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Introduction

Operator algebras are algebras of bounded operators on Hilbert spaces. John von Neumann
introduced the concept of an abstract Hilbert space and developed the spectral theory of
normal operators in [vIN29], where he also invented “operator algebras”. With F. J. Murray
he introduced in the 1930s the concept of a “ring of operators”, nowadays called a von
Neumann algebra, and developed their structure theory [MvN36]. A key motivation for this
work was to put the physical theory of Quantum Mechanics, developed in the second half of
the 1920s by the physicists E. Schrodinger, W. Heisenberg and P. Dirac, on a solid axiomatic
foundation. Before these inventions, Hilbert spaces were mostly treated quite formally as
the concrete Hilbert space 2 of square-summable sequences and operators thereon were
considered as infinite matrices, or as an L?-space on which the operators were given by
kernels ([HvN28|, [vN27]). Since then, the structure and representation theory of operator
algebras has been developed and many unexpected applications and connections to other
fields have been unveiled over the years. Some of these connected fields are the theory of
unitary group representations, non-commutative geometry, topology (invariants of knots such
as the Jones polynomial) and in particular Quantum Field Theory (QFT).

The state space of a quantum mechanical system is modeled by the set

P(H) :={[v] =Cv: 0#£v e H}

of one-dimensional subspaces of a complex Hilbert space H, its projective space. Observ-
ables O 4 are represented by bounded hermitian operators A = A* on ‘H and evaluating an
observable O 4 in a state [v] yields the real number

On(e) = 25 e - panf]

More precisely, the values O 4([v]) lie in the closed convex hull of the spectrum o(A), which
is a closed subset of the real interval [—||Al],||A[|]. Important classes of observables Op are
those corresponding to “yes-no questions”, a property that is linked to the spectral condition
o(P) C {0,1}, and this means that P is an orthogonal projection onto a closed subspace PH
of H. In particular, the “vector states” [v] correspond to rank-1-projections

(v, w)
(v, 0)

where tr is the trace of the rank-1-operator APUE| The expression tr(AS) makes sense
for a large class of operators S and any A € B(H), namely for all trace class operators
E| (because the product AS is trace class). Typical trace class operators are the so-called
“density matrices”

P,(w) = and  Oyx([v]) = tr(APR,),

S=3 AP, with [u,[[=1X >0, N\ =1
n=1

n

1We refer to [Hall] for a collection of interesting articles discussing mathematical structures related to
Quantum Mechanics and Quantum Field Theory. Other excellent sources are [Em72] and [BR02, [BRI6].

20n any vector space V, the trace of a finite rank operator A: V — V is defined by tr(A) = Zje] e; (Aej),
where (ej)jes is a linear basis of V.

3These are the compact operators S for which A ~+ tr(AS) defines a continuous linear functional on the
space K (H) of compact operators. Then, for any ONB (e;); e, the trace is defined by tr(S) = 3=, ¢ ;{e;, Se;).



These operators S are hermitian and positive (non-negative spectrum) with tr.S = 1. They
are called mized states (or density matrices). They form a convex set whose extreme points
are precisely the rank-1-projections P,. In this sense they are “superpositions” of pure
(vector) states.

For any such operator S, the linear functional

ws: B(H) = C, wg(A4) :=tr(AS)

satisfies
ws(l)=1 and wg(A4"A4)>0. (1)

To a large extent the theory of operator algebras is concerned with unital *-invariant subal-
gebras A C B(H) and their states, i.e., functionals satisfying . E|

Typical examples that also play a central role in Analysis arise for the algebra A =
C(X,C) of complex-valued continuous functions on the compact space X and a probability
measure g on X. Then

u(f) = /X f(@) du()

is a state of .A. From this perspective, states on operator algebras are non-commutative
analogs of probability measures. A bridge between the two aspects of positive measures as
functionals (integrals) and measures on a o-algebra is established by the Riesz Representation
Theorem. As we shall see, restricting states to abelian subalgebras thus provides a natural
link between operator algebras and measure theory. One can actually use these ideas to
develop a “functional calculus” which allows us to define f(A) for any bounded measurable
function and any normal operator A on H. This is also very natural from the perspective of
the interpretation of hermitian operators as observables.

We shall see that norm closed *-invariant subalgebras A C B(#H) can be characterized
axiomatically as C*-algebras, whose norm satisfies the relations

la*al| = ||la||* and |ja*| =|la|| forevery ac A

(Gelfand-Naimark Theorem [3.12). As commutative unital C*-algebras are of the form
C(X,C) for a uniquely determined compact space X (Gelfand Representation Theorem,
one may consider the theory of commutative C'*-algebras as another perspective on topology.
Accordingly, the theory of operator algebras is sometimes called non-commutative topology,
or, if one takes some additional structures, so-called spectral triples, into account, one speaks
of non-commutative geometry ([Co94]).

Notation and Conventions
o N:={1,2,3,...}
o R, :={zeR:z>0}=]0,00).
o R* ;=R\ {0}, C* :=C\ {0}, T:= {z €C: |2] = 1}.

4The main reason for studying *-invariant algebras A is that they leave a closed subspace K C H invariant
if and only if they leave its orthogonal complement K1 invariant, and this in turn means that .4 commutes
with the corresponding orthogonal projection Px.



For two sets J and Y we write Y7 for the set of maps f: J — Y. If J is a set and S
an abelian semigroup with zero element 0, then we also write S (/) € 87 for the subset of
finitely supported functions.

For a metric space (X, d), we write

B.(z) :={y € X:d(z,y) <r}

for the open ball of radius r around x.
If H is a complex Hilbert space, then its scalar product is written (-,-) or (-|-). It is
assumed to be antilinear in the first and linear in the second argument

Mo, w) = (Av,w) = (v, Aw),

and |[v]| := 1/(v,v) is the corresponding norm. The linearity in the second argument is
customary in physics, where (following Dirac) one writes elements of a Hilbert space H as
|w) (so-called kets) and elements of the dual space (continuous linear functionals) as (v|
(so-called bras). Then evaluation of the linear functional (v| in the vector |w) yields the
“bra(c)ket” (v]w).

For a subset S of a Banach space X, we write

[S] := span S

for the closed linear subspace generated by S.
For Banach spaces X and Y we write

B(X,Y):={A: X - Y: Alinear, ||A] < oo}

for the Banach space of bounded linear operators from X to Y. For X =Y we abbreviate
B(X) := B(X,X) and write GL(X) for the group of invertible elements in B(X). If H is a
complex Hilbert space, then we have an antilinear isometric map B(H) — B(H), A — A*,
determined uniquely by

(Av,w) = (v, A"w) for v,w € H.

1 Banach algebras

In this first section we introduce Banach algebras, Banach-x-algebras and in particular C*-
algebras.
1.1 Basics definitions

Definition 1.1. A Banach algebra is a triple (A, ma, | - ||) of a Banach space (A, | - ),
together with an associative bilinear multiplication

ma: AxA— A, (a,b) — ab
for which the norm || - || is submultiplicative, i.e.,
llad]| < |la|| - ||b|] for a,be€ A.

By abuse of notation, we call A a Banach algebra, if the norm and the multiplication are
clear from the context.



A wunital Banach algebra is a pair (A, 1) of a Banach algebra A and an element 1 € A
satisfying 1la = al = a for each a € A and ||1|| = 1. The subset

A :={ae A: (I e A) ab=ba =1}
is called the unit group of A (cf. Exercise [1.4).

Example 1.2. (a) If (X, || - ||) is a Banach space, then the space B(X) of continuous linear
operators A: X — X is a unital Banach algebra with respect to the operator norm

[A]l := sup{[[Az[|: z € X, ||=]| < 1}
and composition of maps. Note that the submultiplicativity of the operator norm, i.e.,
[AB| < |lA[l - [|BI],
is an immediate consequence of the estimate
[ABz| < [|A]l - || Bz[| < [|Al - | B] - [l=]| ~ for =€ X.

In this case the unit group is also denoted GL(X) := B(X)*.
(b) If X is a compact space and A a Banach algebra, then the space C (X, A) of A-valued
continuous functions on X is a Banach algebra with respect to pointwise multiplication

(fg9)(z) := f(x)g(x) and the norm
1£1l = Sup I1f ()|l

(Exercise [1.3)).

Example 1.3. For any norm || - || on C”, the canonical basis e1,...,e, of C" yields an
isomorphism of algebras M, (C) = B(C"), so that GL,,(C) = GL(C").

Remark 1.4. In a Banach algebra A, the multiplication is continuous because a,, — a and
b, — b implies ||b,|| — ||b]| and therefore

lanbn — abl|| = |lanb, — aby + ab, — ab|| < |lan, — al| - [[bu]| + [lal| - [|bn — b — 0.
In particular, left and right multiplications
Aa: A= A x—azx, and p,: A— Az~ za,

are continuous with
[Aall < lall  and  [[pall < [lall- (2)

Proposition 1.5. The unit group A* of a unital Banach algebra is an open subset.

Proof. The proof is based on the convergence of the Neumann series Y~ 2" for ||z| < 1.
For any such x we have

(l—m)ix”: (ix”)(l—m) =1,
n=0 n=0

so that 1 —z € A*. We conclude that the open unit ball B;(1) is contained in .A*.

Next we note that left multiplications Ay: A — A with elements g € A* are continuous
(Remark , hence homeomorphisms because )\;1 = A4-1 is also continuous. Therefore
gB1(1) = A¢B1(1) C A* is an open subset, showing that g is an interior point of A*. Hence
A is open. O



Definition 1.6. (a) An involutive algebra, or x-algebra A is a pair (A, *) of a complex algebra
A and a map A — A,a — a*, satisfying

(I1) (a*)* = a (Involutivity)
(I2) (Aa+ ub)* = Xa* + @b* (Anti-linearity).
(I3) (ab)* = b*a* (* is an antiautomorphism of A).

Then * is called an involution on A.
(b) A Banach-x-algebra is an involutive algebra (A, x), where A is a Banach algebra and
lla*|| = ||a|| holds for each a € A. If, in addition,

la*al| = ||a||* forall ac A,
then (A, x) is called a C*-algebra.

Example 1.7. (a) The algebra B(H) of bounded operators on a complex Hilbert space H
is a C*-algebra. Here the main point is that, for each A € B(H), we have

[All = sup{[ (v, Aw)|: [[v]], [[w]| <1},
which immediately implies that ||A*|| = ||A]|. It also implies that
1A Al = sup{|(Av, Aw)|: [Jv]], [w]| < 1} > sup{]|Av|*: [Jo]| < 1} = [|A]*,

and since ||A*A|| < [|A*] - ||A]| = ||A]|* by Example we see that B(#H) is a C*-algebra.
(b) From (a) it immediately follows that every closed #-invariant subalgebra of A C B(H,)
also is a C'*-algebra. E|
(c) If X is a compact space, then the Banach space C(X) := C(X,C), endowed with

[f1] := sup [f(z)]
reX

is a C*-algebra with respect to f*(z) := f(x). In this case || f*f| = |||f?|| = || f||? is trivial.
For the finite set X = n:= {1,...,n}, we obtain in particular the C*-algebra

Cn,C)=C*x=C"
with
(21, oy zn) (w1, ..y wy) = (Z1W1, - . ZpW5), (215 y2n) = (Z1,-.-,Zn)

and
|(z1,. .., 20) || = max{|z;|: 5 =1,...,n}.

(d) If X is a locally compact space, then we say that a continuous function f: X — C
vanishes at infinity if, for each € > 0, there exists a compact subset K C X with |f(x)| < e
for z ¢ K. We write Cy(X) := Cy(X,C) for the set of all continuous functions vanishing at
infinity and endow it with the norm

IfII:= sup [f(x)].
reX

5We shall show later that every C*-algebra can be realized as a closed x-subalgebra of some B(H) (Gelfand—

Naimark Theorem [3.12).



(cf. Exercise. Then Cy(X, C) is a C*-algebra with respect the involution f*(z) := (:c)ﬁ
(e) Let J be a set and ¢>°(J,C) be the Banach space of all bounded complex-valued
functions z: J — C, j — x;, endowed with the norm
[#]loc := sup{|z;|: j € J}.
Then ¢°(J,C) is a C*-algebra with respect to pointwise multiplication and the involution
defined by (z*); := 7.
The following class of examples of Banach-*-algebras is rarely C*, but it provides impor-
tant constructions of C*-algebras. In this example we use the Banach space
01(S) == (1(S,C) := {a: S—C: 3 als)] < oo}
seS
which carries the norm

lall :== 3" Ja(s)| == sup{ Y Ja(s): FC S ﬁnite}.

ses seF

In measure theoretic terms this is the L'-space with respect to the counting measure on the
measurable space (S,2%) defined by

W(E) =|E| for ECS.
Note that, for every a € £1(S), the set
1
. = : > —
{s € S:a(s) #0} NGN{S € S:a(s)| > N}

is a countable union of finite sets, hence countable or finite. If it is infinite, then any enu-
meration (s, )nen of this set leads to the same absolutely convergent series

Za(s) = Za(sn) (3)

seS neN

(the integral with respect to the counting measure). In this sense we shall always interpret
sums over arbitrary index sets.

Example 1.8. (a) Let (S, %) be an involutive semigroup, i.e., a semigroup, endowed with
an involution s — s* satisfying (st)* = t*s* for s,t € S. We consider the complex Banach
space ¢1(S) which carries a natural Banach x-algebra structure given by the convolution
product

(a*b)(s) := Z a(s1)b(sz) and a*(s):=a(s*) for s€ S a,bell(9).

S182=s8

Here the sum defining a * b has to be understood as a sum over all pairs (s1,s2) € S x S
satisfying si1so = s. It is absolutely convergent in the set of because

Y lalsob(s)l < Y0 als)b(s2)l < Y lalsa)l - Y [b(s2)] = [lalallb]s

5182=8 (s1,82)€ESXS s1€S s2€S

6We shall see later that every commutative C*-algebra is isomorphic to some Co(X) (Gelfand Represen-
tation Theorem .



holds for every s € S. We even obtain

laxbli=>" > la(s0b(s2)l < > lalsy)l- [b(s2) = llallallb]]s.

SES 5182=s (s1,82)ESXS

The nature of these operations is best understood in terms of the “basis elements” (Js)ses,
given by 0s(t) = 05+ (Kronecker delta). Then

53 * 5t = 6st and 5: = 53*,

so that 6: S — ¢1(S),s — J, is a homomorphism of involutive semigroups. Further, each
a € 1(S) can be expressed as the norm convergent sum of the basis elements

a= Za(s)és, a* = 2@53* and ax*xb= Z a($)b(t)0s¢.

ses seS s,teS

(b) An important special case arises if G is a group and g* := g~!. Then ¢}(G) is called
the £*-group algebra of the (discrete) group G. It contains a “copy” of the group through the
basis elements (d4)geq, satisfying

6g0n =6gn and ;' =67 =0, for g,hEG.

1.2 Some spectral theory

We now take a closer look at C*-algebras. We shall need some results from spectral theory,
in particular the concept of the spectrum of an element of a Banach algebra and some of its
properties. We shall continue our investigations in Section [2| with a complete description of
commutative C*-algebras.

We recall some basic facts on spectra of operators. The most natural context for spectral
theory is a unital complex Banach algebra A4 but the definition of the spectrum and the
resolvent make sense in any unital algebra. For a € A, its spectrum is defined as

ola):={AeC: A1l —a g A"}

and

pla):={Ae€C: A1 —ae A} =C\o(a)

is called the resolvent set of a. Since the unit group A* is open (Proposition , o(a) is a
closed subset of C. Further, A > ||a| implies that A1 —a = A(1 — a/}\) is invertible because
[A~'al| < 1. Therefore o(a) is also bounded, hence compact. The first non-trivial fact on
the spectrum is that it is always non—emptym
If the algebra A is not unital, then we enlarge it to the Banach algebra A, := A x C
with
(a,t)(a',t') = (ad' +ta' +t'a,tt') and |(a,t)] = |al + [¢],

(Exercise[1.4)) and define, for a € A the spectrum as

o(a) :==0(a,0) ={A € C: A1 — (a,0) = (—a,\) € AL}

"The idea of the proof is quite simple. If o(a) = @, then the resolvent R()\) := (A1 —a)~! defines an entire
function R: C — A. Easy estimates based on the Neumann series show that R is bounded, hence constant
by Liouville’s Theorem, and this leads to a contradiction.



Then 0 € o(a) because elements of the form (a,0) are contained in the ideal A x {0} < A,
so that they are never invertible.
We shall also need that the spectral radius

r(a) :=max{z € C: z € o(a)}
and can be calculated by Gelfand’s Formula:
r(a) = lim |a”||* = inf{[|a"||* : n € N}. (4)

Example 1.9. (a) Let X be a compact space and A = C(X) the commutative C*-algebra
of continuous functions f: X — C. Its unit group

AX = {f € A: f(X) € C*}

consists of functions with no zeros because, for any such function, the pointwise inverse is
continuous (Exercise [1.3]). This implies that A1 — f is invertible if and only if A ¢ f(X), and
thus the spectrum

is the set of all values of a function.
(b) For A= M, (C) =2 B(C") and A € A, we have

o(A) ={A € C: det(\1 — A) =0},
which is the set of eigenvalues of A.

Proposition 1.10. (GelfandfMazur)ﬂ If A is a unital complex Banach algebra in which
every non-zero element is invertible, then A = C.

Proof. Let a € A. As o(a) # 0, there exist a A € C for which A1 — a is not invertible, and
this implies a = A1. O

Lemma 1.11. Let ¢: A — B a homomorphism of unital complex algebras. Then
o(p(a)) Co(a) forevery ac€ A

Proof. We show that p(a) C p(p(a)). Let A € C with A1 —a € A and b = (AL —a)"".
Then

(A1 —a)p(b) = p((A1 —a)b) = (1) =1
and likewise p(b)¢(A1 — a) = 1. Therefore ¢(A1 — a) is invertible in B, i.e., A € p(¢(a)). O
Definition 1.12. Let A be a x-algebra and a € A. We say that a is
e hermitian if a = a*. We write A;, C A of the real linear subspace of hermitian elements.

o skew-hermitian if a = —a*.

e normal if aa™ = a*a.

8This result was announced without proof in 1938 by Mazur in a short note published in the
C. R. Acad. Sci. Paris. The first proof was given in 1941 in a paper by I. M. Gelfand in which he laid
the foundations for the theory of Banach algebras.



e unitary if aa* = a*a =1 (if A is unital).
Lemma 1.13. Let A be a Banach algebra.

(i) Hermitian elements are normal.

i)

(ii) For every a € A, the element aa™* is hermitian.

(iii) If @ and b are hermitian, then ab is hermitian if and only if ab = ba.

(iv) A= A, @iAy, every element a € A has a unique decomposition a = b+ ic with b, c
hermitian.

(v) If b,c are hermitian, then b+ ic is normal if and only if bc = cb.
(vi) If 1 € A is a left identity, i.e., 1a = a for every a € A, then it is an identity and

(a™V)* = (a*)"t  for a€ A*.

Proof. (i)-(iv) are very elementary.
(v) follows from

(b+ic)(b—ic) =b* +* +i(cb—bc) and  (b—ic)(b+ic) = b* 4 ? +i(bc — cb).

(vi) If 1 is a left identity, then al* = (1a*)* = (a*)* = a, implies that 1* is a right
identity. Hence 1* = 11* = 1 implies that 1 is an identity.

For a € A%, the relation aa~! = a~la = 1 implies (¢=1)*a* = a*(a~!)* = 1, and the
assertion follows. O

Proposition 1.14. (Unitization of C*-algebras) For a C*-algebra A, the following assertions
hold:

(i) For the left multiplication L,: x — ax, we have ||Ly|| = |lal|. In particular, ||1|| = 1
whenever A has an identity.

(ii) If A has no identity, then the Banach algebra Ay = A x C is a C*-algebra with respect
to (a,\)* = (a*,\) and the norm ||(a, \)|| := ||L(a)ll, where Lg = = ax + Az is the
corresponding multiplication operator on A.

Proof. (i) The submultiplicativity of the norm implies ||L,|| < |la||. Further, the relation
laa*|| = ||a||* = ||a|| - ||a*|| implies that ||L,|| > ||a||. We thus obtain equality.

If 1 € A is an identity, then Ly = id 4 implies ||L1] = 1.

(ii) We consider the algebra homomorphism

L:A+—>B(.A), (a7)\)»—>L(a7)\):La+)\idA.

First we show that L is injective. Suppose that L, x) = 0. If A = 0, then 0 = [|L(4,0)|| =
| La|| = ||a|| implies @ = 0. If X # 0, after replacing a by —A~'a, we may w.l.o.g. assume that
A= —1. Then ax — x = 0 for every = € A, i.e., a is a left identity, hence also an identity by
Lemma vi); this contradicts our assumption. Therefore L is injective and

[1(a; M= 1 L(a,n | = supfli(ab + Ab)[|: b € A, [|b]] < 1}



defines a norm on A;. By (i), this norm extends the given norm on A. It is also clear that
this norm is submultiplicative (it is an operator norm).

Ay is complete: Since the inclusion A — A x {0},a — (a,0) is isometric, its image is a
complete, hence closed, hyperplane in A4, . Hence the linear functional

x: Ay = C, x(a,A) = A

has a closed kernel and therefore is continuous (Exercise . If (an, An)nen is a Cauchy
sequence in A, then the continuity of x implies that (A,)nec is a Cauchy sequence in
C, hence convergent, and therefore (a,,0) = (an,A,) — (0,A,) is a Cauchy sequence in
A x {0} 2 A by (i). Therefore it converges to a limit a € A and now (an, A,,) = (a,A). This
shows that A, is complete, hence a Banach algebra.
Next we show that
loll? < llz*z]  for e A, (5)

To verify (), let « € Ay. For every r < ||z| = ||L,||, there exists a y € A with [jy[| < 1 and
|lzy|| > r. As zy € A, we obtain

lz*z]| > [ly* (z*2)yl| = [|(zy) 2yl = [lzy|* > %,
and therefore ||z*z|| > ||z||2. From (5] we derive
] < lla*zl| < [lz*] - |||

For  # 0 this implies |z|| < ||=*||, and, replacing = by z*, also ||z*|| < |lz||, so that
|z|| = ||=*||. Now we also get the C*-property from ||z||? < ||z*z|| < ||z*||||z|| = ||=||?>. This
completes the proof that Ay is a C*-algebra. O

Example 1.15. (One point compactification) Let X be a non-compact locally compact space
and A = Cp(X) be the non-unital C*-algebra of continuous functions vanishing at infinity.
For this algebra, the unitization .4 has a natural concrete realization as the algebra C'(X,,),
where X, = XU{w} is the one-point compactification (or Alexandrov compactification) of

X (Exercise [A.1)).

In fact, we have an open embedding n: X — X, whose image is the complement of the
point w. By Exercise the map

N Cu(Xy) ={f € C(X,): flw)=0} = Co(X), frfon=flx

is an isomorphism of C*-algebras, so that we may identify A with C,(X,). Accordingly, the
natural map
O AL - C(Xy), (L= f+A

is a bijective *-homomorphism. That it is isometric follows from the relation
[£1l = sup{[lfhll: h € C(Xo): [[R]| <1},
which can be derived from Urysohn’s Theorem [A-T6]

Example 1.16. If  is an infinite dimensional Hilbert space, then the algebra A := K(H)
of compact operators on H is a non-unital C*-algebra.
We claim that, for every M € B(H), we have

M| = sup{[[MA]]: A€ K(H), Al <1} (6)

10



In fact, for v € H with ||v]| = 1, the orthogonal projection P,(w) := (v, w)v onto Cuv is a
rank-one operator (hence compact), and ||P,|| = 1. Further, AP,(w) = (v, w)Av satisfies
AP, (v) = Av, so that ||Av[| = [|AP,||, and thus ||A| = sup, =y [[APy]-

Comparing with the definition of the norm on A, in Proposition [I.14] it follows that

KH): 2= K(H)+C1C B(H)
is realized as a C*-subalgebra of B(H).

We now observe some specific spectral properties of C*-algebras:

Lemma 1.17. Let A be a C*-algebra and a € A.

Proof. In view of Proposition [I.14] we may assume that A is unital.

(i) According to Lemma|l.13(vi), the element a— A1 is invertible if and only if the element
(a—A1)* =a* — M is.

(ii) Since @ is normal, we have

la*]* = [la*(a®)*|| = llaca”a™|| = [|laa*aa” || = |[(aa*)(aa™)"|| = [laa*|[* = ||a]*.
Therefore ||a?|| = ||la||?. Since all powers of a are normal as well, we inductively obtain
%" || = [|a||*" for neN,

so that Gelfand’s formula yields

. 1
r(a) = lim [a®" || = la]|.

(iii) follows from ||a| = /|la*a|| = \/r(a*a), where the last equality holds by (ii).
(iv) Let a +if € o(a). We claim that § = 0. For every A € R, we have

a+i(B+ ) €o(a)+iX=o(a+iAl)
(Exercise [1.11]), so that (ii) yields
a4+ i(B+N)| <lla+irl]| forall XeR.
Now we calculate

A+ (B+N = la+i(B+ N < [la+ir]?
= |[(a 4 iA1)* (a4 iA1)|| = [Ja® + \21|| < ||a]|* + A2

This implies a? + 3% + 26\ < ||a||? for every A € R, so that 3 = 0. O

11



Lemma iii) is an important observation which shows that the norm of a C*-algebra
is completely determined by the algebra structure. A particularly surprising consequence is
the following:

Proposition 1.18. Let A be a Banach-x-algebra and B be a C*-algebra. Then every homo-
morphism ¢: A — B of x-algebras is continuous with || < 1.

Proof. First we observe that ¢(a, A) := (¢(a), \) defines an extension to By — A,. Since By
is a Banach-x-algebra and A, is a C*-algebra by Proposition we may w.l.o.g. assume
that B and A are unital. From Lemma we know that, for a € A, we have

a(p(a)*p(a))) = o(p(a’a)) C o(a*a).
With Lemma this leads to
le(a)l* = r(¢(a)"¢(a)) < r(a*a) < |la”al < ||af|*. O
The following categorical construction in an interesting application of the preceding propo-
sition ]

Definition 1.19. (The enveloping C*-algebra) [Sketch] Let A be a Banach-+-algebra. In
Proposition [I.18] we have seen that, every homomorphism a: A — B into a C*-algebra is a
contraction, i.e., ||| < 1, and in particular continuous. Therefore

p(a) :=sup{|ja(a)]|: : A — B a linear *-homo., B a C*-alg.} < ||al|

exists. Then p is a submultiplicative seminorm because all functions a — ||a(a)|| are sub-
multiplicative seminorms on A. In addition,

p(a’a) = sup [la(a”a)l| = sup |la(a)"a(a)[| = sup lac(@)lI* = p(a)®.

The function p is called the mazimal C*-seminorm on A.
It defines a continuous function on A because

Ip(a) —p(®)| < pla—b) <[la—b] for abeA

Therefore the subspace Z := p~*(0) =, ker(c) is a closed *-ideal, so that .A/Z inherits the
structure of a Banach-x-algebra through which all homomorphisms to C*-algebras factorize
(Exercise [2.3). Further p defines a norm p’ on A/Z. We write C*(A) for the completion
of (A/Z,p’'). Extending the multiplication, the involution and the norm by continuity to
C*(A), we see that the relation p’(a*a) = p(a)? for a € C*(A) implies that C*(A) actually
is a C*-algebra (Exercise [1.9). Further,

nA—C"(A), a—a+T

is a morphism of Banach-x-algebras through which all morphisms ¢: A4 — B to a C*-algebra
B factor because any such ¢ satisfies Z C ker ¢.

Example 1.20. The following example shows that there are Banach-x-algebras for which
the map n: A — C*(A) into their enveloping C*-algebra is not injective.

The most extreme cases arise if A is a Banach-*-algebra with the zero multiplication
ab = 0 for all a,b € A. Then every x-homomorphism «a: A — B, B a C*-algebra, vanishes
because of

la(@)]l? = lla(a*a)]| = 0.
Hence C*(A) = {0}.

9n the language of categories, it provides an adjoint to the forgetful functor from the category of C*-
algebras to the category of Banach-x-algebras.
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Exercises for Section [l

Exercise 1.1. Let X be a Banach space over K and a: X — K be a linear functional. Show that
« is continuous if and only if ker «v is closed.

Hint: If 0 # « has a closed kernel and a(zo) = 1, then there exists a ball B;X (x0) intersecting ker o
trivially; conclude that c( B (0)) C B¥(0) and further that ||a| < r~'.

Exercise 1.2. Consider the 3-element group G := Z/3Z. We consider G as an involutive semigroup
with ¢g* = g~!. Show that the corresponding Banach-*-algebra ¢!(G) from Example is not a
C™-algebra.

Hint: Consider the element a := Jo — §1 — 2.

Exercise 1.3. Let X be a compact space and A be a Banach algebra. Show that:

(a) The space C(X,.A) of A-valued continuous functions on X is a complex associative algebra
with respect to pointwise multiplication (fg)(z) := f(z)g(z).

(b) || f]] :==supgex ||f(x)] is a submultiplicative norm on C'(X,.A) for which C'(X, A) is complete,
hence a Banach algebra. Hint: Continuous functions on compact spaces are bounded and
uniform limits of sequences of continuous functions are continuous.

(c) C(X,A)* =C(X,A).

(d) If Ais a C*-algebra, then C(X, .A) is also a C*-algebra with respect to the involution f*(z) :=
flz)*, z € X.

Exercise 1.4. Let A be a Banach algebra over K € {R,C}. If A has no unit, we cannot directly
associate a “unit group” to A. However, there is a natural way to do that by considering on A the
multiplication

TxY:=T+y+ Ty
Show that:

(a) The space A4 := A x K is a unital Banach algebra with respect to the multiplication
(a,t)(a,t') == (aa" +ta’ +'a,tt’) and  ||(a,t)]| = [la] + J¢|.

(b) The map n: A — A4,z — (z,1) is injective and satisfies n(z * y) = n(z)n(y). Conclude in
particular that (A, *,0) is a monoid, i.e., a semigroup with neutral element 0.

(¢) An element a € A is said to be quasi-invertible if it is an invertible element in the monoid
(A, *,0). Show that the set A* of quasi-invertible elements of A is an open subset and that
(A*,x,0) is a group.

Exercise 1.5. Let X be a locally compact space. We say that a continuous function f: X — C
vanishes at infinity if, for each € > 0, there exists a compact subset K C X with |f(z)| < ¢ for
z & K. We write Co(X) for the set of all continuous C-valued functions vanishing at infinity. Show
that:

(a) The space Co(X) is a commutative complex *-algebra with respect to pointwise multiplication
(fo)(@) := f(z)g(x) and f~(z) := f(x).
(b) [|f]l :=sup,ex || f(x)]| is a submultiplicative norm on Co(X) for which Co(X) is a C*-algebra.

Exercise 1.6. Let A C B(H) be a *-invariant subspace and Aj, := {a € A: a* = a} the subspace
of hermitian elements in A. Show that

A=A, @iA.

In particular A = spang Aj.
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Exercise 1.7. Let V be a K-vector space and A € End(V). We write Vi(A) := ker(A — A1) for
the eigenspace of A corresponding to the eigenvalue A and V*(A) := {J, oy ker(4 — A1)" for the
generalized eigenspace of A corresponding to A. Show that, if A, B € End(V) commute, then

BV*(A) CV*A) and BVy(A) C Vi(A)
holds for each A\ € K.
Exercise 1.8. Let V be a vector space which is the direct sum
V=vie -V,

of the subspaces V;, i = 1,...,n. Accordingly, we write v € V as a sum v = v1 + --- + v, with
v; € V. To each ¢ € End(V) we associate the map ¢;; € Hom(V},V;), defined by ¢;;(v) = ¢(v); for
v € Vj. Show that

(&) p(v)i =37_ pij(v;) forv=>3"_ v; €V.
(b) The map

I @ Hom(V;, Vi) = End(V), T((¢35))(v) :== Y i(vy)
i,j=1 ,j=1
is a linear isomorphism. In this sense we may identify endomorphisms of V with (n X n)-
matrices with entries in Hom(Vj;, V) in position (i, j).

(¢) If V is a Banach space and each V; is a closed subspace, then the map
S:V1><~~~><Vn—>‘/, (U1,~--,Un)'_>zvi
i=1

is a homeomorphism. Moreover, a linear endomorphism ¢: V' — V is continuous if and only if
each ¢;; is continuous. Hint: For the first assertion use the Open Mapping Theorem. Conclude
that if ¢;: V; — V denotes the inclusion map and p;: V' — V; the projection map, then both
are continuous. Then use that ¢;; = p; o p o ;.

Exercise 1.9. Let A be a Banach-#-algebra. A norm ¢ on A is called a C*-norm if
q(ab) < g(a)q(b),  q(a’) =gq(a) and g(a’a)=g(a)® for abeA
Let A4 denote the completion of A with respect to the norm ¢ and show that:
(i) The multiplication on A extends continuously to a bilinear associative multiplication on A4,.
(ii) The involution * extends isometrically to an antilinear involution on A,.
(iii) A4 is a C*-algebra.
How do we have to modify the construction if ¢ is only assumed to be a seminorm?

Exercise 1.10. (Consistency of the definition of the spectrum) Let A be a complex algebra and
A4 = A x C denote its unitization with the multiplication

(a,t)(a',t') = (ad’ +ta' +ta,tt), a,a’ € A,t,t' € C.
Suppose that A has a unit 1 and show that, in this case, for every element a € A, we have
oa(a)NC* =04, (a,0)NC*.

Hint: Show that AL = A® C(-1,1) = A® C is a direct sum of unital algebras in which the
multiplication of the elements [a,t] := (a,0) +t(—1, 1) takes the form [a,t] * [@’,t'] = [ad’, tt'].

Exercise 1.11. Let A be a unital complex algebra and a € A. Show that
ocla+ A1) =o0(a)+ A forall XeC.
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2 (*-algebras

In this section we take a closer look at C*-algebras. First we describe the structure of commu-
tative C*-algebras by showing that every commutative C*-algebra A is isomorphic to Co(X)
for some locally compact space X which is compact if A has a unit (Gelfand Representation
Theorem) (Subsection [2.1). Since every normal element a in a non-commutative C*-algebra
A generates a commutative subalgebra C*(a), Gelfand’s theorem applies to this subalgebra,
and we actually show that C*(a) = C(o(a)) (Subsection 2.2). From that we further derive
that the spectrum of a is the same in all C*-subalgebras B C A containing a. This permits
us in Subsection [2.3| to say that a hermitian element a is positive (a > 0) if o(a) C [0,00). By
Kaplansky’s Theorem, the positive elements of a C*-algebra A. are precisely the products
b*b, b € A. This characterization further leads to the notion of a positive functional studied
in Subsections 2.4 and 2.5

2.1 Commutative C*-algebras

Let A be a commutative Banach algebra. We write Hom(A, C) for the set of all algebra
homomorphism x: A — C, i.e., x satisfies the following relations

x(a+0b) =x(a) +x(b), x(Aa)=Ax(a) and x(ab)= x(a)x(b) (7)

for all a,b € A, A € C.

To obtain a suitable topology on Hom(A, C), we consider it as a subset of the space C*
of all functions A — C, which we endow with the coarsest topology for which all evaluation
maps

a: Hom(A,C) - C, x+— x(a)
for a € A, are continuous (Section E It coincides with the subspace topology inherited
from the product topology of C*. As the functions @ separate the points of Hom(A, C), it is

a Hausdorff space.
Since the set Hom(A, C) is defined by the equations @, it coincides with

— o~

{x € C*: (Va,b € A A € ©) @(x) +b(x) = a+b(x), Aa(x) = Xa(x), a0)b(x) = ab ()},

and this is a closed subset of C* because all the functions @ are continuous on CA.
Further, ||x|| < 1 for any x € Hom(A, C) by Exercise so that

Hom(A4,C) € [[{z € C: |2] < [la]l} = {x € C*: (Va € A)|x(a)| < |al[}.
acA

This subset is compact by Tychonov’s Theorem. Therefore the topology of pointwise con-
vergence turns Hom(A, C) into a compact space.

Lemma 2.1. With respect to the topology of pointwise convergence, the set Hom(A,C) is
compact and the subset

A :=Hom(A,C) \ {0}

18 locally compact.

10This topology is also called the topology of pointwise convergence.
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Since each function a: Hom(A,C) — C is continuous and vanishes in the 0-functional,
@€ {f € C(Hom(A,C)): £(0) =0} = Co(A)
(Exercise [2.2)). Further,
[a(0)] = Ix(@)] < lIxllllall < llall (8)

(Exercise . We thus obtain a map

-~

G: A— Co(A), awra,
called the Gelfand transform. For a,b € A and x € ,,Z, we have

G(ab)(x) = x(ab) = x(a)x(b) = G(a)(x)G(b)(x),

so that G is a morphism of Banach algebras, i.e., a continuous homomorphism compatible
with the involution. By (§)), we have [|G|| < 1 (cf. also Proposition if A is a Banach-*-
algebra).

The following theorem provides a concrete description of all commutative C*-algebras. It
is a key tool for all deeper results on operator algebras.

Theorem 2.2. (Gelfand Representation Theorem) If A is a commutative C*-algebra, then
the Gelfand transform

-~

G: A= Cy (.A)
is an isometric isomorphism. If A is unital, then A is compact and A = C(uzl\)

Proof. First we assume that A is unital.
For any x € A we then have x(1) = 1 (Exercise , so that

A= {x € Hom(A,C): x(1) =1} =17(1)

is a closed subset of the compact set Hom (A, C) and therefore compact.

If x: A — C is a non-zero homomorphism and x(a) = A, then A € o(a) follows from
{A} = oc(x(a)) € 0a(a) (Lemma[L.11). For a = a*, Lemma iv) implies o(a) C R, so
that x(a) € R. For two hermitian elements b, ¢ € A, this leads to

X((b+ic)") = x(b—ic) = x(b) —ix(c) = x(b) +ix(c) = x(b+ic).

Therefore every homomorphism x: A4 — C is automatically compatible with the involution
and the Gelfand transform is a homomorphism of C*-algebras.

Let a € A. Since every element of A is normal, Lemma [[.I7(ii) implies that r(a) = [|a|.
Next we show that

o(a) = {x(a): x € A}.

We have already seen that O holds, so it remains to verify the converse. If A € o(a), then
Al—a is not invertible, so that Z := (A1—a).A is a proper ideal. Let 7 O Z be a maximal ideal
containing Z. The existence of such ideals follows from Zorn’s Lemma because, for each chain
of ideals (Z;);es, the union |J; Z; is a an ideal which does not intersect A, so it is proper.
As A* is open, the closure of 7 also is an ideal intersecting A* trivially; by maximality it
follows that J is closed. We thus obtain a quotient Banach algebra Q := A/J (Exercise.
Let g: A — Q denote the quotient homomorphism. Then the inverse image of every ideal
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in Q is an ideal in A. As J is maximal, the ideal {0} is maximal in Q, and therefore every
non-zero element is invertible. By the Gelfand—Mazur Theorem, there exists an isomorphism
9: Q@ — C. Now x := pogq: A — Cis a homomorphism of unital Banach algebras with
Al —a € J = kerq C ker x, hence x(a) = A. We conclude that o(a) C {x(a): x € A}, hence
that equality holds.
This proves that
lall = r(a) = [[a]|,

-~

and therefore G: A — C(A) is isometric.

It remains to show that G is surjective. The image G(A) of the Gelfand transform is
a unital x-subalgebra of C(.Z) separating the points of A. Therefore the StoneWeierstraf
Theorem (Corollary implies that G(A) is dense in C(A). Since G is isometric, its range

is complete, hence closed, and this finally shows that G(A) = C(A).

If A is not unital, then we embed A it into the commutative C*-algebra A4, (Propo-
sition [1.14)). By x+(a,A) := x(a) + A, every homomorphism A4 — C extends uniquely to a
unital homomorphism A; — C. Now

A7 = Hom(A4,C) \ {0} = Hom, (A+,C) := {x € Hom(A4,©): x(1) = 1},

and the embedding -
Hom(A,C) = A, x = x+

is a homeomorphism (Exercise [2.15). From the unital case we know that G4, : Ay — C (74:)
is an isomorphism of C*-algebras. It restricts to an isomorphism from A4 = A x {0} = ker 0+
onto

CulAs) = {f € C(A7): J(04) =0},
which is isomorphic to Co(A \ {04}) = Co(A) (Exercise . Finally, the relation

G (a,0)(x+) = x(a) = Ga(a)(x)
shows that this isomorphism is the Gelfand transform of A. O

The following corollary will be the key to Schur’s Lemma (Theorem [3.13)) in the repre-
sentation theory of x-algebras.

Corollary 2.3. If A is a unital C*-algebra and dim A > 1, then there exist non-zero com-
muting elements a,b € A with ab = 0.

Proof. Since A # C1, there exists an element z € A\ C1. Writing = y + iz with y* =y
and z* = z, it follows immediately that A contains a hermitian element a € A\ C1. Let
C*(a) C A be the closed unital subalgebra of A generated by a. Then C*(a) is commutative
and larger than C1, hence isomorphic to C(X) for some compact space X (Theorem .
Then X contains at least two points  # y, and Urysohn’s Theorem [A.16]implies the existence
of non-zero elements a,b € C(X) = C*(a) with ab = 0. O

By Gelfand’s Representation Theorem, commutative unital C*-algebras A are of the form

C(X) for a compact space X. The following proposition shows that C/’(Y) >~ X, so that the
compact space in the Gelfand construction is unique.
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Proposition 2.4. If X is a compact space, then the map

®: X — Hom(C(X),C), &(z) =06, 0.(f)=f(z)

o —

is a homeomorphism. In particular, X = C(X).

Proof. By definition of the topology on Hom(C'(X), C), the map ® is continuous because, for
every f € C(X), the map

X=C, zm®@)(f) =0(f) = fx)

is continuous. Since the continuous functions on X separate the points by Urysohn’s Theo-
rem it is injective. As X is compact and Hom(C(X),C) is Hausdorff, ® is a homeo-
morphism onto its image. It therefore remains to show that ® is surjective.

So let x: C(X) — C be a unital algebra homomorphism. Then its kernel A is a hyper-
plane and an algebra ideal and thus C(X) = N@C1. If there exists an x € X with NV C ker ¢,
then the above direct sum decomposition implies that d, = x because x(1) = 0,(1) =1 and
Jz(N) = x(WV) = {0}.

We now assume that no such = exists and derive a contradiction. For each x € X, there
exists a function f, € N with f,(z) # 0. Since X is compact, there exist finitely many
T1,...,T, € X with

X C O{x € X: fu,(x) # 0}
j=1
Then

n

Fi=3 fofe, =) fa,PEN
j=1

j=1
satisfies f(x) > 0 for every x € X and therefore f is invertible. This leads to the contradiction

that the proper ideal N' = ker x contains an invertible element. O

Corollary 2.5. For a locally compact space X, the map
Q: X = Co(X); @(x) =6z, 0:(f) = f(2)
s a homeomorphism.

Proof. Let A := Cy(X). We have seen in the last part of the proof of the Gelfand Representa-
tion Theorem that the map x — x4+ leads to a homeomorphism A4 — Hom; (A4, C)\ {04}.
For z € X, we have ®(6,); = ®x_(d,), and by Proposition the map ®x_ is a
homeomorphism. Therefore the restriction to X yields the homeomorphism ® onto A
C(Xu)\ {04} O

2.2 Spectral calculus for normal elements

In this section we describe several applications of the Gelfand Representation Theorem to
not necessarily commutative unital C*-algebras A. Here a key observation is that, for any
normal element a € A, the closed subalgebra

C*(a) := span{a™(a*)™: n,m € Ng} 9)
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is a commutative unital C*-subalgebra of A. Gelfand’s Theorem asserts that it is isomorphic
to some C(X) and we now identify the compact space X with the spectrum o(a) and draw
several important conclusion. One is that, for any unital C*-subalgebra B C A containing
a, the spectrum op(a) of a with respect to B coincides with o(a). Another application is
that, we can define f(a) € A for every continuous function f € C(o(a)). This is called the
continuous functional calculus.

Proposition 2.6. (Continuous spectral calculus for normal elements) Let a € A be a nor-
mal element of the unital C*-algebra A and let C*(a) C A be the commutative unital C*-
subalgebra generated by a. Then the exists a unique isomorphism of C*-algebras

D,: C(o(a)) = C*(a) with P,(id) = a.
In particular, C*(a) = C(c(a)) and @ =og(a).
In the following we write
fla) = @q(f).
Note that this notation is compatible with f(a) = Y77 ¢ja’ if f(z) = 37_ a7, resp.,
f= Z?:o ¢;id’ is a polynomial.
Proof. From (0)) and the continuity of the multiplication it follows that C*(a) is a commuta-

tive C'*-algebra. Therefore Gelfand’s Representation Theorem implies the existence of a
compact space X = Hom; (C*(a),C) for which the Gelfand transform

G: C*(a) - C(X), b—b
is an isomorphism of C*-algebras. We claim that the function
a: X »a(X)CC

is a homeomorphism. Since C(X) separates the points of X and is generated by @, the
function @ is injective. As X is compact, a: X — C is a topological embedding, so that we
may, from now on, identify X with a compact subset of C.

It remain to show that a(X) = o(a). The inclusion o(a) C oc-(q)(a) = a(X) follows
from Lemma and Example For the converse inclusion, let A € X \ o(a) and put
b:=(a—A1)"! € A Let m > ||b]| and consider the continuous function

f: X —=100,m CR, f(z):=mmax(0,1—m|\—z|).

1

Then f(A) =m and f vanishes outside the circle of radius m~" around A, which leads to

lf(z)(z=XN)] <1 for ze€X.
With the function g := f - (A — @) on X, we now obtain
m < ([ fllee = 1G7HAI = 1G7H(HAL = a)bll = 167 (9)bl] < llglloc - 0] < [

This contradicts the choice of m and shows that a(X) = o(a).

Therefore the Gelfand transform defines an isomorphism G: C*(a) — C(o(a)) mapping
a onto idg () and thus @, := G~! is an isomorphism of C*-algebras mapping idg(q) onto a.
That the latter relation determines this isomorphism uniquely follows from the fact that
id,(q) = G(a) generated the C*-algebra C(o(a)) because a generates C*(a). O
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Corollary 2.7. If A is a unital C*-algebra, B is a unital C*-subalgebra of A and a € B a
normal element, then op(a) = o.4(a).

Proof. With Lemma and Proposition we now obtain
oala) Cop(a) C oc(a)(a) = 0a(a),
which proves equality. O

Remark 2.8. (a) In the special case where A = C(X) for a compact space X, we have
o(a) = a(X) and
D,: Cla(X)) = A, PD.,(f)= fla) = foa.

This shows in particular that
o(f(a)) =o(foa)= fla(X)). (10)

(b) More generally, we consider a normal element a € A (A unital) and f € C(o(a)) and
the corresponding element f(a) = ®,(f) € C*(a). Then

oa(f(a)) = oc=(a)(f(a)) = oc(o(a) (f) = flo(a)).
This relation is also called the Spectral Mapping Theorem.

Theorem 2.9. (The Closed Range Theorem) Let ¢: A — B be an injective x-homomorphism
of C*-algebras. Then ¢ is isometric. In particular its range is closed and therefore a C*-
subalgebra of B.

Proof. Extending ¢ to the x-homomorphism
P+ A+ - B+, ((L, )‘) = (QD(G,), )‘)

of C*-algebras (Proposition which is obviously injective, we may w.l.o.g. assume that
A and B are unital.

In view of ||la]|?> = |la*a| for a € A, it suffices to show that, for a = a* € A, we have
lle(a)]] = |la]|. Since ¢ maps C*(a) into C*(p(a)), we may w.l.o.g. assume that A = C*(a)
and B = C*(¢(a)). Using the isomorphisms

®,: C(o(a)) - C*(a) and D,q): Clo(p(a))) — C*(p(a))
(Proposition [2.6), we may further assume that ¢ is the unique homomorphism
Y: C(o(a)) = Cla(p(a)))  with  Y(idg(a)) = ide(p(a)) -
As o(p(a)) is a subset of o(a) (Lemma [1.11)), it follows that

V() = flo(ota))s

i.e., 1 is simply the restriction map (Exercise 2.20). If o(¢(a)) is a proper subset of o(a),
then there exists continuous functions on o(a) vanishing on the closed subset o(p(a)). For
any zg € o(a) \ o(¢(a)), the distance function f(z) := dist(z,0(p(a))) is such a function
(Exercise!). Therefore the injectivity of ¢ implies that o(a) = ¢(o(a)) and hence that
le(a)ll = r(p(a)) = r(a) = [la].- O
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2.3 Positive elements in C* algebras

Definition 2.10. A hermitian element a of a C*-algebra A is called positive if o(a) C [0, 00).
We then write @ > 0. For two hermitian elements a,b € A, we write

a<b if b—a>0.

We denote the set of positive elements in A by A* (not to be confused with the unitiza-
tion Ay ).

Example 2.11. (a) If A = C(X) for a compact space and f* = f, then f € A is hermitian
if and only if f(X) C R. Since f(X) = o(f) by Example the function f is a positive
element of C(X) if and only if f(z) > 0 for every z € X.

(b) If A = B(H) and A € B(H) is a hermitian operator, then A > 0 means that
Spec(4) C [0,00). We claim that that this is equivalent to

(v,Av) >0 forall veH. (11)
If A >0, then Exercise [2.5] implies that
(e 24y, v) = (e M, e ) = |le |2 < |jv]|*? for t>0.

Since the derivative —2(Av, v) in ¢y = 0 exists, it must be < 0, and therefore (Av,v) > 0. If,
conversely, (Av,v) > 0 for every v € H, then the differentiable function

f(@t) == |le” 0|2 = (e v, e ) = (e, v)  satisfies  f(0) = ||v]|?

and
fl(t) = —2(Ae 24, v) = —2(Ae M, e M) <0 for t>0.

Therefore f(t) < |jv]|? for t > 0, and this implies |[e~*4|| < 1. Using Exercise again, we
see that A > 0.

For H = C"” and A = B(C") = M, (C), the equivalence of A > 0 and follows from
the well-known characterization of positive semidefinite matrices A by the property that all
its eigenvalues are non-negative.

One may expect that sums of positive elements are positive. This is true, but far from
obvious at this point. So we have to take a short detour to prove this fact.

Lemma 2.12. In every complex unital algebra A, we have
o(zy) \{0} = o(yz) \ {0} for x,yecA

Proof. We have to show that, for A # 0, the element A1 — xy is invertible if and only if
Al — yx invertible. To this end, we may w.l.o.g. assume that A = 1.
Suppose that 1 — zy is invertible. Then

(1+y@—ay) ')l —ya) =1—yz+y(1l—ay) " (z — zyz)
=1—yzr+yl—ay) QA -—ay)z=1—yzr+yz=1
and likewise
(1-y2)1+yl—ay) ') =1-yz+yl —zy) (1 —zy) 'z =1—-yz+yz = 1.

This proves the assertion. O
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Lemma 2.13. In a unital C*-algebra A, the following assertions hold:
(i) For every positive element a € AT, there exists a unique b € AT with b? = a.

(ii) For every hermitian element a € A there exist uniquely determined positive elements
ar,a_ € Awitha=ay —a_ and aya_ =a_ay = 0.

Ifa>0and 0 < f e C(o(a)), then ,(f) = f(a) > 0.

(ii

(iv) A hermitian element a € A is positive if and only if ||[lal|1 — a|| < |lal|.

(vi

)
)
(v) a>0 and b >0 impliesa+b > 0.
) fta > 0 implies a = 0.

)

(vil) —aa* > 0 implies a = 0.
Proof. (i) As o(a) C [0,00), the function S(z) := /x is well-defined and non-negative on
o(a). Therefore S(a) := ®,(S) € C*(a) is a positive square root of a.

For any other positive element b with b?> = a, the element b commutes with @, so that
the unital C*-subalgebra C*(a,b) generated by a and b is commutative, hence isomorphic to
some C(X). But any positive elements f € C'(X) has a unique positive square root given by
x4/ f(x).

(ii) For any decomposition a = ay — a— with ax > 0 and aya_ = 0, both summands
commute with each other and hence also with a, so that a,a; and a_ are always contained
in a commutative C*-subalgebra. We may therefore assume w.l.o.g. that A is commutative,
hence A = C(X) by Gelfand’s Theorem.

If a € C(X) is hermitian, i.e., real-valued, then

a=ay—a_ and aya_=a_ay =0 holdsfor ay :=max(ta,0).

For the uniqueness of such a decomposition, write a = b4 — b_ with by > 0 and b b_ =
b_by = 0. If +a(p) > 0, then bi(p) > 0 implies b+(p) = 0, so that by (p) = Fa(p) = ax(p).
If a(p) = 0, then by (p) = b_(p) = 0 follows from by > 0. Therefore by = ay.

(iii) Since a is hermitian, it is contained in a commutative subalgebra, so that we may
assume that A = C(X). Then o(a) = a(X) and 0 < f € C(o(a)) implies that the function
f(a) = f oa is non-negative (cf. Remark [2.8).

(iv) Again, we may assume that A = C(X). Then (||a||1 — a)(x) = |ja|]| — a(x) > 0, and
it is < ||a|| if and only if a(x) > 0. This proves (iv).

(v) The element ¢ := a + b is hermitian and thus o(c) C R (Lemma[L.17). From (iv) we
derive

Il + 16102 = elf = [[lallt = a + JoIL =] < fla] + o] (12

Further, A € o(c) implies
lall + 16l = A € o ((lall + [1BI)1 = ¢),

so that entails
llall + (6]l = A] < llall + [|o]

This implies A > 0.
(vi) follows immediately from the corresponding assertion in A = C(X).
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(vii) Lemma implies o(—a*a) \ {0} = o(—aa*) \ {0} C R, so that also —a*a > 0.
Writing @ = b + ic with hermitian elements b, ¢ € A, we obtain with (v)

aa* +a*a = (b+ic)(b—ic) + (b —ic)(b+ic) = 2(b* + %) > 0,
because b2, ¢? > 0 follows from (iii). This leads with (v) to aa* = (aa* + a*a) — a*a > 0, so
that aa* = 0 follows from (vi). Now ||a||? = ||a*a|| = 0 yields a = 0. O

Theorem 2.14. (Kaplansky, 1953) An element a of a unital C*-algebra A is positive if and
only if there exists an element b € A with a = b*b.

Proof. If a > 0 and b is the positive square root of a, then a = b* = bb* (Lemma ii)).
For the converse, let b € A. We have to show that a := b*b > 0. Let a = a; —a_ as in
Lemma iii). Then it remains to verify that a_ = 0. From ajia_ = 0 we derive

(ba_)*(ba_) =a*b*ba_ =a_(ay —a_)a_ = —a® <0,

hence —(ba_)*(ba_) is positive by Lemma iii) and thus ba_ = 0 by Lemma vii).
This shows that a®> = 0 and hence a_ =0, by a— € C*(a_) = C(co(a_)). O

Kaplansky’s Theorem will turn out to be a key between positivity in a C*-algebra and
its representation theory. The next step in the development of this connection is the concept
of a positive functional that we introduce in the next subsection.

Proposition 2.15. The set AT = {a € A: a > 0} of positive elements of a C*-algebras is a
closed convex cone.

Proof. Lemma v) implies that A" is closed under addition. For A > 0 and a > 0 we
further have o(Aa) = Ao(a) C [0, 00), so that Aa > 0. This shows that AT is a convex cone.
For the closedness we recall from Exercise 2. that

At ={a€ A:a* =a,(Vt >0) [le || < 1}.
For a,, > 0 and a,, — a, we thus obtain for any ¢ > 0:
le™* ) = lim [le7* || <1
n— o0

and therefore a > 0. O

2.4 Positive functionals

Definition 2.16. Let A be a x-algebra. For a linear functional ¢: A — C we define ¢*(a) :=
p(a*) and note that this is again complex linear. We say that ¢ is hermitian if ¢* = .
A linear functional ¢ is called positive if

p(aa®) >0 for every a € A.

Remark 2.17. (a) If A is a C*-algebra, then Kaplansky’s Theorem immediately implies
that a linear functional f: A — C is positive if and only if

a>0 = f(a)>0. (13)
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This implies in particular that f(a) € R for a = a* (Lemma ii)). For c = a+ib € A,
a,b e Ay, we then obtain

fle) = fla) +if(b) = f(a) —if(b) = fla—ib) = f(c"),

so that f is hermitian.

(b) The direct sum decomposition A = A, @ iAy, of the real vector space A shows that
a complex linear function ¢: A — C is hermitian if and only if ¢(A,) € R. Conversely,
every real linear functional ¢: A; — R extends by ¢(a + ib) := ¢(a) + i3p(b) to a hermitian
complex linear functional p: A — C.

Lemma 2.18. Let A be a C*-algebra and f: A — C be a positive functional.
(i) [f(ab*)[* < f(aa®)f(bb*).

(ii) f is continuous with
I/l = sup{f(a): a € A", [|al| < 1}. (14)

If A is unital, then || f|| = f(1), and if A is not unital, then f extends to a positive
functional f+ on the unital C*-algebra Ay with f1(1) = | f]-

(iii) f(b*a*ab) < f(b*b)|al|?® for a,b € A.

Proof. (i) Positivity means that the hermitian form f(ab*) is positive semidefinite, and (ii)
simply is the Cauchy—Schwarz inequality for this form.
(if) We consider the subset

M:={a€ A": ||la]| < 1}.

We claim that f(M) is bounded. If this is not the case, then there exists a sequence x,, € M
with f(x,) — oo. For any non-negative sequence (A,)nen with - X, < oo, we consider
the element z := > > | A\,x, and observe that the sequence converges absolutely because
Do llAnzal <30, )\ < 00. The positivity of 2 and all partial sums Z Ay, follows
from Proposition For every m € N we therefore obtain with Lemma )

Zm:ijjgx and thus Z)\fx] (Z)\xj)<f
j=1

As f(xz;) > 0 for each j, the convergence of the series Z;’;l Ajf(x;) follows. Since the
sequence A € ¢! was arbitrary positive, we obtain (f (a:j))j en € £ (Exercise), and therefore

a contradiction. We conclude that C := sup f(M) < oco.

If Ais unital and a € AT with [ja|| < 1, then 0 < a < ||a||1 implies f(a) < ||la| f(1) < f(1),
so that C'= f(1) in this case.

If A is not unital, we extend f to a linear functional

fr: Ay = C by fi(a,A):= f(a) + AC.

If (a,A) > 0 with A # 0, then A € o(a, ) implies A > 0 and o(a) = o(a,A) — A C [—A, 00).
For a = a4 — a_ this means that ||a_| < A, so that

(@) = f(a) +AC = f(ay) — fla=) + AC > far) = AC +AC = f(ay) > 0.
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Therefore f, is a positive functional on A,. With (i) we now obtain for every x € A, :
[f+(@)° < fr(za®) f+(1) < [lza™|C - C = |l2|*C.

Hence f is continuous with || f1|| < C <||f||, and this proves that ||f]| = ||f+] = C.

(iii) First we note that the functional f;(a) := f(b*ab) on A, is positive because fy(a*a) =
f(b*a*ab) = f((ab)*ab) > 0. Now (ii) implies that f; is continuous with ||fp] = f»(1) =
f(b*b), and now

f(b*a*ab) = fy(a*a) < || folllla”all = f(b°b)l|al®

proves (iii). O

Positive functionals on commutative algebras

Since we shall use is later on, we quote the Riesz Representation Theorem describing the
positive functionals on commutative C*-algebras Co(X) in terms of Radon measures. For
the proof we refer to [Ru86l Thm. 2.14]. First we recall the concept of a Radon measure.

Definition 2.19. A Borel measure p on a locally compact space X is called a Radon measure
if
(i) u(K) < oo for each compact subset K of X.
(ii) (Outer regularity) For each Borel subset £ C X, we have
w(E) =inf{u(U): E CU,Uopen}.
(iii) (Inner regularity) If £ C X is open or E is a Borel set with u(E) < oo, then
w(E) =sup{u(K): K C E, K compact}.

The measure p is called regular if (ii) and (iii) are satisfied. These two properties ensure that
1 is uniquely determined by the integral of compactly supported continuous functions.

Theorem 2.20. (Riesz Representation Theorem) Let X be a locally compact space. Then,
for every positive functional I: Cy(X) — C, there exists a uniquely determined finite reqular
Radon measure p on X with

I(f) = /X f@)du(z) for e Co(X).

Proposition 2.21. If u is a Radon measure on a locally compact space X, then C.(X) is
dense in L*(X, ).

Proof. Since the characteristic functions xg, u(E) < oo, span the dense subspace of step
functions, i.e., functions with finitely many values, it suffices to show that such function can
be approximated by elements of C.(X) in the L?>-norm. Since every such Borel set is inner
regular, we may w.l.o.g. assume that E is compact. Then the outer regularity implies for
each € > 0 the existence of an open subset U C X with u(U \ E) < €. Next we use Urysohn’s
Theorem to find a continuous function f € C.(X) with 0 < f < 1, f|g = 1, and
supp(f) € U. Then

I — xel = /X (@) - xp(@)]? du(z) = /U MR ) <\ B <

and this completes the proof. O
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Remark 2.22. In many cases the regularity of a Borel measure p on a locally compact space
X for which all compact subspaces have finite measure is automatic.

In [Ru86, Thm. 2.18] one finds the convenient criterion that this is the case whenever
every open subset O C X is a countable union of compact subsets.

This is in particular the case for R™, because we can write

0= U O, with O, := {m € 0: dist(z,0°) >
neN

el < n .

1
n

2.5 States

In this subsection we introduce states of C*-algebras. This terminology is an abstraction
that is due to the interpretation of states as states of quantum mechanical systems discussed
in the introduction.

Definition 2.23. A positive functional ¢ on a C*-algebra is called a state if ||w| = 1. We
write G(A) for the set of all states of A.

Remark 2.24. Since every state w € S(A) on a non-unital C*-algebra A extends in a
unique fashion to a state wy on A4 by wi (1) = 1, we may identify the states of A and A4

(Lemma [2.18)):
S(A) =6(AL).

Lemma 2.25. For a unital C*-algebra A, we have
SA={wed: w=uwlw|=wld) =1}

This set is convex and compact in the weak-x-topology, i.e., the topology of pointwise conver-
gence. E|

Proof. According to the Alaoglu-Bourbaki Theorem, the dual unit ball
B :={ac A" |af <1}
is convex and compact with respect to the weak-*-topology. Since the subspace

(A ={wed:w =w}={weA: (Va€A) wl) =w(a)}

is specified by pointwise conditions, it is a weak-*-closed subset of A’, so that B’ N (A")}, is
also weak-x-compact. As the linear functional

evi: BN(A) = [-1,1]CR, a~ a(l)
is continuous, the subset
Si={acA:a"=qa,a| <lLa(l)=1}={ac A: a* = a, |la|]| = a(1) = 1}

is also weak-*-compact and convex. Now S D &(A) by Lemma and we next show the
converse. So let w € S. We have to show that w is a positive functional. So let a € A™T.
Then ||||laf|1 — a|| < [|a]| (Lemma iv)) implies that

lall = w(a) = w(al1 —a) <[],

and thus w(a) > 0. O
1 One can show that the condition ||w|| = 1 = w(1) already implies w = w*, but this requires more elaborate
arguments.
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Example 2.26. (a) For the C*-algebra A = C'(X) of continuous functions on the compact
space X, Riesz’ Representation Theorem identifies the positive functionals with Radon
measures 1 on X. Among these, the states are the probability measures because

p(x) = [ tuta).

Particular states are the Dirac measures corresponding to the evaluation functionals
dz: f — f(z). According to Proposition these are precisely the characters of C(X).
We shall see in Section [3| that these are precisely the pure states (Corollary .

(b) Consider A = B(H) for a complex Hilbert space H and Q € H with ||Q|| = 1. Then

W(A) == (Q, AQ)

defines a state of B(H) because w is a positive functional, w(1) = 1 and |jw| < 1 by the
Cauchy—Schwarz inequality. These states are called vector states.
Let (2, )nen be a sequence in H satisfying >, o [0 ]> = 1. Then

o0

w(A) =) (Qn, AQ)

n=1

also defines a state of B(H). These states are called mized states. They are not pure, i.e.,
extreme points in G(B(H)) if the §2,, span a subspace of dimension at least 2 (Exercise [2.21)).
We shall return to such states below when we discuss trace class operators.

Proposition 2.27. Let A be a unital C*-algebra and z = z* € A.
(i) For every A € o(x), there exists a state w with w(x) = A.
(ii) x is positive if and only if w(x) > 0 for all states w € G(A).

Proof. (i) Let A € o(x) and consider the unital C*-subalgebra C*(z) generated by .
Corollary implies that o4(2) = 0« () (), and Proposition further yields C*(x) =
C(oa(x)), where z € C*(x) corresponds to the identity.

Let dy: C*(z) = C(o(x)) — C be the evaluation in A € o(x). Then d € &(C*(z)). With
the Hahn-Banach Extension Theorem, we find an extension v € Aj with ||| = ||dx] = 1.
We put v := (U + 7*)/2. Then v* = v, ¥(1) = 1 and |v|| < 1 implies that v is a state
(Lemma [2.25)). Further, v(z) = 6)(z) = Z(A\) = A.

(ii) Suppose that z is positive. By definition, all states take non-negative values on z.
The converse follows from (i). O

Exercises for Section [2]
Exercise 2.1. Let A be a Banach algebra and x: A — C be an algebra homomorphism. Show that:
(a) x extends to the unital Banach algebra A4 := A x C with the multiplication

(a,t)(a,t') := (aad’ +ta' +t'a,tt))

(cf. Exercise [L.4)).

(b) If A is unital and x # 0, then x(1) = 1 and x(A*) C C*. Conclude further that x(B1(1)) C
C* and derive that x is continuous with ||x|| < 1.
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Exercise 2.2. Suppose that Y is a compact space yo € ¥ and X := Y \ {yo}. Show that the
restriction map yields an isometric isomorphism of C™*-algebras:

r: Cu(Y,C) = {f € C(Y,C): f(yo) = 0} = Co(X,C).

Exercise 2.3. Let A be a Banach algebra and Z C A be a closed two-sided ideal. Show that
the quotient space A/Z carries a natural Banach algebra structure for which the quotient map
q: A — A/T is a homomorphism.

If A is a Banach-*-algebra and 7 is *-invariant, then \A/Z even inherits the structure of a Banach-
x-algebra.

Exercise 2.4. Let A be a unital C*-algebra and a = a* € A with ||a|]| < 1. Show that

wi=a+iy/1—a%€ U(A)
and conclude that A = span U(A).
Exercise 2.5. Let a be a hermitian element of the C*-algebra A. Show that
a>0 = (vt >0) |le” ™| < 1.
Hint: Consider first the case A = C(X); why does this imply the general case.

Exercise 2.6. (Enveloping C*-algebra) Let A be a Banach-*-algebra and n4: A — C*(A) be the
enveloping C*-algebra. Show that:

(i) (Universal property implies uniqueness up to isomorphism) Suppose that ¢: A — B is a
x-homomorphism to a C*-algebra which also has the universal property that, for any homo-
morphism a: A — C, C a C*-algebra, there exists a unique homomorphism a: B — C with
& o = a. Then there exists an isomorphism ®: C*(A) — B with ® ona = (.

(ii) For every representations of A, i.e., every x-homomorphism ¢: A — B(H), H a complex
Hilbert space, there exists a unique representation @: C*(A) — B(H) with gona = .

Exercise 2.7. Let G be a group and £'(G) denote the Banach-*-algebra from Example 1.8(b), so
that we have a homomorphism 7: G — £*(G),n(g) = 6, whose range generates a dense *-subalgebra
of £*(G). Show that:

(i) For every homomorphism U: G — U(A), where A is a unital C*-algebra and U(A) =
{u € A: wu* = u"u = 1} denotes its unital group, there exists a unique *-homomorphism
U: 11(G) = Awith Uon=U.

(ii) Consider the complex Hilbert space H := £*(G) with the ONB (eg)gec. Show that the
homomorphism U: G — U(£*(G)) defined by U(g)en, = egn, h € G, leads to an injective
homomorphism U : £1(G) — B(£3(@)).

Exercise 2.8. Let G be a group. Show that there exists a C*-algebra C*(G) and a group homo-
morphism

nag: G = UIC*(G)) ={ueC*(Q): wvu*" =u"u=1}
with the following universal property. For every unitary representation U: G — U(#), there exists
a unique *-homomorphism U: C*(G) — B(H) of C*-algebras with U o ng = U.
Hint: Define C*(G) as C*(¢£'(G)), where £'(G) is the Banach-#-algebra from Example 1.8(b), and
put 16 (g) = g

Exercise 2.9. Show that the homomorphism 7,1 (g : £'(G) — C*(¢*(G)) = C*(G) is injective.
Hint: Exercise 27
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Exercise 2.10. (Initial topology) Let X be a set and (f;)ier be a family of maps f;: X — Y;, where
the Y; are topological spaces. Let 7 be the topology on X generated by the subsets f{l(O)7 oOCY;
open. Show that:

(i) 7 is the coarsest (minimal) topology on X for which all maps f; are continuous.
(i) A map g: Z — X, Z a topological space, is continuous if and only if all compositions f; o g

are continuous.

Exercise 2.11. (Topology of pointwise convergence) Let A and B be topological spaces and B4 be
the set of all maps f: A — B. On B* we consider the coarsest topology for which all maps

eve: B* 5 B, [ f(a)

are continuous. Show that a map F: X — B4, X a topological space, is continuous if and only if
all maps
F,: X - B, F,(z):=F(z)(a)

are continuous.

Exercise 2.12. (Gelfand isomorphism for group algebras) Let G be a commutative group and
ne: G — C*(G) = C*(£*(G)) be the corresponding C*-algebra from Exercise 3.5. It has the
universal property that, for every C*-algebra A, the map

ng: Homy (C*(G), A) — Homg,, (G, U(A)), ¢+ pona
is a bijection, where Hom; denotes the set of C*-homomorphisms preserving 1. Show that:
(a) C*(G) is a commutative C*-algebra. Hint: n(G) spans a dense subspace of C*(G).
(b) ng&: C'/*@) — G := Homgp (G, T) is a bijection.

(c) Gisa group with respect to the pointwise multiplication of characters

(x1x2)(9) == x1(9)x2(9)-

It is called the character group of G.
(d) Determine the character groups G for the abelian groups G = Z,Z", Z/nZ.
(e)* Gisa compact topological group with respect to the topology of pointwise convergence on

elements of G. Recall that a topological group is a group H with a topology for which the
map H x H — H,(g,h) — gh™' is continuous.

Exercise 2.13. (Another exotic Banach-x-algebra) Let A be a unital C*-algebra and b € A be a
unitary involution, i.e., ¥ = 1 and b* = b. Show that:
(a) A is a Banach-*-algebra with respect to the involution a* = ba*b.

= by —b_ with hermitian elements b4 satistying by b =b_by = 0,63 = b4 and by +b_ = 1.
b) b=0by-b ith h iti 1 b isfying b1 b b_b 0,b3 =b dby+b 1
Hint: (b +b_)% =1.

From now on we assume that A4 = M>(C) and b := ((1] _01)

. . . . cosht sinht
(¢) The unitary group U(A,{) is unbounded. Hint: Consider the elements u; = (sinht cosh t)'

(d) For the matrix Y := ((Z) é) we have Y# =Y and o(Y) = {£i}.

(e) Every *-homomorphism ¢: (A, ) — C into a C*-algebra C vanishes. In particular, we have

C* (A1) ={0}.
Hint: ¢(1) = —¢(Y)? <0.
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Exercise 2.14. Let x: A — C be a homomorphism of a unital algebra to C and 1 € A be a unit
element. Show that either x = 0 or x(1) = 1. This means that, for every unital algebra A,

Hom; (A, C) = {x € Hom(A4,C): x(1) = 1} = Hom(A,C) \ {0} =: A.

Exercise 2.15. Let A be a Banach algebra. For an algebra homomorphism
x: A— C,let x4+: Ay — C be the canonical unital extension defined by

X+ (a,8) = x(a) + 1.

Show that the map ¢: Hom(A,C) < Hom;i (A4, C), x — X+ is a homeomorphism with respect to the
topology of pointwise convergence on both spaces. Conclude that A is homeomorphic to Ay \ {e},
where e(a,t) =t for a € A,t € C.

Exercise 2.16. (Strange Banach-x-algebras) We consider the two-dimensional commutative com-
plex Banach algebra A := C? with the multiplication

(21, 22) (w1, w2) := (z1w1, 22w2) and  [|(21, 22)| = max{|z1], |22|}.

Show that:
(a) A is a C*-algebra with respect to (z1,22)* := (21,72). Determine A.
(b) A is a Banach-*-algebra with respect to the involution (z1,22)* := (z3, Z1).
(¢) The Banach-*-algebra (A, ) has the following properties:

(i) No character x € Hom(A,C) is a *-homomorphism.

(ii) The Gelfand transform G: (A, ) — C(.A) is an isomorphism of Banach algebras but not
a *-homomorphism.

(iii) Every #-homomorphism ¢: A — C (C a C*-algebra) is zero. In particular C*(A, §) = {0}.
Hint: (1,0)%(1,0) = 0.

(iv) The unitary group U(A, 1) = {a € A*: a* = a™'} is not a bounded subset.

Exercise 2.17. Let X be a set and £°°(X) be the vector space of all bounded functions f: X — C.
Show that ¢£°°(X) is a commutative C*-algebra with respect to

(f9)(@) = f(2)g(z),  f7(x):=f(x),  [[fllec =sup{|f(2)]: x € X}.

If (X, ) is a measurable space, resp., (X, 7) is a topological space, then the bounded measurable,
resp., bounded continuous functions are closed x-subalgebras, hence also C*-algebras.

Exercise 2.18. (Stonefcech compactification) Let X be a topological space. We consider the
commutative unital C*-algebra C*(X) of bounded continuous functions (Exercise[2.17). Its spectrum

=2

is denoted 8(X) := C*(X) = Hom; (C*(X),C). This is a compact space with C(8(X)) = C*(X).
Show that:

(a) The map nx: X — B(X),nx(x) = bz, 0z(f) := f(x), is continuous and its range is dense.

The pair (8(X),nx) is called the Stone-Cech compactification of X.
(b) nx is a homeomorphism if and only if X is compact.

(c) For a sequence (Zn)nen in X, the limit of the sequence (dz, )nen exists in S(X) if and only if,
for every bounded continuous function f € C®(X), the limit lim, oo f(zn) exists.

(d) If X is discrete, then C®(X) = ¢°°(X). Here the case X = N is particularly interesting:

(i) If the sequence g, converges in B(N), then it is eventually constant, i.e., there exists an
no € N with z, =z, for n > no. So nn(N) is sequentially closed in 3(N).
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(ii) m is not surjective (so that 3(N) contains elements that cannot be reached by sequences
in N). Hint: The set Y := (), cym({k,k+1,...}) C B(X) is non-empty and vanishes
on the subalgebra co(N) C £°°(N).

Exercise 2.19. (Spectral calculus for normal matrices) We consider the concrete unital C*-algebra
A = M, (C) =2 B(C"). Let a € A be a normal element, so that there exists an ONB (v1,...,v,) of
eigenvectors for a: av; = Ajv;. Show that:

(i) o(a) ={A1,..., A}
(ii) For every function f € C(o(a)) = CP12n} the element f(a) € A is diagonalizable with
f(a)vj = f()\j)’l}j, _7 = 1, ceey N
Exercise 2.20. (Uniqueness of Functional Calculus) Let X C C be a compact space and Y C X

be a closed subset. Show that the restriction map R: C(X) — C(Y),R(f) = fl|y is the only
homomorphism of C*-algebras mapping idx to idy.

Exercise 2.21. Let v := (vn)nen be a sequence in the Hilbert space H satisfying ||vn|\2 =1
and consider the corresponding state

wy(A) =" (vn, Avy)

n

of B(H). Show that, if span{v,: n € N}, is not one-dimensional, then wy is not a pure state, i.e., it
can be write as wy = Aw1 + (1 — A)wz with states w; # wy and 0 < A < 1.
Hint: Consider the state wi (A) = {21A4v)

o1l

Exercise 2.22. Let x = (Zn)nen be a sequence of complex numbers. Show that x is bounded if and
only if, for all non-negative sequences A = (An)nen with > A, = 1, the series Y ,A, converges
absolutely.

Exercise 2.23. Consider the C*-algebra A = Cy(X), where X is a locally compact space. Let &
denote the o-algebra of Borel subsets of X, i.e., the smallest o-algebra containing the open subsets.
We write L (X) for the C*-algebra of all bounded measurable functions f: X — C with the norm

[[flloe := sup{[f()|: = € X}.

Show that every non-degenerate representation (m, H) of Cy(X) has an extension to a representation
of the larger C*-algebra L*(X).

Hint: Decompose first into cyclic representations and recall that these are equivalent to multiplication
representations on spaces L> (X, ), p a finite positive Radon measure on X. |E|

Exercise 2.24. (States of the algebra of compact operators) We consider the C*-algebra A := K (H)
of compact operators on the Hilbert space H. Show that:

(i) The sesquilinear map
Dt xH = KH), T(z,y) =y, Ty)z:= {2y

is continuous; more precisely ||I'(z,y)|| < ||z||||y|| for =,y € H.

(i) For every continuous linear functional w € A’, there exists a uniquely determined bounded
operator S € B(#H) with w(I'(z,y)) = (x, Sy) for z,y € H. We then write w = ws.

(¢) ws = wg=.

12We shall see later in the context of commutative von Neumann algebras how to specify this extension
uniquely in terms of continuity properties.
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(d) ws >0 if and only if S > 0.
Hint: A > 0if and only if A =3 A.I'(zn,2,) for an orthonormal sequence x,, in H (Spectral
Theorem for compact hermitian operators).

(e) S is a compact operator.
Hint: Use Exercise i)(b) to show that S is Hilbert-Schmidt, specifically, > ||Se;|1? <
lws]||? for any orthonormal basis (e;) e of H.

(f) If S > 0, then there exists an orthogonal sequence (vn)nen in # and A, > 0 with - A, < 00
such that S =37 AuT'(Un,vn) =D, An|vn)(va| (S is a “trace class operator”).
Hint: Use the compactness and the Spectral Theorem for compact operators to diagonalize S,
so that S =" AnI'(vn,vn). Then show that |lws|| =, |An| (Exercise[2.26).
Exercise 2.25. We consider the Hilbert space H := M, (C) with the Hilbert—Schmidt scalar product

(A,B) :=tr(A"B) = zn:(AejBej>.

j=1

Show that 7(A)B := AB defines a *-representation of the C*-algebra A := M, (C) on H for which
Q= ﬁl is a cyclic unit vector with

(Q,w(A)Q):%tr(A) and  End(m, M) = M,(C).

Can you characterize the cyclic elements in H? How do the corresponding states look like?

Exercise 2.26. (Linear functionals on finite dimensional commutative algebras) We consider the
commutative C*-algebra A := C" = C({1,2,...,n}), endowed with pointwise multiplication and
conjugation. We consider the linear isomorphism

:C" > A, D(s)(a) = sjay
j=1

with [|®(s)|| = >_7_, [s;]. Show that the linear functional ®(s) is
(a) hermitian, i.e., ®(s)* = ®(s), if and only if s € R™.
(b) positive if and only if s > 0 componentwise.
(c) astate if and only if s > 0 and >3, s; = 1.
)

(d) a extreme point in the state space G(.A) if and only if s; = d; for some k € {1,...,n}.

Exercise 2.27. (Linear functionals on matrix algebras) We consider the C*-algebra A := M, (C)
of complex n X n-matrices. Show that:

(i) The map ®: M,,(C) — A’, ®(S5)(A) := tr(SA) is a linear isomorphism satisfying
(a) ®(5)" = &(57).
(b) |2(S)] > [IS]2 := /tr(S*S) = \/m (Hilbert-Schmidt norm).
Hint: [| Al == v/or(A"A) > || ] and [}z = sup{] tr(S* A)]: || Az < 1}.
(ii) The linear functional ®(S) is
(a) hermitian, i.e., ®(S)* = ®(S5), if and only if S* = S.
(b) positive if and only if S > 0.
(c) a state if and only if S > 0 and tr(S) = 1.
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(d) an extreme point of the state space &(A) if and only if S is an orthogonal projection
onto a one-dimensional subspace.
Hint: The set G(.A) is invariant under conjugation with unitary operators; Exercisem

Exercise 2.28. Let A be a unital C*-algebra and B C A be a unital C*-subalgebra. Show that,
for every state w € &(B) there exists a state w € &(A) with &|g = w.

Exercise 2.29. Let A be a unital C*-algebra and = € A be a normal element. Show that
S(A)(z) = conv(o(x)).

Hint: Use Exercise to reduce to the case where A = C*(z) = C(o(x)). Then note that
conv(o(x)) is compact because o(z) is compact and that fd(x) z du(z) € conv(o(z)) for every prob-

ability measure p on o(x).

Exercise 2.30. ) Let A be a unital C*-algebra and A € A. Show that ||A]|*> € o(A*A).
Hint: For 0 < f € C(X), we have || f|| = max{f(z): z € X}.

3 Representations of C'*-algebras

In this section we study representations of C*-algebras. After introducing the relevant ter-
minology, we explain the Gelfand-Naimark—Segal (GNS) construction that relates states and
cyclic representations. As an application of the GNS construction, we obtain the Gelfand—
Naimark Theorem asserting that every C*-algebra is isomorphic to a closed subalgebra of
some B(#H). We conclude this section with some facts on irreducible representations, such
as their characterization in terms of pure states and their characterization in terms of their
endomorphism algebra (Schur’s Lemma, Theorem [3.13]).

3.1 Basic terminology

Definition 3.1. Let A be a *-algebra. A representation (w,H) of A is a homomorphism
m: A — B(H) of x-algebras, i.e., 7 is linear, multiplicative and satisfies 7(a*) = 7(a)* for
each a € A.

A representation (7, H) is called

e irreducible if H # {0} and {0} and H are the only closed 7 (.A)-invariant subspaces
of H.

o non-degenerate, if [1(A)H] = H, i.e., if 7(A)H spans a dense subspace. Note that this
condition is trivially satisfied if 1 € A and 7(1) = 1.

e cyclic if there exists a unit vector Q € H for which 7(A)Q2 is dense in H. Then Q is
called a cyclic vector. To specify the cyclic vector in the notation, we often write cyclic
representations as triples (m, H, Q).

Definition 3.2. (a) If (7, H) is a representation of A and K C H a closed 7(.A)-invariant sub-
space, then p(a) := 7(a)|& defines a representation (p, ) which is called a subrepresentation
of (m,H).
(b) If (w,H) and (p,K) are representations of A, then a bounded operator T: K — H
satisfying
Top(a)=m(a)oT forall aecA
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is called an intertwining operator. We write
Hom((p, K), (m, H))

for the set of all intertwining operators. It is a closed subspace of the Banach space B(KC, H)
(Exercise [3.7). We also put

End(7,H) := Hom((m, H), (7, H)).

(c) Two representations (m,H) and (p,K) of A are said to be equivalent, written m =~
p if there exists a unitary intertwining operator T: L — H. It is easy to see that this
defines indeed an equivalence relation on the class of all representations. We write [r] for the
equivalence class of the representation (7, H).

Two cyclic representation (w, H, Q) and (x/, H’, Q') are said to be equivalent if there exists
a unitary intertwining operator U: H — H' with UQ = Q.

(d) We write

e p < 7 if pis equivalent to a subrepresentation of 7.

e mlp if no subrepresentation of (7, #) is equivalent to a subrepresentation of (p, ).
Then 7 and p are then called disjoint.

e p < 7 if no subrepresentation of p is disjoint from .

e T~pif m <pand p <7 (7 and p are quasi-equivalent).

3.2 Non-degenerate and cyclic representations

We start with an easy observation on invariant subspaces:

Lemma 3.3. Let K CH be a closed subspace, P € B(H) be the orthogonal projection on K
and S C B(H) be a x-invariant subset. Then the following are equivalent

(i) K is S-invariant.
(i) K+ is S-invariant.
(iii) P commutes with S.

Proof. (i) = (ii): If w € K+ and v € K, we have for any S € S the relation (Sw,v) =
(w, S*v) = 0 because S*v € SK C K.
(ii) = (iii): The same argument as above implies that the invariance of K1 entails the
invariance of K = (K1)*.
We write v = vy + v1, according to the decomposition H = K @ K. Then we have for
any S € S:
SPv = Svy = PSvg = P(Svg + Sv1) = PSwv,

so that P commutes with S.
(iii) = (i) follows from the fact that IC = ker(P —1) is an eigenspace of P, hence invariant
under every operator commuting with P. O

Lemma 3.4. (Characterization of non-degenerate representations) For a representation
(m,H) of a x-subalgebra A, the following are equivalent:
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(i) (w,H) is non-degenerate.

(ii) w(A)v = {0} implies v = 0.
(iii) For every v € H, we have v € w(A)v.

Proof. (i) = (ii): Let v € H with 7(A)v = {0}. As m(A) is *-invariant, it follows that
(v, m(A)H) = (r(A)v, H) = {0}, so that v € [r(A)H]*+ = {0}.

(if) = (iii): We write v = vg +v; with vy € (Tr(A)v)J' and vy € [r(A)v], according to the
orthogonal decomposition H = [r(A)v] @ (m(A)v)*. Then the invariance of [r(A)v] under
7(A) implies that 7(A)v; C [r(A)v] and therefore

T(A)vg = 1(A)(v —v1) C 7(A)v + 7(A)vy C [7(A)v].

By Lemma the subspace (m(A)v)* is also m(A)-invariant, hence 7(A)vy C (mw(A)v)*t.
This shows that
(Ao C (r(A)w)* N [r(A)w] = {0}.
Hence (ii) implies vg = 0 and thus v = v € [7(A)v].
(iii) = (i) is trivial. O

To understand the decomposition of representations into smaller pieces, we also need in-
finite “direct sums” of representations, hence the concept of a direct sum of Hilbert spaces
which in turn requires the somewhat subtle concept of summability in Banach spaces (Sub-

section |A.5)).

Definition 3.5. For a family of (#;),cs of Hilbert spaces, we define
@Hj = {(I’j)je] € H Hjl Z ||J'Jj||2 < OO}
jeJ JjEJ JjeJ

with the scalar product
(@y) =D (&) and [z]* = [lay|?

jeJ jeJ

(Lemma |A.29). We call this space the Hilbert space direct sum of the spaces (H;);cs. This
space is larger than the direct vector space sum of the #;, which is a dense subspace of

@ et (Exercise . In the following we always identify H; with the subspace
Hi = {(@))jes: (Vj #14) zj =0}

Note that the requirement that (||z;]|?);cs is summable implies in particular that, for
each x € H, only countably many x; are non-zero, even if J is uncountable (Example [1.8).

Example 3.6. (a) If H; = C for each j € J, we also write

—

£U.C) =P _C- {(xj)je, e’ Y |zl < oo}.

jeJ

On this space we have

(wy)=> Ty; and |z? = |a;|*.

jeJ jeJ
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For n = {1,...,n}, we obtain in particular the Hilbert space C" 22 ¢?(n, C).
(b) If all Hilbert spaces H; = K are equal, we put

—

2(J,K) = K= {(xj)jeJ ek’ S flayl? < oo}.

JjeJ :
jeJ

Proposition 3.7. (Existence of direct sums of representations) (a) Let (mj,H;)jes be a
family of representation of the x-algebra A, for which

sup ||m;(a)]| < oo  for every a€ A
jeJ

Then
m(a)(vj)jer = (m;(a)vy)jes

defines on H := ®jEJHj a representation of A. The representation (7, H) is called the direct
sum of the representations (m;)je . It is also denoted m =3, ; ;.

(b) Let (7, H) be a representation of the x-algebra A and (H;) e be a mutually orthogonal
family of w(A)-invariant closed subspaces of H. Then (w,H) is equivalent to the direct sum
of the representations (m;, H;)jes.

Proof. (a) For any v = (vj),;ecs € H, we have

> lmi(@eilP < 3 I @IPlegl < (sup s @) 3 sl < oo

= jeJ jeJ
Therefore each 7(a) defines a bounded operator on H and we thus obtain a representation

(m,H) of A.
(b) follows directly from Exercise which ensures that the summation map

PH, =M, ()ies— Y,
3

Jje€J
extends to an isometry
D: @jeJHj —>H, P(z):= ij
jeJ
Since its range is dense and complete, it is also surjective. Moreover, 7(a)®((z;)) = ®((7;(a)z;))
implies that ® is an equivalence of representations. O

Proposition 3.8. (Non-degenerate and cyclic representations) A representation (mw,H) of
an involutive algebra A is non-degenerate if and only if it is a direct sum of cyclic subrepre-
sentations (1, H;)e-

Proof. First we observe that every direct sum @ ;¢ j(7;, H;) of cyclic representations (7;, H;, v;)
is non-degenerate because the subspace Zje ;i (A)v; is dense in the Hilbert space direct
sum GAB]-G JH;.

We now show the converse. So let (m,H) be a non-degenerate representation. The proof
is a typical application of Zorn’s Lemma. We order the set M of all sets {H;: j € J} of
mutually orthogonal closed 7(A)-invariant subspaces on which the representation is cyclic
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by set inclusion. Each chain K in this ordered space has an upper bound given by the union
UK € M. Now Zorn’s Lemma yields a maximal element Z := {#;: j € J} in M.

Let K := 3, ;H;. Since each H; is A-invariant and each 7(a) is continuous, K is also
A-invariant. In view of Lemma the orthogonal complement K+ is also A-invariant and
H = K@Kt If K is non-zero, we pick 0 # v € K. Then C := [r(A)v] is a closed
A-invariant subspace containing v (Lemma . Hence the representation on C is cyclic.
Therefore {C} U Z € M. This contradicts the maximality of Z. We thus obtain K+ = {0},
which proves that K = H. Now the assertion follows from Proposition b). O

3.3 The Gelfand—Naimark—Segal construction

Let A be a unital C*-algebra and (7, H) be a representation of A on H. For every unit vector
Q) € ‘H we thus obtain a state by

wa(a) :=(Q,7(a)))

because wq (1) = [|Q[|> = 1 and wo(a*a) = ||7(a)Q|> > 0 (cf. Lemmal[2.25/and Example[2.26)).

In this section we introduce the so-called Gelfand-Naimark—-Segal (GNS) construction,
which provides, conversely, for every state w of a C*-algebra A, a cyclic representation
(T, Hews Q), which is unique up to unitary equivalence. This provides a representation
without relying on a concrete model of the Hilbert space or the scalar product. The corre-
spondence between cyclic representations and states is one of the cornerstones of the repre-
sentation theory of C*-algebras and has numerous applications in other fields of mathematics,
such as harmonic analysis. Its power stems from the fact that it connects two fields of mathe-
matics: the representation theory of A and the convex geometry of the compact convex state
space G(A). This permits us to translate problems in representation theory into convex
geometry.

We now turn to the GNS construction.

Theorem 3.9. (Gelfand—Naimark—Segal (GNS) Theorem)For every state w € &(A), there
exists a cyclic representation (my,, Hu, Q) of A with

w(a) = (Qu,m1u(a)y,) for ae€ A
If, conversely, (m,H,Q) is a cyclic representation with
w(a) =(Q,7(a)Y) for every a € A, (15)

then there exists a unique unitary intertwining operator U: H — H,, with UQ = Q,, i.e., an
equivalence of cyclic representations (m,H, Q) — (7w, Huw, Qw).

Proof. Existence: For ¢ € A" and a € A, we define the right translates R,p € A’ by
(Ra)(b) := p(ba). We consider the subspace

D:=Rjw={Ruw:ac A} C A
On A we consider the positive semidefinite hermitian form

B(a,b) :=w(a™d)
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and observe that S(a,a) = 0 if and only if w(a*a) = 0, which, by the Cauchy—Schwarz
inequality (cf. Lemma i)), is equivalent to w(b*a) = 0 for all b € A, i.e., to R,w = 0.
Therefore we obtain on D a well-defined positive definite hermitian inner product

(Row, Rpw) := w(a™d) = (Rpw)(a™). (16)

Therefore (D, (-, -)) is a pre-Hilbert space.
Since R,R, = Ry, on A’, we obtain by restriction linear maps R,: D — D. Then

1R Ryw||* = || Rapwl|* = w(b*a*ab) < w(bb)l|a|® = || Row]*[la]|*

by Lemma [2.18(iii). Therefore the linear operator R,: D — D extends to a bounded linear
operator 7, (a) on H,, with |7, (a)|| < |la]|. For a,b,c € A, we then have

(Rpw, Ty (a) Rew) = (Rpw, Raew) = w(b*ac) = (Ry«pw, Rew) = (1, (a™) Rpw, Rew).
We conclude that m,(a*) = m,(a)*. Further,
7w (@) (b)) Rew = Rgpew = 7, (ab) Rew

yields 7, (a)m,, (b) = 7, (ab). We thus obtain a cyclic representation (m,,, H,,w) of A because
the element w is cyclic by construction. Finally, we note that

(w,my(a)w) = (W, Ryw) =w(a) for a€ A
Uniqueness: Now let (7, H,Q) be any cyclic representation satisfying . Then
(r(0)Q, 7m(a)Q) = (Q,7(b*a)2) = w(b™a) = (7, (b)Quw, mw(a)y,)
implies the existence of complex linear isometry
Up: m(A)Q — 7, (A, with  Up(n(a)?) = 7, (a)y.

As w(A)Q is dense in H and 7,(A)Q, is dense in H,,, we obtain by continuous extension
of Uy a unitary operator U: H — H,. By construction, we then have U = 2, and
Uomn(a) =m,(a)oU for every a € A. These two conditions determine U uniquely. O

Remark 3.10. Sometimes it is convenient to have a more concrete picture of the space H,,.
As D is dense in H,,, we have an injective linear map

o Hy, = A 2(§)(D) = (w, m(b)€) = (Rpw, §)
(cf. Exercise . This map satisfies
D(R,w)(b) = (w, RpyRow) = (w, Rpew) = w(ba) = (Rew)(b),

so that
O(Ryw) = Ryw.

We may therefore identify H,, with a linear subspace of the dual space A’.
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Example 3.11. It is instructive to consider some examples.

(a) We first consider the commutative case A = C(X), where X is a compact space. For
w € 6(C(X)), let p, denote the corresponding Radon probability measure on X (Theo-
rem Example . On L2(X, u,) we then have a representation 7 of C(X), defined
by the multiplication operators.

w(f)h = Msh:= fh

(Exercise [3.8). As C(X) is dense in L?(X,p,) (Proposition [2.21)), the constant function
Q2 =1 is a cyclic vector and

@.M;9) = [ fd = (5).
X
We further note that
End(m, L*(X, o)) = {M;: f € L®(X, po)} = L®(X, i)

(b) Let H be a Hilbert space and 2 € H be a unit vector. Then the representation of
A = B(H) on H is cyclic and w(A) := (2, AQ) is a corresponding state.
(c) Let A = B(C") and w(A) = L tr A. Then w is a state of A. The corresponding Hilbert

n

space is H := B(C"™) with the Hilbert—Schmidt scalar product
(A,B) =tr(A*B) and w(A)B= AB.

The cyclic unit vector is Q2 = ﬁl because
(Qm(A)Q) = —(1,4) = —tr A = w(A).

(Exercise [2.25)).

Combing the preceding theorem with Example b)7 it follows that C*-algebras are
precisely the closed #-subalgebras of B(H) (with respect to the norm topology).

Theorem 3.12. (Gelfand—Naimark Theorem) Every C*-algebra A is isomorphic to a closed
subalgebra of some B(H).

Proof. In view of Proposition we may w.l.o.g. assume that A is unital. For every state
w € 6(A), we have the cyclic GNS representation (m,,#H,,) from Theorem [3.90 We now
consider the direct sum representation

T EBweG(A)M on @weG(A)H”
(Proposition [3.7). This representation exists because
sup{||7w(A)[|: w e &(A)} < ||A]] for Aec A

(Proposition [1.18). Pick A € A. It remains to show that |[7(A)| = [|A]| for every A € A.
Since ||A]|? = [[A*A| € o(A*A) (Exercise [2.30), Proposition [2.27] implies the existence of a
state w € G(A) with w(A*A) = ||A*A|| = ||A]|?. Then

17 (A = (|70 (A) 2 |* = w(A”A) = [|A]?

implies that ||7(A)|| > |I7w(A)]| > ||A|| > ||7(A)]]. This shows that 7 is isometric. Hence
im(7) is complete and therefore closed. O
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3.4 Irreducible representations and Schur’s Lemma

A key result in this context is Schur’s Lemma, asserting that End(7, H) = C1 if and only if
(m,H) is irreducible.

Theorem 3.13. (Schur’s Lemma) A representation (m,H) of an involutive algebra A is
irreducible if and only if End(w, H) = C1.

Proof. If (w,H) is not irreducible and L C H is a proper closed invariant subspace, then the
orthogonal projection P onto K commutes with m(A4) (Lemma and P ¢ C1. Therefore
End(7,H) # C1 if 7 is not irreducible.

Suppose, conversely, that End(w, H) # C1. Then Corollary applies to the C*-algebra
End(m, M) (Exercise [3.7)), so that there exist non-zero commuting A, B € End(m, H) with
AB = 0. Then K := A(H) is a non-zero closed subspace invariant under m(.A) and satisfying
BK = {0}. Therefore (m,H) is not irreducible. O

Corollary 3.14. Ewvery irreducible representation (7w, H) of a commutative involutive algebra
A is one-dimensional.

Proof. If A is commutative, then w(.A) C End(m, H). If (7, H) is irreducible, then
End(m, H) =C1

by Schur’s Lemma, and therefore w(A) C C1, so that the irreducibility further implies
dimH = 1. O

Corollary 3.15. Suppose that (7, H) is an irreducible representation of the involutive algebra
A and (p,K) any representation of A.

(a) If Hom((m, H), (p,K)) # {0}, then (m,H) is equivalent to a subrepresentation of (p,K).
(b) Hom((m, H), (p,K)) = {0} if (p,K) is also irreducible and not equivalent to (mw, H).

Proof. (a) Let A € Hom((m, H), (p,K)) be a non-zero intertwining operator. Then A*A €
End(7,H) = C1 by Schur’s Lemma. Further

(v, A*Av) = [|Av|]|* >0 for veEH

implies that A*A = A1 for some A > 0 (because A # 0). Then B := A\~/24 is another
intertwining operator with B*B = 1. Hence B: H — K is an isometric embedding. In
particular, its image KCy is a closed non-zero invariant subspace on which the representation
induced by p is equivalent to (7, H).

(b) If (p, K) is also irreducible and A # 0, the preceding argument shows that p 2 7. O

Corollary 3.16. If (m,H) is a representation of an involutive algebra A and (mj,H;);=1,2
are non-equivalent irreducible subrepresentations, then Hqi 1L Hs.

Proof. Let P: H — Hi denote the orthogonal projection onto H;. Since H; is invariant
under 7(A), Lemma [3.3] implies that P € Hom((w, H), (71, H1)). Hence

Py, € Hom((ma, Ha), (m1,H1)) = {0}

by Corollary [3.15] This means that H; LHs. O
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3.5 Pure states

We have already seen that the GNS construction provides a natural correspondence between
states and cyclic representations. As the state space &(A) is a convex set, it is natural to
ask which representation theoretic property corresponds to a state being an extreme point,
i.e., a so-called pure state. In this subsection we show that the pure states correspond to
irreducible representations.

Definition 3.17. Let C be a convex subset of the real vector space V. We call z € C' an
extreme point if

x=Ay+ (1 - Nz, z,2€ C,0< A <1 implies y=2z=ux.

This means that x does not lie in the interior of a proper line segment generated by two
different points of C. It is also equivalent to the convexity of the complement C \ {x}. We
write Ext(C) for the set of extreme points of C.

Definition 3.18. A state w € &(A) of a C*-algebra A is called pure if w is an extreme point
of the convex set G(A) of all states. We write

Sp(A) = Ext(S(A))
for the set of pure states of A.

Theorem 3.19. (Pure State Theorem) Let A be a unital C*-algebra. A cyclic representation
(m, H,Q) of A is irreducible if and only if the state defined by w(a) := (Q, 7(a)?) is pure.

Proof. Suppose first that (7, H, Q) is not irreducible. Then there exists a non-trivial orthog-
onal 7(A)-invariant decomposition

H=H1DHs

(Lemma [3.3). Since Q is cyclic in H, it is contained neither in #H; nor in Hs. Accordingly,
Q = Oy + Qy with non-zero vectors Q; € H;, and we write

1 ~ ~ ~ 1
wj(a) = e (@, m(a) ) = (@, m(a)ly)  for Qo= porll
11921l 11251

for the corresponding states. Then
w(a) = (2, 7(a)Q) = (Q, m(a)Q1) + (22, 7(a)22) = [|Q1]*w1(a) + [|Q2]*w2(a)
shows that
w=[[QufPwr + [[Q2)we with  1=]Q]* = [Qu* + Q2>

To verify that w is not extreme, it remains to show that we do not have w; = ws = w. So let
us assume that this is the case. Then the GNS Theorem implies that (7;, H;, ;) = (7, H, Q)
for j = 1,2 and it follows that in the direct sum representation

(7‘&'@2,7{@2) = (7‘(’1,7’[1) (&5 (71'2,7'[2) = (71',7'[),

the vector (||Q1]/2€, [|Q2]|?Q) is cyclic. This contradicts the fact that it is contained in the
closed invariant diagonal subspace K := {(||Q1]?v, ||Q22/|?v): v € H}.
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Now we assume that (m,7,Q) is irreducible. Let 0 < A; < 1 with Ay + A2 = 1 and
wy,ws € &(A) with
w = A\wi + Aaws.

We consider the cyclic representations (m;, H;,€2;) corresponding to the states w;, j = 1,2.
In the direct sum of these two representations, we consider the unit vector

Qo = (VMQ1, VA2) € Hi @ Ha

and observe that, for a € A, we have

(o, (m1 ® m2)(a)Q0) = (v A121, VA1 (@)Q1) + (VA2Q2, v/ Aam2(a)21)
= Awi(a) + Aawz(a) = w(a).

Therefore the GNS Theorem implies that the cyclic subrepresentation (g, Ho, Q20) of H1 SHa
generated by Q) is equivalent to (7, H, ), hence irreducible. By construction, the projection

1
VAL

is a bounded A-intertwining operator with ¥(€Qy) = ;. Schur’s Lemma (Theorem [3.13])
implies that the intertwining operator U*¥ € End(mg, Ho) = C1 is a multiple of the identity.
Therefore

WZHO%HL (§1a§2)’_> 51

(Q0, T UQ) = [[T(Q)]* = I ]* =1
yields ¥*W¥ = 1. Hence V¥ is isometric. This implies that, for a € A, we have

wl(a) = <Q1,7T1(G)Q1> = <\I’(QQ), \II(T(O(@)QO)> = <Qo,7TQ(CL)Qo> = w(a).

We conclude that wy; = w, and hence also that wy = w. This shows that the state w is pure
if the corresponding cyclic representation is irreducible. O

Corollary 3.20. For a commutative unital C*-algebra A the set of pure states coincides
with the set A of unital characters:
Ext(&(A)) = Hom; (A, C) = A.
Proof. According to Theorem [3.19] a state w is pure if and only if the corresponding cyclic
representation (7, H,, €2, ) is irreducible. Since A is commutative, this is equivalent to
i

dimH, = 1 (Corollary |3.14), and then 7(a) = w(a)l shows that w € A. Conversely, every
character defines a one-dimensional representation which is obviously irreducible. O

Remark 3.21. For a compact space X and A = C(X), we know that the states of A
correspond to regular probability measures p on X (Example and the elements of A
correspond to the Dirac measures. Therefore the preceding theorem means that the extreme
points in the convex set of regular probability measures on X are the Dirac measures.

Theorem 3.22. (Gelfand-Raikov Theorem) For every C*-algebra A, the irreducible repre-
sentations separate the points, i.e., for every 0 # a € A there exists an irreducible represen-

tation (w,H) with w(a) # 0.
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Proof. We may w.l.o.g. assume that 4 is unital (Proposition . Fix 0 # a € A and note
that this implies that a*a # 0. With Proposition we now find a state w € &(A) with
w(a*a) > 0.

Now we recall the Krein—-Milman Theorem which implies that the weak-*-compact convex
set G(A) is the closed convex hull of its extreme points, i.e., the pure states. Hence there
even exists a pure state w with w(a*a) > 0. Then the corresponding GNS representation m,,
is irreducible with 7, (a) # 0 because w(a*a) = ||, (a)Q||* > 0. O

The Gelfand—Raikov Theorem is a remarkably strong result on representations of C*-
algebras. It is based on the Krein—-Milman Theorem asserting that a compact convex set
is always generated by its extreme points, which implies in particular that extreme points
exist. One cannot expect the existence of a faithful irreducible representation because, if A
is commutative, then all irreducible representations are one-dimensional. However, since we
can form direct sums of representations, the Gelfand—Ralkov Theorem implies the Gelfand—
Naimark Theorem.

Exercises for Section [3]

Exercise 3.1. Let b: V x V — C be a sesquilinear form on the complex vector space V, i.e., b is
linear in the second argument and antilinear in the first.

(i) Show that b satisfies the polarization identity which permits to recover all values of b from
those on the diagonal:

-

3
b(w,y) = 7> i “bla+ity,z+i'y).
k=0

As a consequence, every operator A € B(H), H a complex Hilbert space, is uniquely determined by
the numbers (v, Av), v € H.
(ii) Show also that, if b is positive semidefinite, then it satisfies the Cauchy—Schwarz inequality:

b(z,y)[> < blz,2)b(y,y) for v,we V.

Exercise 3.2. (Direct sums of Hilbert spaces) For a family of (H;),e. of Hilbert spaces, we consider

the set _
He= @M, = {(@)ses € [[ ot 3 Iyl < oo}

jeJ jeJ jed
Show that:
(1) H is a linear subspace of the linear space [, ; H;.
Hint: ||z + y||* < 2(]|z||* + ||y||*) holds in every Hilbert space.
(ii) If x = (xj)jcs € H, then the set of all j with z; # 0 is countable.

(iii) For z,y € H, the absolutely convergent series (z,y) = >, ;(z;,y;) defines a positive definite
scalar product on H for which H becomes a Hilbert space.
Hint: |(z,y)| < [|z|l|lyll < (l|lz||* + |ly||*) holds in every Hilbert space.

(iv) For a family of bounded operators A; € B(H;), there exist a bounded operator A on H with
(Az); = Ajz; for x € H,j € J, if and only if sup; ; | A;]| < oo.
Exercise 3.3. Show that, for an orthogonal family (z;)jes in the Hilbert space H, the following
are equivalent:

(i) (x;)jes is summable in the following sense: There exists an 2 € H such that, for every € > 0,
there exists a finite subset J. C J with the property that, for every finite subset F' O J., we
have H Dier Ti— :cH <e.
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(i) (||lz;]|*)jes is summable in R.

Hint: A series ) o2, xj, converges in H if and only if the partial sums sy := 25:1 x;, form a
Cauchy sequence.

Show further that, if this is the case, then H ZjEJZCjHQ =D ies llz;]|? and the set {j € J: z; # 0}
is countable.

Exercise 3.4. Show that, for an orthonormal family (x;);es in the Hilbert space H, the following
assertions hold:

(&) (Vo eH)d e, (s, x)|? < ||z||* (Bessel inequality) and only countably many z; are non-zero.

(b) @ =3 ,c,{z,x;j)z; holds if and only if 3., [(z,2;)|* = ||z||* (Parseval equality).
(¢) If (zn)nen is an orthonormal sequence in H, then the series > oo | Lz, converges, but not

absolutely.

Exercise 3.5. Let (#H;)jes be an ort/liogonal family of closed subspaces of the Hilbert space H.
Show that, for each z = (z;)jes € DH;, the sum ®(x) := 37, ;z; converges in H and that
D: ®j€ﬂ-lj — M, (x;)jes > D ;¢ defines an isometric embedding (cf. Exercise .

Exercise 3.6. Let A: H1 — Ha2 be an isometric linear map between two Hilbert spaces. Show that

A is unitary if A(H1) is dense in Ho. Hint: Subsets of complete metric spaces are complete if and
only if they are closed.

Exercise 3.7. (Intertwining operators) Let (m;,H;), j = 1,2,3 be representations of the x-algebra
A. Show that:

(i) Composition defines a map
HOHl((?Tz,Hz), (7T3,H3)) X HOIIl((?’l’1,7‘[1)7 (71'2,7‘[2)) — Hom((ﬂj,'Hl), (71'3,7'{3)).

(ii) Hom((m1,H1), (m2, H2)) is a closed subspace of the Banach space B(H1, H2).
(iii) A € Hom((m1,H1), (w2, H2)) implies A* € Hom((m2, H2), (71, H1)).
(iv) For every representation (7, #H) of A, the space End(w, H) is a C*-subalgebra of B(H).

Exercise 3.8. Let (X,S,u) be a finite measure space and A := L*°(X, S, u) the C*-algebra of
(equivalence classes of) essentially bounded measurable functions. Show that

w(f)h = fh

defines a *-representation of A on L?*(X, ) for which the constant function Q = 1 is a cyclic vector
and
End(m, L*(X, 1)) = 7(L™ (X, ).

Exercise 3.9. (Block matrix picture of subrepresentations) Let H = H1@®H2 be an orthogonal direct
sum of Hilbert spaces. We identify  operators A € B(H) with

(2 X 2)-matrices A = a1 a12) with a;; € B(H;, Hs). Show that: For a representation (7, ) of a

a1 G2z
x-algebra A, the subspace H; is invariant if and only if there exist representations 7;: A — B(H,;),
. _ ™1 (a) O
j = 1,2, such that w(a) = ( 0 7r2(a)) for a € A.
Exercise 3.10. (Direct sums of cyclic representations) Let (wn)nen be a sequence of states of the
unital C*-algebra A and A\, > 0 with Zn An = 1. Show that the series w := Zn Anwy, converges in
the Banach space A’, that w € G(A), and that the cyclic representation (7., Hw, ) is equivalent
to a subrepresentation of the direct sum representation ®nen(mw,, , Ha,, )-
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Exercise 3.11. Show that every finite dimensional representation (7, H) of an involutive algebra
A is a direct sum of irreducible representations.

Exercise 3.12. Show that every representation (7, ) of a finite dimensional x-algebra A is a direct
sum of irreducible representations (m;, H,) e and that all irreducible representations of A are finite
dimensional.

Exercise 3.13. Let (m, H, ) be a cyclic representation of the *x-algebra A and A* the algebraic
dual space of A. Show that

2:H =AY (§)(a) = (2 m(a)S)
defines an injective linear map satisfying
Pom(a) =Rao® for a€ A and (Rew)(d)=w(ba).
Compare this realization of (7, H) as a subspace of A* with the GNS construction.

Exercise 3.14. Let A be a non-unital C*-algebra and A4 be its unitization. We consider a state
v € 6(A4) and a corresponding cyclic GNS representation (w, H, Q) with v(a) = (2, 7(a)S?) for
a € A. We further put w := v|4 and write wy for the positive functional on A4 obtained by
w4 (1) := ||lw]||. Show that:

(i) v = w4+ + v/, where v/ vanishes on A and satisfies /(1) = 1 — ||w]|| > 0.
(ii) The following are equivalent:

(a) The restriction 7|4 is non-degenerate.

(b) Qe m(A).
(c) Q is cyclic for m(A).
(@) [wll =1, ie., wy =v.

Hint: Show first the equivalence of (i)-(iii). Write 2 = Qo ®Q; with Qo € (71'(./4)9)L and
0 € 7(A)Q, so that 7(A)Qo = {0} (why?). Then |lw|| < ||Q1]]* and 1 = [|Q0]|* + [|Q1]°.

Therefore ||w|| = 1 implies o = 0, hence (b), and, conversely, (a) implies o = 0 by
Lemma [3:4]

Exercise 3.15. (Reduction to non-degenerate representations) Let (m,#) be a representation of
the s-algebra A. Show that (7, H) = (mwo, Ho) ® (71, H1), where mo(A) = {0} (this representation is
“totally degenerate”) and w1 is non-degenerate.

Exercise 3.16. Let (#;);cs be a family of Hilbert spaces and A; € B(#;). Suppose that
supje s |4;1] < co. Then A(x;) := (Ajz;) defines a bounded linear operator on @je M, with

[ Al = sup [ A;]].
jeJ
If, conversely, H = @je JH; is a Hilbert space direct sum and A € B(H) preserves each subspace
H;, then the restrictions A; := Al4; are bounded operators in B(H;) satistying || Al = sup,c ; [|4;]|-
4 Von Neumann Algebras

A fundamental observation about sets of operators on Hilbert spaces is that, for a x-invariant
subset S C B(H), a closed subspace K of H is S-invariant if and only if the corresponding
orthogonal projection Px onto K belongs to the commutant

S":={A€ B(H): (Vs € S)As = sA}
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(Lemma . For this reason, *-invariant subalgebras which are commutants are of partic-
ular importance; they are called von Neumann algebras. This is the reason for considering
primarily *-invariant algebras of operators.

In this section we start with the description of some topologies on the algebra B(H) of
bounded operators on a complex Hilbert space which are weaker than the norm topology. In
Subsection we define von Neumann algebras as x-subalgebras A C B(#) which coincide
with their bicommutant, i.e., A = A".

An important difference between C*- and von Neumann algebras is that every von Neu-
mann algebra M is generated (as a von Neumann algebra) by the subset P(M) of its pro-
jections (=hermitian idempotents). This is shown in Subsection where we also explain
the natural equivalence relation on P(M) and how it can be used to distinguish three types
I, IT and IIT of simple von Neumann algebras (=factors). The structure of type I factors
is completely determined in terms of tensor products in Subsection [f.4, We conclude this
section with a construction of a factor of type II (Subsection [4.6).

4.1 Topologies on B(H)

In this subsection we define some topologies on the space B(#) of all continuous operators
which are weaker (coarser) than the norm topology. Accordingly, closedness in these weaker
topologies is a stronger condition, so that one may expect it to have stronger impact on the
structure of these algebras (cf. Theorem [4.13)).

Definition 4.1. Let H be a Hilbert space. On B(H) we define the weak operator topology
Tw as the coarsest topology for which all functions

fow: B(H)—=C, Aw (v,Aw), v,weH,

are continuous (cf. Appendix and Exercise [4.17)). The closure of a subset S C B(H) in
this topology is denoted S”.

We define the strong operator topology 75 on B(H) as the coarsest topology for which all
maps

BH)—>H, A~ Av, veH,

are continuous. This topology is also called the topology of pointwise convergence. The
-8
closure of a subset S C B(H) in this topology is denoted S .
For the closure in the norm topology, we write S

Remark 4.2. (a) Since
[fow(A) = fow(B)| = [(v, (A= B)w)| < [[(A = B)w] - [lv]| < [[A = Blfl|lwll[|v]]

by the Cauchy-Schwarz Inequality, the functions f, ., are continuous on B(#) with respect
to the strong operator topology. Therefore the weak operator topology is weaker (=coarser)
than the strong one, which in turn in weaker than the norm topology. For a subset S C B(H),
we therefore have the inclusions

s§cS'cS cs”. (17)

(b) If dimH < oo, then the norm topology, the strong and the weak operator topology
coincide on B(H). In fact, choosing an orthonormal basis (eq, ..., e,) in H, we represent A €
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B(H) by the matrix A = (a;;) € M, (C), where a;; = (e;, Aej) = fe, ¢, (A). If Ey; € M, (C)

denote the matrix units, we have A = szzl ai;E;j, so that

AL < > ass Bl = > 1fere, (DIIE;],
i,j=1 i,j=1

which shows that convergence in the weak topology implies convergence in the norm topology.
(¢) If dimH = oo, then the Gram—-Schmidt process ensures the existence of an orthonor-
mal sequence (f,,)nen in H. We consider the operators

Pﬂ(v) = <fn7U>fn and Qn(v) = <f1,’U>fn for neN.

Then P, is the orthogonal projection onto the one-dimensional subspace Cf,,. For any v € H,
we have Y [(v, fn)|* < ||v]|* (Bessel inequality), so that lim,_,(v, f,) = 0. This shows
that

. 2 _ 1 2 __
Jim [|Py ()] = lim [(fn, 0)]" =0,

so that P, — 0 in the strong operator topology. As P,(f,) = fn, we have ||P,|| =1 and P,
does not converge in the norm topology.

The sequence @,, does not converge in the strong operator topology because Q,,(f1) = fn
does not converge in H. However, Q),, — 0 holds in the weak operator topology because, for
every w € ‘H, we have

(w,Qnv) = (f1,v){w, fn) = 0.
The proof of the following lemma is an easy exercise (cf. Exercise :
Lemma 4.3. (A neighborhood basis for weak and strong topology) Let A € B(H).
(a) A basis of neighborhoods of A in the strong operator topology consists of the sets
U={SeB(H): ||Sv; —Av;||<e for j=1,...,n},

where ¢ >0, n € N and vy,...,v, € H.

(b) A basis of neighborhoods of A in the weak operator topology consists of the sets

U={SeBH): {w;,(S—Awv;)| <e for j=1,...,n},

where e >0, n € N and vy, ..., vy, wy,...,w, € H.

Lemma 4.4. Let (A,)nen be a bounded sequence of hermitian operators which is increasing
(An, < Apy1) or decreasing (An > Api1). Then A :=lim, o0 A, exists in B(H) with respect
to the weak operator topology and A* = A.

Proof. Assume that ||A, | < C holds for every n € N. Then, for every v € H, we have
= Cllv]l* < (v, Anw) < Clo]?, (18)

and since the sequence ({(v, A, v))nen is monotone and bounded, it converges. The polariza-
tion identity

3
Z iF v+ i*w, Ay (v + iFw))
k=0

(v, Ayw) =

1=
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now implies that
Blv,w) = lim (v, A, w)

n—oo

exists for any v, w € H. As [ is a pointwise limit of hermitian forms on H, it also is hermitian.
Passing to the limit in the estimate |(v, A,w)| < C||v||||w]|, we obtain

6o, w)| < Cloflflw] for  wv,weH,
so that there exists a bounded hermitian operator A € B(H) with
B(v,w) = (v, Aw) for wv,we H.

(Exercise the main point is that w — (v, w) is a continuous linear map, hence repre-
sented by a scalar product by the Riesz—Fischer Theorem). Then A,, — A holds in the weak
operator topology. O

4.2 von Neumann algebras

We now introduce von Neumann algebras as s-subalgebra A C B(H) which coincide with
their bicommutant A = A”. , which is equivalent to A being the commutant of some *-
invariant subset. We also prove von Neumann’s Bicommutant Theorem assertion that, for a
x-subalgebra A C B(H) whose representation on H is non-degenerate, the bicommutant A"
coincides with the closure in the strong and the weak operator topology.

Definition 4.5. For a subset S C B(H), we define the commutant by
§":=={A€B(H): (VS €S)SA=AS}.
Lemma 4.6. For subsets E, F C B(H), we have:
() ECF & FCE.
(i) EC E".

(iv

)

)

(i) ECF=F CE.
) E/:E///.

) E

(v

Proof. (i)-(iii) are trivial.

(iv) From (ii) we get E’' C (E’)"” = E"’. Moreover, (ii) and (iii) imply £ C E'.

(v) If E = F’, then E” = F"" = F' = E is a consequence of (iv). The converse is
trivial, 0

= E" if and only if E = F’ holds for some subset F C B(H).

Lemma 4.7. The commutant E' of a subset E C B(H) has the following properties:
(i) If E is commutative, then so is E".

(ii) E’ is a unital subalgebra of B(H) which is closed in the weak operator topology, hence
in particular closed in the strong and the norm topology.

(iii) If E* = E, then E’ is also x-invariant, hence in particular a C*-subalgebra of B(H).
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Proof. (i) That E is commutative is equivalent to E C F’, but this implies E” C E' = B
(Lemma [4.6{iv)), which means that E” is commutative.

(ii) Clearly E’ is a linear subspace closed under products, hence a subalgebra of B(#). To
see that E’ is closed in the weak operator topology, let v,w € H and B € E. For A € B(H)
we then have

fo.w(AB — BA) = (v, ABw) — (v, BAw) = (fy,Bw — fB*v,w)(A4),

which leads to
E/ = ﬂ ker(fv,Bw - fB*v,w)7

v,weH,BEE

which is subspace of B(H) that is closed in the weak operator topology.
(iii) If A € E' and B € E, then

A*B — BA* = (B*A— AB*)* =0

follows from B* € E. Therefore E’ is x-invariant. Since it is in particular norm closed by
(ii), £’ is a C*-subalgebra of B(H). O

We now come to one of the most fundamental concepts of this course.

Definition 4.8. A unital x-subalgebra M C B(H) is called a von Neumann algebra if
M=M".

A von Neumann algebra M is called a factor if its center
ZM):={zeM: Vae M)az=za} = MnNM
is trivial, i.e., Z(M) = C1.

We shall see later that factors are precisely the simple von Neumann algebras in the sense
that they have no non-trivial ideal which also is a von Neumann algebra (Exercise [4.11]).
Factors are the building blocks of general von Neumann algebras, and there is a well-developed
decomposition theory according to which any von Neumann algebra is a so-called “direct
integral” of factors (cf. [Dix69]). The classification theory of factors is an important branch
of noncommutative geometry (cf. [Co94]).

Remark 4.9. (a) In view of Lemma any von Neumann algebra M is closed in the weak
operator topology. As the norm topology is finer than the weak operator topology, it follows
in particular that M is norm closed, hence a C*-algebra. Von Neumann’s Bicommutant
Theorem [I.13]|below shows the converse for unital *-invariant algebras: they are von Neumann
if and only if they are closed in the weak or strong operator topology.

(b) For every -invariant subset £ C B(#), the commutant E’ is a von Neumann algebra
because it is also x-invariant and E"" = E’ (Lemma [£.6).

Lemma 4.10. For a von Neumann algebra M C B(H), the following assertions hold:
(i) The commutant M’ also is a von Neumann algebra.
(ii) The center Z(M) is a commutative von Neumann algebra

(iii) The following are equivalent:
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b /
(c) The representation of span(M - M') on H is irreducible.

Proof. (i) Remark [1.9(Db).

(ii) follows from Z(M) = (M UM’)" and Remark [4.9(b).

(iii) The equivalence of (a) and (b) follows from Z(M) = Z(M’). The equivalence with
(c) follows from (M UM’)' = M’ N M = Z(M) and Schur’s Lemma (Theorem 3.13). O

is a factor.

(a) M is a factor.
(b) M

Example 4.11. (a) The full algebra M = B(#) is a von Neumann algebra. In this case
M’ = C1 (Exercise [£.15)), which implies that B(H) is a factor. If n = dimH € Ny U {oo},
then B(H) is called a factor of type I,.

(b) For H = C", it follows in particular that M, (C) = B(C") is a von Neumann algebra
with commutant M, (C)’ = C1.

(c) We consider the subalgebra A := M,,(C) of the matrix algebra

B := M, (M,,(C)) & M, (C) = B(C"™)

of (n X n)-matrices whose entries are (m x m)-matrices. Then C := M,,,(C)1 = M,,,(C) (the
multiples of the identity) form a subalgebra of B. Using (b), it is easy to see that

C'=A and A =C

(Exercise [4.13]). Therefore A is a von Neumann algebra whose commutant is C.
Identifying C™™ with C" @ C™, we have A~ B(C")® 1 and C = 1 ® B(C™). We shall
develop this point of view in more detail in Subsection below.

The following theorem implies in particular that von Neumann algebras are precisely the
weakly (strongly) closed x-subalgebras of B(H) which are non-degenerate in the following
sense.

Definition 4.12. A x-algebra A C B(H) is said to be non-degenerate if AH spans a dense
subspace of H, i.e., if the identical representation of A on H is non-degenerate. Note that
this condition is trivially satisfied if 1 € A.

Theorem 4.13. (von Neumann’s Bicommutant Theorem) Let H be a Hilbert space and
A C B(H) be a non-degenerate x-subalgebra, then the closure of A in the weak and strong
operator topology coincides with A" .

Proof. As A" is closed in the weak-operator topology by Lemma A C A" implies
ACA Cc A" cA”

(see in Remark . It therefore remains to show that A” C A°.
Solet T € A”. A basis of neighborhoods of A in the strong operator topology is specified
by a finite set vy,...,v, € H and € > 0 via

U={SeB(H): |Sv;—Tvj||<e for j=1,...,n}

(Lemma[4.3)). Fixing the v; and € > 0, we therefore have to find an S € ANU.
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We consider the x-homomorphism
p: B(H) = B(H"), Aw diag(4,...,A).

Then a quick calculation shows that, an element X = (X;;) € B(H") = M, (B(H)) (Exer-
cise commutes with p(.A) if and only of all entries X;; commute with A, i.e.,

p(A) = M, (A"). (19)

This in turn implies that

p(A)" = M (A) = A"1,, (20)
(Exercise [4.13)).

Next we observe that p(A) C B(H"™) is non-degenerate. In fact, if w = (wy,...,w,) € H"
satisfies

p(A)w = (Awy, ..., Aw,) =0

for every A € A, then, for each j, we have Aw; = {0}, so that w; = 0 by Lemma because
A is non-degenerate. Applying Lemma again, we see that p(A) is non-degenerate.

Consider the vector v := (v1,...,v,) € H". Then E := p(A)v contains v by Lemma
because p(A) is non-degenerate. As p(.A) is *-invariant, the orthogonal projection Pg onto E
commutes with p(A) (Lemma [3.3), hence with p(T') by (20). We conclude that p(T)E C E
(Lemma . In particular p(T)v € E = p(A)v, and this means that there exists an A € A
with

D NITv; — Avg|* = [|p(T)v — p(A)v|]* < €.
j=1

We thus obtain || Tv; — Avj|| <efor j=1,...,n. O

At this point the next step is to determine the structure of a von Neumann algebra more
closely. We shall do this shortly by using representation theoretic tools.

4.3 Projections in von Neumann algebras

One of the main differences between C*-algebras and von Neumann algebras is that von Neu-
mann algebras M are generated by their projections (Proposition . In a commutative
C*-algebra C'(X), X compact, a projection is a characteristic function xg of an open com-
pact subset E C X. If X is connected, then xp = 0 and xx = 1 are the only projections in
C(X). However, for a commutative von Neumann algebra such as L>(X, u), the density of
the subspace of step functions shows that the projections, resp., the characteristic functions
span a norm-dense subspace.

Definition 4.14. A positive measure p on (X, &) is said to be o-finite if X = (J,cn En
with E, € & and u(E,) < co. This is an important assumption for many results in measure
theory, such as Fubini’s Theorem and the Radon-Nikodym Theorem.

A positive measure p on (X, ) is called semi-finite if, for each E € & with u(E) = oo,
there exists a measurable subset F' C E satistying 0 < u(F') < oo.

The following lemma is a central basic tool to deal with Hilbert spaces with continuous
decompositions.
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Lemma 4.15. (Multiplication operators) Let (X, S, u) be a measure space and L (X, i) be
the corresponding x-algebra of essentially bounded measurable functions. Then the following
assertions hold:

(i) For each f € L>(X,p), we obtain a bounded operator My € B(L*(X, pn)) by My(g) :=
fg satisfying || My < [|flloo 7]

(ii) The map M: L>(X,pn) — B(L*(X,u)), f — My is a representation of the x-algebra

L>(X, p), where f*(x) := f(x).
(ili) If p is semi-finite , then M is isometric, i.e., |[Mys| = ||f|ls for each f, so that we
may identify L (X, u) with a subalgebra of B(L*(X, p)).

(iv) If (fa)nen 18 a bounded sequence in L°(X,u) converging pointwise
p-almost everywhere to f, then My — My in the weak operator topology.

(v) If p is finite, then 1 € L2(X, ) is a cyclic vector for M and My (x,u) = Mi@c(x,u) 18
its own commutant, hence in particular a von Neumann algebra.

Proof. (i) Since |f(z)g(x)| < || flloolg(x)| holds p-almost everywhere, M defines a bounded
operator on L?(X, ) with || M| < || f]loc-

(ii) We clearly have My, = My + My, My, = MyM, and M7 = M-, so that M defines
a homomorphism of C*-algebras.

(iii) Now assume that || f|lcc > ¢ > 0. Then F := {|f| > ¢} has positive measure, and since
u is semi-finite, it contains a subset E of positive and finite measure. Then xg € L?(X, p)
and

cixellz < l[fxellz < [[Myllllxzl-

lead to || My|| > c. Since ¢ was arbitrary, we obtain || fle < [[Mf]. B
(iv) For g,h € L?(X, i), the function gh is integrable and |f,gh| < || fnlleo]ghl|, so that
the Dominated Convergence Theorem implies that

<ang,h>:/angﬁdu%/xfgﬁdu=<Mfg,h>- O

(v) The subspace 7(L>°(X,u))1 = L>®(X,pu) is dense in L?(X,u), because, for each
f € L?(X, i), the sequence f,,, defined by

_ Jf(@) for[f(z)] <n
fo(z) = {0 for |f(z)| > n

converges to f because

||f—fn|\§=/ (@) du(z) — 0
{IfI>n}

13 Although elements of L>°(X, 1) can be represented by bounded functions, they are equivalence classes
of functions modulo functions h for which h=1(C*) is a set of measure zero. Accordingly,

[flloc = inf{c € [0,00): u({|f] > ¢}) = O}

denotes the essential supremum of the function (cf. [Ru86]).
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follows from the Monotone Convergence Theorem. Here we use that

{Ifl =00} = ({If@)] > n} = ({z € X: |f(2)| > n}

neN neN

is a set of measure zero.

Since w(L*>°(X, 1)) is commutative, it is contained in its own commutant. Suppose,
conversely, that B € m(L>(X,u))’. Then h := B(1) € L?(X, u), and, for f € L>(X,pu) C
L?(X, i), we have

B(f) =B(f-1) = B(x(f)1) = «(f)B(1) = fh.
If f = xg, is the characteristic function of the set
E, ={zeX:n<|h(z)] <n+1},

then | B[ 71> > [ B()ll> = 7 fll2 > nllfl2, and since B is bounded, it follows that || f|3 =
w(Ey) = 0if n is sufficiently large. This means that h € L>°(X, ). Now 7(h) and B coincide
on the dense subspace L°°(X, 1), hence on all of L?(X, ). This proves that B = m(h) €
m(L>(X, p))-

Remark 4.16. If (X, S, p) is a finite measure space, then Lemma implies in particular
that the C*-algebra L>(X, &, 1) is realized as a von Neumann algebra on L?(X,&,u) by
multiplication operators.

Definition 4.17. For a x-algebra M, we write
P(M):={pe M:p=p>=p*}
for the set of all projections in M, i.e., the set of hermitian idempotents.

Proposition 4.18. Fvery von Neumann algebra M C B(H) is generated, as a von Neumann
algebra, by P(M), i.e., M = P(M)".

Proof. Since P(M) consists of hermitian elements, the von Neumann algebra it generates is
B:= P(M)"” C M. It suffices to show that B contains every hermitian element z = 2* € M.
Let C*(z) =2 C(o(x)) € M be the unital C*-algebra generated by z. For a € R, the sequence
fo(t) == e~nmax(t=a,0)) ¢ [0 1] is bounded and converges in a monotone fashion pointwise
to the characteristic function x(_s 4. Lemma now shows that f%(x) € C*(z) C M
converges in the weak operator topology to a hermitian operator P, € C*(z)” C M.

To see that P, is a projection, it suffices to consider its action on the cyclic subspace
H, := [C*(x)v] generated by an element v € H. Note that any such subspace is invariant
under P,. In view of Example this representation is equivalent to the multiplication
representation of C*(x) = C(o(x)) on a space L?(o(x),u) for some probability measure
p on the spectrum o(z) C C. Since P, = My __ , follows from Lemma iv) and
multiplications with characteristic functions are projections, P, is a projection.

As the bounded continuous function id, ;) is a pointwise monotone limit of step function
Sn, i.e., of linear combinations of characteristic functions of the form X(_s q, we find a
sequence b, € B converging to z in the weak operator topology because it holds on every
subspace H,. This shows that x € B. O
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Corollary 4.19. Let M C B(H) be a von Neumann algebra and A = A* € B(H). Then
A e M if and only if A preserves all M-invariant closed subspaces of H.

Proof. By Lemma the orthogonal projections onto the closed M-invariant subspaces
K C H are precisely the projections in the commutant M’. If A preserves all M-invariant
subspaces, then it commutes with all projections in M’ (Lemma and now Proposi-
tion [4.18] shows that A € P(M') = M" = M. O

The fact that the projections p € P(M) correspond to the M’-invariant subspaces permits
us to relate projections in M to M’-subrepresentations. This suggests a natural equivalence
relation:

Lemma 4.20. For p,q € P(M), the following are equivalent:
(i) There exists u € M with p = u*u and g = uu*.
(ii) The representations of M’ on pH and qH are equivalent.
Proof. (i) = (ii): The relation p = w*u implies that u|,y is an isometry:
[upv[* = {pv, u*upv) = (pv, p*v) = (pv,pv) = [pv]?

and that keru = kerp = (pH)*. This means that u is a partial isometry (cf. Exercise |4.26]).
We claim that ¢ = wu* is the orthogonal projection onto up(H). In fact, for v € H, we
have

qupv = uu*upv = up’v = upv  and  kerq = keru* = (uH) = (upH)=.

This implies that w restricts to a unitary operator pH — ¢H and, as u € M, it is an
intertwining operator for M’.

(ii) = (i): Let U: pH — ¢H be an M’ intertwining operator and extend U to a partial
isometry u € B(H) with kernel (pH)*. Then ker(u*) = (uH)t = (¢H)* and u*|3: qH —
pH is unitary. In particular, u* is a partial isometry from gH to pH. This implies that
u*u = p and uu* = ¢ (cf. Exercise . O

Definition 4.21. (a) For two projections p, ¢ in a von Neumann algebra M, we write p ~ ¢
if there exists a u € M with p = w*u and ¢ = wu*. Then p and ¢ are called equivalent (in
the sense of Murray—von Neumann). We write [p] for the equivalence class of p and [P(M)]
for the set of equivalence classes of projections.

(b) There is a natural order on P(M) defined by p < ¢ if pH C qH. We write [p] < [g]
if p is equivalent to a projection p < g, i.e., if the representation of M’ on pH is equivalent
to a subrepresentation of the representation on ¢, a property which depends only on the
equivalence classes of p, resp., ¢ (Lemma . The interpretation of the order relation in
terms of representations of M’ shows immediately that < is a quasi-order, i.e., a symmetric
transitive relation.

Example 4.22. (a) (Equivalence classes of projections in B(H)) If M = B(H), then M’ =
C1, so that two projections p, ¢ € M are equivalent if and only if pH and ¢H are isomorphic

Hilbert spaces, i.e., if dim pH = dim ¢H["¥] Therefore the set [P(B(#))] of equivalence classes
is parametrized by the set of all cardinal numbers < dim H.

14 Here we use the non-trivial result that two Hilbert spaces 1 and Hz are isomorphic, i.e., there exists a
unitary operator Hi — Haz, if and only if the cardinalities of orthonormal bases in H1 and Ha (their Hilbert
dimension) coincide. The necessity of this condition is clear, but the sufficiency requires that, for infinite
cardinal numbers R, we have X = R- Xy and the Schréder-Bernstein Theorem is required to define the Hilbert
dimension.
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(b) (Equivalence classes of projections in abelian algebras) If M is abelian, then two
projections p,q € P(M) are equivalent if and only if p = ¢. For the von Neumann algebra
M = L>®(X,6,u), u a finite measure, the set P(M) is the set of characteristic functions
XE, considered as elements of L (X, &, ). Therefore P(M) can be identified with &/ ~,
where E ~ F if f(EAF) = 0.

Definition 4.23. If M C B(H) is a factor, we use the representation of M’ on H to
distinguish three types I, II, TII:

(I) There exists an irreducible subrepresentation for M’.

(IT) There exists no irreducible subrepresentation for M’ but a subrepresentation (p, K) for
M’ which is not equivalent to a proper subrepresentation of itself.

(IIT) All subrepresentations (p, K) for M’ are equivalent to proper subrepresentations of
themselves.

According to Definition factors come in three types. We now address the problem
to get a better picture of factors of type I and to see how other factors can be constructed.
For type I, we need tensor products of Hilbert spaces to understand their structure. We saw
already some indication for that in Example [£.11fc).

The immediate examples of factors are of type I:

Example 4.24. (a) If dimH < oo, then all factors M C B(H) are of type I (Exercise).
(b) The factor M = B(H) is of type I because M’ = C1 and every one-dimensional
subspace Cv C H is an irreducible subrepresentation of M’.

At this point we quote the following theorem without proof (cf. [BI06, Thm. IT1.1.7.9]).
It describes the ordered sets ([P(M)], <) for factors on separable Hilbert spaces:

Theorem 4.25. If M C B(H) is a factor and H is separable, then the order on [P(M)] is
linear and the ordered set ([P(M)], <) is isomorphic to one of the following:

o The set {0,1,...,n} (type I,); a typical example is M = M, (C).
e Ny U{oo} (type I ); a typical example is M = B(H), dim H = co.
e [0,1] (type I1).

e [0,00] (type Il ).

e {0,00} (type III).

Definition 4.26. A positive functional w on a x-algebra is called a trace if w(ab) = w(ba)
for a,b € A. If Ais a C*-algebra, a tracial state is a state which is a trace.

Immediately from the definitions, we obtain:

Lemma 4.27. For a trace 7: M — C on the von Neumann algebra M, we have

p,q € P(M),p~gq = 7(p) = 7(q).

Example 4.28. (a) On M, (C) = B(C"), 7(A) := L tr(A) is a tracial state.
(b) If M is a factor of type Iy, then one can show that there exists a unique tracial state 7
([Tak02], Cor. V.2.32]), and that 7 induces an order isomorphism [P(M)] — [0, 1], [p] — 7(p).
(c) If dimH = oo, then B(#) has no trace (Exercise [1.22).
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4.4 Tensor products of Hilbert spaces

In this subsection we introduce tensor products of Hilbert space. Here our motivation is to
understand type I factors. More precise, for any type I factor M C B(H), there exists a
tensor product factorization H = H;®&Hy with M = B(H1) ® 1. In this sense type I factors
leads to the most obvious pairs of mutually commuting pairs of subalgebras (M, M") of B(H)
whose union acts irreducibly.

Definition 4.29. Let H and X be Hilbert spaces. On the vector space tensor product H® IC,
we obtain by

(rey,a"®y) = (z,2")(y,y)
a well-defined hermitian form. To see that it is positive definite, we consider an arbitrary

element z = Z?Zl z; ®y; € H® K. Choosing an orthonormal basis in span{yi,...,y,} and

expanding accordingly, we may w.l.o.g. assume that y1,...,¥y, are orthonormal. Then
n n
Z :Ej,[L'k yjayk>zzxjaxj ZH:EJ”2>O
J,k=1 j=1

and if (z,z) = 0, then z; = 0 for each j implies z = 0. Therefore the hermitian form on
H ® K is positive definite. We write

HRK
for the completion of H ® K with respect to (-,) and call it the tensor product Hilbert space.
Remark 4.30. (a) One can obtain a more concrete picture of the tensor product by choosing
orthonormal bases (e;)jes in H and (fx)rex in K. Then the family (e; ® fi)(mesxr is

orthonormal in the tensor product and spans a dense subspace, so that it is an orthonormal
basis. That it spans a dense subspace follows directly from the continuity of the bilinear map

YV HXK=>HROK, ~y(r,y) =2y

which follows from ||y (z,vy)|| = ||z||||ly]|-
(b) Similarly, we find that the subspaces e; ® IC of HQL are pairwise orthogonal and span
a dense subspace, so that

HOK = EB (e; ®K)
(cf. Exercise [3.5). In addition, we have

<ej Qv,e; ®w> = <U’w>a

15To derive the existence of this hermitian form from the universal property of the tensor product, one first
observes that, for every fixed pair (z,y), the map

gy HXK=C, (2y) = (z,2")(y,9)
is bilinear, hence factors through a linear map
Tz HOK = C, 2’ @y — (z,2')(y,y').

Since, for each z € HQK, the map (z,y) — az,y(2) is complex bilinear, there exists a well-defined sesquilinear
map

() (HOK)x (HeK) —C
mapping (z @y, 2’ @ y’) to agz,y(z' @y’).
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so that the inclusion maps
nj: K —=HRIK, v—eQ@u

are isometric embeddings. This implies that
HOK = (2(J,K)
(cf. Example [3.6)).

Definition 4.31. With a slight generalization, we can form tensor products of finitely many
Hilbert spaces Hi,...,H, by

~n ~n—1 ~
B My = (@21 H;) &M,
so that an alternative construction is to apply the construction of twofold tensor products
several times.
Pairs of linear operators define operators on the tensor product space:

Lemma 4.32. Let A € B(H) and B € B(K). Then there exists a unique bounded linear
operator A® B on HRQK with

(A B)(v®@w) := (Av) ® (Bw) for veH,weK. (21)

It satisfies
A B < AIIBI and (A® B)* = A" B".

Proof. Since the elements v ® w span a dense subspace of H ® K, the operator A ® B is
uniquely determined by . It therefore remains to show its existence. To this end, we first
consider the case A =1. B

Identifying H®K with ¢2(J,K) (Remark b)), we see that B defines an operator B
on 2(J,K) = &;e;K by E(xj) = (Bz;), and ||B|| = || B|| (Exercise . This proves the
existence of 1 ® B. We likewise obtain an operator A ® 1 with ||A ® 1]| = || 4||, and we now
put

A®B:=(A®1)(1® B).

It satisfies

(A B)v@w)=(A®1) 1 B)(vew)=(A®1)(v® Bw) = Av® Bw

and
[A@ Bl =[(A01)(1eB)| <[Ax 1|1 Bl = |Al-[B]
From
(A® B)(v ®w),v' ®w') = (Av, ') Bu,u') = (v, A*)w, Bw')
= (v@w,(A*® B*)(v' @ w'))
we derive that (A® B)* = A* @ B*. O

Lemma 4.33. Let H and K be two Hilbert spaces and HRK be their tensor product. In
B(H®K) we have

(B(H)®1) =1®B(K) and BH)®1l=(1® B(K))".
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Proof. Clearly, B(H)®1 commutes with 1® B(K), so that B(H)®1 C (1 B(K))’. We show
that we actually have equality. Let (e;);es be an ONB in H, so that HEK = P e; @K =

®jEJIC. We write

jeJ

P HBRK - K, x®@v (ej,x)v

for the corresponding “projections” which are in particular B(K)-intertwining operators. Let
A€ (1® B(K))'. Then, fori,j € J, Ajj := PiAP} € B(K) N B(K)" = C1. Let a;; € C with
A;; = a;;1 and v, w € K be unit vectors. Then

(ei ®@v, Aej @ w)) = (v, aijjw) = a;;(v, w)

implies that the closed subspaces H ® w = H are A-invariant with

Ale; @w) = (Zaijei) ® w.

iel

Therefore the matrix (a;;); jes defines a bounded operator A on H with A = A® 1 and thus
AeBH)®1.
The relation (B(H) ® 1)’ = 1 ® B(K) follows by exchanging the roles of H and K. O

With the preceding lemma we can now describe the structure of type I factors:

Proposition 4.34. A factor M C B(H) is of type I if and only if there exist Hilbert spaces
Hy and Hy such that H = H,1@Hs and M = B(H,) ® 1.

Proof. (a)If M = B(H1)®1 C B(H1®Hs), then Lemma[£.33|shows that M’ = 18 B(Hs). In
particular, all subspaces Q®%Hs, carry a representation of M’ equivalent to the representation
of B(Hz) on Hz. This representation is irreducible and therefore M is of type I.

(b) Suppose, conversely, that M is of type I, so that H contains irreducible M’-subrepre-
sentations. To see that H is an orthogonal direct sum of irreducible M’-representations, we
use Zorn’s Lemma to find a maximal set {K;: j € J} of mutually orthogonal irreducible
M'-invariant subspaces of H. Set K := > . ;K; = @J.EJICj (Exercise . Then K+ is
also M'-invariant. We write p: H — K=+ for the orthogonal projection. Then p is surjective
and intertwining for M’. If £ C H is an M’-irreducible subspace not contained in K, then
ple: £ — K+ is a non-zero intertwining operator, so that Corollaryimplies the existence
of an M’-irreducible subspace of K1, contradicting the maximality of the family (K;) e
Therefore all M’-irreducible subspaces are contained in K.

For A € M and j € J, the restriction Alx,: K; — H commutes with M’, so that Corol-
lary shows that either A(K;) = {0} or A(K;) is M/’-irreducible, and thus
A(K;) € K. This implies that the subspace £ C H is invariant under M and M’. So
the orthogonal projection onto K is contained in M N M’ = C1, and, as K # {0} by assump-
tion, K = H (cf. Lemma [4.10(iii)).

The same argument shows that, for every jo € J, the subspace MK, which is invariant
under M and M’, is dense in H. We thus find for every j an A € B(H) such that AK;, is
not orthogonal to ;. Corollary now shows that the M’ representations on the KC; are
mutually equivalent because they are equivalent to the representation of Kj,. Let us write
(p, H2) for the so-obtained irreducible representation of M’. With H; := ¢2(.J,C), we then
obtain an equivalence of M’-representations:

H= @jejicj > (2(J, Hy) = H1®Ho  with M’ C1® B(Ha).
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As M’ acts irreducibly on Hsa, we obtain from Schur’s Lemma and the fact that 1 ® B(Hs)
is a von Neumann algebra the relation M’ = M"" =1 ® B(Hz) (Theorem [4.13)), and finally
M=M"=B(H;) ® 1 with Lemma O

Identifying H; with a subspace of the form H; ® Q, ||| = 1, of H = H,QHa, we
immediately obtain:

Corollary 4.35. For every type I factor M C B(H), there exists a Hilbert space Hy and a
x-isomorphism ®: M — B(H1) that is continuous with respect to the weak operator topology
on H, resp., Hi.

Corollary 4.36. Ewvery finite dimensional factor is isomorphic to M, (C) for some n € N.

Proof. Let M C B(H) be a finite dimensional factor. Since the lenght of any chain

p1<p2<...<pn

of projections in M is bounded by dim M, there exists a minimal (non-zero) projection.
Therefore M is of type I and thus M = B(K) for a Hilbert space K. As M is finite
dimensional, we have K 2 C" for n = dim K < oo, and therefore M = M,,(C). O

Corollary 4.37. FEvery finite dimensional C*-algebra A is an £>° direct sum of matriz al-
gebras A = 695\7:1 M, (C).

Proof. Since every finite dimensional C*-algebra is a von Neumann algebra (it is closed in the
weak operator topology by Exercise , this follows by combining the preceding corollary
on the structure of the finite dimensional factors with the direct sum decomposition into

factors (Exercise |4.12)). O

4.5 Tensor products and factor representations

Definition 4.38. A representation (7, H) of a x-algebra A is called a factor representation
if the von Neumann algebra m(A)” generated by m(A) is a factor.

Proposition 4.39. Let A;, j = 1,2, be two *-algebras and (mj,H) be *-representations
on H such that w1 (A1) commutes with mo(As). Then w(a; ® ag) := m1(a1)m2(az) defines a
x-representation of A:= A; ® A on H.

(a) If (m,H) is irreducible, then the representations m and o are factor representations.

(b) If (m,H) is irreducible and 71 is of type I, then there exists irreducible representations
(pjsH;) of Aj, 7 = 1,2, such that m1 = p1 ® pa in the sense that H = H1®Hs and
m(a1 ® az) = p1(a1) @ pa(az).

Proof. (a) Let M :=m1(A;1)”. Then M’ 2 m3(As), so that
M n M/ Q 7T2(A2), N 71'1(./41)/ = W(A)/ =C1.

Therefore M is a factor. The same argument shows that m5(As)” is a factor.

(b) If M = m1(A1)" is a factor of type I, then there exist Hilbert spaces H1 and Hs with
H 2 H,QHs and M B(H1) ® 1. Then m3(A2) € M’ = 1 ® B(Hs), so that there exist
representations p; of A; on H; with

m(a1®2) = mi(a1)m2(az) = (p1(a1) ® 1)(1 ® p2(az)) = p1(a1) @ p2(az). O
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Remark 4.40. Note that a von Neumann algebra M C B(H) is a factor if and only the
representation of M ® M’ on H is irreducible (Lemma [£.10(iii)). This is a “converse” to
Proposition a). It shows that a representation (my,H) is a factor representation if and
only if there exists a representation of some #-algebra A; commuting with 71 (A7) such that
the corresponding representation of A; ®.A4, is irreducible (a natural choice is Ay := 71 (A1)").

4.6 Type II; factors and ICC groups

Definition 4.41. A group G is called ICC (infinite conjugacy classes) if, for every g # e,
the conjugacy class C, = {hgh™': h € G} is infinite.

Example 4.42. Typical examples of ICC groups are: PGL2(R) = GL3(R)/R*1 or the group
S(x) of finite permutations of an infinite set (cf. Exercise 4.20)).

Proposition 4.43. (The regular representation of an ICC group is of type II1) Let G # {e}
be an ICC group. We consider the representation (w,H) of G x G on the Hilbert space
H = 1%(G,C) C C% given by

(m(g,h)f)(x) = f(g~ zh).

This representation is irreducible and the restriction mi(g) = 7(g, e) to the subgroup G x {e}
is a factor representation of type II1, i.e., m¢(G)" is a factor of type II;.

Proof. First we show that 7 is irreducible. We consider the ONB (d4)4ec, consisting of
d-functions satisfying
(g, h)0z = Ogpp—1  for g, h,xeG.

Clearly, the vector 41 is cyclic and invariant under the diagonal subgroup

K :={(g9,9): g € G}.

The K-invariance means for an element f € ¢£2(G,C) that it is constant on conjugacy classes,
and since all non-trivial conjugacy classes are infinite, we have

(G, 0)K = Co;.

As 81 is G x G-cyclic, it is separating for the commutant C := 7(G x G)’ (Exercise[4.3). Since
C commutes with 7(K), it leaves the one-dimensional subspace ¢2(G, C)¥X invariant, and this
implies C = C1, so that the irreducibility of 7 follows from Schur’s Lemma.

This implies that the left regular representation (mp, H) of G, resp., the linear extension
to the x-algebra C[G] on ¢*(G,C), is a factor representation (Proposition . We claim
that the factor M := m;(G)” is of type II;. In view of Theorem it suffices to show that
M admits a trace and that it is not of type I,, for some n € N.

We consider the state

w:M—=C, w(A):=(,A01) = (461)(1).
We claim that it is a trace, i.e.,
w(AB) =w(BA) for A,Bem.(G).
For each A € M C 7,.(G)’, the function a: = Ad; satisfies

Ab, = Amp(2) 7101 = 7o (x) TrAS = mo(x) ta,  de., (Ad)(y) = a(yzh).
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This further leads to
(AH@) = ze;f@c)(fwr)(l) = Ze;f(w)a(x’l).
For b := By, this leads to
W(AB) = A(B61)(1) = Y a(z™")b(z) = Y bz "a(z) = ... = w(BA).

zeG zeG

Therefore w is a trace, so that M is of type I, for some finite n or of type II; (cf. Exercise[d.22).
If M is of type I,,, then M = M, (C) is finite dimensional, so that dim(spanm,(G)) < oco.
This in turn implies that 7(G)d1 = {d,: g € G} is finite-dimensional, which implies that G
is finite and ICC, hence trivial. This contradicts our initial hypothesis. O

4.7 Tensor products of von Neumann algebras

Definition 4.44. For two von Neumann algebra M, C B(#;), j = 1,2, we define their
tensor product by

MiRQMsy = (M1 X Mz)// - B(Hl@)Hz)
Lemma 4.45. If M; C B(H;), j = 1,2, are factors, then
Mi@Msy C B(H1 @ Ha)

is a factor.

Proof. The commutant of the center Z(M;®Ms) contains M; @ Ms and M| @ M. As
M; ®1 and M} ® 1 generate B(H;1) ® 1 (Lemma [4.10) and likewise 1 ® Mo and 1 ® M),
generate 1 ® B(H3) (Lemma iii)), it follows that

Z(M1®Maz) C (B(H1)®1)' N(1® B(H2)) = (1® B(H2))N(1® B(H2)) =C(1®1). O

More generally, one even has the general Commutation Theorem for von Neumann alge-
bras, asserting that
(MBN) = M'BN’,
but this is a deep theorem beyond the scope of this lecture (cf. [BI06]). Some special cases
are easy. For instance

(MBB(H2)) = (M ®1) N (1@ B(Hs)) = Me1)N(BH)®1) =M @1,

which in turn implies

M@1) =(M'®1) = M'BB(Hy).

Remark 4.46. (On the classification of type II factors) (a) One can shows that any type
II.-factor is of the form

M = Mi®B(£?),

where M is a type II;-factor that can be obtained as M; = pMp for a projection p € P(M)
which is finite in the sense that, ¢ < p and g ~ p imply p = ¢ (p is not equivalent to a proper
subprojection; this is equivalent to p ¢ 1).

(b) Conversely, for every type II; factor N, the factor M := N@B(¢?) is of type L.
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(¢) As we have seen in Theorem the types of finite non-zero projections in a factor
M can be labeled by positive real numbers 7([p]). In view of (a), it is a natural question when

two factors pMp and ¢ Mg are isomorphic. It turns out that the set of numbers :EE}J B e R*

for which this is the case is a subgroup I' C (R*, -) called the fundamental group of M. It is
an important invariant of type Il-factors that plays a key role in their classification theory.

4.8 Direct limits and infinite tensor products

Definition 4.47. (Direct limits of Hilbert spaces) Let (H,)nen be a sequence of Hilbert
spaces such that H,, C H,+1 for every n € N. Then the union UneN H,, (more formally it is
a direct limit) carries a natural scalar product defined by

<.’I,‘,y> = <'T7 y)'Hn if T,y € H’n
The completion of this space is denoted
H = lim H,
—
and called the direct limit Hilbert space. It is a Hilbert space in which the H,, are naturally
embedded as subspaces and the union |J,, H, of these subspaces is dense.

Example 4.48. (a) If J = |J,, Jn, where the J, form an increasing sequence of subsets of
J, then £2(J) & lim ¢2(J,).
N

(b) In H = L?([0, 1], C) we consider the subspace H,, of functions constant on the intervals
of the form [k27", (kK +1)27"), 0 < k < 2". Then dimH,, = 2", H,, C Hp,+1 and the union
of the H,, is dense in H. Therefore H = h_rr)l H,.

Definition 4.49. (Infinite tensor products of Hilbert spaces) Let (H.,, vn)nen be a sequence
of Hilbert spaces H,, and v,, € H, be a unit vector. Then we obtain isometric embeddings

o H1®@ - QHn 2 H1 Q@ - QHpy1, 10 QT = T1Q - QTp @ Upg1.

We write -
H = ®neN(H”’v”) = h_n>1 H1® - QHy,

for the corresponding direct limit Hilbert space. We think of it as an incomplete infinite
tensor product because it only contains very specific infinite tensor products. Usually the
image of an element 1 ® - - ® x, € ®_;Hr in H is denoted

T1Q: Q Ty QUnt1 QVUnya & - .

In this sense H is generated by the infinite tensor products whose tail is determined by the
sequence (v, )nen of unit vectors.

Definition 4.50. (Infinite tensor products of von Neumann algebras) Now let (A, wn)nen
be a sequence of C*-algebras and w,, € &(A,,) be states. We consider the corresponding GNS
representation (m,, H,) of A,, with cyclic unit vector €,,. Recall that this representation is
determined up to equivalence by the requirement that

wr(A) = (Qn, 1 (A)Q,) for Aec A,
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(GNS Theorem [3.9).

We now form the infinite tensor product Hilbert space

M= ®neN<Hm Qn)

On this space we have a natural representation of each algebra A,, determined by

Pn(A)(T1® QT ®Tp1® ) =T1Q @ Tp-1 @ AT, @ Tp1 ®@ -,

resp.,
m(A)=12 1RAR1R1®---.
N—_———
n—1 times
Then

M = {p,(A,): n e N} C B(H)

is a von Neumann algebra that can be considered as an infinite tensor product of von Neu-
mann algebras:

M=Q)  mul(An)".

The unit vector
9291®QQ®Q3®®6H

is a cyclic vector for M and the corresponding state is given by
w(pr(A1) -+~ pu(An)) = (2, p1(A1) -+ pu(An)Q) = [ ] ws(4)).
j=1

Accordingly, w is called an infinite product state.

With these tools we can now describe how type III factors can be obtained rather easily.
This construction is due to R. T. Powers who found with the factors (R))o<x<1 the first
uncountable family of mutually non-equivalent type III factors ([Po67]). The classification of
type III factors was carried out (respectively reduced to other problems) later by A. Connes
(cf. [CoT3l, [Co94]) who received the Fields Medal for these results.

Theorem 4.51. (Powers) For 0 < X < 1, we consider on A, = My(C) the state

a1 + Aag

wn(A) = T

Then the von Neumann algebras

Ry =), (A" = Q) _ M(C)
on the corresponding infinite tensor product is a factor. Moreover,
(i) Ry is of type L
(ii) Ry s of type 1T

(iii) For 0 < A < 1, the factors Ry are of type III and mutually non-isomorphic.
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Proof. We refer to [BR02] for the proof. Here are a few comments.

(i) For A = 0 one shows that Ry = B(H), i.e., that the representation on # is irre-
ducible. This can be derived from the fact that, for every n, we have H, = C? with the
canonical representation of Mz(C) and Q, = ey (the first basis vector). This implies that
the representation of

AL @ ® Ay 2 (R Ma(C) = My(C?)
k=1

is the canonical representation on
H1®...®Hngc2®...®c2gczk.

Then one uses the general result that a “direct limit” of irreducible representations are
irreducible (Exercise [1.27).

(ii) For A = 1, the states w, are the normalized trace wy,(A) = §tr(A) on M(C). This
implies that w also is a normalized trace on the factor Ri. As it is not finite dimensional, it
must be of type II; (Exercise and Theorem [4.25)). O

Definition 4.52. A von Neumann algebra M is called hyperfinite if there exists an increasing
sequence (M, )nen of finite dimensional *-subalgebras M,, such that the subalgebra | J,, M,,
is dense in M with respect to the weak operator topology, resp., generates M (see von
Neumann’s Bicommutant Theorem .

Remark 4.53. (On the classification of hyperfinite factors) The Powers factors Ry are
hyperfinite by construction. A classification of hyperfinite factors is known and much less
complicated than the general case. Clearly all type I factors B(H), H at most separable, are
hyperfinite. According to a classical result of Murray and von Neumann all hyperfinite type
II; factors are isomorphic, hence isomorphic to R;. Further, A. Connes showed that there
is only one hyperfinite factor of type Il,,, namely R1®B(¢?) (the “infinite matrix algebra”
with entries in Rq) [CoT3l [CoT75]. Type III factors can be labeled by a parameter A € [0, 1],
so that, for 0 < A\ < 1, the Powers factor is of type III, and Connes’ results imply that it is
the only hyperfinite factor of this type. Hyperfinite factors of type IIIy have been classified
by W. Krieger (the Krieger factors) [Kx76] and the uniqueness of hyperfinite type III;-factors
is due to U. Haagerup [Ha87].

Exercises for Section [4]

Exercise 4.1. Let (pn)nen be a sequence of projections in a von Neumann algebra M C B(H).
Suppose that it either is increasing (pn < pn+1) or decreasing (pn > pnt1). Then p := limp— o0 Pn
exists in M with respect to the weak operator topology and p € P(M).

Exercise 4.2. Let (L, <) be a partially ordered set. Then L is called a lattice if the following axioms
are satisfied:

(L1) L has a maximal element 1 and a minimal element O.

(L2) For two elements x,y € L supremum and infimum
zVy:=min{z€ L:z<zy<z}, resp.,, xAy:=max{z€L:z<zz<y}

exist.
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We write a < b for a < b and a # b. If a € L, then an element o’ is said to be a complement for
aifana =0and aVa = 1. A lattice £ is said to be a Boolean algebra if every element has a
complement and L is distributive, i.e., for any three elements a, b, ¢ € £ the identities

aN(bVe)=(anb)V(aAc) and aV(bAc)=(aVb)A(aVc)

are satisfied. A Boolean o-algebra is a Boolean algebra in which countable sups and infs exist.
Show that, for every commutative von Neumann algebra M, the ordered set (P(M),<) is a
Boolean o-algebra. Hint: Exercise [£.1]

Exercise 4.3. Let S C H be a subset and M C B(H) be a unital *-subalgebra. Then the following
are equivalent:

(i) S is M-generating, i.e., [MS] = H.

(i) S is M'-separating, i.e., if M € M’ satisfies M'S = {0}, then M = 0.
Hint: Consider the projection P onto [MS].

Exercise 4.4. Let (vn)nen be a sequence in a Hilbert space H which converges weakly to v, i.e.,
(Un,w) = (v,w) for every w € H, and assume that ||v,|| — ||v||. Then v, — v in the norm topology.

Exercise 4.5. Show that, on the unit sphere S := {z € H: ||z|| = 1} of a Hilbert space H, the norm
topology coincides with the weak topology.

Exercise 4.6. Suppose that dim H = co. Show that the unit sphere S(H) is dense in the closed unit
ball B C H with respect to the weak topology, which is the coarsest topology for which all functions
fo=1{(,v): B— C,v € H are continuous.

Exercise 4.7. (A neighborhood basis for the weak operator topology) Let H be a Hilbert space and
A € B(H). Show that, a basis for the neighborhoods of A in the weak operator topology is given by
the subsets of the form

U:={BeB(H): (Vj=1,...,n) |(vj,(B—A)w;)| <e}, neNwvj,w; €H,e>D0.

Exercise 4.8. Let H be a Hilbert space. Show that:
(a) The involution * on B(H) is continuous with respect to the weak operator topology.

(b) On every bounded subset K C B(H) the multiplication (A, B) — AB is continuous with
respect to the strong operator topology.

(¢) The left and right multiplications La(B) := AB and Ra(B) := BA on B(H) are continuous
in the weak and the strong operator topology.

Exercise 4.9. Let £ C H be a dense subspace. Show that, on every bounded subset B C B(H),
the weak operator topology is the coarsest topology for which all functions

fow: B—=C, v,wekE,
are continuous.

Exercise 4.10. Show that every finite dimensional subspace F C B(H) is closed in the weak
operator topology.

Hint: Let A € F and consider the subspace E := F + CA. It suffices to show that F is closed in
E. To this end, observe that the linear functionals f, .,|E separate the points on E and derive that
every linear functional on E is continuous with respect to the weak operator topology. Conclude
that F' is closed in E.

Exercise 4.11. Let M C B(H) be a von Neumann algebra and let p = p* = p> € Z(M) be a
projection. Then the following assertions hold:
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(a) Mp :=pM = Mp is an ideal of M.

(b)y Mp={MeM:(1- =0}.

(c) /\/lp is a von Neumann algebra in B(pH). Hint: Exercise
(d) M =M, & M(_,), where both summands are ideals.

(€) ZIM) =2Z(Mp) ® Z(M1-p).

If Z(M) # C, i.e., if M is not a factor, then Z(M) contains a projection p # 0,1 (Proposition ,
so that M is not simple.

Exercise 4.12. Let M C B(H) be a von Neumann algebra and suppose that Z := Z(M) = C" as
a *x-algebra (Example b)) Then there exist central projections p1,...,p, with

L=pi+-+p. and pip; = 6ip;.
We then have

M éij,
j=1

where each ideal My, C B(p;H) is a factor.

Exercise 4.13. Let R be a unital ring an M, (R) the corresponding matrix ring. Show that, for a
unital subring S C R, the commutants in M, (R) satisfy

(81)' = M,(S') and M, (S) =S'1.

Exercise 4.14. Let S C B(H) be a *-invariant subset. Show that S and the von Neumann algebra
8" leave the same closed subspaces of H invariant.

Exercise 4.15. Show that, for any Hilbert space H,
Z(B(H)) = {Z € B(H): (VA € B(H) AZ = ZA} = C1.
Hint: Apply Exercise with A = (v, -)v to see that every v € H is an eigenvector of Z.

Exercise 4.16. Let H be a Hilbert space and 8: H x H — C be a continuous sesquilinear from.
Then there exists a uniquely determined bounded operator A € B(H) with

Bv,w) = (v, Aw) forall v,w e H.
Show further that § is hermitian (positive semidefinite) if and only if A is hermitian (positive).

Exercise 4.17. Show that the weak operator topology on B(H) coincides with the coarsest topology
for which all functionals f,(A) := (v, Av), v € H, are continuous. Hint: Polarization identity,
Exercise 311

Exercise 4.18. Let M C B(H) be a von Neumann algebra and p € P(M) be a projection. Show
that pMp C B(pH) coincides with the commutant of M'|,%. In particular, pMp is a von Neumann
algebra. Hint: If A € B(pH) commutes with M’ on pH, then the trivial extension by 0 on (pH)=*
also commutes with M’, and therefore A € M" satisfies A = pAp and therefore A € pMp.

Exercise 4.19. (Direct sums of von Neumann algebras) Let M; C B(H;) be a family of von

Neumann algebras, H := @ ,H; the Hilbert space direct sum of the #; and

jeJ

Mi=@ _ M= {(M)es € [T M- sup||MH<oo}

JjeJ
jeJ

the ¢°°-direct sum of the von Neumann algebras M. Show that M can be realized in a natural way
as a von Neumann algebra on H.
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Exercise 4.20. Let X be an infinite set and S x) be the group of all those permutations ¢ of X
moving only finitely many points, i.e.,

{z € X: p(z) # z}| < c0.

Show that, for each element ¢ # idx in S(x), the conjugacy class

Co == {ppp™": ¥ € Sy}
is infinite, i.e., S(x is ICC.
Hin: For each ¢ € S(x), consider its fixed point set Fix(y). How does it behave under conjugation?

Exercise 4.21. Consider the groups PGL, (C) := GL,(C)/C*1 and PU,(C) := U,(C)/T1. Show
that in both groups the conjugacy class of every element g # 1 is infinite.

Exercise 4.22. Let H be an infinite-dimensional Hilbert space. Show that every trace functional
(Definition [4.26)) T': B(H) — C vanishes, i.e., T > 0 and

T(AB) = T(BA) for A,B € B(H)

implies T' = 0. Here are some steps to follow:
(a) T is conjugation invariant, i.e., T(gAg™") = T(A) for g € GL(H) and A € B(H).

(b) If P and @ are two orthogonal projections in B(#) for which there are unitary isomorphisms
P(H) = Q(H) and P(H)* — Q(H)™, then T(P) = T(Q).

(c) For each n € N, there exists a unitary isomorphism u,: H — H", i.e.,
H=H1P® - ®H, with H; =H.
Let Pj(n) denote the orthogonal projection onto #;.

(d) Show that T(P]-(")) = 17(1) and use (b) to derive T(P?) = T(P®). Conclude that T(1) = 0.
Exercise 4.23. (Jauch’s Theorem) Let A C B(#H) be a von Neumann algebra. Show that the
following assertions are equivalent

(a) The commutant A’ is commutative (the representation of A on H is then called multiplicity

free).

(b) Any maximal commutative von Neumann subalgebra B C A satisfies B’ = B, i.e., it is maximal
commutative in B(H).
Hint: If A" is commutative, then A" = Z(A") = Z(A), and if B C A is maximal commutative, then
A" = Z(A) C B, which in turn leads to B’ C A. If, conversely, B C A is commutative with B’ = B,
then A" C B C A.

n

Exercise 4.24. Let (m,H) be an irreducible representation of the *-algebra A and =, := Zj:1 s
be the n-fold direct sum of 7 with itself on H" = ’_, H. Show that

7 (A) = M, (C).

Hint: Write operators on H" as matrices with entries in B(#H) (cf. Exercise [1.8]) and evaluate the
commuting condition.

16This exercise illustrates the hypothesis of Commutative Superselection Rules in Quantum Field Theory
(cf. [Wi95 p. 759]). Here A plays the role of the von Neumann algebra generated by the observables of
a quantum system, so that its commutant corresponds to the superselection rules. A commutative von
Neumann algebra B which is maximal in B(H) is called a complete set of commuting observables. The result
discussed in the exercise (Jauch’s Theorem) then states that the commutativity of the superselection rules is
equivalent to the existence of a complete commuting set of observables.
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Exercise 4.25. Let A be a *-algebra and P(A) be the set of projections (hermitian idempotents)
in A. We define a relation ~ on P(A) by p ~ ¢ if there exists a u € A with p = v*u and ¢ = uu™.
Show that ~ defines an equivalence relation on P(A).

Exercise 4.26. (Partial isometries) An operator U € B(H) is called a partial isometry if Ulye, (o)L
is an isometry. Show that the following are equivalent:
(i) U is a partial isometry.
(i) P:=U"U is a projection (the domain projection of U).
(iii) U™ is a partial isometry.
(iv) Q:=UU" is a projection (the range projection of U).

Exercise 4.27. Let M C B(#) be a von Neumann algebra generated by the subalgebras M,,
n € N. Suppose further, that (H,)nen is an increasing sequence of subspaces whose union is dense
in ‘H. Suppose that, for every n € N, the subspace H,, is My-invariant and the representation of
M,, on H,, is irreducible. Then the representation of M on H is irreducible.

5 Fock spaces and second quantization

In this section we use tensor powers to construct the symmetric (bosonic) Fock space

—00

Fi(H) = S(H) =P, _,S" (1)

and the skew-symmetric (fermionic) Fock space

——00

F-H)=AH) =D _A"H)

of a complex Hilbert space. In Subsection |5.1| we introduce the basic ingredients, the sym-
metric and alternating powers S™(H) and A™(H), which are subspaces of the n-fold tensor
product H®™. Then we construct the Weyl operators W (v), v € H, on the symmetric Fock
space in Subsection [5.2] and show that they define a unitary representation of the Heisenberg
group Heis(H). For every real subspace V' C H, we thus obtain a von Neumann algebra
R(V) == W(V)" on S(H) (Subsection and observe that this leads in many cases to
factors. In Quantum Field Theory one uses this construction to construct so-called free field
from a unitary representation of the Poincaré group ([Ar99]).

5.1 Symmetric and exterior powers

In this section we discuss two important constructions of new Hilbert spaces from old ones:
symmetric and alternating powers. The symmetric group .S,, has a unitary representation on
H®" defined by permutation of the factors

p(o)(v1 @+ @ vy) = Vo-1(1) @+ @ Vg-1(n)-

The two most important subspaces of H®" are the two eigenspaces of .S, for the two characters
of this group. For the trivial character we obtain the subspace

S™(H) = (H®™)5"
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of Sy-invariant vectors. It is called the nth symmetric power of H, and for the signature
character sgn: S, — {£1}, we obtain the subspace

A" (H) = (HE™)558n = Ly € HO™: (Yo € S,,) p(o)v = sgn(o)v}.

It is called the nth exterior power of H.
It is easy to write down projections onto these subspaces using the invariant probability
measures on the finite group Sy:

Po= 3 o)

’ UESn

is the projection onto S™(#H) and

is the projection onto A™(H) (Exercise [5.1]).
For vy,...,v, € H, we define the symmetric product

V1 Uy =11 V-V, = \/mP+(U1®---®vn)
and the exterior (=alternating) product by
VLA Ay = VIP_(11 @ ®@vy).

These products define continuous complex n-linear maps H"™ — S™(H) and H™ — A"(H). It
follows directly from the definition that the V-product is symmetric and the wedge product
A is alternating, i.e.,

Vo) Vo VUgy =01 V-~ Vo, for o€8,

and
Vo(1) A=+ NVUg(n) = sgn(o)vy V---Vu,. for oe8,

The inner products of such elements are given by

(WL V Vugw Ve Vawy) = Vallor Ve Vog,w @ - @ wy)
= > (Wo), 1)+ (Vo (n), Win) (22)
oESy

and likewise

<v1/\~~/\vn,w1/\-~-/\wn>:m<v1A'~~Avn,w1®~'~®wn>

= Y sen(0) Vo), w1) - (Vo) Win) = det((vi, w;)1<i j<n- (23)
oceS,

We also note that, for v € H and v =v V --- Vv, we have

n—times

", w"y = nl{v,w)"* and |0"] = \/7?||fu||” (24)

69



Lemma 5.1. Let (ej)jes be an ONB in H.

(i) Form € N(()J), the set of finitely supported functions J — Ny, j — m;, considered as

multi-indices, we put |[m|:= 3. ;m;. Then the elements
e™ = \/ e;nj =e;, ' Veve o for {jeJimy #£0}={j,...,0k}
jed

with |m| = n form an orthogonal basis of S™(H) satisfying

M2 —m!  for ml:= H m;!.
jed

lle

(ii) Suppose that < is a linear order on J and, for F = {f1,...,fa} CJ with f1 < ... < fn
putep :=eyp N---Ney,. Then{ep: F C J,|F| =n} is an orthonormal basis of A" (H).

Proof. (i) Expanding wedge products v1 V -+ -V v, € S™(H) with respect to the orthonormal
basis (e;);e.s, we see that the
€, VorVej,, Jiy...,Jn € J,
form a total subset of S™(#). This proves that the e™, |m| = n, form a total subset of S™(H).
Next we observe that, for
m __ M mj, n__ N n;
et =e;"MVeVe 't and et =€t V- Ve !

to have a non-zero scalar product we need that m; = n; for every j € J. Therefore the
system (€™ )|m|=y is orthogonal in S™(#). From we further obtain that

(e™,e™) = H m;! = ml.
jeJ
(ii) Expanding wedge products v1 A- - - Av,, with respect to the orthonormal basis (e;);e.r,

we see that the
ejl/\.../\ejn’ Jl??.]’ﬂe‘]’

form a total subset of A™(H). If [{j1,...,jn}| <mn, then e;,,..., e;, are linearly dependent,
so that ej, A---Aej, =0. If |{j1,...,Jn}| =n, we put F := {j1,...,j»} and note that for
o € S, we have

ej, N---Nej, = sgn(a)eja(l) N Ne€jy -

This proves that the ep, F' C J an n-element subset, form a total subset of A™(#). Since
(er,err) = 0F F,
the e form an orthonormal basis of A" (H). O

Definition 5.2. The direct sum Hilbert space

——0

SH):=F (H) =P

is called the symmetric (bosonic) Fock space of H. The direct sum Hilbert space

S™(H)

n=0

AH) = F_(H) = D A" (H)

n=0

is called the antisymmetric (fermionic) Fock space of H.
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Remark 5.3. The terms bosonic and fermionic are due to the interpretation of these spaces
in physics. There are two types of elementary particles: bosons and fermions. These are
related to symmetric, resp., alternating tensors as follows.

(a) Suppose that the Hilbert space H; describes the states of a single (quantum mechani-
cal) particle P; in the sense explained in the introduction. Suppose further that Hs describes
the states of a second particle Po. The tensor product Hilbert space Hi®Hso corresponds
to the composition of the systems corresponding to H; and Ho, respectively. Therefore it
describes the states of all those particles composed of one particle of type P; and one particle
of type Ps.

(b) If P is a single particle described by the Hilbert space H, then particles composed
of n particles of this type are described by the Hilbert space H®". However, it turns out
that this Hilbert space is (in general) far too large and one only needs a suitable subspace.
If P is a boson, then the n-particle states are described by the subspace S™(H) of symmetric
tensors and if P is a fermion, then the n-particle states are described by the subspace A™(H)
of alternating tensors. This means that n bosons of the same type form symmetric states in
which they cannot be distinguished. In particular, all bosons contributing to an n-particle
state may be in the same state, and this corresponds to the states [v"] € P(S™(H)).

Fermions behave very differently: in an n-fermion state all n particles have to be in
different states. This has the interesting consequence that, if H is of finite dimension n
(interpreted as n different fermion states), then A*(H) = {0} for k > n means that there are
no k-fermion state for k > n that can be formed with particles corresponding to H.

(c) The bosonic Fock space Fi(H) = S(H) is the Hilbert spaces describing all finite
particle states of a single boson and the fermionic Fock space F_(H) = A(H) is the Hilbert
spaces describing all finite particle states of a single fermion. In this context the space H,
considered as a subspace of Fi(H) is called the one-particle space. The passage from one-
particle systems to multi-particle systems, resp., fields, is often called second quantization.
Here the idea is that a “first quantization” leads from a mechanical system to a quantum
system corresponding to H and the “second quantization” establishes the passage from single
particles to fields. The one-dimensional space FJ(H) corresponds to the zero-particle states
and the unit vectors in this space, denoted €2, are called vacuum vectors.

5.2 Weyl operators on the symmetric Fock space

In this subsection we consider the bosonic Fock space S(H) of the complex Hilbert space H.
We want to define natural unitary operators on this space, called the Weyl operators. They
will form a unitary representation of the Heisenberg group Heis(H).

We start by observing that, for every v € H, the series

— 1
Exp(v) := Z v,

n=0

defines an element in S(#) and that by the scalar product of two such elements is given
by

v,w)

(Exp(v), Exp(w)) = >
n=0

Lemma 5.4. Exp(H) is total in S(H), i.e., it spans a dense subspace.
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Proof. Let K C S(H) be the closed subspace generated by Exp(#). We consider the unitary
representation of the circle group T C C* on S(H) by

U,(vaV---Vu,)=2"(nV---Vu,) for neNyv; €H.

—~00
The decomposition S(H) = €p,,_,S™(H) is the eigenspace decomposition with respect to the
operators U, and it is easy to see that the action of T on S(#) has continuous orbit maps

(Exercise [5.6)).
For £ € S(H) with £ =377 (&, and &, € S™(H), we have U.{ = >, 2"&,, so that

1
o

27
€n / eIty L € dt
0
(observe the analogy with Fourier coeflicients). It follows that, for £ € K, the existence of the
above Riemann integral in the closed subspace K implies &, € K. We conclude that v" € I
for v € H and n € Ny. Therefore it suffices to observe that the subset {v™: v € H} is total

in S™(H) (Exercise . O
For v,z € H we have

(B3

=2
(Exp(v + ), Exp(w + z)) = e+owta) = ow)glew)+i5 o) +i5=

so that there exists a well-defined and uniquely determined unitary operator U, on S(H)
satisfying
=2

U, Exp(v) = e~ (@)~ = Exp(v+x) for =z,veH (25)
(Exercise[5.5} the surjectivity of U, follows from the totality of Exp(#)). A direct calculation
then shows that

U U, =e '@y, for x,ycH. (26)
In fact, for v € ‘H, we have

lyll?

U,U, Exp(v) = Uze™ )~ 72 Exp(v + y)

_ =2

>~ Exp(v+y+w)

— e-(z;w)—We—(ww-i-y)
—(@+y,v) _M_M_@ )
=e YleT 2 2 Y Exp(v+y+ z)

and

€ Y 2
U1y Exp(v) = e~ 0= 55 Bxp(o 4y 4 1)

The relation shows that the map U: (H,+) — U(S(H)) is not a group homomorphism.
Instead, we have to replace the additive group of H by the Heisenberg group

Heis(H) ;=T x H with (2,0)(2,v)) := (22/e 700" 4 4o,
For this group, we obtain a unitary representation

U: Heis(H) = U(S(H)) by Ug) = 2U,.
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The operators
W(v) =U,, 3 veH

are called Weyl operators. They satisfying the Weyl relations
W ()W (w) = e 00297 (4 4 ), v,w € H. (27)
The Weyl algebra
W(H) := C*({W(v): v e H}) € B(S(H))

is the C*-subalgebra of B(S(H)) generated by the Weyl operators. The Weyl algebra plays
an important role in Quantum (Statistical) Mechanics and Quantum Field Theory. This is
partly due to the fact that it is a simple C*-algebra (all ideals are trivial), which implies that
all its representations are faithful. Closely related is its universal property: If A is a unitary
C*-algebra and ¢: H — U(A) a map satisfying the Weyl relations in the form

p()p(w) = e MO 2oy +w),  vweH, (28)

then there exists a unique homomorphism ®: W(H) — A of unital C*-algebras with
® oW = ¢. An excellent discussion of the Weyl algebra and its properties can be found
in the monograph [BR96] which also describes the physical applications in great detail.

5.3 From real subspaces to von Neumann algebras

In this subsection we describe a mechanism that associates to real subspaces of a Hilbert
space H von Neumann algebras on the symmetric Fock space S(#H). This constructions
plays an important role in recent developments of Algebraic Quantum Field Theory (AQFT)
because it provides natural links between the geometric structure of spacetime and operator
algebras (see in particular [Ar99, [Lo08| [Lel5]). It has also been of great interest for the
classification of factors because it provides very controlled constructions of factors whose
type can be determined in some detail ([AWG63, [AWG6S]).
We write
Y, w) :=Im(v,w) for v,weH

and observe that v is skew-symmetric and non-degenerate, so that the underlying real Hilbert
space H® carries the structure of a symplectic vector space (H®,v). Accordingly, we write

Vi={weH: YveV)yww)=0}

for the symplectic orthogonal space of V. It is easy to see that V/ = iV 1%, where V1* is the
real orthogonal space of V' with respect to the real-valued scalar product Re(v, w). Note that
V" =V follows from the Hahn-Banach Extension Theorem.

Using the Weyl operators, we associate to every real linear subspace V' C H a von
Neumann subalgebra

R(V) = W(V)' = {W(v): v eV} C B(S(H)).

This leads to a variety of interesting von Neumann algebras and also to factors of various
types.

Lemma 5.5. We have
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(i) R(H) = B(F(H)), resp., the representation of Heis(H) on F(H) is irreducible.
(i) R(V) =R(V).
(iii) Q =Exp(0) € F(H) is cyclic for R(V) if and only if V +1iV is dense in H.
(iv) Q= Exp(0) € Fy(H) is separating for R(V') if and only if V NiV = {0}.
(v) R(V) CR(WY) if and only if VC W'.
(vi) R(V) is commutative if and only if V C V'.

Proof. (i) follows from [BR96, Prop. 5.2.4(3)].

(ii) follows from the fact that H — B(F4(#H)),v — W, is strongly continuous and R(V)
is closed in the weak operator topology.

(iii) Let £ :=V +4V. Then R(V)Q2 C F,(K), so that Q cannot be cyclic if IC # H.

Suppose, conversely, that K = H and that f € (R(V)Q)+. Then the holomorphic function
f(v) := (f,Exp(v)) on H vanishes on ¢V, hence also on V + iV, and since this subspace is
dense in H, we obtain f = 0 because Exp(#) is total in F, (H).

(iv) In view of (ii), we may assume that V is closed. Let 0 # w € K := V NiV. To see
that Q is not separating for R(V), it suffices to show that, for the one-dimensional Hilbert
space Ho := Cw, the vector € is not separating for R(Cw) = B(F4(Cw)) (see (i)). This is
obviously the case because dim F, (Cw) > 1.

Suppose that K = {0}. As K =V"NEV") = (V' +iV'), it follows that V' +4iV" is dense
in H. By (iii), © is cyclic for R(V’) which commutes with R(V'). Therefore Q2 is separating
for R(V).

(v) follows directly from the Weyl relations (27)).

(vi) follows from (v). O

Theorem 5.6. ([Ar63]) (Araki’s Theorem) For closed real subspaces V,W,V; of H, the
following assertions hold:

(i) R(V) CR(W) if and only if VC W.

)
(i) R(MNjes Vi) =Njes R(V))-
(iii) R(V) =R(V') (Duality).

(iv) Z(R(V)) =R(VNV'). In particular, R(V) is a factor if and only if VNV’ = {0}.

Proof. We only comment on some of these statements:

(i) That V' C W implies R(V) C R(W) is clear, but the converse is non-trivial. It can
be derived from the duality propery (iv), which is a deep result, basically the main result of
[Ar63].

(ii) here “C” is easy.

(iii) is a deep theorem.

(iv) follows from (ii) and (iii). O

The preceding theorem asserts in particular that R(V) is a factor if and only if
V NV’ = {0}. Subspaces with this property are very easy to construct. In [Ar64b] many
results on the types of the so-obtained factors have been derived. In particular, it is shown
that factors of type II do not arise from this construction and [Ar64] provides an explicit
criterion for R(V') to be of type I. “Generically”, the so-obtained factors are of type III.
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5.4 The canonical commutation relations (CCR)
On the dense subspace S(H)o = > oo S™(H) of the symmetric Fock space S(H), we have

for each f € H the creation operator

a* () (V- Vf)=fV vV [

This operator has an adjoint a(f) on S(H)o, given by

n

a(f)onv a(f)(fl\/"'vfn):Z<f7fj>f1v"'vf}v"'vfna

j=1

where fj means omitting the factor f;. Note that a(f) defines a derivation on the commuta-
tive algebra S(H)o. One easily verifies that these operators satisfy the canonical commutation
relations (CCR):

[a(f),a(g)] =0 [a(f),a"(9)] = {f, 9)1. (29)
Lemma 5.7. %|t=0U(tx) =a*(x) —a(x) on So(H).
Proof. We associate to every F' € S(H) the function on H defined by
O(F)(v) := (F,Exp(v))

and note that

1 (W1 V-V, ™) = H@j,m = H O (v;)(v).

O(v1V++Vun)(v) = (v Vo Vg, Bxp(v)) = —

This implies in particular that
Ols(#),: S(H)o — Pol(H) (30)

is a unital algebra homomorphism with respect to the natural commutative algebra structure
on S(H)o defined by

(v Ve Vug) - (W Ve V) i=v Ve Vg Vwp VeV,
It follows in particular that
Poa"(v) =meguyo® and Poa(v)=0,0,

where mg(h) = g - h and

(0, F) () Fz + tv).

= dtli—o
Next we observe that

(B

2 (F,Exp(v - z)) = ")~

)12
2

O(UF)(v) = (F,U_, Exp(v)) = e{®")~ O(F)(v— ).

Accordingly, we define the operators U, on functions F: # — C by

= Izl

(U F)(v) := el

(6]



If F is partially differentiable, this leads to

d ~
@LZO(UmF)(U) = (z,0)F(v) — (0. F)(v) = O(z)(v) F(v) — (0:F)(v),
ie.,
00 G| U = G| T 00 = (e =90 © = €0 (a’(@)  ala)
dtl=o ™ dtli=o = Me() ~ 0z = a*(z) —a(z
by . This implies the assertion because O is injective. 0

Remark 5.8. In the context of the theory of unbounded operators, one can show that the
skew-hermitian operators a*(v) — a(v) on S(H)o have a skew-adjoint closure, so that Stone’s

Theorem leads to unitary operators e® ()=9(*) and the preceding calculations then imply
that
U, =e* =) for  yeH.

Accordingly, we obtain

W(v) = Uiv/\/i = eﬁa*mﬂl(v) for wveH.

Remark 5.9. As the Weyl algebra W (#H) C B(S(H)) is generated by the Weyl operators, the
Fock state corresponding to the vacuum vector Q = Exp(0) € S(H)o is uniquely determined
by

(Q.W(£)Q) = (Exp(0), U, /5 Exp(0)) = (Bxp(0), e /1*/4 Bxp(if /v2)) = e I11°. (31)

Exercises for Section [5l

Exercise 5.1. Let G be a finite group, (m, H) be a unitary representation and x: G — C* be a
homomorphism (a character of G). Show that:

(i) Py:= ﬁ deG x(g9)"'7(g) is the orthogonal projection onto the y-eigenspace
Hy ={v € H: (Vg € G)7(g)v = x(g)v}.

(it) PyP, =0 for x # n.

(iii) P := ZXEHom(G,']I‘) P, is the projection onto the closed subspace of H spanned by the G-
eigenvectors.

Exercise 5.2. (Second quantization as a functor) Let H and K be complex Hilbert spaces and
A: H — K be a contraction. Show that:

(a) There are unique contractions
Iy (A): FL(H) = F£(K)
defined by
Fy(A)(viV---Vop):=An V.-V Av,, resp.,, T_(A)(vi A---Avn) = Avi A--- A Aoy,

(b) Tw(1x) = 17, (), [+ (AB) = '+ (A)T'+(B) and T (A%) = [ (A)".
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Exercise 5.3. Let V and W be K-vector spaces and 3: V" — W be a symmetric n-linear map.
Show that (3 is completely determined by the values on the diagonal 3(v,...,v), v € V.
Hint: Consider

ny _ n! mq mp my mp
B((trvr + ... +tavn)") = +z+: Tt B, vp™)
mi+...+mp=n

and recover S(vi,...,v,) as a suitable partial derivative.

Exercise 5.4. Let V be K-vector space and S™(V) := (V®)" be the nth symmetric power of V.
Show that
S™(V) = span{v®": v € V}.

Hint: Use the same technique as in Exercise[5.3]

Exercise 5.5. Let H1 and H2 be Hilbert space, X be a set and v;: X — H;, j = 1,2, be maps
with total range. Then the following are equivalent:

(a) There exists a unitary operator U: Hi — Ha with U o y1 = 72.
(b) (12(2),72(y)) = (i (x), M (y)) for all z,y € X.

Exercise 5.6. Let X be a topological space, H be a Hilbert space and v: X — H be a map. Show
that v is continuous if and only if the corresponding kernel function

K: XxX—>C, K(z,y) = (v(z),7(v))

is continuous.

A Complementary material

A.1 Initial and Final Topologies
If f: X — Y is a map and 7x is a topology on X, then the topology
forx ={ACY: f1(A) € 7x}

is called the push-forward of Tx by f. Similarly, we obtain for each topology 7v on Y a
topology

frry o= f "y = (f7H0): O € Ty )iop
on X, called the pull-back of 7v by f. The main point of initial and final topologies is to
extend these concepts to families of maps.

Definition A.1. Let X be a set and (Y}, 7;):er be topological spaces.
(a) Let f;: X — Y; be maps. Then the topology

T = <fi_1(7'7;),i € I>top

generated by all inverse images f; *(0;), O; € 7, is called the initial topology defined by the
family (fi,Y3)ier-
(b) Let f;: Y; — X be maps. Then the topology

T={UCX: (VieDf'(U)en}t=()fim
il
is called the final topology on X defined by the family (f;,Y;)ier. That 7 is indeed a topology

is due to the fact that the assignment U +— f[l(U ) preserves arbitrary intersections and
unions.
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Lemma A.2. If f: (X,7x) = (Y, 7y) is a map between topological spaces and B a sub-basis
of Ty, then f is continuous if and only if for each B € B, the inverse image f~1(B) is open.

Proof. The set
forx ={ACY: f1(A) € x}

is easily seen to be a topology on Y. Now f is continuous if and only if f,7x D 7y, and since
B generates Ty, this happens if and only if B C f.7x. O

Lemma A.3. The initial topology T defined by the family f;: X — Y;, © € I, of maps is
the coarsest topology for which all maps f; are continuous. It has the following universal
property: If Z is a topological space, then a map h: Z — X is continuous if and only if all
maps f; o h: Z —Y; are continuous.

Proof. Apply Lemma to the sub-basis {f;1(0;): O; CY; open} of 7. O

Lemma A.4. The final topology defined by the family f;:Y; — X, i € I, is the finest
topology for which all maps f; are continuous. It has the following universal property: If Z is
a topological space, then a map h: X — Z is continuous if and only if all maps ho f;, i € I,
are continuous.

Proof. For an open subset O C Z, the inverse image h~!(0O) C X is open if and only if for
each i € I, the set f; ' (h™1(0)) = (ho f;)~'(O) is open in Y;. Therefore h is continuous if
and only if each map h o f; is continuous. O

Example A.5. Let (X, 7) be a topological space and Y C X be a subset. We write ty: Y —
X for the canonical embedding, mapping each y € Y to itself. Then the initial topology on
Y with respect to ¢y coincides with the subspace topology

v ={'(U)=UNY:UE€}.

Definition A.6. (Quotient topology) (a) Let ~ be an equivalence relation on the topo-
logical space X, [X] := X/ ~= {[z]: « € X} be the set of equivalence classes, and
q: X — [X],z — [z] the quotient map. Then the final topology on [X] defined by ¢: X — [X]
is called the quotient topology.

(b) According to Definition a subset U C [X] is open if and only its inverse image
q~1(U) is an open subset of X and Lemmaimplies that amap h: [X] — Z to a topological
space Z is continuous if and only if ho ¢ X — Z is continuous.

(c) An important special cases arises if S C X is a subset and we define the equivalence
relation ~ in such a way that S = [z] for each z € S and [y] = {y} for each y € S°. Then
the quotient space is also denoted X/S := X/ ~. It is obtained by collapsing the subset S
to a point.

Definition A.7. (Product topology) Let (X;);c; be a family of topological spaces and
X :=[[;e; Xi be their product set. We think of its elements as all tuples (z;);er with z; € X,
or, equivalently, as the set of all maps
x: I — J;ep Xi with z; := 2(i) € X; for each i € I

We have for each ¢ € I a projection map

Di: X — Xl', (xj)jel = Z;.
The initial topology on X with respect to this family p;: X — X, is called the product
topology and X, endowed with this topology, it called the topological product space.
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Example A.8. Typical examples of product spaces are R™ and C™. More generally, one can
shows that for any finite collection (X1,dy),. .., (Xn,d,) of metric spaces, the metrics

n

di(z,y) == Zdj(xj,yj) and  deo(z,y) := max{d;(z;,y;): j=1,...,n}

j=1
define the product topology on X := H?Zl X;.
From Lemma [A74] we immediately obtain:

Proposition A.9. A map f = (f;) : Y — [[,c; Xi to a product space is continuous if and
only if all component maps f; =p;o f:Y — X; are continuous.

Example A.10. (The topology of pointwise convergence) Let X be a set and Y be a
topological space. We identify the set F(X,Y) of all maps X — Y with the product space
YX = [I.cx Y. Then the product topology on YX yields a topology on F(X,Y), called
the topology of pointwise convergence. We shall see later, when we discuss convergence in
topological spaces, why this makes sense.

It is the coarsest topology on F(X,Y) for which all evaluation maps

evy: F(X,)Y) =Y, [ f(x)

are continuous because these maps correspond to the projections YX — Y.

A.2 Locally Compact Spaces
Proposition A.11. For a topological space X, the following are equivalent:
(i) X is quasi-compact, i.e., every open cover has a finite subcover.

(ii) For each family (A;)ier of closed subsets of X with (\;c; Ai = 0, there exists a finite
subset F C I with (\;cp Ai = 0.

Proof. (i) < (ii) follows by taking complements: The condition (;.; 4; = {) means that
the family (Af)ie; of complements is an open covering of X because X = (¢ = J,c; AS.
Similarly, ;e Ai = 0 means that (Af);cr is a finite subcovering. O

Definition A.12. A separated topological space X is called locally compact if each point
x € X has a compact neighborhood.

Lemma A.13. If X is locally compact and x € X, then each neighborhood U of x contains
a compact neighborhood of x.

Proof. Let K be a compact neighborhood of x € X. Since it suffices to show that U N K
contains a compact neighborhood of x, we may w.l.o.g. assume that X is compact. Replacing
U by its interior, we may further assume that U is open, so that its complement U*€ is compact.

We argue by contradiction and assume that U does not contain any compact neighborhood
of . Then the family F of all intersections CNU¢, where C' is a compact neighborhood of z,
contains only non-empty sets and is stable under finite intersections. We thus obtain a family
of closed subsets of the compact space U® for which all finite intersections are non-empty,
and therefore Proposition implies that its intersection (), (C N U*) contains a point y.
Then y € U€ implies x # y, and since X is separated, there exist open neighborhoods U, of
z and Uy of y with U, N U, = (. Then U, is a compact neighborhood of z, which leads to
the contradiction y € Uy NU* to y € U,,. O

79



Definition A.14. A subset A of a topological space X is said to be relatively compact if A
is compact.

Lemma A.15. Let X be locally compact, K C X compact and U O K open. Then there
exists a compact subset V- C X with

KCcVvlcvcu.

Proof. For each =z € K we choose a compact neighborhood V, C U
(Lemma [A.13). Then there exist finitely many 1,...,2, with K C [J;_; V. and we put
Vi=U, Vs CU. O

Proposition A.16. (Urysohn’s Theorem) Let X be locally compact, K C X compact and
U D K be an open subset. Then there exists a continuous function h: X — R with

h|K =1 and h|X\U =0.

Proof. We put U(1) := U. With Lemma we find an open, relatively compact subset
U(0) with K C U(0) C U(0) C U(1). Iterating this procedure leads to a subset U (%) with

Trco(3) st <o,

Continuing like this, we find for each dyadic number £ € [0,1] an open, relatively compact

2'”/
subset U(2%) with

U(%Jgt(k;l) for k=0,...,2"—1.

Let D:={£: k=0,...,2",n € N} for the set of dyadic numbers in [0, 1]. For r € [0,1], we
put

Ury:== J U).
s<r,seD
For r = 2% this is consistent with the previous definition. For ¢ < t’ we now find r = 2% <
v = kL in D with ¢t < r < 1/ < t/, so that we obtain

on

Ult)yCU(r) CU®r) CU().

We also put U(t) =0 for t < 0 and U(¢t) = X for ¢ > 1. Finally, we define
f(z):=inf{t e R:z € U(t)}.

Then f(K) C {0} and f(X \U) C {1},

We claim that f is continuous. So let zy € X, f(xg) = top and € > 0. We put V :=
Ul(to +¢) \ U(to — €) and note that this is a neighborhood of xg. From x € V C U(tg + €)
we derive f(z) <tg+e. If f(z) < to— ¢, then also z € U(tg —€) C U(typ — €), which is a
contradiction. Therefore |f(z)— f(z)| < € holds on V, and this implies that f is continuous.
Finally, we put h:=1— f. O
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Exercises for Section [A.2]

Exercise A.1. (One point compactification) Let X be a locally compact space. Show that:

(i) There exists a compact topology on the set X,, := X U {w}, where w is a symbol of a point
not contained in X. Hint: A subset O C X, is open if it either is an open subset of X or
w € O and X \ O is compact. Note that the local compactness of X is needed for the Hausdorff
property of X,,.

(ii) The inclusion map nx: X — X, is a homeomorphism onto an open subset of X,,.

(iii) IfY is a compact space and f: X — Y a continuous map which is a homeomorphism onto the
complement of a point in Y, then there exists a homeomorphism F': X,, — Y with Fonx = f.

The space X, is called the Alezandroff compactification or the one point compactification of
x [

Exercise A.2. (Stereographic projection) We consider the n-dimensional sphere
S" = {(x0,1,...,2n) E R ad 42T+ 42l =1},

We call the unit vector eg := (1,0,...,0) the north pole of the sphere and —eq the south pole. We
then have the corresponding stereographic projection maps

pr: U :=S"\{xeo} = R", (yo,y)— Y.

1¥Fyo

Show that these maps are homeomorphisms with inverse maps

1 ||:c||§ -1 2z
px' (@) = (% , ).
ll]l3 + 17 1+ [lz]|3

Exercise A.3. Show that the one-point compactification of R" is homeomorphic to the n-dimensional
sphere S™. Hint: Exercise

Exercise A.4. Show that the one-point compactification of an open interval ]a,b[C R is homeo-
morphic to St.

Exercise A.5. Show that the one-point compactification of N is homeomorphic to {O}U{% :n € N}

Exercise A.6. Let X be a locally compact space and Y C X be a subset. Show that Y is locally
compact with respect to the subspace topology if and only if there exists an open subset O C X and
a closed subset A with Y = O N A. Hint: If Y is locally compact, write it as a union of compact
subsets of the form O; NY, O; open in X, where O; NY has compact closure, contained in Y. Then
put O :=J;c; Oi and A:=Y NO.

Exercise A.7. Let f: X — Y be a continuous proper map between locally compact spaces, i.e.,
inverse image of compact subsets are compact. Show that

(a) f is a closed map, i.e., maps closed subsets to closed subsets.

(b) If f is injective, then it is a topological embedding onto a closed subset.

(¢) There is a well-defined homomorphism f*: Co(Y) — Co(X) of C*-algebras, defined by f*h :=
hof.

(d) For each regular Borel measure p on X, the push-forward measure f.u on Y, defined by
(fep)(E) := u(f~Y(E)) is regular. Hint: To verify outer regularity, pick an open O D f~1(E)
with (O \ f7Y(E)) < e. Then U := f(O°)° is an open subset of Y containing E and
O := f~Y(U) satisfies f~1(E) C O C O, which leads to (fuu)(U \ E) < €.

17 Alexandroff, Pavel (1896-1982)
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A.3 Hilbert—Schmidt and Trace Class Operators

In subsection we collect some facts on Hilbert—Schmidt and trace class operators.

A.3.1 Hilbert—Schmidt Operators

Lemma A.17. Let H, K be Hilbert spaces, (e;)jes an orthonormal basis in H, and (fi)rek
an orthonormal basis in K. For A € B(H,K), we then have

Do AeslP =D AT fill?.

JjEJ keK

Proof. 32, 11 A4e;l* =32,  (Aej, fi)l? = 32, 5 leg, A" fr) [ = 325 14" fel|*. -

Definition A.18. Let H and K be Hilbert spaces and (e;);cs an orthonormal basis. An
operator A € B(H,K) is called a Hilbert-Schmidt operator if

141 = (3 ey ) < oo

JjeJ

In view of Lemma [A17 the preceding expression does not depend on the choice of the
orthonormal basis in H. We write Bo(H,K) for the space of Hilbert—Schmidt operators in
B(H,K), Bo(H) := Ba(H,H) for the Hilbert—Schmidt operators on H, and Bgy(H) for the
space of continuous finite rank operators on #.

Proposition A.19. Let H and KC be Hilbert spaces.
(i) For A € Bo(H,K), we have ||A]| < ||All2 = ||A*||2-
(ii) If A,B € By(H,K) and (ej)jes is an orthonormal basis of H, then

(A,B) =) (B*Aej,e;) = Y (Ae;, Be;) (32)

J J
converges and defines the structure of a complex Hilbert space on Ba(H,K) with the
norm

[Allrs = [|All2 == v/ (A, A).
(iii) (A, B) as in does not depend on the chosen orthonormal basis.
(iv) (A, B) = (B*, A*) for A, B € B2(H,K).
(v) If Ae B(K) and B,C € By(H,K), then AB € By(H,K) with
[AB|l2 < |A[l- | Bll2 and  (AB,C) = (B, A"C).

(vi) Hilbert-Schmidt operators are compact, i.e., Bo(H,K) C K(H,K).

Proof. (i) The relation ||Alls = ||A*||2 is immediate from the proof of Lemma To
prove that ||A|| < ||All2, let € > 0 and (e;);es be an orthonormal basis of H such that
| Aejo |l > ||A]] — € for an element jy € J. Then

1413 =D l14e;11” > (1Al - e)*.

jeJ
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Since € > 0 was arbitrary, we obtain ||All2 > || 4]|.
(ii) It is clear from the definition that

®: By(H,K) = 2(J,K), A (Aej)jes

is an isometric embedding. That ® is surjective follows from the observation that, for v €
?2(J,K) and x € H, the prescription Az := ZjeJ<ej, x)v; defines a bounded operator H — K

with
1Az(* < > e en)* Y losl® = lllloll?
Jj€J J
(Cauchy-Schwarz inequality). Hence A € By(H, ) with ®(A) = v. This shows that ® is an
isometric bijection, and therefore that Bo(H, K) is a Hilbert space with scalar product given

by (A, B) = 3_,c,(Aej, Bej) =3 . ;(B* Aej, €;).
(iii) This follows from the fact that the scalar product on the Hilbert space Ba(H, K) is
uniquely determined by the norm via the polarization identity.

g —k e e
(A,B) = EZZ (A+i"B, A+ i*B).
k=0

(iv) We know already that A — A* is an isometry of By(H,K) onto By(K,H). Hence
both sides in (iv) are hermitian forms on By (H, K) which define the same norm. Since the
scalar product is uniquely determined by the norm via the polarization identity, the assertion
follows.

(v) The first part follows from

IAB3 =Y [|ABe; | < Y 1AI%I1Bes|1* = | AlI%|IBI.
j€d =
For the second part, we calculate
(AB,C) =) (C*ABej,e;) = Y ((A*C)*Bej,¢;) = (B, A"C).
jed jeJ
(vi) If A € By(H,K) and (e;);es is an orthonormal basis of 7, then the finiteness of
> | Ae;||* < oo implies that J4 := {j € J: Ae; # 0} is countable. If J4 is finite, then A is

a finite rank operator, hence in particular compact. If J4 is infinite, then it can be written
as J4 = {jn: n € N}. For each n € N, we we consider the operator A,, defined by

Ane; i Aej forj G.{jl, ceydnt
0 otherwise .

Then the sequence (A,,),en converges to A in Bo(H, K) and hence, in particular, with respect
to the operator norm. Therefore A is a limit of finite rank operators and therefore compact.

O
A.3.2 Trace Class Operators
Definition A.20. We say that an operator A € B(H) is of trace class if A € Ba(H) and
[A[l1 == sup{[{A, B)[: B € Bz2(H),||B]| <1}

is finite. We write By (H) C Ba(H) for the subspace of trace class operators. It follows easily
from the definition that || - ||; defines a norm on By (H).
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Proposition A.21. The following assertions hold:

(i
(ii

) If A€ B(H) and B € B1(H), then AB € B1(H) with |AB|1 < ||A]| - | B||1-
)
(iii) Bi1(H) is invariant under taking adjoints, and ||A*||1 = ||Al|1-
) B
)

|All2 < ||Ally for A€ Bi(H).
(iv) B2(H)B2(H) C Bi(H).

(v) For xz,y € H we define the operator
Ppy = lz)(y| by Px,y(z) = (y,2)x.

= [1Peylle = llz[ - -

Proof. (i) This follows from [(AB, X)| = (B, A*X)| < ||B|l1||A|| - | X|| for X € Bo(H) with
X < 1.
(ii) From || X|| < || X]||2 for X € Bo(H) (Proposition i)), it follows that

Then || Py,

{X € Bo(H): |X] <1} 2 {X € Bo(M): | X2 < 1).

Hence the assertion follows from || A|2 = sup{|(4, X)|: [| X2 < 1}.

(iii) From [(A*, X)| = [{(X*, A)| = |(4, X*)| and the fact that X — X* is an isometry of
B(H) and By(H), we see that A* € By (H) with ||A*||1 = || Al|.

(iv) If A= BC with B,C € By(H), then we have for X € Bo(H) the estimate

(4, X0 = [(BC, X)| = [{C, B*X)| < [|Cl2[| B X|[2 < [Cll2l| B2l X1]-
Hence A € By(H) with ||All; < ||B]2]|C2-
(v) For A € Bo(H), we have

<A7Px,y> = Z<Aej7 Px,yej> = Z<A€jvx><ya ej> = Z<eja A*$><y,€j> = <ya A*Z‘> = <Ay, .73>,
J J J

(33)

hence || Py y || < [Pyl < 2] - [[yll- As [|[Pey ()]l = lylI?||z]] shows that [|Py || > [l - lyl,

the assertion follows. O

Proposition A.22. Let (¢;);cs be an orthonormal basis and A € B1(H). Then the sum
trA:= Z(Aej, e;)
JjeJ
converges absolutely and has the following properties:

(1) |trA| < ||A|1, i-e., tr is a continuous linear functional on B1(H) and it is independent
of the chosen orthonormal basis.

(ii) (A, B) = tr(AB*) and tr(AB) = tr(BA) for A,B € By(H).

(iii) For A € By(H), the function X — tr(XA) on B(H) is continuous and extends the
linear functional X — (A*, X) on Ba(H). Moreover, tr(AX) = tr(X A).
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(iv) Each A € B1(H) can be written as A =Y""" Py w,, where (vy)nen and (wy)nen are
orthogonal sequences. Then ||Al1 = > 77, ||vn|| lwn || and tr A =377 (wy, vy,).

(v) Ban(H) is dense in By(H).

(vi) Bi(H) = K(H)" and B1(H)" = B(H), where the pairings are given by the bilinear form
(A, B) — tr(AB).

(vii) (B1(H),]-[l1) is a Banach space.

(viii) If (e;)jes is an orthonormal basis, then ||Alx < 32, ic ;[(Ae;, e;)| holds for all A €
B(H).

Proof. Let Jy C J be a finite subset and (\;);e, be complex numbers with |A;| = 1 and
Aj(Aej,e;) = |(Aej,e;)|. Then shows that

3 [Aes el = 3 A(Aej,ep) = <A Z)\ pej>< PR H Z)\ P,

Jj€Jo j€Jo

< [ Al

This proves the estimate under (i) and the absolute convergence of the series. To see that
tr(A) does not depend on the chosen basis, let (fi)rex be another basis and calculate

D (Afi fr) =Y (Afwes)les, fr) = Y (i A%es){es, fr)

k k,j k.j
= Z(eij*ej> = Z<Aejvej>~
J J

(ii) The first part is precisely Proposition ii). The second follows from Proposi-

tion [A.19](iv):
tr(AB) = (A, B*) = (B, A*) = tr(BA).

(iii) For A € By(H) and B € B(H), we use Proposition [A.21[i) to see that AB € B;(H)
with |tr(XA)| < [|XA|1 < || X] - ||A|l1- This proves the first part of (iii).

To show that tr(AX) = tr(X A) holds for A € B1(H) and X € B(H), we note that, since
both sides define complex bilinear forms, we may assume that A is hermitian. Then the
fact that A is compact (Proposition vi)) shows that there exists an orthogonal basis
(ej)jes with Ae; = Aje;. We may thus assume that Ae; = Aje; and note that this implies
A*ej = )je;. Then

tr(AX) =) (AXej e;) =Y (Xej, A%ej) =Y Nj(Xejej) =Y (XAeje5) = tr(XA).
J J J J
(iv) Since A is compact, it can be written as A = >">° | P, .., as required (cf. [We76,
Satz 7.6]). Now Proposition yields [|Allx <307 onll - Jwa]|-
To obtain the converse estimate, we consider the operator X, = =1 ¢j Py, w;, where

1 .
¢ = 1oy if Pojaw; # 0. Then [IX] <1 follows from Exerc1se Moreover, we have

n n
Al > (A, Xn) = (v), Xnwy) ZCJHUJII w1 = llosl - lw;l-
j=1 =1
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Since n was arbitrary, we obtain [| Ay > =72, [|vj[|-[Jw;| and therefore equality. It follows, in
particular, that A = limy, 0o Am With Ay, = 3700 Py, w,, because [[A— Ay, || =350, llvg]l-
||w;||. Therefore

trA= lim trA,, = lim Z(vj,wj> = Z(vj,wj>.

m oo
m—00 m— 00 "

j=1 j=1

(v) Since By (#H) is invariant under taking adjoints, it suffices to show that each symmetric
element A in B;(#) can be approximated by finite rank operators with respect to || - ||1. We
write A = >0 | A\, Py, where (v,)nen is an orthonormal system and conclude as in (iv)
that A,, — A.

(vi) The continuity of the pairing By(H) x B(H) — C, (A, B) — tr(AB) follows from
[tr(AB)| < ||ABJj1 < ||A]|1||B||- First we show that this pairing yields an isomorphism of
By (H) with K(#H)". Solet f € K(H)". Then f|p,(3) is a linear functional with | f(X)[ <[/ |-
| X < [If]l-|X]]2 (Proposition[A.19]i)), hence can be represented by an element Y € By(H).
Then f(X) = (X,Y) = tr(XY™) holds for all X € Ba(H), and with |f(X)]| < ||f| - | X || we
obtain Y € Bi(H) with [|[Y]|1 = ||[Y*|l1 < ||f||. The converse follows from the density of
Byu(H) C Ba(H) in K(H).

Next we show that Bi(H) = B(#H). So we have to represent each continuous linear
functional f on B;(H) by a bounded linear operator on H. From Proposition we recall
that || Pywll1 = ||v|| - |w||. Therefore, for each w € H, the mapping v — f(P, ) is continuous
and linear, hence can be represented by a vector a,, in the sense that f(P,.,) = (v, a,) holds
for all v € H. Moreover, the above calculation shows that ||a,| < ||f]l - |lw]]. Since the
assignment w > a,, is linear, we find a bounded operator A on ‘H with Aw = a,, for all
w e H and ||A|| < ||f|l. Now f(Pyw) = (v, Aw) = (P, 4, A) holds for v,w € H. From that
we obtain f(X) = tr(XA*) for X € Bgsn(H) and since, in view of (v), Bgn(#H) is dense in
B1(H), we obtain f(X) = tr(XA*) for all X € B;(H). This proves (vi).

(vii) Since By (H) = K(H)' follows from (vi), the completeness of By () follows from the
fact that dual spaces of normed spaces are Banach spaces.

(viii) Let (vp)nen and (wy,)nen be sequences in H satisfying >0 | [[v,[? < oo and
S0 lwall? < oo. Then ||Py, w1 = ||vnll - lwn]|| (Proposition v)) implies that the
series A=Y " | P, ., converges absolutely in Bj(#). Therefore

> (Xvp,wp) =D tr(XP,, u,) = tr(XA).
n=1 n=1

This proves that each ultraweakly continuous linear functional on B(H) is also weak-*-con-
tinuous.

If, conversely, f(X) = tr(AX) with A € B;(H), then we want to show that f is ultra-
weakly continuous. Writing A = By — B_ +i(Cy — C_), where B, B_,Cy and C_ are
positive trace class operators, we may assume that A is positive. Then A =>">7 | P, , where
(un )nen is an orthogonal sequence consisting of eigenvectors of eigenvalue ||u,, ||?, and, in view
of (iv), [[All1 = Y02 lun|l* < co. We conclude that f(X) = tr(XA) = > 07 (X.up, un)
with 37 | |lun|[? = ||A]l1 < co. Hence f is ultraweakly continuous. Now the assertion follows
from the fact that the weak-+-topology and the ultraweak topology are the coarsest topology
for which the same set of linear functionals is continuous.

(ix) We may assume that the sum 3}, . [(Ae; e;)| exists. In view of
[(Aei, e;)| < [|Al], this implies that 3, ; |(Aei,e;)|? < oo, ie., A € Ba(H).
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Let B = 35 jesbijPe; e
|b;,;] < || B|| for all 4, j, and

[ tr(AB)| < by tr(APe; )] < D il - [(Aei eg)| < B Y [{Aeie)].

%] .9 ,J

be a finite sum of the operators P, .,. Then B € Bs(H),

This prove that whenever the sum »_, . [(Ae;, ;)| exists, then A € Bi(H) with [|Afl; <
0

Zi,j (Aei, e5)].

Exercise A.8. Show that, it A = >, Aj Py, w;, where the finite sequences v1,...,vp,
w1, ..., wy are orthonormal, then ||A| = max{|)\;|: j=1,...,n}.
Hint: Aw; = \jv; for every j.

A.4 The Stone—Weierstrafl Theorem

Definition A.23. (a) Let M be a set and A C KM be a set of functions M — K. We say
that A separates the points of M if for two points x # y in X there exists some f € A with

f(x) # f(y).

(b) A linear subspace A C KM is called an algebra if it is closed under pointwise multi-
plication.

Lemma A.24. There exists an increasing sequence of real polynomials p, which converges
in [0,1] uniformly to the square root function x — /x.

Proof. We consider the function f(¢) :=¢~*/2 on (0, 1]. Then

p1-3---(2k — 1)t—1/2—k.

) = (-1

Therefore the Taylor polynomial g of order k in t = 1 of f satisfy the relation

a(®) = au(0) + T (- 0,

We consider the polynomials py(t) := tqx(t). Then (pn)nen, is an increasing sequence of
non-negative polynomials on [0, 1] whose pointwise limit is the function ¢ — =12 = /.
For every ¢ € (0, 1), the convergence is uniform on the interval [, 1] because the Taylor series
of f converges uniformly in this interval. On the interval [0, e], we have

Vit —pi(t) < VE< Ve
Hence the convergence is uniform on [0, 1]. O

Theorem A.25. (Stone-Weierstrafl) |E||E| Let X be a compact space and A C C(X,R) be a
point separating subalgebra containing the constant functions. Then A is dense in C(X,R)
w.r.t | oo

18Stone, Marshall (1903-1989)
9Weierstra, Karl (1815-1897)
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Proof. Let B := A denote the closure of A in the Banach space
(CX,R), [+ lloo)-

Then B also contains the constant functions, separates the points and is a subalgebra (Exer-
cise[A.9). We have to show that B = C(X,R).

Here is the idea of the proof. First we use Lemma to see that for f, g € B, also | f],
min(f,g) and max(f,g) are contained in B. Then we use the point separation property to
approximate general continuous functions locally by elements of 5. Now the compactness of
X permits to complete the proof.

Here are the details: Let (p,)nen be the sequence of polynomials from Lemma[A.24] For

f € B, we consider the functions p,, (ﬁ), which also belong to B. In view of Lemma [A.24

they converge uniformly to ,/ﬁ = Hjlﬂ‘cll , so that |f| € B.
Now let f,g € B. Then B contains the functions

win(f,) = 5(f+9—1f —g) and max(f,g) = 5(f +9+1f g

Next let  # y in X and r, s € R. According to our assumption, there exists a function g € B

with g(z) # g(y). For
—g(x)
————€B
9(y) — g(z)
we then have h(xz) = r and h(y) = s.
Claim: For f € C(X,R), x € X and £ > 0, there exists a function g, € B with

f(@) =gz(x) and (Vye X) g.(y) < fly) +e.

To verify this claim, pick for each z € X a function h, € B with h,(z) = f(z) and
h.(z) < f(2) + 5. Then there exists a neighborhood U, of z with

(VyeU.) h.(y) < fly) +e.

Since X is compact, it is covered by finitely many U, , ..., U,, of these neighborhoods. Then
gz :=min{h,,,...,h, } is the desired function.

Now we complete the proof by showing that B = C'(X,R). So let f € C(X,R) and ¢ > 0.
For each x € X, pick g, € B with

(Vy € X) f(z) =gu(x) and g.(y) < f(y) +e.

Then the continuity of f and g, yield neighborhoods U, of x with

vyEUz : gz(y)Zf(y)—€

Now the compactness of X implies the existence of finitely many points x1, ..., x; such that
X CU;, U---UUy,. We now put ¢, := max{gy,,..., 9z, } € B. Then

VyeX : fly)—e<e(y) < fly)+e.

This implies that ||f — ¢c|lco < € and since € was arbitrary, f € B. O
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Corollary A.26. Let X be a compact space and A C C(X,C) be a point separating subalgebra
containing the constant functions which is invariant under complex conjugation, i.e., f € A
implies f € A. Then A is dense in C(X,C) w.r.t. || - | co-

Proof. Let Ag := ANC(X,R). Since A is conjugation invariant, we have A = Agr@®iAgr. This
implies that Ag contains the real constants and separates the points of X. Now Theorem[A.25]

implies that Ag is dense in C'(X,R), and therefore A is dense in the complex Banach space
C(X,C)=C(X,R)+iC(X,R). O

Exercises for Section [A.4]

Exercise A.9. If X is a compact topological space and A C C(X,R) is a subalgebra, then its closure
also is a subalgebra. Hint: If f,, — f and g, — ¢ uniformly, then also f,, + gn — f + g, Afn = Af
and fngn — fg uniformly.

Exercise A.10. Let [a,b] C R be a compact interval. Show that the space
A= {f|[a,b] : (Ela(), ..,an ERnE N) f(-’l?) = Zazxz}
i=0

of polynomial functions on [a,b] is dense in C([a, b], R) with respect to || - ||co.

Exercise A.11. Let K C R" be a compact subset. Show that the space A consisting of all
restrictions of polynomial functions

f@) =Y aaz®, as€R, % =afl...aln,

a€eNY
to K is dense in C'(K,R) with respect to || - ||co-
Exercise A.12. Let S' = {z € C: |z| = 1} and

A= {f|S1:(EIa0,...,an€(C,nEN) flz)= anzn}.

j=0
Show that A is not dense in C(S*,C). Hint: Consider the function f(z) := z~' on S' and try to
approximate it by elements f, of A; then consider the complex path integrals 36\4:1 fn(z)dz. Why
does the Stone—Weierstrafl Theorem not apply?
Exercise A.13. For a locally compact space X, we consider the Banach space Co(X) of all con-
tinuous functions f: X — C vanishing at infinity, i.e., with the property that for each € > 0 there

exists a compact subset Cc C X with |f(z)| < e for z ¢ C.. Suppose that A C Co(X) is a complex
subalgebra satisfying

(a) A is invariant under conjugation.
(b) A has no zeros, i.e., for each z € X there exists an f € A with f(z) # 0.
(c) A separates the points of X.

Show that A is dense in Cy(X) with respect to ||-||oc. Hint: Let X, be the one-point compactification
of X. Then each function f € Co(X) extends to a continuous function f on X, by f(w) := 0, and
this leads to bijection

Ci(Xy) :={feC(Xu): flw) =0} = Co(X), [ flx.
Use the Stone—Weierstra3 Theorem to show that the algebra
A:=Cl+{a:ac A}

is dense in C(X,,) and show that if fn + A1 — ffor A €C, f € Co(X), fn € A, then A, — 0 and
fn— f
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A.5 Summability in Banach spaces

Definition A.27. Let I be a set and X a Banach space. Then a family (x;);cs is called
summable to x € X if, for every € > 0, there exists a finite subset I. C I with the property
that, for every finite subset F' D I., we have

H g xi—a:H<5.
i€l

If (7)ier is summable to z, we write z =, ; xiﬂ

Remark A.28. (a) Note that, for I = N, the summability of a family (2, )nen in a Banach
space X is stronger than the convergence of the series Y | x,. In fact, if z = Y nen Tn
holds in the sense of summability and N, C N is a finite subset with the property that, for
every finite subset F' O N, we have ||} 2, — 2| < ¢, then we have for N > max N in

particular
N
H an fac” <eg,
n=1

showing that the series Y ° | x,, converges to .

(b) If, conversely, the series Y~ | x,, converges absolutely to some z € X and ¢ > 0, then
there exists an N € N with Y7 \ ||z, || < e. With N, := {1,..., N} we then find for every
finite superset F' O N, that

e =" zall < 30 Naall < flall <o

nekr neN\F n>N

Therefore we also have x = ) 2, in the sense of summability.

(¢) For X =R and I = N, summability of (z,),ecn implies in particular convergence of all
reordered series 220:1 Ty(n), where o: N — N is a bijection. Therefore Riemann’s Reordering
Theorem shows that summability implies absolute convergence.

(d) If (x;)ier is a family in Ry = [0,00), then the situation is much simpler. Here
summability is easily seen to be equivalent to the existence of the supremum of the set
F:={>cpwi: F CI,|F| < oo} of all finite partial sums, and in this case ) J;_; z; = sup F.
Lemma A.29. Let (H;)jcs be a family of Hilbert spaces and

Hi={(2)ses € [THs: 3 llosl? < oo}
jeJ jeJ
Then H is a Hilbert space with respect to the scalar product
(@))ier Wi)ier) = > (x5, u5).
jeJ

Proof. First we show that H is a linear subspace of the complex vector space Hje g Hj, in
which we define addition and scalar multiplication componentwise. Clearly, H is invariant
under multiplication with complex scalars. For a,b € H;, the parallelogram identity

lla +b* + lla — bI* = 2{al|* + 2[|5]|*

20This can also be formulated in terms of convergence of nets. First we order theset Z := {F C I: |F| < oo}
of finite subsets of I by set inclusion, so that F' + Y, - x; is a net in X, called the net of partial sums.
Then the summability of (x;);ecs in X is equivalent to the convergence of this net in X.
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(verify!) implies that
lla + bl < 2([lafl* + [1BI})-

For x = (x})jcs,y = (yj)jes € H, we therefore obtain
>l +uill? <2 llas? +2 ) llysll* < oo
jed jed jeJ

This shows that x 4+ y € H, so that H is indeed a linear subspace.
For z,y € H, the polarization identity

A~

3
(w,y) =7 Y i*[la+ify)?
k=0

(Exercise (1)) and z + y,x + iy € H imply that the sum
<£L’, y> = Z<xj7 y]>
jeJ

exists. For 0 # x, some z; is non-zero, so that (z,z) > (x;,x;) > 0. It is a trivial verification
that (-,-) is a hermitian form. Therefore H, endowed with (-, -), is a pre-Hilbert space.

It remains to show that it is complete. This is proved in the same way as the completeness
of the space ¢ of square-summable sequences, which is the special case J = N and H; = C
for each j € J. Let (2")nen be a Cauchy sequence in H. Then ||z} — 27| < [lz" — 2™
holds for each j € J, so that (2} )nen is a Cauchy sequence in H;. Now the completeness of
the spaces H; imply the existence of elements z; € H; with 2! — x;. For every finite subset
F C J, we then have

Y llallP = lim > [l < lim Y [laf? = lim |27,
n—o0 n—o0 n— o0
jEF jEF jeJ

which exists because (z™),en is a Cauchy sequence. This implies that z := (z;),;es € H with
HIHQ < limy 00 ||-Tn||2

Finally, we show that ™ — x holds in H. So let ¢ > 0 and N, € N with ||z —2™| < ¢
for n,m > N.. For a finite subset F' C .J, we then have

|2 1 7_n_7_12<- m_n2<2
Sl — a2 = tm Sfaf — 2|’ < dim [l - o <

JEF jEF
for n > N,.. We therefore obtain

lz —a™> = sup Dy —af|P <
FQJ,\F|<ooj€F

This implies that 2™ — x in H, and thus H is complete. O

A.6 The Fourier transform on R"

For f € L'(R"), we define its Fourier transform by

fo = [ s@ee a
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The Dominated Convergence Theorem immediately implies that f: R™ — R is a continuous
function satisfying

1 Flloo < 1£11x-

The Banach space L'(R") is a Banach-*-algebra with respect to the involution

(@)= f(-z), zeR"

and the convolution product
(f1* f2)(z) == A fily) f2(x —y) dy

which satisfies
[ f1% f2lln < [ fall - [lfell

(an easy application of Fubini’s Theorem).
With Fubini’s Theorem, we obtain for fi, fo € L'(R"):

(f1# f2)T6) = / R
= frly)e' &y / folz —y)eS™Y) da dy
R™ Rn

= [ h@e [ f(a)e’©) dudy
Rn ]Rn

= | Fiy)es fa(€) dy

/\Rn ~
= f1(§) f2(£)

and we also note that

o~

f=7* for fe L'(R™).
Therefore the Fourier transform
F: L'R") = (CyR"), [ - lloo), [ f
is a morphism of Banach-x-algebras.

Proposition A.30. (Riemann-Lebesgue Lemma) For each f € L'(R™) the Fourier trans-
form [ vanishes at infinity, i.e., f € Co(R™).

Proof. For each 0 # 2 € R™ we obtain with e™*™ = —1 and the translation invariance of
Lebesgue measure the relation

Foy=2; [ e f)ay

1 . 1 i, y— —"=x
7/ el(x’wf(y)dy—i/ N >f(y)dy

2
1 i(w,y) 1 i(2,y) ( ™ )
2/ne Fly)dy—5 [ e f(y+ T dy

%/n JRICH) [f(y) — f(y + ||;r||2xﬂ dy.
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This implies that

~

1 T
Fol<g [ |1 -1(v+ o) | dv
2 Jo EE
Now the assertion follows from the continuity of the map
R™ = LYR"), z+ \f

in 0 (Exercise) and lim; oo HC;EH2 =0. O

Proposition A.31. F(L'(R")) is dense in Co(R™) w.r.t. || - ||oo-

Proof. We know already that A := F(L'(R")) is a conjugation invariant subalgebra of
Co(R™). According to the Stone-Weierstrafl Theorem for non-compact spaces (Exercise,
we have to see that 4 has no common zeros and that it separates the points of R™. This is
verified in (a) and (b) below.

(a) Let 29 € R™ and B be the ball of radius 1 around zy. Then f(z) := yp(x)e @0 is
an element of L!'(R") and

o~

f(zo) = /B dx = vol(B) > 0.

Therefore A has no common zeros.

(b) For zo # yo € R”, we pick a € R such that zy := a(zg — yo) satisfies e?(*o—%0,20) £ 1,
Then there exists a ball B with center z, such that e*{*0—%0:2) = 1 for every z € B. Then the
L'-function

F(z) == xp(x)(e i @) _ o=ilw.a))

has a Fourier transform satisfying

~ ~

f(z0) — flyo) = / (e~ H@o:m) _ o=ilyo.2)y(i(20,2) _ pilyo,2)) gy
B

= / |ei<“c°’”’:> — ei<y°””>|2 dz > 0. O
B
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