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Preface

We are immensely grateful for the opportunity to give a mini-course at the Haus-
dorff school for advanced studies in mathematics, during the program on Noncom-
mutative Geometry and Operator Algebras, organized by the Hausdorff Center for
Mathematics from May 2nd to May 5th 2023, at the University of Bonn. Our course
intended to introduce the theory of quantum metric spaces, with a focus on the
notion of convergence for quantum metric structures. We are very hopeful that
our lectures helped kindle interest in this relatively new subject, about which much
remain to be explored.

We chose to focus on core topics of the subject, in order to provide the basic ideas
found in the literature on quantum metric spaces, while also touching on very recent
developments, particularly, the spectral propinquity. Our hope is that the chosen
topics will both prove helpful getting into the subject, while giving some ideas on its
current research direction. Of course, our choices are very much informed by our
own perspective on the field, and the necessity of selecting only a few topics in the
field in order to create a reasonable mini-course implies that many interesting and
deep results in the literature will not be addressed. This includes, for instance, work
on quantum group and related structures, or much of our work on the covariant
propinquity. Nonetheless, we are hopeful that this course will make the work we
could not address here accessible.

The following set of notes was written in support of our minicourse. As the
minicourse, these notes do not main at being exhaustive, but instead, to provide a
decent overview of the basic ideas of noncommutative metric geometry. One of our
goal is also to streamline some of the terminology and reorder certain concepts, as a
decade has past with various developments, giving us an evolving perspective. We
are very interested in answering any question which these notes may raise, and we
are happy to discuss any further inquiry in noncommutative metric geometry. We
more than welcome comments and suggestions about these notes, as well as the
likely corrections for the typos which inevitably sneaked in these notes in spite of
our best efforts.

Once more, we are deeply thankful for this great opportunity, and we hope our
minicourse proved interesting.






Introduction

The founding allegory of noncommutative geometry is that certain algebras can
be understood as noncommutative analogues of various algebras of functions over
spaces endowed with geometric data, as if these noncommutative algebras give us
a glimpse of a quantum space which can only be described via their observables,
whose lack of commutativity encodes the uncertainty principle: not all can be seen
at once. We thus must learn to study the geometry of such quantum objects by
extending various constructions from the classical world to algebras of functions,
in an often nontrivial way, so that the constructions remain meaningful when we
drop commutativty, and opens new examples out of reach from the classical picture.
This approach has proven beneficial in the study of singular spaces obtained from
geometric settings — from orbit spaces to fractals, from the space of foliations
to spaces of tilings — and also to the study of noncommutative algebras, with,
for instance, the export from the topological world of such tools as K-theory, K-
homology, and other now common tools of C*-algebra theory. Our purpose in
these notes is to develop the theory of noncommutative analogues of the algebras
of Lipschitz functions ovre compact metric spaces. Our focus is the study of the
geometry of the hyperspace of all quantum compact metric spaces, and derive
properties of quantum compact metric spaces from their belonging to the closure of
certain classes of spaces.

The geometry defined on the hyperspace of all quantum compact metric spaces
enables us to formalize certain common heuristics in mathematical physics. Mathe-
matical physics raises many questions about behaviors of various models as certain
parameters, be it a deformation parameter or the dimension of a matrix model, are
taken to some limit. For instance, a quantized version 23 of some commutative
algebra C(M), where M is a compact manifold, given as some C*-algebra, may be ex-
pected to converge in some sense to C(M) as 7 is taken to 0. Another such heuristic
is given by the convergence, as the dimension 7 tends to infinity, of the C*-algebra
21, generated by two unitaries:

0 1 0 ....... 0 1
Qevvveenenenni0 1 N 2in—1)m
1 Q.- vvvevnnnann 0 eXp( n )

where C,, S, = exp(%)s #Chn, to the C*-algebra C(T'?) of continuous functions over
the 2-torus, i.e. the universal C*-algebra generated by 2 commuting unitaries. Similar
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viii INTRODUCTION

matrix models called fuzzy spheres are expected to converge to the C*-algebra C(S?)
of continuous functions over the 2-sphere. More generally, the construction of new
physical models as limits of simpler models, specified over finite space times or
lattices inside the continuum limit, is a natural approach.

The study of various notions of limits of C*-algebras is deeply rooted in the
field of operator algebra theory. Inductive limits provide a categorical perspective
which is particularly well suited to homological considerations — in particular K-
theory and its decendent — while continuous fields of C*-algebras have proven an
efficient way to describe certain C*-algebras, such as certain C*-crossed-products,
and to formalize the idea of quantization. Our approach, motivated by its potential
physical relevance, but also by developments in Riemannian geometry, is to try and
endow a space of certain noncommutative algebras with an actual metric, up to an
appropriate notion of isomorphism, so that the entire machinery of analysis can
be brought to bare on problems involving limits and approximation questions with
C*-algebras. As we shall see, some important properties are indeed continuous for
some of our metrics, such as spectra of spectral triples, thus illustrating some of the
potential for this new approach.

Our story thus begins with the search for noncommutative analogue of a com-
pact metric space. Indeed, almost since their inception, metric spaces have provided
a natural framework to study how far two subspaces may be, via the Hausdorff dis-
tance [21]. The intrinsic version of the Hausdorff distance, due to Edwards [15], was
introduced in order to topologize the space of all “space-times” as a step toward
formalizing an approach to quantum gravitation suggested by Wheeler [59]. This
intrinsic version, now known as the Gromov-Hausdorff distance, was extended to
the class of proper metric spaces by Gromov [19, 20] in the context of geometric
group theory, and has found many applications in Riemannian geometry since.
Thus, a template exists for defining a metric on the space of noncommutative metric
spaces, if we indeed find an adequate notion of quantum compact metric space.

Connes’ original idea of a quantum compact metric space was part of the mo-
tivation stated in [11] for the introduction of spectral triples. Spectral triples have
emerged as the preferred means to define a noncommutative Riemannian manifold,
and thus they will occupy a central place in our work. They are given as triples
(A, .77, D) of a C*-algebra 2, a Hilbert space .7# on which 2( acts, and a self-adjoint
operator ID on some dense subspace of .7# which boundedly commutes with a dense
*-subalgebra of 2 and has a compact resolvent. While spectral triples are probably
best understood as unbounded analogues of Fredholm modules, i.e. as abstraction
of differential elliptic operators for which a form of index theory may be devised,
they also notably allow for the definition of an extended pseudo-metric on the state
space of their underlying algebras, known as the Connes’ metric. If (%, 5, D) is a
spectral triple, Connes’ metric between any two states ¢,y of 2 is defined by:

mkp (@, ) := sup {lp(a) —y(a)| : adom (D) € dom (D), I[P, allll ,,, <1},

where |||l s is the operator norm. Thus, a general view of what quantum compact
metric spaces started to emerge. The question of what topology Connes’ metric
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induces on the state space remained largely unaddressed at first. Whatever it may be,
it is always stronger than the weak* topology, as convergence for the Connes metric
implies by definition uniform convergence on some total subset of the underlying
C*-algebra. It also always induces a Hausdorff topology. As a result, since the state
space of a unital C*-algebra is weak* compact, the smallest topology that the Connes
metric may induce, is also the only possible compact topology this metric may
induce, and it is the weak* topology.

There are several natural reasons to want to work with spectral triples whose
Connes’ metric induces the weak* topology. As we just noted, it is the only way
to make the state space compact for this metric. In turn, this means that we can
now work with compact metric spaces, which is very well suited for the develop-
ment of a Hausdorff-type metric. Moreover, it is the natural topology to employ for
applications, as it is the natural topology in probability theory for convergence in
distribution, and it is the topology one gets if one defines neighborhood of states by
asking states to be close when their measurements on finitely many observables is
within some open sets of scalars. Furthermore, it is a canonical topology to choose
from a functional analytic point of view, both because of its compactness — the
very reason to work with the weak* topology is to regain compactness in infinite
dimension — and because it is indeed the topology one would obtain in the classical
picture. More specifically, if M is a connected compact Riemannian spin manifold,
the prototype of a spectral triple is given by (C(M),T?(SM), D), where SM is the
spinor bundle of M, I'? the Hilbert space of square-integrable sections of SM, and
D is the Dirac operator of M. In this case, for any f € CYH(M), the operator [, f] acts
as the Clifford multiplication by the gradient of f. Connes’ distance between two
states ¢, of C(M) becomes:

mkp (@, ) :=sup{le(f) —yw(f)l: f € C(M),f is 1 — Lipschitz} .

Therefore, Connes’ metric becomes a special case of the Monge-Kantorovich metric
in this classical picture. In particular, it induces the path metric on M induced by the
Riemannian metric of M, and it induces the weak* topology on the space of regular
probability measures on M, i.e. on the state space of C(M).

More generally, if (M, d) is a compact metric space, then the metric d induces
a natural seminorm defined on a dense subalgebra of C(M), called the Lipschitz
seminorm, which to every f € C(M), associated the Lipschitz constant:

If ()= fI

La(f) = sup{ A,y

:x,yEM,x;éy},

allowing for the value co. The fact the domain of this seminorm, i.e. the subspace
of C(M) where it is finite, is dense, is an immediate consequence of the Stone-
Weierstraltheorem, owing to the facts that this domain is an algebra — thanks to the
Leibniz inequality satisfied by L ; — and it contains the functions x € M — d(x, y) for
all y € M, which separate the points of M, as well as the constants. Moreover, the set
of Lipschitz functions of Lipschitz constant at most 1 is closed under pointwise — let
alone, uniform — convergence in C(M). A deep result is that, if we fix x € M, since
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theset {f € C(M):L4(f) <1, f(x) <0} is an equicontinuous family of functions over
the compact space (M, d), with valued in the closed ball in C of center 0 and radius
the diameter of (M, d), then the Arzéla-Ascoli theorem implies that this set is totally
bounded in C(M). As it is closed as well, and as C(M) is complete, we conclude
that {f € C(M) : Ly (f) < 1, f(x) < 0} is compact, for any choice of x € M. In turn,
we can use the compactness of {f € C(M) : Li(f) < 1, f(x) < 0} to prove that the
Monge-Kantorovich metric defined between any two states ¢, ¥ € C(M) by:

mky (@, ) :=sup{lp(f) =y (NI: fe CM),Ls(f) <1}

induces the weak* topology on the state space of C(M). As we shall see later in these
notes, this property is in fact equivalent to the compactness of {f € C(M) : L4 (f) <
1, f(x) < 0}. Moreover, since x € M — d(x, y) is 1-Lipschitz for any y € M, we see that,
after identifying points of M with the characters of C(M) given by evaluation maps,
mky,(x,y) = d(x, ). Thus, the restriction of mk|_, to the space of characters of C(M),
i.e. to the Gelfand spectrum of C(M), topologized by the weak* topology, which is of
course homeomorphic to M, is a metric isometric to d. So the Lipschitz seminorm
encodes the metric on M, and it has several notable topological properties which
would make sense even over a noncommutative algebra. We note in passing that
we could as well as worked with the self-adjoint subalgebra of C(M), i.e. with real
valued continuous functions, for this discussion.

Adopting this perspective, Rieffel [52, 53, 54] proposed to define a quantum
compact metric space as a pair (2(,L), where L is a seminorm which shares the above
listed properties of a Lipschitz seminorms, and 2{ is a space of the same “type” as
the space of real-valued continuous functions over compact metric spaces — in
practice, Rieffel worked with 2 being order unit spaces (not even assumed to be
complete), that is, up to isometric positive linear isomorphisms, with subspaces
of the space of self-adjoint elements of a unital C*-algebra. In time, the develop-
ment of analogues of the Gromov-Hausdorff distance to quantum compact metric
spaces has revealed that it is helpful to strengthen the initial definition of Rieffel.
For example, additional Leibniz-type inequalities were required by Rieffel in [55, 56]
when working toward a convergence of modules. In particular, this required one
to work with C*-algebras, but created difficulties with the triangle inequality for
the quantum Gromov-Hausdorff distance. Other reasons to modify the quantum
Gromov-Hausdorff distance — and adjust accordingly the notion of quantum com-
pact metric spaces — include devising a distance for which distance zero implies
*-isomorphism of the underlying C*-algebras; such constructions include Kerr’s
distance [29] where a quantum compact metric space is taken as a pair of an op-
erator system and an analogue of the Lipschitz seminorm, or the nuclear distance
of Li [49], for instance. Other constructions from Wu [60, 61] used the notion of
matricial Lipschitz seminorms. However, several of these modifications to Rieffel’s
original construction encountered various difficulties: Kerr’s distance, for instance,
is complete under some assumptions which are not compatible with it satisfying
the triangle inequality. In general, there is a cost in working outside of the category
of C*-algebras when defining quantum compact metric spaces, as it makes it more



difficult to discuss such notions as modules, actions by an appropriate notion of
automorphisms, or spectral triples.

The propinquity, is an analogue of the Gromov-Hausdorff propinquity well
adapted to working with C*-algebras endowed with Lipschitz-like seminorms which
satisfy a form of the Leibniz identity. The propinquity is defined on the class of quan-
tum compact metric spaces given as pairs of a unital C*-algebra and a Lipschitz-like
seminorm. It is a complete metric, up to full quantum isometry — in particular, dis-
tance zero implies that the underlying C*-algebras are *-isomorphic. Its restriction
to the class of classical compact metric spaces induces the same topology as the
Gromov-Hausdorff distance. It is indeed possible to prove that fuzzy tori converge
to (quantum) tori [34], fuzzy spheres to actual spheres [57], AF algebras form various
continuous families [2], various deformations of quantum tori form continuous
families [35], noncommutative solenoids are limits of quantum tori [48, 7], and
more. We proved an analogue of the Gromov compactness theorem for the propin-
quity [39], thus exhibiting compact classes, for instance, of AF algebras, and also
providing the proof that indeed, the topology induced by the propinquity in the
classical setting is the topology of the Gromov-Hausdorff distance.

Moreover, the definition of the propinquity in [36] is flexible enough to allow
for its generalization to structures associated to quantum compact metric spaces.
In [41, 46], a Gromov-Hausdorff like distance was defined between metrical C*-
correspondence to formalize the idea of convergence of quantum vector bundles,
with application, for instance, to the Heisenberg modules over quantum tori [44,
42], using the connections studied by Connes [10] and Rieffel [12]. The metrical
propinquity thus defined is indeed complete, zero exactly between fully quantum
isometric metrical C*-correspondences, and restricts to give the same topology as
the propinquity when we look at a C*-algebra 2l as a C-2-C*-correspondence.

Another modification of the propinquity is the covariant propinquity [43, 40],
later extended to metrical C*-correspondences [47]. This metric is now defined
between actions of proper monoids on quantum compact metric spaces and met-
rical C*-correspondences, where the actions are by Lipschitz morphisms, and the
monoids are allowed to be different. One motivation for such a construction is the
good behavior of group actions under convergence for the propinquity [3]. The
covariant propinquity provides a metric framework for the study of quantum dy-
namics. It also can be used to obtain certain results on the closure of classes of
quantum compact metric spaces, and study the properties of isometry groups for
quantum compact metric spaces and spectral triples [25].

Among the main examples of quantum compact metric spaces are those given
by certain spectral triples: when the Connes’ distance of a spectral triple induces the
weak* topology on the state space of the underlying C*-algebra, it is called metric.
Examples include quantum tori [52], C*-crossed-products [22, 30], Podles spheres
[1], fractals [9, 32], AF algebras [5], Bunce-Deddens algebras and noncommutative
solenoids [7], and more. The spectral propinquity is in fact, a special case of the
covariant propinquity of metrical C*-correspondences, which give a metric, up to
unitary equivalence, on the class of metric spectral triples. The spectral propinquity



xii INTRODUCTION

has some strong properties, such as continuity of the spectrum and of the bounded
continuous functional calculus [33]. It can be used to formalize the heuristics that
certain matrix models converge to models over quantum tori [45], or that the spectral
triples on fractals from [9] is indeed a limit of spectral triples on graphs [31].

The functional analytic framework we developed for the Gromov-Hausdorff
propinquity thus opens the possibility to apply new methods inspired from metric
geometry in noncommutative geometry. These notes present a synthesis of the main
results about the propinquity, in the hope that the reader can approach the literature
on the subject and carry out research in this new, as of yet largely unexplored,
domain.



Chapter One

The Category of Compact Quantum Metric
Spaces

1.1 COMPACT QUANTUM METRIC SPACES

A quantum compact metric space is a noncommutative generalization of the algebra
of Lipschitz functions over a compact metric space.

Definition 1.1.1. A K-compact quantum metric space (2, L), where K € [1,00), is an
ordered pair consisting of a unital C*-algebra 2, and a seminorm L, defined on a
Jordan-Lie subalgebra dom (L) of the space sa () of self-adjoint elements of 2, such
that

1. the Monge-Kantorovich metric, defined on the state space .7 (2) of 2, by
setting, for any two states ¢, of 2:

mk (¢, ¥) = sup{|p(a) —y(a)|: a€ dom(L),L(a) <1}, (1.1.1)
metrizes the weak* topology on the state space . (2() of 2,
2. L(1g) =0,
3. the unit ball {a € dom (L) : L(a) < 1} of L is closed for ||-|lg in sa (2A),

4. forall a, b e dom (L), the following inequality holds:
max { L

When (2, L) is a quantum compact metric space, the seminorm L is called a Lipschitz
seminorm on 2, or an L-seminorm on 2 for short. Elements of dom (2() are then
called Lipschitz elements of (2, L).

b+b b-b
“ “),L(“ ~ a)}SK(IIaIIQLL(b)+L(6l)||b||91+|-(a)L(b))-
(1.1.2)

Convention 1.1.2. When L is a seminorm defined on some subspace dom (L) € E
of a vector space E, we set L(x) = co whenever x € E\dom (L) (where co > x for all
x € R). With this convention, the domain dom (L) of L is the set {x € E : L(x) < oo}.
We will work with this convention from now on; for calculations, we set 0-co = 0 and
00+ X = x+o0o=o0forall x € [0,00].

In particular, if {x € E: L(x) < 1} is closed, then since L is a seminorm, {x € E :
L(x) < t} is closed for all ¢ € R, and thus L, as a [0,o00]-valued function, is lower
semi-continuous on E.
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Remark 1.1.3. The assumption on the Lipschitz seminorm L of a quantum compact
metric space (2, L) implies that it is lower semicontinuous over sa (2(), and therefore,
in particular, for all a € sa (%), if (a,) e is @ sequence converging to a in sa (2),
then:
L(a) <liminfL(a;,).
n—oo

Notation 1.1.4. Given a C*-algebra2(, we write Ra := % (a+a*)and Sa:= % (a—a"),
so Ra,Sa € sa () and a =Ra+ iSa. For any a, b € sa(2), the Jordan product and
Lie product of a and b are then just R(ab) and 3(ab), respectively.

Notation 1.1.5. (2, L) is a quantum compact metric space when there exists K > 1
such that (2, L) is a K-quantum compact metric space.

Definition 1.1.6. A (C, D)-quantum compact metric space (,L) is a quantum
compact metric space such that, for all a, b € dom (L),

max{L(R(ab)),L(S(ab))} < C(L(a)lIbllg + L(a) [ Dlig) + DL(a)L(b).

A Leibniz quantum compact metric space is a (1,0)-quantum compact metric
space.

The classical model of a quantum compact metric space is given as follows.

Example 1.1.7 (Fundamental Example). Let (X, d) be a compact metric space. For
each f: X — R, we define the Lipschitz constant L(f) of f as

lf(0)-fWI .
L(f) sup{ ax,y) .x,yeX,x;éy},
allowing for the value co.

The pair (C(X), L) is an example of a quantum compact metric space, see for in-
stance [14]. We will recover this fact when we establish Theorem (1.1.19). The metric
mk was introduced by Kantorovich [27] as part of their study of Monge’s trans-
portation problem. The formulation which we use here is due to Kantorovich and
Rubinstein [28]. This metric has many different names, and in particular, is some-
times called the Wassertein metric; Wassertein re-introduced this metric within the
realm of probability in [58], and was named the Wasserstein distance by Dobrushin
in [13].

This metric has many applications, precisely owing to the fact that it metrizes the
weak* topology (when working with compact metric spaces). Moreover, we note that
if x, y € X, identifying points with characters of C(X), then mk (x,y) = d(x, y) by
construction (noting that ¢ € X — d(x, t) is 1-Lipschitz). Therefore, we may recover
the distance d on X from the Lipschitz seminorm L.

Definition (1.1.1) thus is our attempt to capture the properties which make the
Lipschitz seminorm L interesting among all densely-defined seminorms on C(X),
while allowing for enough generality to find interesting noncommutative examples.

Finite dimensional C*-algebras also provide many examples of quantum com-
pact metric spaces.
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Example1.1.8. Let 2 be a finite dimensional C*-algebra. For all a € sa (), set

L(a)=inf la— t1|g.
(a) tlél]R”a [l

The pair (,L) is a quantum compact metric space. Indeed, mk; simply induces
the norm topology on .¥’(2), which equals the weak* topology since 2 is finite
dimensional.

Our first result about quantum compact metric space shows that the Monge-
Kantorovich metric allows us to recover the Lipschitz seminorm, so something of
the duality between metric and Lipschitz seminorm remain in the noncommutative
realm, albeit not quite in its original form. This theorem is, however, instrumental
to understand morphisms between quantum compact metric spaces.

Theorem 1.1.9 ([54]). If QL) is a quantum compact metric space, then for all

aesa(A):

lp(a) -—y(a)l

L(a):sup{ kL (@, ¥) .(p,t//EY(Ql),(p;éi//}, (1.1.3)

allowing for the value co.

Proof. Let us write S(a) = sup{% e ), # w} for all a € sa(Q),
allowing for co.

By Definition (1.1.1), we immediately observe that for all ¢,y € . (21) with ¢ # v,
lp(a) —y(a@)| < L(@mky (¢, ¥)

(note that this is trivial when L(a) = oo), and thus S(a) < L(a).

Let now a € sa () with S(a) = 1. Therefore, for all ¢, w € . (2l), we have |p(a) —
w(a)| < mky(p,y).

Let now E := {u e : u(1) =0}; E is the dual of 5a(§2l)/R1_ Letl':ueE~
sup{lu(a)l: aedom(L),L(a) <1}.

Let B, ={u€cE: ||,u”m, < 2}. Note that, for any two states ¢,y € . (2), we have
¢ — € E». Conversely, if u € Ey, then, by the Hahn-Jordan decomposition theorem,
1 =0 — o for two positive linear functionals 8 and o over sa (). such that [|0] g +
lollg = |||z = 2. Since (1) = 0, we have 6(1) = g(1). Let t = 6(1). If £ =0, let

¢ be any state of 2, and set y := ¢. Otherwise, set ¢ := 10 and v = %0. Either

way, i =t — ty with @, € () and £ € [0,1]. Thus = (tp— (1- e+ ty), with
@, 1-Dp+tye. Q). Allin all, we see that E» = {p -y : ¢,y € L ()}

Therefore, if u € Ep, then |u(a)| = l@(a) —yw(a)| < mky (@, w) = L'(u) for some
@, v €. ®). In summary, if a € sa (2() and S(a) < 1, then |u(a)| < L' () for all y € Es.
Therefore by homogeneity, for all A € E, we have [A(a)| < L'(A) for all a € sa () with
S(a) < 1. In particular, if a € sa (2() with S(a) < 1, then for all A € E with L'(1) <1,
we have |A(a)| < 1. So a is in the prepolar of {A € E: L’(1) < 1}. On the other hand,
{A € E:L'(1) < 1} is by definition the polar of {b € dom (L) : L(b) < 1}. So, by the
bipolar theorem, we conclude that if a € sa () and S(a) < 1, then a belongs to the
bipolar of {b € dom (L) : L(b) < 1}. Since {b € dom (L) : L(b) < 1} is, by assumption,
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balanced, convex and closed, it is equal to its bipolar. So if a € sa () with S(a) <1,
then a € dom(L),L(a) <1, as needed. So L(a) < 1. Therefore, L <S. We conclude
that L =S as needed. O

Remark 1.1.10. We may not replace the state space in Expression (1.1.3) of Theorem
(1.1.9) with its subset of extreme points in general, although it is indeed true in the
classical case of Example (1.1.7). Unfortunately in general, one may not recover mk
from its restriction to the set of extreme states. See, for instance, [53], for a detailed
overview.

We now establish some basic properties of quantum compact metric spaces,
progressing toward a characterization which will help us establish new examples.
We begin with the natural observation that the domain of a Lipschitz seminorm
needs to be dense in the space of self-adjoint operators.

Proposition 1.1.11. If (A, L) is a quantum compact metric space, then dom (L) is
dense insa(21).

Proof. Assume that cl(dom (L)) C sa (2(). By Hahn-Banach theorem, applied to the
real vector space sa (1), there exists a continuous linear functional y € sa ()’ on
sa (2A) such that p # 0, yet p(cl(dom (L))) = 0. Up to re-scaling u by m, we assume

that ||| ,u||| = 2. By Hahn-Jordan decomposition, there exists two positive continuous
linear functionals ¢,y € sa ()’ on sa (2A) such that u = ¢ —y, with |||(pH| + |||1//H| =
|Il|l| = 2 Now, since 1 € dom (L), we conclude that 0 = u(1) = ¢(1) —y/(1). Since ¢
and v are positive functionals, |||¢||| = ¢(1) = w(1) = |||w|||. All in all, we conclude
that |||¢|| = |||v||| = 1, i-e. ¢, € . (). Since p # 0, we also note that ¢ # y. Yet,
by definition of mk|_, we have mk_ (¢, ) = sup{|u(a)|: a€ dom(L),L(a) <1} =0. So
mk|_is not a metric on .¥(2l). By contraposition, if (2(,L) is a quantum compact
metric space, then cl(dom (L)) = sa (). O

Remark 1.1.12. Let 2 be a unital C*-algebra. If L is a seminorm defined on some
dense subspace dom (L) of sa (2(), then mk|_is an extended metric in general, as can
be checked — in particular, it induces a Hausdorff topology, thanks to the density
of the domain of L. It is easy to check that this topology is stronger than the weak*
topology (see the proof of Theorem (1.1.18) below for details). So, we could replace
the requirement that mk; induces the weak* topology with the requirement that
mk induces a compact topology.

If (2, L) is a quantum compact metric space, then . (2l) is weak* compact, as
an easy corollary of the Alaoglu-Bourbaki theorem [6], since 2 is unital. Hence, the
metric space (.(2(), mky ) is compact, and thus, in particularly, it has finite diameter.

Notation 1.1.13. The diameter qdiam (2, L) of a quantum compact metric space
(2, L) is the diameter of (. (1), mky ), i.e.

qdiam (2, L) = sup {mk (¢, ¥) : @,y € L ()}
Since mk|_is continuous over . (1) x .%(2l), which is compact, we can in fact write

gdiam (2, L) = max{mky (¢, ¥) : p,w € S R)}.
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We first establish a simple but very helpful lemma relating the L-seminorm to
the norm. We recall from [26, Theorem 4.3.4] that in a C*-algebra, if a € sa (), then

lally = max{lg(a)l: ¢ € )}

Lemma 1.1.14. If (2, L) is a quantum compact metric space, if a € dom (L), and if
pe L), then
| a—p(a)lg |y < L(a)gdiam 2L, L).

Proof. Let pe . () and a € dom(L). Let € > 0. Since a = a*, we thus have

|a-p@1a|y =max{lpa—p@)l:pe.s @}

:(pE&”(Q()

)1

+€

< (L(a) +¢€) max{ka(go,u) ‘€ 5”(2[)} < (L(a) + e)gdiam (A, L).

Since £ > 0 is arbitrary, we conclude that ||a — u(a) 1y |4 < L(a)qdiam (2, L), as
claimed. O

It follows immediately from Lemma (1.1.14) that a Lipschitz seminorm is zero
exactly on the scalars.

Proposition 1.1.15. If (2, L) is a quantum compact metric space, then
{aedom(L):L(a) =0} =Rl1g.

Proof. Let a € dom (L) such that L(a) = 0. Fix p € . (2). By Lemma (1.1.14), we
conclude that
[a—p(a)ly |y < qdiam (2, L)L(a) =0,

so a = p(a)lg € Rlg, as claimed. O

We can rephrase the definition of the Monge-Kantorovich metric, with sights on
our characterization of quantum compact metric spaces.

Lemma 1.1.16. Let E be a vector space, and let L be a seminorm on E. If x € E such
thatL(x) =0, then
VYaeE VteR L(a+tx)=L(a).

Proof. Forall t€ R and a € dom (L), we compute:

L(a)=L(a+tx—tx)
<L(a+tx)+|t|L(x) =L(a+ tx)
=
<L(a)+t|L(x) = L(a).
=

This completes our proof. O
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Corollary 1.1.17. Let2( be a unital C*-algebra. Let L be a seminorm defined on a
subspacedom (L) of sa (1) such thatL(1g) =0. Ifue .7 (), then, forall ,y € ./ (),

sup{l¢(a) -y (a)|: aedom(L),L(a) <1}
=sup{lp(a) -y (a): acdom(L),L(a) <1,u(a) = 0}.
Proof. Of course,
sup{lp(a) —y(a)|:aedom(L),L(a) < 1,u(a) =0}
<sup{lp(a)—y(a)|:aedom(L),L(a) <1}.
Now, let € > 0. There exists b € dom (L) such that L(b) < 1 and
lp(b) = (b)| = sup {lp(b) —y(b)|: a€dom(L),L(a) <1} —e.

By Lemma (1.1.16), we conclude that L(b— u(b)1g) = L(b) < 1. Of course, u(b—
1(b)1g) = 0. Moreover, since /(1g) = ¢(1g) = 1, we also note that

lp(b— (b)) — (b - pub)| =lpb) -y D).
Therefore, we conclude that

sup{lp(@) —y(a)|:acdom(L),L(a@) < 1,u(a) =0}
Z lp(b— (b)) —yw(b— (b))l = l@(b) —y(b)|
>sup{lp(a)-y(a)|:aedom(L),L(a) <1} -e.

As ¢ > 0 is arbitrary, our proof is complete. O

We now establish the core characterization of which seminorms, densely defined
on the space of self-adjoint elements of a unital C*-algebra, can be used to metrize
the weak* topology on the state space, via Expression (1.1.1).

Theorem 1.1.18. Let2l be a unital C*-algebra, and let L be a seminorm defined on
a dense subspace dom (L) of sa () such that L(1) = 0. For all states ¢, v € . (), we
define

mk_ (¢, ) = sup{|p(a) —y(a)|: ac dom(L),L(a) <1}. (1.1.4)
The following assertions are equivalent:

1. The metric mky_ induces the weak* topology on . ().

2. Forall state pe . () of A, the set {a € dom(L): L(a) <1, u(a) =0} is totally
bounded insa (21).

3. Thereexists astate € . () of A such that the set{a edom(lL):L(a) <1, u(a) = 0}
is totally bounded in sa (21).
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Proof. Assume that mk| metrizes the weak* topology, restricted to ./(2(). If a €
sa(20), we define the following R-valued, continuous, affine function over .7 (2():

a:pe L) — pla).

For any self-adjoint element a € sa () of 2, since |lally = sup e 7 ) |p(a)| by
[26, Theorem 4.3.4], we conclude that the function a € sa () — @€ C(<(0)) is a
linear isometry from sa (21).

If a € dom (L) < sa (), then, by definition of the metric mk_ in Expression (1.1.4),
forall p € .7 (2),

|a(p) - aw)| = (@) —y(@)| < L(@mk (@, ).

Therefore, the set {G@: a € dom (L), L(a) < 1} is equicontinuous over the metric space
(720, mk)

Moreover, if p € . (), and if a € dom (L) with L(a) < 1, and u(a) = 0, we con-
clude, by Lemma (1.1.14), that

lallg = ||a—pa)ly |y < qdiam (2, L)

SO
{@:aedom(L),L(a) <1,u(a) =0}

is equicontinuous, valued in [—-qdiam (2, L), qdiam (2, L)], over the compact space
((2), mk) ), and thus, by the Arzéla-Ascoli theorem, we conclude that this set is
totally bounded in C(.(21)). Since a € sa () — @ is an isometry, we conclude that
facedom(L):L(a) <1,u(a) =0} is totally bounded as well.

Of course, Assertion (2) implies Assertion (3).

Last, we assume Assertion (3). Thus, there exists p € . (2() such that
B:={aedom(L):u(a)=0,L(a) <1}

is totally bounded. Let (¢;) je; be a net in . (), weak* converging to ¢.

Let € > 0. Since B is totally bounded, there exists a finite %—dense subset F S B
of B. Specifically, for all a € B, there exists a’ € F such that |a—da'||y4 < §. By
definition of weak* convergence, for each a € F, there exists j, such that, if j > j,,
then |<p jla) - (p(a)‘ < £. Since J is a directed set, and F is finite, there exists jr € J
such that, for all a € F, we have jr > j,. Therefore, for all j > jr, we conclude that
lpj(a)—@la)l < % Therefore, for all a € B, if j > j, then there exists a’ € F such that

[a—a'|y <%, and then
lpj@—-p@|<|pj@-¢j@)|+|p;a)-p@)|+|p@a)-p@)]
! £ /
<Jla=dllg+3+]da - aly

€ € €
<—+-+-.
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Thus, if j > jF, then, using Corollary (1.1.17):

mky (@ j,¢) =sup{lg;(a) - ¢(a)|:acdom(L),L(a) <1}
=sup{lgja—p@ly) —@la—p(a@ly)l:acdom(l),L(a) <1}
=sup{lg;(@) —¢(a)|:ac B}
<e.

Therefore, the weak* topology is stronger than the topology induced by mk .
Now, the topology induced by mk, is, of course, Hausdorff, since mk, is a dis-
tance on .’ (). Therefore, it agrees with the compact weak* topology. O

Theorem 1.1.19. Let (A, L) be an ordered pair with 2l a unital C*-algebra andL is a
seminorm defined on a Jordan-Lie subalgebra dom (L) of sa () such that, for some
K>1:

Ya,bedom(L) max{L(ab+ba),L(ab_ba)}

2 2
<K(lalg L(b) +L(@) IDlig +L(a)L(b),

andL(1) =0.
The following assertions are equivalent.

1. (A, L) is a K-quantum compact metric space.

2. The space dom (L) is dense, {a € dom (L) : L(a) = 0} = R1y(, and there exists a
state € ./ (21) such that

{aedom(L):L(a) <1,u(a) =0}
is compact in 2.

3. The space dom (L) is dense, {a € dom (L) : L(a) = 0} = Rly, and for all state
pe L), the set
{aedom(L):L(a) <1,u(a) =0}

is compact in .

Proof. 1f (A, L) is a quantum compact metric space, then dom (L) is dense by Propo-
sition (1.1.11), and {a € dom (L) : L(a) = 0} is reduced to R1, by Proposition (1.1.15).

This theorem then follows from Theorem (1.1.18), and the fact that, in Definition
(1.1.1), we require the unit ball of L to be closed. Since 2{ is complete, a subset of 2
is compact if, and only if, it is totally bounded and closed in 2. O

We can use Theorem (1.1.19) to establish new examples, starting with the follow-
ing simple illustration.
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Example 1.1.20. Let (X, d) be a compact metric space, and let 9]t be a finite dimen-
sional C*-algebra. Let

A={feCX,M: f(xo) € Clyn}.
For all f €2, we set

£ = fF D |on

:x,yeX,x;éy}.

Of course L(19) = 0. By construction, if L(f) =0, then f : X — 91 is constant.
Since f(xp) € R1lgy, we conclude that f € R1y. By Arzéla-Ascoli theorem, {f €
sa @) :L(f) < 1,u(f) <1} is totally bounded.

We also note that L(fg) < L(f) ||g||Ql + ||f||gl L(g).

Embedd 91 in the algebra 9t; of d x d matrices, for d large enough. Let

[(aji)1<)k<al = maxflajil: 1< j, k< d}

forall (aji) 1< kga € Mq. As AU is finite dimensional, |- is equivalent to ||-lox. Let
||f|| =SUP,cx ||f(x) “ Let f € sa (). For each fj, there exists g Lipschitz such
that || fjx — gjk| <é. Thus, the Lipschitz functions are dense.

So (2, L) is a quantum compact metric space.

Quantum compact metric spaces can be seen as a generalization of Lipschitz
algebras, i.e. algebras of Lipschitz functions over compact metric spaces. Now,
Lipschitz algebras are Banach algebras for a natural norm, and a similar result holds
for their noncommutative analogues.

Lemma 1.1.21. Let 2l be a Banach space and let L be a seminorm defined on a
dense subspace dom (L) of 2. Let IIaIIdom(L) = llallg + L(a) for all a € dom(L). If
{aeA:L(a) <1} is closed, then (dom (L), IIlgom(L)) is @ Banach space.

Proof. Let (an) ne be a Cauchy sequence in (dom (L), [I-l). Since [|-|lg < Il dom(L)
we conclude that (a,) e is a Cauchy sequence in sa(2(). Since (sa (), [-llg) is
complete, there exists a € sa () such that lim,_ lla, — ally = 0.

For all p,q € IN, we have |L(ap) - L(ag)| < L(ay - aq) < [|ap—aq4omq) S0
(L(an))new is a Cauchy sequence, and thus in particular, a bounded sequence, in
dom (L). Let M > 0 such that, for all n € IN, we have L(a,) < M. Since {b € dom(L):
L(b) < M} is closed, by assumption, in (2, [|-]), we conclude that a € {b € dom (L) :
L(b) < M}, ie L(a) < M.

Now, let € > 0. Since (a,) ;e is a Cauchy sequence in (dom (L), ||- IIdom(L)), there
exists N € IN such that, forall p,g € IN,if p > Nand g > N, then ||a), — a4 “dom(L) <e.
In particular, L(a, — a4) < €. Now, by assumption, {b € dom (L) : L(b) < &} is closed
in (sa (@), I-l). Fix g > N. Since (a, — a4) gew converges to a— ag in (sa (20), [|-ll2(),
we conclude that L(a - a,4) < €. Thus, for all g > N, we have shown L(a-ag) <¢,i.e.
limy,_.oo L(a;, —a) =0.

Consequently, lim; . lla—ay, IIdom(L) =0, i.e. (a,) new converges to a € dom (L).
Therefore, (dom (L), Il gom (L)) is @ Banach space. O
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Theorem 1.1.22. If (L) is a quantum compact metric space, and if, for all a €
dom (L), we define
lall gom(L) = llalla + L(a),

then (dom (L), ||-|| dom(L)) is a Banach Jordan-Lie algebra.
The canonical injection a € dom (L) — a € 2 is a compact linear map (i.e., it maps
the closed unit ball of its domain to a compact subset of sa (2)).

Proof. By Lemma (1.1.21), the space (dom (L), ||-]l) is a Banach space.
Letnow C = K(1,1, 1, 1); we recall from Remark (1.1.26) that for all a, b € dom (L):

max{LR(ab)),L(S(ab))} < C(L(a) lIbllg +L(b) llally + L(a)L(D)).
We therefore compute, for all a, b € dom (L):

IR(@b)llgom(L) = IR(ab)lly + LR (ab))
<llalig 1blig + C (L(@) 1 bllgy + lallg L(b) + L(a)L(b))
< C(lallg Iblig + L(a) bl + lall L(b) + L(a)L (b))
< C(lallg +L(@) (Ibllg +L(b))
< Cllallgom(u) 10l gom(L) -

Consequently, the bilinear map (a, b) € dom (L)? — Rab is continuous. A similar
argument shows that the Lie product a, b € dom (L) — S(ab) is also continuous. This
concludes our proof that (dom (L), [|-]l| ) is a Banach Jordan-Lie algebra.

It remains to prove that S := {a € dom (L) : [lall_ < 1} is compact in sa (). Let
pe L. Let (an) e be a sequence in S. The sequence (1(an)) nen is valued in
[-1,1], and thus it has a convergent subsequence (u(afn)) nev) with limit denoted
by I. Now, p(arm — plarm)) =0 and L(aggp — ulagm)) = Llagy) < 1forall ne
IN; since (2, L) is a quantum compact metric space, by Theorem (1.1.19), the set
{a € dom(L) : L(a) < 1,u(a) = 0} is compact in sa(2(). Therefore, there exists a
convergent subsequence (arg(n)) — H(aAf(gm))) nelN Of (@fm) — 1(afn))) e with limit
in b € dom (L) such that u(b) = 0 and L(b) < 1. Therefore, (as(g(n)))ney converges
to b+ [. By lower semicontinuity of L and continuity of the norm, we conclude
b+ 1l <1, concluding our proof. O

Remark 1.1.23. Let 2 be a unital C*-algebra, and let L be a seminorm defined
on a dense subspace of sa () with L(1) =0 and {a € dom (L) : |lallg + L(a) < 1} a
compact set. If qdiam (2, L) < oo, then mk_ metrizes the weak* topology of . (2(),
thus providing another avenue to characterize quantum compact metric spaces.
Indeed, let u € (). Using the same argument as for Lemma (1.1.14), we have
”a - ua) ||Q[ < qdiam (2, L)L(a). So

facdom(L):L(a) < 1,u(a) =0t c{acdom(L): lallg +L(a) < qdiam (2, L) + 1}.

The set {a € dom (L) : |lallg + L(a) < qdiam (2, L) + 1} is compact (since scaling is
continuous) and thus {a € dom (L) : L(a) < 1, u(a) = 0} is totally bounded. We then
apply Theorem (1.1.18).
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A recurrent theme is the importance of the domain of the Lipschitz seminorms
of quantum compact metric spaces, and a first taste of this is given by the following
characterization of finite dimensional quantum compact metric spaces.

Theorem 1.1.24. Let? be a Banach space, and let L be a seminorm defined on a dense
subspace dom (L) of 2 such that K := {a € dom(L) : L(a) = 0} is finite dimensional,
and the image of {fa€ dom (L) : L(a) < 1} in Ql/K is compact in 2.

The space is finite dimensional if, and only if, dom (L) = 2.

Proof. 1f2 is finite dimensional, then the domain dom (L) of L is also finite dimen-
sional, hence complete, hence closed. Since it is dense in 2(, we conclude that
dom (L) = <.

Conversely, assume that dom (L) =2(. Let*B := Q[/ & endowed with the quotient
norm form 2. Let B, be the image by the canonical surjection of {a € dom(L) :
L(a) < r}in ‘B, for all r > 0. Since dom (L) = 2, we observe that B = U, B 5. By
assumption on L, the set B, is compact, hence closed in % for all n € IN (since ‘B is
Hausdorff).

Since ‘B is complete, by the Baire Category Theorem, there exists n € IN such
that B, has nonempty interior. Let U < ‘B, be a nonempty open ball. Since B, is
compact, U is totally bounded. Therefore, the open unit ball of *5 is totally bounded;
as ‘B is complete, the closed unit ball of B is thus compact. Consequently, *B is finite
dimensional. Therefore, 2l is also finite dimensional as claimed, since 2[/ & =B and
K are both finite dimensional. O

Corollary 1.1.25. If (2, L) is a quantum compact metric space, then 2l is finite dimen-
sional if, and only if, dom (L) = sa ().

Proof. By Theorem (1.1.24), we conclude that sa () = dom (L) if, and only if, sa ()
is finite dimensional, which in turn is equivalent to 2 being finite dimensional. O

Remark 1.1.26. In the literature, a seemingly more general concept of F-(quasi-
)Leibniz inequality was introduced. For any function F : [0,00)* — [0, 00) which is
increasing for the product order on [0,00)%, let us say that (2, L) is a F-quantum
compact metric space when it satisfies all the conditions to be a quantum compact
metric space in Definition (1.1.1), except that we replace Expression (1.1.2) with:

Va,bedom(L) max{LR(ab)),L(S(ab))} < F(lals,lIblg,L(a),LD)).

Let now C:= F(1,1,1,1). We then observe that for all a, b € dom (L), neither being 0,

a b
L(R(ab)) = +L bllgr +L(B) LR
(R(ab)) = (lallg + L(a) (I1bllg + L(b)) ( (IlallgﬁL(a) ||b||m+L(b)))

< (lallg+L(@) (bl + L(B) F(1,1,1,1)
=C(lallg +L(@) I Dllg + L(D)
=C(lallg L(D) + by L(a@) + L(@Lb) + llallg 1Dllg).
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Up to replacing a by a—p(a) for any state p of . (2), we have | allg < qdiam (2(,L)L(a)
by Lemma (1.1.14), which still applies still Equation (1.1.2) of Definition (1.1.1)
played no role in its proof. So we conclude that for all a, b € dom (L),

LR(ab)) < K(L(a) [I1bllo +L(b) lallo + L(a)L(b)),

where K = max{C, Cqdiam (2, L)}. Note that in particular, for all a € dom (L), we
have L(a) < KL(a) by choosing b = 14(, so K > 1 (or, when 2 = C, K may as well be
assumed to be greater than 1!). Thus, (2, L) is a K-quantum compact metric space
in the sense of Definition (1.1.1).

Owing to their current relative importance in the field, Leibniz quantum compact
metric spaces, which are more restrictive that 1-quantum compact metric spaces,
and more generally, (C, D)-quantum compact metric spaces, which would be F-
quantum compact metric spaces for the function F : x, y, Iy, [, — C(xl,+yl,)+ DI;l,,
are given a special name, as they form a subclass of the max{C, D}-quantum compact
metric spaces. Whether this distinction is actually relevant is not entirely clear. We
will however see that it may be desirable to restrict our attention to subclasses of
quantum compact metric spaces with various additional properties, and this will be
relevant to the construction of the propinquity.

1.2 APPROXIMATELY FINITE DIMENSIONAL C*-ALGEBRAS AS QUANTUM
COMPACT METRIC SPACES

AF algebras provide interesting examples of quantum compact metric spaces. There
are different approaches, and we take the simplest one here. We begin with a few
facts about conditional expectations.

Definition 1.2.1. A conditional expectation E (-|B) : 2 — *B onto B, where 2 is a
C*-algebra and ‘B is a C*-subalgebra of 2, is a linear positive map of norm 1 such
that for all b, c € B and a € 2 we have:

E (bac|B) = bIE (a|B)c.

Lemma 1.2.2. Let2 be a C*-algebra and B <2 be a C*-subalgebra of . IfIE (-|B) :
A — ‘B is a conditional expectation onto ‘B, then the seminorm:

S:aeU~ |la-T(alB)|y

is a (2,0)-quasi-Leibniz seminorm.
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Proof. Let a,b €. We have:

S(ab) = |lab—IE (ab|B)lly

< llab - alk (bIB) |l + | alE (bIB) - IE (ablB) ||

< lallgllb—E (bIB) [l
+|lalE (bIB) - IE (alE (b|B)|B) + E (a(E (bIB) — b)IB) o

<llalallb=E®BIB) o + la—TE(@lB) g I (bIB) |
+E(a(b-E bI8))I8)

<llalgllb—E@IB) g + la—E(al®B) o I1E (bB) |l
+llaligllb—IE (bIB) [l

<L2llalylib-E®IB) g + lla—E(alB))llyll bl

<2(llallaSh) + bl S(a)).

This proves our lemma. O

AF algebras with a faithful tracial state provide us with useful conditional expec-
tations, for our purpose.

Theorem 1.2.3. If2 = cl(U,ew Ay) is a unital C*-algebra with a faithful tracial state
7, where (2,) ,eN is an increasing sequence of C*-subalgebras of A, with C1 =2,
then for all n € IN, there exists a unique conditional expectation It,, : 2l — 2,, onto 2,
such thattolb, =1.

Proof. Let m be the GNS representation of 2 on the Hilbert space L2, 1) (the
completion of 2 for a, b € A — t(a*b)).

To begin with, we note that, from the standard GNS construction, we have the
following:

1. since 7 is faithful, the map {:ae A — ae L2, 1) is injective (it could also be
written a € 2 — aw where w = {(1) is the canonical cyclic vector),

2. since [|é(a) "LZ(Q[,“) =V1(a*a) < |lallg for all a € 2, the map ¢ is a continuous
(weak) contraction,

3. by construction, ¢{(ab) = w(a)¢(b) forall a, b e 2.

Let n € IN. Since 2, is finite dimension, £(2(,) is a closed subspace of L2, 7).
Let P, be the orthogonal projection from L2, 7) onto £(2A ).

We thus note that for all a € 2, we have P, ({(a)) € {(2,,), thus, since ¢ is injective,
there exists a unique £, (a) € 2, with {(E,(a)) = Pr((a)).

If a € A, then P,,é((a)) = &(a) so IE,(a) = a. Thus IE, is onto 2, and restricts to
the identity on 2.

We now prove that P, commutes with 7 (a) for all a?(,,. Let a € 2,,. We note
that if b € 2, then n(a)é(b) = {(ab) € £(U,) since 2, is a subalgebra of 2. Thus
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m(@)éA,) < {(A,). Since A, is closed under the adjoint operation, and = is a *-
representation, we have (a*)¢(2,,) € E(RL,). Thus, ifwelet x € EQ,)L and yeé®ly),
we then have:

(m(a@)x,y)_{x,m(a*)y)_0,

ie. m(@E@A)) @A t. Consequently, if x € L2, 1), writing x = P, x + P,Jl-x, we
have:
Pyn(a)x = Pyn(a)Pyx + Pnn(a)P,ﬁx =n(a)P,x.

In other words, P,, commutes with 7 (a) for all a € 2,,.
As a consequence, for all a € 2, and b e :

$(Ep(ab)) = Pypr(a)(b) = n(a)Pyé(b) = m(a){(IE, (b)) = ¢ (alk, (b)).

Thus IE,,(ab) = alk,,(b) for all a € ,, and b € 2.
We now wish to prove that It is a *-linear map. Let J: {(x) — & (x*). The key
observation is that, since 7 is a trace:

JE@), JE)y =t(yx") =1(x" ) = (x, )

hence J is an conjugate-linear isometry and can be extended to L?(2l, 7). It is easy to
check that J is surjective, as it has a dense range and is isometric, in fact J = J* = J -1,
This is the only point where we use that 7 is a trace.

We now check that P,, and J commute. To begin with, we note that:

UPpNUP])=JPn]
and thus the self-adjoint operator JP,,J is a projection. Let a € 2(. Then:
TPy Jé(a) = JPpé(a®) = J§(Ep(a™) = (Ey(a™)™) € §(RAp).

Thus JP,,J] = P, so P,, and J commute since J2= Ios 20,
Consequently for all a € 2A:

{(Ey(a®) = Ppé(a®) = PuJé(a) = TPpé(a) = J§(Ey(a) = §(Ey(@)"),

soE,(a*)=E,(a)*.
In particular, we note that for all a € 2 and b, ¢ € 2,, we have:

E,(bac) = bE, (ac) = bE, (c*a*)* =b(c*E,(a)*)*) = bE, (a)c.

To prove that I, is a positive map, we begin by checking that it preserves the
state 7. First note that 1o € 2, so w € {(2;,), and thus P,,w = w. Thus for all a € 2:

T(E,(a) = {n(E,(a)w,w)
= ({(Ex(a),w)-(Pné(a),w)
={{(a), Phw)_(n(a)w, Pyrw)
={(m(a)w,w) =T(a).
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Thus E,, preserves the state 7. More generally, using the conditional expectation
property, forall b,ce2(,, and a € 2A:

T(bE,(a)c) = t(bac).

We now prove that IE,, is positive. First, 7 restricts to a faithful state of 2(,, and
L2, 1) is given canonically by ¢(2(,,). Let now a € sa () with a > 0. We now have
for all b € 2;, that:

(En(a)§(D),§(b)) =T(b*En(@)b) =1(b" ab) > 0.

Thus the operator [E; (a) is positive in 2(,,. Thus IE,, is positive.

Since [E,, restricts to the identity on 2(,,, this map is of norm at least one. Now, let
aesa() and ¢ € (). Then ¢ oIE, is a state of 2 since E,, is positive and unital.
Thus |@oE,(a)| < llallg. As Ep,(sa (@) < sa(2), we have:

Vaesa@) [Ey(@llg =sup{lpoE,(a)l: e 0} <lallsy. (1.2.1)

Thus IE, restricted to sa (2() is a linear map of norm 1.
On the other hand, for all a € 2, we have:

0<E,((a-Ey(@)" (a-Egp(a)

=E,(a"a)-E, (Ex(@*a)-E,(a"Er(@)+E, (En(@)*E,(a)
=E,(a*a)-E, (@) E(a).
Thus for all a € 2 we have:
IEx (@3 = |En@* Ep(a)|y
< |Bua* @)y
< ”“*“”91 = IIaIIé[ by Inequality (1.2.1).
Thus E; has norm 1. We conclude that I, is a conditional expectation onto 2,
which preserves 7.

Now, assume T : 2 — 2, is a unital conditional expectation such that o £, = 7.
As before, we have:

T(bT(a)c) =t(bac)

forallaeA and b,c € U,,. Thus, forall x, y € L%, 1) and for all a € A, we compute:
(T(@x,y) =1 T(@x)=1(y"ax) =1(y*"E(a)x) = (Ep(a)x, y)

and thus IE,, (a) = T'(a) for all a € 2. So IE, is the unique conditional expectation
from 2 onto 2A,, which preserves 7. O

With this in mind, we can introduce an interesting quantum compact metric
space structure on many AF algebras.
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Theorem 1.2.4. Let2 = cl(U,ew2yn) be a unital C*-algebra, where () peN is an
increasing sequence of C*-subalgebras of A, with C1 =y. If2 has a tracial statet,
then there exists a (unique) conditional expectation £, : A — 2, on each 2\, such
thattolt, = &y, for each n € IN; moreover, if (d,,) e IS a strictly increasing sequence
on nonnegative real numbers withlim,,_., d; = oo, then, setting for all a € sa (2():

L(a):=sup{d,la-E,(@)l.nec N},
allowing for infinity, then (A, L) is a quantum compact metric space.

Proof. First, we observe thatif L(a) =0, then a€ R: IfL(a) =0, then |la—Eqy(a)llg =
0. Now, [Eg =7 since tolEg=7,and Ay =C. So ae sa) nC1 =R1.

Now, for all n € IN, we have sa (2(,,) < dom (L,). In particular, dom (L) is dense in
sa Q). Itis immediate since if a € 2,,, then IE,,,(a) = a for all m > n.

We already know that L satisfies the (2,0)-Leibniz inequality, has dense domain,
and its kernel is R.

Let B={aesa():L(a) <1,7(a) =0}. Let € > 0. There exists N € IN such that,
for all n > N, we have d,, > % Ifae B, thenEx(a) €Ay, and ToEn(a) = T(a) = 0.
SoE(B)c C:={b esa(Ry):L(b) <1,7(b) =0}. On the other hand, by definition of
L, we also have la-En(a)llg < dn < 5.

Now, let 2B := kert nsa (A ). Of course, ‘B is finite dimensional, and moreover,
the restriction of L to B is now a norm (note that it is defined on all of sa (2 ) by
construction). So C is the closed unit ball for some norm in finite dimension, and
thus it is compact. So C is also totally bounded for the C*-norm on 2, since all
norms are equivalent in finite dimension.

Therefore, there exists a finite %-dense subset of C. Therefore, for all a € B, there
exists c € Fsuchthat |la—cllg < lla—En(a)llg+ IEn(a) — bllg < €. Thus, B is totally
bounded. By Theorem (1.1.19), we conclude (2, L) is a quantum compact metric
space. O

1.3 QUANTUM COMPACT METRIC SPACES FROM ERGODIC ACTIONS OF
METRIC COMPACT GROUPS

Definition 1.3.1. A length function ¢ : G — R over a group G is a real-valued function
such that

1. {ge G:4(g) =0} = {e} where e is the unit of G,
2. (gg) <l(g)+4(g)forall g, g €G,
3. l(gh=¢(g) forall geG.

We immediately note that 0 = £(e) < £(g) + £(g~') = 2¢(g) so alength function is
always valued in [0,00). If G is a group, and if d is a left invariant metric on G, then
setting £(g) := d(e, g) for all g € G defines a length function over G. Conversely, if ¢ is
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alength function over G, then setting d : g, h € G— ¢(h~' g) defines a left invariant
metric on G.

We will prove, in this section, the following theorem, which provides us with
many core examples for the theory of quantum compact metric spaces.

Theorem 1.3.2. Let a be a strongly continuous action of a compact group G on a
unital C*-algebra . Let ¢ be a continuous length function over G. For all a € sa (),
we define:

la-at@|y
L(a):=sups ————:g€G\{e} ¢, (1.3.1)
p{ e 8
allowing for the value co.
The ordered pair (U, L) is a quantum compact metric space if, and only if,

{acA:YgeG ad(a)=a}=C.

Of course, L defined in Theorem (1.3.2) is a seminorm, defined on some subspace
of sa () (atleast on R1!). We will spend the rest of this section proving this result
and illustrating it with some specific examples. We begin with the easy observation
that our condition is necessary.

Necessary condition. If a € 2 is chosen so that a®(a) = afor all g € G, then a8 (Ra) =
3 (a8(@) + a8 (a)*) = 1(a+a*) =Ra. Now, Ra € sa(2) and by definition, L(Ra) = 0.
Since (2, L) is a quantum compact metric space, we conclude that Ra € R. We
similarly conclude that Sa € R, and thus a € C, as claimed. O

The sufficient condition is more involved. We begin with the easier observations.
Let us fix our notation for the following few results. We let G be a compact group,
endowed with a continuous length function . We assume given a unital C*-algebra
2, and a strongly continuous action a of G on 2, with the property that its fixed
point C*-subalgebra ) :={acA:Vge G a8(a)=a}is C. We define L on 2 as in
Expression (1.3.1) of Theorem (1.3.2).

Lemma 1.3.3. We have{acsa(R):L(a) =0} =R.

Proof. If L(a) =0 then [|a8(a) - a ,,, = 0 for all g € G\ {e}, and thus a8 (a) = a. So
acesa@)nCl=R. O

Lemma 1.3.4. Foralla,besa(2),
max{LRab),L(Sab)} < llally Lb) +L(a) bl .

Proof. We extend L to a seminorm on 2 (allowing for the value co) by setting, for all
aell:
la-at@]y

L(a):= sup{ ) .gEG\{e}}.
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Let a, b e 2. Since, for all g € G:

|ab—a8(ab)|y = | ab— a8 (a)ad (b)|y
< |ato-atwn],, + [ a-af(@nat by
<lalg||b-af(B)|o + [ a-as @]y [|a® @)y

=llallg [|[b— a8 )|y + || a—ad @]y 1Dl

we conclude that L(ab) < |lallg L(b) +L(a) | bllg.
Therefore, since L is a seminorm, for any a, b € sa (2):

LRab) < = (L(ab) + L(ba))

1
2
1
< 5 (lally Lb) + L@ 1bllag + 1Dl L(@) +L(b) lallz)

lallo L(D) +L(a) IDllgy -

A similar reasoning applies for Sab in place of Rab, thus concluding our proof. O

Remark 1.3.5. If L is densely defined on the self-adjoint space sa (2() of a unital
C*-algebra 2|, and is obtained as the restriction of some seminorm densely defined
on 2 which satisfies the usual Leibniz inequality, then the proof of Lemma (1.3.4)
applies to prove L satisfies our form of the Leibniz inequality.

Lemma 1.3.6. L is lower semicontinuous over sa (20).

_ad
Proof. For each g€ G\ {e}, the function a € A — % is continuous. Thus L,

as the pointwise supremum of continuous functions over sa (1), is lower semicon-
tinuous. O

In order to obtain the other properties of L, we will work with the following
generalized convolution operator.

Notation 1.3.7. Let A be the Haar probability measure on G. For all f € LY(G,N), we
define
« A — A
a — [;f(@ad(a)dA(g)
We recall that there exists a sequence (f},) e in C(G) such that, for all & € C(G),
we have lim;,_. o fG fnhdA = h(0); of course, if A< C(G) is a dense subspace, then
we can ask for f, € A for all n € IN. With this in mind, we prove the following.

Lemma 1.3.8. dom (L) is dense insa ().



1.3. QUANTUM COMPACT METRIC SPACES FROM ERGODIC ACTIONS OF
METRIC COMPACT GROUPS 19

Proof. For any f € C(G), we observe:
al (@) -adaf (@) = f fwa @ dArh) - f f(hyad™(a) dA(h)
G G
= fG f(@a’@drh) - fG flg ' ha’ @ drh

- fG (Fh) - flg~ " W) (@) dA),

SO:

la! (@ - a8’ @)y _/ If () - f(g~
‘(g - 0(g)

h ~'h
f I )é(f()g L arim laln

h ~'h
f|f() f(g L arm lals.

Let E be the space of all functions f € C(G) for which there exists K¢ > 0 such
that supgeg I |f(h) —f(g_lh)| dA(h) < Krf(g). First, note that all the constant
functions belong to E. Moreover, note that since |¢(hk) — l(g_1 hk)| < Z(g_l) =4(g)
forall g, h, k € G, the functions h € G — ¢(hk) all belong to E; therefore E separates
the points of G (since ¢(hk™1) = 0if, and only if, h = k). Last, let u, v € E. We note
that, for all ge G:

D e, dacilala

mev(m —uv(g ' )| dAh) < ||M||C(G)fG|U(h) —v(g ' dAh)

N fG (k) — (g™ WA vl

we also have uv € E. So E is a subalgebra of C(G) which separates the points and
include the unit of C(G), and thus it is dense in C(G).

Therefore, there exists a sequence (f,) ey in E such that, for all u € C(G), we
have lim,, . [; fudA = u(e); we also can assume that f, > 0 and that [ f,dA =1
for all n € IN. Therefore, for all n € IN:

Ha—af"(a)“m = Hf faWa— fa(Wa' (@ dA(h) H
G A
éfon(h) |a-a"@|, drm == a-at@]y =0.

Consequently, (af"(a))nG]N converges to a, and afr(a) € dom (L) for all n e IN. So
dom (L) is dense in sa (20). O

The operator a/ in Notation (1.3.7) enjoys two more relevant properties. First, it
has a nice property related to our Lip-norm which is sort of mean-value theorem.

Lemma1.3.9. If f € L'(G,A), then forall a €,

”a— al (@) ”9( <L(a) ||f||L1(G,/1)'
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Proof. We compute:
”af(a) - a” = H[ (g (a8(@) —a) dA(g) ” sincef fda=1,
2 G 2A G
< [ ir@ilet@-aly arie)

<L@ fG £ (@)l dA(g),

as claimed. O

Second, we have the following application of Harmonic analysis.

We note that a/ o a” = a/*8.

If G is a compact group, and if 7 is an irreducible unitary representation of G,
then 7 is finite dimensional. The character ¢ of 7 is the function over G given by
g € G—tr(n(a)), where tr is the normalized trace. We will write G for the set of all
characters of G. Now, £ ¥ &' = 0if¢,&' € G, & £, and & # & =&, 50 a® is an idempotent
on 2.

Definition 1.3.10. The spectral subspace of a character ¢ € G of G, for the action a,
is the range of a®.

Theorem 1.3.11. Let ¢ be a continuous function over a compact group G. Let a be a
strongly continuous action of G on a unital C*-algebra®l. For all a € sa (), we define:

lat@-aly

L(a):sup{ ) 1gE€ G,g;ée},

allowing for oco.
The ordered pair (A, L) is a quantum compact metric space if, and only if:

{aeA:Yge G ad(a)=a}=Cly.

Proof. We already proved the necessary condition. Conversely, assume that the
fixed point C*-algebra of a is Clg. Denoting 2/, as the range of a® for any character
¢ of G. We thus have: [ =cl (GBXQIX). By [24], since the fixed point algebra of a is C,
2, is finite dimensional for all ¢.

Moreover, if f is a linear combination of characters yj,...,x, of G, then the
operator a/ is valued in & 7:19% . As seen for instance in [54], there exists a sequence
(fn)new of nonnegative valued linear combinations of characters of G, with norm 1
in L' (G, 1), and such that lim,, . Jo [n(8)¢(g)dA(g) =¢(e) =0.

Fix p € L 2). Let € > 0. There exists N € IN such that for all n > N, we have
fG h(@l(g)dA(g) < % By Lemma (1.3.9), we conclude that, if a e dom (L), L(a) < 1,
then || a-al"(a) “2{ < % On the other hand, the range of afr is finite dimensional.
Thus {a € dom (L) n /" (21) : L(a) < 1, u(a) = 0} is totally bounded since it is the ball
of some norm in the finite dimensional space {a € sa (2(,)} nker p.

Hence {a € dom (L) : L(a) < 1,u(a) = 0} is totally bounded. Since L is lower
semicontinuous on sa () and 2l is complete, we conclude that {a € dom (L) : L(a) <
1, u(a) = 0} is compact. By Theorem (1.1.19), our theorem is proven. O
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1.4 LIPSCHITZ MORPHISMS AND QUANTUM ISOMETRIES

Quantum compact metric spaces form a category, when using the following notion
of Lipschitz morphisms.

Definition 1.4.1. A k-Lipschitz morphism m : (2, Lg) — (28,Lg), for k > 0, is a unital
*-morphism 7 from 2 to ‘B such that

Vbhesa(®B) Lgm(a) <kly(a).

Notation 1.4.2. If w: (2, Ly) — (B, L) is a Lipschitz moprhism between two quan-
tum compact metric spaces (2, Ly) and (25, L), then we set:

dil () :=inf{k >0:Vaedom(Ly) Lyon(a)<klLy(a)}.

Theorem 1.4.3. Let (L) and (%8, T) be two quantum compact metric spaces. Let
7 : A — B be a unital *-morphism. The following assertions are equivalent.

1. & is a Lipschitz morphism,

2. n* . pe S (B)— @or e .S () isaLipschitz map from (¥ (B), mkg) to (¥ (20), mk|),
3. n(dom (L)) €dom (S).

Moreover, dil () = dil (n*).

Proof. Assume that 7 is a k-Lipschitz morphism with k > 0. Let ¢,y € . (°B). Let
a € dom (L) with L(a) < 1; therefore, S(m(a)) < kL(a) < k. Therefore,

17 () (a) = " () (@)| = lp((a)) —y(n(a))
=klor(Z)) v (=)
= kmks (¢, v).
Therefore, mk (* (), 7* (¥)) < kmkg (¢, ), as claimed.

Now, assume that 7* is k-Lipschitz, with k > 0. If a € dom (L), with L(a) < 1,
then, using Theorem (1.1.9):

Str(@) = sup{ "’)(”f:ilz (pwf;(“))' Loy S (B, # w}

_ 7" (p)(a) - " (p)(a)| }
= up{ ks @, 7) Qe SL(B),pEY

kmks (@, ) }
sup{—mks((p’w) O, EeSL(B), oY

N

k.

Therefore, S(a) < kL(a) for all a € dom(L). If a ¢ dom (L), then L(a) = co and our
inequality is trivial. So 7 is k-Lipschitz.
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We have seen that (1) and (2) are equivalent, and indeed dil (;x) = dil (7*) under
this assumptions. In turn, this also shows that if either dil () = co or dil (7*) = oo,
then so is the other. Moreover, we also note that (1) implies (3) trivially.

We conclude by proving that (3) implies (1). Thus, we assume that x(dom (L))
dom (S). For all a € sa(Rl), we set T(a) = S(n(a)). Note that T(a) < oo forall a €
dom (L) since 7(a) € dom (S). Since 7 is continuous, and S is lower semicontinuous
on sa (*B), we conclude that T is also lower semi-continuous on sa (2(). Of course,
T(1g) =0 since 7 is unital.

For all a € dom (L), we now set

lal :=llallg +L(a) and llalT = llaly + T(a).

By Lemma (1.1.21), both (dom (L), ||-]l.) and (dom (L), |I-|lT) are Banach spaces.
Let [Ill = II-ll. +lIllT-

If (x;,) pe in dom (L) converges for the norm ||-||., then (x,) e is Cauchy for
[I-. and therefore, (x,) e is Cauchy for both ||| and ||-|[T. By completeness
of (dom (L), [I-l.) and (dom (L), [I-IT), the sequence (x,) ,ev converges to some x €
dom (L) for |-|I_, and to some y € dom (L) for ||-|lT. By construction, since ||[lg <
min{l|-|[_, -7}, we then conclude that (x,) ;e converges for ||-]lg as well, and thus
x = y. Therefore, (x,) ey converges to x for both ||| and ||-|lT, and therefore, for
lI-ll«. So (dom (L), [I-]l+) is a Banach space as well.

Since |-l < |I-]l«, the open mapping theorem now implies that there exists k > 0
such that ||-|l. < kll-ll_, and thus |-l < k-]l

Let now a € dom (L), and let u € . (%8). We then compute:

S(r(a) =S(n(a) — p(r(a) = Sir(a - ula)))
= Tta-pta) = la- (@]~ | a-p@|
<kla-p@]| - |a-p@]y
=kL(a—p@) + (k-1 ||a-pa|y
< kL(a) + (k—1)gdiam (2, L)L(a)
= (k+ (k—1)qdiam (2, L))L(a).

Therefore, 7 is Lipschitz (with dil (m) < k + (k —1)gdiam (2, L)).
Our theorem is thus proven. O

Proposition 1.4.4. If; for any pair (U, Ly) and (B, L) of quantum compact metric
spaces, we define Hom ((2,Lgy(), (B, L)) the set of all Lipschitz morphisms from
(2, L) to (B,Ls), thenHom (-, -) endows the class of quantum compact metric spaces
with a category structure, whose morphisms are the Lipschitz morphisms.

Proof. This is immediate. O
It is immediate to check that an isomorphism between two quantum compact

metric spaces (2(,L) and (*8,5) in our category of Lipschitz morphisms is given by a
*-isomorphism 7 : 2 — B such that, 7(dom (L)) = dom (S), and for some constant
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C > 1, we have %L < Sox < CLondom(L). We will however work with a stronger
notion of isomorphism in this note.

Quantum isometries are essential examples of Lipschitz morphisms. To motivate
the following definition, due to Rieffel [54], we begin by recalling from [50] that if
(X, d) is ametric space, if Z < X is not empty, and if f : Z — R is a Lipschitz function
over Z, then there exists a Lipschitz function g : X — R such that the restriction of
gto Zis f,and dil(g) = dil(f). Now, let (Y, m) be some other metric space, and let
f: X — Y be an isometry. If h € sa(C(Y)) is Lipschitz, then ho f is Lipschitz with
the same Lipschitz constant; but thanks to the extension result we just recalled, if
h € sa(C(X)) is Lipschitz, then we can define k' : f(X) — R such that A'(f(x)) = h(x)
for all x € X (since f in injective, this is well-defined); of course #’ is Lipschitz
with dil (k') = dil (k) since f is an isometry; we can then extend k' to a function
h":Y — R with dil (h") = dil (h). Now, it is obvious that any function k: ¥ — R such
that ko f = h, we have dil (k) > dil (h) (allowing for dil (k) = 00). In summary, we
note that dil (k) = min{dil (k) : k € sa(C(Y)), ko f = h}. This observation motivates
the following definition.

Definition 1.4.5. A quantum isometry 7w : (2,L) — (28,5) is a surjective Lipschitz
morphism 7 : 2 — B such that

Vbedom(S) Sb)=inf{lL(a):n(a)=Db}.

Note that by Definition (1.4.5), a quantum isometry is automatically a 1-Lipschitz
morphism.

Proposition 1.4.6. Ifm: (L) — (*B,S) is a quantum isometry between two quantum
compact metric spaces (2,L) and (°B,S), thenn* : 9 € S (B) — ponme SR isan
isometry from (. (B), mkg) into (' (), mk(), and for all b € dom (S), there exists
a€dom (L) such thatS(b) = L(a).

Proof. We first note that:
{bedom(S):Sh)<1l}=n({aedom(L):L(a) <1}).

Indeed, since 7 is 1-Lipschitz, we have 7 ({a € dom (L) : L(a) <1}) € {b € dom(S) :
S(b) < 1}. Let now b € dom(S). By Definition (1.4.5), for all n € IN, there exists
ay € dom (L) such that 7(a,) = band L(a,) <S(b) + ﬁ Let u € . (*B), and note
that yomw € L(Rl). So pom(a,) = u(b). Since (A, L) is a quantum compact metric
space, the set C:={cedom(L):L(c) <S+1,uon(c) =0} is compact in sa (2l), so the
sequence (a, — (b)) e has a convergent subsequence with limit in C; so (ay) neN
has a convergent subsequence with limit denoted by a. By continuity, n(a) = b,
and by lower semi-continuity, L(a) < S(b). Again since 7 is a quantum isometry,
S(b) < L(a) since m(a) = b. So S(b) = L(a). In turn, this implies {b € dom (S) : S(b) <
llecan({aedom(lL):L(a) <1}).
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Let ¢, ¥ € . (*B). We then compute:

mky (" (@), 7" (@) = sup{lp((a) -y (a)|: a€ dom(L),L(a) <1}
=sup{lpb) —y(b)|: bedom(S),S <1}
=mks (@, ).

So * is an isometry from (. (28), mkg) to (. (21), mky ). O

Proposition 1.4.7. Let (X, dx) and (Y,dy) be two compact metric spaces. A function
f: X — Y isan isometry if, and only if, f* : he C(Y) — ho f € C(X), is a quantum
isometry from (C(X),Lg4,) to (C(Y),Lg,).

Proof. We have shown, prior to Definition (1.4.5), that if f : X — Y is an isometry,
then f* is a quantum isometry. Assume now that f: X — Y is a map such that f* is
a quantum isometry. Then f** : ¢ € /(C(X)) — . (C(Y)) is an isometry. For any
x € X, write ey : f € C(X) — f(x), and similarly if y € Y. Let x, y € X — identified
with the evaluation maps at x and y, which are states. Then

dy (f(x), f(y) =mkp, (er),ery) =mke, (f*(ex), [ (ey)
= kadX (ex,ey) =dx(x,y).

This concludes our computation. O

The previous proposition does not generalize to the noncommutative setting.
First, isometries between state spaces endowed with their respective Monge-Kanto-
rovich metric may not be affine, let alone dual maps to *-morphisms. Second, we
note that we encounter a difficulty in trying to establish that even if an isometry
is the dual of a *-morphism, things do not quite work in general. Let (2,L) and
(!B,S) be two quantum compact metric spaces, and 7 : 2 — B be a unital surjective
*-morphism, such that 7* : ¥ (B) — . (%) is an isometry from (. (25), mkg) into
(), mky). Let b e dom(S), and a € a ldby. Using Theorem (1.1.9), we then
have:

lp(D) —yp(b)|
mks (@, )
Iw(n(a))—w(n(a))l

{mhetp
{ mks (@, )
{
i

S(b) = sup WEﬁ”(‘BL(p#ﬂ/}

sup o,y e.S(B), w#w}

|T*(p)(a) -7 (w)(a)l
mks (¢, ¥)
IT*(p)(a) -7 (w)(a)l
mky (7T* (), T* (y))
<su {Iu(a) via)l

mky (i, v)

Il
)

up ,we&”(%)tp;ﬁw}

o,y €S (B), (P;ﬁw}
p,VEY(Ql),u;év}zL(a).

So inf{L(a) : m(a) = b} > S(b). However, it is not clear how to obtain equality here.
Indeed, we can define a function @: ¢ € 7% (¥ (B)) — ¢(b), and this function is
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Lipschitz with Lipschitz constant S(b), but in order to obtain an element of dom (L),
we would need to find an affine extension of @ to . (2(), with the same Lipschitz
constant; however McShane’s theorem does not provide such an affine extension in
general. So, this seems to be the limit of what we can obtain in the noncommutative
context. Quantum isometries are a stronger notion than isometries between state
spaces, even if we assume them to be dual of *-morphisms.

We can now check that quantum isometries give us a subcategory of the category
of quantum compact metric spaces.

Theorem 1.4.8. If (A, Ly), (B,Ly) and (D,Ly) be three quantum compact metric
spaces, and ifm: (A, Ly) — (B,Ly) and®: (B,Ly) — (D,Lo) are quantum isome-
tries, then ® o 1 is a quantum isometry from (2, Ly) to (D,Lp).

Proof. Of course, @or is a Lipschitz morphism. Now, let d € dom (Lg). If p((a)) = d
for some a € dom (Lg), then we note that Lo (m(a)) > Lo (d) since @ is a quantum
isometry, and then Ly (a) > Ly (m(a)) since 7 is a quantum isometry, so Ly (a) >
Lo (a).

By Proposition (1.4.6), there exists b € dom (Lss) such that @(b) = d, and Lz (b) =
Lo (d). Similarly, there exists a € dom (Ly) such that m(a) = b and Ly (a) = Ly (D).
So Lo (d) =L(a) with @om(a) =d.

Altogether, we have shown that Lo (d) = min{lLg(a) : a € dom (L), w(a) = d}. This
concludes our proof. O

The proper notion of isomorphism between quantum compact metric spaces,
for our purpose, is given by isomorphisms in the subcategory of quantum compact
metric spaces with quantum isometries as arrows. We are led to the following
definition.

Definition 1.4.9. Let (2, L) and (28, S) be two quantum compact metric spaces. A
full quantum isometry n : (2, L) — (%8,5) from (2, L) to (*B,5) is a *-isomorphism
7 A — B such that 7(dom (L)) = dom (S), and Sew =L on sa ().

Proposition 1.4.10. Let (2(,L) and (93,S) be two quantum compact metric spaces. A
*-morphism n : A — B is a full quantum isometry from (U,L) to (B,S) if, and only
if, m is a *-isomorphism and a quantum isometry such that n~" is also a quantum
isometry.

Proof. If m is a full quantum isometry, then it is a *-isomorphism. Moreover, let
b € dom (S). By definition, S(b) = L(r"!(a)) = inf{L(a) : 7(a) = b} since 1 ({b}) =
{r71(b)}. Somisa quantum isometry. The same reasoning applies to 7”1, once we
note that S=Lon™!.

Conversely, assume 7 is a *-isomorphism such that 7 and 7~! are quantum
isometries. It follows that 77(dom (L)) € dom (S), and 7~ (dom (S)) < dom (L), so

7(dom (L)) < dom (S) = ("' (dom (S))) < #(dom (L))
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so (dom (L)) = dom (S). Moreover, let a € dom (L). Then S((a)) = inf{L(¢) : 1 (c) =
a} = L(a) since 7 is a quantum isometry, and it is a bijection. This concludes our
proof. O

For our purpose, two quantum compact metric spaces are “the same” when
there exists a full quantum isometry between them.

1.5 THE LIPSCHITZ DISTANCE

The Lipschitz distance between compact metric spaces [20] provides a distance
between homeomorphic compact metric spaces based upon bi-Lipschitz isomor-
phisms, and thus it is natural to define it in this paper in light of our study of Lipschitz
morphisms.

This section provides the noncommutative generalization of the Lipschitz metric,
which in essence is a metric on Lip-norms with common domains. The quantum
Lipschitz distance is complete and dominates the quantum propinquity when work-
ing on appropriate classes of quasi-Leibniz quantum compact metric spaces. The
Lipschitz distance also provides natural examples of totally bounded classes for the
quantum propinquity, and thus compact classes for the dual propinquity [36].

Notation 1.5.1. Let (2(,Lgy) and (58, Lgs) be two quantum compact metric spaces
and let ¢ : 20 — %5 a unital *-morphism. We denote by dil(¢) the Lipschitz seminorm
of the dual map ¢ : p € (S (B), mk,,) — pop e (L (), mky,), i.e.:

Mk, (Lo @, voq)
Ly HODVOP :u,vey(%),u;«fV},
mki, (1, V)

dil(¢) = sup {
with the understanding that this quantity may be infinite. We refer to this quantity
as the dilation factor, or just dilation of the given Lipschitz morphism.

Remark 1.5.2. If (2, Ly) and (B, Lg3) are two quantum compact metric spaces with
lower semicontinuous Lip-norms, and if ¢ : 2 — B a unital *-morphism, then
dil(g) = inf{C > 0: Loz o < CLy} with the usual convention that inf@ = co.

Definition 1.5.3. The Lipschitz distance between two quantum compact metric
spaces (2, Lg) and (2B, L) is:

LipD((, L), (B,Ly)) =
inf{max {|In(dil(p))|, |In(dil (@™ "))|} : ¢ : % — B is a *-isomorphism},
with the conventions that inf @ = co and In(oco) = co.

Proposition 1.5.4. If (2, Ly) and (°B,Lyg) are two quantum compact metric spaces.
Then:

LipD((A, Ly, (B,Ly)) =

inf{max{|ln(di|((p))|,|1n(di|((p_1))|} @A — B isa *isomorphism }’

@(dom (Lg()) = dom (Lg3)
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with the convention thatinf@ = co.
Proof. This follows from our characterization of Lipschitz morphisms. O

The Lipschitz distance between Jordan-Lie quantum compact metric spaces is
actually achieved, as established in the following lemma. This observation will prove
useful in establishing that the Lipschitz distance in indeed a distance up to quantum
isometry.

Lemma 1.5.5. If (2, Ly) and (B, L) are two quantum compact metric spaces such
that LipD (2, Ly(), (B,Ly)) < co then there exists a *-isomorphism ¢ : 2l — B such
that:

max{|In(dil(p))], I In(dil(@ "))} = LipD((, L), (B, Ln)).

Proof. Suppose that LipD((2(,Lg(),(®B,Ls)) = C for some C > 0. There exists a se-
quence of *-isomorphism (¢ ) ,ew such that for all n € IN we have:

Clexp (—ﬁ) Lz oy <Ly < Cexp (ﬁ) Ly o@p.

Let a € sa () with Ly (a) < co. Since [l@,(a)lss = lally and Ly o pp(a) <
2CLyg(a) for all n € IN, we conclude that (¢,(a)),,cv admits a convergent subse-
quence since Lgs is a Lip-norm. Let ¢ (a) be its limit; as Lo is lower semicontinu-
ous, we conclude that Ly (¢ (a)) < 2CLg(a).

Since {a € sa () : Ly (a) < n,llall < n} is compact for the norm || - |lg, hence
separable for all n € IN, so is:

dom (Lg) ={a€sa®@):Ly(a) <oot= | {acsa®@):Ly(a) <n,lally < nt.
nelN

Let § be a countable dense subset of {a € sa () : Ly (a) < co}. A diagonal argu-
ment proves that there exists a subsequence (¢ r(n)) nev such that for all a € § we
have (¢ £ (@) neww converges uniformly to g (a) (see [38, Theorem 5.13]).

Moreover, if a € sa () with Ly (a) < oo, then for all € > 0, there exists a. € §
with |la — ag|| < % Let N € IN be such that for all p,g > N, we have [¢ ¢ (a:) —
Y (aells < % Thus for all p, g > N, we have:

@ rp) (@ =@ g (@D <@ rpy(@a—adl +19rp)(ae) — @ g (@)l + 19 rg (a— ae)l
<Erfifie

3 3 3

Thus (¢ () (@) new converges as well, since it is a Cauchy sequence in 2l which is

complete. Its limit is denoted once more by ¢, (a).

Note that since for all n € IN and for all a € dom (Ly), we have [l¢, (@)l =
llallg, we also have ||¢@(a)llss = llallg. We thus have defined an isometric map
Poo : dom (Lg) — sa(*B). Moreover, as a pointwise limit of Jordan-Lie morphisms,
(o 1s also a Jordan-Lie morphisms on dom (L).

Now L is lower semi-continuous and, for all n € IN we have Lg o ¢ (a) <
Cexp(ﬁ)Lgl(a). Thus Lg 0 o (a) < CLy(a). Thus dil(p) < C.
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Thus ¢, extends by continuity to a Jordan-Lie morphism from sa (2() to sa (°B).
Our argument is now concluded in the same manner as [38, Claim 5.18, Theorem
5.13] and proves that ¢, extends to a unital *-morphism from 2 to B with dil(¢,) <
C.

The same method may be applied to construct some subsequence of ((p#) nelN
converging pointwise on dom (Lgs) to some *-morphism ¥, on ‘B with Ly o o <
CLyg. Up to extracting further subsequences, we shall henceforth assume that both
(@ fm) new and ((p}(ln)) nelN converge pointwise to, respectively ¢, on dom (Lg) and
Voo on dom (Les). It is then immediate to check that ¢ © ¥ is the identity of
dom (Lss) and ¥, © 9 is the identity on dom (Lg). Then by construction, ¥, © oo
is the identity on 2l and ¢, © ¥ is the identity on ‘B. Thus ¢ is a *-isomorphism
from A to *B.

In particular, we also obtain that Ly o ¢3! < CLy and thus dil(¢™!) < C. As
we may not have both dil(¢) < C and diI((p‘l) < C, since C is the infimum of the
dilations of such *-isomorphisms, the lemma is proven. O

We now establish that the Lipschitz distance is indeed, a distance up to quantum
isometry, and that it dominates the quantum propinquity.

Theorem 1.5.6. The Lipschitz distance is an extended metric up to quantum isometry
on the class of quantum compact metric spaces. Explicitly, for all quantum compact
metric spaces (A, Lg(), (B,Ly) and (D,Ly), we have:

1. LipD((, Lg), ®B,Ly)) € [0,00], and is finite if and only if there exists a *-
isomorphism ¢ : A — B such that ¢(dom (Lg()) = dom (L),

2. LipD((A, Ly), (®,Lp)) < LipD((, Le), (B, L)) +LipD((B, L), (D,Ln)),
3. LipD((2(, Ly, (B, Lss)) = LipD((B, L), (A, Lay)),

4. LipD((A, Ly), (B,Ln)) =0 ifand only if (AU, Ly) and (B, L) are fully quantum
isometric.

Proof. The function LipD is valued in [0,00] by definition, and finite if and only if
there exists a bi-Lipschitz isomorphism between its two arguments. It is symmetric
in its two arguments by construction. The triangle inequality follows from simple
computations as well.

If there exists an isometric isometry between two compact quantum metric
spaces, then their Lipschitz distance is null. Only the converse of this observation
requires our assumption that the domain of Lip-norms be Jordan-Lie algebras. We
simply apply Lemma (1.5.5). O



Chapter Two

The Gromov-Hausdorf{f propinquity

2.1 HAUSDORFF DISTANCE

We begin with a notion of how far a point and a nonempty subset of a metric space
can be from each other.

Definition 2.1.1. The distance from x € E to A < E, with (E, d) a metric space and
A# P, is
d(x,A)==inf{d(x,y): y € A}.

Theorem 2.1.2. Let (E,d) be a metric space.
1. VACE A#¢ — 0<d(x,A),
Vx,ye E d(x{y)=d(x,y),

VAL BSE AcCBandA# @ — Vxe€E d(x,B)<d(x,A),

AW b

VxeE VYACE d(x,A)=0 < xecl(A),

VxeE VYACE d(x,A=d(x,cl(A),

IS

YVACE A#¢ = VYx,ye€E |d(x,A-d(yA|<d(x,y).

Proof. By definition of a distance, 0 is a lower bound of {d(x,y): y€ A} forall ACE
with AZ @ and x€ E. So 0 < d(x, A).

Assertion (2) is obvious.

Letnow A, B € E with A< B. Let x € E. Since A € B, we conclude:

{dx,y):ye A} c{d(x,y): ye B}

and thus:

d(x,A) =inf{d(x,y): ye A} > {d(x,y): ye B} =d(x, B).

If d(x, A) = 0 for some x € X then for all € > 0, there exists y € A such that
d(x,y) <€, and thus X(x,e) N A# @. As € > 0 is arbitrary, x € cl(A).

Since A < cl(A), we have d(x,cl(A)) < d(x, A) for all x € E by Theorem (2.1.2).
On the other hand, let x € E and € > 0. If y € cl (A), then there exists y, € A such that

29
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d(y,ye) <g,andthus d(x, y.) < d(x, ) +d(y, ye) <d(x,y)+¢e.Sod(x,A) < d(x,y)+¢€
forall yecl(A),i.e. d(x, A) < d(x,cl(A))+e. As e > Ois arbitrary, d(x, A) < d(x,cl(A)).
Sod(x,A) =d(x,cl(A)) forall xe E.

Last, let Ac E and let x, y € E. Let now z € A. Since:
dx,A) <d(x,z)<dxy +dy,2)
we conclude that since z € A is arbitrary, d(x, A) — d(x, y) < d(y, A). Therefore:
d(x, A) —d(y, A) < d(x, ).
Similarly, d(y, A) — d(x, A) < d(x, y), and thus:
|d(x, A) - d(y, A)| < d(x,y),
which completes our proof. O

Lemma 2.1.3. Let (E,d) be a metric space. If A, B < E are two nonempty bounded
subsets of (E,d), then so is AU B, and

VxeA d(x,B) <diam(AUB,d) < oco.
Proof. Fixxpe Aand yp€ B.If x€ Aand y € B, then:
d(x,y) < d(x, xp) + d(x0,y0) + d(yo,y) < diam (A, d) + d(x, yo) + diam (B, d).

Of course, if x,y € A, then d(x,y) < diam(A,d), and if x,y € B, then d(x,y) <
diam (B, d). Thus AU B is bounded, with diameter at most d(xy, yo) + diam (A, d) +
diam (B, d).

In particular, if x € A, then for all y € B, since x,y € Au B, we conclude that
d(x,y) < diam (Au B, d); therefore d(x, B) < diam (AU B, d).

This concludes our proof. O

In view of Lemma (2.1.3), the following quantity is thus well-defined.

Definition 2.1.4. Let (E,d) be a metric space. The Hausdorff pseudo-distance
Haus[d](A, B) between two bounded nonempty subsets A, B < E of E is defined
by:

Haus[d](A,B) = max{sup d(x, A),sup d(x,B)}.

XeB xeA

The Hausdorff pseudo-distance extends the distance between points.

Lemma 2.1.5. If(E,d) be a metric space, then
Vx,yeE d(x,y)=Haus[d]l({x}, {y}.

Proof. This follows immediately from Definition (2.1.4) and Theorem (2.1.2). O
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The closure operator maps bounded subsets to bounded subsets. A key observa-
tion is that the extended Hausdorff pseudo-distance does not distinguish between a
subset A of a metric space and its closure cl (A). Now, the Hausdorff pseudo-metric
satisfies all the properties of a metric, except that it may be null between two differ-
ent sets — though, as seen in the following theorem, the Hausdorff distance is zero
between two sets exactly when they have the same closure.

Theorem 2.1.6. Let (E,d) be a metric space. The following assertions hold for any
bounded nonempty subsets A, B,C € E of (E,d):

* Haus[d](A, B) = Haus[d](B, A).

e Haus[d](A,C) < Haus[d](A, B) + Haus[d](B,C).

e Haus[d](A, B) = Haus[d](A,cl(B)) = Haus[d](cl (A),cl(B)).

e Haus[d](A,B) =0 ifand only ifcl(A) = cl(B),

o %Idiam (A,d)—diam (B,d)| < Haus[d](A, B) < diam (AU B, d).

Proof. By construction, Haus[d](A, B) = Haus [d](B, A).

Let x € A. If € > 0, there exists y € Y such that d(x,B) < d(x,y) + 5. There
exists z€ Csuchthatd(y,z) <d(y,C)+ % Thus d(x,z) < d(x,y)+d(y,2) < d(x,B)+
d(y,C) + €. Consequently:

d(x,C) < d(x,B)+d(y,C) <Haus[d](A, B) + Haus[d](B,C) +e¢.

Thus sup,. 4 d(x,C) < Haus[d](A, B) + Haus [d](B, C) + €. By symmetry, we also have
sup,ec d(z, A) < Haus[d](A, B) + Haus [d](B, C) + € and thus, as claimed:

Haus[d](A, C) < Haus[d](A, B) + Haus[d](B,C) +¢.
As ¢ > 0 is arbitrary, we conclude
Haus[d](A, C) < Haus[d](A, B) + Haus [d](B, C),

as desired.

Letnow A, B < X. By Theorem (2.1.2), we have d(-, A) = d(-,cl (A)), sosup,p d(x, A) =
sup,ep d(x,cl(A)). On the other hand, let x € cl(4). For all € > 0, there exists x; € A
such that d(x, x,) < €. Thus, for all y € B, we have d(x,y) < d(x,x.) + d(x¢,y) <
€ +Haus[d](A, B). So sup,ega d(x, B) < Haus[d](A,B) +¢&. As € > 0 is arbitrary,
we conclude that sup,eg4) d(x, B) < Haus[d](A, B). Therefore, Haus[d](A, B) =
Haus[d](cl(A), B).

We then compute:

Haus[d](A, B) = Haus[d](cl (A), B) = Haus [d](B, cl (A))
= Haus[d](cl(B),cl(A)) = Haus[d](cl(A),cl(B)).

In particular, Haus [d](A, B) = 0 if and only if Haus [d]cl (A),cl(B)) = 0.
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If Haus[d](cl(A),cl(B)) = 0 then, for all x € cl(A), we have d(x,cl(B)) = 0, so
x € cl(cl(B)) = cl(B) and thus cl(A) < cl(B), and by symmetry, cl(B) < cl(A4) so
cl(A4) =cl(B). Of course, if cl (A) = cl(B) then Haus [d](cl(A),cl(B)) = 0.

By Lemma (2.1.3), we have shown that Haus[d](4, B) < diam (AU B, d). On the
other hand, by Theorem (2.1.2), we also have, for all x, x' € Aand y,y’ € B, that:

dx,x)<dx,y)+d(y,y)+d(,x') <2Haus[d](A, B) + diam (B, d),

and therefore diam (A, d) — diam (B, d) < 2Haus[d](A, B). Switching the role of A
and B, we obtain the desired inequalities. O

We therefore conclude that the Hausdorff pseudo-distance is indeed a distance
on the set of all bounded subset of a metric space (E, d), which are equal to their
closures.

Corollary 2.1.7. If(E,d) is a metric space, the restriction of Haus[d] to the set
Hyper (E,d) ={A<CE: A# @,cl(A) = A and A is bounded }

of bounded closed nonempty subsets of (E, d) is a distance, called the Hausdorff
distance. The space Hyper (E, d) is called the hyperspace of (E, d).

Proof. This follows immediately from Theorem (2.1.6). O

Notation 2.1.8. If (E, d) is a metric space, and if A € E with A # @, then diam (4, d) =
sup{d(x,y):x,y € A}.

Theorem 2.1.9. If(E,d) is a metric space, then the function diam (-, d) is continuous
on (Hyper (E, d),Haus[d]).

Proof. Fix A € Hyper (E,d). Let € > 0. If B € Hyper(E,d) and Haus[d](A,B) < £,
then for all x, y € A (resp. B), there exists z, ¢ € B (resp. A) such that d(x, z) < § and
d(y,t) < §. Thus d(x,y) < d(z, 1) + € < diam (B, d) + ¢ (resp. diam (A, d) +¢). Thus
|diam (A, d) —diam (B, d)| < €. This concludes our proof. O

We now check that various metric properties are shared between a space and its
hyperspace.

Theorem 2.1.10. Let (E, d) be a metric space. (E, d) is complete if, and only if
(Hyper (E, d),Haus[d])
is complete.

Proof. Assume (E, d) is complete. Let (A,) ,ev be a Cauchy sequence in (Hyper (E, d), Haus [d]).
Up to extracting a subsequence, we assume that Haus [d] (2,2 +1) < ZL" Let now

A= {r}im Xpn : (Xp)new converges,VnelN x,€ An}.
—00
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First, A is not empty. Pick xp € Ap. Assume that, for some n € IN, we have con-
structed xj € A with d(x, Xp41) < zik forall k€ {0,...,n}. Since Haus[d] (A, Ap+1) <
fracl12”, there exists x,4+1 € Ap+1 such that d(x,, x,+1) < zin Hence (x;) e is
Cauchy, and therefore, since (E, d) is complete, it converges. So A # @.

Now, let € > 0. Let N € IN such that for all n» > N, we have 2}%1 <e Letxe A.
There exists a sequence (x,) e such that x, € Ay, forall n € IN, and lim,—.oo X = X.
Thus there exists M € IN such that, for all n > M, we have d(x, x;;) < % If M <N,
then for all n > N, we have d(x,, x) < e. If N < M, then for all n > N, there exists
y € Ay such that d(y, xp) < zi" < %, and thus d(x, y) < d(x, xp) +d(xpr, ¥) < €. Either
way, for all x € A and for all n > N, there exists y € A;, such that d(x, y) <e.

On the other hand, fix n > N. Let x € A,,. Proceeding as above, we construct
a sequence (Xi)i>, with x,, = x, d(xg, Xg41) < Zik for all k > n, and x; € Ay, for all
k € IN. Thus (x) ke is Cauchy — hence convergence, since (E, d) is complete. Let
I =limy_ X, S0 l € A. We have

k
1
d(l,x) = lim d(xy,x) <limsup ) d(xj,xj )= <&.
k—o0 k—oo  j=n+1 2

So, for all n > N, we have shown that Haus[d](A4, A;,) < &, and thus (A,) e con-
verges to A for Haus[d].

Let now assume that (Hyper (E, d), Haus [d]) is complete. Let (x,) ,ev be a Cauchy
sequence in (E, d). Then ({x,}) ,el is Cauchy, hence convergent, for Haus [d]. Now,
since diam ({x,}, d) = 0 for all n € IN, we also conclude the limit of ({x,,}) ;e is also a
singleton {y}. It is now easy to check that y is the limit of (x,) ;eIN- O

Theorem 2.1.11. Let (E,d) be a metric space. (E,d) is totally bounded space if, and
only if, (Hyper (E, d),Haus[d]) is totally bounded.

Proof. Assume that (E, d) is totally bounded. Let € > 0. Let G be a finite %—dense
subset of (E, d). Let F be the set obtained as all possible unions of the closed balls
centered at points in G, so G is finite. Let now A < E be not empty, bounded and
closed. For each x € A, let t(x) € F be chosen so that d(x, t(x)) < % By construction,
the set B := Uyea E[t(X), %] is an element of G. If x € A, then there exists t(x) € B
such that d(x, t(x)) < § <. Let now y € B. By construction, there exists x € A such
that y € E[t(x), %]. Sod(y,x) <d(y t(x)+d(t(x),x)<e.

Hence, Haus[d](A, B) < . As G is finite, (Hyper (E, d), Haus [d]) is totally bounded.

The map x € E — {x} is an isometric embedding, so if (Hyper (E, d), Haus[d]) is
totally bounded, so is (E, d). O

Corollary 2.1.12. Let (E,d) be a metric space. (E, d) is a compact metric space if, and
only if (Hyper (E, d), Haus [d]) is a compact metric space.

Proof. (E,d)is compact if, and only if it is totally bounded and complete, if and only
if (Hyper (E, d),Haus|[d]) is totally bounded and complete. O
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Last, we check that the Hausdorff distance on Hyper (E, d) induces a topology
which actually only depend on the topology, rather than the metric, of (E, d), when
(E,d) is compact.

Theorem 2.1.13. Let X be a compact space with topology T and let & ={U°: U €
7,U # X} be the set of all nonempty closed subsets of X. The Vietoris topology is the
smallest topology on & generated by the topological basis

OWUW,...,.Vy)={FeF:FcUandVje{l,....n} FnV,#g@}

forallne N andU,Vy,..., V€.

Ifd is a metric on X which induced t, then the topology induced by Haus [d] on
Hyper (X, d) is the Vietoris topology.

Consequently, ifd; and d, are two metrics which induce the same topology on X
then Haus[d,] and Haus[d;] induce the same topology on % .

Proof. Let Fe & and r > 0. Since F is compact, there exists x,..., X, € F for some
n e N such that F c U;‘:I X (xj,%) where the open ball in (X, d) of center any y € X
and radius r is denoted by X(y,r). Forall j € {1,...,n}, we set V; = X (x;, %).

Let U = U;’Zl V;. Note that by construction, F € (U, V1,..., V). Nowlet G €
OWU,W,..., V). If x€ G, then x € U and thus x € V; for some j € {1,..., n}, implying
that d(x, F) < 5 If x € F, then x € V; for some j € {1,...,n}. Since GNV; # @,
there exists y € Gn V; and by definition of V;, we conclude d(x,y) < r. Hence
Haus[d](F,G) < r. Thus @(U, W,..., V) S F(F,r).

Letnow U, V,...,V, € T be given with Fe (U, V,..., V). Since X \ U is closed
and disjoint from F, we conclude that there exists £y > 0 such that, for all x € F and
y€ X\ U, we have d(x, y) > €.

Now, for each j € {1,..., n}, there exists x; € Fn V; and there exists £; > 0 such
that X(xj,€;) € Vj. Lete =min{e;: j€{0,...,n}}.

Let Ge & (F¢). Let x € G. There exists y € F such that d(x,y) <e. Thus xe U
since d(x,y) < &g. Thus GS U.

Let j € {1,...,n}. There exists y € G such that d(x;,y) < € < €}, and thus by
construction, y € X(xj,&;) € V; and thus GNnV; # . We thus have shown that
GeoWU,W,...,V,). Thus #(Fe)<cO(U, Vy,..., V).

This proves our lemma. O

The Hausdorff distance is defined with reference to a fixed, based metric space.
If we want to talk about convergence of different metric spaces, which are not
subspaces of a fixed metric space — an issue which will become all the more relevant
in the noncommutative geometry setting — we then turn to an idea due to Edwards
[15] (for compact metric spaces) and Gromov [20, 19] (for locally compact metric
spaces). We focus our attention to the compact case.
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FIGURE 2.1: Gromov-Hausdorff Isometric Embeddings
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Definition 2.1.14. If (X, dx) and (Y, dy) are two compact metric spaces, then we
define the Gromov-Hausdorff distance between (X, dx) and (Y, dy) as:
GH((X,dx), (Y,dy)) = inf{Haus ldz]1(ix(X),iy(Y)): (Z,dx) compact metric space,

ix:X— Zandiy:Y — Z isometries }

We will construct a noncommutative analogue of this metric.

2.2 TUNNELS AND BRIDGES

Tunnels generalize the idea of an isometric embedding of two quantum compact
metric spaces into a third one to our noncommutative metric geometric setting.
They form the basis for the construction of the propinquity.

Definition 2.2.1. Let ((1,L;) and (%2, L2) be two K-quantum compact metric spaces.
A K-tunnelt = (®,Lgp,m,m2) from (2;,L;) to (A, L) is a given by a K-quantum
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compact metric space (9, Lg), and two quantum isometries 7 : (9,Lo) — (2;,L1)
and o . (:D, L@) —» (Q[z, Lg)

The domain dom (7) of T is (%(;,L;), and the co-domain codom (7) of 7 is (5, L5).
The inverseof Tis 771 1= (D, Lo, o, m1).

Notation 2.2.2. If 1 = (D,Lop,m,72) is a tunnel from (2;,L;) to (A, L,), we will
sometimes write:
7:@,L) < @, L) 22 @, Ly).

With this notation,
T Ay, L) 2 (@, Le) 2 @y, Ly).

We can associate a number to any tunnel, which will measure how far apart its
domain and co-domain are from its perspective.

Definition 2.2.3. The extent y (t) of atunnel 7: (;,L;) iy ®,Ln) z2, (R, L,) be-
tween two quantum compact metric spaces (2(;,L;) and (2, L) is defined as the
nonnegative number:

max Haus [mkio ] (7 @), {porj: 97 @},

where Haus [kaD] is the Hausdorff distance by the Monge-Kantorovich metric
mk|_® on the class of the weak* closed subsets of the state space . (D) of .

Of course, for any tunnel, y (t7!) = x (7).

Our first task is to show that tunnels always exist between any two quantum
compact metric spaces. To this end, we introduce the concept of a bridge: a bridge
is in a sense dual to a tunnel. There are several notions of bridges, and we choose to
focus on a special kind which, as we shall see later, can be used to directly compute
an upper bound for the extent of a tunnel.

Definition 2.2.4. Let 2 and B be two quantum compact metric spaces. A bridge
Y = ®D,w,7m9,wx) from 2 to B is given by a unital C*-algebra ©, two unital *-
morphisms 7y : A — D and 793 : B — D, and a self-adjoint element w € sa (D) such
that there exists a state ¢ € .7 (D) with ¢p(w-) = p(-0) = ¢.

The element w is called the pivor of the bridge y. The bridge seminorm bn, (-, )
associated with y is defined by bn, (a, b) = ||y (@)w — wrg (b) | p, for all a € A and
be‘B.

Remark 2.2.5. In [38], bridges were introduced where the *-morphisms were re-
quired to also be injective. This is not necessary here, or even in [38], as the height,
defined below, will avoid degenerate situations by being “large” for bridges with
non-injective *-morphisms.

A first quantity associated with bridges, called the reach, enables us to define a
tunnel from a bridge.
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Definition 2.2.6. Let (2(,Ly) and (23, Ly) be two quantum compact metric spaces.
The reach reach (y|Lg(, Lys) of a bridge y = (D, w, g, ms) from (2, Lgy) to (B, Leg) is

reach (y|Lg, L) := Haus[@]({aw :ae€dom (Ly), Ly (a) <1},
{wb:bedom(Ly), Ly (b) < 1}).

Of course, if we associate a tunnel to a bridge, it is natural to ask what the extent
of that tunnel would be, based on the bridge used to construct it. To this end, we
introduce the following quantity.

Definition 2.2.7. Let (2(,Lg) and (B, L) be two quantum compact metric spaces.
The height reach (y|Ly, L) of abridge y = (D, w, g, wes) from (A, Ly) to (B, Leg) is

height (y|La, Ls) = max{Haus[mk, |(“ @), {p o 19 : ¢ € S Dlw}),
where ' (D|w) = {p e L) : p(w-) = p(-w) = @}.

Theorem 2.2.8. Let (2, Ly) and (°B,L) be two K-quantum compact metric spaces.
Ify = (®,w,m9,m3) is a bridge from 2 to B, then by setting T := A & ‘B, letting
€ >reach (y|Lg(, L) and, for all (s, b) € sa (%):

T(a,b):= maX{Lm(a), Los (D), %bny (a, b)},

and pg(a,b) := a, pss(a,b) = b, the quadruple (T, T, pg, pss) is a K-tunnel from
(R, Ly) to (B, Ly), whose extent is at most

A(y|Lsr, L) == reach (y|Ly, L) + height (y|Lgy, Ls ).

Proof. The function T, is easily checked to be a seminorm, and, as the maximum of
two lower semi-continuous functions (L; and L,) and one continuous function over
sa(R0) (% bn, (), it is lower semi-continuous over sa (§).

We also note that dom (T,) = dom (Ly) ®dom (Lss), which is dense in sa (§) since
dom (Lg) is dense in sa () and dom (Lsy) is dense in sa (°B).

Now, let (a,b) € sa(F). If T.(a,b) =0, then Ly (a) =0so ae€ Rlg, and Ly (b) =0
so b € R1y; moreover my (a) = mgs (b). Therefore, (a,b) € R(1g(, 1) =R13.

We now establish the Leibniz property.

If a1, as € sa () and by, b, € sa (*B), then:

1 1
Ebny (a1az, b1 b2) = - 7o (a1 az)w — wmes (b1 b2) |l p
1
< s o (@) mg (az)w — o (@) wmss (b2) o

1
+ z 7o (@) wmsg (bo) — wmeg (bo)wes (b2) o

layl 1B,

<2 g (@2)w — 0 (o) o + 2 Iy (@) — w7 (@) o
bn (ﬂ,b) bn (a,b)

<||(6ll,b1)||3y—22+||(a2,b2)||3%11,

(2.2.1)



38 CHAPTER 2. THE GROMOV-HAUSDORFF PROPINQUITY

since |la, bllz = max{l|lalg, |1 bls} for all (a, b) € §. As bny (-) is a seminorm on A &°B,
it follows from Inequality (2.2.1) that

bn, R(ayaz, b1b2)) < (a1, b1)llgbny (Oaz, b2) + (a2, b2) g bny (O a1, by)

e(I(dr, do) 5 Teler, e2) + Teldy, da) ll (e, €2)ll5) -

NN

Since (2, Lgy() is a K-quantum compact metric space, we also have:

Loy R(a1a2)) < K(llayllg Lo (a2) + Lag(ar) lazllg + Lo (a1) Ly (az))
< K(l(a1, b1)llz Te(az, b2) + Te(ay, by) [ (az, b2) g + Telar, b1) Te(az, b2)),

and similarly with Lgs (R(b; b2)), so overall, since K > 1,we obtain:
T:R(ar1az, b1 b2)) < K(ll(a1, b)) I3 Telaz, b2)+Te(ay, by) | (az, b2) g +T. (a1, b)) Te(az, ba)).

A similar computation applies with R replaced by S.

Let u € .2, extended to § by setting u(a, b) := p(a) for all (a, b) € 5. Let (a, b) €
sa(F) with T.(a,b) < 1 and pu(a,b) = 0. By Lemma (1.1.14), since Ly (a) < 1 and
u(a) =0, we have |lallg < qdiam (21, Lg). Moreover [|bllss < € + ||bllss by definition
of T¢. So

{(a,b)€sa(F) : Te(a,b) <1,u(a,b) =0}
{xedom (Lg): Ly (x) <1,pu(x) =0} x{y e dom (Les) : L(y) < L, ||y s < qdiam (A, Loy)+e}.

Since (2, Lg) is a quantum compact metric space, by Theorem (1.1.19), the set
{x e dom (Lg) : Ly (x) < 1, u(x) = 0} is compact. By Theorem (1.1.22), since (8, L)
is a quantum compact metric space, the set {y € dom(Ly) : L(y) + “J’”% <1+
qdiam (2, Ly() + €} is also compact. So {(a, b) € sa () : Te(a, b) < 1, u(a, b) = 0} is to-
tally bounded; as it is closed and § is complete, it is in fact compact.

By Theorem (1.1.19), we conclude that (§, T,) is a K-quantum compact metric
space.

Let now a € dom (Lg) with Lg(a) = 1. By definition of the bridge reach of y,
there exists b € dom (L) with Lgg (b) < 1 and bny (a,b) < €. By construction, we
then see that T, (a, b) = 1 = Ly (a)). Therefore, py is a quantum isometry (note that
if Ly( (@) = 0, then a = t1g for some ¢ and then we can choose b = t1s3). A similar
computation proves that ps is also a quantum isometry. So (§, T, pa, pss) is a
K-tunnel from (2, Ly() to (B, Lgs).

So far, only the reach of our bridge y played any role. It is also possible, using the
bridge height, to find an upper bound on the extent of 7. Let ¢ € .¥(§). Therefore,
there exists t € [0,1], p € . (2) and v € . (*B) such that ¢ = tuo py + (1 - t)vo psys.
Now, by definition of the height of y, there exists § € .7 (D |w) such that fonrss € .7 (B)
and mky, (v,0 o msg) < height (v|Lai, Lss). Now, if (a, b) € § with T(a, b) < 1, then in
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particular, Loz (b) < 1 and [|mg(@)w — s (b)llp < reach (y|Ly, Las). Therefore:

lp(a,b) — (tp+ (1 -0 omg) o py(a, b) < ltp(a) + (1 - D)v(b) — tu(a) — (1 - N oy (a)l
< v(b) -0 (g (a)l
<|v(b) = 0(mss (b)) +10 (s (b)) — 0 (7 4 (@)
=|v(b) -0 (s (D)| +10(wrss (D) — O (7w a(@) )]
height (y|La, L) + bny (a, b)

<
< height (y|Lgg, Les ) + reach (y|Ly, Lag).

So mkT (¢, (tu+ (1 - )0 omg)) < A(y|Ly, L), noting that ru+ (1 - 1)0 oy is a state
of 2.

A symmetric reasoning shows that there exists a state y of 5 such that mky (¢, yo
px) < A(y|La, Lg). In conclusion, ¥ (1) < A(y|Lg, Les), as claimed. O

Remark 2.2.9. Theorem (2.2.8) is very helpful for constructing tunnels; to this end,
only the reach of the bridge is involved. Sometimes, it may be easier to compute the
extent of the resulting tunnel directly, rather than involve the height.

Remark 2.2.10. Let F : [0,00)* — [0,00) be an increasing function for the product
order on [0,00)%, with the additional property that F(x, y, Iy, 1)) 2 xl, + yl + Iy for
all x,y, Iy, I, > 0. Say that a tunnel 7 := (9, Lo, 71, 72) is an F-tunnel when (D,Lo)
is F-Leibniz, in the sense of Remark (1.1.26). Then it is easy to check that if ((;,L;)
and (2(,,L,) are F-quantum compact metric spaces, and v is a bridge from 2 to %5,
then the tunnel 7(y) from Theorem (2.2.8) is an F-tunnel.

We now apply Theorem (2.2.8) to prove that there always exists a tunnel between
any two quantum compact metric spaces.

Lemma 2.2.11. If(2,Ly) and (%B,Ly) are fwo quantum compact metric spaces, then
there exists a tunnel T from (2, Ly) to (B, L), with

¥ (1) < max{qdiam (2, Lg), gdiam (B, L)} .

Proof. Let C:= max{qdiam (2, Ly(),qdiam (*5, Lg3)}.

Since 2( and ‘B are separable C*-algebras, they both admit a unital faithful *-
representation on an infinite dimensional countable Hilbert space; up to unitary
equivalence, we can thus assume that there exist two unital *-representations g
and g3 of, respectively, 2 and 98, on ¢2(IN). By definition, y := (B (£2(IN)), 1, o[, 73)
is a bridge from 2 to 8. Now, fix p € (). if a € dom (Lg) with Ly (a) < 1, then
|||7TQ(((,Z) — sy (,u(a))|||€2(]N) = “a— wa ”2( < qdiam (2, Lg() < C. Of course, Los (p(a)) =
0 < 1. Similarly, if we fix v € .%(B), we get bny (v(b), b) < C. So reach (y|Ly, L) < C.

From Theorem (2.2.8), we thus deduce that if we set:

1
D:=AeBandT:(a,b)eD— max{Lg[(a), L (b), Elllﬂm(a) =73 (Dl 2 },

andif py : (a,b) €® — aand pss : (a,b) €D — b, thent:= (D, T, py, pw) is a tunnel
from (2, Lgy) to (2B, Lgs). It remains to compute a bound for its extent, which can be
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done if we compute the height of y. Since 7y is faithful, and since .7 (BL2IN)) =
. (9B (£%(IN))), we conclude that 5 (S (B(£2(IN)|1)) =.7 (), and similarly with B
in place of 2. So height (y|Lg(, Ly ) = 0. So the extent of 7 is at most A (y|Ly, Les ) < C.
This concludes our proof. O

The advantage of tunnels over bridges is that they behave like generalized mor-
phisms, with the departure from being given by actual morphisms is measured by
the extent. Bridges can not be composed naturally, unlike tunnels. So, in general,
bridges are very useful to construct tunnels and obtain bounds on their extent, but
tunnels are essential to obtain a good construction of the propinquity as a complete
metric, as we shall see. Tunnels, of course, need not be constructed from bridges,
and are thus more general and flexible when needed.

2.3 TUNNELS AS SET-VALUED GENERALIZED MORPHISMS

Tunnels behave, informally, as some form of “almost morphisms”. As a first such
property, we prove that we can compose tunnels up to € > 0, in the following sense.

Theorem 2.3.1. Let (2, Ly), (B,Ly) and (&,L¢) be three K -quantum compact metric
spaces for some K > 1. Let Ty : (2, Ly) i ®1,LD 22, (®B,Lss) be a K-tunnel from
@, Ly) to (B,Leg), and let 12 : (B, L) <= (D,,L5) L2 (€,L¢) be a K-tunnel from
(B,Ly) to (€,Lg). Lete > 0.

Ifweset§ =1 0D,, and for all (d;, d>) € sa(§), we set:

1
Te(dy, do) = maX{Ll(dl), L2 (d2), P [|72(dy) - p1(da)|| o5 } ,

and ifn, : (dy,d2) €§— dy € D1 andny : (dy,ds) € §— dp € Dy, then (§,T,) isa
K-quantum compact metric space, and

71011 p2012

T10:T2: (R, Lo) —— (§, Te)

(€ Le)
is a K-tunnel from (2, Ly) to (€,L¢), whose extent satisfies:
X(T1oeT2) Sy (T1) +x(72) + €.

Moreover, the affine maps ¢ € /' (91) — @on; and ¢ € .7 (D) — @on, are isometries
from, respectively, (¥ (D1),mk| ) and (¥ (D), mky,) into (' (D1 & D), mk ).

Proof. Lety = (B,1m,,72, p1). By assumption, y is a bridge from ®, to ©,. Since 7
and p; are both quantum isometries, we conclude that

{ma(d):dedom(Ly),L1(d) <1} ={bedom(Ly):Ly(b) <1}
={p1(d):d edom(Ly),L2(d) <1}
so reach ()/| Ly, LsB) = 0. Hence, for all € > 0, by Theorem (2.2.8), we conclude that

($, Te) is a quantum compact metric space, and moreover, 17 and 71, are both
quantum isometries from (g, T,) onto, respectively, (91,L;) and (D, L,).
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By Theorem (1.4.8), the *-morphisms ; on; and p» o1, are quantum isometries
from (§, T,) to, respectively, (A, Lg) and (&,Lg). Therefore, 7 o, 72, as defined, is
indeed a K-tunnel.

It remains to compute the extent of 7; o, 7,. We proceed directly. Let ¢ € .7 ().
Since § = D ©9,, there exists ¢ € [0,1], @1 € (D) and ¢, € ¥ (D>) such that
p=tprom+{1-1gzon;.

By definition of the extent of 71, there exists ¥ € . (8) such that:

mk (@10m1,Womaony) =mkp (@1, ¥om) <y (T1).
Now, by definition of the extent of 72, there exists 8 € .¥ (&) such that:

mky (@ opiomz,00p20m2) =mky,(Wop1,00p2) < x(72).
Let (dy, d») € § with L(d;, d2) < 1. Then by construction of L, we have:
Li(dh) <1,La(dz) < 1and ||72(dr) — p1(da)| g <.
Thus:
lp1(n1(dy, d2)) = 0(p2 0n2(d1, d2))]
=|@1(dy) —0(m2(d2))]
<l (dy) =y (d)| + [y (ma(dr)) —w(p1(d2))]
+1w(p1(d2)) —0(p2(d2))|
< mke, (@1, yom2) +&+mky, (Yop1,00py)
Sx@)+e+x(T2).
Thus:
mky (@101m1,00p20m2) < ¥ (T1) + ) (T2) + €.
By definition of the extent of 72, we can find 8, € . (&) such that:
mky (@2 012,020 p20m2) = mky, (2,020 p2) < x (T2).

Since the Monge-Kantorovich metric mk|_is convex in each of its variable by con-
struction, we conclude:

mky (@, (10 + (1 — 1)02) 0 po om2) < max{y (11) + &+ x (12), ¥ (12)}
=x@)+e+yx(12),
and we note that 10+ (1—- )08, € . (€). Thus, as ¢ € .7 () was arbitrary, we conclude:
Haus [mkp ] (.7 (@), (p2012)* (L (€)) < x (T1) + ¥ (T2) + €.

By symmetry, we would obtain in the same manner that for any ¢ € .7 (§F) there
exists 0 € .7 (2() with:

mkp (p,00myony) <x (1) +x (12) +€.
Therefore, by Definition (2.2.3):

X (T10:T2) < x(T1) +x(12) +6¢,

which concludes our theorem. O
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Remark2.3.2. If T1 and 75 are F-tunnels in the sense of Remark (2.2.10), then Remark
(2.2.10) implies that 77 o, T is also an F-tunnel.

Tunnels can in fact be used to define compact-set valued maps between quan-
tum compact metric spaces. The properties of these set valued functions are remi-
niscent of morphisms, with some nebulosity controlled by the extent of the tunnel.

Definition 2.3.3. Let (2, Ly ) and (28, L) be two quantum compact metric spaces,
andlet 7: (2, Lgy) I, Lo) I3, 8, Los) be a tunnel from (2, Lgy) to (B, Lyg).

For all a € dom (Lgy(), and for all [ > Ly (a), the target set t; (all) is defined as the
subset of ‘B

t: (all) :={myn(d):dedom(Ly),L(d) < [, m9(d) = a}.
We first observe that target sets are not empty.

Lemma 2.3.4. Let (2, Ly) and (B, Lss) be two quantum compact metric spaces, and
lett: (2, Ly 2@, Lo) I=, (B, L) be a tunnel from (U, Lgy) to (B, Ly).

For any a € sa () with Ly(a) < oo and r > Ly (a), the set t; (alr) is not empty.
Moreover, if | > 1 > Ly (a), then t; (alr) < t; (all).

Proof. Fix a e dom (Lg).

By definition, if / > r, then {; (al|r) < t; (all). By Proposition (1.4.6), since mg is
a quantum isometry, there exists d € dom (Lp) such that 7y (d) = a and Lo (d) = a.
Since mgs is also a quantum isometry, we conclude that Loy (mss (d)) < Lo (d) = Ly (a).
Thus g (d) € t; (alL(a)). This proves target sets are not empty. O

We now prove what is, in a sense, the key property of target sets: a form of
continuity, controlled by the extent of a tunnel, from which many other properties of
target sets depend. The crucial property of the target sets for a tunnel 7 is that their
diameters are controlled by the length 7. Consequently, when two Leibniz quantum
compact metric spaces are close for the dual Gromov-Hausdorff propinquity, then
one may expect that target sets for appropriately chosen tunnels have diameters of
the order of the distance between our two quantum compact metric spaces. Thus,
if two quantum compact metric spaces (2, Lg) and (28, L) are in fact at distance
zero, one may find a sequence of target sets for any a € sa () associated to tunnels
of ever smaller length, which converges to a singleton: the element in this singleton
would then be our candidate as an image for a by some prospective full quantum
iometry. This general intuition will be the base for our proof of Theorem (2.4.3). We
now state the fundamental property of target sets upon which all our estimates rely.

Theorem 2.3.5. Let (A, Ly) and (°B,Ly) be two quantum compact metric spaces,
and lett: (A, Ly) 2, Lo) KRNI S L) be a tunnel from (A, Lgy) to (B,Ly). Let
acdom (Ly), and letl > Ly (a).

Ifde n;tl({a}) nsa(®) and Ly (a) <, then

ldllo < lally + Iy (7).
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Therefore, for all b € t; (all),
bl < llallg + Iy (7) and Ly (b) < L.

Proof. Letde nill({a}) Nsa (D) with Ly (a) < I. Let ¢ € ¥ (21). By Definition (2.2.3),
there exists ¥ € . () such that kaB (p,womy) < x (). Therefore,

lp(d)| < lo(d) -y omg(d)| + |y oo (d)]
< Imky, (@, pomy) +|w(a)l
Shy@+laly.

Now, if b € t; (all), then b = 73 (d) for some d € my ({a}) Nsa (D) with Ly (a) <
I; therefore, || bllgs < ldllss < Iy (1) + llallg and, since mgs is a quantum isometry,
Ly (b) < Lo (d) < . Our proof is complete. O

As a first application, we see that target sets are compact, which is a form of
“point-like” behavior.

Proposition 2.3.6. Let (A, Ly) and (B, L) be two quantum compact metric spaces,

and let T: (U, Ly) <= (D,Lp) =2 (B, L) be a tunnel from (A, Ly) to (B,Lsy). If
aedom (Ly), and ifl > Ly (a), then t; (all) is compact in*B.

Proof. We prove a little more. By Theorem (2.3.5), we note that, if s := {d € n;tl ({a}):
Lo(d) < I}, thensc{dedom(Lp):Lp(d)+ldlo <1+ lalg + Iy (1)}. The latter
set is compact by Theorem (1.1.22). Therefore, s is totally bounded. On the other
hand, n;ll ({a}) is closed since mg is continuous and {a} is closed, and {d € dom (Lp) :
Lo (d) < I} is closed since (D, Lp) is a quantum compact metric space. Therefore, o
is closed. Since ® is complete, s is compact.

By definition, t; (al|l) = ms (s) and ;g3 is continuous, so t; (all) is compact in B,
as claimed. O

Remark 2.3.7. Using the notations of Definition (2.3.3), we note that if a € sa () is
not in the domain of Ly, i.e. Ly (a) = oo with our convention, then t; (a|oo) is not
empty since mg is surjective, though it is not compact in general.

We can now relate the linear structure of quantum compact metric spaces and
target sets of tunnels. An important consequence of this relation regards the diame-
ter of target sets.

Theorem 2.3.8. Let (2, Ly) and (B, Ly) be two quantum compact metric spaces and
lerT: (A Ly) = (D,Lp) =2 (B, Les) be a tunnel from (A, Ly to (B, Leg).
Leta,a’ € dom (Lg). If r > max{Ly(a), Ly (a')}, then:

1. Forallbet; (alr), b € t; (d'|r) and t € R, we have:

b+tb e€t;(a+ta |1+1thr);

2. consequently,

sup{||b-b'| g :bets (alr),b' et (a'|r)} < |a—d' |y +2rx (@).



44 CHAPTER 2. THE GROMOV-HAUSDORFF PROPINQUITY

3. In particular:
diam (t; (alr), |- ) < 2ry (7).

Proof. Letbet; (alr), b' € t; (a'|r) and r € R. By Definition (2.3.3), there exists d €
sa (D) such that o (d) = b, mg(d) = a, Lo (d) < r. Similarly, there exists d’ € sa (D)
such that wy(d) = a’, s (d') = b' and Lo (d') < r. Then:

Lo(d+td) <Lo(d) +|tlLod) <r+|tlr,

and g (d+td') = a+ta',so b+tb' = ngs (d+td') € t; (a+ ta'|r(1 +|1])) by Definition
(2.3.3). This completes the proof of (1).

Now, let a,a’ € sa () and r > max{Lg (a),Ly (a")}. Thenif be t; (alr) and b’ €
t; (a|r) then b— b’ € t; (a— a'|2r) by the proof of (1). By Theorem (2.3.5), we have:

[b—V g <|a—d|y+2rx@. 2.3.1)

This proves Assertion (2) of our proposition.
Assertion (3) is now obtained from Inequality (2.3.1) with a = a’. This completes
our proof. O

Our next goal is to relate the multiplicative structure of Leibniz quantum com-
pact metric spaces with target sets of tunnels. The following property makes explicit
use of the Leibniz property of Definition (1.1.1).

Theorem 2.3.9. Let (A, Ly) and (°B, L) be two K-quantum compact metric spaces,
forsomeK > 1, andlett: (A, Ly) 2@, Lo) I3, 8, Lss) bea K -tunnel from (2, L)
to (B, Ly).

Leta,a’ € dom (Ly), and let | > max{Ly(a), Ly (a')}. Let

C:=Kllalg + lalgy + 1+ 2y (1)).
Ifbet; (all) and b € t, (d'|l), then:
R(bD") € t; (R(aa)|C),

and:
3(bb) € t; (S(ad)|C).

Proof. Let a,a’ € sa(), r > maxi{Ly (a),Ly(a)}. Let b € t, (all), b’ € t, (a'|l). Let
d,d’ € sa(®) such that:

Lo@ <!, ny(d=a 7ng(d=>b

and
Lo@dh <1, mogd)=d, nxd)=b.

By Theorem (2.3.5), we have:

ldlo <llallg + 1y (7) and ||d'|| o < || @' ||o + Ix (D).
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Since (9, Lg) is a K-quantum compact metric space, we get:

Lo R(dd)) < K(ldlo Lo (d) +Lo(d) ||d'|| 5 + Lo (@d)Lo (d)
<K((alg+ Iy @ni+1(|a | g + 1y @) +1%) = C.
Since 7wy (R(dd")) = R(aa’), we conclude our theorem holds true for the Jordan

product.
The proof for the Lie product is similar. O

2.4 THE PROPINQUITY

Definition 2.4.1. The K-propinquity between two K-quantum compact metric
spaces (2, Lg) and (B, L), is the nonnegative number:

AR (@, Ly), (B,Ly)) =inf{y (r) : 7 K-tunnel from (A, Ly) to (B,Ls)}.

We will use the following definition in this paper. For a class C and an equivalence
relation ~ on C, a function d on C x C is called a metric up to ~ (or a pseudo-metric,
in short) if the following three properties hold:

1. Vx,yeC, d(x,y)=0ifandonlyifx~ y,
2. Vx,yeC, d(x,y) =d(yx),
3. Vx,y,zeC, d(x,2)<d(x,y)+d(y 2).

Proposition 2.4.2. The propinquity is a pseudo-metric on the class of K-quantum
compact metric spaces, such that:

1. if (A, Ly) and (B, L) are fully quantum isometric, then A}Q((Ql, Lo, (B,Ly)) =
Or

2. for any two K -quantum compact metric spaces (2, Ly) and (5,L),

Ay (@, Ly), (B, Ly)) < max{qdiam (2, Ly), qdiam (B, Ly)} .

Proof. Let (2, Lg) and (*B,Lg) be two K-quantum compact metric spaces. By
Lemma (2.2.11), there exists a K-tunnel 7 from (2(,Ly) to (B, Lss) whose extent
x (1) is at most max{qdiam (2, L), qdiam (4B, Ly3)}. By Definition (2.4.1), we thus
conclude that A* (2, Lg), (B,Ly)) < max{qdiam (2, Ly), gdiam (2B, Lg)}. We also
note trivially that Ay (2, Lg(), (B, L)) > 0.

Let now (D,L9) be some other K-quantum compact metric space. Let € > 0.
By Definition (2.4.1), there exists a K-tunnel 7; from (2, Lgy) to (D,Lo) such that
X (71) < AR (@, Ly, (D, Lp)) + §. Moreover, there exists a K-tunnel 7, from (D, L)
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to (B,Ly) such that y (72) < AR ((D,Le),(B,Ly)) + 5. By Theorem (2.3.1), there
exists a K-tunnel 7 from (2, Lg) to (B, L) with y (7) <y (t1) + x (72) + % Therefore:

Ax (@ Ly), (B, L)) < x (1)
<xﬁﬂ+xﬁﬁ+§

AR L), (O, L)) + £ + AR, L), (B Ly + =+ 2

= AL(, LoD, (®, L)) + AL((D, L), (B, L)) +e.
As € > 0 is arbitrary, we conclude that
AR (@, Lg), (B,Lp)) < AR (@ Lo, (D, Lp)) + A (D, Lo), (B, Ly)).
Since y (r) = y (r71), it is immediate that
A (R Loy, (B, Les)) = A ((B,Las), (4, Lap).

Therefore, A is a pseudo-metric on the class of K-quantum compact metric
spaces.

Now, assume that there exists a full quantum isometry from (2, Ly() to (28, Lsg).
Let7: (A Ly) Mo (A, Ly Z (8, Ls). By Definition (2.2.1), 7 is indeed a K-tunnel
from (2, Ly) to (B,Lsys), whose extent is trivially 0. So 0 < A* ((2(, Lg), (B,Ls)) <0,

as needed. O
We now turn to actually fully characterizing what zero propinquity means.

Theorem 2.4.3. Fix K > 1. For any two K -quantum compact metric spaces (2, Ly()
and (°B, Lsg),
A (R Lg), (B, L)) =0

if, and only if, (A, Ly) and (B, Ly) are fully quantum isometric.

Proof. By Proposition (2.4.2), we already know that our condition is sufficient. We
henceforth assume that A} (2, Lg), (3B, Lgz)) = 0 for two fixed K-quantum compact
metric spaces (2, Lg) and (B, Lsy).

For every n € IN, there exists, by Definition (2.4.1), a K-tunnel 7, from (2, Lg)
to (*B,Lg), with extent y (7,) < ﬁ We will henceforth simplify our notation
somewhat, and denote t, (-|-) in place of t;, (-|-) for all n € IN.

We present our proof as a succession of claims, followed by their own proof, to
expose the main structure of our argument.

As our first step, given a fixed a € dom (Lg(), we show how to extract a potential

image for a in‘B from our target sets‘T. (al-), using a compactness argument.

Claim 2.4.4. Foranya € dom (Ly), and for any strictly increasing function f : IN — N,
there exists a strictly increasing function g : IN — IN and n(a) € dom (Lsg) such that,
forallr > Ly (a), the sequence

(thg(n) (al r))nelN
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converges to the singleton {m(a)} in the Hausdorff distance Haus [*8] induced by |||
on the compact subsets of B. Moreover, for any sequence (by,) meN in ‘B, we have the
following property:

(YmelN by € trogim (alr) = lim by, =n(a).

Fix a € dom(Lg) and let r > Lg(a). Let f : IN — IN be any strictly increasing
function. Let € € (0,1). By Proposition (2.3.5), for all n € N, the set t,, (alr) is a subset
of the set:

c(a,r):={besa(B):[bly +Lyb) < @r+llals)+r}

By Theorem (1.1.22), the set ¢(a, r) is compact in (B, |-]l93). In particular, the set
c(a,r) is complete for |-|l93 . Therefore, the Hausdorff distance Haus [28] also induces
a compact topology on the set of all compact subsets of c¢(a, r). By Proposition (2.3.6),
the sets t, (al|r) are indeed compact subsets of ¢(a, r) for all n € IN. Therefore, the
sequence (tf, (al r))ne]N has a convergent subsequence (tfg(n) (alr))ne]N for the
Hausdorff distance Haus [B], with limit a nonempty compact subset of ¢(a, r); Let
Stcircg(a, r) denote this limit.

We now prove that S¢.g(a, r) is a singleton. Again, by Theorem (2.3.8), we con-
clude that, since the diameter is a continuous function with respect to the Hausdorff
distance,

0 < diam (Spog(a, ), II-llss) = lim diam (ty(geu) (alr), I-ls) (2.4.1)
<limsup2ry (7 f(g(ny) = limsup
n—oo n—oo

2r —0
flgmy+1
(2.4.2)

So Sfog(a, r) is non-empty compact set with diameter 0, so it is indeed a singleton.

Our reasoning so far applies to the special case when r = Lg((a). We denote the
limit of (tf(g(m) (alLy (@) new by {m(a)}. Now, if r > Ly(a), then for all n € IN, we
have tfg(n) (allo(a@)) S trg ) (alr), and therefore,

Haus [B](trg(ny (alr), im(@)}) < Haus Bl (trgmy) (@lr), trgmy (allsa)
+Haus Bl (tp(g(m) (alla (@), {m(a)})
< diam (tf(g(n)) (alr), ||'||%)
+Haus [B](tf gy (allay (@), (m(a)})
2r
< e
flgn)+1

n—o00
I27%000.

+Haus [%] (tf(g(n)) ((l“_Q( (@), {m(a)})

So indeed, for all r > Ly (a), the sequence trgm) (alr) new converges to {r(a)} for
Haus[B].

We return to the general case with r > Lg((a). Foreachne N, let b, € trog(m (alr)
be chosen arbitrarily (which is possible since t g, (al7) is not empty by Lemma
(2.3.4)). Then Proposition (2.3.8) proves that (b;) ,ev is a Cauchy sequence in sa (°B)
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for the norm of *B. Indeed, let € > 0. Then there exists M € IN such that for all n > M,

we have % < %, and therefore, by Theorem (2.3.8),

. 1
diam (tfog(m (alr), I-lls) < S& (2.4.3)

By definition of the function g, there also exists M’ € IN such that, for all p, g >
M', we have:

1
Haus [B] (tfog(p) (alr), trog(q (alr)) < 26 (2.4.4)

since (tfog(n (al r))ne]N converges, and hence is Cauchy, for Haus[B].
Let p, g > max{M, M'}. By Inequality (2.4.4), there exists:

Cq € tfog(q) (alr)

such that [ c; — byl < 3&. By Inequality (2.4.3), we also have | by —c4| 5 < 3¢
Hence || by — by | o < €. Thus (bp) sen is indeed a Cauchy sequence in sa (B). Since
sa (*B) is complete, the sequence (b,,) ey converges. Let us temporarily denote its
limit by b.

It is easy to check that be S fogla, r): for any € > 0, there exists M € IN such that
for all m > M, the diameter of trog(m (alr) is less than %E, and there exists M’ € N
such that for all m > M’, we have
normb;,, — b8 < %e, so for all m > max{M, M'}, the set tfog(m) (alr) lies within the
open e-neighborhood of b for ||-lss. So b € {n(a)} by definition of the Hausdorff
distance Haus [*B]. Hence b = 7 (a), as desired.

Moreover, if b, € trg) (alLy((a)), then L(by,) < Ly (a) for all n e IN, so by lower
semicontinuity of Loy, we also conclude that L(b) < Ly (a).

This completes the proof of our claim.

Our next step is to choose images for all elements in dom (Ly) in a coherent
fashion, based upon Claim (2.4.4), and a diagonal argument:

Claim 2.4.5. There exists an increasing function f : N — IN, and a function r :
dom (Ly) — dom (Lss) such that, for any a € dom (Ly() and for any r > Ly (a), we
have:

lim Haus[B] (t/qy (alr), (x(@)) = 0.

Moreover, for any a € dom (Lg(), any sequence (by,) meN in‘B and any r 2 Ly (a), we
have:
(Vme N bpe%r, (alr)) = lim b, = n(a).
fim) m—oo

Let a = {ay : k € IN} be a countable, dense subset of dom(Ly). To ease nota-
tions, let I = Ly (ay) for all k € IN. By Claim (2.4.4), for each k € IN, there exists
a strictly increasing function g : N — IN, such that, for all r > I, the sequence
(tgk(m) (aklr))ndN converges to some singleton {rr(ay)} in B for Haus [*B]. One then
easily checks that, setting:

finelN— gpogio...g,(n),
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for all k € IN and for all r > [, the sequence (tf(m) (agl r))ne]N converges in Haus [B]
to {m(ay)} for all k € IN. Moreover, by Claim (2.4.4), for all k € IN, for all r > I}, and for
sequences (bp) mew € 5a (B) with by, €ty (alr) forall n € N,

lim by, =n(a). (2.4.5)
m—o0

We now extend nt thus defined to all of dom (Lg().

Let a € dom (Ly) be chosen. Let & > 0. There exists a’ € awith |a—a'||y < £. Let
r > maxilg(a), Ly (a))}. Since (t7(y) (@'|r)), .y converges (to {7'(a)}), it is Cauchy.
Let M € IN such that, for all p, g > M, we have:

! ! €
Haus [B] (trp) (@'|1) trq (@|1)) < 3

Let M’ € IN such that for all m > M’, we have % < - Let m > max{M, M'}.

Forall b€ tfy, (alr) and b’ €ty (a'|r), by Theorem (2.3.8), we have

2r

|a— |y + :
fim)+1

E £
<-+-=-.
6 6

b0l <| :

£

Therefore, for all m > M’, we conclude that Haus [B](tf () (alr), tpp (a'|r)) < §.
Hence, for all p, g > max{M, M'}, we obtain:

Haus [B](t(p) (alr), trg) (alr)) < Haus[B](trp) (alr),tr (a'|r))
+Haus [Bl(ts() (@] 1), trg (@|r)

+Haus [Bl(ty(qg) (a'|r), trq) (alr)

€ € ¢
<—+-+-

So the sequence (trom (@lr))new is a Cauchy sequence for Haus [®B]. Since *B is com-
plete, so is Haus 8], and thus the sequence (trm (alr)) e converges for Haus [*B].
Now, following Claim (2.4.4), the limit of (tro (@lr))pen is a singleton consisting
of the limit of any sequence (b;;) mev chosen so that by, € tf(,) (alr) for all m e N
and for all r > Ly (a). We denote this singleton by {r(a)}. Note, in particular, that by
lower semicontinuity, Lo (71(a)) < Lg((a) again.

We thus have defined a map 7 : dom (Ly) — dom (Lgs). We now enter the third
phase of our construction of m, where we establish algebraic properties from the
properties of target sets.

Claim 2.4.6. The map n:dom (Ly) — dom (Lss) is R-linear and such that Ly o <
Lo on dom (Lg(). Moreover, h has norm at most one and thus can be extended to an
R-linear map, still denoted by nt, from sa (2l) tosa (B), of norm at most one.

Let a,a’ € dom(Lg) and ¢ € R. Let r > max{Lg (a), Ly (a)}. For all m € IN, we let
b € t(m (alr) and b}, € trin (a'|r). By Claim (2.4.5), we have lim,;,—.c by, = 7(a)
and lim ;.o b}, = m(a’).
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Now, by Theorem (2.3.8), by, + tb},, € t(m) (a+ ta'|(1+t))r) for all m € IN. Since:
La(a+ta) <Lg(@ +tllg(a) < (1 +[thr
by construction, we conclude from Claim (2.4.5) that:
nla+ta) = nlliiréo(bm +1tb),) = n%igcl)obm + tn%igcl)ob% =n(a)+ tn(a),
as desired. Hence, 7 is linear on dom (Lg).

Now, let a € dom (Lg() and let (b,,) e be a sequence in sa (°8) such that for
all m € IN, we have by, € trom (allLg(a@)). Since Lo is lower-semi-continuous by
assumption, we have:

Ly (m(a)) < I%igfL% (bm) < Ly (a).

Moreover, Theorem (2.3.5), we can prove:

Lo(a)

I7(a)llg = rrlzll%o 1bmllss < ril_fgo lallg +2—f(m) 1

=llallgy. (2.4.6)

Hence, 7 is a uniformly continuous linear map from dom (Lg), and thus it ex-
tends uniquely to a continuous linear map from sa () to sa (28), which we still
denote by m. We note that the norm of 7 is, at most, one.

We now turn to the multiplicative properties of 7.

Claim 2.4.7. The map n:sa () — sa(B) is a unital Jordan-Lie algebra homomor-
phism of norm 1.

Let a,a’ € dom (Lg) and r > max{Lgy (a), Ly (a’)}. Let
C:=Kr(lally + llallgy + r+ 2y (7).

Let m € IN and choose by, € tf(m (alr) and b}, €ty (a'|r). By Theorem (2.3.9),
we have
R(bmbiy) € trom (R(aa)|C).

Thus, we conclude by Claim (2.4.5) that:

a(R(aa")) = lim R(by,b,,) =R(lim b, lim b)) =R@E@(@)n(a).
mM—oo m—oo m—oo
Similarly, we would prove that 7(S(aa’)) = S(n(a)n(a)).

From the construction of 7, since 13 € trm (Llr) foranyne N and r > 0, we
conclude easily that w(1g) = 193. Since 7 is a linear map of norm at most 1 by Claim
(2.4.6), we conclude that 7 has norm one.

Thus 7 : sa () — sa(®B) is a Jordan-Lie homomorphism of norm 1, such that
Los o < Ly ondom (Lgy).
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Claim 2.4.8. The continuous unital Jordan-Lie homomorphism  : sa () — sa (8)
extends uniquely to a unital *-homomorphism 2 — ‘B, still denoted by 7.

We set, for all a € 2l:
n(a) =n(R(a) +in(S(a),

and we trivially check that this definition of 7 is consistent on sa (). Moreover, it is
straightforward that 7 thus extended is a continuous linear map on 2, with values
in 8. Moreover, by construction, n(a*) = w(a)* for all a € 2. So 7 is a *-preserving
linear map on 2.

We will write, for any a, b € 2, the Jordan product of a with b as ao b := @,
and the Lie product as {a, b} := ”hz_l.b”; these expressions are linear in each factor, but

they are not usually self-adjoint unless a, b € sa ().
Let a, b € A be given. Using the fact that 7, restricted to sa (), is a homomor-
phism for the Jordan product by Claim (2.4.7), and = is linear on 2, we have:

n(aob) =nRaoRb)—n(SaoIb)+i(n(SaoRb) + t(RaoIb))
=nRa)on(Rb) —n(Sa)on(Ih) +in(Sa)ocn(Rb) +in(Ra)on(Ib) (2.4.7)
=n(a)on(b).

Again, the computation carries similarly to the Lie product.
To conclude, for all a, b € 2, by Equation (2.4.7) and its equivalent for the Lie
product, as well as by linearity of 7:

nm(ab) =n(R(ab)) + in(Sab) =R (a)n (b)) + iS(n(a)n(b)) = n(a)w(b).

We have thus proven that n is a unital *-homomorphism from 2 to ‘B with
Loy o < Ly ondom (Lg). This completes our construction of 7. Now, we conclude
our proof with the following last claim.

Claim 2.4.9. The *-homomorphism n : 2 — ‘B is a *-isomorphism onto ‘B, such that
forall a e dom (Ly) we have Les (n(a)) = Ly (a).

This last step of our proof consists in constructing the inverse of 7 using the
same technique as used for the construction of r itself.

First, we apply Claims (2.4.4)—(2.4.8) to the sequence (T}(ln)) el of tunnels. We
thus obtain that there exists a unital *-homomorphism v : 8 — 2l and a strictly
increasing function g : IN — IN such that, for all b € dom (Lss), and for all r > Lo (b),
we have

lim Haus[A](t,-1  (bIr), {w(b)}) = 0.
n—oo flgny

We claim that y is the inverse of 7. To do so, let a € dom (Lg() and r > Ly (a). Let
(b)) meN € sa(%)]N with by, € tfog(m) (alr) forall me IN and note that lim;;,—.o by =
7(a) by Claim (2.4.5). Similarly, let (a;;)meN € sa@0)N such that for all m € N,
we have a,, € tT}ig(m) (m(a)lr) (note that r > Ly (a) > Ly (m(a))). Again, we have
lim,;,—co am = w(m(a)). The key observation here is that by Definition (2.3.3), since
b € trogim) (alr), we observe thata € tT}ig(m) (byl1).
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Let € > 0. Let M € IN such that for all m > M, we have ||b,, —n(a)llss < %E. Let
M’ € IN be chosen so that for all m > M’ we have ||an, -y (w(a)| o < 3¢. Let M" € N
such that W < 157 forall m > M". Let m > max{M,M', M"}. By Theorem
(2.3.8), since a € t.[(—fl . (by|r) and a,y, € t.[;l ) (m(a)|r), we have:
og(m og(m

la—amlly <2re+1by—n(a)ly < -e.

wiln

Hence:
la-w@@)|y <lla-amlio+||am—w@)|y <e.

As € > 0 was arbitrary, we conclude that a = y(7(a)) for all a € dom (Lg(). Now, since
dom (Lg) is total in 2 and 7, ¥ are *-homomorphisms, we conclude that:

Vael a=vyr(a).

Similarly, we would prove that for all b € B, we have b = n(y(b)). Thus 7 is a
*-isomorphism from A onto‘B. In particular, we conclude:

1. For all a € dom (Lg), we have Ly (a) > Lo (m(a)) > Ly (w(m(a))) = Ly (a), so
Lo o =Ly on dom (Lgy).

2. Similarly, Lo oy = Logg and ¢ : B — 2l is a *-isomorphism.
This concludes the proof of our main theorem. O

We have established that the K-propinquity is indeed a metric on the class of
K-quantum compact metric spaces, up to full quantum isometry. We now explore
its basic properties. We begin with the following, first result about continuity of the
diameter.

Theorem 2.4.10. If (2, Ly) and (B,Lsx) are two K-quantum compact metric spaces,
then
|qdiam (2, Ly) — qdiam (B, Les)| < 2A% (2, Lay), (B, Lep)).

Proof. Lett: (2, Ly) I ®,Lo) Iz, (2B, L) be a tunnel from (2, Ly) to (B, Lgs).
Let ¢,y € 7 (20) such that qdiam (2, L) = mky, (¢, %). There exists ¢y e S(B)
such that mky (@ oy, @ omg) < y (1) and mkt (W o g, ¥/ omes) < ¥ (7).
We thus compute:

qdiam (*8, Lgz) — qdiam (2, Ly()
= mky, (,9) —qdiam (B, L)
< mky, (@, ) —mky g, (@', 9"
=mkr(pomy,womy) —mky(p oms, ¥ o)
<mkr(@omy, yomsy) —mkr (@ o, yomy) +mky (¢ oy, wome)
—mkp, (p'omes, ' 0 7))
<mkr(@omy, @ omsy) + mky(omy,y omy)
<2y (7).
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The result is symmetric in 2 and ‘B, so we have
|qdiam (2, Ly) — qdiam (B, L) | < 2y (1)
and thus, as T was arbitrary, we conclude, as needed:
|qdiam (2, Ly) — qdiam (B, Les) | < 2A% (A, Lyy), (B, L)).

This proves our claim. O

The propinquity is also a complete metric. We refer to [36] for the proof of this
fact. Completeness, in fact, was part of the motivation in the construction of the
propinquity, which was introduced as the dual propinquity in [36], as a variation
on the earlier construction of the so-called quantum propinquity [38], which we
do not expect to be complete; the quantum propinquity can be obtained from our
construction in these notes by restricting ourselves to tunnels constructed from
bridges.

Theorem 2.4.11 ([36, Theorem 6.27]). The K-propinquity Ay is complete, for any
K>1.

We conclude with a brief observation. As proven in [4], if we return to Rieffel’s
notion of a quantum compact metric space as a pair (2, L) where 2 is now only an
order unit space, thus also removing any Leibniz inequality from our definition, and
if we define tunnels between such by asking for positive unital linear surjections in
place of *-morphisms, then the construction above of the propinquity actually leads
to a metric equivalent to Rieffel’s original quantum Gromov-Hausdorff distance.

2.5 COMPACTNESS

Gromov proved a very useful theorem characterizing totally bounded subclasses of
compact metric spaces for the Gromov-Hausdorff distance. We prove its analogue in
noncommutative geometry. As our first step, we explicit a useful necessary condition,
where a form of noncommutative covering number.

Definition 2.5.1. Let K > 1, and let A be a nonempty class of K-quantum compact

metric spaces. Let (2, L) be a K-quantum compact metric space and let € > 0. The
covering number covy (2, L|e) is:

. . ~ 3(B,Ly) € Asuch that

covy (A, Lle) = 1nf{d1m@%. Ar(@ L), (B, Lys)) < & }

In particular, covg (-|-) is the covering number covgcms,, (‘|-) where QCMSk is
the class of all K-quantum compact metric spaces.
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Proposition 2.5.2. Let A be a nonempty class of K-quantum compact metric spaces
for some K > 1. If B is a subclass of the closure of {(2,L) € A: dim% < oo} for the
propinquity, and if B is totally bounded for A%, then there exists C > 0 and f : (0,00) —
IN such that, for all (L) € B:

1. diam (2, L) < C,
2. Ve>0 covy @ Lle) < f(n).
Proof. Since the function:
(A, L) € of — qdiam (2, L)

is 2-Lipschitz for the quantum Gromov-Hausdorff distance by Theorem (2.4.10), it is
continuous, and thus it is bounded above since B is totally bounded.

Let F:={(2,L) € A: dim% < co}. Now, let € > 0. Since B is totally bounded and
B C cl(F), there exists a finite subset B, of F which is %-dense in B for Ag. Therefore,
for each (2, L) € B, there exists a finite dimensional K-quantum compact metric
spaces f(2, L) € F such that:

Ax (L), 5L, L) <

N M

by assumption on A.
Let:
f(&) :== max{dim¢ f(A,L): 2, L) € B}.

If (A, L) € B, then there exists (B,L) € B such that Ag((2,L),(B,Ly)) < 5. By
construction, covg (A, L|e) < f(e). O

Our next step is to prove that certain classes of finite dimensional quantum
compact metric spaces are indeed compact for the propinquity.

Theorem 2.5.3. Let 226 4 & F be the class of all F-quantum compact metric spaces
for F > 1. Letd € N\ {0} and K > 0. The class:

Crr,a={A L) € 22€ M FF:dimc A< d and qdiam (A, L) < K}
is compact for the dual propinquity Ar.

Proof. Let (A,,L,)ne be asequence in €, q. Let M, be the C*-algebra of d x d
matrices.

First, fix n € IN. We identify the C*-algebra 2(,, with a C*-subalgebra of 2, as
follows. Up to *-isomorphism, we can write 2(, = @ jc;9,(;) where J ={1,...,d} and
t(1) > t(2) > --- > t(d). We note that t may be zero for some j €{1,...,d}, and the
zero set of ¢ is a tail of J. .

Let j €{1,...,d}. Let s(j) = ch:l t(j) and set s(0) = 0. We now let Q; be the
projection given as the diagonal matrix whose only nonzero entries are 1 on the
diagonal, from row s(j —1) + 1 to s(j), i.e. in block form:

Os(j-1)
Qj= Ls(py-s(j-D
0a-s(j)
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Of course the projections Q; are orthogonal and sum to the identity of 91,.

It then follows trivially that 2, is isomorphic to 2(,, = ¥, jer QiMaQj. Let my :
2, — A, be the *-isomorpism thus constructed. Note that 7, is not a unital map
from 2, into 9.

If 1, is the unit of 2, for all n € IN, then (7,(1,)) e is @ sequence of diagonal
projections, i.e. diagonal d x d-matrices with entries in {0, 1}. Thus, there exists a
constant subsequence (Tg(m) (1g(m)) new, with value denoted by p, of (,(1,)) nelN-

Let 5 = p9,p. Note that for all n € IN, the map prgup : 2, — B is now a
unital *-monomorphism. We shall henceforth omit the notation ad,7g(,) and sim-
ply identify Rlg(,,) with p7g(,) Rlg(n)) p. We emphasize that with this identification,
lgn) = 1.

Let R ={besa(B): || b|l < K} be the closed ball of center 0 and radius K in sa (°B).
Since sa (¥B) is finite dimensional, the set R is compact in norm. We shall denote
by Haus [B] the Hausdorff distance defined by the norm of sa (*B) on the compact
subsets of fR. Since R is compact in norm, Haus 28] induces a compact topology on
the set of compact subsets of R by Corollary (2.1.12).

We fix a state ¢ € .#(*B) and identify ¢ with its restriction to (), which is a
state of Qg (p,), for all n e IN.

Now, for all n € IN, let:

Ln={aesa(Agm):Lgm(@ <1}

and
Dp={aecLy:¢pla)=0}.

Fix n € IN. By construction, we check that £, =%, + R1y, since for all a € sa (ng(m)
we check easily that Lg(n) (a+ ¢(a)l,) = Lgn)(a). On the other other hand, we note
that ©,, is a compact subset of 4 since diam (' (), mk, ) < K. Indeed, ifa € D,
then, for all y € .7 (g (), we have:

[y (@)l =ly(a) —p@] < mk(p,¥) <K.

Moreover, compactness of D, follows from Theorem (1.1.19) since ([Ug(m), Lg(n)) is a
quantum compact metric space for all n € IN.

Thus, there exists a convergent subsequence (D r(y)) e of (D) new for Haus 5],
whose limit we denote by 2.

We now define £ =9 + R1g. Let us first check that (£ ;) sew converges to £.
Let € > 0. There exists N € IN such that for all n > N, we have:

Haus[B](D (), D) < &.

Let n > N. We observe that, for any a € £, there exists a’ € D p(,) and t € R
such that a = a’ + t1g3. Now, there exists b’ € D such that ||a’ — b'||s < €. Let
b=1Db'+tly € L. Then la-bly = lla'-b'lp <& so Lfy is included in an &-
neighborhood of £. Using a symmetric argument, we conclude:

Haus[B] (Lrm), L) <€
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and thus (£ f(n))n v converges to £ for the Hausdorff distance Haus [B].
Moreover, ® = {a € £: ¢(a) = 0} by construction and continuity of ¢. Last, as
® is compact, hence closed, the set £ =9 + R1g is closed as well: if (I,,) ey € £
converges to some [ in B then (I, — ¢(l;) 1) 4eN is a sequence in D, and thus by
continuity of ¢ and since ® is closed, I —¢(l)193 € ©. Thus [ € £.
For all b € sa (*B) we define:

L(b) =infi]A >0:be AL}

A direct computation proves that L is K-quasi-Leibniz. Certainly L may assume
the value oco. Let J = dom (L) be the set of self-adjoint elements in *B for which L is
finite.

If a, b € J then:

L(aob),L({a, b}) < F(llallg, Iblig, L(a), L(b)) < oo
so J is a Jordan-Lie subalgebra of sa (8). We define:
A={beB:R(b),3(b) eJ}

and we check that 2( is a C*-subalgebra of B with the same unit as ‘B and such that
sa() =3.

If L(a) = 0 for some a € J, then we have L(a — ¢(a)ly) = 0 as well since L(1g) =0
and L is a seminorm by construction. Thus a — ¢(a)lg € ©. Now, for any ¢ € R, we
have p(t(a—p(a)ly)) =0and L(¢(a—@(a)ly)) =0,s0 t(a—p(a)ly) €D forall r e R.
Since ®© is norm bounded, we conclude that a = ¢(a) 1y as desired.

Since ® < fR, for any two states ¢, € . () and for all a € £ we have |p(a) -
¥(a)| < K and thus diam (. (), mk; ) < K.

Moreover, since 2 is compact, we conclude that L is a Leibniz Lip-norm and
(2, L) is a quantum compact metric space by Theorem (1.1.19).

We now prove that dim2 < d. First, for all n € IN, let d,, = dimp sa (Ag(f(n))-
By assumption, since dimp sa(Ag(r(n)) = dime Ag(f(n)), We conclude that d,, €
{1,...,d}. Thus, there exists a constant subsequence (df, ) neN Of (dp)neN. Set
81 = g0f°f1 and 6 = dfl(o) = dfl(l) = ...

Now, for all 2 € IN, there exists a basis (c]',...,c}) of sa (Ag, () such that ¢} = 1g3.
In particular, Lgl(n)(c;’) € (0,00) forall j € {2,...,6} since Lg, (5 is a Lip-norm on a
finite dimensional space.

Now we set di' = 193 and d]f’ =Lgm (c;’)‘ld}l, then we have constructed a basis
(dy,...,d}) of sa(2g, () consisting of elements in £, (). We can improve somewhat
on this construction. Indeed, for j € {2,...,8}, we have (p(d}? - (p(d]’.‘)dln) =0. Thus,
if b = d}’ and b;? = d;? - (p(d]’.‘)d?, then we have constructed a basis {b}',..., b}} of
Q[gl(n) with b{l =1y and b;l € @gl(n).

Since R is compact and, for any j in the finiteset {1,...,0}, the sequence (b;‘)nE]N
lies in R, there exists a strictly increasing function f, : IN — IN such that for all
jeil,..., 8}, the sequence (bj.cz(")
giofe.

JnelN converges in norm to some b; € R. Let g» =
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Since (9 ,,) ,ew converges to D for the Hausdorff distance on R associated with
the norm of ‘B, we conclude that b; € © forall j € {2,...,6}. Of course, b = 1g.

Now, let b € sa () be arbitrary. By construction, a = rb forsome re Rand a e £.
Since £g,(,) converges to £, there exists a, € £g,(, such that lim, .., a, = a. For
each n € IN we write a,, = Z‘Jll )L;’b;.’.

There exists N; € IN such that for all n > N;, we have |la, |l < |alls + 1. Thus
(A?)nem is a bounded sequence for all j in the finite set {1,...,06}. Consequently,

there exists a strictly increasing f3 : IN — IN with (/1?3(")) nelN converging to some limit
AjeRforall jefl,...,6}.

Let € > 0. Summarizing our construction thus far, there exists N, € IN such
that for all n > N, we have |la—ag |l < § There exists N3 € IN such that for all
n > N3 and all j € {1,...,6} we have Iﬂtf(m -1l < Last there
bj_cz (f5(n)

exists N4 € IN such that for all n > N, we have ||
Now for n > max{N,, N3, N}:

[ [
a=) Ajbj|l <|a=-agmly+|anm—2 Aib;

J=1 B j=1 B
<& J P NAGIO) J A (B _ .
S3™ afs(n)_z 9 + Z i\Y; — 0

j=1 B j=1 B

<E+E+E—E
=33 3 7

Thus a lies in the closure of the span of {by,..., bs}, which is closed since finite
dimensional. Hence {by, ..., bs} spans 2 and thus dim2( < 6 < d.

Now, we wish to conclude by showing that (2g(f(u)), Lg(rn)) nev converges to
(2, L) for the quantum propinquity. Let € > 0. There exists N € IN such that for all
n > N, we have Haus [%](Sgof(n),ﬂ) <eé&. Letnown > N.

Forall a € gof(,) and b € 21, we set:

1
Ny(a,b) = glla—bII%,

and
L"(a, b) = maX{Lgof(n) (a)y L(b)an(a; b)} .

It is easily checked that IV, is a bridge in the sense of [54, Definition 5.1]: in particular,
if a € Ago () With Lgof(n)(a) < 1 then there exists b € £ with |la — b||ss < €, which
implies L"(a, b) = 1; similarly if b € 2 with L(b) < 1, i.e. b € £, then there exists
a€ £y with [la— bl < € and thus L"(a, b) = 1.

Hence by [54, Theorem 5.2], the seminorm L" is a Lip-norm. It is lower semi-
continuous by construction, and it is easily checked that L" is F-quasi-Leibniz, as in
our proof of Theorem (2.3.1).

Let 7y = Rlgormm @2, L, pn, 0) With 0y i Ao piy @A — Agorny and p : Agopm) @
21 — 2( the two canonical surjections. By construction, 7, is a (C, D)-tunnel.
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Ifpe.sRgorm) and v e 7 () and if (a, b) € Ago p(ny ®2A with L"(a, b) < 1, then:
lu(@) —vb)| < lla—blp <e.

We can deduce from this computation that y (7,) < 2¢.
Consequently: for all € > 0, there exists N € IN such that for all n > N, we have:

AF((Q[gof(n)’ I—gof(n))» (Ql, I—)) < 2e.

Moreover, (2, L) is a F-quasi-Leibniz quantum compact metric space of diameter
at most K and dimension at most d. This completes our proof. O

Our generalization of Gromov’s Compactness Theorem [20, 19] is given by:

Theorem 2.5.4. Let K > 1 and let o be a class of K -quantum compact metric spaces
in the closure of the finite dimensional K -quantum compact metric spaces for the
dual propinquity Ax. The following assertions are equivalent:

1. o is totally bounded for A,

2. there exists a function f : (0,00) — IN and C > 0 such that for all (U, Ly) € o,
we have:

e qdiam (2, Ly) < C,

o foralle >0 we have covg (2, Lyle) < f(e€).

Proof. Assume (1). Assertion (2) follows from Proposition (2.5.2).
Assume (2), i.e. assume that there exists f : (0,00) — IN and K > 0 such that for
all (U, Lgy) € o and £ > 0, we have diam (. (20), kam) < K and:

covr (2, Lyle) < fe).

Lete > 0.
First, we note that if (2, Lg) € &, then there exists a F-quasi-Leibniz quantum
compact metric space (a,L4) such that:

¢ dimga< f(5),
¢ Ap((a,La), (A, L)) < 5.

Consequently, we note that diam (a,L4) < K+ %, since the function (*8,Ls3) € o —
diam (%8, Log) is 2-Lipschitz for the Gromov-Hausdorff propinquity by Theorem
(2.4.10).

Now, by Theorem (2.5.3), the class:

Fp = {(%, L)€ 226U Fr:dimeB < f (g) and diam (B,L) < K + 2—;}

is compact for Ar.
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Let:

Ge={(B, L) € Zo: 3 Loy €/ Ap(Lao), (B, L)) < g}

Since ¥, < %, we conclude that %, is totally bounded for the dual propinquity.
Thus, there exists a finite subset _#; of ¢, which is % dense in ¥,.

Therefore, up to invoking choice, there exists a finite subset <7, of «/ such that
for all (B, L) € Ze there exists (2, Ly) € </ such that Ap((2, Ly), (B,Ly)) < §.

Now, let (2, Lg() € of. There exists (28, L) € ¥, such that:

Ap((B,Ly), A, Ly)) <

Wl m

Now, there exists (€, L¢) € _#, such that:

Ap((B,Ly), (€, Le)) <

Wl m

Last, by our choice, there exists (a,L) € of, with:

AF((ar La)r (Q:r LC)) <

Wl m

Consequently:

Ap((, L), (a,Lq))
SAp(@L Lo, (B, Ly)) + Ap((B,Ly), (€, Le)) + Ar((€, Le), (a,La))

<e.

Thus <, is e-dense in </ for the dual propinquity, and is a finite set. Thus, </ is
totally bounded for Ar.
This completes our proof. O

We refer to [37] for the following example of compact classes.

Theorem 2.5.5. Let (A, Ly) be a F-quasi-Leibniz quantum compact metric space for

some admissible function F. If R > 0 then the class 9 of F-quasi-Leibniz quantum

compact metric spaces in the closed ball of center (2, L) and radius R for the Lipschitz

distance LipD is totally bounded for the quantum Gromov-Hausdor{f propinquity.
Therefore, the closure of 9 for the dual propinquity is compact.

Other compact classes are obtained via various form of perturbation, even when
the space of deformation parameters is very far from compact.

2.6 TOPOLOGICAL EQUIVALENCE

A very important of our compactness result is that our metric induces the same
topology as the usual Gromov-Hausdorff distance on the class of classical compact
metric spaces.
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If (X, d) is a compact metric space, then we write L4 for the Lipschitz seminorm
induced by d, i.e.

IfG—fI

VfeCX) L(f)::sup{ A7) .x,yeX,x;éy},

allowing for the value oo.

Let F be the class function which, to any compact metric space (X, d), associates
the quantum compact metric space (C(X),L;). We can turn F into a functor, by
setting F(f) : g € C(Y) — f o g for any isometry g: (X,dx) — (Y,dy), where then
F(f) is a quantum isometry.

If F(X,dx) and F(Y,dy) are fully quantum isometric, then (X, dx) and (Y, dy)
are in fact, fully isometric. Indeed, a full quantum isometry from (C(X), dx) onto
(C(Y),dy) gives rise, as a *-isomorphism from C(X) to C(Y), to an homeomorphism
f:Y — X. Moreover, by definition of a full quantum isometry, L4, (g0 f) = Ly, (g)
for all g € C(X) (again, we allow oo here) and L4, (gOf_l) =Ly, (g) forall ge C(Y).
In particular, {go f:Lg,(g) <1} ={he C(Y):Lg, (h) < 1}. Therefore, for all x,y € X,
we compute:

dx(x,y) =sup{lgx) — gyl : g€ sa(CX)),Lay, (g <1}
=sup{lgo f(f () —gof(f T (B)]: gesa(CX)),Lay(g) <1}
=sup{lh(f ' () - h(f ' () : hesaC(Y),La, (h) <1}
=dy(f (0, 7 ).

So f~!is an isometry from (X, dx) to (Y, dy). Similarly, f is an isometry and thus
(X,dx) and (Y, dy) are fully isometric.

We first observe that F is 1-Lipschitz.

Proposition 2.6.1. For all compact metric spaces (X,dx) and (Y,dy),
A" (F(X,dy), F(Y,dy)) < GH((X, dx), (Y, dy)).

Proof. Let (Z,dz) be any compact metric space, together with two isometries iy :

X— Zandiy:Y — Z. We thus have a tunnel 7 : F(X, dy) X F(Z,dy) b, F(Y,dy)
from F(X,dx) to F(Y,dy). We write 6 for the evaluation at x map. Moreover, let
W =ix(X)uiy(Y) € Z, endowed with the restriction dy, of dy to W. Of course,
Haus [dw](ix (X), iy (Y)) = Haus[dz](ix (X), iy (V).

Letop:= 27:1 tjéxj forsome x1,...,x, € W,and t4,...,t, € [0,1] suchthatZ?zl tj=
1. Note that ¢ € ¥ (C(W)). Foreach j € {1,...,n}, if x; € Y then set y; = x;; otherwise,
let y; be chosen so that dw (ix (x;j), iy (y;)) < Haus [dw](ix (X), iy (V).
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Lety =Y 1;6,, € #(C(YV)). If f € F(W,dw), with L, (f) <1, then

N

(O - wOIS Y 11 fxp) - Fy
=1

-
Il

N
M=

~.
Il
—

N
M=

tiHaus[dw](ix(X), iy (Y)) = Haus [dw](ix (X), iy (V).

~.
I
—

The set of states obtained as convex combinations of evaluation states at points
in W is weak* dense in . (C(W)). Since mk dy metrizes the weak* topology on

S (C(W)), we conclude that Haus [kadW](y(C(W)),y(C(Y))) < Haus [dyw](ix(X), iy (Y)).
Similarly, Haus [kadW ] (Z(C(W)), Z(C(X))) < Haus [dy](ix (X), iy (V). So x (1) <
Haus [dw]1(ix(X),iy(Y)). So
A" (F(X,dx),F(Y,dy)) < Haus[dw](ix(X),iy(Y)).

By definition of GH, we conclude (as our choices of (Z, dx) and iy, iy are arbitrary
within the given assumptions):

A*(F(X,dx),F(Y,dy)) < GH((X, dx), (Y,dy)),
as claimed. O

We now get the topological equivalence between the Gromov-Hausdorff distance
and the propinquity on the class of classical compact metric spaces.

Theorem 2.6.2. The topology defined by the distance:
A¢: (X, dx), (Y,dy) compact metric spaces — N* (F(X,dx), F(Y,dy))

is the topology induced by the Gromov-Hausdor{f distance GH, and the class{F (X, dx) :
(X, dx) compact metric space} is closed for the propinquity.

Proof. By Proposition (2.6.1), convergence for the Gromov-Hausdorff distance im-
plies convergence for A..

Let now (X, d,,) nev be a sequence of compact metric spaces, and let (2, L) be a
quantum compact metric space such that

lim A*(F(Xy,dy), @,L) =0.
n—oo

Since F(X,, d,) converges for the propinquity, it is Cauchy, and thus the set {F(X},, d,) :
n € IN} is totally bounded. Moreover, every compact metric space is in the closure of
finite metric spaces for GH, and thus, for A, by Proposition (2.6.1). So by Proposition
(2.5.2), there exists f: (0,00) — IN and K > 0 such that for all n € IN and for all € > 0,
we have diam (X,,, d,;) < K and cov ((|F) (X, dy)) < f(e).
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As aresult, {(X,,d,) : n € N} is totally bounded for the Gromov-Hausdorff dis-
tance GH, thanks to the Gromov compactness theorem [20].

As aresult, we observe the following. Let g : IN — IN be some strictly increasing
function. By total boundedness, the sequence (Xg(n), dg(n)) new has a Cauchy sub-
sequence (Xg(n(n), Lg(hm)) new- Since the Gromov-Hausdorff distance is complete
[20], we conclude that there exists a compact metric space (Yg, dg) such that

lim GH((Xg(n(ny), dghny), (Yg, dg)) = 0.
By Proposition (2.6.1), we then conclude that
r}iilgoA*((C(Xg(h(n))), Lghm), (C(Yg),La,)) =0.

By Theorem (2.4.3), this implies in turn that (2, L) is fully quantum isometric to
(C(Yg),La,). In particular, the class of classical compact metric spaces is closed for
the propinquity.

Thus, on the class of isometric classes of compact metric spaces, we have
shown the following: if (X, d;,) e is a sequence of compact metric spaces such
that (C(Xp), L) nev converges for the dual propinquity, then all subsequences of
(X5, dn) ne have a convergent subsequence for the Gromov-Hausdorff distance GH,
and this limit (Y, d) is such that (C(Y), L) is fully quantum isometric to (2(,L) — in
other words, all subsequences of (X, d;,) ,elv have a subsequence converging to the
same element in the class € of all isometry classes of compact metric spaces. As
GH is indeed a metric on ¢, we conclude that (X, d,) ,elv converges in the Gromov-
Hausdorff distance GH, with its limit (Y, d) such that (2(,L) and (C(Y), L) are fully
quantum isometric. This concludes our proof. O

Thus, convergence for the propinquity or for the Gromov-Hausdorff distance
are the same thing when dealing with classical compact metric spaces.

2.7 INDUCTIVE LIMITS

In general, it is difficult to find interesting necessary conditions for convergence
of quantum compact metric spaces, since the Gromov-Hausdorff propinquity is
defined an infimum over all possible tunnels. Of course, Theorem (2.4.10) is such a
necessary condition, but it is not always easy to compute the diameter of a quantum
compact metric space anyway. However, something notable happens when working
with inductive limits of quantum compact metric spaces, in the relatively lax sense
below: we can actually find a necessary and sufficient condition for convergence in
that context, under a mild assumption.

Definition 2.7.1. For each n € INU {oo}, let (2, L) be a quantum compact metric
space, such that 2, = cl (Upew 25,), where () e is an increasing (for <) sequence
of C*-subalgebras of 2, with the unit of 2, in .

A x-automorphism 7 : A, — Ao is a bridge builder for (A, L) neN, Qloos Loo))
when, for all € > 0, there exists N € IN such that if » > N, then

Vaedom(Ly,) Fbedom(Ly): Lu(b) < Llool(a) and lIn(a) - blig,, <eloo(a)
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and
Vbedom(L,) Jaedom(le): Loo(a) <Lp(b)and |m(a)-blly,, <eL,(b),
where |[|-]lg, is the C*-norm on .

Bridge builders are powerful means to prove metric convergence for the propin-
quity and notable because it is usually very difficult to find necessary conditions for
metric convergence in the sense of the propinquity (besides the trivial convergence
for the diameters). Thus, this theorem is of independent interest from our study of
spectral triples, and addresses the relationship between inductive limits and limits in
a metric sense as in [47, 36]. Our first main result is therefore the following theorem
about convergence for the propinquity A* of certain inductive sequences.

Theorem 2.7.2. For each n € N U {oo}, let (U,,L,) be a quantum compact metric
space, where () nel is an increasing (for <) sequence of C*-subalgebras of 2o, such
that Aoo = cl(Upew2An), with the unit of A, in Ay. We assume that there exists
dM > 0 such that for alln € IN:

1
]\_/[L" <loo<M-L,, ondom(L,).

Then
hm A* ((Q{n, Ln), (Q[oo; Loo)) = Or
n—oo

if, and only if, for any subsequence (Ug(n), Lgim)neN 0f Cln, Ln)new, there exists a
strictly increasing function f : IN — IN and abridge builder 7 for (go r(n), Lgo (1) nelNs Rloos Loo))-

Example 2.7.3. Let 2 = cl(Upew)2l, be a unital C*-algebra, where 2, is a finite
dimensional C*-subalgebra of 2 such that 2(,, =2(,,4; forall n € IN, and 1 € %y — i.e.
2l is a unital AF algebra. We assume that 2 has a faithful tracial state 7, which is
equivalent to asking that 2 does not contain the C*-algebra of compact operators.

For each n € N, there exists a unique conditional expectation IE, : 2l — 2(,, such
thattolE, =1.

Let (d,) new be a sequence of strictly positive real numbers converging to oo; for
instance, d, = dim%(,, for all n € IN. We define, for all a € sa (2(),

L(a) :=sup{d, la—E,(a)ly : neN},

allowing for the value co.
The pair (2, L) thus defined is a quantum compact metric space such that

r}illgoA*((an, Ln), (4, L) =0.

The identity is a bridge builder, almost immediately from the definition of L.

We refer to [7] for examples involving inductive limits of twisted group C*-
algebras (see the last section of these notes as well).
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2.8 OTHER EXAMPLES

There are other examples of convergence, and we include a few here. To begin with,
every nuclear quasi-diagonal C*=algebra can be endowed with a quantum compact
metric space structure, and be the limit, for this structure, of finite dimensional
quantum compact metric spaces.

NUCLEAR QUASI-DIAGONAL QUANTUM COMPACT METRIC SPACES

Definition 2.8.1. A unital C*-algebra 2l is pseudo-diagonal, when for all £ > 0 and
for all finite subset § of 2, there exist a finite dimensional C*-algebra ‘B and two
positive unital linear maps ¢ : ‘B — 2( and y : A — B such that:

1. forall a€ §, we have la— gow(a)ly <&,
2. forall a,be §, wehave |y (aob) —y(a)ow(b)|n <&,
3. forall a,b € §, we have |y ({a,b}) — {y(a), y (D)} s <e.

Theorem 2.8.2 ([39]). LetC > 1, D > 0. If (},Ly) is a (C, D)-quantum compact
metric space, where 2| is a unital quasi-diagonal C*-algebra, then (2,Lgy) is the
limit of finite dimensional (C(1 + €), D + €) -quantum compact metric spaces for the
(C(1 +¢€), D+ ¢)-propinquity, for any € > 0.

AF ALGEBRAS

We saw how to endow AF algebras with quantum metrics in Theorem (1.2.3). We
can use this metric structure to obtain various continuous functions from natural
spaces to the class of AF algebras. It is actually possible to get a decent view of UHF
algebras in this picture.

Up to unitary conjugation, a unital *-monomorphism a : 85 — 2 between two
unital simple finite dimensional C*-algebras, i.e. two nonzero full matrix algebras 2
and B, exists if and only if dim®( = k? dim B for k € IN, and a@ must be of the form:

A
AeB— e 2.8.1)
A

It is thus sufficient, in order to characterize a unital inductive sequence of full
matrix algebras, to give a sequence of positive integers:

Definition 2.8.3. Let . = (A, @) e be a unital inductive sequence of unital,
simple finite dimensional C*-algebras, with 2, = C.

The multiplicity sequence of .# is the sequence (\ / d(ihmm—glg’(”]) of positive inte-
gers " onel

The set of sequences ./ of positive integers is thus a natural parameter space
for the classes % 7FF. Moreover, ./” can be endowed with a natural topology, and
we thus can investigate the continuity of maps from the Baire space to (% #F k A).
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Definition 2.8.4. The Baire space ./ is the set (IN \ {0H™N endowed with the metric d
defined, for any two (x(1)) yeN, (¥(7)) peN in A, by:

0if x(n) = y(n) forallne N,

d ((x(m)) nem, (y(M) new) = {z—min{nE]N:x(n)#y(")} otherwise.

We thus can establish:

Theorem 2.8.5 ([2, Theorem 4.9]). For any = (B(n))pew € A, we define the se-
quenceXf by:
lifn=0,

Xf=nelN— { el ) )
[T72, (B(j) + 1) otherwise.

We then define, for all € A, the unital inductive sequence:
F(B) = (Sﬁ (&ﬁ(n)) , an)ne]N

whereN(d) is the algebra of d x d matrices and for alln € IN, the unital *-monomorphism
a, is of the form given in Expression (2.8.1).
The mapu from A" to the class of UHF algebras is now defined by:

(B(M) pew € A — u((B(M) pen) =lim 7 (P).

Letk e (0,00) andfB e NV . Let Lg be the Lip-norm Lg(ﬁ) . on u(fB) given by Theorem

(1.2.3), the sequence 9 : n € N — RB(n)* and the unique faithful trace i onu(p).
The (2,0)-quasi-Leibniz quantum compact metric space (u(ﬁ), Lg) will be denoted

simply by ubf(B, k).
For all k € (0,00), the map:

ubf(, k) : N — U AT
is a (2, k)-Holder surjection.

Another family of AF algebras which is also parameterized by the Baire space
and played a role in the classification of quantum tori is the family of Effros-Shem
algebras [16].

We begin by recalling the construction of the AF C*-algebras 2(Fg constructed
in [17] for any irrational 6 in (0,1). For any 0 € (0,1) \ @, let (r) jew be the unique
sequence in IN such that:

0= lim ro+ . 2.8.2)

n—oo 1
r +
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The sequence (1) jeN is called the continued fraction expansion of 8, and we will

simply denote it by writing 6 = [ro, 1, 72,...] = [rj] jew. We note that ro = 0 (since
Oe(0,1)and r, e N\ {0} forn > 1.

We fix 0 € (0,1)\ Q, and let 8 = [r}] jeN be its continued fraction decomposition.

(7}

We then obtain a sequence (%) with pz € IN and qz € IN\ {0} by setting:

n/nelN

(P? q?): (r0r1+1 Tl)
pg qg ro 1
0 (] (] 0
1
(Pn+1 qn+1) — (r”+1 )( Pn n ) for all n e IN\ {0}.

pé 48 1 o)\l 49,

(2.8.3)

0
We then note that (%) . converges to 6.
n’ne
Expression (2.8.3) contains the crux for the construction of the Effros-Shen AF

algebras.

Notation 2.8.6. Let0 € (0,1)\Q and 8 = [r;] jev be the continued fraction expansion
of 6. Let (p?l)ne]N and (qg)ne]N be defined by Expression (2.8.3). We set A5y, =C
and, for all n € IN \ {0}, we set:

AFo,n = M%) @ M(q2_)),

and:

agn:ad®beAFg ,— - ®acAFg n+1,

b

where a appears 1, times on the diagonal of the right hand side matrix above. We
also set ay to be the unique unital *-morphism from C to Agp,.
We thus define the Effrs-Shen C*-algebra 2Jy, after [17]:

ATy = 11_11)1 (%@,n’ a’e,n)ne]N :

Notation 2.8.7. Let0 € (0,1)\Q and 8 = [r;] jev be the continued fraction expansion
of 6. Let (pg)nem and (qg)ne]N be defined by Expression (2.8.3). We set af(6,0) = C
and, for all n € IN \ {0}, we set:

af(@, m) =M@ e MG°_),

and:

agn:adbeaf®,n — ® a€AFo n+1,

b

where a appears r,+) times on the diagonal of the right hand side matrix above. We
also set a to be the unique unital *-morphism from C to A, -



2.8. OTHER EXAMPLES 67

We thus define the Effr6s-Shen C*-algebra 2Jy, after [17]:
ATo = lim (AFg,n, @0,n) ey -

Notation 2.8.8. Let6 € (0,1)\ Q and k € (0,00). The Lip-norm Lg on 2AFy is the lower

semi-continuous, (2,0)-quasi Leibniz Lip-norm Lf,/(g) - defined in Theorem (1.2.3),

where £ (0) = (UAFg,n, @g,n) nelN as in Notation (2.8.7).
+

Theorem 2.8.9. Forallk € (0,00) and using Notations (2.8.7) and (2.8.8), the function:
00,1\ Q— (AT, L) € o F*

is continuous from (0,1) \ Q, with its topology as a subset of R, to the class of (2,0)-
quasi-Leibniz quantum compact metric spaces metrized by the propinquity A.

QUANTUM AND FUZZY TORI

Let ¢ be a continuous length function on T%. For any G € T a closed subgroup and
o amultiplier of the Pontryagin dual G of G, for any a € C* (G, 0), set:

lad (@ —all o+ .0
— G\{1
) ge Gl

Lgo(a) = sup{

where « is the dual action of G on C*(G, o).
Rieffel showed in [52] that (C *(G,0), LG,U) is a Leibniz quantum compact metric
space.

If (Gp) nen is a sequence of closed subgroups of T4 converging to T¢ for the
Hausdorff distance Haus[¢] induced by the length function ¢ on the hyperspace of
closed subsets of T4, and if (¢ ,) nelN is a sequence of multipliers of /i converging
pointwise to some o, with o ,(g) = 1 if g is the coset of 0 for G, , then:

lim A*((C*(Gn,0n) Lg;, 5,), (C*(Z4,0),L 74 4)) =0.

In particular, we obtain certain finite dimensional approximations of quantum
tori. If for all n € IN, we set %,, = C* (U, V;;,) = C* (Zﬁ,pn) where:

0 0 .. 0 1 I
1 0 ... 00 o b
. . . 4ipnm
Us=l0 1 . 1 | V= e n
: 0 0 o
0 1 0 ez(n—n)pnn

with p, #0 mod n, and if lim, . 22 = 6, then:

Jim A*(Fn,Ln, (55, Le) =0
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where «fy = C*(U,V) and U, V are universal unitaries such that VU = e2imd gy,
while L;, and L are L-seminorms from the dual actions, and for some fixed continu-
ous length function on T2.

THE TOPOLOGY OF THE CLASS OF CLASSICAL COMPACT METRIC SPACES

In this section, we note that, if we are willing to work with (2,0)-quantum compact
metric spaces and the associated propinquity, then we can say a little bit more about
the topology of the class of compact metric spaces.

Lemma 2.8.10. IfB is a finite dimensional C*-subalgebra of a unital C*-algebra2l
and 1y € B and if U has a faithful tracial state p € . () then there exists a unique
u-preserving conditional expectation It : A — ‘5.

Proof. See [35, Step 1 of Theorem (3.5)]. O
Theorem 2.8.11. Let (X, d) be a finite metric space and let:
6=min{d(x,y):x,y€ X, x # y} >0.

If is a finite dimensional C*-algebra, if T is some faithful tracial state on®, and if
B is a C*-subalgebra of 2l such that:

1. 19 €58,
2. there exists a unital *-isomorphism p : C(X) — B,
then, for any > 0, and setting for all a € 2:

lla—IE(a)lly
B

where It : A — B is the conditional expectation such that T oIt = 7, we conclude that
the space (U, L) is a (D, 0)-quasi-Leibniz compact quantum metric space, where:

L(a):max{ ,Lidep_l(E(a)),}

_ E}
D= rnax{z, 1+ 5
such that:
A(@LL), (CX),Lipy) < B.

Proof. If a € 2 with L(a) = 0 then a = E(a), and Lip,(p~' (E(a))) = 0, so E(a) =
Alg for some A € R. Thus a € Rly, as desired. We also note that L(1g) = 0 by
assumption.

We also note that since X is finite, dom (Lip,) = C(X) so dom (L) = 2.

Since L is the maximum of two (lower semi-)continuous functions over 2, we
also have L is (lower semi-)continuous on 2.

The map 7x = 7o p is a state of C(X), and thus {f € C(X) : tx(f) =0,Lip,(f) <
1} is compact — since X is finite, this set is actually closed and bounded in the
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finite dimensional space C(X). Let B > 0 so that if Lip,;(f) <1 and 7x(f) =0 then

Ifllcx) < B.
Now if a € sa () with L(a) < 1 and 7(a) = 0 then Lip, o p‘l(]E(a)) < 1 and

Tx(p L (E(a)) = ToE(a) = T(a) = 0. Thus [|E(a) g < B. Now, [lally < la—E(a)llg +
IE(a)llg < B+ B. So:

{faesaR):La) <1,7(a) =0} g{aesa(ﬁ) lallg <ﬁ+B},

and the right-hand side is compact since 2 is finite dimensional, so (2(,L) is a
compact quantum metric space by Theorem (1.1.19).
Last, we check the quasi-Leibniz property of L. Let a,b € dom (L) and x,y € X.
Since p is a *-isomorphism, we now compute:
lo™! E(ab) (x) - p~" (E(ab)) (7)]
<o Eab) (x) - p~ ! E(@E D)) (x)]
+|p T EB@EMD) () - pH EE@Db) ()|
+|pTN BE@D) () - p " (E(ab)) ()]
< IE(ab-EMb) g
+|p N E@) (0)p ' EB) (0 -p ' E@) e (EBG))]
+ 1 E(a-E(a)b)lly
< llallaBL(D) + 11kl SL(D)
+|p ! E@) (x)p~ " EDB) () -p ' E@) e~ ED)G)].

Hence:

Lipgop~! (E(ab))
{ |~ (E(ab)) (x) - p~! (E(ab)) ()]
=sup .

d(x,y)

< ||allm§|-(b) + IIbllmgL(b)

lo™H (E(a) (x)p~! BD)) (x) - p~ (B(a)) ()~ EMD) ()]
d(x,y)

:x,yeX,x;éy}

x,yeX,x;éy}

+ sup{
(2.8.4)

< < (lallgL(b) + L@l blig) + Lipg E(@) E(b))

< < (lallg L) + L(a) I bllg) + Lipg o E(@)Ibllo + llalloLipg o E(b)

SRS heN

< (1 + g) (lallgL(b) + L@ bllgy) -

From this and from [2, Lemma 3.2], it follows easily that (2, L) is indeed a (D, 0)-
quasi-Leibniz quantum compact metric space with D = max{z, (1 + g) }
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We now compute an upper bound for A ((2, L), (C(X),Lip,)) by exhibiting a par-
ticular bridge from 2 to C(X).

Let y = (2,id, p, 1g) where id is the identity *-morphism of 2(. By Definition
(2.2.4), the quadruple vy is a bridge of height 0, so its length equals to its reach.

If f € C(X) and Lip,(f) <1, then:

[t -Eea _,
B

and Lipg (o (E(p(/))) = Lipg(f) <1. So L(p(f) < 1.
Now, it is immediate that bn, (p(f), f) = () — p(f)lla = 0. So:

sup inf_bny (a,b) =0.
fec(x) aesa()
Lipy(f)<1 L@<1

If a e A with L(a) < 1, then set f = p~! (IE(a))). First, by definition of L, we have
Lipg(f) = Lipy(p ' (E(a))) < L(a@) < 1. Second:

la=p(f)]ly =lla-E@ly < p.

Thus
su inf  bn,(a,b) <B.
aesar()ﬁl) feCx) Y p
L@<1 Lipg(H<1
Therefore, the reach, and thus the length, of y is no more than . Hence by
Theorem (2.2.8), we conclude A ((2, L), (C(X),Lip,)) < B as desired. O

We now deduce from Theorem (2.8.11) that compact metric spaces are always
limits of full matrix algebras for the quantum propinquity. A notable component
of the following result is how the constant § of Theorem (2.8.11) are related to the
actual geometry of the limit classical space.

Corollary 2.8.12. If(X,d) is a compact metric space, if Y < X is a finite subset of X,
and if By € (0,00) such that:

By 1
min{d(x,y):x,ye Y, x # y} =

then there exists a (2,0)—quasi-Leibniz quantum compact metric space (2, L) where:

1. 2 is the C*-algebra of #Y x #Y -matrices over C and 7 is the unique tracial state
on?,

2. with C(Y) identified with the diagonal C*-subalgebra of 2 given by a unital
*-isomorphism p with domain C(Y) and Ey, the unique t -preserving condi-
tional expectation of 2 onto p(C(Y)), the L-seminorm L is given for all a € 2
by:

lla—Ey(a)ly

L =
(a) rnax{ By

,Lipgop™! (Ey(a))}, (2.8.5)

and
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3. AL D), (C(X), Lipg)) < Haus[d] (X, Y) + By.

Proof. Set6 =min{d(x,y):x,y€Y,x# y}. By Theorem (2.8.11), the compact quan-
tum metric space (2, L) is(2,0)-quasi-Leibniz since 1 + %Y <2 and:

AL, L), (C(Y),Lipg) < By.

Thus:

A(EL, L), (C(X),Lipy)) <
AL L), (C(Y),Lipg) + A((C(Y),Lipy), ((C(X),Lipyg)))
< By +Haus[d](X, Y).

This concludes our proof. O

Corollary 2.8.13. Anycompact metric space (X, d) is the limit for the (2,0) -propinquity
of sequences of (2,0)-quasi-Leibniz quantum compact metric spaces consisting of full
matrix algebras.

Proof. We simply apply Corollary (3.4.5) to any sequence (X,) ,ev of finite subsets
of X with lim,,_., Haus [d] (X, X,;) = 0, which always exists since (X, d) is compact,
and to (Bx,) ey = (£ min{d(x,y) : X, y € Xp, x # W en- O

As a corollary, we obtain the following:

Theorem 2.8.14. The class of classical compact metric spaces is closed and nowhere
dense for the (2,0)-propinquity.

Proof. We saw in Theorem (2.6.2) that this class is closed for the propinquity. We
note in passing this could also be checked “directly” using target sets rather than by
a compactness argument.

Now, fix a compact metric space (X, d). by Corollary (2.8.13), for all € > 0, there
exists a (2,0)-quantum compact metric space (2, L) such that A o(F(X,d), @, L)) <e.
So every open ball of center (X, d) contains a noncommutative quantum compact
metric space, so the class of classical compact metric spaces is nowhere dense. O






Chapter Three

Spectral Triples

3.1 METRIC SPECTRAL TRIPLES

Definition 3.1.1 ([11]). A spectral triple (2,5, D) is a triple consisting of a unital
C*-algebra 2, given with an implicit unital *-representation on a Hilbert space .7,
together with a self-adjoint operator D, defined on a dense subspace dom (D) of 77,
such that

e D+ i has acompact inverse,
e the space
Ap :={aesa®):a-dom (D) cdom (D), [P, a] is bounded}
is dense in 2I.
The operator D is called the Dirac operator of the spectral triple (2, 5, D).

A spectral triple (2(, 57, D) induces, in particular, a (possibly co-valued) pseudo-
metric on the state space of the underlying C*-algebra 2, called the Connes’ distance,
defined, between any two states ¢, ¥ of 2, by

mkp (@, ¥) = sup{lg(a) —y(a)|: a€Ap, 1D, alll ,, < 1}.

Connes proved in [11] that, when 2l = C(M) is the C*-algebra of C-valued continuous
over a connected, compact spin Riemannian manifold M, and when D is the Dirac
operator acting on the square integrable sections of the spinor bundle over M,
the Connes’ metric mky restricts to the usual path metric over M induced by its
Riemannian metric. More generally, Connes’ distance suggests a way to study
the metric properties of noncommutative spaces, as it makes sense whether 2 is
commutative or not.

Let us now ask a natural question. If (2(, 57, D) is a spectral triple, then we can
set L(a) = |I[D, allll ., for all a € sa () for which this expression makes sense and
is finite. Then Connes’ pseudo-distance is simply mk; . When is (2, L) a quantum
compact metric space ?

Notation 3.1.2. If T': E — F is a continuous linear operator from a normed vector
space E to a normed vector space F, then the norm of T is denoted by ||| T|I|I€; if
E = F, then we simply write ||| Tll .

73
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Definition 3.1.3. A spectral triple (2, 57, D) is metric when, setting:
dom (L) ={aesa®):a-dom (D) < dom (D), [ID, a] is bounded }

and
Vaedom(L) L(a) =D, allll 4,

then (2, L) is a quantum compact metric space.

Examples of metric spectral triples include, once again, quantum tori [52, 371,
hyperbolic [51] and nilpotent [8] group C*-algebras, certain C*-crossed-products
[23], certain fractals [9, 32], Podes spheres [1], curved quantum tori [35], among
others. Certain examples motivated in physics can be found in [45].

Proposition 3.1.4. Let (A, 57, D) be a spectral triple. The spectral triple (U, 72, D) is
metric if and only if (A, Lp) is a Leibniz quantum compact metric space.

Proof. 1f (A, Lp) is a Leibniz quantum compact metric space, then by Definition
(3.1.3), the spectral triple (2, .7Z, D) is metric.
Let us now assume that (2(,.7#°, D) is a metric spectral triple. The domain of L p
is:
{aesa(®):a-dom(D) € dom (D) and [I[D, allll ,, <oo}.

By Definition (3.1.1), the set:
% ={aecA:a-dom (D)< dom (D) and ||[D, allll ,, < oo}

is norm dense in 2. If a € sa (2A), then there exists (ay) e in 7 converging to a in
norm. Now, we prove that if b€ & then b* € & as well. Let be 2. if {,{ € dom (D),
then:

(b*&,D0) yp = (&, bDO)

Now, since ¢ € dom (D), the linear map ¢ € dom (D) — (D¢, b) ,» is continuous,
and since [D, b] is bounded, the linear map ¢ € dom (D) — (¢, [D, bl{) 4 is also
continuous. Hence { € 57 — (b*¢, D{) 4 is continuous, and thus b*¢ € dom (D*) =
dom (D). Now, on dom (D), we observe that [D,b*] = Db* — b*D = (bD — Db)* =
(—[D, b])* as D is self-adjoint, so b* € Z.

It is immediate to check that 2 is a linear space, and thus in particular, for all
n € IN, we have Ra,, = %’lj‘ € dom (Lp), and of course as a € sa (), we have by
continuity of R that a = Ra = lim,_., Ray,, thus proving that dom (L p) is dense in
sa(2A).

By Definition (3.1.3), the Monge-Kantorovich metric mk| , metrizes the weak*
topology. In particular, as a metric, it is finite between any two states of 2(. Let

aesa() with Lp(a) =0. Let ¢,y € . (2(). We have, by Definition (1.1.1):

0< |p(@) —y(a)| < Lp@mky, (@, ) =0
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and thus ¢@(a—y(a)ly) =0 for all ¢,y € #(R). Thus (as a € sa(2)), if we fix ¥ €
ZQ):

[a-w@ly|y= sup lpla—y(a)lg)=0
pe. S )

soa=vy(a)lg,ie. {acsa(A):Lp(a) =0} <Rly. On the other hand, Lp(1g) =0 by
construction, so {a € sa () : Lp(a) = 0} = Rlg, as desired.

We now check that L p is lower semicontinuous. Let (a,) v be a sequence in
dom (Lp) with Lp(a,) < 1 converging in norm to a € sa (2(). Let £ € dom (D) and let
{ edom (D). For any n € IN:

(an&, D) s = (&, anDC) 5
= <EvDan(>% - <Ev [D) an]()%”
= <DE’ an()jﬁ” - (6, [Dy an]()jf’

and therefore:

[(a&, DO | = lim [ang, DOy |
<limsup (D&, anl) | + (¢, (D, anll) 1|)

< (D&, al) | + 1€ 1C 1
<l (1DEN s Nallag + €N ).

So the function { € dom (D) — (a&, D() 5 is continuous, and thus aé € dom (D).
Thus a-dom (D) <€ dom (D) as ¢ € dom (D) was arbitrary. We can therefore apply
[53, Proposition 3.7], whose argument we now briefly recall. If ¢,{ € dom (D) with
I$ll# < land [ICll ,» <1, then:

1> [(ID, anlé,0) | = [(ané, DO) s = (DE, and) |
"= |(at, D¢y yp — (D&, al)

= [{ID,alé, ) | B.1.1)

Since dom (D) is dense in .7 and since, by Expression (3.1.1), for all ¢,{ € dom (D),
we have proven that | (D, alé,0) | < €Nl ¢l s, we conclude that [D, a] is bounded
with norm 1 on dom (D), and thus extends to a bounded operator of norm at most 1
on 7.

Thus {a € sa () : Lp(a) < 1} is indeed normed closed. As Lp is a seminorm, this
implies that it is lower semi-continuous with respect to |||y

Last, L satisfies the Leibniz inequality since it is the norm of a derivation. First,
we note that Z is indeed an algebra. If a,b € & then, first, since b-dom (D) <
dom (D), we also have ab-dom (D) € a-dom (D) € dom (D). Moreover, if &,{ €
dom (D), then:

(Dabs —abD¢, () 5 = (Dabs — aDDb¢,{) y +(aDbs — abD¢, ()
=([D, al bf, C)jf +{alD, b]é’ ()%)
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and thus, as operators on dom (D), we conclude [D, ab] = a[D, b] + [D, alb. There-
fore, for all a, b € dom (Lp):

D, abllll ,, = LD, alb + alD, blll
<D, allll 4 1blls + lalig 1D, b1,
=Lp(a) bl +llally Lp(b).

Therefore, we conclude, for all a, b € dom (Lp):

|

1
< 5 (D, ablll , + D ball )

S Lp(@) bl + lallo Lp (D).

ab+ ba
2

D,

L(ab+ba
2

H

A similar argument shows that Lp (“bz_ib“) < Lp(@|bllg + llally Lp(b). It follows

that (2(,Lp) is a quantum compact metric space. O

A strong notion of equivalence between spectral triples is given by:

Definition 3.1.5. Two spectral triples (2, 7%y, Dg() and (28, 7%, Dss) are equivalent
when there exists a unitary U from J% to .7 and a *-isomorphism 6 : 2f — %8, such
that

Udom (Dgy) = dom (Ds3) and U* Dgz U = Dy over dom (Dgy),

and

Ywe g, aed O@w=UalU")w.

Proposition 3.1.6. If (2, 5%y, Dy) and (B, .75, D) are two equivalent metric spec-
tral triples, then (2, Lp,) and (B, Lpy,) are fully quantum isometric.

Notation 3.1.7. If T is an invertible operator on a Hilbert space .77, then Ady(A) =
TAT™! for all operators A (bounded or not, up to adjusting the domain).

Proof. Let U : 6y — s be unitary and 0 : (2, Lg) — (2B, L) be a *-isomorphism
such that AdyDg = D (including the fact that Udom (Dg) = dom (Ds3)), and
UaU* = 0(a) for all a € A. If a € dom(Lp, ) then a-dom (Dg) < dom (Dg(), and
[Dg(, a] is bounded. Now, if ¢ € dom (Dsg), then U*¢ € dom (Dgy), and therefore,
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UaU*¢ € dom (Dsg). Moreover:

Loy (@) = IDsy, allll 1,
= NDat, allll goy (g

=1l D U, al|ll yomp,)

=||U*DgUa—-aU* Dy Ul“dom(DQL)

= |[|U* (Ds UaU* = UaU* Do) Ul gom(py)

=|IDy8(a) —H(a)D%IIIdom(D%)

=D, O (@]l s,

= LD% 09(6!).

Thus 6(a) € dom (Lp,,) and Lpy, 06(a) = Lpy (a). In particular, f(dom (Lp,)) =
dom (Lpy).

By symmetry, if b € dom (Lp,, ), then 07! (D) € Lp,, with Lp, 0671 (b) = Lp,, (b).

If a ¢ dom(Lpy ), yet 0(a) € dom (Lp, ), then we would have, by the observa-
tion above, that a = 071 (6(a)) € dom (Lp, ), an obvious contradiction. So 6(sa () \
dom (Ly)) € sa(B) \dom (Lp,, ). Therefore, 6(dom (Lp, )) = dom (Lp,, ).

Thus 0 is a full quantum isometry from (2, Lp, ) to (B, Lp). O

We now want to find a metric description of a spectral triple. If (2(, 57, D) is a
metric spectral triple, and if we set:

e dom(Lp):={aesa®):adom (D)< dom (D), [D,a]is bounded},
* Vaedom(lLp) L(a):=D,alll,,,
e V&edom (D) DN(&) =<l 7+ 1D 2,
then (#7,DN, C,0,2,Lp) is an example of the following general structure.

Definition 3.1.8. A (EK G,H)-metrical C*-correspondence (.# ,DN,2,L,*5,S), where
EG2>1, H>2,and K > 0, is given by two (F, K)-quantum compact metric spaces
(2, L) and (B, S), an -8B C*-correspondence (.#,%,*B), and a norm DN defined on
a dense C-subspace dom (TN) of .#, such that

1. Vwedom(DN) DN() = llwll_z =/ |(w, @)z o
2. {wedom(DN):DN(w) < 1} is compact in (., |I-ll_4),
3. forall a € dom (L) and w € dom (TN),

DN(aw) < G(llallg + L(a)) DN(w),

4. for all w,n € dom (DN),

Sw,n}_ ) < HDN(w)DN(m).
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Convention 3.1.9. In this work, we fix F > 1, K > 0, H > 2 and G > 1 all throughout
the paper. All quantum compact metric spaces will be assumed to be in the class
of (F, K)-quantum compact metric spaces and all metrical C*-correspondences will
be assume to be in the class of (F, K, G, H)-metrical C*-correspondences, unless
otherwise specified.

Theorem 3.1.10 ([47]). If (U, 27, D) is a metric spectral triple, if we set:
v¢edom (D) DNp(&) = lISlz + I1DEN 7,
and ifdom (Lp) = {a € sa () : adom (D) < dom (D), [D, a] is bounded} and
Vaedom(Lp) Lp(a)=IID,alll,,,

then
metCor (A, 77, D) := (77,DNp, 2, Lp, C,0)

is a metrical quantum vector bundle(with F=1,K=0,G=1,H =2).

Theorem 3.1.11. Let (2, 57, D) be a metric spectral triple. If for all a € 2 such that
adom (D) € D and [D, a] is bounded on dom (D), we set:

Lp(a) = IID, (@)l ,,,

and, for all{ € dom (D), we set:

DN() = 1l sz + 1DS 1l

then (57,DN,2,Lp,C,0) is a Leibniz metrical quantum vector bundle, which we
denote by mvb (2, 57, D).

Proof. For any a € dom (Lp) and ¢ € dom (D), we compute:

(Daé,Daé) yp = (Daé —aD¢,Daé) ;p +{aD¢, Daé)

=([D,alé,Dal) y +{aD¢,Daé)

=(ID, al§, D, al§) s + <D, al¢,aD&) »
+(aD¢,Daé)

=([D, al¢, D, al&) ;» + (D, al§,aDs)
+(aD¢, D, als) s +{aD¢, aD¢&)

=([D, alé, D, al&) s + 2R(D, alé, aD&)
+(aD¢&,aDC¢) yp

<D, alél%, +2 1D, aléll s lally I DNy + lally IDEN,

= (LD, @l s + I allg | DEN )

< (Lp(@ €1 s + lalg DN(©)?.

Hence, |Dacll » < Lp(a) €]l sz + lalla DSl . Now, since [ladll z < llalla IS] 52,
we conclude that DN(a¢) < Lp(a) €]l s + llallg DN(E) < (Lp(a) + llallg) DN(S).
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Now, 7 is a Hilbert C-module, and (C, 0) is a Leibniz quantum compact metric
space (the only possible one with C*-algebra C = C({0})) . Therefore, (7#,DN, 2, L, C,0)
has all the properties of a Leibniz metrical quantum vector bundle, as long as we
prove the compactness of the unit ball of DN.

Let ¢ € dom (D) with DN(¢) < 1. By construction, [[(D+ )¢l < IDEll» +
€Nl ,» < 1. By definition, D + i has a compact inverse, which we denote by K. We
then have:

{€e DN <1} =K{(D+i)¢:&e#,DN() < 1}
SK{Ee A |Ellp <1}

and, as K is compact, the set K{gt eI ¢l < 1}, and therefore, the unit ball of
DN, are totally bounded in 7.

It remains to show that DN is lower semicontinuous. We thus now prove that the
unit ball of DN is closed in ||| 5.

Let (£5,) nev be a sequence in dom (D) converging to € in 5# and with DN(¢,) <1
for all n € IN. Let n € dom (D). We compute:

[<€, D) 4|

lim [<¢ D) |

lim (D&, ) s |

<limsup | D&yl ||7]|_
n—oo

Llimsup (1-1€,12) [0
n—oo

= (1= 1El) |l e -

Therefore, the map n € dom (D) — (¢, D1} is continuous. Hence £ € dom (D*) =
dom (D), and thus for all n € dom (D):

(D& | = 46, D) | < (1= 1E1s) 1] e -

Thus n € dom (D) — (D¢, n) 4 is uniformly continuous (as a (1 - IIg‘II%))-LipschitZ
function) linear map on the dense subset dom (D), and thus extends uniquely to ¢,
where it has norm 1 - ||¢]| ;. Therefore | DE|l 5 < 1— €]l and thus DN(¢) <1 as
desired.

Thus DN is indeed a D-norm.

Hence, if (2, L) is a quantum compact metric space, we conclude that:

mvb (2,57, D) = (5¢,DN,2,L,C,0)

is a Leibniz metrical quantum vector bundle. O

3.2 AN OVERVIEW OF THE SPECTRAL PROPINQUITY

We defined in [41, 47] an analogue of the Gromov-Hausdorff distance on the class
of metrical quantum vector bundles, which, in particular, induces a first pseudo-
distance on metric spectral triples, via Theorem (3.1.10). We begin the presentation
of this metric with a few key concepts.
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A morphism between metrical C*-correspondences is given by a triple of linear
maps which satisfy a long but very natural list of algebraic and analytic properties.

Definition 3.2.1. For each j€{1,2}, let
M; = (.#;,DN;,%;,L;,%B;,5;)

be a metrical C*-correspondence.
A Lipschitz morphism (I1, 7, 0) from IM; to IM; is a given by:

1. a continuous C-linear map I1: .#; — .#>,
2. aunital *-morphism m: 2A; — 2,
3. aunital *-morphism 6 : B — B,
such that
1. YVaed VYwe # (aw)=rn(a)l(w),
2. VbeB Vwe s, N(w-b)=T(w)d(b),
3. Yo,ne i 0(w,m 4) = W), 110) 4,
4. w(dom (L)) €dom(Ly),
5. 6(dom(S;)) € dom(Sy),
6. II(dom(DN;)) < dom (DNy).
Definition 3.2.2. For each j € {1,2}, let
M; = (.}, DN, 2, L;,%B;,5))

be a metrical C*-correspondence.
A modular quantum isometry (I1, 7, 0) is a Lipschitz morphism from IM; to IM,
such that

1. Vaedom(Ly) Ly(a)=inf{L;(d):d edom(L,),n(d) = a},
2. Vbedom(Sy) S»(b)=inf{S;(d):d cdom(S;),0(d) = b},
3. Ywedom(DN;) DNz (w) =inf{DN; () :n € dom(DN;),0(n) = w}.

Since metrical C*-correspondences morphisms (II, ,8) consists, by definition,
of three isometric maps I1, 7 and 0, they all have closed ranges in their respective
codomains; when (I1, 7, 0) is a quantum isometry, our definition implies that these
ranges contain certain dense subspaces, and thus, I1, 7 and 6 are in fact surjective
by definition.

The definition of a distance between metrical quantum vector bundles, called
the metrical propinquity, relies on a notion of isometric embedding called a tunnel,
and defined as follows.
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Definition 3.2.3. Let IM; and IM, be two metrical C*-correspondences. A (metrical)
tunnel T = (J,I13,11,) is a triple given by a metrical C*-correspondence J, and for
each j € {1,2}, a modular quantum isometry I1; : J — M.

Remark3.2.4. Itisimportant to note that our tunnels involve (F, K, G, H)-C*-metrical
correspondences only (as per Convention (3.1.9)). We will dispense calling our tun-
nels (F, K, G, H)-tunnels, to keep our notation simple, but it should be stressed that
fixing (F, K, G, H) and staying within the class of (F, K, G, H)-C*-metrical correspon-
dences is important to obtain a metric from tunnels.

To each tunnel, we can associate a number, which quantifies how far two metrical
quantum vector bundles are from the perspective of this particular tunnel. This
number is computed using the Hausdorff distance induced by the Monge-Kantoro-
vich metric on the hyperspace of all closed subsets of the state space of a quantum
compact metric space.

Definition 3.2.5. LetIM; = (.#;,DN;,%;,L,5;,S;) be ametrical C*-correspondence,
foreach j € {1,2}. Let t = (IP, (I11, 71, 01), Iz, w2, 0,)) be a metrical tunnel form IM;
to My, with P = (£, TN, D,Lyp, &, Lg).

The extent y (r) of a metrical tunnel 7 is

x (1) = je{?)zi}max{Haus[kaD] ({ponj:pe AU}, @),
Haus [mks, | ({yo0;:w e (B )},.7 (@) }

We define our distance between metrical quantum vector bundles following the
model proposed by Edwards [15] and Gromov [19], as follows.

Definition 3.2.6. The metrical propinquity A*™t(IM;, M) between any two metri-
cal C*-correspondences IM; and M is given by the real number:

AFMEY M, M) = inf{y () : 7 is a tunnel from M, to M, }.
We prove that the metrical propinquity enjoys some welcomed properties.

Theorem 3.2.7 (41, 46]). The metrical propinquity A*™t is a complete metric, up to
a full quantum isometry, on the class of metrical C*-correspondences.

The proof follows a similar strategy as the proof of Theorem (2.4.3), with an
appropriate notion of target sets.

Remark 3.2.8. The metrical propinquity, as defined above, should properly be called
the (F, K, G, H)-metrical propinquity, denoted by A;?e(t; g asitis defined on the
class of (F, K, G, H)-metrical C*-correspondences (i.e. C*-correspondences with
fixed Leibniz properties). However, following our Convention (3.1.9), we will omit
this index and terminology, with the understanding that we decided to restrict

ourselves to this class of metrical C*-correspondence from the beginning.
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Remark 3.2.9. Since metrical quantum vector bundles defined via metric spectral
triples, using Theorem (3.1.10), are all of the same type (F=1,K=0,G=1,H =2),
it may appear that, for the present paper, there is no need for the larger generality
allowed by introducing these numbers. However, this is not the case. While the
metrical quantum vector bundles induced by metric spectral triples are all of the
same type, tunnels may well involve metrical quantum vector bundles with relaxed
Leibniz properties.

If (A, L) is a quantum compact metric space, we can regard 2{ as a Hilbert module
over itself, with {a, b)g = a* b for all a, b € 2, and we can set

VaeA DN(a)=max{L(Ra),L(Sa)},

thus associating to any quantum compact metric space the metrical C*-correspondence
(2, DN, C,0,2,L). The injection thus constructed from the class of quantum com-
pact metric spaces to the class of metrical C*-correspondences, is an homeomor-
phism onto its range, when the class of quantum compact metric spaces is endowed
with the dual propinquity, and the class of metrical C*-correspondences is metrized
with the metrical propinquity. In the present work, however, we focus on the class of
metrical C*-correspondences.

If we apply the metrical propinquity to the metrical quantum vector bundles
associated with metric spectral triples, then we obtain a pseudo-metric on spectral
triples. This metric, informally, captures the metric information of the spectral triple.
We note, in passing, that tunnels are not required to be constructed using spectral
triples — in fact, this flexibility is very helpful. We thus have some preliminary
notion of convergence for spectral triples.

However, distance zero between spectral triples is weaker than what we want.

In order to strengthen the metrical propinquity, we add one more ingredient.
In yet another chapter of our story [42, 43, 47], we introduced covariant versions
of the propinquity. Now, if (2, 77, D) is a spectral triple, then it induces a natural
quantum dynamics, i.e. an action of R on J# by unitaries, defined for each ¢ € R by
U' =exp(itD).

The spectral propinquity is thus the covariant version of the metrical propinquity,
applied to the metrical quantum vector bundle induced by a metric spectral triples
and the associated unitary action, restricted to the monoid [0,00). Convergence,
in the sense of the propinquity, is the main matter of study of this paper. The
spectral propinquity is, indeed, a distance on the class of metric spectral triples, up
to unitary equivalence; we also proved some nontrivial examples of convergence for
this metric [31, 45]. The covariant version of the propinquity is best explained by
introducing first a useful notion of convergence of operators over metrical quantum
vector bundles, itself of prime interest for this work, and new to this paper. This is
the first matter which we address.
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3.3 CONVERGENCE FOR FAMILY OF OPERATORS ON C*-CORRESPONDENCES

In this section, we define a distance, up to unitary equivalence, between families of
operators on Hilbert spaces. Our purpose with this distance is to formalize the con-
vergence of the bounded functional calculus for spectral triples under convergence
for the propinquity, which is the core result of this paper. While, in this work, we will
work with family of operators on Hilbert spaces associated with spectral triples, the
definition of a metrical tunnel means that the computation of various distances will
take place within the state space of metrical C*-correspondences, which is thus the
framework we employ in this section.

Our first task in extending the construction of the propinquity to family of op-
erators on modules, including to actions of monoids and groups as needed for
the spectral propinquity, is to extend the Monge-Kantorovich metric of a quantum
compact metric space to the dual of a Hilbert module with a D-norm.

Definition 3.3.1 ([47, Notation 3.8]). If (.#, TN, 2, Ly, B, Lgs) is a metrical C*-correspondence,
then for any C-valued continuous linear functional ¢,y € .#Z*, we set:

mkrn (@, ¥) = sup {lp(&) — (&) : ¢ € dom (TN), TN(§) < 1}.

Since the unit ball of D-norm TN is compact, a standard argument shows that
mkyy thus defined induces the weak* topology on bounded subsets of the dual .Z *
of /.

Remark 3.3.2. The metric of Definition (3.3.1) is denoted by mk‘.’rl‘N in [47].

We then extend, in the simplest way, the Monge-Kantorovich metric of Definition
(3.3.1) on the C-dual of a module, to a distance between families of continuous linear
functionals indexed by a fixed set. We only take the distance between families of
functionals indexed by the same set.

Definition 3.3.3. Let (%, TN, Ly, B, L) be a metrical C*-correspondence. Let
J be a nonempty set. For any two families (@j)je, Wj)jes € ((///*)] of continuous
C-linear functionals of IM, we set:

MKTN (@) jer W) jes) = S}llj)kaN((ﬂj’Wj)-
je

It is immediate to check that MK restricts to a metric on (.# *)] for any fixed
nonempty set J. Its topology is stronger than the product of the weak* topology, and
equal to it when J is finite, though this will not be of prime concern here.

The propinquity is defined in terms of state spaces, and for the present work, we
will use the notion of pseudo-states for a metrical C*-correspondence, as a natural
generalization of states of a quantum compact metric space. As seen in [47, Proposi-
tion 3.11], the following set is weak* compact (though not convex), and the weak*
topology is metrized by the Monge-Kantorovich metric from Definition (3.3.1).
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Definition 3.3.4. If M := (.#, TN, %A, Ly, B, Lsg) is a metrical quantum vector bundle,
then a continuous linear functional ¢ € .#Z™* is a pseudo-state of M when there exist
pe .S (B) and w € 4 with TN(w) < 1 such that

pied — p(€ 0 g)

The set of all pseudo-states of M is denoted by S ().

Now, if we want to assign a distance between any two families (a;) jey and (b}) jes
of operators on a Hilbert module ./, then a natural choice would be sup ¢ ||| a; - bj|||
however, this choice does not generalize well if we consider, instead, families of op-
erators on different modules. Inspired from our previous work, another idea opens
us when working with families of operators on a metrical quantum vector bundle
M, with D-norm TN. In this setup, we can take the Hausdorff distance between the
sets {(poaj)jej: €S (M)} and {(y o b)) jey : v € 7 (IM)} for the distance MKt of
Definition (3.3.3). The benefit of this approach is that it generalizes as follows to
families of operators acting on different metrical quantum vector bundles.

Definition 3.3.5. Let A and IB be two metrical quantum vector bundles. Let

(Ma,7a,0A) (p,73,0B)
T:A AAA]P IBIBIB]B

be a metrical tunnel from A to B. Let TN be the D-norm of the metrical C*-
correspondence IP.

Let J be a nonempty set. If A:= (a;) je; is a family of operators of A, and B :=
(bj) jes is a family of operators on IB, then we define the separation of A and B
according to 7 by:

sep (A, B|1) := Haus [MKT ] ({((po ajollg)jej:pe %A)},
{wobjollp)je;:ye 7B},
The dispersion of A and B according to 7 is
dis (A, B|t) := max{y (1),sep (A, B|1)}.

We therefore obtain a natural way to discuss the convergence of families of
adjoinable operators on metrical C*-correspondence, in the spirit of the Gromov-
Hausdorff distance and the propinquity.

Definition 3.3.6. Let A and B be two metrical quantum vector bundles. Let J be
a nonempty set. If A:= (a;) je; is a family of operators on A, and B := (bj) jes isa
family of operators on BB, then we define the operational propinquity between these
families as:

A°P(A, B) :=inf{dis (A4, B|7) : T is a tunnel from A to B}.
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The operational propinquity is certainly a pseudo-metric on families of operators
indexed by a fixed index set, and under mild conditions, it is in fact a metric up to
a natural equivalence relation, as seen in the following theorem, whose proof is a
direct application of the techniques in [47].

Theorem 3.3.7. The operational propinquity A°P is a pseudo-metric on families of
operators indexed by the same set. Moreover, if we fix an index set ] and we fix some
Jjo € J, and if we set & (J) to be the class:

{(a))jej € B(A) : A metrical quantum vector bundle, aj, = idg(}

then the restriction of A°P to & (]) is a metric up to the following equivalence relation.
For any metrical quantum vector bundles A and 1B, and for any family A= (a;) jej of
operators of A, and any family B := (bj) jej of operators of B, both families A and B
being indexed by J, we have A°P (A, B) = 0 if, and only if, there exists a full metrical
quantum isometry (I1, ,0) from A to B such that, forall j € ], we havelloa;j = bjoll.

Proof. The proof follows exactly [43, Theorem 3.23], with the simplification that we
only need the same indices. O

Our focus will be on metrical C*-correspondences constructed from metric spec-
tral triples. If (2,771, ID1) is a metric spectral triple, then . (metCor (21, 541, D1)) is
given by definition as the set of maps of the form ¢(¢-,¢) ;) where @ is a state of C—
so it is is the identity on C — and ¢ € dom (D) with DN (&) = €]l s + D181l < 1.
Let now (2, .74, D») be another metric spectral triple, and set DN, to the graph
norm of ;. Let A:= (a;) je; be a family of operators on 77, and let B := (bj)jesbea
family of operators on %. If

(ITy,71,01) (ITp,72,02)

7: (1,54, D7) P Ry, 56, 1D))

is some tunnel from (24, 777, D7) to (5, 7%, ID»), where the D-norm of IP is denoted
by TN, then the separation between A and B becomes:

sep (4, BIT) = Haus [MK1n]({(<@] &, T () je £ € dom (DNp), DNp (@) < 1},
{(B7€,115(1)) jej : € € dom (DN pgs)), DNipis () < 1} }.
This expression can be unwound to give that sep (4, B|7) is the maximum of

sup inf  sup sup ‘(a;g‘,Hl(w»%ﬂl—<b;n,Hz(w)>%‘

Eedom(py)1€dom(D2) jej TN(w)<1
DN; @) <1 DN2(m<1
and
sup inf  sup sup ‘(a;fn,fll(w))%l—(b;é,Hz(w))%é‘.

fedom(lD,) N€dom(D1) jej TN(w)<1
DN, (€)<1 DN1m<1 =

The spectral propinquity is defined using the above notion of dispersion for
certain tunnels, where the families of operators involved arise from the natural
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one-parameter groups of unitaries induced by spectral triples. Intuitively, we ask for
the quantum dynamics induced by spectral triples to be close for our metric if they
remain close to each other for as long as possible. This construction is a special case
of the covariant propinquity [43, 40, 47].

Definition 3.3.8. The spectral propinquity ASPeC((, 54, D1), Rz, 73, ID,)) is de-
fined as:

2
inf{%,e > 0: 3 tunnel from A, 74, D) to Ry, 74, 1D»)

)<e).

Originally [47], the definition involved the notion of a local almost isometric
isomorphism, as introduced in [43], which, in general, allows one to define a distance
between actions of different monoids. However, as seen in [33], one may simplify
the definition of the spectral propinquity, thanks to to facts: the monoid in question

V2

is always [0,00), and the action is by unitary. We also note that the number = in
Definition (3.3.8) is needed to establish the triangle inequality (see [43, Lemma 2.11,
Theorem 3.14]).

dis ((Uf)ogtgg’ (U< i<

The spectral propinquity has some strong properties, in the sense that it pre-
serves certain important structures associated with spectral triples. Most impor-
tantly, the spectrum of the Dirac operators of metric spectral triples is continuous
with respect to the spectral propinquity, as a consequence of the continuity of
the bounded continuous functional calculus (we note that in contrast, the Borel
functional calculus is not continuous). More specifically, we proved the following.

Theorem 3.3.9 ([33]). If Ry, 7, D) el is a sequence of metric spectral triples,
converging to a metric spectral triple (oo, 7%, Doo) for the spectral propinquity, and
if f € C,(R) is a bounded, C-valued continuous function over R, then

JL%]OA°P(f(Dn),f(Dm)) =0.

A corollary of Theorem (3.3.9) is the continuity of the spectrum.

Theorem 3.3.10 ([33]). If the sequence (A, 77, D) new Of metric spectral triples
converges to the metric spectral triple oo, 720, Doo) for the spectral propinquity,
then

Sp(lDoo):{}LER:EI(/ln)nemeRN VnelN AneSp(Dn) andazn@(}oan}.

The next natural question is whether the mutliplicities of the eigenvalues of
Dirac operators converge. Of course, in general, eigenvalues could “merge” at the
limit, so the most general result is as follows.

Theorem 3.3.11 ([33]). If (,, ¢, D) nelN is a sequence of metric spectral triples
which converges to a metric spectral triple (oo, %0, Doo) for the spectral propinquity,
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if A € Sp (Do), and if there exists § > 0 and N € IN such that (A — 8,1 +8) NSp (D) is
a singleton {A,} for all n > N, then we assert:

lirlln infmultiplicity (1, |D,) > multiplicity (A| D).
—00

To get a stronger form of continuity for mutliplicities, we offer a sufficient condi-
tion, which restricts the potential growth of the eigenvalues.

Theorem 3.3.12 ([33]). If Q,, 5, D) nelN is a sequence of metric spectral triples
converging, for the spectral propinquity, to a metric spectral triple (oo, 750, Doo),
and

1. ifAeSp (Do),

2. thereexists 6 >0 and N € N such that, for all n > N, the intersection Sp (D) N
(A—=06,A+0) is a singleton, denoted by {A,},

3. if (multiplicity (1, D)) new converges in IN — i.e., is eventually constant,

then
r}gn multiplicity (1,1 D,) = multiplicity (1| D).

We now then use Theorem (3.3.10) to compute the spectrum of operators as
limits of finite dimensional spectral triples [33], and we can apply Theorems (3.3.9)
and (3.3.10) to derive continuity results for the spectral actions, for instance.

3.4 EXAMPLES: INDUCTIVE LIMITS OF GROUPS

We then turn to the more specific context of inductive sequences of metric spectral
triples. Inductive sequences of spectral triples were introduced in [18], and are a
natural source of spectral triples; our interest is in the convergence of such sequences
for the spectral propinquity, i.e. in the sense of an actual metric.

We begin by recalling the following notion of inductive limit for spectral triples.

Definition 3.4.1. Let 2 = cl(Upen 2U,) be a C*-algebra which is the closure of an
increasing sequence of C*-subalgebras () ey in oo, With the unit of 2, in 2Ay. A
spectral triple (oo, #%0, Doo) is the inductive limit of a sequence (A, 77, Dy) neN
of spectral triples when:

1. J# = cl(Unew) 7%, where each 7, is a Hilbert subspace of 7%,
2. for each n € N, the restriction of Dy, to dom (D) is Dy,

3. for each n € IN, the subspace .77, is reducing for 2(,,, which is equivalent to
AN, 7, < 7.
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We note, using the notation of Definition (3.4.1), that the operator which, to any
¢ e Upewdom (ID,,), associates ID,,¢ whenever ¢ € dom (ID,) for any n € IN, is indeed
well-defined, and shown in [18] to be essentially self-adjoint, so D is the closure of
this operator.

For our purpose, the following result from [18] show some consequences of a
spectral triple being an inductive limit.

Theorem 3.4.2 ([18, Theorem 3.1, partial]). If (A, 5, Dy)new is an inductive se-
quence of spectral triples converging to a spectral triple (oo, 7%, Do), then for any
C-valued continuous function f € Cy(R) which vanishes at infinity, the sequence
(Py f(Dy)Py) e converges to f (Do) in norm.

From a metric perspective, inductive limits of spectral triples may provide inter-
esting examples of convergence for the spectral propinquity. In turn, the properties
of the spectral propinquity, including the continuity of the spectrum and others, are
tranferred to this setup of inductive limits, strengthening Theorem (3.4.2).

Theorem 3.4.3. Let (w0, 720, Do) be a metric spectral triple which is the induc-
tive limit of a sequence (A, 76, D) nen of metric spectral triples, in the sense of
Definition (3.4.1). For each n € N U {oc}, let

dom(L,):= {a €A, :a=a",adom(D,) <dom (D) and D, a is bounded},

and, for all a€ dom (L), letL, (a) be the operator norm of [y, a.

If there exists a bridge builder 1 : (50, Loo) = (Rloo, Loo) for (2, L) nelN, Rloo, Loo))
which is a full quantum isometry of (oo, Loo), i.e. such that r(dom (L)) € dom (L)
and Lo om =L ondom (Ly,), then

r}i_{rgoASpec((an, %zy D), (oo, %oo» D)) =0.
Theorem 3.4.4. Let G = Unew Gn be an Abelian discrete group, with (Gp)pew a
strictly increasing sequence of subgroups of G. Let o be a 2-cocycle of G, with values
inT:={zeC:|z|=1}.

Let Ly be a length function over G whose restriction to Gy, is proper for all n € IN,

such that the sequence (G,) e converges to G for the Hausdorff distance induced on
the closed subsets of G by L. Let

F:geG—scale(min{neIN: g€ G,}),

wherescale : IN — [0,00) is a strictly increasing function.
If the proper length function IL := max{LLy, I’} satisfies that, for some 6 > 1, there
exists ¢ > 0 such that forallr > 1:

{geG:L(g) <0 -r}|<c|{geG: L <r},
then

lim A%*€((C* (G, 0), 6%(G) 8 €%, ), (C* (G, 0), 6%(Gy) ® €%, ) =0,
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where for all n € N U {oo} and for all (&1,¢2) in
{f €2GeC?: Y LuE?+F@? @] < oo},

8€Gn

we set

Déige G (F(g)fz(g)+]LH(g)§l(g)).

F(g)¢2(8) —Lu(g)éi(g)

In the above spectral triples, C*(G,0) and C*(Gp,0) act via their left regular o -
projective representations.

Corollary 3.4.5. Fix a prime number p € N and d e N\ {0,1}. Foreach n € IN, let
1 d
Gn = (WZ)
1 d
Gso = (Z [— ) .
p

Fix a2-cocycleo on Gy, suchthatVge G o(g,—8) =1.
Let 1Ly be the restriction to Gy, of some norm on R?. We define | by setting, for

all g € Goo:
: 14
F(g):=min< p":g¢€ (ﬁ) .

Let E be an even dimensional hermitian space, withy,,y» be two unitaries on E
such that, forall j, k € {1,2}:

and

2ifj=k,

. + ——
YiYkTYEY] {0 otherwise.

If we define, for all n € IN, the operator
Dy =My, ® y1 + M ® Y2 ondom (1D,)

on the domain

dom () = {6 €2 (G B): Y. Lu@?+F@? @] < oo},
8<Gn

then, for all n € IN, the triple (C* (Gy, 0), €2(Gy, E), D,,) is a metric spectral triple, and:
Jim ASPEE((C™ (G, 0), £2(Gn, E), D), (C” (G, 0), £ (G, E), D)) = 0.

Moreover, for each n € IN, the sequence (C* (Gy, 0), L) k> of quantum compact metric
spaces converge to (C* (G, 0), L) in the Lipschitz distance.
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Corollary 3.4.6. Let @ = (a,),eIN be a sequence of nonzero natural numbers such
that (“g—;l) N is a bounded sequence of prime numbers, and let
ne

Z(a)={(eC:IneN (" =1}.

Define:
Goo = Z(a) x Z and¥neN Gn="L/y x1Z,

i.e. Gp=1{((,2) € Goo: z€ Z,{* =1}. Let 0 be a2-cocycle of Geo.
Let Iz be the restriction of any continuous length function on T to Z(a), and
define Ly : (u,2) € Goo — Lz (1) +|z|.
Forall{ € Z(a), set:
F():=min{neN:u" =1}.

Let E be a Hermitian vector space, and let y1,y» be unitaries such thaty1y» =
—Y2Y1 andﬁ = y% = IE;
Ifweset, forallne N,

Dy =My, ®y1+ Mp®Y>2,
then for all n € IN, the spectral triple (C* (Gp,0),0%(Gy) ® E, D) is metric, and

lim AP ((C*(Gy,0),£%(Gp) ® E, ), (C* (Z(a) x Z,0), £*(Z(a) x Z) ® E, D)) = 0.

n—oo

3.5 AF ALGEBRAS

Antonescu/Ivan and Christensen constructed in [5] a metric spectral triple on AF
algebras. We now apply some of our results to prove the convergence of isometry
groups of their spectral triple. We begin with a description of the setup of [5].

Let A = cl (Upew 25) be a unital C*-algebra arising as the closure of the union of
an increasing union of finite dimensional C*-subalgebras —i.e., 2 is an AF algebra.
We assume for convenience that 2y = C1 where 1 is the unit of 2. Let ¢ € . () be a
faithful state of 2, and let L?(2, ¢) be the GNS Hilbert space obtained by completion
of 2 for the inner product a, b € 2 — @(b* a). Of course, 2 acts by left multiplication
on L2, ). We write Q for the unit 1 of 2l when seen as a vector in L2, ), which
is then a cyclic and separating vector for 2.

For each n € IN, we identify I2 (A, ) with the closure of 2,,Q in L2, ), and
we denote the orthogonal projection of L?(2l, ¢) onto L?(,,, ¢) by P,,. For all a € 2,
let £, (a) be defined by: Vae®, E,(@)Q :=P,(aQ)— thisindeed is well-defined
since Q) is separating. Since 2, is finite dimensional, it agrees, as a vector space,
with L2(2(,,, ), and thus E,(a) € 2,,. It is easy to check that I£,, thus defined is a
continuous linear function. In fact, when ¢ is also a trace, then It is the unique
conditional expectation from 2, onto 2, such that po IE,, = ¢.

We now follow the construction of a spectral triple on AF algebras given in [5]. For
each n € IN\{0}, we nowlet Q, := P, —P,_1; of course Qy, is a projection since P, and
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P,,_; commute and by construction, P;,, > P,,_;. Now fixa€2l,, so aQ € I? A, ).
By construction, Py, (aQ) = aQl, and thus Q,,(aQ?) = 0 for all m > n. By continuity of
Q,, we thus conclude that Q,,,L?>(2,,, @) = {0} for all m > n. This allows us to define
the following operator.
For any strictly increasing sequence A := (1,) ;e of positive real numbers, we
define -
vée U LP@ne) Daé:=) AnQuon [J L2y ¢), (3.5.1)
nelN n=0 nelN
noting that since (L?(2l,, ¢)) el is increasing for inclusion, the set U,y L? (2, ¢)
is a subspace of L2(2, ¢). Since U, L2 (2, @) is dense in L2(2, ¢), the operator Dy
is defined on a dense subspace. It is obviously symmetric, by construction, and in
fact, if
o0
T=Y (Ap+1)7Qn
n=1
where the series converge in norm, then T is bounded and T(D) + i)¢ = ¢ for all
EeUpew L2y, ). Therefore, D, is essentially self-adjoint. Let D, be the closure
of D). It is then easy to see that D, is a self-adjoint operator and T is the inverse of
D +i. Since T is compact, D) has compact resolvent.

Now fix a € 2,,. We note that a commutes with Py for k > n by construction,
since ab € Q. for all b € A with k > n. In turn, this shows that

[Dy,al =) Ai[Qj,al =) A;[Qj,al (3.5.2)
j=0 j=0

Py = Pi[DDy, alPy. (3.5.3)

j=0

=Pk(§[Qj,a]

From this, we see that {a € ., : adom (ID,;) < dom (D))} is dense in A, as it
contains Uy 2y, and thus e, L oo, ), D) is a spectral triple. Moreover, so is
Uy, L2y, ), D) where DD, is the restriction of Do, to L2(A,,, ¢), which is now a
bounded self-adjoint operator. Moreover, by Equation (3.5.2), we have for all a € 2A;:

P, @l 2, gy = 1 Poor @llll 20y -

Not all choices of a sequence A as above leads to a metric spectral triple. The
following result addresses this matter in [5].

Theorem 3.5.1 (Theorem 2.1). There exists a strictly increasing sequence A := (A1) neIN
of positive numbers, and a summable sequence (B,,) neN, Such that

Vaesa®lo) (@)~ Epi(@llor < BullDa, allll 2y - (3.5.4)

Consequently, for this choice of sequence A, the spectral triples (an, L2, ®), (Dy), Lz(g[w,))
are metric for all n € IN U {oo}.
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Since we have constructed metric spectral triples, we have constructed quantum
compact metric spaces and we can ask about their convergence for the propinquity.
In fact, we now prove a convergence result for the spectral propinquity A3P¢¢ of the
spectral triples, which implies the convergence of the underlying quantum compact
metric spaces.

Moreover, by Theorem (), to show convergence, it is sufficient to find a bridge
builder which is also a full quantum isometry.

We refer to [47] for the definition of the spectral propinquity, and we refer to
Theorem (3.4.3) to see that, when working in the context of AF algebras, it is sufficient
for the following result to find a bridge builder which is also a full quantum isometry.

Theorem 3.5.2. Let® = cl(Uyew 2An) be a unital C*-algebra arising as the union of
an increasing sequence of finite dimensional C*-subalgebras 2, with2ly = C1. Let
¢ € S () be a faithful state of .

If A .= (An) nen is a strictly increasing sequence of positive real numbers such that
Rloo, I2 (Rhoo, ), D)) is a metric spectral triple, then, setting ID,, to be the restriction of
D) todom (D)) N %;,, we have (U, 75, Dy,) is a metric spectral triple, and

Jim ASPEE(@Ry, L2 (2, 0), D), Qoor L (oo, ), D1))) =0,

and therefore, in particular,

Tim A ({20 MDAl g ) (oo 12 g )) =0

Proof. We will prove that the identity of 2, is a bridge builder. First, we note that
forall a € Upewsa () < dom(Ly), the sequence (E,(a)) ,e is eventually constant
equal to a, and thus lim,,_.oo £, (a) = a. If a € sa (), then for all £ > 0, there exists
a' € Upensa(2l,) such that |a- a’”mm < %; let N’ € IN such that a’ € 2, for all
n> N'. Then

la-En@la, < [[a-a'|y +[a -En@)|g +[Enl@ -y
€ €
<—4+0+=-=¢.
2 2
Thuslim, .o |IE,(a) — ally, =0 forall ae L.
Now, fix e > 0. Let N € N such that, if n > N, then ¥,> y fm <. Forall ne N,
letL, be defined as Lp,.
Let a € dom (Lo,). By Equation (3.5.2), we have

(D, En(a)] = PylD, al Py,
so L,(IE,;(a)) < Ly (a). On the other hand,

(o]

o0
la-En(@lo < Y 1Ek1 (@) - Ex(@llg < Loo(@) ) Br < eLoo(@).

k=n k=n
Moreover, if a € dom (L), then we simply note that Lo, (@) = L,(a) and [la - allg_ =

0.

We have shown that the identity is a bridge builder; of course it is also a full
quantum isometry. Therefore, by Theorem (3.4.3), we have the claimed convergence.
O
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FIGURE 3.1: The Sierpinski gasket

3.6 SIERPINSKI GASKET

THE SIERPINSKI GASKET

The Sierpiniski gasket %, is a fractal, constructed as the attractor set of an iterated
function system (IFS) of affine functions of the plane. Specifically, let
1

0 1 5
voz(o),vlz(o) andvzz(é).
2

We write Vp = {vg, v1, v2}. Let Ag,1 = %4 be the boundary of the convex hull of
in R? —i.e., A, is an equilateral triangle in the plane, whose edges have length 1.
Let Lo = {Ao,1}.

We define three similitudes of the plane by letting for each j € {0, 1,2},

1
Tj:xE]RZ-—»E(x+vj)€]R2.

We will use an explicit construction of .#%, as a limit of finite graphs in R?,
defined inductively. For all n € IN, n > 0, we set

Ly={Apj:jefl,...,3"},
where
 Api1,jarsn = TrAy j, forall je{l,...,3" and r €{0,1,2},
¢ Vi1 =U7_o Ty Vi

For each n € IN, we define the set

3}1
F4Gn=ULn=UAn;.

j=1

We observe for later use that, by induction, for all n € IN:
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1. Ay is an equilateral triangle whose edges have length % ;
2. the set of all vertices of the triangles in L, is Vj,;

3. lf] € {1"._’371}, then
’ _
Apj < U Ap+1,3(j-1)+r ECO (An,j);
r=1

5. if j,k€e{l,...,3"},and j # k, then A, ;NA,, ;. is empty or a singleton containing
the common vertex to both triangles;

6. Y, is path connected.

All of these observations above follow from the fact that affine bijections preserve
triangles, scale length (here, by %), and preserve intersections; they all can be proved
by induction.

Our construction implies the following key metric property:

1
Yn,melN m>n = Haus[llg2] ($Gm, Vn) < o0

We now define the Sierpiriski gasket, using the notation of this section.
Definition 3.6.1. The Sierpiniski gasket #%, is the closure of U,ey %,

We further define Voo = Upew Vi

By construction, the Sierpiriski gasket is compact. It can also easily be checked
that #%, is invariant under the map

2
X<k~ U TX
r=0

so it is indeed the attractor of the iterated functions system (Ty, 71, T») and is, in fact,
a self-similar set; namely,

2
FYGo = Tr S Yo
r=0

It is immediate from our construction that
1
vnelN, Haus[lIgz](FGoo Vi) < o

The set V, is therefore dense in .#%,. We also note that, by construction,

1
vnelN, Haus[llgz] (FGn, FYG0) < o (3.6.1)
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hence, #%, is the limit of (%9 ,) ;e for Haus [ |-l z2].

However, for each n € IN, we will work with the intrinsic metric on the set #% >
which is (ﬂfferent from the restriction to .#%,, of the metric of R2. Indeed, since for
each n e IN, the set #%,, is path connected, we can define for any two x, y € %,

dn(x,y) =
inf{length(y) : y: [0,1] — %% ,,,y(0) = x,y(1) = y,y continuous} .

Here and henceforth (see, e.g., [20]), for any natural number p > 1, and for any curve
in a compact subset X of R?, i.e., a continuous map vy : [0,1] — X, we define the
length of y by

length(y) =

k
sup{z [y) =yt | gy keN,0=tg<t1<...<f = 1},
j=0

allowing for the value oo for length(y) (the curves with finite length are called rectifi-
able), and where ||-||gp is the Euclidean norm on R”.

By the Hopf-Rinow theorem for length spaces [20], and since .#%, is path con-
nected and compact, there exists a continuous function y: [0,1] — .¥%,, which is a
geodesic from y(0) = x to y(1) = y; i.e., for all r < ¢’ € [0, 1], we have length(y|[¢, ']) =
dy(y(8),y(t")) = Alt — t'|, where A = length(y). This last equality shows that vy is
injective. We will use these observations in several proofs below.

In general, the canonical inclusion of #¥,, into .#%, is not an isometry from
(FE,, dy) 1o (P9, ds). For instance, we see that

ol e o) .

This simple computation also shows that, of course, for any n € N, the space
(¥%,,d,) is not a metric subspace of R? (with its usual metric); namely, while
P4, is a subset of R?, the restriction to .#%,, of the usual Euclidean metric on R?
is not equal to d,. It is obvious, nonetheless, that

VnelN, Vx,yeSY9, |x-y|pe <doo(x,y) <dnlx,).

However, we make the following observation, which will prove helpful later in
this work.

Lemma 3.6.2. Forall n € IN, the metrics d,, and d, agree on V,,. In fact, any geodesic
between two elements of V,, in (¥ %9, dso) is also a geodesic in (¥4, dy,).

Let CP be the unital Abelian C*-algebra of all C-valued continuous functions f
over [—1,1] such that f(-1) = f(1):

CP={feC(-1L1D: f(-1) = fF(D)}.
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The Gelfand spectrum of CP is, of course, homeomorphic to the unit circle in C; we
will identify it with the image T of [-1, 1] under the map

xe[-1,1]— exp(inmx).

The Sierpiniski gasket is a special case of a general type of fractals.

Definition 3.6.3. A piecewise C! -fractal curve X is a compact path connected subset
of R” such that, for some sequence (C i) je of rectifiable C!-curves in R" with
lim;_.length(C;) = 0, the following assertions hold:

1. X = the closure of Ujen range (C;),

2. there exists a dense subset 98 of X (for the topology induced by the geodesic
distance on X) consisting of endpoints of the curves in the sequence (C;) jelN
and such that for all p € 8 and g € X, one of the geodesics from p to g in X is
a curve obtained as a concatenation of a possibly finite subsequence (C;) jen.

The sequence (Cj) jev is called a parametrization of X.

The Sierpinski gasket is a piecewise C!-fractal curve given by a parametrization
using the edges of the triangles A, ,, foralln e N and r € {1,...,3"}.

Theorem 3.6.4 ([32, Proposition 2]). The Sierpiriski gasket ¥4, is a piecewise C 1
[fractal curve, with paramerrization (R;) jew given, for each j € N, by either of the two
affine functions from [0, 1] onto

* the bottom edge of Ay, j, if j = »(n, 1) for some (n,r) € E,
* theright edge of Ap j, if j = »(n,r) +1 for some (n,r) € 5,
* theleftedge of Ay j, if j = »(n,r) +2 for some (n,r) € E,

with
2:={(n,neN*:nelN,refo,...,3" - 1}}

flgk

and »(n,r):=3 (L],

+7), forall (n,r) € Z; by convention x(0,0) = 0.

We now turn to the construction of a metric spectral triple on C!-fractal curve.

We now define a spectral triple on CP, using the Gelfand-Naimark-Segal repre-
sentation of CP for the Haar state. Explicitly, let ¢ be the Hilbert space closure of
CP for the inner product

1
(f,g)eCPHflfg.

As usual, we identify f € CP with the (bounded) multiplication operator by f on ¢.
For each k€ Z, let
ex:tel[-1,11—exp(inkt).
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Clearly, e € _#. We define @ as the closure of the linear extension of the map defined
as follows:
VkeZ, der=rnkey.

The operator 4 is self-adjoint with spectrum {rk: k€ Z}. In particular, @ has a
compact resolvent.

A quick computation now shows that f € ¢ is in the domain dom (d) of @ if and
only if there exists a necessarily unique g € _# such that

Vxe[-1,1], f(x):f(0)+f gnds
0

i.e., f is absolutely continuous on [—1,1], with almost everywhere derivative g.
Furthermore, in this case, @f = ig. From this, it follows that for all k € Z, we have
(@, flex = (@f)ex. We thus deduce that, if we let

Ly: feCP— |||(a, f1|| W (allowing for the value co),
then
VfeCP, Ly(f)=|df| () (alsoallowing for the value co).

From this, we conclude that f € dom (L) if and only if () is essentially bounded
on [-1,1]. Equivalently, via the Lebesgue differentiation theorem, f € dom (L) if
and only if f is Lipschitz for the usual metric on [-1, 1] — with the obvious identifi-
cation of ¢ as a closed subspace of L?([-1, 1]). In turn, this implies that

(CP, #,8) is a metric spectral triple

since {f € CP: f(0) = 0,L(f) < 1} is compact in C([-1,1]) by Arzéla-Ascoli theorem.
However, we want to understand the metric induced by L on the Gelfand spectrum
T of the C*-algebra CP. Let x, y € [0, 1). It is easy to see that

mky,. (exp(2inx),exp(2imy)) =
sup{1f(x) - Fy)I: f € CP, f(1) =0,

If f e CPwith Ly (f) <1and f(1) =0, and thus f(-1) =0, then

|@(f) ||Loo([0,1]) S 1}'

[fC0) = fFWI<min{lx-yl,2—]x~ yl}
and therefore,
Vx,ye[-1,1], mk|_T (exp(Rinx),expRiny)) =|x—y|l (modl), (3.6.2)

where equality in Equation (3.6.2) is achieved by using continuous piecewise affine
functions.

Thus, the metric induced by mk| . makes the Gelfand spectrum of CP isometric
to the unit circle in T endowed with its geodesic distance; i.e., the distance between
two distinct points is the smallest of the lengths of the two arcs between these points.
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We now use the spectral triple (CP, _#,d) in order to construct a spectral triple on
the unit interval [0, 1]. As the construction of spectral triples on piecewise C!-fractal
curves involves possibly countable direct sums of interval spectral triples, we will
in particular avoid having the eigenvalue 0 in the spectrum of our interval Dirac
operator, so that a countable direct sum of such operators will still have a compact
resolvent.

If f € C([0,1]), then the map ¢ € [-1,1] — f(|¢]) is in CP. Let @ be the faithful
*-representation of C([0,1]) on _# defined by

VfeC(0,1), Ve Z, a(fIg:tel-1,11— fUhs(D).

We alsoset D =@+ 72—’ and dom (D) = dom (@), noting that I is a self-adjoint operator
with spectrum Sp (D) = {r (k + 3) : k € Z}. Itis easy to check that (C([0,1]), 7, D) is
a metric spectral triple over C([0, 1]) which induces the usual metric on [0, 1].

We now will work with the following hypothesis.

Hypothesis 3.6.5. Let %%, be a piecewise C!-fractal curve with parametrization
(C}) jen; so that, in particular,

F € oo = closure of |_J range(C;).
jelN

We denote its geodesic distance by d.,. We also denote the set of all the endpoints of
the curves C; (j € IN) —which we call the vertices of & 6 o, — by V.

Let (By) nev be an approximation sequence for & 6 o, adapted to the parametriza-
tion (Cj) jew, and set By, = oo. For each n € IN, we write

By,
F €, =|Jrange(C;).
j=0

We also denote the geodesic distance on &%, by d,,. Last, we let
V,={C;(0),C;j(1): j€{0,...,Bu}},

which we call the set of vertices of # 6 ;, and we set Vo, =Ujev V; — whose elements
we refer to as the vertices of € .

For every n € IN, we denote the Lipschitz seminorm on %%, induced by the
geodesic distance d, by L.

Finally, for every j € IN, we also denote the length of C; by 1;.

For each n € IN, we now construct our spectral triple over #% ,,, where we use
Hypothesis 3.6.5. We let
B
S = jio/

and
dom (Dy) = {()), € #5:¥j €10,...,Ba} ¢j € dom(D)}.
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For each j € IN, we also let g : C(¥ € ) — C([0,1]), which sends f € C(F € )
to foC;in C[0,1]. Of course, q; is a *-epimorphism. We then set, for all f € C(F € p):

Vé = ({])]EIN,ngn € %lr nn(f)f = ((D(fo C])ff)]E]N,ngn .
Finally, using the same notation as above, we set:

1

V¢ =($j)jeN,j<B, €dom(Dy), Dy¢ = (/1.
j

ij) )

JEN,j<By

where A is the length of Cj, for every j € IN.

It is then easily checked that (C(F €6 ,,), 7, D;,) is a spectral triple on C(F 6 ).
We will next show that this spectral triple is metric and that mkp, restricted to
F € 5, coincides with the geodesic distance d,. Our theorem includes [9, Theorem
8.13] (case n = o0o) and extends itto all n € N, which we need in order to be able to
formulate and establish our approximation results.

Theorem 3.6.6. We assume Hypothesis 3.6.5. Letn € IN. If f € €, then
fedom(L,) < fdom(D,) <dom (D)

and, for all f € dom (L), we have

In particular, the restriction of mkp, to &€, is the geodesic distance d,,.

Remark 3.6.7. Itis not sufficient to show that the restriction of mkp, is d,, in order
to conclude that Theorem 3.6.6 holds — see, for instance, [2], where two different
L-seminorms on the continuous functions over the Cantor set give the same metric
on the Cantor set but not on the state space.

Theorem 3.6.8. If Hypothesis 3.6.5 holds, then

r}ilgoASPeC ((C(gcgn))%l,Dn),(C(gcgoo),%oo,Doo)) :O-
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