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Abstract

Bundles of C*-algebras can be used to represent limits of physical theories whose
algebraic structure depends on the value of a parameter. The primary example is the
h — 0 limit of the C*-algebras of physical quantities in quantum theories, represented
in the framework of strict deformation quantization. In this paper, we understand such
limiting procedures in terms of the extension of a bundle of C*-algebras to some limiting
value of a parameter. We prove existence and uniqueness results for such extensions.
Moreover, we show that such extensions are functorial for the C*-product, dynamical
automorphisms, and the Lie bracket (in the i — 0 case) on the fiber C*-algebras.

1 Introduction

In this paper, we are interested in limiting procedures in which the algebraic structure
of a theory varies depending on the numerical value of some parameter. In many cases,
the physical quantities of such a theory can be represented by a C*-algebra of quantities,
and the corresponding limit can be represented by a bundle of C*-algebras (IM_IL M;

Kirchberg and Wasserman, M) The primary example of this is the formulation of the

classical A — 0 limit of quantum theories in the framework of strict deformation quantiza-

tion. The general theory is presented in Rieffel (Il%q |19_€ﬁ) and [Landsman (|19_9Bﬁ| lZDDj
M) and many examples are investigated inLandsman (Ilﬁ%djﬂ h&%ﬂ |Bln.z_€‘£jilj (l299_4|
|H0nee:ger and Rieckers (2003), [Honegger et all (2008), Bieliavsk (2015), and
van Nuland (2019). Under modest conditions, a strict deformation quantization determines
a continuous bundle of C*-algebras, with so-called equivalent quantizations determining the
same continuous bundle. Beyond the h — 0 limit, analogous structures have been used to
represent scaling limits for renormalization in quantum field theory by

,), who employ particular algebras of sections of a bundle of C*-algebras that they
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call scaling algebras. These structures are investigated further in [Buchholz (1996a/b), and
Buchholz and Verch (1995) also make the suggestion that these tools may apply to the non-
relativistic ¢ — oo limit of relativistic theories. Thus, bundles of C*-algebras have important
applications to limits of physical theories.

However, in many cases the definition of the relevant bundle, and so the representation
of the limiting procedure, is presented by stipulating the structure of the C*-algebra at the
limiting value of the parameter. For example, strict deformation quantizations are typically
presented by starting with a classical Poisson algebra densely embedded in a commutative
C*-algebra at A = 0. One would like to know whether this limiting C*-algebra is somehow
determined by the C*-algebras that form the rest of the bundle for A > 0, and similarly
for the other examples. We pose the associated question as concerning the existence and
uniqueness of extensions of bundles to enlarged parameter spaces. For example, for the
h — 0 limit, one wants to know whether a bundle over the base space (0, 1] uniquely extends
to a bundle over [0, 1], or equivalently whether there is a unique algebra at A = 0 that can
be continuously glued to the existing bundle. We answer this question in the affirmative.

Furthermore, as Landsman (2003a,b) has conjectured that quantization is functorial, one
can pose an analogous question for the inverse procedure of the classical limit, or for exten-
sions of bundles of C*-algebras more generally. We use our existence and uniqueness results
here to establish a number of senses in which limiting procedures represented by extensions
of bundles of C*-algebras are functorial. This holds for a variety of physically significant
structures on the fiber C*-algebras, including the C*-product, dynamical automorphisms,
and the Lie bracket (in the i — 0 case). However, we note that our results here differ from
the investigation of [Landsman (2003a,b) because we focus on classes of morphisms that are
no larger than the class of *-homomorphisms (i.e., morphisms that preserve at least C*-
algebraic structure), whereas Landsman treats Hilbert bimodules as morphisms, which form
a class larger than the *-homomorphisms (i.e., they preserve somewhat less structure). Still,
we believe the functoriality of quantization and of the classical limit to be closely connected,
and we believe that further work may bring these investigations together.

We also mention in passing that the physical and philosophical significance of the limiting
construction and its functoriality will be addressed in a companion philosophical paper, where
we argue that the representation of the # — 0 limit with bundles of C*-algebras provides a
kind of intertheoretic reduction.

The current paper proceeds as follows. In §21 we motivate our investigation in more
detail by reviewing how a strict deformation quantization determines a continuous bundle
of C*-algebras. This section also takes the opportunity to define relevant notions, and the
associated Appendix [A]l shows that the determination of a bundle from a strict quantiza-
tion is functorial. In §3, we provide a definition of a novel kind of bundle of C*-algebras,
called a uniformly continuous bundle, which we will use to establish our results concerning
extensions. We prove in the associated Appendix [B] that a category of uniformly contin-
uous bundles is equivalent to a category of continuous bundles as standardly defined by
Kirchberg and Wasserman (1995). In §4, we prove that our uniformly continuous bundles
have unique extensions to base spaces with limiting values of parameters. Finally, §5l es-
tablishes that our constructions of bundle extensions and limiting C*-algebras are functorial
with respect to C*-algebraic structure (§5.1]), dynamical structure (§5.2]), and Lie bracket

structure (§5.3]).



2 Motivation from Quantization

We represent the physical quantities of a quantum system with elements of a C*-algebra.
A C*-algebra 2( is an associative, involutive, complete normed algebra satisfying the C*-
identity: ||A*A| = ||A]]? for all A € 2. The canonical examples of C*-algebras are com-
mutative algebras of bounded functions on a locally compact topological space and possibly
non-commutative algebras of bounded operators on a Hilbert space. We employ commuta-
tive algebras of functions on a classical phase space in classical physics and non-commutative
algebras of operators satisfying a version of the canonical (anti-) commutation relations in
quantum theories. Thus, using C*-algebras provides a unified framework for investigating
the relationship between classical and quantum theories. For mathematical background,
we refer the reader to [Sakai (1971), Dixmier (1977), [Kadison and Ringrose (1997). See
Bratteli and Robinson (1987, 11996) and Haag (1992) for the C*-algebraic approach to quan-
tum physics. With this background in place, we can use C*-algebras to analyze the classical
limit.

A strict quantization provides extra structure to “glue together” a family of C*-algebras
indexed by the parameter h, as follows.

Definition 1 (Landsman, 1998a). A strict quantization of a Poisson algebra (P, {-,-}) con-
sists in a locally compact topological space I C R containing 0, a family of C*-algebras
(An)rer and a family of linear quantization maps (Qn : P — Ap)ner. We require that
P C Ay, Qp is the inclusion map, and for each h € I, Qp[P] is norm dense in ;. Further,
we require that the following conditions hold for all A, B € P:

(i) Von Neumann’s condition. limy_o||Qr(A)Qn(B) — Qu(AB)||r = 0;
(ii) Dirac’s condition. limp_||+[Qn(A), Qn(B)] — Qr({A, B})|ln = 0;
(ili) Rieffel’s condition. the map h — ||Qp(A)||s is continuous.

A strict deformation quantization is a strict quantization that satisfies the additional re-

quirement that for each A € I, Qp[P] is closed under multiplication and is nondegenerate,
i.e., Qn(A) =0if and only if A =0.

Rieffel (1989, 1993) uses this approach to define a “deformed” product on the classical
algebra, which he uses in turn to specify the quantization conditions. We work in the
opposite direction, defining the elements of the classical algebra using information away from
h = 0. We will mostly ignore the deformation condition, but still refer to strict deformation
quantizations to distinguish them from other approaches like geometric quantization.

In a strict deformation quantization, one can understand the classical limit of a quantity
Qi(A) in 2, in the quantum theory to be the classical quantity A € P. Similarly, we can
take classical limits of states by defining a continuous field of states as a family of states
wy € S(Ay) for each h € I such that the map h+— w;(Qx(A)) is continuous for each A € P.
In this case, the classical limit of such a continuous field of states is understood to be the
classical state wy € S(2dp). Thus, a strict deformation quantization provides enough structure
to represent the classical limits of states and quantities in quantum theories. In fact, there is
a close connection between the satisfaction of Rieffel’s condition in a strict quantization and



the existence of a continuous field of states converging to each classical state; see the proof of
Theorem 4 in [Landsman (1993a, p. 33) for more details. However, in the present paper, we
will mostly ignore classical limits of states and restrict our focus kinematical quantities and
their associated dynamics. We leave a more thorough treatment of states for future work.

In general, there may be different strict deformation quantizations of the same Poisson
manifold. If two strict quantizations Q and Q;, of a given Poisson algebra P employ the same
family of C*-algebras, but possibly differ in their quantization maps, then the quantizations
are called equivalent just in case

lim [ Qx(A) = Q(A)[l, =0 (1)

for all A € P. Equivalent quantizations share the same behavior in the limit as A — 0. One
can encode this common behavior in a further object, variously called a continuous bundle
or field of C*-algebras, which itself has enough structure to understand the classical limits of
quantities and states. We consider an existing definition in the literature before providing an
alternative—and in a sense, equivalent—definition that will be more useful for our purposes.

Definition 2. (Kirchberg and Wasserman, 1995) A wvanishingly continuous bundle of C*-
algebras over a topological space I is a family of C*-algebras (5)ner, a C*-algebra 2AY called
the collection of vanishingly continuous sections, and a family of *-homomorphisms (¢ :
A0 — Ap ) ner called evaluation maps, which we require to satisfy the following conditions:

(i) Fullness. Each evaluation map ¢y is surjective and the norm of each a € A° is given
by [la|| = supse,l|én(a)|ls-

(ii) Vanishing completeness. For each continuous function vanishing at infinity f € Co(1)
and a € A°, there is an element fa € 2A° such that ¢,(fa) = f(h)on(a).

(iii) Vanishing continuity. For each a € 2°, the function N, : b+ ||¢n(a)||s is in Co(1).

Other authors typically call these structures simply “continuous bundles of C*-algebras”.
We add the modifier “vanishingly” due to the use of Cy(I), the continuous functions vanish-
ing at infinity. This will help to distinguish these structures from the ones we define next.
We will often think of the C*-algebras 2, as fibers above the values & € I, hence forming a
bundle structure over the base space I. A vanishingly continuous bundle of C*-algebras de-
termines the continuity structure of the bundle by specifying the collection 2A° of vanishingly
continuous sections through the bundle.

By a theorem of Landsman (1998a, Theorem 1.2.4, p. 111), given a strict quantization,
there is a unique vanishingly continuous bundle of C*-algebras containing among its sections
the curves traced out by the quantization maps as i varies. More formally: given a strict
quantization ((A, Qn)ner, P), under modest conditions there is a unique vanishingly contin-
uous bundle of C*-algebras ((n, ¢n)ner, A°) such that for each A € P, there is a continuous
section a € A° with ¢y(a) = Qn(A) for all h € I. We can thus speak of the vanishingly
continuous bundle generated by a strict quantization. Moreover, Landsman’s theorem shows
equivalent quantizations generate the same bundle. In this sense, the bundles encode an
invariant structure among different quantization maps capturing the same behavior in the
h — 0 limit. We analyze in further detail the construction of a vanishingly continuous bundle
of C*-algebras from a strict deformation quantization in Appendix [Al where we show this
construction is functorial.



3 Uniformly Continuous Bundles

The association of a C*-algebra of vanishingly continuous sections in this definition allows
one to use many familiar tools to analyze such bundles. Still, there are some drawbacks
to vanishingly continuous bundles for our purposes. In the next section, we will formulate
our central question about the determination of the classical limit, or limits of algebraic
physical theories more generally, as follows. Suppose one knows the quantum kinematics for
h > 0 but has no knowledge of the corresponding classical kinematics, i.e., suppose one has
a bundle of C*-algebras ((n, ¢n)ne(0,1], A°) over the base space consisting only of parameter
values A > 0. Under what conditions is there a unique algebra 2l that, when appropriately
glued to the given bundle of algebras, provides an extended continuous bundle?

One would like to construct the sections of an extended bundle over [0, 1] by continuously
extending sections of the restricted bundle over (0, 1] to the point & = 0 in the base space.
But if one begins with a vanishingly continuous bundle of C*-algebras over (0, 1], then
the condition of vanishing continuity implies that all of the vanishingly continuous sections
necessarily tend, as A — 0, toward the 0 element of any C*-algebra one tries to glue on.
Thus, this strategy can only lead to trivial limits. In other words, one cannot, in this way,
directly recover non-trivial information about the corresponding classical algebra at A = 0.

Notice, however, that we can make a slight change to the definition of our bundles to deal
with this issue. Consider a simplified toy example. Although every function in Cy((0, 1]) will
have the same (trivial) limit as A — 0, the collection UC,((0,1]) of uniformly continuous
and bounded functions is also a C*-algebra (Aliprantis and Border, 1999, Lemma 3.10, p.
77); and moreover, while each function f € UC}((0,1]) can be uniquely extended to a limit
at h — 0, the limit may be non-zero. More generally, for arbitrary metric spaces (I, d), each
f € UCy(I) can be uniquely extended to the completion of I (Aliprantis and Border, 1999,
Lemma 3.11, p. 77). This suggests the possibility of constructing bundles of C*-algebras
whose sections are uniformly continuous and bounded. We use this approach in an attempt
to preserve the virtue of having a C*-algebra of sections while also gaining some control over
non-trivial limits. We propose the following definition for the task.

Definition 3. A uniformly continuous bundle of C*-algebras over a metric space (I,d) is a
family of C*-algebras (2;)ner, a C*-algebra 2 called the collection of uniformly continuous
sections, and a family of *-homomorphisms (¢, : A — A;)nes called evaluation maps, which
we require to satisfy the following conditions:

(i) Fullness. Each evaluation map ¢y is surjective and the norm of each a € 2 is given by
lall = suppe;l|@n(a)]ln-

(ii) Uniform completeness. For each f € UC,(I) and a € 2, there is an element fa € A
such that ¢y(fa) = f(h)¢n(a).

(iii) Uniform continuity. For each a € A, the function N, : i — ||¢n(a)||n is in UC,(I).

Notice that the only difference between uniformly and vanishingly continuous bundles of
C*-algebras is the use of Cy(I) or UC,(I) in conditions (ii) and (iii). In general, we will
restrict our attention to both uniformly and vanishingly continuous bundles of C*-algebras
whose base space is a locally compact metric space.

b}



We now formulate two relevant categories of bundles of C*-algebras that we will use in
what follows. To that end, we define a notion of morphism, or structure-preserving map,
between bundles. Recall that a metric map « : I — J is one satisfying d (a(z), a(y)) <
di(x,y) for all ,y € I, where d; and d; are the metrics on I and J, respectively.

Definition 4. A homomorphism o : Ay — B between (vanishingly or uniformly) continuous
bundles of C*-algebras A; = ((Ap, 1) ner),2A) and By = ((Bp, 7 )nes), B) is a pair of maps

o= (a,B), (2)

where o : I — J is a metric map, §: A — B is a *~homomorphism. We further require the
following condition of compatibility between « and (: for all a;,ao € A and h € [

if ¢7(a1) = ¢p(az), then ¢ (B(ar)) = da) (Blaz))-
A homomorphism o = («, ) is an isomorphism if a is an isometry and f is a *-isomorphism.

The condition of compatibility between o and 8 ensures that [ preserves fibers in the sense
that it defines a *-homorphism from the fiber 2;; to the fiber B, (See Lemma [ in §).

We now define two categories of bundles of C*-algebras. Throughout, we will restrict
attention to the case where the base space I of any of the structures considered is a locally
compact metric space.

Definition 5. The category VBunC*Alg consists in:

e objects: vanishingly continuous bundles of C*-algebras whose base space is a locally
compact metric space,

AV = <(Q'[h7 ¢£) hel? Qlo) )
e morphisms: bundle homomorphisms.

Definition 6. The category UBunC*Alg consists in:

e objects: uniformly continuous bundles of C*-algebras whose base space is a locally
compact metric space,

AL = (,60) 100 20)
e morphisms: bundle homomorphisms.

The category VBunC*Alg encodes the structures picked out by the definition of van-
ishingly continuous bundles of C*-algebras. On the other hand, the category UBunC*Alg
encodes the structures picked out by the definition of uniformly continuous bundles of C*-
algebras. There is a sense in which our proposed definition of uniformly continuous bundles
is equivalent to the previous definition of vanishingly continuous bundles, i.e., one can con-
struct a unique uniformly continuous bundle from each vanishingly continuous bundle, and
vice versa. In Appendix [B, we make this precise by establishing a categorical equivalence
between VBunC*Alg and UBunC*Alg. We take this equivalence to justify our use of
uniformly continuous bundles of C*-algebras in what follows.

Next, we will use uniformly continuous bundles of C*-algebras to analyze the existence
and uniqueness of limits of families of C*-algebras.
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4 Existence and Uniqueness of Extensions

We want to consider the case where we begin with only information about a quantum theory
at h > 0 and no information about the corresponding classical limit at & = 0, or the analogous
situation for limits of other parameters.

In other words, suppose we are given only the restriction of our uniformly continuous
bundle of C*-algebras to a bundle over the base space given by the half open interval (0, 1].
In general, one can define the canonical restriction of a bundle A; = ((Ap, ¢ )nes, A) over
a base space given by a metric space J. If I is a further locally compact metric space and
a : I — J is a metric embedding, we will say that the canonical restriction of A; from J to
I along « is given by

Ajpr = ((Qlﬁ,cbé)ha >9l\1> . where

Ay = {7 e [T2

hel
Q%(’Y) :=(h) forall vy € 207 and h e I.

for some a € A, v(h) = gbi(h)(a) for all h € [} , and ()

This restriction removes the fibers outside of a[/] and truncates continuous sections from J
to a[l] € J. One can check that this is indeed a uniformly continuous bundle in its own
right. In particular, for I = (0,1] and J = [0, 1], one can use the natural inclusion map
a : (0,1] — [0,1] to define the restricted bundle A resulting from a strict deformation
quantization as above. Such a restricted bundle represents only the information in the
quantum theory for A > 0 without the corresponding classical theory at h = 0.

Given such a restriction, our questions are: can one reconstruct the C*-algebra of classical
quantities Ay from this restricted continuous bundle? And can one continuously glue 2l to
the restricted bundle in a way that recovers the original information about the A — 0
limit? We answer both questions in the affirmative. The result is a two-step procedure for
constructing the C*-algebra at h = 0, which we call “extension-and-restriction.” Starting
with a bundle containing only information for A > 0, we (uniquely) extend the bundle to
one containing information at the accumulation point i = 0; then we (uniquely) restrict this
new bundle to the fiber algebra i = 0 to exactly recover the classical theory.

We will prove our results in full generality for the case where our base space [ is an
arbitrary locally compact metric space. Our general result then applies immediately to the
case where the base space is either I = (0,1] or I = {1/N |N € N}, which are the most
typical base spaces used in analyzing limits of quantum theories. As such, we define a general
notion of extension.

Definition 7. Let A; = ((UAp, ¢1)ner, 2A) and By = ((Bp, &1 )nes, B) be uniformly continuous
bundles of C*-algebras over locally compact metric spaces I and J, respectively.

e B; is an extension of Aj if there is a monomorphism of continuous bundles of C*-
algebras o = (o, ) : A — By, i.e., a homomorphism where o and /3 are both injective.

e [3; is a minimal extension of A; if, moreover, o and /3 are both dense embeddings.

In either case, we say that the extension B is associated with « via o.
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We use the term “dense embedding” above to mean something slightly different for o and
for 5. For o to be a dense embedding, it must be an isometric isomorphism between its
domain and its image (equipped with the subspace topology) and its image must be dense
in J (equipped with the metric topology). Sometimes we will call « a “dense, isometric
embedding” for emphasis; although, note that we do not require « to be bijective. For /3 to
be a dense embedding, nothing more is required other than that its image must be dense in
B (according to the algebra’s norm)—this condition, in conjunction with injectivity, makes
S a *-isomorphism (Kadison and Ringrose 1997, p. 243).

We are especially interested in minimal extensions, which capture limits of physical the-
ories for accumulation points in the parameter space (such as i = 0). One can show that a
minimal extension is guaranteed to exist for any accumulation point of interest.

Theorem 1. Let A; = ((Ap, ¢} )ner, A) be a uniformly continuous bundle of C*-algebras over
a locally compact metric space I. Suppose o : I — J is a dense, isometric embedding. Then
there exists a minimal extension Ay of A; associated with o.

We proceed to prove Theorem [I] through a series of lemmas.

Lemma 1. Suppose A; and o : I — J are as in Theorem 1. Given any j € a[l], the set

K= {a e ‘ liczgn H(bfé(a)H.a =0 for any net {is} with a(is) — j}

1s a closed two-sided ideal in .

Proof. In what follows, we let {is} denote an arbitrary net in I with a(is) — j.
First, note that K; is well-defined: for each a € A, define N, : a[I] — C by

Na(5) = Na(a™'(5)),

and note that the limit .
lim No(a(is)) = lim [, (a) [,

exists and is unique by the uniformly continuous extension theorem (e.g.,|Aliprantis and Border,
1999, Lemma 3.11). Now we go on to show that IC; is a closed, two-sided ideal.
First, IC; is a vector subspace of %; if k, k' € IC; and z,y € C, then
is

lim |65, (wk + yk)|,. < lim 7 |3, (B, + lim y [¢% (k). =o.

Further, consider an arbitrary k € K; and a € 2; note that, because each norm is submulti-
plicative,
i§

lim ||, (k- @), =lim||g}, (k) - ¢], ()], <lim [[of, (R[], - [[], (@], =0,

and similarly
im (a1, = .

so k-a and a - k are both in K;. Hence, K; is a two-sided ideal. Finally, consider a net
{k»} C K; that converges to k in 2 (which, recall, is equipped with the supremum norm).
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Pick some € > 0. There is some A such that for all A\ > X, ||k — ky|| < €¢/2. Further, there
is some ¢’ such that for all § > &', [|¢/, (kx)|l;; < /2. Thus, for all 6 > §" and A > X,

65, (R, < Nz (k= Rl[;, + |65 (k)| < e/2+€/2=e.
Since e was arbitrary, we have lims ||¢] (k)||;; = 0. Hence, k € K;, so K; is closed. O
Lemma 2. With the definitions above, the canonical quotient A/K; is a C*-algebra.

Proof. This follows immediately from Proposition 1.8.2 of (Dixmier, 1977, pp. 20-21). O

Proof of Theorem 1. With Lemmas [l and B, we define for each i € J the C*-algebra 2 :=

2A/Ky. Define ¢ : 2 — A, for each h € J as the canonical quotient map. Then let

Ay = (U, 0] )nes, A). We will show that A; is an extension of A; associated with a.
First, A is a uniformly continuous bundle of C*-algebras:

(i) Clearly, each map ¢ is surjective by the definition of the quotient, which establishes
fullness.

(ii) Given f € UCy(J) and a € A, we know f oo € UCy(I). Hence, if we define fa :=
(f o a)a, then uniform completeness follows from the uniform completeness of Aj.

(ili) Uniform continuity follows immediately from the construction with the definition of
the quotient norm.

Finally, we show that A is an extension of A; associated with a via o 1= (o, idy). We
know « is an isometric map, and idgy is a *~homomorphism. Moreover, for any a;,as € U
and h € I, if ¢f(a1) = ¢f(az), then (as — a1) € Koy, and hence

Do (a1) = @l (ar + (a2 — ar)) = ¢ (a2),

so o is a homomorphism. Clearly, o and idg are both injective, so ¢ is monomorphism. [

Now, we have established that minimal extensions always exist. But in order to use this
minimal extension to talk of, e.g., the classical theory determined by a quantum theory,
we further require a sense in which this extension is unique. It turns out that all minimal
extensions associated with a dense embedding « are isomorphic—so it makes sense to talk
of both the minimal extension of a bundle and, e.g., the classical theory that it defines.

Theorem 2. Let A; = ((Up, d1)ner,A) be a uniformly continuous bundle of C*-algebras
over a locally compact metric space I. Suppose that By = ((Bn, ¢ )nes, B) and C; =
((Ch, Vi ) nes, €) are two minimal extensions of A; associated with a given dense, isomet-
ric embedding oo : I — J. Then By and C; are isomorphic as bundles of C*-algebras.

We again require a preliminary lemma, which establishes general conditions under which a
homomorphism of bundles generates isomorphisms of fiber algebras.



Lemma 3. Let A; and B be uniformly continuous bundles of C*-algebras and suppose
o = (a, B) is any homomorphism between them. For each h € I, define the fiberwise map
Op - Qlﬁ — %a(h) by

Oh (¢£(a)) = ¢i(h) (B(a))

for each a € 2.

(i) oy is a *~homomorphism.

(i1) If o is a monomorphism, then oy is injective.

(111) If (B is surjective, then oy, is surjective.

() If o is a monomorphism and 3 is surjective, then oy, is a *~isomorphism. In particular,

[én(a)]l, = H(ﬁi(ﬁ)(ﬁ(a))Ha(h) :

Proof. We prove each part in turn.

(i) First, notice that the definition fully specifies o because ¢! is surjective. Moreover, oy, is

(i)

well-defined because if a;,ay € 2 are such that ¢f(a;) = ¢ (az), then by the definition
of a bundle homomorphism, we know o;(¢i(a;)) = gbg(h)(ﬂ(al)) = QSi(h)(ﬁ(ag)) =

on(dp(az))-

Next, oy is linear: for any z € C and aq, as € 2,

on(@n(a1 +x - az)) = 6 (Blar + z - as))
= ¢ (Blar)) + - ¢oy (B(as)) = an(dp(ar)) + = - on(dp(az)).

Similarly, oy, is multiplicative: for any aq,as € 2,

on(p(a1 - az)) = ¢l (Blar - az)) = ¢ (Bar)) - ¢ (B(az))
= on(Ph(ar)) - on(Ph(az)).

Finally, oy is *-preserving: for any a € 2,
on(d3(a)) = G (B(a")) = dagy(B(a))* = on(¢r(a))".

We prove the contrapositive. If oy is not injective, then there is some a € 2 for which
¢p(a) # 0, but an(¢f(a)) = ¢, (B(a)) = 0. Let C*(a) be the smallest C*-subalgebra
of 2 containing a and consider the trivial bundle with fiber C*(a) over the one-element
base space {*}. Let ¢ : {x} — I be defined by ¢(x) = A, let 8, : C*(a) — 2 be the
natural inclusion, and let 3 : C*(a) — 2 be the map that multiplies every element by
0. Define 0! = (1, 3;) and 0% = (1, 3;). Notice that o o ¢* = ¢ o 6% because for each
a' € C*(a), we know ¢, (80 fi(a) = 0 = ¢, (8 0 fa(a)). But clearly o' # o7
because o'(a) = a # 0 = 0*(a). Thus, o is not a monomorphism.
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(iii) Suppose f is surjective. Then for any byn) € Bar), since gbi(ﬁ) is surjective, there is
some b € B with gbi(h)(b) = bo(n)- But since 3 is surjective, there is some a € 21 such
that f(a) = b. Hence,

on(¢1(a)) = Gam (B(a)) = Gagm (b) = bagn)-

(iv) This follows immediately from Theorem 4.1.8(iii) of [Kadison and Ringrose (1997, p.
242).

O
From this lemma, Theorem [2] quickly follows.

Proof of Theorem[Z. Since g and f¢ are both injective and dense, it follows from Theorem
4.1.9 of Kadison and Ringrose (1997, p. 243) that they are *-isomorphisms. Define g : 98 —
Casf:=[fco Bgl. Then consider ¢ := (id;, 5). We need to show that o is an isomorphism
of bundles.

Suppose that for i € J and by, by € B, we have ¢f (b)) = @7 (b2). We know that there is
some net fiy € I such that a(hs) — hin J. Hence, by part (iii) of the previous lemma, we
know that

67 (B(b1)) = @7 (B(b2))|ln = 1167 (Be © Bg " (b1)) — i1 (Be © By (b2)) |
= 1im|| ¢35 (Be © Bg" (b1)) — bainy) (Be © Bs " (02))llagns)

= lim|| ¢y, (85" (b1)) — &1, (85" (02)) 1,
= hgnHQSi(ﬁé)(bl) - ¢a(ﬁ5)(b2)”a(h6)
= [l¢ (1) — 3. (b2)[|n = 0.

Therefore, ¢f(B(b1)) = ¢7(B(b2)), and hence, o is a bundle homomorphism. Since id; and
[ are both invertible, o is a bundle isomorphism. O

Theorems [l and B together allow us to refer to A; as the minimal extension of a uniformly
continuous bundle of C*-algebras A; associated with a given dense embedding o : I — J.
Moreover, Theorem [2 allows us to refer to the algebra 2; as the algebra at the accumulation
point j € (J\ «[I]). We will do so for the remainder of the paper. In particular, to represent
the classical limit of a quantum theory we can set I = (0,1], J = [0, 1], and look at the
minimal extension associated with the inclusion map « : (0, 1] — [0, 1].

So far, we have demonstrated only the existence and uniqueness of the C*-algebraic
structure of the fiber A; over an accumulation point j € (J \ a[l]) for the base space I.
The limiting theory described by this algebra often carries additional structure, such as a
privileged family of dynamical automorphisms, or a Lie bracket. These structures can also
be determined from corresponding dynamical automorphisms or Lie brackets on the fibers
over the original base space I, and in the next section, we will proceed to demonstrate the
functoriality of the determination of all of these structures. Before proceeding, we note
that there are corresponding existence and uniqueness results for the limiting dynamical
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structure and Lie bracket that one can extract from the discussion of §5l Because they are
somewhat trivial, we refrain from proving the existence and uniqueness of limiting dynamics
and Lie brackets separately in this section; instead, we proceed directly to the discussion of
functoriality.

5 Functoriality

Now we prove the functoriality of the procedure for constructing limits via uniformly con-
tinuous bundles of C*-algebras. We first define a functor F' implementing the extension of
a uniformly continuous bundle of C*-algebras as in Theorems [l and Bl Then, we define a
functor G representing the restriction from a bundle to the C*-algebra of the limit theory in
the fiber over a point in the base space (e.g., i = 0 in the classical limit). We understand
the limiting procedure to be represented by the functor L obtained from the composition
G o F'. This is accomplished in §5.11 whose upshot is an analysis of the determination of
C*-algebraic structure on the limiting algebra. The remainder of this section focuses on
the determination of other kinds of structures by suitably adapting the previous results. In
§5.2] we define categories in which objects carry the further structure of dynamical automor-
phisms, and we show that this structure functorially determines dynamical automorphisms
on the limiting algebra. In §5.3] we specialize to the primary example of the classical limit of
quantum theory, in which the Lie bracket defined by the commutator at A > 0 corresponds
to the Lie bracket defined by the Poisson structure at A = 0. We that show the commutator
functorially determines the classical Poisson bracket on the limiting algebra.

5.1 C#*-algebraic structure

We want to understand the extension from the base space (0,1] to [0, 1] as an instance of a
general procedure applicable to other base spaces. To that end, we understand [0, 1] as the
one-point compactification of (0,1]. We will rely in this section only on the fact that the
one-point compactification is itself functorial, so we proceed with some generality.

To start, suppose one has a non-empty collection Z of locally compact metric spaces as
the base spaces of possible bundles. Suppose further that one has an assignment to each
I € T of a further locally compact metric space C(I) and a dense isometric embedding
ar : I — C(I). We will require that the assignment I +— (C(I),«r) is functorial. By
this, we mean to require that all suitable functions between spaces I and J in Z can be
continuously extended to functions between C'(I) and C(J), in a way that behaves well with
the embeddings «a; and ay. It is well known that in general we cannot hope to extend
arbitrary continuous functions between I and J to the larger spaces C'(I) and C'(J); instead,
we must restrict to the proper metric maps between I and J, which are the functions between
base spaces that are suitable to be extended to continuous maps between these larger spaces
(nLab authors, 2021)). Recall that a map « : I — J between topological spaces I and J
is called proper if for each compact set K C J, the inverse image o *[K]| C I is compact.
The restriction to proper maps is necessary in order to put the one-point compactification
of the base space in the purview of our extension results, as the one-point compactification
is functorial only when restricted to proper maps.

12



Definition 8. An assignment I — (C(I),ay) is functorial if

(i) for each proper metric map f : I — J, there is a map C(f) : C(I) — C(J) such that
C(f)oar =ayo f,or in other words, the following diagram commutes:
% J

I
all () lw

c(l) —— C(J)

(ii) if f: I — J and g : J — K are proper metric maps, then C(go f) = C(g) o C(f).

With a functorial assignment I — (C(I),a;), we can simultaneously consider extending
each bundle over I along a; to C'(I). Such an assignment gives a standard for taking the
same kind of extension of all of the bundles considered. Moreover, the functoriality of the
assignment establishes that the structure of C'(I) is determined by the structure of I.

For example, given any locally compact metric space I, let I=1U {0} denote its one-
point compactifiation (we in general denote the added point by 0 because we have in mind
the extension from (0, 1] to [0, 1]) with inclusion ¢ : [ — I (see, e.g., Engelking, 1989, p. 169,
Theorem 3.5.11). Let Z be the collection of locally compact, non-compact metric spaces
whose one-point compactification I is metrizable and whose embedding ¢ : [ — I is an
isometric map. This includes I = (0, 1], but rules out, for instance, I = R. Then the
assignment C'(I) := I and oy = ¢ for each I € T provides us with a starting point we can
use to take the extension of any bundle over a base space I € Z. It is well known that
the one-point compactification is functorial in the sense outlined above for proper metric
maps. In this case, there is a strong sense in which the one-point compactification yields the
same kind of extension for each of the bundles considered, and the structure of the one-point
compactification I is determined by the structure of the original space I.

In what follows, we will have the one-point compactification in mind, but for now we
will only suppose that we have some functorial assignment or other of an enlarged space
C(I) and a dense isometric embedding a; to each I € Z. Given such an assignment, we will
restrict attention to a subcategory UBunC*Alg; of UBunC*Alg consisting solely of the
uniformly continuous bundles of C*-algebras over base spaces I € Z. Moreover, we restrict
attention to morphisms that are proper maps between base spaces.

Definition 9. The category UBunC*Alg; consists in:
e objects: uniformly continuous bundles of C*-algebras whose base space I belongs to Z;

e morphisms: homomorphisms ¢ = («a, ) : A; — B between uniformly continuous
bundles of C*-algebras with I, J € Z, where « is proper.

Similarly, letting C'(Z) := {C([) | I € Z}, the category UBunC*Alg,4) is the subcategory
of UBunC*Alg counsisting of the uniformly continuous bundles of C*-algebras over base
spaces C'(I) € C(Z) with homomorphisms between them that act as proper maps between

base spaces. We now use the data contained in the functor C' to define an extension functor
F: UBunCrAlg; — UBunCrAlg 4.
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We define F' on objects and morphisms by

.A] — .»Zlc([)

(4)
(@, B) = (Cla), B)

where C([I) is the given enlarged base space assigned to I with dense metric embedding ay :
I — C(I), and flc(j) is the unique minimal extension of A; associated with «; guaranteed
by Theorems [Mland 2 Similarly, («, 5) is a morphism between uniformly continuous bundles
of C*-algebras A; = ((UAp, &) ner, A) and By = ((Br, ¢} )nes, B), and C(a) is the functorial
extension of « : I — J to C(«) : C(I) — C(J). In our construction of the extension AC(I)
along a;, we defined the C*-algebra of continuous sections of /Ic( 1) to be identical with the
C*-algebra 2 of continuous sections in Aj; we only needed to extend their assignments by
specifying new evaluation maps gbg(l) for h € (C’ (I)\ as[l ]) Hence, it makes sense to leave
[ : 2 — B unchanged in the extension. It is simple to check that this assignment respects
the composition of morphisms, so F' is indeed a functor.

Proposition 1. Given any functorial assignment C of dense metric embeddings oy : I —
C(I) to locally compact metric spaces I € I, the assignment F defined by ({{]) is a functor.

This shows a sense in which, relative to the embeddings encoded in C, the construction
of bundle extensions is natural. It requires no further information or structure. Moreover,
when I = (0, 1] and C'is the one-point compactification, then the extension of a bundle over
I to a bundle over C(I) = [0, 1] is an instance of this natural construction. This is precisely
the form of our extension of bundles for & > 0 to the classical limit at h = 0.

We encode the remainder of the limit in the restriction from the base space [0, 1] to the
structure of the limiting algebra at A = 0. We now restrict ourselves to the case where Z; is
the collection of all locally compact, non-compact metric spaces whose one-point compacti-
fication Cy(I) := I is such that the canonical embedding o := ¢ : I — Cy(I) is an isometric
map. We will use this fixed C' = '} and Z = Z; for the remainder of this section. Since there
is a unique point 0; € (C1(1) \ as[I]), the restriction of a bundle over C}(I) to the fiber over
h = 0; is a natural construction. We now define the restriction functor to the fiber over 0;.

The restriction functor will have the category UBunC*Alg., 7,y as its domain. The
codomain category of the restriction functor is simply the category of C*-algebras.

Definition 10. The category C*Alg consists in:
e objects: C*-algebras;
e morphisms: *-homomorphisms.

Our restriction functor G : UBunC*Alg, 7,y — C*Alg is now defined through the
following actions on objects and morphisms:

7 _ Ci(I)
Acyn) = ((th, h >h€6‘1(1) ,Ql) = o, (5)
0 = (OK,Cl(OK),ﬁ) = 0o,
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where we specify
oo (061" (@) = 9617 (B(a)) (6)

for any a € 2. Since C(«) must map 0; to 0; (which follows from the universal property
of the one-point compactification), we know that oy is well-defined and a *-homomorphism
(by Lemma [3]). We can understand the morphism oy to be the classical limit in C*Alg of
the morphism o in UBunC*Algq, (7). Furthermore, it is again simple to check that this
assignment respects composition of morphisms, so it follows that G is a functor.

Proposition 2. When C) is the one-point compactification, the assignment G defined by
(3) is a functor.

This shows a sense in which the restriction of a bundle over C}(I) to the fiber over 0 is
natural given the structure of the category UBunC*Alg, 7). And finally, we can define a
functor L := G o F', which provides a natural construction of the limiting C*-algebra.

5.2 Dynamical structure

In this section, we show that the limiting construction is functorial even when we consider
the further structure of dynamics. We understand dynamics on a C*-algebra to be encoded
in a one-parameter family of automorphisms. Our construction of a limiting C*-algebra for
a bundle allows us to obtain limiting dynamics, under the condition that the dynamics scales
continuously with the limiting parameter, which we make precise as follows.

Suppose again that A; = ((2p,, ¢! )ner, A) is a uniformly continuous bundle of C*-algebras
and allow (7:5)ter to denote the dynamics on each fiber algebra 2. To enforce that these
dynamics scale continuously with A, we require that they lift to an automorphism group on
the algebra of sections. That is, we require the existence of a one-parameter automorphism
group (7;)ier on 2 satisfying

Thogr =¢pon, forallhel, t €R. (7)

This is just the requirement that we are considering (in some sense) the “same” dynamics
at different scales. We now define objects that contain such dynamics.

Definition 11. A dynamical bundle of C*-algebras is a uniformly continuous bundle of C*-
algebras A; = ((p, &) ner, A) over a locally compact, non-compact metric space I € Z with
a one-parameter group of automorphisms (774);cg on 2.

Further, we define a category of dynamical bundles of C*-algebras that encodes the extra
structure of the dynamics. For the moment, we return to the case of some generality and
suppose only that Z is a non-empty collection of locally compact metric spaces that serve
as the base spaces of possible bundles, and that I — (C(I),ay) is a functorial assignment
of extended locally compact metric spaces C'(I) with dense embeddings oy : I — C(I).
As before, we now restrict attention to categories of dynamical bundles whose base spaces
belong to this collection.

Definition 12. The category DBunC* Alg; consists in:
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e objects: dynamical bundles of C*-algebras (A7, (771)er) with I € T;

e morphisms: homomorphisms ¢ = («a, ) : A;,— By between uniformly continuous
bundles of C*-algebras with I, .J € Z, where « is proper and and for each t € R

PofB=por

Note that a morphism in DBunC*Alg is just a morphism in UBunC* Alg that furthermore
preserves the structure of the dynamics.

We will first define an extension functor Fp, and then define a restriction functor Gp;
the classical limit will again be understood as the composition Lp = Gp o Fp.

The extension functor Fp : DBunC*Alg; — DBunCrAlg. ;) is defined to act on
objects and morphisms as follows:

Ap = <(Q’[ﬁ7¢£)hel7gl7 (TtA)teR)) — (F(Ap), (TiA)teR)
o — F(o).

(8)

Fp sends a dynamical bundle A; to its unique extension associated with a; with the same
dynamics; and Fp extends morphisms just as F' does. It is immediate that the extension of
any dynamics-preserving morphism will also preserve dynamics, so that given a morphism
o in DBunC*Algz, F(0) is indeed a morphism in DBunC*Algg7). This assignment is a
functor by Proposition [l

Proposition 3. Given any functorial assignment C of dense metric embeddings oy : I —
C(I) to locally compact metric spaces I € L, the assignment Fp is a functor.

Next, we define a restriction functor Gp. We specify now that C' = C; will be the
one-point compactification, as above, and so Z = Z; will again consist in those locally
compact, non-compact metric spaces whose embeddings in their one-point compactifications
are isometric maps. The codomain of our restriction functor will be a category of algebras
of quantities of classical theories, now with dynamics, defined as follows.

Definition 13. The category DC*Alg consists in:

o objects: pairs (A, (17)icr), where 2 is a C*-algebra and (7)icgr is a one-parameter
group of automorphisms on £;

e morphisms: morphisms o : (2, (77)ier) — (B, (72)ier ), each of which is a *-homomorphism
oo : A — B such that for each t € R,

P00y =ap0T.

With this category in hand, we define the functor Gp : DBunC*Alg, 7,y = DC*Alg
as follows. Given any dynamical bundle of C*-algebras A; = ((th, 1) S (TtA)teR>, one

can restrict the dynamics to a fiber, defining for each ¢ € R an automorphism T{f}i of 2 by

7in(8(0) = ér (7' (a)) (9)
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for all a € 2. We now use this definition in the case where the base space is C;(I) and we
focus on the the fiber over 0; € C1(I). Note that the way we construct limiting dynamics
7‘;;‘})1 at h = 0; is the same as the way that GG acts on morphisms because the dynamics are
represented by *-homomorphisms (compare Equations (@) and ([@)). In other words, we have

776, = G(77'). Hence, we define Gp to act on objects by

AC&(I) = ((Q’[ﬁ7 gl(l))ﬁ601(1)79’[7 (Tf:A>t€R> = (Q[017 (T{;}]I)tGR>
o— G(o0)

(10)

It follows immediately from Proposition 2] that for any morphism ¢ in DBunC*Algc ),
Gp(0o) is a morphism in DBunC*Alg, so G is well-defined and a functor.

Proposition 4. When C] is the one-point compactification, the assignment Gp defined by
(I0) is a functor.

Finally, we can define the classical limit functor for dynamics as the composition of
the extension functor and restriction functor. Thus, we define Lp := Gp o Fp. It follows
immediately that Lp is a functor, showing one sense in which the construction of limiting
dynamics is natural.

We close this section with two remarks about the limiting dynamics determined by Lp.
First, it follows trivially that the limiting dynamics exists and is unique (up to morphism in
DC*Alg). Second, it follows from results in Landsman (1998a) that the dynamics defined
by certain classes of Hamiltonians in quantum theories determine by Lp a corresponding
classical Hamiltonian dynamics (For bounded Hamiltonians, this follows from Proposition
2.7.1, p.138; for Hamiltonians at most quadratic in p and ¢, this follows from Corollary 2.5.2,
p. 141). Thus, the functor Lp defines dynamics that are not just natural, but also reproduce
the physical dynamics that one expects upon convergence in the A — 0 limit.

5.3 Lie bracket

In this section, we restrict attention to the classical limit of quantum theory, and so we leave
behind other kinds of limits that may be captured by continuous bundles of C*-algebras.
We will thus restrict attention to the kinds of bundles used for quantization and the classical
limit, but we here define a category that contains as objects slight generalizations of the
bundles over (0, 1] generated by strict quantizations. Our generalization allows one to include
bundles over base spaces that are not themselves identified with (0, 1], i.e., possibly more
abstract “parameters”. We will show that in these kinds of bundles, the commutator Lie
bracket of the fiber C*-algebras representing quantum theories functorially determines the
Poisson bracket of the fiber C*-algebra representing a classical theory.

To define the relevant categories, we again restrict attention to C; as the one-point com-
pactification and Z; as the collection of locally compact, non-compact topological spaces
whose embedding in their one-point compactification is an isometric map. For ease of nota-
tion, given a base space I € Z;, we let

|Alr := deyay (e (), 0r) (11)
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denote the distance in the one-point compactification Cy(I) = I of % (as it is embedded by a;)
from 0;. For example, in the base space I = (0, 1] with I = [0, 1], we have |h|; = |h— 0| = A
for each h € I. Now we define a class of bundles generalizing those produced by strict
quantizations, as follows.

Definition 14. A uniformly continuous bundle of C*-algebras A; = ((Up, %)) ner, A) over
a locally compact, non-compact metric space I € 7 is called a post-quantization bundle if
there is a subset P4 C 2 such that

(i) P4 is norm dense in 2;

(ii) for each pair a,b € Py, there is a ¢, € Py such that ¢f(c.;) = ﬁ[qﬁ{b(a), oL (b)] for all
h e I; and

(iii) for each pair a,b € A, limp_,||[¢L(a), ¢L(D)]]| = 0.

Condition (iii) guarantees that the classical limit algebra 2(y is commutative. On the other
hand, conditions (i) and (ii) allow us to define a norm dense Poisson algebra of .

Given a post-quantization bundle, we can define a Poisson bracket {-,-} 4 on the dense
subset gbgll(l) [P4] C 2y by

{660,660} = d0lcas) (12)
for every a,b € Py.

We will make the structure of post-quantization bundles precise by defining a correspond-
ing category of bundles. To do so, we consider morphisms between bundles that preserve
the relevant additional structure. We will say that a morphism o = (a, ) between post-
quantization bundles A; = ((Un, &) ner, A, Pa) and By = (B, &7 )nes, B, Ps) is smooth if
B[P4] C Pg. Since the subalgebra P is the collection of quantities whose commutators scale
appropriately with A, the smoothness condition guarantees that the image of these quantities
under 8 belongs to Pz and hence, have commutators that scale appropriately with & as well.
This is a pre-condition for the morphism to respect the scaling of commutators with A, and
for the classical limit of a morphism to preserve the Poisson bracket.

Further, we will say that a morphism ¢ = («,3) between post-quantization bundles

Ar = (s, 0D ner, A, Py) and By = ((Bn, 91 nes, B, Pg) is second-order if there is some

1 1
constant K > 0 such that ’W ~ s

special case of most interest to us for the physics of the classical limit. The special case we
have in mind consists in bundles over the same base space I = (0, 1] (with Cy (/) = [0, 1] and
0; = 0) and with a re-scaling map « : [0,1] — [0, 1]. Consider an example where « has a
power series expansion (in a neighborhood of i = 0) of the form

— K as h — 0;. This is a generalization of the

a(h) = a,h". (13)

In this case, the name “second-order” is meant to suggest that a agrees with the identity
map up to first order in A and differs only for powers n > 2. In other words, consider the
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case where ag = 0 and a; = 1. Then

1 1 h > a,h" —h D) N
im [ £ = L[ iy [P Dnma i |2 s S g
=0 |k a(h) h—0 anl a,hntl h—0 | h? 4 Zn: a, hntl
Hence, in this special case where o has the form
a(h)=h+Y_a,h", (15)
n=2
we know « is second-order according to our definition with K = |as|. A rough physical

interpretation of the second-order condition is that the scaling behavior of A in I agrees
enough with «(h) in J in the limit as one approaches 07 in [ and 0; in J. In other words,
the condition requires that « preserve at least some metrical structure of the base spaces.

These definitions allow us to define a category that slightly generalizes the continuous
bundles obtained from strict deformation quantizations.

Definition 15. The category PQBunC*Alg; consists in:
e objects: post-quantization bundles whose base space I belongs to Z;.

e morphisms: smooth, second-order morphisms of uniformly continuous bundles of C*-
algebras whose map between base spaces is proper.

As noted in §2 and detailed in Appendix[Al one can construct a unique bundle of C*-algebras
from any strict deformation quantization satisfying modest conditions. PQBunC*Alg;, can
be thought of as a subcategory of uniformly continuous bundles of C*-algebras determined
by this construction.

Similarly, we define a category of classical theories obtained through the classical limit.
This category encodes additional Poisson structure of classical phase spaces.

Definition 16. The category Class consists in:

e objects: pairs (Ao, (P, {", }.4)), where 2, is a commutative C*-algebra and P9 is a
norm-dense Poisson algebra with bracket {-, -} 4;

e morphisms: morphisms o : (Ao, (P, {-,-}4)) = (Bo, (P2, {", }5)), each of which is a
*_homomorphism g : Ay — By satisfying

(i) oo[PY] C Pg; and
(ii) the restriction of g to PY is a Poisson morphism, i.e., for each 4, B € PY,

{00(A), 00(B)}s = 00({A, B} ) -

The restrictions on morphisms in Class again guarantee that smooth quantites get mapped
to smooth quantities, and that the morphisms define the further classical structure of the

Poisson bracket on the phase space. The canonical example of an object in Class is a pair
(Co(M), (C2(M),{-,-}) for a Poisson manifold (M, {-,-}).
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We define a classical limit functor Lp analogous to L. Define the functor Lp from
PQBunC*Alg;, to Class on objects and arrows by

Ar = ((0,08),0p 2 Pa) = (LCAD, (66 V1P (- 14))

o +— L(o) = oy,

(16)

where {-, -} 4 is defined by ([I2)). As mentioned, it follows trivially that the Poisson bracket
{-,-} 4 both exists and is the unique Lie bracket (up to morphisms in Class) on the fiber
Ao that continuously extends the commutator for A > 0. The following guarantees Lp is
well-defined and a functor.

Proposition 5. Suppose A; and B; are objects in PQBunC*Alg;, and o : Ay — By is
a morphism (i.e., smooth and second-order). Then Lp(c) is a morphism in Class (i.e.,
restricts to a Poisson morphism). Hence, Lp is a functor.

Proof. Suppose o : A; — B is a morphism in PQBunC*Alg, where o = («, ). We need
to show that for each a,b € Py,

{LP(U)(@I)I(G)) vLP(U)(%I )} Lp(o ({%I %I( )})

But, by the definition, we have that the right hand side is

(@) ({0, (). 05, (b)}) = Lp(0)(¢5, (cap)) = b0, (B(cas))

and the left hand side is

{Lp(0)(1,(a)), Lr(o) (e}, (1)} = {80, (8(a), 67,(B(4) } = 7, (csa).80)) -

Moreover, comparing these two values, we find

165, (B(eas)) = &3, (cat@.om) o,
= Jim |07 ( (Ca,b))—¢i(h)( 5(@.80) || oy

= lim J S . a)). ¢,
'wLm|m¢ w(8(a,1]) |me[amw<»¢““m“”am
= Jim [l ol wBes)) = g Bl D)

!
i [ W' 6y (B(la D)y = 0

O

This shows that the construction of the classical Poisson bracket from the Lie bracket com-
mutator is also, in a sense, natural.
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6 Conclusion

In this paper, we have shown that the bundles of C*-algebras used to represent the limits of
physical theories dependent on a parameter can be uniquely extended to limiting values of
that parameter. Moreover, by defining morphisms between bundles of C*-algebras, we have
shown the functoriality of the determination of limiting C*-algebraic structure, dynamical
structure, and Lie brackets in the case of the classical limit.

We remark on two avenues for further investigation. First, while our results on limiting
dynamics apply to a class of Hamiltonians, it is not clear whether they apply to all physically
interesting dynamics. It might be of particular interest to analyze whether or when chaotic
dynamics fall under the purview of our results in §5.21 Second, while our results show how to
take the limits of morphisms between bundles of C*-algebras, we dealt only with morphisms
that preserve at least as much structure as *-homomorphisms. It might be of interest to
investigate whether one can also determine limits for weaker morphisms, such as the Morita
equivalences that [Landsman (2003a,b) uses in his investigation of functorial quantization.

Acknowledgements

The authors thank the participants of the 2020 Skylonda Salon for helpful comments and
discussion, especially Gordon Belot, Clara Bradley, and Laura Ruetsche for their detailed
written comments on an earlier draft. We are further indebted to the members of the UW
Quantization Lab, especially Kade Cicchella and Michael Clancy for helpful discussions.
BHF also thanks the participants of the 2019 Munich Workshop on Categorical Approaches
to Reduction and Limits. Both authors were supported during the completion of this work
by the National Science Foundation under Grant No. 1846560.

Appendix

A From Quantization to Bundles

We remarked in §3] that strict deformation quantizations determine continuous bundles of
C*-algebras, and that equivalent quantizations determine the same continuous bundles. We
now analyze the sense in which this holds using category-theoretic tools.

First, we outline the construction of a vanishingly continuous bundle of C*-algebras
from a strict deformation quantization ((Ag, Qn)ner, P). Here, we stick with vanishingly
continuous bundles of C*-algebras to align our discussion with the literature, but the results
of Appendix [Bl show that one could pick any of the equivalent definitions. The idea is
to define a (unique) C*-algebra of vanishingly continuous sections, which we will denote
C*(Q) C [le; An, satisfying the condition that for each A € P, there is an a € C*(Q)
such that a(h) = Qx(A). To that end, we define the smallest *-subalgebra Q C [, ., s
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containing each such a = [h+— Q(A)] as follows

Q = spang <{a € HQ[E

hel

a=[h— Qu(A)-...- Qu(A,)] for some Ay, ..., A, € P}) :

(Here, we explicitly reference the scalars C in the linear span, denoted spang, to distinguish
from what follows.) It should be clear that for this construction to work, we need to restrict
attention to strict quantizations satisfying the condition that A — ||Qx(F')|| is continuous for
every polynomial F of classical quantities Ay, ..., A, € P. Further, to ensure the collection
of vanishingly continuous sections C*(Q) satisfies the vanishing completeness condition, we
must also include each section that differs in norm from all elements of Q by a continuous
function vanishing at infinity, as follows:

C*(Q) = {a’ e []2

hel

(b ||d’ (k) — a(Rh)||s] € Co(I) for each a € SpanCQ}

Landsman (1998a, Theorem 1.2.3-4, p. 111) shows that this construction produces a unique
vanishingly continuous bundle of C*-algebras ((2y, ¢! )ser, A°) by defining

A° = C*(Q)
¢t(a) = a(h) for each a € C*(Q).
We would like to understand the construction of a bundle of C*-algebras from a strict de-

formation quantization as functorial. To that end, we define a category of strict deformation
quantizations that encodes the structure needed for the construction.

Definition 17. The category SDQuant consists in:

e objects: strict deformation quantizations AP = ((Ap, Qi )rer, Pa), where I C R is
locally compact and contains 0, and £ — || Qx(F')||s is continuous for every polynomial
I of classical quantities Ay, ..., A, € P.

e morphisms: a morphism o : AP — BY between strict deformation quantizations
AP = (A, OMner, Pa) and BY = ((By, OF)ier, Pp) consists in a triple

0= (Oé, (O-ﬁ)ﬁe[ ) P) )

where a : I — J is a metric map such that a(0) = 0, the map p : Co(I) — Co(J) is
a *-homomorphism, and for each h € I, o : A3 = By is a *~homomorphism such
that oo[Pa] C Pp and ogp, is a Poisson morphism. Moreover, we require that these
maps satisfy

Qe (70(A)) = a1 (5 (A))
p(f)a(h)) = f(h).

for each A € P4 and f € Co(I).
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We should pause to make one remark concerning the additional map p : Co(I) — Co(J)
in our definition of a morphism. To motivate the inclusion of p as part of a structure-
preserving map, we note the importance of the structure Cy(/) in this construction of a
vanishingly continuous bundle. As [Landsman (2003b) remarks, the C*-algebra of sections
of a vanishingly continuous bundle of C*-algebras can be thought of as a Cy(I)-algebra in a
canonical way, and this structure is sufficient to determine the bundle (see [Landsman (2017,
p. 737-8) and INilsen (1996)). Along with this, one can characterize the sections determined
by a quantization map directly in terms of the action of Cy(1).

Proposition 6. C*(Q) = spang,(Q), where the overline denotes the closure under the
supremum norm in [ [, Ap.

Proof. We prove equality by proving (C) and (2).

(C) Let a € C*(Q). The argument in Lemma 1.2.2 of [Landsman (2017, p. 110) implies
a € spang, (5 (Q)-

(2) Let a € spang,(;1(Q). Then there is a sequence a,, € spang,;(Q) such that a, — a
in norm as n — oo. But each a, € C*(Q) since C*(Q) forms the algebra of vanishingly
continuous sections of a bundle. Hence, since C*(Q) is norm closed, a € C*(Q). O

Hence, there is reason to think of the action of Cy(I) on continuous sections as an essential
part of the structure of a strict deformation quantization, at least as it is used to construct
a bundle of C*-algebras. We encode this action in the structure of our category by requiring
structure-preserving morphisms of quantizations to preserve the action of Cy([).

Now we define a functor H : SDQuant — VBunC*Alg that acts on objects and
moprhism by

(20 08),c, Pa) = (00) . C7(Q)
(@, (T)per s p) = (o, B),

where 3 : C*(Q4) — C*(QP) is the unique linear continuous extension of

B([h— F(MQ(A) - .. Qi (An)]) = [l p(f) (1) Q5 (00(Ar)) - ... - Qi (00(An))]

for f € Cy(I) and Ay, ..., A, € Pa. Indeed, it follows from the definitions that (a, ) is
a morphism in VBunC*Alg because for each & € I and section a € C*(Q%), we know
on(dl(a)) = i(h)(ﬁ (a)) and oy, is well-defined. Hence, with this definition, H is a functor.

B Continuity and Uniform Continuity

Each of our two definitions of bundles of C*-algebras in §2/ and §3] comes with an associated
category of models. We can use these categories VBunC*Alg and UBunC*Alg to analyze
the relationship between these definitions. We will prove the following result:

Proposition 7. There is a categorical equivalence

FUV : UBUI’IC*Alg = VBUI’IC*Alg : GVU-
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This shows the intended sense in which the definition of vanishingly continuous bundles of
C*-algebras (Definition 2] which appears in the literature) is equivalent to our definition of
uniformly continuous bundles of C*-algebras (Definition [3]). Although the models satisfying
each definition are distinct, there is a correspondence between the structure-preserving maps
in the relevant categories. In this sense, our definition captures the same mathematical
structure as the existing definition in the literature.

Roughly, the construction is as follows. Fyy takes each object and morphism in the cat-
egory UBunC*Alg and restricts it to the appropriate subcollection of sections whose norm
vanishes at infinity. For the reverse construction, we note that a collection of vanishingly
continuous sections is dense in a collection of uniformly continuous sections in the locally
uniform topology. Gyy extends each object in VBunC*Alg by taking the completion of
the collection of vanishingly continuous sections in this topology and then restricting to the
subcollection of sections whose norm are uniformly continuous and bounded. Similarly, Gy ¢
extends morphisms continuously to the completion of the collection of sections and then
restricts them. Proposition [7] establishes that these constructions are natural and preserve
structure. This justifies us in working exclusively with uniformly continuous bundles of
C*-algebras, as we do throughout both this paper and the sequel.

We now proceed to the proof establishing a categorical equivalence between VBunC*Alg
and UBunC*Alg. Recall that a functor F': C — D is a categorical equivalence iff there is
a functor G : D — C that is “almost inverse” to F' in the sense that for each object X in
C, there is an isomorphism 7x from G o F(X) to X in C that makes the following diagram
commute for all morhpisms f: X — Y in C:

GoF(X) X5 X

GoF(f)l lf

GoF(Y) X5 Y

(And vice versa for F'oG and objects in D.) In this case, n is a natural isomorphism between
Go F and the identity functor 1¢. One can characterize or establish a categorical equivalence
by providing this “almost inverse” functor (Awodey, 2010, Proposition 7.26, p. 173).

In the case of VBunC*Alg and UBunC*Alg, we will provide a pair of almost inverse
functors through an intermediary category. This intermediary category corresponds to a
further definition of a continuous bundle-like structure of C*-algebras that is often used in
the mathematical literature, which we prove to be equivalent along the way:.

Definition 18 (Dixmier, [1977). A continuous field of C*-algebras over a (now arbitrary)
topological space I is a family of C*-algebras (2p,)se; and a subset I' C [],o; 5. In other
words, each element a € I' is a map a : I + [[,.; 2y such that a(h) € Az. We call ' the
collection of continuous sections, we require it to be a *-algebra under pointwise operations,
and we require it to satisfy the following conditions:

(i) Density. For each h € I, the set {a(h) | a € I'} is dense in ;.

(ii) Locally uniform closure. If a € [[,; ™%s and for each h € I and € > 0, there is some
a’ € T' such that supyylla(R') — ' (F)||n < € for some neighborhood U of h, then
acl.
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(iii) Continuity. For each a € I', the map N, : A — ||a(h)]||; is continuous.

In Definition I8 note that although the collection I' of continuous sections is a *-algebra,
it is not in general a C*-algebra in a natural way. In general, elements of I" may be unbounded
in the supremum norm. One can see this, for example, because the condition of locally
uniform closure implies

(ii*) Completeness. For any continuous f : I — C and a € I, there is an element fa € I’
such that fa(h) = f(h)a(h).

Since there may be unbounded continuous functions on I, this implies that there may be
unbounded continuous sections. However, it is known that one can associate with each
continuous field of C*-algebras ((24;)rer, ') a canonical C*-algebra

Fgl = {a€F|Na€CO(I)}>

which consists in continuous sections whose norm vanishes at infinity, with pointwise oper-
ations. Similarly, one can associate with each continuous field of C*-algebras ((2s)ner, I')
over a metric space I a canonical C*-algebra

Iy :={ael| N, e UCyI)},

which consists in continuous sections whose norm is uniformly continuous and bounded,
again with pointwise operations. We now aim to understand the construction of canonical
vanishingly and uniformly continuous bundles associated with 'y and 'Y as a functor from
the category of continuous fields of C*-algebras, which we define as follows.

Definition 19. The category FieldC* Alg consists in

e objects: continuous fields of C*-algebras whose base space is a locally compact metric
space,

Af = ((mﬁ)hel ) PQ[) 5

e morphisms: homomorphisms o : A — BY | where each o is a pair of maps

U:(a’/g)?

where o : I — J is a metric map, § : I'y — I'y is a *~homomorphism, and for all
aj,as € Ly and h € 1, if ay(h) = as(h), then B(ay)(a(h)) = B(az)(a(h)).

We define a pair of functors relating FieldC*Alg and VBunC*Alg that captures the
construction described by [Kirchberg and Wasserman (1995, p. 677-8) and we show that this
construction indeed provides a categorical equivalence. We then use an exactly analogous
construction to establish a categorical equivalence between FieldC*Alg and UBunC*Alg.
First, note that there is a difference between continuous fields of C*-algebras and (vanishingly
or uniformly) continuous bundles of C*-algebras that is somewhat trivial: in a continuous
field, the sections are directly specified as functions from the base up to the fibers, whereas
in a bundle, the sections are given by an “independent” C*-algebra that is connected to
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the fibers via the evaluation maps. To aid in the translation, if we are given a vanishingly
continuous bundle of C*-algebras (s, % )ner, A°), we define

ﬁlo = {'Va € Hﬂh

hel

Ya(h) = ¢n(a) for some a € Qlo} )
Similarly, if we are given a uniformly continuous bundle of C*-algebras (U, ¢%)ner, ), we

define
91 = {'Va € Hﬂh

hel

Ya(h) = ¢n(a) for some a € Ql} )

Now we can define a functor Fry : FieldC*Alg — VBunC*Alg on objects and mor-
phisms by

AT = ((W)yep-Ta) = AT = (%, 61),,.TH)
(@.8) = (@ Brg)

where ¢f(a) := a(h) for all @ € Ty and i € I. One can easily check this induces a map
from Hompielac: a1g(AY, BY) to Homvypuncag(AY, BY), i.e., 8(a) has vanishingly continu-
ous norm for any a with vanishingly continuous norm. This follows from Lemma [3l

Further, define a functor Gy : VBunC*Alg — FieldC* Alg on objects and morphisms
by

AV = (@061),c,02°) 1 AT = (B 2)
(Oé,ﬁ) = (04751")7

where 2Ar is defined as the completion of 20 in the topology 7, of locally uniform convergence,
ie.,
S
le = 910
More explicitly, 7, is the vector space topology that has a neighborhood base at 0 consisting
in sets of the form

O(K,e) := {”ya e A°

sup [a(W)]l, < }
heK

for each € > 0 and compact K C I. Elements of 2 are equivalence classes of 7,-Cauchy
nets with pointwise operations and limiting norm (cf. Ex. 4.1 of Bagarello et all, 2006).
Similarly,

=Tlu

BF = 5 )
where B(%) = Y3(a) for each a € 2°. and the overline denotes the unique linear, continuous
(relative to 7,,) extension of the map f§ to the completion Ar. We have the following result.

Lemma 4. Fpy : FieldC*Alg <= VBuUnC*Alg : Gy is a categorical equivalence.
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Proof. We specify directly two natural isomorphisms x : Gyr o Fpy — 1p, where and 1p
is the identity functor on FieldC*Alg, and n : Fpy o Gyr — 1y, where 1y is the identity
functor on VBunC*Alg.

First, for each object A" = ((2p)ner, Ta) in FieldC* Alg, we define

Xa: Gypo Fpy (A7) — AT

by x4 := (ids, B4), where id; is the identity map on I so it only remains to specify the map

~ Tl

Bu: TY = Ty

~—Tlu

We define 34 for each [as] € Ty by

Tlu

Ba(las]) = lim az,

where [as] is the equivalence class of nets bs such that (as — bs) — 0 in 75,. We need to show

that 54 is a *-isomorphism. First, note that 5,4 is well-defined because if [as] = [bs], then
the limits lims as = limg bs exist and are identical (where these limits are taken relative to
the topology 7,). Similarly, 54 is injective because if lims a5 = limg bs, then [%] = [bs].

Further, 34 is surjective: consider any a € T'y. We will construct a net in I'y converging
to a with respect to 7,. Our net will be indexed by the directed set of pairs (K, €), where
K is a compact subset of I and ¢ > 0 with (K,¢) < (K',¢) iff K C K’ and € < e. For
each compact subset K C I and € > 0, we consider the function Nyx : h € K — [|a(h)||s
The Tietze extension theorem (Munkres, 2000, Theorem 35.1, p. 219) implies there is a
& € Cy(I) such that f‘lfi = Nyk. Now define gg . : I — R by

gK,E(h) =
for all h € I. Since gk, is continuous, ak . := gra € I'y. Then for each h € I,

Na(h)

Jesce ) = e D] ol = ()] 5o < 7B
and hence, N, € Co(I). Further,
sup [0 = asc (D) = sup (1= gic.) )y
= sup (1= g (1) - Na(l) < % <e

sup [[(a — agr.e)(R)||n < sup [[(a —arra)(R)||n <€ <
heK heK'

which implies S4([ax ]) = a. Hence, 4 is surjective.
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Finally, 54 is linear, multiplicative, and *-preserving because operations are defined
pointwise on the completion of fg with respect to 7,. Hence, we have established that
X4 = (id7, B4) is an isomorphism in FieldC*Alg.

Moreover, clearly the following diagram commutes for each arrow o : AF — BY in
FieldC*Alg:

GVF ¢} FFV (Af) * 1r (.Af‘)

GyroFry (o) 1r(0)

Gyro Fpy (B§) — lp (B}ID)

Hence, x is a natural isomorphism.

Conversely, for each object AY = ((Un, d1)ner, A°) in VBunC*Alg, we define 14 : Fry o
Gyr(AY) — 1y(AY) by na = (id7, 4), so that it only remains to specify the map (B4 :
(Ur)° — 2A°. We define 54 for each [as] € (/Ur)° by

Tlu

Ballas)) = lim as

Note that 84 is well-defined because if [as] = [bs], then limsas = limgbs. Further, since
N, € Co(1), it follows that for a = lims as, N, € Co(I). Of course, 54 is surjective because
for each a € 2A°, the net a; = a for all § is such that B4([as]) = a. Further, 84 is injective
because limsas = limg bs implies [as] = [bs]. Finally, 54 is linear, multiplicative, and *-
preserving because addition and involution are 7j,-continuous and multiplication is jointly
T-continuous. Hence, we have established that (id;, 54) is an isomorphism in VBunC*Alg.
Clearly, the following diagram commutes for each arrow o : AY — BY in VBunC*Alg;:

Fry oGyp (A}/) — 1y ("4}/)

GVFOFFV(U)B NV(U)

FFV O GVF (B}]/) L) 1V (B‘J/)

Hence, 7 is a natural isomorphism. O

Next, we define a pair of functors relating FieldC*Alg and UBunC*Alg that provide
a categorical equivalence. We define Fry : FieldC*Alg — UBunC*Alg on objects and
morphisms by

Al = (n)per Ta) = A7 = ((Q{hv%)ngvrg)
(o, B) = (O‘?ﬁﬁ‘%)u

where ¢p(a) := a(h) for all @ € A and h € I. As previously, it follows from Lemma [3] below
that this induces a map from Homgielacalg (A, BY) to Homuypunc-alg(AY, BY).
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Further, define a functor Gyr : UBunC*Alg — FieldC* Alg on objects and morphisms
by
= Tlu
AL = (W 08) e %) = AT = (@), 2
= Tlu
(@.8) = (a,57).

where B(%) = Yg(a) for each a € 2, and the overline denotes the unique linear, continuous

extension of the map /3 to the 7,-completion of 2. Our next categorical equivalence follows
then from the same argument used for Lemma M, given appropriate replacements of V' (or
0) by U.

Lemma 5. Fpy : FieldC*Alg = UBunC*Alg : Gy is a categorical equivalence.

Now we define Fyyy = Fry o Gyr and Gyy = Fpy o Gyp. That these functors provide
an equivalence follows immediately from the preceding two lemmas. Hence, this completes
the proof of Proposition [7.
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