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Abstract

This project report presents conditions on a compact Hausdorff space X for proving
Th(C(X)) does not have quantifier elimination in the language of metric structures for C*-

algebras. We show that this condition

holds in a large class of spaces. In an independent

result, it is shown that the class of Hilbert bimodules with a fixed left action are axiomati-
zable when the underlying vector space and right algebra are considered as sorts.

Contents

I Tnfroductionl

[2

Continuous logic|

2.1 Metric structures and languages|
2.2 Terms and formulas . ... ..

2.3 Interpretation of formulas| . . .

2.4 Model theory| . . . . . . . . .

3.2 Axiomatizability] . . . . . .. ..

[4  Quantifier elimination for C*-algebras|
[o Open Questions|

6 Comments and Acknowledgments|
[Referenced

1

Introduction

4.1 The theory of C(2V) . . . . . . . o
4.2 'The theory of Peak Spaces|. . . . . . . .. ... .. .. oo oo
A3 Other spaces| . . . . . . . e

T W NN

[erINeN

11
11
12
16

18

18

19

In this project report, we outline two applications of model theory to the study of C*-algebras.
Model theory is a branch of mathematical logic which allows us to study structures in the setting
of first-order logic; in this report we focus a framework for continuous first-order logic, known



as the model theory for metric structures. By applying methods and concepts from continuous
model theory, we can solve problems in the theory of operator algebras.

In the first section of this report we outline basic definitions and ideas from continuous model
theory, following the treatment given in [BY]. We then introduce the first problem considered
during the summer project, which involves proving that the class of Hilbert bimodules with a
fixed left action is an axiomatizable class in the sense of model theory. We then describe the
second problem, in which we determine a partial list of Abelian C*-algebras whose theories do
not admit elimination of quantifiers. We also show in Corollary that there is essentially only
one Abelian C*-algebra of real rank zero whose theory admits quantifier elimination; this follows
from a result of Eagle and Vignati (see [EagVig]) which says that if two C*-algebras have real
rank zero and both have no isolated points, then their complete theories are equal. We conclude
with a short list of open problems.

2 Continuous logic

2.1 Metric structures and languages
Let (M, d) be a complete, bounded metric space.

Definition 2.1. A predicate on M is a uniformly continuous function from M™ into a closed,
bounded interval in R, where n is a positive integer. A function on M is a uniformly continuous
function from M™ into M, where n is a positive integer. The positive integer n is called the arity
of a predicate or function.

Definition 2.2. A metric structure M based on (M,d) is a family of predicates (R; : i € I)
of predicates on M, a family of functions (Fj; : j € J) on M, and a family (ax : k € K) of
distinguished elements of M. We denote a metric structure as

M= (M,R;,Fj,a;):i€l,je JkekK).
Definition 2.3. A signature or language L consists of:

e a collection of predicate symbols (P; : i € I), together with an integer a(F;) for each
1 € I to be interpreted as the arity of a predicate. Furthermore, for each predicate symbol
P;, L specifies a closed, bounded interval Ip, in R (to be interpreted as the range of the
predicate) and a modulus of uniform continuity Ap, (to be interpreted as the modulus of
uniform continuity of a predicate);

e a collection of function symbols (f; : j € J), together with an integer a(f;) for each j € J
to be interpreted as the arity of a function. Furthermore, for each function symbol f;, £
specifies a modulus of uniform continuity Ay, (to be interpreted as the modulus of uniform
continuity of a function);

e a collection of constant symbols (¢ : k € K); and

e a non-negative real number D/, to be interpreted as a bound on the diameter of the
underlying metric space (M, d) of a metric structure M.

Given a language £ and a metric structure M such that the predicate symbols, function sym-
bols and constant symbols of £ correspond exactly to the predicates, functions and distinguished
elements which make up M, we say that M is an L-structure. In this situation, we say that
each function symbol, predicate symbol and constant symbol is interpreted in M; we write P



for the interpretation of the predicate symbol P in M, f™ for the interpretation of the function
symbol f in M, and ¢M for the interpretation of the constant symbol ¢ in M. We also sometimes
denote the metric d associated to M by d™ in order to distinguish between interpretations of d
in different metric structures.

Without loss of generality, we will always assume that a language L satifies D, = 1 and
Ip =[0,1] C R for every predicate symbol P € L.

Definition 2.4. Let £ be a language and let M and N be L-structures. An embedding from
M into N is a metric space isometry

o (M,dM) — (N,dV)
which satisfies the following;:

e Whenever f € L is an n-ary function symbol and a4, ...,a, € M, we have
P(o(ar),... 0(an)) = o(fM(ar, ... an)).
e Whenever P € L is an n-ary predicate symbol and a4, ...,a, € M, we have

PN(o(a1),...,0(an)) = PM(ay, ... an).

e Whenever ¢ € L is a constant symbol, we have

N =a(M).

In this case we say that o preserves or commutes with the interpretations of the function symbols,
predicate symbols and constant symbols of £. An isomorphism between M and N is a surjective
embedding from M into N. If there exists an isomorphism between M and N, we say that M
and N are isomorphic and we write M = N.

An L-structure M is a substructure of another L-structure N if M C N and the inclusion
map i : M < N is an embedding of M into N. In this case we write M C N.

2.2 Terms and formulas

In this section we develop the syntax of continuous first-order logic. To this end, fix a language
L for metric structures.

Definition 2.5. The atomic formulas of L are defined inductively as follows:

e The symbols of L include the predicate symbols, function symbols and constant symbols
in L; these are referred to as the non-logical symbols of £. The remaining symbols are the
logical symbols of £, which consist of:

— A symbol d for the underlying metric space of a metric structure L.

— An infinite set V, of variables.

— A symbol for each continuous function u : [0,1]™ — [0, 1] of finitely many variables n,
where n is a positive integer (these are referred to as the connectives of L.

— The symbols sup and inf, which can be thought of as quantifiers. (In the setting
of continous logic, sup acts as a universal quantifier while inf acts (roughly) as an
existential quantifier.)



e The terms of L are defined inductively: Each variable and constant symbol is an L-term.
Given n L-terms t1,...,t, and an n-ary function symbol f in £, f(t1,...,t,) is an L-term.

e The atomic formulas of L are all expressions of the form P(ty,...,t,) where P is an n-ary
predicate symbol in £ and tq,...,t, are L-terms. Expressions of the form d(¢;,t2) for
L-terms t1,ts are also atomic formulas. (Note that this is somewhat redundant since we
could view the metric symbol d as a binary predicate symbol if we so choose.)

Definition 2.6. The class of formulas of L is the smallest class of expressions in £ satisfying
the following;:

e All atomic formulas of £ are L-formauls.

e Let w: [0,1]™ — [0,1] be a continuous function (i.e. u is a connective) and let ¢1,..., ¢,
be L-formulas. Then u(y1, ..., p,) is an L-formula.

o If ¢ is an L-formula and z is a variable, then sup, ¢ and inf, ¢ are L-formulas.

Given an L-formula ¢, we say that an occurrence of a variable = is bound if z lies within a
subformula of ¢ of the form sup, ¢ or inf; . If no occurrences of the variable z are bound,
we say that x is free. (By a subformula of ¢ we mean any L-formula used in the inductive
construction of ¢; this corresponds exactly to the notion of subformula in the usual first-order
setting.) An L-sentence is an L-formula which contains no free variables.

Given a term t or a formula ¢ in £, we write ¢(x1,...,2,) and p(z1,...,2,), respectively,
to indicate that the free variables occurring in the term or the formula are among the distinct
variables x1,...,Ty.

Definition 2.7. An L-formula is quantifier-free if it is formed inductively from atomic formulas
without using the symbols sup and inf.

2.3 Interpretation of formulas

Now we will develop the semantics of continuous logic. First, let M be an L-structure with
underlying metric space (M,d™), and let A C M. We extend £ to a new language L£(A) by
adding a collection of constants {c(a) : a € A} to L. Each new constant symbol ¢(a) is interpreted
in M as itself (i.e. c(a)™) = a). We often write a instead of c(a) for the constant symbol in
L(A) to be interpreted as a € A.

Now consider the language L£(M) obtained by naming all elements m of M as constant
symbols. Given an L(M)-term t(z1,...,zy,) we can define the interpretation of ¢ in M as usual
(so that ¢ is a function +™ : M™ — M. We can now define the semantics of continuous first-order
logic.

Definition 2.8. Let ¢ be a sentence in the language L£(M). The wvalue of ¢ in M is a real
number in the interval [0,1] denoted by ¢, defined by induction as follows. (Note that all
terms in the following defiinition are terms in which no variables occur.)

o (d(t1,t2))™M = dM (M, t)1) for any L(M)-terms ty,ts.
e For any n-ary predicate symbol P of £ and any L£(M)-terms t1,...,t,,

(P(ty,...,tn))M = PM@M, . tM).



e For any L(M)-sentences 91, ...,%, and any continuous function w : [0,1]" — [0, 1],
(@, ..., P ))M = u(@M, .. ).
e For any L(M)-formula 1(z),

(sup (¢(2))M = sup {¢(a)™ : a € M}

T

where the supremum is taken in the interval [0, 1].

e For any L(M)-formula v (z),

(inf (¢ (x))™ = inf {y(a)™ : a € M}

x

where the infimum is taken in the interval [0, 1].

Definition 2.9. Let p(z1,...,2,) be an L(M)-formula. We let o™ denote the function M™ —
[0, 1] defined by
pMlar,. . an) = (olar, .. an))™

where aq,...,a, are in M. Two formulas ¢(x1,...,z,) and ¥(x1,...,x,) in a language L are
logically equivalent if
oM(ay,. .. a,) =v(a1,. .., an)

for every L-structure M and every n-tuple of elements a1,...,a, € M.

Definition 2.10. Let ¢(21,...,z,) be an L-formula. An L-condition E is a formal expression
of the form ¢(x1,...,2,) = 0. We say that the L-condition E is closed if ¢ is an L-sentence.
We write E(x1,...,z,) to indicate that E has the form ¢(x1,...,x,) = 0.

Suppose E is the £(M)-condition p(z1,...,z,) = 0 and let a1,...,a, € M. We say E is
true of ay,...,a, in M, and write M |= Elay, ..., a,), if ¢ (a1,...,a,) = 0. If E; and E, are
the L-conditions ¢1(x1,...,z,) =0 and a(z1,...,x,) = 0, respectively, we say that E; and Es
are logically equivalent if

M |:E1[a1,...,an] lff./\/l |:E2[a1,...,a"}

holds for every L-structure M and every n-tuple of elements aq,...,a, € M.

2.4 Model theory

We now briefly describe some basic model-theoretic notions. Fix a language £ for metric struc-
tures.

Definition 2.11. An L-theory T is a set of closed L-conditions. If T is an L-theory and M is
an L-structure, we say that M is a model of T, and write M =T, if M | E for every condition
E in T. We write Mod,(T) for the class of all L-structures that are models of T' (or we write
Mod(T) if the language is clear from context).

Let M be an L-structure. The theory of M, denoted Th(M), is the set of all closed L-
conditions true in M. If an L-theory T is of the form Th(M) for some L-structure M, then we
say that T is complete. Hence we sometimes refer to Th(M) as the complete theory of M.

Let T be an L-theory and let E be a closed L£-condition. We say E is a logical consequence
of T, and write T |= E, if M = E holds for every model M = T.



Definition 2.12. Let M and N be L-structures. We say that M and N are elementarily
equivalent, and write M = N, if M = oV for every L-sentence ¢. Note that two L-structures
are elementarily equivalent if and only if their complete theories are equal.

If M C N (where (M,d™) and (N,d") are the underlying metric spaces of M and N,
respectively), we say that M is an elementary substructure of N'; and write M < N, if whenever
o(x1,...,xy,) is an L-formula and a4, ...,a, € M, we have
M

eMay, ..., ap) :@N(al,...,an).

When this holds, we also say that N is an elementary extension of M.
A function F : M — N is an elementary embedding of M into N if whenever p(z1,...,x,)
is an L-formula and aq,...,a, € M, we have

May, ... an) = ¢V (F(ay), ..., F(an)).

Note that, when M C N, M is an elementary substructure of A/ if and only if the inclusion map
i: M — N is elementary, in the sense described above.

¥

3 Axiomatization of Hilbert bimodules

3.1 Hilbert bimodules

In this section we define Hilbert bimodules, which are C*-algebraic objects susceptible to attack
by model-theoretic techniques. First we give a few preliminary definitions.

Definition 3.1. Let X be a vector space and let B be a C*-algebra. A B-valued positive
sesquilinear form on X is a map (-,-) : X x X — B such that (-,-) is linear in the second
component, conjugate linear in the first component, and (z,z) > 0 for all x € X. If furthermore
x € X, (z,x) implies x = 0, then we call (-, ) a B-valued inner product on X.

Note that if (-,-) is a B-valued positive sesquilinear form on X, then for all z,y € X we have
(x,y)* = (y,z). This fact follows from the polarization identity, which says

3
1 ) ‘
(w,y) = 3 D iMw +ity,a+i'y)
k=0

for all z,y € X.

Proposition 3.1. [PS] Let X be a vector space, B a C*-algebra, and (-,-) a B-valued inner
product on X. Define ||z||x = /||{z,z)||s. Then ||-||x is a norm on X.

Definition 3.2. Let X be a vector space, B a C*-algebra, and (-,-) a B-valued inner product
on X. If X is complete with respect to the norm defined in Proposition 2.1, then we say that X
is a Hilbert *B-space.

Example 3.1. Let X = B be a C*-algebra and define a map (-,-) : B x B — B by setting
(A,B) = A*B for A,B € B. One can then check that (-,-) is a B-valued inner product, and
that the B is complete with respect to the norm given by ||A||ls = v/|[(4, A)||s. Thus B is a
Hilbert ‘B-space.

Definition 3.3. Let H be a Hilbert B-space. If there exists a linear map p : B — L(H) (where
L(H) denotes the set of linear maps on H) such that p is anti-multiplicative (i.e. such that
plab) = p(b)p(a) for all a,b € B) and such that (h, p(b)g) = (h,g)b for all b € B, g,h € H, then
‘H is called a right Hilbert B-module.



Example 3.2. Consider the Hilbert B-space X in Example 2.1 and define a map p : B — L(H)
by setting p(B)(A) = AB for all A € X,B € B. One can easily check that p satifies the
requirements in Definition 2.3, so that the collection (#, (-, ), p) forms a right Hilbert B-module
under the action of p. (We will abuse notation and simply write #H for the triple (#, (-,-), p) in
the case that we have a right Hilbert module.)

The following result gives us a version of the Cauchy-Schwarz inequality for right Hilbert
modules.

Proposition 3.2. [PS] Let H be a right Hilbert B-module for some C*-algebra B. For all
z,y € H we have [|(z,y)[|s < ||||7/lylls

We would now like to consider linear maps on a Hilbert B-space H which act as adjoints in
the usual C*-algebraic sense.

Definition 3.4. Let H be a Hilbert *B-space. A linear map T : H — H is adjointable if there
is a linear operator T* such that (x,Ty) = (T*xz,y) for all z,y € H. We denote the set of all
adjointable linear maps on H by B, (H).

Note that not all linear maps have an adjoint; indeed, consider the following

Example 3.3. Let H = A ® C([0,1]), where 2 is the *-subalgebra of C([0,1]) which consists of
all functions which vanish at 0. Define (-,-) : H x H — C([0,1]) by

((f1,91); (f2,92)) = fif2 + G192
and define p : C([0,1]) — L(H) by

p(h)(f,g) = (fh, gh).

One can check that H is a right Hilbert C([0,1])-module. Now define a linear, continuous map
T:H—Hby T(f,g) = (0, f) (one can check that this map is indeed linear and continuous).

Claim. The linear map T is not adjointable.

Proof. Suppose for a contradiction that T is adjointable. Let (g1, g2) = T*(0, 1), so in particular
g1 € A. Then, given any f € 2, we see that

g1f = (T7(0,1),(f,0)) = {(0,1), T(£,0)) = ((0,1), (0, f)) = f.

So g1f = f and hence g;(x) =1 for all z in(0,1]. But g € 2 and so ¢g(0) = 0, and so we have a
contradiction (since g is continuous). Thus T cannot have an adjoint. O

We are now ready to define the object of interest for this section.

Definition 3.5. Let 2, B be C*-algebras and let H be a right Hilbert B-module. If there is a
*-homomorphism A : 2 — B, (), then we call H a Hilbert A-B-bimodule. (If 2 and B are clear
from context we will usually refer to H simply as a Hilbert bimodule.)

Notice that a right Hilbert B-module H can be viewed as a Hilbert C-8-bimodule, where
the action of C on H is simply scalar multiplication by complex numbers.

Example 3.4. Let H be the right Hilbert %B-module given in Example 2.2. Given A € B,
define A(A)B = AB. Then A : 8 — B,(#) is a unital *-homomorphism, and so H is a Hilbert
2A-B-bimodule.



3.2 Axiomatizability

Definition 3.6. Let € be a class of L-structures. We say that the class € is axiomatizable if
there exists a theory T such that ¥ = Modz(T). In this case, we say that T is a set of azioms
for € in L, or that T is an axiomatization of the class €.

We are interested in axiomatizing the class € of Hilbert A-8B-bimodules for a fixed C*-algebra
2 and a varying C*-algebra 8. We prove that € is axiomatizable by constructing an equivalence
of categories between the classes ¥ and Mod(T') for some continuous theory T'. Explicitly, we
want to determine a theory T (in an appropriate language £) such that the following hold:

e For every A € ¥ there is a model M of T' determined up to isomorphism.
e For every model M of T there is some A € € such that M = M(A).

e For any A, B € ¥, we can find a bijection between Hom(A, B) and Hom(M(A), M(B))
(where Hom(X,Y") denotes the class of morphisms f: X — Y).

The language and axioms presented here will follow the notation given by P. Skoufranis [PS].
We fix a unital C*-algebra 20 and assume all C*-algebras B will be unital. The language Ly for
Hilbert -8 modules is the following data:

1. Sorts (H,,d?) and (B,,,d?) representing the closed balls of radius n for # and B respec-
tively along with injections (2 : H, — H,, and 12 : B, — B, for each n < mﬂ;

2. the symbols +4, +5,%," s, —x, —5, 0, On, and 1y for the appropriate sorts;

3. a right action
pHXB —>H

for each appropriate sort;
4. a B-inner product
() HXH—DB;
5. unary functions representing the action of each element of 2 on H, denoted by p, : H — H
for each a € %,

6. unary functions representing scalar multiplication of each element of C on B, denoted by
A, B — B for each z € C; and

7. unary functions representing scalar multiplication of each element of C on H, denoted by
A, i H — H for each z € C.

The axioms are then as follows. We use the shorthand a = b to mean d(a, b) = 0 and suppress
‘= at the end of Lg-conditions as appropriate.

1. The C*-algebra axioms for B [axioms 1 - 10 of [FHS13]];
2. the axioms of a C-vector space for H [axiom 1 of [FHSI3]|];

3. the axioms stating that the injections ¢, behave as embeddings;

I'We take the shorthand f: S — S to mean that dom(f) = S and ran(f) = S.



4. the axioms setting p as the appropriate right ring action on H, i.e.,

1 sup,ey SUDg bes p(z,a+b) = p(z,a) + p(z,b),
il Supm,yé?—[ SUDgeB p(d) +y, CL) = p(x, a) + p(ya a)7
iii sup,cqy SUP, pes P(7, ab) = p(p(z,a),b), and
iv p(z,1) = z;
5. the axioms defining (-,-) as a B inner product E|, that is:

i sup, , .e SUDgem (z,ya + 2z) = (z,y)a + (x, z),
11 Supx,yE’H<x7y> = <y7$>*7
ili sup,eqy infoen(z, ) = y*y, and

iv sup, , e (T, A2y) = z(z,y) for every z € C;

6. the axiom making sure the metric d” is indeed the norm, i.e.,

sup d” (z,9)* = |[(x — y,z — y)|» ;
xEH

where || - ||s = dB(-,0)
7. the axioms for the left action u, on H, i.e.,
1 sup,ey HalbpT = fab,
il supyey Mza® = Ao,
i Supgeqy Hal + T = fatbZ,

v sup, ey fa(T +Y) = flaT + Hay,
V SUP ey H1T = x, and

Vi sup, ,ew (@, ftay) = (fta=2,y)

for all @ and b in %A, and z € C; and finally the axioms
8. sup,ep, ||| ~ 1 and

9. SUPzcH, infyGHl min(l = ||x‘|7'lvd£1(l’7 L{i(y))),
where || - ||z means d(-,0), to make sure that the injection maps and the sorts behave
appropriately.

We set T' to be the theory containing the above axioms.

Proposition 3.3. The class of Hilbert bimodules over unital C*-algebras with fized left action
and varying right action is axiomatized by the theory T.

2For clarity, we remove p from the action.



Proof. Take % to be the class of all Hilbert -2 bimodules for 2 a fixed unital C*-algebra and
B a unital C*-algebra. The pair (#,B) denotes the underlying Hilbert space H and the right
action B for an element in € F] We then define

M : € — Mod(T)

H, ={xeH:|lz||y <n},
:(H,B) = ¢ B, ={z €B:|lz|]ls <n}, and
the symbols interpreted in the given way.

We wish to show that M is an equivalence of categories. We know that M is a well-defined map
by the way we have constructed T. As well, for any 1 := (H1,B1) and 9 := (Ha,Bs) in €, if

H1 — Ho

is a homomorphism, then defining

M($1) 23 M($12) by
reXxn M, o(z) € X2

where X € {H, B}, we have a bijection

Hom($H1, H2) 5 Hom(M ($1), M(H2)) .

Therefore, to get an equivalence of categories, it suffices to show that, given any M € Mod(T),
there is an §) € € such that M($) = M.
As the ¢ are injective maps, by taking isomorphisms, we may assume that

e X!
for all n < m and X € {H, B}. Let us set

H = U HM and

n<w

%::UBéM

n<w
and we take operations H and B as given by the direct limit. Define §) := (H,B).
Claim. M () = M.
To see the isomorphism holds, we define
L: M — M(9)
e HM —»reH
beBM—be®s

3If this proof was put into more detail, we should consider the tuple

(Hv B, <'» '>Hu'7p)

where 1 and p denote the left and right actions respectively, but this would create clutter for no gain in under-
standing.

10



By the construction of the direct limit, ¢ is an embedding. It remains to show that ¢ is surjective.
By the axiom

sup inf min(1 = ||x\|%,df(w,Lﬁ(y))) ,
xeH, yEH;

we have that, for all n € N,
H)' = {z € H:|[[alls < n}
and, by the fact that we have the C*-algebra axioms, we know
BM ={xe®B:||ofla <n}.
This tells us that
L M) = M.

Therefore, we have that M is an equivalence of categories. O

4 Quantifier elimination for C*-algebras

4.1 The theory of C(2V)

Definition 4.1. Let £ be a language and T be an L-theory. An L-formula ¢(z1,...,z,) is
approximable in T by quantifier-free formulas if for every € > 0 there is a quantifier-free L-
formula (x4, ..., 2,) such that
leM(ay, ... an) — ™ (a1,...,a,)] < €
for every model M |= T and all n-tuples aq,...,a, € M.
An L-theory T admits quantifier elimination if every L-formula is approximable in T by
quantifier-free formulas.

Recall that a space X is a Cantor space if it is homeomorphic to the Cantor set. Note that
the Cantor space (which we write as 2V) is a zero-dimensional compact Hausdorff space; also
note that it has no isolated points.

Proposition 4.1. The theory of C(2Y) admits elimination of quantifiers.

Sketch of the proof. The set of projections in C(2Y) is definable. Moreover, in the case of the
Cantor space any f € C(2V) such that f = f* (i.e. any self-adjoint element of C(2V)) is
approximable by functions with finite spectrum.

This tells us C(2Y) is separable with a dense set definable in the language of C*-algebras.

If there is an isomorphism between substructures of C'(2Y) and any other Abelian C*-algebra
A which satisfies same theory, then a ‘big’ subset of projections from C(2") should be mapped
in A by the isomorphism, hence we can extend that isomorphism to an embedding.

By Proposition 13.5 in [BY] this implies that Th(C(2")) admits quantifier elimination. [

Notice that Proposition implies that the theory of C'(2V) is the only theory of a real rank
zero Abelian C*-algebra which admits quantifier elimination.

11



4.2 The theory of Peak Spaces
4.2.1 Notation and Definitions

Note: Any time the word function is used we mean a continuous function.

Definition 4.2. We say that a function f : U — [0,00) on a compact Hausdorff space U is a
peak function provided

e sp(f) = [0,1], and
o the set {x € U: f(x) > 1— 1} is connected.
We say that a space U has the peaking property if C(U) has a peak function.
Example 4.1. Notice the pyramid function
pn: [—1,1]" — [0, 1]
:t = min(p(ty) ..., p(tn))
has the peaking property for
p:[—1,1] = [0,1]

14+t t<0

t— .
1—¢t, t>0

We set the function

() = infmax(llo = (F°f + g°9)[l. Wg"gll = 1L WLl = 2117 fa7gl)

to characterize the property that a function = may be split into two orthogonal positive functions
of norm one.
4.2.2 Peak Functions Properties in C(U)

Suppose U is a compact Hausdorff space and o : U — C a peak function.

In this section we will prove ¢(a)¢() £ 0 (where ¢ is as above).

Roughly speaking what we are trying to say is that a cannot be approximated by the sum
of two orthogonal positive functions.

Define the function v as follows

U(f,g,0) = max{|[f + g — ol [If] =1 [llgll = LI, [ fgll}
Let f,g:U — [0,00) be positive functions of norm 1 and fix
1
A::{IGU:a(z)>175}.

We are interested in following result.

Proposition 4.2.

1
d)(fagaa) 2 TO
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We will suppose the claim is false and prove a few claims to reach a contradiction. Following
claims in this section will suppose n = 10.

Claim. Ifz,y € U satisfies f(x) > 1 — % and g(y) > 1 — 7% then x,y € A.

n

Proof. We will prove it for x and it follows similarly for y.
We know |f(z) + g(z) — a(z)| < L. Hence f(z) + g(z) — 1 < a(x).
Since f(z) >1—+ and g(z) >0, f(z) + g(z) > 1 - L.
Therefore 1 — 24 < a(z). By definition, this means z € A. O

Small Claim. There exists x,y € U such that f(z),g(y) >1— L.

Proof. This is true since we are assuming ¥ (f, g, a) < = and that implies || f|| > 1 — %; the same
holds for g. O

Proposition 4.3. Ify(f,g,&) < 1 then there is a z € A such that f(z) = g(z).

Proof. We are still working with 1 < 1. Given this we know g(z)f(z) < % for all 2,y € U. If
f(@),9(y) > 1= 3 then

o) (1- 1) < g(elf(o) < 1
o) — g(a) <

1 1

glx) < (1+ g(a:))ﬁ < 3;

This induces the following inequalities

1 1
mM<3E<1—5<mw
1 1
fw) <3E <1*ﬁ < f(x).

As we remember, the definition of a peak function implies A is connected, then function
h = f — g satisfies h(z) > 0 > h(y). Since z,y € A and A connected there is a z € A such that
h(z) =0. O

Here is a contradictory result. We are still assuming % = 1—10.

Proposition 4.4. If ¥(f,g,a) < % then there is no z € A such that f(z) = g(z).

Proof. Suppose there is one. Then z € A implies a(z) > 1 — 21,
It follows directly that

2f(z) = 2¢9(z)
= f(2)+

> az) —

11
>1-92-— =
n n
1
=1-3—.
n

z)

SENSNSSN
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Hence

(1—-31)3
1(2)9(2) > ——
since
¢(fvgva) < E imphes f(z)g(z) < =

and so

1 (1-31)

n 4

We have a contradiction and we can conclude z does not exist. O

Now with enough material we come back to prove Proposition |4.2

Proof of Proposition[{.4 . Suppose ¢(f,g,a) < %0’ then Propositions and hold but they
induce a contradiction. O

Corollary 4.1.

1
cU) >
() > 10 > 0.

Proof. Directly from Proposition [£.2] O

4.2.3 Volcano Functions C(U)

In this section we construct a new function given a peak function in C(U) and make two new
ones such that they are orthogonal.

The idea is send the ‘peak’ of the original function to 0 but preserving the spectrum and use
compactness properties of U as well. To illustrate how is this construction think as follows. If
we do this to a function in R?2 — R in which its graph is a cone, the new function looks like a
volcano.

We should the normalize these functions and make them orthogonal. To do that we take the
‘maximum point where graphs intersects’ and send it to 0.

Proposition 4.5. Given a: U — C, a peak function, we construct a new function 8 : U — C
which satisfies

max{[[8 — (81 + B2)I|, [[[Bll = 1|, [[1B2]| = 1|, [|8182[[} = 0
for positive functions f1 and By and such that sp(8) = [0, 1].
Proof. Fix a point xg € U such that a(zg) < 1. Define

v:U—=C
cx = 1= 2]a(z) — alzg)]

14



Consider the set {# € U : a(x) = v(x)}. This set is finite since a(z) = v(x) = t when
t =1—2|t — a(xg)|. Therefore, it has a maximum 6. The value § < 1 since the peak p is not in
{z € U:a(x) =v(x)}. Consider

b1 = ——(a—=0) and

52:179(1);9)7

where © ~ y := max{x — y,0}. We see that ||81|| = 1 = ||52]| since both « and v are in [0, 1],
and attains a maximum at 1. By definition, these functions are positive. Now,

Small Claim. The product $1(z)B2(x) =0 for allz € U.

Proof of subclaim. Take any x € U. Assume that §1(z)82(z) > 0 to derive a contradiction. In
this case, we must conclude (o =~ 0)(z) = a(z) — 0 > 0 and (v = 0)(z) = v(z) — 6 > 0. Then

0 < (afz) — 0)(v(x) — 0 = a(z)v(x) — 0(alz) +v(x)) + 6% .
Therefore, the discriminant of this quadratic in 6(z) must be negative. Hence
(a(z) +v(z))? — dafz)v(z) < 0
a(x)? = 2a(x)v(z) + v(z)* < 0
(a(x) —v(z))* <0
However, by a(z) > 6, a — v # 0. Therefore, we have a contradiction.

We take 8 := 81 4+ B2 to get the proof of the claim. O

4.2.4 Quantifier Elimination in Th(C(U))

Proposition 4.6. If U is a compact Hausdorff space with a peak function o : U — [0,00) then
C(U) does not admit quantifier elimination.

Proof. By Corollary ()W) £ 0. By proposition there is a 8 : U — [0,00) with
sp(B) = [0,1] = sp(a) such that ¢(3)¢WY) = 0. Since sp(a) = sp(fB), if C(U) has quantifier
elimination, then by the spectral theorem, we would get ¢(a)¢ V) = ¢(8)¢(V) — a contradiction.

O

With this, we have the following result:

Corollary 4.2. Let X be a compact Hausdorff space with an embedding ¥ : U — X on a compact
U with a peak function o : U — C such that U(U)° # @ and the set U({x € U : a(z) > 0}) is
open. Then C(X) does not admit quantifier elimination.

Proof. Tt suffices to show that the function
a:X —[0,00)

. a(T(z)), zeY)
'xH{o, ze X\ W)
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is a peak function. By the gluing lemma, it suffices to show that, given a point x € ¥(U)\ ¥(U)°,
aV~1(z) = 0. Suppose not. Notice first that the set

Vi={zeU:a(z) >0}
is open. Therefore, ¥ (V) C ¥(U) is an open neighbourhood of x. Therefore x € ¥(U)° —a
contradiction. Furthermore, [0,1] = ran(a) = ran(@). Finally,
1 1
{xeX:d(x)>173}:{x€X:a(\P*1(m))>173}
1
=W({x€U:a(x)>1—g}).

By the intermediate value theorem this set is connected. Therefore, by proposition Th(C(X))
does not admit quantifier elimination. O
4.2.5 Examples for spaces U without quantifier elimination

We see that since n-manifolds may embed an n-cube in the manner proposed in the proposition
that

Corollary 4.3. Given any n-manifold M, Th(C(M)) does not have quantifier elimination.
In fact, proposition [£.6] tells us

Corollary 4.4. Continuous functions on CW-complexes, simplicial complezes, and the Hawaiian
earring does not admit quantifier elimination.

4.3 Other spaces

Proposition 4.7. Let X be a compact Hausdorff space with an isolated point xg. Then Th(C(X))
does not eliminate quantifiers.

Proof. Let p := x4,. We have the following facts:
1. (p,p,0) and (p,0,0) are projections with the same spectrum on the space C'(X)3.
2. Two projections on C'(X)? can add to (p, p,0), namely (p,0,0) and (0, p,0).

Therefore we can consider

_ . _ * * i
H(z1, 22, 23) = ahaz,;gghb%bs kgllgfg{l\xk (apak + bybr)ll,

s [lazas|[} =1, [ max{[[biba], [[b3b2]], [[b30s][} — 1]}

| max{[[atas]], ||azaz]

If we have quantifier elimination, we expect ¢(p,0,0) = &(p,p,0) by the spectral theorem. We
see ¢(p,p,0) = 0.

Claim. ¢(p,0,0) # 0.
Proof. Suppose to derive a contradiction that ¢(p,0,0) = 0. Then, for all N € N, let al¥ and b}
be positive functions with o’V = (a¥¥, al’, ) and bV = (b, b5, b5") of norms
1
lla] = 1] < - and

1
PV -1l < =
(|67 ] I_N
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such that

1
el +8)) —0ll < 1 1)
for k = 2,3 and
N | iN 1
(a3 +b7) —pll < — - (2)
N

Notice inequality [1] tells us that

lim a) = lim b)Y =0
N—o00 N—00

for k = 2,3. We now pick any z € X \ {z¢}. Then inequality [2] tells us

1

o (@) + 0 ()] < 1

and we can conclude limpy_, o a{v () = limy 00 b{v () = 0. On the point xo, we can say

1
|a¥($0)+'b¥($0)—'1\f§jg

Hence

i ay (o) + by (wo) = 1. (3)

This tells us [|a’V|| < max{1/N,ad (z0)}, ||bV|| < max{1/N,b}(z0)}. As |[aV]|| - 1| < 1/N
and |||by]| — 1| < 1/N, limy oo ad¥ (z0) = limy_o0 b (z9) = 1. By equation 3| this is a
contradiction. O

As ¢(p,p,0) = 0, we have a contradiction by the spectral theorem. O

Corollary 4.5. (Improvement to [EagVig]) Given a compact Hausdorff space X with dim(X) =
0, Th(C(X)) admits quantifier elimination if and only if X has no isolated points.

Proof. There are two cases. If X has no isolated points, then [EagVig] states that Th(C(X))
admits quantifier elimination. Otherwise, by proposition Th(C(X)) does not admit quantifier
elimination. O

Remark. Notice that when we have a unital C*-algebra A and a := (a1,...,a,) € A", that
sp(a) = Uy—1 sp(ax).

Proposition 4.8. Given a unital Abelian C*-algebra A, the theory Th(Mz(A)) does not admit

quantifier elimination.
1 _ 10 10 . 9
0 },O)andb-({o 1],{0 1})1nMn(A).

By the previous remark, sp(a) = sp(b). Now, we consider

o o

Proof. Consider the elements a =

¢ (2,9) = sup max {[|(zFrzGr — 2GreF)ll, |y FyyGy — yGyyFy)isll}
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where x,y,F', and G are treated as 2 x 2 matrices. Interpreted in a C*-algebra B, this asserts
that the space (z,y)B?(z,y) is Abelian. Notice that the space aMz(A)?a is Abelian since the
second component just drops Ms(A) down to zero and the first component creates a projection of
M>(A) onto the first component. However, in bMa(A)%2b = My (A), since Ma(A) is not Abelian,
bM>5(A)?b is not Abelian. Hence ¢(a)M2(4) #£ ¢(b)M2(4) | By the spectral theorem, this shows us
Th(M3(A)) does not have quantifier elimination. O

Corollary 4.6. Given a unital Abelian C*-algebra A, the theory Th (U, oy Mn(A)) does not
admit quantifier elimination.

Proof. Use ¢(z,y) as in proposition The same result still holds replacing Ms(A) with
Unen Mn(A). O

Proposition 4.9. Let A be a unital Abelian C*-algebra. Then the theory of Th(M,(A)) does
not admit quantifier elimination for all n > 3.

Proof. Fix n € N such that n > 3. Let p(z) be the formula

sup  (||zax zbr — xbx zazx||).
a,be My (A)

Since n > 3, we can find matrices p, ¢ in M,,(A), where

1 0 --- 0 1 0 0

00 --- 0 0 1 0
p=1. . and ¢ =

00 --- 0 00 --- 0

Note that pM,,(A)p =2 M;(A) = A, since pMp is only non-zero on (pMp);; for all M € M, (A).
Similarly, ¢M,,(A)g = M>(A). Hence we see that ¢(p) = 0 since pM,,(A)p is an Abelian C*-
algebra, while the non-commutativity of ¢M,,(A)q implies p(q) > 0. Thus Th(M,,(A)) cannot
have quantifier elimination. O

5 Open Questions

We have classified a large number of Abelian C*-algebras. Nevertheless, two big questions remain.

e Are there any spaces other than the Cantor space such that its continuous functions admit
quantifier elimination?

e Are there any non-abelian C*-algebras with quantifier elimination?
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