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0 Introduction

These are the notes based on the Operator Algebras course taught in Fall of 2019 by Dr
Joachim Zacharias. There was no single text for this course.

If you find any errors please tell me (or email me at asnadiga@gmail.com).

0.1 Notation

In this course all spaces that we consider will be normed linear spaces over C.

0.2 Background

Definition 0.1
A norm on a space X is a function || - || : X — [0, 00) such that for all 2,y € X and
reC

Lz +yll < [[l=]] + llyll,

2. || Axf] = [A] - [[=|

3. ||z|| = 0 if and only if z = 0.

Definition 0.2

A normed space X is a Banach space if it is complete with respect to its norm
(meaning that every sequence that is Cauchy with respect to the norm converges
with respect to the norm to some value in X).

Example 0.3
The following are Banach spaces:
1. Any finite dimensional normed linear space.
2. = = {(ay,) € CY| (a,) bounded} with norm ||(a,)|| = sup{|a;| | i € N}.
3. C(Q) ={f:9Q — C| f is continuous}, with the norm ||f||cc = sup{|f(¢)| |t €
0}, where Q is a compact topological space.
4. For X and Y, consider B(X,Y) ={T : X —» Y | ||T]| < oo} where ||T|| =
sup{||Tz|| | x € X, ||z|| < 1}. This is called the set of bounded linear operators
from X to Y.
5. B(X,C) is called the dual of X.

Definition 0.4
Inner product spaces carry the norm ||z|| = (x,2)'/2. Any inner product space that
is complete with respect to this norm is called a Hilbert space.

Clearly all Hilbert spaces are Banach spaces as well.

Example 0.5
The following are Hilbert spaces:
1. C™ with the standard inner product.
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2. 02 ={(an) € CN | Y ]a;|* < .

Definition 0.6
An algebra is a linear space X with an associative bilinear multiplication, meaning
that:
1. (. + A\y)z = 2z + \yz,
2. x x(y + \z) = xy + A\zz, and
3. (xy)z=x(yz)
for all x,y,z € X and A\ € C.

An algebra is a normed algebra is X is normed, and is a Banach algebra is X is a Banach
space.

Definition 0.7
A unit in an algebra A is a unique element, denoted 14 such that 142 = 214 = x for
all z € A. If A has a unit then A is a unital algebra.

Example 0.8
The following are algebras:

1. C(92) with pointwise multiplication is a unital commutative algebra (when (2 is
compact.

2. B(X) = B(X,X) with multiplication given by composition is a unital normed
algebra. B(X) is a Banach algebra if and only if X is a Banach space. B(X) is
not commutative if and only if Dim(X') > 1. Every Banach Algebra is contained
in some B(X).

3. (2) when X is a Hilbert space.

Examples (1) and (3) also carry an involution.

Definition 0.9
An involution on an algebra A is a map * : A — A such that for all z,y € A and
A€ C,

1. *is antilinear: (\z + uy)* = A\z* + my*,

2. * is antimultiplicative: (xy)* = y*z*, and

3. * is involutive: (z*)* = z.

On C() the involution is given by f*(t) = f(¢). On B(H) the involution of T" is the adjoint
of T, which is the unique operator satisfying that (T"*z,y) = (z,Ty) for all z,y € H.

Definition 0.10
A Banach algebra is a C*-algebra if it carries an invultion * such that ||zz*|| = ||z||?.

Both C(2) and B(H) are C*-algebras.
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1 Banach Algebras

Example 1.1

Given a Banach algebra A, define the Banach Algebra A = A®C with addition being
component wise, multiplication such that (a, A\)(b, u) = (ab+ \b + pa, Au), and the
norm ||(a,\)|| = ||a]| + |A|. Then A is a unital Banach algebra with unit (0,1). An
involution on A extends to A through (a, \)* = (a*, \).

Example 1.2
Let G be a discrete group. Then (}(G) = {f : G — C | >_gec | f(g) < oo} with norm
I[flli = >_yeq [f(g)| is a Banach space. Then if we defined multiplication through

(f9)(s) = X yeq f(t)g(t~'s) we have a Banach Algebra.

Definition 1.3
Given an algebra A, we denote the set of invertible elements of A by G(A)

Proposition 1.4
Let A be a Banach algebra with unit 14. Then the following are true.
1. For € A such that ||z|| < 1, 1 — x is invertible. More generally if ||z|| < A
then A\ — z is invertible.
2. G(A) is open and the inverse map is continuous.
3. G(A) is a topological group, meaning that the inverse and multiplication func-
tions are continuous.

":1A

Proof. 1. We can construct the inverse of 1 —x, 37° (™. Then (1 — )3, "

2. Let © € G(A) to show that G(A) is open, we will show that the open ball of
radius ||z7!||7! is contained in G(A). So suppose that y € A such that ||z — y|| <
[[z=t|~*. Then we can write y = 2 — (z —y) = (1 — 27! (x — y)). Then since
llz=t(z—y)|| < ||z~ |- ||z —y|| < 1, the element 1 —2~!(z —y) is invertible. Since
x is also invertible y = 2(1 — 2~ (z — y)) is invertible. By applying the formula for
the inverse from part (1), to 1 — 2~ !(z — y) we can show continuity.

3. We already know that multiplication is continuous in A, and we have shown that
inversese are continuous.

O

Definition 1.5

A continuous path in a topological space 2 connecting wyg € 2 to w; € Q is a
continuous mapping p : [0,1] — Q such that p(0) = wy and p(1) = wy. A topogical
space ) is path connected if any two point can be joined by a continuous path.

Definition 1.6
Go(A) is the set of elements in G(A) that can be connected to 14 by a path in G(A).
More formally, for all x € Go(A), there is a continuous p : [0,1] — G(A) such that
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p(0) =z and p(1) = 14.

Proposition 1.7
GO (A) is
1. connected,
2. open, and
3. normal in G(A).

Proof. 1. Since every element of Gy(A) is path connected to 14, we can construct a
path between any two points.

2. We will show that for any € Go(A), the open ball of radius |[z~1||7! about

x is contained in Go(A). Let p(t) = a + th. This is a path connecting = to

2 + h. Since Go(A) is path connected, it will suffice to show that this entire

path is contained in G(A), because then we can construct a path from x + h to

14 that stays in G(A). Note that for any ¢, p(t) = = + th = (1 — (—tx~'h).

|| =tz h|| < |t| - [|z7 Y| ||h]| < 1 ||z~ |- |J2=1||7* = 1. Thus by the previous
proposition, p(t) is invertible.

3. Let z € Go(A). We want to show that for any a € G(A), aza™! € Go(A).

x € Go(A) implies that there is some path p connecting x to 14. Then ap(t)a=! is

a path connecting aza™! to 14 that stays in G(A), meaning that aza™ € Go(A).

O

Proposition 1.8
An open subgroup of a topological group is closed.

Proof. Let G be a topological group and let H < G be an open subgroup. Then if the
(possibly finite) set {go = 1¢, g1, ...} is a set of unique coset representatives of H in G,
then we have that G = Ug; H. We also know that since multiplication is continuous in a
topological group, H open implies that g; H is open as well. Thus G \ H = U;x0g;H is
open, meaning that H is closed. O]

This proposition implies that G(A)/Go(A) is always a discrete group.

Definition 1.9
Let A be an algebra with unit 1. Then for each x € A we defined the spectrum of x
as

o(z) = {A€C|A—z ¢ G(A)}.

Proposition 1.10
Let A be a Banach algebra then for any =z € B o(z) # ()

Proof. This has something to do with holomorphic functions and stuff. I really cant
work with that. O
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Proposition 1.11
Let A be a Banach algebra with a unit element. Then for every x € A, the following
are true:

1. o(x) is closed, and

2. o(z) CT{ANe C||A| < ||=||}-

Proof. 1. The complement of o(x), C'\ o(x) is the preimage of G(A) under the map
A +— XA — . This map is continuous and G(A) is open so this preimage is open.
This o(z) is closed.
2. Let A € o(x), and suppose for contradiction that |[A| > ||z||. Then we know that
A — x is invertible which contradicts the assumption that A\ € o(z)
O

Proposition 1.12
Let A be a unital algebra. If z,y € A, then o(zy) U {0} = o(yz) U {0}.

Proof. Let A € C such that A # 0. We want to show that A —zy € G(A) <= A —yzx €
G(A). By symmetry we only need to prove one direction. We can also assume with out
loss of generality that A = 1 because if it is not we can scale everything that follows
appropriately.

A — 2y € G(A) means that 1 — zy is invertible. This means that —(1 — zy) = (zy — 1)
is invertible, so there exists some u € A such that u(zy — 1) = (zy — 1)u = 14. Let
w =1 — yux. Then we have that

(1—-—yx)w=1-yx —yur+yaryur =1 —yr —y(1 —zy)ur =1 —yxr — (—ylaz) =14
and

w(l—yzr)=1—yzr—yur +yuzyr =1 —yzr —yu(l —zy)z =1 —yzr — (—ylaxz) =14

. Thus w is the inverse of (1 — yz); 1 — yz € G(A). O

Proposition 1.13
Let B be a Banach algebra with unit 15, and let A C B be a closed subalgebra such
that 15 € A. Then for all x € A, the following are true:

1. op(z) C oa(x), and

2. 0(oa(x)) Cd(op(s)).

Proof. 1. Since G(A) C G(B), there may be inverses in B that are not in A. Thus
there may be values of A that are in o4 (z) that may not be in in og(z). On the
other hand if an element is not invertible in B then it is not in A either.

2. Let A € §(ca(x)). We want to show that A\ € d(og(z)). Since X is a boundary
point point there is a sequence (),) in o4 ()¢ that converges to A. Now assume
for contradiction that A ¢ §(op(x)). Then X\ ¢ op(z), meaning that (A — z)~!
exists in B. Since addition and inverses are continuous, the sequence (\,1p —z)~!
converges to (Alg — x)~1. Since A\, ¢ oa(x) for every n, the element (), — z)~!
exists in A for ever n. Since A is closed, the limit of this sequence, (A — z)~! is in
A. This contradicts the assumption that A € o4(x).




OPERATOR ALGEBRAS FaLL 2019

| O
This means that in the situation described above, if o4(x) C R, then o4(z) = op(z).
Definition 1.14
Let A be a Banach algebra with unit 14. Then for x € A, the spectral radius of z is

defined as
r(z) := max{|A| | A € o(x)}.

Since o(z) is closed and bounded, {|A] | A € o(x)} is closed in bounded in R, meaning that

the maximum of this set is well defined.

Theorem 1.15
Let A be a Banach algebra with unit 14, then for all z € A, r(z) = lim,, ||z"||*/™.

I Proof. This also has to do with holomorphic functions and I dont understand it. O

Theorem 1.16
Let A be a Banach algebra in which ever non zero element is invertible. Then A ~ C.

Proof. Let x € A, we know that o(a) # 0, so let A € o(a), meaning that A — x is not
invertible. Since all of the non-zero elements of A are invertible, A — 2 = 0, which means
that every x € A is a scalar multiple of the identity element, which gives an obvious
isomorphism to C. O

2 Ideals and Quotients

Definition 2.1
Given a Banach algebra A, a subalgebra (closed under addition and multiplication)
Tisanideal if AI C T and IAC I.

An algebra is simple if the only ideals are the full algebra and the empty set.

We can also note that if A is a unital algebra then any non-trivial ideal can not contain 14
(because then A C AT). More generally, any non-trivial ideal can not contain any invertible
elements.

Definition 2.2

If A is an algebra with I an ideal, then we can form the quotient algebra A/I =
{a+1I|a e A}. The operations are as follows: (¢ +I)+ (b+1I)=(a+0b)+ I, and
(a+I)b+1I)=ab+1.

Proposition 2.3

If A is a Banach algebra and I < A is an ideal then the following are true.
1. The closure of I, I is also an ideal.
2. |[1a+z||>1forall z€ (unless A=1I).
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3. Further suppose that A is unital. If I is a proper ideal of A, then I is a proper
ideal of A.

Proof. Let A be a unital Banach algebra, and let 7 < A.

1. Let # € I. Then there is some sequence (z,) in I that converges to z. Since I
is an ideal, for any a € A, the sequence (ax,) is in I, and by the continuity of
multiplication, this sequence converges to ax. Thus ax € I for any € I and
a€ A

2. Suppose that for some z € I, ||14 + z|| < 1. Then we know that ¢ — (14 +2) = —z
is invertible in A, which means that z is invertible as well. This means that I = A.

3. Suppose that I # A, but I = A. Then we know that —14 € I, so there is a
sequence (x,) in I that converges to —1 4. This means that the sequence (1 + z,,)
converges to 04. By (2), we know that ||14 +2,|| > 1, but this makes it impossible
for (14 + x,,) to converge to 04. Thus we conclude that I # A.

O
2.1 DMaximal Ideals

Definition 2.4
Given an algebra A and an ideal I < A, we say that I is a mazimal ideal if J < A is
proper ideal that contains I implies that J =T

Proposition 2.5
Any maximal ideal of a (i think unital) Banach algebra is closed.

Proof. Let A be a Banach algebra and I < A be a maximal ideal. Then we know that I
is also a proper ideal, and it contains I. Thus I = 1. O

Proposition 2.6
If A is a Banach algebra, then I < A is a maximal ideal if and only if A/T is simple.

Proof. We will show a correspondence between ideals of A and ideals of A/I, which
will be used to prove the proposition. First start with an ideal of A, J, then we can
construct the ideal of A/I, K ={j+1|j € J}. Similarly, given an ideal of A/I, K, we
can construct the ideal J = U,1rexa+ I. (see correspondence theorem for rings).

Now suppose that I is a maximal ideal in A. Then suppose that K is an ideal in A/T.
Then the corresponding ideal J clearly contains I. This means that J is either I or A.
If J = I then K is the empty ideal, and if J = A, then K = A/I. Thus A/I is simple.
Now suppose that A/I is simple. Then let J be any ideal that contains I. The corre-
sponding ideal K in A/I must be either the empty ideal or all of A/I. This would imply
that J is either I or A, which means that I is maximal. O

Proposition 2.7
If A is an algebra then every proper ideal of A is contained in a maximal subideal of

A.



OPERATOR ALGEBRAS FaLL 2019

Proof. The set of proper ideals is a partially ordered set with comparison given my
inclusion. We also know that for any fully ordered subset, there is a maximal element.
Thus we can apply Zorn’s lemma to prove the proposition. O

Proposition 2.8
Let A be a unital Banach algebra. Then if I < A is a maximal ideal, A/I ~ C.

Proof. Suppose that A is a unital Banach algebra with I < A a maximal ideal. Then
A/I is a simple unital Banach algebra (the proof of this actually comes later). Now
let b € A/I be some non-invertible element. Then clearly (A/I)b is an ideal, and since
Lasr ¢ (A/I)b, it is a proper ideal. This means that (A/I)b is the trivial ideal, which
means that b = 0,4,;. Thus all non-zero elements of A/I are invertible. We have seen
that this means that A/T ~ C O

2.2 Quotients

Proposition 2.9
If A is a Banach space (or algebra) and I < A is a closed ideal, then we can equip
A/I with the quotient norm

lla + I|| = inf ||a + z||.
zel

This norm makes A/ into a Banach space (or algebra).

| Proof. FINISH ME O

We can note that 7 : A — A/I is a contraction as ||7(a)|| < ||all.

Proposition 2.10 (Factorization Lemma)

Let ¢ : A — B be a homomorphism of Banach algebras. Then there is a factorization
of ¢ = pom, where 7 : A — A/Ker(¢) is the ususal quotient map and ¢ : A/Ker(¢) —
B. Further, we have that ||¢|| = ||¢]|.

Proof. First we need to show that there exists some (;5 that satisfies the proposition, then
we will show that it is unique. Finally, we will show that ||| = ||¢]|-

Let ¢1(a + Ker(¢) = ¢(a). To show that this is well defined note that if a + I = b+ I,
then a = b+ x for some x € Ker(¢). Thus b1(a+1) = ¢(a) = ¢(a) + ¢(z) = pla+z) =
d(b) = ¢1(b+ Ker(¢)). Clearly ¢p1om = ¢. )

Now suppose that there is another function ¢ : A/I — B such that ¢2 o ™ = ¢. Then
since 7 is surjective, gf)l and 61.32 are equal on all values of A/I, meaning that they are

equal.

F?'lrther, 18] = ||d o m|] < [|@]] - ||| < ||¢]| since = is a contraction. On the other hand
lo(z + Ker(9))|| = [|o(@)I| = [lo(z + 2)|| < [[¢]] - [[& + 2[| for all z € Ker(¢). Thus
lo(z + DI < [l¢llinfexerg) [z + Il = [I¢l] - [+ + Ker(¢)]|. Now use x4 I (maybe
technically some (z,, + I) approaching x + I) such that ||¢(z +I)|| = [[¢[|- ||+ I||. This
shows that ||¢[| < [[¢]|. Thus [|¢[| = [|¢]l. H

10
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3 Characters and the Gelfand Transformation

Definition 3.1
A character on a Banach algebra A is a non-zero homomorphism w : A — C.

Definition 3.2
The set of all characters on a Banach algebra A is called the Gelfand Spectrum,
denoted sp(A).

Lemma 3.3
Every character w on a Banach algebra A is continuous. In fact, |jw|| < 1, and if A
is unital ||jw|| =1, with w(14) = 1.

Proof. In order to show that w is continuous we need to show that its norm is bounded.
The in fact part of the lemma implies this so we will just prove that part.

Suppose for contradiction that for some character w on a Banach algebra A, ||w|| > 1
(possibly infinite). Then choose some z € A such that ||z|| < 1 and w(z) = 1. We can
find such an z, because since the norm of w is greater than 1, we can find some z’ such that
[|z’|]] < 1 and ||w(2’)|| > 1. We can scale 2’ by the appropriate amount to get . Then
we define y = > 7 | ™ (this series converges because the series of norms converges by
the assumption that ||z|| < 1). Then y = z+zy. Sow(y) = w(z) + w(z)w(y) = 1+ w(y).
This gives the contradiction that 0 = 1.

Now suppose that A is unital. Then find and z € A such that w(z) # 0. Then we get
that w(z) = w(laz) = w(la)w(x), so w(la) = 1. This gives that ||w|| > 1, which means
that they are equal by the previous part of the lemma. O]

Example 3.4 (L)

t A= C(Q) for some compact Q. For any ¢ € , define w.C(2) — C by wi(f) = f(t).
Actually, it turns out that all characters on C(£2) are of this form (proof to come
later in course).

Here if Gelfand’s idea:
Assumme that A is a unital Banach algebra, and the note that

sp(A) ={w: A — C| w is a non-zero homomorphism}
C{f:A— C| fis a linear functional and || f|| <1}
= the closed unit ball in the dual of A, A*

A* carries the weak *-topology, which is the topology generated by U, ... a, e, e, (f) =
{f: A= CJllgll <ocand |g(a;) — f(ai)| < e}

This topology corresponds to a topology of point wise convergence, where ((f,,) — f, if and
only if (fn(x)) = f(x) for all x € A. With this in mind, we define the Gelfand Transform.

11
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Definition 3.5 (The Gelfand Transform)
The Gelfand Transform of a Banach algebra A is the function™: A — C(sp(A)) given
by x — T such that Z(w) = w(z)

Theorem 3.6: The Gelfand Representation Theorem
Let A be a unital commutative Banach algebra. Then the following are true:
1.

3.

The Gelfand transformation is a continuous homomorphic function, and
1Z]|oe = r(z) < |||

The image of =, A, separates points in sp(A), meaning that if wy,wy € sp(A)
are not equal, then there is some = € A such that Z(w;) # Z(wa).

For any x € A, 04(x) = 0¢(sp(a))(T) = Im(2).

Proof. 1. Clearly the Gelfand transform is homomorphic, so all we need to show is

that it is a bounded operator. That ||Z||ec = r(x) follows easily from part 3, and
since r(x) < ||z|| by theorem 1.15, we can conclude tat |[]| < 1.
Obvious
It suffices to show that © € A is invertible if and only if Z is invertible. First
suppose that z € A is invertible. Then for any character w € sp(A), w(zz™!) =
w(r)w(x)~t = 1. Thus w(z) # 0 (since 0 is not invertible). Thus 7 is no where 0,
and this is equivalent to it being invertible (since we can construct its inverse).
Now suppose that x € A is not invertible. We want to find some character w such
that Z(w) = w(x) = 0, since this corresponds to Z not being invertible. Since x is
not invertible, Az is a proper ideal in A. We know that there is a maximal ideal
M < A such that Az < M. In proposition 2.8 we have shown that A/M = C.
Thus we can treat the quotient map = : A — A/M as a character. Since x € M
Z(m) = 7(x) = 0, meaning that Z is not invertible.

O

Definition 3.7
A Banach algebra A is semisimple if the Gelfand transform is injective

It turns out that A is semisimple if and only if the radical of 4, rad(A) = {a € A | r(z) =0}
is trivial (only contains 0). Otherwise A/rad(A) is semisimple.

It also turns out that all C*-algebras are semisimple.

4 Commutative C"*-algebras and Functional Calculus

Even though the definition of an invoution does not require ||z|| = ||2*|| this will always be
true in a C*-algebra.

Definition 4.1

12
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For a unital Banach algebra A, we define
x - 1 n
-1
= n!

In order for this to be a valid definition we need that this series will always converge. Since
the series of the norms converges and A is complete with respect to the norm, the series will
converge.

In exercises, we have shwon that if xy = yx then €Y = e%eY.

Definition 4.2
If A and B are involutive algebras, then a *-homomorphism is a homomorphism
¢ : A — B such that ¢(a*) = ¢(a)* for all a € A.

The following theorem will be used to prove the 1st Gelfand-Naimark Theorem:

Theorem 4.3: Stone-Weirstrauss Theorem
If C C C(Q) is a *-subalgebra for a compact € such that 1¢(q) € C and C seperates
points in Q, then the closure C' = C(12).

We do not prove this theorem.

Theorem 4.4: 1st Gelfand—Naimark Theorem
If A is a commutative unital C*-algebra, then the Gelfand transform is a isometric
*-isomorphism between A and C(sp(A)) (with norm || - ||ec and involution given by

=)

In this theorem, multiplication in C'(sp(A)) is pointwise, the norm
Proof. The proof will proceed in three steps. First we will show that the Gelfand trans-
form is a *-homomorphism. Next, we will show that it is an isomorphism, and finally we
will show that it is an isometry.
1. We already know that the Gelfand transform is a homomorphism, so we only need
to show that for any = € A, z* = 7* = 7. To do this we will first show that if
x € A is self adjoint then for any w € sp(A), w(z) € R, which implies that =17
In an exercise we showed that any general element in A can be written as xy + ixo
where 71 and x5 are self adjoint, which can show that ~is a * homomorphlsm
Let # € A be self adjoint. For any t € R, define u; = e®*. Then u; ' = e~ = u_,.
Using the definition of exponentiation, we can note that

oo o0
1 1
Z — Z —(—it)x = e = gy_,.
= n! o n!
Then wu; = 1a, and ||jug]|?> = ||[ujw|| = 1, so ||Jue]] = [Juf]] = 1. We
also know that w(uju;) = 1, so |w(u})| -+ |w

ug)| = 1. Since w is a contrac-
= |w(uf)] = 1. We can write

—/—\

tion (by lemma 3.3) this means that |w(u¢)

13
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wlu) =wd_n= oo D) gn "y n=0% (172, )w(x)" = () Then since w(u;) =

e'tRe(w(z))e ~tim((e)) = =1 for all t, it must be the case that Im(w(x)) = 0 (if it
were not then as ¢ — 0o, w(u) grows unboundedly). Thus w(z) € R.

2. The image of the Gelfand transform A is a *-subalgebra of C(sp(A)) such that

Le(sp(ay) € A and A seperates points in C(sp(A)) by theorem 3.6. Thus by the

Stone-Weirstrauss Theorem, A = C(sp(A)). On the other hand, we know that A is
closed with respect to the norm and the Gelfand transforgl is an isometry (proved

in the next part), A must be closed, meaning that A = A = C(sp(A)). Thus the
Gelfand transform of A is surjective.
To show injectivity, let z,y € A be distinct elements, then ||z — y|| > 0. In the
next part we show that the Gelfand transform of A is an isometry, which means
that |w(z — y)| = |w(x) — w(y)| > 0. which implies that w(x) # w(y).

3. In exercise we have shown that if x*z = z2* (2 is normal) then ||Z|| = r(x) = ||z||-

Since A is commutative, all elements are normal, so - is isometric *-isomorphism.
O

Corollary 4.5
If A is a unital C*-algebra and = € A is self adjoint, then o(z) € R.

Proof. Define B = {a114 + asz+ -+ apa™ mod n € Nya; € C}. Then B is a unital
commutative C*-algebra. Then by the 1st Gelfand Naimark Theorem,: B — C(sp(B))
is an isometric *-isomorphism. Following the first part of the proof of the theorem, we
can see that 7 is real valued. By The Gelfand Representation Theorem, we have that
op(z) = Z(sp(B) € R. We know that o4(x) C o5(X) C R by proposition 1.13. This
proposition also tells us that dog(x) C doa(z). But since op(z) C R all of its elemebts
are boundary points and thus o4(z) = op(X) CR. O

Lemma 4.6
In the setting from the above proof Z : sp(B) — o(z) is a homeomorphism.

Proof. We start by showing that T is a bijection. We already know that it is surjective.
To see injectivity, let w,x € sp(B) such that Z(w) = Z(x). Then for any polynomial p,
w(p(x)) = x(p(z)). Referring back to the definition of B, we can see that w = x on a
dense subset of B, and by continuity, this implies that w = . O

We can form the C*-algebra generated by 1 and z, B := C*(1,z) (B will be of the form
that is presented in the proof of the lemma). This is a unital commutative C*-algebra
so we can apply the theorem to get that x + 7T is an isomorphism showing that B =
C*(1,z) = C(sp(B)). Using the lemma we get that sp(B) = o(x), so we now know that
C*(1,2) 2 C(C*(1, x)).

So we now have the following *-isomorphism between C'(o(z)) and C(sp(C*(1,z)): f +— foZ.
As an exercise, it can be shown that the identity function maps to Z and that the uniformly
1 function maps to the uniformly 1 function. Thus we get the following theorem:

14



OPERATOR ALGEBRAS FaLL 2019

Theorem 4.7: Continuous Functional Calculus for Self Adjoint Elements
et A bd a unital C*-algebra, and let x € A be a normal element. Then there exists
an isometric *-isomorphism @, : C(o(x)) — A. wuth the following properties:

1. (I)x(ldc([,(z)) =, and

2. (I)z(lC(a(m)) =14.
If f e C(o(x)), then ®,(f) can be denoted by f(x). This can be thought of as a
function of z inside of A.

The intuitive idea of functional calculus: If we are given a polynomial or any function
that can be expressed as a power series it is quite clear how to apply that function to any
algebra. The goal of functional calculus is to formally extend this idea to any continuous
function.

Note in particular that for any normal z, if p is a polynomial, then ®,(p) = p(x) in the
intuitive way. It can also be shown using the power series expansion that if f : R — RR by
y — €Y, then f(z) = ®,(f) = e® with the definition of the exponential given above.

5 Representations of C'*-algebras

Definition 5.1
Let A be a C*-algebra. A representation of A over a Hilbert space H is a *-
homomorphism 7 : A — B(H). rep(4,H) = {n: A — B(H) | 7 is a representation}.

Example 5.2
If A= C[0,1] and H = L?0,1], where (£,7) fo t)dt. Then we can define

m: A— H by (n(£)€)(t) = F(D)E(1).

In general we only consider non-degenerate representations, i.e. m such that w(A)H =
span{m(a) |a € A, € H} = H. If this fails then we can simply restrict the representation
to the subspace m(A)H to make it non-degenerate (restricting means only applying 7(a) to
elements of the subspace, so the restriction is from A to the set of bounded linear operators
on the subspace).

Definition 5.3
Given a C*-algebra A, Hilbert space H, and a representation 7 : A — B(H), K C H
is an invariant subspace of m if m(a)K C K for all a € A.

If K is an invariant subspace of 7 then the restriction 7|k : A — B(K) where 7|g(a) =
m(a)|k is a representation of A over K.

Example 5.4
If we fix some £ € H then the space K = w(A)¢ C H is an invariant subspace.
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Definition 5.5

Given finitely many representations m; € rep(A4, H;) for 1 < i < n, we can form
the direct sum of representations @i<i<nm : A = @1<i<nH;, where for any a € A,
a = @1<i<nmi(a), such that ®1<i<nmi(@)(€1, -, &n) = (mi(&i))1<i<n-

In the infinite case, more care must be taken. Let I be an infinite index set. Then define
@icrHi = {(&)ier | & # 0 for finitely many 4, and ;¢/||&]|> < oo}. Then @®erm : A —
@icrH;, where for any a € A, a — ®iermi(a), such that ®;crm;i(a)(&;) = (m:i(&))ier for
(&) € GierHi.

Although it is not relevant here, it is interesting to know some following things about
representations. A representation if said to be irreducible if its only invariant subspaces
are the full space and the empty set. For any representation, H = Ker(r) @ Im(w). Any
representation can be written as the direct sum of irreducible representations .

Definition 5.6
A representation 7 € rep(A, H) is said to be faithful if it is inejctive.

Lemma 5.7
Suppose that A is a unital C*-algebra, and for some fixed € A, g € C(o(z)). Now
suppose that 7 is some *-homomorphism with domain A such that ||| < 1. Then

m(g(x)) = g(m(x)).

Proof. The lemma is clearly true in the case that g is some polynomial (because of
the homomorphism of 7). By the Wierstrauss approximation theorem, we know that
polynomials are dense in C(o(x)). Since ||w|| < 1, this means that we can extend the
result from polynomials to general continuous functions. O

Theorem 5.8
If A is a unital C*-algebra and © € rep(4, H), then ||7|| < 1. Moreover, if 7 is
faithful, then ||| = 1 and 7 is an isometry.

Note that this theorem is true for general *-homomorphisms, not just representations.
Proof. Assume that 7 is non-degenerate. (If it is then simply restrict to the appropriate
subspace to make it non-degenerate. We claim that opg)(m(a)) € oa(a). This is
equivalent to C\ 0a(a) € C\ opg)(m(a)). Then suppose A € C'\ 04(a). Then (A\14 —
a)~! € Aexists, and 7(Ala—a) ™) = (Ar(1a)—7(a)) ™' = (M p@)—a)~t, so M pm)—a
is invertible and A € op (g (m(a)). This proves the claim.

Now, for any a € A the element a*a is self adjoint, and we have that

llall* = lla”all = r(a*a) = sup{|A| | A € oa(a”a)}
< sup{[A| [ A € op(m)(7(a))}

= r(n(a”a)) = [|n(a)*7(a)]| = ||r(a)||*.

Thus ||af| < |Jw(a)[, and [[x]| <1.

16
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For the moreover part of the theorem, suppose that 7 is injective. We want to show that
[|m(a)|| = ||a||- For any a € A, let = a*a, and let X = 7(z). Claim that ||z|| = || X]].
If this is true then ||al|2 = ||z|| = || X|| = ||pi(a)||?, which proves the theorem. Suppose
for contradiction that ||z|| > ||X|| for some a € A where x = a*a. Then we have
that r(z) = [|z|| < [|X]|| = 7(X). Thus we have that op)(X) C ga(x) with proper
containment. Since z and X are self adjoint, their spectrums are subsets of the reals.
Then it is true that we can find some continuous positive function f : 04 (z) — R>¢ such
that f|sigmaB(H>(X) = 0 but f in general is not uniformly 0. Using the previous lemma,
we know that 7(f(x)) = f(n(x)). Then f(r(z)) = f(X) = Op(z). On the other hand,
since f is non zero, f(z) # 0, which means that 7(f(x)) # Op(m) by injectivity. This
contradicts the result of the lemma. Thus we conclude that 7 must be an isometry. [J

6 The GNS Construction

GNS-Gelfand Nairmark Segal

We will build up to a general method for constructing *-representations. The results and
construction below hold for general Banach *-algebras, so it is true specifically for C*-

algebras.

Definition 6.1 (L)
t A be a Banach *-algebra.
1. y € A us positive if y = x*x for some x € A.
2. A linear functional p : A — C is positive if p(z*x) > 0 for any x € A.
3. If A is a unital Banach *-algebra and p is a positive linear functional such that
p(1a) = 1, then we say that p is a state.

Example 6.2
1. If A is a commutative C*-algebra, then we can write A = C(Q) for some
compact §2. y € A is positive means that y = x*x = Tx for some x. Thus y is
positive if and only if y > 0.
2. Let p: C[0,1] — C be defined by p(f) = fol f(@)r(t)dt is positive if and only if
r(t) > 0. p is a state if fol r(t)dt = 1.

A4 denotes the positive elements of A. If x € A then we write x > 0. We can also say that
2 >y if and only if x — y > 0. (Note that x # 0 does not mean that 2 < 0 in this notation
I THINK). This gives us a partial ordering on A. As we showed in the example part 2, in
C (), we have that > 0 if and only if z = 2* and o(x) C [0,00). It will turn out that this
is true in general (proof later). Thus if 2 € A, we can define x using functional calculus.

S(A) is the set of states on A.

Lemma 6.3
If A is a Banach *-algebra and = € A is self adjoint and ||z|| < 1, then there is a
y € A such that y?> = 1 — 2 and y is self adjoint.

I Proof. The proof uses taylor series expansions and holomorphic functional calculus

17
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Proposition 6.4 (Cauchy-Schwartz Inequality for Positive Linear Function-
als)

Let A be a Banach *-algebra, and let p : A — C be a positive linear functional.
Define the sequilinear form [x,y] = p(y*z) Then |[z,y]|> < [z, 2][y,y]. More over,

llpll = p(1).

Proof. To prove the first part of the proposition note that the sesquilinear form is almost
an inner product, except that we dont have [z,2] = 0 <= z = 04. However, you can
still follow your favorite proof of the Cauchy-Schwartz inequality to get the result.

Now we prove that ||p|| = p(1). Since p is positive, we have that p(14) = p(1%14) > 0.
The first part of the proof shows that |p(z)|? = |p(1%2)|? < p(1)p(z*x). Now we claim
that if||z]| < 1 then p(z*x) < p(1). If this is the case then |p(z)| < p(14) and |||] < p(14).
On the other hand we obviously have that p(14) < ||p||. To prove the claim first not

athat ||z*z|| = ||z||> < 1. Then z*x is self adjoint and we can apply the lemma to find
some y = y* € A such that y> = 1 — z*z. Then 0 < ¢(y?) = p(y*y) = p(la_p(a*z).
This p(z*x) < p(14), which proves the claim and thus the proposition. O

Lemma 6.5

Let A be a Banach *-algebra, let p : A — C be a positive linear functional, and
letN ={z € A|[z,2] = p(z*x) = 0}. Then N is a closed left-ideal in A, and the the
function (z + N,y + n) = [z,y] is a well defined inner product on A/N.

Proof. First we show that N is closed. Let (z,) be a sequence in N that has limit x.
Then (x}x) — z*z and thus (0) = p(z}z) = p(z*z), so 0 = p(z*z) and z € N.

Now we show that N is a left ideal. Let z € N and a € A. Then we con-
sider p((ax)*ax) = p(z*a*azr). By the Cauchy-Schwartz inequality, we have that
lp(z*a*az)|? < p(a*a)p((a*ax)*(a*ax)). Since x € N the right hand side is 0. Since
p is positive, this means that p((az)*az) =0, so ax € N.

The second assertion breaks into 4 parts:

1. Well defined: Let 1+ N =29+ N € A/N and y1+N = y2+ N € A/N. We want to
show that (z1+N,y+N) = (x2+ N, y2+N). We know that for some z,y € N, x5 =
z1+x and yo = y1+y. Then we have that (xo+ N, yo+N) = [z2, y2] = [x1+2, y1+Y]
if we expand this and apply the Cauchy-Schwartz inequality to each of the terms
that we want to cancel, we will find that this simplifies to [z1, y1] = (z1+ N, y1+N).

2. Linear in the first argument: follows easily from the linearity of p.

3. Conjugate symmetric: p((z + y)*(z +y)) € R. When we expand this, it implies
that p(z*y) + p(y*x) € R. The only way this can be true for all z,y is if they are
conjugate to each other. Thus the proposed inner product is conjugate symmetric.

4. (x 4+ N,z + N) = [z,z] > 0 since p is positive. Furthermore, (x + N,z + N) =0
implies that z € N which means that x + N =04,y

O
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