huge. For example,
let # = ¢?(Z) with orthonormal basis {e,}nez. The map U defined by setting
Ue, = ep41 for all n extends by linearity and continuity to a bijective isometry (i.e.
a unitary operator) on H. We invite the reader to verify that o(U) =T.

If we set K = e; ® e, where for x,y € H we define x ® y*(2) = (2,y)x, then K
is a rank-one operator and U — K can be shown to have spectrum equal to the unit
disc D. (In fact, U — K is unitarily equivalent to S & S*, where S is the unilateral
forward shift we shall encounter later.)
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Appendix

A4.1. Analysis of the spectrum and the functional calculus are key ingredients
in Single Operator Theory, where one is often interested in studying a class of
operators which may or may not possess an algebraic structure. For instance, on
may begin with the set of algebraic operators on #,

ALG :={T € B(H) : p(T) = 0 for some polynomial p}.

The characterisation of the norm-closure of this set in B(H) was obtained in the
1970s by D. Voiculescu [52] in terms of spectral conditions. More precisely, he
showed that

ALG = {T € B(H) : dim ker(7' - \) = codim ran(7T - \) VA € psp(T)}

Here, psp(T") denotes the semi-Fredholm domain of T'. It is defined as the set of
complex numbers for which the range of T is closed, and at least one of dim kerT
or codim ran7 is finite.

A4.2. Another important notion of relative spectrum is that of the spectrum of
the image of an element in a quotient algebra. As we have seen in Proposition 2.17,
if K is a closed ideal of a Banach algebra A, then A/K is a Banach algebra with
respect to the quotient norm. Letting m denote the canonical projection map, it is
clear that if a € A, then o 4/ (7(a)) € o4(a).

One particular instance of quotient algebras deserves special mention. Recall
from Example 2.18 that the quotient algebra Q of B(H) by K(H) is referred to
as the Calkin algebra. If T' e B(#), and 7 is the canonical homomorphism from
B(H) to Q, then the spectrum of 7(T") is called the essential spectrum of 7', and
is often denoted by o.(T"). In this connection, two of the most important results
concerning the spectrum are:

Theorem. [The Putnam-Schechter Theorem] Let H be a Hilbert space and
T e B(H). Suppose A€ (o (T)). Then either X is isolated, or A € oe(T).

Corollary. Let T € B(H). Then o(T) = 0.(T) uQ, where Q0 consists of some
bounded components of the resolvent of w(T'), and a sequence of isolated points in
p(m(T)) converging to o.(T).

Proofs of the above results appear in Appendix A.

A4.3. The upper-semicontinuity of the spectrum and Newburgh’s Theorem are
very powerful and useful tools, especially in the theory of approximation of Hilbert
space operators. For example, in the 1970’s Paul Halmos asked: what is the norm-
closure in B(H) of the set

NIL := {M € B(#) : M* = 0 for some k > 1}
of all nilpotent operators in B(H)?
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Using Newburgh’s Theorem, one sees that the spectrum of an operator 1" € NIL
must be connected. The fact that the invertible operators in B(H) form an open
set implies that 0 € o(T).

If T = lim,, M,,, where M,, € NIL for all n > 1 (say Mjf” = 0 for appropriately
chosen ky, € N) and if 7: B(H) - Q(H) is the canonical quotient map of B(#H) into
the Calkin algebra, then m(7T) = lim, 7(M,), and w(M,)* = x(MF) = 7(0) = 0,
and so w(7T) is a limit of nilpotent elements of the Calkin algebra. Applying the
above analysis to 7(7T") shows that o.(T) := o(7(T)) is connected and contains the
origin as well.

The question was finally answered in 1976 by C. Apostol, C. Foiag, and D.
Voiculescu [4]. They obtained the result:

Theorem. [Apostol, Foiag and Voiculescu] An operator T € B(H) belongs to
the closure of the set of nilpotent operators if and only if
(a) o(T) is connected and contains {0};

(b) 0¢(T) is connected and contains {0}; and
(¢) dim ker(T = X) = codim ran(T — X) Y\ € psp(T).

An earlier result due to D.A. Herrero [27] showed that a normal operator N
is a limit of nilpotent operators if and only if (V) is connected and contains {0}.

A4.4. There are other results concerning the continuity of the spectrum and
of the spectral radius of Banach algebra elements. In particular, Murphy [37] has
obtained the following results.

Suppose that K ¢ C is compact, and A is a unital Banach algebra. Define
a(K) =sup{infyec |\ : C a component of K} and 7(K) = supycx |[A|. Then a(K) <
r(K). Let D be a diagonal operator on B({*(N)); that is, if {e,}>>; denotes an
orthonormal basis for ¢2(N), then De,, = d,e, for some bounded sequence {dn}yy
of complex numbers.

Proposition. [Murphy] The following statements are equivalent:

(i) Every element of every unital Banach algebra A with spectrum K is a point
of continuity of the function a — o4(a);
(i) a(K) = r(K);
(iii) D is a point of continuity of the function T = o) (T).

As for the spectral radius, let
Ko ={\e K: the component of A in K is {\}}.
Thus K = Kj if and only if Ky is totally disconnected.
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Proposition. [Murphy] The following statements are equivalent:
(i) Every element of every unital Banach algebra A with spectrum K is a point
of continuity of the function a — spr 4(a);
(i) K = RKo;
(iii) D is a point of continuity of the function T v sprpy(T);
(iv) For each € >0 and for each A€ K, B(\,e) ={ueC:|u—- A <e} contains a
component of K.
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Exercises for Chapter 4

Exercise 4.1. JOINT TOPOLOGICAL DIVISORS OF ZERO

Here’s a question to which I do not know the answer (in part because it’s just
occurred to me and I haven’t given it much thought). Suppose that A is a Banach
algebra and a € A is both a left- and a right-topological divisor of zero. Is a a joint
topological divisor of zero?

The issue is that the sequences (), and (y,), from A such that

limz,a =0 =limay,
n n
could potentially be different.

Exercise 4.2. THE SPECTRUM IS NOT CONTINUOUS
Find an example of a Banach algebra A and a sequence (ay), € AY converging
to a € A such that
e o(ay)={0} for all n > 1, and
e o(a)=D.

Hint. There may be several such examples, but one standard example consists of
choosing A = B(H) for H ~ ¢, and letting each a, be a weighted shift (with a
cleverly chosen set of weights!). We shall define weighted shifts in Chapter XX, and
as such, it might be easier to wait until then before attempting this question.

Exercise 4.3. CONTINUITY OF THE SPECTRUM IN M, (C)
Let (Ty)x be a sequence in M, (C) and suppose that T' = limy Ty. Prove that
o(T) =limy o(T}), where the limit is taken with respect to the Hausdorff metric.
What can you say about the algebraic multiplicity of the eigenvalues of T relative
to O'(Tk)?

Exercise 4.4. THE DENSITY OF THE SET OF INVERTIBLE ELEMENTS OF M, (C)
Prove that GL,(C) is dense in M, (C). (C*-algebraists sometimes refer to this
property by saying that M, (C) has topological stable rank equal to 1.

Exercise 4.5. COMPONENTS OF THE SPECTRUM
Find a Banach algebra A such that for each £ > 0, there exist elements a,b € A
such that ||a —b| < e and
(a) o(a) has only one component;
(b) o(b) has infinitely many components.
Now find a Banach algebra B for which given any e > 0, there do not exist elements
a and b of B satisfying the above two conditions.
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Exercise 4.6. SPECTRUM AND DIRECT SUMS
Let A, € Mg, (C), n > 1. Suppose that there exists M > 0 such that |A,| < M
for all n > 1.
(a) Is it true that o(@;2An) = U 0(A,)?
(b) Now suppose that the sequence (k, ), is bounded above. Does this make
any difference to the solution of (a)?






CHAPTER 5

Abelian Banach algebras

You can observe a lot by just watching.

Yogi Berra

The Gelfand Transform

5.1. In this chapter we focus our attention on those Banach algebras which are
abelian. In any algebra (normed, abelian or otherwise) it is of interest to study the
ideal structure. Banach algebras are no exception.

5.2. Definition. Let A be an abelian Banach algebra. An ideal J of A is said
to be modular (also called regular) if we can find an element e € A such that
ex—x€J forallzeA.

Recall that given a Banach algebra A and an ideal Z of A, we use 77 to denote the
canonical algebra map from A4 onto A/J, and that when the ideal 7 is understood,
we abbreviate this to .

Armed with this notation, the statement that 7 is a modular ideal of A is readily
seen to be equivalent to saying that the quotient algebra A/J admits an identity
element, namely

w(e)=e+J.

Clearly every proper ideal in a unital Banach algebra is modular.

5.3. Example. Let A =Cy(R), the set of complex-valued continuous functions
on R vanishing at infinity. Define M = {f e A: f(x) =0if x € [-1,1]}. Tt is readily
seen that A is a non-unital Banach algebra and M is an ideal of A.

0 if 2 < ||
Let e € A be the function e(x) =4 2-|z| if1<|z[<2
1 if x| < 1.

We leave it to the reader to verify that e is an identity for .A/M, and that M is
therefore a regular ideal of A.

65
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5.4. Proposition. Let J be a proper reqular ideal of an abelian Banach algebra
A. If e is an identity modulo J, then

inf |e-m] >1.
meJ

Proof. First note that if J is closed, then .4/J is a Banach algebra by Proposi-
tion 2.17. But then |r7(e) = inf,,e7 e —m| > 1 by the submultiplicativity of the
quotient norm.

Now consider the case where [J is not closed. Suppose |e —m| < 1 for some
meJ. Then z =37 (e—m)"™ converges in A. But (e—m)z =3Y,"5(e—m)", so

x (e-=m)z+ (e—m)

= er—-mz+e—m;

thus e=x —ex+mx —me J. Since ea —a € J for all a € A, we conclude that a € J
for all a e A, i.e. ACJ, a contradiction.
Thus inf,,c7 ||e —m| > 1.

O

5.5. Definition. A proper ideal M of an algebra A is said to be maximal if
it is not contained in any ideal of A except itself, and the entire algebra A.

In other words, M is a maximal ideal of A if M is a maximal element of the set
J:={TJ c A: T is an ideal}, partially ordered with respect to inclusion.

5.6. Examples.

(a) Let A =Co(R), and set M ={f e A: f(0)=0}. Then M is a maximal ideal
of A. This is clear since dim A/M = 1.

(b) Let k,n be integers satisfying 1 <k <n. Set K = {T = [t;;] € T,,(C) : tgx = 0}.
Then K is a maximal ideal of A, again, because dim A/K = 1.

(c) The ideal K = {0} of M,,(C) is maximal because M,,(C) is simple.

(d) CuLTURE. Although we do not yet have the tools to prove this, we mention
that if H is an infinite-dimensional, separable Hilbert space, then KC(H) is
a maximal ideal of B(H). Indeed, it is the only non-zero, proper closed
ideal of B(H).

(e) Let
[0 1 0 - 0 O]
o o1 - 00
J= 0 0 A 0 geMn((C).
O 00 - 01
000 ~ 0 0

Set A = ALG(J) = {po] +p1J+p2J2 + e +pn_1jn71 preC,0<k<n- 1}
Let K:={p1J +paJ? + - +pp1J" ippeC, 1<k <n-1}. Then Ais
commutative and K is a maximal ideal of A.
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5.7. Corollary. Let A be an abelian Banach algebra. If J is a proper mod-
ular ideal of A, then J is contained in some mazimal (modular) ideal M of A.
Furthermore, all mazximal modular ideals of A are closed.

Proof. Let J < A be a proper modular ideal, and let e € A denote the identity
modulo J. First we observe that if K is any proper ideal of A containing 7, then
K is also modular. Indeed, clearly e also serves as an identity modulo K.

Consider the set
R={KaA:JcK and e ¢ K},

partially ordered with respect to inclusion. Then J € K, so 8 # @. Choose an
increasing chain € in J, say

¢= {’Ca}aeA-

Let K = UgeaKq. Tt is routine to verify that I < A, and of course e ¢ I, since e ¢ KC,,
for all a.

It follows that IC is an upper bound for €. By Zorn’s Lemma, there exists a
maximal element M in K, and J ¢ M. Clearly e ¢ M since e ¢ K for any K € J.
Thus M is a proper maximal ideal of A containing 7.

As for the last statement, suppose that £ is a maximal ideal of A, and let e, be
an identity modulo £. Then the norm closure of £ is also seen to be an ideal of A.
By maximality, £ = £ or £ = A. But by Proposition 5.4, inf,,cz |lez —m| > 1, and so
ec ¢ L. Thus £ = L is closed.

O

5.8. Proposition. Let A be a commutative, unital Banach algebra and let
a € A. If a is not invertible, then a is an element of some mazimal ideal M of A.
Proof. Now (a) = aA is an ideal of A. Since a is not invertible, (a) # A. By
Corollary 5.7, a € (a) € M for some maximal ideal M.

O

5.9. Definition. Let A be a Banach algebra. A mon-zero complex linear func-
tional ¢ : A - C is said to be multiplicative if p(ab) = p(a) p(b) for all a, b e A.
In other words, ¢ is a non-zero algebra homomorphism from A into C. The set of
all non-zero multiplicative linear functionals on A is denoted by X4, and is called
the spectrum of A.

Let ¢° =0 denote the zero functional on A, so that ¢°(a) =0 for allae A. We
shall also require the notation X% =X 40 {¢°}.

5.10. Remark. Note that if A is a unital Banach algebra and ¢ € ¥ 4, then

o(1) = (1) = p(1)?, and 50 p(1) € {0,1}. T ¢(1) = 0, then p(a) = (1a) =
©(1) p(a) =0 for all a € A, contradicting the fact that ¢ # 0. Thus ¢(1) = 1.
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5.11. Proposition. Let A be a Banach algebra and 0 + ¢ be a multiplicative
linear functional on A. Then ¢ is bounded; in fact, |p| =1.
Proof. If 1 ¢ A, then we may consider
s0+ . A+ . C
(Aa) = A+p(a),

which is a linear functional on A", the unitization of A as defined in Remark 2.19.
It is not hard to verify that ¢ is bounded if and only if ¢* is. As such, we may
assume that 1€ A.

Let M = ker ¢ and a € A. Since ¢ # 0, M is a proper ideal of A. Then
w(a-p(a)l) =0, and a = p(a)l + (a—¢(a)l). Write X = ¢(a) and b = (a — ¢(a)l),
so that A e C, be M. Then

B H el £ 03

p(A+0)
IA+0]

sup{——=

= {| :A#0,beker ¢}

Al
= sup{———=:A#0,beker ¢}
[A+ ol

= sup{ : b’ e ker p}

= 17

1
1+

since otherwise |1+ b’| <1 would imply that &’ is invertible, contradicting the fact
that b’ € M, a proper ideal of A.

O

5.12. Proposition. Let A be an abelian Banach algebra. Then there is a

one-to-one correspondence between the spectrum Y4 of A, and the set of mazimal
modular ideals of A.
Proof. Let M be a maximal modular ideal of A. Then A4/M is a unital Banach
algebra with no proper ideals. Thus every non-zero element of A/M is invertible,
by Proposition 5.8. By the Gelfand-Mazur Theorem 2.37, there exists a unique
isometric isomorphism 7: A/M — C. The map

om: A - C
a = 7(mm(a))
is easily seen to be a multiplicative linear functional, and ker ¢ = M. Moreover,

if My # My are two maximal modular ideals of A, then o, # ©am,, since their
kernels are distinct.

Conversely, if p € ¥ 4, let M =ker p. Then C ~ ¢(A) ~ A/ker ¢ = A/ M, so M
is a maximal regular ideal, as C is unital and has no non-trivial ideals. Consider ¢4
defined as above. Since the isomorphism between A/M and C is unique, o = .

O



THE GELFAND TRANSFORM 69

Because of this result, X 4 is also referred to as the maximal ideal space of A.

5.13. Proposition. Let A be an abelian Banach algebra. Then X 4 is locally

compact in the weak®-topology on the unit ball of A*. If A is unital, then ¥ 4 is in
fact compact.
Proof. Recall that X% =X 4u{¢°}, where ¢° denotes the zero functional. Now X%
is clearly contained in the unit ball of A*. Let (¢ )aca be a net in 3% such that
w* = limgep Yo = @ € A*.

Then for all z, y € A and X € C,

o(A\x +y) lim o (Az +y)

= limApa () + @a(y)
= Ap(z) +0(y)
and
p(ry) = limpa(zy)
= limpa () a(y)
= o(x)e(y).

Thus ¢ € ¥%. In particular, therefore, X% is compact, being a closed subset of
the weak*-compact unit ball of A*. Since the unit ball of A* is Hausdorff in the
weak*-topology, {¢°} is closed in X%. Thus X 4 is a relatively open subset of the
weak”-compact set 3%, and so ¥ 4 is locally compact in the weak*-topology.

If A is unital, then {¢°} is isolated in 3% since (1) = 1 for all ¢ € ¥ 4 while
©°(1) =0. Thus X 4 is closed in X%, and thus is weak*-compact itself.

O

We shall need the following Proposition to help prove Theorem 5.17 below.

5.14. Proposition. Let A be a non-unital, abelian Banach algebra, and let
A" denote its unitisation, as defined in Remark 2.19. Then there exists a bijective
correspondence between ¥4+ and X°%.

Proof. First observe that the map
©p - A - C
a v+ B((a,0))
is a multiplicative linear functional. That is, ¢z € X%. Let
(CH E.A* - E;‘
B ps
We claim that © is a bijection.
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Now, if 8 € ¥4+, then 5(0,1) = 1, by Remark 5.10. Thus, if 8,7 € ¥4+ and
vp =0(B) =0O(7) = ¢, then for all (a,)) € A", we have
B((a,A)) = B((a,0) +(0,A))
=ppla) + A+ @ y(a) + A
=7((a,0) +(0,1))
=v(a,\).
In other words, 8 = and © is injective.

If p € X%, we may define 8, € X4+ by

Bo(a,N) = p(a)+ A
(That f, is a non-zero multiplicative linear functional is left as an exercise for the
reader.) Since ©(f,) = ¢, we see that © is surjective, which completes the proof.

O

5.15. Definition. Let A be an abelian Banach algebra. Given a € A, we define
the Gelfand Transform a of a as follows:
a: Y4 - C
¢~ p(a)

By definition of the weak*-topology on X 4, we have that G € C(X 4). If € > 0, then
{peX4:|a(p)| > €} is closed in X%, and hence it is compact. Thus a € Co(X4).

5.16. Theorem. [The Gelfand Transform] Let A be an abelian Banach
algebra.

(a) The map
s A - Co(Xa)
a a

s a contractive homomorphism, and

(b) A=ranl separates the points of ¥ 4.
Proof.

(i) We have seen that @ is continuous and vanishes at infinity. Now

IT(a)] i

I
=

[
wn
=

T

=

~
©
~

Il
n
=1

T
5
—~
S
=

A
B

Thus ||T'| < 1. That T is indeed a homomorphism follows immediately from
the fact that each ¢ € ¥4 is linear and multiplicative.
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(ii) If ¢ # 1 € X4, then there exists a € A such that ¢(a) # ¥(a). But then
a(e) # a(v), and so A indeed separates the points of ¥ 4, as claimed.

O

5.17. Theorem. Let A be an abelian Banach algebra, and let ¥4 be its spec-
trum. Let T': A— Co(X4) be the Gelfand transform of A.
(a) If A is unital, then o 4(a) =ranT 4(a).
(b) If A is non-unital, then o4(a) =ranT 4(a) v {0}.
(¢c) In either case, spr(a) = |T 4(a)|.
Proof.
(a) If A is unital, then Co(X4) =C(X4). Thus

(A-a)g A

(A —a) lies in a maximal ideal M of A
Om(A—a) =0 where M is a maximal ideal of A
A—@m(a) =0 where M is a maximal ideal of A
A—a(pm) =0 where M is a maximal ideal of A
A €rana.

Aeoy(a)

eeets

(b) Suppose that A is non-unital, and let A" = A& C denote its unitisation, as
defined in Remark 2.19. By definition, o 4(a) = 0.4+ ((a,0)).
By Proposition 5.14 and part (a) above,
o4+((a,0)) =ranl 4+ ((a,0))
={¢+((a,0)) : ps € Xp+}
={p(a) : pe Xy}
=ranI 4(a) u{0}.
(c) In either case, I" 4(a) € Co(X.4), and so

ITa(a)] = spr(I'a(a))
=sup{[A[: A e o (Ta(a))}
=sup{|A[: A e o(Tu(a)) v {0}}
=sup({|A\|: Aeran(T'4(a)) u{0}}
=sup{|\|: Aeo4(a)u{0}}
=spr(a).

The radical

5.18. The kernel of the Gelfand transform plays a particular role in the study
of homomorphims between Banach algebras.
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5.19. Definition. Let A be a commutative Banach algebra. Then the Jacob-
son radical of A is the kernel of the Gelfand transform. As such,
rad A = n{ker p:peXq}
N{M : M a mazimal modular ideal of A}.

We say that A is semisimple if rad A = {0}.

5.20. Proposition. Let A be an abelian Banach algebra. Thenrad A ={aec A:
spr(a) =0} and the following are equivalent:

(a) A is semisimple, i.e. the Gelfand transform T': A — Co(X 4) is injective;
(b) X4 separates the points of A;
(c) the spectral radius is a norm on A.

Proof. First note that a € rad A if and only if I'(a) = 0. But 0 =T'(a) € Co(X4) if
and only if spr(a) =0, i.e. if and only if spr(a) = 0.

(a) implies (b).  Suppose A is semisimple. Let a1 # ag € A. Then 0 # a1 — ag,
and so spr(aj —asg) # 0 from above. Thus there exists 0 # A € ran(T'(a —asg).
Let ¢ € ¥4 such that T'(a; — a2)(¢) = A\. Then T'(a1)(¢) — T'(a2)(p) =
p(a1 —az) =X #0, so that ¥ 4 separates points.

(b) implies (a).  Suppose that X 4 separates the points of A. Let a1 # az € A
and choose ¢ € ¥ 4 such that p(a1) # p(az). Then I'(a1)(¢) # I'(a2)(p),
so that I'(a; # T'(az), and the Gelfand transform is injective.

(a) implies (¢). Suppose that the Gelfand transform I is injective. In general,
we have |a| =spr(a) =spr(a). Then for all a, b€ A,

o spr(Aa+b) = [T(a +b] < NIT(@)] + [T(5)] = [Aspr(a) +spr(d).
o spr(ab) = [T(ab)| < IT(a) ] T(b) ] = spr(a) spr(h).
e spr(a) = [['(a)] 2 0.
e Finally, spr(a) = 0 if and only if |[I'(a)| = 0. But since I' is injective,
this happens if and only if a = 0.
It follows that spr(-) is a norm on A.

(c) implies (a). Finally, suppose spr(-) is a norm on A. Then spr(a) = 0

implies a = 0, so that rad A = {0}, and A is semisimple.

5.21. Theorem. Let A and B be abelian Banach algebras and suppose B is
semisimple. Let 7: A — B be an algebra homomorphism. Then T is continuous.
Proof. Let ¢ € Y5, the maximal ideal space of B. Then ¢ o 7 is a multiplicative
linear functional on A, and so |¢ o 7| =1, implying that ¢ o 7 is continuous.

The Closed Graph Theorem tells us that if X and %) are Banach spaces and
T:X — 9 is a linear map such that lim,_ e xn = 0 and limy,e Ty, = y together
imply y =0, then T is continuous.
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Suppose therefore that we are given a sequence (ay,), € AY, that lim, e a, = 0,
and that lim,_, . 7(ay) = b. Then for p € ¥ 5,

©(b)

o(lim 7(ay))
= lim po7(ay)
= (po7)(lim ay)

= (po7)(0)
0.

Thus b e rad B = {0}. By the Closed Graph Theorem, 7 is continuous.

5.22. Definition. A Banach algebra A has uniqueness of norm if all norms
on A making it into a Banach algebra are equivalent.

5.23. Theorem. Let A be an abelian Banach algebra. If A is semisimple, then
A has uniqueness of norm.
Proof. With A abelian and semisimple, let ||-|; and |- |2 denote two Banach algebra
norms on 4. Consider the natural injection

v (A1) = (A 2)

a g Qa.

Then clearly ¢ is an algebra isomorphism, and hence from Theorem 5.21, ¢ is con-
tinuous. By the Banach Isomorphism Theorem, ¢ is a topological isomorphism, and
so the two norms are equivalent.

O

5.24. Corollary. Let A be a semi-simple abelian Banach algebra and ov: A - A
be an algebra automorphism. Then « is also a homeomorphism.
Proof. Theorem 5.21 implies that both o and o' are continuous.

Examples

5.25. Depending upon how big the radical of an abelian Banach algebra is
compared to the algebra itself, the Gelfand Transform might not yield very much
information at all.
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5.26. Example. Let n € N, and consider the algebra A € My, (C), where

A, B ]
A:{[O )\In].BeMn(C))\eC}.

Then A is commutative. Let ¢ € 3 4. Then ¢(Is,) =1, and so p(Al2,) =\, A eC.
Also,

0 = »(0)
2
= w([g g}])
- wlg o ]

and so <,0(|: 8 (1]3 ])zO.
I, B
A,

completely determined by the above conditions, and ¥4 = {¢}, a singleton.

Thus <p(|: 3 ]) =\ for all A € C and B € M,,(C). In other words, ¢ is

5.27. Let X be a compact, Hausdorfl space. We wish to consider the spectrum
of the algebra C(X) of continuous functions on X. To do this, we first recall a
preliminary result from topology.

5.28. Proposition. Let X be a compact space and Y be a Hausdorff space.
Suppose that 7 : X =Y is a bijective, continuous map. Then T is a homeomorphism,
i.e., 71 is also continuous.

5.29. Theorem. Let X be a compact, Hausdorff space. Then Y.c(x) equipped

with its weak™-topology as a subset of C(X)* is homeomorphic to X.
Proof. Let x € X, and consider the map

0 C(X) - C

foe fo).

It is easy to see that d € Y¢(x). Such maps are called evaluation functionals.
Note that the corresponding maximal ideal is M, = ker 0, = {f € C(X) : f(x) = 0}.
It is clear that given = # y € X, 6, # ¢, since C(X) separates the points of X. Thus
the map A :x +— 4, is injective. Our next goal is to show that it is surjective.

Let M be a maximal ideal of C(X). We shall show that there exists x € X such
that M = M., where M, is defined as above.

Suppose that for any = € X, there exists f, € M such that f;(x) # 0. Since f
is continuous, we can find an open neighbourhood O, of x such that y € O, implies
fz(y) # 0. Then the family {O, : x € X} is an open cover of the compact space X,
and as such, we can find a finite subcover {O,, : 1 <i < n}. Consider the function
9= fxif_xi € M. Then clearly g > 0 and for any x € X, there exists x; such that
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fe,(x) #£0. Thus g(x) > |f., (2)* >0, and so g is in fact invertible! This contradicts
the fact that M is a maximal ideal, and thus is proper. It follows that there exists
x € X such that f(z) =0 for all f e M. But then M ¢ M,, and so by maximality,
we conclude that M = M, and hence the map A : x ~ ¢, is surjective.

By Proposition 5.28, there remains only to show that A is continuous. Let
(Za)aer be a net in X converging to the element x. Then (f(z4))s converges to
f(x) for each f e C(X). But then (dz,(f))a converges to 6,(f) for all f e C(X),
and so (0, ) converges to ¢, in the weak*-topology on C(X)*. That is, Az~ J,
is continuous, and our result is proved.

O

5.30. Let X be a compact, Hausdorff space. In light of the homeomorphism
A X — Y¢(x) defined above, we typically view the Gelfand map on C(X) as the
identity map and suppress the map A from our notation.

That is, we identify I : C(X) — C(¥¢(x)) with the map ®x o', where ®a(g) =
go A for all g€ C(X¢(x)). Then, for feC(X) and x € X,

(@aol(f))(@) =Pa(02(f)) = (2a(02))(f) = f(2),
so that @ oI is the identity function.
5.31. Corollary. Let X be a compact, Hausdor(f space. Then C(X) has unique-
ness of norm.

Proof. The Gelfand map I' is the identity map, so it is injective, and thus C(X) is
semisimple. We now apply Theorem 5.23.

O

5.32. Let G be a locally compact abelian group equipped with a Haar measure
w. It is well-known that if A is any other Haar measure on G, then A is a positive
multiple of p. (See, for example, the book of Folland [23, Theorem 2.10, Theorem
2.20].) Moreover, since G is abelian, it is unimodular, from which it follows that
du(z7') = du(x), as measures on G. Consider f,g € L'(G,p). Then for x € G, we
have (a.e. - p)

(F+9)@) = [ F@el )du(y)
[ H@ge™du) (v=a"y)
[ F@Mgduz) (=0

[ 9@ )du(z) (@2 =)
(g% F)(@).

Thus L'(G, i) is abelian.
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To verify that the norm on L'(G, 1) is indeed a Banach algebra norm, consider

171l = [ 1£@) glhdy

[ 1) [ 1ot @)z dy
[flf(y)g(y‘lx)ldxdy
[ [ 15w ot o)y
fl/f(y)g(y‘lw)dyldﬂf

[ 1+ 9 @)da
17 *glh.

5.33. Definition. Given a locally compact abelian group G, we consider the set
G of continuous homomorphisms of G into T = {z € C: |z| = 1}. Such homomor-

v

I\

\Y%

v

phisms are called characters of G, and G is referred to as the dual group of G.

5.34. We leave it to the reader to verify that G is indeed a group. In fact,
G corresponds to the set of irreducible representations of G, which are always one
dimensional when G is abelian.

For the sake of convenience, let us write ¥g for ¥1(¢ ), and dx for du(x).

Given ¢ € G, we can define an element ¢ € X via
()= [ ¢@) f(@)du(a).
Indeed, for each f, g€ LY(G, p),
o) = [ e@)(f*g)@)da
[ e@ [ 1) ot 2)dyde
[ [ rwe@ewdzdy (=)
[ [ 1@e@)e()9()dzdy

([ 1@ewdy) ([ o(2)g(2)d2)

= o(f)e(9).

If o1 # 2 € G, then 0 # 1 — g € Co(G) € L=(G, ). Thus there exists g € L' (G, )
such that [ g(z)(¢1 - p2)(z)dz # 0. In particular, therefore, if @1 (resp. 2) is the
element of X corresponding to ;1 (resp. ¢2) as above, then v1(g) # ¢2(g), so that
the map ¢ — ¢ is injective.
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5.35. Theorem. Let G be a locally compact abelian group with Haar measure

~

w. Then ¥g ~G. X
Proof. From above, we see that G embeds injectively into Y. Next suppose that
@ €Xg. Since ® € LY(G, u)* ~ L=(G, ), there exists ¢ € L*(G, 1) such that

O(f)= / f(z)(z)dx for all fe L' (G, p).
Choose f € L'(G, 1) such that 0 # ®(f). Then for any g € L*(G, i),

o(f) [ ey = o) (9)

(f *g)

f f () f(zy)g(y)dy dz

f ®(Lyf)g(y)dy.

Thus ¢(y) = ®(Lyf)/®(f) a.e. . Redefine ¢(y) = ®(L, f)/P(f) for every y, so

that ¢ is continuous. Then
e(zy)®(f) = @(Layf)
= (P(LmLyf)
= p(x)®(Lyf)
= p(x)e(y)2(f),

and hence ¢(zy) = p(z) ¢(y).
Finally, ¢(z™) = p(z)" for every n > 1, and ¢ bounded implies that |p(x)| < 1,

while ¢(z™™) bounded implies that |¢(z)| =1 for all x € G. Thus ¢ € G, and so the
map ¢ — P is onto, as claimed.

The topology we consider on G is that of uniform convergence on compact sets.
Since G consists of continuous functions, this is the same as pointwise convergence,
under which the operations of multiplication and inversion are clearly continuous.
Although we shall not show it here, it can be demonstrated that this topology coincides
with the weak* -topology on G inherited from L*®(G, ).

But Gu{0} is the set of all homomorphisms from L'(G, 1) into C, which is closed
in the unit ball of L*°(G, 1), and hence is weak*-compact, by Alaoglu’s Theorem.

Thus G must be locally compact, as {0} is closed.

5.36. Theorem.
(a) Z =T, and thus ¥ (z) = T;
(b) R=R, and thus ¥ (g dz) = R;

(c) T~Z, and thus ¥ p1(r,am) = Z, where dm represents normalised Lebesgue
measure on the unit circle.

V/
R
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Remark: We shall content ourselves here with the algebraic calculation, and omit
the explicit determination of the underlying topologies, which are the natural topolo-
gies on the spaces involved.

Proof.

(a) For each v € T, define ¢, € Z via pa(1) = a. Suppose ¢ € Z. If a = ¢(1),
then a € T, and @(n) = p(1)" = o™ for all n € Z. Thus ¢ = ¢,. It follows
that the map a +~ ¢, is surjective. That it is injective is trivial.

(b) If ¢ € R, then we have ¢(0) = 1, so there exists a > 0 so that Jo e(t)dt #0.
Setting x = [ ¢(t)dt, we have

wo(@) = [ odto(a)
- [T e@ewat
=f0ag0(a:+t)dt

_ fmm o(1)dt.

It follows that ¢ is differentiable and

o (0) = i 221 = 20)
o 2@ () =1
h—0 h
= o(2)¢'(0).

Thus p(x) = e“*, where ¢ = ¢'(0), and since |p(z)| = 1 for all z, we find
that ¢ = 2mib for some b € R.

= e(2m0)T Jotermines an element of R.

Conversely, for any b € R, op(x)
Clearly the map b — ¢y is injective.

(¢) Since T ~ R/Z via the identification of z € R/Z with a = e®*™?  the char-
acters of T are just the characters of R that vanish on Z. But ¢3(1) = 1

implies that €*™ =1, and so b € Z. Thus T~2Z.

5.37. Definition. Let A be a Banach algebra and a € A. Then a is said to
generate A if the smallest closed subalgebra of A containing a is A itself.

The next theorem provides some justification for the term spectrum when refer-
ring to the set of non-zero multiplicative linear functionals on a Banach algebra.
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5.38. Theorem. Let A be a commutative unital Banach algebra and let a be a
generator for A. Then the mapping I'(a) : X4 ~ o(a) is a homeomorphism.
Proof. We already know that I'(a) € C(X 4) and that ranI'(a) = o(a). Since both
Y 4 and o(a) are compact and Hausdorff, it suffices to show that I'(a) is injective.
We can then apply Proposition 5.28 to obtain the desired result.

Suppose that @1, @2 € ¥4 and that I'(a)(¢1) = T'(a)(p2). Then ¢1(a) = p2(a).
Let B={z e A: pi(z) = pa(x)}. Since ¢1, g2 are continuous, multiplicative and
linear, B is an algebra that contains 1 and a, and B is closed. Thus B = A and so
1 = 2, proving that I'(a) is injective, as required.

]

5.39. Example. Consider the disk algebra A(D). Now it is a classical result
that A(D) is generated by 1 and f, where f(z) = z for all z € D. (Indeed, this is
the solution to the Dirichlet Problem for the circle.) By Theorem 5.38, ¥ 4y is
homeomorphic to o 4p)(f). But as we have seen in Example 4.2, 0 4py(f) = {2 €
C: 2| < 1}. We conclude that ¥ 4py =D (up to homeomorphism). Unsurprisingly,
the multiplicative linear functionals are the evaluation functionals at each point of

the disk.

5.40. Example. Let us revisit £1(Z). For a function f € C(T), consider the
sequence {f(n)}nez of Fourier coefficients of f given by

. 2w ) .
fy= o= [ Ry e an,
Define the Wiener algebra
AC(T) = {f €C(T) = (f(n))n € £(2)},

equipped with the norm | f| = ¥,z |f(n)|
Clearly AC(T) is abelian. Let f and g lie in AC(T), so that

f(e)=>" ane™ and g(0) = > be™.
nez nez

Then (fg)(n) = 5= [;" £(8) g(8) 7™ df. Next,

() (o)

keZ nez

Z Z akbnei(k+n)9

keZ neZ

Z Z abp_e™? (m=n+k)

keZ meZ

F(0)9(0)

IIIUS
(f )( )_ 1 f277 E b i( ‘")ede
g)y\n)= 9 0 E Qf0m-E€ .

keZ meZ
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If m # n, we get 0, and so

(f9)(n)

! JA 7S apbnred
— a _L€E
2 Jo iz hon=k

= Y akbpi

keZ
= (ab)y,
where a = (a,), and b = (b, ), lie in £1(Z). It follow that the map
r: (MZ) - AC(T)
(an)n = Ynez ane’™
is an isometric algebra isomorphism.

Suppose that ¢ is a non-zero multiplicative linear functional on AC(T).
p(e”) = A, then [\ = p(e)] < o] €] = 1. Also, p(e™) = ¢((¢”)) =
and || = [p(e™)| < @] e[+ = 1. Thus [A| = 1.

Conversely, if |\| = 1, then

SO(Z aneinﬁ) - Z anAn

nez nez

0

>l

is an absolutely convergent, multiplicative evaluation functional, and ¢(1) = 1.

We conclude again that Y 4c(1)y = Xz = T. The argument with regards to the
topology follows as in Theorem 5.29. Namely, let {\,}, be a net in T with lim, A, =
AeT. Let ¢y, ¢a be the associated multiplicative linear functionals with ¢4, (e?) =
Ao, oa(€?) = X. Then limy A, = X implies limg, f(Ao) = f(A) for all f e C(T), hence
limg, @y, (f) = oa(f) for all f e AC(T). Thus lim, ¢y, = ¢, in the weak*-topology
on Y Ac(t)-

As an application of this result, we obtain the following;:

5.41. Theorem. [Wiener’s Tauberian Theorem] If f € AC(T) and f(z) # 0
for all z € T, then = has an absolutely convergent Fourier series.

Proof. By Theorem 5.17, o(f) = o(I'(f)) =ran'(f). But if ¢ € 3 4¢(T), then ¢ = o)
for some X € T, where @) (f) = f(\) is the evaluation functional corresponding to A.
Thus

ranT'(f)

{T(f)(pr) 1 ox € Bac(m)
{T(f)(pr) : AT}
{ea(f): AeT}

{f(N): \eT}

= ran f.

Since 0 ¢ ran f, we get 0 ¢ 0 4¢(1)(f), so 1/f has an absolutely convergent Fourier
series.

O
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Supplementary Examples

S5.1. Example. Not every abelian Banach algebra admits maximal modular
ideals. For example, let J,, denote the Jordan cell in M, (C) ~ B(C"), and let
A=Yl JE oy € C,1 < k <n}. Then A is a (non-unital) abelian Banach
algebra.

The space J = J, A = {J,A: Ae A} is a maximal ideal of A (it has co-dimension
one), but it is not modular. Indeed, if E € A, then EJ, - J, ¢ J.

For example, if n = 3, then F € A implies that there exist ay,as € C such that

0 a1 9
E=10 0 o s
0 0 O

while K € J implies that there exists 5 € C such that

0 0 p
K=|0 0 0].
0 0 O
But then
0 1 o
EJs-Js=|0 0 1]¢J.
0 0 O

S5.2. Example. Here’s an alternative proof of the above result.

If A were to admit modular ideals, then it would also admit maximal modular
ideals, by Corollary 5.7. By Proposition 5.12, A would admit a non-zero multiplica-
tive linear functional.

Let ¢ € ¥4. Then ¢(J,) € o(Jp) = {0}, so ¢(J,) = 0. Thus for A € A, say
A= 22;11 ayJ¥, we find that

n-1

p(A) = Y arp(Jn)* =0,
k=1
contradicting the fact that ¢ # 0.

S5.3. Example. Essentially the same example may be dressed up to impress
people at a fancy dinner party as follows.

Let A(D) denote the disk algebra (thought of as functions on D). Let x(z) = z,
z €D, and define

B:={xf:feAD)}.
It is reasonable straightforward to show that J is a closed ideal, hence a closed

subalgebra of A(D). (It corresponds to the set of functions g € A(D) such that
g(0) =0.) The set

J={kg:geB}



82 5. ABELIAN BANACH ALGEBRAS

is a closed ideal of B, but it is not modular. (In fact, J corresponds to those elements
of A(D) such that f(0) = f/(0) =0.) We leave it to the reader to show that for any
function e € B,

ek—-k¢J.
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Appendix

A5.1. The notion of the Jacobson radical comes from Ring Theory. In this
general context, it is defined as follows.

Definition. Let R be a ring.

e A left R-module M is said to be simple if R- M + {0} and M has no
non-trivial submodules. Let 9 denote the set of simple left R-modules.
e The Jacobson radical J(R) of R is the set

J(R):=n{reR: r-M =0 for all M € 9n}.
Thus J(R) is the set of all elements of R that annihilate all simple left R-modules.

A5.2. Theorem. If R is a ring, then J(R) is a two-sided ideal of R.
Proof. Suppose that M is a simple left R-module and that j, j1,j2 € J(R). Clearly
0e J(R) + @, and for all m e M,
(J1=Jj2) - m=ji1-m—-j2m=0-0=0.
Hence j1 — j2 € J(R).

Let r € R. Given m € M, note that m' :=r-m € M and thus
(rj)-m=r-(j-m)=r-0=0,
while
(Gr)-m=j-(r-m)=j-m' =0,
Hence rj, jr € J(R).

By the Ideal Test, J(R) is a two-sided ideal of R.
i

A5.3. Let R be a ring and M be a simple left R-module. Then there exists
m € M and r € R such that r-m # 0. Thus R-m is a non-zero submodule of M,
whence R-m = M. We say that m is cyclic element for R. In fact, every non-zero
element of M is cyclic for R. Indeed, let n € M. If there exists r € R such that
r-n # 0, then the above argument shows that R-n = M, and thus n is cyclic.

Let Z:={zeR:r-z=0forallr e R}. Then Z is easily seen to be a left
R-module. By simplicity of M, Z # M and hence Z = {0}. In other words, every
non-zero element of M is cyclic for R.

To see the connection between the above definition of the Jacobson radical and
the “Jacobson radical” we defined in Definition 5.19, we first extend our definition
of modularity to include one-sided ideals.

A5.4. Definition. Let R be a ring. A left ideal M of R is said to be modular
if there exists e € R such that re —r e M for allr e R.
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A5.5. Proposition.

84
(i)
(i)
Proof.

If R is a ring and M is a simple left R-module, then there exists a maximal
modular left ideal N of R such that M is isomorphic to R/N.

Conversely, if N is a mazimal modular left ideal of R, then R/N is a simple
left R-module.

Note that if M € 9 is a simple left R-module, then there exists m € M and
r € R such that r-m # 0. Thus R-m is a non-zero submodule of M, whence
R-m=M.
Let N:={seR:s-m=0}. Then N is a left-ideal of R, and so R/N is
a left R-module. Consider the left R-module map
©: RIN - M

r+N - r-m.

(That this is indeed a well-defined left R-module map is left as an exercise
for the reader.) It is easy to see that ker © = {0+ N} is trivial, and that
© is surjective, proving that M ~ R/N as left R-modules. If N is not
maximal, say N c L c R for some left ideal L of R (recall that c denotes
proper containment), then L/N is a non-trivial left ideal of R/N, and thus
Lz = ©(L/N) is a non-trivial left R-submodule of M, contradicting the
simplicity of M.

To see that N is a modular left ideal, note that M = R-m, and thus
there exists e € R such that e-m =m. But then for all r € R,

r-m=r-(e-m)=(re) -m,

so that (r—re) e N.

Conversely, if N is a maximal modular left ideal of R, then clearly R/N is a
left R-module. Note that R-(R/N) # {0+ N}, since if e € R is the element
for which re —r e N for all r e R, then r-(e+ N)=re+ N=r+N 0+ N
whenever r € R\ N. Furthermore, the left submodules of R/N correspond
to left ideals of R/N, which in turn correspond to left ideals of R which
contain N, of which there are only two, namely N, and R itself. Thus R/N
is a simple left R-module.

O

A5.6. Our present goal is to show that if R is a ring, then J(R) is the intersec-
tion of all maximal modular left ideals of R. To do this, we need another definition,
which also provides a useful characterisation of J(R).

Definition. An element q of a ring R is said to be left quasi-regular if there
exists w € R such that

woq:=w+q+wq=0.

The element w is said to be a left quasi-inverse of q. A left ideal L of R is said
to be left quasi-regular if every element of L is left quasi-regular.
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A5.7. Such a definition may look rather arcane and mysterious, but the follow-
ing result tells us the concept we are trying to generalise from unital to non-unital
rings.

Proposition. Let R be a unital ring. An element q € R is left quasi-reqular if and
only if 1+ q is left-invertible in R.
Proof.

e Suppose that q is left quasi-invertible with left quasi-inverse w. Then
1+w)(1+q)=1+w+qg+wg=1+woq=1.

Thus (1 + q) is left-invertible in R.
e Suppose that b € R satisfies b(1+¢) =1. Let w=>5b-1. Then

woq=w+q+wqg=b-1+q+bg—q=b(1+q)-1=0.

Thus ¢ is left quasi-regular.
O

The next two lemmas will give us the extra characterisation of J(R) we shall
need.

A5.8. Lemma. Let R be a ring, and define
J:=n{N < R: N is a mazimal modular left ideal}.
Then J is a left quasi-reqular left ideal of R.

Proof. First note that if R does not admit any maximal modular left ideals, then
J = R is clearly a left quasi-regular left ideal of R.

Suppose therefore, that R does admit maximal modular left ideals.

That J is a left-ideal is clear, since it is the intersection of left-ideals. Let ¢ € J,
and consider the left ideal K, := {r +r¢:r e R}. Our goal is to show that K, = R.
For then there exists w € R such that w+wq = —¢q, or equivalently, w ¢ g = 0, showing
that ¢ is left quasi-regular. Since q € J was arbitrary, we conclude that J is left
quasi-regular.

Suppose to the contrary that K, # R. Now K, is not only a left-ideal of R, but
in fact it is a modular left-ideal of R, since for any s € R, s — s(—q) = s + sq € K.
By an easy application of Zorn’s Lemma, K, is contained in a maximal modular
left-ideal IV of R. Now g€ J S N, and thus rge N for all r € R. But r+rqe K, S N,
and therefore r € N for all r € R, implying that R = N, contradicting the maximality
of N. Hence K, = R.

O

A5.9. Lemma. Let R be a ring. If V is a left quasi-regular left ideal of R,
then

Vc J(R).
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Proof. If R does not admit any simple left R-modules, then J(R) = R and the
result is trivial. Suppose, therefore, that R does admit a simple left R-module.

We argue by contradiction. Suppose that there exists a simple left R-module M
such that V- M # 0. Choose mg € M such that V - mg # 0. Obviously mg # 0. Then
V - myg is a non-zero submodule of M, and by the simplicity of M, we must have
V -mgy = M. In particular, —-mg = v-mg for some v € V. Since V is left quasi-regular,
there exists w € R such that

wov=0.

Thus
0=0-mp=(wov) -my=(w+v+wv) -mg=w-mg+ (-mg) +w(-mg) = —my,

a contradiction. This concludes the proof.

A5.10. Theorem. Let R be a ring. Then
J(R) =J:=n{N : N is a mazimal modular left ideal of R}.

Proof. As in Lemma A5.8, we set
J:=n{N: N is a maximal modular left ideal of R}.
By that Lemma, J is a left quasi-regular left ideal of R. By Lemma A5.9, J ¢ J(R).

Conversely, suppose that k£ € J(R). Let N be a maximal modular left-ideal
of R, with distinguished element e € R such that re —r € N for all r ¢ R. By
Proposition A5.5, R/N is a simple left R-module. Now k- R/N = {0+ N}, implying
in particular that

0+N=k-(e+N)=ke+N=k+N.
Thus k € N. This shows that J(R) € J, completing the proof.

A5.10. Theorem. Let R be a unital ring. Then
J(R) ={qe R:1+xqy is invertible for all x,y € R}.

Proof. As we have just seen, J(R) = J is a left quasi-regular ideal of R.

Fix ¢ € J(R). Since g € J(R) implies that xqy € R for all x,y € R, to show that
J(R) is contained in the set on the right-hand side of the stated equation, it suffices
to show that ¢ € J(R) implies that 1 + ¢ is invertible.

By Proposition A5.7, we see that 1+ ¢ is left-invertible. Choose w € R such that
w(l+¢q)=1. Then w=1-wq. But —wq € J(R), because J(R) is an ideal of R, and
thus w = 1 —wq is left-invertible, again by Proposition A5.7. But w is right-invertible
(with right-inverse 1+ ¢), and thus w is invertible. Hence 1+ ¢ = w™! is invertible as
well.
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Conversely, suppose that ¢ € R and 1 + zqy is invertible for all z,y € R. Then
V := Rq is a left quasi-regular left ideal of R, and thus by Lemma A5.9, V ¢ J(R).
In particular, g € J(R).
This completes the proof.
O

A5.11. There is an apparent lack of symmetry in our choice of the definition of
J(R), namely: why did we choose left R-modules? As it turns out, we could just
have easily chosen right R-modules. The “right” Jacobson radical we would have
obtained would be the same as the “left” Jacobson radical we did obtain. This is
left to the exercises.

A5.12. Of course, if R is commutative, then left-ideals coincide with ideals, and
we see that
J(R) =n{N : N is a maximal modular ideal of R}.

Applying this to (commutative) Banach algebras A, we see that
J(A) =rad (A).

A5.13. Theorem A5.10 is very useful in the Banach algebra context. If A is a
unital Banach algebra, then

J(A) ={qe A:1+xqy is invertible for all z,y € A}.
It follows that for all x,y € A, -1 ¢ o(xqy). In particular, if 0 # o € C, then

~1¢o0(-atq), whence o ¢ 0(q). Thus q € J(A) implies that o(q) = {0}, i.e. that ¢
is quasinilpotent.

It is not true, however, that every quasinilpotent element of A lies in the Ja-
cobson radical of A. An easy computation shows that if A = My(C) = B(C?), then
J(A) ={02}. Certainly A admits non-trivial quasinilpotent elements (for example -
an off-diagonal matrix unit will do).
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Exercises for Chapter 5

Exercise 5.1. MULTIPLICATIVE LINEAR FUNCTIONALS

(a) Determine all of the multiplicative linear functionals on £;°.
(b) Determine all of the multiplicative linear functionals on ¢g.

Exercise 5.2. MULTIPLICATIVE LINEAR FUNCTIONALS II

Consider the disk algebra A(D).

(i) Show that f*(z) = f(Z) defines an isometric involution on A(D).
(ii) Show that not every multiplicative linear functional on A(D) is self-adjoint.

Exercise 5.3. FINITELY-GENERATED UNITAL, ABELIAN BANACH ALGEBRAS

Let A be a unital, abelian Banach algebra. Given ay,as,...,a, € A, we define

the joint spectrum of the n-tuple (a1, az,...,an) € An) to be

J(a17a2a i "an) = {Oé = (@(al)’gp(cw)? e 790(0%)) ‘P e E.A}
(a) Prove that A = (A1, \2,...,\y) € 0(aq,as,...,ay,) if and only if there exist
b € A, 1 <k <n such that

n
Y (ARl —ag)bg = 1.
k=1
(b) Suppose that {a1,as,...,a,} generates A; that is, suppose that A is the
smallest unital subalgebra (of itself) that contains all of these elements.
Prove that the map

A: Y4 — o(ay,ag, ..., ap)
¢ = (plar),e(az), ..., o(an))
is a homeomorphism.

(¢c) A compact subset K ¢ C" is said to be polynomially convex if for all
polynomials p € C[z1,x2,...,z,] in n commuting variables and for all A =

()\1,)\2,. . -,)\n) € (Cn,
(A1, Ag, ..  An)| < sup{|p(k1, ko, ... k)| (K1, ko, ..o k) € K}
implies that (A1, Ao,...,\,) € K.

In the case where n = 1, this is equivalent to say that K admits no
“holes”; that is, C x K has no bounded components.

Prove that if {a1,aq,...,a,} generates A, then o (a1, as,...,a,) is poly-
nomially convex.
Hint. Suppose that (A1, Ae,...,\,) ¢ K. By part (a) above, one can find
bg, 1 <k <mn such that }7_; (Ax1 - ay)bg = 1. Note that ¥.7_; (Mgl —ax )by €
A, and thus can be approximated by polynomials in (a1, as,...,a,).
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Exercise 5.4. CLOSED IDEALS AND THE RADICAL
Let A be a unital, non-commutative Banach algebra.
(a) Prove that A/rad (\A) is semisimple.
(b) Suppose that J is a closed ideal of A. Prove that rad (J) = J nrad (A).
(c) Would part (a) have worked with any ring, or did we need to consider a
Banach algebra? Similarly, if R is any ring and K < R is an ideal of R, is

J(K)=KnJ(R)?

Exercise 5.5. THE “RIGHT” JACOBSON RADICAL OF A RING R
In analogy to the discussion in the Appendix above, given a ring R, a right R-
module M is said to be simple if M- R # {0} and M has no non-trivial submodules.
We will (very temporarily) define the “right” Jacobson radical K(R) to be the
set
K(R):=n{reR:M-r=0 for all simple right R-modules}.

Prove that
K(R)=J(R).
For this reason, we do not talk of “left-” or “right-”Jacobson radicals, but only
of the Jacobson radical.






CHAPTER 6

The algebra of Banach space operators

Before I speak, I have something important to say.

Groucho Marx

Introduction.

6.1. As we have already seen there are myriads of examples of Banach algebras.
We begin our study with a very important subclass, namely the class of operator
algebras. We shall divide our analysis into the study of operators on general Banach
spaces and on Hilbert spaces. The loss of generality in specifying the underlying
space is made up for in the strength of the results we can obtain. We begin by
recalling a definition.

6.2. Definition. Let X be a Banach space. Then B(X) consists of those linear
maps T : X - X which are continuous in the norm topology. Given T € B(X), we
define the norm of T to be

|7 = sup{|Tz] : =] = 1}.

It follows immediately from the definition that |Tz| < |T| |z| for all x € X, and
that |7T'|| is the smallest non-negative number with this property.

6.3. Remark. We assume that the reader is familiar with the fact that B(X)
is a Banach space. To verify that it is indeed a Banach algebra, we need only verify
that the operator norm is submultiplicative, that is, that |AB| < |A| |B] for all
operators A and B.

But
|AB| = sup{|ABz|:|z| =1}
< sup{[|A| |Bz| : |z] =1}
< sup{|A| [ B] |z : |=] =1}

lALIB]-
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Since B(X) is a Banach algebra, all of the results from Chapters 2, 3, and 4
apply. In particular, for T € B(X), the spectrum of T is a non-empty, compact
subset of C. The function R(\,T) = (A\I-T)! is analytic on p(T), and we can (and
do!) define the operator f(7T") when f is analytic on a neighbourhood of o(T).

What we shall find, however, is that if A ¢ B(X) is a Banach algebra, then
we can draw more information about A and its elements thanks to the nature of
bounded linear maps. The next proposition is a case in point: as opposed to merely
having an abstract definition of invertibility, we can provide alternate and at times
more useful characterisations of this property.

6.4. Proposition. Let X and 2 be Banach spaces, and T € B(X,%)). The
following are equivalent:

(a) T is invertible.
(b) T is bounded below and has dense range.
(b) T is a bijection.

Proof.

(a) implies (b).  Suppose T is invertible. Let x € X. Then = T~7Tz, and so
lz| < |T7Y | Tz|, ie. |Tx| > |T7'|! =] and T is bounded below. Since
T is onto, its range is trivially dense.

(b) implies (c). Suppose T is bounded below by, say, § > 0. We shall first
show that in this case, the range of T is closed.

Indeed, suppose that there exists a sequence y, = Tx,, n > 1 and y
such that lim,, oo yp = y. Then ||y, — 2| < |Ym — ynll, forcing {x,}2; to
be a Cauchy sequence. Let x = lim,, .o Z,,. By the continuity of T', we have
Tz = limyseo T2y = im0 Yy = y. We have shown that y € ranT’, and
hence that ranT' is closed.

It follows that if T' has dense range, as per our hypothesis, then 7T is
surjective.

As well, suppose that = € ker 7. Then d|z| < |Tz| = 0, forcing = to be
zero, and T to be injective.

(c) implies (a). Suppose that T is a bijection. The Open Mapping Theo-
rem 1.21 then implies that the inverse image map T~ is continuous, and
thus that 7' is invertible.

O

In general, for T € B(X), there are many subclassifications of the spectrum of 7.
Condition (b) above leads to the following obvious ones.

6.5. Definition. Let X be a Banach space and T € B(X). Then the point
spectrum of T is

op(T) ={Ae C: T - X is not injective}.
These are the eigenvalues of T'. The approximate point spectrum of T is the set

0a(T) ={N e C:T -\ is not bounded below}.
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The compression spectrum of T is
0.(T)={\eC:T -\ does not have dense range}.

6.6. Remarks.
o If dim X < oo, then 0,(T) = 0o (T') = 0.(T) =o(T).
o If X\ € 04(T), then for all n > 1, there exists 0 # z, € X such that |(T -
M)y| < Llan|. Let yn = xp/|zn],n > 1. Then |y,| =1 for all n > 1, and
(T = )y, — 0.
e 0(T)=04(T)uo.(T) and in general, 0,(T") € 5,(T).

6.7. Example. Let p be a finite, positive, regular Borel measure on a non-
empty set X, and suppose that f € L*(X,u). (Here, as is common, we use function
notation despite the fact that elements of L*° (X, ) are equivalence classes of func-
tions.)

Consider the linear map

Mf : L2(X7M) - LZ(X“U)
9 = fg
(That My is well-defined is left as a routine exercise.) We refer to the operator My
as a multiplication operator with symbol f. Observe that

Mpgl3 =503 = [ 1faPus 1% [ loPdi=171% lol3
whence | M| < |f]e. For each n> 1, set E, = {z € X : [f(z)| > | f|e - £}. (The

n
set E, is of course defined up to a set of measure zero.) Then the characteristic

function x g, of E, lies in L?(X, 1), and
IMpxe, 3= [ Ve, Pdu= [ 7P [ (AR (F12) Ixe, B,

and thus | M| > || f|le. Combined with the above estimate, we see that

[ M) =1 oo-
That A\ — My = My;_y for all XA € C is easy to verify.

Claim: o(Mjy) = ess ranf, the essential range of f.
Indeed, if X € ess ranf, then for each € > 0, the set E. :={x € X : f(x) e B(\,e)}
has positive measure. As such, xg, # 0 in L?(X, 1) and

IO = Mp)xe 3= [ 1A= Py < x|

Since AI — My is not bounded below, A € o,(My) € o(My).

Conversely, if A\ ¢ ess ranf, then there exists 6 > 0 such that Es defined as
above has measure equal to zero. If follows that |A - f(x)| > ¢ a.e-u. But then
h=(A\-f)"teL®(X,pn), and

MM~ My) = MpMyi—y = Mypai_p) = My = I = (AL = M) Mj,.
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That is, X ¢ o(My).

From this we see that o,(My) = 0(My). (As we shall see later, My is an example
of a normal operator in B(L?(X, u)), and for any normal operator N acting on a
Hilbert space, 04(N) =0(N).)

Suppose that A € 0,(M;). Then there exists a non-zero element g € L?(X, )
such that

(M -Myg)g=(A1-f)g=0a.e. - pu.
It then follows that the set F := {x € X : f(z) = A} (defined a.e.-u) has positive
measure. That is, f is constant (a.e.-u) on set of positive measure.
For example, the multiplication operator My : L*([0,1],dm) — L?([0,1],dm)
where f(z) =z (a.e.-m), and where dm represents Lebesgue measure, has no eigen-

values, given that the function f(z) = x is not constant on any set of positive measure
in [0,1].

Banach space adjoints

6.8. Definition. Let X and Q) be Banach spaces. Let T € B(X,2)). We shall
now define an operator T* € B(Q)*,X*), called the Banach space adjoint of T.

First, for * € X*, we adopt the notation (z,z*) = z*(z). Then for y* € 9,
define 7™ so that
(z,T°(y")) = (T, y").

That is, (T7y*)(x) =y*(Tx) for all x € X, y* € Y*. It is not hard to verify that T~
is linear.

6.9. Proposition. Let X,9), 3 be Banach spaces, S, T € B(X,2)), and let R €
B(2,3). Then
(a) for all o, B e C, we have (aS+BT)* =aS* +BT;
(b) (RoT)*=T" o R".
Proof. Let x € X, y* €¢QY”, and z* € 3*. Then
(a)

(z,(aS+BT)y") = ((aS+BT)z,y")
= vy ((aS+BT)x)
= ay’(Sz)+py (Tr)
= oSz, y") + BTz, y)
= oz, S*y*) + Bz, T y").
Since this is true for all z € X and y* € Q*, we conclude that (S +5T)* =
aS* + [8T*.
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(z,(RoT)"2") =

Again, this shows that (RoT)* =T" o R”.

6.10. Theorem. Let T € B(X,2)), where X and Q) are Banach spaces. Then
|7 = |7
Proof.

For any y* € 9*, we have

1Ty

sup{[T"y" (z)| : w e X, [z = 1}
sup{ly*(Tz)|: v € X, || = 1}
sup{[ly” | [T] sz € X, =] = 1}
ly* T

IA

Thus we see that |77 < |7
Next, let z € X. By the Hahn-Banach Theorem, we can choose y* € 2)* such that
y*(Tz) = |Tz| and |y*| = 1. Then

| T

y* (T'x)
(T, y")
(z, T"y")
(T"y*) ()
1Ty =]
1T |-

IAN Nl

IN

Thus [T < [T7].
Combining this with the previous estimate, we have that |77 = |T|.

6.11. Proposition. Let X = C" and A € B(X) ~ M,,. Then the matriz of the
Banach space adjoint A* of A with respect to the dual basis coincides with At, the
transpose of A.

Proof. Recall that X* ~ X. We then let {e;}1"; be a basis for X and let {f; i
be the corresponding dual basis; that is, f;(e;) = d;;, where 6;; is the Dirac delta
function. Let x € X. Define \; = f;(z).
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Writing the matrix of A € B(X) as [a;j], we have

0 alj
0 agj

0 ai 1 n
- .. — J—17 _ .
Aej=[ai]| | |=| L7 =2 axjer-
3i k=1
0 aj+1j
| 0 A | Qpnj

Thus a5 = fZ(AGJ)
Now A* € B(X*) ~ M, and so we can also write the matrix for A* with respect
to {fj}j-1- As above, we have

A*fi = ou fe-
=1

Thus

aij = (A" f;)(ei) = fi(Aes) = aji.
In particular, the matrix for A* with respect to {f;}’_; is simply the transpose of
the matrix for A with respect to {e;}7.;.

O

Keeping in mind that the Banach space adjoint generalises the notion of the
transpose of a matrix A € M, (C), and that the spectrum of the transpose of A
agrees with the spectrum of A, the next result is perhaps less surprising than it
otherwise could be. The proof, however, is not completely straightforward.

6.12. Proposition. Let X and Q) be Banach spaces and let T € B(X,%)). Then
T is invertible if and only if T™ is invertible.
Proof. First assume that T is invertible, i.e., that 77! € B(2),X). Then Ix+ =
(Ix)* = (T toT)* =T* o (T71)*.

Also, Iy« = (Iy)* = (ToT ')* = (T1)*oT*. Thus T* is invertible and (7%)! =
(Th.

Now assume that T is invertible. Then ranT is dense, for otherwise by the
Hahn-Banach Theorem we can take y* € 2)* such that |y*| = 1 and y*|m = 0.
Then

(T*y")(z) =y"(Tz) =0
for all € X. Thus T*y* = 0 but y* # 0, implying that T* is not injective, a
contradiction.
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Moreover, T is bounded below. For consider: T* invertible implies that T =
(T*)* is invertible from above. Thus 77" is bounded below. Recall that X embeds
isometrically isomorphically into X** via the map

X ~ Xcx*
T T

where z(z*) = x*(x) for all * € X*. (Recall that T € B(X,2) and that T**

B(X*,9").)
Now T**(&) € 9**, and

((T7)" (@) (y")

HTy)
(T*y*)(x)
y*(Tz) for all y* €*.

Thus
sup{|[(T™"2)(y")|: y" € D", [y =1} = sup{ly" (Tz)|: y" € D", [y"] = 1}.
In other words, |T**Z|| = |Tx||. Since T** is bounded below, say by d > 0,
Slll =olz| < [T2] = [Tz|.

In other words, T is also bounded below.

Finally, T bounded below and ranl’ dense together imply that T is invertible,
by Proposition 6.4.

O

6.13. Corollary. Let X be a Banach space and T € B(X). Then o(T) =o(T™).

Compact operators acting on Banach spaces

6.14. Definition. Let X and Q) be Banach spaces, and T € B(X,2)). Then T is

said to be compact if T(X1) is compact in ). The set of compact operators from
X to 9 is denoted by K(X,2)), and if Y = X, we simply write K(X).

Recall that a subset K of a metric space L is said to be totally bounded if for
every € > 0 there exists a finite cover {B(y;)}-; of K with y; € K, 1< i <n, where
B:(yi) ={z € L:dist (z,y;) <e}.
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6.15. Proposition. Let X and Q) be Banach spaces, and T € B(X,9)). The
following are equivalent:
(i) T is compact;
(ii) T'(F) is compact in Q) for all bounded subsets F' of X;
(iii) If (zp)n is a bounded sequence in X, then (T'xy), has a convergent subse-
quence;

(iv) T'(%y) is totally bounded.

Proof. Exercise.

O

6.16. Definition. Let X and Q) be Banach spaces. Then F € B(X,Q)) is said to
be a finite-rank operator if dim F(X) is finite. The set of finite rank operators
from X to %) is denoted by F(X,9)).

6.17. Proposition. Let X and Q) be Banach spaces. Then F(%,2) ¢ K(X,9).
Proof. Suppose F € F(X,2)). Then FX; is closed and bounded in ran F, but ran F
is finite-dimensional in 9), as F is finite rank. Thus FX¥; is compact in ran F, and
thus compact in ) as well. That is, F' is a compact operator.

O

6.18. Proposition. Let X and %) be Banach spaces and suppose that K ¢
K(%,9). The following are equivalent.
(i) K(X) is closed in ), and
(ii) K is a finite-rank operator.
Proof.
(i) implies (ii).
Suppose that K(X) is closed. Then K(X) is a Banach space and the
map
KO X - K(:{)
z - Kx
is a surjection. By the Open Mapping Theorem 1.21, it is also an open
map. In particular, Ko(X7) is open in K(X) and 0 € Ky(X7). Let G
be an open ball in K(X) centred at 0 and contained in Ky(X]). Then
Ko(%1) = K(%,) is compact, and also contains G. Thus G is compact in
K(X) and so dim K (X) is finite; i.e. K is a finite-rank operator.
(ii) implies (i).
K (X) is easily seen to be a submanifold of ). Since finite-dimensional
manifolds are always closed, we find that dim K (X) < oo implies K(X) is
closed in 9).

O
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6.19. Proposition. Let X be a Banach space. Then K(X) = B(X) if and only
if X is finite dimensional.
Proof. If dim X < oo, then B(X) = F(X) c K(X) ¢ B(X), and equality follows.

If C(X) =B(X), then I € K(X),so I(X1) =1(X1) = X; is compact. In particular,
X is finite-dimensional.

O

6.20. Theorem. Let X and ) be Banach spaces and suppose K € K(X,2)).
Then K* e K(9*,X").
Proof. Let € >0. Then K (%) is totally bounded, so we can find x1,z9,...,z, € X;
such that if z € X1, then |Kz — Kx;|| < ¢/3 for some 1 <i<n. Let

R: 9* - cn
¢ = (P(K(21)), ¢(K(22)),...,¢(K(xn))).
Then R e F(P*,C") c £(Y*,C"), and so R(Y7) is totally bounded, where )7 is

the unit ball of 9)*. Thus we can find y;,v5,...,y,, € Y] such that if y* € Y7, then
|Ry* - Ry | < €/3 for some 1< j <m. Now

|Ry" - Ry;| = {Isli);w*(K(xi))_y;(K(mi)N
= {Q%IK*(?J*)(%)—K*(y})(xi)l-

Suppose = € X;. Then |Kz - Kx;| < €¢/3 for some 1 < i < n, and |K*(y*)(x;) -
K*(y7)(zi)| < ¢/3 for some 1 <j <m, so

(K" (y")(z) - K™ (y;)(2)] < |K*(y")(2) - K" (y")(@i)] +
|K* (y* ) () = K7 (y;) ()| +
[K™ (y;) () - K™ (y;) (@)
< Yt Ke - Kol +¢/3+ |lyj | [ Ko - Kai|
< €/3+€/3+¢€/3=¢.

Thus |[K*y* - K*y;| < € and so K*()7) is totally bounded. We conclude that
K* e K(*,%%).
0O

For the remainder of this section, unless explicitly stated otherwise, X will denote
an infinite-dimensional Banach space.
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6.21. Theorem. Let X and Q) be Banach spaces. Then K(X,2)) is a closed
subspace of B(X,9)).

Proof. Let o, f € C and let Ky, Ko € K(X,2)). Let (z,), be a bounded sequence
in X. Then K generates a convergent subsequence, say (K1(7y(;)));. Similarly, K>
generates a convergent subsequence from (z,,(;));, say (K2(%(je))))i-

Then ((aK7+BK2)(Zn(j(iy)))i is a convergent subsequence in ). From part (c)
of Proposition 6.15, aK; + fK2 € K(X,9).

Now we show that IC(X,%)) is closed. Suppose K, € K(X,2)) for n > 1 and
limy, 00 Ky = K € B(X,%)). We shall show that K(X;) is totally bounded. First let
e >0, and choose N >0 such that |[Ky - K| <¢/3.

Since Kn(X1) is totally bounded, we can find {y; = Ky(z;)}}, such that
{Bs/g(yi)}%l is a finite cover of Ky (X;). Thus for all = € X4,

| Kn(z) - Kn(x;)| <e/3 for some 1< j=j(x) <M.
Then
| K () - K ()] = [ K(x) - Kn(2) + Kn(2) - Ky (25) + Kn () - K(2;)]
<K - Enllzl+[Kn(x) - Kn(zj)| + | Kn = K| ;]

g £ €
<—+-—+-
3 3 3
=E.

Thus K(X1) is totally bounded and so K € K(X,9)).
O

6.22. Theorem. Let20, X, ), and 3 be Banach spaces. Suppose R € B(2,%X), K ¢
K(%X,9), and T € B(2),3). Then TK € K(X,3) and KR € K(20,9).
Proof. Now

ToK(X)

T(K(%1))
T(K(X1)).
Since K (X1) is compact and 7T is continuous, T'o K(X;) is a closed subset of the

compact set T(K(%1)) = T(K(%X1)), and so it is compact as well. Thus TK €
K(%,3).
Next, note that

N

KR(2,) = K(R(W1)).

But R(20;) is bounded since R is, and so by Proposition 6.15, K R(20;) is compact.
Thus K R € K(27,9).

O

6.23. Corollary. If X is a Banach space, then K(X) is a closed, two-sided ideal
of B(X).
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The Fredholm Alternative

6.24. A very familiar result from linear algebra states that every linear map
T on a complex vector space of dimension n > 1 admits n eigenvalues (counted
according to algebraic multiplicity), and that for a € C, T'— o is injective if and
only if it is surjective, in which case it is invertible.

As we have seen, the multiplication operator My on L*([0,1],dx), where f(z) =
x is injective, but it is not surjective and thus not invertible. Similarly, if # = ¢ and
{en}n is an orthonormal basis for #, then the operator S € B(H) defined by Se; =0
and Se, =n—1if n > 2 is easily seen to be surjective but not injective.

The Fredholm Alternative (Theorem 6.32 below) shows that if K € (X) and if
0+ A eC, then Al — K is injective if and only if A — K is surjective. In other words,
we recover an analogue of the finite-dimensional result for all non-zero complex
numbers. The technique used to prove the Fredholm Alternative is also the key to
establishing the wonderful result that the spectrum of a compact operator acting on
a Banach space is a sequence (potentially finite) converging to zero.

6.25. Lemma. Let X be a Banach space and N be a finite dimensional subspace
of X. Then there exists a closed subspace M of X such that M & N = X.
Proof. Let {e;}"; be a basis for M and let {f;}; be the dual basis to {e;}]; (cf.
Proposition 6.11). Then we can extend {f;}I; to {¢;}}~; € X* by the Hahn-Banach
Theorem. We then let 9 = N}’ ker ¢;. It remains to check that 91 is the desired
space. Clearly it is closed.

If v € X, then let \; = ¢i(z), 1 <i<n,and set y =Y Nie; e M. Let z=x-y
so that © = y + z. Then ¢;(2) = ¢i(z) — di(y) = A —A; =0, 1 <i<n. Hence z € N,
which shows that X =91+ 1.

If . € MAN, write x = Y7L Aje;. Since x € N, we have 0 = ¢;(z) = Xt Nidj(e;) =

w1 Aidij = Aj, 1 <j<n. Thus z = 0; that is, M NN = {0}, and so X =M & N.
O

6.26. Proposition. Let X be a Banach space, and K € IC(X). Suppose 0 # X €
C. Then
(i) M =ker (\I - K) is finite dimensional;
(ii) R =ran (A - K) is a closed subspace of X;
(iii) dim (%/R) = dim ker (A - K*) < oo.
Proof.

(i) Clearly 9 is a closed subspace of X, and hence a Banach space itself.
Consider
Ko: M - X
x ~ Kz (=)

Then K is compact. Moreover, Ky(9t) = 9 is closed. By Proposition 6.18,
I is finite-dimensional.
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(ii) From above, 9 is closed and finite dimensional, and so we can find 9t ¢ X,
a closed subspace such that X = 9t @ 9. Consider
T: N - X
y ~ (M-K)y,
(ie. T= (M - K)l|n).
We claim that 7" is bounded below, for otherwise, there exists a sequence
(Yn)n of norm-one vectors such that lim, e Tyy = limy, 0o (A — K)yp, = 0.
Moreover, since K is compact, there exists a subsequence (yn(j)) j such
that lim;_ Kyn(j) =z € X exists. But then

lim (AL = K)ynj)
j—)OO

Hm Ay = i Koy)

J—>00

Jim Ay () =2
= 0,
and so A1z = lim;j 00 Yp(5)- Moreover, z € 91, since N is closed. Then
M-K)X 'z = MOl - KOz
= 2= K(lim ya(;)

= z-2
so that A™'z and hence z € ker (Al — K) = 9. But z € M n N implies z = 0,

i.e.
0= IA"2] = lim yuy).
This contradicts the fact that [y,;)| =1 for all j > 1. The conclusion must
be that T is bounded below.
As in the proof of Proposition 6.4, we find that ranT" is closed. But

ranT =ran (A — K), so that the latter is closed as well.
(iii) First note that

Teker(M-K*) <— (M-K*)(r)z=0forallzeX
— 7((M-K)z)=0forallzeX
<~ Tl =0.
We define the map
®: ker(M-K*) - (X/R)*
T = O(7),
where ®(7)(z +R) = 7(x).
If x + R =y + R, then
O(7)(z+R)-D(7)(y +R)

m(x) - 7(y)
7(x—y) (but x —yeNR)
= 0,
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so that ®(7) is well-defined.

We wish to show that ® is an isomorphism of ker (AI-K*) onto (X/R)*.
Since K is compact implies that K* is compact, using (i) above for K* will
then imply that ker (A — K*) is finite dimensional, so that (X/9R)* will be
as well.

Suppose 0 # 7 € ker (A = K*). Then, since 7| = 0 and 7 # 0, we can
find z € X\ such that 7(z) # 0. Then ®(7)(z +R) = 7(z) £ 0, so that
®(7) # 0. In particular, ® is injective.

If ¢ e (X/R)* and m: X - (X/R) is the canonical map, then define
¢ e X* via ¢ = gom. Clearly ¢l = 0, so that ¢ € ker (\] — K*). Finally,

®(¢)(z +R) o(x)
o(m(x))
o(z +N)

so that ®(¢) = ¢, and hence @ is surjective. Thus ® is an isomorphism,
and so from above, we conclude that

dim (X/R) = dim (X/R)* = dim ker (A - K*)

is finite.

6.27. Remark. The above proof actually shows that if X and ) are Banach
spaces, T € B(%,2)), and ranT is closed, then

ker T* ~ (Y /ranT)".

Compactness was only used to show that this was finite in the case we were
considering.

6.28. Let X be a Banach space and T € B(X). Then associated to T are two
linearly ordered sequences of linear manifolds:

Co={ker T"} >, and C4 = {ranT"} 7.

Definition. Let X be a Banach space and T € B(X). If ker T™ # ker T™** for all
n >0, then T is said to have infinite ascent, and we write ascT = oco. Otherwise, we
set ascT = p, where p is the least non-negative integer such that ker TP =ker T", n >

p.

IfranT™ # ran T™*! for all n >0, then T is said to have infinite descent, and
we write descT' = oo. Otherwise, we set descT = q, where q is the least non-negative
integer such that ranT? =ranT™, n >q.
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6.29. Lemma. Let X be a Banach space and K € K(X). Suppose we can find
(An)n € C and a sequence (V) of closed subspaces of X satisfying:
(i) V€ Viga for all n>1, where " " denotes proper containment;
(il) KV, ¢V, foralln>1;
(iii) (K = Ap)Vin € Vo1, foralln > 1.
Then limy, 0 A, = 0. Moreover, the same conclusion holds if (Wy,), is a sequence
of closed subspaces of X satisfying:

(iv) Wy, o Wy for all n > 1, where " 5" denotes proper containment;

(v) KW, c W, for alln>1;

(vi) (K = Ap)Wy, € Wiy, for allm > 1.
Proof. Let z, € V,,/V,—1, |Zn| = 1/2 and choose x,, € V;, such that T, = Z,. Since
|Zn| = inf{||zn +y| : y € Viu1}, we can find yy, € V;,-1 such that if we let wy, = z,, + yn,
then w, =z, and 1/2 < ||w,| < 1.

Then wy, € Vy, so (K — A\y)wy, € Vyo1. That is, Kw, = \yw, + v,-1 for some
Up-1 € V1.

If m<n,

| Kwy, — Kwy, | [Anwn + (Vn-1 = AW, — Um-1) |
inf{| Anwn +y[ : y € Va}

|Anl [[wn]|

|Anl/2.

Suppose limy,eo Ay # 0. Find (A,(;)); such that inf{|[\, ;| :j > 1} =6 > 0,
Then (Kwy;)); has no convergent subsequence, although (wy,(;)); is bounded. This
contradicts the compactness of K. Thus lim, e Ay, =0

The second statement is proven in a similar fashion.

v

O

6.30. Lemma. Let X be a Banach space, K € K(X), and 0 # A € C. Then
ran (A — K)" is closed for all n > 0.
Proof. Exercise.

O

6.31. Theorem. Let K be a compact operator on a Banach space X and suppose
0#AXeC. Then (M - K) has finite ascent and finite descent.
Proof. Suppose that (K — AI) has infinite ascent. Then we can apply Lemma 6.29
with A\, = A for all n > 1 and V,, =ker (K = AI)", n > 1 to conclude that lim,,_, . A\, =
A =0, a contradiction. Thus (K — AI) has finite ascent.

Similarly, if (K — AI) has infinite descent, then putting A\, = A and putting
W, =ran (K-AI)" for all n > 1 again implies that lim,,_,cc A\, = A = 0, a contradiction.
Thus (K — AI) has finite descent.

O
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6.32. Theorem. [The Fredholm Alternative| Let X be a Banach space and

let K € K(X). Suppose 0 # A € C. Then (M - K) is injective if and only if it is
surjective.
Proof. First assume that (A - K) is surjective, and suppose that it is not injective.
Let V,, = ker(A - K)" for each n > 1. Each (A/-K)" is onto. Let 0 # y € ker (A -K)
and let z € X such that y = (A - K)"z. Then x € V41 but = ¢ V;, 1 <i <n. That
is, V,, is a proper subset of V.1 for all n > 1. But (A — K) has finite ascent, by
Theorem 6.31, a contradiction. Thus (A — K) is injective.

Now assume that (A — K) is injective. Let 9 = ran (A - K). By Proposi-
tion 6.26, 97 is closed. Consider the operator

R: X - m
x » (M-K)x.
Then R is bijective and so by Proposition 6.4, R is invertible. Moreover, R* : 91" —
X* is invertible, and hence surjective.
Take x* € X* and choose m* € 9" such that R*m* =m*o R = z*. We can extend
m* to a functional x;, € X* by the Hahn-Banach Theorem. Then for all = € X,
(M -K)'z,)(x) = z,(M-K)z)

= (m*oR)x

= z"(x).
Thus (M - K)*z;, = x*, showing that (A — K)* is surjective. From the first half

of the proof, it follows that (A — K)* is injective, and hence invertible. But then
(M - K) is invertible, and therefore surjective.

O

6.33. Corollary. Let X be an infinite-dimensional Banach space and K € K(X).
Then o(K) = {0} uo,(K).

Note that the presence of 0 in the spectrum of K is unavoidable, since K lies in
the proper ideal (%), and hence can not be invertible. Also, recall that eigenvectors
corresponding to distinct eigenvalues of a linear operator T € B(X) are linearly
independent.

6.34. Theorem. Let X be an infinite dimensional Banach space and K € K(X).
Then for alle >0, o (K)n{z € C: |z| > €} is finite. In other words, o(K) is a sequence
of eigenvalues of finite multiplicity, and this sequence must converge to 0.

Proof. Let € >0. Suppose o(K) n{z e C:|z| > €} contains a sequence (\), with
Xi #Nj,1<i#j<oo. Let (v,)n be eigenvectors corresponding to (\,), and for
each n > 1, let V,, = span; ;. {vx }.

Then (V},), and (Ay,), satisfy the conditions of Lemma 6.29. We conclude from
that Lemma that lim,, . A, = 0, a contradiction.

Thus o(K) = {0} u{\,}]_;, where r is either finite or Rg. Moreover, each A, is
an eigenvalue of K, and lim,_, . A, = 0 when r is not finite.

O
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Supplementary Examples

S6.1. Example. Let X =C([0,1]), and consider V € B(X) given by

(V@)= [ K )y,

where

0 ifz<y,
h(z,y) = { 1 ifx>y.
Then (Vf)(z) = [, f(y)dy. This is an example of a Volterra operator. The
function k(x,y) is referred to as the kernel of the integral operator. This should
not be confused with the notion of a null space, also referred to as a kernel.
We wish to determine the spectrum of V. Now

(V2f)(x)

(V(V ) (x)
1
| k@

1 1
[ k@) [ty f)dyat
L5 [ kG kg
0 0

1
| £ kot wydy.

where ko(z,y) = fol k(z,t) k(t,y)dt is a new kernel. Note that

|Alﬂaﬂk@yMﬂ

= | [ k@ k(e y)a
Y
= (z-y) for x>y,

k2 (2, )|

while for x <y, ko(z,y) = 0.
In general, since x —y<1-0=1, we get

V@) = [ ) k)i

1
kn(z,y) = A'Mankmmuwﬁ
ba,y)| € — G

CE A Py TE
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Thus if we take | f|| <1, then
v

sup [V f|
I£1=1

1
sup | [ f(y) kn(z,y)dy|
Ifl=1 JO

sup ||/ [kn (2, y)|
I£1=1

1/(n-1)
Thus spr(V) = limy e [V 7 < limyoeo(1/n!) = 0. In particular, o(V) = {0}.
Now let f,,(x) =2", 0<x <1. Then | fy]o = 1. Also,

VE)@) = [ fa(w)dy
f y"dy
0
yn+1
- (n+1) o
xn-%—l
n+1
As such, |V f,| = ﬁ, and so V' is not bounded below. Hence 0 € o,(V).
Finally, let f € C([0,1],C) be arbitrary. Then (V f)(0) =0, and so
1=V flleo 2 [1(0) -V £(0)] = 1.

Thus 0 € 0.(V). It is a standard result that 0 ¢ o,(V).

IN

IN

S6.2. Example. The following example is very similar to Example 6.7.
Let X = C([0,1],C). Let f € X, and consider the bounded linear operator My
given by
M;: C([0,1],C) - (([0,1],C)
g > fyg-
My is referred to as “multiplication by f”. We leave it to the reader to verify
that
o /\I—Mf =M)\1_f for all )\EC, and
o |My] =151
Claim: o(My) =ranf = f([0,1]).
For if A ¢ f([0,1]), then h = (Al - f)7' is continuous and M(\ — My) =
My My1-5 = Mh()\l—f) =My =1=(\- Mf)Mh. In particular, A ¢ U(Mf).
Now suppose A = f(tg) for some tg € [0,1]. Take
0 if |t —to| > L,
gn(t) :{ L—nlt—to| iftelty— 2 to+L].

(See Figure 1 below.)
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Let £ > 0 and choose § > 0 such that |f(t) -\ <e for all t € (tg — d,tg + 0).
Then, when % <9,

[ Myi—pgnl = [(A1 = f)gnl
< | su‘p Agn(t) = f(t)gn(t)|
t—tol<L
< sup (ML= f()]]gn(2)]
[t—to|<d
< ellgn(®) oo
= e

Since |gnlleo =1 for n > 1, we see that A\I — My is not bounded below. In other
words, A € oq(Mjy).
Moreover, if X = f(to) for some ¢t € [0, 1], then

[1= (A = My)g| [1-(A1=f)gl
[1(t0) = (A= f(t0))g(to)]

1.

v

Thus the range of AI — My is not dense; i.e. X € o.(My).

Suppose now that X € o,(My). Then (M -My)g = Myi_¢g = 0 for some non-zero
continuous function g. It follows that

(A= f(£))g(t) =0 for all ¢ € [0,1].

Since g # 0, we can choose tg € [0,1] such that g(to) # 0. Since g is continuous,
there exists an open neighbourhood U of ty such that g(t) # 0 for all t € U. But then
A= f(t) =0 for all t e U. We conclude that if A € o,(My), then f must be constant
on some interval. We leave it to the reader to check that the converse is also true.

In particular, if we choose f(x) = x for all z € [0,1] and write M, for My (as is
usually done), then we see that

M, : C([0,1]) = C([0,1])

has no eigenvalues!
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graph of gn

graph of f

!
to-1/n to to+1/n

FIGURE 1. THE GRAPHS OF g, AND OF f.
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Appendix

A6.1. In Chapter 2, we defined the notion of an abstract index group corre-
sponding to a Banach algebra A. The notion of the Fredholm index is very closely
related to this, although we shall not have the time to delve into this in these notes.

A6.2. Let X and Q) be Banach spaces. An operator T € B(X,9Q)) is said to be
Fredholm if:

(i) ranT s closed;
(ii) nulT = dim ker T is finite; and
(i) nulT™* = codimranT is finite.
Given T € B(X,2)) a Fredholm operator, we define the Fredholm index of T
as follows:
ind7T =nul7 - nul T".

A6.3. Example. Let X be a Banach space, K € K(X) and 0 # A € C. Then
Al — K is Fredholm.

In fact, we shall now show that ind (A — K) = 0. We shall then return to
Fredholm operators when we study K(H), the set of compact operators on a Hilbert
space H.

A6.4. Example. Let H be a separable Hilbert space with orthonormal basis
{en}p2,. Define an operator U € B(H) via Ue,, = ep41 for all n > 1. (We extend this
definition by linearity and continuity to all of H. U is referred to as the unilateral
forward shift. Then U is an isometry with range equal to the span of {e,}no,. As
such, the range of U is closed, the nullity of U is zero, and the codimension of the
range of U is 1. Hence U is a Fredholm operator of index —1. We shall return to
this example later.

A6.5. Lemma. Let X be a Banach space and MM be a finite codimensional
subspace of X. Then there exists a finite dimensional subspace N of X such that
X =M e N. Moreover, dim 91 = dim (X/9M).

Proof. Let {Z1,73,...,Z,} be a basis for X/9M, and choose {z1,x2,...,z,} € X
such that w(x;) =7, 1 <j <n, where 7 : X - X/9 is the canonical map.

Let 9 =span{x1,xo,...,2,} = span{xy, o, ..., Tpn}. If 2€ M N, then 2z € N so
that z = Y7 A\jzy. But 2 €e MM and so z = 0 = Y72 \iw;. Thus A; = 0 for all ¢ and
hence z = 0. In other words, MM N9 = {0}.

Now let x € X. Then z = ¥I'; \;Z; and so x = Y1'; \jx; +y for some y € 9.
Therefore X =9 + 91, so that X = N & N.

O

A6.6. If X and Q) are Banach spaces and T € B(X,9)) is Fredholm, then there
exists a closed subspace 91 of ) such that

Y =ranT & MN.

Moreover, dim 91 = codim ranT < oo.
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A6.7. Theorem. Let X be a Banach space, K € K(X), and 04 X e C. Then
ind (\ - K) = 0.

Proof. Let M = ker (A - K). Then dim 9 < oo and so 9 has a closed complement
M c X such that M N = X. Let R =ran (Al — K). Then R is closed and finite
codimensional, so by Lemma A6.5, S8 has a closed complement & ¢ X satisfying
MRS =X. Let n=min(dim M, dim &).

Choose ¢1,d2,. .., ¢y, linearly independent in (X/9)*. Let 7: X - X/MN be the
canonical map and define ¢; = ¢; o7 so that ¢; € X*, 1 < i < n. Choose {f;}1,
linearly independent in &. We shall define Q € K(X) via Qz = Y1, ¢i(x) fi, v € X.

Then

K-Qek(X)and (M- (K-Q))=(\-K)+Q

is either surjective (if n = dim &), or injective (if n = dim 9). In either case, by the
Fredholm Alternative, it is bijective.

We conclude that dim 9% = dim &, so that nul (A — K') = codim ran (A - K),
or equivalently,

ind (M - K) = 0.

A6.8. We conclude this section by showing that although not all finite-co-
dimensional subspaces of a Banach space are closed, nevertheless, this is true for
operator ranges. In particular, this means that in order to know if an operator 7" is
Fredholm, one need only verify that the nullity and the co-dimension of the range
are finite.

A6.9. Proposition. Let X and ) be Banach spaces and let T € B(X,92)).
Suppose that 91 is a closed subspace such that ranT @91 is closed in ). Then ranT
is closed.

Proof. Define a norm on the space (X/ker T') x Mt by |[(Z,n)| = |Z|| + |n|. Let T
denote the operator

To: (X/kerT)xM —>ranT &N
(T,n) Tz +n.

It is easy to check that Ty is well-defined, continuous, injective and that ranTj is
ranT @& . Since ranT & M is closed, Tp is invertible. This means that we can find
d >0 such that [Tz +n| >4 |(z,n)|. That is, [Tz +n| > (|Z] + ||n]).

If n =0, we get |[Tx| > ¢ |Z|, and so the restriction T} of Ty to (X/ker T') is
bounded below. But then ran77 = ranT' is closed, as pointed out in Proposition 6.4.

O
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A6.10. Corollary. If X is a Banach space, T € B(X), and X/ranT is finite
dimensional, then ranT is closed.
Proof. By Lemma AG6.5, there exists a finite-dimensional (and therefore closed)
subspace of X such that ranT & 91 = X. Since X is obviously closed, we may now
apply the above Proposition A6.9 to conclude that ranT is closed, as desired.
O
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Exercises for Chapter 6

Exercise 6.1. THE SPECTRAL RADIUS
Let X be a Banach space, and suppose that A, B € B(X) commute. Prove that

spr(AB) < spr(A)spr(B).

Exercise 6.2. CESARO OPERATORS
Let X be a Banach space. An invertible operator T' € B(X) is said to be a Cesaro
operator if there exists a real number M > 0 such that

|T"| < M for all n € Z.
Prove that if T is a Cesaro operator, then o(7") ¢ T.

Exercise 6.3. NILPOTENT AND QUASINILPOTENT OPERATORS
Let X be a Banach space and @ € B(X). Prove that the following are equivalent:

(a) @ is nilpotent; that is, there exists k > 1 such that Q* = 0; and
(b) @ is quasinilpotent and has finite descent.

Exercise 6.4. THE HOLOMORPHIC FUNCTIONAL CALCULUS AND INVARIANT SUB-
SPACES
Let X be a Banach space, and T" € B(X). Let  denote the (unique) unbounded
component of the resolvent p(7') of T. Recall that a (closed) subspace 2) of X is
said to be invariant for T if Ty € Q) for all y € Z). We normally abbreviate this to
Y c.
(a) Prove that ) is invariant for 7" if and only if ) is invariant for R(z,T") for
all z e Q).
(b) Let 9 be invariant for 7', and denote by Ty the restriction of 7" to 2.
Prove that Q ¢ p(T'|y), and that R(z,T|y) = R(z2,T)|y for all z € Q.
(c) If Q= p(T), prove that o(T|y) € o(T).

Exercise 6.5. THE HOLOMORPHIC FUNCTIONAL CALCULUS AND INVARIANT SUB-
SPACES
Using the notation from Exercise 6.4 above, suppose that {2 contains the open
annulus A, ,,(\o), and that
R(2,T) =Y (2= X0)"Tn
nez

is the Laurent™ series expansion of the resolvent function (see Exercise 3.6). Prove

that if the closed subspace %) is invariant for 7', then 2) is invariant for each T,
nez.






CHAPTER 7

The algebra of Hilbert space operators

He’s very clever, but sometimes his brains go to his head.
Margot Asquith

Introduction.

7.1. We now consider the special case where the Banach space under consider-
ation is in fact a Hilbert space, which we shall always typically denote by H. The
inner product on H will be denoted by (-, -).

All of the results from the previous chapter of course apply to Hilbert space
operators. On the other hand, the identification of a Hilbert space with its dual
space (an anti-isomorphism) allows us to consider a new version of adjoints, based
upon the Riesz Representation Theorem.

7.2. Theorem. [The Riesz Representation Theorem] Let H be a Hilbert
space and @ € H*. Then there exists a vector y € H such that p(x) = (z,y) for all
xeH.

7.3. Theorem. Let H be a Hilbert space and let T € B(H). Then there exists
a unique operator T* € B(H), called the Hilbert space adjoint of T, satisfying
(Tz,y) = (z,T"y)

for all x, yeH.
Proof. Fix y € H. Then the map

C

oy H —
x v (Tz,y)

is a linear functional and so there exists a vector z, € H such that

py(z) = (Tx,y) = (x, 2)

for all x € H. Define a map 7" : H — H by T*y = z,. We leave it to the reader to
verify that T is in fact linear, and we concentrate on showing that it is bounded.

115
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To see that T is bounded, consider the following. Let y € H, |y| = 1. Then
(Tz,y) = (x,T"y) for all z € H, so

|7y

(T"y, T"y)
(TT y,y)
1T 1Ty |yl

IN

Thus [T*y| < |T, and so |T*[ < [T].

T* is unique, for if there exists A € B(H) such that (Tx,y) = (z,T*y) = (z, Ay)
for all z, y € H, then (z,(T* - A)y) =0 for all z, y € H, and so (T - A)y =0 for all
yet, ie T* = A.

O

7.4. Corollary. Let T € B(H), where H is a Hilbert space. Then (T*)* =T. It
follows that |T| = |T*|.
Proof. For all z,y € H, we get

(z,(T")"y) =

—

T z,y)
y, T*x)

Y, x
= (x,Ty

I
—_~

I
=

~

and so (T*)* =T. Applying Theorem 7.3, we get
|7 =1CT)*[ < 1T <7,
and so |T] = |T*].

7.5. Proposition. Let H be a Hilbert space and T € B(H). Then o(T) =
o(T*)* ={A: Xeo(T)}.
Proof. If A\ ¢ o(T), let R=(\-T)7!. For all z,y € H,
(R(A=T)z,y)
((A=T)z, R™y)
(z, A-T)"R"y).
Thus (A -T)*R* = I, and similarly, R* (A-T)* = I. But (A-T)* = A\-T*, so that
R =(\-T*)=[(A-T)*]" . Thus p(T)* < p(T*).

Moreover, p(T*)* € p(T**) = p(T'). In other words, p(T™*) ¢ p(T)". We conclude
that o(T) = o(T*)".

(z,9)

O
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7.6. Remark. The above proof also shows that for a Hilbert space H and
A,BeB(H), we have (AB)* = B* A*. The adjoint operator
*: B(H) > B(H)
is an example of an involution on a Banach algebra. Namely, for all a, 8 € C and
A, B € B(H), we obtain
(i) (ad)* @A,
(ii)) (A+B)*=A"+ B*; and
(iii) (AB)* = B*A™.
(iv) (A")* = A.

Involutions will appear again in our study of C*-algebras.

7.7. Proposition. Let H = C" and T € B(H) ~ M,,. Then the matriz of T*
with respect to any orthonormal basis is the conjugate transpose of that of T.
Proof. Let {¢;}!"; be an orthonormal basis for . With respect to this basis, T'
has a matrix [¢;;]i<i j<n and T™ has a matrix [74;]1<i j<n-

But t;; = (Tej, e;) = (ej, T e;) = (T"*e;, €) = Tj;, completing the proof.

O
7.8. Proposition. Let H be a Hilbert space and T € B(H). Then (ranT)* =
ker T*. In particular, therefore:
(i) ranT = (ker T*)*;
(ii) for e C, Aeao(T) if and only if X € o, (T*);
(i) ranT is not dense in H if and only if ker T # 0.
Proof. Let y e H. Then
yeker T" <= forallzeH, 0= (x,T"y)
«— forallzeH, 0=(Tz,y)
<~ ye(ranT)".
O

7.9. Example. Let # be a Hilbert space with orthomormal basis {e,}ne;.
Define the operator S € B(H) by first setting Se,.1 = e, for all n > 1 and Se; = 0,
and then extending S by linearity and continuity to all of H.

S is then called the unilateral (backward) shift, and with respect to the
above basis for ‘H, the matrix for .S is:

010 0 0
001 0 0

[S]=[0 0 0 1 0
00 0 0 1
0 - -
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It is easily verified that || S| = 1. As for the spectral radius of S, note that
[S™ < |S|™ < 1, while |S™epns1| = [e1] = 1, so that |S™| > 1. Hence spr(S) =
limy oo | S7] % = 1.

Let A e C, |\| = 1. Consider (A - S). Let z,, = (1/v/n) %, Ae;. Then |z,| =1
for all n > 1, and

[(AL = 8)an| = [(L/V/m)A™ en| = 1/V/n.
Letting n tend to oo yields A € o,(5).
Now let Ae C, 0< |\ <1, and y = X%, Ae;. Then

oo [ee]

M =S)y = YA e =Y N e
1=1 i=1
= 0.

As for XA =0, e; lies in the kernel of S, and hence of 0 —.S. Hence 0,(S) 2 {z¢C:
|2| < 1}. In particular, X € 0.(S*), i.e. 0.(S*)2{z€C:|z| < 1}.

Note: An easy calculation which is left as an exercise shows that S*e, = e,41, n > 1,
and hence

[57] =

OO OO
SO = OO
SR O OO
SO O oo

OO OO

Clearly, ran S = H, so ker S* = {0}. In fact, S* is an isometry! Finally, o(S) =
{zeC:|z| <1} =0 (SY).

7.10. Definition. Given an infinite dimensional, separable Hilbert space H
with orthonormal basis {e,}r ., a unilateral (forward) weighted shift W on
H is an operator satisfying Wey, = wpeni1, n > 1, where {wy}ooq € £*°(N) is called
the sequence of weights of W. The adjoint of a unilateral forward weighted shift is
referred to as a unilateral backward weighted shift.

A bilateral weighted shift is an operator V € B(H) such that V f, = vy fns1
for all n € Z, where { fn}nez is an orthonormal basis for H and {vy}nez € £°°(Z).

Weighted shifts are of interest because they provide one of the few tractable
classes of operators which exhibit a reasonably wide variety of phenomena typical
of more general operators. As such, they are an excellent test case for conjectures
about general operators.

In the case where all of the weights are constant and equal to 1, the shift in
question is referred to as the forward (backward, bilateral) shift. Technically speak-
ing, this is a misnomer, since one should also specify the orthonormal basis with
respect to which the shift acts. However, all such shifts are unitarily equivalent,
a concept we shall identify below, and as such are considered in some sense “equal”.
The terms unilateral shift and unweighted shift are also used, it usually being
clear from the context whether the shift is forward or backward.
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7.11. Definition. Let H be a Hilbert space, and N € B(H). Then

(i) If N = N*, N is said to be self-adjoint, or hermitian;
(i1) if N=N* and (Nz,z) >0 for all x € H, then N is said to be positive;
(iii) if NN*=N* N, then N is said to be normal;

) if N* = N7!, then N is said to be unitary; observe that all unitary opera-

(iv
tors are automatically normal.
(v) if N = N* = N2, then N is called an (orthogonal) projection.

7.12. Remark. Suppose that U € B(H) is unitary. Since U is invertible, it
must be bijective. Moreover, given x and y in H, we find that

(Uz,Uy) =(U* Uz,y) = (U ' Uz,y) = (Iz,y) = (2,y).

In particular, unitaries preserve inner products, and therefore preserve both angles
and lengths. Indeed, they serve as the isomorphisms in the category of Hilbert spaces.

7.13. Example. Let H be a Hilbert space and let B denote the unweighted
bilateral shift. It is straightforward to verify that B is unitary. On the other hand, if
S denotes the backward shift, then S S*-S*S = P, where P is a rank one projection.
Thus S is not normal.

7.14. Example. Let us return for a moment to Example 6.7. Let u be a
finite, positive, regular Borel measure on a non-empty set X, and suppose that
f e L (X, ). Recall that we defined the corresponding multiplication operator M

ia:

- Mp: 2(Xm) » I(X,4)
g = fy

Given g,h e L?(X, i), we have

(g, (My)*h) =(Mgsg,h)
- [ (Myg)hdy
- [ (9)hdn

= f){g%du

Thus M} = M?. But the MfM; = MfM? = My = M?Mf = M;Mf, implying
that My is normal.

My will be self-adjoint precisely if My = M?,
happens if and only if f = f; namely if f is real-valued. (All such statements are

meant to hold “almost-everywhere”-p.)

and it is readily seen that this
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My will be positive if and only if (Myg,g) > 0 for all g € H. But this happens
precisely when

[ 1@ lg@)Pdy> 0

for all g € L?(X, ;1), which in turn is equivalent to the condition that f(z) > 0 almost
everywhere in X.

Finally, M; will be unitary if Mf = Mffl, which is equivalent to f = f~'. In
other words, |f(z)| =1 almost everywhere in X.

7.15. Example. Let H = (?(N) and let D = diag{d,}>>,, where {d,}>, ¢
¢*°(N). Suppose that {e};2, is the standard orthonormal basis for H, and that
Dey,, = dy e, for all n> 1. Then |D| = sup,,»; |dn|. Then D* = diag {d,,}°,, and it is
not hard to check that D is normal. In fact, D can be thought of as a multiplication
operator on an L2—space with respect to counting measure.

Furthermore, o,(D) = {d, };>,, while 04(D) = 0(D) = {dn}22,. Finally, 0.(D) =

op(D*) ={dn};24-
Again, D is self-adjoint precisely when d,, € R for all n > 1, D is positive if and
only if d,, > 0 for all n > 1, and D is unitary if and only if |d,| =1 for all n > 1.

7.16. Lemma. Let H be a Hilbert space and N € B(H). If N is normal, then
|Nz| = |N*x| for all x € H. In particular, therefore, ker N = ker N*.
Proof. Let z € H. Then

[Nz

That is, [Nx| = |[N*x|.

7.17. Proposition. Let H be a Hilbert space and N € B(H). If N is normal,
then o(N) = g4.(N).
Proof. Clearly 0,(N) € 0(N) = 04o(N) Uoc.(N). Assume X € 0(N). Then X €
0,(N*), by Proposition 7.8. Let 0 # = € ker (N* - \). Then z € ker (N* - \)* =
ker (N — AI) by the above Lemma. This means that A € 0,(N) S 0,(N). We
conclude that o(N) € 0,(N).
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Compact operators acting on Hilbert spaces.

7.18. The set of compact operators acting on a Hilbert space is more tractable
in general than the set of compact operators acting on an arbitrary Banach space.
One of the reasons for this is the characterization given below. Recall that the set
of finite rank operators acting on a Banach space X is denoted by F(X).

7.19. Theorem. Let H be a Hilbert space and let K € B(H). The following are
equivalent:

(i)

(ii)

(iii)
Proof.
(i)

(iii)

(i)

K is compact;
K* is compact;
There ezists a sequence {Fy}ooy € F(H) such that K =lim,, o F),.

= (iii) Let Bj denote the unit ball of H, and let € > 0. Since K(B) is
compact, it must be separable (i.e. it is totally bounded). Thus M =ran K
is a separable subspace of H, and thus possesses an orthonormal basis
{en}nii-

Let P, denote the orthogonal projection of H onto span{e}}_;. Set
F, = P, K, noting that each F,, is finite rank. We now show that K =
lim,,—e0 Fi,-

Let x € H and consider y = Kz € M, so that lim, . |P,y—y| = 0. Thus
limy, o0 | Pz — Kz|| = limyeo |Pry — y| = 0. Since K is compact, K (B)
is totally bounded, so we can choose {z}}}*, € B; such that K(Bp) ¢
uit  B(Kxy,€/3), where given z € H and § >0, B(z,0) ={weH: |w-z| <
9}

If |z| <1, choose i such that |Kz; - Kz| < &/3. Then for any n >0,

|Kx - Fuz|
< | Kx - Kai| + | Kx; — Fpag| + | Fra; — Foz|
< ¢/3+ | Kz — Fpai| + | Po| | Kx; — Kz
< 2e/3+ || Kz — Fhxi.

Choose N > 0 such that |Kz; — Fpz;i|| <¢/3,1 <i <m for all n > N.
Then |Kxz - Fhx|| <2¢/3+¢/3 =¢. Thus |K - F,,| < for all n > N. Since
e >0 was arbitrary, K =limy, o Fj,.
= (ii) Suppose K = lim,,_,« F},, where F,, is finite rank for all n > 1. Note
that F; is also finite rank (why?), and that |K* - F| = |K - F,,| for all
n > 1, which clearly implies that K* = lim,,« F,;, and hence that K* is
compact.
=(i) Since K compact implies K* is compact from above, we deduce that
K* compact implies (K*)* = K is compact, completing the proof.

O
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We can restate the above Theorem more succinctly by saying that C(H) is the
norm closure of the set of finite rank operators on H. This is an extraordinarily
useful result.

7.20. Remark. Contained in the above proof is the following interesting ob-
servation. If K is a compact operator acting on a separable Hilbert space H, then
for any sequence { P, }>>; of finite rank projections tending strongly (i.e. pointwise)
to the identity, |K — P, K| tends to zero. By considering adjoints, we find that
| K - KP,| also tends to zero.

Let € > 0, and choose N > 0 such that n > N implies |K — KP,| < ¢/2 and
|K - P,K| <e/2. Then for all n > N we get

”K_PnKPnH < HK_KPnH'*'”KPn_PnKPn”
< |K-KP|+|K-FP.K| | P
< €/2+¢/2=¢.

It follows that if H has an orthonormal basis indexed by the natural numbers,
say {en}ro;, then the matrix for K with respect to this basis comes within ¢ of
the matrix for Py K Py. In other words, K “virtually lives” on the “top left-hand
corner”.

Alternatively, if H has an orthonormal basis indexed by the integers, say { fy, }nez,
and we let P, denote the orthogonal projection onto span {ey}}__, , then the matrix
for K with respect to this basis can be arbitrarily well estimated by a sufficiently
large but finite “central block”.

7.21. Recall from Theorem 6.34 that if K € B(H) is compact, then for all € > 0,
the set {A e o(K) : |\ > ¢} is finite. From this the next example easily follows.

7.22. Example. Let H be a separable Hilbert space with orthonormal basis
{en}r2q. Let {dyn}y2y be a bounded sequence and consider the diagonal operator
D e B(H) defined locally by De,, = dye, and extended to all of H by linearity and
continuity.

Then D e K(H) if and only if lim,,—,c dy, = 0.

7.23. Example. Let # = L?([0,1],dz), and consider the function k(z,t) €
L%([0,1] x [0,1],dm), where dm represents Lebesgue planar measure. Then we
define a Volterra operator

V: L*([0,1],dz) - L2([0,1],dx)
(V) (=) = JF@) k(x,t) dt.

(The classical Volterra operator has k(x,t) =1 if x > ¢, and k(x,t) =0 if z < ¢.)
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Now for f e L?([0,1],dz) we have
1
ViR = [ Vi@

fol /Olf(t)k‘(x,t)dt
fol (j; |f(t)k(:v,t)|dt)2dx

1 1
/0 I f3 [0 |k(x,t)|*dtdz by the Cauchy-Schwartz Inequality

113 1513,

so that |V < ||k]|2-

Let A denote the algebra of continuous functions on [0,1] x [0,1] which can be
resolved as g(x,t) = X0 ui(z) w;(t). Then A is an algebra which separates points,
contains the constant functions, and is closed under complex conjugation. By the
Stone-Weierstrafl Theorem, given € > 0 and h € C([0,1] x [0,1]), there exists g € A
such that |h - g|2 < |k - glleo < . But since C([0,1] x [0,1]) is dense (in the L2-
topology) in L2([0,1] x [0,1],dm), A must also be dense (in the L>-topology) in
L2([0,1] x [0,1],dm).

Let € > 0. For k as above, choose g € A such that |k — g|2 < e. Define

2
dzx

IN

IN

Vor I2([0,1),dx) — IX([0,1],dr)
Vof () = o f@®)g(a )t
From above, we find that |V - V| < |k —g|2<e.
To see that V) is finite rank, consider the following; first, g(z,t) = ¥ ui(x) w;(t).

If we set M = span ;;.,, {u;}, then M is a finite dimensional subspace of L([0,1], dx).
Moreover,

Vof(x)

[ 5@ gty

> ([ s@wii)u),

i=1

so that Vo f e M.
Thus V' can be approximated arbitrarily well by elements of the form Vj €
F(L*([0,1],dx), and so V is compact.

7.24. Definition. Let X be a Banach space and T € B(X). Then T is said to be
quasinilpotent if o(T) = 0. By the spectral mapping theorem 7, it is easily seen
that every nilpotent operator is automatically quasinilpotent.
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7.25. Example. Let V' denote the classical Volterra operator defined in Exam-
ple 7.23 above. We shall show that V is quasinilpotent. (Note that we have seen
that the Volterra operator acting in B(C[0,1]) is quasinilpotent in Example S6.1.)

Since V € KK(H), we know that o(V') = {0} uo, (V). Suppose 0# A € 0,(V'), and
that f e ker (A- V). Then
" F(ydt
[ s

AN (@)

< [Tlrlat
1

< [l

< Iflalle

= Ifl

Then for 0 <z <1,

F@I < @D [l
< 0 [ramy [
; .(‘1./|)\|”“) fogﬁ fotl...fot" 1 (bs )|t nsrdb . .. diy
< amry [0 [T ARt dy

x 11 tn
= (1A f f f 1dt,qdt, .. dt
amr e [ [ vt

< (1/|)‘|n+2) I £l $n+1/(n+ 1)! for all n > 1.

Thus f(z) =0 for all z € [0,1], and hence f =0. But then A ¢ 0,,(V). Therefore
o(V') ={0}, and so V is quasinilpotent as claimed.

The spectral theorem for compact, normal operators.

7.26. We now turn our attention to the first of three “spectral theorems” that
we shall prove for normal operators acting on a Hilbert space. The version that we
do now is the one which is most closely related to the Spectral Theorem for normal
matrices, which states that any normal matrix N acting on C" can be diagonalised
with respect to some orthonormal basis. That is, there exists an orthonormal basis
{exr}}., for C" with respect to which the matrix [N] = [n; ;] = [(Nej, e;)] is diagonal.

7.27. Definition. Let H be a Hilbert space, M be a subspace of H, and suppose
that T' € B(H). Recall that M is called itnvariant for T' provided that TM c M.
We say that M is reducing for T if M is invariant both for T and for T*.
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7.28. Notation. Let H be a Hilbert space and M be a subspace of H. By
Py we shall denote the orthogonal projection of H onto M. We leave it as an
exercise for the reader to verify that M is invariant for 7" € B(#) if and only if
(I = Pym)TPp =0.

7.29. Proposition. Let H be a Hilbert space, T € B(H), and M be a subspace
of H. Then M is reducing for T if and only if both M and M* are invariant for
T. When this is the case, we can write

T:TleBTQ:[Tl 0 ]

0 T»

with respect to the decomposition H = M & M*.

Furthermore, T is compact if and only if both T\ and T are compact, and T is
normal if and only if T1 and T are.
Proof. First suppose that M is reducing for T. Then (I — Py)T Py = 0. Since
T M c M, we also get (I — Prg) T Py =0, and so after taking adjoints, Py T (1 -
Pyr) = 0. (Note that Ppg is self-adjoint.) It follows that both M and M?* are
invariant for T'.

Now suppose that M and M* are invariant for T, so that

(I-Py)TPrv=0=PuT(I-Pum).

By taking adjoints once more, (I — Pypg)T* Py = 0, and so M is reducing for T.
The matrix form for T follows directly from these observations.

If 71 and T5 are compact, then they are limits of finite rank operators F,, and G,
respectively, from which we conclude that T is a limit of the finite rank operators
F, & G,. Thus T is compact.

If T is compact, then the compression of T to any subspace is compact, and so
both 77 and T5 are compact.

We leave it as an exercise to the reader to show that 7™ = Ty @ T . Given this, it
is easy to see that 7' is normal if and only if 0 = [T, 7*] = [T1, T} ] ® [T2,T% ], which
is equivalent to the simultaneous normality of 71 and T5.

O

7.30. Proposition. Let H be a Hilbert space and N € B(H) be normal. Then
ker N =ker N* is reducing for N.
Proof. That ker N = ker N* is the second half of Lemma 7.16. Now let x € ker NN.
Then N2z = N(Nx) =0, and NN*z = N* Nz = 0. Thus ker N is invariant for both
N and N*, and hence is reducing for N.

O
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7.31. Proposition. Let H be a Hilbert space and N € B(#H). If N is normal
and X\ # p€ op(N), then ker (N — A1) is orthogonal to ker (N — ul).
Proof. Let x € ker (N —AI') and y € ker (N — uI). Then

Maz,y) = (Nz,y) = (z, N"y) = (z,7iy) = (=, y).
Thus (A - p){z,y) =0. Since A — pu # 0, we must have = L y.
i

7.32. Proposition. Let H be a Hilbert space and N € B(H). If N is normal,
then spr(N) = |N|.
Proof. Consider first:

2 2
INT[ = sup |[N"z]
|z=1
= sup [N"Nzf
|z=1
> sup (N*Nzx,x)|
B
= sup(Nz,Nzx)
|z =1
_ 2
= sup |Nz|
B
2
= |N]

By induction, |[N2"|| > |[N|?" for all n > 1. The reverse inequality follows im-
mediately from the submultiplicativity of the norm in a Banach algebra. Thus
IN?"| = |N|?" for all n > 1. By Beurling’s Spectral Radius Formula, Theorem 2.40,

spr () = lim [N*"|/2" = |N].

O

7.33. Corollary. Let H be a Hilbert space and N € B(H). If N is normal and
o(N) ={\}, then N = \I.
Proof. Now o(N — AI) = {0} by the Spectral Mapping Theorem. Since N — I is
also normal, [N — AI| =spr (N - AI) =0.
|

7.34. Lemma. Let H be a Hilbert space and N € B(H). Suppose N is compact
and normal and that {N\;}7, € op(N). Let M = @ ker (N — \;I). Then M is
a reducing subspace for N and if Ny = (I — Ppm)N|pe € B(M?'), then o,(Ny) =
op (N,

Proof.

That M is reducing for N follows from the fact that each ker (N-\;I) is reducing
for N, 1<i<n. Now Nj is both compact and normal by Proposition 7.29.

Suppose A € p(N). Then (N;-M)"' = (I-Ppg)(N=AI)7 a1, so that X e p(Ny).
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Let A e {\;}7;. Then ker (N - X\I) € M by definition. Thus N; — AI is injective,
so that A ¢ op(N1). If X € op,(N)\{\i}7,, then ker (N — AI) is orthogonal to M,
so there exists 0 # = € ker (N — A\I) and then (N - Al)z = (N — AI)x = 0. Hence
A€ O'p(Nl).

We now have o, (N)\{ i}y S op(N1) S o(N)\{Ai 7.

Finally, if A € 0,(IV7), then there exists 0 # z € M* such that (N7 - AI)x = 0.
But then (N - AI)x =0, so that A € 0,,(IN), completing the proof.

O

7.35. Proposition. Let H be a Hilbert space and N € B(H). Suppose N is
compact and normal and that o,(N) = {\;}2,. Then H = @&;° ker (N — A\, I).
Proof. Let M = &7 ker (N — A\,I). As above, M is reducing for N. Let N; =
PprgeN|pme, viewed as an element of B(M*). Then o, (N1) is empty, for if A € 0,,(Ny),
then as in the previous lemma, we see that A € 0,(N), and hence ker (N — AI) ¢
ker (N — AI') ¢ M, a contradiction.

Since N; is compact, o(Ny) = {0}, but 0 ¢ o,(N1) implies that N; is injective.
On the other hand, Ny is also normal, so |Ni|| = spr(Ny) = 0, and hence Ny = 0.
Since it is injective, we are forced to conclude that M* = {0}, completing the proof.

O

7.36. Theorem. The spectral theorem for compact normal operators.
Let H be a Hilbert space and N € B(H) be a compact, normal operator. Suppose
{Mk}rey are the distinct eigenvalues of N and that Ppy, is the orthogonal projection
of H onto My, :=ker (N = A\gI). Then Pp, Pap; = 0= Pp, Py, if j # k, and

N = Z AP,
k=1
where the series converges in the norm topology in B(H).
Proof. That Pr,, Pum; = 0= Pap; P, if j # k is simply the statement that My is
orthogonal to M, for j # k, and this we saw in Proposition 7.31.
Recall also that limy_, . A =0, by Theorem 6.34.
Consider n >0, and N = Y3 ; Ay P, If 2 € M for some 1 < j <n, then

n
(N = > MePp, )z =Nx - \jz =0.
k=1
Thus &]_ My, € ker (N = Y7_; MePum,, ). If o is orthogonal to @) _; My, then
Py =0, 1<k <n,sothat (N - X)) A\kPam, )z = Nx. Moreover, ®)_; My, reduces
N, so we let N,, = P((@Zlek)l)Nk@Z:le)L.
Then |N - Y31 AkPam, |l = [ Nn|. Also, N, is compact and normal by Proposi-
tion 7.29, and from Lemma 7.34,

Up(Nn) = {An+1a An+2, Ant3s - - }
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Thus | Ny, | =spr (N,) = supg.,, |Akl- In particular, lim, . |V, | = 0, so that

n [oe]
lim Y ApPum, = Y. AP, = N.
(e k=1
]

7.37. Corollary. Let H be a Hilbert space and N € B(H) be a compact, normal
operator. Then there exists an orthonormal basis {eqs}aepn for H such that each e,
is an eigenvector for N.

Proof. Let {\,};2; be the set of eigenvalues of N. For each n > 1, choose an
orthonormal basis {e(, g)}gea, for ker (N = A,I). (Note that if \, # 0, then the
cardinality of A,, is finite.) Then each €(n,8), B € An, m 21 1is an eigenvector for N
corresponding to A,, the e(, 3)’s are all orthogonal since all of the ker (N =X I)’s
are. Finally, span{e(, g)}gea,,n>1 = ©nz1 ker (N = A\, 1) = H by Proposition 7.35. Let
{eataer = {€(n,3) } Bern,n>1-

O

7.38. Corollary. Let H be a Hilbert space and let N € B(H). Then N is
compact and normal if and only if there exist an orthonormal set {f,}o>; and a
sequence of scalars {By}or, such that

(i) limp—oo Brn =0;
(i) Nfn=PBnfan21;

(iii) Nz =0 if x € H, & orthogonal to span{ f}o ;.

Proof. Suppose the sets {f,}r2; and {8}:>, as above exist. Then N is seen to be
compact, using the arguments of Theorem 7.2. We leave it as an exercise for the
reader to prove that N is normal.

Now if N is normal and compact, let {e,}qaep be an orthonormal basis for H
consisting of eigenvectors of N, the existence of which is guaranteed by the preceding
Corollary. Let {f,}>>; be the subset of {es}aen comprised of those vectors whose
corresponding eigenvalues {3, },»1 are different from zero. That {f,},>1 is at most
countable follows from the fact that o,(N') is countable, and nul (N — A, 1) < oo for
all 04 A, € op(N).

Clearly N f, = Bnfn for all n > 1, and lim,_, B, = 0 from the argument above
combined with the fact that o,(N) is a sequence tending to zero when N is com-
pact. Finally, (span{f,,}5,)" = ker (N -0I) = ker N, from which condition (iii) also
follows.

O
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Supplementary Examples

S7.1. Despite there being a plethora of Hilbert space operators (the space B(H)
is non-separable if H is infinite-dimensional), nevertheless, very few classes of oper-
ators are well-understood. The best understood class (other than scalar operators)
is the class of normal operators. We have established the Spectral Theorem for
compact, normal operators. In Chapter 13.21, we shall establish a more general
version of the Spectral Theorem that holds for arbitrary normal operators acting on
a separable Hilbert space.

Let us describe a (small) selection of classes of Hilbert space operators whose
existence has attracted the attention of researchers.

S7.3. Example. An operator R € B(H) is said to be subnormal if it is the
restriction of a normal operator N to an invariant subspace. That is, there exists
a Hilbert space K which contains #H, and a normal operator N € B(K) such that
H is invariant for N and R = Nly. In operator-matrix notation, relative to the
decomposition K = H & H*, we have

R Ny
v[E %]
As a concrete example, the unilateral forward shift S is subnormal, being (unitarily
equivalent to) the compression of the bilateral shift B (which satisfies Be,, = €41
for all n € Z, where {e,}nez is an ONB for K = (2(Z)) to the invariant subspace
H= m{en}nzl .

We mention only one result about this class, namely: S. Brown has shown [9]
that every subnormal operator admits a non-trivial invariant subspace. We refer the
interested reader to the monograph [15] for an introduction to subnormal operators.

S7.3. Example. Let H be a separable, infinite-dimensional Hilbert space. An
operator B € B(H) is said to be block-diagonal if there exists an increasing se-
quence (P,), of finite-rank projections which converges strongly to the identity
(i.e. for all x € H, x = lim,, P,z) and which satisfies P,, B = BP,, for each n > 1.

If we set Py = 0 and H,, := ran(P, — P,_1), n > 1, then each H, is finite-
dimensional ‘H = &, H,, and relative to this decomposition, B = &, B,,, where B,, €
B(H,).

We say that an operator @ € B(H) is quasidiagonal if there exists a sequence
(Py)n as above such that

lim | P, B - BP,| =0.
n

It was shown by Halmos [26] that the set (QD) of quasidiagonal operators is the
norm-closure in B(#H) of the set of block-diagonal operators.

There are still a number of interesting open questions about quasidiagonal op-
erators. One which is dear to your humble author’s heart is the following: suppose
that @ € B(#H) is quasidiagonal and quasinilpotent. Is @ a limit of block-diagonal
nilpotent operators? It is known that @ is a limit of nilpotent operators (due to the
large body of work by C. Apostol, C. Foiag and D. Voicluescu), and as just noted,
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Q@ is a limit of block-diagonal operators. What is not known is whether one can
choose the sequence to consist of operators which are simultaneously block-diagonal
and nilpotent. (We mention in passing that Herrero [28] has provided an example
of a block-diagonal operator B which is a limit of nilpotent operators in B(#H), but
which is not a limit of block-diagonal nilpotent operators.)

S7.4. Example. Let H be a separable, infinite-dimensional Hilbert space. An
operator T € B(H) is said to be triangular if there exists an ONB B = {ey }n>1
for H such that the matrix of T relative to B is upper-triangular. In other words,
(Tej,e;) = 0if ¢ > j. Equivalently, T is triangular if there exists an increasing
sequence (P,), of finite-rank projections which converges strongly to the identity
in the sense above and which satisfies T'P,, = P,TP,, for each n > 1.

We say that R € B(H) is quasitriangular if there exists a sequence (P,), as
above such that

lim | TP, = PaT Py =0.

Once again, it was shown by Halmos [26] that the set (QT') of quasitriangular
operators is the norm-closure in B(H) of the set of triangular operators.

Of course, when # is finite-dimensional, every operator in B(#) is upper-
triangularisable with respect to some ONB for H. As it happens, the set of qua-
sitriangular operators is nowhere dense in B(H).

The set of quasitriangular operators was crucial to the characterisation by Apos-
tol, Foiag and Voiculescu of the norm-closure of the set of nilpotent operators in
B(H). (See Section A4.3.) Indeed, the following deep result gives a wonderfully
useful way of verifying whether or not an operator is quasitriangular. We first re-
mind the reader that if T € B(H), then

pse(T) ={z e C:mw(T - \I) is invertible in the Calkin algebra}
is the semi-Fredholm domain of T

Theorem. [Apostol, Foiasg, and Voiculescu]| [3] Let H be a separable, infinite-
dimensional Hilbert space and T € B(H). The following are equivalent:

(i) T is quasitriangular.

(i) ind (T -al) >0 for all a € psp(T).
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Appendix

A7.1. The notion of a Fredholm operator was introduced in Appendix 6.28,
where it was shown that if K is a compact operator acting on a Banach space X and
if A is a non-zero scalar, then Al — K is Fredholm of index zero. We now wish to
consider Fredholm operators acting on a Hilbert space. We shall establish the fact
that the Fredholm operators are precisely the operators which are invertible modulo
the compact operators, and that the index function serves to classify components of
the set of invertible elements in the Calkin algebra .

AT7.2. Recall that an operator T acting on a Hilbert space H is said to be
Fredholm if

(i) ranT is closed;
(ii) nulT is finite; and
(iii) codimranT is finite.

As before, when T is Fredholm we may define the Fredholm index of T to be
indT =nulT - codimranT.

From Remark 6.27, we see that when T is Fredholm, we may replace codimranT'
by nul T, where T now denotes the Banach space adjoint of T, as opposed to the
Hilbert space adjoint of T, which we denote by T*. The distinction is important,
since it is not a priori obvious that we may replace codimranT by nulT™*. On the
other hand, since ranT is closed, we obtain the decomposition H =ran7 @ (ranT)*,
and so

codimranT = dim (H/ranT) = dim (ranT)*.

Since (ranT)* = ker T*, it follows that nul7* = codimranT = nul T, and so, as in
the Banach space setting, we retrieve the equation

ind7T =nulT —nulT*.
A7.3. Let H be a separable Hilbert space and let {e,}n>; be an orthonormal
basis for H. Let S € B(H) denote the unilateral shift operator acting on this basis
as defined in Example 7.9. That is, Se,11 =€, if n > 1, and Se; =0.

Then ran S = H, so that ran S is closed. Also, ker S = span{e; }, so that nul S = 1.
Finally, ker S* = {0}, so that nul.S* =0. Thus S is Fredholm and

indS=nulS-nulS*=1-0=1.
Note also that S* is Fredholm as well, and that
indS* =nulS* —nul S =nulS* —nulS = -ind S = -1.

Finally, S™ and (S*)" are both Fredholm as well, and ind S™ = n = —ind (S*)"
for each n > 1.
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A7.4. Let H be a Hilbert space and K € K(H). As we have seen, if 0 # A € C,
then A\l — K is Fredholm of index zero. It follows that so is any operator of the form
T + L where T is invertible and L is compact. Indeed, T+ L = T(I - (-T7'L)). The
verification of the index is left to the reader.

It follows that if S is the unilateral forward shift, then S is not of the form T+ L
for any T invertible and L compact.

A7.5. Proposition. Suppose H is a Hilbert space and T € B(H) is Fredholm.
Then T)(ker )2 is bounded below.

Proof. Suppose z, y € (ker T')*. Then 0 =Tz -Ty =T (x -y) implies z —y e ker T
and hence z = y. In particular, the map

To: (ker T)* — ranT
x = Tx

is a 1-1, onto map, and thus it is invertible. Let R :ranT — (ker T')* denote the

inverse of Ty. Then for z € (ker T')*,
|| = | R Tox| | RTx|

| R T]

IN

and so [ T[> [R|™ |-
Thus T is bounded below on (ker T')*, as claimed.
O

A7.6. Let H be a Hilbert space. Recall that the Calkin algebra Q(H) =
B(H)/K(H) is the quotient of B(H) by the closed, two-sided ideal of compact op-
erators, and as such, Q(H) is a Banach algebra.

A7.7. Our present goal is to establish a relationship between the set of Fredholm
operators acting on a Hilbert space H, and the set of invertible elements in the Calkin
algebra. In fact, the relation we wish to establish is equality!

We record here a couple of facts which will prove useful:

e (A(H))™! is open in A(H).

e The involution on B(H) naturally gives rise to an involution in the Calkin
algebra. Given t € A(H), t = n(T) for some T € B(H). We then set
t* =7n(T"). If Re B(H) and n(R) =t, then K = R-T ¢ IC(H). Thus
K*=R*-T* e K(H), and so m(R*) = w(T™*), from which it follows that our
involution is indeed well-defined. We then have that A(#) and (A(H))™
are self-adjoint. Indeed, for ¢t € (A(H))™t, (t*)7'=(t71)*.

A7.8. Theorem. [Atkinson’s Theorem.] Let H be a Hilbert space and
T eB(H). Let m: B(H) - Q(H) denote the canonical quotient map from B(H) into
the Calkin algebra. The following are equivalent.

(i) T € B(#H) is Fredholm.
(ii) t:=7(T) is invertible in Q(H).
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Proof. Suppose T is Fredholm. Then ranT is closed, nulT is finite and nulT™ =
codimranT is finite. Let us once again decompose

H = kerT @ (kerT)*
= ranT & (ranT)".

As in the proof of Proposition A7.5, we see that

To: (ker T)* - ranT
z = Tx

is invertible. Let Ry :ranT — (ker T')* denote the inverse of Ty, and define R € B(H)
Roxr ifxeranT
0 if z € (ranT)*.

Then RTx = (I - P(M))x, where M =ker T, and TRx = (I - P(N))z, where
N = (ranT)*. Since both P(M) and P(N) are finite rank, we obtain:

m(R)m(T)=n(RT)=n(I)=n(TR) =n(T)m(R),

via Rx =

and so ¢t = (T) is invertible with inverse r = w(R).

Next, suppose that ¢t = 7(T") € A(H) is invertible. Then there exists r € A(H)
with rt =1 =m(I) = tr, and choosing R € B(H) with 7(R) =r, we get

RT=1+K,, TR=I+K>

for some K1, Ky € K(H).

Since nul (/ + K1) < oo by Proposition 6.26, nul 7" < co. Since ran7" 2 ran (I + K3)
and codimran (I + K3) < oo by Proposition 6.26, codimranT < co.

By Corollary A6.10, ranT is closed, and so we are done.

A7.9. We now wish to consider some of the stability properties of Fredholm
operators and the index function. We mention that most, if not all, of the following
results are true for Fredholm operators acting on a Banach space. On the other
hand, certain arguments simplify when looking at Hilbert spaces, and we have made
use of these simplifications. For the most general results, we refer the reader to the
book of Caradus, Pfaffenberger and Yood [11].

A7.10. Lemma. Let H be a Hilbert space and T € B(H) be Fredholm. If R is
invertible, then

indTR =ind RT =indT.

Proof. Exercise.
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A7.11. Lemma. Let H be a Hilbert space and T € B(H). If T is Fredholm
and indT = 0, then there exists a finite rank operator F' such that T+ F is invertible.

Proof. As we saw in Theorem A7.8, we can decompose H in two ways, namely:

H

ker T @& (ker T)*
ranT & (ranT)".

Since indT" = 0 by hypothesis, nulT = codimranT. Let {ey}}_, and {fi}}_, be
orthonormal bases for ker T' and (ranT')* respective and let F' € B(H) be defined
via Fep = f, 1 <k <n, Fz=0 if z is orthogonal to ker T. Then F' is clearly finite
rank. We claim that T+ F' is bijective, and hence invertible.

If 0 # x € H, then x = x1 +x2, where x1 € ker T, xo € (ker T)*, and |z |+ |z2| # 0.
If z1 # 0, then

(T+F)x Tz + Fx

Txo+ Faq

and 0 # Frp € (ranT)* forces (T + F)x # 0. If xo # 0, then (T + F)x = Txg + Faq
and 0 # Tzo € (ran F)* forces (T + F)x # 0.
In either case, we see that T+ F' is injective.

Now choose y € H and decompose y as y = y; + y2 where y; € ranT and s €
(ranT)*. Choose x; € (ker T')* such that T'z1 = y; and x5 € ker T such that Fxg = ys.
Then

(T + F)(.%'l + .%'2) = T((I}l + 1132) + F(ml + 1’2)
TSL‘l + F:EQ
= Y1ty
= y'

Thus T is surjective, and therefore bijective, completing the proof.

A7.12. Theorem. Let H be a Hilbert space and T € B(H) be Fredholm. If
K e K(H), then

ind(T+K)=indT.

Proof. Suppose indT = 0. Then there exists F' finite rank such that T + F' is
invertible. Moreover, T+ K = (T + F) + (K - F) and K - F € K(H). Thus

T+K=(T+F)I+(T+F)'(K-F)),
and so by Lemma A7.10, ind (7T+ K) =0=ind 7.
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Suppose next that ind7T =n > 0. Letting S denote the forward unilateral shift,
ind(T®S™)=indT +indS™"=0. If K € K(H), then K®0 e K(H & H), and

7o | [K O] [T+K 0
0o s 0 of [o S™
From above, ind ((T+ K)® S") =0=ind (T + K) +ind S" = ind (T + K) - n. Thus
ind(T+K)=n=indT.
If indT =n <0, then indT* = —n > 0. From above, for all K € K(H),
ind(T"+ K*) =-n=-ind (T + K),

and so ind (T + K) =n =indT.
O

A7.13. Theorem. Let H be a Hilbert space and suppose that T, R € B(H) are
Fredholm. Then

indTR =indT +ind R.

Proof. First suppose that ind7T =n > 0 and ind R = m > 0. Let S denote the
unilateral forward shift. Then

. T 0 . R O
1nd[O Sn]:():lnd[o Sm]'

T 0

Thus there exists K € K(H ® H) such that [ 0 gn

By Lemma A7.10,

5 o[ % )2 5 )

and by Theorem A7.13, this is equal to

[T o Ro |_. .[TR 0
0o s” 0o S™ | 0o s
Thus 0 = ind (TR) +ind S™"™ = indTR + (-n —m), and so ind (TR) =n+m =
indT +ind R.

The cases where n < 0 (resp. m < 0) are handled similarly using (S*)" (resp.
(S*)™) instead of S™ (resp. S™), and Theorem A7.13 if necessary.

:| + K is invertible.

O

A7.14. Notation. Let Fred(H) = 77 1(A(H)™!) denote the set of Fredholm
operators, and for each n € Z, set

Fred, (H) = {T € Fred(H) : ind T = n}.
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A7.15. Theorem. Let H be a Hilbert space. Then for each n € Z, Fred,,(H)
is open. In particular, therefore, ind(+) is a continuous function on Fred(H).

Proof. Of course, since 7 : B(H) - A(#) is continuous, we see that Fred(H) =
7L ((A(H)™Y) is open. Suppose n € Z.

Let T € Fred,,(H). Since Fred(#) is open, there exists €1 > 0 such that |U|| < e;
implies 7'+ U € Fred(#H). Moreover, by Atkinson’s Theorem A7.8, there exists
R e B(H) (in fact, R € Fred_,,(H)) such that TR = I + K for some K € K(#H). Note
that

(T+U)R TR+UR

(I+K)+UR

(I+UR)+ K.

Now take 5 = 1/|R|. If |U| < &2, then I + UR is invertible in B(H). By Theo-
rem A7.12, we conclude that if |U] < min(eq, €2), then (T +U)R = (I +UR) + K
satisfies

ind (T + U)R

ind(I+UR)+ K
= ind(/+UR)

=0

= ind(T+U)+indR
= indT +ind R.

Thus ind (T'+U) = indT and so T + U € Fred,,(H). In other words, Fred, (H) is
open.

O

A7.16. The astute reader may recall that the same word index appeared when
we discussed the abstract index group A™'/Ag! of a Banach algebra A. The same
reader might now be asking if there is any relationship between the two notions of
index. In fact, there is.

Let A =B(H)/K(H) denote the Calkin algebra. We defined the abstract index
group of A to be

Ta= A A,
where Aj' denotes the connected component of the identity in A™!.
Consider the map

i AT o (Z4)
7(T) +~ ind(T).
That ~ is well-defined follows from Theorem A7.12, for if 7(T) = m(R) € A™!, then

T and R are Fredholm operators and T = R+ K for some K € IC(#H). Applying that
Theorem shows that

¥(m(T)) =ind(7T") =ind(R + K) = ind(R) = y(7(R)).
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Now by Theorem A7.13,
Y(w(R)m(T)) =v(n(RT)) =indRT =ind R+ind T = y(w(R)) +vy(w(T)),

proving that v is a group homomorphism. As noted in Example A7.3, ind S™ =
—n = —ind (S*)" for all n > 1, and ind I = 0, so that v is a surjective map. Thus
Z ~ A7/ ker v, where ker y = {n(T) : T € Fredo(H)}.

The last piece in the puzzle consists of showing that ker v = A, !, Unfortunately,
we do not yet have the tools to do this. But by the end of the course, we shall.

A7.17. Theorem 7.19 shows us that in a Hilbert space H, every compact oper-
ator K is a norm limit of finite rank operators F,. Since F(H) c IC(H), it follows
that K(H) = F(H).

In the Banach space setting, the inclusion F(X) ¢ K(X) remains valid. The
question of whether the reverse inclusion holds remained open for some time, and
was referred to as the Finite Approximation Problem. In 1973, Per Enflo [21]
resolved this question by constructing an example of a Banach space X and a compact

operator on X which cannot be approximated by finite rank operators.

One of the most famous open problems in Operator Theory today is the Invariant
Subspace Problem.

e Given H, a Hilbert space, and T € B(H), does there exist a closed subspace
M of H such that M # {0}, H and TM c M?

Such a space is called a non-trivial invariant subspace for T. It is a standard exercise
that if T' € B(H) and H is not separable, then we can decompose H = @qepHe, where
each H, is a separable, reducing subspace for T. Also, if H is finite dimensional,
every operator can be upper triangularised, and thus has invariant subspaces. As
such, the proper context in which to examine the Invariant Subspace Problem is in
separable, infinite dimensional Hilbert spaces.

While the answer is not known in general, many results have been obtained.
One of the strongest results is a generalisation of a result of Lomonosov [34] from
1973.

A7.18. Theorem. [Lomonosov’s Theorem.| LetH be a Hilbert space and
T € B(H) be a non-scalar operator. Suppose there exists 0 + K € IC(H) such that
TK = KT. Then there exists a closed subspace M of H which is hyperinvariant for
T, that is: M is a non-trivial invariant subspace for every operator that commutes
with T

A7.19. Corollary. Fvery compact operator on H has a non-trivial hyperin-
variant subspace.
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A'7.20. A natural question that arises from this theorem is whether or not every
operator in B(H) commutes with a non-scalar operator which in turn commutes with
a non-zero compact operator. In other words, does Lomonosov’s Theorem solve the
Invariant Subspace Problem? That the answer is no was first shown by D.H. Hadwin,
E.A. Nordgren, H. Radjavi, and P. Rosenthal [24].

Results are known for other classes of operators as well. For example, we saw
the next result of S. Brown [9] in Example S7.3.

AT7.21. Theorem. [Brown.] FEvery subnormal operator possesses a mon-
trivial invariant subspace.

A slightly more recent result is the following.

A7.22. Theorem. [Brown, Chevreau, Pearcy [10].] Let H be a Hilbert
space and T € B(H). Suppose that
o |T| <1; and
e 0(T)2T={2€eC:|z|=1}.
Then T has a non-trivial invariant subspace.

A7.23. The corresponding question has been answered (negatively) for Banach
spaces. In particular, in 1984, C.J. Read [45] gave an example of a Banach space
X and a bounded linear operator T' on X such that X and {0} are the only closed
subspaces of X which are invariant for 7. In the paper [46] from 1985, he modified
the construction to produce a bounded linear operator T € B(#') such that T does
not have any non-trivial invariant subspace. The question remains open for reflexive
Banach spaces.

A7.24. As we have seen, the Invariant Subspace Problem for Hilbert spaces has
remained open for over 80 years. In the past 10 years, however, an entirely new and
exciting approach has been put forward with the work of A. Popov and A. Tcaciuc,
as well as further work by A. Tcaciuc on his own.

A7.25. Definition. Let H be an infinite-dimensional separable Hilbert space,
and T € B(H). A subspace M of H is said to be almost-invariant for T if there
exists a finite-dimensional subspace F of H such that TM c M+F. If M is almost-
invariant for T, then the minimum dimension of a space F for which TM c M+ F
is called the defect of M. We say that M is a half-space if dim M = dim M* = co.

(One can extend the notion of a half-space to the Banach space setting as follows:
a subspace 9) of a Banach space X is a half-space if dim ) = dim X/2) = c0.)

Consider the following absolutely beautiful results. They come as close to solving
the Invariant Subspace Problem as one can come without actually solving it. What
is most amazing is that (in the first instance) it applies to all Hilbert space operators.
So far, all of the positive results (other than Lomonosov’s) applies to comparitively
small classes of operators.
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A7.26. Theorem. [Popov and Tcaciuc [41].]  Let H be an infinite-
dimensional separable Hilbert space, and T € B(H). Then T admits an almost-
invariant half-space of defect equal to 1.

AT7.27. It is not hard to see that a half-space M is invariant for T if and
only if there exists a finite-rank operator F' such that M is invariant for 7 + F.
Moreover, one can choose F' to have rank equal to the defect of M, and thus the
above result states that every operator admits a rank-one perturbation with an
invariant half-space. (That every operator admits a rank-one perturbation with an
invariant subspace is trivial; the issue here is that the invariant subspace in question
has infinite dimension and co-dimension!) In some cases, Popov and Tcaciuc were
even able to control the norm of the operator F'. A new and quite spectacular result
of Tcaciuc extends this to all Banach spaces and all operators.

Theorem. [Tcaciuc [51].] Let X be a complex Banach space and T € B(X).
Given € > 0, there exists F € B(X) of rank at most one and |F| < e such that T + F
admits an invariant half-space.

A7.28. If one considers reducing rather than invariant subspaces, then one can
also obtain approzimate results. A major result of D. Voiculescu’s [53] known as
his non-commutative Weyl-von Neumann Theorem implies that given 7' € B(H) and
e > 0, there exist an isometric, involution preserving map p from C*(w(T)), the
closed Banach algebra generated by 7(7T) and 7(7*) in the Calkin algebra, into

some B(H,), a unitary operator U € B(H @7—[,(;00)) and K € IC(H) with | K| < e such
that
T =U*(T & p(n(T)) N\ + K.
It follows that every operator is a limit of operators with non-trivial reducing sub-
spaces.
On the other hand, P. Halmos [25] has shown that the set of irreducible operators
(i.e. those with no non-trivial reducing subspaces) is dense in B(H).

What is not known, and what remains a wvery interesting open problem, is
whether or not every Hilbert space operator T" admits a half-space which is almost
invariant both for 7" and T*.

A7.28. The spectral theorem for compact normal operators shows that every
such operator can be diagonalised. As such, it mimics the finite-dimensional result.
For general normal operators on an infinite dimensional Hilbert space, this fails mis-
erably. For instance, if M, is the multiplication operator acting on L?([0,1],dz),
where dx represents Lebesgue measure, then we have seen that M, is normal, but
has no eigenvalues. It follows immediately from this observation that M, can not be
diagonalisable. A wonderful result known as the Weyl-von Neumann-Berg/Sikonia
Theorem [6] shows that once again, the result is true up to a small compact pertur-
bation. More precisely, we have:
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Theorem. [The Weyl-von Neumann-Berg/Sikonia Theorem.] Let H be an
infinite dimensional separable Hilbert space and N € B(H) be normal. Then, given
e >0, there exists U € B(H) unitary, K € K(H) satisfying |K| < e and D € B(H)
diagonal such that

N=U"DU + K.
Moreover, D can be chosen to have the same spectrum and essential spectrum (see
Appendix A) as N.

A'7.29. Using this, we are now in a position to give a very simple proof of
Halmos’ result on the density of the irreducible operators. This proof is due to
H. Radjavi and P. Rosenthal [43]. Let us agree to say that an operator D € B(H)
is diagonalisable if there exists a unitary operator U such that the matrix of U* DU
with respect to the standard orthonormal basis is diagonal.

Theorem. [Radjavi and Rosenthal.] Let T € B(H) and € > 0. Then there
exists K € K(H) with |K| < e such that T + K s irreducible.

Proof. By the Weyl-von Neumann-Berg/Sikonia Theorem, there exists a self-
adjoint operator D whose matrix is diagonal with respect to an orthonormal basis
{en}o2 such that

ID- (@ -1)/2] < .

Then there is a self-adjoint operator D; diagonal with respect to {ey},o; such
that all of the eigenvalues of D; are distinct and || D — Dy < §. Now let Do be any
self-adjoint compact operator within /2 of (T'—T*)/2i whose matrix with respect
to {en}oq has all entries different from 0 (such operators exist in profusion - why?).
Then the operator Dq + 7D is within € of T'. Also, D1 +iD5 is irreducible, since the
invariant subspaces of D; are the subspaces spanned by subcollections of {e,} >,
and none of these are invariant under Do except {0} and H.

O
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Exercises for Chapter 7

Exercise 7.1. COMPACT OPERATORS AS LIMITS OF FINITE-RANK OPERATORS
Suppose that X is a Banach space and H is a Hilbert space. Prove that if
K : X - H is compact, then K is a limit of finite-rank operators from X into H.

Exercise 7.2. ADJOINTS OF OPERATOR MATRICES
Suppose that #H}, is a complex Hilbert space, 1 <k <n, and that T' € B(®}_; Hx)
admits an operator-matrix form

T = [117«,]]7
where T; j = Py, T|w,, 1 <i,j <n. Then
T = [sz]

(This was used in Proposition 7.29.)

Exercise 7.3. SPECTRUM OF OPERATOR MATRICES

0 IB; as an operator on H & H.
(i) Is 0(A) co(T)?
(ii) Is o(D) c o (T)?
(iii) What can be said about the sets of eigenvalues of A and D with respect to
those of T'?
(iv) Iso(T) co(A)uo(D)?

Suppose T =

Exercise 7.4. INJECTIVE WITH DENSE RANGE
Find an operator T € B(H) such that T is injective, the range of T is dense, but
T is not invertible.

Exercise 7.5. DISTANCE TO THE SET OF INVERTIBLE ELEMENTS
Let S be the unilateral shift opeator acting on a Hilbert space H. Show that
the distance from S to the set of invertible operators on H is exactly 1.

Exercise 7.6. POLYNOMIALLY COMPACT OPERATORS

An operator T € B(H) is said to be polynomially compact if there exists a
non-zero polynomial p € C[z] such that p(T) € K(H).

Describe the spectrum of a polynomially compact operator.

Exercise 7.7. DISTANCE TO THE COMPACT OPERATORS
What is the distance from the unilateral shift S € B(H) to the set IC(H) of
compact operators?
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Exercise 7.8. WEIGHTED SHIFT OPERATORS
Let #H be a Hilbert space with orthonormal basis {e;, }r;. Let {wy,}r2, € £ (N)
and define
W: H - H
€n P WnEn4l
for each n > 1. Extend W by linearity and continuity to all of H. Such an operator
is called a unilateral forward weighted shift with weight sequence {wy}o .

(i) Calculate |[W].
(ii) Calculate (W) in the case where w,, = 1 for all n. This particular operator
is called the unilateral shift.
(iii) Calculate spr(W) in general.
(iv) When is W nilpotent?
(v) When is W compact?
(vi) If W is compact, compute o(W).
(vii) When is W quasinilpotent? (Recall that T € B(H) is quasinilpotent if
o(W) ={0}.)
(viii) Find a unilateral weighted shift W of norm 1 such that W is quasinilpo-
tent but not nilpotent. Is it possible to find one that is nilpotent but not
quasinilpotent?

Exercise 7.9. SIMILARITY AND UNITARY EQUIVALENCE

Two operators A, B € B(H) are said to be unitarily equivalent if there exists
U € B(H) unitary such that A =U*BU. We say that A and B are similar if there
exists an invertible operator R € B(H) such that A= R™'BR.

(a) Prove that unitary equivalence and similarity define equivalence relations
on B(H).

(b) Give necessary and sufficient conditions for two diagonal operators to be
unitarily equivalent.

(c) Give necessary and sufficient conditions for two diagonal operators to be
similar.

(d) Prove that two injective unilateral weighted shifts W with weight sequence
(wn)n and V' with weight sequence (v, )y, are unitarily equivalent if and
only if |wy| = |v,| for all n > 1.

Is the same true for injective bilateral shifts?

Exercise 7.10. WEIGHTED SHIFT OPERATORS II
Which weighted shifts (bilateral or unilateral) are:
(i) normal?
(ii) self-adjoint?
(iii) unitary?
(iv) essentially unitary?
(v) essentially normal?
(vi) essentially self-adjoint?
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Exercise 7.11. HILBERT-SCHMIDT OPERATORS
Suppose H is a Hilbert space with orthonormal basis {ey, };>,. Let T'e B(#) and
suppose that the matrix of 7" with respect to this basis is [¢;;] Finally, suppose that

1
2
2
172 = (Zﬁz‘jl ) < oo,
z?]

(i) Show that |T'| < |T||2-
(ii) Show that T" € IC(H).
(iii) The set of all operators T' for which |T'||2 is finite is called the Hilbert-
Schmidt class and is sometimes denoted by Ca(#). Show that Co(H) is a
proper subset of IC(H).






CHAPTER 8

Representations of Banach algebras

He was happily married — but his wife wasn’t.

Victor Borge

Definitions and Examples

8.1. The notion of representations is ubiquitous in mathematics, and the theory
of Banach algebras is no exception. The guiding philosophy is that we have many
techniques to study operators acting on a Banach space X that are not available to
us in general Banach algebras. For example, we have seen that an operator T € B(X)
is invertible if and only if it is bounded below and has dense range. If T € A for
some unital Banach subalgebra of B(X), this offers us a necessary (but not sufficent)
condition for verifying that 7' e A~!.

8.2. Definition. Let A be a Banach algebra and X be a Banach space. A
representation of A on X is a non-zero homomorphism ¢ : A - B(X).

Unsurprisingly, our main focus will be on continuous representations.

8.3. Definition. Let A be a Banach algebra and X be a Banach space. We
say that X is a left Banach A-module if X is a left A-module and there exists a
constant k>0 such that for all a € A, x € X we have:

laez]x<r lalafz]x

8.4. Remark. Note that if o : A - B(X) is a continuous representation of A,
then X is imbued with a left Banach A-module structure over A, namely: given
x € X and a € A, we may define a e z := g(a)r € X. That this is a left A-module
structure is routine, and given a € A, x € X we see that

laex]x=lo(a)z]x <ol lala =]z

Setting & := |g| (or k=1 if o =0) shows that this is indeed a left Banach .A4-module
structure.

145
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Conversely, suppose that X is a left Banach A-module, with constant x > 0 as
above. Given a € A, define a map p(a) : X - X via g(a)r = a e z. It is not hard to
see that g(a) is linear, and the inequality

lo(a)z]x = llaez]x < klala z]x

implies that |o(a)| < k|a].

It is equally straightforward to verify that the map ¢ : A - B(H) defined by
a — o(a) is an algebra homomorphism, and the inequality above shows that |of <
K < 00, so that o is a continuous representation of A on X.

We have just argued that continuous representations of A on Banach spaces and
left Banach A-modules are two sides of the same coin: that is, they are two ways of
viewing the same object.

8.5. Example. Let A be a Banach algebra. With X := A, we may define a
representation
A A - B(A)

a = L,

where L,z = ax for all x € A. Clearly |Ls| < |af, so that X is a contractive
representation of A.

8.6. Example. In Example 7.14 we saw that if y is a finite, positive, regular
Borel measure on a non-empty set X, then for each f € L* (X, 1) we may define the
multiplication operator M € B(L*(X,p)) via Myg = fg for all g € L*(X, ).

We leave it to the reader to verify that the map

0: L=(X,p) — B(L*(X,p))
f - My

defines an isometric representation of L (X, mu) on L2(X, u). In fact, this represen-
tation has an extra property, namely: o(f*) = o(f) = Mz = Mj forall f e L=(X, ).
We normally say that g is a *-representation. Of course, most Banach algebras
do not admit an involution. We shall have more to say about this later when we
examine C*-algebras.

8.7. Suppose that o : A — B(X) is a continuous representation of a Banach
algebra A on a Banach space X. Let

9 :=span o(A)X =span{o(a)r:ac Az eX}.

It is not hard to see that ) is a closed subspace of X, and that o(a)Q) ¢ Q) for all
a € A. That is, 9 is invariant for o(A) < B(X).

In trying to study any mathematical object, it is worthwhile to break it up into
“simpler components”. The next definition tells us what we mean by this in the
context of representations of Banach algebras.
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8.8. Definition. Let o: A — B(X) be a continuous representation of a Banach
algebra A on a Banach space X. We say that o is algebraically irreducible if
0+ x € X implies that

o(A)r :={o(a)r:ae A} = X.
Equivalently, o is algebraically irreducible if the only A-invariant linear manifolds
in X are {0} and X.

We say that o is topologically irreducible if 0 + x € X implies that
o(A)z = {o(a)r:ae A}

is dense in X. Fquivalently, o is topologically irreducible if the only closed A-
invariant linear subspaces in X are {0} and X.

8.9. The Cohen-Hewitt Factorisation Theorem below will give us some greater
insight into the relationship between algebraically irreducible and topologically irre-
ducible representations of certain Banach algebras. But first we turn our attention
to a theorem of Jacobson.

Jacobson’s Density Theorem

8.10. Suppose that ¢ : A — B(X) is an algebraically irreducible representation of
a Banach algebra A on a Banach space X. Then o(.A) is (by definition) transitive.
That is, for all 0 # x € X and all y € X there exists a € A such that o(a)z = y.

Our goal is to extend this result by showing that for each n > 1, g(A) is in
fact n-transitive; that is, given linearly independent vectors x1,zo,...,z, € X and
arbitrary vectors y1, 42, . .., yn € X, we can find a € A such that o(a)xg = yr, 1 <k < n.

8.11. Lemma. Let A be a Banach algebra, X be a Banach space, and o : A —
B(X) be a continuous, algebraically irreducible representation of A. Suppose that
T:X — X is a non-zero linear map commuting with o; that is,

To(a)x = o(a)Tx for all x € X,a € A.
Then T = Ml for some X e C.
Proof. If T'zg = 0 for some 0 # zg € X, then

{0} = o(A)(T'zo) = T(o(A)zo) = TX,

contradicting the fact that T is non-zero. Thus T is injective.
Since T # 0, there exists 1 € X such that T'z; # 0. In particular, x1 # 0. Then

TX=T(o(A)r1) = o(A)(T21) = X,

implying that T is surjective.

Combining these two facts, we deduce that T is bijective, hence invertible (as a
linear but not necessarily continuous linear map).

Let © := {D: X — X : D is linear and D commutes with p}. It is easy to see
that ® is an algebra over C which contains all scalar operators, and the argument
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above shows that every non-zero element of D is invertible. Since the only division
algebra over C is (isomorphic to) C itself, we conclude that ®© := {af : o € C}.

O

8.12. Proposition. Let A be a Banach algebra, X be a Banach space, and
0: A - B(X) be a continuous representation of A. Let 0 # x € X. If o is algebraically
irreducible, then

M:={aeA:p(a)x=0}

is a mazimal left ideal of A.
Proof. That M is a left ideal of A is routine and is left as an exercise for the reader.

Suppose that K ¢ A is a left ideal of A which contains M properly. Thus
there exists k € K x M, whence g(k)x # 0. Since p is algebraically irreducible,
0o(A)(o(k)x) = X, and thus there exists an element a € A such that o(a)o(k)z = z.
Set e:=ak € K.

Given b € A, observe that p(be—b)x = o(b)o(e)z—po(b)x = 0, and so be-be M c K.
But e € K implies that be € IC, and thus b = be—(be—b) € K. Since b € A was arbitrary,
A c K, and thus M is maximal.

O

8.13. Lemma. Let A be a Banach algebra and suppose that o: A — B(X) is a

continuous, algebraically irreducible representation of A on the Banach space X. Let
x1,x9 € X be two linearly independent vectors. Then there exists ag € A such that
o(ao)z1 =0 # o(ap)zs.
Proof. We argue by contradiction. Suppose to the contrary that o(a)z; = 0 implies
that o(a)ze = 0. Let My == {a € A: o(a)xy = 0}, k = 1,2. Then M; € M,.
By Proposition 8.12 above, M; and My are maximal left ideals of A, and thus
Mq = Ms.

The fact that neither of z1,x9 is zero implies that o(A)z; = X = p(A)x2. Con-

sider the map
T: X - X
o(a)rr ~ o(a)zs.
We claim that T is a well-defined linear map that commutes with p.

Indeed, if o(a1)z; = o(a2)xi, then o(a; —ag)xry = 0, so a1 —ay € My = My,

implying that
To(ar)z1 = o(a1)x2 = p(a2)xe = To(az)x.
That is, T' is well-defined.
Also, for all a € C,

T(ao(ar)zr + o(az)z1) = T(o(car +az)zy)
= o(aay + az)xs
= ap(ar)ze + o(az)x2

=aTo(ay)xy + To(az)r,
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proving that T is linear.
Next, for all be A,

o(b)To(a)z1 = o(b)o(a)r2
= o(ba)xs
=To(ba)x,
=To(b)o(a)z1,

so that o(b)T =To(b); i.e. T commutes with p.
By Lemma 8.11 above, T' = Al for some A € C. But then

Ao(a)zy =To(a)xy = o(a)xs for all a € A,

and thus
o(a)(Ax1 —x2) =0 for all a € A.

Since p is algebraically irreducible, we conclude that zo = Az, contradicting our
hypothesis that x1,x9 are linearly independent vectors. This concludes the proof.

O

The next Lemma is adapted from [8].

8.14. Lemma. Let A be a Banach algebra and suppose that o : A — B(X) is
a continuous, algebraically irreducible representation of A on the Banach space X.
Let2<neN and x1,29,...,1, € X be linearly independent. Then there exists be A
such that o(b)x, #0=o(b)xy, 1 <k<n.
Proof. We shall argue by induction. The case n = 2 is handled by Lemma 8.13
above.

Suppose that 3 < N € N and that the result holds whenever n < N. We prove
that the result holds for n = V.

Now x9,%3,...,xx are N — 1 linearly independent vectors in X, so by our in-
duction hypothesis, there exists a; € A such that o(ai)zy =0, 2 <k < N -1 and
o(ar)zn #0.

e If p(aj)x; =0, then we set b =a; and we are done.
o If o(a1)z1 and p(a1)xn are linearly independent, then by Lemma 8.13,
we can find az € A such that o(ag)o(ai)x; = 0 # o(ag)o(ar)xy. Setting
b = asay, we find that o(b)xy =0, 1 <k < N -1, while o(b)zy # 0, and we
are done.
We have reduced the problem to the case where there exists a € C such that
ao(ar)zy = o(ar)xyN.

Observe that the set {ax1 — xn,x2,23,...,xN_1} is linearly independent. By
the induction hypothesis, we can find as € A such that o(ax; —xn) # 0 = o(as3)xyg,
2<k<N-1.

e If p(asg)zy = 0, then we also have that o(ag)zy # 0. If we set b = ag, then
we are done.
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e If o(as)r1 # 0 and {p(a3)x1, 0(as)xy} is linearly independent, then we can
find a4 € A such that o(agas)x; =0 # o(asas)xy. We may then set b = agas
and we are done.

We have reduced the problem to the case where o(as3)z1 # 0 and {o(as3)z1, 0(as)zn}
is linearly independent.

e If o(az)xy = 0, then we set b = ag. We then have o(b)z1 # 0 = o(b)xg,
2 <k < N. By interchanging the roles of 1 and =, we are done.

We have reduced the problem to the case where there exists some p € C such that
puo(ag)zy = o(as)xy, so that
o(az)(pux1 —xn) =0 # p(az)(Ax1 —zN).
From this it follows that p # A. But then p(as3)x; # 0 implies that there exists a5 € A
such that
o(as)eo(as)r1 = o(a1)w1.

Let b = a1 —asas. An easy calculation shows that o(b)zy =0, 1 <k < N -1, while

o(b)xy #0.
O

8.15. Theorem. [The Jacobson Density Theorem.] Let A be a Banach
algebra and suppose that o : A — B(X) is a continuous, algebraically irreducible
representation of A on the Banach space X. If N €N, x1,xo,..., 2N € X are linearly
independent and y1,y2,...,yn € X, then there exists d € A such that o(d)xy, = yn,
1<n<N.

In other words, o(A) is N-transitive.

Proof. For each 1 <k < N, choose aj € A such that o(ag)zy # 0 while o(ag)z, =0,
1<n+ k< N. Since p is algebraically irreducible, we can find b, € A, 1 <n <N
such that o(bnap)Ty, = yn-

Let d = ngvzl brar. Then, for each 1<n < N,

N
Q(d)xn = kz: Q(bk)Q(ak)xn = Q(bn)g(an)xn =Yn-
=1

The Cohen-Hewitt factorisation theorem

8.16. We have seen that every non-unital Banach algebra A embeds isometri-
cally into its unitisation A. Without this embedding, there is in general no element
— or collection of elements — that can serve to replace the notion of the missing iden-
8 g] ze (C}, then ab =0 for all a,be A, which
is about as far from being unital as one can hope for. Many other such examples
can be produced. We now examine Banach algebras which might fail to be unital,
but which nevertheless admit “the next best thing” to an identity element. This

tity element. For example, if A = {[
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will have many important consequences for the algebra. We shall only consider the
one major theorem mentioned above.

8.17. Definition. Let A be a Banach algebra. A net (ey)y in A is said to be
a bounded left approximate identity for A if there exists a real number pu >0
such that |ex| < p for all X e A and for each a € A,

li —-al =0.
imfexa-af

When this is the case, we shall refer to (ex)a as a p-bounded left approrimate iden-
tuty.

8.18. Remark. Not every Banach algebra admits a bounded left approxi-
mate identity, let alone a left approximate identity (i.e. a net (ey)y for which
limy |exa —al| = 0 for all a € A, regardless of whether or not (ey), is bounded).

Suppose, however that A is a Banach algebra that does admit a bounded left
approximate identity. For every representation o : A — B(H), we then find that

lim o(ex)e(a)z ~ e(a)z| = 0

for all z € X, and thus lim) ||o(ex)y —y| = 0 for all y € spanp(A)X. In particular, if
o is topologically irreducible, then

lim o(ex)a - 2] = 0.

8.19. Suppose that ¢ : A - B(X) is a continuous representation of a Banach
algebra A on a Banach space X. Recall that the unitisation of A is the space
A=C e A equipped with the norm |(«, a)ll 7= lal + |a]

We leave it to the reader to verify that the map

0n: A - B(X)
(a,a) ~ ol +o(a)

is a continuous representation of A on X. This will come in very handy below.

8.20. Our proof is based upon that of Kisynski [33]. There is another (similar)
proof by Mortini [36] that is also worth looking at, though the form of Cohen’s
Theorem he proves is slightly different from the one presented below. Both owe
much to the original proofs of Cohen [12] and of Hewitt [29].

8.21. Lemma. Let A be a Banach algebra and (ex)rea be a p-bounded left
approximate identity for A. Suppose that X is a Banach space and that o : A - B(X)
is a continuous representation of A.

Suppose furthermore that

e ycspanp(A)X;

e b=[1+bye A is invertible (here € C and by € A);
e 0<n< ﬁ; and

e §>0.
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Then there exist A € A such that if
g=(B-nB)1+(bo+nfey) € A,

then g is invertible and
lo(g™ )y = o™ )yl < 6.

Proof. For each A € A, define
gr=(B-nB)1+ (bo+nBex) =b+hy,
where hy =n8(ex - 1) € A.
Clearly it suffices to prove that
(1) there exists Ao € A such that gy € (A)~! for all A > \g, and
(1) limy Jou(gy")y = 0u(b™ )yl = 0.
Write b1 = 3711 + r for some r € A, and note that gy = (1 +hxb!)b. Now
hab™t =nf(ex - 1)(87 L+ 7)
=n(ex—1)1+nB(ex-1)r,
whence
[PAb~H | < lex = 1] 5 + [nBllexr —7].a.
Now 7 < ﬁ Choose 0 < 6 such that nfey - 1|| ; < @ < 1. Since limy exr = 7, we
see that there exists Ag € A such that A > Ay implies

[PAb~H < 6.
It then follows that 1+ hyb~! is invertible in A, and that
1(1+hb™ )7 < (1-6)7" for all A > Ao.
From this we deduce that for A > Ag,
lgxt = 1o~ (1 + rad™) T < o7 1 (1 - 0) 7
This proves item (1) above.
As for (11), if A > Ao, then
g bt =g (b-ga)b7!
N
= —nBgy (ex—1)b".
This implies that for all A > Ag,
lou(gx")y = 0u(d™)ylz = |ou(-nBg3" (ex - Db yllx
= 8] loull 195" lo(en)eu(d™)y = 0u(b™ )ylx
<(1=0)"" Bl leull 1671 4 le(ex)ou(d™)y = 0u(d™ )yl

From this (11) certainly follows, which completes the proof of the lemma.



THE COHEN-HEWITT FACTORISATION THEOREM 153

8.22. Theorem. [The Cohen-Hewitt Factorisation Theorem.] Let A
be a Banach algebra and suppose that (ey)x is a p-bounded left approzimate identity
for A. Let X be a Banach space and o: A — B(X) be a continuous representation of
A. Then

o(A)eX:={p(a)r:ae A xeX}
is a closed subspace of X.
Moreover, given y € span o(A)X and € > 0, there exist x € o(A)y satisfying

|z -y| <e and be A such that o(b)x = y.
Proof. First let us choose a positive, strictly decreasing sequence ()5 such that

e lo=1

e lim, ¢, =0; and
t

e 0<pypi=1- "< for all n > 1.
th-1 ,u+1

For each n > 1, set p,, = tp-1 —t, > 0. Now t, = (1 =1y )tn-1, SO Pp = Nutn-1 and
YnPn = 1. In particular, lim, p,, = 0.
(As noted by Kisynski, the exact form of the sequence is not essential; Cohen
choose a constant 0 <7 < ﬁ and set t, = (1-n)", n>1. Thus n, =7 for all n > 1.)
Let y e spanp(A)X. By Lemma 8.21, given € > 0 there exists a sequence (gn)reg
of invertible elements in A such that go = 1 and for all n >0,
(a) gn =tnl+d, for some d,, € A;
(b) lldn = dn-1].4 < pipn; and
(c)
l0u(9n")y = 0u(gn1)yl <& pa.
It follows from item (b) above that if m > n are positive integers, then

m m
ldm = dul < > |di—di-1] < > ppk.
k=n+1 k=n+1

Combining this with the fact that each p, >0 and Y, p, = 1, we see that (d,),
is convergent in A, and since lim,, t,, = 0, we see that there exists b € A such that

lim [ g, ~ bl ;= 0.

Moreover,

“bHA = H Zdn - dn—lHA gy an =p

Suppose that z,, := 0,(g,)y, n > 0. Then lim,, |z, — x|z = 0 for some = € X such
that

|z =yl =z -2olx < 3 |on - zn-1llx<e Y pn=¢

n>1 n>1

But then y = 0,(gn)xn, n >0 and thus by continuity,
y = ou(b)x = o(b)x.
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By Remark 8.18, y = limy o(ey)y € 0(A)y, and thus — writing g,,' = ¢,'1 + h,, for
all n >0 — we have
Tn = 0u(9, )y =ty + 0(hn)y € o(A)y.
Hence
x =limz, € o(A)y.
n
]

8.23. Remark. In fact, it can be shown that b = }_,, pyey, for an appropriate
choice of \,, € A.

8.24. Corollary. Let A be a Banach algebra and suppose that A admits a
bounded left approximate unit. Then

A2:={ab:a,be A} = A.

Proof. Let X = A and consider the left regular representation g(a)x = ax for all
ae A xeX=A By the Cohen-Hewitt Factorisation Theorem (with (ey), as our
bounded left approximate identity for A),

o(A)eX ={o(a)r:ac A, xeX}

is a closed subspace of X.
But for all x € X = A, we have that = = lim) eyx = lim) o(e))x € o(.A) X, so that
x = 0(a)b for some b e A; ie. x =ab.
O
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Supplementary Examples

S8.1. Example. If G is a locally compact abelian group with Haar measure
1, it’s known that L'(G, i) is a Banach algebra under convolution, and if G is not
discrete, then L'(G, i) has a bounded approximate identity (though it doesn’t have
an identity element).

S8.2. Example. Let H be an infinite-dimensional Hilbert space, and let
A:={F cH:F is a finite-dimensional subspace}.

We may partially order A by containment: Fj < Fb if | € F.

For each F' € A, let Prp denote the orthogonal projection of H onto F. Then
(Pp)Fen is a bounded approximate identity for IC(H), the set of compact operators
on H.

When H is separable, we can do better. Let {e,}, be an ONB for H and let P,
denote the orthogonal projection of H onto span{ey: 1<k <n}, n>1. Then (P,),
is a countable, bounded approximate unit for K(H).

S8.3. Example. The space (£1(Z), ] -||1) is also a Banach algebra using point-
wise multiplication. That is, given x = (), and y = (yn)n, we may define x oy :=
(ZnYn)n. Then ¢1(Z) is clearly a Banach space, an algebra, and

|z e yly = [(znyn)nly < (sup |zn]) |yl < lfs |yl
n

Thus it is a Banach algebra. It is a worthwhile exercise for the reader to prove
that ¢1(Z) does not admit a bounded approximate identity using this multiplication.
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Appendix

AR8.1. In the next Chapter, we shall begin the study of C*-algebras. As we
shall eventually prove, any such algebra A is (up to isometric *-isomorphism - the
canonical isomorphism in this category) a self-adjoint Banach subalgebra of B(H)
for some Hilbert space H. We shall also demonstrate that every C*-algebra admits
a bounded approximate identity. Indeed, we shall see that the elements (X)), €. A ¢
B(H) of the bounded approximate identity may be chosen to be positive of norm
at most one, and that the net is increasing in the sense that A\; < Ay implies that
X, — X, is a positive operator.

AB8.2. The class of C*-algebras will also be shown to enjoy the property that if
the identity map o on a C*-algebra A of B(#) is topologically irreducible, then it is
in fact algebraically irreducible. This is a result known as KADISON’S TRANSITIVITY
THEOREM. Thus the Jacobson Density Theorem may be applied to A to show that
A is (so-called) N-transitive for all V.
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Exercises for Chapter 8

Exercise 8.1. SINCLAIR'S THEOREM.

Let A be a Banach algebra and suppose that o : A - B(X) is a continuous,
algebraically irreducible representation of A on the Banach space X. Prove that if
N eN, z1,29,...,xx € X are linearly independent and yi,¥2,...,yn € X are also
linearly independent, then there exists a € A~ such that o(a)z, = y,, 1 <n < N.

Hint. Let N =span{z1,x2,...,ZN,Y1,Y2,---,yn}. 1t follows from basic linear alge-
bra that we can find T € B(N') invertible such that Tz, = y,, 1 <n < N. Moreover,
T = exp(R) for some R € B(N) (why?).

Choose a basis 9B := {x1,29,...,2N,21,...,2K} for N and choose a € A such
that o(a)w = Rw for all w € B. Prove that o(a)* and R* coincide on N for all k > 1.






CHAPTER 9

(C*-algebras: An introduction

I don’t have to tell you folks about scuba diving. So, that’ll save some
time.

Emo Philips

Definitions and examples.

9.1. In this chapter we turn our attention to an important class of Banach alge-
bras known as C*-algebras. After introducing the notion of an involution on a Ba-
nach algebra, we shall see that the C*-equation (defined below) imposes an incredible
amount of structure upon an involutive Banach algebra in which it holds. Our main
goal will be to prove that every C*-algebra admits an isometric *-representation, a
result known as the Gelfand-Naimark Theorem. Before getting there, however, we
shall consider the basic structure of these algebras, and we shall obtain an extension
of the holomorphic functional calculus for normal elements of C*-algebras (to be
defined below).

9.2. Definition. Let A be an algebra. Then an involution on A is a map

*: A - A

a ~ a

satisfying
(i) (a*)" =a for all ae A;
(ii)) (aa+ pb)* =aa* + pb* for alla,be A, a, B eC;

(iii) (ab)* =b*a* for all a, be A.

If A carries an involution, we say that A is an involutive algebra, or a *-algebra.
A subset F of A is said to be self-adjoint if v € F implies x* € F.

A homomorphism 7 : A - B between two involutive algebras is said to be a
*-homomorphism if T respects the involution. That is, T(a*) = (7(a))* for all
acA.

Finally, a Banach *-algebra is an involutive Banach algebra A whose involu-
tion satisfies |a*| = |al| for all a € A.

159
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9.3. Remarks.

e If A is an involutive algebra, we say that an element h € A is self-adjoint
if {h} is self-adjoint, namely h = h*.

e Observe that if A is a unital involutive algebra with unit e 4, then for all
a € A we have (eja) = (a"eq)” = (a*)" = a = (eqaa”)” = (aey). Thus
eq = €}y, since the unit must be unique.

e The condition that a homomorphism 7 from an involutive Banach algebra
A to an involutive Banach algebra B be a *-homomorphism is equivalent
to the condition 7(h) = 7(h)* whenever h = h*. To see this, note that if
this condition is met, then given a € A, we may write a = h + ik, where
h=(a+a*)/2 and k = (a—a*)/2i. Then h = h*, k = k*, and 7(a*) =
T(h-ik) = (7(h)+it(k))* =7(a*), implying that 7 is a *~homomorphism.
The other direction is clear.

9.4. Example. Let A= (C,|-|). Then #: X+ X defines an involution on C.

9.5. Example. Consider the disk algebra A(ID). For each f ¢ A(D), define

f*(2) = f(z) for each z € D. Then the map * : f » f* defines an involution on
A(D), under which it becomes a Banach *-algebra.

9.6. Example. Recall from Remark 7.6 that the map that if H is a Hilbert
space, then the map that sends a continuous linear operator T to its Hilbert space
adjoint T is an isometric involution. Thus B(#H) is a Banach *-algebra.

Suppose dimH = 2, and identify B(H) with M. Let S € B(H) be the invertible

11 L[ :
0 1]. Then S —[0 1 ] Consider the map

Adg: B(H) - B(H)
T > STITS

Then Adg is a multiplicative homomorphism of B(#), but it is not a *~homomorphism.

For example,
1-i 2-i 2 4
Ad5[3—z’ 4—2’]_[3—1' 7—2¢]’
1+i 3+i |\° [ -1 2-4
(Ads[2+i 4+i]) ‘[—2 6—22‘]'

On the other hand, if U € B(H) is unitary, then it is not hard to verify that Ady
does define a *-automorphism.

operator S = [

while

9.7. Example. Let T, denote the algebra of n x n upper triangular matrices,
viewed as a Banach subalgebra of B(C™) equipped with the operator norm. We can
define an involution on 7, via the map: [t;;]* = [#(41)=j (n+1)=i]-

We leave it as an exercise for the reader to prove that this involution is isometric,
and thus 7, becomes a Banach *-algebra with this involution.
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Definition. A C*-algebra A is an involutive Banach algebra which satis-

fies the C*-equation:

la*al = |a|? for all a € A.

A norm on an involutive Banach algebra which satisfies this equation will be
called a C*-norm.

9.9.

Remark. First observe that if B is an involutive Banach algebra and

|6 b]| > ] for all b e B, then [b|? < [b*| [b], which implies that ||b]| < [b*[. But
then [0*] < ||(6*)*| = |b], so that |b] = |b*|. In particular, B is a Banach *-algebra.
Moreover, ||b|* < [6%b]| < [6*]|[b] = ||b]|*, showing that the norm on B is a C*-

norimn.

Finally, if B is a non-zero unital C*-algebra with unit eg, then

lesl = legl = leesll = les]”,

and hence |eg| = 1.

9.10. Example. It is always useful to have counterexamples as well as exam-
ples. To that end, consider the following:

(i)

The disk algebra A(DD) is not a C*-algebra with the involution f*(z) = f(Z).
Indeed, if f(2) =iz + 22, then f*(2) = —iz+ 22 Thus

| £% f]l = sup|z* + 2% = 2,
|z]=1

while

117 2 £ (@) = 4.
Tn is not a C*-algebra with the involution defined in Example 9.7. To
see this, note that if Ey, denotes the standard (1,n) matrix unit, then
E}, = Bin, so that |Ef, Eual = |E3,] = [0] = 0, while [y = 1, as is
readily verified.
Recall that ¢!(Z) is a Banach algebra, where for f,g € /1(Z), we defined
the product via convolution:

(f+g9)(n) =) f(n-k)g(k)

keZ

and

[£1a =3 1F(R)I-
keZ
Consider the involution f*(n) = f(-n). Let g € £*(Z) be the element defined
by: g(n) =0if n ¢{0,1,2}; g(0) = —i = g(2), and g(1) = 1. We leave it to
the reader to verify that |g* g|1 = 5, while |g|1 = 3. Again, this is not a
C”-norm.
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9.11. Example. Let X be a locally compact, Hausdorff space. Consider
(Co(X), | - |oo)- For f € Co(X), define f*(x) = f(x) for each z € X. Then C(X)
is a C*-algebra. The details are left to the reader.

This C*-algebra is unital precisely when X is compact.

9.12. Example. Let H be a Hilbert space. As we have just recalled, B(H) is
an involutive Banach algebra using the Hilbert space adjoint as our involution. We
now check that equipped with this involution, B(#) verifies the C*-equation.

Let T € B(H). Then |T*T| < ||T|? from above. For the reverse inequality,
observe that

|71 sup |Tz|?
|=]=1

sup (T'z, Tx)
|=]=1

sup (T Tz, x)
|=]=1

sup |77 ||
|=[=1

|7

Thus B(H) is a C*-algebra. By considering the case where H = C" is finite
dimensional, we find that M,, equipped with the operator norm and Hilbert space
adjoint is a C*-algebra.

IA

9.13. Remark. Suppose that A is a C*-algebra and that B is a norm-closed,
self-adjoint subalgebra of A. Then the C*-equation is trivially satisfied for all b € B,
because it is already satisfied in A, and the norm is inherited from A. It follows that
B is also a C*-algebra.

In particular, if a € A and A is unital, then we denote by C*(a) the unital
C*-algebra generated by a. It is the smallest unital, norm-closed, self-adjoint
subalgebra of A containing a, that is, it is the intersection of all C'*-subalgebras of
A containing a, and it is easily seen to coincide with the closure of

{p(a,a”):peClz,yl},

where C[z,y] denotes the set of all polynomials in two non-commuting variables z
and y with complex coefficients.

We shall also define the set C(a) to be the non-unital C*-algebra generated
by a.

It coincides with the closure of

{p(a,a”) :peColz,y]},

where C,[z,y] denotes the set of all polynomials in two non-commuting variables z
and y with complex coefficients but without constant term; equivalently, p(0,0) = 0.
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9.14. Example. More generally, if A is any C*-algebra, and if X ¢ A, we
denote by C*(X) the unital C*-subalgebra of A generated by X. This of course only
makes sense if A is unital. As before, it is the intersection of all C*-algebras of A
containing X. We write C,(X) to denote the smallest non-unital C*-subalgebra of
A that contains X. This makes sense even if A is non-unital.

9.15. Example. Let H be a Hilbert space. Then K(H) is a closed, self-adjoint
subalgebra of B(H), and thus K(H) is a C*-algebra. IC(#H) is not unital unless H

is finite-dimensional.

9.16. Example. Let {A,}qcp be a family of C*-algebras indexed by a set A.
It is elementary to verify that

A ={(aa)acr : 0o € An, € Asup |aql < oo}
(e}

is a C*-algebra, where the involution is given by (as)* = (@), and the norm is given
by [[(aa) = sup, [ aa-

Let K = {(aq) € A: foralle >0, {a € A: |as| > €} is finite}. Then K is a
C*-algebra; in fact, K is a closed, self-adjoint ideal of A.

In particular, if {k, };°; € N, then A = &> M}, is a C*-algebra under this norm.
Setting k, = 1 for all n > 1 shows that ¢*° is a C'*-algebra, and that ¢y is a closed,
self-adjoint ideal in £°°.

9.17. Example. More generally, let i1 be a finite regular Borel measure on the
measure space X. Then L*°(X,u) is a C*-algebra with the standard norm. As in

the case of C(X), the involution here is f*(z) = f(x) for all x € X.

In fact, we can think of L (X, ;1) as a commutative C*-subalgebra of B(L?(X, 1))
as follows. Recall from Example 6.7 for each ¢ € L*(X, 1), we define the multipli-
cation operator

M<P : LZ(X,'U,) - LQ(Xnu)
f = opf
In Example 8.6, we showed that the map
o: L¥(X,p) - B(L*(X,p))

f - My
is an isometric *-representation. That is, an isometric *-homomorphism of L* (X, 1)
into B(H) for some Hilbert space H (which happens to be L?(X, u) in this case).
We then identify L*(X,pu) with its image under this map o, and use the same
notation for both algebras. Since p preserves products, the image algebra is clearly
also abelian.

We shall write 9t*° (X, ) to denote the range of g, so that

M (X, 1) = {My: f € L(X, )} € B(L*(X, 0)).

Thus L*°(X,p) is isometrically *-isomorphic to 91°°(X,u). Since isometric *-
isomorphisms are the isomorphisms in the category of C*-algebras, the above iden-
tification of L*°(X, ) with 9t (X, ) is natural.
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9.18. Example. Let H be a Hilbert space and F € B(#) be a self-adjoint family
of operators on H. Consider the commutant F’ of F defined as:

F = {T eB(H):TF = FT for all F ¢ F}.

We claim that F is a C*-algebra.

That it is an algebra is an easy exercise. If (1)), € F "and if limyoe T = T €
B(H), then for any F € F, we have T F = limy, o Ty, F' = limy, 0o F'Ty, = FT. Hence
T e F, and so F is closed in B(H). Finally, if T € F and F € F, then F* ¢ F
by assumption. Thus T'F* = F*T. Taking adjoints, we obtain T* F = FT* and
therefore T* € F', proving that F is a closed, self-adjoint subalgebra of B(H). By
Remark 9.13, it is a C*-algebra.

9.19. It is difficult to overstate the importance of the C*-equation. Hold on,
that’s a bit hyperbolic. What we mean by that is that this equation is really im-
portant. That is, they are really important to the study of operator theory and
operator algebras, and to those disciplines (I'm talking to you, Physics) that rely
heavily upon operator theory and operator algebras. If you are alone in a cage with
a starving lion, a new hair-do and your wits, you will most likely be excused for not
having the C*-equation be one the first things that spring to your mind, and your
estimation of their general usefulness will undoubtedly not be of the impossible to
overstate variety. But if you are invited to talk about your hobbies at a pyjama
party at Angela Merkel’s house, well, the sky’s the limit. (The C*-equation is not
unlike eigenvalues and spectrum in this regard, but that’s another matter.)

The C*-equation allows us to relate analytic information to algebraic informa-
tion. For example, consider the following Lemma, which relates the norm of an
element of a C*-algebra to its spectral radius, and its consequence, Theorem 9.21.

9.20. Lemma. Let A be a C*-algebra, and suppose h = h* € A. Then

|l = spr(h).

More generally, if a € A, then |al = (spr(a*a))'/?.
Proof. Now |h|? = |h*h| = |h?|. By induction, we find that |h|?" = |R?"| for all
n > 1. Using Beurling’s Spectral Radius Formula,

spr(h) = lim [ ['2" = tim (| ]*")V%" = |a].

In general, a*a is self-adjoint, and hence |a|? = |a*a| = spr(a*a).

9.21. Theorem. Let a: A - B be a *-isomorphism from a C*-algebra A to
a C*-algebra B. Then « is isometric. In particular, each C*-algebra possesses a
unique C*-norm.
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Proof. First note that since « is a *-isomorphism, o (a) = op(a(a)) for all a € A.
As such,

[spra(a*a)]'’?

[spr(a(a)*a(a))]
|a(a)[s-

la]a

Thus « is isometric.

If A has two C*-norms |- |; and | - |2, then the identity map id(a) = a is clearly
a *-isomorphism of A onto itself, and thus is isometric from above, implying that
the two norms coincide.

O

Recall that we stated that isometric *-isomorphisms are the isomorphisms in
the category of C*-algebras. By Theorem 9.21, we see that the word “isometric” is
extraneous.

Unitisations of C'*-algebras.

9.22. Given a non-unital Banach algebra A, we defined its unitisation to be the
algebra

A, =Co A,

equipped with the multiplication («,a) - (5,b) = (af8,ab+ fa + ab) and the norm
|(a,a)] :=laf + [a]a.

When A is in fact a C*-algebra, the above norm on its Banach algebra-unitisation
fails to be a C*-norm. Our present goal is to define a separate unitisation of A
which is a C*-algebra. This will require the notion of an essential ideal, which we
now define.

9.23. Definition. Let K be an ideal of a C*-algebra A. The annihilator of K
in A is the set

K'={aeA:ak=0 for all ke K}.

K is said to be essential in A if its annihilator K+ = {0}.

9.24. The apparent asymmetry (why do we multiply by a on the left?) of
this definition is illusory. Suppose A and K are as above. Let a € K*. Given
k€K, a*k € K and hence aa*k = 0. But then |a*k|? = |k*aa* k| = 0, forcing
a* € K. This in turn implies that ka = (a*k*)* = 0 for all kK € K. As such,
Kt={aeA:ka=0 for all k e K}.

It is routine to verify that K* is a closed subalgebra of A, and from above, we
see that K* is self-adjoint, implying that K* is a C*-subalgebra of A.
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9.25. Example. Let H be a complex, infinite dimensional Hilbert space.

Given z,y € H, let us denote by z®y* the rank-one operator (z®y*)(2) = (z,y)z,
z € H. It is not hard to see that |z ® y*| = |z| |y|. In particular, if |z| = 1, then
T ® x* represents the orthogonal projection of H onto Cx.

We claim that IC(H) is essential in B(H). Indeed, if 0 # T' € B(H), choose a non-
zero vector x € H such that y =Tax # 0. Then 04 T'(z ® 2*), and hence T ¢ K(H)*.

9.26. Example. Recall that if X is a compact, Hausdorff space, then there is
a bijective correspondence between the closed subsets Y of X and the closed ideals
K of C(X). Given Y ¢ X closed, the associated ideal Ky = {f € C(X) : f(x) =
0 for all x € Y'}, while given an ideal K in C(X), the corresponding closed subset of
XisYg={zeX: f(xr)=0 for all feK}.

Let Y ¢ X be closed. We claim that Ky is an essential ideal of C(X) if and only
if Y is nowhere dense in X.

Suppose first that Y is nowhere dense. Let f € K. If z € X\Y = X\Y, then
by Urysohn’s Lemma we can find g, € Ky such that g,(z) # 0. Since fg, =0, we
have f(z)=0. But X\Y is dense in X and f is continuous, and so f =0 and Ky is
essential.

To prove the converse, suppose Y is not nowhere dense. Then we can find an
open set G €Y =Y. Choose yg € G. Again, by Urysohn’s Lemma, we can find
f € C(X) such that f(yp) =1 and f(x) =0 for all x € X\G. It is routine to verify
that f € Ki., and hence Ky is not essential.

9.27. Example. Let X be a locally compact, Hausdorff space. Then Co(X) is
an essential ideal in Cp(X), the space of bounded continuous functions on X with
the supremum norm.

9.28. Definition. Let A be a C*-algebra. A C*-algebra B is said to be a
unitisation of A if B is unital and A is *~isomorphic to an essential ideal in B.

Unless one specifically indicates otherwise, when referring to the unitisation of a
C*-algebra, it will be assumed that one is always referring to this notion, as opposed
to the unitisation in the sense of Banach algebras previously defined.

9.29. Example. Let H be an infinite dimensional Hilbert space and let B ¢
B(H) be any unital C*-algebra containing (#). Then B is a unitisation of (#H).

9.30. Example. Let A be a unital C*-algebra and suppose B is a unitization
of A. Let o: A - B be the *monomorphic embedding of A into B as an essential
ideal. Then for each a € A,

(eB - o(ea)) (e(a)) =0,
and hence eg = o(ep). But o(A) is an ideal in B, and hence g(A) = B. Thus any
unitisation of A is *-isomorphic to A itself.



UNITISATIONS OF C*-ALGEBRAS. 167

9.31. Theorem. FEvery C*-algebra A possesses a unitisation A..
Proof. If A is unital, then it serves as its own unitisation. Suppose, therefore, that
A is not unital. Consider the map:
k: A - B(A)
a ~ L,

where L,(z) = ax for all x € A. Then & is clearly a homomorphism. Denote by A,
the subalgebra of B(A) generated by x(A) and I, the identity operator. While there
is no obvious candidate for an involution on B(A), nevertheless we may define one
on A, via (Lg + A)* = Lax + M.

Now ||Lg| = sup |Lez| = sup |az| < ||la|, so that x is continuous. In fact,
|=]=1 |=]=1
*
|Lal > | La (“a_”) | = |la||, so that  is an isometric *-monomorphism. In particular,
a

therefore, k(A) is closed in B(A). Since A, is a finite dimensional extension of x(A),
A, is closed as well.
Next,

[(Lg + AI)*(Lg + )| sup |(a* +X)(a+\)z|

lzl=1

sup [z*(a* + N)(a+ \)z|
|]=1

v

sup |azx + Az|?
=1

= |Lq+ M\

By Remark 9.9, A, is a C*-algebra.

That x(A) is an ideal in A, is easily checked. Suppose (L, + AI) L;, = 0 for all
b e A. Then for all b,x € A, we have (ab+ Ab)x = 0. Letting x = (ab+ \b)*, we
find that ab = —Ab. Since b is arbitrary, this implies that —\'a is a unit for A, a
contradiction. This implies that x(.A) is essential in A., completing the proof.

O

9.32. Two observations are in order. First, it will be useful to keep in mind that
for any x € A, |z|a, =sup{|za|a :|a]a =1}. Second, the unitisation of A above is
unique in the following sense:

If B is any unital C*-algebra containing A, then B contains an *-isomorphic copy
of A.. Indeed, if By is the algebra generated by A and ep, then either eg € A, in
which case A = A, € B, or By is a 1-dimensional extension of A, and hence is closed
in B. Since By is clearly self-adjoint, it is a C*-algebra. The map:

P: Ae - Bo
Lo+ M — a+Mep

is easily seen to be a *-isomorphism, and thus is isometric, by Theorem 9.21. By is
our desired copy of A..
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9.33. Remark. Let A be a non-unital C*-algebra and a € A. We now have two
possibilities for defining the spectrum of a its “unitisation”. On the one hand, A is
a Banach algebra and as such it admits a Banach algebra unitisation A, = {(«a,a) :
a € C,a e A)} with norm |(a,a)lla, = |a| + |al|4a. Previously we have defined the
spectrum of a to be o4,((0,a)).

Now that we know that A admits a C*-unitisation (i.e. a unitisation A, which is
a C*-algebra), it seems more natural to define the spectrum of a € A to be N (Lq)-

Fortunately we shall not have to decide between the two, since both unitisations
yield the same spectrum.

(a) Set A, := C®A, equipped with the multiplication («, a)(8,b) = (a8, ab+Ba+
ab) and norm |(«,a)| = |a| + |a]4. This is the Banach algebra unitisation
of A, and it is not a C*-algebra in general.

(b) Set A, to be the C*-algebra unitisation of A as defined in Theorem 9.31.
That is, we have an isometric embedding x : A - B(A) defined by x(a) = L,
where L,(z) = ax for all z € A. We define an involution * on k(A) + CI ¢
B(A) via (Lg + al)* := Lg+ + @l. We proved in that Theorem that A, :=
k(A) + ClI is a unital C*-algebra.

Consider the map
©: A, - A
(a,a) +» Lg+al.

(The next part of the argument just shows that © is an isomorphism.) Then
O(Ma,a) +(8,b) =0(Na+ B, a+b) =Ly, + (Aa+p)I.
But for all x € A,
(Laarpt(Aa+p) )z = (Aa+b)z+(Aa+B)x = AMaz+ax)+(br+Bx) = AL (o0 T+Lg 1T,
and therefore
Lya+grarb = AL(a,a) + L(pp)-

In other words, © is linear.
Similarly,

O((e,a)(B,b)) = ©((aB,ab+ Ba+ ab)) = Lap+garap + (B)1,
while
O((a,a)) O((B,b)) = (Lag+al)(Ly+ BI) = LyLy + aLy+ SLg + (afB8)1.
A routine calculation shows that

O((@,a)(B,0)) = ©((a, a)) O((8,))).

In other words, © is multiplicative, and thus © is a homomorphism.

By definition of A., © is clearly onto.
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Let us check that © is injective. If O(a, a) = ©(8,b), then Ly +al - (Ly+/I) =0,

which implies that
Lyp=La—Ly= (5—@)[

If B+ a, then (B—-a) 1L, = L(3-a)-1(b-a) = I, which implies that e := (5 - a) L (b-
a) € A satisfies ex = x for all z € A. Thus e is a left multiplicative identity for A.

But then x € A implies that z* € A, and ze* = (ex*)* = (x*)* = x. That is, e* is
a right multiplicative identity for A.

Finally, we see that this forces e* = ee* = ¢, so e = ¢* is a multiplicative identity
for A, contradicting our assumption that A was non-unital. Hence a = .

But then

Loy =01,
so that
0= La—b(a - b)* = ((l - b)(a - b)*a

which in a C*-algebra implies that a —b =0 (by the C*-equation!!!); i.e. a =b.

Thus ©(a,a) = O(S,b) implies that (a,a) = (8,b), and © is injective.

Next, we prove that © is a homeomorphism. By the Inverse Mapping Theorem
(see Corollary 9.4 of my online Functional Analysis notes, for example), it suffices
to prove that © is continuous (because it is a bijection).

Note that
1©(ev,a)|a, = |1La + oI < || La| + [al] = [a] + || = [(a, a) | ,-

Thus ||O] < 1; i.e. © is contractive (and thus continuous).

We have just proven that A, is Banach algebra-isomorphic to A.. This in turn
implies that
o4, ((0,a)) = 09(4,)(0(0,a)) = o4 (La)-
In other words, the C*-algebraic and Banach algebraic spectra of a € A coincide.

9.34. Example. Let X be a locally compact, Hausdorff space, and denote by
Xy the one point compactification of X. Then C(Xj) is the minimal unitization of

Co(X).

9.35. We mention that there is also a notion of a largest unitization for a C*-
algebra A, called the multiplier algebra of A. It plays an analogous role for
abstract C*-algebras that B(#) plays for K(H).

Positivity, normality and the abstract spectral theorem.

9.36. The most important C*-algebra is the C*-algebra B(H) of bounded linear
operators on a Hilbert space H. When studying Hilbert space operators, it was useful
to define the notions of positive operators, self-adjoint operators, normal and unitary
operators. Fortunately, each of these notions may be generalised to the C*-algebra
setting, and they are extremely useful there as well.
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9.37. Let A be a C*-algebra and let x € A. We write o(x) to denote the
spectrum of x in the unitisation A, of A. (If A is unital, recall that A, = A, and so
no confusions arises.)

It is easy to verify that o(2*) = o(z)* = {\: A e o(x)}. Moreover, x is invertible
if and only if both 2*2 and z «* are invertible. Indeed, if z € A™!, then so is 2*. Thus
¥z and z2* lie in A™!, since this latter is a group. Conversely, if 2*  is invertible
with inverse z, then zz* x = ey and so x is left invertible. But (zx*)r = ey for some
r € A, and so x is right invertible.

Finally, we remark that the invertibility of both xx* and of z* z is required.
Indeed, if S denotes the unilateral backward shift operator on B(¢?), then S S* =1,
but S is not invertible, as we have seen.

9.38. Definition. For each a in a C*-algebra A, we define the real part
Rea=(a+a™)/2

and the tmaginary part
Ima=(a-a*)/2i

of a.

The terminology is of course inspired from the C*-algebra C.

9.39. Definition. An element x of a C*-algebra A is called
hermitian if x = z*;

normal if xx* =x*x;

positive if z =x* and o(x) € [0,00);

unitary if x* = x7;
idempotent if x = x
a projection if t =x* = x
a partial isometry if xx* and x* x are projections (called the range pro-
jection and the initial projection of =, respectively).

2.
)
2

9.40. Example. Consider the C*-algebra cy. A sequence x = (), € ¢ iS

hermitian if and only if x,, € R for all n > 1;

always normal,

positive if and only if x,, > 0 for all n > 1;

unitary if and only if |x,| =1 for all n > 1;

idempotent (or a projection, or a partial isometry) if and only if x,, € {0,1}
for all n > 1, and only finitely many x,,’s are non-zero.

We should think of hermitian elements of C'*-algebras as generalisations of real
numbers (or real-valued functions), and unitary elements of C*-algebras generalisa-
tions of complex numbers (or complexed-valued functions) of modulus 1. The next
result shows us one reason for doing this.
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9.41. Proposition. Let A be a C*-algebra.

(i) If u € A is unitary, then o(u) c T.

(i1) If h € A is hermitian, then o(h) € R.

Proof.

(i) First observe that 1 = |ey| = [u*u| = |u|?. Thus spr(u) < |uf = 1 implies
o(u) €D. But |u~!| > 1/dist(0,0(u)) implies that dist(0,o(u)) > |u*| =1,
and so o(u) ¢ T.

(ii) Suppose h =h* € A. Consider u = exp (ih). Using the uniform convergence
of the power series expansion of exp (ih) we see that u* = exp(—ih*) =
exp(—ih). Since (¢h) and (—ih) obviously commute, we obtain:

u*u = exp(-ih)exp (ih)
exp (—ih +ih)
exp (0)
= 1

*
= uu .

Thus u is unitary. By (i) and the holomorphic functional calculus, o(u) =
exp (io(h)) € T, from which we conclude that o(h) c R.

O

9.42. Suppose S is a unital, self-adjoint linear manifold in a C*-algebra A. If
h =h* €S, then spr(h) < |h|, and hence o(h) € [~|h]|, |~]]. Letting p1 = h + ||h]ea
and po = |hllea, we find that both p; and py are positive and h = p; — po. Thus for
any s € S, we may apply this to the real and imaginary parts of s to see that s is
a linear combination of four positive elements. This linear combination is far from
unique. (Another such linear combination is obtained by simply letting ¢ = p1 +ea,
q2 =p2+ep.)

Such linear manifolds S as above are referred to as operator systems. For
example, {a_1Z + ap + a1z : a_1,ap,a;1 € C} is an operator system in C(T). Many
results stated for C*-algebras carry over to operator systems. We refer the reader
to [39] for an excellent treatment of this vast topic.

9.43. Theorem. Suppose that A € B are C*-algebras and x € A. Then op(x) =
op(x).
Proof. By considering A, instead of A, we may assume that A is unital. Clearly it
suffices to prove that op(z) € op(x).

First consider the case where h = h* € A. Then oa(h) € R, and as such o4 (h) =
Ooa(h). By Proposition 4.7, doa(h) ¢ og(h) for any C*-algebra B containing A.

In general, if x € A is not invertible in A, then either h; = *x or ho = zz* is not
invertible. As h; and ho are self-adjoint, from above we have either 0 € op(hy) or
0 € og(ho). Either way, it follows that x is not invertible in B.

O
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9.44. Theorem. [The Gelfand-Naimark Theorem.] Let A be an abelian

C*-algebra. Then the Gelfand Transform T': A — Co(2a) is an (necessarily isomet-
ric) *-isomorphism.
Proof. We have seen that the Gelfand Transform is a norm decreasing homomor-
phism from A into Cy(X4). By Theorem 5.17, o(a) u {0} = ranI'(a) u {0} in both
the unital and non-unital cases. In particular, if h = h* € A, then ranI'(a) € R, and
so I'(h) =T'(h)*. Thus I is a *~homomorphism.

Also, |[T'(a)|? = |T'(a*a)| = spr(T'(a*a)) = spr(a*a) = |af?, and so T is isometric.
Finally, I'(A) is a closed, self-adjoint subalgebra of Co(X4) which (by Theorem 5.16)
separates the points of 4. By the Stone-Weierstrafl Theorem, I'(A) = Co(X4).

O

9.45. Theorem. [The Abstract Spectral Theorem.| Let A be a unital
C*-algebra and n € A be normal. Then Ycx () is homeomorphic to o(n). As such,

C*(n) is isometrically *-isomorphic to (C(a(n)),|-|)-

Proof. We claim that I'(n) implements the homeomorphism between ¢« (,,) and
o(n). Since X« (p) is compact, o(n) is Hausdorff, and I'(n) is continuous, it suffices
to show that I'(n) is a bijection. By Theorem 5.17, ranI'(n) = o(n), and so I'(n)
is onto. Suppose ¢1,¢2 € Y () and ¢1(n) = T'(n)(¢1) = ['(n)(p2) = ¢2(n). Since
I' is a *-homomorphism, ¢1(n*) = I'(n*)(¢1) = T'(n)(¢1) = I'(n)(¢2) = T'(n*)(2) =
p2(n*). Then ¢1(p(n,n*)) = ¢p2(n,n*)) for all polynomials p in two non-commuting
variables, as both ¢; and ¢ are multiplicative. By the continuity of ¢; and ¢o
and the density of {p(n,n*) : p a polynomial in two non-commuting variables } in
C*(n), we find that ¢1 = ¢ and I'(n) is injective. By the Gelfand-Naimark Theo-
rem 9.44, C*(n) ~* C(X¢x(py)- It follows immediately that C*(n) ~* C(o(n)).

O

9.46. Remark. It is worth drawing attention to the fact that if ' : C*(n) —
C(X ¢+ (n)) is the Gelfand Transform and for x € C*(n) we set T'(z) = I'(x)o(T'(n)) 1,
then I'V implements the *-isomorphism between C*(n) and C(o(n)). Furthermore
I"(n)(z) = z for all z € o(n); that is, I''(n) = ¢, where ¢(z) = 2. In practice, we
usually identify C(¥¢x(p,y) and C(o(n)), and still refer to the induced map I' as the
Gelfand Transform, relabelling it as I'.

When A is non-unital, we have A ¢ A, and C*(14,,n) ~* C(o(n)). But then
Ci(n) < Ag corresponds to the functions in C(o(n)) which vanish at 0, namely

Co(o(n)\{0}).

As an immediate Corollary to the above theorem, we are able to extend the
holomorphic functional Calculus developed in Chapter Two to a broader class of
functions.
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9.47. Theorem. [The Continuous Functional Calculus.] Let A be a
unital C*-algebra and n € A be normal. Then T'™':C(o(n)) - C*(n) is an isometric
*-isomorphism and for all f,geC(co(n)), X e C, we have

(i) (Af +9)(n) = Af(n) +g(n);
(i) (f9)(n) = f(n)g(n);
(iii) the Spectral Mapping Theorem: o(f(n)) = f(o(n));
(iv) 1£(n)] = spr(f(n)) = spr(f) = | 1]
In particular, if ¢(2) = z, z€a(n), then n=T"1(q).

Remark. When A is non-unital, the Gelfand Transform induces a functional cal-
culus for continuous functions vanishing at 0.

9.48. Corollary. Let A be a unital C*-algebra and n € A be normal. Then
(i) n=n" if and only if o(n) CR;
(ii) n >0 if and only if o(n) € [0,00);
(iii) n* =n~t if and only if o(n) € T;
(iv) n=n* =n? if and only if o(n) c {0,1}.
Proof. This is an immediate consequence of identifying C*(n) with C(o(n)).
O

It is worth observing that all of the above notions are C*-notions; that is, if
¢ : A - B is a *isomorphism of C*-algebras, then each of the above notions is
preserved by .

9.49. Proposition. Let A be a C*-algebra and 0 <r € A. Then there exists a
unique element q € A such that 0 < ¢ and ¢*> = r. Moreover, if a € A and ar = ra,
then a commutes with q.

Proof. Consider the function f(z) = 23 e C(o(r)), and note that f(0) = 0. Thus
q = f(r) € Ci(r) and thus is a normal element of A. In fact, o(q) = f(c(r)) € [0, 0),
and so ¢ > 0. Next, ¢° = (f(r))? = f2(r) = j(r) = r, where j(2) = z, z € o(r).

Suppose 0 < s € A and s = 7. Then sr = s5(s?) = (s*)s = rs, so that Cg(r,s) is
abelian. The Gelfand Map I'y : C§(r, 5) = Co(Ecy (r,s)) is an isometric *-isomorphism
and T'1(q), T'1(s) are two positive functions whose square is I'1(r). Thus I'1(q) =
I'1(s). Since I'y is injective, ¢ = s. This shows that ¢ is unique.

Finally, if ar = r a, then a commutes with every polynomial in r. Since ¢ = f(r)
is a limit of polynomials in r, and since multiplication is jointly continuous, aq = qa.

]

1 ..
For obvious reasons, we write ¢ = 72 and refer to ¢ as the (positive) square root
of r.

Let us momentarily pause to address a natural question which arises. For H a
Hilbert space and R € B(H), we currently have two apparently distinct notions of
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positivity. That is, we have the operator notion (1): R = R* and (Rz,z) > 0 for all
x € H, and the C*-algebra notion (2): R is normal and o(R) < [0, 00). The following
proposition reconciles these two notions.

9.50. Proposition. Let H be a complex Hilbert space and R € B(H). The
following are equivalent:

(i) R=R* and (Rx,x >>0 for all x € H;
(ii) R is normal and o(R) ¢ [0, 00).
Proof.
(i) = (ii) Clearly R = R* implies R is normal, and o(R) € R. Let A € R with
A <0. Then

|(R-AD)z|?

((R=AD)z,(R-\)z)
(Rz, Rx) — 2\ Rz, z) + \*(z, x)
> M(z,z).
Thus (R — AI) is bounded below. Since R is normal, o(R) = o,(R) by
Proposition 7.17, and therefore A ¢ o(R). Hence o(R) € [0, 00).
(ii) = (i) Suppose R is normal and o(R) ¢ [0,00). Then by Proposition 9.49,
the operator @ = R is positive. Let = € H. Then
(Re.x) = (Qr.)
(Qz, Q)
|Qz|? = 0.

9.51. Remark. Of course, the above Proposition fails spectacularly when R is
not normal. For example, if V' is the classical Volterra operator from Example 7.23,
then o(V') = {0} € [0,00). But V is not positive, or even normal, for the only normal
quasinilpotent operator is 0.

9.52. Definition. Let A be a C*-algebra and h = h* € A. Consider the function
f+ :R=>R, fi(x) = max{z,0}. We define the positive part hy of h to be hy = f.(h),
and the negative part h— of h to be h_ = hy—h. It follows easily from the continuous
functional calculus that h- = f_(h), where f_(z) = —min{x,0} for all x € R. Both
hiyh- >0, as hy,h_ are normal and o(hy) = o(f+(h)) = f+(o(h)) € [0,00) (with a
parallel proof holding for h_). We therefore have h = h,—h_. Clearly, given x € A,

we can write x in terms of its real and imaginary parts, x =y + iz, and y = y, — y_,
z =z, —z_. Thus every element of A is a linear combination of (at most 4) positive
elements.

A useful result that follows from the functional calculus is:
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9.53. Proposition. Let A be a C*-algebra and h =h* € A. Then
|2l = max (A, [2-]).-

Proof. Consider |h,| = spr(h:) = spr(fi(h)) = [frlony| = max({0},{\ : X €
o(h) A 2 0}), while [h_| = spr(h) = spr(f-(h) = [f_|u | = max({0}, {-X : A e
o(h),A <0}). A moment’s reflection shows that max(||h+|,||h-|) =spr(h) = |h|.

O

9.54. Lemma. Let A be a unital C*-algebra and h = h* € A. The following are
equivalent:
(i) h>0;
(i) [[t1—h| <t for somet > |hl;
(iii) [[t1=h| <t for allt > |h|.
Proof. First let us identify C*(h) with C(o(h)) via the Gelfand Transform I'. Let
h = T'(h) so that h(z) = z for all z € o(h). The equivalence of the above three
conditions is a result of their equivalence in C(o(h)), combined with the fact that
positivity is a C*-notion, as noted in the comments following Corollary 9.48. Thus
we have

(i) = (iii)

[t1=h] = T -h)]
[t1-hl

t  forallt>]|h]=]|hl.

IN

(iii) = (ii) Obvious.
(ii) = (i) If |t1 - h| = |t1 - k| <t, then h >0, and so h > 0.
i

9.55. Definition. Let A be a Banach space. A real cone in A is a subset V
of A satisfying:
(i) 0eV;
(ii) if z,y e Vand A >0 in R, then \x +y e V;
(iii) Vn{-z:2 eV} ={0}.
For the sake of convenience, we shall write -V for {-z: 2 € V}.
9.56. Example. Let A = C, the complex numbers viewed as a 1-dimensional
Banach space over itself. The set V = {z e C:Re(z) € [0,00), Im(z) € [0,00)} is a

real cone in A. More generally, any of the four “quadrants” in C determined by two
lines passing through the origin forms a real cone.

9.57. Example. Let A = C(X), X a compact Hausdorff space. The set V =
{feC(X):f>0}is areal cone in A.
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9.58. Proposition. Let A be a C*-algebra. Then A, = {p e A:p >0} is a
norm-closed, real cone in A, called the positive cone of A.
Proof. We may assume without loss of generality that 1 € A. Clearly 0 € A, and
if pe A, and 0 < A eRR, then (Ap)* = Ap* = Ap and a(Ap) = Ao (p) € [0, ), so that
ApeA,.

Next suppose that z,y € A,. By Lemma 9.54, we obtain:

| (el + w1 = (= +y) |

IN

[t =2 ]+ 1yt -y
< ezl + 1yl

imply by the same Lemma that z +y > 0. Suppose x € F n (-=F). Then z = z* and
o(z) c[0,00) N (-00,0] ={0}. Since |z| =spr(z) =0, we have z = 0. So far we have
shown that A, is a real cone.

Finally, suppose that we have {z,}>°; € A, and z = lim,_c xp. Then z* =
limy, oo ), = limy 00 T, = x, so that x is self-adjoint. By dropping to a subsequence
if necessary, we may assume that ||z| > |zy||/2 for all n > 1. Then

AN

[ ClzD1-=] = lim [(2[z])1 -z, |
< lim 2|z
n—oo
= 2|z

By Lemma 9.54 yet again, = > 0 and so A, is norm-closed, completing the proof.
O

9.59. Let H be a Hilbert space and Z € B(H). If R=Z*Z, then for any x € H,
(Rz,z) =(Z* Zz,x) = | Zz|* > 0,

and so R > 0. Our next goal is to show that in any C*-algebra, r € A is positive
precisely if r factors as z*z for some z € A. The proof is rather more delicate than
in the B(#) setting. The next Lemma comes in handy.

9.60. Lemma. Let A be a Banach algebra and a,be A. Then
o(ab) u{0} = o(ba) U {0}.

Proof. Clearly it suffices to consider the case where A is unital. The proof, while
completely unmotivated, is a simple algebraic calculation.
Suppose 0 # A € p(ab). Let ¢ = A"H (A —ab)~!, and verify that
(A-ba)™t = (A +bea)
AN —ab) e
A1+ b\ - ab)ta).
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9.61. Theorem. Let A be a C*-algebra and r € A. Then r > 0 if and only if
r=2"z for some z € A.
Proof. First suppose that r» > 0. By Proposition 9.49, there exists a unique z > 0 so
that r = 2% = 2* 2.

Next, suppose r = z*z for some z € A. Clearly r = r*. Let us write r as the
difference of its positive and negative parts, namely r = r, —r_. Our goal is to show
that r_ = 0. X

Now 7_ >0 and so r_ has a positive square root. Consider y = zr2. Then y*y is
self-adjoint and
1 1
(2r2)*(2r2)
1 1
= r2z%zr2

vy

[T

= r_(ry—ro)r
O
= r2rgr?2 -2

= —7”2

< 0.

1
(Note that the last equality follows from the fact that f? f. = 0.) Thus o(y*y) ¢
(—00,0]. Writing y = h + ik, where h = Rey, k = Imy, we have

yy* = h*+ikh-ihk+k

vy W —ihh+ihk+k>

so that

yy" = (yy* +y"y) - (v*y) = 2(h* + k%) - (y"y).
Since h? + k% >0 and y*y < 0 from above, the fact that A, is a positive cone implies
that yy* > 0. Thus o(yy*) € [0, c0).

By the previous Lemma, o(yy*)u{0} = o(y*y)u{0}, from which we deduce that
a(yy*) = {0} = o(y*y). But then [y|* = |y y| =spr(y*y) = 0, and so y = 0. That is,
| =72] = |y*y| =0, so that r_ =0 and 7 = r, > 0, as claimed.

0O

9.62. Remark.

(a) Given a € A, a C*-algebra, we can now define |a| = (a*a)
the absolute value of a.

(b) The above theorem has a partial extension to involutive unital Banach
algebras. Suppose B is such an algebra with unit e, and x € B satisfies
|z —e| < 1. Then z = y? for some y € B. Indeed, when |e - z| < 1, we have
o(r) c{zeC:|z-1] <1}. As such the function f(z) = 23 is analytic on
o(x), and so we set y = f(x).

%, and we call this
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9.63. A partial order on A,,. Given a C*-algebra A, we denote by Ag, the
set of self-adjoint elements of A, i.e.

Agai={heA:h=h"}.

This is a real subspace of A. If a € A, we define

ara and Im(a)za_a

Re(a) =

It is clear that Re(a) and Im(a) are self-adjoint and a = Re(a) +iIlm(a). This way
of writing a is referred to as the Cartesian decomposition of a.

Given two self-adjoint elements x,y € A, a C*-algebra, we set z <y if y —x > 0.
It is easy to check that this defines a partial order. Certain, but not all properties
of the order on R carry over to this setting. Consider the following:

9.64. Proposition. Let A be a C*-algebra.

(1) If a,be Agy and c € A, then a <b implies c*ac < c¢*be.

(ii) If0<a<b, then |al <||b].

(iii) If1 €A, a,be A, are invertible and a < b, then b= <a™'.

Proof.

(i) Since a < b, b - a is positive, and so we can find z € A so that b—a = 2"z.
Then ¢*z*zc = (z¢)*(zc) > 0 by Theorem 9.61. That is, c*bc - c*ac > 0,
which is equivalent to our claim.

(ii) It suffices to consider the case where 1 € A. Then the unital C*-algebra
generated by b, namely C*(b) ~* C(o(b)). Then I'(b) < [I'(b)|1 = |b]1, and
since positivity is a C*-property, b < ||b||1.

But then a < b and b < |1 implies a < ||b|1. Again, by the Gelfand-
Naimark Theorem, I'(a) < |b|1, and so ||a| = [T'(a)| < [b].

(iii) First suppose ¢ > 1. Then T'(c) > 1, and so T'(¢) is invertible and T'(c) ! < 1.
This in turn implies that ¢ is invertible and that ¢! < 1.

More generally, given a < b, 1 = a"2aa"? < aiébafé, and so the above
argument implies that 1 > ((f%ba%)’l = azbla3.
Finally, a™! = azla"? > bL, by (i) above.
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Supplementary Examples

S9.1. Example. Our work on the Jacobson radical in the Appendix to Chap-
ter 5 allows us to obtain a very useful result without much more effort.

Theorem. Fuvery C*-algebra A is semisimple; that is, the Jacobson radical J(A)
of A is equal to {0}.

Proof. Recall that J(A) is a left quasi-regular ideal in A. Suppose that J(A) # {0}.
Let 0 # g e J(A) and set qg := —Wq*q. Then qp € J(A) since the latter is an ideal.
Since 0 < ¢*q, it follows that gy < 0 and |go| = 1. That is, g0 = ¢, 0(q0) € [-1,0],
and =spr(qo) = |qo| = 1, implying that —1 € 0(qo) := oa,(qo). In other words, 1+ qo
is not invertible in A..

Since J(A) is left quasi-regular, there exists w € A such that w ¢ ¢ =0. By iden-
tifying A with its image in A., we may suppose that w, g € A.. By Proposition A5.7,
it then follows that 1+ qg is left invertible in A.. Let b € A, denote the left-inverse
of 1+ ¢qg. That is, b(1+¢p) =1 in A.. But then

1=1"=(b(1+qo))" =(1+qo)"d" = (1+qo)b",

implying that 1+ ¢g is invertible in A., and contradiction.

Thus J(A) = {0}, as claimed.
i

S9.2. Example. If follows that if A is a finite-dimensional C*-algebra, then
— by the Wedderburn-Artin Theorem [5, 54] — A is isomorphic to a direct sum of
full matrix algebras. That is, one can find a sequence (ki,k2,...,ky) in N and a
bijective algebra homomorphism g : A - &7 My, (C).

Of course, the canonical isomorphisms in the category of C'*-algebras are the *-
isomorphisms, and it is natural to ask whether or not A is *-isomorphic to &}, My, (C).
The answer is “yes”, and the proof is left as an exercise for the reader.

It is also worth pointing out that even if A ¢ M,,(C) for some n > 1, this still
leaves open the question of multiplicity. For example, the algebras

A = {diag(a,a,a,A) :a e C, A e My(C)}

and
B := {diag(a, A, A) :a e C,Ae My(C)}

are both subalgebras of Ms(C) which are isomorphic to C & My(C), but they are
inherently different as subalgebras of M5(C). One way of identifying this difference is
to consider their commutants, that is, by comparing the operators which commute
with each algebra.

For example, an easy computation shows that the commutants A’ of A and B’
of B are the algebras

A" = {diag(B, BI2) : B € M3(C), 3 € C},
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while
I} 0 0
B'={10 vl vla|:B8,7,72,73,74€C
0 v3ly valo

so that dim (A") = 10, while dim (B") = 5.
The classification of C*-algebras acting on a finite-dimensional Hilbert space
then says that if A ¢ M,(C) is a C*-algebra, then there exist two sequences

(kl)k2a e 7km)a (N’lv#?) s 7Nm) € Nm
and a unitary matrix U such that

U*AU = M (C) e M2 (C) @ - @ M{""(C) © 0y,
where r =n— (X7 kipi).

S9.3. Example. There are many interesting and important classes of C*-
algebras; more than one can shake a stick at, even if it were a very light stick,
one had burly arms, and one were the stick-shaking champion of one’s university.
Unfortunately, even the definitions of many of these algebras (for example AF-
algebras, Bunce-Deddens algebras, crossed-product C*-algebras, full /reduced group
C*-algebras) require more background than we currently have.

Let us at least give an alternate definition of a uniformly hyperfinite (UHF-)
C”-algebra which avoids a description of inductive limits.

Let H = 2 with ONB (e,,)ns1. Given n > 1, we let
Ap=M,(C)®I:={T) :=TeTeTeT :TecM,(C)}.
It is not difficult to verify that if n | m, then A, ¢ A,,.

Let (ky)ns>1 be a sequence of positive integers such that

o ky | kps1 for all n > 1; and

e lim, k,, = co.
We leave it to the reader to verify that

Bo = Un>1Ag,

is a self-adjoint, unital subalgebra of B(#). It is not, however, a C*-algebra because
it is not norm-closed. The norm-closure B := B of By is a C*-algebra, called a UHF
C*-algebra.

It can be shown that UHF C*-algebras are simple, unital and admit a unique
tracial state. That is, there exists a unique linear function 7 : B — C such that
|7 =1=7(1), and 7(zy) = 7(yx) for each x,y € B.

Although each element of B is almost a matriz (in the sense that it can be
approximated arbitrarily well by an operator of the form 7(°) for some 7T € My, (C),
nevertheless, Bn KC(H) = {0}, and so elements of B are in this sense very far from
being matrices.
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Appendix

A9.1. The question of determining whether or not two C*-algebras A and B are
*-isomorphic is a deep and often extremely difficult problem. Attempts to answer
this problem for various classes of C*-algebras have resulted in entirely new fields
of mathematics.

One very successful approach has been to use tools from (algebraic) K-theory to
bring to bear upon this question. The idea is to associate to each C*-algebra A two
groups Ko(A) and K;(A) which are related to projections and unitaries in (matrix
algebras over) A. More precisely, the map A — (Ky(A), K;(A)) is a functor from the
category of C*-algebras to the category of abelian groups. Given two C*-algebras
A and B, if (K¢(A), K1(B)) is not isomorphic to (Ko(B), K1(B)), then A and B are
not isomorphic. (The converse is false.) The basic idea behind this approach is that
the pairs of abelian groups should be easier to study than the original C*-algebras
themselves.

This approach is not always successful in distinguishing between non-isomorphic
C*-algebras, and other techniques have also been brought to bear upon this problem,
including other types of K-theory (such as K K-theory and K L-theory).

We refer the reader to [48] and to [55] for more information on K-theory. Be
aware that this field is vast, which is both exciting an daunting.

A9.2. C*-algebra theory also connects with many other areas of math, includ-
ing graph theory. Given a graph G, it is possible to associate to G a C'*-algebra
known as the graph algebra of G. Very roughly, vertices of the graph correspond
to projections in the Cx-algebras and edges in the graph correspond to partial
isometries in the C*-algebra. A description of these is beyond the scope of these
notes, and we refer the interested reader to the wonderful book by Raeburn [44] for
more information on these.

A9.3. The author would be remiss in failing to mention the excellent mono-
graph by K.R. Davidson [19], which also provides a cornucopia of C*-algebras and
highlights the basic results which everyone studying C*-algebras should know.
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Exercises for Chapter 9

Exercise 9.1. 7,, 1S A BANACH *-ALGEBRA
Prove that the involution on 7, defined in Example 9.7 is isometric.

Exercise 9.2. THE POSITIVE CONE
Let A be a C*-algebra, and let a,b lie in the positive cone of A.

(i) Show that a < b implies a'/? < b'/2,
(ii) Show that a < b does NOT imply that a? < b°.

Exercise 9.3. COMPACT NORMAL OPERATORS
If M and N are compact normal operators with the same spectrum, then C* (M)
is isometrically isomorphic to C*(N). Do M and N have to be unitarily equivalent?

Exercise 9.4. FINITE-DIMENSIONAL C”*-ALGEBRAS

Suppose that A is a finite-dimensional C*-algebra and that ¢: A - M, (C) is an
algebra homomorphism. Prove that there exists S € M, (C) invertible such that the
map 7 : A - M, (C) defined by

m(a) = S o(a)S,a e A

is a *-homomorphism.

Exercise 9.5. FINITE-DIMENSIONAL C*-ALGEBRAS, PART 11
Prove that if A ¢ M,(C) is a C*-algebra, then there exist two sequences

(k‘l,k‘g,. ..,k‘m), (,ul,/ﬁg,... ,Mm) € Nm

and a unitary matrix U such that
U*AU = M{"(C) e M2 (C) @ - @ M{"™(C) @ 0y,
where 7 =n - (X772 kij;).



CHAPTER 10

(C*-algebras: approximate identities and ideals

A thesaurus is great. There’s no other word for it.
Ross Smith

Approximate identities.

10.1. In Chapter 9, we briefly discussed ideals of C*-algebras in connection with
unitisations. Now we return for a more detailed and structured look at ideals and
their elements. As with Banach algebras in general, at times it is not desirable to
adjoin a unit to a C*-algebra. As we are about to see, however, there is a distinct
advantage of C*-algebras over Banach algebras when it comes to approximate iden-
tities. For one thing, they always exist. Secondly, one can always choose them to
consist of positive elements, bounded above in norm by 1. Thirdly, one can choose
the net to be increasing. The C*-equation is a wondrous thing.

10.2. Definition. Let A be a C*-algebra and suppose K is a linear manifold in
A. Then a right approximate identity for K is an increasing net (uy) of positive
elements in K such that |uy| <1 for all X\, and such that

li>r\n [k —=Kkuy| =0

for all k e K.

Analogously, one can define a left approximate identity for a linear manifold
K of A.

By an algebraic (left, right, or two-sided) ideal of a C*-algebra A, we shall
simply mean a linear manifold K which is invariant under multiplication (on the
left, right, or both sides) by elements of A. The notion of a (left, right or two-sided)
ideal differs only in that ideals are assumed to be norm-closed. Unless otherwise
specified, algebraic ideals and ideals are assumed to be two-sided.

10.3. Example. Let H be an infinite dimensional Hilbert space. Then F(H) =
{F € B(H) : rank F' < oo} is an algebraic ideal whose closure is the set K(H) of
compact operators on ‘H (by Theorem 7.19).

183
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10.4. Example. Let Coo(R) = {f € C(R) : supp(f) is compact }. Then Cyo(R)
is an algebraic ideal of C(R) whose norm closure is Co(R), the set of continuous
functions which vanish at infinity.

10.5. Proposition. Let A be a C*-algebra and suppose K is an algebraic left
ideal in A. Then K has a right approximate identity.
Proof. We may assume without loss of generality that A is unital. Given a finite
subset F' = {aj,a9,...,a,} €K, we define

n
*
hp = Zai a;
i=1

and

-1 -1

1 1
UF:hF(hF*‘El) Z(hF-f-gl) hF.

Note that vp € K, since hp € K.
Let F={F:FcK, F finite } be directed by inclusion.
Claim:  the set (vp: F € F,2) is a right approximate identity for K.

To see this, note first that hp >0 and that 0 <¢(¢ + %)_1 <1 for all t e R*. Thus
0 <wp <1 by the functional calculus. Suppose F, G € F and F' 2 G. We may assume
that F' = {a1,aq9,...,a} and that G = {a1,as,...,a,}, where n <m.

Now hp > hg since hp —hg = Y%, .1 afa; > 0. Thus hp+11> hg+11 and hence

1 1
(hp+=1)"'<(hg+=-1)"".
n n
From this, and since %(t + %)_1 < %(t + %)_1 for all t e R, we have
1 1 1 1 1 1
—(hp+—=1D) <= (hp+=-1)"L< = (hg+—-1)"1.
m m n n n n
But
1 1
—(hF + —1)_1 =1 —Vf
m m
and
1 1
—(hg + —1)71 =1-vg,
n n

and so 1 —vg <1 -wvg, implying that vg < vp when F 2 G.

Suppose k € K. Given n € N, choose Fjy € F such that Fj has n elements and
keFy. If FFeF and Fy ¢ F, then F' has m (> n) elements, including k. Thus
k*k < hp, and

(k - k’UF)*(k - k"UF) = (1 - ’UF)k‘*k(l - UF)

< (1 - ’UF)hF(l - UF)
= #(h}:‘ + %1)72}1}7.
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Since #(t + %1)_% < ﬁ for all t € R*, we have

|k = kvp® = (k-kop)* (k- kvp)|
< |2z (hp+ L1)2hp)|

<

In
s 5l-

Thus |k - kvp| < ﬁ for all F 2 Fy. By definition, limpez |k — kvp| = 0.

Finally, suppose that k € K, and let € > 0. Choose ko € K such that ||k — k| < 5
By the previous paragraph, there exists Fy € F such that Fy € F' € F implies that
”k‘o - kO'UFH < % Thus Fp € F € F implies that

|k = kvp| < |k = kol + [ko — kovr| + |kovr — kvp|

S S
S a|k-k
<g*3+Ik-kol lvr]

2 €
< — + —-
3 3
=c.

1

Thus k = limpcr kvp. This concludes the proof.

O

If K is an algebraic right ideal of A, then K* is an algebraic left ideal of A. By
applying the above Proposition to K* and interpreting it in terms of K itself we
obtain:

10.6. Corollary. Let A be a C*-algebra and suppose K is an algebraic right
ideal in A. Then K has a left approximate identity.

10.7. Remark. We have shown that an algebraic two sided ideal of a C*-
algebra A possesses both a left and a right approximate identity. We now wish to
show that these two identities can be chosen to coincide. First we require a lemma.

10.8. Lemma. Let A be a C*-algebra and suppose that K is an algebraic,
self-adjoint ideal in A. Then any left approximate identity for K is also a right
approximate identity for K, and vice-versa.

Proof. Suppose (uy) is a right approximate unit for K. Then lim) ||k — kuy| = 0 for
all k € K. But then limy [k* — k*uy|| = 0 = limy, |k — upk|, so that (uy) is also a left
approximate unit for K.
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10.9. Theorem. FEvery C*-algebra has an approzimate identity. If the C*-
algebra is separable, then a countable approximate identity may be chosen
Proof. Let A be the C*-algebra. It is clearly a self-adjoint left ideal in itself,
and therefore has a right approximate identity by Proposition 10.5, which is an
approximate identity by Lemma 10.8.

Next, suppose A is separable, and let {a, }>; be a countable dense subset of A.
Let (uy)aea be an approximate identity for A. Choose A\g € A arbitrarily. For each
k>1, we can find Ay € A such that A\ > A\p—; and max(|luy, an—anl|, [anur, —an|) <e
for each 1 <n < k. A relatively routine approximation argument then implies that
(uy,)r2, is the desired countable approximate identity.

10.10. Corollary. FEvery closed ideal K in a C*-algebra A is self-adjoint.
Proof. Let k € K, and let (uy)) denote the approximate identity for K. Then
k* =limy k*uy, but uy € K for all A, implying that each k™uy and therefore £* lies
in K=K.

O

The above result is, in general, false if the ideal is not closed. For example, if
A = C(D), the continuous functions on the closed unit disk, and if K = ¢ A, where
q € A is the identity function ¢(z) = z, then K is an algebraic ideal in A, but ¢* does
not lie in K.

10.11. Corollary. Ewvery algebraic ideal K in a C*-algebra A has an approxi-
mate identity.
Proof. Since K is a closed ideal in A, it must be self-adjoint, by the previous
Corollary. The left approximate identity (uy) for K is again a left approximate
identity for K. By Lemma 10.8, (uy) is a right approximate identity for K, and
since it already lies in K, it is therefore an approximate unit for K.

O

10.12. Example. Let A be a unital C*-algebra. For each n > 1, set u, = e,.
Then {uy};2, is an approximate unit for A.

10.13. Example. Let H be an infinite dimensional, separable Hilbert space
with orthonormal basis {e,}n>;. For each k > 1, let P, denote the orthogonal
projection of A onto the span of {ej,es,...,er}. Then from the arguments of The-
orem 7.19, {P}}72, is an approximate identity for K(H).
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10.14. Example. Consider the ideal Cy(R) of C(R). For each n > 1, let

1 if |z| < n,
up(x) =3 (n+1)—|z| if|z|e(n,n+1),
0 if x| > n.

Then {uy};2, is an approximate identity for Co(R).

10.15. Proposition. Suppose A is a C*-algebra and L. is an ideal in A. If K
is an ideal in L, then K is also an ideal in A.
Proof. Since K is the linear span of its positive elements, it suffices to prove that
ak and ka lie in K for all a € A and 0 < k € K. Since ak = (a k%)k%, and since k2 ¢ K,
we have ak e K L c K.

O

10.16. Definition. Let B be a C*-algebra. A C*-subalgebra A of B is said to
be hereditary if be B, ac A, with 0<b<a implies beA.

10.17. Example. Let B =C([0,1]) and A = {f € C([0,1]): f(x) =0 for all z €
[3.2]}. IfgeB,, feA, and 0< g < f, then 0 < g(x) < f(z) =0 for all z € [, 2],
and hence g € A. Thus A is a hereditary C*-subalgebra of B.

10.18. Proposition. Let B be a C*-algebra and 0 # p # 1 be a projection in B.
Then A = pBp is hereditary.
Proof. That A = pBp is a C*-subalgebra of B is routine. Suppose 0 < b < a for some
a €A, beB. Then by Proposition 9.64, 0 < (1 -p)b(1-p) <(1-p)a(l-p) =0, and
so (1-p)b(1-p) =0.

Next, [b2(1=p)|? = (1~ p)b(1 - p)[ = 0, so that b(1 - p) = b2 (b2 (1 - p)) = 0.
Finally, since b =0*, (1-p)b=(b(1-p))* =0, and so b = pbp € A, as required.

O

10.19. Lemma. Let A be a C*-algebra and a,be A. Suppose 0<b, |b] <1 and
aa* <b*. Then there exists c€ A, |c| <1 such that a =be.
Proof. Let A, denote the minimal unitisation of A, and denote by 1 the identity in
A.. For 0 <A <1, let cy = (b+ A1) ta, which lies in A because A is an ideal of A.,.
Our goal is to prove that ¢ = limy_,gc) exists, and that this is the element we want.
Now

exes = (b+ A1) taa*(b+ A1)
b+ A1) b+ A1)
b?,

IA

IA
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and hence |cy]? = [ex]? < ||b?] < 1. Next we prove that {eatae(o,1) is Cauchy. If
A, B€(0,1), then

lex—col? = l(ex—cs)*[?
= [(ex—ep)(ex—c)”|
= [((b+ A1) = (b+B1) Naa* (b+ A1) = (b+ 1))
= A=BP(b+ )b+ 1) raa (b+ A1) (b + 1) 7
< =B+ M)+ BB b+ A1) b+ B1) 7Y
< A=

as bH(b+ A\1)72(b+ B1) 2 < 1. Let ¢ = limy_gcy. Then be = limy_q bcy = a.

10.20. Proposition. Let A be a C*-algebra. Then every ideal in A is heredi-
tary.
Proof. Suppose that 0 # K is an ideal in A, a € A,k € K and 0 < a < k. Then we

can write a = zz* for some z € A and k = (ki)‘l, where k1 € K by the continuous
functional calculus. Then

0<zz" < (ki)‘l.

By Lemma 10.19, z = (k‘%)c for some c € A. In particular, z € K and hence a = zz* €
K, as required.

O

10.21. Theorem. Let A be a C*-algebra and K be an ideal in A. Let (uy) be
any approzimate unit for K. Then AJ/K is a C*-algebra, and for a € A, we have

I (@) ] = lim Jla ~ aus|.

Proof. Fix a € A. Clearly

|tk (a)| = inf{|a+k|:keK}
inf{|a —auy| : X e A},

IN

as each uy and hence au) lies in K.
Now, given € > 0, choose k € K so that |7mx(a)| +¢e> |a+k||. Then

[(a+k)—k—auy|
I(a+k) = (k= kuy) = (a+k)uy|
[(a+k) = (a+k)ur] + [k~ kuxl.

la - aux|

IN

We shall work in the unitisation A, of A in order to obtain our desired norm
estimates.
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la—aux]| < [(a+ k)L -ur)| + [k - kusl
< lla+ k[ =usl + ]k = Fual.

Hence lim) |a — auy| < (|mx(a)| + €)1 + 0. Since € > 0 was arbitrary, |7mx(a)| =
lim) |la — auy|.

We saw in Proposition 2.17 that A/K is a Banach algebra. Since K is self-adjoint,
we can set mg(a)* = mg(a*), and this is a well-defined involution on A/K. There
remains only to verify the C*-equation.

Given a € A,

|k (a”a)]
ir/\lf [a*a—a*au,|

iI)l\f I(1 —ux)(a"a)(1—w)|
= inf la(1 —uy)|?

e (a)]*.

By Remark 9.9, we see that the quotient norm is a C*-norm, and thus A/K is a
C*-algebra.

|7k (a)” 7 (a) |

v

O

A subspace of a Banach space is said to be proximinal if the distance from an
arbitrary vector to that subspace is always attained. Although we shall not prove it
here, it can be shown that ideals of C'*-algebras are proximinal - that is, the quotient
norm is attained.

10.22. Theorem. Let 7: A — B be a *~homomorphism between C*-algebras A
and B. Then ||7| <1, and T is isometric if and only if T is injective.
Proof. First suppose 0 < r € A. Then r = z*z for some z € A, and hence 7(r) =
7(2)*7(2) 2 0. In particular, 7(r) is normal and so Cj(7(r)) is abelian. Let ¢ €
Yo (r(r))- Then p o7 € ¥ () and hence [po7| <1. But

Il

sup{p(7(r)) : ¢ € ey ()}

]l

IA

More generally, if a € A, then a*a >0, and hence from above,
2 * * 2
[7(a)|” = [7(a”a)| < |a”al = [a]".

Thus we have shown that 7 is continuous, with |7 < 1.

Clearly if 7 is isometric, it must be injective.

Next, suppose that 7 is not isometric, and choose a € A such that |al = 1, but
I7(a)| < 1. Let 7 = a*a. Then |r| = [af? = 1, but |7(r)| = |7(a)|?> =1 -6 < 1 for
some 0 > 0. We shall work with r > 0 instead of a. Choose f € C([0,1]) such that
f(x)=0forall z €[0,1-4], but f(1) =1. By the Stone-Weierstral Theorem, f is a
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limit of polynomials p,, in one variable with p,(0) = 0 for each n > 1. For any such
polynomial,
T(pn(T)) = pn(T(T‘)),

since 7 is a *-homomorphism. Since 7 is continuous from above,

T(f(r))

7(lim pn(r))

lim 7(pn(r))

lim p,(7(r))

f(r(r)).

Now spr(r) = |r| = 1, and since 0 < r, we conclude that 1 € o(r). Thus 1 = f(1) €

flo(r)) =o(f(r)), so that f(r) #0. Finally, 7(r) > 0 and spr(7(r)) < |7(r)| < 1-6.
Since flo,1-51 = 0, we have f(7(r)) =0=7(f(r)), implying that 7 is not injective.

O

10.23. Corollary. Let 7: A - B be a *~homomorphism between C*-algebras A

and B. Then T can be factored as T =T ow, where m: A — A/ker 7 is the canonical
map, and T : Afker 7 - rant is an isometric *~isomorphism. In particular, T(A) is
a C*-algebra.
Proof. Since 7 is continuous, ker 7 is a norm-closed ideal of A, and hence is self-
adjoint by Corollary 10.10. By Theorem 10.21, A/ker 7 is a C*-algebra and from
elementary algebra arguments, 7 factors as 7 = 7 o m, where 7 : A — A/ker 7 is the
canonical map and 7 is the *-homomorphism

7: AflkerT - rant
a+kert — 7(a).

Since ker 7 = 0, T is an isometric map onto its range, and thus ran7 = ran7 is a
C*-subalgebra of B.
O

10.24. Proposition. Let A be a C*-subalgebra of a C*-algebra B, and let K be
an ideal of B. Then AnK is an ideal in A, and

A+K N A
K AnK’
In particular, A + K is a C*-subalgebra of B.
Proof. The first statement is a routine exercise. Consider the map
g: A - B/K
a ~» a+kK

It is readily seen to be a *-homomorphism. Moreover, ker 8 = An K. By Corol-
lary 10.23, ran3 = A + K/K is isometrically *-isomorphic to A/(A nK), and so
A+K/K is a C*-algebra. Thus it is complete. Since K is also complete, we conclude
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that A + K is complete as well. Hence A + K is a closed, self-adjoint subalgebra of
B, as was required to prove.

O

10.25. Theorem. Let A be a hereditary C*-subalgebra of a C*-algebra B. Sup-
pose K is an ideal in A. Then K =AnL for some ideal L of B.
Proof.



192 10. C*-ALGEBRAS: APPROXIMATE IDENTITIES AND IDEALS

Supplementary Examples

S10.1. Example. In progress.
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Appendix
A10.1. In progress.
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Exercises for Chapter 10

Exercise 10.1. In progress.



CHAPTER 11

C*-algebras: the GNS construction

My opinions may have changed, but not the fact that I'm right.
Ashleigh Brilliant

The state space.

11.1. Let us now turn our attention to the dual space of a C*-algebra. As
we shall see, the linear functionals generalise the notion of measures on spaces of
continuous functions, and are crucial to the representation theory of C*-algebras.

11.2. Definition. Let A and B be C*-algebras, and let ¢ denote a linear map
from A to B. We define the adjoint of ¢ as ¢* : A - B via ¢*(a) = (¢(a*))* for
all a € A. Then ¢ is said to be self-adjoint if o = p*.

The map ¢ is said to be positive if p(x*x) >0 for all x € A. (Equivalently, if
©(p) > 0 whenever p>0.) We write p >0 when this is the case.

An element @ € A" is called a state if ¢ is a positive linear functional of norm
one. We denote by S(A) the set of all states on A, and refer to this as the state
space of A.

11.3. Remarks. A few comments are in order.

e By definition, a linear map ¢ between C*-algebras is self-adjoint if and only
if o(x*) = (¢(x))* for all € A. Tt is routine to verify that this is equivalent
to asking that ¢ send hermitian elements of A to hermitian elements of B.

o If o > 0, then ¢ preserves order. That is, if x <y in A, then y —x > 0, and
hence p(y—z) = p(y) —p(z) >0 in B.

e Finally, it is easy to see that every positive linear map ¢ is automatically
self-adjoint. Indeed, given h = h* € A, write h = hy — h_, and observe that
o(h) = p(hy) —@(h-) is self-adjoint.

11.4. Example. Let ¢ : A - B be any *-homomorphism between C*-algebras
A and B. Then

p(z7z) = p(z)" p(x) 20
for all x € A, and hence ¢ > 0.

195
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11.5. Example. Let X be a compact, Hausdorff space. The Riesz-Markov
Theorem [49] asserts that C(X)* ~ M(X), the space of complex-valued regular
Borel measures on X. The action of a measure p on f € C(X) is through integration,
that is: pu(f) = [y fdu.

When X =[0,1], we can identify M (X ) with the space BV[0,1] of functions of
bounded variation on [0,1]. Now, given F € BV[0,1], we define pup € M(X) via

pe(f)= [ faF,

the quantity on the right being a Riemann-Stieltjes integral. For example, the
evaluation functional d,(f) = f(x) for some x € X corresponds to the point mass at
x.

Observe that u is a self-adjoint (resp. positive) linear functional precisely when
the measure du is real-valued (resp. positive).

11.6. Example. Let n,m > 1 be integers, and consider the C*-algebra A =
M, ® M,,, € B(C"*"™). For each k > 1, let tr : Mz - C denote the normalized trace
functional

| =

k
tr ([a;;]) = ;aii-

For a = (a1,a2) € A and X € [0,1], we can define ¢)(a) = Atrp(ar) + (1 = A)try, (a2).
Then {px}e[0,1] is a family of states on A.

11.7. Example. Let H be an infinite-dimensional Hilbert space and let P be
a non-trivial projection on H. The map

p: B(H) - B(H)
T ~ PTP

is a positive linear map.
Indeed, if T' > 0, the o(T*T) = PT*TP = (T'P)*(TP) > 0. Observe that ¢ is not
a *-homomorphism!

11.8. Remark. We have shown that every element of a C*-algebra is, in a
natural way, a linear combination of four positive elements. Of course, this is a
generalisation of the corresponding fact for complex numbers.

In a similar vein, every complex measure possesses a Jordan decomposi-
tion [49] as a linear combination of four positive measures. Because of the as-
sociation between linear functionals on commutative C*-algebras and measures as
outlined above, we shall think of linear functionals on C*-algebras as abstract mea-
sures, and obtain a corresponding Jordan decomposition for these as well. This will
imply that the state space of a C*-algebra A is in some sense “large”, a fact which
we shall exploit in the proof of the Gelfand-Naimark Construction below.
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We have seen that every multiplicative linear functional on an abelian Banach
algebra is automatically continuous of norm one. In the case of C*-algebras, the
same applies to positive linear functionals.

11.9. Theorem. Let A be a C*-algebra and ¢ : A - C be a positive linear map.
Then ¢ is continuous.
Proof. First observe that ¢ is bounded if and only if there exists K > 0 so that
0<reA; with ||r| <1 implies ¢(r) < K. Indeed, if ¢ is bounded, we can trivially
choose K = |¢].

Conversely, if 0 <7 € A, with || <1 implies ¢(r) < K, then given any = € A, we
can write = y+1iz, where y = Rex, z = Imz. Then we set y =y, —y- and z = z, — z_,
and recall that max(|y+ |, |y-|, |2+, [2=]) < [|||. From this we obtain

lp(@)] = [e(y+) —p(y-) +ip(z:) —ip(z-)|
< o(y+) +o(y-) +(z4) +p(2-)
< AK |z,

and so |¢| <4K < co.
Now we argue by contradiction. Suppose, to the contrary, that for every n > 1

we can find 0 < r,, in A so that |r,| < 57 and ¢(r,) > 1. Then for each k > 1,
Sk = Zﬁzl rn € Ay, and s < s =Yo7, € Ay, From Remark 11.3, we see that
k< o(sg) < p(s) for all k> 1, which is absurd. It follows that ¢ must be bounded

on A,, and hence on A.
O

11.10. Given a positive linear functional ¢ on a C*-algebra A, we can construct
a pseudo-inner product on A by setting

[a,b] == ¢(ba)
for a,b e A. Then we have

(i) [a,b] is clearly a sesquilinear function, linear in a and conjugate linear in
b;
(ii) [a,a] >0 for all ae A, as ¢ >0 and a*a > 0;
(iii) Since ¢ is self-adjoint, [a,b] = p(b*a) = ¢(a*b) = [b,a];
(iv) If z € A, then [xa,b] = p(b* (za)) = p((x*b)*a) = [a, 2*b].
The following will also prove useful in the GNS construction.

11.11. Lemma. Let [-,-] be a positive sesquilinear function on a C*-algebra A.
Then [-,-] satisfies the Cauchy-Schwarz Inequality:

[a,b]* < [a,a] [b,b].

Proof.
(a) If [a,b] = 0, there is nothing to prove.
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(b) If [a,a] = 0, then we claim that [a,b] = 0 for all b € A. To see this, note
that for all g € C,

0

IN

[a+ b,a+ (b]
= [a,a]+ |B|2[b,b] +2Re(f[a,b]).

Suppose there exists b € A such that [a,b] # 0. We may then scale b so that
[a,b] = 1. Now choose > 0. The above equation then becomes:

[a,a] - 28 + 5°[b,b]
~28 + 8%[b, b],

which implies 0 < 8[b,b] — 2. This yields a contradiction when f is cho-
sen sufficiently small and positive. Thus [a,a] = 0 implies |[a,b]|* = 0 <
[a,a][b,b], which is clearly true.

(c) If [a,b] # 0 and [a,a] # 0, we may choose ( = —[a,a]/[a,b]. Then, as above,

0

IN

0 < [a,a]+|B*[b,b] +2Re(B[a,b])
- faa]-2faa]+ ST

which implies
[a,b] < [a,a] [b,b],

as claimed.

11.12. Lemma. Let A be a C*-algebra, and 0 < o € A*. Then
. % * 1 %7\
(i) k(b a)| < p(a’a)z p(b"b)=;
(i) [e(a)l” < lele(a™a).
Proof.
(i) This is just a reformulation of the Cauchy-Schwarz Inequality which we de-

duced for the pseudo-inner product associated to ¢ in the previous Lemma.
(ii) Let (u))xea be an approximate unit for A. Then

o) = lim|p(aus)”
< sx;pcp(a*a)sO(UXUA)
< supp(a’a)lel Jux]®
< pla*a)]el.
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11.13. Theorem. Let A be a C*-algebra and ¢ € A*. The following are then
equivalent:

(i) 0<g;

(ii) || =limy p(uy) for some approximate unit (uy)ren of A;

(iii) || =limy p(uy) for every approzimate unit (uy)xen of A.
Proof.

(i) implies (iii) Consider {¢(uy)}rep, Which is an increasing net of positive
real numbers, bounded above by |¢|. Then limy p(u)) exists. Clearly
limy p(ux) <supy o] ua] <[]

For the other inequality, first observe that if 0 < r and ||r| < 1, then
0 < r2 <r. This follows from the Gelfand-Naimark Theorem by indentifying
r with the identity function ¢(z) = z on o(r) € [0,1]. Then, given a € A,

p(a)]

li}\n lp(ura)l

IA

lim p(ujun)? p(a*a)?

IA

lim p(un)? p(a*a)?

. 1 1 * 1
< limep(ur)z ez Ja”al2
. 1 1

< (hingo(m)?)\\@\\? lal.

By taking the supremum over a € A, ||al| = 1, we find that ||g0||% < limy cp(u,\)%,
and hence |p|| = limy p(uy).

(iii) implies (ii) Obvious.

(ii) implies (i) Let us scale ¢ so that |¢| = 1. Consider h = h* € A with
|h| =1. Let ¢(h) = s +it € C where s,t € R. Our first goal is to show that
t = 0. By considering —h instead of h, we may assume that ¢ > 0. Fix an
integer n > 1, and consider x,, y = h +inuy. Now

‘ 2

[0, [EMPEPY

||h2 +in(huy —uyh) - nuy |
|A|? +n| huy - ush| +n?

IA

1+n%+n|huy —uph|.

Now limy ¢(2,,2) = limy(p(h) + ing(uy)) = p(h) +in = s +i(t +n). Fur-
thermore, [¢(z,1)[* < |2n.1]?, and so

s*+ (t+n)? < li)r\n(l +n% 4+ nfhuy —upyh|) =1 +n?

Thus s +t2 + 2tn +n? < 1+n?. Unless t = 0, we obtain a contradiction by
choosing n sufficiently large.

So far we have shown that ¢ is self-adjoint. We still want 0 < ¢(r).
Suppose 0 < r < 1. Let hy =r—-wu). Then -1 < —uy < hy <r <1, and
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so ||hx] € 1. Now limy p(hy) = ¢(r) — 1, and since |p(hy)| < 1, we have
lo(r) — 1] £ 1, from which we conclude that 0 < ¢(r) < 1, which completes
the proof.

O

11.14. Corollary. Let A be an abelian C* -algebra and ¢ € X5 be a multiplicative
linear functional on A. Then ¢ > 0.
Proof. Let (uy)) be an approximate identity for A. By Theorem 11.13, it suffices
to prove that

liimp(w) = |l

Now ¢ € X, implies that |¢| < 1, by Proposition 5.11. Moreover, by definition,
¢ # 0. Choose a € A such that ¢(a) #0. Then a = limy uya, and thus

0# p(a) = limp(ux)p(a).
From this it follows that limy ¢(uy) =1, and thus
loll =1 =limep(un).

This completes the proof.

11.15. Corollary. Suppose A is a C*-algebra, and p,a, 5 € A",

(i) If a, 820, then [a+ B = |of + 8]
(ii) Suppose A is unital. Then ¢ >0 if and only if |¢| = ¢(es). In particular,
@ is a state on A if and only if p(ep) =1=|¢|.

Proof.
(i) Since o, 8 >0, so is o+ 3. But then if (uy)xea is any approximate unit for
A,
o+ 81 = lim(a+B)(u)
= liinoz(uA) + li;\n,ﬁ(uA)
= Jaf+18l.

(ii) This is an immediate consequence of Theorem 11.13, after observing that
u) = ey is an approximate identity for A.

O
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11.16. Proposition. Let A be a C*-algebra and 0 < ¢ € A*. Then for all
a,beA,
p(b*a”ab) < a”allp(b7b).

Proof. We claim that b*a*ab < |a*a|b*b, from which the above equation clearly
follows. For the sake of convenience, we shall work in A..
We know that a*a < [a*alley in A, and thus

“a*ab < b*(|a*alea)b = ||a*a]b"b.
Since ¢ is positive, it preserves order, and we are done.
O

11.17. Theorem. Let A be a unital C*-algebra. Then the state space S(A) is
a weak*-compact, convexr subset of the unit ball A} of A*.
Proof. Clearly S(A) ¢ Aj. Since A] is weak™-compact by the Banach-Alaoglu
Theorem, it suffices to show that S(A) is weak*-closed.

Suppose {@x}rea is a net in S(A) converging in the weak*-topology to ¢ € A*.
Again, the weak*-compactness of A} implies that |¢|| < 1. Moreover,

p(1) =limpy(1) = 1,

and so by Corollary 11.15, ¢ € S(A). Thus S(A) is weak*-closed, as required.
If 1,020 € S(A) and 0 <t < 1, then clearly ¢ = tp) + (1 —t)ps is positive, and
©(1) = 1. Since |¢| < t|e1] + (1 =t)|p2] =1, p € S(A), which is therefore convex.

O

11.18. Our next goal is to prove that if A and B are C*-algebras with A ¢ B,
then every state on A can be extended to a state on B. Before doing that, let us
observe that the restriction of a state on B is not necessarily a state on A, although
it is still clearly a positive linear functional.

For example, let ¢ denote the C*-subalgebra of ¢*°(N) consisting of convergent
sequences. Then ¢ = {(an)pey € ¢:limy e ay = 0} is a non-unital C*-subalgebra of
c. Consider the states $1 and B2 on ¢, where

Bi(an) = lim a, and fFa(ay) = ay.

Then 3 = %(ﬁl + (2) is again a state on ¢, by Theorem 11.17. The restriction of
to ¢g is %52, which is not a state on cy.

11.19. Theorem. Let A and B be C*-algebras with A € B. Suppose ¢ € S(A).
Then there ezists € S(B) whose restriction to A coincides with .
Proof. Consider first the case where B = A, the unitization of A.

Here we have no choice as to the definition of § since § € S(B) implies B(ep) = 1.
In other words, we must have f(a + aep) = ¢p(a) + . It remains only to verify that
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this (3 is in fact a state, which reduces to verifying that ||5]| = 1. Let (uy)aea be an
approximate unit for A. Now

|B(a+ aep)|

[p(a) +af
= lim|p(auy) +ap(u)]

= lim|p(auy +auy)l

IN

liminf o] o +aes| Jus|

IN

la+ aeg|.

It follows that |3 < 1. Since 8 is an extension of ¢, it has norm at least 1, i.e.

B eS(B).

Consider next the case where B is any unital C*-algebra containing A. Then we
can assume, using the above paragraph, that A is unital as well. If p € S(A) and S is
any extension of ¢ to B given us by the Hahn-Banach Theorem (with ||3] = |¢| = 1),

then 5] =1=¢(ep) = 5(ep), and so B € S(B).

Finally, suppose B is not unital. First we extend ¢ to a state ¢ on A, by the
first paragraph. From the second paragraph, ¢ extends to a state 3 on B. Let B be
the restriction of 3 to B. Clearly 3 is positive, and 1 = |3 > | 3] > ||¢| = 1, since 3
is an extension of ¢. Thus § € S(B).

O

11.20. Corollary. Suppose that A and B are C*-algebras and that A €B. Then
every positive linear functional on A extends to a positive linear functional on B with
the same norm.

Proof. If 0 < ¢ is a positive linear functional on A, then « = ¢/|¢| is a state on A,
which extends to a state 8 on B by Theorem 11.19 above. Hence |¢| § extends ¢.

O

11.21. Proposition. If A is an ideal of a C*-algebra B, then any positive linear

functional ¢ on A extends in a unique way to a positive linear functional 8 on B
with | 8] =[]
Proof. Suppose A € B is an ideal. From Corollary 11.20, given 0 < ¢ € A*, we can
find 0 <1 € B* so that |1 = |¢| and v1]|a = ¢. Let 72 be any positive extension of
¢ to B with |y2] = |¢]. Let (uy)x be an approximate identity for A.

Then limy y2(1 - uy) = 0. Moreover, (1 —uy)? < (1 -uy), and so

lim (1 - ux)*) = 0.
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For all b e B,
h2(b) =72 (uAb) = 2 (1 = ur)b)
<7a((1=u)®) 72(b°b)
by the Cauchy-Schwarz inequality. It follows that limy |y2(b) — y2(uxb)| = 0, so that
v2(b) = limy 2 (upb).
Since A is an ideal, we have u)b € A, and hence v2(b) = limy ¢(uxb). In particular,

the values of v on B are completely determined by the values of ¢ on A, and so ~;
is unique.

O

11.22. Proposition. Let A be a C*-algebra and 0 # n € A be normal.

(a) If 7 € S(A), then T(n) € co(a(n)), the closed convexr hull of the spectrum
of n.
(b) There exists T € S(A) such that |T(n)| = |n|.
Proof.

(a) First recall that the closed convex hull of a compact subset subset Q2 ¢ C is
the intersection of all closed disks which contain (2.

Suppose that 7 € S(A) and that 7(n) ¢ c6(o(n)). Then there exists
z0 € C and r > 0 so that o(n) € D(zp,7) := {\ € C: |20 - A\| <7}, but
|T(n) — zo| > r. Let 7 denote the positive extension of 7 to A., with ||7| =
|7| = 1. Let e denote the identity in A.. Now n — zpe is normal and
o(n-zpe) =o(n) -z € D(0,r), so that

[n - z0e|| = spr(n — 20€) <7,
while |7(n — zpe)| = |[7(n) — 20| > 7 < |n — 20€]|, implying that the extension
7 has norm greater than one, a contradiction since |7| = || = 1.
(b) We may assume that n # 0. Now Cj(n) ~* Co(a(n)\{0}). Let XA € o(n)\{0}
such that [A| = spr(n) = [n|. Let 7 € X¢s(,) be the corresponding multi-
plicative linear functional, so that

7(m) = [[(m)](A), meCy(n).
Then 7 € S(A) and
()] = [T(n) 1M = [n]-

The GNS Construction.

11.23. We have defined a C*-algebra as an involutive Banach algebra A which
satisfies the C*-equation |a*a| = |a|? for all @ € A. We have seen that every
norm-closed, self-adjoint subalgebra of B(#H) is a C*-algebra. For a period of time,
the former were referred to as “B*-algebras”, while the latter were referred to as
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“concrete B*-algebras”, or “C*-algebras”. In this section we prove that every C*-
algebra of operators is isometrically #*-isomorphic to a C*-algebra of operators on
a Hilbert space, a result known as the Gelfand-Naimark-Segal Construction.
This reconciled the two notions, and the name C*-algebra won out.

11.24. Definition. A *-representation of a C*-algebra A is a pair (H, o)
where

0: A~ B(H)

is a *-homomorphism. The representation is said to be faithful if o is injective.

A cyclic vector for the representation is a vector v € H for which o(A)v =
{o(a)v :a € A} is dense in H. The representation (H, o) is said to be cyclic if it
admits a cyclic vector v, in which case we shall often write (H,o0,v) to emphasize
the fact that v is cyclic for (H, o).

We note that it is common to refer to ¢ as the representation, and to apply
adjectives such as “faithful” or “cyclic” to p.

11.25. Example.

(a) Let A =C([0,1]), and H = L?([0,1],dz), where dx denotes Lebesgue mea-
sure on the interval [0,1]. Then (H, p) is a representation of A, where

o(f) =My, feC([0,1])

and Mg = fg, g € H. Since |My| = || f|l by Example 6.7, o is injective,
and hence (H, p) is faithful.

Consider the constant function v(z) = 1,z € [0,1] as an element of H.
(Strictly speaking, of course, v is an equivalence class of this function in
L?([0,1],dz).) For any a € A, o(a)v = a, and so o(A)v = C([0,1]), which is
dense in L?([0,1],dz). Thus v is cyclic for (#, o).

(b) Let H be a separable complex Hilbert space with orthonormal basis {ey, }p .
Let A = IC(H), and consider the representation

0: A - B(H®)
K » KokK.

Let v=e; @ey e HP). For each y,z € H, y® e} and z ® e} € K(H), being
rank one operators. Then

oy®er)(v) = y&0
o(z®e3)(v) 0oz

and so H?) = p(A)v, i.e. v is cyclic for (H?), o).

(c) Let A =C([0,1]) once again and let H = C. Then (C, p) is a representation,
where o(f) = f(1), f €C([0,1]). Note that (C, p) is not faithful, since, for
example, if g(x) =1-x, x €[0,1], then g # 0, but o(g) = g(1) =0.
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(d) With A as above, consider H = C? along with the representation
e: C([0,1]) = B(C?)
f = f(0)e f(0)e f(1).
We leave it as an exercise for the reader to verify that (H,e) is not
cyclic.

11.26. Let A be a C*-algebra. We now describe a process that allows us to
identify a certain quotient of A by a closed left ideal with a pre-Hilbert space.

Suppose 0 < ¢ € A*. Recall from paragraph 11.10 that we obtain a pseudo-inner

product on A via
[a,b] := p(b%a).

Let L = {m € A : [m,m] = 0}. It follows from the Cauchy-Schwarz Inequality
(Lemma 11.11) that m € L if and only if [m,b] = 0 for all b € A. In particular, if
mi,mg € L and XA € C, be A, then [Amq + ma,b] = A\[m1,b] + [me,b] =0+ 0, so that
L is easily seen to be a subspace of A. Moreover, by Paragraph 11.10 (iv), if m e L
and a € A, then [am,am] = [m,a*am] = 0 from above, and so am € L. Thus L is in
fact a left ideal of A.

It is routine to verify that A/LL is a pre-Hilbert space when equipped with the
inner product (a + L,b+ L) := [a,b] := p(b*a). Furthermore, we can define a left
module action of A upon A/L via

ao(x+L)=ar+L, aechx+LecAlL.

This map is well-defined because if x + L =y + L, then x —y € L. Since this latter is
a left ideal of A, ax —ay €L, and so ax + L = ay + L.

11.27. Theorem. [The Gelfand-Naimark-Segal Construction.] Let A be
a C*-algebra and 0 < ¢ € A*. Then there exists a cyclic representation (H,o,v) of

A where v is a cyclic vector satisfying |v| = ||<p||% and

(o(a)v,v) =p(a), acA.

Proof. Using the notation above, let H denote the completion of the pre-Hilbert
space A/L, where L = {m e A: o(m*m) =0}. For a,z € A,

oo (2 +L)|? = oz + L|?
=(ax +L,ax + L)
= [ax, ax]
=p(x"a"ax
<[a*al (")
= |a|? [z, ]

= Jlaf* = + LI,
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and so if we define
ow(a): AL - AJL
z+L —» ax+L

then |oo(a)| < |a| and therefore pp(a) extends to a bounded linear map o(a) on H.
It is now routine to verify that a — p(a) is a linear homomorphism of A into B(#H).
Also,

(o(a")z+L,y+L)=[a"x,y] = [z,ay] = (z + L, 0(a)y + L)
for all x,y,a € A, and so by the density of A/IL in H, we see that

(0(a*)€1,&) = (€1, 0(a)&s)  for all &,& € H.

Hence o(a*) = p(a)* for all a € A, which implies that (#, o) is a representation of A.

Let (uy)x be an approximate identity for A. Then (uy + 1), is a net of vectors
in the unit ball of . Furthermore, since (u)), is increasing, so is (¢(uy))x in [0, 1].
Given 0 < € < 1, choose Ag so that A > Ao implies that 0 < |¢| — ¢(uy) < /2. If
B> a2 )\, then

[ (ug +L) = (ua + L) [* = [(ug ~ ua), (us ~ ua)]
= ¢((ug -~ ua)?)

< 4,0(16,3 - uoc)
<|lel = ous)l + el - e(ua)l
<E.

Thus (uy + L)) is Cauchy in the complete space H, and therefore it converges to
some vector v in the unit ball of H. Also,

Jv]* = Tim[uy + L, uy + L] = lim g (u}) = ],

since (u3 )y is also an approximate identity for A.
For any a € A,

ola)v = li/I\n o(a)(uy+L)
=i L
1/I\nau>\ +
=a+1L.

Thus o(A)r = A/L = H, and therefore v is indeed a cyclic vector for (H, o).
Finally,

(o(a)v,v) =(a+L,v)

= h/{n(@ +L,uy+L)
= li)r\n[a,u,\]
= limp(uja)

= ¢(a)
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for all a € A, completing the proof.
0O

11.28. Let (Hy, 0x)x be a family of representations of a fixed C*-algebra A. Let
H = @)\H, denote the Hilbert space direct sum of the family (#H))», and for a € A,
define
o: A - B(H)
a = @xor(a).
Since each p) is a representation, [ox| < 1, and thus ||g|| < 1. It is now routine to
verify that (H, ) is a representation of A, call the direct sum of (H),0))) and
denoted by
(H,0) = @x(Hr, 00)-

Clearly |o(a)| =sup, ||ox(a)]|| for all a € A.

In particular, for each 7 € S(A), the state space of A, we have constructed a
cyclic representation (H,, or,v;) via the GNS Construction (Theorem 11.27).

11.29. Definition. The universal representation of a C*-algebra A is the
direct sum representation

(H,0) = &{(Hr, 0r,v7) : T€S(A)}.

11.30. Theorem. [Gelfand-Naimark.]  Let A be a C*-algebra. The uni-
versal representation (H, ) is a faithful representation of A, and hence A is isomet-
rically *-isomorphic to a C*-algebra of operators on H.

Proof. Let a € A. Then n = a*a > 0, and so by Proposition 11.21, there exists
a state 7 € S(A) with |7(n)| = |n|. Let (H,,0-,vr) be the corresponding cyclic
representation and observe that |v| = ”’7'”% =1.

Now [n| =[r(n)| = [(or(n)vr,vr)| < or(n)] < |n|, and so |n] = [or(n)].

It follows that

lo(a)]* = [e(a)*e(a)[ = [o(a*a)]
- o(n)] 2 s ()]

*

= [nl = la"a]

Thus |al| < |e(a)|. Since || <1, |o(a)] < |all, and thus o is isometric.
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Supplementary Examples

S11.1. Example. In progress.
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Appendix
A11.1. In progress.
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Exercises for Chapter 11

Question 1. In progress.



CHAPTER 12

von Neumann algebras

Health nuts are going to feel stupid someday, lying in hospitals, dying
of nothing.

Redd Foxx

Basic theory.

12.1. In this Chapter, we study a class of concrete C*-algebras which are closed
in a second, weaker topology than the norm topology. These are the so-called von
Neumann algebras. While various important and deep structure theorems for these
algebras (based upon the projections which can be found in the algebra) exist, we
shall restrict ourselves to that part of the theory necessary for us to prove the
celebrated Spectral Theorem for normal operators.

Before doing so, we remind the reader about how one constructs locally convex
space topologies (LCS topologies) on a vector space from a separating family of
seminorms. (Full details, including all proofs, may be found in [35].) But first we
recall that a function p:V — R is said to be a seminorm on the complex vector
space V if

e p(z) >0 for all z e V;

e p(Az) = |A|p(z) for all A e C, z €V; and

e p(x+y) <p(z)+p(y) for all z,yeV.
Thus the only thing distinguishing a norm from a seminorm is that if p is a norm
on V, then p(z) = 0 implies that = = 0, which we do not necessarily have in the case
of seminorms. Indeed, if we fix g € [0, 1], then the map

Pr: C([0,1],C) - R
f = |f(xo)]

is a prototypical example of a seminorm which is not a norm.

A family {py : A € A} of seminorms on V is said to be separating if for all
0 # x €V, there exists A € A such that py(z) # 0.

We mention in passing that the definition of a seminorm can be easily modified
to apply to real vector spaces.

211
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12.2. Let I" be a family of seminorms on a vector space V. For F c I' finite,
xe) and ¢ >0, set

N(z,Fie)={yeV:p(z-y)<epel}

Permitting ourselves a slight abuse of notation, we shall write N (z,p,¢) in the case
where F' = {p}.

12.3. Theorem. IfT' is a separating family of seminorms on a vector space V,
then

B={N(x,F,e):xeV,e>0,FcT finite}

is a base for a locally convex topology T on V. Moreover, each p € I is T -continuous.

12.4. The above result says that a separating family of seminorms on a vector
space V gives rise to a locally convex topology on V. The next result shows that all
locally convex spaces arise in this manner.

12.5. Theorem. Suppose that (V,Ty) is a LCS. Then there exists a separating
family T' of seminorms on V which generate the topology Ty .

12.6. Proposition. Let V be a vector space and I' be a separating family of
seminorms on V. Let T denote the locally convex topology on V generated by T'.
A net (zx)x inV converges to a point x €V if and only if

li;\np(:v —x))=0 forallpeT.

Proof.

e Suppose first that (z)) converges to = in the T-topology. Given p € I and
e > 0, the set N(xz,p,e) €T and so there exists Ay so that A > )¢ implies
that z) € N(z,p,e). That is, A > Ao implies that p(z — x)) < e. Thus
limy p(x —xy) = 0.

Alternatively, one may argue as follows: suppose that (z)), converges
to x in the T-topology. Given p € I', we know that p is continuous in the
T-topology by Theorem 12.3. Since limy x —x) = 0,

limp(z -25) =p(lim (z - z3)) =p(0) = 0.

e Conversely, suppose that limyp(xz —x)) = 0 for all p e . Let U € U,
is the T-topology. Then there exist pi,p2,...,pm € I' and € > 0 so that
N(z,{p1,p2,.sPm},€) € U. For each 1 < j <m, choose \; so that X\ > \;
implies that p;(zy — ) < e. Choose A\g > A1, A2, ...; Am. If A > Ag, then
pj(zyx—x) <e for all 1 <j <m so that x € N(x,{p1,p2,....,Pm},€) € U.
Hence limy z) =z in (V,T).

O
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12.7. Example. Let H = (*(N) and recall that H is a Hilbert space when
equipped with the inner product ((zn), (yn)) = >pe1 Tnn-

Recall also that B(H) is a normed linear space with the operator norm ||T'|| :=
sup{| Tz : 2 € H, 2] < 1},

From above, we see that the norm topology on B(?) admits as a nbhd base at
T € B(H) the collection

{N(T, |- l,) :e >0} ={Va(T) : £ > 0},

and that this is the locally convex topology generated by the separating family
I'={|-||} of (semi)norms.

Convergence of a net of operators (7)) to T € B(H) in the norm topology (i.e.
limy [T — T'|| = 0) should be thought of as uniform convergence on the closed unit
ball of H.

This is certainly not the only interesting topology one can impose upon B(H).
Let us first consider the topology of “pointwise convergence”.

THE STRONG OPERATOR TOPOLOGY (SOT).
For each x € H, consider

pet BOL) - R
T - |Ta.

Then

(i) p=(T) >0 for all T € B(H);
(ii) po(AT) = |ATz| = [A] |T] = |A] po(T) for all A e K;

(ili) pe(Th +T2) = [Thx + Tox| < |Tra| + [Tox] = p2(T1) + pa(T2),
so that p, is a seminorm on B(#) for each x € H.

In general, p, is not a norm because we can always find T' € B(H) so that 0 # T
but p(T) = 0. Indeed, let y € H with 0 # y and y L . Define T;, : H - H via
T,(2) = (z,y)y. Then |T,(2)| < |z| |y|* by the Cauchy-Schwarz Inequality and
in particular T, (y) = |ly|?y # 0, but T,(x) = (x,y)y = Oy = 0. Thus 0 # T, but
px(Ty) =0.

On the other hand, if 0 # T' € B(#), then there exists x € H so that Tz # 0. Thus
p(T) = |Tz| # 0, proving that I'sor = {p, : ¥ € H} separates the points of B(H).

The locally convex topology on B(#H) generated by I'sor is called the strong
operator topology and is denoted by SOT.

By Proposition 12.6 above, we see that a net (7)), € B(#) converges to T € B(H)
in the SOT if and only if

li/I\Ilpm(T)\ -T) = li)r\n |[The-Tz| =0 forall zeH.
Thus the SOT is the topology of pointwise convergence. That is, it is the weakest

topology that makes all of the evaluation maps T — Tx, x € H continuous.
A nbhd base for the SOT at the point T' € B(H) is given by the collection

{N(T,{z1,22,...,xm},e) :m>1,2; e H,1<j<m,e>0}
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where, for m>1, F:={xzjeH:1<j<m} and € >0, we have

N(T,F,e) = {ReB(H): |Rx; - Txj| <e, 1<j <m}.

THE WEAK OPERATOR TOPOLOGY (WOT).
Next, for each pair (z,y) € H x H, consider the map

Qoy: B(H) - R
T = [(Tz,y)l

Again, it is routine to verify that each ¢, is a seminorm but not a norm on B(H).
The locally convex topology on B(H) generated by I'wor = {qey : (z,y) €e HxH}
is called the weak operator topology on B(#) and is denoted by WOT.
A net (T))y € B(H) converges to T € B(H) in the WOT if and only if

h}\TlK(T/\ - T)$7y>| = 11§\D|<T)\$,y) - (Tl‘,y>| =0

for all z,y € H. In other words, the WOT is the weakest topology that makes all of
the functions T' — (T'z,y), x,y € H continuous.
A nbhd base for the WOT at the point T' € B(H) is given by the collection

{N(T,{z1,22, ..., Tm, Y1, Y2, s Ym },€) im > 1,xj,y; e H,1 < j<m,e >0},
where, for m > 1, F:== {(z;,y;) e HxH: 1<j<m} and € >0, we have

N(T,F,e)={ReB(H):|(Rx; -Txj,y;)| <e, 1<j< m}.

12.8. Example. Let # = C" for some n > 1. Since a finite-dimensional (real
or) complex vector space admits at most one topology making it into a topological
vector space (see [35]), the WOT, SOT and norm topologies on B(H) all coincide.

12.9. Example. Let H be a separable Hilbert space with orthonormal basis
{en}r2,. Let P, denote the orthogonal projection onto the span of {e1,ea,....,en},
n > 1. Then the sequence {P,} 2, converges to the identity in the SOT.

. o 0o 1

Indeed, if z € H, say = = ¥, mgey, then [|z-Poz| = | 52,1 zrer] = (X201 17x]?) 2
and this tends to 0 as n tends to infinity.

12.10. Remark. In infinite-dimensional Hilbert spaces, the SOT, WOT and
norm topologies are all distinct. For example, if H is separable and infinite di-
mensional with orthonormal basis {e,} >, and if F,, = e; ® e;;, then it is easy to
verify that SOT-lim,, F,, = 0 but ||F,|| =1 for all n > 1, while if G,, = e, ® e}, then
WOT-lim,, Gy, =0, while |Gpe1| =1 for all n > 1, so that SOT-lim,, G,, # 0.

These examples can easily be adapted to non-separable spaces.
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12.11. Proposition. Let H be a Hilbert space and let A, B € B(H) be fized.
Then each of the functions

o: B(H)xB(H) - B(H)

(3) (X,Y) ~» X+Y '
(i) p: CxB(H) - B(H)
(z,X) » 2zX 7
X ~ AX 7
(iV) PB: B(H) - B(%) .
X ~ XB '’
) a: B(H) - B(H)
T - T -

s continuous in the WO'T. The first four are also SOT-continuous, while the ad-
joint operation a is not SOT continuous.

Proof. That ¢ and p are both WOT- and SOT-continuous is clear, since they are
LCS, and thus topological vector space topologies. The remaining items are left as
an exercise for the reader.

O

12.12. Definition. Let H be a Hilbert space. Then a von Neumann algebra
(also called a W*-algebra) M is a C*-subalgebra of B(H) which is closed in the
WOT.

We remark that some authors require that the algebra 91 contain the identity
operator. As we shall see, every von Neumann algebra contains a maximal projection
which serves as an identity for the algebra as a ring. By restricting our attention to
the range of that projection, we can then assume that the identity operator lies in
M.

12.13. Example. If A is a Hilbert space, then B(H) is a von Neumann algebra.

12.14. Proposition. Let H be a Hilbert space and A c B(H) be a self-adjoint

—WOT . . . .
subalgebra. Then A is a von Neumann algebra. If A is abelian, then so is
—WOT

A

Proof. Suppose that (Aq)qen and (Bg)ger are nets in A with WOT-lim, 4, = A
and WOT-limg Bg = B. Now A xI'is a directed set with the lexicographic order, so
that (a1, 81) < (ag,B2) if a1 < g, or ag = ag and By < By. If we set Aa,ﬁ = Aa, B.g=
Bg for all a, 3, then lim, g Ay g = A and lim, g B, g = B. By Proposition 12.11, for

all € C, zA+ B =WOT - limg 4 240 5+ Bage A .
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Next, for each B eI', ABg = WOT-lim,, AaBg./TlWOT, and thus
WOT-lim AB = AB ¢ AVt

—WOT . .. L . .
Thus A is an algebra. Since the adjoint operation is continuous in the WOT,
. —WOT
and since A is self-adjoint, A, »woT A implies A}, »wor A", and so A" € A )
—WOT .
Hence A is a von Neumann algebra.
Suppose A is abelian. For all S eI and x,y € H,

(ABgz,y) =WOT -lim,(A.Bgz,y)
= WOT - lim,(BgAqz,y)
= WOT - lima(Aaz, Bjy)
= (Az, Bay) = (BgAz,y).
Thus ABg = Bg A for all 3 e€I'. The same argument then shows that AB = BA, and
—WOT . .
so A is abelian.

O
12.15. Definition. If C < B(H) is any collection of operators, then
C'={TeB(H):TC=CT for all C €C}
is called the commutant of C.
12.16. Proposition. Let H be a Hilbert space. Then K(H)' = CI.
Proof. Exercise.
O

12.17. Proposition. Let H be a Hilbert space and C € B(H) be a self-adjoint
collection of operators. Then the commutant C' of C is a von Neumann algebra.
Proof. Suppose A,Be(C’, ze€C and C €C. Then (zA+ B)C = 2zAC + BC = 2CA +
CB = C(zA+ B) and (AB)C = A(BC) = A(CB) = (AC)B = (CA)B = C(AB),
so that C’ is an algebra. Also, C self-adjoint implies that AC* = C*A and hence
CA* = A*C for all C €C. Thus C’ is self-adjoint.

Finally, if A, €C’, a € A and WOT - lim, A, = A, then for all z,y € H,

(ACx,y) = lién(CAax,y)
= lién(Aa:c, C™y)
= (Az,C"y)
= (CAz,y),
so that A € C" and therefore C' is WOT-closed, which completes the proof.
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12.18. Definition. A masa M in a C*-algebra A is a mazimal abelian self-
adjoint subalgebra. That is, M is a self-adjoint abelian subalgebra of A, and is not
properly contained in any abelian self-adjoint subalgebra of A.

12.19. Example. Let A = M, (C) for somen > 1. Then D,, = {diag(di,da, ...,dy) :
dr € C, 1<k <n} is a masa in A. We leave the verification as an exercise, although
this example will be covered by Proposition 77 below.

12.20. Proposition. Let H be a Hilbert space and M € B(H) be a self-adjoint
algebra of operators. The following are equivalent:

(a) =,
(b) M is a masa.

In particular, every masa in B(H) is a von Neumann algebra.

Proof.

(a) implies (b): Since 9 = M, M is abelian. Suppose M < N, where N is
abelian and self-adjoint. Then 91 < 9, and so 91 € M. Thus M is a masa.
(b) implies (a): Suppose that 9t is a masa. Let T' e MM, T = H +iK, where
H=(T+T")/2and K = (T -T%)/2i. If M € 9, then M* € M, so that
TM* = M*T and thus T*M = MT* and T* ¢ M. But then H, K ¢ M.
Now if 91 is the WOT-closed algebra generated by 9t and H, then I
is abelian and so 91 = 9 by maximality. Thus H € 9. Similarly, K € 9
and therefore T' € 9. That is, 9’ € M. Since M is abelian, M ¢ N, from
which equality follows.

O

Recall that a measure space (X, i) is called a probability space if y is a positive
regular Borel measure on X for which ;(X) = 1. Recall that the map f — M; is
an isometric embedding of L*°(X,u) into B(L*(X,p)). Let us use M*(X, i) to
denote the image of L*°(X, ) under this embedding.

12.21. Proposition. Let (X, p) be a probability space. Then M*(X,u) is a
masa in B(L*(X,u)), and as such is a von Neumann algebra.
Proof. Since M* (X, 1) is self-adjoint, by Proposition 12.20, it suffices to show that
M= (X, p) = M= (X, pn)". Observe that M* (X, u) is abelian, and so M* (X, u) ¢
M=(X, pn)'.

Suppose T € B(H) satisties TM; = M;T for all f e L®(X,p). Let e € L*(X,p)
denote the constant function e(x) = la.e., and set g = Te.

Then T'f = TMpe = MsTe = fg for all f e L>(X,u). If we can show that
g € L=(X, u), then it will follow from the continuity of 7" and the fact that L (X, u)
is dense in L*(X, ) that T = M,.
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Let E={zeX :|g(z)|>|T| +1}, and let f=xp e L(X,u). Then

2

d
fXIfgl 1

2

d
fElfg! I
T|? f 2d
|| Elfl I
IT1% 1 £13,

and so |f]3 = 0, implying that f = 0 a.e.. Thus |g(x)| < |T| +1 a.e., and hence g ¢
L (X, p). From the argument above, T' = M, e M* (X, i), and hence M* (X, n)" ¢
M= (X, ).

|7 f|?

\

O

12.22. Lemma. Suppose A c B(H) is a self-adjoint algebra and x € H. Let P
denote the orthogonal projection onto [Ax], the closure of Ax in H. Then Pe A’
Proof. We prove that [Az] is reducing for each element A of A. Indeed, if z € [Azx],
then z = lim,, A,z for some sequence {A,}, in A. But then Az =lim, AA,x € [Azx],
and A*z = lim, A* A,z € [Az], so that [Az] is reducing for A by Proposition ?7.

Thus AP = PAP and A*P = PA*P, from which PA = AP, and P € A, as

claimed.

O

12.23. Definition. Let H be a Hilbert space and C ¢ B(H). The kernel of C
is the set

kerC={zeH:Cx =0 for all C €C}.

12.24. Example.

(a) We leave it as an exercise for the reader to verify that ker (#H) = {0}.
(b) If T'e B(H), and C is the algebra generated by T, then kerC = ker T

12.25. Lemma. Let ACB(H). Set A = {AoA®..@A: Ac A} c B(H™).
Then (A™)'={Be@B@®..eB:BecA"}.
Proof. Exercise.
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12.26. Theorem. [The von Neumann Double Commutant Theorem.]

Let A ¢ B(H) be a self-adjoint algebra of operators and suppose that ker A = {0}.

—WOT —SOT . . .
Then A =A = A". In particular, if A is a von Neumann algebra, then

A=A".

Remark: Before proving the result, let us pause to observe what a truly remarkable
Theorem this is. Indeed, the conclusion of this Theorem allows us to identify a
topological concept, namely the closure of a given algebra in a certain topology,
with a purely algebraic concept, the second commutant of the algebra. It is difficult
to overstate the usefulness of this Theorem.

Proof. Observe that A ¢ A" and that this latter is a von Neumann algebra by

. —WOT . .
Proposition 12.17. Thus A c A”. Since the strong operator topology is stronger

than the weak operator topology,
AT A e q,
It therefore suffices to prove that if B € A”, then B € ZSOT. This amounts to proving
that if € > 0 and =1, 9, ...,z € H, then there exists A € A so that |(A - B)xg| <¢,
1<k<n.
Let € > 0.

(1) Case One: n =1 Let z € H. Then by Lemma 12.22, if P is the orthogonal
projection onto [Az], P € A’. Moreover, x € ran P, for if C' € A, then
C(I-P)x=(I-P)Cx =0, and hence (I - P)x € ker A ={0}. Since P e A’,
we have PB = BP, and so Bx = BPx = PBx € ran P. That is, there exists
A€ Asothat |Br— Az| <e.

(2) Case Two: n> 1 Let x1,x9,...,2, € Hand set z =21 ®x2®--®xy, € H, By
Lemma 12.25, A" is a self-adjoint algebra of operators and it is routine
to check that ker A = {0}. By Case One above, we can find Ay € (A™)”
so that

|(Ao - B™)z| <.

Since (AM)" = (A" Ay = A™ for some A € A, and so we have
(Xh 1A= B)ka2)% < €, which in turn implies that |(A - B)xy| < e for
all 1 <k <n.

]

12.27. Proposition. Let H be a Hilbert space and suppose o : B(H) - C is a
linear map. The following are equivalent:
(a) ¢ is SOT-continuous;
(b) ¢ is WOT-continuous;
(c) there exist {xp}i_i, {ur}ioy € H so that o(T) = Xy _1(Txy,yi) for all T €
B(H).
Proof.
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(c) implies (b): this is clear from the definition of the WOT.
(b) implies (a): this follows from the fact that the WOT is weaker than the

SOT.
(a) implies (c): Let € > 0. From the definition of a basic neighbourhood in the

SOT, we can find vectors x1, g, ..., x, € H such that (X7 ; |Tzr -0z ||2)% <
U: B(H) - H)

T v (Tx1,Txo,....,Txy,).
Then V is linear and so R =ran7 is a linear manifold. Consider
BR: R - C
(Tx1,Txo,....;Txy) ~ ©(T).

Then from above it follows that Sg is well-defined, is continuous, and in fact

|Br| < 1/e. By the Hahn-Banach Theorem, Sr extends to a continuous lin-

ear functional 3 € (’H(”))* ~ H(), By the Riesz Representation Theorem,

B(Z) = (Zx,y) for some y € H™ | say y = (y1, Y2, ..., yn ). In particular,
o(T) = B(Tx1, Tz, ....,Txy)

= <(T.’I,'1,T{L‘2, ...,T[En), (y17y27 7yn))

= Z <T‘Tk7 yk)
k=1

¢ implies |p(T)-¢(0)| < 1. Consider

for all T e B(H).
O

12.28. Remark. Suppose H is a separable, complex Hilbert space, T' € B(H)
and F € F(H) is a finite rank operator. Let {e,}o be an orthonormal basis for #.
It can be shown that we can then define tr(TF) = Y; koo, where [T'F] = [ko g] with
respect to the given basis. If F'= ") yo, ® 77, then

n
tr(TF) = > (T%a;, Ya,)-
i=1
Thus the WOT-continuous (or SOT-continuous) linear functionals are those in-
duced by ¢p, F e F(H), where o (T) = tr(TF).

12.29. Corollary. The spaces (B(H), WOT) and (B(H), WOT) have the
same closed, convex sets.
Proof. By the Krein-Milman Theorem, the SOT-closed convex subsets are com-
pletely determined by the SOT-closed half-spaces which contain them. These in
turn are determined by the SOT-continuous linear functionals on B(H). Since the
SOT- and WOT-continuous linear functionals on B(H) coincide, every SOT-closed
convex set is also WOT-closed.

Conversely, any WOT-closed set is automatically SOT-closed, and in particular,
this applies to convex sets.

O
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12.30. Proposition. Let M ¢ B(H) be a von Neumann algebra. Then the unit
ball My of M is WOT-compact.
Proof. First note that My is WOT-closed, since (T, ) € M; and T, - T in the

WOT implies that T € MWOT and

(T, y)| = lim [(Toz, y)| < sup [Ta 2] [y]
(03

for all x,y € H. The remainder of the proof is similar to that of the Banach-Alaoglu
Theorem.

For each x,y € H, consider I, = [—|z| |y, |z y]]. Let B = I ye Iz, and
suppose that B carries the product topology so that B is compact (since each I,
clearly is). Now the map

j: M1 - B
T - Hx,yé?‘[(Txay)

is clearly an injective map from M into B. We claim that j is a homeomorphism
of (M1, WOT) with its range.

Indeed, T,, >wor T if and only if (T,x,y) - (Tx,y) for each z,y € H if and only
if j(T,) = j(T) in the product topology on B.

Moreover, j(Mj) is closed in B. To see this, suppose (j(Ta))a € j(My). If
J(To) = (Za,y)zyen, then for each yo € H,

Py, (x):= Zz,y0

defines a continuous linear functional on H. By the Riesz Representation Theorem,
there exists a vector T*yp € H so that ¢y, (z) = (z, T yo). It is not difficult to verify
that the function yg = T™yq is linear. Moreover, |z, ,| < ||z|| |y| for all z,y € H and
hence

IT"yoll = sup [(z,T"yo)l

I
w0
=

T

N

8
<
=

IN

[z 1 lwoll = lvol-

Hence |T'| = |T"| < 1.

Clearly (Thx,y) = 224 = (x,T*y) = (Tx,y) for all z,y € H, and so0 (24,4 )zyer =
Iy =y y(T2,y) = j(T') € ranj. Thus ranj is closed in the compact set B and
hence ranj is compact. But then (Mj, WOT) is also compact, which is what we
were trying to prove.

O

12.31. Proposition. Let (Pg)ger be an increasing net of positive elements in
the unit ball My of a unital von Neumann algebra M. Then P = SOT - limg Pg
exists, Pe My and 0< P<1I.



222 12. VON NEUMANN ALGEBRAS

Proof. Fix x € H. Then (Pgx,x)g is an increasing net of positive real numbers in
[0,1] and hence m, = limg(Psx, x) exists. Let € >0 and choose 3y such that 5>
implies |m, — (Pgx,x)| <e.

Since (Pg)gs is increasing, if § > a, then Pg - P, > 0, and so (Ps — Pa)% e M.
Moreover, 0 < P, < Pg < I implies P3 — P, <I-0=1, and hence (Pg - Pa)% <I.If
B> a> Py, then

1 1
|(Ps = Pa)z|* < [[(Ps = Pa)?|? [(Ps— Pa)2|?
1 1
= |Ps-Fal ((Ps - Pa)2z,(Ps - Pa)?x)
< ((Pg—Po)z,x)<e.

Hence (Pgz)g is Cauchy. Since H is complete, Pz := limg Pgx exists for all
x € H. It is not hard to check that P is linear, and (Px,z) = limg(Pgz,x) > 0, so
that P > 0. Since P3 — P in the SOT, we also have P3 — P in the WO'T. Since the
unit ball M; of M is WOT-compact from above, and since Pg € M for all 3, we get
Pe Ml.

O

Kaplansky’s Density Theorem.

12.32. In order to prove our next approximation theorem, we shall require a
few auxiliary results. The first of these addresses a special case of continuity of joint
multiplication in B(H) relative to the SOT. The reader should compare the next
Proposition with Proposition 12.11 above.

12.33. Proposition. Let Q < B(H) be a non-empty, bounded set. The map
p: QxQ - B(H)
(X,Y) » XY

is SOT -continuous.
Proof. Let ||Q]c :=sup{||T] : T" € Q}. (We assume below that Q # {0}, otherwise
the proof is obvious.)

Let (X),Y))xa be a net in  x Q converging to (X,Y) € B(H) x B(H) in the
product SOT-topology; i.e. SOT —limy Xy = X and SOT -1lim, Y, =Y. Let zeH
and € > 0. Then

HXYZ - X)\Y)\ZH < ”XYZ - X)\YZH + HX)\YZ - X)\Y)\ZH
<IXYz- XYz + | Xa] Yz -Yaz].
Choose Ag € A such that A > Ay implies that
o [X(V2) - X\(¥2)] < 5: and
o [Yz-Yyz| <

e
212
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From this it readily follows that A > \g implies that
‘.
2190

13
XY 2= X3 Voel < S + 9.

By definition, SOT —limy X, Y, = XY.

12.34. Remark. The corresponding statement for the WO'T is false. Let
{en}>; be an orthonormal basis for a Hilbert space H, and let X,, = e; ® e},
Y, = e, ® €] be rank-one partial isometries in B(#). Notice, in particular, that
[ Xn| =1=|Y,| for all n > 1.

We leave it to the reader to verify that WOT - lim,, X,, =0 = WOT -lim,, Y,,.
On the other hand,

WOT -1lim X,,Y;, = WOT - lime; ® ] =e1 ® e] # 0.
n n

Recall that the involution map ¢ : B(H) — B(#) defined by «(T") = T* is not
SOT-continuous. Our next result says tht if we restrict its domain to the set of
normal operators in B(H), then the restricted map 4s continuous. Let us write
NOR(#H) to denote the set of normal operators in B(?). Recall that if N e NOR(#)
and x € H, then |Nz| = |[N*z|. Also, it is clear that if (7)), is any net converging
strongly to T' € B(H), then limy |Thz| = |Tz|.

12.35. Lemma. The involution map 1° : NOR(H) - NOR(H) defined by .°(N) =
N* is SOT-continuous.
Proof. Let (Ny), be a net of normal operators converging in the SOT to a normal
operator N, and let x € H. Then

INyz - N*z|* = (Niz - Nz, NSz - Nyz)
= |Njz|? + [N*z|? - 2Re(Njz, N*z)
= |Njz|? + |[N*z|? - 2Re(N*z, N*x) — 2Re((N§ - N*)z, N*z)
= |NYz|? - |N*z|? - 2Re(z, (Nx - N)N"z)
< |Naz|? - |Nz|? - 2] [(Nx=-N)(N*z)|

Since limy | Nyz| = | Nz||, and since limy |[(Nx - N)(N*z)| =0, we see that
liin [Nz - N*z| =0,

implying that (N} ) converges in the SOT-topology to N*, and therefore that .° is
SOT-continuous.

O
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12.36. Proposition. Let Q ¢ NOR(H) be a non-empty bounded set, and let
p(z,y) be a polynomial in two commuting variables x and y. The map
P Q- B(H)
T ~ p(T,T7)
18 SOT -continuous on ().
Proof. We leave this as an Assignment Exercise.
O

Our next Proposition asserts that every continuous function on f : C - C is
SOT-continuous as a function from a bounded set Q@ of normal operators in B(H)
into NOR(H).

12.37. Proposition. Let f : C - C be a continuous function, and let 2 <
NOR(H) be a bounded set of normal operators. The map

f: Q » NORrR(H)
N = f(N)

is SOT-continuous.
Proof. Once again, we assume that Q # {0}, for otherwise the result is trivial. Let
us define |Q|o = sup{| M| : M € Q}. Fix M € Q; we shall prove SOT-continuity of
f at M().

Let € H and £ > 0. Since the disc of radius |« in C centred at the origin

is compact, we may apply the Stone-Weierstrafl Theorem to produce a polynomial
3

p(z,%Z) which approximates f to within ¢ := T O that disc; that is,

sup{|f(z) —p(z,2)| : [z < [Q o } < 6.
Observe that if M € €2, then the fact that the Gelfand Transform is isometric, coupled
with the fact that o(M) c B(0, |Q]) :={2€C:|2]| < ||} implies that
| f(M) = p(M, M")| = sup{|f(2) - p(2,Z)[ : 2 € 5(M) } < 6.
Let (Mjy)xea be a net in © converging in the SOT to M. Then
I f(Mx)z = f(Mo)z| < | f(Mx)z - p(Mr, My)z|
+ [p(M, My)a - p(Mo, Mg )|
+ |p(Mo, Mg )z — f(Mo)z|
<FMA) = p(My, M) ||
+ [p(Mx, My)a - p(Mo, Mg )|
+ lp(Mo, M) = f(Mo) | ||
<6 @] + [p(Mx, M)z - p(Mo, My)x| + 6 ||

€ . . €
< 3t lp(My, My )z — p(Mo, My )x|| + 3
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By Proposition 12.36, there exists Ag € A such that A > A\g implies that
€
Ip(My, My)z = p(Mo, M)z < 3

Then A > \g clearly implies that

| f(My)x = f(Mo)x| <e,
proving that f(M)) converges in the SOT to f(Mj). That is, f is SOT-continuous
on 2.
O

Our immediate goal is to prove Kaplansky’s Density Theorem, which states that
if I € AcB(H) is a self-adjoint algebra, then every self-adjoint operator of norm
one in the SOT-closure of A is a limit of a net of self-adjoint operators in the

unit ball of A. This is far from obvious. If T € A C ", then any SOT-nbhd of T
contains an infinite-dimensional subspace of A, and as a result, it contains operators
of arbitrarily large norm. The above proposition and its proof required the set €2
above to be bounded. We need a way to get around this. Our proof of Kaplansky’s
Density Theorem below is modelled after that appearing in [31].

12.38. Definition. Let H € B(H) be a self-adjoint operator. The Cayley
Transform of H is the operator

Up = (H —il)(H +iI)™' = (H +iI)" (H - iI).

12.39. Remarks.

(a) First note that H = H* implies that o(H) ¢ R, and thus H +4I is indeed
invertible. Also, a routine calculation shows that Uy is unitary. Indeed,

Uy =(H+i) ™) (H-il)* = (H-iI) "(H +4l) = Ug".

Tr—1

(b) Consider the continuous function v : R — T \ {1} defined by ~v(z) =
It is not hard to verify that - is bijective with continuous inverse
_ —-i(z+1
OB
z-1
By the continuous functional calculus (i.e. the Gelfand Transform for
normal operators), we see that Uy =v(H ), and thus

H=id(H) =y oy(H) =7 (Un).

Tr+1

A moment’s thought should convince the reader that if V' e B(#) is any
unitary operator with 1 ¢ o(V), then K :=~y71(V) is a self-adjoint operator
for which v(K) =Ug =V.
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(c) If z € R, then |z +i| = Va2 +1 > 1, and thus |z +4|™! < 1. Combining this
with the functional calculus and the Spectral Mapping Theorem, we see
that if H = H* € B(H), then (H +iI)~! is a normal operator with spectral
radius at most 1, and thus |(H +41)7| < 1. This will be used in the Lemma
below.

12.40. Lemma. LetU(H) :={U € B(H): U is unitary}. The Cayley transform
map
v B(H)™ - U(H)
H -~ Uy
is continuous in the SOT-topology.
Proof. Let Hy = Hj € B(H), and let (H))xen be a net of hermitian operators
tending in the SOT-topology to Hy. Let x € H, and let € > 0. A routine calculation
reveals that
(Hx+il)(Un, - Upn,)(Ho +14l) = 2i(Hy - Hy),
and so (keeping in mind that |(Hy +4I)7}] < 1),
|v(H)x = ~v(Ho)x| = |Un,x - Uny |
= 2|/(Hy +il)™"(Hy ~ Ho)(Ho +iI) ']
< 2| (Hx = Ho)((Ho +il)™'z)|.
To prove the result, it suffices to note that we can choose Ay € A such that A > g
implies that
N €
| (Hx = Ho)((Ho +iI)™"z)] < 3
O

12.41. Proposition. Let f € Co(R,C). Then f: B(H)** — B(H) is continuous
in the SOT-topology.

Proof. Recall that the map v : R - T\1 defined by vy(z) = a ; Z is a homeomorphism
x
; 1
with inverse y71(z) = Z(z—z) Define the function
o: T - C

0 if z=1
z - N .
foy 7 (z) ifz#l.
Since f tends to zero as |z| tends to infinity, we find that p is continuous on T. It
follows from Proposition 12.37 that g is continuous in the SOT-topology on the set
of all normal operators of norm at most 1, and more specifically on the set U(H) of

all unitary operators.
Finally, since ¢ and « are both SOT-continuous, it follows that their composition

f=00y

is again SOT-continuous.
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O

12.42. Theorem. [Kaplansky’s Density Theorem.] Let H be a Hilbert
space and let I € A € B(H) be a self-adjoint algebra of operators. Then

<SOT\ 4q _ 75xSOT
(A )" < (A1) .

—SOT
Proof. Let H=H" € A be an operator of norm at most one, and choose a net

(Ax)x in A with SOT —1limy Ay = H. Since the WOT is weaker than the SOT, it
follows that

H=WOT - liinAA.

But then
H=H"=WOT —li/r\nA;,

since the involution map ¢ : B(H) — B(#H) defined by «(T") = T is WOT-continuous.
From this we conclude that

H=WOT - liin Re Ay,

and thus H € (ASG)WOT. Now, as we saw in Corollary 12.29, (B(H),SOT) and
(B(H), WOT) have the same closed, convex sets, and since A*® is convex, it follows
that there exists a net (Hy)q in A%* which converges in the SOT to H.

Next, we wish to replace (H,)q by a net of hermitian operators in the unit ball
of A%,

To that end, let f € Co(R, C) be any real-valued function, bounded in the uniform
norm by 1, which satisfies f(z) =, x € [-1,1]. The standard example appearing in

a number of sources is
x  xe[-1,1]
J(@)= {x‘l |z > 1.

Set K, := f(Hy) for each a. By Proposition 12.41, the net (K,), converges
in the SOT to f(H). But |H| <1 implies that o(H) < [-1,1], and f(x) = z for
all x € [-1,1], implying that f(H) = H. Meanwhile, K, = f(H,) is a self-adjoint
operator (f is real-valued!) with o(K,) = f(c(Hy)) S ran f € [-1,1], from which
we deduce that |K,| < 1. Since f is continuous and f(0) = 0, we also see that

K, = f(H,) lies in the (non-unital) C*-algebra generated by H,, and thus in KH'”.

.- o=l .
Of course, every hermitian element of norm one in A" is a norm-limit of her-

——=S0T
mitian elements of norm one in A (check!), and thus K, € (Aj*) for each a.
Since

H = f(H)=SOT -lim f(H,) = SOT - lim K,

——=S0O
we have that H € (Aj*) T, which concludes the proof.
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The next Corollary is also referred to as (part of ) Kaplansky’s Density Theorem.

12.43. Corollary. Let H be a Hilbert space and let I € A € B(H) be a self-
adjoint algebra of operators. Then

(KSOT

)1 c mSOT‘

Proof. The proof of this Corollary is left as an Assignment exercise.

Polar Decomposition

12.44. Given a complex number z, we can write z as a product of a positive
number (its modulus) and a complex number of magnitude one. We wish to gener-
alize this to operators on a Hilbert space. Our reason for waiting until this section
to prove the result will be made clear from Proposition 12.52.

12.45. Definition. Let Hy and Hs be Hilbert spaces and V € B(H1,Hz). We
say that V is a partial isometry if |Vz| = ||z|| for all x € (ker V)*. If ker V = {0},
we say that V 1is an isometry.

The space (ker V')* is called the initial space of V', while ranV is called the final
space of V. Observe that ranV is automatically closed in Ho.

12.46. Example. Fix n € N and let /{ = C". Then V is an isometry if and only
if V' is unitary.

12.47. Example. Let H be a separable Hilbert space with orthonormal basis
{en}r>,. Consider the unilateral forward shift Se, = ep+1, n > 1. Then S is an
isometry, and S* is a partial isometry with initial space {ej }*.

12.48. Proposition. Let H be a Hilbert space and Hi,Ho be closed subspaces

of H with dimH, = dimHs. Then there exists a partial isometry V e B(H) with
initial space Hy and final space Ha.
Proof. The fact that dim H; = dim Hs implies that there exists an index set A
and orthonormal bases 81 = {b)}xen and By = {c)}aea for Hi and Hso respectively.
Extend B; to an orthonormal basis By = {by}rea U {€w}weq for H, and define
Ve B(H) via:

Vbyi=cy, AeA
Vey,:=0, wel.

We leave it to the reader to verify that this map extends by linearity and continuity
to a continuous map on all of H, and that the resulting map is indeed a partial
isometry with initial space H; and final space Hs.
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O

The next result says that an operator is determined entirely by all of its diagonal
values (relative to an arbitrary orthonormal basis).

12.49. Lemma. Let A and B € B(H) and suppose that (Azx,z) = (Bx,x) for
allzeH. Then A=B.
Proof. The proof of this is left as an Assignment Exercise.

O

12.50. Proposition. Let H be a Hilbert space and V € B(H). The following
are equivalent:
(a) V is a partial isometry.
(b) V* is a partial isometry.
(¢) VV™* is a projection - in which case it is the orthogonal projection onto the
range of V.
(d) V*V is a projection, in which case it is the orthogonal projection onto the
range of V*.
Proof.
(a) implies (d). Let us decompose H =ranV* @ (ranV*)* =ranV* @ ker V.
Let @ denote the orthogonal projection onto the range of V*. Given x € H,

we may write x = y + z relative to this decomposition. Note that Vax =Vy
and that Q*Q = Q. For each x ¢ H,

(V*Va,z)=(Va,Vz) = (Vy,Vy) = (y,9) = (Qz,Qz) = (Qx, z).

By Lemma 12.49, V*V = Q.
(d) implies (¢). Suppose that V*V is the orthogonal projection @) onto range
V*. Clearly VV™* is self-adjoint. Furthermore,

(VVH2=V(V*V)V* =VQV* =VV*,

implying that P := VV* is a (self-adjoint) idempotent, hence a projection.
Clearly ran P cranV, and if y eranV — say y = Vx for some x € H, then

(Py,y) = (VV*(V),(Vz)) = (VQx, V)

={Q%z,z) = (Qu, )
= <VSL‘,V{L‘) = (y>y>7

so that ran P 2ranV; i.e. P is the orthogonal projection onto ran V.
(c) implies (b). Let y € (ker V*)* =ranV. Then

[V*y[* = (V*y,V*y) = (VV*y,y)
= (y.y) =yl
Thus |[V*y| = |y|, and V* is a partial isometry.
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(b) implies (a).  Combining the above implications, we now know that (a)
implies (b). That is, if V is a partial isometry, then so is V*. Applying
this with V replaced by V* shows that if V* is a partial isometry, then so
is(V¥)*=V.

O

12.51. Theorem. [Polar Decomposition.] Let H be a Hilbert space and
T € B(H). There there exists a partial isometry V and a positive operator P such
that T =V P. If we further require that ker V =ker P, then V and P are unique.

Proof. Let P:=|T|= (T*T)%. Observe first that for all x € H,
|Pz|? = (Pz, Pz) = (P?z,x) = (T"Tx,z) = (Tx, Tx) = | Tx|>.

Define Vy :ran P » ranT via VoPx = Tx. If Px1 = Pxo, then 21 —x9 € ker P =ker T,
which proves that Tz = Txo and thus Vj is well-defined and isometric. That Vj is
linear is routine, and thus V) extends uniquely (by continuity) to an isometric map
Vi:ran P - ranT. Let H = (ran P)* @ ran P, and for z = y + z € H (relative to this
decomposition), define Vi = Vjz. Then V is a partial isometry with initial space
ran P and final space ranT.

Suppose next that W is a partial isometry, 0 < () is a positive operator, ker W =
ker@ and T = WQ. Then ranW* = (ker W)* = (kerQ)* = ranQ* = ran@), so that
W*W is the orthogonal projection of H onto ran (). Thus

T*T = QW*WQ = @,
and by the uniqueness of positive square roots, = P = |T|. Hence T'= W|T'| = V|T].
Thus Wlanr| = Vlcan|r|, and since ker W = ker P = ker|T'| = ker V' = (ran|T|)*, we
find that W = V.
O

12.52. Proposition. Let T € B(H). The unique partial isometry V with

ker V' =ker T = ker |T| appearing in the polar decomposition of the operator T =V |T)|
lies in the von Neumann algebra generated by T .
Proof. Let Z € C*(T)', so that ZT =TZ and ZT* = T*Z. 1t then follows that
Z(T*T)=(T"T)Z, and so Z commutes with |T, since the latter is the norm-limit
of polynomials in T*T.

Thus

VZIT|\=V|T|Z=TZ=2ZT =ZV|T).
o If z e ran|T|, say = = |T|w, then VZzx = VZ|T|w = ZV|T|w = ZVz. By
continuity of VZ and of ZV, we see that VZx = ZVx for all x € ran|T|.
o If 2 € (ran|T|)* = ker T' = ker V, then the equation TZx = ZTx = Z0 =0
implies that Zx e ker T' = ker V', so

VZr=0=20=2(Vz)=ZVx.
It follows that VZ = ZV | so that V e C*(T)" = W*(T).
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12.53. Example. Let H be a separable Hilbert space with orthonormal ba-
sis {en}peq, and define the unilateral forward shift operator We,, = %eml. Then
W is compact, and so the non-unital C*-algebra Cj (W) generated by W satisfies
Co(W) cK(H).

If Se,, = en+1, n > 1 denotes the unweighted shift and De,, = %en is the diagonal
operator operator whose weight sequence is that of W, then W = SD, where S
is a (partial) isometry and 0 < D. Since ker D = {0} = ker S, we see that this is
the unique polar decomposition of W. While D = [W| e C5(W), S does not lie
in C*(W), (the unital C*-algebra generated by W), since w(S) ¢ Cn(I), where
w:B(H) > B(H)/K(H) is the canonical quotient map.

We finish this section with a proposition that was proven in one of the Assign-
ments, though at the time we did not give it its proper name.

12.54. Proposition. [The Wold Decomposition.] Let H be a Hilbert space,
and W e B(H) be an isometry. Then there exist a unitary U and a cardinal number
o so that W ~U & S®) | where S is the forward unilateral shift operator.
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Supplementary Examples

S12.1. Example. Note that when A is a von Neumann algebra, then any
algebraic two-sided ideal is automatically self-adjoint. Indeed, if K ¢ K, a left
algebraic ideal, then we may write the polar decomposition for K, namely K = U|K].
Since A is a von Neumann algebra, both terms of the polar decomposition of K lie
in A.

As such, U € A, and so is U*. But then U*KU* = |K|U* = K* e K.
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Appendix
A12.1. In progress.
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Exercises for Chapter 12

Question 1. In progress.



CHAPTER 13

The Spectral Theorem for normal operators

If any of you cry at my funeral I'll never speak to you again.

Stan Laurel

The spectral theorem for normal operators.

13.1. In this section we extend the functional calculus for normal operators on
a separable Hilbert space beyond the continuous functional calculus we obtained in
Chapter Four via the Gelfand transform. In the present setting, we show that if H
is a separable Hilbert space and N € B(H) is normal, then the unital von Neumann
algebra W* (V) generated by N is isometrically *-isomorphic to L*°(o(N), ), where
u is a finite, positive, regular Borel measure with support o(N). This identification
leads us to an L*-functional calculus for normal operators.

13.2. Proposition. Let (X, ) be a measure space, where u is a finite, positive,
regular Borel measure on X. The map

o: L=¥(X,u) - M=(X,pn)
f > My

is a homeomorphism from (L* (X, pn), weak™) to (MM (X, pn), WOT).
Proof. We are required to show that a net (fq)aea in L (X, p) converges in the
weak”-topology to a function f if and only if (Mjy, ) converges in the WOT to Mjy.

e Suppose f, converges in the weak*-topology to f. Then for all g € L' (X, ),

I /ad:f du.
lngng ngu
235
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If hy, hy € L*(X, 1), then hihg € L'(X, 1) by Holder’s Inequality and so
lim(My hi,he) = lim(fahi,he)
(0% «

lim fX fahihadp

/thlh_Qd,u
(fhlv h2>
(Myghy,ho).

That is, (M, ) converges in the WOT to M.
e Conversely, if (Mjy, )q is a net in 9> (X, ) which converges in the WOT to

My, then given g € L*(X, 1), we can find hi,hy € L*(X, 1) so that g = hyho.
Then, as above,

lim /X fahihodp

(Myhy, ho)
| hahadp

Thus (fa)a converges in the weak*-topology to f.

13.3. Lemma. Let X be a compact, Hausdorff space and suppose that p is a
positive, reqular Borel measure on X with u(X)=1. Lete>0 and g: X - C be a
u-integrable function. Then there exists a compact subset J € X such that

(1) gls is bounded; and

(i)

du < e.
fX\Jlglu €

Proof. For each 1 <k €N, define Fy = {x € X : k—1<|g(z)| < k}. Each Ej is then
p-measurable, and clearly up?, Ej = X. Furthermore,

d:f d:f dyi < oo,
;];k!glﬂ UkEk!g\u gl < o0

and so there exists N € N such that

x €
du < <.
> fEklgl neg

k=N+1

Let F := Ul | By, and note that sup,.z|g(x)| < N. Since y is regular, we can find
a compact subset J ¢ F' such that u(F~J) < 5%.
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Clearly |g(z)| < N for all z € J, and

d =/ d f d
fX\Jlglu X\Flglu+ F\Jlglu

<§+NMF\ﬂ

<SiNEZ
2 2N
= €.

O

13.4. Theorem. Let X be a compact, Hausdorff space and suppose that u is a
positive, reqular Borel measure on X with u(X) =1. Then

(i) The unit ball of C(X) is weak”-dense in the unit ball of L*° (X, 1), and thus
(ii) C(X) is weak*-dense in L™= (X, pn).
(iii) The set Me(xy = {My: feC(X)} is WOT-dense in MM (X, p).
Proof. Our proof will deal with p-integrable functions; the translations to elements
of L1(X,p) and L* (X, ) (which are equivalence classes of functions) is hopefully
clear.

(i) Let g : X - C be a p-integrable function, and let € > 0. (In other words,
the equivalence class [g] of g lies in L'(X, 1), the pre-dual of L (X, u).)
By Lemma 13.3, we can find a compact subset J ¢ X such that g|; is
bounded, say by N > 1, and
€
fX\ lgldpe <.
Let f: X — C be a p-measurable function with sup,.y [f(z)| < 1. (In
other words, the equivalence class [ f] of f lies in the unit ball of L™ (X, u1).)
By Lusin’s Theorem 1.30, there exists a measurable subset £ ¢ X
satisfying u(X \ ) < ;5 and a continuous function h : X — C, such that
[A]oo = supgey |h(x)| <1 and h(z) = f(x) for all z € E.
Thus for g : X - C as above, and keeping in mind that pu(J ~ E) <

(XN E) < 15,

~hllgldp= [ 1f=hlgldu+ [ 17 = lgld+ [ 1f = hllgla
[ Vs =nllgldn= [ \r=nlgldu+ [ \r=nlgldu+ [ 17~ Hligldp

< 24ld +/ ONd +f0 d
/X\J |gldp N+ [ |gldp
<25 4aN" 40

4 AN
=E£.

This completes the proof.
(ii) This follows immediately from part (i).
(iii) This follows from part (ii), combined with Proposition 13.2.



238 13. THE SPECTRAL THEOREM FOR NORMAL OPERATORS

13.5. Recall that two positive measures p1 and pe on a sigma algebra (X, S)
are mutually absolutely continuous if for E € S, u1(E) = 0 is equivalent to ps(E) = 0.
We write p1 ~ o in this case.

13.6. Theorem. Let X be a compact, metric space and 1, s be finite, pos-
itive, regular Borel measures on X. Suppose that 7 : L®(X, 1) = L®(X, u2)
is an isometric *-isomorphism and 7(f) = f for all f € C(X). Then puy ~ us,
L®(X,p1) = L®(X,pu2), and 7(g) =g for all g e L= (X, u1).

Proof. Suppose that E ¢ X is a Borel set. Then 7(xg) € L* (X, u2) is idempotent,
and hence a characteristic function, say yp(= XF( E)). If we can show that F = F
a.e. — g2, then

pm(E) =0 iff xp=0in L7(X, )
iff 7(xg)=0in L= (X, u2)
iff xp=01in L=(X, p2)
it pa(F) =0
iff pa(E) = 0.

From this it follows that pu; ~ po and therefore that L (X, p1) = L=(X, u2). Fur-
thermore, since 7 then fixes all characteristic functions, it fixes their spans, which
are norm dense in L*(X,pu1). By continuity of 7, we see that 7 fixes the entire
algebra, so 7 is the identity map.

Note that xx\g = 1 - xg, and hence 7(xx\g) =1 -7(xg) = 1 - xFr = xx\p- As
such, if we can prove that £ ¢ X implies that po(F\E) =0, then X\E ¢ X implies
2 (E\F) = ua((X\F)\(X\E)) =0. Letting A = (E\F)U(F\E), we have u2(A) =0,
and hence FE = F a.e. — pus.

Case One: E is compact: For each n > 1, define f,, € C(X) as follows:

fo(z) = 1-ndist(z,E) if dist(z,E) <1/n
=0 otherwise

Then f,, > xg for all n > 1, and f,(z) - xg(z) as n - oo for all x € X.
Since 7 is a *-homomorphism, it is positive, and as such, it preserves order.
Thus 7(xg) < 7(fn) for all n > 1. But f, € C(X) implies 7(f,) = fn so
that xp = 7(xg) < fn for all n > 1. Hence xp < xp in L®(X,uz). Thus
u2(F\E) =0, as required.

Case Two: E ¢ X is Borel: Since u1,us are regular, we can find an increasing
sequence (K, ), of compact subseteq of E so that u;( E\K,) - 0 as n - oo,
i = 1,2. (Indeed, choose Kj so that puij(E\K;7) < 1, Ky > K; so that
ua(E\K2) < 1/2, etc.).

Now 7 preserves order, and therefore it also preserves suprema. That
is, if sup g, = g in L= (X, p1), then sup7(g,) = 7(g) in L*°(X, u2). In our
case,

Sup Xk, = Xk in L (X, ).
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Thus sup7(xk,) =7(xEg) = xr in L*(X, p2). Since 7(xk, ) < Xk, by Case
One, we have

XE =SUp XK, 2 SupT(XK,) = XF
in L=(X, uz2), and so again, us(F\E) =0, completing the proof.
O

13.7. Definition. Let H be a Hilbert space and A ¢ B(H) be an algebra. A
vector x € H is said to be cyclic for A if [Ax] =H. Also, x is said to be separating
for Aif Ae A and Az =0 imply that A =0.

13.8. Example. Let X ¢ C be a compact set and p be a positive regular Borel
measure with supp u = X.

Let g(z) = 2, z € X, and consider M, € B(L*(X,u)). Then e(z) = 1,z € X is
cyclic for C*(M,). Indeed, since C*(M,) = C(X), we get [C*(My)e] = [C(X)] =
L*(X, ).

Note that e is also separating for C* (M), since T'e C*(M,) implies T' = My for
some f e€C(X), and hence Te = f =0 if and only if 7'= 0. This is not a coincidence.

13.9. Lemma. Let H be a Hilbert space and A € B(H) be an abelian algebra.
If x is cyclic for A, then x is separating for A.
Proof. Suppose A € A and Az = 0. Then for all B € A, ABx = BAxz = 0. By
continuity of A, Ay =0 for all y € [Ax] =H. Thus A =0 and z is separating for A.

O

13.10. Theorem. [The Spectral Theorem: Cyclic Case.] Let H be a
Hilbert space and N € B(H) be normal. Suppose that x € H is a cyclic vector for
C*(N). Then there exists a finite, positive, reqular Borel measure p with supp p =
o(N) and a unitary U :H — L*(c(N), n) so that

I*: W*(N) » B(L*(a(N),pn))
T > UTuU*

is an isometric *-isomorphism onto M= (o (N), ). Furthermore, up to the isomor-
phism between MM (o (N), ) and L= (o(N), 1), I*|c+(ny = T, the Gelfand trans-
form.
Proof. First we observe that since C*(INV) is separable and x € H is cyclic for
C*(N), it follows that H is separable as well. Without loss of generality, we may
assume that ||z = 1.
Consider
p: C*(N) - C
T > (Tz,z).
Then ¢ is a positive linear functional. Also, I': C*(N) — C(o(N)) is an isometric
*-isomorphism, so

pol':C(0(N)) - C
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is a positive linear functional on C(¢(N)). By the Riesz-Markov Theorem 1.31,
there exists a finite, positive, regular Borel measure p on o(N') such that

P(f(N)) = poT7\(f) = [, o

We claim that suppu = o(N). For otherwise, there exists G ¢ o(NN) open so
that u(G) = 0. Choose a non-zero positive continuous function f with f < xg. Then
04 f(N) and hence

P(f(N) = @((F(N)'1*)?)
L (N) 2
£ 0
since f(N)Y? ¢ C*(N) and z is cyclic, hence separating for C*(N). But then

0#e(f(N)) = [,y fdu < Jg1ldu=p(G) =0, a contradiction. Thus supp = o(N).
Consider

Up: C*(N) - C(a(N))
g(N)z + g.

2
gl“d
]U(N)Hu

po (lgP(N))
(lgP(N)z, )
(g(N)" g(N)z,z)
lg(N)z|?,

so Uy is isometric. We can and do extend Uj to an isometry U : H = [C*(N)z] —»

[C(a(N))] = L*(a(N), ).
Now set

Then

2
lglz

I'“: W*(N) - B(L*(a(N),pn))
T > UTU*.

Then I'* is an isometric *-preserving map. For f,geC(o(N)),
I*(f(N))g=U f(N)(U"g) =Uf(N)g(N)z = fg,

so that I'*(f(N)) = My. In particular, ranT™* 2 Mg x).

Now I'* is WOT-WOT continuous. Indeed, suppose fo(N) — f(IN) in the
WOT. Then for all g,h e L?(a(N), ),

(U 10" (Ug), (UR)) = {fug, B} = (g, h) = {UFU* (Ug), (UR)).
But Me(xy is WOT-dense in M> (X, 1) by Theorem 13.4 (iii), and thus it follows
that ranI™ 2 M (o (N), p).
|
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13.11. We remark that the measure p above is unique in the sense that if v
is a second finite, positive, regular Borel measure with support equal to o(N) and
I : W*(N) - B(L*(6(N),v)) extends the Gelfand map as I'* does, then p ~ v,
L*®(o(N),pu) =L*®(c(N),v), and I'}, =T".

Indeed, T o (I*)™L : M (0(N), 1) - M>(0o,v) is an isometric *-isomorphism
which, through I', induces an isometric *-isomorphism 7 from L*(c(N)),u to
L*(o(N),v) which fixes the continuous functions. By Theorem 13.6, 7 is the iden-
tity map, so that I'} =T"".

13.12. Proposition. Suppose H is a Hilbert space, A € B(H) is an abelian
C*-algebra. Then there erxists a masa MM of B(H) so that A c M.
Proof. This is a straightforward application of Zorn’s Lemma and the proof is left
to the reader.

O

13.13. Theorem. Let H be a separable Hilbert space and 9 ¢ B(H) be a masa.
Then 9 admits a cyclic vector x.
Proof. The key to the first half of the proof is that if y and z are two non-zero
vectors and z is orthogonal to [My], then [Mz] is orthogonal to [My]. This follows
from the fact that [9y] is reducing for 9.

Now consider the family

§={{za}a e ASH: |zo| =1 for all @ and [Mz,, | L [Mza,] if a1 # a2},

partially ordered with respect to inclusion. If J = {(Jg)g} is a chain in §, it is
routine to verify that ugJg lies in § and is an upper bound for J. By Zorn’s Lemma,
§ has a maximal element, say {z} ez. If Ho = v[Mz,] # H, then we can choose
a unit vector y € Hy. From the comment in the first paragraph, we deduce that
{zy}y U {y} € § and is greater than {x,},, contradicting the maximality of {x},.
Thus v[Mz,] =H.

Since M is a masa, 1 € M and so x € [Mx, ] for each v and thus dim Mz, ] > 1.
Since dim H = Rg > ¥, dim [9Mz, ], it follows that the cardinality of = is at most
Ro. Write = = {n}",, m < Rg. Let x = ¥, i1 2n/n. (The index set of the
sum is merely a device to allow us to handle the cases where = is infinite and
where = is finite simultaneously.) For each n, the orthogonal projection P, onto
[z, ] lies in M’ = M, so that [Mx,] = [MP,z] € [Mz] for all n < m+ 1. Thus
H = Va1 [ Mz, ] € [Mz] € H, and z is a cyclic vector for M.

]

13.14. Corollary. Let H be a separable Hilbert space and A € B(H) be an
abelian C*-algebra. Then A has a separating vector.
Proof. By Proposition 13.12, A ¢ 9t for some masa 9 of B(#). By Theorem 13.13,
M has a cyclic vector z, and x is separating for 9 by Lemma 13.9. Finally, if = is
separating for 91, then trivially x is also separating for A.
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O

13.15. Definition. Let H be a Hilbert space and M € H be a closed subspace
of H. Let Py denote the orthogonal projection of H onto M. Given T € B(H), we
define the compression of T onto M to be the map

PMT|M € B(M)
It is clear that |PmT|ml < | T

Let H be a separable Hilbert space, A ¢ B(H) be a C*-algebra, and = € H.
Denote by H, the space Az, and for Z € B(H), denote by Z, the compression of Z
to H,. Note that H, is reducing for A.

13.16. Proposition. Let H be a separable Hilbert space, A € B(H) be a C*-
algebra, and x € H be a separating vector for A. The map

o: A > B(H,)
T T,

*

is an isometric *-isomorphism of A onto ran®. Moreover, o(T) = o(T,) for all

TeA.

Proof. Recall from Lemma 12.22 that the orthogonal projection P, onto H, lies in

A’, and z e ran P,. From this the fact that ® is a *~-homomorphism easily follows.
Suppose 0 # T' € A. Then T,(z) = TP,(x) = Tz # 0, as z is separating for

A. Thus ker ® = 0, and so ® is an isometric map as well. It follows that ®(A) is

complete, and thus a C*-algebra. In particular,

o(T) = oa(T) = 0g(a)(2(T)) = op(21,)(T2) = o (T),
completing the proof.
O

13.17. Theorem. [The Spectral Theorem for normal operators.] Let H
be a separable Hilbert space and N € B(H) be normal. Then there exists a finite,
positive, reqular Borel measure p with support equal to o(N) and an isometric *-
isomorphism

I WA (V) - 9 (0(V), 1)
which extends the Gelfand map Ty, : C*(N) = Me(o(ny) defined by T, (f(N)) = My

Moreover, the measure p is unique up to mutual absolute continuity, while '},
and M*(o(N),un) are unique.

Proof. By Corollary 13.14, W*(N) an abelian C*-algebra implies that W*(N') has
a separating vector x, which we may assume has norm one. Let H, = [W*(N)z],
and consider (using the same notation as before)

o: W*(N) - B(H.)
T — T:.
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By Proposition ??, ® is an isometric *-isomorphism, and o(7,) = o(T) for all

T € W*(N) - in particular, o(N;) = o(N). By identifying W*(N) with its range
———WOT
O(W*(N)), we may assume that W* (V) already has a cyclic vector. But C* (V) =

W*(N), and so if T ¢ W*(N), then there exists a net (T,)s € C*(N) so that
Tz =lim, Tox € [C*(N)x]. It follows that H, = [C*(N)z], so that x is also a cyclic
vector for C*(N).

By the Cyclic Version of the Spectral Theorem for normal operators, Theo-
rem 13.10, we obtain a finite, positive, regular Borel measure p with support o(N)
so that I'y, : W*(N) - B(#.) is an isometric *-isomorphism. Also, ranl’}, =
M (o (N),p). From the proof of that Theorem, we saw that I, is WOT-WOT
continuous, and so I'* ="} o ® is WOT-WOT continuous as well. Also, I'* extends
the Gelfand map because I';, does.

Finally, ® surjective implies that ranI"* = 9> (¢ (N), ). Uniqueness follows as
before.

O

13.18. Remarks.

(i) Let H be a separable Hilbert space and N € B(H) be normal. The map I'*
from Theorem ?? now defines L*°-functional calculus for N. That is, for
each f e L*(X, ), we can define

FIN) = (T) 7 (M) e W (N).
If f is continuous, then this agrees with the previously defined f(N) e
C*(N).

Of great importance is the fact that if ¢(z) = z for all z € o(N) is the
identity function, then «(IN) = N; in other words, the map I'* sends N to
the operator M,, which corresponds to the L*-function ¢.

(ii) From basic measure theory, any element of L*°(X,p) is a limit of simple

functions. Let g = ¥.}'_; aXE,, where Ej are (without loss of generality,
mutually disjoint) measurable subsets of X. Then

n
g(N) =3 arxp,(N).

k=1
But xg, = Xp, = XQEk is a self-adjoint idempotent in L*(X, ), and thus
Qr = xg,(N) is a self-adjoint projection in W*(N). Let f e L=(X,u),
€ >0, and choose a simple function g. such that

If = gelloo <&

Then

[F(N) = g-(N)| <e.

In particular, this shows that every element of W* (V) can be approximated
by linear combinations of projections, each of which lies in W*(N). The
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moral of the story is that von Neumann algebras have lots and lots of
projections.

(iii) Another formulation of the Spectral Theorem for normal operators deals
with projection-valued spectral measures. The rough idea is to find a
function

E: Q - B(H)
Y » FEy

defined on the set Q of Borel subsets of o(N) such that for each Y € Q,
Ey € B(H) is an orthogonal projection in B(#H) and for each z,y € H,
the map pipy : Y = (Eyx,y) defines a complex-valued Borel measure on
o(N). It is then possible to define fU(N) fdE for each f e L*(c(N),pn),
and N = fU(N) tdE, where 1(z) = z is the identity function on o(N). We
refer the interested reader to Murphy’s treatment [38] of this.

Kadison’s Transitivity Theorem

13.19. In Chapter 8, we proved Jacobson’s Density Theorem, which shows
that if A is a Banach algebra, X is a Banach space and p : A - B(X) is a con-
tinuous, algebraically irreducible representation of A on X, then for all choices of
N > 1 vectors y1,¥2,...,yn € X and any choice of N linearly independent vectors
x1,T2,...,xN € X, there exists a € A such that o(a)x, = yn, 1 <n < N. We also say
that o(\A) is N-transitive (for each N).

Our present goal is to exhibit of theorem of R.V. Kadison [30] from 1957, who
showed that if A is a C*-algebra, and if ¢ : A - B(H) is a continuous, topologically
irreducible representation of A onto a Hilbert space H, then o is algebraically irre-
ducible, and as a consequence of Jacobson’s Density Theorem, it is N-transitive for
all N > 1.

13.20. Lemma. Let H be a Hilbert space and F € B(H) be a self-adjoint set.
The following are equivalent.

(i) F acts topologically irreducibly on H; that is, the only invariant (closed)
subspaces of H which are invariant under F are {0} and H itself.
(ii) F' =CI.
Proof.

(i) implies (ii). Suppose that F acts topologically transitively. Since F is
self-adjoint, F’ is a von Neumann algebra, by Proposition 12.17. From this
it is easy to see that it suffices to prove that every positive element of F’ is
scalar.

Let 0 < H € F'. If o(H) is disconnected, say o(H) = o¢ W oy for two
non-empty, relatively closed sets o¢ and o1 of o(H), then the characteristic
functions x,, are non-sclar continuous functions on o(H), k = 1,2. It
follows that Py := x4, is a non-trivial projection in C*(H) ¢ F’, and thus
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ran Py is a non-trivial invariant subspace for F, a contradiction. Thus o(H)
must be connected.

If o(H) is a singleton set, say o(H) = {a}, then H = ol is scalar
operator and we are done.

Thus we may assume that o(H) is the interval [0, |H|] for some ap-
propriate 0 < § < |H|. By the Spectral Theorem for normal operators
(Theorem ?7?), we can find a finite, positive, regular Borel measure p with
support equal to o(H) and an isometric *-isomorphism

T W*(H) > M (0 (H), 11).

Choose n € (6, |H]), and let Q := X[ m))(H). Then @ is a non-trivial
projection in W*(H) ¢ F'. As before, this implies that ran@ is a non-
trivial invariant subspace for F, a contradiction.
We conclude that every positive operator in F’ is scalar, whence every

hermitian and therefore every operator in F’ is scalar as well.

(ii) implies (i). Suppose that F' = CI. Let {0} # M ¢ H be a closed, invariant
subspace for F. Since F = F*, M is reducible for I, and thus the projection
P of H onto M lies in F’. This implies that P = I, and thus M = #H. In
other words, F acts topologically irreducibly upon .

O

13.21. The above result, combined with Kaplansky’s Density Theorem, is the
key to Kadison’s Transitivity Theorem below.

If A is a C*-algebra which acts topologically irreducibly on a Hilbert space H,
then by Lemma ??, A’ = CI. It therefore follows that A” = B(H). By Kaplansky’s
Density Theorem, any operator T' € B() can be approximated in the SOT by an
element of A of the same norm. In particular, if x and y are two non-zero vectors in
H with ||z| =1, then T'=y ® 2™ is an operator of norm |T'| = |y|| and as such, given
e >0, by Kaplansky’s Density Theorem there exists A € A such that |A| < ||y|| and

| Az -yl = | Az - Tar| <.
Let us refer to this as the “approximation technique” in the proof below.

13.22. Theorem. [Kadison’s Transitivity Theorem.] If the C*-algebra
A acts topologically irreducibly on a Hilbert space H, then A acts algebraically irre-
ducibly on H.
Proof. Let z,y € H be two non-zero vectors. We must find an operator B € A such
that Bx = y. We may suppose (without loss of generality) that |z| = 1.

Let € > 0. By the approximation technique from Paragraph 7?7, there exists
Ag € A with | Ag| = [y| such that |Aoz - y] < 5.

Set y1 = Aor -y, and note that ||y1| < 5v. By a second application of the
approximation technique, there exists A; € A with [ A1[ < § such that [Ajz-y| < §.
Let y2 =y1 — A1z = y - (Aox + A1)z and note that [y2] < 5.
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In general, given Ay, Ay,...,An-1 € A and y1,99,...,yn as above with [lyy| <
QLN, by the approximation technique we can find an element Ay € A such that
[AN] < lyn| < 5% and

g
lyn = Anz| < oNAT

We set yns1 =yn — Anzr =y — (Ao + A1 +--Ay)x.

Then
o0 (o] [ee) 5
2 AL < Aol + D [ An] < [Aof + on < Iyl +e <o,
n=0 n=1 n=1

and thus B := Y2, A, € A. Moreover,

Bx = Z Apx = lim (Ag+ A1+ + Any)z = lim y—yn+1 = V.
n=0 N—oo N—oo
O

It is sometimes the next result which is explicitly referred to as Kadison’s Tran-
sitivity Theorem.

13.23. Corollary. If the C*-algebra A acts topologically irreducibly on a Hilbert
space ‘H, then A is N-transitive for all N > 1.
Proof. This is an now an immediate consequence of Theorem 13.23 and the Jacob-
son Density Theorem (Theorem 8.15), using the inclusion representation

o A - B(H)
A - A
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Supplementary Examples

S13.1. In progress.
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Appendix

A13.1. For those who prefer to avoid Lusin’s Theorem, , we provide second,
more elementary proof of the fact that the continuous functions on a compact,
Hausdorff measure space (X, ) are weak*-dense in the space L™ (X, u).

Lemma. Suppose X is a compact, Hausdorff space and that p is a positive, reqular
Borel measure on X with u(X) = 1. If X can be written as the disjoint union of
measurable sets {E;}7_,, g € LY(X,p) and |g|1 = 1, then for all € > 0 there exist
compact sets K1, Ko, ..., K;, such that K; ¢ Ej and with K = u?lej,

du<e.
fX\Klgl p<e

Proof. For each 1 <j<n,let Ej(m)={xeE;:m-1<|g(x)| <m},m>1. Then
E;(m) is measurable for all m, j and

t=lglh =32 [, lold
j m

Jj=1m

Let € > 0. Then there exists N >0 so that for each 1 < j <n,

lgldu < g/2n.
mg\f:+1 ‘/Ej (m)
For each 1 < j <n, 1 <m < N, the regularity of p allows us to find a compact set
K;(m) c Ej(m) so that u(E;(m)\K;(m)) < e/2N?n.

Let K; = u)_ K;(m). Since each K,,(j) is compact, so is K;. It follows that if
K= u?lej, then

n N
gldp+ " >

d /) d
fX\K o}y jmlm=N+17Ei(m) j=1m=1 7 Ej (m)\K;(m) ol

M=
NgH
5

In
™
2

o

S

+
M=
Q)

S

3

2
N

< gf2+ i g: (e/2nN?*)N

j=1m=1

n
= ¢/2+ ) ¢/2n=e.
=1

Remark: If L is compact and K < L, then fX\L lgldu < fX\K lgldp < e.
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A13.2. Proposition. Let X be a compact, Hausdorff set and p be a positive,
reqular Borel measure on X with u(X) =1. Then the unit ball (C(X))1 of C(X) is
weak” -dense in (L (X, pn))1, and as such, C(X) is weak™-dense in L™= (X, ).
Proof. First observe that the simple functions in (L*° (X, pu)); are norm dense in
(L*(X,u))1, and hence they are weak*-dense. As such, it suffices to prove that
each simple function can be approximated in the weak*-topology on L (X, u) by
continuous functions.

Consider p(z) = Y74 ajXg;, where Ej is measurable, 1 < j <n and Uj_; Ej = X.
(We can suppose without loss of generality that the E;’s are also disjoint. Suppose
furthermore that |¢[e < 1. Let K; € Ej be a compact set for all 1 < j <n. Then
K= U?le j is compact, and so by Tietze’s Extension Theorem we can find a function
fr €C(X) so that fx(z)=a;if x € Kj and 0 < fi <1.

Let A={K: K= U;L:IK j, Kj ¢ Ejcompact}, and partially order A by inclusion,
so that K3 < Ky if K1 € Ky. Then A is a directed set and ( fx)xea is a net in C(X).
Let € > 0. For g e L'(X, ), by Lemma 13.21 and the remark which follows it, we
can find Ky € A so that K > K implies fX\K lgldp < €/2. But then K > Ky implies

| frc = ol lgldp
j; ij\Kj

2 f lgldp
j; Ej\K;

2 f dup < e,
X\K |g‘ <€
and so weak*-limg fx = .

Thus (C(X)); is weak*-dense in (L* (X, u))1. The second statement is straight-
forward.

IA

| /X(fK - ¢)gdp|

IN

O
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Exercises for Chapter 13

Question 1. In progress.



Appendix A: The essential spectrum

A.l. Definition.  Given an operator T € B(H), we define the essential
spectrum of T to be the spectrum of the image 7w(T') in the Calkin algebra A(H).

In this note, we wish to prove a result due to Putnam and Schechter , namely:

A.2. Theorem. Let H be a Hilbert space and T € B(H). Suppose that
A€ do(T). Then either X is isolated in o(T), or A € o.(T).

The proof below uses a description of the singular points of the semi-Fredholm
domain of 7', due to C. Apostol [1].

A.3. Definition. Let H be a Hilbert space and T € B(H). Then the semi-
Fredholm domain psp(T) of T is the set of all complex numbers \ such that
A = 7(T) is either left or right invertible in the Calkin algebra.

If peC, then p is called a (T')-singular point if the function

A Peer(7-))
is discontinuous at p. Otherwise, p is said to be (T')—regular .

If e psp(T) and p is singular (resp. p is regular), then we write p € pip(T)
(resp. pgp(T)).

A.4. Lemma. LetT € B(H) and suppose that p is a reqular point of the
semi-Fredholm domain of T'. Then

ker (T — u)* < ( span {ker (T'=\): A e C})™.

Proof. First note that ran (7' - u) 2 ker (T'— ) for all A # u. For if 2 € ker (T - \)
and A\ # p, then (T - p)z = (A - p)z and so x eran (T — ).

Also span{ker (T'— \) : A e C} =span{ker (T'— \) : A # u}. This follows from the
regularity of u. Basically, we must show that ker (7' — p) ¢ span{ker (7' = \) : A # u}.
But if x € (T'— ) and |z| = 1, then again by the regularity of u, for any € > 0 we
can find A\, — p such that | P (r-x,) = Prer (r-p) |l <€

251
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But then

€ > ”Pker (T-2n)T — Py (Tflu)xH
= ”Pker(T—/\n)x_xﬂv

and so x € ker (T'— pu) c span{ker (T'— \) : A # u}.

Combining these two arguments,

A.5.
(i) pip(T) is open;

(i

ker (T - p)* (van (T - p))*

span{ker (T - \) : A e C}.

N

Theorem. Let T € B(H). Then

Pp(T) = plp(T*) = {A: N e plp(T)

(iii) pip(T") has no accumulation points in plp(T).

Proof.

(i) Let p € pip(T) and put Y = span{ker (7' - X) : A € C}. We claim that

TY Y.

Consider y € span{ker (T'- \) : y € C}, say y = >-; y,, with each y,, €
ker (T'—= A,). Then Ty = ¥ Ty, = Yty Apyn which lies in span{ker (7" -
An) i1 <n <m}. By the continuity of T, we have TY c Y. Let Ty =Ty .

Since ker (T'— ) € Y, ran (Ty — p) is closed. To see this, suppose that
{zy} is a sequence in ran (Ty — ) such that {x,} converges to z € Y. Then
there exists a sequence {y,} €Y such that (Ty — p)yn = zp.

In fact, since ker (T'— p) €Y, we can let

Zn = Pygker (T-p)Yn
and then

(T - p)zn =Ty —p)zn = (Ty = p)yn = Tn
for all n > 1.
Since ran (T - u) is closed, (i.e. p € pgp), there exists z € H such that
(T-p)z =x. But (T —p) is bounded below on (ker (T'— 1)), and therefore

(Ty — ) is bounded below on Y © ker (T — \). From this we get a 6 > 0
such that

(T = p)zn = (T = p)z|
8] zn - 2|

|0 — 2]

v

for all n > 1.

But then z = limyo 2, and so z € Y. This gives us (Ty — p)z =
(T'-p)z =z, and so x eran (Ty — ), i.e. ran (Ty — p) is closed.
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We next claim that

(Ty - )Y

18}

span{ker (T' = \): A # u}
= span{ker (T'-)\): A eC}
= Y.

The first equality we saw in the previous Lemma, while the second is
the definition of Y. As for the containment, let y € Span{ker (T'=\) : A # u},

say y =2t Yn. Then

(Ty - )y

NgE

(Ty - 11)yn
1

n

NgE

()\n - /L)yn

I
—_

n
where y, € ker (T' = \,). Thus if z = 3" (A, — i) 'y, we have z € Y and
(Ty — p)z =y. Since ran (Ty — p) is closed, the desired conclusion follows.

Since (Ty — p) is onto, we have p € p.(Ty), the right resolvent set of
Ty . For A e B(H), define the right resolvent as

R\ A) = (A=A [(A- A\ -A)T"
so that
Pker(A—)\) =1- Rr(A; A)()‘ - A)
for all X € p.(A).

Since ker (Ty — u) = ker (T — p) for all A € C, we infer that the map
A+ Per (17— 18 continuous in an open neighbourhood G, of p, as pr(T) is
open. Thus p is an interior point of pi(T"), and so pip(T") is open.
Pep(T) = pp(T)"

Let Z = (span{ker (T'= \)* : A\ e C})*. Then the proof of (i) shows that
pie(T) € pu(Ty) and piy(T°) € pu(T50).

We now claim that plp(T) € pi(Ty:) = pe(Ty-.)*. For suppose that
Aep(Ty). If weker (Ty:r — A), then

25 L[]

Since Ty — A is right invertible, (Ty — A)R = I for some R € B(Y') and
so (Ty - N R(-Tzw) = (-Tzw). Letting v = —-RTzw, we have

(T—)\)[ Uw ] and so [ Z} ]eker(T—)\)EY.

Thus w = 0. But then Ty is injective.

If X € pip(T), then ran (Ty: =) = Py:(ran (7'-\)) and since ran (7'-\)
is closed, so is ran (Ty1—\). Thus A € pi(T") implies that ker(Ty:—\) = {0}
and ran (Ty. — X) is closed, so that X € pj(Ty+) = pr(T5.)".

Similarly, pip(T7*) € pe(T2)*.
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(iii)

A.6.

APPENDIX A: THE ESSENTIAL SPECTRUM

Since the maps
Ao By, A€ psr(T)
A e Pker(Tg—X))‘ € pir(T7)

are continuous, and by the first Lemma we have

ker (T —\)*
ker(T - \)

we infer that

ker (T, — \) for all X € plp(T)
ker (T'z — X) for all A € plp(T),

psr(T)" € pip(T™)
psr(T7) € pep(T)"
so that plp(T) = plp(T7)".

pip(T) has no accumulation points in pgp (7).

Let z € plp(T). Then we may assume that z € pi(7'), for otherwise,
by (2), we may consider z and T*. Put Yy = span{ker (T - \): A # z}. As
Ty, — z has dense range (the proof follows as from (1)), and since ran (7Ty;)
is closed (i.e. z € pe(T)), we get z € pr(Ty,).

Now for X # z, we have ker (7' — \) = ker (Ty;, — \). Since the map
A= RN Ty,)  Aep(Ty,)
is continuous, we have that
A Per(ry,-x) = L = Re(N Ty, )(A-Ty,) - A€ pe(Ty)
is continous, and so
A= Pier(7-2)

is continous in some punctured neighbourhood of z. Since psp(T") is open,
we have that z is an isolated point in pip (7).

Finally, suppose pip(7") has an accumulation point p € psp(7"). Then
by (1), p € pip(T") and p is isolated, a contradiction. This concludes the
proof.

i
Proposition. Let H be a Hilbert space and T € B(H). Then
o(T) = 0u(T) U 0y (T) U oy (T7),

where o, (T*)* = {A: X e op(TF)]}.

Proof. Suppose A ¢ uo, (1) uop(T7)*. Then nul(7' - A) = nul(T' - A)* =0.

Thus (T'-\) is injective and has dense range. If A ¢ ., then (7T'— ) is Fredholm
and thus ran (7 — \) is closed. But then (7 — \) is bijective and hence X ¢ o(T).
Thus 0(T") € 0e(T) uop(T) Vo, (T™)*. The other inclusion is obvious.
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O

A.7. Theorem. Let T € B(H) and suppose A € Oo(T). Then either X is
isolated or X € oo(T).

Proof. Suppose A ¢ 0.(T). Then by the above Proposition, we may assume that
A € 0p(T) (otherwise consider A and T*. Since A € do(T), we can find a sequence
{A\}n € p(T) such that A =limy,_ e Ap.
Since ker (T' = \,,) = {0} for all n > 1 while ker (7' - \) # {0}, we conclude that
X e pip(T). Since pp(T') has no accumulation points in pgr(7"), and since A ¢ 0.(T'),
we conclude that A is isolated in o(T").
O

A.8. Corollary. LetT eB(H). Then o(T) = 0o(T) U, where Q consists of
some bounded components of the Fredholm domain of T and a sequence of isolated
points in the Fredholm domain which converge to oo(T).






Appendix B. von Neumann algebras as dual spaces

Let H be a separable Hilbert space. In this note we show the von Neumann
algebras are precisely the class of C*-algebras of B(H) which can be identified with
the dual space of some Banach space X. Much of the material in the second half of
this note is borrowed from the book of Pedersen [40] .

Let us first recall how B(H) is itself a dual space. By K(H) we denote the set
of compact operators on H.

Given an operator K € K(#), we may consider |K| = (K*K)% € C(H). Then
|K| > 0, and so by the Spectral Theorem for Compact Normal Operators, we know
that o(|K|) = {sp(K)}oe, where s, (K) >0 for all n>1 and lim, e sp(K) = 0.

n=17

B.1. Definition. We write K € C;(B(H)) and say that K is a trace class
operator on H if K is compact and Y¥;> 1 sp(K) < co. The numbers s, = s,(K)
are called the singular numbers for K.

More generally, we write K € C,(B(H)) if Ypoi sn? < co.

We shall require the following two facts. Their proofs may be found in [18].

Facts:

e For each p, 1 <p< oo, Cp(B(H)) is an ideal of B(H) called the Schatten
p-ideal. Moreover, C,(B(H)) is closed in the C,— norm topology which is
the topology determined by the norm

o) 1/p
[K]p = (3 sa”)
n=1

o If T eB(H), K €Ci(B(H)) and {e,}52; is an orthonormal basis of H, then
we can define tr(TK) = ¥, ann, where TK = [ag;]; ;,, with respect to the
orthonormal basis {ey, };2;. One can then show that tr(7K) is well-defined,;
that is, it is independent of the orthonormal basis chosen.

257
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From the above two facts, we see that given T € B(H), we can define

QZ5T! Cl(B(H)) —> (C
K > tr(TK)

The map that sends a trace class operator 1" to the functional ¢ proves to be an
isometric isomorphism between C (B(H))" and B(H), so that B(H) is a dual space
and as such is endowed with the weak*-topology induced by its predual, Ci (B(H)).
This turns out to be precisely the ultraweak or o-weak topology on B(H).

An alternate approach to this result is to realize C1(B(H)) as the closure of
He®H in B(H)".

In order to prove that every von Neumann algebra A is a dual space, we require
some basic results form Linear Analysis.

B.2. Definition. Let X be a Banach space and M c X, N € X* be linear
manifolds. Then

M+ ={feX*:f(m)=0 for allme M}
N ={xeX:g(x)=0 forall ge N}.

B.3. Proposition. Let X be a Banach space and M € X, N € X* be linear
manifolds. Then

(1) M* is a weak*-closed subspace of X*.
(2) N is a norm closed subspace of X.

Proof.

(1) Suppose {fa}aep is @ net in M* and f, converges to f in the weak*-
topology. Then for all z in X, limgep fo(2) = f(2), and so in particular,
f(m) =1lim, fo(m) =0 for all m € M, implying that f € M*. Thus M is
weak”-closed.

(2) If {@p} oy € N and @ = limy, 00 &y, then g(z) = lim, o g(z,) = 0 for all

g€ N. Thus x €' N and the latter is norm closed.
O

B.4. Theorem. Let X be a Banach space and let M € X and N € X* be
linear manifolds. Then (*N)* is the weak*-closure of N in X*.

Proof. Clearly, if g € N, then g(x) =0 for all z € * N, and so g € (*N)*. But (*N)*
is now a weak”-closed subspace of X* which contains the weak*-closure of NN.

If f does not lie in the weak*-closure of N, then by the Hahn-Banach Theorem
applied to X* with its weak*-topology (which separates points from convex sets),
there exists € *N such that f(z) # 0. But then f ¢ (*N)", completing the proof.

O
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B.5. Theorem. Let X be a Banach space and M € X be a subspace of X.
Let m: X - X/M denote the canonical quotient map. Then the map

o (R/M) > M
f ~ form

18 an isometric isomorphism.

Proof. First we shall show that 7 is injective.
Ifr(f)=fom=gom=7(g), then
f(m(2)) = (fom)(z) =(gom)(x) = g(n(z)) for all z € X,
and so f = g as elements of (X/M)".

Next we show that 7 is surjective.
Let ¢ € M* and define g € (X/M)* by g(n(x)) = ¢(x). To see that g is well-
defined, note that if w(z) = w(y), then
g(m(@)) - g9(7(y)) = ¢(x) - d(y) = oz - y).
But 7(x —y) =0 implies that 2 —y € M, and so ¢(x —y) = 0. Thus g is well-defined,
and since 7(g) = gom = ¢, T is surjective.

Finally we show that 7 is isometric. Let 7€ (X/M)*. Then

7] = lgeorl]

sup |[gom(z)]
=1

sup |g(m(z))]

I () ]=1

lgll-

O

B.6. Theorem. Let A ¢ B(H) be a von Neumann algebra acting on a
separable Hilbert space H. Then A is isometrically isomorphic to the dual space of
some Banach space.

Proof. Let X =C1(B(H)) = (B(H)),, and let M =*A, so that M is closed in X. By
Theorem B.5 above, we have
(X/M)" = M=,
and this isomorphism is isometric. But then
(CL(BH))/(A))" = (FA)" = A7ver

But A is a von Neumann algebra and hence A is closed in the weak-operator
topology, which is weaker than the weak*-topology on B(#). Thus A is weak*-closed
as well, and so

(C1(B(H))/(*A))" = A,

where the isomorphism is once again isometric.
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O

To complete the analysis, one needs to show that if a C*-algebra A is isometri-
cally isomorphic to the dual space of some Banach space X, then A is a von Neumann
algebra. This is by far the more difficult implication.

We begin with the following Proposition, which may be found in [50].

B.7. Proposition. Let A be a C*-algebra and let S denote its unit sphere.
Then S has an extreme point if and only if A has an identity.

Proof. Suppose first that A has an identity, say 1. We shall show that 1 is an
extreme point in S. If 1 = (a + b)/2 with a,b € S, then put ¢ = (a + a*)/2 and
d=(b+0b*)/2. Then 1= (c+d)/2 with ¢,d € S. Since d =2 - ¢, d commutes with ¢
and both ¢ and d are self-adjoint.

Representing the C*-algebra generated by 1, ¢, and d as continuous functions on
some compact Hausdorfl space, we can easily see that ¢ =d = 1. Hence a* =2 —a, so
that a is normal. But then a = a* = 1, again by norm considerations, so that b =1
and thus 1 is an extreme point.

Conversely, suppose z is an extreme point in S. Let Cy(£2) be the C*-subalgebra
of A generated by z*z. Then, since every C*-algebra has an approximate identity,
we can take a sequence {yy,} of positive elements in Cy(2) such that |y,| <1 for all
n, 1imy, oo | (2% 2)yn — (z*2)| = 0, and limy, oo | (z*2)y2 - (z*2)|| = 0. (This last step
follows from the fact that if {y,} is a bounded approximate identity for C(2), then
so is {yn}.)

Suppose that at some point ¢ of 2, ¥z takes a non-zero value less than one.
Then we can take a positive element ¢ of Cy(€2), non-zero at t, such that ~, =
Yn +C Sn=Yn—C, ||(z*2)72] <1, and |(z*2)s2| < 1. Hence 2y, and xs,, are in S.

On the other hand,

[(@yn = 2)* (ayn = 2) | = |2* 2y, - 2" 2y - 2™ wyn + 2",

and this tends to 0 as n tends to oo. Hence lim,, . xy, = =, so that v, - x + zc
and zs, > r — zc.

(z +zc) + (z — x0)
2
xc=0and so |cx*zc| = |x*zc?|| = 0. This is a contradiction, because x*2(t)c?(t) # 0.

Therefore, z*x has no non-zero value less than one in €. In other words, z*x is
a projection.

Put z*x+xzx* = h, and let B be a maximal commutative C*-algebra of A contain-
ing h. Suppose h is not invertible in B. Then there exists a sequence {z,} of positive
elements belonging to B which satisfies 22| = 1 for all n and lim,_ [hz2] = 0.
Hence,

Since z +xc, v —xce S and = = , T =x+xc=x—xc. Hence

1 1
|zzn] = [2027] = 20" 220] > < [2nhza]> >0 (0 — c0),
and analogously, ||z,z| = ||*2,| = 0 (n - o0). Therefore

lim |z, —xa*z, — zpz*x + xa” zax™ x| = 1.
n—o0



261

Now we use the symbolic notation: y(1-z)=y-yz, (1-2)y=y-zy.

We shall show that (1 -zz*)A(1-z*x) = 0. Suppose

ae(l-zz")A(l-2z"x),
and [la| < 1. Then
lz+al = |(z* +a*)(z+a)|? = |2 2+ (z7a +a*z) +a*al?.

Since a*zx*a =0, z¥a=a*x =0and x*za*a = x*x(1-x*x)a*a = 0. Hence|z+al =
max(Hx*xH%, ||a*a||%) <1, so that by the extremity of x, a = 0.

On the other hand,

2n =2 zy — zpxx + xrt zpxtr e (1 —xa)A(l - ' x);

hence it is zero, a contradiction.

Therefore h is invertible in B, h~'h is the identity of B, and so it is a projection
in A and the identity of h"'hAh1h.

Suppose A(1-h7'h) £ 0. Then there exists an element a # 0 in A(1-h~'h). Since
a*ah™'h =0, a*a commutes with h"'hAh™'h 2 B. But a ¢ B, since a # 0, h™'h = 1p,
and ah~'h = 0. This contradicts the maximality of B. Hence h~'h is the identity of
A, completing the proof.

O

Recall the following:

B.8. Theorem. [The Krein-Smulian Theorem| A convex set in the
dual space X* of a Banach space X is weak™-closed if and only if its intersection with
every positive multiple of the closed unit ball in X* is weak®-closed.

We shall use the Krein-Smulian Theorem to prove the following Lemma.

B.9. Lemma. Let A be a C*-algebra and X be a Banach space such that A
is isomorphic as a Banach space to X*. Then Ay :={a € A:a=a"}is weak*-closed.
Furthermore, the positive cone A, of A is also weak™-closed.

Proof. By the Krein-Smulian Theorem above, it is sufficient to show that the unit
ball B1(Ay) is weak*-closed, for A}, is clearly convex. To that end, let {x,} be a
weak*-convergent net in By(Ay) and write the limit as x + iy, with z,y € A;,. Here,
x +iy € B1(A), which is weak*-closed by Alaoglu’s Theorem. Then {x, +in} is
weak*-convergent to z + i(y + n) for every n. Since |z4 +in| < (1+ n2)% and the
norm is weak*-lower semicontinuous, we have

1 .
(1402 2 |z +i(n+y)] 2 n+y|.

If y # 0, we may assume that o(y) contains a number A > 0 (passing, if necessary, to
{-z4}). But then

)\+nSHn+y||S(1+n2)%
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for all n, a contradiction. Thus y = 0. Again, since the norm is weak*-lower semi-
continuous, we also have |z| < 1, that is, = € B1(Ay,).

As for the positive cone, it again suffices to show that the unit ball By (A.) of A
is weak*-closed. But then simply note that By (A,) = %(Bl (Ap)+1), and translation
and contraction do not affect weak*-closures.

O

B.10. Definition. A C*-algebra A is said to be monotone complete if
each bounded increasing net in Ay has a least upper bound in Ay,.

B.11. Example. The most important example of a monotone complete
C*-algebra for our purposes is the space B(H) of bounded operators on a Hilbert
space H. To see that this is indeed monotone complete, it suffices (by translation)
to show that increasing bounded nets of positive operators have a least upper bound.
We do this by showing that such nets converge strongly.

Let H be a Hilbert space and let {Py}aca be a net of positive operators on H
such that 0 < Py, < Pg < I for o, € A with o < 3. Then there exits P € B(H) such
that 0 < P, < P < for all a and the net {Py}aepn converges to P strongly.

Proof. Indeed, if Q € B(H) with0<Q <1, then 0<Q < Q? < I, since Q commutes
with (I - Q)% by the functional calculus and

<(Q-QMr,x> =<QU-Q)2z,(I-Q)2z>
>0

for all e H.
Moreover, for all z, the net {< Pyx,x >} is nondecreasing and is bounded above
by |z||?, and thus is a Cauchy net. Now for a < 3, we have

|(Ps ~ Po)a|? =< (Ps~Pa)’w,a>
<< (Pg-Py)z,x>
=< Pgzr,v>-<Pyz,v>
and so {Pyz} is a Cauchy net with respect to the Hilbert space norm.
For x e H, let Px =lim, Pyx. Then P is linear and | Pz| = lim, | Pyz| < |z], so
that |P| < 1. Also,
0<lim< Pyx,xz >=< Px,x >,
[e%

so that P > 0. This completes the proof.

B.12. Lemma. Let A be a C*-algebra and X be a Banach space such that A
is isomorphic as a Banach space to X*. Then A is monotone complete.
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Proof. Let {z;} be a bounded increasing monotone net of self-adjoint elements of A.
Since Bj(Ap) is weak*-compact (being convex, norm bounded and weak*-closed),
there is a subnet {x;} of {z;} which is weak™-convergent to an element x € Ay,.

For each z; we eventually have x; > x; for j > ¢, and thus = > x; since A, is
weak”-closed. That is, consider the subnet {z; — x;};5; which eventually lie in A,
and converges in the weak*-topology to x — x;. In particular, x is an upper bound
for {x;} in Ay.

If ye Ay, and y > x; for all ¢ then y > z; for all j, so that

y > weak” -limz; =z

as above. As such, z is the least upper bound for x; and so A is monotone complete.
O

B.13. Definition. Given a subset M of self-adjoint operators on some Hilbert
space H, we denote by M™ (resp. M, ) the set of operators obtained by taking strong
limits of increasing (resp. decreasing) nets in M.

Note that if A is a C*-algebra and M = A, then M™ = M,,.

B.14. Lemma. Let A be a C*-subalgebra of B(H) for some Hilbert space H,
and let M denote the strong operator closure of A. If P is a projection in M then
given z € ranP and y € ranP* there is an element B € (Mg,)™ such that Bx =z and
By =0.

Proof. By Kaplansky’s Density Theorem, we find find operators A, € M! such
that |A,x — x| < % and |A,y| < %2*".

For n < m define By, = (1+ X%, kAg) ™ S kAj. By spectral theory, | Bum| <
1, Bpm € M, and By < ¥ kA

Thus < Bumy,y ><< Y, kAgy,y >< S, 20y < 277+

Since Y, kAr > mA,,, we have By, > (1 + mAn,)*mA,, and so 1 - By,
(1+mA;,)"L But A, e M! implies that (1+mA,,) < (1+m), and hence (1+m)™!
(1+mAp)"L. Then (mAp)2(1+m)L(mAn)? < (mAp)2 (1 +mdAy) "L (mAy)?,
and hence (mA,,)(1+m)™! < (mA,,)(1+mA,,)™t. It follows that 1 — (mA,,)(1+
mAR) <1 - (mAR)(1+m)™ ie. (1+mA,)™t < (1+m)™ ((1+m)-mA,,), so
that

<
<

1-Bpm < ((1+m) -mAy,).
Thus
<(1-Bpm)z, x> < (1+m) Y1 +m(1-An))z,z>
=(1+m) <z, z>+m < (1-A,)z,x>)
< (1+m)_1(1+m(%))
=2(1+m)~L.
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For fixed n, the sequence {By,,} is monotone increasing, and since it is norm
bounded, it is strongly convergent to an element 0 < B, € (M,,)™. Moreover,
1B < 1.

Since Bp+im < Bpm for each m > (n+ 1), we see that By, < By, so that the
sequence { B, } is monotone decreasing and bounded. Again, it is strongly convergent
to an element B >0, which lies in (M,)™, again, as (Mg,)" = (Msg)m.-

Note that | < Buy,y > | = |limy, < Bumy,y > | <27 and | < (1-B,)x, 2> | =
| limyy, (1 = By )z, 2 > | <0. Since 0 < B, < 1, we deduce that < (1 - By,)z,z >=0,
and hence that B,x = z.

Finally, as 0 < B <1, | < By,y > || = |lim,, < Bny,y > | = 0, implying that
By = 0. Similarly, Bz = lim,, B,z = x, completing the proof.

O

B.15. Theorem. Let #H be a Hilbert space. A unital C*-algebra M of B(H)
is a von Neumann algebra if and only if (Mgq)™ = Mgq.

Proof. Suppose that M is a von Neumann algebra. Let T € (M,)™. Then T € M as
the latter is closed in the strong operator topology. Since T" € B(H),, by definition,
T e My,.

Conversely, to prove that M is a von Neumann algebra, it suffices to show that
each projection P in the strong closure of M actually belongs to M.

Suppose that x € PH and y € (I-P)#H. Then Lemma B.14 shows that there exists
R € M, such that Rz = z and Ry = 0. The range projection P, ,) of R belongs to M.
Indeed, the sequence (% + R)™! is monotone increasing, and converges strongly to
P(x,y)' Thus P(I’y).% =x, and P(Ly)y =0. The projections P(x,yl)/\P(x,yQ)/\' . ./\P(%yn)
form a decreasing net in M, when {y1,¥2,...,¥y,} runs through the finite subsets
of (I - P)H. Thus the limit projection P, < P, and lies in M,. Clearly, P is the
limit of the increasing net of projections Py, vV Py, V...V P, where {x1,22,..., 24}
runs over the finite subsets of PH. Thus P € (Mg,)™ ¢ M, completing the proof.

O

B.16. Definition. Let A be a von Neumann algebra. Then ¢ € A* is said to
be normal if for each bounded monotone increasing net {x;} in Ay with limz; =
we have {¢(x;)} converging to ¢(x).

More generally, if A and B are von Neumann algebras, then a positive linear
map p of A into B is said to be normal if for each bounded monotone increasing
net {x;} in Ay, the net {p(x;)} increases to p(x) in By.

B.17. Lemma. If A is a unital monotone complete C*-algebra with a
separating family of normal states, then there is a normal isomorphism of A onto a
von Neumann algebra.
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Proof. Let F denote the separating family of normal states of A and consider the
representation mr = @4ecrmy, acting on Hy = @gerHy. Then (wr, Hr) is faithful.
Indeed, if x > 0 lies in the kernel of 7#, then

o) =<my(x)&s,&p >
=0
for each ¢ € F, so that x = 0. Since kermx is a C*-algebra, it is spanned by its
positive elements, and therefore kermz = {0}.

Now if {z,} is a bounded montone increasing net in Ag,, then {z,} has a least
upper bound z € Ay,, as A is monotone complete. Also {mr(xq)}q is a bounded
monotone decreasing net in B(Hz) as mx > 0, and thus {7mxr(zs)} has a least
upper bound y in B(Hr), as B(HF) is monotone complete. Since x > z, for all «,
wr(x) > mr(zy) for all «, and hence mx(z) > y.

However, if ¢ € F, and (mg, Hg, 24) is the cyclic representation associated with
¢ via the GNS construction, then for all unitaries u in A,

o(u*zu)

limo(u*z,u) as ¢ is normal

= lim <1y (2a)me(u) 2, Te(u) 26 > .

Thus (7g(x) - y)mg(u)ze = 0. But A is spanned by its unitaries, and hence
(7o) ) [mo(A)20] = 0.

As Hy = @4crHy, we conclude that mx(x) = y. Thus mr(A) is monotone
complete. By Theorem B.15, 7£(A) is a von Neumann algebra.

< mp(x)m(u)2p, mp(u)2g >

O

B.18. Theorem. Let A be a C*-algebra and X be a Banach space such that
A is isomorphic as a Banach space to X*. Then A has a faithful representation as
a von Neumann algebra with A, = X.

Proof. Consider the weak*-topology on A arising from X, and identify X with the
weak*-continuous elements of X*. Since the unit ball By(A) is weak*-compact, it
has an extremal point, by the Krein-Milman Theorem. Hence A is unital, by
Proposition B.7.

By Lemma B.9, A}, is weak*-closed, as well as the positive cone A, of A.

It now follows that the positive cone of X, namely X., is separating for A. For if
a €Ay and —a ¢ A, then since A, is a weak*-closed cone in Ay, by the Hahn-Banach
Theorem there exists an element ¢ € X, such that ¢(A,) >0 and ¢(a) > 0. Namely,
we can think of A; as a real vector space and obtain a real linear functional on Ay,
satisfying these conditions. Then we complexify ¢ to A.

By Lemma B.12, A is monotone complete.

Suppose ¢ € X,. Then ¢ is normal, since if {z;} is a monotone increasing net in
A with least upper bound z, then

lim ¢(z;) < ¢(x) = weak™ —lim ¢(x;) < lim ¢(x;).
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Note that lim ¢(x;) exists since it is a bounded monotone increasing net in R. Thus
A is a monotone complete C*-algebra with a separating family (namely B;(X),) of
normal states.

By Lemma B.17, A has a faithful representation as a von Neumann algebra.
Moreover, from the GNS construction, we has that X, ¢ A,.

Also, if x € Ay, and x # 0, then ¢(z) # 0 for some ¢ € X*. Thus the linear span of
X, is norm dense in X, from which we conclude that X c A,.

Since the compact topology in Bj(A) is unique, the weak*- and the o-weak
topologies coincide. Hence A, = X.

O



Exercises

Hedgehogs. Why can’t they just share the hedge?
Dan Antopolski

Question 1. A SPECTRAL ESTIMATE
Let A be a Banach algebra. For a € A and \ € p(a), show that

1

1=l 2 G sy

Question 2. SIMILARITY ORBITS
Let A € M, for some n > 1. We define the similarity orbit of A to be the set

S(A)={T eM, :T=S5"AS for some S eM'}.

Show that there exists T € S(A) for which |T'| = spr(7") = spr(A). Can this always
be done if we ask T to lie in S(A) rather than in the norm closure of S(A)?

Question 3. WEIGHTED SHIFTS |

Let H be an infinite dimensional, separable, complex Hilbert space. An operator
W e B(H) is said to be a unilateral forward weighted shift if there exists an
orthonormal basis {e, }>; for 1 and a sequence (wy,), € > so that We,, = wpens1
for all n > 1. Recall also from PMath 753 that a bijective operator U € B(H) is said
to be unitary if (Uzx,Uy) = (x,y) for all x,y € H, and that unitaries are precisely the
Hilbert space isomorphisms. Note that this relation is equivalent to the condition
that U* = U™!, where U* denotes the Hilbert space adjoint of U.

(a) Find |[W| in terms of the sequence (wy, )y of weights for W.
(b) Show that there exists a unitary operator U € B(H) so that U*WU is a
unilateral forward weighted shift with weight sequence (|wy|)y,.-

267
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If A,BeB(H), V e B(H) is unitary and A = V*BV, then we say that A and
B are unitarily equivalent. Unitary equivalence of operators is easily seen to be
an equivalence relation on B(#), and we write A ~ B to denote that A and B are
unitarily equivalent. If there exists S € B(H) so that S is invertible and A = ST BS,
then we say that A and B are similar, and write A ~ B. From the paragraph above,
we see that unitarily equivalent operators are similar.

(c) Show that if W is a unilateral forward weighted shift and A € T:= {z € C:
|z| = 1}, then W ~ AW.

(d) Prove that o(W) has circular symmetry; that is, if « € o(W), then
aT:={zeC:|z|=a} ca(W).

Question 4. WEIGHTED SHIFTS 11
Let H be an infinite dimensional, separable complex Hilbert space with orthonor-
mal basis {e,, }n2;. Let W be the unilateral forward weighted shift operator satisfying
Wey, = wpens1 where w, = (Gep(n,2"))7L.
(a) Prove that the spectral radius of W is greater than zero.
HINT. calculate Wzk, k>1.
(b) Prove that there exist nilpotent weighted shifts V;, (with respect to the
same orthonormal basis {ey}52;) so that lim, . V;, = W. (Recall that an
element a of an algebra A is said to be nilpotent of order k if a*1 4 0 = a*.
For this question, we are not imposing any restrictions on the order of
nilpotence of V;,.)
(¢) Conclude that the spectral radius function spr: B(H) — R is not continu-
ous.

Question 5. THE FUNCTIONAL CALCULUS

010 210
Let A=|0 0 1fland B=|0 2 0| be two elements of M3(C).
0 0 O 0 0 3
Let
(4 1 0 -4 0 0]
04 -1 0 -4 2
00 6 0 0 -6
T=l2 0 0 -2 1 oM
02 -1 0 -2 2
0 0 3 0 0 -3]
(a) Let exp(z) =¢€*, z € C. Find exp(T).
HINT. S:= |} ? is invertible and

1 2] |z O] -1 2| |-z+2y 2x-2y
1 1110 y 1 1| |-z+y 2z-y |
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1 if 2| <3
(b) Let g(2) =40 if|z-2[< 1. Find ¢(T).
0 iflz-3<3
Question 6. EXPONENTIALS
Let A be a unital Banach algebra, and let a,b € A, and exp(z) = €*, z € C.
(a) If ab = ba, prove that exp(a)exp(b) = exp(a +b).
(b) Does this necessarily hold if ab # ba?

Question 7. DIAGONAL OPERATORS
Let H be an infinite dimensional, separable, complex Hilbert space with or-
thonormal basis {e, }>°;. Recall that an operator D € B(H) is said to be diagonal
if there exists a sequence (dy)y € £*° so that De,, = d,e, for all n > 1. (Of course,
the reason for the terminology is that the matrix of D relative to this basis is the
diagonal matrix diag(dy,)yn.)
(a) Find ||D| :=sup{|Dz| : |z| <1} in terms of the sequence (d, ).
(b) Find o(D), the spectrum of D in B(H). Conclude that if 2 ¢ C is compact,
then there exists 17" € B(H) such that o(T') = €.
(c) Determine the set of eigenvalues of D.
(d) State (and prove) necessary and sufficient conditions on the sequence (d, ),
for the operator D to be compact.

Let m denote the canonical quotient map from B(H) onto the Calkin algebra Q(H) :=
B(H)/KK(H). If T € B(H), the spectrum o(7(T)) of 7(T") in Q(H) is known as the
essential spectrum of 7. It is also denoted by o.(T).

(e) Find the essential spectrum o(7(D)) of the diagonal operator D.

Question 8. WEIGHTED SHIFTS III

Let ‘H be an infinite-dimensional complex Hilbert space. Recall that an operator
N e B(H) is said to be normal if N*N = NN*, where N* denotes the Hilbert space
adjoint of N. We say that M e B(#) is essentially normal if the image m(M)
of M in the Calkin algebra Q(#) under the canonical quotient map = : B(H) —
Q(H) is normal in the sense that 7(M)m(M*) = m(M*)m(M). [We may define an
involution on Q(H) by setting w(M)* := w(M*), so that M will be essentially normal
if m(M)n(M)* =7(M)*m(M), which looks like the usual notion of “normality”.] It
is clear that if N € B(H) is normal and K € K(H) is compact, then M = N + K is
essentially normal.

Suppose now that H is also separable. Recall from the first assignment that
an operator W e B(H) is said to be a unilateral forward weighted shift if
there exists an orthonormal basis {e,}.>; for H and a sequence (wy), € £* so
that We,, = wpens1 for all n > 1. The unilateral (unweighted) forward shift
operator S € B(H) is the unilateral forward weighted shift with constant weight
sequence (wy)n, where w, =1 for all n > 1. [Of course, such an operator may be
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chosen for any orthonormal basis {e,},>; for H, but it is straightforward to show
that all such operators are unitarily equivalent. For this reason, people usually refer
to “the” unilateral forward shift, as opposed to “a” unilateral forward shift.]

(a) Prove that the unilateral (unweighted) forward shift S is essentially normal.

(b) Prove that there do not exist N € B(H) normal and K € IC(H) such that
S=N+K.

(c) Suppose that W is a unilateral forward weighted shift with weight sequence
(wn)p2q. If W is compact, find o(W).

(d) State and prove a necessary and sufficient condition on the weight sequence
(wp)n of a unilateral forward shift W for W to be essentially normal.

(e) An operator V e B(H) is said to be a bilateral weighted shift if there
exists an orthonormal basis (f,,)nez for H and a weight sequence (vy, )nez €
0°°(Z) so that V f, = v, fne1 for all n € Z. As with “the unilateral forward
shift”, we refer to V' as “the bilateral shift” if all weights v,, are equal to 1.
Note that in the case of bilateral shifts, we do not refer to “forward” nor
“backward” shifts (why not?). A proof similar to the one appearing in As-
signment One shows that any bilateral weighted shift is unitarily equivalent
to a weighted shift with non-negative weights, and so we usually assume a
priori that v, >0 for all n € Z.

Let V be a bilateral weighted shift with weight sequence (v, )pez, where
vp 2 0 for all n € Z. Suppose furthermore that there exists § > 0 so that
6 <v, <1 for all neZ. Show that

o(V)c{zeC:d<|z|<1}.

(f) Find an example of a bilateral weighted shift U € B(¢?(Z)) and a rank-one
operator F € B(£?(Z)) so that
(i) o(U) =T, and
(ii) o(U + F) =D.

Question 9. WEYL’S THEOREM
Prove the following Theorem due to Weyl (1909):

Theorem. Let H be an infinite dimensional, separable Hilbert space and
let A, Be B(H). If A-B e K(H), and if X € 0(A) N 0,(A), or if X is an
eigenvalue of infinite multiplicity, then A € o(B).

Hint: We can assume without loss of generality that A = 0 (why?). Then write
A=B+(A-B)=...

Remark: Let K := B—A e/ (H). Then B = A+ K is called a compact perturbation
of A. The underlying notion is that compact perturbations lie in an ideal of B(H),
and hence are in some sense “small”. As such, they shouldn’t cause radical changes
in the “essential” behaviour of the operator.

Question 10. THE CLOSURE OF THE SET OF FINITE RANK NILPOTENT OPERATORS
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Let F(H) ={T € B(H) :rank T < oo}, and
Nilg(#H) = {T € F(H) : T* = 0 for some k > 1}.
Calculate the norm closure Nilop(H) of Nilp(H) in B(H).

Question 11. [SOMETRIES ON HILBERT SPACE

First let us establish some notation. Given a family {#Hg}ger of complex Hilbert
spaces, we define the Hilbert space H = ®@gerHg to be the Hilbert space H = {(z5)g :
I(xg)sl = (s |lzg|?)Y/? < 0o}. Given operators Ty € B(Hs) with supg | T3] < oo, we
can define a bounded linear operator T = @71 on H via T'(xg)s = (Tpxs)g. If the
cardinality of I" is «, we write T(® to denote the operator T(®) = ®ger acting on
H(®) = ®gerH.

Finally, for two Hilbert spaces M and N and two operators A € B(M) and
B € B(N), we write A ~ B, and say that A is unitarily equivalent to B, if there
exists a unitary operator U : M — N such that B = UAU™.

Let H be an infinite dimensional, complex Hilbert space. Suppose that W : H —
H is an isometry; that is, |[Wzx| = ||| for all z € H. Prove that there is a unitary
operator U and a cardinal o such that W ~ U@ S(®) | where S denotes the unilateral
forward shift (all of whose weights are 1). That is, S acts on an infinite-dimensional,
complex, separable Hilbert space Ho with orthonormal basis {e, }°>; and Se;, = €541
for all n > 1.

Question 12. SPECTRUM FOR UNITAL ABELIAN BANACH ALGEBRAS
Let A be a unital abelian Banach algebra

(a) Show that o(a+0b) € o(a) +o(b) and o(ab) € o(a)o(b) for all a,b € A.
Show by example that there exist (non-unital) Banach algebras for which
this fails.

(b) Suppose a1 and ag lie in A. Let B be the Banach subalgebra of A generated
by a1 and as - that is, B is the smallest unital Banach subalgebra of A
containing both a1 and as. Show that X5 is homeomorphic to the compact
set o(ai,a2) = {(7(a1),7(az)) : 7 € ¥g}. (It should be clear from your
proof that this result extends to Banach algebras generated by n elements
for any n > 1.)

Question 13. IDEMPOTENTS IN BANACH ALGEBRAS
Let A and B be unital Banach algebras.

(a) Show that if A is abelian and it contains an idempotent e other than 0 and
1, then X 4 is disconnected.

(b) Show that if 4 is abelian and the idempotents in .4 have dense linear span,
then 3 4 is totally disconnected.

(c) Show that the linear span £ of the idempotents in B forms a Lie ideal of B;
that is, they form a vector subspace of B which satisfies [b,m] := bm-mbe &
whenever be B and m e €.
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Question 14. IDEALS OF SPACES OF CONTINUOUS FUNCTIONS

Let X be a locally compact, Hausdorff space. Show that every closed ideal of
Co(X) has the form

R ={feCo(X): flp =0}
for some closed subset E of X.

Question 15. THE GELFAND MAP NEED NOT BE SURJECTIVE NOR ISOMETRIC
Let A = {f € C([0,1]) : f" € C([0,1])}, and for f € A, define |f| = ||f]. +
| f'|los where || - |, denotes the usual supremum norm on C([0,1]). Then A can be
shown to be a commutative Banach algebra under the usual pointwise operations
for multiplication and addition. (Although you don’t have to hand in the proof of
that statement, you should at least verify it for yourselves.)
Show that the Gelfand map is neither isometric nor surjective in this case.

Question 16. SETS WITH PROPERTY S FOR ABELIAN, UNITAL BANACH ALGEBRAS
Let A be an abelian, unital Banach algebra. We shall say that a weak*-closed
subset F' ¢ ¥4 has property S for A if for each z € A,

sup{[Z(¢)|: ¢ € '} = spr().
(a) Show that A admits a set A which is minimal (with respect to inclusion)

amongst all sets with property S for A.
(b) Let A =A(D) be the disk algebra. Find a minimal set A as above for A.

Question 17. UNITARY GROUPS IN C*-ALGEBRAS.
Let A be a unital C*-algebra and let U = {u € A : vu* = u*u = 1} denote the
unitary group of A.

(a) Show that if w e and |u — 1| < 2, then there exists a self-adjoint element
h € A such that u = exp(ih).

(b) Define U, = {exp(ihi)exp(ihg)...exp(ihy) : hy = by € A,1 < k <n}. Show
that U, is both open and closed in U, and hence that i/, is the connected
component of the identity in U. (Of course, U is just a group, not an
algebral)

(c) If A is abelian, show that U, = {exp(ih) : h = h* € A}.

Question 18. Every idempotent in a C'*-algebra is similar to a projection.

Question 19. Let H be a complex Hilbert space and A, B € B(H). Prove that if
(Az,x) = (Bx,x) for all x € H, then A = B. (Hint: prove that the above condition
implies that (Az,y) = (Bz,y) for all z,y € H.)

Question 20. THE JACOBSON RADICAL
Let A be a unital C*-algebra.

(a) Show that if a € A and A € o(a*a), then a*a — Al has neither a left nor a
right inverse in A.
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(b) Show that the intersection of the maximal left ideals of A is {0}. That is,
C*-algebras are semisimple.

Question 21. MULTIPLIER ALGEBRAS
Let A be a C*-algebra. A double centraliser for A is a pair (L, R) of bounded
linear maps on A satisfying

L(ab) = L(a)b,  R(ab) = aR(b), and R(a)b=aL(b).

For example, if ¢ € A, set L.(b) = ¢cb and R.(b) = bc for all be A. Then (L., R.) is a
double centraliser for A.

(a) Show that if (L, R) is a double centraliser for A, then | L| = |R].
Let M(A) denote the set of all double centralisers for A.
For (L1, R1), (L2,R2) €e M(A) and «, 3 € C, we define
(i) a(Ly,R1) + B(La, Ry) = (aLy + BLs, aRy + BRy);
(ii) (Ll, Rl)(LQ, RQ) = (L1L2, R2R1);
(iii) (L1,R1)" = (RY,LY), where a map B : A - A induces the map B* :
A — Avia B*(a) = (B(a*))".
(b) Show that M(.A) is a unital C*-algebra (called the multiplier algebra of A)
under the norm | (L, R)| = |L|(= |R]).

Culture: One way to add a unit to a non-unital C*-algebra A is to embed the Ba-
nach algebra unitisation of A, namely A, := {(a,\) : a € A, \ € C} with (a,\)(b,5) =
(ab+ Ab+ Ba,\3) into M(A) via the map

o: A, - M(A)
(a,A) = (La,Ra) + (N, NI).

(Here, I: A — A is the identity map.) If, for (a,\) € A,, we define (a,\) = (a*, ),
then this gives us an involution. The map ® proves to be a *-isomorphism, so that
we may impose a C*-algebra norm on A, via |(a,\)| :=||®(a,A)].

Question 22. LIFTING ELEMENTS FROM QUOTIENT C*-ALGEBRAS
Let A denote a unital C*-algebra and X denote a closed, two-sided ideal of A.
Let m: A - A/K denote the canonical *-homomorphism.

(a) Suppose r is a self-adjoint element of A/K. Show that there exists R =
R* € A such that 7(R) =r.

(b) Suppose r is a positive element of A/IC. Show that there exists R positive
in A such that 7(R) =r.

(¢) Suppose u € A/K is unitary and that o(u) = {\ € T: Re()\) > 0}. Show that
there exists U € A unitary such that 7(U) = u.

(d) Does the result hold for all unitaries in A/K? For example, suppose that
ueB(H)/IC(H) is a unitary element. Does there exist a unitary operator
U € B(H) such that m(U) = u, where 7 : B(H) — B(H)/K(H) is the

canonical quotient map?
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Question 23. REPRESENTATIONS OF THE CALKIN ALGEBRA

Let H be an infinite-dimensional, complex, separable Hilbert space. The GNS
construction may be applied to the Calkin algebra B(H)/K(#H). Thus, we obtain
an isometric *-monomorphism (i.e. an injective *-homomorphism which is then
automatically isometric) p: B(H)/K(H) — B(Ho) for some Hilbert space Hg. Prove
that in this case, Ho can not be separable.
Hints:

e Show that there exist uncountably many infinite subsets {Fy}qep of the
rational numbers Q with the property that F,, n Fj3 is a finite set for all
a# .

o Let {eg}qeq be an orthonormal basis for H. Consider the orthogonal pro-
jections P, of H onto span {e, : ¢ € F,}. What can you say about
{m(P,):aeA}?
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