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INTRODUCTION AND MOTIVATION

Let us briefly motivate the lectures on C*-algebras and dynamics and the main
results we want to learn. This introduction is meant to serve as a teaser for the
lectures omitting any technical details — the mathematical background for the fol-
lowing will be developed throughout the upcoming lectures. So, sit back and enjoy
a short overview and motivation for the future lectures.

Recall that matrices T € My(C) may be seen as linear maps 7 : C¥ — CV.
In functional analysis, we deal with infinite dimensional versions of these and we
consider linear maps

T:H—H

between possibly infinite dimensional Hilbert spaces H. In contrast to linear algebra
—1i.e. the finite dimensional setting — these maps do not need to be continuous (which
is equivalent to being bounded), so this comes as an extra assumption making life
easier. So, let us consider

B(H):={T:H — H | T is lincar and bounded},

where H is some Hilbert space H. If dim(H) = N, then B(H) = My(C).

A main feature of bounded, linear operators on a Hilbert space is noncommuta-
tivity: We have ST # TS in general, where S,T" € B(H) and the multiplication
is defined via composition of maps. We know such a feature already from the ma-
trix multiplication in linear algebra. This noncommutativity appears in quantum
physics, in linear algebra, in the representation theory of groups and in many further
areas of mathematics and science.

The theory of operator algebras captures this noncommutativity turning it into a
powerful tool in mathematics. The pioneers Francis Murray and John von Neumann
wrote in their very first article [35] on von Neumann algebras in 1936 that

“various aspects of the quantum mechanical formalism suggest strongly
the elucidation of this subject.”

In addition, they claim that their work may be viewed as part of

“attempts to generalise the theory of unitary group-representations
sic!] essentially beyond their classical frame |[...].”

Representing groups as unitary operators in B(H) has also been in the scope of
Israel Gelfand and Mark Naimark, when they wrote their seminal article [19] in
1943 introducing C*-algebras. In 1993, Richard Kadison commented [25] on this
article

“from the vantage point of a fifty year history, it is safe to say that
that paper changed the face of modern analysis. Together with the
monumental ‘Rings of operators’ series [. . .| authored by F. J. Murray
and J. von Neumann, it introduced ‘non-commutative analysis’, the
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vast area of mathematics that provides the mathematical model for
quantum physics.”

Nowadays, the following areas may be counted to such a “non-commutative analysis”
or “quantum mathematics”:

Classical theory Quantum/noncomm. version | Founders and pioneers
Topology C*-Algebras Gelfand-Naimark 1940s
Measure Theory von Neumann Algebras Murray-vonNeumann 1930s
Probability Theory Free Probability Theory, Voiculescu 1980s

Quantum Probability Theory | Accardi,
Hudson-Parthasarathy 1970s
Differential Geometry | Noncommutative Geometry Connes 1980s

(Compact) Groups (Compact) Quantum Groups | Woronowicz 1980s
Information Theory | Quantum Information Theory | Feynman, Deutsch 1980s
Complex Analysis Free Analysis J. L. Taylor 1970s

The main reason why C*-algebras may be seen as a “quantum version” of topology
comes from the famous Gelfand-Naimark Theorem, which we allow ourselves to call
the 1st Fundamental Theorem of C*-Algebras in these lectures.

1st Fundamental Theorem of C*-Algebras (Gelfand-Naimark 1940s).
Let A be a unital C*-algebra. We have the following equivalence.

A is commutative <= 3X compact: A= C(X) :={f: X — C is continuous}

Hence, any compact topological space gives rise to a commutative unital C*-
algebra — on the other hand any commutative C*-algebra is exactly of this form. In
this sense, commutative C*-algebras “correspond” to topology and we may view the
theory of noncommutative C*-algebras as a kind of “noncommutative topology”.

This Gelfand duality is also the basis for other quantum theories (namely von Neu-
mann algebras, Free probability, noncommutative geometry and quantum groups).

Besides proving the above first fundamental theorem, our goal is to prove that any
(abstractly defined) C*-algebra may be represented concretely on a Hilbert space:

2nd Fundamental Theorem of C*-Algebras (Gelfand-Naimark, Segal 1940s).
Any C*-algebra is isomorphic to a norm closed *-subalgebra of B(H), for some H.

From these fundamental theorems, we should keep in mind, that the algebra C'(X)
of continuous functions on a compact space X as well as closed (in the operator norm
topology) *-subalgebras of B(H) are our main examples of C*-algebras.

We will spend about two thirds of the lecture (October — December 2020) in order
to develop the above basic knowledge on C*-algebras including also a treatment of
universal C*-algebras. Afterwards (January — February 2021), we turn to dynamical
systems. Let us sketch some basic ideas of the latter, referring to [45] for a nice survey
on dynamical systems and operator algebras.
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Our starting point is a group G and a compact space X. Assume that G acts on
this space, i.e. we have a map o : G x X — X. This is a topological dynamical
system. See [45] for a motivation how to derive this setting from more physically
motivated dynamical systems or from differential equations.

Now, let us define «, : C(X) — C(X) via o, (f)(x) := f(a(g™', )). This induces
a group homomorphism from G to the automorphism group of C(X) by g — ay.
We may then construct a C*-algebra C'(X) x, G containing the information of X,
of G and of the action of G on X (in terms of conjugation with unitaries) — hence,
C'(X) x4 G encodes the whole dynamical system!

Surprisingly, although C(X) is commutative, the crossed product C*-algebra
C(X) X, G may fail to be commutative. In fact, this is the generic situation: Unless
the action is trivial, C'(X) x, G is always noncommutative (as conjugation with
unitaries is trivial in commutative C*-algebras). Hence, although our input X and
G is classical data, we might want to enter the “nonclassical” or “quantum” world
of noncommutative C*-algebras in order to study this dynamical system. The phi-
losophy is, that the theory of C*-algebras provides a number of tools whith which
we may investigate C'(X) X, G — in order to learn something about the classical
dynamical system.

More generally, we will treat C*-dynamical systems, i.e. actions « of compact
groups GG on possibly noncommutative C*-algebras A, leading to crossed products
Ax,G.

We wish you a pleasant reading of the lecture notes and we hope you will enjoy the
theory of C*-algebras as much as we do!
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1. REMINDER ON BOUNDED OPERATORS ON HILBERT SPACES

ABSTRACT. We recall some basic notions from Hilbert space theory, such as
Hilbert spaces, Cauchy-Schwarz inequality, orthogonality, decomposition of Hilbert
spaces, Riesz Representation Theorem, orthonormal bases and isomorphisms of
Hilbert spaces. We then turn to bounded linear operators on Hilbert spaces, their
operator norms and the existence of adjoints. We define the notion of a C*-algebra
and verify that B(H) is a unital C*-algebra. We finish this lecture with a number
of algebraic reformulations of properties of operators on Hilbert spaces (such as
unitaries, isometries, orthogonal projections, etc.), and we give a brief survey on
compact operators. As Lecture 1 is seen as a reminder to lay the foundations for
the upcoming lectures, it does not contain many complete proofs, but we give at
least some ideas. You may take [3], [I1 [36] as general references for Lecture 1.

1.1. Hilbert spaces. Informally speaking, Hilbert spaces are normed vector spaces
equipped with a tool to measure “angles” between vectors, see also Exc. [1.5]

Definition 1.1. Let H be a complex vector space. An inner product is a map
(-,-) : Hx H — C satisfying for all z,y,z € H and all A\, u € C:

1) Az +py, z) = Mz, 2) + 1(y, 2)
2) <Zv Ar + :U/y> = )\<Z,l‘> + /]<Zv y>
)
)

(z,y) = (y,7)
(x,x) >0

(5) If (z,z) =0, then x = 0.
A space equipped with an inner product is called a pre-Hilbert space. An inner
product induces a norm ||z|| := \/(x,x). A (complex) Hilbert space is a pre-Hilbert
space, which is complete with respect to the induced norm.

Example 1.2. The following spaces are examples of Hilbert spaces.

(a) Givenn € N, the vector space C" endowed with (z,y) := > | x;y;, z,y € C"
is a Hilbert space. The induced norm is the well-known Euclidean norm.

(b) The space £*(N) of complex-valued sequences (a,)nen With Y, ylan|* < oo
endowed with ((an)nen, (bn)nen) == D, en anbn, (@0 )ner; (bn)nen € (N) is a
Hilbert space.

(c) More generally, recall that we may define L?(X, 1) where (X, u) is a measure
space. The inner product is then given by:

(f.g) = /X f(@)3() dp(x), g€ LX)

Note that for X = [0, 1] the unit interval and p = A the Lebesgue measure,
this defines an inner product on the space C([0,1]) of continuous complex-
valued functions. However, C([0,1]) is not complete with respect to the
induced norm (which is the so called L?*-norm), i.e. it is only a pre-Hilbert
space but no Hilbert space.
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Choosing X = I a set and pu = ¢ the counting measure, we obtain ¢*(I),
with the above examples £2(N) and C" as special cases.
(d) Any closed subspace of a Hilbert space is a Hilbert space (closed with respect
to the norm topology, subspace in the sense of a linear subspace).

The most important inequality for inner products is the following one.

Proposition 1.3 (Cauchy-Schwarz inequality). If H is a Hilbert space (or a pre-
Hilbert space), we have for all x,y € H:

(= 9)| < [z lllyll

Here, equality holds if and only if x and y are linearly dependent.
- . — B L)) — (=)
Proof (idea): Use 0 < (z 4+ Ay, x + \y) = (z, x) Ty With A= —25. O
Actually, one needs the Cauchy-Schwarz inequality for proving that the norm in
Def. is a norm indeed; moreover we may derive continuity of the inner product.
There are two further important properties of the inner product and its induced
norm.

Proposition 1.4. Let H be a Hilbert space (or a pre-Hilbert space) and let x,y € H.
(a) The parallelogram identity holds: ||z + y||* + ||z — y||* = 2(||=[]* + ||y[|?).
(b) The polarisation identity holds: (x,y) = %Zzzo i* ||z + i*y|?.

Proof (idea): (a): Direct computation. (b): Use ||z +i*y||? = (z + iy, z +i*y). O

The first of the above identities characterizes pre-Hilbert spaces: A normed space
is a pre-Hilbert space if and only if the parallelogram identity holds. The second
identity shows that the inner product is completely determined by its induced norm.

1.2. Orthogonality and decomposition of Hilbert spaces. As mentioned be-
fore, an inner product is the abstract information of an angle between vectors, see
also Exc. [I.5] The notion of orthogonality plays the role of right angles.

Definition 1.5. Let H be a Hilbert space and K, Ky, Ky C H be subsets.

(a) Two vectors x,y € H are orthogonal (z L y), if (x,y) = 0.
(b) We write K7 L Ky, if z 1 y for all x € K; and y € K.
(c) The orthogonal complement of K is K+ :={x € H|xz Ly forally € K}.

Even when K is just a subset without any further structure, its orthogonal com-
plement will be of a nice form.

Lemma 1.6. Given a subset K Q_H, its orthOQOnal_camplement KLt C H is a
closed subspace of H and we have (K)* = K+, where K is the closure of K.

Proof (idea): Due to the continuity of the inner product (Exc. [L.4). O

The following is a version of the antique Greek theorem by Pythagoras verifying
that orthogonality corresponds to right angles indeed, see also Exc. [I.5
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Proposition 1.7 (Pythagoras’ Theorem). If H is a Hilbert space and z,y € H are
orthogonal, then ||z + y||* = ||z[|* + [ly]|*.

Proof. Direct computation. U

One of the most important features of Hilbert spaces is that we may decompose
them into direct sums.

Definition 1.8. Let K7, K5 C H be two closed subspaces of a Hilbert space, such
that K; 1 K,. We then write K7 & Ky C H for the subspace given by elements
x+1y € H, where z € K; and y € Ks.

Proposition 1.9. Given a closed subspace K C H, we may decompose the Hilbert
space H as a direct sum:

H=K®K*
Then, every vector x € H has a unique decomposition x = x1 + xo with 1 € K and
To € K+,

Proof (idea): By Lemma K+ is closed. Trivially, K L K*. We need to do
some hard work to show that given z € H, there is a unique “best approximation”
x1 € K such that ||z — 21| = inf{||z — y|| | y € K}. With some further efforts, we

then show x5 := 2 — 2; € K. That this decomposition of z is unique easily follows
from K N K+ = {0}. O

Corollary 1.10. Given a subspace K C H, the double complement (K+)* coincides
with the closure K of K.

Proof. By the previous proposition and using Lemma [1.6, we may decompose H in
two ways, H = K ® K+ and H = (K+)* & K+, which shows K = (K*)+. O

1.3. Dual space and the Representation Theorem of Riesz. Another nice
feature of Hilbert spaces is that they have nice dual spaces — themselves! Given
y € H, we denote by f, : H — C the linear map given by f,(z) := (z,y). In Exc.
it is shown that f, is linear and continuous.

Proposition 1.11 (Riesz Representation Theorem). Let H be a Hilbert space and
denote by H' its dual space, i.e. the space consisting in all linear, continuous maps
f+H — C. The map j : H — H' given by j(y) := f, is an antilinear isometric
1somorphism.

Proof (idea): By Exc. , J maps to H' and it is isometric, i.e. ||f,|| = ||ly|| (and
hence injective); antilinearity follows from Def. [L.1}(2). As for surjectivity, let f € H’
be non-zero and decompose H = K @ K+, where K := ker f. You will find out that
K* is one-dimensional and j(y) = f, = f for some y € K*. O

This has some nice consequences when working with Hilbert spaces. For instance,
given a linear, continuous functional f : L?(X,u) — C, then it must come from a
function g € L*(X, ), i.e. f(h) = [ hg dp for all h € L*(X, ).
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1.4. Orthonormal basis for a Hilbert space. In finite dimensions, we usually
understand vector spaces with respect to certain coordinates. We may transport this
concept to the infinite-dimensional setting within the framework of Hilbert spaces.

Lemma 1.12. Let H be a Hilbert space and let (e;);e; be an orthonormal system,
i.e. (€i,e;) = 0;5. The following are equivalent:

) 2l? =il e)|* for allz € H

) x Zzel(m eiye; for allx € H

) span{e; | i € I} C H is dense.

) If z € H is orthogonal to all e;, i € I, then z = 0.

)

(1
(2
(3
(4
5) (€i)ier is a mazimal orthonormal famzly (with respect to inclusion).

(

Proof (idea): First note that the sums over a possibly uncountable index set I are
defined as the limits of nets of finite sums; in particular, only countably many
summands are non-zero. As for the proof of the lemma, the easy parts are the
equivalences of (2) and (3) (just a reformulation), of (4) and (5) (just a reformulation)
as well as of (2) and (4) (use z := x—), . (z,¢;)e;). The hard part is the equivalence
of (1) and (2), where we use Pythagoras (Prop. on finite subsets F' C I proving
that ||z — >, x(z, e;)e;]|* tends to zero. The key words are Bessel’s Inequality and
Parseval’s Identity. Il

Definition 1.13. An orthonormal system is called an orthonormal basis of a Hilbert
space, if one of the equivalent conditions in Lemma is satisfied.

We should not be misled by the word “basis” here: The elements of an orthonor-
mal basis are linearly independent, but they do not necessarily form a basis in the
sense of linear algebra (Hamel basis) — we may not represent any vector in H by a
finite linear combination of the e;. However, passing to infinite linear combination,
we may do so. This is the content of Lemma [1.122) — and we even know the coeffi-
cients thanks to our inner product. See also Schauder bases for the general Banach
space setting.

Example 1.14. For C", the vectors e; having 1 at the i-th entry and zero otherwise
form an orthonormal basis — in fact, in finite dimensions any orthonormal basis is
also a (Hamel) basis.

More generally, for £*(I), the sequence having 1 at the i-th entry and zero other-
wise form an orthonormal basis. If [ is infinite, then this is not a basis.

Lemma 1.15. Any Hilbert space possesses an orthonormal basis (e;)ic; and the
cardinality of I is independent of the choice of the vectors.

Proof (idea): Use Zorn’s Lemma for the existence and Cantor-Schroder-Bernstein
for the uniqueness of the cardinality. O

Definition 1.16. Given a Hilbert space H with orthonormal basis (e;)ies, its
(Hilbert space) dimension is defined as the cardinality of I. If I is countable, we call
H separable.

Thanks to the above lemma, the dimension is well-defined.
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1.5. Isomorphisms of Hilbert spaces. Let us think about isomorphisms of Hilbert
spaces — which structure are they supposed to preserve? Well, the vector space and
the inner product!

Definition 1.17. Let H and K be Hilbert spaces. An isomorphism between H and
K is a surjective linear map U : H — K which is isometric (or preserves the inner
product), i.e. it satisfies (Uz, Uy)x = (x,y)p for all x,y € H.

The preservation of the inner product implies that U is injective, which means
that it is an isomorphism of the level of vector spaces, in particular. One can show
that Hilbert spaces are isomorphic if and only if they have the same Hilbert space
dimension in the sense of Def. [[.16] Hence, any Hilbert space is isomorphic to some
¢*(I). In particular, (*(N) is the separable Hilbert space.

1.6. Bounded linear operators on Hilbert spaces. In the subsequent lectures,
we are not so much interested in the theory of Hilbert spaces as such but rather in
the theory of bounded linear operators on Hilbert spaces. Let us first prove that
“bounded” and “continuous” means the same for linear operators.

Lemma 1.18. Let H, K be Hilbert spaces and let T : H — K be linear. The
following are equivalent:

(a) T is continuous everywhere.
(b) T is continuous in zero.
(¢) T is bounded, i.e. there is a C' > 0 such that | Tz| < C||z| for all x € H.

Proof (idea): The step from (a) to (b) is trivial. Assuming (b) with € = 1, there is
a d > 0 such that ||z|| < § implies ||Tz| < 1; put C := §~! to derive (c). Passing
from (c) to (a) is straightforward. O

Definition 1.19. Given a Hilbert space H, we denote by B(H) the space of all
bounded, linear operators T': H — H.

Example 1.20. If dim(H) = N, i.e. if H = CV, then B(H) = My(C), the algebra
of N x N matrices with complex entries. Indeed, in this case, any linear map is
automatically bounded.

Definition 1.21. Given T' € B(H), we denote by
|T| :=inf{C > 0| [|Tz| < C|z]| for all z € H}
the operator norm of T
One can check that the operator norm is a norm indeed.
Lemma 1.22. Given T € B(H), we have |Tz| < ||T||||x|| for all x € H.
Proof. Choosing C,, > ||T|| with C,, — ||T|| yields || Tx| < Cyl|z|| — ||T||||z]|- O

Let us express the operator norm in an alternative way.
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Lemma 1.23. The norm ||T|| may be written as
1T} = sup{||T|| [ [l = 1}.
You may replace ||xz|| =1 by ||z|| < 1, if you prefer.

Proof. By Lemma we have ||[Tx| < ||T||, if ||z|| < 1. Thus the supremum s
over all ||Tz| with ||z]| = 1 is less or equal to ||T||. Conversely,

|7z = ||T( )||||xu < sz
B

whenever x # 0, so ||T'|| < s by Def. [1.21} which yields | T|| = s in total. The same
proof works if s is the supremum over ||7z| with ||z|| < 1. O

X

1.7. Existence of adjoints. How does a bounded, linear operator T behave with
respect to evaluations under the inner product? Here, the existence of adjoints is a
useful fact.

Proposition 1.24. Let H be a Hilbert space and T € B(H). There ezists a unique
operator T* € B(H) (the adjoint of T') such that

(Tz,y) = (&, T"y)
forallz,y € H.
Proof (idea): Let y € H. We define ¢¥ : H — C by ¢¥(x) := (T'z,y). Then ¢¥ € H’
and by the Riesz Representation Theorem [1.11] there is a z € H such that ¢¥ = f..
Thus (Tz,y) = (x, z) and we put T*y := z. Check T* € B(H). O

Example 1.25. If H = CY and T € B(H) = My(C), we may express T by
Te;, = Zj t;ie; for the canonical basis ey,...,exy of C¥. Thus, T € My(C) has
coefficients t;; and T* € My(C) has coefficients ¢;;.

Some operators coincide with their adjoints; they will play a special role.

Definition 1.26. An operator 7" € B(H) is called selfadjoint (or Hermitian), if
=T

There is a useful formula relating the kernel of T" with the image of its adjoint.
We denote by ker T' the space of all x € H such that Tz = 0, whereas ranT" denotes
the set of all Tx, where z € H.

Lemma 1.27. For T € B(H), we have ker T' = (ran T*)* and (ker T')* = ran T™*.

Proof. A vector x is in (ranT*)* if and only if (T'z,y) = (z,T*y) = 0 for all y, i.e.
if and only if x is in the kernel of 7. Use Lemma [I.6] for the second part. O

Implicitely, we used the following lemma in the proof above.

Lemma 1.28. Let T' € B(H). If (Tx,y) = 0 for ally € H, then Tz = 0. In
particular, (T'z,y) = (Sxz,y) for all x,y € H implies S =T

Proof. Put y = Tx for the first part and use the first part for the second. O



ISEM24 - LECTURE NOTES 11

1.8. Algebraic structure of B(H) and C*-algebras. Let us now turn to the
main structure of these lectures: to C*-algebras. It turns out that it describes the
algebraic structure of B(H) pretty well.

Definition 1.29. We define the following algebraic notions.

(a) An algebra A over C is a complex vector space equipped with a bilinear
associative multiplication - : A x A — A satisfying A(zy) = (A\x)y = x(A\y)
for x,y € A and A € C. The algebra is unital, if it contains a unit 1 with
respect to the multiplication, i.e. 1x = x1 = x for all x € A.

(b) A normed algebra A is an algebra which is also a normed vector space and
whose norm is submultiplicative: Tt satisfies ||xy|| < ||z||||y|| for all z,y € A.

(¢) A Banach algebra is a normed algebra which is complete.

(d) An involution on an algebra A is an antilinear map * : A — A such that
(z*)* = x and (zy)* = y*z* for all z,y € A.

(e) A C*-algebra is a Banach algebra A with an involution satisfying the
C*-identity ||x*z| = ||z|* for all x € A.

We conclude that a C*-algebra combines algebraic structures (algebra with in-
volution) with topological ones (norm and completion). The most important link
between these two worlds is the C*-identity, which turns C*-algebras into a very
special subclass of Banach algebras. We will see later how this identity comes into
play. Also, we will discuss basic properties of the above definition in the next lecture.
For now, let us be patient and let us only check that B(H) is a C*-algebra.

Proposition 1.30. Given a Hilbert space H, the map T w T* from Prop.
give rise to an involution and the composition of maps gives rise to a multiplication.
Together with the operator norm, this turns B(H) into a unital C*-algebra.

Proof. Using Lemma [1.28] we may directly check that we have an involution on
B(H) given by the adjoints. For instance:

(T*)'z,y) = (z, Ty) = (Tz,y), for all z,y € H

By Lemma this yields (7%)* = 7. Submultiplicativity of the norm follows from
Lemma when taking the supremum over ||S(Tz)|| < ||S||[|Tz| < ||S|||T||]]z||-

Let us now check that the involution is isometric (a fact that holds in general in
C*-algebras). Using Cauchy-Schwarz (Prop. , we have:

1T 2|* = (T2, T"z) = (TT"z,z) < |TT"||[|z]| < | T[T [|]|x]

This implies |[|[T*z|| < ||T||||z|] and taking the supremum, we obtain ||[T*| < ||7||,
by Lemma [1.23] On the other hand, ||T|| = ||(7)*|| < ||T*|| which proves that the
involution satisfies ||| = ||T||.

We may now check the C*-identity. Again, Cauchy-Schwarz yields

|1T2|* < | T*Tll|=]|* = | T°T],
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in case ||z|| = 1. Taking the supremum and using that the involution is isometric,
we obtain:
171> < |77l < 1T T) = | T|I*
Hence, we have equality in the above computation.
As for the completeness of B(H) with respect to the operator norm, this is a
general fact on Banach spaces, which we omit here.
The unit on B(H) is the identity map x +— z, denoted by 1. O

We now have a good example of a C*-algebra at hand: it is B(H), or My(C), if
you prefer the finite-dimensional setting. We may easily obtain further examples.

Example 1.31. Any closed *-subalgebra of B(H) is a C*-algebra. More precisely,
let A C B(H) be a linear subspace, which is closed under taking products and
adjoints (i.e. it is a *-subalgebra), and which is also closed in the operator norm
topology. Then, A is a C*-algebra.

Finally, let us remark that B(H) is also closed under taking inverses with respect
to the composition, i.e. the inverse as a map is also the inverse with respect to the
multiplication.

Proposition 1.32. Let T € B(H) be a bijective map. Then also T~' € B(H) and
(Tfl)* — (T*)fl'

Proof (idea): Tt is easy to see that T! is linear, but we need the Open Mapping
Theorem for boundedness. The second assertion follows from Lemma [[.28] O

1.9. Algebraic formulations of Hilbert space features. Being aware of the
algebraic structure of B(H ) has some advantages: We may express certain properties
of operators by purely algebraic means.

Definition 1.33. Let A be a unital C*-algebra. Let U, V, P € A.
(a) U is called unitary, it U*U = UU* = 1.
(b) V is called isometry, if V*V = 1.
(c) P is called (orthogonal) projection, if P = P* = P2

Let us take a look at the above definition in the special case A = B(H) and see
how the naming is motivated. Recall that 1 € B(H) denotes the identity map.

Proposition 1.34. Let U,V, P € B(H).
(a) U is a unitary if and only if it is a Hilbert space isomorphism of H.
(b) V' is an isometry if and only if (Vz,Vy) = (x,y) for all z,y € H.

(¢) P is a projection if and only if there is a closed subspace K C H such that
Plx+y)=xforr+ye K&K+ =H,ie ranP =K.

Proof. Item (b) is an easy consequence of Lemma [1.28 As for (a), assume that U
is a unitary. By (b), it is isometric, and from UU* = 1 follows surjectivity. Hence,
it is a Hilbert space isomorphism in the sense of Def. [1.17, Conversely, if U is a
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Hilbert space isomorphism, we use (b) to deduce U*U = 1. We prove UU* = 1 as
follows, making use of Lemma [[.28 Given z,y € H there is g € H with Uzg = x
and hence:
(UUz,y) = (UU Uz, y) = (Uzo,y) = (2,9)

Showing (c), let us first assume that P is a projection. Put K := ran P, the
range of P. Then K is a linear subspace of H. Moreover, any x € ran P satisfies
Pz = x, since P? = P. Thus, for any sequence z,, — x with z,, € ran P, we have
xn, = Pz, — Px by continuity of P. As the limit is unique, we have x = Px € ran P,
which means that K is closed. We may hence decompose H = K & K+ and we
observe that K+ = ker P using Lemma and P = P*. Thus, P(z + y) = z for
reKandye€ K+

Conversely, let K C H be a closed subspace and P(z +y) = x as in the assertion.
Then P? = P. Moreover, P* = P holds, since for z,2’ € K and v,y € K*:

(Pr(z+y), 2" +y) = (e +y P’ +y)) = (z+y,2) = (x,2/) = (z,2" + )
= (P(z+y), 2" +)
We then use Lemma to finish the proof. Il

We conclude, that even in an abstract C*-algebra A in the sense of Def. [1.29] we
may define unitaries, isometries and projections as in Def. — and this will allow
us to deal abstractly with Hilbert space isomorphisms, the preservation of inner
products and closed subspaces even if there is no underlying Hilbert space at hand!

Example 1.35. Let us briefly look at some examples of unitaries and isometries.

(a) In the finite dimensional setting, any isometry is automatically unitary. In-
deed, by Prop. we know that any isometry V € My(C) is injective:
Vo = 0 implies (z,z) = (Va,Vz) = 0. In finite dimensions, injectivity
implies surjectivity, thus V' is a unitary.

(b) In the infinite dimensional setting, these two notions may differ. Consider
the Hilbert space ¢*(N) with an orthonormal basis ¢, n € N, see Exm. m
for instance. The unilateral shift S € B((*(N)) is defined by Se, = e,.1,
for all n € N. It is easy to see that S*e,, = e,,_1 for n > 2 and S*e; = 0. So,
S*S =1, but §5* # 1. See also Exc.

1.10. Compact operators. We have seen that B(H) is a unital C*-algebra. Let
us come to another important example of a C*-algebra, in fact a non-unital one.

Definition 1.36. An operator 7' € B(H) is compact if one of the following equiva-
lent conditions is satisfied:

(a) For any bounded set M C H, the closed set T'M is compact.

(b) The closed image T'B(0,1) of the unit ball B(0,1) := {x € H | ||z|| < 1} is
compact.

(¢) For any bounded sequence (x,)nen in H, the sequence (Tx,),en contains a
convergent subsequence.
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We denote by K(H) C B(H) the set of all compact operators.

Example 1.37. (a) In My(C), any operator is compact (Heine-Borel).

(b) Let H be infinite dimensional and assume that T € B(H) has finite rank,
i.e. its image ranT is finite dimensional. Then T is compact. This fol-
lows again from some Heine-Borel argument, since T'B(0,1) is contained in
{y €ranT [ [[y] < C} with C = ||T||, by Lemma [1.23]

(c) Let H be infinite dimensional. The operator 1 € B(H) (i.e. the identity
map) is not compact, since the closed unit ball is not compact. In fact, any
normed vector space is finite-dimensional if and only if the closed unit ball
is compact. We infer K(H) € B(H) in infinite dimensions.

So, compact operators seem to be close to the finite dimensional setting — that is
indeed the case: they may be approximated by finite rank operators as we will see
in the next proposition. Thus, compact operators play the role of “small” operators.

Proposition 1.38. The compact operators have the following properties.

(a) K(H) is a closed two-sided ideal of B(H), i.e. it is a closed linear subspace
satisfying ST, TS € K(H) for all S € K(H) and T € B(H).

(b) GivenT € K(H), we may find a sequence T,, € B(H) of finite rank operators
approximating T in the operator norm.

(¢) K(H) is closed under taking adjoints.

(d) K(H) is a C*-algebra. It is non-unital, if and only if H is infinite dimen-
stonal.

Proof (idea): The proof of (a) is no fun. That IC(H) is a linear subspace follows easily
from the continuity of the addition. Also, the ideal property is doable. However,
showing that K(H) is closed requires some tedious arguments (but no magic).

In order to show (b), let us restrict to the case when H is separable with orthonor-
mal basis e,, n € N. We denote by F(H) the set of finite rank operators. By (a)

and Exm. we know F(H) C K(H). For the converse inclusion, denote by P,
the projection onto span{es,...,e,}. Then T, := P,T is of finite rank. One can
then directly show that T,,x — Tz, using Lemma [1.12, But this is only pointwise
convergence! In order to show convergence in the operator norm, we need to use
that T is compact.

Part (c) is known as Schauder’s Theorem (which holds for general Banach spaces
H). In our case, it follows easily from (b) (but (b) is not true for general Banach
spaces H): Let T' € K(H) and pick a sequence T;, of finite rank operators approx-
imating 7. Then T is also of finite rank, since P, 7, = T,, for some m € N and
Ty =TyP,,ie. T acts only on a finite dimensional subspace. Now, the involution
is isometric and hence continuous, i.e. T — T* by (a) and T™ is compact.

(d) We conclude that K(H) is a closed *-subalgebra and hence it is a C*-algebra
by Exm. Why isn’t it unital in the infinite dimensional case? Let (e;);c; be an
orthonormal basis of H. Assume P € K(H) was a unit for C(H), i.e. P =TP =T
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for all T'€ KC(H). Then also PQ; = Q; P = @); where @); is the projection onto Ce;,
the one-dimensional subspace spanned by the i-th basis vector. This implies Pe; = ¢;
for all i € I, and hence P = 1. But 1 ¢ K(H) by Exm. O

1.11. Exercises.

Exercise 1.1. (a) Check that property (2) of Def. may be derived from (1)
and (3).
(b) Check that ||z + y||*> = ||z]|*> + 2Re(z, y) + ||y||* holds, where Re is the real
part of a complex number.

Exercise 1.2. Prove the Cauchy-Schwarz inequality (Prop. [1.3) and show that
equality holds if and only if the vectors are linearly dependent.

Exercise 1.3. Show that the norm induced by an inner product is a norm indeed.
Use Cauchy-Schwarz and Exc. [L.1|(b). Show that the mapping z +— ||z|| is continu-
ous. This turns a Hilbert space into a topological vector space.

Exercise 1.4. Show that f,(z) := (x,y) is linear and bounded with norm || f,| =
l|lyll. Thus, f, is an element in the dual space of a Hilbert space H and the inner
product is continuous in the sense that z — (z,y) is continuous.

Exercise 1.5. In Def. we defined Hilbert spaces only for complex vector spaces,
but the definition of real Hilbert spaces is completely analogous. Let us consider R?
with the inner product (z,y) = Zle Til;.

(a) Describe all unit vectors (i.e. vectors with norm 1) with the help of sine and

cosine.
(b) Describe all vectors that are orthogonal to a given vector z = (1, x2) € R2
(¢) Show that % = cos ¢, where ¢ is the angle between = and y.

(d) Convince yourself that Prop. is really Pythagoras Theorem for H = R2.
Exercise 1.6. Prove Lemma [LI8]

Exercise 1.7. Consider the unilateral shift S € B(¢*(N)) from Exm. m

(a) Verify S*e, = e,_1 for n > 2 and S*e; = 0. Verify that S is an isometry but
no unitary.

(b) Now, consider the bilateral shift S € B(f?>(Z)) given by Se, = €,,1, where
én, N € 7 is an orthonormal basis. How about this one, is it an isometry, is
it a unitary?

(¢c) Which matrix is a reasonable analogue of S in My(C)?

Exercise 1.8. An operator V € B(H) is called a partial isometry, if VV*V =V,

(a) Show that V' is a partial isometry if and only if V*V is a projection (if and
only if VV* is a projection) in the sense of Def.

(b) Show that V is a partial isometry if and only if there is a closed subspace
K C H such that (Vz,Vy) = (x,y) forall z,y € K and Vo =0 for z € K*.

Compare with Prop. [1.34]
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2. C*-ALGEBRAS, BANACH ALGEBRAS AND THEIR SPECTRA

ABSTRACT. We consider Banach algebras and C*-algebras and study some of
their basic properties. We then turn to the spectrum of an element and show
that it is compact and non-empty. We define the spectral radius and we prove
Beurling’s formula. We briefly introduce ideals and quotients for Banach algebras
before we turn to unitizations of C*-algebras.

Throughout Lecture 2, we take a closer look at the special features of C*-
algebras as a particular class of Banach algebras. The book [3] serves as a general
reference for Lecture 2; further references are given at the end of the lecture.

2.1. Banach algebras and C*-algebras. Let us recall the definition of Banach
and C*-algebras from Def. [1.29]

Definition 2.1. Building on Def. [1.29, we define the following notions for Banach
and C*-algebras.

(a) An involution on a C-algebra A is an antilinear map * : A — A such that
(*)* = x and (xy)* = y*z*. A *-algebra is an algebra A equipped with
an involution; B C A is a *-subalgebra of A, if xy, \x + py,z* € B for all
x,y € Band A\, u € C.

(b) A Banach algebra is a normed C-algebra which is complete; its norm satisfies
lzy|| < ||z|lllyl|- A Banach *-algebra is a Banach algebra with an involution.

(¢) A C*-algebra is a Banach *-algebra A satisfying the C*-identity ||z*x| =
|z]|?. A *-subalgebra B C A is a C*-subalgebra, if B is (topologically)
closed.

(d) An algebra is unital, if it contains a unit with respect to the multiplication.

(e) An algebra A is commutative, if zy = yz for all x,y € A.

(f) An element x € A in a C*-algebra is normal, if x*x = za*. 1t is selfadjoint,
if x* = x.

We observe, that C*-algebras differ from Banach *-algebras only by the C™*-
identity. What is so special about it? Some of the immediate consequences are
listed in the next remark; others will come up later, for instance when talking about
positivity in C*-algebras. It is hard to believe at this stage, but it is exactly this
C*-identity that turns the class of C*-algebras into a very well-behaved and very
special subclass of Banach algebras.

Remark 2.2. Let A be a C*-algebra.
(a) Let x € A. If z*x = 0, then = 0. This follows from the C*-identity.
(b) The involution is bijective, since (z*)* = x. It is also isometric, since
2> = ll*z|| < [l*[|[|«]| implies [lz]| < [l*]| < [I(z*)*]] = [l]-
(¢) A Banach *-algebra satisfies the C*-identity if and only if it satisfies the
following inequality:

lz]|* < fla"z|
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Indeed, assuming this inequality, we derive as in (b) that the involution is
isometric. Then [|z||? > ||z*z| follows from submultiplicativity.

(d) If A is unital (and A # 0), then 1* = 1 and ||1]] = 1. Indeed, 1*z =
(*1)* = (2*)* = x and z1* = x for all x € A, hence 1* is also a unit for
A. Thus, 1* = 1. Moreover, ||1]|*> = ||1*1|| = ||1]|, by the C*-identity. Thus,
II1|| € {0,1} and we may exclude |[1|| =0 if A # 0.

In fact, more generally, ||p|| = 1 for any non-trivial selfadjoint projection

pe A ie p=p*=p?and p#0,see Def. [1.33

(e) If z € A is invertible, then (z7!)* = (2*)7!, since (z71)*z* = (za~1)* = 1.

(f) The algebraic operations, i.e. the addition, the multiplication and the invo-
lution are continuous, and also the norm is continuous.

(g) Clearly, any selfadjoint element is normal. Normal and selfadjoint elements
will play an important role later.

Let us take a look at examples of C*-algebras.

Example 2.3. (a) From Prop. |1.30| we know that the algebra B(H) of bounded
linear operators on a Hilbert space H is a unital C*-algebra. This is My (C)
in the finite dimensional case.

(b) Any closed *-subalgebra of B(H) is a C*-algebra (see Exm. [1.31]).

(c) If H is infinite dimensional, then also the compact operators KC(H) form a C*-
algebra, in fact a non-unital one (see Prop. [1.38)); if H is finite dimensional,
then IC(H) = B(H).

(d) Let X be a compact Hausdorff space. Then

C(X):={f: X — C| f is continuous}
is a unital C*-algebra with (f + ¢)(z) = f(z) + g(z), (\f) = Af(x),

(f9)(x) == flx)g(x), Uz) = 1, f*(z) := [f(z) for f,g € C(X), v € X

and A € C and the supremum norm

[fllo == sup{|f (=) | z € X}.

Compactness of X guarantees that || f|l.c < oo for all f € C(X), i.e. the
supremum norm is a norm indeed. Since |f(z)g(x)| = |f(z)||g(x)| and
|f(x)f(z)] = |f(z)]?, it is easy to see that the norm is submultiplicative
satisfying the C*-identity. Completeness is a bit more elaborate, but you
might recall a proof from your early analysis lectures regarding uniform con-
vergence of sequences of functions.

(e) If X is not compact, then ||f|l.c = oo may happen for some f € C(X).
However, if X is locally compact, we may restrict to a subalgebra of C'(X)
as follows. We say that a function f : X — C vanishes at infinity, if for all
e > 0 there exists a compact set K C X such that for all ¢ ¢ K we have

|f(t)] <e. Put
Co(X) :={f: X — C| f is continuous and vanishes at infinity}.
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We equip this set with the pointwise operations and the supremum norm as
above. Then || f|lc < oo for all f € Cy(X) since f vanishes at infinity. One
can check that Cp(X) is a C*-algebra. If X is compact, then Cy(X) = C(X).
If X is not compact, then Cy(X) is non-unital.

Let us also give an example of a Banach *-algebra which is not a C*-algebra.
Let D be the open unit disk in C. The disk algebra

A(D) :={f:D — C| f is continuous on D and holomorphic on D}

with the pointwise addition, multiplication and the involution f*(z) := f(2)
is a Banach *-algebra with the supremum norm, but no C*-algebra.

2.2. Spectrum of an element. We know from linear algebra that eigenvalues
play an important role when studying matrices. In infinite dimensions, we need to
consider spectral values instead of eigenvalues.

Definition 2.4. Let A be a unital Banach algebra and let = € A.

(a)
(b)

The spectrum of x is defined as sp(z) := {\ € C | Al — z is not invertible}.
It is also denoted by o(x) sometimes. We also write A — x instead of A1 —x.
The resolvent set of x is the complement p(z) = C\ sp(x).

Remark 2.5. (a) Recall the definition of an eigenvalue: Given an operator 1" €

()

B(H), a complex number A € C is an eigenvalue, if A1 — T is not injective.
Indeed, in that case, we find 0 # x € H such that Tx = Ax. Now, in finite
dimensions, A1 — T is not injective if and only if A1 — T is not invertible.
This is not true in the infinite dimensional setting (for instance, the unilateral
shift from Exm. is injective but not surjective and hence not invertible).
This means, that any eigenvalue is a spectral value, but the converse is not
true. The set of eigenvalues 0,(T) := {\ € C | \1-T is not injective} is also
called the point spectrum. The funny thing is, that there are even operators
with no eigenvalues at all, i.e. 0,(T") = 0 is possible for some T' € B(H) (not
in finite dimensions, though).

In linear algebra, there is the well-known spectral theorem. There are ana-
logues in the infinite dimensional setting: a spectral theorem for compact
operators as well as a spectral theorem for normal bounded linear operators
making use of the above definition of the spectrum.

If A is a unital C*-algebra and x € A, then sp(z*) = {\ | A € sp(z)}. Indeed,
from Rem. [2.2[(e), we know that A1 — x is invertible if and only if (A1 — z)*
is invertible.

In My(C), N > 1, the spectrum coincides with the set of eigenvalues — it is
finite and non-empty in that case. What is the situation in B(H) for an infinite
dimensional Hilbert space H? Let us prepare the investigation of this question.

Lemma 2.6. Let A be a unital Banach algebra.

(a)

If v € A with |1 — x| < 1, then x is invertible and z=1 =3 "> (1 — x)"™.
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(b) If z is invertible and y € A with ||z —y|| < (|[™'||)~", then y is invertible.
(c) GL(A) := {z € A | z is invertible} is open, and GL(A) > = — z7' is
continuous.

Proof. For the proof of (a), put z := 1 — . Then, [|z|| < 1 and hence >~ 2" is
absolutely convergent (since ||z"|| < ||z]|™ by submultiplicativity). As a consequence,
Yoo g 2" is convergent. It yields the inverse of z:

N+1

00 N
sz’W—(l—z)Zz Zz—Zz =12 5, as N — oo.
n=0 n=0

As for (b), we have:

I —yz = (@ —y)z ' < lz = yllllz" | < 1

Thus, yzr~! is invertible by (a) and hence so is .

Finally, for showing (c), let z € GL(A) and y € A such that ||z —y| < € <
|#=t|~t. By (b), this shows y € GL(A) and hence the e-ball around z is in GL(A)
proving that GL(A) is open. Let us now show continuity of taking inverses. Let
(n)nen be a sequence with x,, — = and z,,z € GL(A), n € N. Then ||z, — z|| <
|lz=1||7'5 for n € N large and 0 < e < 1. Hence:

I1— w2 = @ 22| < 5 <1

By (a), this shows that z,z~! is invertible with inverse

(0.] oo
vr,t = (v, ) = Z(l — Tpx Z 1 —xz,x
k=0 k=1
Using € < ¢, we conclude:
ot =27 = 2™ (@ = DI < a7 ZHl s
<Y e = el
k=1
Thus, z,! converges to z71. O

As an immediate consequence, the spectrum is compact.

Proposition 2.7. Let A be a unital Banach algebra and let x € A. Then sp(z) is
compact and sp(z) C{A € C ||\ < ||z| }.

Proof. Firstly, we notice that the resolvent set p(x) is open since it can be written
as p(z) = f,1(GL(A)), where f, : C — A, X\ — Al — z is continuous and GL(A) is
open by Lemma [2.6| Thus sp(z) is closed.
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Secondly, if [A| > [[z[| # 0, then |[§[ < 1. Hence, A —x = A(1 — ) is invertible
by Lemma [2.6] which shows A ¢ sp(z). Thus, sp(z) C {\ € C | |A| < |z||}, which

means that sp(z) is bounded. In summary, sp(z) is compact by Heine-Borel. O

Let us now prove that the spectrum is non-empty, a fact that some people call the
Fundamental Theorem in Banach Algebras. It has been proven by Gelfand. Recall
that we denote by A’ the dual space of A, see Sect.

Theorem 2.8. If A is a unital Banach algebra, A # 0, then sp(x) # (0 for all z € A.

Proof. Let x € A. For A € p(x), put Ry(z) := (A —z)~ %
Claim 1: We have Ry(z) — R, (x) = (n — AN)Rx(z) R, (x) for all A\, pn € C.
For proving Claim 1, check that

Ra(@) — Ru(2) = Ra(@)Ry(@)(1 — @) — (A — @) R () R, (a)
= (1~ NRA(2)R,(x),

where we used Ry(z)R,(x)(pr — z) = (p — x)Ra(x)R,(z). Note that in principle
ab # ba for a,b € A, but here this does not cause issues because (A — z)(u — z) =
(i —z)(A — ) implies (u — z)Ry(z) = Rx(x)(p — ). This proves Claim 1.

Claim 2: Assume that x is invertible and let f € A’ such that f(z™') # 0. Then
g: p(x) = C,g(\) := f(Rx(z)) is holomorphic and g(0) # 0.

For proving Claim 2, note that A — Ry(z) is continuous by Lemma [2.6] By Claim
1, we thus have for p — A:

PRZI (B ) o)) - (R (0)
u fu
Thus g is holomorphic with g(0) = f(Ro(z)) = —f(z~!) # 0. This shows Claim 2.
Finally, assume that sp(z) = 0. Then 0 ¢ sp(z), i.e. 0 — z is invertible and thus
x is invertible. By the Hahn-Banach Theorem, we find a functional f € A’ with
f(xz™) # 0. Thus the function g from Claim 2 is an entire function as p(z) = C.
Claim 3: g is bounded, because g(A) — 0 for A — oo.
In order to show Claim 3, put 2z := 1 — A~'z. Then ||1 — z|| = [A]7}|z|| < 1 for
|A| large. Thus, z is invertible by Lemma [2.6| with 2=t = >~ (1 — z)™. Hence:
S 1
I3 = 1S AP = (=) =

W

This implies:
[RA@@)] = [N =) 7HE = (A = A ) 7
1 1

S p—
A= B T = ]

— 0 as [A| = 0.

Claim 3 is proven.
As ¢ is a bounded, entire function, it is constant by Liouville’s Theorem. From
g(A) = 0 as |\| = oo, we infer g = 0, which contradicts g(0) # 0 from Claim 2. [
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An easy consequence: The only Banach algebra which is also a skew field, is C.

Theorem 2.9 (Gelfand-Mazur). Let A be a unital Banach algebra. If A is also a
skew field (i.e. every element 0 # a € A is invertible), then A = C1.

Proof. Let a € A. Then sp(a) # () by Thm. [2.8. Hence there is some A € C such
that A1 — a is not invertible. Since A is a skew field, this implies A1 — a = 0. O

2.3. Spectral radius. An important information we can extract from the spectrum
is the spectral radius. It is closely linked with the norm providing an attractive
alternative way for computing the norm.

Definition 2.10. Let A be a unital Banach algebra and let € A. The spectral
radius of x is defined as

r(z) := sup{|A| [ A € sp(x)}.
Remark 2.11. From Prop. we know r(x) < ||z||. Also, as the spectrum is

compact (by the same proposition), the supremum is in fact a maximum.

Example 2.12. The spectral radius may or may not coincide with the norm:

(a) We have r(f) = || f||c for any f € C(X) whenever X is compact. Indeed,
since f is continuous and X is compact, the image f(X) is compact. Thus,

there is some x € X with |f(z)] = ||flleo, 1.6 f(z) = €| f]lo for some
a € [0,27). Then, €| f|lo — f is not invertible and || f||o € sp(f).
(b) Consider =z = 8 é € My(C). Then, A —x = 8 _)\1 is invertible for

all A # 0. Thus sp(z) = {0} and r(z) = 0 while ||z|| # 0.

So, when does the spectral radius coincide with the norm? Let us try to find
out. The main ingredient is the following amazing formula by Beurling (also known
as Gelfand-Beurling spectral radius formula). It relates an algebraic quantity (the
spectral radius, speaking about invertibility in an algebraic sense) with a topological
one (the norm).

Theorem 2.13. Let A be a unital Banach algebra and x € A. Then the spectral

radius formula holds:
() = lim (/7]

Proof. Let X € sp(x). Then A" € sp(z"), since
)\n _ :L,n — ()\ _ x)()\n—l +)\n—2x+ L +)\In—2 +J)n_1)
cannot have an inverse. Hence, |A\"| < ||2"|| which means |A| < {/||z"||. We infer

r(z) < liminf, . {/]z"|]. Thus, it remains to show r(x) > limsup,,_, . {/||z"|. As
in the proof of Thm. [2.8] consider
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for ||z]| < |z| (in particular z € p(x) by Prop. .7). If this was a power series in
C, its radius of convergence would be limsup,, ., {/|/«"||, which is a hint for us to
be on the right track. However, it is a series in A unfortunately, so we have to use
the same trick as in the proof of Thm. in order to “make it a series in C”. Let
f € A’. Then, the function g : p(z) — C,z — f(R.(x)) is holomorphic (see the
proof of Thm. and g(z) => 7, ];(ffl) for |z| > [|z||; in fact even for |z| > r(z)
(using methods from complex analysis on the holomorphic domain of the Laurent
series). Hence

3=

lim sup| f(z")|

n—oo

<r(x)

by the formula of Cauchy-Hadamard for convergence radii of power series. This is
good, but now we have to get rid of f. For r > r(z), we find some N € N such that
|f(z")|% < r for all n > N. Hence

f=")

T’Vl

sup
neN

for all f € A’. By the Principle of Uniform Boundedness, we conclude that the set
{% | n € N} is bounded. Hence there is some C' > 0 such that ||z"|| < Cr". Now,

|z"||» < Cwr, which implies limsup,_,_||z"||» < r for all » > r(z) and thus also
for r = r(z). O

This formula behaves particularly nice with respect to the C*-identity as we will
see in the next corollary. It also answers our question under which conditions the
spectral radius and the norm coincide.

Corollary 2.14. Let A be a unital C*-algebra and let x € A be normal (i.e. x*z =
za*, see Def. [2.1). Then r(z) = ||z

Proof. Using the C*-identity and the fact that x is normal, we have:

?|]2 =

| 1(z*)"2?|| = [la"a"zz| = |la"za" 2| = ||(z"2)" (2"2)[| = [|]2"z||* = ||=*

Thus ||z||? = ||2?||. Inductively, we see that ||z*"|| = ||z||*", hence
@) = lim %/ = Jal.
U

Another surprising corollary is that a C*-algebra cannot be equipped with another
C*-norm.

Corollary 2.15. Let A be a unital x-algebra and let ||-||; and ||-||2 be two norms on
A such that both (A, |||l1) and (A, ]||2) are C*-algebras. Then ||-||1 = ||]|2-

Proof. Let x € A. Then ||z||? = ||z*z||; = r(z*z) by Cor. [2.14] for i = 1, 2. O
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2.4. Ideals and quotients. Let us now briefly discuss some further algebraic struc-
ture of Banach algebras and C*-algebras: Ideals and quotients.

Definition 2.16. Let A be an algebra.

(a) A (two-sided) ideal I in A (we write I <1 A) is a linear subspace I C A such
that zy,yx € I, for all z € [ and y € A.

(b) An ideal I # A is called mazimal, if for any other (two-sided) ideal J < A
with 7 C J C A either J =1 or J = A.

(c) If Ais a Banach algebra, we say that I < A is a closed ideal, if I is a (two-
sided) ideal and if it is closed with respect to the topology of A.

Throughout the lectures, all ideals will be two-sided unless specified otherwise.
The main use of ideals is that we can take quotients, i.e. we may pass to some
“rougher structures” in a way. Let us list some properties of ideals in Banach
algebras.

Proposition 2.17. Let A be a Banach algebra and let I <1 A be an ideal.

(a) If I is a closed ideal, then the quotient A/I is a Banach algebra.
(b) The closure I of I is an ideal in A.
(¢) For a unital Banach algebra A, the following are equivalent:
(i)I=A (i) INGL(A) £0  (iii)1el
(d) Let A be unital. Then any mazximal ideal is closed.
(e) Let A be unital. Then any ideal I # A is contained in a mazximal ideal.

Proof. For (a), we first prove a more general (and probably well-known) statement:
If A is a Banach space and I is a closed linear subspace, then A/I is a Banach space.
For proving it, denote by & = x + I the elements in A/I. We define a vector space
structure on A/I by @ + ¢ := (z + y) and A@ := (Azx). We define a norm on A/
by ||Z|| := inf{||x + z|| | 2 € I}. It is not too difficult to prove that this is a norm
indeed; note that we need I to be closed in order to deduce & = 0 from ||| = 0.
It is a bit more technical to show that A/ is again a Banach space, i.e. that it is
complete with respect to this norm, but no magic is involved. Since 0 € I, we have
Jéll < lle])

We then turn back to the situation we are interested in and assume that A is even
a Banach algebra while I <1 A is a closed ideal. In addition to the above structure,
we put 2y := (zy) turning A/I into an algebra. This operation is well-defined since
for all a,b € I and z,y € A, the element ay + xb + ab is in I and hence:

((z+a)(y + b)) = (xy + ay + xb + ab) = (zy)

Moreover, the norm is submultiplicative: Given ¢ > 0, there are a,b € I with
|2+ all < |[#]] 4+ ¢ and |ly +b]| < [|g]] 4+ &. Thus:

lEg]l = [I(z + a)(y + )|l < [I(z + a)(y + b)|| < llz + alllly + oIl < (I2[| + )(l[gll +¢)

As this holds true for all € > 0, we just proved ||Zg|| < ||Z||||y||, and A/I is a Banach
algebra.
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As for (b), let z € I and y € A. We find a sequence (2,)nen With z, € I and
T, — z. Then x,y — wy with z,y € I for all n € N. Hence zy € I and similarly
yxr € 1.

For item (c), it is easy to see that (iii) implies (i), while (i) implies (ii). As for (ii)
to (iii), let x € I N GL(A). Then 1 = zz~' € I, since z € I. B

For (d), let I < A be a maximal ideal. Then I C I € A. We need to show I # A
in order to deduce I = [ from (b) and maximality of /. Now, the complement
GL(A)¢ of GL(A) contains I by (c), since I # A by the definition of a maximal
ideal. Moreover, GL(A)¢ is closed by Lemma so it also contains I. By (c),
I#A.

Finally, (e) is a consequence of Zorn’s Lemma. O

2.5. Unitization of C*-algebras. In Exm. [2.3] we have seen some examples of
non-unital C*-algebras: K(H), if H is infinite dimensional and Cy(X), if X is locally
compact but not compact. In both cases, there are “would-be”-units: If the identity
operator id : H — H was compact, then it would be a unit for K(H). Likewise, if
the constant function 1 : X — C vanished at infinity, then it would be a unit for
Co(X). So, it seems that there is some unit in the background, if we enlarge our
algebra! Let us do this systematically and study unitizations.

Our idea is to add a copy of a relatively small algebra — ideally: C — to a non-
unital C*-algebra and to find a unit in this enlarged space. Let us take a look at
the direct sum of C*-algebras first.

Lemma 2.18. Let A, B be C*-algebras. Put

A® B:={(a,b) |a € Abe B}.
This is a C*-algebra with the entrywise operations and ||(z,y)|| := max{||z], ||ly| }
Proof. Straightforward. O

When being equipped with the entrywise operations, the only chance for the di-
rect sum of two C*-algebras to be unital is when A and B are unital, too. In that
case, (1,1) is the unit. So we need to choose different kinds of operations, if we
want to obtain some unitization given a non-unital C*-algebra. As we are look-
ing for a neutral element for the multiplication, we shall modify the multiplication
accordingly.

Definition 2.19. Let A be a *-algebra. We define
A:={(a,\)|ac A \eC}
and we equip this set with the following operations, for a,b € A, A\, u € C.
(i) (a,A) + (b, p) = (a+b, A+ p)
(i) p(a, A) = (pa, pA)
(iii) (a, A)(b, ) := (ab+ \b+ pa, \u)

(iv) (a, \)* := (a*, \)
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We also write A + a for (a,\) € A.

It is immediately clear that A is a *-algebra again. The crucial point is: It is
unital, the unit being (0, 1). Observe that the notation A 4 x really makes sense, in
particular it helps to memorize the multiplication law. It is easy to equip A with a
norm turning it into a Banach algebra (provided A is a Banach algebra): We may
simply take ||(a, A)||sa := ||a]| + |A|. Hence, the unitization of Banach algebras is
not an issue. However, this norm does not satisfy the C*-identity, so it does not
turn A into a C*-algebra (even if A is a C*-algebra). We need to be more creative
in finding a C*-norm on A.

Proposition 2.20. Let A be a C*-algebra. There exists a unique norm on A turning
A into a unital C*-algebra. We have A <1 A as an ideal, where A is identified with
elements (a,0) € A for a € A.

Proof. 1f a C*-norm exists, it must be unique, by Cor. [2.15] So, let us show existence.
In the first case, let us assume that A is already unital. Then A& C is a unital C*-
algebra by Lemma . The map A — A®C, (a, \) — (Al4a, \) is a bijective map
preserving the algebra operations such as multiplication, addition and involution and
mapping (0, 1) to (1,1). Thus, A and A® C are isomorphic as unital *-algebras and
we may define a C*-norm on A simply by using the C*-norm on A & C.
Now, let us assume that A is not unital. Consider

L:A— B(A):={T:A— A|T is linear and bounded}, x> Ly,

where L,(b) := zb for b € A and x € A. This is a left multiplication operator on
A: Given x = X\ + a, observe that xb = A\b+ ab € A. Moreover, L, is linear and
bounded:
1L (0)]| = [[bl] = [|Ab + ab]| < ([A] + [|al]) |[b]
This implies || L.| < |A| + ||a||. We conclude that L, € B(A) holds.
Now comes the crucial step: We define the norm on A via the operator norm of
L, by the following.

2]l 5 := | Ll = sup{llzblla [ 0 € A, [[b]la < 1}

Let us now check a couple of properties of ||-|| 5.
Firstly, we have ||a|| ; = ||la||4 for all @ € A. Indeed, we have:

lallalla*[la = lla* % = [laa*[la = | La(a®)[| < [[Zalllla*la
This implies ||alla < |[Lq||- On the other hand, we have |lalla > ||L4||, since
[1La(b)]|4 = llablla < llal|a[b]l4 for all b€ A with [|b].4 < 1. Hence, [la]a = [|af| 5-
Secondly, ||-|| 4 is a norm on A. For proving it, the only non-trivial step is that
|z|| ; = 0 implies z = 0. We prove it by contraposition. Let z = A +a € A with
x # 0. We may assume A # 0 — otherwise x € A and then ||z|; = ||z||a # 0, by

the first step above. Let us assume ||L,|| = 0. Then Ab+ ab = 2b =0 for all b € A.

But this shows that e := —£ is a left unit, as eb = b for all b € A. Now, e* is a right
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unit, since be* = (eb*)* = b for all b € A. As, e = ee* = e*, we infer that e is a unit.
This contradicts the assumption that A is not unital and we conclude ||L,]|| # 0.

Thirdly, [|-||; is submultiplicative. This follows immediately from L,, = L,L,
and the submultiplicativity of the operator norm:

leyll s = [ Layll = | LaLyll < | L[]l Ly

Fourthly, ||-|| ; satisfies the C*-identity: Let z € A with 2 # 0. Let ¢ > 0 with
||IL.|| > €. By the definition of the operator norm, there is some b € A with ||b]| <1
and ||xb||4 > ||L.|| — €. Hence:

(ILall = €)* < llzbl% = 16"z 2blla < (16" |all Lo (D)4 < | Lave

As this holds true for all £ > 0, we deduce:
2115 = ILa1” < | Lowoll = ll2"2 ] 4

From Remark [2.2)(c), we deduce that the C*-identity holds.

Finally, A is complete with respect to ||-|| ;. For this, first note B(A) is complete
by general Banach space arguments (note that A is in particular a Banach space).
Furthermore, L(A) C B(A) is closed, since A is complete and || L,|| = ||a||4 for all
a € A. We write L(A) = L(A) + C1 C B(A) and we observe that L(A) is the
sum of a closed subspace and a finite-dimensional one. By general arguments from

topology [49, Thm. 1.42], this shows that L(A) is closed; hence A is complete. [

Remark 2.21. The unitization A of 4 is minimal in the following sense: Let B be a
unital C*-algebra and let A < B, then there is a unital *~homomorphism ¢ : A — B
with p(a) =a € B for all a € A, i.e. p respects A < B.

Remark 2.22. The main ingredient of the above unitization was the left multi-
plication operator L, : A — A, a + ba. One might wonder whether the right
multiplication operator is useful, too, and indeed the unitization may also be per-
formed with the right multiplication operator instead. However, using both of them
jointly (or rather an abstraction of them) yields yet another unitization, the so called
“maximal” one. As the unitization from Prop. [2.20| will be more important for us,
we only want to mention that one may define a multiplier algebra M(A) of A con-
sisting of pairs (L, R) called double centralizers. These double centralizers are an
abstraction of the left and right multiplication. One may show that the multiplier
algebra M(A) is a unital C*-algebra and A < M(A). The unitization M(A) of A is
maximal in that sense: Let B be a unital C*-algebra and let A <1 B, then there is a
unital *~homomorphism from B to M(A) respecting A < M(A).

Let us come back to the examples of Exm. [2.3]

Example 2.23. Here are the unitizations of K(H) and Cy(X).
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(a) Let H be an infinite dimensional Hilbert space. The minimal unitization of

—_—

the algebra of compact operators is K(H) = C*(K(H),1) € B(H), the small-
est C*-subalgebra of B(H) containing K(H) and 1 € B(H). The maximal
unitization (i.e. the multiplier algebra) is M (K(H)) = B(H).

(b) Let X be locally compact but not compact. The minimal unitization of the

—_——

algebra of continuous functions on X is Cy(X) = C(X), where X is the
one point compactification of X. The maximal unitization is M (Cy(X)) =
Co(X) :={f: X = C| f is continuous and bounded} which is isomorphic
to C(BX), where BX is the Stone-Cech compactification of X.

2.6. Exercises.

Exercise 2.1. Check that the algebraic structures of C*-algebras are continuous,
i.e. the addition, the multiplication, the involution and also the norm are continuous

(see Rem. [2.2).

Exercise 2.2. Convince yourself that C'(X) is a unital, commutative C*-algebra (see
Exm. . Moreover, check that a continuous map h : X — Y between compact
Hausdorff spaces induces a *-homomorphism «ay, : C(Y) — C(X) by f— foh. Ifh
is a homeomorphism, then «;, is even an isometric *-isomorphism.

Exercise 2.3. Check that the function f(2) = z in A(D) is selfadjoint and sp(f) =
D. Later, we will see that any selfadjoint element in a C*-algebra has only real
spectral values. Thus, A(D) is a Banach *-algebra but no C*-algebra (see Exm.

2.3).
Exercise 2.4. Consider the unilateral shift S : 2(N) — (*(N), Se, = e, from

Exc. .
(a) Show that A — S is invertible for |A| > 1.
(b) Show that S has no eigenvalues, i.e. the point spectrum of S is empty.
(c) Show that any A € C with |\| < 1 is an eigenvalue for S*.
(d) Deduce sp(S) = {A | [N < 1}.

Exercise 2.5. A C*-algebra is called simple, if it contains no proper closed ideals,
i.e. for any closed ideal I << A we have I = 0 (shorthand for I = {0}) or I = A.
Consider A = My(C). By E;; € My(C), 4,5 =1,..., N we denote the matrix units,
i.e. the i-j-th entry of Ej; is one, and zero otherwise.
(a) Let I < Mn(C) be a (two-sided) ideal. Show that if / contains a matrix
T = (t;;) with t;,;, # 0 for some g, jo € {1,..., N}, then I contains E;
Multiply T" with appropriate matrix units in order to see this.
(b) Show that if I contains some matrix unit £; j,, then it contains all matrix
units £;; € My(C), 4,5 =1,...,N. Deduce that I contains 1 =), Ej;.
(¢) Deduce that My (C) is simple.

Exercise 2.6. Recall the fact used in the proof of Prop. [2.17} Given a Banach
space A and a closed linear subspace I C A, show that A/I is a Banach space.

0J0*
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(a) Show that & + ¢ and A% are well-defined.

(b) Show that ||Z|| defines a norm and check ||Z| < ||z||.

(¢) Show that A/ is complete with respect to this norm. Hence A/I is a Banach
space.

2.7. Some references on C*-algebras. A standard reference for the lectures on
C*-algebras could be the book by Blackadar [3]. Additionally, one could use the
books by Murphy [34] or Pedersen [37]. The book by Davidson is a quite friendly
approach, but slightly more based on examples [I3]. Rather modern but more
specialized on nuclearity or group actions is the book by Brown and Ozawa [§].

Historically, the books by Dixmier [16] and Sakai [50] are classic in the literature
as well as the encyclopedic series of books by Kadison and Ringrose [28, 29, 26, 27]
or by Takesaki [51], 52 [53].

The history of C*-algebras goes back to the 1943 paper by Gelfand and Naimark
[19], see also the 50 years celebration paper by Kadison [25].

As for the context of “quantum/noncommutative mathematics”, see also the
books by Gracia-Bondia, Vérilly and Figueroa [23], the one by Wegge-Olsen [57]
or the epic book by Connes [10].
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3. GELFAND-NAIMARK THEOREM AND FUNCTIONAL CALCULUS

ABSTRACT. We begin this lecture with recalling the Stone-Weierstrass (Approx-
imation) Theorem. We then turn to homomorphisms of Banach and C*-algebras
and the spectrum Spec(A) of Banach algebras. We put a focus on the commuta-
tive case first: We investigate Spec(A) assuming that A is a commutative, unital
Banach algebra. We learn that Spec(A) provides the full description of the max-
imal ideal space in this case. We define the Gelfand transform and verify that
it is a continuous algebra homomorphism which respects the spectrum sp(z) of
an element z € A. If A is even a commutative, unital C*-algebra, we may prove
our First Fundamental Theorem of C*-Algebras (aka Gelfand-Naimark Theorem):
The commutative, unital C*-algebras are exactly the algebras of continuous func-
tions on compact spaces. As a consequence, we obtain a very powerful tool for
C*-algebras: The (continuous) functional calculus. We investigate some properties
of this functional calculus.

3.1. The Stone-Weierstrass Theorem. We begin this lecture with a little ex-
cursus to classical analysis. Initially, Weierstrass asked 1895: Given a continuous
function f € C([0,1]) — is there a way to approximate f with respect to the supre-
mum norm by “simpler” functions? The simplest functions we might have in mind
are polynomials, and the answer is yes. This is the well-known Weierstrass Approx-
imation Theorem. In 1948, Stone realized that very little of the particular structure
of C([0,1]) was really needed in the proof and he extracted the main algebraic
properties providing a way more general statement, which we now prepare.

Definition 3.1. Let X be a compact Hausdorff space. A *-subalgebra A C C(X)
separates the points, if for all s,t € X, s # ¢ there is some f € A with f(s) # f(¢).

So point separation means that A has sufficiently many functions to “see” that s
and t are distinct.

Example 3.2. If X C C is compact, then the set of all polynomials in z and its
complex conjugate 7 is a unital *-subalgebra of C'(X) separating the points.

Recall that A is unital, if the constant function 1 € C(X) is contained in A.

Theorem 3.3 (Stone-Weierstrass Theorem). Let X be a compact Hausdorff space
and A C C(X) a closed, unital *-subalgebra separating the points. Then A = C(X).

Proof. We need to show that if f € C'(X), then f € A. In order to do so, let us first
show that A is closed under certain operations, the first one being the square root.
So, assume that f € A with 0 < f(z) <1 for all z € X. We put g :== 1 — f and we
consider the Taylor series expansion of 4/1 — z around z = 0. Then

Vi) =v1—g(z)=1-) ang(z)"

for all x € X with some coefficients |a,| < Cn~2 and some constant C' > 0. The
Taylor series of /1 — z converges uniformly on [—1,1]. Thus, A, :==1—>"" a,g"
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converges to /f in norm. As A is closed, v/f € A; note that we may drop the
assumption f < 1 by rescaling f. Next, observe that if f,g € A are real-valued,

then |f — g| = /(f — ¢g)? € A and hence

max(f,g) = f+g+2\f—g| €A and min(f,g)= f+g—2|f—g\ e A.
Now, let us begin with the proof of C'(X) C A and let f € C'(X). We may assume
that f is real-valued; otherwise we prove the theorem for the real and imaginary

parts Re(f) and Im(f) first. Let € > 0. We are looking for a function g € A with
f—e<g<f+e

This will then show [|f — g/l < &, i.e. f may be approximated by functions in A
arbitrarily, and we are done: Since A is closed, f € A. In order to find g, we first
convince ourselves that given s € X, there is a function hy € A with

hs < f+e¢

and hg(s) = f(s). Indeed, for any ¢t € X with s # ¢, we find a function o € A with
a(s) # a(t), as A separates points. We put
afz) — at)

faa(@) = f(8) + (f(s) = f(1)) a(s) —all)

Then fsr € A, fsi(s) = f(s), fsi(t) = f(t) and Uy :={zx € X | fsu(x) < f(x)+e}is
open containing t. By compactness of X, we find finitely many ¢1,...,t,, € X such
that X C U;Uy, and we put hg := min(fsy,, ..., fsi,) € A

Finally, having found for all s € X functions hy, € A with hy, < f + ¢ and
hs(s) = f(s), we observe that the sets V; := {x € X | f(z) — e < hs(z)} are open
containing s. So, again by compactness of X, we find finitely many Vj,,...,V;,
covering X and we put ¢ := max(hg,,...,hs,) € A. O

As a corollary, we obtain Weierstrass’s Theorem originally formulated for real-
valued functions Cg([0,1]) := {f : [0, 1] — R continuous}.

Corollary 3.4 (Weierstrass Approximation Theorem). The set of all polynomials
(in x) is dense in C([0,1]) and the same for Cg([0,1]).

Proof. The set P of all polynomials is a unital *-subalgebra of C([0,1]) separating
the points; its closure is all of C([0,1]) by Thm. 3.3} Note that we actually also
proved a real version of Thm. [3.3] so the result holds for Cg([0, 1]), too. O

3.2. Homomorphisms for Banach algebras and C*-algebras. We now want
to specify the morphisms for our class of objects. Here they are in the case of Banach
algebras and C*-algebras.

Definition 3.5. Let A and B be Banach algebras.
(a) A map ¢ : A — B is an (algebra) homomorphism, if ¢ is linear and multi-
plicative (i.e. p(zy) = ¢(x)p(y) for all z,y € A).
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(b) Assume that A and B are Banach *-algebras. A *-homomorphism is a ho-
momorphism ¢ : A — B which is also involutive, i.e. p(z*) = ¢(x)* holds
for all x € A.

(¢) A homomorphism is isometric, if ||@(x)| = ||z|| for all x € A.

(d) Assume that A and B are unital. A homomorphism is unital, if (1) = 1.

The correct notion of a morphism between Banach algebras is a homomorphism
in the sense of Def. which is also continuous; for Banach *-algebras, it is a
continuous *-homomorphism. Interestingly, we do not have to require continuity for
C*-algebras — it is automatic, as we will show next. Let us first prepare a technical
lemma on unitizations. Recall that A denotes the (minimal) unitization of A, see

Prop. [2.20
Lemma 3.6. Let A, B be C*-algebras and ¢ : A — B a *-homomorphism. Then
@ : A — B defined as A+ a +— A+ p(a) is a unital *-homomorphism.

Proof. Straightforward. U

Definition 3.7 (Compare with Def. 2.4)). Let A be a C*-algebra and let z € A.
We define the spectrum of = as

B {SpA(LE) if A is unital,

sp(w) : spi(z) if A is non-unital.

Lemma 3.8. Let A and B be C*-algebras and let ¢ : A — B be a *-homomorphism.
We have:

(a) If A, B and ¢ are unital, we have that spg(p(z)) is contained in sp 4(z).
(b) lle(@)ll < =l for all z € A,
(c) ¢ is continuous.

Proof. For (a), assume that A — ¢(x) = ¢(A — x) € B is not invertible. Hence,
A —x € A cannot be invertible as ¢ maps invertible elements to invertible elements.

As for (b), assume first that A, B and ¢ are unital. We then have r(¢(z)) < r(x)
by (a). Thus, using also Cor. we have:

le ()]

Hence, [[o(z)|| < [|]-
Now, if A, B and ¢ are not necessarily unital, we know by (a) that ||p(z)||z < ||z 4
holds for all z € A. For x € A C A, we infer ||p(2)|lg = [|¢(2)] 5 < |||l 1 = ||=] 4
Item (c) is then a direct consequence of (b).

= e 2)|| = r(p(2"2)) < r(a"z) = |2"z| = ||

Remark 3.9. Note that the above statement holds true even if A is just a Banach
*-algebra whose involution is isometric. Indeed, in the proof of (b) we still have
r(¢(z*z)) < r(z*z) and we then use Rem. [2.11] and the submultiplicativity of the
norm in order to deduce r(z*z) < ||z*z| < ||z||*>. With these modifications of
the above proof, we infer the above statement (b) also in case A is just a Banach
*-algebra.
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This has an interesting consequence highlighting again the special role of C*-
algebras amongst Banach algebras: Let us consider a unital *-algebra A with two
norms ||-|; and |[|-||2. Assume that (A, ||-||1) is a Banach *-algebra with an isomet-
ric involution and assume that (A, ||||2) is a C*-algebra. Then, the identity map
o (A1) = (A, |l-|l2) is norm decreasing, by the above discussion, i.e. ||z|z <
||z]|1. We may interpret this result in the sense that “the C*-norm is the smallest
Banach norm” (turning the involution into an isometric map).

It is good to know that *-homomorphisms between C*-algebras are automatically
continuous. They yield the correct notion of morphisms between C*-algebras. In
order to have a concept of isomorphism, we need isometric *~-homomorphisms as they
fully preserve the norm. Note that isometric *-homomorphisms are automatically
injective — surprisingly, the converse is also true, as we will see later (Lecture 4):
Any injective *-homomorphism between C*-algebras is isometric! Thus, bijective
*-homomorphisms are exactly isomorphisms of C*-algebras.

3.3. Spectrum of a Banach algebra. Let us now turn to a special class of ho-
momorphisms: those mapping to the complex numbers.

Definition 3.10. Let A be a Banach algebra. A character is a homomorphism
¢ : A — C with ¢ # 0. The set Spec(A) of all characters is the spectrum of A.

We deduce some properties of a character directly from the definition.

Lemma 3.11. Let A be a unital Banach algebra and let ¢ € Spec(A).
(a) ¢ is unital (p(1) =1).

) If x € A is invertible, then p(z) # 0.

) We have o(x) € sp(x) for all x € A.

) @ is continuous and ||| < 1.

) If A is a C*-algebra and x € A is selfadjoint, then p(z) € R.

(f) If A is a C*-algebra, then ¢ is a *-homomorphism with ||¢|| = 1.

Proof. For (a), let x € A with p(z) # 0; it exists, since ¢ # 0. Then ¢(z) = p(zl) =
o(x)p(1). Hence p(1) = 1.

Item (b) follows from the fact that homomorphisms map invertible elements to
invertible elements.

Item (c) is a consequence of (a) and (b): We have ¢(¢p(x)1 —z) = 0 by (a) and
hence p(z)1 — x cannot be invertible by (b).

Also, (d) is immediate: From (c¢) and Prop. 2.7, we infer |p(z)] < ||z|.

For (e), let x = 2* and put p(z) = a+if € C. Then p(z) + i\ = ¢(x +i\) by
(a) and |p(z) +iA| < [z +iA|| by (d), for all A € R. Hence:

o’ +(A+8)" = [p(@)+iA]* < [la+id]* = [[(z+id) (@+iN)]| = [l2%+ X% < 2]+ 1

Thus, a? + 23 + % < ||z||?, for all A € R, which implies 3 = 0.
For (f), |l¢|l = 1 follows easily from ||1]] = 1 (see Rem. and (a) and (d).
For proving that ¢ is a *-homomorphism, let z € A and let ¢(z) = a + i and

(b
(c
(d
(e
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o(z*) = v+ i6. The elements z1 := v + 2" € A and z, = i(x — 2*) € A are
selfadjoint. We thus have by (e)

(@+7)+i(B+0) =plm) R, ila—7)+ (0 - F) = p(z2) € R,
which implies § = —0 and a = 7 and hence p(z)* = a — i = p(z*). O
We now show that Spec(A) is a nice topological space.

Proposition 3.12. Let A be a unital Banach algebra. Equipped with the topology
of pointwise convergence, Spec(A) becomes a compact Hausdorff space.

Proof (idea): The proof is not difficult but rather technical. Let us sketch the main
ingredients. Consider the pointwise convergence, i.e. a net (y,) converges to ¢ if
and only if @) (z) — ¢(x) for all x € A. It is easy to check that if ¢, € Spec(A) for
all A\, then also ¢ € Spec(A). Hence Spec(A) is a closed subset of the closed unit
ball {¢ € A" | ||¢|| < 1} of the dual space A’. The unit ball in turn is a closed subset
of the product P := II,c4,{\ € C | |A\| < 1}, where A; denotes the closed unit ball
in A. Finally, Tychonoff’s Theorem asserts that the cartesian product of compact
spaces is compact, hence P is compact — thus, Spec(A) C P is compact. U

3.4. Spectrum of a commutative, unital Banach algebra. Assuming that A
is commutative, Spec(A) contains the information of the maximal ideal space of A
as we will see next. Recall the definition of maximal ideals from Def. R.16l

Proposition 3.13. E| Let A be a commutative, unital Banach algebra. Then, the
following assignment is bijective:

Spec(A) — {maximal ideals in A}, © — ker ¢

Proof. Before considering the assertion, let us prove that any maximal ideal in A
can be written as the kernel of a character. In order to do so, we first show that
A/I is a skew field, if I <9 A is a maximal ideal. So, let w: A — A/I be the quotient
map, and a € A with 7(a) # 0. We need to show that 7(a) is invertible. Put

Jo:={ba+z|becAxecl}CA.

Then J, is a two-sided ideal in A, since for (ba + x), (ba+ 2') € J, and ¢ € A we
have (ba + x) + (Va+2') = (b+V)a+ (x +2') € Ju, c(ba+ x) = (cb)a+ cx € J,
and (ba + x)c = (cb)a + xc € J, (recall that A is commutative). Furthermore J,
contains I (putting b = 0) and I # J, (putting b = 1 and x = 0; note that 7(a) # 0,
ie. a ¢ I). By the maximality of I, we infer that J, = A, thus there are b € A
and € [ such that 1 = ba + x. This shows that 7(a) is left invertible, since
w(b)m(a) = w(ba + x) = w(1) = 1. By commutativity, it is also right invertible.
Thus, 7(a) is invertible for all @ € A which shows that A/I is a skew field. Morover,
it is a Banach algebra by Prop. , so by the Gelfand-Mazur Theorem, A/l is

isomorphic to C, i.e. the quotient map 7 is actually a character and I is its kernel.

IThis has been Prop. 3.16 in an earlier version.
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We now turn to the assingment of the assertion. We first convince ourselves that
ker p < A is a maximal ideal, for all ¢ € Spec(A). Given ¢ € Spec(A), it is easy to
see that ker p <A is an ideal. Also, ¢(1) = 1 by Lemma[3.11] so ker ¢ # A. By Prop.
2.17], we find a maximal Ideal /<A such that ker ¢ C I. By the above considerations,
we know that I = ker for some character 1. We thus have ker ¢ C kery. But
then ¢(a)l —a € kerp C kery for all a € A, i.e. 0=1¢(p(a)l —a) = ¢(a) —P(a).
Thus, ¢ = 1, which shows that ker p = I is a maximal ideal.

Finally, the assignment is bijective: given a maximal ideal I <t A, we just showed
that it can be written as the kernel of a character; this proves surjectivity. As, for
injectivity, let ¢, 1 € Spec(A) with ker(y) = ker()). Then as above, ¢(a)l —a €
ker(p) = ker(¢)) for all a € A, which implies ¢ = 1. O

Let us harvest a little corollary: We relate the spectrum of a Banach algebra (Def.
3.10) with the spectrum of an element (Def. [2.4); this also justifies the usage of the
same name for different objects.

Corollary 3.14. E| Let A be a commutative, unital Banach algebra and x € A.
Then:

sp(z) = {p(x) | ¢ € Spec(A)}

Proof. By Lemmal[3.11] ¢(x) € sp(z) for any ¢ € Spec(A). Conversely, let A € sp(z).
Then Iy := {b(A —z) | b€ A} < A is an ideal in A (two-sided, by commutativity of
A) and 1 ¢ I, (since (A — z) is not invertible). Hence, it is contained in a maximal
ideal by Prop. [2.17, which means I, C ker ¢ for some ¢ € Spec(A), by Prop. [3.13
Hence, (A —z) =0, i.e. A = p(x). O

3.5. Spectrum of a commutative C*-algebra. We investigate the case of com-
mutative C*-algebras in detail.

Lemma 3.15. Let A be a commutative C*-algebra. Then Spec(A) and Spec(A)\{0}
are homeomorphic, where 0 : A — C is given by A + a > A.

Proof. We construct a map ¥ : Spec(A)\{0} — Spec(A), ¥ — 4. Firstly, note
that A is a maximal ideal in A. This is by construction, but we can also argue that
A = ker( and use Prop. . Secondly, let ¢ € Spec(A), ie. 1 : A — Cis a
homomorphism. Then, the restriction ¢4 : A — C is a homomorphism, too. If
a4 = 0, then A C kerv. Moreover, ker1 # A by definition of Spec(A). As A is
a maximal ideal, we infer A = ker, and hence ¢ = 0 as the assignment in Prop.
is bijective. Thus, ¢ € Spec(A)\{0} implies ¢4 # 0 and hence ¥4 € Spec(A).

On the other hand, let ¢ € Spec(A) and define ¢'(a + \) := p(a) + A for a € A
and A € C. This defines a map ® : Spec(A) — Spec(A)\{0} which is inverse to

. Moreover, ® and W are continuous, so they induce homeomorphisms between
Spec(A) and Spec(A)\{0}. O

2This has been Cor. 3.18 in an earlier version.
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Proposition 3.16. Let A be a commutative C*-algebra. Then, its spectrum Spec(A)
is locally compact. If A is unital, then Spec(A) is compact.

Proof. By Prop. Spec(A) is compact. Hence, Spec(A) is locally compact by
Lemma [3.15] The statement on the unital case is a special case of Prop. [3.12, [

Remark 3.17. One can define a unitization of a general Banach algebra A and
show that it contains A as a maximal ideal. One can thus prove an analogue of
Lemma (3.15| and Prop. for commutative Banach algebras in general.

So, Spec(A) seems to be all we need, given A is a commutative C*-algebra. Wait,
let us do a quick check with a commutative C*-algebra we know: Let X be a compact
Hausdorff space and consider A = C'(X), the algebra of continuous functions on X.
By Exm. and Exc. 2.2 we know that C'(X) is a commutative, unital C*-algebra.

Proposition 3.18. [ Let X be a compact Hausdorff space. Then Spec(C(X)) is
homeomorphic to X .

Proof. The homeomorphism is given by ¥ : X — Spec(C(X)), t — ev;, with
evy : C(X) — C defined as ev,(f) := f(t) for f € C(X). The fact that it is a
homeomorphism is left as Exc. for the case of the metric space X = ([0, 1],d).
For a general compact Hausdorff space X, the proof is analogous, but we need
Urysohn’s Lemma for showing that W is injective. O

So, the spectrum contains all information about C'(X) and we may fully recover
the C*-algebra from its spectrum in that case, nice! As a caveat, note that the
spectrum is less helpful, if A is not commutative: For instance, Spec(My(C)) = 0,
as may be deduced easily from Exc. So, the commutativity assumption is
really crucial. The moral reason is: As p(zy) = o(x)e(y) = o(y)e(x) = w(yz)
for all ¢ € Spec(A) of an arbitrary C*-algebra A, the spectrum does not “see”
any noncommutativity in A. Thus, if A is highly noncommutative, this particular
information is not contained in Spec(A).

3.6. Gelfand transform for commutative, unital Banach algebras. We now
define one of the most important tools for commutative, unital Banach algebras.
Note that the spectrum of such algebras is always non-empty, by Cor. [3.14]

Definition 3.19. Let A be a commutative, unital Banach algebra. The Gelfand
transform x : A — C(Spec(A)) is defined by x(z) := & and Z(p) = @(z) for
@ € Spec(A).

Lemma 3.20. The Gelfand transform is a continuous, unital algebra homomor-
phism with ||| < ||z

Proof. First note that z is continuous with respect to the topology of pointwise
convergence on Spec(A): If ¢y — ¢, then in particular py(xz) — ¢(x). So, T €

3This has been Prop. 3.17 in an earlier version.
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C(Spec(A)). Checking )\a:/\—l—uy = A\ + py and Ty = 27 is straightforward, since
characters are additive and multiplicative; here z,y € A and A\, u € C. By Lemma
.11 we have |2(¢)| = |p(z)| < |z||, which implies ||Z]| < ||z||. The Gelfand
transform is unital by Lemma [3.11 U

Lemma 3.21. Let A be a commutative, unital Banach algebra. Then ||| = 7(2)
and &(Spec(A)) = sp(x).

Proof. By Cor. [3.14] #(Spec(A)) = sp(z). Thus, r(z) is the supremum over all |Z(¢p)]
for ¢ € Spec(A). This is exactly the definition of the supremum norm ||Z| . O

3.7. Gelfand transform for commutative, unital C*-algebras. If A is in fact
a commutative, unital C*-algebra, the Gelfand transform is even nicer — it provides
us a very powerful isomorphism. Let us quickly prove a lemma first.

Lemma 3.22. Let A and B be C*-algebras and let ¢ : A — B be an isometric
*-homomorphism. Then p(A) C B is a closed *-subalgebra; in particular p(A) is a
C*-algebra.

Proof. Since ¢ is a *-homomorphism, it is clear that ¢(A) C B is a *-subalgebra.
Moreover, p(A) is closed by a general fact for isometric maps: Let (¢(x,,))nen be a
Cauchy sequence in ¢(A). Then ||z, —zn| = ||¢(x,) — @(xm)]], since ¢ is isometric.
Hence, (z,) is a Cauchy sequence in A and we find a limit z,, — z since A is
complete. Then ¢(x,) = p(z) € p(A), i.e. p(A) is complete and hence closed. [

We are now ready to prove the First Fundamental Theorem for C*-Algebras.
Note that this is not a very common name (we allow ourselves to use this in order
to emphasize the role of this theorem) — it is more common to call it (commutative)
Gelfand-Naimark Theorem. As both names of the mathematicians are Russian, you
will also find Gel’fand or Neumark as alternative spellings.

Theorem 3.23 (1st Fundamental Theorem of C*-Algebras, Gelfand-Naimark 1943).
The Gelfand transform is an isometric *-isomorphism for commutative, unital C*-
algebras. Hence, we have the following equivalence given a unital C*-algebra A:

A is commutative <= 33X compact: A= C(X)

The space X is then given by Spec(A). In the non-unital case, we have A = Cy(X)
for some locally compact space X.

Proof. Let A be a commutative, unital C*-algebra. By Lemma [3.20, the Gelfand
transform x : A — C(Spec(A)) is a unital algebra homomorphism. By Lemma 3.11]
any character ¢ € Spec(A) is a *~homomorphism. Hence,

() = p(a*) = p(x)* = (&(¢))".

Thus, the Gelfand transform is a unital *~homomorphism. It is isometric (and hence
also injective), since any element in A is normal, thanks to commutativity. Thus,

|Z]|co = r(x) by Lemma and r(z) = ||z|| by Cor. [2.14]
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As for surjectivity, we employ the Stone-Weierstrass (Approximation) Theorem
(Thm. . Note that X := Spec(A) is a compact Hausdorff space by Prop. .
By Lemma [3.22] B := x(A) is a closed *-subalgebra of C(Spec(A)). It remains
to show that B separates the points. Let ¢,9 € Spec(A) be two points in our
compact space with ¢ # . We then find some z € B distinguishing these two
points, i.e. Z(p) = p(x) # ¥(x) = &(¢p). Hence, we verified all conditions of the
Stone-Weierstrass Theorem, and we conclude x(A) = B = C(Spec(A)), i.e. x is
surjective. This settles the unital case.

If A is non-unital, we restrict the isomorphism y : A — C(Spec(A)) to A C A
and we observe that for z € A C A we have £(0) = 0(x) = 0. We then conclude
that under the Gelfand isomorphism, A is isomorphic to

{f : Spec(A) — C | f is continuous and f(0) = 0} C C(Spec(A)).
This in turn is isomorphic to Cy(Spec(A)), see also Prop. [3.16, O

There is no way to overestimate the importance of the Gelfand-Naimark Theorem,;
we give a brief laudatio on this theorem at the end of this lecture, see Sect.

Remark 3.24. The Gelfand-Naimark Theorem is not true for arbitrary Banach
algebras. One can check that ¢}(Z) is a commutative, unital Banach algebra, the
multiplication being the convolution and the unit being (a,)nez With a, = dyo.
One can show that Spec(¢'(Z)) = T holds, where T is the closed unit circle in C.
Eventually, one can prove that the Gelfand transform maps ¢'(Z) to C(T), and it is
just the Fourier transform; and x is no isomorphism here.

By the way, one can prove one of Wiener’s theorems using the Gelfand transform:
If f € C(T) has an absolute convergent Fourier series and f(z) # 0 for all z € T,
then also % has an absolute convergent Fourier series. For the proof, one needs to

investigate the image of ¢*(Z) under the Gelfand transform. See [49, Lemma 11.6].

3.8. C*-subalgebras generated by subsets. Let us prepare some applications
of the Gelfand-Naimark Theorem. For doing so, we need to study C*-subalgebras
generated by subsets.

Definition 3.25. Let A be a C*-algebra and let M C A be a subset. We denote
by C*(M) the smallest C*-subalgebra of A containing M. If A is unital and x € A,
we denote by C*(z, 1) the smallest C*-subalgebra of A containing = and 1.

Note that C*(M) is the intersection of all C*-subalgebras B C A with M C
B. If M = {x1,...,x,} is finite, then C*(M) is given by the closure of all a

priori noncommutative polynomials in z; and z}, ¢« = 1,...,n. More precisely, a
noncommutative *-monomial in x4, ...,x, iS an expression
ki, ko Em
Liy Ty = Ly s

where i1,...,4, € {1,...,n} and ky,..., k, € {1,*}. In particular, note that xiz,
might differ from zox1. A noncommutative *-polynomial is a linear combination of
noncommutative *-monomials.
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Now, C*(z,1) consists in limits of linear combinations of expressions of the form
x® (x*) 23 (%)% - - a® with s; € Ny. So, we have:

C*(z,1) = {noncommutative polynomials in z and z*}

We are going to prove that C*(x,1) is particularly nice, if x is normal. We first
prove a preparatory lemma.

Lemma 3.26. Let A, B be C*-algebras and let M C A be a subset. Let p,) : A — B
be two *-homomorphisms. If p(x) = (x) for all x € M, then p(x) = ¢ (x) for all
x e C*(M).

Proof. Since ¢ and ¢ are *-homomorphisms, D := {x € A | p(x) =¢(zr)} CAisa
C*-subalgebra of A containing M. Thus C*(M) C D. O

Thus, *~homomorphisms are uniquely determined on the generators of C*-algebras.
Let us now study C*(x, 1) when x is normal.

Lemma 3.27. Let A be a unital C*-algebra and let x € A be normal.
(a) C*(z,1) C A is commutative.
(b) Let y € C*(x,1) and A € C. If X — y is invertible (in A), then its inverse
belongs to C*(z,1). In particular, sp(y) = SPcs(z,1)(Y)-
(¢) The map & : Spec(C*(x,1)) — sp(z) mapping ¢ — @(x) is a homeomor-
phism, i.e. Spec(C*(x,1)) = sp(z) as topological spaces. If A is not neces-
sarily unital, Spec(C*(z)) is homeomorphic to sp(z)\{0}.

Proof. For (a), if z is normal, then the noncommutative monomials in = and z*
are of the form z%(x*)! for k,l € Ny — and they actually commute. Since arbitrary
elements in C*(x, 1) are limits of linear combinations of such monomials, all elements
in C*(x, 1) commute.

As for (b), let y € C*(z,1) and A € C and assume that A — y is invertible, i.e. we
have (A —y)~' € A. We need to show (A —y)~! € C*(z,1). We do so by proving
that C*(x,1) coincides with B := C*({x, (A —y)™',1}) C A..

Observe that (A —y) = (A — y)x, since C*(z, 1) is commutative by (a). We infer
z(A—y)"t = (A —y)~'z. Thus, B is commutative and unital. By Thm. [3.23
the Gelfand transform y : B — C(Spec(B)) is an isomorphism, in particular, it
is isometric. Thus, also the restriction to C*(z,1) C B is isometric and we infer
that x(C*(x,1)) C C(Spec(B)) is a closed *-subalgebra by Lemma Moreover,
it separates the points: Let ¢ and ¥ be in Spec(B) with ¢ # 1. Assuming that
they coincide on C*(z,1), we have p(A — y) = (X — y) in particular. Hence,
(AN —y) ") =¥ ((A—y)™1), which implies that ¢ and 1 coincide on B, by Lemma
[3.26] in contradiction to ¢ # . We infer that ¢ and ¢ differ on C*(z,1), which
means that x(C*(z, 1)) separates the points.

By Stone-Weierstrass (Thm. [3.3), x(C*(z,1)) = C(Spec(B)). From surjectivity
of x we also have x(B) = C(Spec(B)), which yields C*(x,1) = B by injectivity of
X. Hence, (A —y)~' € B=C*(x,1).
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In particular, if A € spce(,1)(y), then A — y has no inverse in C*(z,1) nor in A.
Thus, spee(;,1)(y) € sp4(y), the other inclusion being trivial.

As for (c), note that # is continuous by definition. It is surjective by Lemma [3.21]
and injective by Lemma [3.26, The inverse map 2! is continuous by general facts
from topology: Given a closed subset M C Spec(C*(x, 1)), the set M is compact and
so is 2(M). Hence, (271)"1(M) = #(M) C sp(x) is closed and 2! is continuous.

The non-unital case may be treated accordingly. U

3.9. Functional calculus for continuous functions. The preceding lemma looks
pretty technical and kind of boring. But it is the key to one of the most powerful
applications of the Gelfand-Naimark Theorem: the functional calculus. How comes?
Well, if A is a noncommutative C*-algebra, there is no chance to apply the Gelfand-
Naimark Theorem. Really? From Lemma [3.27(a) we learn that C*(z,1) C A is
commutative, if z is normal — so, we may apply Gelfand-Naimark at least locally!
And we even learned that Spec C*(x, 1) is of a pretty nice form: It is sp(x) C C.
It seems to pay off to study such technicalities: we obtain a very useful tool.

Theorem 3.28 (Continuous functional calculus). Let A be a unital C*-algebra and
x € A be normal. There is an isometric *-isomorphism ® : C(sp(z)) — C*(z,1) C A
mapping ®(id) = = and ®(1) = 1. We also write f(x) := O(f).

If A is not unital, we have ® : Cy(sp(z)\{0}) = C*(z) € A mapping ®(id) = x.

Proof. By Lemma[3.27|(c) and Exc. 2.2 C(sp(x)) is isomorphic to C(Spec(C*(z, 1)))
mapping f — foZ. By the Gelfand-Naimark Theorem, Thm. [3.23, and Lemma[3.27]
C(Spec(C*(x,1))) is isomorphic to C*(z, 1) mapping & to xz. The *-isomorphism ¢
(or equivalently ®~!) is unique by Lemma m The non-unital case is similar. [J

Some quick comments: Firstly, note that this is the continuous functional calculus,
since it allows us to apply continuous functions to normal elements in C*-algebras.
There are many other functional calculi such as the measurable functional calculus
(related to von Neumann algebras), the holomorphic functional calculus (for general
Banach algebras) and many others — there has even been an Internetseminar on this
subject, ISele!ﬁ

How about a polynomial functional calculus? Well, that is trivial. Of course,
we are allowed to apply polynomials to elements in A: it is an algebra! This also
explains the notation f(z) = ®(f): For polynomials f, the element ®(f) € A is
obtained exactly by plugging x into the polynomial f. So, the continuous functional
calculus is basically the evaluation homomorphism extended from polynomials to
continuous functions. And if you trace back the proof of Thm. [3.28 and Thm. [3.23],
you will see where this extension comes from: From the Stone-Weierstrass Theorem,
Thm. [3.3] our core theorem of such extensions. It all adds up — nice, isn’t it?

Back to concrete math. Here are some properties of the functional calculus.

4ISem21,  Functional Calculus,  virtual lectures by Markus Haase (Kiel),
https://www.math.uni-kiel.de/isem21/en/course
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Proposition 3.29. Let A be a C*-algebra, v € A be normal, f,g € C(sp(z)). Then:

() (F +0)(&) = F(2) + 9(2), (f9)(@) = F(@)g(x), (&) = f(z)". In particulor
f(x) is selfadjoint, if f is real-valued.

(b) sp(f(x)) = f(sp(x)).

(c) For b € C(f(splx)), we have (ho f)(x) = h(f(x)).

(d) If z € A is selfadjoint, then sp(z) C R and we may decompose v = x, — x_
with x1 o = x_x4 =0 and sp(z4),sp(z-) C [0,00) and [lz |, [|z_|| < ||z]].

(e) Let A, B be unital and let ¢ : A — B be a unital *-homomorphism. Then
o(f(x)) = f(e(z)).

Proof. Ttem (a) follows directly from the fact that ® from Thm. is a *-
homomorphism. Items (b) and (c) are left as Exc. [3.3] As for (d), note that
O(id) = ¢(id)* = 2* = 2 = ¢(id). So id =id, i.e. sp(x) C R. Put:

IR T

0 otherwise 0 otherwise

Then h, and h_ are continuous functions on sp(x) and we may put x, := hy(x),
x_ := h_(x) by functional calculus. Then id = hy —h_ and everything is transferred
via ® making use of (a) and (b).

Item (e) is clear for polynomials, as ¢ is a *~homomorphism. Let p, be polynomials
approximating f by Stone-Weierstrass. Then p,(z) = ®(p,) — ®(f) = f(x) and
we apply ¢. Note that sp(p(z)) C sp(z), thus f(p(x)) exists. O

3.10. An application of the functional calculus. Let us end this lecture with
an application, further ones will be treated for instance in the next lecture. Recall
the definition of unitary elements from Def. [1.33]

Proposition 3.30. Let A be a unital C*-algebra and let uw € A be unitary.

(a) We have sp(u) C S':={z € C||z| = 1}.
(b) If sp(u) # S, then there is a selfadjoint element v € A such that u = €',
i.e. u can be written in polar coordinates.

Proof. Ttem (a) is part of Exc. 3.4l As for (b), let A\g € S* with Ao ¢ sp(u). Let f
be a branch of the logarithm mapping z € S* to ¥ € R with e’ = 2 such that f is
continuous on sp(u). Recall that the logarithm on all of S! is not continuous, since
it needs to jump at some point. But as sp(u) is an honest subset of S, we may
choose a branch of the logarithm avoiding this jump and we obtain a continuous
function f on sp(u). This means, we are allowed to apply the functional calculus
and we put x := f(u) € A. The element x is selfadjoint, by Prop. (a). Since
id = e¥/ as functions on sp(u), we have u = €. O
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3.11. Exercises.

Exercise 3.1. Denote the circle by S := {z € C | |z] = 1}. Show that we may
approximate functions in C(S') by polynomials p(z) = ij:_ ~ an2", where a,, € C
and z7" = (2)" for n > 0.

Omne can use this result to show that the functions e, (t) := #emt, t € [0,2n],

n € Z form an orthonormal basis for L*([0, 2]). This also shows that L?([0,27]) is
isomorphic to ¢*(N) as a Hilbert space.

Exercise 3.2. Consider the metric space ([0, 1],d) with the usual metric d(s,t) =
|s — t|. Then C([0,1]) is a commutative, unital Banach algebra (in fact, even a
C’*—algebra) by Exm. and Exc. We want to compute its spectrum. For

€ [0,1], define ev, : C([0,1]) — C via ev¢(f) := f(t) for f € C([0,1]). Consider

U : [0,1] — Spec(C([0,1])), t — evy.

(a) Show that ev, is in Spec(C(]0,1])) for all ¢ € [0, 1].

(b) Show that W is injective. Use f,(y) :=d(s,y) = |s — y.

(¢) Let I < C([0,1]) be an ideal such that for any ¢ € [0, 1] there is some f € I
with f(t) # 0. Show that I = C([0,1]). In order to do so, use compactness
of [0,1] to find an invertible element in I; then use Prop. 2.17|(c).

(d) Show that W is surjective: Given ¢ € Spec C([0, 1]), use (c¢) and Prop. [3.13
in order to show that kery = kerev; for some ¢t € [0,1]. Observe that
kerev, = {f € C([0,1]) | f(t) =0}, for t € [0, 1].

(e) Show that W is continuous. And deduce that ™! is also continuous, by
some general topological argument. Deduce that [0,1] and Spec(C(][0,1]))
are homeomorphic (i.e. “the same” as topological spaces).

Exercise 3.3. Prove items (b) and (c) of Prop. .29 For (c), study
= {h e Clsp(f(2) | @ (hOf) = ®y(h)} C C(Sp(f(fv))),

where ®; and ®, are suitable functional calculi.

Exercise 3.4. Let A be a unital C*-algebra.
(a) Show that if z € A is invertible, then sp(z™') = {A\™! | A € sp(z)}.
(b) Show that if u € A is unitary in the sense of Def. [1.33] then |ju|| = ||u*| = 1.
Use (a) to deduce that sp(u) C S*.

Exercise 3.5. Let A be a unital C*-algebra and let x € A be selfadjoint. The
following are easy statements needed in the next lecture.

(a) Recall that z is invertible if and only if 0 ¢ sp(x).

(b) Let = be invertible. Show that 27! is selfadjoint.

(c) Let sp(z) C (0,00). Use the functional calculus to show sp(z~!) C (0,0).

(d) Show that if f,g € C(sp(z)), then f(z) and g(x) commute; in particular,
f(z) and x commute.

(e) Show that sp(z — 1) C [0, 00) if and only if sp(z) C [1, 00).

(f) Show that if sp(x) C [1,00), then z is invertible and sp(1 — z™1) C [0, c0).
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3.12. Some comments on Gelfand duality. Let us elaborate more on the philo-
sophical impact of the Gelfand-Naimark Theorem, see also [55] for some easy ac-
count. What does Gelfand-Naimark say exactly? A unital C*-algebra is commu-
tative if and only if it is an algebra of continuous functions on a compact space.
So, what does it say philosophically? It says that compact topological spaces are
in “duality” with commutative, unital C*-algebras. What is this famous “Gelfand
duality” about?

Let us speak in the language of category theory first. Recall from Exc. that
given a continuous map h : X — Y between compact Hausdorff spaces, we obtain
a *-homomorphism «y : C(Y) — C(X) by composition with h: We map f — f o h.
So, a morphism on the level of topological space induces a morphism on the level
of C*-algebras. One can push this further and show that there is an equivalence of
categories between the category of commutative, unital C*-algebras and the category
of compact topological spaces, induced by the functors A — Spec(A) on the one
hand and X — C(X) on the other. See [I] for more on this.

Now, in a more philosophical language, we may say that commutative C*-algebras
correspond to (classical) topology — while noncommutative C*-algebras correspond
to a kind of “noncommutative (or quantum) topology”. Indeed, Gelfand-Naimark
tells us, that within the class of all (possibly noncommutative) C*-algebras, the
commutative ones are exactly those coming from classical topology. Hence, the
others, noncommutative ones must correspond to some noncommutative topology.
Therefore, we sometimes view noncommutative C*-algebras as algebras of functions
on some ‘“noncommutative spaces”. And it makes sense to do so! As mathemati-
cians, we need precise objects, precise definitions and precise theorems — but we also
need some intuition! So, intuitively, we may want to think of noncommutative C*-
algebras as function algebras on some underlying noncommutative spaces — which
do not “exist” in a precise way, but indirectly, via their function algebras.

Why is this way of thinking useful? Because it allows us to transfer concepts, ideas
and possibly even techniques from the “classical” world to the “noncommutative”
one. If you want to learn more about such a noncommutative topology, you may
take a look at the nice noncommutative topology dictionaries in [23], Introduction to
Ch. 1 + end of Sect. 1.3], [57, Sect. 1.11] revealing the dual concepts to connected
components, closed subsets, compactifications etc .within noncommutative topology
aka the theory of C*-algebras.

Moreover, this Gelfand-Naimark philosophy (commutativity corresponds to the
classical world, noncommutativity to the quantum world) is the basis also for other
quantum theories: Murray-von Neumann’s von Neumann algebras, Voiculescu’s Free
Probability Theory, Connes’s Noncommutative Geometry and Woronowicz’s Quan-
tum Groups — they all share the same philosophy about the role of commutativity
as a classical counterpart. Nowadays, the following areas may be counted to such a
“non-commutative analysis” or “quantum mathematics”:
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Classical theory Quantum/noncomm. version | Founders and pioneers
Topology C*-Algebras Gelfand-Naimark 1940s
Measure Theory von Neumann Algebras Murray-vonNeumann 1930s
Probability Theory Free Probability Theory, Voiculescu 1980s

Quantum Probability Theory | Accardi,
Hudson-Parthasarathy 1970s
Differential Geometry | Noncommutative Geometry Connes 1980s

(Compact) Groups (Compact) Quantum Groups | Woronowicz 1980s
Information Theory | Quantum Information Theory | Feynman, Deutsch 1980s
Complex Analysis Free Analysis J. L. Taylor 1970s

In many of the above theories, there is an analog of the Gelfand-Naimark Theorem.
We conclude that quantum/noncommutative mathematics follows the philosophy:

commutative algebras <+—  classical situation

noncommutative algebras «—  quantum/noncommutative situation

By the way, the name “C*-algebra” has been coined by Segal in 1947, the letter
“C” referring to “closed” *-subalgebras of B(H) as a major example of C*-algebras,
see Exm. Gelfand and Naimark themselves used the term “normed *-ring” in
their 1943 article. For more on the history of C*-algebras and the Gelfand-Naimark
Theorem, see [25].
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4. POSITIVE ELEMENTS, APPROXIMATE UNITS

ABSTRACT. In this lecture, we turn to one of the key features of C*-algebras:
positivity. We define the notion of positive elements in a C*-algebra and we prove
the very important algebraic characterization that positive elements are exactly
elements of the form z*x. We show that the set of positive elements of a C*-algebra
forms a cone and we derive a number of useful observations on the induced order
structure. From positivity, the amazing fact may be deduced that any injective
*~homomorphism is already isometric. Besides, we observe that every positive
element has a unique positive square root.

We then introduce the concept of approximate units and we show that any C*-
algebra and any ideal in a C*-algebra possesses an approximate unit. This allows
us to conclude that the quotient of a C*-algebra by a closed two-sided ideal is a
C*-algebra again. Thus, the theory of C'*-algebras is admissible for homological
tools such as short exact sequences.

From now on, we leave the general framework of Banach algebras and in the
remaining lectures we will deal with the particular subclass of C*-algebras only.

4.1. Definition of positive elements and sums of positive elements. In the
first lecture, we briefly mentioned the importance of the C*-identity

l[|* = [la"z|

for C*-algebras. Let us now explore in detail some powerful consequences of this
harmless identity. The main aspect is that it introduces positivity to C*-algebras.

Definition 4.1. Let A be a C*-algebra. An element x € A is positive (we write
x> 0), if x = 2* and sp(z) C [0, 00).

Recall from Prop. that sp(z) € R whenenver z = xz*. So, positive elements
form a natural subclass of selfadjoint elements — their spectrum is positive!l Note
that we already encountered positivity in Prop. [3.29 We saw that any selfadjoint
element may be decomposed as x = x, —x_ with x, and x_ being positive. So, if x is
positive itself, then x = x in the sense of Prop. [3.29] Moreover, *-homomorphisms
respect positivity, by Lemma |3.8|

Let us now characterize positivity via some norm estimate. This is basically the
functional calculus point of view on positivity.

Lemma 4.2. Let A be a unital C*-algebra and let x € A be selfadjoint. Let X > ||z ||.
We have:

x>0 = IANL—z| <A
In particular, if © > 0, then ||z|| = inf{\ > 0| A1 —z > 0}.
Proof. Let x be selfadjoint and A > ||z||. Let us first work in C'(sp(x)). Let id be
the identity function and 1 the constant function both on sp(z) C R. From Prop.

we infer that sp(xz) C [—-A,A]. We observe that sp(z) C [0,00) holds if and
only if |[Al —id||ec = sup{|A — u| | # € sp(z)} < A, as a statement on functions in

C(sp(x)).
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Coming back to x € A, we employ the functional calculus. As it is isometric, we
conclude that z is positive if and only if [|A\l — z|| = [|Al — id||s < A

If now x > 0 —1i.e. sp(z) C [0,00) — then A1 —id > 0 as a function on sp(z) if and
only if A > ||id|o. Thus, |[id|| = inf{X > 0| Al —id > 0}. Now, by Prop. [3.29,
Al —id > 0 if and only if A\1 —2 > 0 and we infer ||z|| = inf{A > 0| A\l—2 >0}. O

As an easy consequence, we see that sums of positive elements are positive.
Lemma 4.3. Let A be a C*-algebra and x,y € A be positive. Then x +y > 0.

Proof. Assume first that A is unital. Put A := ||z||+ ||y||. By the triangle inequality,
A > ||z +yll. By Lemma L2 [|[|lz]| — =[] < [|z[| and |[[lyll — yIl < [|y]]. Then

A= @+ ) < lllell =zl + iyl = yll < llll + llyll = A

and we apply Lemma again.
If A is not unital, we view x and y as elements in A. Then, they are also positive
in A, see also Def. . and we conclude that z +y € A C A is positive. 0

4.2. Positive square root. While the functional calculus was the key to the above
characterization of positivity, it also allows us to write expressions such as

\/T:,/@ g) for T:@ g)eMz((C).

What exactly do we mean by it? Let us clarify it in the next proposition.

Proposition 4.4. Let A be a C*-algebra and x € A be positive. Then there is a
unique positive element y € A such that y* = x, i.e. any positive element x possesses
a unique positive square 100t \/.

Proof. The existence is by functional calculus: Since /- is continuous on [0, c0),
we are allowed to put y := y/z by functional calculus and we check y = y* and
sp(y) = v/sp(x) C [0,00) and y? = z using Prop.

As for uniqueness, assume first that A is unital. Let § € A be positive with
> = x. If y € C*(z,1), then we may find a positive function f € C(sp(z)) with
f( ) = ¢ by the Gelfand-Naimark Thm. But then f2=id, ie f=+ and §=uy.
We are left with proving that for general § € A, we always have § € C*(x,1).

It is clear that C*(x,1) C C*(g,1) as x = 3]2. Now, ¢ is normal and we have
a functional calculus ® : C(sp(7)) — C’*(~ Then, ®~'(C*(, 1)) € C(sp(9))
is a unital closed *-subalgebra by Lemma Let us show that <I> (C’*(x 1))
separates the points. Recall sp(g) = Spec(C’*(y, 1)) from Lemma So, let
@1, P2 € Spec(C*(y,1)) with 1 # po. Then ¢1(9) # pa(y) by Lemma This
implies ¢y (z) # @o(x) since §*> = x. We conclude that ®~1(C*(z, 1)) separates
the points. Thus, ®~1(C*(z,1)) = C(sp(§)) = ®(C*(7,1)) by Stone-Weierstrass
(Thm. and hence C*(z,1) = C*(g, 1) which shows g € C*(z, 1).
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Now, assume that A is not unital. We then consider z € A C A and we just
showed, that x has a unique positive square root in A — so, there cannot be another
positive square root in A C A. Il

Coming back to our above example, our knowledge from linear algebra allows us
to compute the eigenvalues (i.e. the spectrum) of the given 2 x 2 matrix T and we
deduce that it is positive. We then have by Prop. [4.4]

VT = G ;) € M,(C).
4.3. Algebraic characterization of positivity. We now turn to the most impor-
tant subsection of Lecture 4: The algebraic characterization of positivity. We want
to show that positive elements are exactly those of the form z*z.

As a motivation, we interpret Exc. [1.T]as a hint. There, we show that an operator
T € B(H) is positive if and only if (T'z,z) > 0 for all x € H. As a consequence, any
operator T' = S*S € B(H) is positive. The same holds true in arbitrary C*-algebras,
as we are going to show soon. Let us prepare some technical tools.

Lemma 4.5. Let A be a C*-algebra and let x,y € A. Then
sp(zy) U {0} = sp(yx) U {0}.
Proof. The proof is left as Exc. [4.3] O

Definition 4.6. Let A be a C*-algebra and let x € A. The real part Re(x) and the
imaginary part Im(x) of x are defined as follows:
x+ x—

Re(x) := 5 Im(z) =

We may then decompose x = Re(x) + iIm(x).

Note that the real and imaginary parts are defined in clear analogy to the situation
in C. The whole point of the above decomposition of x is that Re(z) and Im(z)
are selfadjoint. We learned already that selfadjoint (or weaker: normal) elements
behave particularly nice — for instance, they are admissible for functional calculus!

Lemma 4.7. Let A be a C*-algebra and x € A. If —x*x > 0, then x = 0.

Proof. We may assume that A is unital; otherwise, we consider z € A. We decom-
pose T = x1 + ixg in its real and imaginary part as in Def. [£.6] We then have
¥ = 11 — ix9 and thus:

TFr 4 xrt = (22 +iriwy — ixexy + 23) + (2] + izexy — ix120 + 23) = 227 + 203

By functional calculus and Prop. [3.29(b), we know that Sp(QIE?) C [0,00) forj =1, 2.
Using Lemma we then infer that za* = 222 + 223 + (—z*z) is positive as a sum
of three positive elements. By Lemma [4.5] we thus infer

sp(z*z) Csp(a*z) U{0} = sp(zz®) U {0} C [0, c0).
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On the other hand, —z*z > 0, i.e. sp(z*z) C (—o0,0] using Prop. [3.29(b) again.
Thus, sp(z*z) = {0} which implies

I2]I* = llz"z|| = r(z"z) = 0
by Cor. This shows z = 0. O

We are now ready for the main result of this lecture: The algebraic characteriza-
tion of positivity.

Theorem 4.8. Let A be a C*-algebra and x € A. The following are equivalent.
(a) x > 0.
(b) There is a selfadjoint element y € A with y* = .
(¢) There is an element z € A with v = z*z.

Proof. The implication from (a) to (b) is by Prop. , putting y := y/z. The step
from (b) to (c) is trivial, putting z := y.

Now assume that x is of the form x = z*z. We want to show that x is posititive.
We decompose z as x =2, —x_ withzy,x_ > 0and z,x_ = z_x, =0, see Prop.
3.29, By functional calculus, we infer 2* > 0. Put y := zz_. Then:

—yfy=—1_zx_=—x_ (v, —x ). =a> >0

By Lemma , y = 0, which implies 2> = 0. Thus also z_ = 0 by functional

calculus (or as ||z_||* = ||z ||, see for instance the proof of Cor. [2.14). We conclude
r=uxy > 0. U

4.4. Induced partial order structure. As a corollary of the above theorem, we
obtain a partial order structure on C*-algebras.

Corollary 4.9. Let A be a C*-algebra. We put
A ={r e Alz=a"} C A, Ay ={x€Alz>0} C A, C A

Then Ay is a conver cone, i.e. we have:

(i) Ifr € Ay and A >0, then Az € A,.

(i) Ifz,y€ Ay, thenz+y € A,.
Moreover, Ay N (—Ay) ={0}, Asa = Ay — A, and A, is (topologically) closed.
Proof. Ttem (i) is by functional calculus. Item (ii) is by Lemma[4.3] The assertion
AL N (—A;) = {0} is by Lemma and Thm. [4.8 The decomposition Ay, =

A, —A_ is by Prop. [3.29] The cone A is closed as an easy consequence of Lemma
4,2 Il

Definition 4.10. For elements z,y € A in a C*-algebra, we write x < y, if y—x > 0.

The order structure defined above is a partial order (reflexive, antisymmetric,

transitive), by Cor.
Note that *-homomorphisms respect the order structure. Indeed, let us recap

that *~homomorphisms preserve positivity, as we mentioned before. We can employ
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Lemma for a proof, but with the characterization in Thm. [4.8] it is even easier:
Since any positive element is of the form z*x, it is clear that also p(z*z) = p(z)*p(z)
is positive, provided that ¢ : A — B is a *-homomorphism and x € A. Then, of
course, preservation of positivity implies preservation of the order structure, so x <y

implies () < ¢(y).

Remark 4.11. For some instances, the preservation of the positivity structure
(aka the order structure) on C*-algebras is so important that also weakenings of
*-homomorphisms are considered: A linear map ¢ : A — B between C*-algebras is
called positive, if it maps positive elements to positive elements, so x > 0 implies
p(z) > 0. If such a positive map respects some matrix structure over A and B,
it is called completely positive. Completely positive maps are generalizations of
*~homomorphisms and a key ingredient in the theory of nuclear C*-algebras [§].

Let us now prove some properties of the order structure.

Proposition 4.12. Let A be a C*-algebra and let x,y € A.
(a) If x <y, then z*xz < z*yz for all z € A.
(b) If z > 0, then ||z|| = inf{\ > 0 | A1 > z}. In particular x < ||z||1. Note
that we view A C A here, in case A is not unital.
(c) If 0 <z <y, then |z|< [y
(d) If A is unital, 0 < x <y and x,y are invertible, then 0 < y=! <z~ 1,
(e) If0<z <y and B €0,1], then 0 < 2’ < yP, in particular 0 < \/z < /3.

Proof. Ttem (a) is easy: We use Thm. in order to write y —x = w*w and we
infer z*yz — z*zz = 2*(y — )z = (wz)*(wz) > 0, again by Thm. |4.8

Item (b) follows directly from Lemma

Item (c) follows from (b).

As for (d), we use Exc. [3.5(c) in order to see ="' > 0. Thus, the expression vz ~!
makes sense and this element commutes with x, by functional calculus (see Exc.

B.5(d)). Thus,

1=Velzvae ! < Valyvaz?
by (a). Put 2z := \/ry~!y/z and observe that

z=Vay Wr= Ve lyVa )T < 1

For the latter inequality, we used that w > 1 implies w=! < 1 for any self-
adjoint element w, again by functional calculus, see Exc. [3.5(f). We conclude
yt=Varlz/r ! < Vo lval =27 where we used (a).

Finally, (e) is more complicated and we omit a complete proof; see [37, Prop.
1.3.8], [3, Prop. 1II.3.1.10]. The idea is to write the real-valued function
[0,00) 3t + g(t) := t# as an integral g(t) = %fooo fa(t)a=Pda, where fo(t) = T
a > 0 and v > 0. One may then check f,(y) — fo(x) > 0 and derive y® — 2% > 0
from the integral presentation. O
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Remark 4.13. Item (e) of Prop. is not true in general for § > 1. In particular,
an implication from 0 < z <y to 0 < 22 < y? is wrong in general. We even have: If
there is some B > 1 such that for all z,y € A with 0 < z < y the inequality z* <
holds, then A must be commutative. So, we must be careful in our intuition for
order relations as in item (e) and we shall not be driven by our understanding from
the commutative case.

4.5. Injective *~homomorphisms are isometric. Let us now come to an amaz-
ing fact: For *~homomorphisms between C*-algebras, injectivity implies the preser-
vation of the norm! Before we prove this nice result, let us mention a little lemma.

Lemma 4.14. Let A be a unital C*-algebra and let x € A with x > 0. Then
]| € sp(x).

Proof. Since x is selfadjoint, we have r(z) = ||z|| by Cor. Hence, ||z|| € sp(x)
or —||z|| € sp(z) by the definition of the spectral radius. Now, sp(z) C [0, 00) since
x is positive, so ||z|| € sp(x) must hold.

Proposition 4.15. Let A, B be C*-algebras and ¢ : A — B a *-homomorphism.
Then, ¢ is injective if and only if v is isometric (i.e. || ()| = ||x| for all x € A).

Proof. If  is isometric, then it is clearly also injective. So, let us prove the converse.
In the first case, assume that A is unital. We may then also assume that B and
¢ are unital; otherwise we consider instead of B the closure of p(A) — which is a
C*-subalgebra of B with unit ¢(1).

Assume that ¢ is not isometric. Hence, there is some x € A such that ||p(z*z)|| =
lo(2)]|2 < ||| = ||z*z||. Here, we used that ||¢(x)|| < ||z|| holds by Lemma [3.§|

Let f : sp(z*z) — R be a continuous function with 0 < f < 1 which is zero
on [0, |l¢(z*x)||]] and f(||z*z|]) = 1. Then ||f|lcc = 1, since the supremum || f|| is
taken over the set sp(z*z) C [0, ||z*z||] and we have ||z*z| € sp(z*z) by Lemma
.14 Then || f(z*z)|| = ||f|lc = 1 by the functional calculus for z*z. In particular
f(z*x) # 0 holds.

It remains to show that ¢(f(z*z)) = 0, which then implies that ¢ is not injective.
From, sp(p(2°2)) C [0, [io(*x) ] we infer that sp(f(¢(z"2))) = F(sp(p(z*z))) =
{0} holds by Prop. B.29(b). Then || f(p(z*x))| = r(f(¢(xz*z))) = 0 using Cor. 2.14]
Hence, ¢(f(z*z)) = f(p(z*z)) = 0 by Prop. [3.29e).

In the second case, assume that A is not unital and that ¢ is injective. Then
¢ : A — B given as in Lemma is injective: given z = a + A € A with X # 0,
assume @(x) = 0. Thus p(a) = — )\, i.e. we find some e € A with ¢(e) =1 € B.
But injectivity of ¢ shows that e is a unit of A, which is a contradiction. Thus,
o(x) # 0, i.e. ¢ is injective. Hence, ¢ is isometric by the first case and so is its
restriction . U

4.6. Definition of approximate units. We now come to a different topic: to
approximate units. We learned already that some C*-algebras do not possess a
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unit, see Exm. [2.3] In the sequel, we will show that they always possess at least an
approximate unit. We first recall the notion of a net.

Definition 4.16. Let X be a topological space. A family (z))xea € X is called a
net, if A is a partially ordered, directed set, i.e. there is a relation < on A such that
for all A\, u,v € A:

(i) A< A

(il) f A < pand p < A, then A = p.

(iii) If A < p and p < v, then A < v.

(iv) For all A\, u € A there is some v € A with A < v and p <.
A net (z,) converges to x € X (we write zy — x), if for any neighborhood U of z
there is some \g € A with z, € U for all A > Ag.

Our favourite choice is A = N with its natural order. Then nets are simply
sequences.

Definition 4.17. Let A be a C*-algebra and I C A be a subset. An approzimate
unit for I is a net (uy)rea C I such that:

(i) 0 < wuy and |Juy|| < 1 for all A € A.
(ii) If A < g, then uy < uy,.
(iii) We have uyz — x and zuy — x for all z € I.

It is clear, that the unit 1 in a unital C*-algebra is an approximate unit.

Example 4.18. Again, we take a look at our favourite non-unital C*-algebras.

(a) For Cy(R), we choose functions 0 < w, < 1 being 1 on [—n,n] and zero
outside of [—n — 1,n + 1]. They form an approximate unit with A = N and
its natural order.

(b) For the compact operators K(H) on an infinite dimensional separable Hilbert
space with orthonormal basis (e, )nen, We let u,, be the projection onto the
finite dimensional subspace of H spanned by ey, ..., e,. By Prop. [1.38 (u,)

is an approximate unit.

4.7. Existence of approximate units. Let us now show that approximate units
always exist. We prepare some technical lemma first. Recall that I << A denotes a
two-sided ideal in a C*-algebra A. If in addition [ is closed (in topology) and closed
under taking adjoints, it is a C*-algebra itself. Later in this lecture, we will see that
a two-sided closed ideal is automatically closed under taking adjoints.

Lemma 4.19. Let A be a C*-algebra and let I <1 A be a closed ideal. We put
A:={hel|h>0,]|h| <1}

(a) The set A is a partially ordered, directed set.
(b) Let h € I with h > 0 and n € N. Then h(x + h)™" € A and

1R(L = h(5 +)=Hh] < SRl
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(c) Let h € I with h > 0 and n € N. Let g € A with h(= + h)™ < g, then
I — gh|l* < LlIRll and [|h — hgl[* < L[|A]l.

Proof. We begin with (a). Items (i), (ii) and (iii) of Def. follow from the fact
that we have a partial order on C*-algebras, see Sect. [4.4, We are left with proving
directedness, i.e. item (iv) of Def. Let a,b € A. We need to find some ¢ € A
with a < cand b <ec.

Note that |la|| < 1 implies sp(a) C [0,1). The function z — z(1 — z)~' is
continuous and positive on [0, 1). We may therefore define

a:=a(l—a)™?, Vi=b(1—-0b)"

and derive ¢’ > 0 and b > 0 by functional calculus, see also Exc. 4.5l Hence also
d :=da +1 is positive, by Lemma [4.3] We may thus define

c:=d(1+ c’)_1

again by functional calculus. We need to show that ¢ € A, a < ¢ and b < ¢ hold.

Firstly, the function z — z(1+2)~" is positive on [0, 00) and strictly smaller than
1. Thus, by functional calculus, ¢ € A. Secondly, we have 0 < ¢’ < ¢ and hence
also 0 <1+d <1+. By Prop. 412, (1+ )t < (1+ )7L Thus:

a=d(l+d)'=1-14+d)'<1-0+)'=d1+) ' =¢c

Similarly, b < ¢ and we conclude that A is directed.

Let us comment on some subtlety of the proof. We did not assume that A is unital,
nor that I is. Nevertheless, we were using the symbol 1 all the time — weren’t we
mistaken to do so? No, we were not. We may view A C A and we therefore have a
unit at hand, the one of A. However, we may check in each and every case where 1
was involved, that the resulting element was in A or in [ resp., simply, because A
and I are ideals in A. We address these issues in Exc. [LA]

For (b), we can immediately use the functional calculus.

For (c), note that (1 —g) — (1 — g)*> = g(1 — g) > 0 by functional calculus, since
sp(g) € [0,1). Thus 0 < (1—g)? < 1—g, as a comparison of elements in A. By Prop.
4.12| we then have 0 < h(1—g)*h < h(1—g)h. Moreover, 0 < 1—g < 1—h(=+h)™"
by assumption, which yields 0 < h(1 — g)h < h(1 — h(: + h)~'h. Applying Prop.
4.12)(c) twice and using (b), this implies:

1 1
17 = ghll* = [1h(1 = 9)*Rll < [IR(1 = @)l < [[A(1 = h(=+R) )R]l < — Al

Similarly, ||h — hg||> < £||A]|. O

Theorem 4.20. Let A be a C*-algebra and let I << A be a two-sided closed ideal
(possibly I = A). Then, I possesses an approximate unit.

Proof. The idea is to take all positive elements in I (which have a small norm) as an
approximate unit and to index this set by itself. The technical part of the proof has
been shifted to the previous lemma, so we may now simply put everything together.
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We define A as in Lemma and we put uy := A for A € A. Then, (i) and (ii)
of Def. are satisfied.

As for Def. [4.17](iii), let z € I and let € > 0. Put h := zz* > 0. Let n € N such
that 2[h]| < €% Put A := h(% + h)~'. Then Ag € A, by Lemma[1.19] Let g € A
with g > Ao. Then [|h— ghl| < (L[|A]])® < ¢ by Lemma4.19| Using the C*-identity,
we deduce:

lz = garl|* = [[(1 = 9)h(1 = g)ll < 1 — ghl|(1 + [lgll) < 2[|h — gh]| < 2¢

This shows that u,z = go € U for an e-neighborhood U of x and hence ugz —x — 0.
Similarly zuy, — 2 — 0. U

Just to make sure, note that an approximate unit of I <t A approximates only
elements = from [ in the sense of uyr — = and zu), — x — we cannot say anything
about the approximation of elements x from A.

Remark 4.21. If A is a separable C*-algebra (i.e. there is a countable, dense
subset in A), then A admits a countable approximate unit (i.e. an approximate unit
(Un)nen with ug < us < ug < ...). Indeed, by Thm. [4.20] there is an approximate
unit (uy)rea in A. Given a dense subset {x, | n € N} C A, we choose a sequence
(A)nen € A with Ay q > A, and ||uaz; — x|, [|zun — 24| < % for all A > )\, and all
t=1,...,n. Put u, :=u,,.

4.8. Consequence for ideals of C*-algebras. The existence of approximate units
has some consequences for the ideal structure of C*-algebras.

Lemma 4.22. Let A be a C*-algebra.

(a) Any closed ideal I <1 A is closed under taking adjoints. Hence, I is a C*-
algebra.

(b) If I < J < A are closed ideals, then I <1 A.

Proof. For (a), let (uy) be an approximate unit for I (which exists by Thm.
and let x € I. We use the convergence uyx — = and the fact that the involution is
continuous in order to derive z*uy — z*. As all elements z*uy are in I and since [
is closed, we infer z* € I. Thus, I C A is a closed *-subalgebra and hence it is a
C*-algebra.

For (b), let again (u,) be an approximate unit for I, € I and a € A. Now,
a € Aand uy, € I C J implies uya € J, since J is an ideal in A. But as x € I and
I is an ideal in J, we infer x(uya) € I. Then, zuy — x implies I 3 zuya — xa and
we infer xa € I, since I is closed. Likewise ax € I. U

4.9. Quotients of C*-algebras. Did you ever wonder whether a C*-algebraic ver-
sion of Prop. (a) holds? Why shall we investigate ideals in C*-algebras if we are
not allowed to take quotients? Well, we are! Let’s prove it. Note that approximate
units are a crucial ingredient in the proof.
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Theorem 4.23. Let A be a C*-algebra and let I < A be a closed ideal. Then A/l
is a C*-algebra.

Proof. By Prop. R.17, A/I is a Banach algebra via @ + ¢ := (z + y), A\i := (\z),
1y = (zy) and ||z ;= inf{||lx + 2| | z € I}.

We equip it with an involution #* := (z*). By Lemma this is well-defined:
Assume # = ¢. Then x — y € I, but also x* — y* € I, since I is closed under taking
adjoints. Hence (z*) = (y*).

It remains to show that the norm satisfies the C*-identity. Let (u,) be an approx-
imate unit for I and let x € A. We then have

t|| = li — .
2]l = lim[lz — zu,|

Let’s prove this description of the norm. Let € > 0. By the definition of the norm,
we find some z € I with ||+ z|| < ||Z]|+&. On the other hand, there is some Ay € A
with ||z — zuy|| < € for all A > Ay, due to the convergence zu, — z. Note that
zuy € I, so ||| < ||l — zuyl]. Moreover, ||[1 —uy|| < 1 since sp(uy) C [0, 1] implies
sp(1 —uy) € [0,1]. Thus, for all A > A:

2] < llz = zur]l < [I(z +2) (1 =w)[[ +[|2(L=uw) | < [T =wplllz+ 2] +-& < [l&] +2¢
We infer ||#| = limyea ||z — 2zuy||. This implies, for any z € I:
12 _ 2
|12(° = lim[lz — zu,|
= lim||(1 — wy)z"2(1 —
lm|(1 = up)a"2(1 — wy )|
= Imf|(1 —wy)(z72 + 2)(1 — w)|
< ||z*x + 2|

Here, we used limyeal[(1 — up)2z(1 — wy)|| = 0; thus ||[(1 — upy)z*z(1 — wy)|| and
I|(1 —uy)z*z(l —uy) + (1 —up)z(1 —uy)|| must have the same limit. Finally, taking
the infimum over all z € I, we infer ||| < [|#*%||. By Remark 2.2c), we thus
obtain the C*-identity. O

Theorem [4.23|showed that we found the right concept of ideals, when investigating
closed two-sided ideals. Together with the fact that injective *~homomorphisms are
already isometric, we may prove that images of C*-algebras under *~-homomorphisms
are C*-algebras again.

Proposition 4.24. Let A, B be C*-algebras and let p : A — B be a *-homomorphism.
Then, ¢(A) is a C*-algebra which is isomorphic to A/ ker p.

Proof. Tt is easy to check that ker¢ < A is an ideal. By Thm. [4.23) A/kery is a
C*-algebra. Let us denote the quotient map by 7 : A — A/ ker ¢, x +— &. We define
amap ¢ : A/ kerp — B by ¢(&) := p(z). This is an injective *~homomorphism with
range p(A). By Prop. |4.15] ¢ is even isometric. Hence, any Cauchy sequence in
©(A) is then also a Cauchy sequence in A/ ker . This implies that ¢(A) is complete.
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Hence p(A) C B is a closed *-subalgebra and hence it is a C*-algebra. We conclude
that ¢ : A/ ker ¢ — p(A) is a *-isomorphism. 0

Remark 4.25. The above proposition has some nice homological consequences
for C*-algebras: We may work with short exact sequences. Recall the concept
of exact sequences from homological algebra. In our context, it means the follow-
ing. Let (Ap)nes be C*-algebras for J = {1,...,N}, and let ¢, : A, — A,
be *-homomorphisms for n = 1,...,N — 1. This chain of C*-algebras and *-
homomorphisms is called exact, if kerp,; = rang, foralln =1,...,N —1. A
short exact sequence is an exact sequence

0—-1—->A—-B—0

of C*-algebras I, A and B. This encodes exactly the situation of ideals and quotients:
If I < A, then

0—-1—-A—A/l—0
is a short exact sequence. See also Exc. |4.0]

4.10. Exercises.

Exercise 4.1. Let H be a Hilbert space and let T' € B(H). Show that T is positive
if and only if (Tw,x) > 0 for all x € H. In order to do so, show that 7" — \ is
bounded from below and surjective for A ¢ [0, co).

Exercise 4.2. Let H be a Hilbert space and let T' € B(H). We want to show that
T admits a polar decomposition 7' = V|T.

(a) Convince yourself that |T'| := v/T*T exists by functional calculus.

(b) Show that ker|T'| = ker T" and that the map Vj : ran|T| — ranT given by
|T|z +— Tz is well-defined and isometric. It thus has an isometric extension
Vo : ran|T| — ranT and we may define V(z; + ) := Vo for 2y + a5 €
ran|T| @ ran|T|L.

(c) Show that V is a partial isometry in the sense of Exc. [L.§] Show that V*V/
is the projection onto (ker T)* while VV* is the projection onto ranT.

(d) Show that T" = V|T|. Show that V is the unique partial isometry with
T =V|T| and ker V =kerT.

(e) Show that V is unitary in the sense of Def. [1.33] if T is invertible.

(f) What is the polar decomposition of 7" in the one-dimensional case H = C?

Exercise 4.3. Let A be a C*-algebra and let =,y € A. Show that

sp(zy) U {0} = sp(yx) U {0}.
Find an example for sp(xy) # sp(yx).
Exercise 4.4. Let A be a C*-algebra and x,h € A be selfadjoint with A > 0 and
h > x. The positive part xy > 0 of z is defined as in Prop. [3.29|
(a) Show that h >z, if A is commutative.
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(b) Show that h 2 z, in general by giving a counterexample in A = M,(C).

Exercise 4.5. Let A be a C*-algebra and let I << A be a closed ideal in A. Let
a,b € I with a,b >0 and ||a|,||b|| < 1.

(a) Show that we may define a’ := a(1 — a)~!. Be careful: We do not assume
that A is unitall Why can we still write down the expression @’ and why do
we even have a’ € I?

(b) Let v/ :=b(1 —b)7', ¢ :=d + ¥ and ¢ := (1 + ¢)~'. Show that we may
define V', ¢’ and ¢ and that they all lie in I (again, taking care of the issue
with the unit).

(¢) Show that o', ¥, ¢ and c are positive. Show ||c|| < 1.

(d) Show 1 — (1+ad) P <1—(1+¢)7L.

(e) Show a =d'(1+ad' )"t

(f) Show that 0 < b(1—a)?b < b(1—a)b holds. Again, why are all these elements
in 7

Exercise 4.6. Let I, A and B be C*-algebras and let « : [ - Aand 7: A — B be
*-homomorphisms.

(a) Show that if the sequence
0=+1—-+A—=B—=0

is exact, then ¢ is injective, 7 is surjective, (1) < A is a closed ideal in A and
B=A/(I).
(b) Conversely, if ¢ is injective and ¢(I) < A is a closed ideal in A, show that
0—-1—->A—A/I)—0

is exact, where A — A/i(I) is the canonical quotient map.
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5. STATES, REPRESENTATIONS AND THE GNS CONSTRUCTION

ABSTRACT. We introduce and study positive linear functionals and states. We
briefly recall the Hahn-Banach Theorem. We then turn to representations of C*-
algebras and we discuss the famous GNS construction. This yields our Second
Fundamental Theorem of C*-Algebras: Any abstractly defined C*-algebra may
be represented concretely on a Hilbert space — as a subalgebra of all bounded
linear operators.

5.1. Positive linear functionals. In the last lecture, we discussed positivity for
elements in a C*-algebra and the induced order structure. We now turn to a class
of linear functionals preserving these structures.

Definition 5.1. Let A be a C*-algebra. A linear functional ¢ : A — C is positive
(we write ¢ > 0), if p(x) > 0 for all x € A with > 0.

We infer that positive linear functionals preserve the order structure: Given z,y €

A, the relation z < y implies p(z) < ¢(y). Indeed, recall that « < y holds if and
only if z := y — 2 > 0. Thus, z > 0 implies ¢(z) > 0 from which we deduce
¢(z) < ¢(y), see also the discussion around Rem. [4.11]

Example 5.2. Let us take a look at some examples.

(a) Let A= C([0,1]) as in Exm. 2.3]and let ¢ € [0,1]. Then ev, : C([0,1]) — C

given by ev,(f) := f(t) is a positive linear functional. In fact, it is even
an algebra homomorphism, see Prop. [3.1§ and Exc. [3.2] but forgetting
the multiplicative structure, we obtain a positive linear functional. More
generally, let © be a Radon measure on [0, 1] (i.e. for all € [0, 1] there is an
open neighborhood U, such that u(U,) < oo; and for any Borel set B, the
value p(B) is the supremum of all p(K), where K C B is compact). Then

o(f) = / £ (t)dutt)

is a positive linear functional, f € C([0,1]). In fact, any positive linear
functional is of exactly this form! You might have met the Representation
Theorem by Riesz-Markov in some of your analysis lectures. It states that
the positive linear functionals on [0, 1] are in bijection with Radon measures
on [0, 1] via the above correspondence. If y is the Dirac measure on t € [0, 1],
we obtain ev, under this correspondence.

(b) In Exc. we will see the following. The trace Tr : My(C) — C with

Te(T) = Tr((t)) = Yty T = (ts) = (tig)sj=1,..x € My(C)

i=1
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is a positive linear functional on My (C). Likewise, the normalized trace

(1) = () = 1 Dt

is a positive linear functional. More generally, if B € My(C) is a positive
matrix, then
75(T") := tr(BT)
is a positive linear functional. In fact, any positive linear functional on
My (C) is of exactly this form, see Exc. [5.3]
(c¢) Let H be a Hilbert space and let € H. Consider A = B(H). Then

v, B(H) —» C, ¢.(T):=(Tx,z), T € B(H)
is a positive linear functional. Indeed, recall from Thm. that positive
elements 7" are of the form 7' = S*S. Thus, ¢,(5*S) = (Sz, Sx) > 0.
If H = C¥ is finite dimensional with the standard basis e, ..., ey, and
r=>y ;xje; € H, then the above positive linear functional ¢, is of the form
0 (T") = 75(T) with B = X*X. Here, X = (z;;) € My(C) is the matrix
given by z;; = \/N(lej. The matrix 7" is the transpose of T € My(C), so
T" = (tj), it T = (t;;)-
We learn from Exm. (a), that positive linear functionals may be seen as gen-
eralized evaluation maps.

5.2. Induced positive sesquilinear form. Before we proceed investigating some
properties of positive linear functionals, let us make an important observation: Pos-
itive linear functionals induce positive sesquilinear forms.

Lemma 5.3. Let A be a C*-algebra, p : A — C a positive linear functional. Then
(z,y) == o(y"z)
is a positive sesquilinear form on A, i.e. we have:
(1) (Avy + pwa,y) = My, y) + plwe,y) for all v, 29,y € A\, p € C.

(i) (2, Ay1 + py2) = M, y1) + iz, y2) for all x,y1,y2 € A, A € C.
(iii) (z,z) >0 for all x € A.

As a consequence, we have (x,y) = (y,z) for all z,y € A.

Proof. 1t is immediately clear that (-,-) is a positive sesquilinear form. A direct
computation shows that any sesquilinear form satisfies the polarisation identity, see

also Prop. [L.4}

3

Z iz + iy, x4 i*y)
k=0

(z,y) =

|

Here, i € C denotes the imaginary unit and z,y € A. We infer (x,y) = (y,xz). O

These sesquilinear forms will be important later in the present lecture.
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5.3. Properties of positive linear functionals. Positive linear functionals are
automatically continuous and involutive (i.e. they preserve the involution).

Lemma 5.4. Let A be a C*-algebra and let ¢ : A — C be a positive linear functional.
(a) @ is bounded (and hence continuous), i.e. |o(x)| < ||¢||||z|| for all z € A.
(b) ¢ is involutive, i.e. p(x*) = @(x) for all x € A.

(c) We have |p(x)* < |l¢lle(z*z) for all z € A.

Proof. For (a), let S := {z € A | x > 0,]|z|| < 1}. We first show, that ¢ is
bounded on S. Assume the converse. Hence, we find a sequence (z,)neny With
z, € S and @(x,) > 2" forall n € N. For N € N put sy == S0, 3, € A and
x = limy_ Sy. All these elements are positive by Cor. and we have x > sy
for all N € N. Thus, p(z) > p(sy) > N for all N € N which is a contradiction.
Now, as ¢ is bounded on S, we find some constant K > 0 such that p(z) < K for
all x € S. This implies for z € A with > 0 and z # 0 that 2’ := ||z|| 'z € S and
thus ¢(x) = ||z||p(2’) < ||z|| K. Finally, let us consider an arbitrary element = € A.
By Prop. and Def. we may decompose it into a linear combination of four

positive elements each with norm less or equal to ||z||:
v = (Re(z))s — (Re(z))_ + i(Im(z)); — i(m(z))_

Then |(2)] < 4K]jz]|.
Let us prove (b). Let (uy) be an approximate unit for A, which exists by Thm.
4.20] Using (a) and the induced sesquilinear form from Lemma [5.3| we deduce:

p(a") = (z"un) = (ur, 1) = (z,un) = p(uiz) = p(urz) = o(z)
As for (c), this is basically the Cauchy-Schwarz inequality (Prop. for positive

sesquilinear forms. Let again (u,) be an approximate unit for A. We deduce p(u3) <
ll¢|l from (a), since ||u3]| = ||url|> < 1 by the C*-identity and Def. [4.17] Then:

o(@)*  lo(ura)* = [(z, w)* < (2, 2)(ur, un) = (2" 2)o(u3) < [lollo(z"2)

g

Approximate units were used in the previous lemma and they also help us to give
a characterization of positive linear functionals in the next proposition. Let us insert
two preparatory lemmas first.

Lemma 5.5. Let A be a C*-algebra and let x,y € A be positive with ||z, ||y| < 1.
Then ||z —y|| < 1.

Proof. We have sp(z) C [0,1]. Thus, 1 —z > 0 by functional calculus, when viewing
1 — x as an element in the unitization 4, in case A does not have a unit. Hence,
(1—2z)+y >0,if y > 0, by Lemma This shows x — y < 1. The argument
is symmetric and we have —1 < 2z —y < 1. Thus ||z — y|| < 1 by functional
calculus. d

The next lemma is a modification of Lemma [3.11f(e).
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Lemma 5.6. Let A be a C*-algebra and let ¢ : A — C be linear and continuous
with ||p|| = 1. Assume there is some approximate unit (uy)ren of A with ||¢| =
limy o0 0(uy). Then, () € R, for all selfadjoint elements x € A.

Proof. We mimic the proof of Lemma [3.11] but we may not assume that ¢ is unital.
So, let a, f € R with ¢(x) = a + i, for a given selfadjoint element = € A. Let
i € R. Then, for all A € A:

(@ + ipuy ) [?

< ||z + ipuy|?
= [z + tpun)* (2 + ipun) |
< 2l + [ulllzuy — urz]| + 2 flua|®
As ||zuy —upz| — 0 and ||uy|| < 1, we infer:
o+ 4 2u6 + 52
= lo(z) +iul® < o +ipu)* < Jlof* + [plllzus — wall + g = 2] + p*
Since this holds true for all u € R, we conclude 5 = 0, i.e. p(z) € R. O

| 2

Proposition 5.7. Let A be a C*-algebra and let p : A — C be linear and continuous.
The following are equivalent:
(1) ¢ is positive.
(ii) For all approximate units (uy) of A, we have ||¢|| = limy_o p(uy).
(iii) For some approximate unit (uy) of A, we have ||¢|| = im0 p(uy).

Proof. The case ¢ = 0 is trivial, so let us assume ||¢|| = 1; otherwise we work with
the positive linear functional ¢’ := ||| L.

We begin with proving the implication from (i) to (ii). Assume that ¢ is positive.
Let (uy) be an approximate unit for A. Then, A < p implies uy < u, by Def. ,
and hence p(uy) < ¢(u,) as positive maps preserve the order structure. Moreover,
o(uy) < 1forall A € A. Hence (p(uy)) is an increasing, bounded net in C. We may
thus find some a < 1 such that ¢(uy) — « converges from below. Note that we have
u3 < uy by functional calculus and Def. 4.17} thus, p(u3) < ¢(uy). Employing the
Cauchy-Schwarz inequality as in the proof of Lemma [5.4, we deduce for all x € A
with [|z|| < 1:

p@)*  lo(uaz)* = [z, ux)* < (2, 2)(ur, un) = p(2"2)p(u3) < p(z"z)p(ur) <
Hence, 1 = ||¢|| < v/a < 1, which shows ||| =1 = a = limy o p(uy).

The implication from (ii) to (iii) is trivial (provided the existence of approximate
units is ensured, which it is, by Thm. .

As for (iii) to (i), assume that there is an approximate unit (uy) with p(uy) — 1.
Let x € A with x > 0 and = # 0. Assume |z|| < 1; otherwise we work with 2’ :=
||| "tz. By Lemmal[5.5] ||ux—z|| < 1 for all A € A; hence |p(uy—=)| < 1. Moreover,
o(uy —x) = 1 —p(x), as A\ = oo, by assumption. This shows |1 — ¢(z)| < 1. On
the other hand, 1 — ¢(z) € R by Lemma [5.6] Thus, 1 —¢(z) < |1 —¢(z)| < 1. This
shows p(z) > 0. O



60 ISEM24 - LECTURE NOTES

In the unital case, this gives a very easy — and amazing! — characterization of
positive linear functionals: Positivity is encoded in ¢(1).

Corollary 5.8. Let A be a unital C*-algebra and let ¢ : A — C be linear and
continuous. Then ¢ is positive if and only if p(1) = ||¢]|.

Surprisingly, the norm behaves additive on positive linear functionals turning the
space of positive linear functionals on C*-algebras into an abstract L-space (or AL-
space).

Corollary 5.9. Let A be a C*-algebra and let p,v : A — C be two positive linear
functionals. Then

lo + ¢l = llell + 1]l
Proof. Let (uy) be an approximate unit of A. By Prop. , we have:

o + Pl = (@ + ) (ur) = p(ur) +P(ur) = ol + [P O

5.4. Hahn-Banach Theorem. Let us quickly recall a classic theorem from func-
tional analysis. In fact, it exists in hundreds of variations, so let us state a suitable
one for our purposes.

Theorem 5.10 (Hahn-Banach). Let E be a normed complezx vector space and let
F C FE be a linear subspace. Let f : F — C be linear and continuous. Then, there
is a linear and continuous map f : E — C extending f (i.e. f(z) = f(x) for all
z € F) such that || f|| = || f]|.

The crucial point is, that we may extend linear, continuous maps from subspaces
to the whole space — in a norm preserving way!

5.5. States. We now turn to a special subclass of positive linear functionals: states.

Definition 5.11. Let A be a C*-algebra. A state on A is a positive linear functional
p: A— Cwith ||¢]| = 1.

So, states are simply positive linear functionals with some normalization. In view
of Cor. [5.8] this normalization is reasonable.

Proposition 5.12. Let A be a unital C*-algebra and let ¢ : A — C be a linear
functional. Then, ¢ is a state if and only if v is positive and unital (i.e. (1) =1).

Proof. Follows immediately from Cor. and Def. [5.11] O
Next, we formulate some Hahn-Banach Theorem for C*-algebras.

Theorem 5.13. Let A be a C*-algebra and let x € A be normal. There is a state
v : A — C with |p(x)| = ||z||.
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Proof. The proof is beautiful. We consider C*(z,1) € A. This is a unital Banach
algebra and we consider the Gelfand transform y : C*(z,1) — C(Spec(C*(z,1))).
Now, for & = x(z) € C(Spec(C*(x,1)) we find some character ¢y € Spec(C*(x,1))
such that |Z ()| = ||Z]|cc- AS o is a character, we also have po(1) = 1. Moreover,
(o 1s in particular a positive linear functional, so [¢o| = ¢o(1) = 1, by Cor. .8

Since x is normal, C*(x,1) C A is in fact a commutative, unital C*-algebra.
Hence, x is an isometric *-isomorphism by the Gelfand-Naimark Theorem (Thm.
3-23)), which means that ||Z||e = ||z||. Now comes the first funny aspect: Forgetting
some of the structure of ¢y, we conclude that we found a linear and continuous map
o : C*(x,1) = C with ¢o(1) = 1 and

po(@)| = [Z(po)| = [|#]|ec = [l]]-
We may hence apply the Hahn-Banach Theorem (Thm. [5.10)), and find a linear and

continuous extension ¢ : A — C with [|3|| = [|¢o. Ts this extension still positive?
It is, surprisingly: since ¢ coincides with ¢y on C*(x, 1), we have

P(1) = wo(1) = llpoll = ll2l

By Cor. , we obtain that ¢ : A — C is a positive linear functional. Thus, the
restriction of ¢ to A C A yields a positive linear functional ¢ : A — C with

o(@)] = [o(2)] = lpo(@)] = [l]-
Moreover, ||¢]| < ||¢]| =1 and |¢(z)| = ||z|| imply [|¢|| = 1, i.e. ¢ is a state. O

5.6. Representations. Having discussed positive linear functionals and states in
detail, we now come to a different subject: Representations. In the next definition,
we define representations and some related notions.

Recall the definition of a unitary U : H — H on a Hilbert space from Def.
1.33] From Prop. [1.34] we know that unitaries are exactly isomorphisms of the
Hilbert space H. In accordance with Def. we adapt the notion and call a map
U : H, — H, between two Hilbert spaces H; and H, unitary, if U is surjective and
(Ux,Uy)m, = (x,y)m, for all z,y € H.

Recall the definition of the direct sum of Hilbert spaces: Given Hilbert spaces H;,
i € I, we define @;crH; as the set of all families (x;);e; with x; € H; for i € I, and

Y ierllzillF, < oo. The inner product is given by ((z;), (vi)) == D e/ (i Vi) 1,
Definition 5.14. Let A be a C*-algebra.

(a) Let H be a Hilbert space. A representation of A on H is a *-homomorphism
m:A— B(H).

(b) Two representations m; : A — B(H;), i = 1,2 are equivalent, if there is a
unitary U : H;y — Hj such that my(z) = Um(x)U* for all z € A.

(¢) Given representations m; : A — B(H;), i € I, let @®;em; : A — B(®ierH;)
be the representation given by ((®;erm)(a)) ((z)jer) = ((m;(a))(x;))jer for
(%‘)iel € @ierH; and a € A.
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(d) A representation m : A — B(H) is non-degenerate, if we have 7(A)H = H
for the closure of the range of .

(e) A representation m : A — B(H) is cyclic if there is some x € H (a cyclic
vector) such that 7(A)x = H.

(f) Given a closed linear subspace K C H, we say that K is invariant under a
representation 7 : A — B(H), if 1(A)K C K, ie. mw(a)r € K foralla e A
and all x € K.

(g) A representation is faithful, if it is injective.
Before we comment a bit on the above definition, let us prove a little lemma.

Lemma 5.15. Let A be a C*-algebra, m : A — B(H) a representation and K C
H a closed linear subspace. If K s invariant under w, then also its orthogonal

complement K+ is invariant under m. We may then write 7 = m @ m, where
7 A— B(K) and 7y : A — B(K™) are defined as restrictions of .

Proof. Let x € K and a € A. Then w(a*)x € K since K is invariant under 7. Hence,
(x,m(a)y) = (m(a*)z,y) = 0 for y € K. As this is true for all z € K, this shows
m(a)y € K+ for all y € K+. Thus, we have 7(a) : K — K and 7(a) : K+ — K+ for
the restrictions and thus 7 = 7, ® 7, on the Hilbert space H = K @ K*. O

Remark 5.16. (a) The notion in Def. [5.14|(b) is an equivalence relation indeed,
as can be checked easily.

(b) Non-degeneracy means that m transports vectors to “all of H”. Also, any
representation m : A — B(H) may be written as a direct sum of a non-
degenerate representation and a zero representation.

Indeed, K := m(A)H C H is a closed linear subspace which is invariant
under , since 7(A)K C w(A)H C K. This also shows that the restriction
of m to K is non-degenerate. By Lemma also K+ is invariant and we
have m = mx @ mxr. Now, mgr = 0, since for a € A and © € K*, the
element 7(a)x is in K+ (by invariance), but also in K (by definition of K).
Hence, 7(a)z = 0.

(¢) A cyclic representation transports the cyclic vector to any place in H. In
particular, cyclic representations are non-degenerate. One may show that
any non-degenerate representation m : A — B(H) is the direct sum of cyclic
representations. This follows from Zorn’s Lemma (note that any vector x €
H is cyclic for the restriction of 7 to K := n(A)z C H).

(d) Let 7 : A — B(H) be a representation. Then n(A) C B(H) is a C*-
subalgebra by Prop. . If 7 is faithful, then A is isomorphic to 7(A).

(e) Let (uy) be an approximate unit for A and let 7 : A — B(H) be a non-
degenerate representation. Then 7(uy)xr — = for all z € H. Indeed, let
a€ Aand y € H. Let 2 := m(a)y. Then w(uy)x = m(ura)y — w(a)y = .
Since such vectors = are dense in H, thanks to the non-degeneracy, this shows
m(uy)x — z for all z € H. We conclude that (7(uy)) approximates the unit
on B(H).
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5.7. GNS construction. Given a representation m : A — B(H) of a C*-algebra,
and a cyclic vector x € H, it is easy to see that

pla) = (r(a)z,z),  acA,

defines a positive linear functional ¢ : A — C. Moreover, ||| = ||z||?, as a combina-
tion of Prop. and Rem. (e). Interestingly, given a positive linear functional,
we can also go the way back: We will find a representation such that ¢ can be
written as above. This is the famous GNS construction, which we now prepare. Let
us prove a lemma on uniqueness first.

Lemma 5.17. Let A be a C*-algebra and let m; : A — B(H;), 1 = 1,2, be two cyclic
representations with cyclic vectors x; € H;, i = 1,2. Let p; : A — C be the positive
linear functionals given by ;(a) = (mi(a)x;, x;), a € A. If p1 = o, then there ezists
a unitary U : Hy — Hy such that wo(a) = Umi(a)U* for all a € A, and Uxy = z5.

Proof. Put HY := m;(A)z; € H;, i = 1,2, and let a € A. Then:

Im2(a)zs | = (m2(a)we, ma(a)ws) = (ma(a”a)as, 22) = po(a*a) = pi(a*a) = ||[mi(a)a: |
We define Uy : HY — HY by Uymi(a)xy := ma(a)zs, for a € A. This is well-defined,
since given some a,b € A with m(a — b)z; = 0, we have my(a — b)xy = 0, by the
above equation. Moreover, Uy : HY — HY is surjective. Furthermore, U, preserves

the inner product, as can be seen directly from the polarization identity (Prop. .
Finally, Uym(a)Ug = ma(a) holds for all a € A, since

(Uom1(a)U}) (ma(b)xg) = Ugmy(a)m(b)xy = Ugmi(ab)zy = mo(ab)xs = (ma(a))(me(b)xs)

for any b € A. Now, H? is dense in H;, as x; is cyclic, for i = 1,2. As Uy preserves

the norm, it can be extended to U : H; — H,. This operator is a unitary with

mo(a) = Um(a)U* for all a € A, as all these properties hold on a dense subset.
Finally, let (u,) be an approximate unit for A. By Rem. [5.16}

U£C1 — U7T1(’LL)\>$1 = U()T('l(u/\)l'l = 7T2(U)\)£IZ'2 — Lo O

We are ready for the GNS construction. It can be found in the 1943 Gelfand-
Naimark article [I9], but it has been refined by Segal a few years later; the letters
GNS stand for Gelfand-Naimark-Segal.

Theorem 5.18. Let A be a C*-algebra and let ¢ : A — C be a state. There are a
Hilbert space H,, a representation 7, : A — B(H,), and a cyclic vector x, € H,
such that p(a) = (my(a)v,, x,) for all a € A. With these properties, the triple

(Hy, 7y, T,) is unique up to equivalence (by Lemma .

Proof. We construct the triple (H,, 7, z,) step by step.

(1) Construction of the Hilbert space H,. We consider the C*-algebra A as a
vector space. The state ¢ induces a positive sesquilinear form (x,y) = ¢(y*z)
on A, by Lemma [5.3] It might fail to satisfy the implication from (z,z) = 0 to
x = 0, so let us mod out the bad elements: Consider the closed linear subspace
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N, ={rx € A| (z,z) = 0} C A and let K, := A/N, be the quotient space,
v: A — K, be the quotient map.

Then K, is a pre Hilbert space with (y(z),7(y)) := (x,y). Using Cauchy-Schwarz,
we infer that this is a well-defined inner product, see Exc. [5.1] Besides, note that
the quotient map is continuous, since |y(z)||*> = p(z*z) < |||, by Lemma [5.4]
Finally, the completion of K, is our Hilbert space H,. Summarizing:

H, =T, = A/w e AT plwrzy =0}

(2) Construction of the representation m, : A — B(H,). The most natural
representation of A on itself is left multiplication. As H,, is basically A itself (up to
the defect N,,), the idea is to define 7, as a left multiplication operator, which goes
as follows. For a € A, we first consider

mo(a) 1 Ky = Ky mo(a)(v(y)) = 7(ay),y € A.
Note that a*a < ||a*a|1 (in A) by Prop. 4.12(b), and hence y*a*ay < |la*ally*y (in
A) by Prop. W(a). Thus, the map 77 (a) is continuous, as
Im (@) (YD = I (ay)l* = e(y*a*ay) < lla*alle(yy) = [lal*lv(y)I,

for all y € A; this shows [|7)(a)|| < |la|| for all a € A. In particular, 70 (a) is
well-defined: If v(y) = v(y'), then

Iv(ay) = v(ay)II* = Iv(aly —yNI* < lall*r(y —)II* = 0.
Moreover, a + 7(a) is obviously linear and multiplicative. It is involutive, as

(ma(a)v(y),7(2)) = (v(ay),7(2)) = ¢(z"ay) = ((a’2)"y) = (¥(y), 7 (a")¥(2)),
for all y, 2 € A; this shows 7)(a)* = 70 (a*) for all a € A. Finally, for a € A, we
extend 7 (a) : K, = K, to my(a) : H, — H,. Then |7 (a)|| < ||la||. Summarizing,

mo: A= B(Hy),  awmy(a),  wheremy(a)(v(y) =7(ay), y€ A4,

is a *-homomorphism, i.e. it is a representation of A on H,,.

(3) Construction of the cyclic vector x, € H,. Let (uy)ren be an approximate
unit for A (which exists by Thm. [.20). Then (y(ux))sea is a Cauchy net in K.
Indeed, let A > p. Then uy > u, by Def. and we have 1 > uy > uy —u, > 0.
We infer (uy — u,)? < uy — u, by functional calculus. As ¢ is order preserving, this
implies

I* I

Iy(un) = () I* = lly(us = w) [P = o((us — u)*) < @(ur = wy,).

Since (p(ur))rea is an increasing bounded net in C, see the proof of Prop. [5.7, we
conclude that (y(uy))aea is a Cauchy net in K,. Hence, we may define:

T, = liin’y(uA) € H,
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Now, for any a € A, the net m,(a)y(uy) = v(auy) converges to v(a), from which we
deduce m,(a)z, = y(a) for all @ € A. Thus, K, C 7,(A)x,, which shows that z,, is
a cyclic vector.

(4) We have p(a) = (m,(a)z,, x,) for all a € A. Indeed, we check

(mo(a)zg, 1) = lim(my(a)y(un), v(u)) = lim p(urauy) = p(a)
for all a € A. ]

We thus have a one-to-one correspondence between states and cyclic representa-
tions (up to equivalence classes of representations).

5.8. Existence of faithful representations. We derive the Second Fundamental
Theorem of C*-algebras as a consequence of the GNS construction. As in Lecture
3, note that the naming as “Fundamental Theorem” is not common — we only use
it here in these lectures. The theorem below is sometimes called (noncommutative)
Gelfand-Naimark Theorem or 2nd Gelfand-Naimark Theorem.

Theorem 5.19. Any C*-algebra A possesses a faithful representationm : A — B(H)
on some Hilbert space H. Thus, A is isomorphic to a C*-subalgebra of B(H).

Proof. Let a € A with a # 0. Then a*a € A is normal and by Thm. [5.13], we find a
state p : A — C with p(a*a) = ||a*a|| = ||a||* # 0. By the GNS construction (Thm.
, we obtain a Hilbert space H, and a representation m, : A — B(H,) with a
cyclic vector x, € H, such that

Imy(a)z,|I* = (mp(a*a)zy, 2y) = pla”a) # 0.
Hence, m,(a) # 0.
We then put H := @,es4)H, and 7 := @peg(a)T,, where S(A) is the set of all
states on A. By the previous consideration, we have 7(a) # 0 for all a € A with
a # 0, i.e. mis faithful. By Prop. [4.24] A is then isomorphic to 7(A) C B(H). O

We conclude that any C*-algebra may be represented concretely on a Hilbert
space. This is a quite deep insight, for various reasons. On a practical level, it
allows us to add a Hilbert space structure to our given C*-algebra, if we need it.
Thus, we may also use Hilbert space techniques when working with C*-algebras. On
a more philosophical level, it means that we could also define C*-algebras as norm
closed *-subalgebras of B(H) — and this definition would be equivalent to the more
abstract, axiomatic one given in Def. 2.1 Some remarks on these possible definitions
and the history behind the GNS construction may be found in Sect. [5.10]

Remark 5.20. If A is a separable C*-algebra, then there is a faithful representation
m:A— B(H) on a separable Hilbert space H, see Exc.

Remark 5.21. In Def. [5.14] we learned that a closed subspace K C H of a Hilbert
space is invariant under a representation 7 : A — B(H), if 7(A)K C K. In that
case, we say that K reduces 7. If m has no reducing subspaces (i.e. the only invariant
subspaces are 0 and H), we say that m is irreducible.
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The theory of irreducible representations is a subject of its own and we could
easily devote a whole lecture to it. However, we decided to skip this part of the
theory as it won’t be really necessary for the remainder of the lectures. Just to
mention a few facts on irreducible representations [3]: We can write representations
as direct sums of irreducible representations; there is a definition of a pure state and
the corresponding GNS construction yields an irreducible representation; on C'(X),
the pure states correspond exactly to Dirac measures, see also Exm. (a); the pure
states (together with 0) form the extremal points of all positive linear functionals
with norm less or equal to one, on a given C*-algebra; by the Krein-Milman Theorem,
we may show that for any non-zero element z € A in a C*-algebra A, there is an
irreducible representation 7 such that ||w(x)| = ||z||, in analogy to Thm. and
Thm. 5.9

5.9. Exercises.

Exercise 5.1. Verify the details of the proof of Lemma 5.3} Let A be a C*-algebra
and let ¢ : A — C be a positive linear functional. Put (z,y) := ¢(y*z), for z,y € A.
(a) Check that (-,-) is a positive sesquilinear form.
(b) Check that (-,-) satisfies the polarisation identity and that we have (z,y) =
(y,x) for all z,y € A. (This holds true for any positive sesquilinear form.)
(c¢) Convince yourself of a Cauchy-Schwarz inequality in the following form:
(2, 9)* < p(a*2)p(yy), for all z,y € A,
(d) Show that N, :={z € A| (x,z) =0} C A is a closed linear subspace of A.
(e) Lety: A— A/N, be the quotient map. Let z, 2’ € A withz—2’ € N,. Show
that (z,y) = (2, y) for all y € A using (c). Deduce that (y(z),v(y)) = (x,y)
is a well-defined inner product on A/N.,.

Exercise 5.2. Let A be a C*-algebra and let ¢ : A — C be a state. Let 7, :
A — B(H,) be the associated GNS representation. A state ¢ is called faithful, if
e(x*x) = 0 implies x = 0, for x € A.
(a) Let I < A be a closed ideal. Show that I C kermw, holds if and only if
I C ker .
(b) Show that 7, is faithful, if ¢ is faithful.

Exercise 5.3. Let tr: My(C) — C, (t;;) — + >, ti be the normalized trace as in
Exm. .2l Let B € My(C). We define 75(T') := tr(BT) for T € My(C).

(a) Let B be positive. Show that 75 is a positive linear functional with ||75|| =
tr(B).

(b) Compute the values 75(E;;), i, = 1,..., N, where E;; € My(C) are the
matrix units, i.e. the i-j-th entry of E;; is one, and zero otherwise.

(c) Let 7 be a positive linear functional on My (C). Show that 7 = 75 for some
matrix B € My(C) (in fact, it can be shown that B must be positive). Use
(b) in order to find B.

(d) Characterize all states on My (C).
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(e) Show that the trace tr on My (C) is a faithful state.

Exercise 5.4. Consider A = My(C) and its trace tr : Myx(C) — C.

(a) What does the GNS construction yield for tr? Determine all components:
(Hyr, Tr, T ). Is this GNS representation faithful?

(b) Let B = Ey; € My(C), see Exc. for a definition. Consider 75 as in
Exc. 5.3} Determine all components of its GNS construction. Is this GNS
representation faithful? Is 75 faithful? Compare with Exc. [5.2]

Exercise 5.5. Let A be a separable C*-algebra, i.e. there is a countable dense
subset {a, | n € N} C A. For n € N, let ¢, be a state with ¢, (a’a,) = ||a.]|?
by Thm. . Let (H,,m,,z,) be the corresponding GNS construction and put
H = @neNHna T = OpeNTp.

(a) Show that H,, is separable, for n € N and deduce that H is separable.

(b) Given a € A and € < %Ha”, let n € N such that ||a — a,|| < . Show that
[ (a)]| > 0.

(¢) Deduce that 7 : A — B(H) is faithful.

5.10. Comments on the Second Fundamental Theorem of C"*-algebras. Let
us comment a bit on the history of the Second Fundamental Theorem of C*-algebras.
Representing certain algebras on Hilbert spaces (i.e. as subalgebras of some B(H))
is an old business. For instance, let G be a locally compact group. If G is abelian,
its dual, consisting in all continuous group homomorphisms ¢ : G — S C C
(characters) forms a locally compact group again, the so called dual group G. Here,
St is seen as a multipliqative group. Now, we can take the dual group of the dual

group — and we obtain GG, ie we may reconstruct G from its dual group. This
is the famous Pontryagin Duality.

Now, how about a non-abelian locally compact group G? Unfortunately, the
duality principle breaks down. So, we need to come up with some more sophisticated
notion of a dual, if we want to have some object from which we may reconstruct G.
One idea is to replace group homomorphisms ¢ : G — C by group homomorphisms
¢ : G = My(C). Or ¢ : G — B(H), if you want. The philosophy is then to
“understand” G' by “understanding” all of its representations.

One may associate a group algebra CG to . Interestingly, representations of
G on B(H) correspond to representations of CG on B(H). In other words: The
representation theory of groups (on Hilbert spaces) boils down to the representation
theory of group algebras on Hilbert spaces.

This was the starting point for Gelfand’s work on C*-algebras: Being interested in
the representation theory of groups on Hilbert spaces, he wanted to understand the
theory of subalgebras of B(H). As we are dealing with unitary representations, these
subalgebras should be closed under taking adjoints (i.e. they are *-subalgebras) and
since we are interested in topological groups, we also want to require some topological
closure. Choosing the operator norm topology, we end up with: C*-algebras! These
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are the right subalgebras of B(H) to consider. By the way, choosing the closure in
the weak or the strong operator topology, we obtain von Neumann algebras.

Summarizing: From the perspective of representation theory of groups, we might
be interested in norm closed *-subalgebras of B(H). Shouldn’t this be our definition
of a C*-algebra then? Why do we define C*-algebras in an abstract way instead,
as certain *-Banach algebras obeying some strange C*-identity? Because it is more
conceptual in its axiomatic nature — and it is equivalent!

The latter is the content of Thm. [5.19} Given any abstractly defined C*-algebra
(in the sense of Def. , it is isomorphic to some concrete C*-algebra, i.e. to some
C*-subalgebra of some B(H). Conversely, any such concrete C*-algebra is also an
abstract C*-algebra in the sense of Def. [2.1] see Prop. We conclude: The
axiomatic definition of C*-algebras (Def. and the concrete one (as norm closed
*-subalgebra of some B(H)) are equivalent.

In that respect, one could say in retrospective: the merit of the seminal Gelfand-
Naimark article [19] is to provide an alternative, axiomatic definition of C*-algebras
— which is equivalent to the concrete definition (2nd Fundamental Theorem). And
it includes classical topology in form of commutative algebras (1st Fundamental
Theorem).
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6. UNIVERSAL C*-ALGEBRAS

ABSTRACT. We introduce the concept of universal C*-algebras. We show that
the following C*-algebras may be viewed as universal C*-algebras: The algebra
of functions on the circle S*, the matrix algebras My (C), the algebra of compact
operators K(H) on a separable Hilbert space, as well as the so-called Toeplitz
algebra. We explain how the latter one may be seen as an extension of the function
algebra C(S1) by the compact operators K(H).

6.1. Definition of universal C*-algebras. In this lecture, we turn to a quite
modern way of dealing with C*-algebras: universal C*-algebras. First, recall the
definition of a C*-algebra (Def. : a C*-algebra is a complex algebra equipped
with an involution; moreover, it posseses a norm which is submultiplicative and
which satisfies the C*-identity; finally, the algebra is complete with respect to this
norm. This provides us with a recipe how to cook up C*-algebras abstractly: we
begin with a *-algebra; we find a good norm on it; and we complete. Let’s do this
systematically in terms of generators and relations.

Definition 6.1. Let elements F = {x; | i € I} be given, where I is some index set.

(a) A noncommutative monomial in E is a word x;, - - - x;, with iy,...,4, € [

and m € N\{0}.
(b) A noncommutative polynomial in E is a formal complex linear combination of

m

noncommutative monomials: ), apyr with N € N, oy, € Cand y1, ..., yn
being noncommutative monomials in £.
(¢) On noncommutative monomials, we consider the concatenation of words, i.e.

(le .. "/L‘i7n> . (‘r‘]l .. .x]n) :: xll .. 'xlmle .. .‘fljjnj

where ;, - - x;,, and z;, ---x;, are two monomials.

(d) The free (complex) algebra on the generator set E is given as the set of
noncommutative polynomials in F together with the canonical addition and
scalar multiplication, and the multiplication of elements given by the con-
catenation. The elements in F are understood as being distinct.

Note that the order of the elements plays a role for such noncommutative mono-
mials, i.e. zyxy # woxy in the free algebra. Moreover, the algebra is “free” in
the sense that the elements x; satisfy no relations, i.e. the only polynomial in the
generators which is zero, is the zero polynomial itself. Hence, the free algebra has
the following universal property: Whenever B is some algebra containing elements
{yi | © € I} (where we even allow y; = y; for some 4, j € I), there is a replacement
homomorphism from the free algebra to B sending x; to y;, for all ¢ € I.

Given E = {z; | i € I}, we add another set (disjoint with E) of generators
E* :={zf | i € I} and we define an involution on the free algebra on £ U E* by
extending

€1, xé'm)* = dlﬁ: .. .x‘?l

(Oéle Tm K3 11
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1 ife,=x

to linear combinations; here o € C, ¢, € {1,*} and &, := . In this

* if Ek =
way, we obtain the free *-algebra P(E) on the generator set E. Note that any

polynomial p € P(E) can be viewed as an algebraic relation when considering the
equation p = 0, see also Exm.

Definition 6.2. We consider the following data:

(i) Let E = {x; | i € I} be a set of elements, I some index set.
(ii) Let R C P(FE) be a set of polynomials.

Let J(R) € P(FE) be the two-sided *-ideal generated by R. The universal *-
algebra with generators E and relations R is defined as the quotient A(E | R) :=
P(E)/J(R).

The image of an element z; € F in A(F | R) is denoted by x; again, by some
slight (but very common) abuse of notation.
Example 6.3. Let £ = {z} and R = {2?, za*z — 2} C P(F). Then A(E | R) is the
universal *-algebra with generator x such that the relations 2? = 0 and za*z = x

hold. Using these relations, we see that the only monomialsin A(E | R) are z, z*, xa*
and x*z, hence A(E | R) is at most four-dimensional.

We now want to find a C*-norm on A(E | R). Let’s consider C*-seminorms first.
Definition 6.4. Let A be a *-algebra (i.e. a complex algebra with an involution).
A C*-seminorm on A is a map p: A — [0, 00) such that

(i) p(Ax) = [Alp(x) and p(z +y) < p(z) +p(y) for all 2,y € A, X € C,
(ii) p(zy) < p(z)p(y) for all z,y € A,

(iii) and p(z*z) = p(z)? for all x € A.

We are now ready for the main definition of today’s lecture.

Definition 6.5. Let E be a set of generators and R C P(E) be relations. Put
|z|| := sup{p(z) | p is a C*-seminorm on A(E | R)}.

If |z|| < oo for all x € A(E' | R), it is not difficult to show that ||-|| is a C*-seminorm
(see Lemma[6.6) and {x € A(E | R) | ||z| = 0} is a two-sided *-ideal. In that case
(i.e. if ||z|| < oo for all z € A(E | R)), we define the universal C*-algebra C*(E | R)
as the completion with respect to ||-|:

CY(E|R) = A(E | R)/{z € A(E | R) | ||| = 0}

In the same way, we may define enveloping C*-algebras for any given *-algebra A.
Let us quickly check that our definition makes sense.

Lemma 6.6. Let E = {z; | i € I} be a set of generators and R C P(E) be relations.

(a) If ||z|| < oo for allx € A(E | R), then C*(E | R) is a C*-algebra and we say
that the universal C*-algebra of E and R exists.
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(b) If there is a constant C' > 0 such that p(xz;) < C for all i € I and all
C*-seminorms p on A(E | R), then ||z|| < oo for all x € A(E | R).

Proof. By definition, it is clear that ||-|| is a C*-seminorm; hence we obtain a norm
on the quotient A(E | R)/{z € A(E | R) | ||z|| = 0} and the completion yields a
C*-algebra. This shows (a). As for (b), the norm of any monomial in F of length N
is bounded by CV and hence any polynomial in A(E | R) has bounded norm. [

6.2. The universal property. So, we have some criterion for the existence of
C*(E | R), see Lemma [6.6] However, it could still be the case, that the construction
yields the trivial C*-algebra: we could have C*(E | R) = 0. In order to exclude
triviality, we need to find a non-trivial *~homomorphism from our universal C*-
algebra to another (non-trivial) C*-algebra. For this the following property is very
useful, ensuring the existence of many *-homomorphisms.

Let E = {x; | i € I} be a set of generators and R C P(E) be relations. We
say that elements {y; | ¢ € I} in some *-algebra B satisfy the relations R, if all
polynomials p € R are zero, when we replace each x; by y;, for all ¢ € I.

Proposition 6.7. Let E = {x; | i € I} be generators and R C P(E) be relations
such that the universal C*-algebra C*(E | R) exists. Let B be a C*-algebra contain-
ing a subset E' = {y; | i € I}. If the elements E' satisfy the relations R, then there
is a unique *-homomorphism ¢ : C*(E | R) — B sending x; to y;, for alli € 1.

Proof. The two-sided *-ideal generated by R vanishes in B by assumption. Hence,
the replacement homomorphism from the free *-algebra P(E) to B, sending xz; €
P(E)toy; € B, for alli € I, induces a *-homomorphism ¢, : A(E | R) — B sending
zi € A(E|R)toy; € B, foralli € I. For x € A(E | R), put p(x) := ||¢o(z)| 5
This is a C*-seminorm and we conclude ||¢o(z)||s < ||z||, by Def. |6.5l Hence, ¢
is continuous and we may extend it to a *-homomorphism ¢ : C*(E | R) — B.
Uniqueness is by Lemma [3.26] U

From the proof above, we understand in retrospective, why we defined the norm
in Def. exactly this way: any *-homomorphism ¢ : A — B between C*-
algebras yields a C*-seminorm p(z) := [[¢(x)| on A, where x € A. So, since
*-homomorphisms on C*-algebras always satisfy ||¢(z)|| < ||z||, see Lemma [3.8] the
only way to obtain a “universal” norm on a *-algebra is by taking the supremum of
all C*-seminorms.

Example 6.8. Let us revisit Exm. and consider the universal C*-algebra gen-
erated by F = {z} and the relations R = {2 zz*z — z}. We write shorthand
C*(z | 2* = 0,zx*z = x). Since p(z)? = p(a*z) = p(x*zz*z) = p(z*zr)? = p(x)* for
any C*-seminorm p on A(z | 22 = 0, zz*z = x) — and hence p(z) € {0,1} — we infer
that C*(z | 22 = 0, 2"z = ) exists, by Lemma [6.6(b).

01
00

a *-homomorphism ¢ : C*(z | 22 = 0,zz*z = x) — M,(C) mapping z to y, by the

Now, consider y := Fy = ) € M,(C). Since y* = 0 and yy*y = v, there is
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universal property (Prop. . Moreover, ¢ is surjective, as it hits all matrix units
(see Exc : o(x) = Eg, o(z*) = B9, p(z*zr) = Egp and p(zz*) = Ey;. But as
C*(x | * = 0,zz*x = x) is (at most) four-dimensional, see Exm. we conclude
that ¢ is an isomorphism, i.e. M3(C) may be written as the universal C*-algebra
C*(z | * = 0,zx*z = z). In particular, this shows C*(z | 22 = 0, zx*z = z) # 0.

Let us interpret this example a bit. Suppose we are interested in (order 2) nilpo-
tent partial isometries for some reason. We compute the universal C*-algebra of a
single order 2 nilpotent partial isometry: it is My(C). What does this tell us? Well,
note that My(C) is simple (Exc. [2.5) — so, the universal C*-algebra generated by
such a nilpotent partial isometry is simple. This means: We may not add any rela-
tions to a order 2 nilpotent partial isometry — whenever we have a order 2 nilpotent
partial isometry z satisfying further relations in = (which are not implied by the
relations 2% = 0 and xz*r = x), it must be trivial, see also Exm. . We conclude:
the knowledge of the universal C*-algebra tells us which additional relations may (or
may not) hold, encoded in the ideal structure of the C*-algebra; if the C*-algebra
is simple, we reached the end — no further relations may be added.

We now come to two non-examples.

Example 6.9. The C*-algebra C*(z | x = z*) does not exist: For any A > 0,
we find a C*-algebra B and a selfadjoint element y € B with |ly||[zg = A\. Then
P arr®) = I arflls, N € N, ap € C, defines a C*-seminorm on
A(z | x = 2*) with p(z) = . Hence ||z|| = oo in Def. [6.5

Example 6.10. The C*-algebra C*(x | 22 = 0,22y = x,2 = z*) exists (all C*-
seminorms are bounded, see Exm. —but C*(z | 22 =0, za*x = z,z = z*) = 0,
since |[z]|* = ||lz*z|| = ||2*| = 0.

6.3. Example: matrix algebras. The remainder of this lecture is devoted to the
study of further examples of universal C*-algebras. Our goal is to write well-known
C*-algebras as universal C*-algebras. We have seen that M(C) can be written as
a universal C*-algebra, see Exm. [6.8, How about My(C) in general?

As before, denote by E;; € My(C), i,j7 =1,..., N the matrix units, i.e. the i-j-th
entry of F;; is one and it is zero otherwise.

Proposition 6.11. Let N > 2. The following C*-algebras are isomorphic.
(i) Mn(C)
(11) C*<€ij,’i,j = 1, Ce 7.]V ’ 6;} = eji, eijekl = 5jkeil fOI‘ all i,j, k, l)
(ii) C*(zs,i=1,...,N | afx; = d;;x for all i, j)

Proof. Denote the C*-algebra in (ii) by A; and the one in (iii) by As. We first check
that A, exists: We have p(ej;)* = p(ejej;) = plej;) € {0,1} for all j and thus
plei;)? = plejiei;) = p(ej;) < 1 for all i, j and all C*-seminorms p. Let us now show
My (C) = Ay. It is easy to check that the matrix units E;; € My(C) satisfy the
relations of Ajy; by the universal property (Prop. we thus obtain a surjective

*-homomorphism ¢ : A; — My (C) sending e;; to E;j, for all 4, j. The monomials in
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A; are exactly the elements e;;, hence A; is N2-dimensional and we conclude that
@ is also injective.

As for A; = A,, see Exc. for details: the universal property of A; yields a
*~homomorphism ¢ : A; — A, sending e;; to x@xj while the universal property of
Ay yields a *-homomorphism 9 : Ay — A; sending z; to e;;. The homomorphisms
are inverse to each other, which shows the isomorphism. In particular, the elements
x; correspond to E;; € My (C). O

Corollary 6.12. Let B be any C*-algebra with f;; € B, 1,5 = 1,..., N satisfying
f;; = fji 75 0 and fijfkl - 6jkfil fOT all ’i,j, k, [. Let B, = C*(fw,l,j = 1, ey N) g
B be the C*-subalgebra generated by the elements f;;. Then B’ = My(C).

Likewise, if D is a C*-algebra containing elements y1,...,yn € D with yjy; =
dijyr # 0 for all i,j, then C*(y1,...,yn) = My(C).

Proof. In Exc. 2.5 we have seen that My (C) is simple, i.e. the only closed ideals
in My (C) are {0} and My(C) itself. Now, given a C*-algebra B with the asserted
properties, we find a *-homomorphism ¢ : My(C) — B sending E;; to f;;, for all
i,j, by Prop. and Prop. (6.7 The kernel ker ¢ is an ideal in My (C), hence
ker ¢ = {0}. Likewise for the statement on D. d

6.4. Example: algebra of compact operators on a separable Hilbert space.
There is an infinite analog of Prop. [6.11]

Proposition 6.13. The following C*-algebras are isomorphic.

(i) The algebra of compact operators KC(H) on a separable Hilbert space H.
(i) C*(eij,1,j € N| ei; = €ji, ejer = Ojpeq for all i, 4, k, )
(ili) C*(zy,1 € N| zfx; = 0;;2 for all 4, j)

Proof. We leave the verification of the existence of the universal C*-algebras as an
exercise, and the isomorphism with the C*-algebra in item (iii) as well, see Exc. [6.1]
Denote the C*-algebra in (ii) by A. We prove K(H) = A.

Let (e,)n be an orthonormal basis of H. For i,5 € N, let f;; € B(H) be the
operator given by f;;e, := d,,e;, for n € N. (Observe that f;; is an infinite analog of
a matrix unit: while E;; maps the j-th basis vector of CV to the i-th basis vector,
fij does the same in H.) Then f;; € K(H), since its range is one-dimensional. By
the universal property, there is a *~homomorphism ¢ : A — K(H) mapping e;; to
fij, for all 4, j. Let us show that ¢ is an isomorphism.

The image of ¢ contains all linear combinations of the maps f;; — in fact, even all
limits of such linear combinations, by Prop. [£.24 Now, any compact operator may
be approximated by limits of linear combinations of the maps f;;, see Exc. [6.2 We
conclude that ¢ is surjective.

As for injectivity, put My = C*(e;;,i,5 = 1,...,N) C A, for N € N. Then,
My = My(C), by Cor. . Let ¢y be the restriction of ¢ to My C A. Then
on # 0 is injective, since its kernel is an ideal in My = My(C) and My(C) is
simple. Thus, ¢y is isometric, by Prop. [4.15, Hence, ¢ is isometric on the dense
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subset UyenMy C A. This implies that ¢ is also isometric on all of A, i.e. ¢ is
injective. U

Similarly to My (C), one can show that IC(H) is simple, given H is separable, see
Exc. [6.3] Thus, an analog of Cor. holds true, as follows. Note that we allow
ourselves to consider any countable, infinite set I as an indexing set, since such a
set is in bijection with the indexing set N of Prop. [6.13

Corollary 6.14. If B is a C*-algebra with f;; € B, i,j € I, where I is a count-
able and infinite set, and if [ = fii # 0 and fijfr = Ojrfu for all i,j,k,1, then
C*(fij.i,7 € I) C B is isomorphic to K(H).

Proof. Similar to the proof of Cor. [6.12 O

6.5. Example: algebra of functions on the circle. In Exm. [6.8we were wonder-
ing about the universal C*-algebra generated by a single nilpotent partial isometry,
so about a “universal single nilpotent partial isometry”, if you want. In the same
sense we now ask: what is the “universal unitary” (in the sense of Def. [1.33)? Before
thinking about this question in precise terms, let us think intuitively.

We know that the spectrum of a unitary is a subset of the circle S, see Prop.
3.30L So, the universal unitary shall allow for all possible spectra of unitaries. Hence,
the universal unitary shall have full spectrum: it shall be all of S!. A unitary with
spectrum S! is also called a Haar unitary, by the way. As the C*-algebra generated
by a unitary is commutative, our guess is that the universal C*-algebra generated
by a unitary is isomorphic to the functions on its spectrum, i.e. to C(S'). This is
indeed the case, as we will see soon.

Coming back to precise math, we consider C*(u, 1 | u*u = uu* = 1), the universal
C*-algebra generated by a unitary. In fact, it has two generators: u and 1. The
relations are u*u = wu* = 1, but also the relations that turn 1 into the unit, so
lu = ul = w and 1> = 1* = 1. We usually omit to write down these relations
regarding the unit, and we sometimes even omit to write down 1 as a generator,
when its existence is clear from the relations.

Checking that C*(u,1 | u*u = uu* = 1) exists is easy: we have p(1)? = p(1*1) =
p(1) € {0,1} and p(u)®* = p(u*u) = p(1) € {0,1} for any C*-seminorm p; so
C*(u,1 | u*u = uu* = 1) exists by Lemma [6.6]

Proposition 6.15. Let A be a unital C*-algebra and z € A be a unitary with
sp(z) = St. Then C*(u,1 | u*u = vu* = 1) = C*(z) C A.

Proof. We denote C*(u) := C*(u, 1 | u*u = vu* = 1). Let A be a unital C*-algebra,
z € A a unitary and sp(z) = S'. By the universal property (Prop. , there is a
*~homomorphism ¢ : C*(u) — A sending u to z; it is surjective onto C*(z).

On the other hand, C*(z) C A is a commutative C*-algebra and we have the
isomorphism U, : C(sp(z)) — C*(z) € A from functional calculus, see Thm. [3.2§
By the same argument, there is an isomorphism V¥, : C(sp(u)) — C*(u). Let
P : C(S') — C(sp(u)) be the restriction map f — fispw), f € C(S'). Observe that
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C(sp(z)) = C(S!), by assumption. Putting everything together, we obtain a map
Y : C*(z) — C*(u) as the composition ¢ := ¥, 0PoW_ 1. It maps z to u. Hence 1oy
maps u to u, so Yo coincides with the identity homomorphism id : C*(u) — C*(u),
by Lemma |3.26| This shows that ¢ is injective. U

Corollary 6.16. We have C*(u,1 | u*u = uu* = 1) = C(S").

Proof. Denote the identity map on S* by z, so 2(t) =t for all t € S* and 2z € C(S).
Then z is a unitary: z*z = zz* = 1. Here, 1 denotes the constant function 1(t) = 1,
t € St on S'. We have sp(z) = S*. Moreover, C*(z) = C(S') by the Stone-
Weierstrass Theorem (Thm. [3.3). U

6.6. The bilateral shift. We learned from Cor. that the identity function on
St is a “universal unitary”. Another such unitary is the bilateral shift. Recall it
from Exc. let H be a separable Hilbert space with orthonormal basis (e,),ez-
The bilateral shift S € B(H), given by Se, = €ni1, N € Z, is a unitary. We want
to compute its spectrum. In order to do so, let A € S' and denote by d()\) € B(H)
the diagonal operator given by d(\)e, = A"e,, n € Z.

Lemma 6.17. On the Hilbert space H with orthonormal basis (e, )nez, we have:
(a) d(N)d(XN) = d(A\N) and d(\)* = d(X ), for all \, X € S*.
(b) d(X) is a unitary and we have d(N\)S = ASd()\), for all \ € S*.
(¢) The map By : C*(S) — C*(S) given by T — d(N)Td(N)* is a *-isomorphism.
(d) The spectrum of the bilateral shift is sp(S) = S.

/\/-\

Proof. Ttem (a) is straightforward. Thus, d()) is a unitary in the sense of Def. |1.33]
Moreover, we check for n € Z:

d(N)Se, = d(Neni1 = N e, = ASd(Nen,

Regarding (c), consider the map ay : B(H) — B(H) given by T +— d(A\)Td(\)*. It
can be verified directly that it is a “-homomorphism. As it maps S to AS, by (b),
we infer that its restriction 8y to C*(S) yields a *-homomorphism from C*(S) to

itself. Its inverse is given by 5, so [, is a *-isomorphism.
For (d), we use (c) and Lemma [3.§|a):

sp(5) = sp(5r(5)) = Asp(S)
holds for all A € S*. This shows sp(S) = S*. O

Proposition 6.18. We have C*(u,1 | u'u = uu* = 1) = C*(S) € B(H), where
S € B((*(Z)) is the bilateral shift operator as in Exc.

Proof. This follows from Prop. and Lemma [6.17] Il
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6.7. The unilateral shift. We consider an analog of the preceding subsection for
the unilateral shift, see Exc. [[.7 Let H be a separable Hilbert space with orthonor-
mal basis (e, )nen. The unilateral shift S € B(H), given by Se,, = e,41, n € N, is an
isometry (S*S = 1) which is not a unitary (SS* # 1). Denote again by d(\) € B(H)
the diagonal operator given by d(\)e, = A"e,, n € N, given some A € S*.

Recall from Prop. that K(H) is a closed ideal in B(H). It can be written as
the closure of the span of all rank one operators f;;, 7,7 € N, see Exc. .

Lemma 6.19. We have fi; = S 11 — SS*)(S*)7~! for all i,j € N. Hence, the
compact operators K(H) form an ideal in C*(S).

Proof. The formula f;; = S*(1 — S5*)(S*)’~! is a direct verification. Hence f;; €
C*(S) for all i,j € N. Thus K(H) C C*(S) by Exc. [6.2] Since K(H) is an ideal in
B(H), so it is in C*(.5). O

A slight modification of Lemma holds true. Denote the quotient map by
o:B(H)— B(H)/K(H).

Lemma 6.20. On the Hilbert space H with orthonormal basis (e, )nen, we have:

(a) dN)d(N) = d(AN) and d(N)* = d(N\), for all \, N € S*.

(b) d(\) is a unitary and we have d(A\)S = A\Sd()), for all X € S*.

(¢) The map By : C*(S) — C*(S) given by T +— d(AN)Td(N)* is a *-isomorphism
with Bx(K(H)) € K(H).

(d) o(S) € B(H)/K(H) is a unitary and its spectrum is sp(c(S)) = S*.

(e) The quotient of C*(S) by K(H) is isomorphic to C(S*). Hence, we have the
following short exact sequence (see also Rem. and Ezc. .'

0— K(H) = C*(S) = C(S') =0

Proof. Ttems (a) and (b) are as in Lemma [6.17, Also, the fact that £ is a *-
isomorphism is analogous. It maps S to AS; thus it maps f;; to A’ f;;, by Lemma
6.19 We infer 85 (K(H)) C K(H). Hence, §, induces a *-isomorphism

B s C*(S)/K(H) = C*(S)/K(H),  o(T) = a(Br(T)).

As in Lemma[6.17} we conclude sp(o(S)) = S*. Note that o(1 — SS*) = o(fi1) = 0,
ie. 0(S)o(S)* =1 and hence the isometry o(S) is actually a unitary.

For (e), note that C(H) is an ideal in C*(S) C B(H), by Lemma [6.19] By (d)
and Prop. the quotient C*(o(S)) = C*(S)/K(H) is isomorphic to C(S'). O

6.8. The Toeplitz algebra. In Sect. we considered the universal C*-algebra
generated by a unitary. How about an isometry?

Definition 6.21. The Toeplitz algebra T is the universal C*-algebra generated by
an isometry:

T :=C*(v,1|vv=1)
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Reflecting upon our discussion in Sect. on universal C*-algebras in general,
we may ask: what is the difference between an isometry v and a unitary in terms
of relations? It is the relation vv* = 1. So, if we add the relation vv* = 1 to the
Toeplitz algebra, we obtain the universal C*-algebra generated by a unitary. In
other words: taking the quotient by the ideal (1 — vv*) < T generated by 1 — vv*,
we obtain C(S'); we write (1 — vv*) < T for the ideal generated by 1 — vv* € T,
i.e. (1 —wvv*) is the smallest closed (two-sided) ideal in T containing 1 — vv*. How
to describe this ideal, can we name a well-known C*-algebra to which this ideal is
isomorphic? We prepare an answer. We use the notation Ny := N U {0}.

Lemma 6.22. Consider the generator v € T .

(a) The element 1 — vv* € T is a projection in the sense of Def. [1.33 It is
called the defect projection of v.

(b) We have v*(1 —vv*) = (1 — vv*)v = 0.

(¢) The ideal (1 — vv*) coincides with the closed linear span I of all elements
gij = v'(1 —vv*)(v*)?, fori,j € N.

Proof. From the relation v*v = 1, the assertions in (a) and (b) follow immediately.
As for (c), clearly, I C (1 —vv*), since all elements g;; lie in (1 — vv*).

In order to show I O (1 — vv*), we need to convince ourselves that [ is an ideal.
Firstly, note that vg;; = gi11,; and v*gi1; = g5 for all ¢, j € Ny; moreover, v*gg; = 0
for all j € Ny, by (b). We conclude vI,v*I C I. Thus, v*(v*)'I C I for all k,l € Nj.
Since elements in 7 may be approximated by linear combinations of element v*(v*)!,
this shows xI C [ for all x € T. Now, as [ is closed under taking adjoints, we infer
Iz = (z*I)* C I for all z € T. This proves that I is a two-sided ideal. Of course, it

is also a closed linear subspace, so we conclude I = (1 — vv*). U

Proposition 6.23. The ideal (1 —vv*) QT is isomorphic to K(H), where H is a
separable Hilbert space. The quotient by this ideal is isomorphic to C(S'). Hence,
we have the following short exact sequence:

0= K(H)—T—C(S")—0

Proof. We first describe the ideal (1 —vv*). Consider the elements g;; from Lemma
6.22 It is clear that g;; = g;; holds. Furthermore, for j > k, we have (v*)/v*(1 —
v*) = (v*)77F(1 — vv*) = 0 by Lemma [6.22(b). Likewise, j < k implies (1 —
vv*)(v*)9v* = 0. Hence, for j # k,
Giign = V' (1 — vv*) (") 0" (1 — vv*) (v*) = 0,

whereas j = k implies ¢;;g1 = gu- Thus, gijgm = 0;rga for all i, 7, k, 1. By Cor. [6.14]
C*(gi5,1,7 € No) =2 K(H). Note that C*(g;;,7,7 € No) = I, where [ is as in Lemma
6.22)(c), so (1 — vv*) = K(H) by Lemma [6.22](c).

Finally, recall that C'(S') is isomorphic to the universal C*-algebra C*(u) :=

C*(u,1 | v*u = uu* = 1), by Cor. [6.16] As w is in particular an isometry, there is a
*~homomorphism ¢ : T — C*(u) sending v to u, by the universal property (Prop.
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[6.7). As p(1—vv*) = 0, we have ¢({1 —vv*)) = 0. Thus, there is a *-homomorphism
o T/(1 —vv*) = C*(u) sending v to u, where v € T /(1 — vv*) denotes the image
of v under the quotient map.

On the other hand, v is a unitary. Thus ¢ : C*(u) — T /(1 — vv*) mapping u to v
exists by the universal property. We conclude that ¢ and ¢ are inverse to another
finishing the proof. For the short exact sequence, see Rem. [4.25 and Exc. 4.6, O

We can interpret the above proposition by saying that the Toeplitz algebra is very
close to C'(S') — or rather that the universal isometry is almost a universal unitary
— up to a small defect: the compacts.

Finally, let us consider an analog of Prop. [6.18] There, we saw that the bilateral
shift is a model of a universal unitary. Shouldn’t the unilateral shift be a model of
a universal isometry then? Yes, that is the case.

Corollary 6.24. The canonical *-homomorphism ¢ : T — C*(S) C B(H) map-
ping v to S, where S is the unilateral shift on a separable Hilbert space H, is an
1somorphism.

Proof. This is a classical diagram chase (Lemma given the exact sequences
0= K(H)—T—C(S")—0
from Prop. and
0— K(H) = C*(S) = C(S') =0

from Lemma the short exact sequences are linked by the identity maps on
K(H) and C(S") respectively, as well as ¢ : T — C*(S) producing a commutative
diagram. See Lemma for finishing the proof. O

Remark 6.25. The Toeplitz algebra is often introduced in a different form: as
the algebra of Toeplitz operators, see for instance [I3, Sect. V.1]. The idea is as
follows. Consider the Hilbert space L?*(S') with orthonormal basis (e, ),cz given by
e, = 2", where z is the identity function on S*. Let H?> C L?(S!') be the space
spanned by (e, )n>0, called the Hardy space, and let Py be the projection onto this
space. For g € L>(S"), let M, € B(L*(S')) be the multiplication operator given
by M,(f) == fg, f € L*(S'). The Toeplitz operator T, € B(H?) is defined as
T, := Pg2M,, for g € L>=(S1).

Observe that T,e, = T,2" = 2" = e, for n > 0, so T, is the unilateral shift
on the Hardy space. One can show:

T CHL) = {T, + K | g€ C(S). K € K(H?)} C B(H?)

In a way, this is just a reformulation of Cor. and Prop. [6.23; the Toeplitz
algebra is an extension of C(S') by the compacts.

Remark 6.26. There is the famous Wold decomposition of isometries [I3, Sect.
V.2]: let w be an isometry on a Hilbert space H. Then, w is unitarily equivalent to
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(S®1)®u, where S is the unilateral shift, S® 1 is an amplification of the shift and
u is a unitary. In other words: the unilateral shift is basically the only isometry!

Coburn then showed [I3] Sect. V.2]: if w is a proper isometry on some Hilbert
space H, i.e. w*w = 1 and ww* # 1, then C*(w) C B(H) is isomorphic to the
Toeplitz algebra 7. This is a generalization of Cor. [6.24]

6.9. Diagram chase. We finish this lecture by mentioning a classic in homologi-
cal algebra and category theory: the (short) five lemma. We formulate it for C*-
algebras, but it holds in much wider generality.

Assume we have the following commutative diagram of two short exact sequences.

™

0 I —2 = A By 0
0 I A Bs 0

L2 2

Explicitly, this means (see also Rem. and Exc. : for j =1,2, let I;, A; and
Bj be C*-algebras. Let ¢; : I; — A, be injective maps, m; : A; — B, be surjective
maps, and assume ker 7; = ran¢;. In particular, ¢;(I;) is a closed ideal in A;, and
A;/u;(I;) =2 By, for j = 1,2. For convenience, we may think of I; < A; and ¢,
simply being the embeddings. Moreover, assume that there are *~homomorphisms
a:l; - Ir,and ¢ : Ay — Ay and § : By — B, such that my 0 ¢ = o m and
Ly 0@ = oy, i.e. the diagram is commutative.

Lemma 6.27 (Five Lemma). Assume we have the following commutative diagram
of two short exact sequences.

U

0 I —2 = A By 0
0 I A Bs 0

L2 2

If a and B are *-isomorphisms, then also ¢ is a *-isomorphism.

Proof. The proof is fun and you should do it yourself once in your life. Here it goes.

@ is injective: Let © € Ay and ¢(x) = 0. Then §om(z) = m o p(x) = 0. Then
m1(z) = 0 as (3 is injective. Then x € kerm; = rany, i.e. © = 11(y) for some y € 1.
Then 2 0 a(y) = pot1(y) = ¢(x) =0. Then y = 0 as 1y and « are injective. Then
x =11(y) = 0 and ¢ is injective.

¢ is surjective: Let y € As. Then my(y) € By. There is an zg € A; with
B omi(xg) = m2(y) since § and m are surjective. Then my(y — p(z0)) = me(y) — S o
m1(z9) = 0. Then y — p(xg) € ker my = ran g, i.e. y —@(xg) = 12(2) for some z € Is.
Then z = a(w) for some w € I. Put z := ¢;(w) + 29 € A;. Then

p(a) = pou(w) +¢(ro) =tz 0 a(w) + p(z0) = (y = p(20)) + (o) =y



80 ISEM24 - LECTURE NOTES

and ¢ is surjective. O
6.10. Exercises.

Exercise 6.1. Let N > 2. As in Prop. [6.11], consider the universal C*-algebras
Ay = C(eij, i, = 1,... N | ef; = eji, eijem = dpeq for all i, j, k, 1),
Ay =C"(x,i=1,...,N | xjz; = 0;;2; for all 4, j).

(a) Show that x; € A, is a projection in the sense of Def. |1.33] Moreover, verify
(x;xy — x;)* (221 — ;) = 0 and conclude z;z1 = x; for all i.

(b) Show that A; and A, exist, using Lemma [6.6](b)

(c¢) Show that there is a *-homomorphism ¢ : A; — A, sending e;; to TiT, for
alli,j=1,...,N.

(d) Show that there is a *~homomorphism ¢ : Ay — A; sending x; to e;;, for all
i=1,...,N.

(e) Show that o1 =ida, and 1 o @ = id4,. Hint: You only need to check this
on the generators, by Lemma |3.26]

(f) Conclude A; = A,.

(g) Perform (a) to (d) also in the case of N = oc.

Exercise 6.2. Let (e,)nen be an orthonormal basis of a separable Hilbert space H.
For i,5 € N, let f;; € B(H) be the operator given by fi;e, := dj,e;, for n € N, as in
the proof of Prop. [6.13]
(a) Convince yourself that f;; is a rank one operator and f;; € K(H).
(b) Let F' be the set of all linear combinations of the maps f;;, i,j € N. Show
that F' is dense in K(H). Hint: Use Prop. [1.38 and the approximate unit
given by p, = > 1", fu, n € N.

Exercise 6.3. Let H be a separable Hilbert space and let 0 # I << B(H) be a closed
ideal.

(a) Show that all rank one operators f;; from Exc. are contained in .

(b) Use (a) and Exc. to show that K(H) C I.

(¢) Deduce that K(H) is simple. (Use Lemma [1.22])

Exercise 6.4. Let N € N. We view CV as a C*-algebra with pointwise operations.
In other words, given the finite set Xy = {1,..., N}, we view CV = C(Xy) in a
natural way.
(a) Show that C*(p,1 | p=p? = p*) = C%
(b) Show that C*(p1,...,pn,1 | D; :p? =p;,Jj= 1>---7N7Z]/<;V:1pk =1)~CN.
(c) Show that C*(u,1 | u*u = uu* = 1,u = u*) = C2
(d) Show that C*(u,1 | v*u = uu* = 1,u’ = 1) = CV.
(e) Write down an explicit isomorphism between C*(p,1 | p = p? = p*) and
C*(u, 1 | v*u = uu* = 1,u = u*).
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7. UNIVERSAL C*-ALGEBRAS II: ROTATION ALGEBRA AND CUNTZ ALGEBRA

ABSTRACT. We continue our investigation of examples of universal C*-algebras.
We introduce the famous irrational rotation algebra Ay (also called the noncom-
mutative torus), we construct two faithful conditional expectations of it and com-
posing them we obtain a faithful tracial state. This enables us to show that Ay
is simple. We then turn to another famous C*-algebra: the Cuntz algebra O,.
Again, we find a conditional expectation and we show that O, is purely infinite —
which implies that it is simple, too. The proofs of simplicity for Ay and O,, have
some similiarities which we will point out.

7.1. Definition and existence of the rotation algebra Ajy.

Definition 7.1. Let ¢ € R. The rotation algebra (also called the noncommutative
torus) is defined as the universal C*-algebra

27mwid

Ay = C*(u,v | u,v are unitaries, uv = e“"“ou).

We often abbreviate \ := 2™ € S If ¥ ¢ Q, then Ay is called the irrational
rotation algebra.

Later, we will see that the case ¥ ¢ Q behaves much nicer than ¥ € Q. This
is why the adjective “irrational” is sometimes dropped in the literature and “the
rotation algebra” then refers to the irrational rotation algebra only.

As the generators u and v are unitaries, we have p(u),p(v) € {0,1} for all C*-
seminorms p on the *-algebra generated by u and v. Hence, Ay exists by Lemma
Note that we omit to write down the generator 1 corresponding to the unit;
it is implicitely mentioned by the term “unitaries” — recall that u is a unitary, if
u*u = uu* = 1.

So, Ay exists in the sense that the underlying universal *-algebra admits a C*-
norm, by Lemma [6.6, How about non-triviality?

Lemma 7.2. The rotation algebra Ay may be represented on (%(Z) as follows. Let
A= e¥_ Consider the bilateral shift S and the diagonal operator d()\) given by

Sen = €pi1, d(N)e, = \ey, for all n € 7.
Then 7 : Ay — B((*(Z)) mapping u — d(\) and v — S is a representation of Ag.
Proof. This follows immediately from Lemma m(b) we have d(\)S = ASd()\). O

An alternative representation is given in Exc. [7.1] We conclude that Ay # 0. Let
us take a look at the elements in Ay. The following is a technical lemma. Denote by
S the set consisting of elements ), 17, apuFv! with ay € C such that only finitely

many coefficients ay; are non-zero. Here, u™* := (u*)* and v=" := (v*)* for k > 0.

Lemma 7.3. In Ay, we have u*v = Avu*, and more generally u*v' = Nlolu® for all
k,l € Z. Moreover, the set S is a *-algebra which is dense in Ay.
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Proof. Multiplying uv = Avu with «* from both sides implies v*v = Avu*. Induc-
tively we deduce u*v! = N\Folu® for all k,1 € Z. It is then easy to check that S is
a *-algebra containing v and v. By the construction of universal C*-algebras, it is
thus dense in Ay. O

Let us justify the name “noncommutative torus” by looking at the case ¥ = 0.
Lemma 7.4. Let 9 = 0. Then Ay = C(T?), where T? C C? is the 2-torus.

Proof. Observe that Ay is commutative in case ¥ = 0. Indeed, it is the universal
C*-algebra generated by two commuting unitaries. Hence, by the Gelfand-Naimark
Theorem (Thm. [3.23), it must be isomorphic to C(Spec(Ay)). The spectrum
Spec(Ay) is homeomorphic to the 2-torus in the case ¢ = 0. Indeed, given a character
¢ € Spec(Ay), it is uniquely determined by the values (p(u), ¢(v)) € St x St =T?,
by Lemma [3.26l Conversely, every value in (y1, u2) € T? gives rise to a character
in Spec(Ay), simply because p; and ps are commuting unitaries in C; then use the
universal property (Prop. . This shows the assertion.

Working out the isomorphism Ay = C(T?), we infer that it is given as follows.
Consider the functions @, € C(T?) defined by @(juy, p2) := p1 and 0(py, po) = pa,
for pu1, iy € S'. The *-homomorphism from Ay to C(T?) sending u — @ and v > ©
is the above isomorphism. O

So, if ¢ = 0, the rotation algebra Ay corresponds to the (algebra of functions on)
the torus T?. Hence, Ay can be viewed as a kind of “algebra of functions on the
noncommutative torus T3” for general ¥ € R. Let us be clear: the noncommutative
torus T% does not exist as such! However, its “algebra of functions” does exist: it is
Ay. So, in the philosophy of Gelfand duality (Sect. , we study C(T?) instead
of its underlying space T? — and we study Ay as if there was some underlying
noncommutative space T3.

This way of thinking may appear to be very weird when being confronted with
it for the first time. However, it is wvery instructive when working in the field:
imagining an underlying object, we may develop questions about this object, we
may get inspiration from related classical objects and we may express structural
theorems in an intuitive way. We elaborate more on the noncommutative torus and
its role in quantization in Sect.

7.2. Conditional expectations and a tracial state on Ay. We are now prepar-
ing the proof of an important property of Ay: this C*-algebra is simple. Our tools
to prove this will be conditional expectations and tracial states.

Definition 7.5. Let A be a unital C*-algebra, B C A a C*-subalgebra and 1 € B.

(a) A (conditional) expectation of A onto B is a positive, linear, surjective, unital
map ¢ : A — B with ¢ o ¢ = ¢ (which is equivalent to p(b) = b for all

b e p(A).
(b) A positive, linear map is faithful, if p(a) =0 and a > 0 imply a = 0.
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If B=C1 C A, we see that any state is an expectation. So, expectations can be
seen as B-valued states. We prepare the construction of two conditional expectations
of Ay. Given (,u € S, we define

pep s Ay — Ay, u— Cu, v po.
This map exists by the universal property (Prop. ., since v’ := (u and v' := pv
are unitaries with u'v’ = Av'u’. Note that pg ; is inverse to p¢ ., so pc, is in fact a
*-isomorphism.
Lemma 7.6. Let ¥ € R and let x € Ay.

(a) The map f, : T*> = Ay, (¢, 1) = peu() is continuous in norm.

(b) The maps g. : [0,1] — Ay, t = fu(1,e*™) and h, : [0,1] — Ay,
t — fo(e*™ 1) are continuous in norm.

(¢) The Riemannian sums %Z?:l Py c2mit; () and %Z?Zl permi; 1 () converge,
for uniform partitions 0 =ty < t; < ... < t, =1 of the unit interval. We
denote their limits by fol p1.e2wit(z)dt and fol peznie 1 (x)dt respectively.

Proof. Given x = ZMGZ amuFvt € S C Ay, we compute

[ fa (G 1) = fal(Cos p2) || = ||Z an (S — Chup)uv'|| < Z|akl||C1M1 |-

k,leZ k,l€eZ

This expression tends to zero as ({1, 1) tends to ((s, o), which proves (a) for x € S.
For general € Ay, we use Lemma [7.3] Now, also (b) follows immediately. Using
Gz(t) = pre2rie(x) and hy(t) = pearie 1(2), we derive (c) just like in the classical case
of Riemannian sums and intergrals for complex valued functions. O

We consider 1, s : Ay — Ay given by

1 1
1(x) == / p1 e2mit(2)dt, pa(x) == / permie 1(x)dt, x € Ay.
0 0

Lemma 7.7. Let ¥ € R.
(a) For all 32,7 aputv' € S we have 102k ez au*v') = 3y arou” and
902(Zk,162 aputv') = > ez agv'.

(b) We have (@1)|C*( = id|c+(u) and (902)\0* = id|c#(v)-
(¢) We have ¢1(Ay) = C*(u) C Ay and cpg(Ag) C*(v) C Ay.

(d) The maps ¢;, j = 1,2, are faithful conditional expectations with ||p,|| < 1.
Proof. For (a), we first consider [ € Z and check, using Lemma [7.6]c)

1 1 1
o1 (v) = / preamie (V1) dt = / e?miltyldt = </ eQ’Tiltdt) vl =Gy
0 0 0

Secondly, let k,l € Z and x = u*v'. Note that p; cenit(uFv') = uFp; 2mie (v") for any
t € [0,1]. Hence, by Lemma [7.6{c)

1 1
o1 (uFol) = / preomie (W)t = u (/ p1’e2m‘t(vl)dt) = uFp (V') = fu”
0 0
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Passing to linear combinations, we finish the proof of (a) for ;; similarly for ys.

As elements ), apu® with finitely many nonzero coefficients a;, € C are dense in
C*(u) C Ay, item (b) follows from (a). For (c), we use Lemmal[7.3] For both, (b) and
(c), we used that ¢; and g9 are continuous: let x € Ay. Note that ||p; e2rit ()| = |||
since py e2ri is a *-isomorphism. Then [|£ > i1 Py2mny ()| < ||| for any t € [0, 1]
and hence [l¢1(z)| < ||z by Lemma [7.6[c). This proves [[p1]| < 1 and ¢y is
continuous; similarly for ¢s.

As for (d), since py c2rie is linear and unital, it is clear that ¢ is linear and unital,
by Lemma [7.6{c). Moreover, given = > 0, we have py c2rie(2) > 0 for any ¢ € [0,1].
Thus, ¢1(z) > 0 by Lemma [7.6{c) and Cor. [4.9] since the cone of positive elements
is closed.

For showing that ¢, is faithful, let us assume x # 0 in addition to x > 0. Hence,
p1e2mit(z) # 0 for any ¢ € [0, 1], since p; e2rit is a *-isomorphism. Now, let ¢ : Ay — C
be a state with t(p; .2nitg(2)) # 0 for some fixed ¢y € (0,1). It exists by the Hahn-
Banach Theorem (Thm. [5.13). Define f : [0,1] = C by f(t) := ¥(pye2nn(x)),
t € [0,1]. Then f is continuous by Lemma , positive and non-zero. Thus,

Ver() = 1 3l (@) = 2 30 1(0) — [ (0 20,

where we used Lemma [7.6](c) again. This shows ¢;(z) # 0.
Finally, ©? = ¢; follows from (b) and (c), and the same for p3 = ,. O

The next lemma will be a key ingredient for the proof of simplicity of Ay: we have
an algebraic description of ¢ and . It allows us to deduce that ¢; and @5 map
ideals to themselves.

Lemma 7.8. Let ¥ ¢ Q and let \ := e*™ € S' C C as before.

(a) Given | € Z, the sequence ( LS~ /\ﬂ> converges to .
neN

2n+1 j=-—n
(b) For all x € Ay, we have:

n

1~ i 1 L
Spl(x) B 7}1—{1;010 2n + 1 ]Z_n ujxu_.j? 802(11‘) B 7}1_{1‘;10 2n + 1 ]Z_n v

(c) If I < Ay is a closed ideal, then ¢1(I) C I and po(I) C 1.
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Proof. The statement in (a) is easy analysis, see Exc. As for (b), let k,l € Z
and x = u*v!. We check:

=-n j=-n
— 1 zn: /\]lu]—l-ku ]Ul
2n+1 =,
= ! z”: M| k!
2n+1 =,
Since (Tlﬂ D )\jl> converges to &9 by (a), this proves the assertion for
neN

r = uFv! and ¢y, using also Lemma (a). By linearity, it holds true for elements
x € §; by continuity and Lemma also for all x € Ay. Likewise for ,.
Finally, let I <1 Ay be a closed ideal and x € I. Then 515> wizu™ € I and

j=—n

hence ¢y (x) € I, by (b). Similarly, po(I) C 1. O

Note that (a) of the above lemma fails to be true, if ¥ € Q, see Exc. . We see
already here in Lemma [7.8] that the irrational case is nicer than the rational case.

7.3. Simplicity of Ay. We are now going to prove the main result on Ay in this
lecture: simplicity. We use the technique of faithful traces in order to do so.

Definition 7.9. Let A be a unital C*-algebra. A (normalized) trace (or a tracial
state) on A is a state 7 : A — C with 7(zy) = 7(yx) for all z,y € A.

We constructed the expectations 1 and ¢ in the last section. The map ¢, reads
out the part generated by u, whereas ¢y reads out the one generated by v, see
Lemma (c) Composing these two maps, we shall obtain: C. This is how we
construct our faithful trace.

Proposition 7.10. Putting 7 := ©1 0 0y = a0 ¢ : Ay — C1 C Ay we obtain a
unital faithful trace on Ay. It satisfies

T(Z aklukvl) = ago.

k,lEZ

If 9 ¢ Q, it is the unique (normalized) trace on Ay.
Proof. We first check ¢ 0 05 = o0 ;. Let k,l € Z. By Lemmal7.7(a):
p1(02(uM0')) = dror(v') = Grodio = Gop2(u”) = p2(01(u*v'))

Now, putting 7 := ¢ 0 @y, we have T(ZMEZ apufv') = agy € C1 C Ay by Lemma
[7.7(a). Moreover, 7 is positive, linear, and unital by Lemma [7.7(d), hence it is a
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state; it is faithful, again by Lemma (d) For showing traciality, let = v*v' and
y =u"v", for k,l,m,n € Z. Then:

T(xy) = T(ukvlumv”) = )\_lmT(ukervH") = 5k+m’05l+n’0/\_lm
T(yr) = T(u™v"uF ) = AT (W) = Gy 0010 AT

Since k+m = 0 and I[4+n = 0 imply (k+m)n = 0 and | = —n, we infer nk = —mn =
Im. Thus, 7(xy) = 7(yz) for x = u*v! and y = u™v™. Passing to linear combinations
and using the continuity of 7, we derive 7(xy) = 7(yz) for all z,y € Ay; see also
Lemma

Finally, assume ¥ ¢ Q and let 7 be another normalized trace. Let © € Ay. Note
that 7' (v zu™) = 7/(z) for all j, by traciality. Thus, by Lemma [7.§(b):

(@) = lim —— 3 7wz = 7' (p1(2))

im
nﬁaa?ﬂ—%l

j=-n
. 1 n o
T/<l') = nh—>nolo 1 jzz_n 7'/(’0]37” ]) = 7'/(%02(37))

As 7/ is unital, we conclude:
() =7 (p1(2)) = T (p2(p1(2)) = 7'(7(2)) = 7(2) O

We observe that the trace 7 is given by Fourier analysis on Ay: it is the Fourier
coefficient agy.

Theorem 7.11. The irrational rotation algebra Ay is simple.

Proof. Let I be a non-zero closed ideal in Ay. We thus find an element z # 0 in
I. Hence, we have 0 # x*x € I. Since 7 is faithful, we infer 7(z*x) # 0. On the
other hand, 7(z*x) = ¢1(p2(z*x)) € I, by Lemma[7.8(c). Since 7(z*x) is a nonzero
multiple of 1 € Ay, this shows 1 € I and hence I = Ay. O

As mentioned in the last lecture (Sect. , simplicity for the universal C*-algebra
Ay means, that we may add no further relations to those of Ay, if ¥ is irrational.
Indeed, let p be a polynomial in u, u*, v and v* (i.e. p is a relation); by Thm.
, the closed ideal I generated by p is either 0 (in which case the relation p is
already implied by the relations of Ay), or it is all of Ay (in which case adding
the relation p to those of Ay —i.e. taking the quotient of Ay by I — would yield a
trivial C*-algebra). This is kind of surprising, because we do may add additional
relations to the universal C*-algebra generated by two commuting unitaries (which
is Ay for ¥ = 0, see Lemma , see also Exc. . By the way, we may also derive
Ay = C*(S,d()\)) € B(f*(Z)) from the simplicity of Ay and Lemma m This
comment is in the spirit of Cor. [6.24] and Prop. [6.18

We end our discussion on Ay here although a lot more could be said about it; it
might be one of the best studied examples of a C*-algebra. See also Sect. [7.9]
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7.4. Definition of the Cuntz algebra O,. We turn to another very prominent
example of a C*-algebra: the Cuntz algebra O,,, introduced by Cuntz in 1977 [12].
Recall from Def. that an element S in a C*-algebra is an isometry, if S*S = 1.

Definition 7.12. Let n € N, n > 2. The Cuntz algebra is the universal C*-algebra
O, :=C*(51,...,8, | S; is an isometry, for all i = 1,...,n, ZSiSz‘* =1).
i=1

We may easily check that the Cuntz algebra exists in the sense of Lemma and
we check O,, # 0 by finding some non-trivial representation on a Hilbert space.

For instance, if (ey)gen is an orthonormal basis of a separable Hilbert space H,
choose injective functions fi,..., f, : N — N such that f;(N) N f;(N) =0 for ¢ # j
and U, f;(N) = N for their ranges. Putting Tie, := ey, for ¢ = 1,...,n and
k € N, we obtain isometries 11,...,T,, € B(H) with >, T;T = 1.

Hence, there is a non-trivial representation of O,, proving O,, # 0. Note that the
elements 7;7T} are projections onto subspaces K; C H such that H = K1 ®---® K,,.
Hence, the Cuntz algebra is generated by n isometries decomposing the space into
n copies of the space.

7.5. Words in O,,. The main technical tool for studying Cuntz algebras is a detailed
investigation of words in the generators.

Definition 7.13. Let n € N. A multi-index is a tuple = (pu1, ..., ) € {1,...,n}*
and |p| = k is its length. Denote by M (k) the set of all multi indices of length k. A
word in O, is an element S, := S, ---S,, € O,.

Let us take a look at the arithmetics of such words.

Lemma 7.14. The words in O,,, n > 2 satisfy the following relations.
(a) SFS; =0, foralli,j=1,...,n.
(b) Given multi indices u and v, we have:

If |u| = |v|, then SpSy = b
Sy ifv=p/
If |u| < |v|, th S*S, = )
il < v, then . { 0 otherwise
S* it p=wvy
If (] > th S*S, =< # )
il > v, then . { 0 otherwise

(c) Let k € N. Then 3 vyr) SaSy = 1.
(d) Let p,v be multi indices with |u| # |v| and |ul, |v| < k. Let o, 5 € M(k).
Let S, := S7*Sy. Then S3S%(S,S;)S5Sy = 0.
Proof. For (a) and ¢ = j, the relation S;S; = 1 holds by definition, since S; is an
isometry. For i # j, note that S;S; + S;S7 < >, SiS; = 1. Hence:
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This shows 0 < —S75;57S; = —(575;)*(575;). Thus S7S; = 0 by Lemma The
other relations in (b), (c¢) and (d) follow by direct algebraic manipulations and are
left as an exercise, see Exc. [7.4] U

As a consequence, we find matrix units in O,, — and hence copies of matrix alge-
bras. This is a crucial technical observation on the structure of ©,,. We define:

F o= span{S,S; | |l = v] = k} € O,
Fn i=5pan{ 5,5, | [u| = [v[} € On
S :=span{S,S, | p, v arbitrary multi indices} C O,

Lemma 7.15. For n > 2, we have the following.
(a) Forl <k, we have F., C F*. Hence, F¥ = U< F..
(b) S is dense in O,,.
(c) Fk is isomorphic to M,x(C). The isomorphism may be chosen such that
SF(SH)¥ corresponds to the matriz unit Ey .

Proof. For (a), let p,v € M(l). Then S,57 = > 5c vty SuSs55 5y € FF.

Item (b) follows directly from Lemma [7.14](b), since all monomials in O,, are of
the form S, S} for p, v arbitrary multi indices (cf. also the proof of Lemma .

As for (c), put e, := S,S% € FF. Using the relations from Lemma , we infer
e, = €y and €60 = 0,6y, for all p,v,p,0 € M(k). Thus, the elements e,
are matrix units indexed by |M(k)| = nF indices. By Cor. FF =~ M, (C).
We may arrange that the isomorphism maps S¥(S7)* € FF to the matrix unit
Eve M (C) ]

7.6. Conditional expectation of O,. In analogy to Lemma[7.7] and Lemma [7.§|
we will now construct a conditional expectation of ©,. Given ¢ € S*, consider

pe: Op — O, S;— (S;, foralle=1,... n.

*

This map exists by the universal property of O, and it is a *-isomorphism with

inverse pg. We prove an analogue of Lemma [7.6]
Lemma 7.16. Letn > 2 and x € O,,.
(a) The map f, : ST — O,, ¢ = pe(x) is continuous in norm.

(b) The Riemannian sums %2?21 pemit; () converge, for uniform partitions

0=t <ty <...<t, =1 of the unit interval. We denote their limait
1
by fO pezmt(x)dt.

Proof. The proof is similar to the one for Lemma . We use p¢(S,S%) = ¢H-IMg, Sx
and Lemma(7.15(b) for (a) and we argue as for classical Riemannian sums for (b). O

We then put
1
0 : 0, = O, T / Pezmic(x)dt.
0
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Lemma 7.17. The map ¢ : O, — O, is a faithful conditional expectation with
loll <1, (SuSy) = 6),pSuS; for all multi indices p and v, and p(O,) = F,.

Proof. As in the proof of Lemma [7.7[(d), we derive that ¢ is a faithful conditional
expectation with ||¢|| < 1. Moreover, let u and v be multi indices. Then:

1 1
P(S,S5) = / penin (S,,9,)dt = (/ 62““('“'_'”0175) Sy = 0SSy O
0 0
As in the case of Ay, we have an “algebraic description” of ¢ — at least locally.

Lemma 7.18. Let n > 2 and k € N. There is an isometry w € O,, such that the
following holds true.

(a) We have wx = zw for all z € FF.

(b) We have w*S,Siw = 6, 1u)SuS; for all p,v € Ui M(1).

(c) We have p(z) = w*zw € FF¥ for all x € span{S,S: | u,v € U M(1)}.

Proof. Let S, := S#*S; and put

Z SaS,SE.

aeM(k
We use Lemma [7.14] and check:

ww =Y 8.518855,855 = Y a8, = Z SaS: =1
o,BeEM(k) aeM(k) aeM(k

For (a) let x = 5,5% € FF (i.e. |u| = |v| = k). We have

= > 88,5:8,=8,5, and  Sjw= Y 85555 =25,5;
aeM(k) aeM(k)

and hence wS,S; = S,5,S;, = 5,5,w. Passing to linear combinations, we infer
wz = zw for all x € FF.

For (b), let u,v € U<xpM(l). In the first case, assume |u| = |v| = k. Then
wS, Sy = 5,5;w by (a) and hence w*S,S;w = 5, S;.

In the second case, assume |u| = [v| =1 < k. Then 5,57 = >_ c vkt SuSaSaS)
by Lemma [7.14{(c). Then, w*S,S,S%Siw = 5,5,55S by the first case and hence
w*S,S;w = 5,5,

In the third case, assume |u| # |v|. By Lemma [7.14}

w'S,Siw = > 5,558:5,55555,85 =0
a,BeM(k)
Finally, for (c), let = 5,5} with p,v E Ul<k/\/l(l). If |u| = |v], then ¢(S,S)) =
S,S; = w*S,S;w by Lemma- 7.17 and (b). On the other hand, if |u| # |v|, then
(S Sr) = 0 by Lemma [7.17 moreover w*S S*w = 0 by (b). Passing to linear

combinations, we conclude p(z) = w*zw for € span{S,S; | u,v € U<xpM(1)};
furthermore, (p(x) € F¥, by Lemma[7.15{a) O
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7.7. Pure infiniteness of O,,. We have all ingredients to prove that O, is simple.
We may even show a stronger property: it is purely infinite.

Definition 7.19. A unital C*-algebra is purely infinite, if for any non-zero element
x € A, there are a,b € A with axb = 1.

Note that any unital, purely infinite C*-algebra A is simple. Indeed, let I < A
be a nonzero closed ideal and choose 0 # x € I. We then find a,b € A such that
1 = axb € I, which shows I = A.

Theorem 7.20. The Cuntz algebra O, is purely infinite, for all n > 2.

Proof. The proof is really cool: given 0 # x € O, we shift it (or rather an element
which is close to it) via the expectation ¢ to the matrix algebras F* = M, (C); we
view it as a matrix and we project onto the eigenspace of its largest eigenvalue; we
then rescale this small space to 1 which we can do since ¢ is locally algebraic in the
sense of Lemma [7.18] Let us make this more precise.

Let 0 # x € O,. Since z*z > 0 and z*z # 0, we infer p(z*x) # 0, since the
expectation ¢ is faithful by Lemma[7.17] Hence, we may assume [|¢(z*z)|| = 1 after
possibly normalizing.

(1) We find some y € S withy =y*, ||[z*x —y| < 1 and ||(y)|| > 2.

Since S is dense in O, see Lemma we find yo € S with [|z*x — yo| <
Putting y := 3(yo + y5) € S, we have [lz*z — y|| < Flla*az — ol + 5lla*z — y5|l <
Moreover:

L Lt L

L= [lp(z2)|| < llo(z*z = y)ll + o)l < i + @l

This shows |[(y)|| > 3.

(2) There is an isometry w € O,, with w*yw = p(y).

Since y € S, it is of the form y = 27@11 OéiSu(i) S;(i) for some m € N, «; € C and
multi indices u® and v, i = 1,...,m. Denote by k € N the maximal length of
these multi indices. By Lemmal[7.18] there is an isometry w € O,, with w*yw = ¢(y).

(3) There are a unitaryu € Fr and B € {—1, 1} with (S7)*up(y)u* = Blle(y)||(S7)E.

This is the crucial step in the proof. We have ¢(y) € F¥ by Lemma [7.18, By
Lemma [7.15] F# 22 M,«(C). Hence, ¢(y) corresponds to a matrix Y € M,«(C). It
satisfies 7(Y) = r(¢(y)) = |l¢(y)|, by Cor. [2.14 Moreover, Y is selfadjoint, since
©(y) is selfadjoint. Hence, all eigenvalues of Y are real, and f3||¢(y)]| is an eigenvalue
with 8 = —1or f = 1.

Next, we firstly work in M,x(C). Since Y is selfadjoint, we may diagonalise it.
Thus, there is a unitary U € M,,»(C) such that UY U* is a diagonal matrix with the
upper left entry being f5||¢(y)||. Recall that Ey; € M,x(C) is the projection with 1
in the upper left entry and zero elsewhere. We thus have:

1 0 - 0 Blle) 0 -+ 0

i o 0 --- 0 0 )
EnUYU = " O | E sl E

0 0 - 0 0 0 - =

*



ISEM24 - LECTURE NOTES 91

Secondly, we transfer this equation to F* using the isomorphism F* = M, x(C).
As mentioned in Lemma the projection Ey; € M,x(C) corresponds to the
projection S¥(S7)* € FF; the unitary U € M,x(C) corresponds to some unitary
u € F¥; and Y € M,x(C) corresponds to ¢(y) € F¥. We thus have:

Si(S) up(y)u” = Blle(y) St (ST)"
Multiplying with (S7)* from the left yields (S7)*up(y)u* = Ble(y)||(ST)*.
(4) For z == |lp(y)|| "2 (S} *uw*, we have zyz* = B1 and zx*zz* is invertible.
Building on (2) and (3), we compute:

2yz* = [lo(y) |7 (S5) uw* ywu* SY
= o)~ (S) Fusp(y)u* Sy
= eI~ Blle) 1 (S7)*ST
— 51

Next, let us compute the norm of z. Using (1), we have:

1 o . 1 2
12 < @72 ISH Ml < o)l 72 < 7
Again, using (1), we have:
_ s ) 411
- Bertaz| = |82y — 222"l < Py —a'al < 5 =2 <1

This shows that Szz*xz* is invertible, by Lemma [2.6] and so is zzx*zz*.
(5) Putting b := z*(zx*22*)"! and a := zz*, we have axb = 1.
Finally, compute:
arb = zx*rz*(za*xz*) =1 O

7.8. Exercises.

Exercise 7.1. Let ¥ € R, X\ := €™ ¢ S and L?(S') be the Hilbert space of
L*-integrable functions on the circle S'. We define @ : L*(S') — L?*(S') and
0: L*(SY) — L*(Sh) by:

@)(2) = fO2),  (B)(z) = 2f(z),  [eIXS"),zeS

Show that 7 : Ay — B(L*(S')) mapping u + @ and v — 0 is a representation of
Ay. Considering the orthonormal basis (e, )necz, With e,(2) := 2" for 2 € S, n € Z
— how does this representation relate to the one given in Lemma

Exercise 7.2. Let ¢ € S' C C and put:

1 "
an(@)i= g7 2. ¢ neN

j=-n

Let ¥ € R and put A := > ¢ S'. Let [ € Z.
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(a) Show that (a,(C))nen converges to zero, if ¢ # 1. Hint: Show that " (7
is bounded using the formulas from geometric progression.

(b) Assume ¥ ¢ Q. Show that (a,(\')),en converges to dj.

(c) Assume ¢ = 2 € Q. Show that (an(A"))nen converges to dje.z. In particular,
the sequence (a,(\'))nen converges to 1 for infinitely many powers A, [ € Z.
Thus, in the rational case, the map x — lim,,_,q Tlﬂ > _puwauTt is way
different from ¢, see Lemma [7.§|

Exercise 7.3. Let ¢ = § € Q.

(a) Find a representation 7 : Ay — M,(C).

(b) Find unital C*-algebras B and D as well as unital *-homomorphisms
p: Ay — Band ¢: Ay — D such that p(v?) =1 and ¢(v9) # 1.

(c¢) Conclude that Ay is not simple.

(d) Show that there is a *-homomorphism o : C'(T?) — C*(u?,v?) C Ay mapping
the generators @ and © of C(T?) (see Lemma to u? and v?. (In fact, it
is even a *-isomorphism.)

(e) Convince yourself that none of these statements holds true for Ay if 9 ¢ Q.

Exercise 7.4. Show the relations in Lemma [7.14] for n > 2.

(a) Convince yourself that 5;S; are projections in the sense of Def.
(b) Given multi indices p and v, show:

If |p| = |v|, then S3Sy = O
Sy ifv=p/
If |u| < |v|, then SrS, = nr ;'w .
a 0 otherwise
Sx it p=wvy
If |p| > |v|, th S*S, =49 # .
il > v, then a {O otherwise

(c) Let k € N. Show 3 c vy SaSa = 1.
(d) Let p,v be multi indices with |u| # |v| and |u|, |v] < k. Let , 8 € M(k).
Let S, := St*S,. Show S25%(5,55)55S, = 0.

7.9. Comments on Ay. The rotation algebra — in particular the irrational one —
is one of the most studied examples of C*-algebras. See for instance [13] or [23, Ch.
12] for more on Ay. It is a key example of a noncommutative manifold in Connes’s
noncommutative geometry [10] and this is also a place where we study the noncom-
mutative torus T% in close analogy to the classical torus T?. This noncommutative
geometry is very much inspired from physics and we quote from [23, Ch. 12]:
At a deep and perhaps fundamental level, quantum field theory and
noncommutative geometry are made of the same stuff.
See [23, Ch. 12] and [10] for more on this link to physics. Also, the noncommutative

torus has been used to describe some mathematics behind the famous quantum Hall
effect, see [2].
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Back to mathematics, we may wonder whether the rotation algebra Ay depends on
the parameter ¥ € R: do we obtain distinct C*-algebras given distinct parameters?
The answer is: Ay and Ay are isomorphic if and only if ¢/ = £ mod Z. For
the proof, we need the so called Powers-Rieffel projections and methods from K-
theory, which is a homological theory of invariants for C*-algebras. See [13] for this
characterization of parameter dependence.

Along the lines of deforming the torus T? to T%, Rieffel developed a program
of the so called Rieffel deformation [47]. The basic idea is to use cocycle twists
in order to deform the Cartesian product S! x S* = T2 The Cartesian product
corresponds to the tensor product of C*-algebras on the C*-algebraic side (note
that there is no unique way to equip an algebraic tensor product of C*-algebras
with a C*-norm in general [§]), so we may view Ay as a deformation of the tensor
product C'(S') ® C(S").

And in the upcoming lectures, we will see that the rotation algebra is actually an
example of a crossed product: we will show that Ay = C(S') xy Z. So, Ay arises
from a dynamical system on the circle S, which is a rotation.

Besides, in case you are wondering about an “isometry version” of Ay: we studied
one “universal unitary” and one “universal isometry” in Lecture 6, and we stud-
ied two “universal commuting unitaries” as well as a scalar deformation of this
commutation relation in the present lecture; how about two “universal commuting
isometries” as well as scalar deformations of the commutation relation? This has
actually been the content of the lecturer’s PhD thesis; you may take a look at [56].

7.10. Comments on O,,. The Cuntz algebra O, is a very important example of a
C*-algebra, too. It has been studied extensively since its introduction by Cuntz in
1977 [12]. A remarkable feature is, that it is not only an example, but also a building
block in the theory of C*-algebras. For instance, there are statements of the form:
“a separable C*-algebra is exact if and only if it embeds into Oy” or “a C*-algebra
A is unital, separable, simple and nuclear if and only if the tensor product A ® O,
is isomorphic to O,”; here, exactness and nuclearity are important approximation
properties of C*-algebras (actually, nuclearity corresponds to amenability of groups)
[8]. So, amazingly, we may characterize certain properties with the help of the Cuntz
algebra.

As for the term purely infinite, this comes from the theory of von Neumann
algebras. A von Neumann algebra is of type III (or purely infinite), if it does not
possess any finite projections. One can show that a similar feature holds for purely
infinite C*-algebras. For instance, any 5,5}, is a projection; it can be decomposed
into arbitrarily many subprojections, since

SuSr =Y 5.5.8:8:
aeM(k)

for all k. Thus, 5,5}, cannot be finite. Let us also mention that purely infiniteness
plays an important role in the classification of C*-algebras. There is the concept
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of a Kirchberg algebra, also called pi-sun algebras, where pi-sun stands for purely
infinite, separable, unital, nuclear. Such C*-algebras are classifiable via K-theory.
See [54] for more on the classification of C*-algebras.

Actually, K-theory (or Ext-theory) also plays a role when distinguishing the Cuntz
algebras: again, we may ask whether O, depends on the parameter n € N. The
answer is yes: we have O,, 2 O,, for n # m, see [13].

Let us mention a couple of generalizations of Cuntz algebras. Firstly, what is
O, for n = 1, by the way? Well, you could say it is the C*-algebra generated by
one single isometry S such that 5157 = 1. Hence, S; is in fact a unitary and we
conclude Oy = C(S*), by Cor. [6.16]

How about n = co? Yes, this C*-algebra exists. But, Y .-, S;S; = 1 would not
be a reasonable relation, since a, := > . | S;S; cannot converge in norm (check
that!). The way out is to use the seemingly weaker relation S;S; = §;; from Lemma
7.14, The Cuntz algebra O is defined as the universal C*-algebra generated by
isometries Sy, k € N with S;'S; = §;; for all 7,5 € N. One can show that also O
is purely infinite, so it is simple in particular. Hence, the relations S;S; = ¢;; are
already the best we can do — we may not add further relations.

Now, we could wonder: okay, if S;'S; = d;; is good enough for defining a simple
C*-algebra in the case n = oo — how about for n < co? Do the relations S;'S; = d;;
imply the relations Y. | S;Sf = 17 The answer is no, obviously — otherwise we
would have Y " | S;Sf = 1 and Z?ill S;S¥=11in O,41, 80 S,y would be zero. In
fact, the C*-algebra &, generated by isometries S,. .., S, and relations S;'S; = d;;
is called the extended Cuntz algebra. It contains the algebra of compact operators
as an ideal and O,, as the corresponding quotient. So, in some sense, the difference
between the relations S} S; = 6;; and Y, S;57 is K(H), see also Prop. [6.23]

Finally, let us briefly mention that Cuntz algebras have been generalized to Cuntz-
Krieger algebras. They are given by partial isometries Si,...,.S, (not necessarily
isometries) with mutually orthogonal ranges and relations S7'S; =, a;;S;57, where
a;; € {0,1}. Cuntz-Krieger algebras in turn have been generalized to graph C*-
algebras, where we assign a C*-algebra C*(I') to a graph I'. Graph C*-algebras
include the matrix algebras My (C), the algebra of compact operators K(H) on a
separable Hilbert space, the function algebra C'(S'), the Toeplitz algebra T, the
Cuntz algebras O,, and many more. See [46] for more.
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8. INDUCTIVE LIMITS AND AF ALGEBRAS

ABSTRACT. We introduce the concept of inductive limits of C*-algebras. We
then show that finite-dimensional C*-algebras are exactly given by direct sums of
matrix algebras. This is followed by a brief introduction to AF algebras (approxi-
mately finite-dimensional C*-algebras) and the main tool to study them: Bratteli
diagrams. We discuss how to read off the ideal structure of an AF algebra from
its Bratteli diagram.

8.1. Inductive limits. In mathematics, the concept of approximation is every-
where: we want to understand a complicated object by approximating it with sim-
pler ones. In the language of category theory, we may formulate this idea in terms
of inductive limits. We present this concept adapted to the theory of C*-algebras,
but it is a principle of much wider generality.

Definition 8.1. An inductive system (of C*-algebras) (An, on)nen is given by C*-
algebras A,, and *-homomorphisms ¢, : A, — A, 1, for all n € N, i.e. we have:

1 P2 3 Pn-1 Pn Pnt1
A, As A . A, Apir

More generally, in category theory, an inductive system is given by objects (A;,)nen
and morphisms (¢, )nen between them, in a diagram as above. We may then ask for
the existence of a limit object for such a sequence.

Proposition 8.2. Let (A, pn)nen be an inductive system of C*-algebras. There are
a C*-algebra limgy A, and *-homomorphisms P, : A, — limgzg A, with
Prt1 © P = @, satisfying the following universal property: Given any C*-algebra B
and *-homomorphisms B, : A, — B, n € N with (8,11 o @, = B, there is a unique
*-homomorphism (3 : limzr A, — B such that the following diagram commutes.

limg; A,

The C*-algebra limg; A,, is unique up to isomorphism; it is called the inductive limit.

Proof. The idea is to define the inductive limit C*-algebra as the set of all eventually
stationary sequences. We are going to develop this algebra step by step.
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(1) Construction of A.

Let A be the set of all sequences (z,)neny with z, € A, for n € N and the
additional requirement: there exists some N € N such that we have z,,11 = ¢, (z,)
for all n > N. We say that (x,), (y,) € Ag are equivalent, if they coincide on their
tails, i.e. if there is some N € N such that x,, =y, for all n > N. It is easy to check
that this is an equivalence relation indeed; we denote by [(x,)nen]| the equivalence
classes. Let A be the quotient of Ay by this equivalence relation.

(2) Construction of a C*-seminorm on A and definition of limgz; A,.

Given a sequence (x,)nen € Ao, there is some N € N with x,.1 = ¢, (x,) for all
n > N, by definition. We then have for all n > N:

21l anss = ll@n(@n)ll A < llnlla,

Thus, the sequence (||, 4, )nen € C converges and we may define
(@ nerl il [zl

for [(z,)nen] € A; one may check that this is a C*-seminorm on A. We mod out its
null space and define limz; A, as the completion:

%MW;MW%MMwmm@m=®”

One may then check that limz: A, is a C*-algebra with the canonical entrywise
operations. The elements in A/{[(zn)nen] | [|[(Zn)nen]|| = 0} are again denoted by
[(zn)nen-
(3) Construction of the maps @, : A, — limg; A, with limg; A, = Upen®n(An).
For x € A,, we put:

@(x) = [(07 cee 707 Z, (pn(ZL’), <,0n+1(30n($)), e )]

Here, the entry «x is at the n-th position. We may check that this is a *~-homomorphism.
Moreover, it satisfies:

Prri(en(@)) = [(0,...,0,0,0n(2), Pns1(en(@)), - . )]
[(07 o0y Qpn(l‘)v Qpn+1(90N($))a .- )]

Here, we used the fact that two sequences are in the same equivalence class, if they
coincide on their tails. Let us now prove that limg; A, = Unen®n(A;) holds. Indeed,
given [(z)nen] € A/{[(®n)nen] | [|[(xn)nen]|] = 0}, we may find some N € N with
Tpi1 = @n(xy,) for all n > N. Thus, [(2,)nen] = PN (2N) € Unen®n(4y).

(4) The universal property of limg; A,,.

Let B be a C*-algebra and let 3, : A,, — B be *~homomorphisms with (5,10, =
B, for all n € N. We construct 3 : limz; A, — B. Given [(zy)nen] € A/{[(Zn)nen] |
I[(zn)nen]ll = 0}, we find some N € N such that z,,1 = ¢,(z,) for all n > N.
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Thus, B, (zn) = Bus1(@n(xn)) = Brri(xnsq) for all n > N. We may thus define

and check that it is a *~homomorphism whose norm is bounded by 1; we then extend
it to lim A,,. Moreover:

B(%(l’)) = B([(()? o0,y Spn(x)> 90n+1(80n(33))a - )]) = Bn(x)

Hence, the diagram of the assertion is commutative. Moreover, ( is unique, since
any other map 3’ : limz; A, — B with ' 0@, = j,, for all n € N, coincides with j3
on Upen®n(Ay) and hence also on limzy A, = Upen®n(Ay).

As a side note, observe that putting B = limz» A,, the map idyny 4, : limz A, —
limgz» A, is the unique map with the property idjim a, 0@, = @n, for all n € N, by
the universal property of limz» A,,.

(5) Uniqueness of limz: A,.

Finally, let us show that limz: A, is unique up to isomorphism. So, let A" be
another C*-algebra with *-homomorphisms @’ : A, = A" and @], ., 0 p, = @),, for
all n € N, and assume that A’ satisfies the above universal property. Then, there is a
map 3 : limgz; A, — A’ by the universal property of limg; A, satisfying 5op, = @,
for all n € N; likewise, we have a map 3’ : A" — limz; A, by the universal property
of A’ satisfying ' 0 @,/ = p, for all n € N. This implies §’ o 50, = @, for all
n € N. Hence, f' o f = idjjm 4, by the side note in step (4). Likewise o 5 = ida.
We conclude that limz; A, and A’ are isomorphic. O

Remark 8.3. We comment on some facts, omitting the proofs.

(a) In step (3) of the above proof, we have seen that limz: A, = U,en®n(Ay)
holds. In the special case of a sequence of C*-subalgebras A; C A, C ... C A,
we have limz A, = U,enA4,, € A, where ¢, 1 A,, = A1 is the identity map.

(b) If all maps 5, : A, — B in the above proposition are injective, then so is
B :limgy A, — B. Likewise, if UB,(A,) is dense in B, then 3 is surjective.

(c) If all C*-algebras A, are simple, then so is limz; A,.

We will come to examples of inductive limits soon.

8.2. Finite-dimensional C*-algebras. We briefly discuss finite-dimensional C*-
algebras. In fact, the topology does not play any role in finite dimensions, so we are
actually dealing with purely algebraic objects.

We have seen examples of finite-dimensional C*-algebras before: there are the
matrix algebras My (C), and there is CV, see Exc. . Actually, we can write the
latter one also as C@- - - ®C, where we used the direct sum of C*-algebras as defined
in Def. Generalizing these considerations, we infer that we know many examples
of finite-dimensional C*-algebras, namely @, My, (C) with Ny,...,N,, € N and
m € N. And in fact: these are already all finite-dimensional C*-algebras! This is
known as Wedderburn’s Theorem, or Artin-Wedderburn Theorem, which holds true
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more generally, for semisimple rings. It predates the theory of C*-algebras by a
number of decades.

Lemma 8.4. Any simple finite-dimensional C*-algebra A is isomorphic to some

My(C).

Proof. We do not give a proof here, but the idea is as follows. We represent A on
some B(H) by an irreducible representation 7. Irreducibility will help us to deduce
that H is finite-dimensional, so B(H) = My (C) for some N € N. Since A is simple,
we obtain A = 7(A) C My(C). Further work shows m(A) = My(C). O

Proposition 8.5 (Wedderburn’s Theorem). Let A be a finite-dimensional C*-algebra.
There are m € N and Ny, ..., N,, € N such that:

A= P My, (C)
k=1

Proof. We give the proof in the language of C'*-algebras.

(1) A is unital.

Let (uy) be an approximate unit of A. Since A is finite-dimensional, the set
{r € A | ||z|| < 1} is compact; hence (uy) possesses a convergent subsequence.
Denoting its limit by 1, we may check that 1 is a unit of A indeed.

(2) For any ideal I < A, there is a central projection p € A (i.e. ap = pa for all
a€ A) with I = Ap.

Since A is finite-dimensional, I is closed. Hence, I is a C*-algebra. By (1) it is
unital, i.e. there is some p € I with p = p* = p? and pa = a for all a € I. This
shows I C pA. The converse, I O pA follows from p € I. Finally, p is central, i.e.
ap = pa for all a € A. Indeed, ap = pap for all a € A, since ap € I and p is a unit
for 1. Thus, pa = (a*p)* = (pa*p)* = pap = ap for all a € A.

(3) There exist m € N and central projections pi,...,pm € A with p;p; = 0 for
i #J, Y b =1and A=), Api, where all Apy are simple.

The center Z(A) := {a € A | ab = ba forallb € A} C A is a commutative
C*-algebra. Hence Z(A) = C(X) for some compact space X. As A is finite-
dimensional, X is finite, so X = {1,...,m} for some m € N. The characteristic
functions pj := xxy € C(X) are continuous and they are projections with pip} = 0
for i # j and ), pj, = 1; see also Exc. . We thus find corresponding projections
Pis--,Pm € Z(A) with p;p; = 0 for ¢ # j. Since the unit of A is in Z(A), the
unit of Z(A) and the one of A coincide and we obtain ), py =1 and A =), Ap;.
Checking Cpy € Z(Apx) C Z(A)pr, = Cpg, we may easily derive that Apy is simple,
for k=1,...,m, by (2).

(4) We have A= &7 My, (C).

By Lemma [8.4] and (3), we obtain (4). O

We are now going to study homomorphisms between matrix algebras. Given
a finite-dimensional C*-algebra A = @,-, My, (C) with £ € {1,...,m}, denote
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by eg?) € My, (C), i,5 = 1,..., N), the matrix units in My, (C); let us use small

letters for matrices from now on. Note that the elements el(f ) are projections in the

sense of Def. m ie. el(-f) = (el(-f))* = (egf))2. They form a partition of unity:
2kt Zﬁl 626) =leA

Recall that Tr : My(C) — C denotes the (unnormalized) trace, i.e. Tr((a;;);;) =
Zf\;l ai;, see Exm. . If p € My(C) is a projection, then Tr(p) € N is the
dimension of the subspace onto which p projects.

Given A as above, let B = @, Mk, (C) be another finite-dimensional C*-algebra
and let ¢ : A — B be a *~homomorphism. We denote by ¢1, ..., ¢, its components,
i.e. we have ¢, : A — Mg, (C), for [ =1,...,n. We put

@y, == Trar,, (p1(el)) € No

fori=1,....nand k =1,...,m. Let us call the matrix ® = (P11 € Mpxm(No)
the coefficient matrix of ¢. By the way, note that

(k) (1) ()

k k k
Trag,, (21(ef))) = Trar, (eulels el?) = Trag (@ulell el))) = Trag,, (ar(ef)).

So, ® contains the information about the whole partition of unity >, iegf ) =1,

Lemma 8.6. The coefficient matriz determines a map between finite-dimensional
C*-algebras completely. More precisely, let A and B be finite-dimensional C*-
algebras and let ¢, : A — B be *~-homomorphisms. If ® = U for their coefficient
matrices, then there is some unitary u € B such that p(x) = wip(x)u* for all x € A.

Proof. The details of the proof are shifted to Exc. 8.1l By comparison of the
coefficients ® and ¥, we know that given k € {1,...,m} and [ € {1,...,n}, the

subspaces gpl(eﬁ))CKl and m(egﬁ))CKl have the same dimensions. We may thus find
a partial isometry vy, € Mg, (C) mapping gol(egli))CKl to m(eg’i))CKh Putting these
partial isometries vy, together in a clever way, we obtain the unitary w. U

As a consequence, we may present a *-homomorphism ¢ : A — B between finite-
dimensional C*-algebras A = ;" My, (C) and B = @,_, Mg, (C) by a diagram
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of the following form, where we write ®;, many arrows between N, and K;.

N ——=K;

X

N2—>K2

Example 8.7. Let n € N, A = M,(C) & M,(C) and B = M,,(C) & M,,(C).
Consider ¢ : A — B given by:

0 0
e =((53):(5 7)) M@0 M@, () € My(©) 0 I1(C)
Then, the corresponding diagram is of the form:

n————2n

X

n———2n

Note that the map

e =((55) (5 1)) € M@ © M©) (221 € My (€) & M,(©

yields the same diagram as above.
8.3. AF algebras and Bratteli diagrams.

Definition 8.8. A C*-algebra A is an AF-algebra (or approximately finite-dimensional
C*-algebra) if it is the inductive limit limz; A, of an inductive system (A, ©n)nen,
where all C*-algebras A,, are finite-dimensional.

Let (An, ¢n)nen be an inductive system underlying an AF algebra A. Accord-
ing to Lemma and the subsequent discussion, we may represent the maps
©n + Ay, = A,y by a diagram. So, the whole inductive system yields an infinite
diagram, where the vertices represent the matrix algebras of the finite-dimensional
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C*-algebras A, and the arrows represent the maps ¢, in terms of their coefficient
matrices. Such a diagram is called a Bratteli diagram, named after the Norwegian
mathematician Ola Bratteliﬂ [5]. It completely determines an AF algebra.

Lemma 8.9. Two AF algebras with the same Bratteli diagrams are isomorphic.

Proof. The details of the proof are contained in Exc. [8.2] Let A and B be AF
algebras arising from inductive systems (A, pn)nen and (B, ¥, )nen respectively.
Assume that they have the same Bratteli diagrams.

From the numbers in the Bratteli diagrams, we infer that A,, = B, for all n € N
(up to reordering of direct sums). By Lemma , for any n € N, we may find
unitaries v,11 € Bpy1 with ¢, (2) = v, (2)v),, for all x € A,

Putting u; := 1 and w,41 1= Up1¥n(u,) € Byyy in case ¥,(1) = 1 (and some
extension to a unitary otherwise), we obtain

u;-&-l@n(w)un—i—l = %(UTL)UTLH%H%($)02+1vn+1¢n(un) = ¢n(uZ$UN)
One then checks that the maps «, : A, = B, v — u}xu, induce A = B. O

Example 8.10. Let us take a look at a number of examples of AF algebras.
(a) The Bratteli diagram

1 2 3

yields the algebra of compact operators K(H) on a separable Hilbert space
H. Indeed, this diagram may be translated to

C —> M,y(C) —2— M;(C) —=
where the homomorphisms ¢,, : M, (C) — M, 1(C) are given by

xr—>x0
0 0/

So, we are in the situation of Rem. (a) with C C M,(C) C ... C K(H)
(see also the proof of Prop. [6.13) and lim; M, (C) = U,enM,(C) = K(H).
(b) The Bratteli diagram

AN

yields the unitization K(H) as in Exm. 2.23

SDon’t pronounce it like an Italian name — the stress is on the first syllable.
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(c) The Bratteli diagram

1 2 4 8

yields the so called CAR (canonical anticommutation relations) algebraﬁ de-
noted by My, the arrows being interpreted as

In fact, the following Bratteli diagram also yields the CAR algebra:
1 2 4 e
1 2 4 >< :
Hence, the converse of Lemma is not true: Different Bratteli diagrams

may produce the same AF algebra. In the present case, consider a third
Bratteli diagram

NSNS\
NVAVANVEAN

Check that (Agpi1, ¥5, 11 )nen yields the first diagram of (c), whereas (A, ¢, )nen
produces the second one; here ¢4, and ¢4, are appropriate compositions
of the maps in the diagram. Since

hm(ATw 9071) = hm(A2n7 30/271,) - hm(A2n+17 80/2/n+1)7

all these three Bratteli diagrams yield the same AF algebra.
(d) Given a sequence (ng)ren of natural numbers ny > 2, the Bratteli diagram

(n1 many) (n2 many) (n3 many) (n4 many)
1 ny nine ninong —— = ...

yields a so called UHF algebra generalizing Moo.

6By the way, the CAR algebra may also be represented by creation and annihilation operators
on the antisymmetric Fock space.
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8.4. Ideals in AF algebras. One of the main avantages of Bratteli diagrams is
that we can read the ideal structure of an AF algebra from its diagram as follows.
We view a Bratteli diagram as a directed graph in the canonical way.

Definition 8.11. Let a Bratteli diagram be given.

(a) If ¢ is a vertex in the diagram and there is an arrow pointing to another
vertex &, then £ is called a successor of (.

(b) A subdiagram of a Bratteli diagram is called directed, if it is closed under all
successors of its vertices, i.e. if ( is a vertex in the subdiagram and ¢ is its
successor, then also & must be in the subdiagram.

(¢) A subdiagram is called hereditary, if it is closed under predecessors in the
following way: if ( is a vertex in the Bratteli diagram such that all of its
successors lie in the subdiagram, then also ¢ must be in the subdiagram.

Theorem 8.12. Given an AF algebra A with some Bratteli diagram, there is a
bijection between the closed ideals in A and the directed, hereditary subdiagrams
of this DBratteli diagram. Such a subdiagram gives rise to a Bratteli diagram of
the corresponding ideal I; the complement of this subdiagram in turn is a Brattelli
diagram of the quotient A/I. In particular, ideals and quotients of AF algebras are
AF algebras.

Proof. We omit the proof; see [13, Sect. II1.4]. O

Example 8.13. Let us take a look at the AF algebras in Exm. [8.10]and their ideals.

(a) The Bratteli diagram in Exm. [8.10(a) has no directed, hereditary subdia-
gram apart from itself. Hence, the corresponding AF algebra K(H) is simple.
We knew this already from Cor. |6.14]

(b) The lower line of the diagram in Exm. [8.10|(b) is the only non-trivial directed,
hereditary subdiagram. By Exm. [8.10|a), it corresponds to the ideal /C(H)

in IC(H) (cf. also Prop. [2.20)). The quotient of C(H) by K(H) has the upper
line of the diagram in Exm. [8.10[(a) as its Bratteli diagram. It is thus C.
(c) UHF algebras are simple, in particular the CAR algebra is simple.

One may give a converse of Thm. as follows, combining results by Bratteli
[5], Brown and Elliott [7, [17].

Theorem 8.14. Let A be a separable C*-algebra and I << A be a closed ideal. The
algebra A is an AF algebra, if and only if I and A/I are AF algebras.

Proof. We omit the proof; see [13, Sect. II1.6]. O

For those who like short exact sequences, we can say that AF algebras satisfy the
“two out of three property”: let

0—-1—-A—-B—0

be a short exact sequence; if two of the three C*-algebras I, A and B are AF algebras,
then so is the third, by Thm. 8.14} see also Rem. [£.25]
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Just for completeness, we shall mention Bratteli’s [5] local characterization of AF
algebras (which is an ingredient of the proof of Thm. [8.12]).

Proposition 8.15. A separable C*-algebra A is an AF algebra, if and only if for all
e>0, alln € N and all x4,...,x, € A there is a finite-dimensional C*-subalgebra
B C A and elements yy,...,y, € B such that ||x; — y;|| < e foralli=1,... ,n.

Proof. We omit the proof; see [5, Thm. 2.2]. O

8.5. Some remarks on AF algebras. AF algebras were the first class of C*-
algebras that was classified (by Elliott) via K-theory, the latter being a homological
theory of invariants. This was the starting point of Elliott’s classification program
for C*-algebras which found a climax in [54].

In 1980, Pimsner and Voiculescu [38] constructed an AF algebra into which they
embedded the rotation algebra Ay. This was a key step towards the classification
of Ay by its parameter ¥, see Sect. [7.9] Their AF algebra is constructed as follows.
Let ¥ € R\Q. We may write 9 as a continued fraction

. D
Y = lim =%,
n—o0 q?’L
where f]i is given as
n
Pn 1
— = Qq + D E—
Gn ai ot —L

~tan

There is a recursion formula for p, and ¢, given by

Pnt1 Gnta — An41 1 Pn dn
Pn dn 1 0 Prn—1 Q4n-1

The AF algebra constructed in [38] is then given by A, := M, (C) & M,

dn—1 (C> and
on @ Ay = A, with the diagram

(an1 many)

dn ——  Gn+1

dn—1 Qn

One may then show that there is an injective *-homomorphism from Ay to limg; A,,.

8.6. Exercises.

Exercise 8.1. We prove some details needed in the proof of Lemma [B.6] Let
A =@, My, (C) and B = P, Mk,(C) and let p,¢p : A — B be two *-
homomorphisms. Assume ® = V¥, i.e. assume for all k=1,...,mandl=1,...,n:

Trar, (wi(el})) = Pi = Wy = Trag, (i(el})) € Ny
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(a) Let k € {1,...,m} and [ € {1,...,n}. Show that there is a partial isometry
v € Mk, (C) such that v} vy = oi(e™) and VRV, = (e, (cf. Exc.

(b) Put v = S, SN @Z)l(egf))vlkgpl(e%)) € Mg, (C). Show that we have

* m k‘

vl =) vazk1 @l(egi ))-

(c) Deduce from (b) that v := >, | v; € B is a partial isometry with v*v = (1)
and vv* = (1).

(d) Use ® = ¥ to find a partial isometry w € B with w*w = 1 — ¢(1) and
ww* =1—1(1).

(e) Put u:= v+ w € B. Show that u is a unitary with u*w(egf))u = gp(eg?)) for
alli,7=1,...,Nyand k=1,...,m.

(f) Deduce u*(z)u = ¢(x) for all z € A.

Exercise 8.2. We investigate the details of the proof of Lemma[8.9] Let A and B be
AF algebras arising from inductive systems (A,,, ¢ )neny and (B,,, ¥y, )nen respectively.
Assume that they have the same Bratteli diagrams.

(a) Convince yourself: A, = B, for all n € N, up to reordering of direct sums.
(b) Let n € N. Convince yourself that there is a unitary v,,; € B,y with

On(T) = Vpp1¥n(x)v), for all z € A, by Lemma
(¢c) Put uy :==1 € Ay, For n > 1, put ud,, = Vpp1¥n(u,) € Bnyr and

Ups1 = Ups1¥n(uy) + w, € Bui1, where w, is a partial isometry with
wiw, = 1 — (ud)*ud,, and wwl = 1 —ud, (ud ,)*. Show that such

a partial isometry w,, exists. Show that u,.; is a unitary.
(d) Define o, : A, — B, via ay,(x) := u'zu, for x € A,. Show that the following
diagram is commutative.

®1 ¥2 ¥3
Ay Ay As

a1 a2 a3

Y1 P2

B, B P3

B,

(e) Let (z,)nen be a sequence with x,, € A, for n € N and assume that we
have some N € N with z,.; = ¢,(z,) for all n > N. Use (d) to show
that a,41(Tns1) = Yn(an(zy,)) for all n > N. Deduce that we may define
a:A— Bby [(n)nen] = [(@n(2n))nen]. Show that it is a *-isomorphism.
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Exercise 8.3. Consider the Bratteli diagram:
1 1 1 1

\ |

l——1

1

\\1
<

(a) Determine all ideals of the corresponding AF algebra A.
(b) Show that A is isomorphic to C'(X), where X is the Cantor set.
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9. C*-DYNAMICAL SYSTEMS AND CROSSED PRODUCTS

ABSTRACT. We introduce C*-dynamical systems and their associated crossed
product C*-algebras. The crossed product construction produces a wealth of
examples of C*-algebras, and allows one to link the study of C*-algebras with
dynamical systems. We verify the universal property of full crossed products, and
establish some basic properties of reduced crossed products. As a special case of
these general considerations we discuss the full and reduced group C*-algebras of
a discrete group.

9.1. C*-dynamical systems. As explained in the introduction, the aim of the
remainder of this course is to explain links between dynamical systems and C*-
algebras. In the present lecture we prepare the ground for this by introducing the
basic concepts and constructions providing a bridge between these two subjects. The
scope of the theory is broad, but for expository reasons we will restrict ourselves
to discrete dynamical systems, and only consider actions on compact spaces. On
the C*-algebraic side this means that we will work with actions of discrete groups
on unital C*-algebras. In particular, we will not consider systems with continuous
time evolution. Both our assumptions — requiring the group to be discrete and the
algebra to be unital — can be lifted, but they simplify some of the arguments and,
we hope, will allow us to make the basic ideas more transparent. At the same time,
already in this setting there exist plenty of interesting examples which exhibit key
features of the theory.

So what kind of dynamical systems will we study? Assume that we are given a
topological space X and a homeomorphism «; : X — X. The points of X can be
thought of as states of a physical system, and we may view the action of a; as a
discrete time evolution, mapping a state x at time n to a;(z) at time n + 1. Here
our discrete time variable n can be viewed as an element of Z; note that we can
also go “backwards in time” using a;'. In fact, the map «; determines a group
homomorphism « : Z — Homeo(X) into the group of homeomorphisms of X such
that a,(z) = () is given by iterated application of a; or a;*. Note that we have
ap = id, and the definition of «,, is compatible with our original notation for n = 1.

Allowing more general (discrete) groups than Z to enter the picture we arrive at
the following definition:

Definition 9.1. A classical dynamical system is a triple (X, G, «) consisting of a
group G, a topological space X, and a group homomorphism « : G — Homeo(X).

In the sequel we will only consider classical dynamical systems (X, G, «) for which
the underlying topological space X is a compact Hausdorff space. As indicated
above, this simplifies some arguments and constructions. Just to reiterate we will
only consider discrete groups G in the sequel.

How does the concept of a dynamical system extend to the noncommutative
world? Let A be a unital C*-algebra. Recall that a x-automorphism of A is a
bijective *-homomorphism « : A — A. By Proposition every *-automorphism
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is isometric, and the inverse of « is again a kx-automorphism. It follows that the
k-automorphisms of A form a group which we denote by Aut(A). By an action of a
group G on A we mean a group homomorphism a : G — Aut(A).

Definition 9.2. Let GG be a group and let A be a unital C*-algebra. A C*-dynamical
system is a triple (A, G, «) consisting of a C*-algebra A, a group G, and an action
a: G — Aut(A).

When dealing with a C*-dynamical system (A, G, «), we shall usually write ay(a),
or simply t - a, for the action of ¢ € G on an element a € A implemented by «. Note
that we have t - 1 = 1 for all ¢t € G, that is, the unit element of A is fixed by the
action of G, because every x-automorphism of a unital C*-algebra is automatically
unital.

Example 9.3. Let us take a look at some examples of C*-dynamical systems.

(a) Let A be an arbitrary unital C*-algebra and let G be a group. Defining
Ti(a) = a for all t € G and a € A defines an action 7 : G — Aut(A). For
obvious reasons, this action is called the trivial action of G on A.

(b) Let A be any unital C*-algebra and let oy € Aut(A) be a fixed automor-
phism. Then a,(a) = o (a) defines an action of Z on A. Conversely, every
action of Z arises from an automorphism in this way, so that a dynamical
system (A, Z, «) is the same thing as a unital C*-algebra A together with a
single x-automorphism.

(c¢) Let X be a compact space and let (X, G, ) be a classical dynamical system,
with the action of t € G on x € X written ¢ - x. Then we obtain an action
on A = C(X) by setting a(f)(z) = (¢ - f)(z) = f(¢t' - z). The only reason
to take the inverse of ¢ on the right hand side of this formula is to make o a
group homomorphism, and not a group anti-homomorphism.

(d) As a special case of the above examples consider the algebra A = C(T) of
continuous functions on the torus T = S', and let o be the homeomorphism
of T given by a(z) = >~ for some ¥ € R. This homeomorphism induces
an automorphism of A as in (c), so an action of Z on A as in (b). For ¥ =0
this becomes the trivial action of Z on A as in (a). The most interesting case
is that 1 is irrational, and we will come back to this further below.

Two C*-dynamical systems (A, G, «) and (B, H, ) are called conjugate, if there
exists a group isomorphism f : G — H and a x-isomorphism ¢ : A — B such that
Brw(p(a)) = p(ar(a)) for all a € A and t € G. A basic question in the theory is to
understand when two given systems are conjugate.

9.2. Covariant representations and the convolution algebra. Let A be a
unital C*-algebra. A s-automorphism a € Aut(A) is called inner if there exists a
unitary element u € A such that a(a) = uwau* for all @ € A. It is easy to check that
the set Inn(A) of all inner automorphisms forms a normal subgroup of Aut(A).
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We say that an action of a group GG on A is inner if there is a group homomorphism
u: G — U(A) from G into the group U(A) of unitary elements in A such that
ai(a) = wauf for all t € G and all @ € A. Clearly, there are no interesting inner
actions on commutative C*-algebras, because commutativity implies that any such
action is trivial.

The basic idea behind the construction of crossed products of C*-dynamical sys-
tems is to turn an arbitrary action into an inner action, in a certain prescribed way.
There are actually two natural ways in which this can be done, leading to the notion
of full and reduced crossed products. It may actually be surprising at first sight that
these two constructions really lead to different results in general.

In order to define crossed products we need some preparations. By a unitary
representation of a group G on a Hilbert space H we mean a group homomorphism
from G into the group U(H) of unitary elements in the algebra B(H) of bounded
operators on H.

Definition 9.4. A covariant representation of a C*-dynamical system (A, G, a)
consists of a Hilbert space H, a unital *-representation 7 : A — B(H), and a
unitary representation U : G — U(H) such that

r(aula)) = Uyr(@)U;
foralla € Aand t € G.

Note that a covariant representation (m, U) represents the underlying C*-algebra
of a C*-dynamical system on a Hilbert space in such a way that the action of GG
has the correct form to become inner. However, the implementing unitaries are
not necessarily contained in the algebra we started with, or rather in the image
w(A) C B(H) of A. In order to resolve this issue we shall form a new algebra, the
convolution algebra of (A, G, a), by “adding” these unitaries to A.

The underlying vector space of the convolution algebra of a C*-dynamical system
(A, G, «) is the space

Co(G,A)={f:G— A f(t) # 0 only for finitely many ¢t € G}

of finitely supported maps from G with values in A. We define a multiplication and
x-structure on C.(G, A) by setting

(F o)) = 3 F(s)s-g(s7)
seG
and
friy=t-feh)y =@ fe& )

for f,g € C.(G,A). Note that the summation in the definition of f % g runs only
over finitely many group elements since both f and g are finitely supported. The
product f * g is also called the convolution of f and g. Since the x-algebra structure
on C.(G, A) depends not only on G and A but also on a we shall write C.(G, A, a)
instead of C.(G, A) in the sequel. We should first check, of course, that we really
obtain a x-algebra in this way:
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Lemma 9.5. With the above operations, C.(G, A, o) becomes a *-algebra.

Proof. Let us verify that convolution is associative. We compute

((f+g)xh)(t) =D (f*g)(r)r h(r~'t)

- GZ: ZG F(s)(s-g(s™'r))r - h(r~'t)
- iif (s)s - (g(r)r - h(r~'s7't))
= 62 ;e (g% h)(s~'t)

- (;G* (g% h)(®),

shifting summation from r to sr in the third step. The x-operation is clearly a
complex antilinear map, and since

)=t e = fO) = (7 = f(1)
we have f** = f for all f € C.(G, A, «). Moreover

="t (f(s)s - g(s i)
seG

=St (s g(s7HN) F(5))
seG

= s g(syt- f sy
seG

= g'(s)s- [ (s7't)

seG

= (9" * f*)(1),

shifting summation from s to ¢t~'s in the third step. This shows (f * g)* = ¢g* * f*
as required. O

As already indicated above, we call C,.(G, A, a) the convolution algebra of (A, G, ).
It is important to keep in mind that the algebra structure relevant for us is not the
one given by pointwise multiplication — although the latter may seem to be the more
obvious choice at first sight.

A good way to understand the structure of the convolution algebra is to write
elements of C.(G, A, «) as finite linear combinations of elements ad;, where a € A and
t € GG, as follows. We identify elements of A with “Dirac” functions supported at the
identity element e of G, that is, using the embedding A C C.(G, A, a) implemented
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by the x-homomorphism 74 : A — C.(G, A, «) given by

ia(a)(t) = { =c

0 else.

Similarly, we consider group elements ¢t € G as elements of C.(G, A, «) using the
map ig : G — C.(G, A, a) given by

ia(s)(t) = 6,(t) = {1 =

0 else.

With this notation in place we calculate
(ads)(bdy) = a(s - b)dg,

that is, the multiplication of C.(G, A, «) is determined by the multiplication of A,
together with the formula 0,0, = 04 and the “twisted” commutation relation

dsa = (s-a)ds,

involving the action of G on A. Note that every element of C.(G, A, ) can indeed
be written as a linear combination ) . as0, for elements a, € A, with a, # 0 for
only finitely many group elements s € GG. We also get

(ads)* = (3_1 ca*)-1,

which can be understood by writing (ads)* = ds-1a* and then reordering factors using
the above twisted commutation relation. That is, the *-structure of C.(G, A, a) is
uniquely determined by the given s-structure on A and the formula 6; = d;-1 for
t € G. We note also that the above description shows that C.(G, A, «) is in fact a
unital x-algebra with unit element 0,.

Let us now explain the connection between covariant representations and the
convolution algebra.

Definition 9.6. If (7,U) is a covariant representation of (A, G, «) on a Hilbert
space H then we define the integrated form of (7, U) as the x-representation m x U :
C.(G, A, a) — B(H) of the convolution algebra C.(G, A, «) by

(m x U)(£)(E) =D _m(f(£)U(&).
teG

It is straightforward to check that the integrated form of a covariant representation
is a unital x-representation of the convolution algebra.

9.3. Reduced crossed products. Our next aim is to describe the construction of
the reduced crossed product of a C*-dynamical system. However, before we come to
this we need an additional preparation regarding tensor products of Hilbert spaces.

Let H,K be Hilbert spaces. Then the algebraic tensor product H ®q4 K is
equipped with a natural sequilinear inner product such that

(x@y,2 @Y ) nex = (2,2 )5y, ¥ K
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for x,2' € H,y,y € K. However, unless H or K are finite dimensional the algebraic
tensor product is not complete with respect to this inner product. The completion
of H ®44 K with respect to the norm associated with ( , )mgx is again a Hilbert
space, which we will denote by H ® K in the sequel.

Actually we will only need a very special case of this construction, where one
of the Hilbert spaces is I?(G), the Hilbert space of all square summable functions
f G — C. In this case one has an isometric isomorphism

P(G) @ H= (G H) ={f:G—H| S |f#)]? < oo}
teG

for any Hilbert space H, with respect to Hilbert space structure on I?(G, H) defined
by

(f.9) = (tGZG<f(t),g(t)>)l/2-

In this picture, an element of the form §, ® ¢ € I*(G) ® H for s € G and £ € H
corresponds to the function in [?(G, H) which takes the value  at t = s, and is zero
for t # s.

Let (A, G, @) be a C*-dynamical system and let 7" : A — B(H,) be the universal
representation of A, that is, the direct sum of the GNS-representations for all states
of A as in the proof of Theorem We define a covariant representation (I1% \*)
of (A,G,a) on H, ® I*(G) by

I*(a)(§ ® d;) = 7"(s™" - a)(§) ® &
and
X#(f ® 55) = € ® Oys.
To verify the covariance condition we compute
(0w (a))(§ ® &) = 7"(s 7't - a)(§) ® O
= M(m" (st a)(§) ® 6p-1))
= MI*(a)(§ © 01
= M (a)(A)*(§ © 05)
as required. The integrated form II* x A\* satisfies

(IT" % A")(ad) (€ @ 0s) = 7 ((ts) ™" - a)(§) ® 0 = (7"((ts) " - @) @ A!)(€ @ ).

We call TI* x \* the regular representation of (A, G, «). Using the above formula for
(IT* x A")(ad;) one can check that IT* x A* : C.(G, A, o) — B(H) is injective, see
Exercise In particular, the reduced crossed product norm, defined by

11l = AT > A

is indeed a norm on C.(G, A, a), and not just a seminorm.
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Definition 9.7. Let (A,G,«) be a C*-dynamical system. The reduced crossed
product A X, ;G is the completion of C,.(G, A, o) with respect to the reduced crossed
product norm.

In other words, the reduced crossed product A x,, G is the norm closure of the
image of C.(G, A, «) in B(H ® [*(G)) under the map IT* x A*. If there is no risk of
confusion we will also write A X, G instead of A x,, G.

In practice it is not very convenient to work with the universal representation
of A when studying the structure of A x,, G. Note that if 7 : A — B(H) is an
arbitrary unital representation of A we can define a covariant representation (II, \)
of (A,G,a) on H® I*(G) in the same way as we did for the regular representation.
That is, we just need to leave out the superscript u in the formulas discussed above.
In this way we obtain a unital *-representation (IIx\) : C.(G, A, @) — B(HRI*(G))
of the convolution algebra.

Proposition 9.8. Let (A, G,«) be a C*-dynamical system. If m: A — B(H) is a
faithful unital x-representation then, with the notation introduced above, we have

AT AN = [ f1le

for all f € C.(G,A,«). That is, we can use any faithful x-representation of A to
define the minimal crossed product norm.

Proof. Our argument follows [§] Chapter 4, Proposition 1.5. Let F' C G be a finite
set and denote by C[F] C I(G) the linear span of the standard orthonormal basis
vectors d; for t € F. Let pr € B(H ® [*(@)) be the orthogonal projection onto the
closed subspace H @ C[F] of H ® I*(G).

We will first show that the operator norm of pr (Il x A)(h)pF is independent of the
choice of 7 for any element h € C.(G, A, «). To this end we write h = ) . a,d, as a
finite linear combination of “Dirac” functions with valuesin A, and let e,;, € B(C[F])
for r,t € F be the standard matrix units. We calculate

pr(x A (R)pr =Y > pr(r((rs) ™" - a,) ® ep)

reG seF

- Z Z m((rs)™" - ay) ® epss.

reG seFnr—1F

The right hand side of this formula can be viewed as the image of an operator in
A® B(C[F]) under the faithful representation of A® B(C[F]) on H®C|[F| induced by
7. The claim follows from the fact that the C*-norm on the %-algebra A ® B(C[F]),
which is nothing but a matrix algebra with entries in A, is unique.

To elaborate on this write F' = {ty,...,t,} and view H @ C[F] = @] | H as an
orthogonal direct sum of copies of H, by identifying H ® §;, with the ¢-th summand.
Then B(H ® C[F]) identifies with M,,(B(H)) in a canonical way, by associating the
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operator T' € B(H ® C[F]) given by
T(xla s ,Q}n> = (Z le(xj>7 SRR ZTn](x]))
J J

to the matrix (7;;) € M, (B(H)). If we view A as a *-subalgebra of B(H) via 7, then
these considerations allows us to view M,(A) as a x-subalgebra of B(H ® C[F]).
Using that A C B(H) is closed one checks that the same is true for M, (A) C
B(H ®C[F]). In other words, the %-algebra M, (A) of n x n matrices with entries in
the C*-algebra A is again a C*-algebra. In particular, the C*-norm on this algebra
is uniquely determined.

Now let f € C.(G, A, «) be arbitrary. Consider the set IF of all finite subsets of G,
directed by inclusion. Then we clearly have limpep pr(€) = £ for every £ € HRI?(G).
Hence

(AT A)(HIf = sup [[(TEx A)(f) ()]

leli=1
= ||S§|1£1 Sup [(TT > A)(f)pr(E)]]
= sup, sup((T1 > 2)(f)pr(€), (TT A)(f)pr(€)'?
= sup sup(pr(€), pr(I1 » N (f* Fpr(€))?

= sup [[pr(IL x N)(f* Hpr|?,
FER

so that the first part of our proof applied to h = f*f yields the claim. O

9.4. Full crossed products. If (A,G,«) is a C*-dynamical system we define the
full crossed product norm on the convolution algebra C.(G, A, «) by

1flle = sup [[ (7w > U) (NI,
()

where the supremum runs over all possible covariant representations. For the careful
reader, we note that there are no set-theoretical issues with this supremum: it is
in fact enough to consider covariant representations on Hilbert spaces of sufficiently
large cardinality.

Writing f = ) . a-0, as a finite linear combination of Dirac functions we obtain

T DY =11 Y w(ar)Unll < Y llar]

reG reG

for all covariant representations (m,U), so that || f|s < oo for all f € C.(G, A, a).
This implies that the full crossed product norm is a well-defined seminorm on
C.(G,A,a). Using the regular covariant representation, which was the basis for
the construction of the reduced crossed product A x,, G, we see that the full
crossed product norm is indeed a norm, and not only a seminorm. Indeed, we
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have || fllf > ||f|l: for all f € C.(G,A,«) by construction, so that ||f||; # 0 for

f # 0, by the corresponding property of || f||,-

Definition 9.9. Let (A, G, a) be a C*-dynamical system. The full crossed product
A X4 G is the completion of C.(G, A, ) with respect to the full crossed product
norm.

In the same way as for reduced crossed products we will write A x¢ G instead
of A x4 G if there is no risk for confusion. We get maps i4 : A = A X,¢ G and
i¢ : G — Ax, G by extending the corresponding maps for the convolution algebra,
using the embedding C.(G, A, a) - A Xt G.

By construction of A x,¢ G, there is a canonical surjective *-homomorphism
T AXar G — AXg, G. From Definition we also obtain the following universal

property.

Proposition 9.10. Let (A, G, «) be a C*-dynamical system. The full crossed prod-
uct A X, G is universal for covariant representations of (A, G, «). That is, if (7,U)
is a covariant representation of (A, G,«) on a Hilbert space H, then there exists a
unique unital x-homomorphism m x U : A x,s G — B(H) such that

(mxU)oiy=m, (mxU)oig="U.

Proof. The integrated form (7 x U) : C.(G,A,a) — B(H) of the covariant repre-
sentation (m,U) is norm-decreasing by definition of the full crossed product norm.
Therefore it extends canonically to a unital x-homomorphism A x,¢ G — B(H),
which we denote again by m x U. The relations (7 xU)oiy = mand (nxU)oig =U
hold by construction.

Uniqueness of m X U : A x,¢ G — B(H) follows from the fact that C.(G, A, «)
is dense in A X, ¢ G, and that the restriction of 7 x U to C.(G, A, «) is uniquely
determined by (7 x U) ois =7 and (7 x U) oig = U. O

Proposition shows that the unital x-representations of A %, G encode pre-
cisely the covariant representations of (A, G, ). Moreover, the full crossed product
A x4 G, and hence also the reduced crossed product A x,, GG, contains unitaries
U; = ig(t) for t € G such that the original action on A becomes inner. In this way
the crossed product construction turns an arbitrary action into an inner action.

Example 9.11. For 9 € R the rotation algebra Ay from Definition is nothing
but the full crossed product C(T) Xt Z of the action « induced by rotations on the
torus T = S! as in Example [0.3] Indeed, recall from Proposition that C(T)
is the universal C*-algebra generated by a unitary element v. Using this fact it is
straightforward to verify that a covariant representation of (C(T),Z, «) on a Hilbert
space H is the same thing as a pair of unitaries u,v € U(H) satisfying uvu* = > .
Therefore we obtain C(T) X, ¢ Z = Ay from Proposition m

According to Theorem the C*-algebra Ay is simple if o is irrational. We
conclude that the canonical quotient map 7 : C(T) Xot Z — C(T) X4o, Z is an
isomorphism in this case. Indeed, the kernel of 7 is an ideal of C(T) X, Z = Ay,
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but the only ideals in a simple C*-algebra are the entire algebra and the zero ideal.
Since the reduced crossed product is clearly nonzero, we conclude ker(r) = 0 as
required.

Remark 9.12. The quotient map 7 : C(T) %ot Z — C(T) X4y Z in example
is always an isomorphism, irrespective of whether ¢ is rational or irrational. We
will not prove this fact, but we will make some additional comments on the relation
between full and reduced crossed products in Remark further below.

9.5. Functoriality of crossed products. Let us discuss functoriality of full and
reduced crossed products. If we are given C*-dynamical systems (4, G, «), (B, G, )
over the same group G, then we say that a *-homomorphism ¢ : A — B is G-
equivariant if p(t-a) =t - p(a) foralla € Aand t € G.

Theorem 9.13. Let (A,G,«), (B, G, ) be C*-dynamical systems and let p : A —
B be a unital G-equivariant x-homomorphism. Then the linear map C.(G,p) :
Ce(G, A o) — C.(G, B, ) given by C.(G,9)(f)(t) = o(f(t)) extends uniquely to

unital x-homomorphisms
QONfGZANf@G—)BNf”gG
X, G:AX G — BxG

between the corresponding full and reduced crossed products.

Proof. Using equivariance it is straightforward to check that the linear map C.(G, ¢) :
C.(G, A, a) = C.(G, B, 5) is a unital x-homomorphism. Uniqueness of a potential
extension of C.(G, ¢) to either the full or reduced crossed products is clear from the
density of C.(G, A, a) in A x¢, G and A %, , G, respectively.

Let us prove existence in the case of full crossed products. The seminorm on
C.(G, A, ) given by

[fllee = sup [|(m 3 U)Ce(G, ) ()],

(mU)

where (m,U) runs over all covariant representations of (B, G, ) clearly satisfies
I fllee < IIf|l¢ for all f e C.(G, A, a). It follows that C.(G, ¢) extends to a unital
*-homomorphism ¢ Xy G : A X¢ G — B x; 3 G as required.

The argument for reduced crossed products is slightly more tricky. We observe
first that every G-equivariant unital x-homomorphism ¢ : A — B can be factorized
as a composition of a surjective and an injective equivariant unital x-homomorphism,
namely A — A/ker(¢) — B. Note here that ker(y) is a G-invariant ideal, so that
the action of G on A induces canonically an action of G on A/ ker(y). It therefore
suffices to prove the claim only for injective G-equivariant x-homomorphisms and
surjective G-equivariant *-homomorphisms, respectively.

If p: A — B is an injective G-equivariant unital *-homomorphism then any
faithful unital *-representation m : B — B(H) on a Hilbert space H induces a
faithful unital *-representation wo ¢ : A — B(H) of A on the same Hilbert space.
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Therefore, by Proposition we obtain an injective *-homomorphism A x, , G —
B %, 3 G extending C.(G, ¢). Note that this argument shows not only the existence
of the desired extension, but also that the reduced crossed product construction
preserves injectivity.

If p: A — B is a surjective G-equivariant unital x-homomorphism then we can
identify B = A/I for some G-invariant ideal I C A. Consider the set S;(A) of all
states of A which vanish on I. Then we obtain a direct sum decomposition

H= & Ho P Hy

0ESI(A) YES(A)\S1(4)

of the universal representation of A. Since S;(A) identifies canonically with the set
S(B) of states of B, the orthogonal projection p onto the closed subspace K, =
@D cs,(4) Hy induces a bounded linear map P : B(H, ® I*(G)) — B(K,®*(G)) by
defining P(T) = (p ® id)T(p ® id). It is straightforward to verify that P restricts
to C.(G, ) on the image of C.(G, A,a) in B(H, ® I*(G)) under the regular repre-
sentation. Since P is bounded we conclude that C.(G, ¢) extends continuously to a
unital *-homomorphism A %, , G — B X, g G as required. ]

9.6. Full and reduced group C*-algebras. The simplest possible C*-dynamical
system for a group G is given by the trivial action on A = C. The associated full
and reduced crossed products only use the group G as input, and these C*-algebras
deserve special attention.

Let us start with the following definition.

Definition 9.14. Let G be a group. The reduced group C*-algebra of G is Cf(G) =
C x; G, the reduced crossed product of the trivial action of G on C.

Observe that the convolution algebra C.(G,C, ) associated to the trivial action
7 : G — Aut(C) can be identified with the complex group ring C[G]. By definition,
the latter has a linear basis given by elements d, for ¢t € G, the multiplication satisfies
050y = 0g for all s,t € GG, the *-structure is determined by ¢; = d;-1 for ¢t € G, and
the identity element is ..

Due to Proposition [9.8/the reduced group C*-algebra C(G) can be identified with
the norm closure of the complex group ring C[G| under the regular representation
A: G — B(I*(@)), given by

/\t((;s) - 61?5

on the standard orthonormal basis of [*(G). Indeed, Proposition shows that we
may consider the obvious unital x-representation of C on a one-dimensional Hilbert
space in the definition of the reduced crossed product, so that the image of the
convolution algebra C.(G,C, 1) = C[G] in B(C ® I*(@)) = B(I*(G)) looks precisely
as described above. We write d; both for elements of C[G] and for vectors in the
Hilbert space [?(G), but this should not lead to confusion.
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Since C*(@) is naturally a subalgebra of B(I*(G)) we obtain a state 7 : C*(G) — C
by the formula

T(2) = (T0e, Oc)-
If z =5 ,.cad € C[G] C C}(G) then we get

() =) ot (8) = a,

teG

that is, the map 7 picks up the coefficient at the identity element d.. Using this
formula it is easy to verify that 7 satisfies 7(zy) = 7(yz) for all z,y € C*(G), which
means that 7 is a tracial state. The state 7 is called the canonical trace on C}(G).

Proposition 9.15. For every group G the canonical trace T : C¥(G) — C is faithful.

Proof. For t € G we consider the right translation action p : G — U(I*(G)) given
by p:(ds) = d4-1. This defines a unitary representation of G on I?(G), and since left
translation commutes with right translation we see that all elements y € C[G] C
C*(G) satisty yp, = pyy for t € G. By continuity we see that this relation holds in
fact for all y € CJ(G).

Now assume = € C}(QG) satisfies 7(z*z) = (2*20,, 6.) = 0. Then we get

0 = (27"20¢, 0c) = (2" Tpip;de, Oc) = (pra™xp[de, bc) = (¢, Oy)
for all t € G, or equivalently |||x|*/26;|| = 0. This implies
(@b, 35| = (|| /20,, || 720) | < ] /26 [[[] /26 ) = 0

for all s,t € G by the Cauchy-Schwarz inequality. Thus z*x = 0 and therefore
x = 0, which means that 7 is faithful. Il

Let us next discuss the full group C*-algebra of a group.

Definition 9.16. Let G be a group. The full group C*-algebra of G is Cf(G) =
C x¢ G, the full crossed product of the trivial action of G on C.

From our general discussion of crossed products we know that there is a canonical
surjective x-homomorphism Cf(G) — C¥(Q).

Remark 9.17. The canonical x-homomorphism C{(G) — C;(G) is not injective in
general. For a discrete group G, the case we have considered here, one can show
that this map is an isomorphism if and only if the group G is amenable. We refer
to [§] for more information. In fact, for amenable G the canonical *-homomorphism
A X0 G — A X, G is an isomorphism for every C*-dynamical system (A, G, a).

A basic example of a nonamenable group is the free group Fy on two generators.
By a result of Powers [39], the group C*-algebra C}(F5) is in fact simple. This implies
in particular that the full and reduced group C*-algebras of Fy are not isomorphic,
in accordance with the above remark.
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Remark 9.18. A group G is called C*-simple if C¥(G) is a simple C*-algebra. In
recent years there has been remarkable progress on the task of determining which
groups are C*-simple, with a dynamical characterization obtained by Kalantar and
Kennedy in [30]. More precisely, according to the main result of [30], a discrete group
G is C*-simple iff its action on the Furstenberg boundary dr(G) is topologically free.
We refer to [30], [6], [I5] for more information on this fascinating topic.

9.7. Exercises.

Exercise 9.1. Show that every C*-dynamical system (A, G, «) over a commutative
unital C*-algebra A comes from a classical dynamical system. More precisely, show
that there exists a compact space X and an action G — Homeo(X) such that
(A, G, ) is conjugate to (C(X), G, B), where B;(f) = f(t~!-x) is the induced action
on C(X).

Exercise 9.2. Let (A, G,«) be a C*-dynamical system. Show that the integrated
form TI*x\* : C.(G, A, a) — B(H,®(*(G)) of the regular representation of (A, G, «)
is injective.

Exercise 9.3. Let (A, G,a) be a C*-dynamical system such that the action « is
inner. Show that the full or reduced crossed products of (A, G, «) are isomorphic to
the corresponding crossed products for (A, G, 7), where 7 denotes the trivial action

of G on A.

Exercise 9.4. Let G be a group. Verify that the canonical trace 7 : C(G) — C on
a reduced group C*-algebra is a tracial state.

Exercise 9.5. Let G = Z. Show that the full group C*-algebra Cf(Z) is isomorphic
to C(T). Show also that the canonical *-homomorphism C{(Z) — C}(Z) is an
isomorphism.

Exercise 9.6. In this exercise we study the structure of group algebras of finite
groups.

(a) Let G be a finite group. Show that Cf(G) = C}(G) = C|[G] is a finite direct
sum of matrix algebras. This is also known as Maschke’s Theorem.

(b) Let G = S® be the symmetric group on three elements. Describe the struc-
ture of Cf(S?) = C#(S?), that is, determine the number of matrix blocks
and their sizes in the decomposition of Cf(S®) as in part (a).

(¢) For G = Z/nZ use the Gelfand-Naimark theorem to show that Cf(G) =
C(Z/nZ). Can you find an explicit isomorphism? (Hint: Consider the dis-
crete Fourier transform)
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10. TRACES, SIMPLICITY, AND FURTHER EXAMPLES

ABSTRACT. We study the existence and uniqueness of traces on crossed products,
and present criteria which guarantee that the crossed product of a C*-dynamical
system is simple. As in the previous lecture we restrict our attention to actions of
discrete groups throughout. In order to enhance our supply of examples we discuss
odometer actions on Cantor space. Applying the general results on simplicity and
existence of traces presented in the first half of this lecture, we show that the
crossed products of odometer actions yield simple C*-algebras with unique trace.

10.1. Conditional expectations. We have already seen in our analysis of the
rotation algebras Ay that conditional expectations are a useful tool to understand
the structure of C*-algebras, see Lemma [7.7] Similarly, the canonical trace on
C¥(F3), see the last lecture, plays an important role in showing that the reduced
group C*-algebra of the free group on two generators is simple.

These maps can be viewed as special cases of a general construction which we
shall discuss now.

Proposition 10.1. Let (A, G, «) be a C*-dynamical system. Then the formula
1y
E(ad,) = {a ift=e

0 else
determines a conditional expectation E: A X, , G — A.

Proof. Clearly, the given formula defines a unital linear map F : C.(G, A, o) — A,
and since C.(G, A, «) is dense in A X, , G there is at most one way in which this can
be extended continuously to the crossed product. In order to verify that such an
extension exists we shall describe the map E on the level of the convolution algebra
in a different way.

Let H = H, ®*(G) be the underlying Hilbert space of the regular representation
of (A, G, «), and let p € B(H) be the orthogonal projection onto the closed subspace
H, ®6.. Forx =3 a0, € C(G, A, a) we compute

p(IT* > N*) (2)p(€ @ 0¢) = et ZP(WU(Si1 2 a5)(§) ®05) = 0e " (ae) (§) @ O
seG

Hence the linear map E : C.(G, A, a) — A defined by E(ads) = d; ca is implemented
by cutting down with the projection p inside B(H). From this observation it follows
that this map extends canonically to a bounded positive linear map A X, , G — A,
denoted again F.

We clearly have E(a) = a for all a € A C A x,, G, and one easily checks
E(azb) = aE(x)b for v € A x,, G and a,b € A. According to Definition this
means that F is a conditional expectation. U

We call the map E : A %, , G — A obtained in Proposition the canonical
conditional expection of the crossed product. Note that for the trivial action of G
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on A the map E : C}(G) = C x,, G — C is nothing but the canonical trace. In
fact, the map E can be viewed as a natural generalization of the canonical trace, in
the sense that we have the following generalization of Proposition [9.15

Proposition 10.2. The canonical conditional expectation E : A X, G — A is
faithful.

Proof. Let m* : A — B(H,) be the universal representation of A, and let IT* x A" :
A %, G — B(H) be the defining representation of the reduced crossed product
on H = H, ® I*(G), see Definition 0.7 By construction this is a faithful unital
s-representation. Therefore the x-representation © = (II* x \*) ® 1 : A x,, G —
B(H ® [*(G@)) given by

O(x)(§ ®6r) = (II* X A*)(x)(§) @ o
is faithful as well. Consider the unitary operator V € U(H ® I*(G)) given by

V(§®57‘®58> :£®5r®6rs

for E®6, ® 0, € H, ® I*(G) ® I?(G) = H® I*(G). We calculate

V(IT*(a) @ 1)(§ ® 6, ® &) = V(r"(r~" - a)(§) ® 5, @ J)
=710t a)(§) ® 0, ® b
= (Hu(a> ® 1)(5 ® 0, ® 57’5)
= (II*(a) ® YV (£ ® b, @ 05)
and, writing A*(&;) = A},
VA" (0) @ 1)(§® 6, ®0,) = V(E®R by ® )
= (5 ® 5tr ® 52&7‘5)
= (/\u((st) ® At)(f ® o, ® 57’8)
= (A"(0) @ M)V (§ ® 3, ® J)
for all £ € H, and r,s € G, which means
VO(a)V* =11"a) ® 1, VOS)V™ = X (0) @ M

forac ACAX,,Gandte GC Ax,,G.
Given a vector v € H, let 9, : [*(G) — H ®[*(G) be the bounded linear operator
given by 9,(6;) = v ® 6. Then U} (w ® ;) = (w,v)d;. The above formulas show

VOV, = (T(a)(v),0)id,  TVO)V, = (A"(5)(v), v)

forae ACAx,,GandteGC AXx,,G, which implies that that 95V O(y)V*9,
is contained in C}(G) for all y € A%, o, G. Moreover, if y = z*x is a positive element
in A %, 4 G then ¥;VO(y)V*J, is a positive element in C}(G).
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Let us also write ¥, : H — H ® [*(G) for the bounded linear operator given by
Ue(v) = v ® d.. Then we compute

(VO (ad,) V' (v), w) = (VO(ad)V*(v ® 5.), w @ d.)
= (IT*(a)A"(0:) (v) @ M (be), w © )
= (" A*)(ade) (v) @ by, w @ be)
Ot (I 3 A")(ady) (v), w)

= (II"E(ady) (v), w)

for all v,w € H, so that
2V O(ad) VI, = IYE(ady).
From linearity and continuity we get 9:VO(y)V*d, = I*E(y) for all y € A %, , G.
Now assume = € A %, , G satisfies E(z*z) = 0. Then
0= (I"E(z"z)v,v) = (VO(z"2)V* (v ® 0¢), v ® 0c) = T(,VO(z"x)V*V,)

for all v € H. We know from Proposition [9.15] that the canonical trace 7 : C(G) —
C is faithful, so that ¥:VO(z*z)V*19, = 0. Since v € H was arbitrary we obtain
(w,VO(z*z)V*(w)) = 0 for all w € H ® [*(G). This means O(z*z) = 0, and using
that © is faithful we conclude x*z = 0, or equivalently, x = 0. U

An important difference between the canonical conditional expectation on a re-
duced crossed product A X, , G and the canonical trace on the reduced group C*-
algebra C*(G) is that the former is not a trace in general. Still, the canonical

conditional expectation can be used to construct traces on crossed products. This
is what we will discuss next.

10.2. Invariant measures and traces. Let (A, G,a) be a C*-dynamical system.
We say that a state ¢ on A is G-invariant if p(a) = ¢(t - a) for all ¢ € G and
a € A If 7: A— Cis a G-invariant tracial state, then we obtain a tracial state
TE : A X, o G — C by the formula

() = 7(E(7)),

where E/: A%, , G — A is the canonical conditional expectation. Indeed, it is clear
that 7 is a positive unital map, and we compute

e(adbds) = T(E(a(t - 0)ds))
= 0 5—17'( (t-0))
= 01 7((t7 L. a)b)
= 0y,s17(b(s - a))
= 1g(bdsad;)

for a,b € A and s,t € (G, using both G-invariance and the trace property of 7. This
implies that 7 is a trace. We will call 75 the trace induced from 7.
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If A= C(X) is a commutative unital C*-algebra then every state on A is auto-
matically a trace. Moreover, by the Riesz-Markov theorem, compare Example [5.2]
states on A correspond bijectively to probability measures on X. Explicitly, given
a probability measure p, one associates the state p* : C'(X) — C given by

w“(f):=&[;11w)du(x)

to p. Assume that the group G acts on A = C(X), corresponding to an action of
G on X by homeomorphisms. Then the state ¢, associated to p is G-invariant if
and only if p is G-invariant, that is, if and only if p(t-7") = p(7T') for all measurable
subsets T' C X and ¢t € (. In particular, every G-invariant probability measure on
X induces a tracial state on ¢ : C(X) x, G — C.

Definition 10.3. Let G be a group. An action « : G — Homeo(X) of G on a
topological space X is called free if t - x = x for some x € X implies t = e. We say
that a classical dynamical system (X, G, ) is free if « is free.

In other words, the action o : G — Homeo(X) is free if and only if the stabilizer
groups Stab, = {t € G | t-x = x} are trivial for all x € X. This implies in
particular that the group homomorphism a : G — Homeo(X) is injective, but note
that freeness is a much stronger condition.

Example 10.4. If G is an arbitrary group then one obtains a free action of G by
taking X = G with the discrete topology, and the action given by left translations.
Of course, unless G is finite the space X is not compact. An example of a free action
of Z on a compact space is given by rotations by an irrational angle ¢ on X = T,

compare Example [0.3] (d).

Our next goal is to describe the structure of traces on reduced crossed products
of free actions on compact spaces. First we need a lemma:

Lemma 10.5. Let (X,G,«) be a free classical dynamical system on a compact
space X. For any finite set F' C G there exists n € N and elements h; € C(X) for
1 <j <n such that |hj(x)| =1 for all x € X and

S b @RET =0

for all x € X and all nontrivial elementst € F.

Proof. If T C G is a finite set and U C X is open then we say that (7,U) is
inessential if there exists n € N and functions h4, ..., h, € C(X) such that |h;(z)| =
1 for all x € X and

S h@RET I =0

for all x € U and all nontrivial elements ¢t € T. Our goal is to show that (F, X) is
inessential.
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This will be obtained in several steps as follows.

(1) For any x € X and any t € G\ {e} there exists an open neighborhood U of
x such that ({t},U) is inessential.
To prove this claim note that t - © # x by freeness of the action, so that we
find an open neighborhood U of z such that t - UNU = . Let n = 2 and
set hy = 1. Use Urysohn’s Lemma to find a continuous function f: X — R
such that f(z) = 0 for z € U and f(z) = 7 for z € t7! - U, and define
ha(z) = exp(if(z)). Then we compute

%Z:: h(tt-z) = ;(1-1+1-(—1)):0

for x € U as required.

(2) If ' C G is a finite set and U,V C X are open sets such that (F,U) and
(F,V) are both inessential, then (F,U UV') is inessential as well.
To prove this claim note that by assumption we find functions hq,...,h,,
and kq,. ..k, such that |h;(z)| =1 = |k;(x)| for all 4,j and x € X, and for
all nontrivial elements t € F'

—Zh h(t1-2)=0, zel,

—Zk k(1 z)=0, zeV.

If we consider the functions h;k; for all 4, j then |h;k;(x)| = 1 and

S )
:(%ihi()htlx>< Zk tlx))

=1

vanishes for all z € U UV and all nontrivial elements ¢t € F'.

(3) If E,F C G are finite and U C X s open such that (E,U) and (F,U) are
both inessential, then (E'U F,U) is inessential as well.
By assumption we find hq,...,h, and ki,...k, such that |h;(x)] = 1 =
|kj(z)| for all i, j and x € X, and for all z € U

—Zh hi(t='-z) =0, tek,

—Zk k(71 z) =0, te L.
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The same calculation as in step (2) then shows

—Zth St 12) =0

i=1 j=1
foralz €e Uandte FUF.

Now we are ready to finish the proof. Let t € F'\ {e} be a nontrivial group element.
Using compactness of X and step (1) we find n € N and open sets Uy, ..., U, such
that ({t},U;) is inessential for all 1 < j < n and J;_,U; = X. Then n — 1
applications of step (2) show that ({t}, X) is inessential. Since F is finite we may
then use step (3) to conclude that (F, X) is inessential. This completes the proof. [

Lemma [10.5]is the key ingredient in the following proposition.

Proposition 10.6. Let (X, G, «) be a free classical dynamical system on a compact
space X. Then for every e >0 and y € C(X) X, G there exists n € N and elements
h; € C(X) C C(X) %, G for 1 < j <n such that |hj(z)| = 1 for all x € X and
1<j5<nand

1E(y) — ~ Zhyyh*H <¢,

where E is the canonical conditional expectatzon.

Proof. Let y € C(X) %, G be arbitrary and choose 3/ € C.(G,C(X),«) such that
ly —o'|| <e/2. Write y/ = >, fi0; for a finite set F C G, and assume without
loss of generality e € F'. According to Lemma we find elements h; € C'(X) for
1 < j < nsuch that |hj(z)| =1 for all z € X and

Zh hi(t1-2) =0

forallz € X and t € F'\ {e}. That1s > hi(t-hy)=0fort € F'\ {e}.
The map P : C(X) x, G — C(X) %, G defined by P(y) = TILZFI hjyh} is
contractive, and hence
1E(y) — PW)ll = [I1E() — EQO + |1E@W) — POI+ I1P() = Pyl
<y =y I +11EW) = PO+ Iy =yl < [EW) = P + .
It therefore suffices to show E(y') = P(y'). For ad, € C.(G,C(X),a) we compute

P(ad;) = Zhat h5)s aZh (t-h3)s

According to our above con81derat10ns, this expression vanishes if t # e. Fort = e we
obtain P(ad.) = a > i1 hih}d. = ad.. Using linearity we conclude E(y') = P(y')
as required. O

We are now ready to prove the following result.



126 ISEM24 - LECTURE NOTES

Theorem 10.7. Let (X, G, «) be a classical dynamical system such that the action
of a : G — Homeo(X) on the compact space X is free. Then tracial states on the
associated reduced crossed product C(X) X, o G correspond bijectively to G-invariant
probability measures on X .

Proof. We have already seen that every G-invariant probability measure g on X
defines a tracial state ¢’ on C(X) X, ,G. Moreover, the restriction of ¢’ to C(X) C
C(X) Xp.qa G agrees with ¢#, so that the resulting map from G-invariant probability
measures on X to tracial states on C(X) X, G is injective.

Assume that 7: C'(X) %, , G — C is a tracial state. Then the restriction of 7 to
C'(X) determines a probability measure g on X such that 7(f) = ¢*(f) is given by
integration against p for all f € C'(X). Since 7 is a trace we get

/X(t-f)(af)d() Pt f) = 7(80f6i1) = 7( /f e

for all t € GG, which implies that p is G-invariant.

We claim that 7 agrees with the tracial state ¢’,. According to Proposition m,
for every y € C(X) %, G and every € > 0 we find n € N and unitary elements
h; € C(X) for 1 < j < n such that

IT(E(y)—y)| = ——Zh* iy =I[7(E(y)—— Zhgyh* | <|[E(y)—— Zhyyh*ll <&,
which means 7(E(y)) = 7(y). We therefore get

r(y) = 1(E(y)) = /X E(y)(2)du(x) = oay).

In other words, every trace on C'(X) X, , G is induced from a G-invariant probability
measure on X. g

Theorem provides a neat description of tracial states on C'(X) %, oG in terms
of the underlying dynamical system, under the assumption that the action of G' on
X is free. Without freeness, the assertion of fails, that is, not all traces on the
crossed product come from invariant measures in general.

However, let us note the following result, which is a byproduct of Power’s proof
of simplicity of C(IFy) mentioned in the previous lecture, see [39].

Theorem 10.8. The reduced group C*-algebra C¥(Fy) of the free group on two
generators has a unique tracial state.

Of course, the unique tracial state in Theorem [10.8|is given by the canonical trace,
compare the discussion before Proposition [9.15]
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10.3. Minimal actions and simplicity. Simplicity of the crossed product of a
classical dynamical system turns out to be related to the concept of minimality.
If a group G acts on a topological space X then we say that a subset U C X is
G-invariant if G- U C U. That is, U is G-invariant iff t - x € U for all t € G and
x € U. In this case the action on X restricts to an action of G on U.

Definition 10.9. A classical dynamical system (X, G, «) is called minimal if the
only closed G-invariant subsets of X are the empty set and X.

In other words, minimality is a topological counterpart to the notion of ergodicity
in measurable dynamics. We also say that the action o : G — Homeo(X') is minimal
if (X, G, «) is minimal.

Let us consider the case of actions of Z in more detail.

Proposition 10.10. For a classical dynamical system (X,7Z,«) over a compact
space X the following conditions are equivalent.

(a) The system (X, Z,«) is minimal.

(b) If T C X is a closed subset such that a1 (T) =T thenT =0 or T = X.

(¢c) For every x € X the orbit Z - x = {a,(x) | n € Z} is dense in X.

Proof. (a) = (b) This is obvious.

(b) = (c) Let x € X be arbitrary and let T be the closure of Z - . We clearly have
a1(Z-x) = Z - x, which implies a;(T") = T'. Since T contains = our hypothesis yields
T = X. That is, Z - x is dense in X.

(¢) = (a) Assume that ' C X is a nonempty closed G-invariant set. Choose a point
x € T and note that Z-x C T by invariance. Since Z -z is dense in X by assumption
we conclude that T is equal to X since it is closed. U

We note that the property of the homeomorphism «a; in part (b) of Proposition
is usually taken as the definition of minimality for a single homeomorphism.
That is, a homeomorphism ¢ € Homeo(X) is called minimal if for every closed
subset T'C X with o(T) =T we have T = or T = X.

Example 10.11. Let ¥ € R be irrational. Then the action of Z on T by rotation
by 1 is minimal: Due to Proposition it suffices to show that the set ©, =
{e2™mVy | n € Z} is dense in T for every x € T. This can be verified by using that
the action is free: freeness means that ©, is an infinite subset of a compact space, so
has an accumulation point. In particular, considering x = 1 it follows that for every
e > 0 there are n,m € N such that 2™ — e2™n?| < 2 Since ©; is a subgroup of
T and ©, = ©,x this yields the claim.

Minimality of o : G — Homeo(X) is a necessary condition for simplicity of the
crossed products C(X) X¢, G and C(X) %, 4 G. Indeed, if T C X is a nontrivial
G-invariant subset then the canonical projection homomorphism C(X) — C(T)
induces a surjective *-homomorphism C.(G,C(X)) — C.(G,C(T)) between the
convolution algebras with nontrivial kernel. Since both the full and reduced crossed
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products are functorial for x-homomorphisms by Theorem [9.13] we see that the
induced *-homomorphisms C'(X) ¢ G — C(T') x¢ G and C(X) X, G — C(T) x, G
have nontrivial kernels as well. In particular, the crossed products are not simple.

It is also not difficult to see that minimality is not a sufficient condition for the
full or reduced crossed products to be simple. Take, for instance, a finite group G
acting trivially on a point. Such an action is clearly minimal and, as we have seen
in Exercise 9.6 the corresponding crossed product is Cf (G) = C7(G), a finite direct
sum of matrix algebras. Moreover this C*-algebra always admits a character, which
means that it fails to be simple as soon as GG has more than one element.

In order to obtain a general simplicity result, valid for all groups, we shall restrict
ourselves to free actions, compare Definition [10.3

Theorem 10.12. Let (X, G, «) be a free classical dynamical system on a compact
space X. Then the crossed product C(X) X, o G is simple if and only if (X, G, «) is
mainimal.

Proof. We have already observed that minimality is a necessary condition for the
crossed product C(X) x, G = C(X) X, G to be simple. Let us show that, under
the assumption of freeness, this condition is also sufficient.

Let I C C(X) %, G be a closed ideal. We claim that if I contains a nonzero
positive element of C'(X) then I = C(X) x, G. To this end let f € I NC(X) be
nonzero and positive, and let U = {z € X | f(z) > 0}. Then U is a nonempty
open set. If U = X then f is invertible, which implies that I equals C'(X) %, G.
If U is not equal to X then K = X \ U is a proper closed subset of X. Hence
the intersection (,.,(t - K) is again a proper closed subset of X, which in addition
is G-invariant. Since the action of G on X is minimal this intersection must be
empty. Equivalently, the translates ¢ - U for ¢ € GG define an open covering of X.
By compactness of X there exists a finite set t1,...,#; of elements in G such that
U§:1 tj - U = X. Therefore

k
g=> t;-f
j=1

is a strictly positive element of C'(X), and hence invertible in C'(X). Since g is also
contained in I we conclude that I equals C(X) %, G.

Next we claim that any element of the form E(z) for x € I is again contained in
I, where E : C(X) %, G — C(X) is the canonical conditional expectation. Indeed,
for every € > 0 we find elements h; such that

1 — .
| E(z) — Ezhjxth <e
j=1

due to Proposition [10.6 Since hjzh; € [ for all j and [ is closed we conclude
E(z) € I as desired.
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Finally, assume that x € [ is an arbitrary nonzero element. Then x*z is positive
and nonzero, so that Proposition implies that E(z*xz) € C(X) is a nonzero
positive element contained in /. Hence the first part of our proof shows I = C(X) %,
G. In other words, the only ideals in C'(X) X, G are the zero ideal and the entire
algebra. U

We note that the conditions in Theorem are not necessary for a reduced
crossed product to be simple. The trivial action of the free group Fy on a point
is highly non-free, and yet the corresponding reduced crossed product, namely the
reduced group C*-algebra C}(IFy), is simple.

In the special case G = Z we obtain the following useful variant of Theorem [10.12]

Theorem 10.13. Let (X,Z,«) be a classical dynamical system on an infinite com-
pact space X. Then the crossed product C(X) X, o7 is simple if and only if (X, Z, a)
1s minimal.

Proof. According to Theorem it suffices to observe that a minimal action of
Z on an infinite compact space is automatically free. To this end note that if the
stabilizer Stab(z) of some point x € X is nontrivial, then Stab(z) = mZ C Z for
some m > 0, and the orbit Z-x = {k -2 | 0 < k < m} is finite. Since the system
is minimal this contradicts our assumption that X is infinite, see Proposition [10.10}
Hence all stabilizers are trivial, or equivalently, the action is free. U

Remark 10.14. Let ¥ € R be irrational. As a special case of Theorem we
obtain the simplicity of the reduced crossed product C(T) X, Z of the action by
irrational rotations by ¥ on T, since this action is minimal as explained in Example
. Note that the simplicity of the full crossed product Ay = C(T) g, Z
was already obtained in Theorem [7.11] compare the discussion in Example [9.11]
However, there is no difference between full and reduced crossed products since Z
is amenable, see Remark [9.17]

10.4. Odometers. In order to obtain a larger supply of examples of dynamical
systems we shall now discuss certain homeomorphisms of the Cantor set studied in
ergodic theory. See [13] for further information.

Let (n;)2, be a sequence of integers such that n; > 1 for all i. Let X; =
{0,1,...,n; — 1} and form the direct product

X = ﬁX
=1

If we equip X; with the discrete topology for all 7« € N then X, equipped with the
product topology, is a Cantor set. That is, X is a compact totally disconnected
metrizable space with no isolated points.

Consider the uniform probability measure p; on X;, so that u; assigns the mass
n; ! to each point of X;. Let u be the product measure on X constructed from the
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measures ;. On a cylinder set £ = Hfil FE; such that F; = X; except for a finite
set of numbers 74, .. .,1,, this measure is given by

w(B) = [[ s (B:).
j=1
We think of an element x = (x;){°, as a formal sum

oo
r = E N1,
i=1

where Ng = 1 and N; = N,;_in; for all i € N. One can then define amap X x X — X
by addition with carryover, that is, (z;)+ (y;) = (z;) where z; is uniquely determined
by
Z(JTZ + yi)Ni_l = Z ZiNi—l mod Nn

i=1 i=1
for n > 1. This turns X into a compact abelian group.

We obtain a homeomorphism o of X by defining o(x) = x + 1, where 1 =
(1,0,0,...) € X. The resulting classical dynamical system is called odometer, be-
cause of its similarity to the odometer in a car. Of course, we are allowing some
additional flexibility: an actual odometer would be modeled by taking n; = 10 for
all 7 € N.

Lemma 10.15. The measure p is the unique invariant probability measure on X.

Proof. On each set E = [[.2, E;, with Ej; a singleton for some j and E; = X; for
J # i, we see that any invariant measure v must be given by v(E) = pu(E;) = nj_l.
Since these sets generate the Borel g-algebra of X this yields the claim.

Theorem 10.16. The crossed product A = C(X) %, Z of an odometer action is
simple and has a unique trace.

Proof. The action of Z on X is minimal since the orbit x + Z is dense in X for every
x € X. Hence the claim follows from Theorem and Theorem [10.7] keeping
in mind Lemma [10.15| and the fact that minimal actions of Z on infinite compact
spaces are automatically free. U

In view of Theorem [10.16| it is natural to ask to which extent the C*-algebra
C(X) Xy 4 Z remembers the odometer action from which it is constructed. Note
that any nonzero x-homomorphism between simple C*-algebras is necessarily an
isomorphism. We will address this question in the next lecture.

10.5. Exercises.

Exercise 10.1. Verify in detail that the bounded linear map £ : A x,, G — A
constructed in Proposition [10.1] is a conditional expectation.
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Exercise 10.2. Show that the action of Z by rotations by ¥ € R on X = T is free
if and only if ¥ is irrational.

Exercise 10.3. Show that an action a : G — Homeo(X) is minimal if and only if
the orbits G-z = {t-x | t € G} are dense in X for all x € X.

Exercise 10.4. Verify the details of the assertions about the Cantor space X in the
construction of the odometer.
(a) Check that X has no isolated points. That is, show that there is no z € X
such that {z} is open.
(b) Check that X is compact.
(d) Check that X is metrizable.
(c) Check that X is totally disconnected. More precisely, show that X has a
basis of the topology consisting of clopen subsets.
It can be shown that any two topological spaces with these properties are homeo-
morphic. This is known as Brouwer’s Theorem.

Exercise 10.5. Verify that the odometer X becomes a compact topological group
by formal addition with carryover.

Exercise 10.6. Check that odometer actions are minimal.
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11. CROSSED PRODUCT C*-ALGEBRAS OF ODOMETERS — A CASE STUDY

ABSTRACT. In this lecture we study crossed products attached to odometers,
which were introduced in the previous lecture, and investigate how much informa-
tion the crossed product C'(X) X, , Z remembers of the original odometer (X, o).
In other words, given two odometers (X, o) and (Y, ), our goal is to find out when
C(X) Xy Z and C(Y) X, ,Z are isomorphic as C*-algebras. In the next lecture, we
discuss the same question for general minimal homeomorphisms of the Cantor set.
Here and in the sequel, the notation (X, o) stands for a single homeomorphism o
of a topological space X, which is nothing else but a classical dynamical system
(X,7Z,«) with acting group Z (where o = «; is the generator and «,, = 0™).

11.1. Inductive limit decompositions. Our first goal is to write crossed products
attached to odometers as inductive limits of simpler building blocks. We use the
same notation as in §[10.4] i.e., if n = (n;) is a sequence of natural numbers n; > 1,
then we set X; := {0,...,n; — 1} and X := [[;2, X;. Moreover, we set Ny := 1,
Ny :=n; and N;q := Nyn;,; for all i € N. The odometer o0 : X — X attached to
the sequence m is given by o(x) = z, where * = (z;), z = (2;), and z; is determined
by

Zthh,l = (thNh*) +1 mod N;,
h=1 h=1

for all 7 € N. Alternatively, making use of the group structure on X as explained in
§[10.4] we have o(x) = @ + 1, where 1 denotes the element (1,0,0,...) of X.

For € []]_, Xi, we define the cylinder set C'(x) :== {(y;) € X : y; =2, V1 <
i < j}. The collection {C(x) : « € [[_, X;, j € N} forms a basis of clopen subsets
of X. We denote by 1¢(g) the characteristic function of C(x).

Recall that (X,o) induces a C*-dynamical system (C(X),Z,0) as in Exam-
ple (c) and the crossed product C(X) x,, Z attached to (C(X),Z,0) is con-
structed as a completion of C.(Z,C(X),0) (see Definition [0.7)). Following the nota-
tion introduced before Definition[9.6] we set u := &, € Ce(Z, C(X),0) € C(X) X, Z.
Here ¢ is the function Z — C'(X) taking the value 1 € C'(X) at the canonical gener-
ator 1 € Z and the value 0 € C(X) everywhere else. w is the unitary corresponding
to the canonical generator of Z, and we have the twisted commutation relation

ufu* = foo !

for all f € C(X).

Now let us fix j € N and consider the sub-C*-algebra C*(u, {1c() : @ € [T_, X:})
of C(X) X, Z generated by u and {1ow : @ € [[/_, X;}. Write N := Nj.

The twisted commutation relation implies

(11.1) uplc(w)u_p = 1C(w)+p,
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for z = (z;) € [1_, Xi, where C(z) + p is the cylinder set C(z), where z = (2;) €
7_, X, is determined by

Zthh_l = (thNh_1> +p mod Nj,
h=1 h=1

for all 1 <1i < j. Hence we have for all x = (2;) € [[_, Xi

(11.2) (C(x)+p)N(C(x)+q) =0 Vpqei{0,...,N—1}, p+#q,
(11.3) (C(x) +p)=(C(x)+q) ifp=qg modN.

In particular, we have

(11.4) WNlo@u™ = 1o

for all ¢ = (2;) € [[_, X.

Lemma 11.1. We have

J

C*(u, {lo@) : @ € [[ Xi}) = My(C(T)).

i=1
Remark 11.2. Here and in the sequel, given N € N and a C*-algebra C, My(C)
denotes the C*-algebra of N x N-matrices over C. The algebra structure of My (C) is
given by entry-wise addition and scalar multiplication, while multiplication is given
by matrix multiplication. The involution is given by (c*);; := ¢j; for ¢ = (¢;;). To
define a C*-norm on My (C'), we apply Theorem to obtain a faithful representa-
tion 7 : C' — B(H). This representation induces a representation My (C) — B(HY)
given by (m(c;;)(&;))e = >, m(cr)& (the usual way the matrix (7(c;;)) acts on a vec-
tor (&;) € HY). The operator norm on B(H") then induces a C*-norm on My(C),
i.e., we set ||(ci;)|| := ||(7(cij))|| Br~y. This C*-norm is unique by Corollary .

We now come to the proof of Lemma [I1.1] which will actually yield an explicit
isomorphism of C*-algebras.

Proof. Let 0 = (0,...,0) € [[]_, X;. Define ¢, := uP1¢(g) forall 0 < p < N—1, and
set £pq 1= Epcyy = UWlgyu 9. We claim that {g,, : 0 < p,q < N — 1} are matrix
units, i.e., they satisfy ep,6,s = 04€ps as in Proposition m (ii). Indeed, using
, we get €,y = uPlooyu™? = uP"1c0)4q and &, = " lgyu™® = 1oyt *
and thus €p.e,s = U’ "1g(0)+¢1c(o)+ru"°. By @[}, this term vanishes unless ¢ = r,
in which case we obtain

Epgas = U Loy 4qu? * = U Tl yu ™ = uPloyu® = eps.
Note that by Corollary [6.12 the sub-C*-algebra C*({g, : 0 < p,g < N — 1}) of
C*(u, {1e@) : ® € [[]_; Xi}) is isomorphic to My(C).
Now let A := C*(u, {l¢@) : « € [[]_; X;}) and consider the map o : A —
Mn(e00Ae00), a — (€0pacq0)pg- The entries of a(a) lie in the corner egpAegy because
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E0ptEqo = E00(E0p@Eqo )00, and it is straightforward to check — using that {¢,,} forms
a set of matrix units — that « is a *-homomorphism. To see that « is actually an
isomorphism, we construct its inverse by defining 8 : My (cpoAcoo) — A, (ap,) —
> p.q Ep00pgoq- Again, it is straightforward to check that 3 is a *-homomorphism,
and we have

Bla(a)) = B((copacqo)pg) = ngpagqq =a,

a(B((ap))), = O‘( E :5170%6150(1) = 50?"( E :5p0apq50q>550 = Qrs-
TS
Pa

p.q

This shows that 8o« =idy and a0 8 = id sy (cgoAcqo)s @S desired.
It remains to identify eggAeqg. First note that

J
A=span({le@u": = € HX“ kelZ})
i=1
because {1lou® : @ € szl X, k € Z} is *-invariant and multiplicatively closed.
Indeed, (lc(m)uk)* = u‘klc(m) = lc(m)_ku_k, and

1C(w)uk+l if C(ZB) = O(y) + k,

lo@u" o' = 1o 1 uttt =
Cz)U Lo(y) C(z) +C(y)+k 0 else.

Hence we conclude that

J
€00Acgy = Span({égolc(@ulc&og M S HX“ k € Z})
i=1
Moreover, g lc(m)ukaoo vanishes unless * = 0 and k € NZ, in which case we have,
for k = kN,
00lo(@)ueon = coot™ ego = (€00t €00)"
This shows that

€00Aeggy = span({(sooungo)” Kk ELY) = C*(€00UN€00>.

With respect to the unit gy of egoAcng, €0ou” €go is a unitary, and it turns out to have
full spectrum, i.e., sp(egou™Negy) = T (see Exercise . Hence functional calculus
(see Theorem induces an isomorphism 7y : gggAcgy =% C(T), cgouNegy — 2,
where z = idr : T — T C C. By applying it entry-wise to matrices, we obtain an
isomorphism My () : My(g00Ag00) == Mn(C(T)). So, putting everything together,
we obtain the desired isomorphism

My ()

v: A MN(500A€00) = MN(C(T))
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Applying Lemma to every j € N, we obtain isomorphisms 9; : A; =%
My, (C(T)) with e, +— e, and eooulNiegy > zeqy. Here A; = C*(u, {1e@)
x € [[]_, X;}) and e,, are the canonical matrix units for My, C My, (C(T)).
Note that A; C A;; because C(z) = [[272 ; C(x,xj41) implies that 1oy =

CE+10

POAARS o 1e Clwgser) € Ajr for all z € [T, X;. Moreover, C(X) x,, Z = Uiz, 4;
because cylinder sets of the form C(x) are a basis for the topology of X. Thus, if we
denote by ¢; the canonical inclusion maps A; < A4, then Remark (a) tells us
that C(X) %, Z is isomorphic to the inductive limit of A, Sy Ay 25 A B

le.,

C(X) Ng’r 7 = @{Aj, Lj}.
J

The isomorphisms 9J; fit into the following commutative diagram

Lj+1

A1 21 A2 L2 Lj-1 A]' L Aj+1
9 92 9 Lﬁm
My, (C(T)) My, (C(T)) —2~ . 275 My, (C(T)) My, ., (C(T)) =2

Here we set ¢; := ;41 0¢j0 19;1. Therefore, we obtain

C(X) Ho Z 2= lim{ Ay, 5} = lim{ My, (C(T)), @5}

We now set out to compute the maps ;. To do so, it is convenient to identify
My, ., (C(T)) with My, (M,,,,(C(T))), using the bijection

41 njt1
{O’...7Nj+1 —1} e {Oa"'7nj+l —1} X {O,,N]—l}, TNJ +pl—) (T,p).

More precisely, a matrix (a,n;1p.sn;+q) € Mn;,, (C(T)) is identified with the element
(apq) € MNj(MnjH(C’(T))) whose (p, ¢)-entry is the nj1 x nj-matrix ((apq)rs) =
(@rN;+p,sN;+q)-

Lemma 11.3. With respect to the identification My, (C(T)) = My, (M,,,,(C(T)))
introduced above, the map ; : My, (C(T)) — My, ,(C(T)) is given by

L if (v, d) = (p,q),
0 else,

(11.5) (©5(€pg))p g = {

where 1 and 0 denote the unit and zero element in M, (C(T)), respectively, and

Mj+1
00 ... 0z
’ . y\pr,q)= ) )
(11.6) (@j(zeoo))p’,q’ = s
00 ... 10
0 else,

where z = idr as before.
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Note that this determines y; as ey, and zeg generate My, (C(T)). For instance,
we must have

00 ... 0z
60 500 e
_ T if (v',d") = 9),
(pj(2€pg) )y = :
00 .. 10
0 else.
Proof. We write 0, := (0,...,0) € [[_, X;. We have V;(uPle,)u™?) = epq. More-
over,
nj+1—1 nj+1-1
ti(uPLe)u ) = uPleqo,) Z uP Lo, U~ Z uPu"™: "1eo(0,4,) U —rNiy 4
nj+1—1
Z UTNj+plc(0j+1)U_(rNj+q),
r=0
and thus

n 1~ .
Z’I‘J:-Bl Crr = 1 if (p/7 q/) = (p7 q)’

0 else.
Here é,; denotes the matrix units in Mnﬁl(C(T)).
This, together with ¢; =¥,41 0¢;0 19J shows ([11.5]).

Similarly, we have ¥;(1¢(o,)u""1¢(0,)) = 2€go. Moreover,

V(g (79 l(epq)))p’vq’ = {

nj+1—1
ti(1e,)u™1eo,)) = 1o,y u™ 1o, Z Lo, 1e(0,.9)
r,s=0
nj+171 nj+172 nj+1*1
=1 > > 1O<oj,r>1c<oj7s+1)uNj> + ( > 10<0j,r)1c<oj,o>uNj>
r=0 s=0 r=0

nj41—2
- Z 10(0j75+1)UNj) * 10(0j+1)uNJ
s=0

njt1—2

- Z u N1 (0j41) ¥ - >+(1C( l)uNjH10(0j+1))(10(07‘“)“_(%“_1)]\7’7)'

Therefore

<Z:J=T)l - €st1 S> + 2€0,m;,1-1 if (',4') = (0,0),
0 else.

541 (45 (95 (2€00)) g = {

Here €, denotes the matrix units in M, +1(C’ (T)) as before.
This, together with ¢; := ;41040 193 shows ([11.6]). O
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It turns out that the inductive limit C*-algebras th{M N, (C(T)), ¢;} attached

to the inductive systems My, (C(T)) 25 My, (C(T)) 22 My, (C(T)) 22 ... have
been studied before by Bunce and Deddens in [9]. Hence they are called Bunce-
Deddens algebras.

Definition 11.4. Let n = (n;) be a sequence of natural numbers with n; > 1 and
N = (N;) be given by Ny := ny, Nji1 = Njn;y;. The Bunce-Deddens algebra
BD(N) is given by
BD(N) = limy (M, (C(T)). ;).
J

where ¢; : My, (C(T)) = My, ,(C(T)) is determined by (11.5)) and (11.6)), with
respect to the identification My, ,(C(T)) = My, (M,,,,(C(T))) as in Lemma m

Tj+1
We can now summarize our findings as follows:

Corollary 11.5. Let n = (n;) be a sequence of natural numbers with n; > 1 and
N = (N;) be given by Ny :=ny, Njt1 = Nynji1. Let (X, 0) be the odometer attached
to the sequence n. Then we have

C(X) %0y Z = BD(N).

Therefore, if we want to find out which odometers give rise to isomorphic crossed
product C*-algebras, we have to classify Bunce-Deddens algebras.

11.2. Classification of Bunce-Deddens algebras. Let us first formulate the
classification result for Bunce-Deddens algebras. We need the notion of supernatu-
ral numbers. As before, let n = (n;) be a sequence of natural numbers with n; > 1
and N = (N;) be given by Ny := ny, Nj41 = N;ynjyq. For every prime p, define
vp(IN) == sup{v € N : p’ | N; forsome j € N} € {0,1,...} U {oco}. We set
S(N) = pr“P(N). The product is taken over all primes p, and as such, it is just
a formal product. If however v,(IN) # oo for all primes p and v,(IN) = 0 for all
but finitely many primes p, then we just obtain the usual prime factorization of
natural numbers. Given another sequence m = (m;) of natural numbers m; > 1
and M = (M;) given by My := my, M1 = Mym;q, we write S(M) | S(N) if
V(M) < v,(IN) for all primes p, and S(M) = S(N) if v,(M) = v,(IN) for all
primes p. Note that S(M) = S(N) if and only if S(M) | S(N) and S(N) | S(M).

Our goal is to prove the following classification result:

Theorem 11.6. Let m, M, n and N be as before. We have BD(M) = BD(N)
if and only if S(M) = S(N).

For the proof, we need two technical lemmas.
Given a C*-algebra B, an element e € B and a sub-C*-algebra D of B, we write
dist(e, D) := inf{|le — d|| : d € D}.

Lemma 11.7. Giwven € > 0 and N € N, there exists 6 > 0 such that whenever
€1,...,en are pairwise orthogonal projections in a unital C*-algebra B and D is a
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sub-C*-algebra of B containing the unit of B, with dist(epy, D) < § for alll1 <p < N,
then there exist pairwise orthogonal projections f, € D, 1 < p < N, such that
lle, — foll < e foralll <p < N.

If we have in addition Z;Vﬂ e, = 1, then we can also arrange Z;V:l fr=1

Here and in the sequel, we call two projections orthogonal if their product vanishes.

Proof. We proceed inductively on N. First consider the case N = 1. Set § :=
min(s, ). Suppose e € B is a projection with dist(e, D) < 6. Find z € D with
|le —z|| < 4. By replacing x by 5(z +z*), we may assume that x is self-adjoint. We
claim that sp(z) C [—d,0]U[1 =0, 1+4]. Indeed, given A € C with [A|,|[1—=A| > §, we
have that e — A1 is invertible as sp(e) = {0, 1}, and ||(e — A1)7!|| = max(|A\|7}, |1 —

A7Y) < 671 so that [[(e — A1)7Y|~ > §. Hence
(e = A1) = (& = AL = fle =z < 8 <l(e = A",

Thus Lemmal2.6] (b) implies that A ¢ sp(z). This shows sp(z) C [—4, §]U[1—4, 1+4],
as desired.

As § < %, we see that sp(x) is a disjoint union of two intervals, so that the char-
acteristic function 1j;_5144) is continuous on sp(x). Thus we can apply functional
calculus to define f := 1p_5144(x) € D. Then f is self-adjoint, and sp(f) € {0, 1}
implies that f is a projection. Moreover, we have

le = fIl < lle = 2l + [l = fll = lle = 2[] + |(d 15148 spa) oo <0 +0 <.

Now suppose N > 1, and let 1 > § > 0 (to be specified later). As we proceed
inductively, we may assume that we have already constructed pairwise orthogonal

projections f, € D, for 1 < p < N —1, such that |le, — f,|| < 5%0. Set e := 25;11 ep

and f = Z;V:]l fp- As before, find a self-adjoint element x € D with |ey — x| < 9.
Let us now estimate

ley = (1 =zl = Pl = [I(1 = e)en(l —e) = (1 = flz(l = [
< (T =e)en(l —e) = (1= flen(l —e)

H(M = el —e) = (1= fz(l —e)]

+ =Nz —e) = (1= fz(1 - [
= I(f —e)ex(@ =)l + [(1 = fllexy —2)(X =) + [[(1 = flz(f =€)
< | —ell + llex — zf| + [[z[[[[f — el

<2+O|f—el +6<(2+6)8F0+6 < 20

Thus, if 20 < % &0 < %, then we can use functional calculus as in the first part of
the proof (the case N = 1) to produce a projection fy € (1 — f)D(1 — f) such that
(1= fa(1—f)— fnll < 26, so that ||ey — fn|| < 46. Hence if we set § := min(, £),
then we obtain |ey — fn|| < €, as desired.
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Now assume that E;V:l e, = 1. Then

N N N
Hl_prH:HZ(ep_ Z!ep foll < B5L6+46 < 56 < 1.
p=1 p=1 p=1

But Z;V:l fp is a projection, so that 1 — Z;V:l fp is a projection as well, and the
only projection with norm strictly less than 1 is zero. Hence we conclude that
1- ngv:l f, =0, ie. Zp | fp =1, as desired. O

Lemma 11.8. Giwen ¢ > 0 and N € N, there exists 6 > 0 such that whenever
C, D are sub-C*-algebras of a unital C*-algebra B containing the unit of B, with
dimC < N and dist(el(f;),D) < 6 for all k,p,q, where e]gfl) are matrix units for C
as in § there exists a unitary v in C*(C,D) C B with ||v — 1|| < € such that
vCv* C D.

Proof. Let § > 0 (to be specified later). Take 0 < ¢’ < 1 (also to be specified

later) and set 7 := ms/. Apply Lemma [11.7) to {e{¥)} C C to obtain & such

that as soon as ¢ < ¢, we can find pairwise orthogonal projections { fpp }C D
with Zk (k) = 1 and ||e§, fpf,f)” < 7 for all k,p. Set z := 3, ml,f) },’;;) As

k k
leSs) £ ess) — eS|l < llem) — fp|l <, we have

vrr =Y el fRe® > (1—n) > el = (1)1,

k,p k,p

and similarly m: > (1 —n)l. Hence it follows that z is invertible. Moreover, we

have fpp x = xepp for all k,p by construction. Considering polar decomposition of
x, we obtain a unitary w € C*(x) C C*(C, D) with z = w|z|. In other words, we

set w = z|z|7t. el commutes with z*z, hence with ||, so that

we(k) = az\x|_1e§,) = £E€ |.r| 1 (];)x|.:£|_1 = fé;f)w

for all k, p. Moreover, we have the estimate (for sufficiently small &)

lw =1 < flw =] + lle = 1| = llzle] ™ =l + 1D (£ — epely

k,p

1 /
< lefllle]™ =1+ DoAY — @il < (1=m) "2 = 1)+ Np < (N + 1)y = 5.

Here we used ||z]| <1 since 2"z < 7, el — 1, and that for sufficiently small 7,

1
we have (1 —n)"2 —1 <.
Let éz(;q) : wez()lé)w* be the matrix units for wCw*. If § < %l, then we have

dist(efy), D) < &+ [lels) — &)l <6+ 2w —1|| <35 =¢

P‘I’
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Hence we can find y((]s) € D with ||é(() yoq)|| < ¢, for all k,q. By multiplying

with éolf) from the left and ég];) from the right if necessary, we can arrange that

y(gl;) = eélé)yé];)eég) By normalizing y(()k) and choosing &’ sufficiently small, we obtain

xoq € C*(C, D) with 93(() = eé’é)x(()q)eg;) and ||33(()];)|| = 1 such that ||é(()];) - a:(()];)H <z
and
~ * k
||e< — (xf)y* xo:u = |50y e — (af)y by < £
* k
185 — b (x50)* || = llede) (&8 —xéJ(qu) I <,
for all k, q.

A similar argument as before shows that if € is sufficiently small, then (:z:(()]f})) xéq)

is invertible in &y DEl) and mé’;) (xg;))* is invertible in égf))Dégg). Thus polar de-

composition of :vok yields partial isometries fos € C*(C,D). In other words,
-1

we set fés) = \xoq g where the inverse of ]a:oq | is taken in eM Ded) - We

have ( fés))* féq = el f ( fo ) = 6018), and — by a similar argument as before —

||x(()]2) — fé§)|| < (-3 2 —1< % Deﬁne f(k) : (f0 ) fés). Moreover we con-
struct the unitary w := qu(fo ) eoq By construction, we have fp W = @Dé( )

Furthermore, we can estimate
~(k k
@ — 11| = max|(f5,”)"e, — (20, )"e, || = maxllfi,” — 6,/ < 5+ 5 = e

Now let us set v := ww and check that this is a unitary with the desired properties
if, in addition to the requirements on ¢’ we have collected so far, we choose ¢’ so
small that &’ < e. We have [[v — 1| < [[dw — w| + [[w — 1| < 3¢ 4+ 3¢’ < ¢, and
vegfl)v* = ﬁ)wegf}w*w* = ﬁ)é}g;)w* = 155) € D for all k,p,q. U

After these preparations, we now set out to classify Bunce-Deddens algebras.

Proof of Theorem[11.6. Let m, M, n and N be as in Theorem [I1.6] Set A :=
BD(M) and B := BD(N). By definition of Bunce-Deddens algebras, we have
and the connecting maps ¢; and v; are given as in Definition [11.4]

First, let us assume that S(M) = S(IN) and prove A = B. Without loss of
generality, we may assume M; | N; and N; | M, (pass to subsequences to arrange
this). We construct for all j € N a commutative diagram

P

(11.7) A, Aji

s T+l
d) .

Bj —— Bj1
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as follows: First define 7; : A; — B, by setting

(75 g = {1 if (¢v',q) = (p, ),

0 else,
00 .. 0z
~ B 1 p 7q - Y Y
(7j(z€00))prq = S
00 .. 10
0 else,

where we use similar notation as in and ([11.6] D as well as the identification
My, (C(T)) = My, (M, (C(T))) as in Lemma 11.3, Similarly, define p; : B; —
Ajq1 by setting

(Pi(pg))prg =

{1 if (p',¢') = (p, ),

0 else,
00 .. 02
10 .. 00
. B 0L 000 i (pf,q) = (0,0),
(:Oj(ZGOO))p’,q’ = :
00 .. 10
0 else.

It is now straightforward to check that the diagram

P

A, Ay
_ P \ _
j Tj+1
17[; .
Bj —— Bj1

commutes up to conjugation by suitable permutation matrices. Hence we can modify
7; and p; by suitable inner automorphisms to obtain maps 7; and p; with the desired
properties.

Since diagram commutes, the maps 7; induce a map 7 : A — B, and the
maps p; induce a map p : B — A. Using again commutativity of , we see
that pom =id4 and mo p = idg. Hence A = B, as desired.

Now we turn to the converse, i.e., let us assume that A = B, and our goal
is to show that S(M) = S(IN). Consider the unital embedding My, (C) —
My, (C(T)) = A; — A. Composing with A = B, we obtain a unital embed-
ding ¢ : My, (C) — B. Let {e,} be matrix units for ¢(My,(C)). Let 0 be as in
Lemma , for some ¢ > 0 (it does not matter which). As B = (J;-, By, there exists
a (sufficiently big) k such that dist(e,,, Bx) < ¢ for all p, q. Lemma then yields
a unitary v € B such that vi(My, (C))v* C By. This means that we obtain a unital
embedding My, (C) < By, v + vi(x)v*. Moreover, evaluation at 1 € T (or any
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other point) gives a unital homomorphism By = My, (C(T)) — My, (C). The com-
position is a unital homomorphism My, (C) — My, (C). As My, (C) is simple, this
homomorphism must be injective. Using for instance an argument involving traces,
it is straightforward to conclude that we must have M; | N;,. Hence we obtain that
for all j € N there exists k& € N such that M; | Nj. This implies that S(M) | S(IN).
By symmetry, we also get S(IN') | S(M). Therefore, S(M) = S(IN), as desired. [

Combining Corollary and Theorem [11.6] we obtain

Corollary 11.9. Let m, M, n and N be as Theorem [11.6, and let (X,0) and
(Y, T) be the odometers attached to the sequences m and n, respectively. We have

C(X) Xoy Z=C(Y) Xrp Z if and only if S(M) = S(IN).
11.3. Exercises.

Exercise 11.1. In this exercise we develop an alternative approach to odometers.
As before, let n = (n;) be a sequence of natural numbers with n; > 1 and N =
(N;) be given by Ny := ny, Nji+1 = N;n;i;. By construction, we have N;Z C
N;Z. Thus we obtain canonical projections w4y : Z/N;1Z — Z/N,Z. Form
the projective limit Y := @j{Z/NjZ,Wj}. With the discrete topology and the
usual addition, Z/N;Z becomes a compact group. Thus Y inherits the structure
of a compact group. It is abelian, so let us use additive notation. The canonical
projections Z — Z/N,Z induce a group homomorphism Z — Y. Check that this
map is injective. We obtain a homeomorphism 7 : Y = Y given by 7(y) :=y + 1,
where 1 denotes the image of the canonical generator 1 € Z in Y under the map
Z —'Y we just constructed.

Now let (X, o) be the odometer attached to the sequence m, as constructed in
§[10.4 Show that there exists a homeomorphism ¢ : Y 2% X such that poTop™! =
o. In other words, (X, o) and (Y, 7) are conjugate, and thus we may view them as
the “same” dynamical system.

Exercise 11.2. It turns out that the construction of odometers can be generalized
as follows: Let G be a (discrete) group and G; a family of finite index subgroups of
G such that G;1; C G, for all j. Denote by 741 : G/Gj41 — G/G; the canonical
projection. As we did in the previous exercise, we may form the projective limit
X = @nj{G/Gj, 7;}, where the discrete topology on G/G; induces the topology on

X. The group G acts on each coset G/G; by left translations, i.e., g-2G; = (g2)G;.
This induces an action of G on X, i.e., a map o : G — Homeo(X). Show that

(X, G, «) is minimal, and that there is a unique G-invariant probability measure on
X. Is (X,G, a) free?
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Exercise 11.3. Show that My (C(T)) can be described as a universal C*-algebra
as follows:

My (C(T))

€pg = €aps Epgrs = Ogrps ¥V P, q,T, S
=C" [{ep: 0<p,g<N—-1}u uu =1 = uu*,
Epqll = Uepq ¥ P, q

Use this description to construct a homomorphism My(C(T)) — A (A as in the
proof of Lemma [11.1)) which is the inverse of the map ¥ constructed in the proof of
Lemma [TT.T]

Exercise 11.4. Here is one possible route to showing sp(ggou’Nego) = T in the proof
of Lemma [11.3}

We use the same notation as in Lemma and its proof.

First show that given an arbitrary C*-dynamical system (A,Z,«) (where A is
unital), if u € A X, Z is the unitary constructed as at the beginning of § then
we always have sp(u) = T.

Next suppose that n = (n;) is a sequence of natural numbers with n; > 1 and
let N = (N,) be given by Ny := ny, Nj41 = Njn;i1. Let (X,0) be the odometer
attached to n. Fix j € N and let (Y, 7) be the odometer attached to the shifted
sequence (nj41,Mj42,...). Let v € C(Y) X, Z be the unitary constructed as at the
beginning of § [I1.1 Show that we have an isomorphism

C(Y) X, Z = C*(lc(o)C(X)lc(o), 1C(O)uNlc(0)) CCOX) XNor Z

sending v to Lo(o)uN Leo(o)-
Finally, conclude that sp(egou™egy) = T.

Exercise 11.5. Using Corollary [11.9] show that there are continuum many pairwise
non-isomorphic C*-algebras of the form C'(X) X, Z, where (X, o) are odometers.

11.4. Comments.

Remark 11.10. In this lecture, we have mostly followed the exposition in [14]
Sections VIII.4 and V.3]

Remark 11.11. Originally, Bunce-Deddens algebras were introduced as C*-algebras
of weighted shifts (see [9]). By a weighted shift, we mean a bounded linear oper-
ator T : (?N — (N given by T'(ex) = arer4+1 on the canonical orthonormal basis
{ex}, where (ay) is a sequence of complex numbers. Such a weighted shift operator
is called periodic with period N if ax.y = ax for all k. Now let n = (n;) be a
sequence of natural numbers with n; > 1 and N = (NN;) be given by N; := ny,
Nji1 = Njnjyq. Let W be the C*-algebra generated by all weighted shift operators
which are periodic of period N; for some j € N. It turns out that VW contains
the algebra of compact operators K := IC(¢2N). Then the Bunce-Deddens algebra
attached to (NN;) was originally defined as BD(N;) := W/K.
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It turned out that Bunce-Deddens algebras provide interesting examples of C*-
algebras. For instance, it can be shown that they are not AF. Even more, it is
possible to construct a Z/2Z-action on a Bunce-Deddens algebra BD such that the
crossed product BD x,Z/2Z is AF. By taking dual actions, we obtain an AF algebra
together with a Z/2Z-action such that its crossed product is not AF. Thinking about
it, the existence of such an example is quite surprising!

For more about this example, we refer the interested reader to [14, Section VIII.9]
and to the original papers [4] and [33].

Remark 11.12. There is a conceptual explanation why the supernatural numbers
S(N) are isomorphism invariants of BD(IN), and it is provided by K-theory. It
turns out that S(IN) can be read off from the K-theory of BD(IN), and it is clear
that K-theory is an isomorphism invariant. K-theory can also be used to show that
Bunce-Deddens algebras are not AF (because they have K; = 7, while AF algebras
have vanishing K;).

Remark 11.13. Lemma is a perturbation result for finite-dimensional C*-
algebras. It plays a key role in the classification of AF algebras.
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12. CROSSED PRODUCT (C*-ALGEBRAS OF CANTOR MINIMAL SYSTEMS

ABSTRACT. In this lecture we take a closer look at crossed product C*-algebras
C(X) X4y Z attached to Cantor minimal systems (X,o) (i.e., X is the Cantor
set and o is a homeomorphism of X which is minimal in the sense of Proposi-
tion (b)). Our main goal is to decompose C(X) X, Z into simpler building
blocks, just as we did in the previous lecture in the case of odometers. We then
apply classification results for a class of C*-algebras (so-called AT-algebras) to de-
termine when two Cantor minimal systems give rise to isomorphic crossed product
C*-algebras.

12.1. Kakutani-Rokhlin partitions. A key feature of odometers (X, o) is that
we have partitions {C'(z) : « € [[._, X;} of X which are left invariant under o.
This was crucial in our analysis of crossed product C*-algebras of odometers in
the previous lecture. A general Cantor minimal system might not admit such nice
partitions. But there is a substitute: Kakutani-Rokhlin partitions, which we now
introduce.

In the following, let (X, o) be a general Cantor minimal system, i.e., X is the
Cantor set and o is a homeomorphism of X which is minimal in the sense of Propo-
sition (b). By a partition of X we mean a finite family of non-empty clopen
subsets of X which are pairwise disjoint and whose union is X. Given two partitions
P and Q of X, we say that Q refines P, or that Q is finer than P, if for every P € P,
there exists a subset Qp C Q such that P = HQer @. Given a partition P of X,
we introduce the notation C(P) :=span({1p: P € P}) C C(X).

Definition 12.1. Let Y C X be a non-empty clopen subset. A Kakutani-Rokhlin
partition based on Y is a partition ) of X such that there exist K € N and J, € N
for k € K such that Y = {Y(k,j): 1 <k < K,1<j < J}, and we have

(12.1) o(V(k,j)=V(k,j+1) VI<E<K 1<j<J,—1,
(12.2) Y =Yk 1),
(12.3) oY) = J Yk 1).

For fixed k, {V(k,j) : 1 < j < Ji} is called the kth tower. And since the partition
Y is a disjoint union of towers, it is also called a castle. It might be illuminating to
draw a picture of the situation, to see that this terminology makes sense.

Our goal now is to show the existence of Kakutani-Rokhlin partitions. We need
a preparation first.

Lemma 12.2. Let Y C X be a non-empty clopen subset. The map Ay : Y — N
given by Ay (y) == min{n € N: 0"(y) € Y} is well-defined and continuous.

Note that Ay (y) is the first time y returns to Y under iterates of o.



146 ISEM24 - LECTURE NOTES

Proof. First of all, Ay is well-defined because minimality implies that {o"(y) : n €
N} is dense in X, and since Y is open, we must have {¢"(y) : n € N} NY # () for
ally e Y.

To prove that Ay is continuous, we have to show that for all yy € Y, the set
{y € Y : A(y) = Av(yo)} is open, as this implies that the preimage of every
n € N under Ay is open. Suppose that Ay (yo) = n. As o™ is continuous and Y
is open, there exists an open neighbourhood U,, of yy such that ¢"(y) € Y for all
y € U,. Moreover, for all 1 < m < n, we have 0™(yo) € X \ Y. Since o™ is
continuous and X \ Y is open, there exists an open neighbourhood U, of yo such
that o™ (y) € X \ Y for all y € U,,. Then (" _, U, is an open neighbourhood of yp,
and we have Ay (y) = n for all y € (" _, U,,, by construction. O

Lemma 12.3. Given any non-empty clopen subset Y C X and any partition P of
X, there exists a Kakutani-Rokhlin partition based on'Y which refines P.

Proof. Let us first ignore P and construct a Kakutani-Rokhlin partition based on Y.
Let Ay be as in Lemmal[I2.2] Since Y is compact and Ay is continuous, Ay has finite
image, and we can write Ay (Y) = {J1,..., Jx}. Now set V(k,j) := 0/ (\;'(Jy)) for
al l <k < Kand1<j< J,and Y :={V(k,j): 1 <k <K 1<j< g}
By construction, the sets Y(k, j) are non-empty and clopen. They are also pairwise
disjoint: Suppose we are given y € A\y'(Ji) and i’ € Ay (Jw) with o7 (y) = o' ().
Assume without loss of generality that 5 > j. Then o7 ~/(y') = y, which implies
4" = j because otherwise, we would have 1 < j' — j < Jp and thus ¢/~ (y/) ¢ Y by
definition of Ay (y’). Hence we conclude j" = j, which implies y = ¢/ and k = £’

Condition holds by construction.

We have Y = [J, Ay'(Ji) and thus o(Y) = J, o' (A\y' (k) = U, V(k,1). This
shows .

By construction, we have (J, Y(k, Jy) C Y, and so we see that J, ; V(k,j) is
o-invariant. Hence minimality implies that X = Uk i V(k, 7). This shows that Y is
a partition of X.

Finally, Y N Y(k,j) =0 forall 1 < k < K and 1 < j < J, — 1. This, together
with X = {J, ; Y(k,j), implies that Y C |J, Y(k, Ji). As we already observed, we
also have | J, Y(k, Ji) C Y. Hence holds.

Now consider a partition P of X. If Y does not refine P, then there exists P € P
and Y(k, jo) € Y such that Z(k,jo) := P N Y(k,jo) is a proper non-empty subset
of Y(k,jo). Define Z(k,j) := a779(Z(k, jo)) for all 1 < j < J;. Produce a finer
partition by replacing Y(k,j) by Z(k,j) and Y(k,7) \ Z(k,j) for all 1 < 5 < J.
Now continue this process for all proper intersections of the form PN Y(k, jo). This
yields the desired Kakutani-Rokhlin partition based on Y refining P. O

Our goal is to present C'(X) x4, Z as an inductive limit of building blocks of the
form My(C(T)) & F, where F is a finite-dimensional C*-algebra. The first step is
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to observe that Kakutani-Rokhlin partitions give rise to finite-dimensional sub-C*-
algebras of the crossed product. In the following, let v € C'(X) %, Z be the unitary
constructed as at the beginning of §[11.1]

Lemma 12.4. Let Y = {Y(k,j)} be a Kakutani-Rokhlin partition based on'Y C X.
Define F := C*(C(Y), ulx\y) € C(X) Xg, Z. Then

K
F=pM,(C
k=1

In particular, F is finite-dimensional.

Proof. Set eg;) ="y 5 for 1 <k < K, 1<4,j < J;. Using the identity
(k)

eij = lyguyw’ U = Ly’
we deduce that %)ez(m = 0 unless k = n and 5 = [, in which Case we get e(k) (12 =
U _le(m)ly(k,])uj =~ "Ly (km) = e( ) This shows that {e 1<E<K, 1<

i,j < Ji} forms a set of matrix units. It remains to show that F = C*({eg?)
1 <k<K,1<i7j<J}). On the one hand, we have eg?) = (ulx\y)" 7 lym )
if 1 <j <11 < J,. This shows that ez(f) € F for all k,7,7. On the other hand,

k
1yg ) = eg»j) and

K Jp—1 K Jg—1 K Jip—1
uliw =ud D Ly = D D w9 Iy =303 el
k=1 j=1 k=1 j=1 k=1 j=1

show that F' C C*({egf) 1<k<K 1<i,j5<J}).

We conclude that F' = C’*({ez(f) 1<k <K, 1<i,j<J})= @szl M, (C), as
desired. U

12.2. Inductive limit decompositions of crossed product C*-algebras at-
tached to Cantor minimal systems. A Kakutani-Rokhlin partition ) = {V(k, j)}
as in Lemma produces a model for the Cantor minimal system (X, o) in the
sense that the partition P models X and we know exactly what ¢ does on Y(k, j)
foralll1 <k < Kand 1 < j < J,— 1. What the Kakutani-Rokhlin partition
Y does not tell us is where points in Y = (J, V(k, J;) are mapped to under o.
In view of this interpretation, we can improve our model by replacing P by finer
and finer partitions of X and by shrinking Y. This motivates the following: Let
y € X be an arbitrary point and choose a decreasing sequence of clopen subsets
Y, € X with N,Y, = {y}. Moreover, choose a sequence P, of finer and finer
partitions of X such that J,, P, generates the topology of X, in the sense that any
clopen subset of X is a finite disjoint union of some P, € P,, for some n. Let
Vo = {Yn,k,5): 1 <k <K, 1<j< J,,} be Kakutani-Rokhlin partitions
based on Y, and refining P,. Such ), exist by Lemma Replacing (Y;,) by
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a subsequence if necessary, we may arrange that ¢/(Y,) are pairwise disjoint for
0 <j <2"+1, and that for each 0 < j < 2" + 1, ¢7(Y,,) is contained in a single
element of the partition ),,_1.

In the following, we fix n € N and drop the index n whenever convenient, i.e., we
write Y =Y, ¥V = Vo, V(k,j) = Y(n,k,j), K = K,,, Jy = Jp for brevity. As in
Lemma [12.4] set F,, := C*(C(Y), ulx\y) € C(X) X, Z. Recall that matrix units
for F,, are given by el(f) = w1y for 1 <k < K,1<i,j<J,. Wenow set out
to approximate the unitary u € C(X) X, , Z.

First, we define a unitary v, in F}, by

K

K Ji—1
Uy 1= ulx\y + Z Ul_Jk 131(7&71@) = Z <€§Ii)7k + Z eéli)lij)'
k=1 k=1 J=1

The following lemma makes precise in what sense v,, models wu.

Lemma 12.5. (i) We have v,lx\y = ulx\y.
(i) If f € C(Y) = C(Vy,) is constant on'Y =Y, then v, fv: = foo L.
In particular, v,1yv;, = 1,(y).
(iii) We have v, fv = foo™! forall f € C(Yn_1).

Proof. (i) follows by construction. For (ii), take f € C'()), and assume without loss
of generality that f -1y =0, i.e., fly = 0. Then we obtain using (i) that

Onfun = (Valxvy) fonlxy)* = (ulxy) flulx\y)* = ufu* = foo "

Moreover, because of the way we constructed v,,, we have

K K
Unlyv, = vy ( > 1y(k,Jk>>"UiZ = lygy = Loy
k=1 k=1

Thus we obtain (ii). (iii) follows because, by assumption, Y is contained in a single
element of ),_1, so that every f € C(),—1) is constant on Y. O

Next, we construct a unitary w, € F,;; commuting with C()),_1) such that
Wy Vp41w), approximates v,. First observe that v,11x\y = ulx\y = v,1x\y and
ulx\y = lx\ov)u imply that 1x\ov)Unt1 = lx\o(v)Un. Therefore, we deduce
Lo UnVps1 = 1x\o(v) = Untniilx\ov) and hence Loy)Uptpir = ntii1Lo(y)-
Secondly, as dim F},;; < oo, we know that sp(v,v; ) is finite. Thus the function h
on T defined by h(el?) = e "? for —m < 9 < 7 restricts to a continuous function
on sp(v,vy, ), and we may apply functional calculus to obtain 2z := h(v,v;_ ;). By
construction, we have z*" = v,,v%_,. Moreover, we have

(12.4) Iz = I = 11(h = Dlspwy ) llee < 27"

As v,v;,  commutes with 1,(yy), 2 also commutes with 1, and 1x\s(y). It follows
that «/~'zu'~/ commutes with 1,;. Moreover, by assumption, we have that o/ (Y")
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are pairwise disjoint for 1 < j < 2" Now set Z := X \ U] Lo?(Y) and
27l
w, =1, + Z ujflzzmrlfjulfjlaj(y).
j=1
The idea here is that w,, acts as the identity on 15 and as 2/ on 12415y, thus we
are shifting from 1 to v,v};,; as we pass through Z,0%" (Y),0?""1(Y),..., o' (Y).
The following lemma tells us that w, has all the desired properties.

Lemma 12.6. The unitary w, lies in F,1 and commutes with C'(Y,_1). Moreover,
we have || w,Vp 1w — vy || < 27"

Proof. By construction, we have z € F,;1. In addition, 155y and hence 1z lie in
C(Y) C F, C F,41. Moreover, /122" 1071 3y = 1inw? 122 0! 91 5y
and 1,/ ™' = W 155y = v 1,4 for all 1 < j < 2" (by Lemma (1)).
Putting these observations together, we obtain w, € F,1;.
By construction, w,1z = 1z and w,, commutes with 1,y for all 1 < j <2". As
every f € C(Y,_1) is constant on ¢7(Y), it must therefore commute with w,,.
Using Lemma for v,, and for v, in place of v,, we compute

2" 1=g,, =7

(vnwn — wnvn+1)1gj(y) = Unlgj(y)uj_lz — wnlg,j+1(y)u

= 1gj+1(y) (uujflz?“*jul*j _ uszn’ju*ju)lgj(y)
= 1aj+1(y)uj22n7j(z — 1)U17]’10j(y)
Hence [|(vaw, — wypvni1) 1oyl < ||z — 1| < 2777 by (12.4).
Moreover, we have
(VnWy — WpUns1)ly = vply — Waloy) Vg1 = (U — 22" vpe1)1y = 0.
And using o(Z\ V) = (X' \ UJ LN Y )\ o(Y) = Z\ o TH(Y), we obtain

(UnWy, — WpUni1)1z\y = vplpyy — Wplsayyulgy
=ulzpy —wplgennyyulzy
=ulzgy —ulzy =0.
Hence it follows that (v,w, — w,v,:+1)1z = 0.
Since {1,5+1(yy: 1 <7 < 2"} and {1,5(y): 1 < j < 2"} are pairwise orthogonal,
we can estimate

271
lontwn = wavns | = 1) Lois vy (Vntin — W1 Lol
j=1
= max [(vntwn — wntni1)Loi) | < 277

g

We can now find building blocks of the desired form which will induce an inductive
limit decomposition of C(X) %, Z.
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Proposition 12.7. Let A, := C*(C(Vy-1), wyvpwy, v u) C C(X) Xy L. Then
there exists an isomorphism Ay, =2 My 1)(C(T)) ® Mp,2)(C) ® ... & Mp(n,,)(C)
sending vy, . u to the element (zEﬁ), LMy 0y (©)s -+ -5 Loty (©)), where 2 = idy, and

E® are matriz units for My1)(C(T)) @ Myn2)(C) & ... & Mygni,)(C).

ij
In addition, there ezists a unitary u, € A, with ||u, — u| < 27"x.

Proof. Set B,, = C*(C(Yn-1), wivywy,) C C(X) Xy, Z. As w, commutes with
C'(Yn-1, we have B, = w C*(C(Vn-1), vn)w, C w! F,w,. As F), is finite-dimensional,
it follows that B, is finite-dimensional as well, so that we obtain an isomorphism
By, = My (C) @ ... & My, (C), producing matrix units e]) for B, with the
additional property that the projections {e } in B,, correspond to a partition of X
between ), 1 and Y, (i.e., it is finer than }),_; and it is refined by J,,).

Moreover, we have v}, Hul X\Y,s: = 1x\v,,,- By construction Y, is contained in

a single element, say Y (n), of the partition },. As yn is ﬁner than the partition

(2

corresponding to {e )} there exists a projection in {eu }, say e11 ,such that 1y, ,, <
eV, It follows that vhu = CH ;Hueﬁ)) + (1 — ). If we now set z, =

egll)vn +1ue§1), then z, is a partial isometry with source and range projection given

by e11 (in other words, z, is a unitary in eﬁ)Aneﬁ’). Furthermore, we have v;_ ju =
(1) _ .M
zery + (1 —exp).

Putting all this together, we obtain A, = M, 1)(C*(2,)) & My (C) @ ... @
wnen)(C). Now we claim that sp(z,) = T. To see this, Let o, be the homeo-
morphism of Y,,; given by o,(y) = o™ ®)(y) where My, ,, is the function in-
troduced in Lemma We leave it to the reader to check that (Y,i1,0,) is a
Cantor minimal system and that we have 2, fz} = foo, ! for all f € C(Y,41). As
in Exercise we obtain an isomorphism C(Y,11) X4, » Z =% C*(C(Ynt1), 2n)
sending the canonlcal unitary in C(Y,+1) X, Z corresponding to the canonical
generator of Z to z,, which then implies that sp(z,) = T. Thus we arrive at
Ay = My1)(C(T)) @ My(r,2)(C) @ ... & Mpn,r,,)(C), and the image of v}, ;u under
this isomorphism is of the desired form by construction.

Finally, we set u, := (w}v,wy,)(vy,u) € A,. We estimate

M,

[un = ull = [[(wronwnvy 1 = Dull = llwgvpwnvy o = | = flon = wpvnpw, || < 27"
by Lemma [12.6] O

We are now ready to construct the desired inductive limit decomposition of
C(X) Xy Z.

Theorem 12.8. By passing to a subsequence of A, if necessary, we can find *-
homomorphisms py, : A, — Apy1 such that C(X) X, Z = liﬂn{Am ©On}-

Proof. First let m € N be arbitrary, and let B,, C A,, be as in the proof of Propo-
sition Given € > 0, let § > 0 be as in Lemma [11.§] (for ¢ in place of ¢ in

Lemma [11.8 and N = dim B,, + 1), and assume without loss of generality that
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0 < 5. Let e ) be matrix units for B,, C A,, as in the proof of Proposition [12.7, By

Proposmon 12 7, there exists a (sufficiently big) n € N such that drst(eij), A,) <d
and dist(v}, , u, A,) < 0. Indeed, every element of C'(X) X, Z can be approximated

by a finite sum of the form Zszf 1 frul for some f; € C(X), and by choosing n suf-
ficiently big, we can approximate f; by elements of C'()),_1) and u by w,, because
of Proposition This allows us to approximate elements of the form Zszf .
and thus arbitrary elements of C'(X) X, Z by elements in A,.

Lemma produces a unitary W, € C(X) x4, Z with [|[W,, —1]| < £ such that

eif) € WnAnW; for all k, 1, j.

As in the proof of Proposition m, write vy, u = zmegll) + (1 — egll)). Since
dist(v},u, A,) < 9, we can find z € A, such that ||v}, ,u — x| < J. Now set
2, = egll)anW*e(lll) e W, A,Wy. We have

1 * * 1 * *
[z — 2|l = €8 (Vs — Wiz Wi)elD || < [[vfpyu — WoaWi||
< Hva*nJrlu - an?nﬂ“” + ||an;§1+1u - WnIH + Han - anW;H
<1 = Wl + [f o — 2| + [T = W,| <S40+ <E.

As in Lemma m polar decomposition yields a unitary z,, € eﬁ) W, AWy eﬁ) with
|zm — Zm| < e.
Now define ¢,,, : A,y = W, A, W by @, (e; (k )) =

Zm. We then have ¢,, (e Z(»j))—e(k =0 and ||g0m(zme§ )—,zme11 | <e. Since {eij Yhing

and zmegll) generate A,, it follows that given any finite set of elements F,, C A,,,

we can arrange that, for all x € F,, ||om(x) — z|| is as small as we want.

Now proceed inductively to obtain — after passing to a subsequence of A, if
necessary — unitaries W,, € C(X) X,, Z, *-homomorphisms ¢, : W, A, W¥ —
W1 An1 W) and finite subsets F,, C W, A, W, with ¢, (F,) € F,4+1 such that
U,, @n(Fn) is dense in hﬂn{W AW @, and ||g0n( ) — x| < 27" for all z € F,.
Here ,, : W, A, Wy — h_n}n{WnAnW; ,on} are the maps to the inductive limit as
in Proposition [8.2

Let us set oy, = pn_10...0¢, : W, AW = WyAxNW}. We now leave it to
the reader to check that

O: @{WnAnW;, ont = C(X) X Z, O(Pn(2)) := A}im Onn(T)

k) (1)) —

for all k, 4, j and gom(zmen

(
)

is well-defined, isometric and has dense image. It then follows that © is an isomor-
phism, and we conclude that

C(X) Xgr 7 = %ﬂ Mp(n,l)(C(T)) &) Mp(n’z)(C) b...PH Mp(n,nn)(C),

as desired. O
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Inductive limits of the form lim M1y (C(T)) & Mp,2)(C) @ ... & Mpenx,,)(C)
are examples of AT-algebras. The terminology is in analogy to the case of AF-
algebras, which are inductive limits of finite-dimensional C*-algebras. To construct
AT-algebras, finite-dimensional building blocks are replaced by more complicated
ones involving matrix algebras over continuous functions on the circle. Hence F (for
finite-dimensional) in AF is replaced by T.

12.3. C*-classification of Cantor minimal systems. The importance of The-
orem [12.§] stems from the possibility of applying classification results for simple
AT-algebras to decide when two Cantor minimal systems give rise to isomorphic
crossed product C*-algebras. It turns out that there is a complete isomorphism
invariant, which we set out to describe now.

We need some terminology.

Definition 12.9. A ordered abelian group is a pair (G, G") consisting of an abelian
group (G, +) and a subset GT C G such that
e 0eGT, G+ Gt CG* (ie, Gt is a submonoid of G),
e GtN(-GT)={0},
e Gt —GT =G.
For z,y € G, we write x < y if y —z € GT.
G is called the positive cone.

Definition 12.10. Let (G,G™) be an ordered abelian group. An order unit for
(G,G7T) is an element v € G such that every x € G satisfies —ku < z < ku for
some k € N.

The triple (G, G, u) is called a scaled ordered abelian group, where (G,G%) is
an ordered abelian group and u an order unit for (G, G%).

Definition 12.11. Two scaled ordered abelian group (G, G, u1) and (G, G5, us)
are isomorphic if there exists a group isomorphism ¢ : G; ©% G5 with o(G) = G5
and p(u1) = us.

Now let (X,0) be a Cantor minimal system. Let C(X,Z) denote the set of

continuous functions X — Z, where Z is equipped with the discrete topology. We
construct a scaled ordered abelian group as follows:

Definition 12.12. We set
K(X,0):=C(X,Z)/{f — foo": feC(X,Z)},

which is an abelian group under pointwise addition of functions, and define the
submonoid

KX, 0)" ={[f]: [€C(X,2Z), f >0}

Here [-] denote equivalence classes of functions in K°(X, o).
It turns out that for every Cantor minimal system (X, o), the triple

(KO(X7 J)v KO(X’ U)+v [1X])
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is a scaled ordered abelian group.
We can now state without proof the classification result for crossed product C*-
algebras of Cantor minimal systems.

Theorem 12.13. Let (Xy,01) and (Xs,05) be Cantor minimal systems. We have
C(X1) X2 Z = C(X2) XNgyp Z if and only if

(KO(X17 01)7 KO(Xh 01)+7 [1X1]) = (KO(X27 UQ)? KO(X27 02>+7 [1X2])
as scaled ordered abelian groups.
12.4. Exercises.

Exercise 12.1. It is instructive to go through what we did in this lecture in the
particular case of odometers and see that we recover our findings from the previous
lecture. More precisely, let (X, o) be the odometer attached to a sequence (n;) of
natural numbers n; > 1.
e Check that {C(x) : = € [[]_, X;} give rise to Kakutani-Rokhlin partitions.
e Using this special Kakutani-Rokhlin partitions, convince yourself that The-

orem boils down to Corollary [11.5]

e Show that in the case of odometers, the classification result Theorem [12.13
boils down to Corollary [11.9,

Exercise 12.2. Using the same notation as in the proof of Proposition show
that (Y,,41,0,) is a Cantor minimal system and that we have z,fz* = f oo, ! for
all f e C(Yu).

Exercise 12.3. Using the same notation as in the proof of Theorem [12.8 show
that the map O is indeed well-defined, isometric, and that its image is dense. Thus
conclude that © is an isomorphism.

12.5. Comments.

Remark 12.14. In this lecture, we mainly followed the exposition in [14, Sec-
tions VIIL.6 and VIIIL.7] (see also |48, Chapter 1 and Section 3.2] for a discussion of
the classification results mentioned in §|12.3]).

Remark 12.15. Theorem [12.8]is originally due to Putnam (see [41} 42]).
Remark 12.16. From the definitions in § it is not even clear that
(KO(X7 0)7 KO(X7 0>+7 [1X])

is an isomorphism invariant of C(X) X, Z. The conceptual explanation is provided
— once again — by K-theory: It turns out that there is a canonical isomorphism
Ko(C(X) %pr Z) =2 K°(X,0) (and hence the notation). Morever, there is in gen-
eral the notion of positive cone for Ky-groups of C*-algebras, and the isomorphism
Ko(C(X) %, Z) = K°(X, o) identifies this positive cone with K°(X, o). Moreover,
the isomorphism sends the Ky-class of the unit of C'(X) x,,Z to [1x] € K°(X,0).
The interested reader may consult [48, Chapter 1 and Section 3.2] for more infor-
mation.
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Remark 12.17. Talking about the classifying invariant, the following natural ques-
tion comes to mind: Which scaled ordered abelian groups arise from Cantor minimal
systems, i.e., are of the form

(K°(X,0), K°(X,0)", [1x])?

It turns out that there is an abstract characterization of such groups. To explain it,
we need some further terminology.

Definition 12.18. An ordered abelian group (G,G™) is called simple if every non-
zero element of G is an order unit for (G, G™T).

Definition 12.19. An ordered abelian group (G, G™) is called unperforated if for
all g € G and all positive integers n, ng € G* implies that g € G,

An ordered abelian group (G, GV) is said to have the Riesz interpolation property
it for all g1, g2, h1, he € G with g; < h; for all 7,7 = 1,2, there exists z € G with
gi <z<hj;forallij=12

An ordered abelian group is called a dimension group if it is countable, unperfo-
rated and has the Riesz interpolation property.

Effros, Handelman and Shen proved that an ordered abelian group is a dimension
group if and only if it arises as an inductive limit of an inductive system of ordered
abelian groups of the form

(Z™,Z7Y) = (Z,Z272) — (273, Z273) — ...,

where Z, denotes the positive cone of non-negative integers.
Now it turns out that for every Cantor minimal system (X, o),

(K°(X,0), K'(X,0)")

is a simple dimension group, and that conversely every simple dimension group
(G,G™",u) with distinguished order unit w is of the form

(KO(X> 0)7 KO(X7 0>+7 [1X])

for some Cantor minimal system (X, o).
This result is due to Herman, Putnam and Skau (see [24]).

Remark 12.20. Lemma [I1.8 combined with the idea behind the construction of ©
in the proof of Theorem actually leads to a proof of Proposition [8.15, For an
analogue of Proposition for AT-algebras, the reader may consult [48, Proposi-
tion 3.2.3].

Remark 12.21. Theorem [12.13] follows from Elliott’s classification result for AT-
algebras of real rank zero (see [I8]). While a proof of this result is beyond the
scope of these lectures, note that we have already seen a first instance of the so-
called intertwining argument in the construction of © at the end of the proof of
Theorem [12.8] This argument and related ideas form one of the key ingredients in
proofs of classification results such as Theorem [12.13]
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The classification programme for C*-algebras has seen tremendous progress re-
cently, leading to classification results which are in a certain sense optimal. We
refer the interested reader to [48] 58] and the references therein for more about this
fascinating topic.

In this context, it is worth mentioning one of the big remaining open questions in
C*-algebra classification: Given a classical dynamical system (X, G, «) on a finite-
dimensional space X (for which we may take the Cantor set) which is free and
minimal, with G amenable, does the crossed product C*-algebra C(X) X, G fall
within the scope of the C*-algebra classification programme (i.e., are such crossed
products classified by K-theoretic invariants)?

The interested reader may find more about this open question and partial progress
in this direction in |31, [32].
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13. BRATTELI-VERSHIK MODELS AND CLASSIFICATION UP TO ORBIT
EQUIVALENCE FOR CANTOR MINIMAL SYSTEMS

ABSTRACT. In the previous lecture, we have seen how to classify crossed prod-
uct C*-algebras attached to Cantor minimal systems up to isomorphism. While
this answers a very natural question in a nice way, it is not clear how this C*-
classification result helps in our understanding of the underlying Cantor minimal
systems. And so in this last lecture, we would like to make the point that several
of the key ideas which came up in our study of crossed product C*-algebras also
lead to advances in the study of Cantor minimal systems. This shows that there
is a fruitful interplay between the research areas of C*-algebras and topological
dynamical systems.

13.1. Bratteli-Vershik models for Cantor minimal systems. We start by us-
ing Kakutani-Rokhlin partitions (as they appeared in § and Bratteli diagrams
(as in § to construct combinatorial models for all Cantor minimal systems.
More specifically, to every Cantor minimal system and a given point of the Cantor
set, we will construct a Bratteli diagram (together with a partial order). We then
present a recipe how to re-construct the initial Cantor minimal system out of the
Bratteli diagram. All in all, this will establish a one-to-one correspondence between
equivalence classes of pointed Cantor minimal systems and equivalence classes of
ordered Bratteli diagrams (with particular properties).
Let us first introduce some terminology.

Definition 13.1. A pointed Cantor minimal system (X, o,y) consists of a Cantor
minimal system (X, o) together with a point y € X.

Given two pointed Cantor minimal systems (X, 01, 41) and (Xs, 09, y2), a pointed
topological conjugacy between (X1, 01,1) and (Xs, 09, 92) is a homeomorphism ¢ :
X1 2% X, satisfying ¢ ooy 0 o7t = 09 and (y1) = 4.

We write (X1, 01, Y1) ~conj (X2, 02,y2) if there is a pointed topological conjugacy
between (X1, 01,y1) and (Xs, 09, y2).

Now we turn to Bratteli diagrams, which we already encountered in §[8.3] Let us
introduce some notations which will be convenient.

Definition 13.2. A Bratteli diagram (V, E) is given by a set of vertices V', a set
of edges E and source and range maps s, r : E — V such that V = [[>2,V,, for
some finite non-empty sets of vertices Vg, Vi, Vs, ... and E =[], | E,, for some finite
non-empty sets of edges F1, Es, ..., and the source and range maps restrict to maps
s: BE,—V,yandr: E, >V, foralln=1,2....

In addition, we require that Vy = {vy} is a singleton, and that s~'{v} # @ for all
vell ,Vuand r o} £ 0 for allv e [[02, Vo

Given such a Bratteli diagram (V, E), set

B = {(emi1;--s6n) e € BV m+1 <i <n, r(e;) = s(€i1) Vm+1l <i <n—1},
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and for (ep41,...,€,) € Epp, we define s(ept1, ..., €n) = s(€mt1), "(€mtt1, -, €n) =
r(e,). We also introduce the set of infinite paths as

EO,oo = {(61,62, .. ) e € El Ve N, 7’(67;) = 8(6i+1) Ve N}
Next, we introduce an equivalence relation on Bratteli diagrams.

Definition 13.3. Two Bratteli diagrams (V, E') and (V’, E’) are called isomorphic
if there exist bijections V,, =% V! for all n = 0,1,2,... and E, =% E! for all
n =1,2,... such that the diagrams

IR

E, E!
Vi = Vrﬁ—l
and
E,— > E
V,— =V

commute for all n € N.
In this case, we write (V, E) = (V' E').

Definition 13.4. Suppose that (V, E) is a Bratteli diagram. Let (n,,)_, be a
strictly increasing sequence, starting with ng = 0. Form =0,1,2,...,set V! =V, |
and E), := E, | n,. The source and range maps on E,, .., as introduced above,
give rise to source and range maps on E! . In this way, we obtain a new Bratteli
diagram (V' E').

We say that (V’, E’) is obtained from (V, E) by telescoping (or contracting).

Definition 13.5. Let ~ be the equivalence relation on Bratteli diagrams generated
by isomorphism and the operation of telescoping (i.e., we require that (V) E) ~
(V' E") if (V' E') is obtained from (V| E') by telescoping).

We leave it to the reader to find an explicit description of the equivalence relation

~

Now let us introduce partial orders on Bratteli diagrams.

Definition 13.6. An ordered Bratteli diagram (V, E, >) is a Bratteli diagram (V, E)
together with a partial order > on FE such that two edges e; and e; are comparable
with respect to > if and only if r(e;) = r(eq), i.e., > is given by total orders on
rH{v} forallv e [[07, V,.

There is an obvious notion of isomorphism for ordered Bratteli diagrams.
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Definition 13.7. Two ordered Bratteli diagrams (V, E, >) and (V', E’, >') are iso-
morphic if (V, E) and (V', E’) are isomorphic via bijections F,, =% E! compatible
with > and >'.

Moreover, given an ordered Bratteli diagram (V, E,>), the partial order > in-
duces partial orders on the set of finite paths E,,, as follows: Given two paths
(€mtt1y--s€n)y (fmsts--oy fn) € Emn, we say that (fri1,-.-, o) > (€ms1s---s€n)
if there exists m +1 < i < n such that f; > ¢; and f; = ¢; for all ¢« < j < n,
and (fm—i—lv R fn) > (em—f—la BRI en) if and Only if (fm+17 R fn) > (em—i-la R en) or

(fm+17 ey fn) = (€m+1, Ce ,en).

Definition 13.8. Given two ordered Bratteli diagrams (V) E,>) and (V' E',>'),
we say that (V/, E’,>') is obtained from (V| E,>) by telescoping (or contracting)
if (V',E') is obtained from (V, E) by telescoping (or contracting) in the sense of
Definition [13.4} and, for each m € N, the partial order >’ on E}, = E,, ., ,,, is the
one induced by > as we just explained.

It is now clear how to carry over the equivalence relation to ordered Bratteli
diagrams.

Definition 13.9. Let ~ be the equivalence relation on ordered Bratteli diagrams

generated by isomorphism and the operation of telescoping (i.e., we require that
(V,E,>)~ (V' E',>")if (V' E',>") is obtained from (V, E/, >) by telescoping).

Now let us explain how to construct ordered Bratteli diagrams from pointed Can-
tor minimal systems. Actually, this construction motivates the concepts we have
just introduced, in particular the notion of partial orders.

Let (X,0,y) be a pointed Cantor minimal system. As in the previous lecture,
let Y;, be a sequence of clopen subsets of X with Y,,,; C Y, and N,Y,, = {y}. Let
Yo ={V(n,k,5) : 1 <k <K, 1<j < J,,} be Kakutani-Rokhlin partitions
based on Y,,. We require that, for each n, ), ;1 refines ),,, and that | J, ), generates
the topology of X, in the sense that any clopen subset of X is a finite disjoint
union of some Y(n) € Y, for some n. We also require that lim,_,, min{J,; : 1 <
kE < K,} = oo. It is convenient to set Ky := 1, J; := 1, Y(0,1,1) := X and
Yo = {(0,1,1)} = {X}.

Now we construct an ordered Bratteli diagram as follows: For n = 0,1,..., set
Vo i ={(n,1),...,(n,K,)}, i.e, we introduce one vertex for each tower in the nth
Kakutani-Rokhlin partition. Moreover, we set

— oy ISRS K 1<K <Ky 1< < o,
E, = {(n, kK, j") - V(n, k', i) CYV(n—1,k1) '

Note that the condition Y(n, k', ') C Y(n—1,k, 1) implies that j'+J,_1 1, —1 < Jy 4
and that Y(n, k', +7—1) CY(n—1,k,j) for all 1 < j < J,_1 4. In other words,
the k'th tower of ), passes through the kth tower of ), _;.

To introduce source and range maps, we set s(n, k, k', j') := (n—1,k) € V,,_; and
r(n,k, k', j") = (n, k') € V,.
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To define a partial order >, the idea is that since each tower is ordered in a
natural way, we obtain induced partial orders as follows: We write (nq, ko, kb, j5) >
(n1, k1, ky, j1) if (and only if) ny = nq, k3 = K} and j; > ji.

This completes our construction. We now obtain an assignment

(X,0,y) = (V. E, >)

of an ordered Bratteli diagram to a pointed Cantor minimal system.

Before we proceed, let us observe that ordered Bratteli diagrams arising in this
way have particular properties which will be important later on.

First of all, the condition lim,, . min{J,; : 1 <k < K,,} = oo implies that

(13.1) #E, > #V, 1 for infinitely many n.
Moreover, consider the following property.

Definition 13.10. A Bratteli diagram (V, F) is called simple if for all m € N and
v € V,, there exists n > m such that for all w € V|, there exists e € E,,, with
s(e) = v and r(e) = w.

We leave it to the reader to check that minimality of (X, o) implies that the
Bratteli diagram (V| E') constructed from (X, o, y) is simple.
Let us introduce another property.

Definition 13.11. An ordered Bratteli diagram (V, E, >) is called properly ordered
if
e there exists a unique infinite path e, = (e,) € Ep which is minimal in
the sense that, for each n € N, e, is the minimal element in r~*{r(e,)},
e there exists a unique infinite path ep.x = (€,) € Ey o which is maximal in
the sense that, for each n € N, e, is the maximal element in r~'{r(e,)}.

Remark 13.12. It is easy to see that we always have unique minimal and maximal
finite paths with prescribed range, i.e., given v € V,,, there exists a unique finite
path e = (ey,...,e,) € Ey, such that s(e) = vy, r(e) = v, and e; is the minimal
element in r~'{r(e;)} for all 1 < i < n, and similarly for “maximal” in place of
“minimal”.

Lemma 13.13. The ordered Bratteli diagram (V, E,>) constructed from a pointed
Cantor minimal system (X, 0,y) is properly ordered.

Proof. We treat the case of e, the case of e, is similar and is left to the reader.
Suppose that we are given an infinite path (e,) € Epo. Write e, = (n, k,, kl,, jl,).
First of all, observe that r(e,) = s(e,+1) implies that k!, = k,, 1, for all n € N. Next
use the facts Uy Y — 1,k 1) = o(Y, 1) and Up g, Y(n, K1) = o(Y,) C
o(Y,-1) to deduce that we must have j, = 1 for all n € N if ¢, is the minimal
element in r~'{r(e,)} for all n € N.

Now conclude that @ # (), Y(n, kl,,1) €, 0(Yn) = {o(y)}. Thus k], is uniquely

determined by the condition o(y) € Y(n, k/,, 1) for all n € N. This shows uniqueness

)V

(and also existence) of epy. O
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Now let us describe how to construct a pointed Cantor minimal system (X', o’,1/)
from an ordered Bratteli diagram with the particular properties we just discussed.
Let (V, E,>) be an ordered Bratteli diagram satisfying (13.1)), which is simple and
properly ordered. First we construct the topological space X’ as the projective limit

X/ = I&H EO,n,

with respect to the canonical projection maps

EO,nJrl - EU,nv (617 <oy En, en+1) — (617 v 7en)-

In other words, as a set we have X’ = Ej ,, and a basis of compact open subsets is
given by

C(elv"'aeN) = {(fn)eEO,oo: fn:enV1§n§N}v

where N runs through all natural numbers and (e, ..., ey) runs through all finite
paths in Ey n.

Observe that condition and simplicity of (V) F) imply that X’ is homeo-
morphic to the Cantor set.

Now, using that (V, E, >) is properly ordered, we set ¢ := empax and o' (y') := epin.
Moreover, given a’ € X’ with 2’ # y/, we have 2’ = (e,) and not all e,, are maximal
in 7='r(e,)}. Solet m € N be minimal such that e,, is not maximal in r=*{r(e,,)}.
Let fn be the successor of e, with respect to >. As explained in Remark [13.12]
there is a unique minimal finite path (fi,..., fi,—1) with source vy and range s(f,,).
We define

0J<ZL'/) = (fla s 7fm—17fm7€m+176m+27 o )

We leave it to the reader to check that this defines a continuous map o’ : X' — X'.
To see that ¢’ is a homeomorphism, just apply our construction to the ordered
Bratteli diagram obtained from (V, E,>) by reversing the partial order. We also
leave it to the reader to check that (X', ¢’) is minimal.

In this way, we obtain an assignment

VB, 2) = (X', 0,y)

of a pointed Cantor minimal system to an ordered Bratteli diagram.
It turns out that these two assignments are inverse to each other.

Theorem 13.14. The two assignments
(X,0,y) = (V,E,>) and (V,E,>) — (X', 0, y)
establish a one-to-one correspondence

ordered Bratteli diagrams

pointed Cantor / 1 o . /
{ minimal systems conj sqtzsfymg (13.1)), which are
simple and properly ordered
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Proof. First, we argue that in the assignment (X, o,y) — (V, E,>), the equivalence
class of (V) E,>) does not depend on the choices of Kakutani-Rokhlin partitions.
Given Kakutani-Rokhlin partitions ), as above, let n,, be a subsequence. Sup-
pose (V' E’',>") is obtained from (V) E,>) by telescoping with respect to (n,,).
Let (V”,E",>") be the ordered Bratteli diagram constructed from (X, o,y) us-
ing the Kakutani-Rokhlin partitions (), ). Then it is straightforward to check
that (V' E',>") and (V”, E”,>") are isomorphic, so that we obtain (V,E,>) ~
(‘///7 E”, 2//).

Now suppose that we are given two sequences of Kakutani-Rokhlin partitions
(Vn) and (Y, for (X, o,y), with ), based on Y,, and (}),) based on Y,. By the
above argument, we may pass to subsequences, and hence we can arrange that
Y10 C Y, CY, and that )V, o refines ), 11, which in turn refines ),,. Now define
a new sequence of Kakutani-Rokhlin partitions by

V- Y, if nis even,
"D, ifnis odd.

Suppose that (V, E,>), (V,E,>) and (V, E,>) are the ordered Bratteli diagrams

constructed from (),), (V) and (),), respectively. Then the argument above shows

that telescoping (V, E, >) with respect to even indices gives us — up to isomorphism
— (V, E, >), while telescoping (V, E,>) with respect to odd indices gives us — up to
isomorphism — (V, E,>). Thus we conclude that

(V,E,>)~ (V,E,>)~ (V,E,>),
as desired.

Next, we argue that in the assignment (V) E,>) — (X', ¢’,¢/), the pointed Cantor
minimal system (X', ¢’,y') — up to pointed conjugacy — only depends on the equiva-
lence class of (V, E, >). Indeed, suppose that (V’, E’, >') is obtained from (V, E, >)
by telescoping with respect to a subsequence (n,,). Let (X", ¢”,y") be the Cantor
minimal system constructed from (V' E’,>') using our recipe above. Then it is
straightforward to verify that ¢ : X’ — X" given by p(eq, ea,€3,...) := (f1, fo,...),
where f1 = (e1,...,€n,), fo = (€n41,- -, €ny), .., is @ pointed topological conjugacy
between (X', 0’,y) and (X", 0”,y"). So we deduce that

(X/70_/7y/) Nconj (XN7 O’”,y”),
as desired.

Now we content ourselves with outlining how to prove that if we start with a
pointed Cantor minimal system (X, o, y) and our assignments yield

<X7 0-7 y) '_> (-‘/7 E7 Z) H (X/7 0-/7 y/)7

then we must have (X,0,y) ~conj (X',0’,y'). The other half of the one-to-one
correspondence is left to the reader (compare also [24]).

A point 2/ € X’ is given by an infinite path =’ = (n, k,, k., j. ), As we have
seen before, that (n,ky, k., j.)n is an infinite path means that k,,; = &/, for all n.
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Define j; := 7| and j, := j,—1 + j,, — 1. By our construction of (V, E), we must
have Y(n+1, kni1, Jni1) € Y(n, kn, jn). Hence there is a uniquely determined point
r € X with (), Y(n, ky, jn) = {z}, and we define

p(x') == x.
Now check that ¢ is a homeomorphism X’ =% X which produces a pointed topo-
logical conjugacy between (X, o,y) and (X', 0’,y/'). O

13.2. Classification of Cantor minimal systems up to orbit equivalence.
In the previous lecture, we have seen how to classify crossed product C*-algebras
attached to Cantor minimal systems up to isomorphism. Let us now explain how
to classify Cantor minimal systems themselves. Several ideas which originated from
the C*-algebra context will play a crucial role. Bratteli-Vershik models as developed
in § well be a key ingredient, too. Note that, however, that we will not classify
Cantor minimal systems up to conjugacy (that would be too strong), but rather up
to a weaker notion called orbit equivalence. So, as a first step, we need to introduce
that notion. This requires a discussion of equivalence relations on Cantor sets.

Definition 13.15. Let (X, o) be a Cantor minimal system. Define the equivalence
relation
Ry :={(z,0"(z)): z€ X, neZ} C X x X.
We introduce a topology on R, by requiring that the bijection
ZxX = R,, (n,x) — (x,0"(z))
is a homeomorphism, where we take the discrete topology on Z, the given topology
on X and the product topology on Z x X.

Later on, we will also need to consider equivalence relations constructed from
Bratteli diagrams.

Definition 13.16. Let (V, E) be a Bratteli diagram. As we did before, equip
X = Ej ~ with the projective limit topology, i.e.,

X 2 1im Ey,,.

Given N € N, define the equivalence relation
Ry ={(e,/) eXxX:e,=f,Vn>N}CX x X,
Equip Ry with the subspace topology coming from X x X. Now construct the

equivalence relation

RE = U RN - X x X
N=1
and equip Rg with the inductive limit topology, i.e., U C R is open if and only if
U N Ry is an open subset of Ry for all N € N.

Here are two ways to compare equivalence relations.
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Definition 13.17. Let X; and X, be topological spaces and R;, Ry equivalence
relations on X, X5, each of them equipped with a topology.

We say that (X, R;) and (Xs, Ry) are orbit equivalent (written (X1, R;) ~or
(X2, Ry)) if there exists a homeomorphism ¢ : X; =% X, with (¢ X ¢)(R1) = Rs.
Such ¢ is called an orbit equivalence.

We say that (X, R;) and (Xs, Ry) are isomorphic (written (X, Ry) = (X, Ry))
if there exists an orbit equivalence ¢ : X; =% X5 such that ¢ X ¢ restricts to a
homeomorphism ¢ X ¢ : Ry =% R,.

We can now introduce orbit equivalence for Cantor minimal systems.

Definition 13.18. Two Cantor minimal systems (Xi,07) and (X3, 09) are orbit
equivalent (written (X1, 01) ~og (X2, 02)) if (X1, Rs,) ~oE (X2, Re,)-

If two Cantor minimal systems are orbit equivalent, then they have the same orbit
structure. As orbit structures contain a lot of important dynamical information,
orbit equivalence is a very natural way to compare dynamical systems. We could
also define isomorphism for Cantor minimal systems, but that turns out to be very
close to conjugacy, and hence too strong for our purposes.

Our goal now is to present a complete classification result for Cantor minimal sys-
tems up to orbit equivalence. First we need to introduce the classifying invariant.
As for C*-classification, the invariant will be a scaled ordered abelian group. Let
(X,0) be a Cantor minimal system. As before, let C'(X,Z) denote the set of con-
tinuous functions X — 7Z, where Z is equipped with the discrete topology. Denote
by M (X, o) the space of o-invariant Borel probability measures on X. Define

Bu(X,0) = {feC(X.Z): /deu _ 0V pe M(X,0)},
D, (X,0) = C(X,Z)/Bn(X,0);
Dp(X,0)t = {[fl] € Dn(X,0): f€C(X,Z), f >0}

It turns out that (D,,(X,0), D, (X,0)",[1x]) is a scaled ordered abelian group, in
the sense of Definition [12.10]

Remark 13.19. We can construct (D,,(X,0), D, (X,0)",[1x]) from the invariant
(K°(X,0), K°(X,0)", [1x]) introduced in Definition [12.12 as follows: Given an or-
dered abelian group (G,G%), we construct the subgroup of infinitesimal elements
by

Inf(G,G") :={g € G: h > kg for all order units h and all k € Z}.
Now it turns out that the canonical projection C(X,Z) — D,,(X, o) induces an
isomorphism

KX, 0)/Inf(K°(X,0), K°(X,0)%) 2% D,,(X,0).

(D(X,0), Dp(X,0)7, [1x]) is the complete invariant we were looking for.
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Theorem 13.20. Given two Cantor minimal systems (X1, 01) and (Xs, 03), we have
(X1,01) ~or (X2, 09) if and only if

(Dm(le 01)7 Dm(Xb 01)+’ [1X1]) = (Dm(XQa 02)7 Dm(XQ’ 02)+’ [1X2])
as scaled ordered abelian groups.

The proof of this theorem is beyond the scope of these lecture. But at least, let
us try to outline some of the key steps.

First of all, for one direction, we have to prove that (D,, (X, 0), D, (X,0)", [1x]) is
an orbit equivalence invariant of (X, o). Essentially, this boils down to showing that
orbit equivalences preserve invariant measures (see [43, Theorem 2.8] for details).

Now let us turn to the more substantial direction. We have to show that if
(Dy(X1,01), D (X1, 00) %, [1x,]) = (Dy(Xa, 02), D (X2, 02)1, [1x,]) as scaled or-
dered abelian groups, then we must have (X1, 01) ~og (X2, 02). The proof proceeds
in three steps.

I.) First, given a Cantor minimal system (X, o), let y € X be some point, and
construct the Bratteli diagram (V, E) as in § . Then consider the equivalence
relation (X, Rp) as in Definition [13.16] The first step is to show that (X, R,) ~or
(X, Rg). The main ingredient is the absorption theorem (see for instance [43] § 2.8]),
the most technical part of the proof of Theorem [13.20] It is also used for the second
step.

To explain the second step, we need to introduce an invariant for Bratteli dia-
grams. First of all, positive homomorphisms between ordered abelian groups are
group homomorphisms preserving the positive cones. We need the notion of induc-
tive limits for ordered abelian groups.

Definition 13.21. Let (G1,G}) 22 (Go, GF) =25 ... be an inductive system of
ordered abelian groups, where h,, are positive homomorphisms. The inductive limit
lign{(Gn,Gf{),hn} of this system is an ordered abelian group (G,G™) together
with positive homomorphisms 7, : (G,,G}) — (G,G") such that 7,.1 0 h, =
M, satisfying the following universal property: Given any ordered abelian group
(H,H") and positive homomorphisms w,, : (G,,G}) — (H,H"), n € N with
Wnt1 © hy = wy, there is a unique positive homomorphism w : (G,G7) — (H,H™)
such that the following diagram commutes:

(G,G7)

Mn
Mn+1
hn

(G, &) —= (G, G )

Wn+1
Wn,

(H,H")
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The proof that li_ngln{(Gn,G,f ), hn} exists and of uniqueness is analogous to —

actually a bit simpler than — the one in the C*-algebra setting (see Proposition .
We are going to need the following facts:

(13.2) G=Jm(G.) and G"=|]m(G)).
n=1 n=1
If we set hyn :=hx_10...0h,: (G, GF) = (Gy,GY), then

(13.3) ker(n,) = | J ker(hn.).

We also need the following way to go from edges and vertices to positive group
homomorphisms (and back): Let V and V' be sets. Let ZV be the free abelian
group with basis V. Typical elements of ZV are finite sums of the form ) z,v
(2, = 0 for all but finitely many v). Let ZV* := {>" z,v: 2, > 0V v}. Now sets of
edges F from V to V' (given by source and range maps s : £ — Vandr: E — V’)
are in one-to-one correspondence with positive homomorphisms h : (ZV,ZV™") —
(ZV', ZV'™) via h(v) = Y eck, s(e)=v T(€). Moreover, under this correspondence,
concatenation of edges corresponds to composition of homomorphisms: Let E be
a set of edges between V and V', with source and range maps s, r, and let £’ be

a set of edges between V’ and V", with source and range maps s’, r’. Suppose

that h : (ZV,ZV*) — (ZV',ZV'") and W : (ZV',ZV'") — (ZV",ZV"") are
the positive homomorphisms corresponding to £ and E’. Concatenation of E and
E' yields E" := {(e,e/) € Ex E' : r(e) = §(¢)}, with source and range maps
s"(e,e') = s(e) and 1"(e,€) := r(e/). If now h" : (ZV,ZV*) — (ZV" ZV"")
corresponds to E”, then we have h” = h' o h.

With these preparations, we can now define the following invariant for Bratteli
diagrams: Given a Bratteli diagram (V, E), let h,,_y : (ZV,,_1,ZV,\ ) — (ZV,,, ZV,,")
correspond to the set of edges F,, from V,,_; to V,,. Now define

(K°(V, E), K°(V, B)*) = lim{(ZV;,, ZV, "), hn }.

~H.~) The second step in the proof of Theorem [13.20]is to produce a Bratteli diagram
(V, E), giving rise to the equivalence relation (X, Rz) as in Definition |13.16| such
that
(Xa RE) ~OE (Xa RE)7
where (X, Rg) is the equivalence relation of the Bratteli diagram (V, E) obtained
from (X, 0,y) in the first step, and

(K°(V, E), K°(V, E)*,ijo(%0)) = (Di(X, 0), D(X,0) ", [Lx])
as scaled ordered abelian groups.

Here 7, are the positive homomorphisms (ZV,, ZV, ) — (K°(V, E), K°(V, E)*)
which are part of the inductive limit structure.
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III.) The third step of the proof is to apply the following

Theorem 13.22. Let (V, E) and (V', E') be two Bratteli diagrams. Then the fol-
lowing are equivalent:
(i) (V,E)~ (V' E),
(i) (X, Rg) = (X', Rpr),
(iii) (KO(V, E), KO(V, B)*,mo(vo)) = (KO(V', '), KO(V', 'Y+, ni(v}) as scaled
ordered abelian groups.

It remains to put everything together in order to prove the remaining direc-
tiOIl, i.e., if (Dm(X1,0'1>,Dm(X1,O'1>+,[1)(1]) = (Dm(Xg,O'Q),Dm(XQ,O'Q)+,[1)(2])
as scaled ordered abelian groups, then we must have (X;,01) ~og (X2,02). In-
deed, first apply 1.) to (Xi,01) and (X3, 05) to obtain Bratteli diagrams (V, E)
and (Va, Fy) such that (X, Ry,) ~or (X1, Rp,) and (Xs, Rs,) ~or (X2, Rg,).
Now apply I1.) twice to produce Bratteli diagrams (Vi, Ey) and (V4, E,) such that
(Xl,REl) ~OE (X17RE1) and (XQ,RE‘2) ~OE (XQ,REQ), and

1

(KOO:/Ia ?1)7 KO(‘:/L E?I)Jrv (771;0(771;0))
(K°(Va, Ey), K°(Va, E5)™, (ii0.0(020))

(Dm(X17 01)7 Dm(le 01)+7 [1X1]>
(Dm(X27 02)7 Dm(X27 0-2)+’ [1X2])

1%

as scaled ordered abelian groups. Finally, since we assume
(Dm(Xb 01)7 Dm(Xb 01)+7 [1X1]) = (Dm(X27 02)7 DM(X2> 02)+’ [1X2])7

we can apply Theorem [13.22[to deduce (X, Rg ) = (Xa, Rg,).
So all in all, we arrive at

—
—

L)

I

1. I1. ~ ~ II. 1.
(X1, Roy) Rop (X1, Riy) Ror (X1, R ) = (Xa, Rp,) ~or (Xa, Rey) Ror (Xa, Ray),

as desired.

13.3. Exercises.

Exercise 13.1. Apply Theorem[13.20[to odometers and compare the result to Corol-
lary [11.9]

In the proof of Theorem [13.22] the implications (i) = (ii) and (ii) = (iii) are
rather straightforward, and the most substantial implication is (iii) = (i). In the
following exercise, we develop a proof for (iii) = (i).

Exercise 13.2. Let (V, F) and (V’, E') be two Bratteli diagrams. Assume that
(KO(Vv E)? KO(V7 E)+7 7]0(1)0)) = (KO(V/> E,)v KO<V/, E,)+> 7]6(”6))

via an isomorphism « : KY(V, E) =% K°(V', E') with o(K°(V, E)*) = K°(V', E")*
and (no(vo)) = 11(vp)-



a)

ISEM24 - LECTURE NOTES 167

Show that in order to prove (V| E) ~ (V'  E’), it suffices to find a strictly
increasing sequence (n,,) with ng = 0, n; = 1 and construct a Bratteli
diagram (F, W) such that

W {ng it m is odd

Va,, if m is even,

Fy = E} (identifying Wy = Vi with Vj)), and such that we have, for all even
m, bijections F,,_o,, =% E, fitting into commutative diagrams

m—2,"m

Nm—2,Nm
S| |8
Wm—2 —~ Vnmfg
and
meZ,m — Enm—2ynm
7"| T
W — Vit
and, for all odd n, bijections Fy, 9., = E, - fitting into commutative
diagrams
Fm727m E';Lm—%nm
S| |S
Wm_2 — V";m72
and
Fm—2,m E;lmf%nm
7‘| '
Wi — v,

Using the one-to-one correspondence between sets of edges and positive ho-
momorphisms, show that instead of the statement in a), we can equally well
construct, for all odd m, positive homomorphisms

im s (L ZV,E )= (ZV) ZV)

Nm? Nm )
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such that 4y = h} and iy, 04y = h;, . and, for all even m, positive
homomorphisms

T (ZVém_l,ZVrim_
such that 7., 0 %pm—1 = hp,, 50, -

Here h, and h, denote the positive homomorphisms corresponding to F.
and F,, respectively.

¢) Using (|13.2) and ([13.3]), proceed inductively on m to construct positive homo-
morphisms i,, as in b), with the additional property that 7, oi,, = aon,,, _,
for odd m and 7, 0 i, =a o,  for even m.

Here 7, : (ZV.,ZV,Y) — (K°(V,E), K°(V, E)T) are the positive homo-
morphisms which are part of the inductive limit structure, and similarly for
Te-

13.4. Comments.

N = @V, .7V, T)

1

Remark 13.23. In this lecture, we mainly followed the exposition in [24] and [44].

Remark 13.24. The idea of using orders on Bratteli diagrams to construct dynam-
ical systems is due to Vershik, whose work was not in the topological, but in the
measurable context. Bratteli-Vershik models as we introduced them in this lecture
first appeared in [24].

Remark 13.25. Theorem [13.22] is due to Bratteli, Elliott and Krieger. Actually,
because of the work of Bratteli and Elliott, we can add another item to the list of
equivalent statements in Theorem [13.22
(iv) The AF algebras with associated Bratteli diagrams (V, F) and (V’, E’) (in
the sense of § are isomorphic as C*-algebras.

Remark 13.26. Theorem [13.20]is due to Giordano, Putnam and Skau (see [22]).

Remark 13.27. As a consequence of Theorem [13.20, we obtain that two Cantor
minimal systems (X7, 01) and (X3, 03) are orbit equivalent if and only if there exists
a homeomorphism ¢ : X; =% X, which induces an identification

M(X1,01) 2% M(Xs,09), s progp .

In the special case of two Cantor minimal systems (X, 0;) and (X», 02) which
are uniquely ergodic, i.e., each of them admits a unique invariant Borel probability
measure (say p; and ps9), we have (Xi,01) ~op (X2, 09) if and only if

{m(Ch) : C1 C X clopen} = {u2(Cy) : Cy C X, clopen}.
The reader may consult [22] for details.

Remark 13.28. Another consequence of Theorem is that every Cantor min-
imal system is orbit equivalent to an odometer, as introduced in § [10.4] or to a
Denjoy system, which are closely related to irrational rotations on the circle (see
[44, § 0.1 in Appendix A] or [40] for more about Denjoy systems).

Again, the reader may consult [22] for details.
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Remark 13.29. Giordano, Matui, Putnam and Skau generalized Theorem [13.20
to Cantor minimal Z%systems (see [20, 21]). It is currently unknown whether it is
possible to cover even more general acting groups.

Remark 13.30. Combining Theorem [12.13| with Theorem and using Re-
mark [13.19] we see that, given two Cantor minimal systems (X, 01) and (X, 02),
isomorphism of C*-algebras C'(X1) X, 1Z = C(X3) X4, ,Z actually implies (X1, 01) ~og
(X3, 02). The proof, however, is not direct, as it is obtained by comparing classifying
invariants. It is an intriguing question whether a direct proof exists, though it is
likely that analogous statements are not true for more general acting groups.
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