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ABSTRACT. This work is the report produced by students participating in the Fields-
Mitacs Undergraduate Summer Research Program 2012. Under the supervision of
Bradd Hart and Ilijas Farah, we aimed to explore interactions between mathematical
logic and operator algebras. This report introduces the concepts important to some
interesting ideas that we studied. The paper finishes with using model theory to study
the structure of some specific C'*-algebras, in particular, we characterise both UHF
and AF algebras.
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1. CONTINUOUS MODEL THEORY

1.1. Metric Structures. We begin the paper with a brief introduction to model theory
of metric structures, a relatively new development in the field. For a more in depth
introduction, we direct the reader to I. Ben Yaacov et al. We begin with the definition
of metric space and then go into metric structures in particular.

Definition 1.1. An ordered pair, (M, d), is called a metric space if M is a collection of
elements and d: M x M — R is a metric on M, i.e. a function satisfying the following
axioms:

(1) d(z,y) >0 Vax,ye M, and in particular d(z,y) =0 < z =y
(2) d(z,y) =d(y,x) Va,yeM, and
(3) d(z,y) =d(z,2) +d(z,y) Vz,y,zeM

We say (M, d) is complete if every Cauchy sequence in M under the metric d converges
in M. We now define the different categories of functions that will be used repeatedly
throughout this paper.

Definition 1.2. Let (M, d) be a complete, bounded metric space. Then we have the
following types of functions on M:

(1) A predicate P : M™ — R is a uniformly continuous function from an n-tuple in
the metric space into a bounded interval in R. For the rest of this paper, we
generally assume P : M™ — [0, 1].

(2) A function or operation f: M™ — M is a uniformly continuous function from an
n-tuple in the metric space back into the metrix space.

In both cases, we call the arity of a function or predicate n.

The next definition is one that only holds true in the case of metric structures, which
is fine for our purposes.

Definition 1.3. A signature L is a set of predicate symbols, (P; : ¢ € I), functions
symbols, (f;:j € J), and ”distinguished elements”, or constant symbols (ay : k € K).
For each predicate and function the signature also consists of the arity of the function
or predicate, as well as moduli of uniform continuity for each.

Signatures contain purely syntatical objects that require ”interpretation” from an
interpretation function. Such a function takes in the symbol of a predicate, function,
or constant, and outputs an actual predicate, function, or constant. This may sound
confusing, but we will now define what a metric structure is, give a few examples, and
hopefully clear up any confusion.

Definition 1.4. A metric structure M is an ordered triple
M=(M,L,T)

where (M, d) is a complete, bounded metric space, L is a signature, and [ is an inter-
pretation function taking

[ M P PM e M
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for function symbols, predicate symbols, and constant symbols in £ respectively. A
metric structure is often denoted as

M:(Maphfjaak:iEI?jEJ?keK)

where each P, f;,a; each refer to the interpreted predicates, functions, and constants
by M. We will often call any metric stucture based on a particular signature £ an
L-stucture.

So a signature can be viewed as a set of symbols distinct of any metric structure,
and a metric structure is something that takes those symbols and intreprets them as it
likes, maintaining the arity and modulus of uniform continuity for each predicate and
function.

Example 1.5. The simplest example of a metric structure is index sets I,.J, K are all
empty. This forms a metric space with no structure where our metric space is complete

and bounded.

FExample 1.6. A discrete metric M where the distance between any two objects in the
set of interest is either zero or one also forms a metric structure. The predicate in this
case maps to the set 0,1. In this case, distinct elements a,be M, d(a,b) = 1.

Ezample 1.7. Let £ = {+, >A<,|f|, 1,0}, where + and % are 2-ary functions, ﬂ is a l-ary
predicate, and 1 and 0} are constants. Then we can take our metric structure M to be
based on the metric space ([-1,1],d) where d(x,y) = |z — y|, and have that:

+ =+, X = X, |A|_>||a i—>1, O_>O

Then M is just the space [-1,1] with the usual operations of addition and multi-

plication as + and x along with the constants 0 and 1 and a norm function |A| We
could have instead taken + to be interpreted as subtraction, or even multiplication, or
we could have let 0 be interpreted as 1/2.

1.2. Terms and Formulas. The elements of a signature are refered to as "non-logical”
symbols. We also have many other syntactical objects which we will be using, and all
of which are called "logical” symbols. The explanation for the distinction will be made
shortly.

With any signature £ in the context of metric structures, we include the following
symbols:

(1) A usually countable infinite set of variables V.

(2) The metric d for the underlying space

(3) Uniformly continuous functions u: R® - R for n e N
(4) The symbols sup and inf

The idea of logical symbols is that for any signature £, the interpretation of a logical
symbol is the same for any L-structure. Although the metric d may not be the same
between two L-structures, the idea is that a structure must interpret d as its metric,
and has no flexibility for interpreting it as some other 2-ary predicate.

We now define terms and formulas, purely syntactical objects generated from a sig-
nature £, and are very important to understand.
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Definition 1.8. Terms formed from a signature L, called L-terms, are formed induc-
tively as follows: variable and constant symobls are L-terms, and if f is an n-ary function
in £, and ty,...,t, are L-terms, then f(¢1,...,t,) is also an L-term. Any possible L-term
is constructed in such a manner.

Ezxample 1.9. Let our language be as in example 1.7. Then 1 and 0 are constant symbols,
and v; and vy are variables, so all are L-terms. Furthermore, so are (1+1)x1 and
(Ul >A<U2 ) -T- 1.

Definition 1.10. L-formulas, which are formulas formed from a signature L, are also
formed inductively as follows:

(1) Atomic Formulas of L, which are expressions of the form P(¢,...,t,) where P
is an n-ary predicate symbol of £, and t1, ..., t, are L-terms, along with d(t¢1,12),
where t1,t are L-terms, are all L-formulas.

(2) If w : R® - R is uniformly continuous, and ¢, ...,p, are L-formulas, then
u(p1,...,pn) is an L-formula. Such functions are called the connectives of L.

(3) If  is an L-formula, and z is a variable, then sup, ¢ and inf, ¢ are L-formulas.
Here, sup and inf are called the quantifiers of L.

We note that for a variable z which occurs in an £-formula is said to be bound if it
lies within a ”"subformula” of the form sup, ¢, and otherwise it is said to be free.

We note that if we have an L-term t with free variables xq,...,x, occuring in it,
then we write ¢ as t(x1,...,x,). Likewise, if we have an L-formula ¢ with free variables
x1,...,Z, occuring in it, then we write it as ¢(z1,...,x,).

An L-formula with no free variables occuring in it is referred to as a sentence.

1.3. Semantics. We now come to an important part of our development of continuous
model theory for metric structures, which is semantics, with respect to sentences. For a
sentence o, we will now the value of o in M, and it will be a real value and is denoted
oM, defined inductively on formulas as follows:

Definition 1.11. Let M be an L-structure for some signature £. Then we have the
following definitions:

(1) For the metric, we have that (d(t1,t9))M = d(¢tM,t)') where t; and ¢, are any
L-terms
(2) For any n-ary predicate P in £, and ty,...,t, L-terms,

(P(t1,...,tn))YM=PM@EM, . .. 12

(3) For any connective n-ary w in £, and senctences o7, ...,0, all in L,
w(o,...,on))M=u(eM,... oM
( ( ) ) )) ( 1 > »Yn

(4) For any L-formula ¢(z),
(sup ¢ ()™ = sup{ip(z) : @ € M}

and similarly
(inf p(2))M = inf{p(z) : 2 € M}
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We note now that if we have an L-formula ¢(z1,...,x,), we define the function M
for simplicity as:
oM(x1,.. . x) = (021, ..., 2,))M

Remark 1.12. We make a note here that sup and inf are the quantifiers in continuous
logic, and are very analogous to V and 3 from discrete logic, which the reader is probably
very familiar with. If we let £ be as in example 1.7, and we have an L-formula ¢(x) =
|2a — 1|, where a € [-1,1]. Then consider the sentence

inf o(z) = inf|2a - 1

It’s clear that inf,¢(x) = 0 if there exists an element a~! € [-1,1] such that aa™! = 1. In
other words if a is invertible, the value of the sentence is 0.

It is not too harmful to think of such a sentence as saying, inf, ¢(x) = 0 if and only
if a is invertible, but the reader must be aware that it is often not the case that such
a thing is true! Because the infimum only reports the least upper bound, we are not
guaranteed that we can find an element such that, in our case, (x) = 0. This is a
major difference of continuous logic in contrast to discrete logic, and the difference will
consume a large amount of theory and significance in our paper.

1.4. Conditions of L.

Definition 1.13. An L-condition E is a formal expression of the form ¢ =0, where ¢
is an L-formula, and can be a sentence or have free variables.

If F is the L-condition ¢(z1,...,2,) = 0, and ay,...,a, € M, where M is an L-
structure, we say ay,...,a, satisfies, or is true of F, and write that M & ¢(aq,...,a,) =
0, or ME E, if oM(ay,...,a,) =0.

For a non-negative real number r, we define ¢ < r to mean ¢ =r =0, where = is the
connective in £ such that

p=1:==(p,r)=max(p-r,0)
We note that from here on out we will call simply call £-conditions just, conditions.

Definition 1.14. A theory in L is a set of conditions ¢ = 0, where o is a sentence from
L.

If T is a theory in £, and M is an L-structure, we say that M models T, and write
MEeT,if MEo for every 0 =01in T.

We also define the theory of M, denote Th(M), to be the set of conditions o = 0 such
that oM = 0 and we say that T is complete if it is of such a form.

In set builder notation this can be written as:

Th(M)={c=0:0M=0}
1.5. Embeddings. We now present a section on embeddings between metric structures.

Definition 1.15. Let £ be a signature and M, N be L-structures. An embedding from
M into N is a metric space isometry

¢:(M,dy) - (N,dy)
such that:
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e For any n-ary function f of £, and a4,...,a, € M,

P (b(ar),..., ¢(an)) = o(f*(ar, ... a))

e For any n-ary predicate P of £ and a4,...,a, € M,
PN(d(ar),...,¢(an)) = PM(ay, ... a,)
e For any constant symbol ¢ of L,
N = (M)

If the embedding is surjective, then it is an isomorphism, and we say that M is
isomorphic to A and write M = N

Remark 1.16. It is clear that if there exists an embedding from M into A, then for any
quantier free condition ¥ ¢ =0, M = E <= N k£ E. For statements with quantifiers
this does not always hold though. The Tarski-Vaught test does characterize when all
sentences are true in both structures, but we will omit it as it does not relate to our
central task.

Definition 1.17. Let M and N be L-structures, then we have the following definitions:

(1) We say that M and N are elementarily equivalent, and write M = N, if for all
sentences o of £, oM = /.

(2) We say that M is an elementary extension of N, and write M <N, if M ¢ N
and for every L-formula p(z1,...,2,) and elements a4, ..., a, € M, we have that

oM(ar, ... an) =N (ay, ... a,)
In this case we see that necessarily M = N.

If we elementarily equivalent L-structures M and N, then it follows that Th(M) =
Th(N).

We note that we can have two structures with the same cardinalities in the underlying
set which are elementarily equivalent, but not isomorphic. This weaker relationship be-
tween two structures does sometimes give an isomorphism, and we will study a few cases
in which such a thing happens, both abstractly with general structures and concretely
with a certain class of structures.

Definition 1.18. For any function f : X — Y, the zero set, D, of f such that Vz €
D, f(x) =0, where D ¢ X.

1.6. Ultraproducts and the Compactness Theorem.
1.7. Types.

Definition 1.19. Consider a metric structure M for a language £. Let M be the un-
derlying space. For any A ¢ M, let L(A) be the language obtained by adding constants
¢, for each a € A to the language L.

Definition 1.20. A n-type (of M) over A is a set of L(A)-conditions ¢(z1,...,x,) <.
Definition 1.21. A type t is realized by b if every condition in ¢ is satisfied by b.

Definition 1.22. A type t is consistent if for each finite subset {¢;(z) <r; |i <k} ct
there exists b such that Vi <k ¢;(b) <.
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Clearly if a type t is realized, then it must be consistent. However the converse is not
generally true. However, by the compactness theorem, t is consistent in M implies that
t is realized in some ultrapower M.

Definition 1.23. A model M is countably saturated (w-saturated) if for every countable
A c M, every consistent type over A is realized in M.

Definition 1.24. A model M omits a type t if there is no element in M that realizes
t.

Definition 1.25. A consistent type t is complete if it is a maximal (with respect to
inclusion) consistent type.

Definition 1.26. We say that ¢ is a complete type of b for some l_)e_M if ¢ is the set of
all L(A)-conditions E(Z) such that M & E(b). We denote t = tp,,(b).

1.8. Definability.

Definition 1.27. A predicate P is definable over A if there are L(A)-formulas ¢, ()
such that uniformly converges to P (over bounded sets)

P(z) = lim ¢,(Z) uniformly.

Definition 1.28. A set D is definable if the predicate
P(z)=d(z,D) :=inf |z -y
yeD
is a definable predicate.

1.9. Atomic models.

Definition 1.29. A complete type p is principal (or definable) if {x | x realizes p} is a
definable set.

Definition 1.30. A model M is atomic if every realized complete type is principal.
Lemma 1.31. Every model M has a countably saturated elementary extension N .

Proof. Let F be the collection of finite subsets of J where J is a set with cardinality >
the cardinality of the set of all conditions in M. Let U be the ultrafilter on F' generated
by the sets S; = {i € F' | j € i} for each j € J. Notice that it does indeed generate an
ultrafilter, since it satisfies the finite intersection property ({j,k} € S; n .Sy, thus finite
intersections are nonempty). Let N := MY. Clearly N is an elementary extension of
M, since M embeds into A via the diagonal embedding (a € M ~ (a,...,a) € M¥), and
by Loé’s theorem, N = M.

To show that A is countably saturated, consider any countable subset A ¢ M. Let
t(Z) be any consistent type over A. Since t is consistent, every finite subset u C t is
realized by some a, € M™ (i.e. for all L(A)-condition E(Z) € u, M £ E(a,)).

To show that type ¢ will be realized in MY let « be an surjective function from
J to t. Such a function exists because J has cardinality > the cardinality of the set
of all conditions, and a type is a set of conditions. Given any finite subset ¢ of J, i =
{j1,.--,Jx} € F. Let a; € M™ be the element that realizes finite subset {a(j1),...a(ji)} S
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t. Such an element exists for every finite subset due to consistency of t. Then ((@;)icr),, €
MY realizes type t in MY, since by Lo$’s theorem, given any condition ¢(Z) < r in ¢,

oM (((@)ier)y) = 1321¢M(ai) <r

since pM(a;) < r for every i € F since a; was chosen to realize the finite subset picked
by i via a.

O

Lemma 1.32. Let M be a model and let principal type p(z1,...,Tm) =tpy(ar,. .. an)
foray, ... a, € M. Let n>m and q(x1,...,x,) be an extension of p (i.e. any condition
in type p is also in type q). Let q be a principal (and complete) type.

For each € > 0, there exists (by,...,b,) that realizes q in M and satisfies d(a;,b;) <€
forj=1,....m.

Proof. Let D = {& € M™ | T realizes p} and E = {T € M" | T realizes q}. Since p and
q are principal, D and E are definable sets. Thus d(z, D) and d(z,E) are definable
predicates. Define the predicate

F@)= inf (D)~ d((7.5).E)

Note that F' is a definable predicate because it is built from definable predicates. Note
also that 7 € M™ and (Z,7) € M™. Let N be a countably saturated elementary extension
of M (N exists by Lemma 1.31). Since (aq,...,a,,) is a realization of p in M, ¢ must
be realized in N by an extension of (ai,...,a,,) (since N is countably saturated means
that ¢, which is consistent since it is complete, will be realized in N'). Now consider F’
interpreted by N, since F is a definable predicate. Thus, FN (ay, ..., a,) = 0. Since M =
N, any formula have the same value under both interpretations, thus the limit of any
sequence of formulas have the same value under both interpretations, thus any definable
predicate have the same value under both interpretations. Thus FM(aq,...,a,,) =0
also.
From F(ay,...,a,) =0 in M and the definition of F

F(ay,...,ap) = gdi\?im ld((a1,...,am), D) =d((a1,...,am, ), E)|=0

Recall that (ay,...,a,) realizes p, thus d((ay,...,ay), D) =0, therefore
F(ay,...,ap)=_inf d((a,...,am,y),E)=0

yEMnfm
Therefore, given any € > 0, there exists ¢ € M™ ™ such that d((a1,...,am,c), £) <§. By
definition of distance,

infd((ar,...,am8),0) =d((ar,...,amc), E) < =

bes 2
which means that there exists b € E such that d((ai,...,an,¢),b) <e.
Therefore, this b realizes ¢, and d(a;,b;) <efor j=1,...,m.

Theorem 1.33. Given M and N separable atomic models, then
M=N = M=zN
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Proof. (<) If M is isomorphic to NV, then clearly they have the same theory, thus they
are elementarily equivalent.

( = ) Assume M and N are elementarily equivalent. We will use the “back and
forth” method to show an isomorphism between M and N.

Since M is separable, consider a countable set A dense subset of M. Since we will be
taking elements from A one by one, we will let {u1,us,...} = A be an indexing of A by
N. However, when we visit elements from A, we will do it in the following order:

Uy, Uy, Uz, Uy, Uz, Us, Up, U2, U3, Uq, Uy, Ug ...

Note that this will still include every element of A, and by construction, we will in fact
visit very element infinitely many times. Similarly, consider countable set C' dense subset
of N, and do the same with it. For any € > 0, consider d; = 57, so that 3720, = €.
Using Lemma 1.32 we will generate by induction for each n > 0 sequences a,, € M™ and
¢, € N™ such that

(1) ag=Cy =9

(2) tpaq(an) = tpar(cn)
(3) d((ans1)i, (an)i) <, and d((cns1)i, (cn)i) < 0, for every i <n

To follow this step by step, we first establish (1) as our basis step for induction.
Certainly (2) holds for the empty sequence (n = 0), since M = N, thus they agree on
the level of sentences. We pick the first element in A using the method above and put
it in @y, then consider py(z1) = tpy (a1), which is a principal type since M is atomic.
Thus, we can consider type py in N and use Lemma 1.32 to show that it is realized by
what we will put into ¢;, since type pgy is an extension of the type that holds all true
sentences. Note (3) is automatic for n = 0.

Now we assume that tp,,(a,) = tpy-(c,) and call it type p. Pick the next element
of A that is not already in a,, using the method described above and append it to a,
to make a,,;. Consider the extension q(x1,...,Zn1) = tpam(ans1) of g. Note that since
¢, realizes p, and ¢ is an extension of p, and the types are principal since we are in an
atomic model, by Lemma 1.32 ¢ is realized in N, and we will call the sequence that
realizes it ¢,,1. Note that Lemma 1.32 also gives us d((c,41)i, (¢n)i) < 9, for every i < n.
Thus (2) holds: tpy(an+1) = tpar(cns1), and cp4q is close to ¢, in the style of (3). Note
also that since we are only appending when creating a,,1, d((@ns1)i, (ar);) =0 < 4, thus
(3) holds.

Since this is a “back and forth” argument, we will do two steps after n. Now that
we have q(z1,...,Tns1) = tPp(ans1) = tpp(cns1), we will extend it again but using C'
this time. Pick the next element using the above method from C' that is not already
in ¢,,1 and append it to the end of ¢,,1, making c,.o. Let 7(x1, ..., Tpi2) = thp(Cni2).
Similar to above, r is an extension of ¢ which was realized in A/ and both are principal
types. By Lemma 1.32 r is also realized in NV, and we will call the realization a,.o. Thus
tpag(ans+2) = tppr(Cnr2). From the lemma, for i =1,....n+ 1, d((ans2)i, (an+1)i) < Ons1-
Obviously d((cas2)is (Cus1)i) =0< 6,41 as well.

Therefore, we have created sequences a, € M™ and ¢, € N™ for every n, and any
element in dense subsets A€ M or C' ¢ N will eventually be included in some a,, or ¢,.
However, notice that the a,, and ¢, shifts slightly every two steps, i.e. earlier ones are
not initial segments of later ones. This is how we fix it:
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For each j, the consider the sequence of the j* coordinate of a, and c¢,. In other
words, consider sequences (a,); and (¢, ); as n goes from j to infinity (we start from j
because anything lower will not have a j* coordinate). Notice that the two sequences
are Cauchy, because in each step we have bounded the difference by d,, and the sum of
all ¥ 0, = €. Therefore, given any € > 0, there exists K such that Zszo 0 > € —¢, thus the
difference between two terms with indices larger than K will be at most Y-, 0 < €.

Because we have Cauchy sequences and the metric space is complete, we will call the
limits

(j" coordinate of a, ) —> b;
(" coordinate of ¢,) — d;

Therefore, our isomorphism will take b; to d;. To verify this, we need to check that it
is an elementary map.

Consider any formula ¢(z1, ..., 2m,). The value of ¢ on b;’s can be written as ¢(by(1y, - - -
Let ¢M(by(1ys - - -1 bo(m)) = R. Since tpp(bi,...,bn) = tpy(dy,...,dy) for all n >0, let
n=max{co(k)|1<k<m}. Thus

Vr <R (0(2o(1),---sTo@m)) ST) Etprg(b1, ..., D)

and
Vr>R (¢($U(1), .. ,(Ea(m)) < 7") € tpM(bl, e ,bn)
Therefore
Vr <R (¢(To1),---sTo@m)) <T) Etpa(dy, ... dy)
and
Vr>R (A(To1),--->Tom)) <T) €tpp(di,... dy)
Thus,

¢(dg(1), .. 7da(m)) =R= ¢(b0(1), ceey ba(m))
as desired, showing that b; = d; is an isomorphism.
To extend this isomorphism to M and N, we now have to verify that the the sets
{b; | 7 €N} is dense in M, and {d; | j € N} is dense in N.
Given any €’ > 0 and any element x € M, we recall that

oo n-1
d(bj, (an);) < Z O = €= Z Ok
k=n k=0
Thus we can pick K such that for all n > K,

d(bj, (an);) < %,

Now since A is a dense subset of M, and every a € A is included in infinitely many
a, due to each element being visited infinitely many times, the set {a | In a € a,} is
also dense in M. In fact, due to elements being infinitely many times, every a € A is
included in some a,, even when we consider n where n > K. Therefore, the following set
is also dense in M.

S:=={a|In>K aca,}

Note that by definition of K, any s € S has d(s,b;) < ¢ for some j depending on which
coordinate the s came from. By density of S in M, given any x € M, there exists s € S
such that d(zx,s) < %' By triangle inequality there exists some b; such that

7ba(m))'
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d(z,b;) < d(z,s) +d(s,b;) < % n % <

Therefore, {b; | j € N} is dense in M, and by the same argument, {d; | j € N} is dense
in N. Thus, from the isomorphism b; = d;, we have an isomorphism F' between M and
N by continuity of formulas using the following:

Given any x € M, by density of {b; | j € N} there exists a sequence (b,(;y) of elements
in {b; | j € N} that converges to . Let y € N be the limit of the sequence (dy(;)). Define
F(x) :=y. By the continuity of formulas, given any formula ¢,

¢(z) = p(lim by (jy) = lim (by(jy) = lim ¢(do(j)) = S(lim dy(j)) = P(y)

Therefore, F': M — N is an isomorphism.

1.10. Stability.
Definition 1.34. A condition ¢(x,b) < r is stable if for all € > 0 there is § > 0 such that

¢(a,b) <7 +6 == there exists a’ such that |a’ - a| < € and ¢(a,b) <7

Sometimes we will refer to formulas or definable predicates as being stable if it is obvious
which r we are talking about (usually when r = 0)

Our primary motivation for considering stable conditions is that we wish to quantify
over them in formulas or definable predicates, depending on what the condition was
built from.

To prove that we can infact quantify variables over stable £-formulas, we first need a
proposition.

Proposition 1.35. Let F,G : X — [0,1] be arbitrary functions such that for all € >0
there is 0 > such that for all x € X we have
F(z)<é = G(z)<e

If this is true, then we there exists an increasing, continuous function o :[0,1] - [0,1]
such that a(0) =0 and for all x € X we have

G(z) <a(F(x)).
Proof. For a proof, see Proposition 2.10 of [1]. O
We now prove that we can indeed quantify variables over stable conditions.

Lemma 1.36. Given a stable L-formula (xy, ..., x,) and L-formula ¢p(x1, ..., Tn, Y1, ...
there exists an L-formula 0(y1, ..., Ym) such that

05) = inf 9(z.9)

Proof. First we will show that there exist an L-formula for d(z, D) where D the zero
set of 1. Since v is a stable formula, by definition for all € > 0 there is ¢ > 0 such that
for all x with ¥ (x) < J, we can find 2’ € M such that |z — 2’| < € and ¢(2") = 0. Since
x' € D, we have

d(z.D) = inf o ~y| < o~ 2’| <c.

 Ym )
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Now by Proposition 1.35, there exists a continuous increasing function o : R - R with
a(0) =0 such that d(z, D) < a(¢(z)).
Define the follwing L-formula by

F(z) = mfmin{a(y(y)) + [z -y, 2}.

Note that |z —y| <2 since z,y € By. We wil now show that F(z) = d(z, D).
Since D ¢ M™, we have

F(z) = mfmin{a(¢(y)) + [z - y], 2}
< infmin{a((y)) + |z -yl 2}
= inf min{«a(0) + |z - y|, 2}
yeD
- inf |« -] = d(x, D).
yeD
For the reverse inequlity, recall that d(z, D) < a(¢(y)), thus by the triangle inequality
F(z) > infmin{d(y, D) + |z - y|,2} > inf min{d(z, D), 2} = d(x, D).
y y
Therefor, we have an L-formula F'(x) = d(x, D) as desired.

To show that we can quantify over D, we use Proposition 1.35 with the modulus of
uniform continuity for ¢(z,y) over z. In other words, let 5 : R — R be a continuous
increasing function with 5(0) = 0 such that |¢(x,y) - ¢(z,9)| < 8(|z - z|).

We will show that the £-formula

0(y) = inf ¢(x,y) + B(F(x))

is equal to inf,.p ¢(z,y).
By definition of 3,

¢(z,y) <d(z,y) + B(|z - =)
for all x,z € M™ and y e M™.
By taking the infimum over x € D of both sides, since [ is increasing, we obtain

nf 6(2,9) < 6(2.) + B(int [ - =]) = 6(z.9) + B(d(=. D). (1)
Now if we take infimum over z € D of the right hand side of (1.1)
inf ¢(2,y) + 5(d(z, D)) = inf ¢(z,y).
Since D ¢ M™,
inf ¢(z,y) + 6(d(z, D) < inf 6(2,y) + 5(d(2, D) = inf ¢(2,y).
Thus, since the inequality (1.1) holds for any z, it certainly holds for inf,, so we have
inf ¢(z,y) <infé(z,y) + B(F(2)) < mf RHS = inf ¢(z, y).

Therefore,
inf ¢(z,y) = inf ¢(z,y) + H(F(2)) = 0(y)

where 0 is a L-formula as desired. O
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Corollary 1.37. The sup case of Lemma 1.36 also holds, i.e. there exists L-formula 6’
such that

0'(y) = sup ¢(x,y)
¥(w)=0

Proof. Simply consider ¢(x) = —¢(x) in Lemma 1.36
inf (~0(r.9)) = inf(~0(z.9)) + BF ()
= —inf(=¢(z,y)) = ~inf(-¢(z,y)) - B(F(2))
= sup(x,y) =sup¢(z,y) - B(F(2)) = 0'(y)

2. C'*-ALGEBRAS

2.1. Introduction to C*-algebras. At the end of this paper, we would like to use
the continuous model theory outlined above, in conjunction with C'*-algebra theory, to
describe C*-algebras. Thus, a brief introduction to C*-algebras is necessary; this will
unfortunately be a definition heavy section, along with theorems which are necessary to
complete the goals that we wish to attain.

We begin with the usual definition of a C'*-algebra, which we will describe inductively.

Definition 2.1. An algebra over C is a complex vector space A over C with an asso-
ciative multiplication (a,b) € A x A — ab e A which is compatible with the vector space
structure.
A Banach algebra is a Banach space A over C and an algebra over C in which the
multiplication satisfies
lab]| < [a]]b] for a,be A.

Note that we know we have a norm on A as A is a Banach space (a vector space which
is complete in norm).

A C*-algebra is a Banach algebra A over C with an involution a — a* which is
conjugate linear and satisfies the following properties for all a,b € A:

° (CL*)* =a,
e (ab)* =b*a*,
o fa*] = lal,

e and the C*-identity, ||a*a| = |a|?.

Another important definition is what we mean by homomorphism in the language of
C*-algebras.

Definition 2.2. A x-homomorphism is a homomorphism ¢ between two C'*-algebras A
and B satisfying ¢(a*) = ¢(a)* for all a € A.

There are important elements of C'*-algebras we often work with. The names given
to these elements will become apparent after reading teh section on bounded operators.

Definition 2.3. Let A be a C'*-algebra.
An element a € A is self-adjoint if a = A*.
An element p € A is a projection if p = p* = p?.
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If 1€ A, an element t € A is an isometry if tt* = 1.
An element s € A is a partial isometry if ss*s = s.
An element u € A is unitary if uu* = u*u = 1.

We wish to introduce a heavy theorem known as The Continuous function calculus.
This theorem will allow us to describe elements of a C*-algebra in terms of functions on
C. To do this, we must begin with the notion of invertibility.

Definition 2.4. Let A be a C'*-algebra with 1. An element a € A is invertible if there
exists b € A such that ab = ba = 1. If this element exists, we write b = a~!, the inverse of
a. We write A~ for the set of invertible elements in A.

These invertible elements behave exactly as we expect them to.

Lemma 2.5. Let A be a C*-algebra with 1. Let a € A~Y, then a™! is unique and (ab)™ =
b=ta=' for allbe A1,

Proof. Suppose ¢, d € A such that ac=ca =1 and ad = da = 1. The we have
c=cl=c(ad) = (ca)d =1d =d.
For the second claim, we simply have
(ab)(b'a) =a(bb Ha ') =ala =1
Similarly for the left inverse. U
We now introduce a concept akin to eigenvalues of matrices.

Definition 2.6. Let A be a C'*-algebra with 1 and let a € A. Then the spectrum of a
denoted o(a) is the subset of C defined by

o(a)={ eC:(a-A1)¢ A}

The continuous functional calculus can only be applied to certain elements. Fortu-
nately though, these types of elements include a lot of the important elements that we
most often work with.

Definition 2.7. Let A be a C*-algebra. We say a € A is normal if aa* = a*a.

Example 2.8. All self adjoint elements are obviously normal; these fortunately include
projections. Recall that an element u of a C'*-algebra is unitary if uu* = u*u = 1, thus
all unitary elements are normal.

The last definition needed before stating the continuous functional calculus is what
we mean when we talk about an algebra generated by an element.

Definition 2.9. Let A be a C*-algebra with 1. Let a € A, then C*(a) is the C*-algebra
generated by a and 1, and is the smallest C'*-subalgebra of A containing both a and 1.
Alternatively, it is the norm closure of the *-subalgebra of A made of linear combi-
nations of elements of the form
aml (a*)nl amg (a*)ng.“amp(a*)np

where m;,n; > 0.
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The ‘small’ requirement that a is a normal element simplifies this expression to
C*(a) = span{Z Ampa™(a@®)" :m,n > O} :
It is important to note that C*(a) c A.

We can now state the continuous function calculus theorem. Unfortunately to provide
a proof, we would have to go into a lot more C'*-algebra theory, which is not the aim of
this project.

To motivate this, we pose the following. Suppose we have a C*-algebra A and a € A.
We want to know, when can we write a = b? for b€ A? i.e. can we form \/a?

Consider the function f(z) = Y ¢,z", we wish to be able to write f(a) = ¥ c,a™ for
a € A, similarly for the function f(z) = 1/z, then we want f(a) =a~'. Obviously this is
not always defined, the continuous functional calculus tells us when it is. We can also
take the function f(z) = \/z, the continuous functional caluclus is the answer to our
problems.

Theorem 2.10. (The continuous functional calculus). Let A be a C*-algebra with
1. Let a € A be a normal element. Then there is a unique unital *-homomorphism
[': C(o(a) - A which takes the identity function, v : z - z to a, i.e. T'(1) = a.
Furthermore, I': C'(o(a)) = C*(a) is an isomorphism.

We normally will just write f(a) when we mean I'(f), but we will say f(a) is defined
by the continuous functional calculus for a. Lets see this in action.

Ezample 2.11. Let f(z) = 1/z. Let A be a C*-algebra with normal element a such
that f is well defined on o(a). Since multiplication in C(o(a)) is simply pointwise
multiplication, we have that f = 7!, ie, it is the inverse of ¢ in C'(0(a)). Now, since T’
is unital, it takes inverses to inverses, so we have

fla)=T(f)=T(")=T()" =a
2.2. Bounded operators.

2.3. Bounded operators. We often talk of the bounded linear operators over a Hilbert
space. It turns out that this is ‘the’ example of a C'*-algebra, we’ll talk a little bit about
why soon. So in this section, we will simply introduce what we mean when we say
bounded operators, we will show why they are an example of a C*-algebra, and we will
discuss what we mean by the above statement.

Definition 2.12. Let H be a Hilbert space. The map T : H - H is a bounded linear
operator if T' is linear and there exists C' € R such that

|Th| < C|h| for all he H.

We may ask the question why we are interested in these operators with a bound; it
turns out that they are infact the continuous operators on H.

Proposition 2.13. Suppose His a Hilbert space and T : H - H is a linear operator.
Then the following statements are equivalent:

(1) T is continuous on H .
(2) T is continuous at 0.

(3) There exists a C € R such that |Th| < C|h| for allhe H.



16 K. CARLSON, E. CHEUNG, A. GERHARDT-BOURKE, L. MEZUMAN, AND A. SHERMAN

Proof. (1 = 2) is trivial.
(2 = 3) We note that 7' continuous at 0 says that for every € > 0, there is a § > 0
such that

[h=0]=]hl<d = [Th-TO0] =|Th[ <e.

Take h = 0, then we have for a fixed hg € H, |T0| = 0|Thel|l = 0||ho. This shows that
when h =0, T" is bounded.

Now assume h # 0 and fix € > 0. If we take the vector | the norm of this vector is

W
given by
o= rlolin =
2] ||h||
So this vector satisfies our condition for continuity, so we know that
HT(”‘;—h') <e = O \Th <e — [Th] < I

So now take C' = £, and we have that |Th| < C|h| as required.
(3 = 1) Suppose C satisfies |Th| < C||h|| and {h,} is a sequence in H satisfying
h, > heH.

|Thy, = Th| = |T(hy, = h)| < C||hy, = h| -0
= Th, - Th forall h, >heH.
Which tells us that T is continuous on H. O

What is very interesting of this proposition above is that continuous everywhere is
equivalent to just continuous at 0. This proposition outlines why we were interested in
bounded linear operators. We will now begin to discuss them as C*-algebras. We begin
this by defining a norm on the operator; the natural choice would be the lowest bound
for the operator.

Proposition 2.14. If T is a boudned linear operator on a Hilbert space H, we define
the operator norm as the greatest lower bound of bounds on T; that is,

(1) |T|lop = inf{C : |Th| < C|h| forallheH}
Equivalently, we can define |T|,, by
(2) | T]op = sup{[Th] = 2] <1}

Moreover, |T||op is a bound for T

Proof. Take (2), fix h € H such that |h| < 1. Since T is bounded, we know the set
defined in (2) is non-empty, and that there exists C' such that:

|Th] < Clh] < C.

So the set is bounded by C, so the least upper bound is well defined.

Since C'is an upper bound for (2), we have that |T| < C, as ||T| is the least upper
bound. We can also see that this C' lies in the set {C : |Th| < C|h| for all h € H}.
Since |T'| < C, |T| is a lower bound for this set.
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Now, for any h € H, we have that

1 h
mHThll =T <|T]

[A]
= |Th| < |T|A]
— |T| e {C': |Th| <C|h| forall heH}.

Now, since |T| is a lower bound of the set, and it is in the set, it must be the greatest
lower bound. So we have

IT| =inf{C: |Th| <C|h| forall he H}.
U

We now need to show that the operator norm defined above, is infact a norm; i.e. it
satisfies the norm axioms. But first we need to ensure that the bounded operators form
a vector space.

Proposition 2.15. If H is a Hilbert space, then the set B(H) of bounded linear oper-
ators is a vector space under operations

(S+T)(h)=Sh+Th forallheH
(cT)(h) =c(Th) forallceC, he H
Proof. Suppose S,T € B(H). Then (S +T) is linear since
(S+T)(ah+k)=S(ah+k)+T(ah+k)
=aSh+Sk+aTh+Tk
=a(Sh+Th)+ (Sk+Tk)
=a(S+T)h+(S+T)k.
It is bounded since
[(S+T)h| = [Sh+Th|
<[Shl+Th]
<[[Slepllo] + 1T ]op 2]
= (ISlop + 1T lop) 7]
So S + T is linear and bounded, hence the set is closed under vector addition. Now
(cT)(ah+ k) =c(T(ah+k))
=c(aTh+Tk)
=acTh+cTk
=a(cT)h+ (cT)k
And so (¢T) is linear. Now to see that (¢T") is bounded,
[(cT)R] = [[eTh]
=|c[[Th]
< el ToplP]
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So T is linear and bounded, hence, the set is closed under scalar multiplication.
Now observe that (0)h =0. We have

(0)(ah+k)=0=a(0)h+ (0)k
|OA]| = 0] <e||R] for all ce R

So the zero operator is contained in the bounded operators, so B(H) is a vector space.
O

Now that we know B(H) forms a vector space, we must show that the operator norm
is infact a norm.

Lemma 2.16. The operator norm is a norm in the sense that
(1) [AT[op = AT [op
(2) [S+Top < [Slop + 1T ]op
(3) |T]op=0 = T=0

Proof. The proofs are relatively simple, by manipulation of the definition of the operator
norm. For (1),
[ATop = sup [A[|ITR] = [A] sup [Th[ = |A]|T]op-
Ihl<1 Ihl<1
For (2),

|S+T]op = sup [(S+T)h] < sup (IIShII + IThII) = sup |Shl + sup [Th = [Slop+ |T]op-

Ihl<1 Ihl<1 lvfl<t Irl<1
And finally for (3),

IT| =0 = sup |[Th||=0 = Th=0 forall h with |h| <1
In]<1

Now by linearity, we can write any vector as a unit vector times its length, so

h h
Th=T|h|—— = ||v|T(—) =0 forallhe H — T =0.
I ]
We now show that B(H) is infact a Banach space under the operator norm.
U

Proposition 2.17. Let H be a Hilbert space, then B(H) is complete in the operator
norm.

Proof. To show completeness, we wish to show that every Cauchy sequence in B(H) con-
verges to an element in B(H ). That is, for (7,,) € B(H) with |1, = T},.|0p = 0 as m,n -
oo, there exists T' € B(H) such that |T,, =T, > 0 as n — oo

Fix he H

| Tonh = Toh| < | T — Tn“Op“h“ - 0.

Which says {T,,h} is Cauchy in H. Since H is complete, there exists k € H such that
T,h — k. Define T: H— H by Th =k, so T,h - Th. We want to show that this 7" is in
B(H) and then that T,, > T.

Now, for h,k e H, ce C, we have

T.(ch+k)—>T(ch+k)
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but, since T,, is linear, we have
T.(ch+k)=cT,h+ T,k > cTh+Tk.
But since T,, converges to a unique element, we have that
T(ch+k)=cTh+Tk,

proving 7' is linear.
Since T,, is Cauchy, for all € > 0, there is an N € N such that

m,n>N = ||T,, - Tp,| <e.
Fix n > N, we have that
I Tl = 175l < |70 = Tl < € = [To] < e+ [T ].
Which shows that T, is bounded, which means there is some C' satisfying
|T,| <C = |T.h| <C|h| forallheH
|Th| = 7}1_)1]([)10 |T.h| <C|h| forall heH.

So T is bounded. Telling us that T"e B(H).
Now we want to show that 7,, - T. Fix € > 0, since T}, is cauchy, there is an N ¢ N

such that .
m,n>N = ||Tm—TnHop<§.
Fix n> N, for all h € H and for m > N, we have

€

[Tt = Tuhllop < 5|11
€

ITh = Tahlop < 5 1]
€

I(T = T)hlop < 51171

€
|7~ Ty < 5 <
= T —T,, in operator norm.

U

We now define a multiplication on B(H), we show that under this multiplication,
B(H) forms a Banach algebra.

Proposition 2.18. Let H be a Hilbert space and fix S, T € B(H). Then the composition
ST =S oT defined by (ST)v =S(Tv) is a boudned linear operator on H with |ST |, <
1S5 llop| T llop-

Proof. For each h,k e H and c € C, we have
(ST)(ch+k)=S(T(ch+k))
=S(cTh+Tk)
=ScTh+ STk
=c(ST)h+ (ST)k
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Hence ST is linear. Now we must show ST is bounded. We have

[5TNop = sup [STh] < sup [[S]op|Th] = |S]oplT lop:

IRl<1 IRl<1]

which tells us ST is bounded. So ST € B(H) and [ST|op < [|S]lopl T op- O

We have now shown that B(H) is infact a Banach algebra. To show that B(H) is
infact a C'*-algebra, we must show that adjoint elements exist, and that they satisfy the
C*-algebra axioms. Since we are working on bounded operators over Hilbert spaces, we
have an inner product defined. This is the one property we have not yet used, infact, it
turns out everything up until now works for bounded operators over any Banach space,
but this is where the Hilbert space criteria is essential.

Theorem 2.19. Let H be a Hilbert space. For every bounded linear operator T on H,
there 1s a unique bounded linear operator T* on H such that

(Thlk) = (R|T*k)  for all h,ke H

Furthermore, the adjoint operation T — T* satisfies
(a) (¢S +dT)* =¢S* +dT~,

(b) (ST)*=T*S*,
(c) (T*)" =

(d) [T]op = HTHop;
(€) [T*Tlop = IT13,-

Proof. To show the existence of 7%, fix k € H. Let ¢r: H — C by ¢ri(h) = (Thlk) We
want to show ¢, is a bounded linear functional.

dri(chy + he) = (T'(chy + h)|k)
= (c¢Thy + Thslk)
= c(Thy|k) + (Thslk)
= corr(h1) + ori(he).

Which shows ¢r, is linear.
To show that ¢ is bounded,we note that

oz k(P = [(ThIK) < [TRIE] < [T lop [ R]1 -

This says that ¢7, is bounded, and hence is a bounded linear functional.
Now, by Riesz Representation Theorem, there exists Sk € H such that

¢ri(h) = (h|Sk) for all he H,

and [ ¢rillop = [ SK|.
Since this is for any arbitrary k, there is a function S : H - H satisfying

(h|SEk) = ori(h) = (Thlk) for all h,k e H.
We now let S =T7*.
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To show T* € B(H), fix ki, ko e H, ce C and let he H.
(T (cky + k2)|h) = (hT*(cky + k2)
= (Th|cky + ko)
=(Thlky) + (Thlk2)
= c(Thlky) + (Thlks)
=c(h|T*ky) + (h|T*ks)
=c(T*k1|h) + (T*ko|h)
= (CT*kl + T*k’2|h)

This says that T (cky + ko) = ¢T*ky + T*ky, which says T* is linear.
To show T* is bounded, we recall that |¢rx|op = [|Sk| = |T*k||. So we have
|77k = [6rkllop < [T oplk]| = T~ is bounded and [T < |T'op-
Now, to show uniqueness, fix h,k € H and suppose (h|T*k) = (h|Sk).
(R|T*k) = (h|Sk) = (h|T*k) - (h|Sk) =0
= (h|T"k) - (h|SKk) =0
— (W|T*k-Sk)=0
= (h|(T*-S)k)=0
= [(T" = S5)k[ =0
— (T*"-S5)k=0
= T"-5=0
= T =75

For all of the following, fix h, k€ H.
Now for the proof of (a), we have

((cS +dT)h|k) = (cSh|k) + (dTh|k)
= ¢(Shlk) + d(Th|k)
= ¢(h|S*k) + d(h|T*k)
= (h|eS*k) + (h|dT*k)
= (h[eS*k + dT*k)
= (h|(2S* +dT™*)k).

Which says that (¢S +dT)* = €S* + dT*.

For (b), we calculate

(ST(h)|k) = (S(Th)|k) = (Th|S*k) = (h|T*S*k).

21
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which gives us (ST)* =T*S*.
For (c), we simply note

(T*hlk) = (K|T*h) = (Tklh) = (h|Tk) = (T*)*=T.

For (d), remembering that we already showed |T*| = |T|, we then use part (c) to

show
1T =T | < T <|T] = 1T)=1T"].
And for (e), we begin by
|7 T < | TIIT* = 1T [T = 1T
Now for the reverse inequality
ITh|* = (ThITh) = (MT*Th) < [R||T*Th| < [T*T||A]*.

Which gives

|7 = sup |Th|* < sup [T*T[|h] < |T*T].
[R]<1 [R]<1

Andso [T < |T*T| <|T|* = |T]*=|T*T]. 0

We can see from this theorem that B(H) satisfies all the final axioms of a C*-algebra;
thus B(H) is infact a C'*-algebra. But there is more to the story.

Definition 2.20. Let A be a C*-algebra. A representation of A on a Hilbert space H
is a homomorphism 7 of A into the algebra B(H). When A has an identity 1, we say
that 7 is nondegenerate if (1) = 1, in general 7 is nondegenerate if

span{m(a)h:ae A he H}
is dense in H. A representation 7 is faithful if it is injective.

Theorem 2.21 (Gelfand-Naimark). Every C*-algebra A has a faithful nondegenerate
representation.

So basically, this is saying that every C*-algebra is isomorphic to B(H) for some
Hilbert space H. This is a big result, and is due to the Gelfand-Naimark-Segal theorem,
which is a constructive proof. The GNS-construction provides the method to obtain
what is known as the GNS-representation associated to f, where f is a positive functional
on a C*-algebra. Furthermore, it can be shown that for each element a of a C*-algebra
A, there is a functional f satisfying f(a*a) = |a|?. By taking the direct product of each
functional on all elements over the C*-algebra, we obtain the faithful nondegenerate
representation. The proof of all this is outside of the focus of this paper.

2.4. Projections and Partial Isometries. I have some stuff to put in here, plus some
stuff further down will go in here...still editing, alex(aus)
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2.5. Matrix Algebras. In this section, we seek to develop important aspects of matrix
algebras that will aid our analysis of UHF and AF algebras in later sections. For the
majority of this section, we will be in M,,C. We first make note the following well known
theorem, whose proof we omit:

Theorem 2.22. A matriz A is unitarily diagonalizable if and only if it is normal (i.e.,
if A*A=AA*, then A=UDU* for some unitary U and diagonal matriz D).

Furthermore, we state the following definition which is plays an important role in
many algebras along with M,,(C).

Definition 2.23. We say that two projections p and ¢ in an algebra A are Murray—von
Neumann Equivalent and write p ~ ¢ if there exists a v € A such that

vw =p and Vw=g¢q

Next, we define a standard map from linear algebra, the function trace. Here we
would like to make a strong warning to the reader not to confuse the trace function
with a function that is a trace, especially since the trace function is not a trace! This
unfortunate convention is very standard and so to try and cause little confusion to
the reader, who probably has some familiarity with the trace function, we follow said
conventions.

Definition 2.24. Let A = (a;;)1<i j<n. Then we define
trace(A) = Zau‘
i=1
Remark 2.25. Tt follows from the definition that trace : M,(C) - C is a linear map,
and furthermore it is not hard to check that trace(AB) = trace(BA). We also note

that if A is a normal matrix, then if A = UDU* is the unitary diagonalization of A,
trace(A) = trace(UDU*) = trace(U(DU*)) = trace(DU*U) = trace(D).

Lemma 2.26. Let P € M,(C) be an orthogonal projection matrixz (i.e. P?> = P*=P).
Then
C" = range(P) @ ker(P)
Proof. We only need to show that
(Vv e C")(Fu,w) such that (v=u+w) A (uerange(P),w € ker(P))
Let v e C" and let w =v — Pv. Then
Pw=P(v-Pv)=Pv-P*=Pv-Pv=0=we ker(P)

Therefore we have that v = Pv+w, where Pv € range(P) and w € ker(p) for an arbitary
veCn

We now show this representation is unique. First note that range(P) and ker(P) are
subspaces of C", and furthermore that range(P)nker(P) = {0}. Suppose we have that

Ju',w" € C" such that v =u+w=u"+w'.
Then

u-u=w-w=>u-uv=w-w=0=>u=u,w=u
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Lemma 2.27. Let P € M,,(C) be an orthogonal projection matriz. Then the eigenvalues
of P are restricted to the values 0 and 1.

Proof. Suppose we have, for some non-zero x € C*, that Px = Az for some \ € C. Then
let by the previous lemma, x = u + v, where u € ker(p), v € range(p). We then have
that Pz = P(u+v) =u = Az, so z is a scalar multiple of u, and since the range of P is a
subspace, Az € range(P). Therefore

=P(\x)=APz=X 2= - A=0=)A=0o0r A=1
([l

Lemma 2.28. Let P be a projection. Then rank(P) =trace(P). This also implies that
for any projections P and Q, trace(Q) = trace(P) if and only if rank(P) = rank(Q).

Proof. P is normal so we can write P = UDU* where U is a unitary and D is a diagonal
matrix with the entries being restricted to the eigenvalues of P.
Note that
P(range(P)) = range(P) and P(ker(P)) ={0}
so by lemma 2.26, the multiplicity of 1’s in D is m := dim(range(P)). Since the rest of
the entries in D have to be 0’s, it follows that

trace(D) =m = dim(range(P)) = rank(P)
O
We next define what a trace function is.

Definition 2.29. Let 7: A — C, where A is some unital C*-algebra. Then we call 7 a
trace function if it has the following properties:

(1) 7 is linear

(2) For all ae A, 7(a*a) € [0,00), i.e. T is positive.

(3) For all a,be A, 7(ab) = 7(ba)

(4) (1) =1
Remark 2.30. 1t follows directly from the definitons that for two projections P, @ in a
C*-algebra, and for any trace 7, 7(P) = 7(Q) if P ~ Q.

We now define an actual trace on a matrix algebra.

Proposition 2.31. For A= (aij)1<ij<n, let
tr(A) = —trace(A Za”

Then tr is a trace function.

Proof. The linearity of ¢tr follows from the linearity of trace, and tr(I) =1 is also clear.
Also, we get that

1 1
tr(AB) = —trace(AB) = —trace(BA) = tr(BA)
n n
To show positivity, we multiply out and see that:

r(A*A) = Zazaz_
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where a; denotes the ith column of A, and a@;a; denotes the standard inner product of

a; with itself in C". This shows ¢r is indeed a trace function.
O

We note that one can easily see that again we have that for projections P and @),

rank(P) =rank(Q) if and only if tr(P) = tr(Q).

Proposition 2.32. Let P and Q) be projection matrices. Then P ~ Q if and only if
tr(P) = tr(Q), which is itself equivalent to rank(P) = rank(Q) Furthermore, tr(P) =
k/n for some 0 <k <n, which holds for any projection matriz in general.

Proof. Suppose P ~ (). Then there exists a partial isometry V such that VV* = P and
V*V = Q. Therefore,
tr(P) =tr(VV*) =tr(V*V) =tr(Q)

Now suppose tr(P) = tr(Q), and that P,Q € M,(C). Then it follows from the
definition that trace(Q) = trace(P) and so by lemma 2.28, rank(P) = rank(Q) =r.

Let P =UDU* and QQ = WCW?™* be the unitary diagonalization of P and ). Then
it follows that D and C' are diagonal matrices with r 1’s down the diagonal. Therefore
they can be written as

D= 2 ep@ypiy and  C'= 2 €Q()Q)

where we let {e;;}7,., = {{0idji}} 1 }7;-1 be simply the set of matrices with a 1 in
the (i,7)th entry, and 0’s otherwise and that 1 < P(i),Q(i) < n, and P(i) = P(j) or
Q(i) = Q(j) implies that i = j. We note that {e;;}};_; do indeed form a set of matrix
units.

Now define the matrix

V= Z; EP()Q(i)

Then since er; = €ji and (e;; + e )" = e+ ey for all 7 and j, it follows that

VV©= (Z; eP(i)Q(i))(Z; ePi)Qa))" = (Z; eP(HQ(i)) (Z; eQ(i)P@)) = Z; ep(iyp(iy = D
and
VIV o= (Z; €P<z>Q<i>)*(§ ePi)Qi)) = (Z; eQ(i)P(i))(Z; eP()Qe)) = 2; Qi) = C
Now let Y =UVW*. Then
YY" = (UVW*) (W) V*U*) = U(VVU* =UDU* = P
and
Y*Y = (W*)*VUUV(W*)) = W(VVIW* = WOW* = Q
Therefore P ~ Q. Also, it’s clear that tr(P) =tr(D) =r/n, 0 <r < n.
[l

We now prove a fundamental fact about matrix algebras which will be important in
the discussion of UHF algebras.

Lemma 2.33. The function tr: M,(C) - C is the unique trace on the algebra M, (C).
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Proof. By our previous lemma we have that ¢r is a trace function, so it remains to show
that ¢r is the unique trace function on M, (C).

Suppose that we have some other trace function 7 : M, (C) - C. By previous lemmas,
we know that all rank one projections are Murray-von Neumann equivalent and therefore
have equal traces. We then find that, since each e;; is a rank one projection,

L= () =7(}e) -

and so all rank one projections have trace 1/n, and more importantly, 7(e;) = 1/n for
all 7. Now we show 7(e;;) =0 for ¢ # j.
Note that we have that e; ey, = e;5, so for i # j,

'le(ez’i) =nt(ep) = 7(e11) =1/n

7(eij) = T(enei;) = T(eyjen) =7(0) =0
since 7 is linear. Therefore, 7(e;;) = 0 for ¢ # j. So we find that for A = i Nijeij €
(M, C), o

T(A) = 7( z”: Aijeij) = %g)\u =tr(A)

inj=1
so that 7(A) =tr(A) for all A e M,(C), completing the proof.
0
Proposition 2.34. For n,k € N, there exists a unital *~homomorphism ® : M, (C) —
My (C) if and only if n|k.

Proof. First suppose that we have a unital *~homomorphism & : M,,(C) - My(C). Then
consider the function 7(A) = tr(®(A)). We want to show it is a trace on M,,(C). For
A, BeM,(C),a,feC,

T(aA+ BB) =tr(a®(A) + fO(B)) = atr(®(A)) + Str(®(B)) = ar(A) + 57(B)
so 7 is linear. Furthermore we get that
7(1) =tr(®(1,)) =tr(lx) =1
and
T(AB) =tr(®(AB)) =tr(®(A)®(B)) =tr(®(B)P(A)) =tr(®(BA)) =7(BA)

Finally,
T(a*a) =tr(®(a*a)) = tr(®(a*)®(a)) = tr((®(a))*(®(a)) 20
so that 7 is a trace on M, (C). But by the previous lemma, ¢r is the unique trace on

M, (C), so it must be true that tr(a) = 7(a). Since *-homomorphisms send projections
to projections, if we consider a rank one projection g € M,,(C), we get that

I/n=tr(q) =tr(®(q)) =m/k =nm=Fk=nlk

Now suppose n|k, so that nm = k. Let {e;;}1<ijen, { fij }1<ij<x be matrix units for
M, (C) and M (C) respectively. Then let

®: M, (C) > My(C) take esj — 3" e(juniirni)
=1
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Our mapping ® could be thought of as mapping matrices in A € M, (C) to diagonal
matrices in M, (M, (C)) with the diagonal entries being the matrix A, i.e.

A0 ... 0
B A O:A: - 0
00 ... A

The linearity of ® follows immediately, as well as the fact that ®(I,) = I;. The
preservation of multiplication and the involution readily follow as well, showing & is as

desired.
O

We now would like to show an important property of all matrix algebra automor-
phisms.

Theorem 2.35. Every *-automorphism of M,,(C) is inner, i.e. if ®: M,,(C) - M, (C)
is a *-automorphism then there exists a unitary matriz U € M,(C) such that ®(A) =
U*AU for all Ae M,(C).

Proof. We give two proofs: one abstract and standard, one concrete and not previously
known to us.

Let ®: M,,(C) - M, (C) be a *-automorphism, so that we have M,, as a left module
over itself in two ways: under left multiplication and under left multiplication after ®.
Since both M,-modules are n?-dimensional complex vector spaces, there exists a vector
space isomorphism between them. The linear isomorphisms of C* are just conjugation
by units in M,,; furthermore, a unit thus producing ® must preserve the standard
Hermitian inner product to give rise to a *-automorphism, which requires that it be
unitary.

Now we will work with bare hands to clarify that this representation is not unique.

Take ® as above. Then ® sends each matrix unit e;; to another partial isometry with 1-
dimensional coimage and range, and in particular sends e; to a 1-dimensional projection.
With this fact, and noting that the images of the e; under ® remain orthogonal, we
may naturally define ¢ : C* - C" as a Hilbert space automorphism taking each basis
vector e; to ¢(e;) any unit-length element of the range of ®(e;;).

This gives ¢ as any of a family of unitary matrices parameterized by n unit-magnitude
complex numbers. We can reduce this underdetermination by requiring ®(e;;)(¢(e;)) =
©(e;). Since the image of the matrix units under ® observes ®(e;;)®(ex) = ;5P (ex),
this restriction is satisfied everywhere as soon as it holds that ®(e1;)(p(e;)) = ¢(e1) for
each j.

This has reduced ¢ to a unitary matrix with a single free parameter on the unit circle:
¢ :C" > C" v AU, |\ =1, since we have ratios between ¢(e;),¢(e;) but have not
fixed any one basis vector. By the construction of Uy = AU, Uxe;;U; (Uey) = 6;xUe;.
That is, the system of matrix units of M,, under conjugation by each U, acts on the
basis of C™ mapped under U in the same way as the matrix units under ® do, which is
enough to show & is represented by conjugation under U. U

Remark 2.36. The second proof above shows a bit more. Along the same line as the
underdetermined unitary it produced to represent ®, we can see directly that any unitary
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conjugation on M, acts only up to multiplication by an element of the unit circle: for
AeM,, (AU)ANU)* = \UANU* = UAU*. Thus the *-automorphism group of M,,(C)
is exactly the projective unitary group PU,, = U, [U;.

2.6. UHF and AF algebras.

Definition 2.37. A direct system is a set X with a preorder and pairwise upper bounds,
that is, a relation < that’s transitive and reflexive and such that for every x,y e X, x <z
and y < z for some z. One convenient interpretation takes X as a category and < as
its morphisms; if there’s at most one morphism between any two objects, then we need
only further require the upper bounds.

Definition 2.38. A categorical direct limit over the direct system X is an object L
equipped with morphisms ¢, from each x € X such that (1) whenever 1,, : x - y is a
morphism in X, ¢, 01, = ¢, and (2) L is initial with respect to this property: given
any other L’ satisfying (1), we have a unique map from L to L’ commuting with the
maps from X to each limit object.

Definition 2.39. Given a direct system S of C'* algebras and *-homomorphisms 45 :
A - B, the C*-direct limit is constructed as a quotient of the disjoint union of algebras
is S modulo a certain equivalence relation ~. We set a ~ b for a,b € ugA if a or b is
an image of the other under some homomorphism in S. Since S contains the identity
homomorphisms, it’s immediate that ~ gives an equivalence relation. The upper bound
property of S allows us to define convergent sequences in the direct limit L: given
ae€AeSbeBeS, |la-blL =]a-0lc, where both A and B map into C. Then the
completion of L as a C*-algebra is with respect to this norm.

Proposition 2.40. C*-direct limits are categorical direct limits, and from here on we
will refer to both as simply ”direct limits.”

Proof. Let L be the C*-direct limit of a direct system S. Since ~ specifically identifies
A e S with its images, it’s immediate that the maps ¢4 : A - L commute with the maps
of S. So we’ll check the universal property. Let L’ have maps 04 : A - L’ that commute
with maps in S.

We'll define a map u: L - L’ demonstrating L’s universality. For points of L in the
quotient of the original union, i.e., a € LN A, A € S, we simply set u(a) = #(a). For limits
of Cauchy sequences, s = limg s, set u(s) =limg@(s4). The limit exists since L’ is C*.
It’s immediate that for a € A€ S, upa(a) =04(a) and that limu(a) = u(lim(a)). Finally,
uppap(a) =upa(a) =04(a) =0y AB(a), so the diagram induced by u commutes. [

Definition 2.41. We say that a C*-algebra A is AF (approximately finite dimensional)
if it is the direct limit of a countable system of finite dimensional C*-algebras. In
particular, we call A UHF', for uniformly hyperfinite, if it the direct limit of a countable
system of full complex matrix algebras under their uniform norm.

The following two facts will make the classes AF' and UHF greatly more tractable
by making precise the objects which may be included in our direct systems and by
obtaining a very simple direct system representing each isomorphism class.

Theorem 2.42. Fvery finite dimensional C*-algebra B is isomorphic to a finite direct
sum over matrix algebras, i.e.
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B = ISPIMn(k)(C)

Theorem 2.43. In any category, let Ly be the direct limit of a direct system Sy and Lo
of the system Sy. Suppose further that Sy and Sy are both countable. Take enumerations
n N = Sy,ny: N = Sy, and suppose given for every i and some j,k > i x;; : nqy(i) -
n2(j) and wy : no(i) > ny(k). Then Ly % Ls.

Proof. Blindingly obvious to anyone who’s finished elementary school. 0

Corollary 2.44. Let A be an AF algebra. Then A is isomorphic to the direct limit of
any totally ordered direct system of algebras cofinal with the underlying direct system of
A.

Proof. Take some such cofinal system as S1, So the underlying direct system of A, n, any
enumeration of S, and define n; to agree with ny on S7 c S;. To make ny total, we can
add redundant copies of the elemnts of Sy so that for a,b € Sy if a = ny(k),b=ns(k+m)
and no other element of Sy occurs in between, ns(j) = a for each j € {k,k+1,....k,}.
Then the previous theorem applies. 0

This gives us a very nice characterization of isomorphism classes of U H F' algebras.

Definition 2.45. For {k,}, an increasing sequence of natural numbers, we define a
generalized integer by the formal product

k=TI pk(p)

p prime
where k(p) = sup{i : p’|k,, for some n e N} e Nu {co}
Given a UHF algebra A =1lim M, (C), the generalized integer of A is
KA = 1_[ pkA(p)

p prime

where ka(p) = k(p) with {k;} = {n;}.
An example is now in order.
Ezample 2.46. Let A = lim My.(C). Then we see that £ = 2, and that ka(p) = 0 for

primes p # 2. Tt also follows that only numbers of the form 27, for some n € N, have that
27|k 4. A is called the CAR algebra and is often denoted A = My~. Similarly we have
that Mgoo =lim Mgn(@)

Proposition 2.47. There exists a UHF' algebra with each generalized integer k.

Proof. The "greatest” generalized integer [],p> characterizes the universal UHF alge-
bra, which we may construct as the limit of the system

M2 - M@ g M12 g M36 g M180—>

The pattern here is the same as that used to enumerate N2: add a 2, then a 3, a 2, a
3,ab,a2 3,5, 7, and so on. Certainly this will give the universal UHF algebra in the
limit.

It’s apparent how we can use this construction for a ”smaller” generalized integer:
simply leave out stages of the above limit at a matrix algebra divisible by too high a
power of any prime, and divide the later dimensions by the prime that would have been
factored in. O
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Corollary 2.48. The isomorphism classes of UHF algebras are in one-to-one corre-
spondence with the generalized integers.

Proof. We have only to point out that each limit of a totally ordered sequence of matrix
algebras gives rise uniquely to a generalized integer. 0

Lemma 2.49. All UHF algebras have a unique trace.

Proof. Let A =1lim M, (C) be a UHF algebra. By lemma ?7?, each M, (C) has a unique

trace 1;. Furthermore, by definition of the UHF algebra , we see that 7; = 7,_; when
restircted to M, ,_,,(C). Therefore we can get a well-defined trace 7 on the dense subset
Uien My, (C) of A, where 7/ = 7; when restricted to M, (C). Since the trace function is
norm -continuous, it follows that 7/ extends uniquely to a trace 7 on all of A.

Now we prove uniqueness of 7. Suppose # is a trace function on A. Then it follows
that for all € N, 6 = 7; when restriced to M, (C) due to the uniquenes s of the trace on
each matrix algebra. Therefore,  agrees with 7 on a a dense subset of A, and again we
use that the trace function is norm continuous to see that # = 7 on all of A.

O

3. APPLICATIONS OF MODEL THEORY TO C*-ALGEBRAS

3.1. Types and stability. These few pages will deal with the stability of a few im-
portant formulas. The motivation and goal is to show that our matrix units formula is
indeed stable, and similarly we have the same is true about our direct sum matrix units
formula.

We note that we always quantify over balls of radius 1 so all elements in this section
will be assumed to have at most norm 1. We also note that given two n-tuples 7, in
some normed algebra, we use the convention that |z - g| = max lz; = i

It should also be noted that in a few of the proofs, the calculation of ¢ is omitted,
the meaning of this being clear from the context. The proofs were written so that
the calculation might be accessible to an interested reader. The importance of the §
calculation is not very high in the case of this paper.

The techniques in the proofs that follow will rely heavily on continuous functional
calculus and facts about partial isometries and projection.

We begin by showing that orthogonal projections are stable. We define the formula
p(p) = |p? —p| + ||p* — p| and note that it equals 0 if and only if p is a projection.

Proposition 3.1. Let A be a C*-algebra. Then orthogonal projections are stable, i.e.
Ve >0 35(€) = >0 such that if x € A, p(x) = ||x —x*| + |z — 22| <0, then Iq € A such
that p(q) =0 and |q-z| <e.

Proof. Fix € >0 and let § = min{(1/4)2, (¢/4)?}. Suppose we have that p(z) < 0.

First note that a = = € A is self-adjoint and [a - z| = (1/2)[2* - z| < 6/2 < €/2.
We want to show that [a? — al is small so that it will also be "close” to satisfying
the conditions of a projection. Then since it is self-adjoint we will be able to apply
continuous functional calculus to its spectrum to find a projection.

First, we get the following two inequalities:

3
lra - x| = (1/2)|2* + x2* - 22| < (1/2)(|2* - 2| + |zz* —2* + 2> - z) < 55
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Similarly, it is not hard to show |az — z| < 2. Now we get an estimate on [a? - al:

la*>-a| =|a®> -z +z-a| < |a®>-z|+§/2
< |la*-ax| + |ax - x| +§/2
< |la* - ax - xa +xa+ 2* - 2*| + 20
< (a-z)?| +36
< 6% +30 < 46.

Now, by the continuous function calculus, we have that f(¢) = ¢ is the continuous
functional representation of a on o(a), and so we get that
la* - af = [t* —t]o = sup [t* -] <45

teo(a)

so that |2 —t| < 49 for all t € o(a). From this inequality it follows that o(a) = range(f)n

[$-\/1-46,3+\/3-46]=02, and we note that § —\/1 -45 <2V/5 and L +/1 - 45>
1-2V/0.
Next, we bound f(¢) above and below. Since we are working in the unit ball of radius

1, the spectral radius of a must be less than or equal to 1, so that |[t| <1 V¢ e o(a). For
a lower bound, #? is non-negative for all £ € o(a), and so

t>12-45 > -2V/§

It now follows that o(a) c (=2v/8,2/6) u (1 -2v/6,1). Now let g be the continuous
function which maps the first interval to 0 and the second to 1. Let g = g(a) € C*(a) c A.
Since o(q) = {0,1} we have that ¢ is a projection. Furthermore since |a—q| = | f - ¢] o,

and ||g(t) - f(t)] <26 = €/2 for all t € o(a),
|z gl <lz-al+]a-ql<e/2+ef2=¢

completing the proof.
O

We next recall the following formula, which is meant to define a set of nxn matrix
units in our algebra
Vn(7) = | me - 1]+ Z |ijzn = Gpzal + Z wa ;|

1,5,k
We would hke to show psi,(z) =0 is a stable condition, and we will use a sequence

of lemmas to do so. First we will show that if we have a set in our unital C*-algebra of
elements which are nearly orthogonal projections, almost sum up to the identity, and
nearly multiply pairwise to 0, we can find an actual set of such elements that actually
have all of those properties. These are meant to satisty important properties of the
diagonal elements of a potential copy of a matrix algebra in our C*-algebra.

Lemma 3.2. Let A be a unital C*-algebra. Then let
T(T) = | 231931 =1+ ¥ |wix = by + 21 |z} = 4

2,5=1

Then 7,(z) =0 is stable.
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Proof. Fix € > 0,n € N. Suppose we have that 7,(a) < 0 for some a € A, and some ¢
which will be very small. First note that we have that

lax = ai]| + [ai - a¥] < 0

so by our previous lemma we have that there exists an orthogonal projection e; such
that ||e;—aq| < 0;. consider the subalgebra A; = (I-e1)A(I-e1) of A (a subalgebra since
it is a closed subspace and is closed under all *-polynomials), and note that all vectors
in it are orthogonal to e;. Furthemore, it has its own subalgebra "identity” I; = I —e;.

Now suppose we have found a set of {e;}™,, 1 < m < n -1, such that each e; is an
orthogonal projection, e;e; = eje; = 0 for i # j, and |e; — ;]| < 0; for all 4 < m. Assume
also that we have a set of {I;}™,, where I = [ —eyy, and I; = — ZZ; e;.

j=1

We then consider the subalgebra (a subalgebra since it is a closed subspace and is
closed under all *-polynomials) A,, = I,,,Al,, and note that all of its elements multiply
with each e; for i < m to 0. Consider y,,41 = I;nami1l,,. We want to show that 1,,,1 is
very close to a,,,1 and that it is also very close to being a projection. First we look at:

Hym+1 — Qm+1 ”

I(1 =) €))amer(I =) ;) = ama|
j=1 j=1

|<§lej>am+l<§lej> - (ilenamﬂ (D))

j=1

IA

IO e O lesamanl) + O lesamal) + O lamees])
7=1 =1 =1 =1
Note that, for 1 <i <n,

leiamst| = |€itme1 — Qi1 + aimer| < 20m,

and likewise we find that |a,,.1€;| < 2d,,. Therefore

12 eI leiamanl) + (X leiamal) + (2 lamneil) < 6m?dn,
j=1 i=1 i=1

i=1

Now we just need to show that v,,,1 is very close to being a projection. First for the
adjoint,

et = ] = 1T = 2 ) (@met = @3 ) =D €] < [t = @G| €5 < 61
j=1 j=1

And now to show it is nearly idempotent,



APPLICATIONS OF LOGIC TO OPERATOR ALGEBRAS 33

||ym+1 - y72n+l ”

(1 - i ) mer — s (1 - i e )amer (I - i el

m
||am+1 - am+1(I - Z ej)am+1||

<
7=1
m
< amar = Gy + A1 Y €|
j=1
<

(m+1)5+) 6 <6p(2m+1)
i=1

so that |Yme1 = V21 | + 1Ume1 = iy | € 0m(2m+ 1) + 8y, = 20, (m + 1).

Now, we can again find an orthogonal projection e,,,; with [e,11 — @ms1] < Iy, in
our subalgebra, by lemma 3.1. Since it is in the subalgebra I,, Al,, it will multiply with
e; to 0 on the left and right for i < m.

Using the induction we just proved above, we find a set {e;}?! of orthogonal projec-
tions such that |le; —a;| < d; for all ¢ and each multiplies with one another to 0 on the left

n—-1
and right. Let e, = I — Y e;. This will give an orthogonal projection which multiplies
i=1
on the left and right to 0 with each e; for ¢ < n, and gives that Y e; = I. Finally, we will
i=1
show it is very close to a,,.

n n-1 n—1 n n-1
lan—en = > ai-T+> ;=Y ai+1-> €] <6+ |a;— e <ndy
i=1 i=1 i-1 i=1 =1

One can see that each ¢; ultimately only was dependent on the original choice of 9,
which itself was only dependent on € and n, and also that J; < J; for ¢ < j. Although we
do not explicitly calculate § we just make it small enough so that, assuming € is also
very small, nd,_; < e, and then |a; - ¢;| < e should follow for all i. Now have the desired
set of ¢;’s.

O

We next define the formula v(v) = |(vv*) — (vv*)?|, which we note has that v(v) =0
if and only if v is a partial isometry.

Lemma 3.3. Let A be a C*-algebra. Then for all € >0 there exists a § >0 such that if
we have, for some a € A, v(a) = |(aa*)? —aa*| < 9§, then there exists a w € C*(a) such
that v(w) =0 and is a partial isometry, and has that |w—a| <e. We therefore also have
that the condition of being a partial isometry is stable.

Proof. Fix € > 0 and let 6 = min{(e/4)3/4,(1/4)8/4}. Suppose that we have, for some
aeA, |(aa*)?—aa*| <4, for some very small §. We want to show that we also get that
[lal? = lal| < (2v/8)!/2, where |a| = (aa*)1/2.

Since aa* is clearly self adjoint it satisfies the hypotheses of proposition 3.1, and so if
we apply continuous functional calculus to its spectrum, we find in the same way that

o(aa*) € [0,2V6] U1 -2V0,1]
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with the bound below being now 0 since aa* is positive and so can have only non-negative
spectral values.

Therefore, since o(aa*) c [0,00), g: o(aa*) - C which takes t —> \/t is a continuous,
real-valued function on the spectrum of aa*, and g(aa*) = |a|. So, we get that ||a|?*—|al| =

It =Vt = sup |t—+/1. Forte[l-2V6,1],

teo(aa*)
t= V1| = V-t <2V5
For t € [0,2V/4],
=Vt = Vi-t <V2V5 - 0= (2V6)'/?

So we get that ||a|? - |a|| < (2/6)2. Since |a| is also self-adjoint, we can now fully
apply proposition 3.1 and get a projection p such that ||ja| - p|| < €, since (2/6)Y2 =
min{(e/4)?, (1/4)%}.

Now we consider the polar decomposition of a = |ajv. We will find a partial isometry
w € C*(a) very close to a.

Our strategy will be to use continuous functional calculus. Because we need a normal
element to apply the theory, we will use |a| = (aa*)/2, and note that C*((aa*)'/?) c
C*(a). By the above argument, we have that

o(lal) ¢ [0,V6) u(1-46,1]

Let f:o(|a]) = C be such that f(t) =0 for ¢t € [0,v/6) and f(t) = 1/t for t € (1-6,1].
Then f is clearly continuous, and we see that since the functional representation of |a]
is simply ¢ so that f(|a|)|a| is a projection. Furthermore, it is not hard to see that

f(aplal = p.
Now, let w = pv. Then

w=pv = f(la])alv = f(la[)a € C*(a)
And w is a partial isometry because
ww = f(lal)aa” f(lal = f(la])lal* f(la]) = p* = p
which is a projection, and
(w'w)? = a” f(lal)*[al* f(la))*a = a* (pf (la])*)a = a* f(|a])*a = w*w

We see that pf(la|)? = f(|a])? follows from the fact that whenever t < 1/2, p =0 =
f(la])?, and when ¢ > 1/2, p =1, and so pf(|a])? = f(la|)?. So w € C*(a) and ww* and
w*w are both projections and therefore w is a partial isometry. It only remains to check
that it is very close to a.

la—wl = lalv - pv| < |la] - p| <€
completing the lemma. 0

Lemma 3.4. Suppose P and ) are projections in a unital C*-algebra. Then P — Q
is a projection if either PQ = Q or QP = @, i.e. if either range(P) € range(Q) or
range(Q) ¢ range(P).
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Proof. Suppose PQ) =Q. Then P=P -(Q + PQ, and so
P-Q+PQ=(P-Q+PQ)" =P -Q"+Q*P*= PQ=QP

Therefore

(P-Q)*=(P-PQ)*=P?-P*Q-PQP+(PQ)*=P-PQ-PQ+PQ=P-PQ=P-Q

Since P — @ is self-adjoint, we get that P — () is a projection. The case of QP = P is
similar.

O

Corollary 3.5. Let A be a unital C*-algebra. Then Ye >0 39 >0 such that if |a*a—1I|+
[(aa*)?-(aa*)| < 0 then there exists au e C*(a) such that |u*u—I|+|(uu*)?—(uu*)| =0
and |u —a| < €. This implies that the condition of being an isometry is stable.

Proof. Fix € >0, let § = min{(e/4)8/16,(1/4)8/16}. By lemma ?? we can find a partial
isometry u = f(Ja|])a € C*(a) (where f is the function defined in the previous lemma)
such that |u—-a| <e/4<eand |u-al <1/4.

We furthermore want to show that u*u = I We immediately see that (u*u)l = u*u, and
since u is a partial isometry, by the previous lemma we get that I —u*u is a projection.
With the help of the identity

u*a = (f(la)lalv)*a=v*lalf(|a])a = (lajv) v = a"u

we get, that
[u*u—1I| <||lu*u—-u*a+a*u-a*al|+1/4<3/4<1
Since the operator norm of any non-zero projection is always 1, it follows that I -u*u =
0 = u*u = I, completing the proof.

O

Theorem 3.6. Let A be a C*-algebra. Then for all € > 0 there exists a 6 >0 such that
is a € A is such that ¢,(a) < 0 then there exists an € € A with |a — €| < € such that

Pn(e) =0.

Proof. Fix € >0,n € N. In what follows we will use §’s and d,’s purely for helping to see
the steps and inferences within the inequalities. They are each only dependent on the
originial & which is itself only dependent on ¢ and n. We do not calculate 9, for it is
tedious and it is not our main motivation. We simply attempt to make it clear that so
long as we make o very very small, everything will work out nicely.

We first notice that the set {a;;}", satisfy the hypotheses of lemma 1.3, and so we
can find a set {e;}", of orthogonal projections who sum up to the identity, are very
close to their respective a;;, and have that e;e;; = 0 for i # j.

Next we need to find a set of e;;’s, i # j, close to the set of a;;'s, such that

n n
> leijen = dgneall + 3 lef; —esil =0
igiksl ij

To do so we will find a set of ey;’s, each of which is a partial isometry closely related
to ay; and have that €1:€15 = 0 for ¢ #]

We consider the subspace ej;Ae;;, and look at the element yy; = ejjae;. We will
show |y1; — a1;|| can be made very small:
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Hyu - alz‘” = “ellalieii - CluH H611Cm€n‘ — €110a1;A4 H + ”ellaliaii - alz‘”

IN

0 + |errariay — aryaiag| + [ariaag — anan| + |aan — ag
< 51+5i+25:5yi
Our goal is to now show that y;; is nearly a partial isometry. First we show that ay; is,
and then show that the same will be true of y1; due to how close they are to one another.

Clearly ay;aj; is self adjoint, so we need only to show that it is nearly idempotent.
First off, two inequalities relating ay; and aq1:

H(lliai} —an || = Haliaﬁ — a1 + a13041 — a1 H <2

[(aria1;)® = aty| =< [(auiaf; — an)?| + |anavai; - afi | + |aafan - afy | < 6% +46 < 56
and this gives us that

[(arial;)? - aai;| = | (auai,)? — a3, + a3, — a1y + a1y — ayal,| <56+ + 25 = 85

So ay; is approximately a partial isometry. We will now show the same with 5. We
again do this by beginning with two inequalities:

lyriys; — auial;| = |ywys; — aviyi; + anyy; — aval;]| < 20,

[(riyia)® = (aniais)? [ = 1 (iyia)® = avaliyniyii + anajyuyi; - (aniaiy)?| < 40y
Since 31,5, is self-adjoint, we will check it is almost idempotent:

| (rayin)? = il < 1(wuvis)? = (awiay)? + (anas;)? = aat; + avat; = yiyi; | < 86 + 66y,
So now yy; satisfies the hypotheses of the lemma 7?7, and so we can find a partial
isometry w; € C*(yy;) such that |w; —yy;|| < v; is very small.
Let ey; = w;. Then ey; is very close to ay;:
Heu — Q15 || = ||€u — Y1+ Y — au” < 5yi + %

Next we will use lemma 7?7 about when the difference of projections is itself a pro-

jection. In what follows, by fi(|y1;]) we are refering to the function used in lemma
29

We first show that ejqeq e, = eyef;, < range(ey;e};) € range(eqs):

range(eief;) = enel;A = [yl fi(lyn)) A
< (yuyi)'*A
= (6116111‘613611)1/2%1
= (e} enaaler)?A
= en(enayalen)?AcenA=range(er)

Next we get that: e;ej.e1; = eye];, < range(e;j.e1;) € range(e;):
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* % ok 2 * _ _
range(el;er;) = ejeni A =yt fi(lyl) v € i A =€ e A = range(ey;)

So now we have that e;; — ej;e];, and e; — ej,er; are projections. First note that
|a1;a]; — a11| can be made very small, and since |a1; — 11| and |ay;a3; — eyef;| can also
be made very small, we can get that |ej;e];, —e11]| < 1, so that ej;e]; = eq1. Likewise one
can show that e, e; = e;;.

Finally, we will show |e;; — a;1]| can be made very small:

lein —anl = [e1; - ai; + af; — an| < dei + 6
We now note that all partial isometries w are characterized by the equality w = ww*w,
so that
€1i€i; = €15€1;€1; = €1;
and
€11€1; = €1;€];€1; = €1;
Therefore we also get that, for k#4, j # 1,
eriekk = €1i(€eiierr) = €j5e12 = (ej;€11)e1; =0
When we look at e, we can now use that it is also a partial isometry and so
€1;€11 = €1;€1,€7; = €7;
and
€ii€1; = e1;€1:€7; = €y
Therefore again we see that for k # 1, j 41,
eliere = €1;(enren) = ej5et; = (ej;e11)el; =0

For ey; and ej;, these properties can be summarized by ey; € e;1Ae; and ef; € e;;Aeqy.
We also note that this implies that ejjej, = d;xe11, where here ¢;;, denotes the Kronecker
delta.

Now we can finally let e;; = ej.eq; for i > 2, j > 1 j #i. We then get the important
property that

eijer = ej;e1;61 61 = 0jxel;e11e1 = Ojkei €1 = Ojkei

with §;; again denoting the Kronecker delta. Since each e;; is defined to satisfy the
property e;; = ¢;;, we find that our entire set of ¢;;’s is as desired. Now we need to show
that e;; is very close to a;; for i,j >2 and ¢ # j.

leij —ai| = [elier; —efian; + efjar; — ay
< Oy + [ €fian; — afian; + aj;an; — ag|
< Oej + 0 + ;015 — anar; + ainarj — agj|
< Oej +0ei + 20

We again make note that all d,’s depend only on our original §, so we make § very

small, completing the proof.
OJ
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Next, we show the stability of the following formula. Suppose we are in a C*-algebra
A, and let 7 = (n(1),n(2),...,n(m)) e N* and z = (z(1), 73 ... (™)) € A" for some

m €N, where 7 = § n(i)%. The we define
i=1

m ) m (@)
Val®) = 2 oo (B0) + | 3, % ) - 1]
i= i=1 j=
where 0
e @) = 8 Joa) -]+ 8 ok - al)
h,j,k,l=1 h,j=1
Proposition 3.7. The condition V;(Z) =0 is stable, i.e. Ye >0 36(e) = >0 such that
ifae A", U(a) <6, then 3 € A" such that ¥;(€) =0 and |e-a| <e.

Proof. The proof is very similar to that of the previous theorem. We first begin by
considering the set of aj(z)’s and noticing that they satisfy the hypotheses of lemma 1.3.
So we get a set of orthogonal projections e;,.’s being pairwise orthogonal and summing
up to the identity.

To find the sets of 65-;278, j#k,1<i<m, we apply exact same method we used to

find off-diagonal elements in the previous proof. For a fixed i, consider the n(i)zn(7)

() ()

matrix with non-diagonal entries a; and diagonal entries e;.. Then we agam consider

y&) = eﬁ)a&) elgfk, and through the exact same inequalites ﬁnd that each y ) is very close

to each ag k) and is nearly a partial isometry. Applying lemma 1.4, we get a set of partial

() ()

isometries e, very close to a;; and again show, through the exact same steps, the the

el )’s satisfy all the desired propert1es If this is done for every 7, we are finished.

O
Corollary 3.8. Let A be a unital C*-algebra, and let

U (2) 1= Wa(®) + Y3(1 = af)])
i=1
Then the condition U (Z) =0 is stable.

Proof. Without loss of generality, assume 0 < € < 1/2, and suppose we have that \ifﬁ(&) <
d for a very small § < 1/2. Then by our previous proposition, we can choose a € € A
such that ||a —é| < e and has that ¥;(€) =0. We then find that for each 1 < <n, since
e <1, , , 4 4

1= el = max{1-[ef[,0} < 1= [ef? ] = [1=[aF [[+][a? | - eS|l < 1/2+[af? - ef] <
1/2+1/2=1

This implies that 1- He(z) | <1 Vi, and since the operator norm of any non-zero matrix

unit is 1, it follows that 1 - |e{?| = 0, and so ¥ (€) = 0.
U

We now show, for their own sake, that being a unitary is a stable condition.

Proposition 3.9. Let A be a unital C*-algebra. Then Ye > 0 30 > 0 such that if
laa* = I| +||a*a—I| <0 then there exists a u e C*(a) such that |uu* = I| + |u*u—1I| =
and ||u—a| < €. This implies that the condition of being a unitary operator is stable.
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Proof. Fix € >0 and let § = min{1/4, €}. Suppose we have an a € A such that |aa* - I| +
la*a -1 <.

Begin by noting that aa* is a normal operator, so we can apply continuous functional
calculus. If we let ¢t € C(o(aa*)) be the identity function representing aa*, then we have
that

[t =1 = sup |t-1]=]aa*-1I||<§
teo(aa*)

so o(aa*) c[1-4,1+4].

Now by polar decomposition, we have that a = |a|u, where |a| = (aa*)'/? and u is a
partial isometry. We will show u is a unitary operator close to a, and so our desired
element.

Since |a| is a normal operator, we can apply continuous functional calculus to its
spectrum. We first note that in the continuous function space on o(aa*),

llal = 11 = [Vt = 1] o sup [Vt -1

teo(aa*)
sup V-1V +1]
teo(aa*)
sup [t—1|=laa* -1|<§
teo(aa*)
so that o(Ja|) c [1 -9,1+0]. Let f:0(|a]) - C take t — 1/t so that f(|a|)|a| = .
Then we find that

IN

u=Tu= f(la)alu = f(lal)a € C*(a)

Furthermore,

|u—al = [1u-lafu] < [T -lal| <d =€
Now, we find quite easily that
uu* = f(lal)aa” f(lal) = f(la])laf* f(a]) = 1

Now we need to show that u*u = I. Note that we have the identity u*a = u*|aju = a*u.
First, we see that:

|u*u—a*al = |u'u-vua+au-a*al < |u*||u-al +|a*||u-al <2§

Therefore,

lwu—-1| =|uwu-a*a+a‘a-1I|<30.

Since u is a partial isometry, and u*ul = u*u, by lemma ??, I — u*u is a projection,
and since
I —uu| <36<3/4<1

u*u = I, completing the proof.

3.2. Matrix units as types.
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3.3. Finite dimensional C*-algebras as atomic models. We wish to show that the
C*-algebra of n x n matrices, M,,(C), is an atomic model. Given any type p realized by
a € Mn, let a = ()\ij)lgian with >\ij e C. We use
bn(T) = | D0 =+ Y wgr—dpral + Y [y -]
1<i<n 1<4,5,k,l<n 1<i,5<n

from before where 1,,(y) =0 <= ¢ are the matrix units of M,
Let

O0,(x)= 1nf |lz-> Ny
( ) onld)=0 H Z ]y]H

Since 1, is stable, we can quantify over it, thus 6, is a formula. We will show that
0,(x) = d(z,{z | z realizes p}).

Lemma 3.10. The zeroset of 8, s the equivalence class of a under unitary equivalence.
{z]0,(x) =0} = {z | Ju unitary z = uau*}

Proof. Recall that given A a C*-algebra, 37 € A ¢ (Z) = 0 implies that there exists unital
*-homomorphism F': M, — A where F'(e;;) = x;; where e;; are the standard matrix
units.

Letting A = M,,, F becomes a unital *-automorphism. Recall that all unital *-
automorphisms are of the form x ~ wxu* where w is unitary. Therefore, if £ € M,
satisfies ¢(Z) = 0, then there exists w unitary such that V1<i j<n x;; = ue; u*.
Thus, given b

Qa(b) =0 < 3z l/}(i’) =0 b= )\ijmij
<= b= \jue; u" = u\je;u’ = uau”
thus the zeroset of 6, is precisely the equivalence class of a. O

We can observe that the value of 6, is the distance from its zeroset since the zeroset
of 1, also respects unitary equivalence.

Lemma 3.11. Given any unitary u, given any type t, a realizes type t = wuau*
realizes t. More specifically, for all formula ¢, ¢(a) = p(uau*).

Proof. We will show that F'(x) := uzu* is an elementary equivalence, by induction on
the complexity of ¢, using

uwlu* =0
ulu* =uu* =1
uru* = (uru*)*
u(z +y)u* = uru* + uyu®
uryu” = uruuyu”
and since z — uru* is a bijection
sup P(x,y) = sup P(uzu*,y)
x x
igf P(x,y) = igf P(uzu*,y)
Finally, unitary equivalence preserves the operator norm

|z] = luzu]
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Therefore, M,, = F(M,), thus, for all ¢, ¢(a) = ¢(F(a)) = ¢(uau*). O
Proposition 3.12. M, is an atomic model.

Proof. Let p be a complete type realized in M,, by a, ie. p=tp(a). As shown by Lemma
3.10, 0, is a formula and 6,(y) = d(y, {x | Ju unitary x = uau*}). By Lemma 3.11, since
a realizes p and every uau* realizes p,

{z | Ju unitary = = uau*} ¢ {z | z realizes p}

To show that the sets are equal, consider any z that realizes p. Since p = tp(a), 0, € p,
thus z realizes p = 0,(x) =0 = Ju unitary =z =wuau* by Lemma 3.10. Therefore,

{z | Ju unitary z = vau*} = {x | x realizes p}

0.(y) = d(y,{x | Ju unitary = = uau*}) = d(y, {x | x realizes p}

Thus p is principal via 6,, and M,, is an atomic model. ([l

Now we consider finite dimensional C*-algebras, and we claim that they are also
atomic models. By the Wedderburn-Artin theorem, every finite dimensional C*-algebra
is isomorphic to a direct sum of finitely many full matrix algebras. Given finite dimen-
sional C*-algebra A, we can write

A=M, &M, ® ---&M,,

The following ¥4 defines "matrix units” of M,,, @ M,, & --- & M,,

k m¢
Ua(zh, 22,70 = | YN s - 1 + Uy (2h) + To(2?) + - + Wy (2F)
e=1i=1

with
\1]5(55) = Z Hxixil - 6jkx§l” + Z szﬁ] - (in)*H
1<i,j,k,l<ng¢ 1<i,5<n

Notice that W, is essentially the generalization of v,, defined above to direct sums of
full matrix algebras.

Consider any complete type p = tp(a) with a € M,,, & M,,, ® --- & M,,. Let a =<
()\llj)lgi,jgnl,(%\?j)lgidgnz,...,(A%)lsid‘g,nk >, We claim that the following formula ©,
shows that p is a definable type

@a(l'): mf ”.I’— Z Z )\ijein

P(e)=0 1<€<k 1<i,j<ng

where U4 is a formula based on U, that will be defined in the next few paragraphs.
Recall that we can quantify over the zeroset of a stable formula to produce a formula.
For simplicity sake, we will consider A = M,, @ M,,, then

n m
Va(z,g) = | D wa+ D ya— 1+ D, lwyow—dpaal+ Y, |z -l
=1 =1

1<i,j,k,l<n 1<i,5<n

+ > vy = Spyal + > v -yl

1<i,j,k,l<m 1<2,7<m
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Lemma 3.13. Given b,¢ € M, & M,, such that U 4(b, ¢) =0, a unital *-endomorphism
is induced by taking the standard matriz units in A to b and ¢

(€3, 0) —> by

(0,€45) — i
where e;; are the standard matriz units in M, and €;; are the standard matriz units Mpy,.
Ifb#0 and b %0 then F is a unital *-automorphism.

Proof. Clearly, F is a *~homomorphism because any element of M, & M,, has a unique
decomposition into matrix units, and by definition of Psi4 the behavior of sums, prod-
ucts and adjoints of the images of matrix units is the same as those of the matrix units.
F' is unital by definition of W4

F(1)=F(ey1+-+epp+eri+-+&mm) =F(enn)++ Flew) + F(e11) +++ F(emm)
= b1y +~~+bm+cn~~~+cmm =1
Thus F' is a unital *-endomorphism.

Suppose that @ # 0 and b # 0. The ideals of M,, & M,, are {(0,0)}, M,, ® M,,, M, ®{0}
and {0} & M,,. We know that the kernel of F' cannot be all of M, & M,, because
F({1,1)) =(1,1). On the other hand, b+ 0 = 3i,j F({e;;,0)) # b;j = the kernel
is not M, ® {0}. Similarly @ # 0 = the kernel is not {0} @ M,,. Therefore the kernel
can only be {(0,0)}. Thus F is injective, thus a unital *-automorphism. O

In order to force @, b to be nonzero, thus making F into a untial *-automorphism, we
will modify our matrix units formula ¥, to admit only nonzero z;; and y;;.

Note that Vi,j,k,l x;; =0 = x5 = 575 = 0, thus if we have x1; # 0, then
x;; # 0, therefore we only have to check x;; and y;; are nonzero.

Furthermore, notice that since e;; is a projection,

6112 =en=ey° = F(<€1170>2) = F((elho)) = F(<61170>*)
= F({e11,0))? = F({e11,0)) = F({e11,0))* = i, =211 = 77,
thus z1; is also a projection. This is also obvious from the definition of ¥ 4. Using the
C*-identity axiom
|z 21| = |z [z
= |z = |oul?
thus |11 is either 0 or 1. Therefore saying ||x1]| # 0 is the same as saying ||x11] = 1,
given W,4(z,7) = 0.
We can define a new formula ¥4 by modifying W,. Let
Ui (2,9) = Wa(z,9) + (1= |zu]) + (1= yu )
Therefore
@A(f,g) =0 <<= 11170 ypn #0 V4(Z,7) =0 < Z,y induces a unital *-automorphism

Thus consider any complete type p = tp({a, b)) in M, & M,, with a = (a;;)1<i jn € M,
and b= (b;j)1<ijem € My, (ai; and b;; are complex numbers)
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We will use the following formula to show that p is a principal type.
@(a,b)(x) = ll'lf Hl’— Z aijeij — Z bijéfin
Va(es 1<i,j<n 1<i,j<m
Note that O, is a formula because we can quantify over the zeroset of stable for-

mulas, and we can show that ] A is a stable formula from knowing that W4 is stable.
Also, from the format of O, it is clear that

®(a,b)(y) = d(y7 {I

T = Z a;j€;j + Z bije;; and ‘ilA(é, £) = 0})

1<i,j<n 1<i j<m

Lemma 3.14. The operator norm on M, ® M,, can be obtained from the operator norm
on each component

[{z, ) = max([l], [y])

Proof. Recall that by definition of the operator norm,

|z]op = min{c| [zu] < clu  VueC}

[yllop = min{c| |yv] < clo]  vVveC™}

[{z, y)lop = min{e | [(zu, yo)| < c|(u, v} V(u,v) e C* & C™}
Given any x € M, y € M, we assume without loss of generality that ||y > |y]op-
Consider
{{u,0) |[ue M,} cC"®C™
So
{e] {zu, 0) < cl(uw, 0} V(u,0) e C"@C™} 2 {c| [{zu, yv)| < c[{u,v)|  V¥{u,v) e C"&C™}
Recall that we are using the Euclidean norm, thus
[{w, )| = V]ul®+[v]* ¥({u,v)eC"a®C™

Thus, [[(u,0)| = [u| and [{zu,0)| = |zu, therefore

{elzul <clul vueC"} ={c| [(zu,0)] < c[(u,0)]  ¥(u,0)eC"®C™}
2 {c| [{zu,yv)| < cl(u, v} ¥{u,v) e C" @ C™}
Therefore,
min{c| |zu| <c|ul| VueC"} <min{c| |{zu,yv)| < c|{u,v)| V(u,v)eC*a&C™}
Thus,

[#llop < 1€, ¥} lop
Suppose |z|op < [|{Z,y)]op, then there exists (u,v) € C* @ C™ such that

[{zu, yo)| > |2]op | {u, v}
Thus,

Vizul? + lyol? > [z ]opy/ul? + o]
> /2l lul? + lylZ 0ol since []ap 2 [yl

>/ [ zu]? + [yv]? by definition of operator norm




44 K. CARLSON, E. CHEUNG, A. GERHARDT-BOURKE, L. MEZUMAN, AND A. SHERMAN

Which is a contradiction. Therefore

[#llop = 1€, ¥} lop

Lemma 3.15.

{a: r= Y ageg+ . byciy and Wu(e,E) = 0} = {x | realizes tp({a,b))}

1<ij<n 1<i,j<m
Proof. Suppose x € {x | T = Y1 jep Qij€ij + L1cijem bijei; and W4 (€,€) = 0}, then

3@,6 @A(@,B) =0and z = Z Q50645 + Z bijﬁij

1<ij<n 1<i,j<m
Recall the unital *-automorphism F' induced by taking the standard matrix units of
M, & M,, to &, in Lemma 3.13:

F:M,® M, — M, ®&M,,
(€ij; 0) — ay;

(0,€55) — Bij

Then
xTr = Z CLZ'jOéij + Z bijﬁij = Z aijF(<62‘j,0>) + Z bZ]F(<0,€U>)
1<i,j<n 1<i,j<m 1<i j<n 1<ij<m
=F( ), ayley;, 00+ Y b;5(0,655)) = F({a,b))
1<i,5<n 1<i,5<m

thus = = F'({a,b)). We will show that F'({a,b)) realizes tp({a,b)), or more generally,
given any formula ¢ and s we have ¢(F(s)) = ¢(s)
We will use induction on the complexity of ¢. Since F' is a unital *-automorphism,
the following are obvious:
F(0)=0
F(1)=1
F(s+t)=F(s)+F(t)
F(st) = F(s)F(t)
F(s*)=F(s)*
sup Q(F(s),t) = sup Q(s,t)

H;fQ(F(S)7ﬂ = ing(svf)

The only other property we have to look for is || F(s)|| = |s||. To show this, consider
again the ideals of of M, & M,, which are {(0,0)}, M, & M,,, M, ® {0} and {0} & M,,.
Because F' is onto, the image of ideals under F' are ideals. Clearly F'({(0,0)}) = {(0,0)}
and F(M, & M,,) = M, ® M,,.

By simply looking at the dimensions of M,, and M,,, we see that when n #+ m, F'(M, ®
{0})=M, & {0} and F({0} ® M,,) = {0} & M,,.

Therefore there exists unital *-automorphisms f : M,, - M,, and ¢ : M,,, - M,, such

that F'((s,t)) = (f(s),9(1))-
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When n = m, the only other possibility to consider is when F'(M, @ {0}) = {0} ® M,
and F({0} & M,) = M, & {0}. Therefore, either F((s,t)) = (f(s),g(t)) or F((s,t)) =
(9(t), f(s))

In both cases, recall that all unital *-automorphisms on full matrix algebras are inner,
i.e.
Ju, v unitary, such that f(z) =usu* g¢(y) = utu”

and recall that unitary equivalence preserves the operator norm, thus

[£(s) = Is] and |g(@)] =[]
Now, using Lemma 3.14 we know that in the case where F'({s,t)) = (f(s),g(t))

[E({s, e = 1/ (), g@N = max ([ £ ()], [g()]) = max([[s], [¢]) = [{s, )]
Similarly for F'({s,t)) = (g(t), f(s))
IE (s, e = [{g(®), f (s = max([g()[, [/ (s)]) = max([[£], [s]) = [{s. £}

Therefore,
[E(s)] = [s]
thus, given any formula ¢
O(F(s)) = ¢(s)
So we get
tp(z) = tp({a,b)) = x realizes tp(x)

Therefore,

e

Notice that the above method works for direct sums of more matrix algebras as well,
but the number of possible swaps is higher, but they all preserve the operator norm.
The other direction is easy:

Oap)({@,0)) =0 = Oy ({7,y)) = 0 € tp({a,b))

Therefore, given any =,

T= Y agey;+ Y. byeyand U 4(E,8) = O} ¢ {z | x realizes tp({a,b))}

1<i,j<n 1< j<m

x realizes tp({a,b)) == O () =0

T = Z Q;5€45 + Z bijgij and @A(é, 5_) = 0}

— r¢€ {x
1<i,j<n 1<i,j<m

Therefore, we have obtained inclusion in the other direction as well
{x

Theorem 3.16. Finite dimensional C*-algebras are atomic models.

r= Y age;+ Y. bye; and Ua(e,e) = O} ={z | z realizes tp({(a,b))}

1<i,5<n 1<i,j<m
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Proof. Consider any complete type p on finite dimensional C*-aglebra A. Recall that
Az M, &---&M,,, and again, we will consider A = M,, & M,, for simplicity of notation.
Since p is a complete type, p = tp((a, b)) for some a,b. Considering from before

O (r) = inf [z— Y age;— Y byeyl

aleg 1<ij<n 1< j<m

we noticed from the syntax of this formula that

Ot () = dy. {

By Lemma 3.15

x = Z ;€45 + Z bijgij and @A(é, E) = 0})

1<i,j<n 1<i j<m

Oapy(y) = d(y, {z | x realizes tp({a,b))})

Therefore, the formula ©,; witnesses that p = tp({a,b)) is a principal type. Thus,
by definition, A is an atomic model. O

3.4. Characterisation of UHF Algebras. We will now use the following formula to
proposition about UHF algebras:

n

n n
Un(@) = 2w = I+ 3 Nwigom = dmwall + ) | - il
1

i,9,k,l i,J

Note that 1,(€) = 0 if and only if € is a copy of a set of matrix units in M, (C). In
section 3.1 we show that 1), is stable, which we be assuming in what follows.

Lemma 3.17. Let A be a unital C*-algebra. Then for all § > 0,n € N there exists a
k>0 such that if we have @ and € such that ¥ (€) =0 and ||a - é| < K, then 7 (a) < 0.

Proof. Fix § >0 and let k = 557(6/3). We recall that

n

n n
Un(@) = | Y= I+ 3, laijan - dnaal + 3 [ai; - ajil
7

1,5,k,1 ,J
We will first look at each of the three summands.

n n n
”ZCL“—IH = ”Z(I“—ZGHH £n5£3n4/£

n n
Z lai; = ajil = Z lai; +ej; = eji — aji| < 20’k < 3n'k
A?j ‘7‘7‘

n n
Y Najam = djkaal < . aijam — aijen + agjew — eiiewm + dpen — djraq] < 3n's
il il

Therefore we get that

7

Un(@) = | 2 ai =11+ Y laizan = djpaal + 3 [aj; - ajil <3(3n"0) <3(6/3) =0

i,5,k,1 (2]
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The following is a very important lemma we will use when we repeatedly when we
characterize UHF algebras. We say that, for subsets B and C' of a normed space A,
Bec CifforallaeA, Ii)an la-0b| <e.

€

Lemma 3.18. Let A be a unital C*-algebra with unital subalgebra B of A such that
B = M,(C) for some neN. Let &= {e;}};.; c B be such that ¥;}(€) = 0. Furthermore,
suppose that for every § > 0 there exists an N(0) € N such that C(5) = My (C) is a
unital subalgebra of A such that € S5 C(0). Then there exists k > 0 such that there is
af = {fij}i 1 € C(k) which has that VA(f) = 0. Furthermore we then get a unital
*-homomorphism ¢ : B - C(k) = n|N(k).

Proof. Fix some € > 1, and let 6 = d(e,n) where 0 has that if a € D, where D is a unital
subalgebra of A, and 1»4(a) < §, then there exists a f € D such that ¥2(f) = 0. We know
such a ¢ exists by the stability of ¢,(Z) = 0. Now let k = k(0,n) be as in the last proof,
so that if |[e—a| < k = ¥,(a) < 0. Then let N(x) € N be such that C(x) 2 My(,)(C)
is a unital subalgebra of A such that € ¢, C(x). Then there exists a a € C' such that
|a—el| < k= 1A(a) <. Therefore, a satisfies the hypotheses of the proof of the stability
of matrix units, so we can find f = {fij}ij-1 € C(x) such that YA(f) =0. We can then
set up a unital *~homomorphism ¢ : B - C'(k) in the obvious way, by sending matrix
units € in B to matrix units f in C(k).

U

Proposition 3.19. Let A be a UHF algebra with generalized integer k4, and define the
following sentence:
Hn = inf2 77brz(f)

TeA™
lizll<1

Then 2 =0 if and only if n|ka.

Proof. Without loss of generality, we let A = Uy M, (C). Then due to the stability
of ¥, (Z) = 0, we have that if u; = 0, there exists a set € = {e;;};.; which is a copy
of matrix units for My(C) in our UHF algebra A. If € ¢ Usey My, (C), then let N =
max {n; : e;; € M,,(C)}. Using the unital *-homorphisms from the UHF algebra, we

1<i,j<n
can then get that € ¢ My (C). Since the composition of unital *~homomorphisms is a
unital *~homomorphism, we then get such a map from M (C) into My (C) which implies
EIN = k|k 4.

Now suppose that we have that, for some i and j, e;; ¢ Ujeny My, (C). Then we have
that for every § >0 and e;;, there exists an I5(ij) € N such that for some a € M;,;;(C),
lei; —al < 9. Let N(§) = lg}z]a,zcn{l(;(ij)}. Then it follows that e €5 My ;) (C). Since §

was arbitrary, we see that our C*-algebra A satisfies the hypotheses lemma 3.18, and so
there exists a k> 0 such that k|N(k) = k|ka.

For the converse, suppose we have n € N such that n|k4. Then it follows from theorem
2.34 that there exists a unital *~homomorphism ® : M, (C) - A. We immediately see
that if € is a set of matrix units from M, (C), then ¢(®(e)) =0 = pi = 0. O

Lemma 3.20. Let A and B be UHF algebras. Then A= B if and ony if k4 = kp.
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Proof. Suppose that x4 # kp. Then let p be a prime such that p*|k4 but p* | K. Then
by proposition 3.19, ,u;‘k =0+ ,ugc = A# B= A% B, proving the contrapositive of our
first direction.

Now suppose that k4 = kp and let A = li_r)n A; and B = li_n} B;, where B; = My (C)

and A; = M,;(C) for all i. Then we have that n(1)|k(i) for some i, and then we
have that k(i)[n(j) for some j, and if we continue on as such inductively, we see that
we can pass the sequences {n(i)} and {k(i)} off to subsequences {a(i)} and {b(i)}
respectively such that a(i)|b(i) and b(i)|a(i + 1) for all i € N. We can then use the
theorem from matrix algebras as well as the definition of UHF algebras to get sets of
unital *-homomorphisms {¢; : My (C) = My (C)} and {¢ : My (C) = Myi1)(C)}
along with the direct limit maps for A and B respectively such that every triangle in
the following diagram commutes:

Al( Ag( Ag( A4( > A
(0 (0 (G

N /5 /b L

Bl( BQ( Bg( B4( > B

We note that for all ¢ > 1, ¢; = ¢;_1 when restricted to A;_;, and v¥; = ;1 when
restricted to B;_;. This allows us to define the well-defined maps ® and ¥ on A’ =u, A,
and B’ = U, B, respectively, where for a € A,, ®(a) = ¢,(a), and likewise for W. This
gives us that ® and ¥ can both be extended to all of A and B respectively,, and that
they are furthermore each unital *~homomorphism.

We now want to show they must also be inverses, i.e. PoW =Wod =], and we will
do this by showing they agree on their dense subsets A’ and B’ respectively, which is
sufficient.

Choose an arbitrary a € A’, so that a € A;. Then by the commutativity of the above
diagram, we get that (Vo ®)a = U(p;(a)) = (o ¢;)(a) =a. So ¥od =T and likewise
we can find that ® o ¥ = so that ® and ¥ are *-isomorphisms implying that A =~ B.

OJ

Theorem 3.21. Let A and B be unital, separable UHF algebras. Then A = B if and
only if A= B.

Proof. It A~ B, then A= B.

Now suppose A = B. By lemma 3.19, p4 = 0 if and only if n|k, and pZ = 0 if and
only if n|kpg. But pf = puB for all n € N, so if p is any prime, pi|r 4 if and only if pi|kp,
and so we get that k4 = kp. By lemma 3.20, this implies that A 2 B.

O

We now define another class of C*-algebras, which will turn out to be very closely
related to UHF algebras.

Definition 3.22. Let A be a C*-algebra. Then we say that A is Locally Matricial, or
LM, if for all € >0 and every finite subset F' of A, there exists a natural number n and
a *-homomorphism @ : M, (C) - A such that F c. ®(M,(C)).

The following is a important theorem:
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Theorem 3.23. Let A be a unital, separable C*-algebra. Then A is UHF if and only if
A is LM.

Proof. If A is UHF, then A begin LM follows immediately.

Now suppose A is LM, and denote a countable dense subset of A by {ax}. Then
we have that for some €; > 0 there exists an n(1) € N and a *-homomorphism @ :
M,,1y(C) - A such that {a@)} = {a1} S, P(Mp1)(C)). This also implies that there
is a unital copy of M,1)(C) in A. We let A; = &1(M,,1)(C)).

We now continue inductively, supposing that we have sets A, As,..., A, € A and
unital *-homomorphisms ¢;; : A; > A;, with 1 <4 < j <m such that each Ay, is isomorphic
to full matrix algebra M, (k)(C). Also, we suppose we have a decreasing sequence of
epsilons, {€1,€,..., €y, } such that €; < ¢;_1/2¢, and a set of {ax(;)}i", where k(i) < k(j) for
i < j. We then check if there exists an 0 <€/, ,; < €,/2(™*1) such that {axmy1} Ee | An.
If such an €, ., does not exist, we do the same for ay(m)+2, @r(m)+3, ... until we find an
Ak(m+1) = Qr(m)+i SUCh that {agms1)} ¢ Ar. If such an element of {a;} does not exist,
it follows that {ax} Cc A, for all € >0, and we let A, = A, for all m >n, and ¢;; = ida,,
for all 7,5 > n.

Otherwise, we consider E,, = {@m(eij)}zginl) c A, where {eij}zgfbl) is a set of matrix
units in M, () (C). Since A is LM, we see then that it satisfies the hypotheses of lemma
3.18 again with n = n(m) and E,, = €, and so there exists a £,,,1 > 0 and a unital
subalgebra A1 = C(Kmi1) € A, with {agm1)} Cer . Apmia, such that there is a unital
*~homomorphism ¢, (m+1) @ Am = Ams1 2 Mym+1)(C). Let €1 = min{e), 1, Kms1}-

By the principle of mathematical induction, the above construction gives us a direct
system (A,, ¢;;). We let B be the norm closure of the direct limit of the system, i.e.

B={JA4,

Since we clearly have that B ¢ A, we want to show that the countable dense subset
{ar} c B, and the since B is closed A = B will follow. Consider ay, the kth element of
our countable dense subset. By the construction of our epsilons, it follows that we can
find a sequence {z,} c B, with |ax-z,| < 1/2" for all n € C. Therefore lim lax -z, =0,

and since it is not hard to check that {z,} is Cauchy, we get that a; = lim x,, € B and

n—00

so {ax} c B= A= B. Since B is UHF, we get that A is UHF, completing the proof.
O

We now will construct a set of types tgfjl) such that an algebra A will be UHF if and

only if A omits all types tg). Let 9, (Z) = | ¥ ws— 1] + ‘ %l |zijzm = Opwal + X ||:13Z*J — i
i 0,5k, i.j

be the previously used formula which gives that 4(e) = 0 if and only if A contains a

unital copy of M, (C) in it. Then we define the formula

Anp(@) = inf  max{d(ar, D AGDey) d(as, Y2 A 2)en), - d(an, Y Ah)ei;)}

_ 2 2,7=1 2,5=1 i,j=1
XeChn

PAOISH

where h,n € N and a € A". If we have that, for some € >0 and a € A" that A, ,(a) > €,

it follows that either no unital copy of M, (C) in A e-includes the h-tuple a, or there
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doesn’t exist a unital copy of M,(C) in A, and so the infimum over the empty set was
infinite. We now use this formula to define the types to be omitted:

U
For every € > 0, n € N, define the type tih) by

) = {An (@) 2 e :neN}

Theorem 3.24. A unital, separable C*-algebra A omits all types t zf and only if A
1s UHF.

Proof. If A is UHF, then by theorem 3.23, A is LM, and so it immediately follows that
A omits all types ti%).

Suppose A omits all types tg), and let F' =a e A" be an arbitrary finite subset of A.
Then Ve > 0 a does not realize the type t. 5. This impies that there exists ann e N;e e A"
such that ¢;!(e) = 0 and the span of € in A e-includes F. Let {fj;}7,., be matrix units
in M,(C). Then we let ®: M, (C) - A take f;; — e;;. We see immediately that this is
a unital *~homomorphism, which means all the conditions of A being LM are satisfied,
and so A must be UHF.

O

We now provide a counterexample to the class of elementary equivalences of UHF
algebras being closed.

Proposition 3.25. Let My~ be the CAR algebra as previously described. Then there
exists a unital separable C*-algebra A such that A = My~ but A is not UHF.

Proof. Consider the 1-type t( ) for some € > 0. It’s not hard to see that t( 1) is consistent,
so by the compactness theorem there exists an ultrafilter D such that for some a €
(M2=)P, a realizes t§,1)-

Let F' = {a,I(r1yp} Then by the Downward Lowenheim-Skolem Theorem, we can
find a elementary substructure A < (My~)P such that F'c A and A is separable. Fur-
thermore, A = (Mae)P = My~. Since a € A realizes tg 1), it does not omit all types tgl),
and so by theorem 3.24, A is not UHF. 7

OJ

3.5. Characterisation of AF Algebras. We first show that AF algebras have an
analogue for locally matricially in the case of UHF algebras, and then use it in a similar
way to show it omits a certain set of types.

Definition 3.26. A C*-algebra A is locally finite, or LF, if for all € > 0 and for every
finite ' c A, there exists a finite dimensional subalgebra B of A such that F' c. B.

Remark 3.27. Since we have that every finite dimensional C*-algebra is isomorphic
to a direct sum over matrix algebras, the above definition could be restated as fol-
lows: A C*-algebra A is LF, if for all € > 0 and for every finite F' ¢ A, there ex-
ists a n = (n(l),...,n(m)) € N™ for some m € N and a unital *-homomorphism

¢ : @2 M,;)(C) - A such that that F' . ®(Di2; M,,;y(C)).
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We now recall the following formula, which, when set equal to 0, states that there is
a unital copy of @i M,;)(C) in our C*-algebra.

m n(i)

V5 (7) = Zson(>(f€”)+|\22$ -1

=1 j=1

where
n(i)

n(i)
en@@D) = Y laa —dpail |+ X lag) -2l
hoj. ke l=1 h,j=1
It should be clear that all unital, separable AF algebras are also LF algebras. We
now seek to show the converse. The proof is very similar to the steps to show that LM
algebras are UHF. We outline the lemmas needed and leave it to the reader to fill in the
details.

Lemma 3.28. Let A be a unital C*-algebra. Then for all 6 > 0,1 € N™ for some m € N,
there exists a k > 0 such that if we have @ and € such that W2 (e) =0 and |a - e| < k,
then W (a) < 4.

Proof. Proceed in the same manner as for v, in lemma 3.17. U

Lemma 3.29. Let A be a unital C*-algebra with um’tal subalgebra B of A such that B =
B2 M, iy(C) for somen e N meN. Lete= {e ¥ 'V lciem  © B be such that WA(&) = 0.

1<j,k<n (i)
Furthermore, suppose that for every § > 0 there exists an N(8) = (ns(1),...,ns(ms)) €
Nms such that C(0) = @;5 M, ;)(C) is a unital subalgebm of A such that e cs C(9).

Then there exists kK > 0 such that there is a f = { )} 1<iem € C(Kk) which has that

1<7,k<n(3)

WA(f) =0. Furthermore we then get a unital *-homomorphism ¢ : B — C(k).

Proof. Again, the proof is very similar to lemma 3.18. The unital *~homomorphism
results from sending direct sum matrix units to direct sum matrix units.

O

Theorem 3.30. Let A be a unital, separable C*-algebra. Then A is LF if and only if
A is AF.

Proof. Again, if A is AF, being LF follows almost immediately.

The proof of the converse is the same as in theorem 3.23. One again must be careful
to get a countable dense subset of A in an inductively constructed direct limit of finite
dimensional C*-algebras. O

We now move on to constructing a set of types whose omission in C*-algberas will
allow us to characterize AF algebras. The main formula of our eventual type is as
follows, given a a € A" andn € N™ for some m € N from the type:

7
Ox(a) = 1(nf max{d(a, Z A o Tig)s - d(an, Z )\Zka:%)}
)\e(Ch" bk ok

[Asl<1
The above formula, when set with the condition, say, that ©5(a) > €, says that there

is some 7,1 <7 < k, such that copy of % M, (C) in A does not e-include a;.
i=0
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Furthermore, we note that if, for some n € N, there does not exist = € A" such that
U (Z) =0, the infinum over the empty set will be oo > €, so the condition will be satisfied

by any a, i.e. the non-existent copy of @ M, (C) will not e-include any elements from
i=0

A.
Now that we have defined the above condition, we can define the principal type to be

omitted. Let € >0,n € N. Then we define the type tgfl) as follows:

752?1) ={0; (a) > e:neN™ for some meN, ae A"}

Theorem 3.31. Let A be a unital, separable C*-algebra. Then A is AF if and only if
A omits all types téf}).

Proof. If A is AF, then by our previous theorem it is also LF which clearly implies it
omits all types tﬁf,‘). Now suppose A omits all types tﬁj;‘). Let F' =a € A™ for some
m € N, and let € > 0. Then since a does not realize the type tgfg, there exists a set of
direct sum matrix units which e-include F'. We immediately see then that A is LF, and

so by our last theorem it is also AF, completing the proof.
O
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