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1. Introduction and main statements

The science of architected materials is a branch of the science of synthetic materials that can be defined as the art of
achieving full control over the classical degrees of freedom of the material and of their couplings. With such control, an
architected material can be “programmed” to perform specific functions. The attribute “architected” mainly refers to the
spatial arrangements of the building blocks of the material and, typically, these building blocks have adjustable internal
structures to facilitate various degrees of programming. In an era dominated by information technology, the main applica-
tions of such materials are related to sensing, information storage and information processing. All these applications rely
on specific dynamical features supported by a given architecture and a central problem in the field is to determine which
new architectures bring genuine novelty. More specifically, given two architectures and the means to modify the internal
structure of the resonators, one will like to know if there are dynamical effects that can be produced with one architecture
but not with the other. This problem is equivalent to classifying the dynamical matrices that can be generated under various
architectures. Its solution can be found in this work for a broad class of architected materials in the quadratic regime (as
defined in section 2.4).

We build on two seminal papers of Bellissard [5] and Kellendonk [32] that pointed out that atomic systems have
canonical underlying C*-algebras where the dynamics of electrons can be formalized, analyzed and classified. This was
an important development in condensed matter physics because it unleashed many of the techniques specific to operator
algebras, such as K-theory and noncommutative geometry [25], thus bringing much needed analytical tools to the difficult
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field of aperiodic solids [7,8]. For example, the observed quantized plateaus in the integer quantum Hall effect and the so
called bulk boundary-correspondence were rigorously explained using such tools [6,33] (see also [18,19,40], for more recent
developments engaging groupoid frameworks). These ideas penetrated also the world of architected materials, where the
dynamics is carried by classical degrees of freedom (see e.g. [1,2,42,21,22,47,20]). The operator algebraic framework has
been instrumental in these applications for understanding global aspects of the dynamics, establishing connections between
various architectures and for predicting novel effects. In the present work, we focus on architected materials that are as-
sembled from copies of a fixed part, called here the seed resonator. As opposed to the atomic systems, where the nuclei are
featureless,' these resonators have shapes and orientations and the Bellissard-Kellendonk formalism, which engages only
the group of pure translations, is no longer optimal for this context. The present work was motivated by the need of a
more general formalism, where the orientations of the resonators are treated more effectively. As we shall see, the archi-
tected materials dealt with here can be formalized as point patterns inside the full group Iso(E%) of Euclidean isometries.
Besides being a non-abelian group, Iso(E9) contains rotations and reflections that move points over large distances, hence,
formalizing the mentioned materials presents conceptual as well as technical challenges.

The mathematical aspects of patterns in non-abelian groups have been steadily attracted an interest from the mathemat-
ics community in the past few years [11-16,4]. In fact, during the completion of our work, Enstad, Raum and van Velthoven
posted the works [27,28] on frame theory for patterns in locally compact second countable (Icsc) groups. These works
not only cleared for us all the technical challenges, but they also supplied the natural mathematical framework we were
looking for. Using this input together with empirical facts, for materials consisting of discrete architectures of self-coupling
identical resonators, such as mechanical resonators or acoustic and photonic cavities, here are the statements we have to
communicate:

1) The architecture of such a material is specified by a uniformly separated closed subset £ of Iso(IE?) (see Definition 3.5).

2) Every such closed set has a canonically associated Icsc étale groupoid G, and a separable C*-algebra C;(G¢) [27].

3) The dynamical matrix generating the dynamics of the material in the quadratic regime defines a linear operator over
the Hilbert space ¢2(£, CN), where N is the number of internal degrees of freedom carried by the seed resonator.

4) If the physics involved in the coupling of the resonators is Galilean invariant, then any dynamical matrix can be gener-
ated from a left regular representation of K ® C}(S), where K is the algebra of compact operators.

5) By changing the internal structure of the seed resonator, the dynamical matrices sample the entire self-adjoint section
of K® C;f(G¢). Thus, K® C(G) is the smallest C*-algebra that can account for the dynamics of the material. It can
be canonically associated to an architected material by both mathematical and physical means.

6) The isomorphism classes of the canonically associated C*-algebras sort the architected materials into classes of materials
that are identical from dynamics point of view.

Corollary 1.1. The research of this kind of architected materials essentially reduces to classifying the mentioned étale groupoids with
respect to the equivalence relation introduced by Muhly, Renault, Williams [41].

Furthermore, many dynamical effects in materials science are brought to life by deformations of materials, such as when
one seeks topological pumping [21] or topological spectral flows [38]. Many of these effects are predicted by means of
topology and the biggest challenge for the field, in this respect, is the identification of the topological space in which the
deformations of the materials occur. The stabilization of the groupoid C*-algebra mentioned above gives the solution to this
challenge if the deformations engage only the internal structures of the resonators or, more generally, if the deformations
keep the material inside a fixed isomorphism class. If this is the case, then specialized tools developed for operator algebras
can be employed to detect the dynamical effects that can be generated with an architected material (see section 5), generally
with great effectiveness and precision.

The paper is organized as it follows. Section 2 introduces the physical systems and specifies the assumptions made. They
are by no means restrictive and they all can be straightforwardly incorporated in the designs of materials. For example,
we argue that, to maintain control over the dynamics, the materials should have finite coupling range and display certain
continuity against deformations of their architectures. The section also explains how the configurations of these physical
systems are connected to patterns inside Iso(E?) and it derives the specific form of the dynamical matrices under the
assumption of Galilean invariance, which represents the point of departure for the operator theoretic framework. The first
part of section 3 reproduces from [27] the relevant facts about the topological space of closed subsets of Icsc groups and
specific classes of patterns. It also introduces the related concepts of hull and transversal of a pattern. The second part of
section 3 is devoted to examples, which, among other things, enable us to explain what has been gained by upgrading from
the group of translations to the full group of Euclidean isometries. Section 4 introduces the canonical groupoid associated
to a closed subset of a lcsc group and reproduces from [27] a fundamental result stating that this groupoid is étale if and
only if the closed subset is uniformly separated. The rest of the section is devoted to the associated groupoid algebra and
its relation to the space of dynamical matrices discussed in section 2. It is in this part where the physical meaning of
the groupoid C*-algebra is established. The last section discusses possible research directions opened up by the formalism

1" At the energy scales operated in condensed matter physics.
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introduced by our work. Since we want to keep the message of this paper entirely focused on the synergy between the
mathematical framework and the physics of architected materials, these research directions are only briefly mentioned and
actual results along those lines will be presented elsewhere.

Lastly, we point out that there are several works that address point symmetries of tiled spaces (see e.g. [45,49] and
references therein). There is, however, almost no overlap between these works and our, because the rotations considered
in the former are emerging symmetries stemming from particular arrangements of featureless tiles (i.e. without internal
structure). In our work, the rotations play an active role in the sense that they specify the internal structures the resonators
of an ensemble, relative to that of a seed resonator. Patterns of resonators derived from actions of generic discrete groups
on R? were considered by one of the authors in [43]. This work also has little overlap with the present work because
[43] deals only with point-patterns of RY and the C*-algebras of the dynamical matrices are crossed products rather than
groupoid algebras. Furthermore, all these mentioned works are more about exploring specific interesting classes of materials
and no attempts at a general classification are made.

2. Empirical facts

This section supplies a precise description of the physical assumptions that make possible the theoretical predictions
presented in the following sections. Along the way, this section lays out our recommendations for experimental physicists
and engineers on how to build architected materials that fall under the umbrella of our framework. Regarding the exposition,
our plan is to describe in details a rather specific class of physical systems, those of coupled mechanical resonators, and
then supply a list other physical systems with similar attributes.

2.1. A laboratory setting

A mechanical resonator is a confined mechanical system carrying a finite set q ={q1, ..., qn} of degrees of freedom and
displaying a quadratic Lagrangean

Lo@. @) =3 Y [dx-Mo-af —ay-Vo-a5|. o, Vo e My(C). (21)

xel

Throughout, My (C) denotes the algebra of N x N matrices with complex entries. The degrees of freedom will always be
observed and quantified using equipment that is rigidly attached to the resonator or rather to the frame of the resonator.
The equipment can be a sensing device or a simple video camera. Abstractly, this is conveyed by a co-moving frame and by
a local research assistant that carries the observations and the measurements in such a rigidly attached frame.

We will be concerned with finite and infinite clusters of identical resonators in the physical space E¢, d =1, 2, 3. Thus,
apart from their locations and orientations, all resonators are identical to a seed resonator. In our framework, the identical
resonators carry with them the same equipment, which is attached in exactly the same fashion on the frame of the res-
onator. As a consequence, the numerical values {q1,...,qn} recorded by the local research assistants are not affected by
translations, rotations or reflections of the resonators.

Remark 2.1. The above details are quite central to our approach (see Remark 2.5) and should not be taken lightly. For
example, what we are proposing here is quite different from the case of atomic systems, where the atomic orbitals are
always quantified in a fixed laboratory frame, common to all atoms. <

The resonators come with their own force fields and a pair of resonators self-couple without any human intervention
(see Examples 2.6 and 2.7). In abstract terms, this means that the Lagrangean L of a pair or a cluster of resonators is
entirely determined by the positions and orientations of the individual resonators. If £ encodes the geometric configuration
of a cluster of r identical resonators, referred to as the architecture of the cluster, then the entire physics is encoded in the
relation

L Le@se G Gry---,q), G, q; € RN (2.2)

Remark 2.2. The relation (2.2) can be actually mapped experimentally (see e.g. [1]) and this is highly recommended, espe-
cially if an experimental platform is used repeatedly. <

Remark 2.3. Eq. (2.2) assumes that degrees of freedom belong to the specific manifold RM. This is sufficient for our pur-
poses, because we are interested only in the regime of small oscillations, where we can use a local chart of the configuration
manifold of the seed resonator, to map its degrees of freedom into RN, <
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Fig. 2.1. Example of physical systems addressed in this work. It consists of identical self-coupling resonators placed at selected points of the plane and with
selected orientations. Assistants observe and quantify the dynamics of the local degrees of freedom using a local frame rigidly attached to the resonators.

2.2. Formalizing the space of architectures

Pictorially, the physical system we just described can be represented as in Fig. 2.1. We are going to exploit the fact
that the resonators are identical, in which case the only distinction between two resonators in a cluster is reflected in
the positioning of their intrinsic frames. If the laboratory frame is fixed once and for all, then the intrinsic frames of the
resonators can be generated from the laboratory frame by applying a rotation followed by a translation. This simple line of
reasoning reveals that the architecture £ of a cluster of resonators is completely specified by a subset of the topological
group Iso(E?) of isometries. We will denote this subset by the same symbol £. As indicated in Fig. 2.1, we include in our
analysis proper as well as improper space transformations.

Among other important things, this development enables us to label the resonators in a more natural way by elements
of Iso(E%). Specifically, we will write the degrees of freedom as {qy}xcc. The right action of the group on itself will be
indicated by a dot. Concretely,

IsoEY) s g>g-x:=xg", Vxelso(EY). (2.3)

This action extends from points to subsets of Iso(IE?). Therefore, it makes sense to consider the action g- £ of the group on
the architecture. The action of an isometry g € Iso(E9) on p € E¢ will be indicated by the same symbol g - p.

Remark 2.4. The right action distinguishes itself from the left action of the group due to the following property: The con-
figurations of the resonators labeled by x and gx drift apart from each other if x wonders away from the neutral element
and g contains a rotation. This, however, is not the case if the right action of the group is used instead, as it can be easily
seen by the rule of multiplication in Iso(E¢) shown in Appendix 6. <

2.3. Galilean invariance

We now imagine an experimenter engaged in the process of mapping (2.2) and suppose the experimenter examines an
architecture £’ that is related to another architecture £ by £’ = g- £, g € Iso(E9). If the physics involved in the coupling of
resonators is Galilean invariant, then the experimentally mapped Lagrangeans will enter the following relation

Ly ({qg-x}xeL > {Qg-x}xeL) =Lg ({Qg-x}xeﬁv {qg~x}x€L) . (24)

Note that the labeling of the resonators by group elements is quite instrumental here. Indeed, one should be aware that
a linear indexing (i.e. some arbitrary ordering) of the resonators cannot be made uniformly for all architectures £, because
certain deformations of £ can switch two resonators. In such cases, it will become ambiguous which ordering to use. Quite
the opposite, the indexing by the group elements fits naturally with the deformations of the architectures and this is why
the Galilean invariance can be formulated as cleanly as in Eq. (2.4).

2.4. Quadratic regime

It is convenient to reference the Lagrangeans from the individual quadratic contributions of the uncoupled resonators.
Hence, we write

Lo =3 [av Mo~ —ac- Vo-af | - Ve ((aheer). 25)
xel
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where V plays the role of the full coupling potential. In the regime of weak coupling, which we can be sure it occurs
at least when the resonators are spread apart, the full potential >, . %qx Vo ~q§ - Vg ({qx}xeg) has a unique minimum
occurring at {q,(L)}xec in the vicinity of {q, = O}xcc. If we restrict the experimental observations to the regime of small
oscillations around such minima, the Lagrangeans can be approximated by quadratic expressions

. o~ =T —_—
LL=%Z§x’M0'§x—% Z & Wiy (L) EL, (2.6)
xel x,x'el

where &, =q, — q, and

Py ~ 3V
Wy x (L) =dxx (Vo + — , (2.7)
( XX )aﬁ XX ( )a,ﬂ a(qx)aa(q;()ﬁ a5
for x, X' € £. We will refer to these objects as the coupling matrices.
A direct consequence of Eq. (2.4) is the following equivariance property of the coupling matrices:
Wongw(g-L)=Wyy(L), gelso(E?), (2.8)

which holds whenever the physics involved in the coupling of the resonators is Galilean invariant. For example, this invari-
ance will be broken in the presence of external fields or for couplings involving external frames and fixings.

Remark 2.5. Our choice of observing and quantifying the degrees of freedom in a co-moving frame is prominently mani-
fested in Eq. (2.8). Indeed, if instead the choice was to observe them from the fixed laboratory frame, then we had to specify
how the degrees of freedom transform under the Euclidean transformations and the right side of Eq. (2.8) would contain a
conjugation by such transformation. <

Example 2.6. The experimental platform introduced in [1] uses a seed resonator that consists of a rigid body fitted with
permanent magnets. The shape and mass distribution of the seed resonator as well as the positions of the permanent
magnets define the internal structure. If the seed resonator aligned with the laboratory frame, hence the one labeled by the
neutral element e, produces a magnetic field B.(p) at the point p € E3, then the resonator labeled by x = (ty, 1) € Iso(E3)
(see Appendix 6 for notation) produces at the same point p a magnetic field

Bx(p) =y (rx) - Be(x"' - p), (2.9)

where y represents the action of rotations on pseudo-vectors (or 2-forms). Now, let £ be a finite point set in Iso(E?)
specifying a stable equilibrium configuration of an ensemble of such resonators. If X is an out of equilibrium configuration
of the resonator labeled by x € £, then we encode its internal degrees of freedom in the element q, :=x~'% € Iso(E3).% In
the experimental conditions of [1], the potential energy of the mechanical system comes from the magnetic field’s energy,
written below in specific units,’

E=— / dp (Bnet(p), Bnet(p)), (2.10)
E3

where (-, -) is the standard scalar product of R3. The net magnetic field corresponding to a dynamical configuration (i.e. out
of equilibrium) is a linear superposition

Buet(p) = ) Bug,(p) = ) _ ¥ (rxq) - Be(q'x™" - p) (211)

xel xel

and the mechanical potential energy takes the form

Ve =— [ dp Y (v(rug,) Be(@y'x ™' p).y(ryq,) Be(q,'y ™" - p)). (2.12)
E3 x,yel

Using the invariance of the Lebesgue measure and of the scalar product against the actions of Iso(IE®), one can manually
check the equivariance of the potential

2 We can view q, as an element of R® by using a local chart of the Lie group Iso(E?). Note that, in the actual experiments, q, are constraint on
sub-manifolds of Iso(E3).

3 The energy of an object carrying a saturated magnetization M in an external magnetic field Bey is — f]Eg dp (M(p), Bext(p)). Since the self-interaction
does not vary with the configuration of the object, Bex: can promoted to the net magnetic field Bpet. This together with the fact that ng dp (Bnet(p) —
4 M(p), Bret(p)) = 0, valid in the absence of free currents, gives Eq. (2.10) up to a multiplicative factor. The latter is absorbed in our chosen units for
energy.
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Voo ({@gxtxes) = Ve ((@gatxec) - (213)
In fact, using those simple facts, we can re-write the potential as
Ve=- / dp Z (y(rq) - Be(qy" - p). Y (Fy-1yq,) - B.(q,'y 'x-p)). (214)
E3 x,yel

hence making it manifestly equivariant. <

Example 2.7. The case of a seed resonator fitted with permanently electrically polarized components can be analyzed in a
similar manner. Additional examples are discussed in section 2.8. <

2.5. Dynamical matrix

From now on, we restrict the discussion to the quadratic regimes. Consider generalized driving forces
Fy(t) = Re [(f,}, o f,ﬁV)e““f] —Re[fe'“], xec, (2.15)

applied on each of the resonators. To describe the response of the cluster more effectively, we encode the driving forces in
the vector | f) =3, . fx® |x) from the Hilbert space CN @ £2(L). Up to a short transient motion, the system responds as

~_1
qx([') = ‘_IX + MO 2 .Re [sxela)t] , (21 6)

where &, are the coefficients of the vector |&§) =3, . &, ® |x) from CN ® ¢2(L) satisfying the equation

~—1 ,
(D - DIE) =My > @If). D= Y wex(£)® XK, (217)
x,x'el
with
~—1l ~_1
Wy x (L) =My ? Wy (L) My € MN(C). (2.18)

Since arbitrary time-dependent driving forces can be decomposed in Fourier components, the conclusion is that the response
of the cluster to an external excitation reduces to the study of the spectral properties of the dynamical matrix D ., viewed
as a linear operator over the Hilbert space CN ® ¢2(£).

2.6. Controlling dynamics

In the applications of architected materials, one needs control over the coupling matrices, that is, a researcher should
be able to measure them with reasonable precision and be able to modify them according to the specifications of a given
application. Here, we identify a class of dynamical matrices that have a positive chance to be controlled in a laboratory. Of
course, these issues are relevant only for infinite architectures.

A coupling matrix wy x(£) is said to have finite coupling range if it vanishes whenever x" - x is outside a fixed compact
vicinity of the neutral element of Iso(IE). We claim that coupling matrices that have finite range and depend continuously
on £ can be measured in a laboratory. Indeed, the equivariance relation (2.8) assures us that it is enough to focus the obser-
vations only on x, x’ in a compact vicinity of the neutral element and, due to the assumed continuity, a good approximation
of the map £ — wy v (£) can be derived by interpolating a finite sampling of £’s. This assures us that, even for an infinite
architecture, we still have a chance to measure with enough precision every single coupling matrix of the system.

We can go one step beyond the class of systems described above. Indeed, any dynamical matrix that can be approximated
by such dynamical matrices with finite coupling ranges can be also controlled in a laboratory. Of course, when mentioning
approximations one needs to specify a norm on the dynamical matrices. The correct norm to consider here is the operator
norm on CN ® ¢2(L), because convergence of dynamical matrices in this norm implies convergence of their resonant
spectra. This gives us control over the spectral properties.

2.7. Alook ahead

We encoded the dynamics of the clusters of resonators in the dynamical matrix D . In the presence of Galilean invari-
ance, the equivariance relation (2.8) implies

Wexgx(g-L)=wyy(L), g€ [SO(Ed), (2.19)

which can be used to reduce the expression of the dynamical matrix

6
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De= ) Wyxe® L)®X)(X]. (2.20)

x,Xel

Among other things, this shows that the entire dynamics is encoded in My (C)-valued map we ¢(£), defined on tuples
(g, L) with g € L. This together with the discussion in subsection 2.6 is the point of departure for the operator algebraic
framework. Indeed, as we shall see in section 4, any dynamical matrix as in Eq. (2.20) can be generated as the left-regular
representation of an element from a stable, separable C*-algebra canonically associated to £. This is the stabilization of
the groupoid C*-algebra introduced in [27], which generalizes Bellissard-Kellendonk construction from the context of the
abelian group R? to that of general locally compact groups. To formulate this C*-algebra, we first need to give sense to
the continuity of the map (2.2) and of the coupling matrices, that is, to specify natural topologies on the domains of these
maps. In fact, the key to the operator theoretic formalism rests on the leap from the physical space to the topological space
where the architectures £ live.

As already implied above, the C*-algebra we just mentioned is invariant to modifications of the internal structure of
the seed resonator. Furthermore, by changing this internal structure, one can modify the coupling matrices and explore
the entire C*-algebra. Thus, it is possible to identify this C*-algebra with the smallest C*-algebra that covers the dynamics
of a lattice £ of identical resonators with adjustable internal structure. This effort is justified because the representation,
structure and K theories of this C*-algebra filter out all dynamical effects achievable with such mechanical systems (see it
at work in e.g. [1]). Furthermore, upon deformations of the architecture £, one can find many other mechanical systems
that have isomorphic C*-algebras and, as such, are equivalent from the dynamical point of view. The outstanding conclusion
is that the world of architected materials can be divided in well-defined classes and, if we want to discover new dynamical
effects in architected materials, the task is reduced to exploring different Morita equivalence classes of C*-algebras.

Remark 2.8. At the first sight, there might be an objection to our statement that we can actually achieve all available
coupling matrices, given the fact that our exposition was carried in the weak coupling regime. Note, however, that the
coupling matrices can be also manipulated via the inertia matrix Mo, which is not constrained in any way by the weak
coupling assumption. In particular, large values of the coupling matrices (2.18) can be generated by reducing the inertia of
the resonators. <

2.8. Other physical systems covered by analysis

Mode-coupling theory is an effective theory applying to weakly coupled discrete resonators. It works in specific windows
of frequencies, where only a finite number of resonant modes are active for the un-coupled resonators. Once these modes
are identified, the theory assumes that the collective resonant modes can be approximated by linear combinations of the
local resonant modes. In other words, the full Hilbert space of collective resonant modes is projected onto the subspace
spanned by such linear combinations. This automatically leads to discrete dynamical matrices as in Eq. (2.17). If the coupling
of the resonators is mediated by a homogeneous medium, then the equivariance relation (2.19) holds, hence, the dynamics
of these systems is covered by our analysis. Concrete examples include coupled acoustic cavities [22], patterning of surfaces
[50], coupled plate resonators [38], coupled electromagnetic cavities or photonic resonators [52].

It is important, however, to stress that our analysis and predictions are not bound only to those systems. Discrete res-
onators can be coupled via man-designed bridges and other synthetic couplings. Our predictions still apply as long as these
couplings are designed from the geometric information encoded in £ and are insensitive to the rigid displacement and ro-
tation of the coupled pairs. Thus, the task of an experimentalist will be to engineer the pairwise coupling matrices wy x (£),
by natural or synthetic means, such that they depend continuously on x and x/, as well as on £, and, in addition, satisfy the
equivariance relation (2.19).

Given the discussion in the previous paragraph, we will go as far as saying that interesting laboratory models can be
constructed from lattices of general locally compact groups (see [37] for more details on such efforts). If one is interested
in discovering new dynamical features in a systematic and controlled fashion, this is certainly a path worth exploring. The
mathematical formalism of the next sections is developed for this very general context.

3. The space of patterns and associated concepts

The work of Enstad and Raum in [27] introduces a purely topological route to the C*-algebra canonically associated to a
pattern (i.e. closed subset) in a Icsc group. Their approach is extremely general since it employs the standard Fell topology
of the space of closed subsets and it relies solely on topological means to define uniformly discrete patterns. The alternative
will be to endow the group with a metric and to generalize the induced Hausdorff metric on the space of compact subsets to
a metric on the space of closed subsets, as it has been successfully done in the context of the abelian group RY [32,30,36].
However, it has been already recognized that those constructions lead exactly to the Fell topology [9], which can be seen
from [10][Prop. E.1.3] and [30][pg. 16]. For these reasons, the formalism put forward in [27] feels very natural and fits well
with all the details of the applications we have in mind. Therefore, we decided to adopt it here and abandon our earlier
efforts on alternative approaches. As an upshot, most of the technical results needed along the way have been already
supplied in [27], which means we can focus on physical interpretations and examples.

7
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3.1. Topologizing the space of patterns

For us, a pattern in a topological space is just a closed subset of that space. As we have seen in section 2, the physical
systems like the one illustrated in Fig. 2.1 are associated to discrete subsets of the Icsc group Iso(E?). Of course, the main
interest is in unbounded subsets and this is the main source of difficulties. Thus, our first task is to describe the space of
closed subsets of a Icsc group. Most of what we say is reproduced from [29].

Definition 3.1 (/29]). Let X be any fixed topological space and let C(X) be the family of all closed subsets, hence including
the void set @. For each compact subset K of X and each finite family F of nonvoid open subsets of X, let U(K; F) be the
subset of C(X) consisting of all Y such that: (i) Y N K =@, and (ii) Y N F # @ for each F € F. The Fell topology on C(X) is
defined by the subbasis consisting of such U(K; ).

Proposition 3.2 ([29]). If X is locally compact, then the space C(X) of patterns in X is automatically a compact Hausdorff space.

If X is Icsc, then C(X) is second-countable too and its topology can be described by convergence of sequences. The
convergence of sequences for the Fell topology can be described in the following concrete terms:

Proposition 3.3 ([10]). Let C,,, C € C(X) for eachn € N. Then Cy, converges to C in the Fell topology if and only if both of the following
statements hold: (i) Whenever x € C then there exist x, € Cn such that x, — x, and (ii) Whenever (ny)yenN iS a subsequence of N and
Xn, € Cp, convergestox € X, thenx € C.

As we already mentioned in section 2, one of the tasks for us is to address the continuity of the map (2.2). The practical
criterion from Proposition 3.3 reflects exactly what one will intuitively think of a continuous deformation of the pattern £,
namely, a continuous displacement of its points. Thus, Fell topology on the domain of the map (2.2) gives the answer to our
first challenge.

3.2. Classes of discrete patterns

From here on, we specialize the discussion to the case when X is a Icsc topological group G. In such instances, G plays
both the passive role of hosting a pattern and the active role of space transformations. For the former, we will denote the
elements of G by x, y, ..., and for the latter we will use g, g/, .... We continue to denote its neutral element by e. The right
action of the group on itself can be elevated to a continuous G-action on C(G):

g-C={xg"!, xeC}, geG, CeC@G). (3.1)

The following it is claimed in [27] to be standard terminology for point sets in frame theory, though we were not able
to identify the source of it.

Definition 3.4 (/27]). For £ € C(G) and S C G, one says that £ is

1) S-separated if |[LNg-S| <1 for all geG;
2) S-dense if [CNg-S|>1 forall geg.

Definition 3.5 ([27]). A subset £ C G is called uniformly separated if there exists a non-empty open set U C G such that £
is U-separated. The set £ is called uniformly dense if there exists a compact subset K C G such that £ is K-dense. If £ is
both separated and relatively dense, then it is called a Delone set.

From our discussion in section 2, it is evident that, in such applications, we are dealing with uniformly separated subsets
of Iso(E%). For example, the resonators in Fig. 2.1 cannot be overlapped and also the regime of small couplings was invoked
in section 2. Thus, in these applications, the origin of the seed resonator can be surrounded by an imaginary ball B of the
Euclidean space and these rigidly attached balls should not overlap when copies of the seed resonator are incorporated
in the designs of the metamaterials. This imaginary ball then leads to the open set U = B x 0(d) in Iso(E%) and to a U-
separated architecture £. This kind of designs, however, do not exploit to the fullest what Iso(IE%) has to offer. In principle,
any open set U C Iso(E%) can be used to shape the resonators and this gives us hopes there is plenty to be explored and
discovered with these physical systems.

A Delone pattern is usually associated to the bulk of a material. However, a typical application of the operator theoretic
methods is to the so called bulk-defect correspondence principle [44] and a metamaterial with a defect is rather associated
to uniformly separated patterns. Hence our focus from now on is on such patterns. The following statement gives a first
characterization of these families:
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Proposition 3.6 ([27]). For any non-empty open set U C G, the set of U-separated sets is closed in C(G).

Note that, among other things, the above statement assures us that the limit of a sequence of U-separated closed subsets
is also U-separated.

3.3. The hull and transversal of a pattern

The concepts introduced here make sense for generic patterns in a lcsc group G. Therefore, we will keep the presentation
at that level of generality and then follow with specific examples relevant for the physical systems discussed in section 2.

Definition 3.7. The closure of the orbit of £ € C(G) under the natural G-action is called the hull of £:

Qe={g-L, geCl (3.2)

Since C(G) is compact, Q2 is compact for any £ € C(G). Furthermore, since the property of a closed subset of being
U-separated is unaffected by translations, any member of Q. is U-separated if £ is U-separated. A fine point noted in [27]
is that, if a pattern is not uniformly dense, then €, contains the empty set ¢ as an invariant point. Thus, the proper space
for analysis is:

Definition 3.8 (/27]). The punctured hull of £ is defined as:

Q5 =g\ 0. (3.3)

Qz is a locally compact space. Most that will be said from now on builds on the dynamical system (G, QZ). An essential
role will be undertaken by its standard Poincaré transversal:

Definition 3.9. The standard transversal of (G, QZ) is
Br={L'eQ, eecl}C Q. (3.4)

The standard transversal is closed in 2 and has no intersection with @, hence it is actually a compact subspace of €.
The applications of the operator theoretic approach to materials science rests quite heavily on the ability to calculate E.
In the physics literature, this space is called the phason space of the pattern.

Remark 3.10. For the patterns described in section 2, a practical way to think about the transversal is as follows. Using rigid
motions, we can place a resonator of the pattern at the origin, with its intrinsic frame aligned with that of the laboratory.
We take a picture of the resulted pattern with a camera located above the origin of the laboratory frame and we place that
picture in E,. We repeat the process until each resonator gets to sit at the origin once and then we take the topological
closure of the discrete set of patterns so obtained. The criterion spelled in Proposition 3.3 is instrumental for this last
step. <

3.4. Examples

The success of the C*-algebraic framework, as applied to the context discussed in section 2, is very much conditioned by
ones ability to map out the standard transversals. While these applied aspects will be scrutinized in our future works, here
we illustrate several instances where the standard transversal can be mapped without much effort. We use these examples
to highlight the differences emerging when the patterns are seen as subsets of Iso(E¢) or of R¢.

Example 3.11. The pattern of resonators in Fig. 3.1 was generated by acting with the space-group p2 on an initial triangle
slightly displaced from the origin. This displacement is needed in order for the centers of the resonators to generate a
uniformly separated point set. According to Remark 3.10, we should move each resonator to the origin of the laboratory
frame and align the two. This is done in Figs. 3.1(b,c) for two randomly picked resonators. As one can see, the resulted
patterns look the same in the two situations, and evidently will look the same if we sample other resonators. As such, the
standard transversal consists of a single point, the pattern that we see either in panel (b) or (c). <

Example 3.12. The pattern from Fig. 3.2 was generated as in Example 3.11, but using the wallpaper group p4. The conclusion
is the same, namely the transversal of the pattern consists of a single point. These two findings are not singular. In fact,
any pattern generated by acting with a wallpaper group on a seed shape will have a singleton transversal. Examples of
architected materials designed with such algorithms can be found in [38]. <

9
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Fig. 3.1. (a) Section of an infinite pattern generated with p2 wallpaper group. The intrinsic frame attached to the resonators is indicated by the blue/red
axes. (b) A view of the pattern after it was rigidly handled until the resonator highlighted in red in panel (a) is aligned with the laboratory’s coordinate
system. (c) Same as (b) for the resonator highlighted in blue in panel (a). This should convince the reader that the pattern looks the same no matter
which resonator we pick. As a result, the transversal of this pattern consists of a single point. (For interpretation of the colors in the figure(s), the reader is
referred to the web version of this article.)
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Fig. 3.2. Same as Fig. 3.1, but for the wallpaper group p4.
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Fig. 3.3. The pattern shown in the top row was generated by repeated translation and rotation by angle 6 = % starting from the seed triangle 0. The
bottom row shows how the pattern looks after different resonators have been aligned with the laboratory frame.

Remark 3.13. As abstract patterns, the motifs from Figs. 3.1 and 3.1 can be certainly seen as closed subsets of the group
R? of pure translations. In this case, their standard transversals, as defined in Definition 3.9, are homeomorphic to two,
respectively, four copies of the seeding shape. If, instead, we follow Kellendonk’s recipe for constructing a transversal and
take the origin of the local frames as the pictures of the tiles, we find transversals that consists of two, respectively, four
points. <

Example 3.14. Fig. 3.3 displays a pattern of resonators generated by repeated application of (t,r) € Iso(IE?) on a seed
triangle, where ¢ is a translation and r is a proper rotation by an angle 6 that is incommensurate with 27 (see appendix 6
for notation and other details). Fig. 3.3 also shows rigid shifts of the pattern resulted from aligning different resonators
with the laboratory’s frame. Each of those patterns represent a point of the transversal E.. As one can see, the axis of the
pattern rotates and also the local environment of the aligned resonator changes as well as a result of these actions. Still,
there is a bijection between the orbit of £ generated by these alignments and the points nd of the circle 2R /Z. The latter
densely fill the circle and it is not difficult to show (see [34] for such an exercise) that the transversal, which is the closure
of the orbit, is homeomorphic with the full circle. <

10
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Fig. 3.4. Same as Fig. 3.1 but with random fluctuations in the configuration of the initial shape.

Remark 3.15. Example 3.14 can be viewed as a quasi 1-dimensional physical system without a defect, but note that its
natural description and computation of the transversal still involves the Euclidean group Iso(IE2). As a point set of Iso(IE2),
this pattern is uniformly separated but not a Delone set. This also shows why the class of uniformly separated patterns is
actually the natural one to consider for this kind of applications. <

Remark 3.16. We can use Example 3.14 to showcase some practical advantages brought in by the leap to the full Euclidean
group. The quasi-periodic patterns of point resonators are quite popular with the materials scientists. In the existing ap-
plications, some already mentioned in section 1, the patterns were generated by pure translations of the seed resonators,
following certain algorithms (see e.g. [1] or [22]). In such cases, the physical systems are treated as point sets in RY and
the standard transversal can be shaped as circles or tori. Many dynamical effects can be, theoretically, brought to life by
driving the phason along topologically nontrivial paths inside such transversals. This, unfortunately, is a very difficult task
in practice, especially if only translations are allowed. For the pattern from Example 3.14, however, a driving of the phason
can be accomplished by synchronously rotating the resonator while holding their centers fixed, which is a much simpler
procedure. This is not an isolated example since upgrading from the group of pure rotations to the full group of Euclidean
isometries brings in more opportunities that can be exploited in specific applications (see [39] for specific examples). <

Remark 3.17. It will be difficult here to apply Kellendonk’s prescription, which requires tiling of the space. <

Example 3.18. The pattern in Fig. 3.4 was generated using again the discrete subgroup p2, but each isometry from the
p2 group was applied on a different initial shape. These initial shapes were generated by applying (t,r) € Iso(IE?) on
a triangle aligned with the laboratory frame, where (t,r) were sampled randomly and uniformly from the set (to,ro) -
Be x [—€, €], where B¢ is the e-ball of E2 centered at the origin. Here, we used the parametrization (6.9) of Iso(IE2).
These random fluctuations can be a result of inherent experimental errors. In his case, the transversal is the product space
(Be x [—€, €])*P? equipped with the product topology. This space comes with a continuous action of p2. <

Example 3.19. Additional examples can be found in [4]. <

4. Dynamics by groupoid methods

This section describes the groupoid canonically associated to a pattern. We pay equal attention to the algebraic structure
and the topology of this groupoid. A Haar system is generally needed to build a C*-algebra over such groupoid. An important
aspect of the present context is that the groupoids associated to uniformly separated patterns are etalé and such groupoids
come with an intrinsic Haar system, hence with an intrinsic C*-algebra. The main statement of the section is that this
C*-algebra generates the dynamical matrices of the resonant physical systems discussed in section 2, through its standard
left regular representation.

4.1. Topological groupoid associated to a pattern
To keep the exposition as streamlined as possible, we assume a readership familiar with basic notions related to
groupoids. Valuable sources of information on the subject are [46,48,51].

Any topological dynamical system, hence (lso(IEd), QZ) too, has a canonically associated transformation groupoid. A
more general yet simpler structure is that of generalized equivalence and its associated topological groupoid:

Definition 4.1 ([51], p. 5). Let G be a group and X a set. Then X x G x X can be given the structure of a groupoid by adopting
the inversion function

11
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x gy =g, (41)

the range and source maps

tx, g, ) =(xe%), skxgYy =(y.eY), (4.2)

and by declaring that two triples (x, g, y) and (w, h, z) are composable if y = w, in which case the product is

(%,8,Y)- (¥, h,2):=(x, gh, 2). (4.3)

If X is a topological space and G is a topological group, then X x G x X becomes a topological groupoid if endowed with
the product topology.

Using this simple groupoid structure, we can effortlessly describe both the algebraic structure and topology of a trans-
formation groupoid:

Definition 4.2 ([51] p.6). Let G be Icsc and X be a Icsc topological G-space. Then the transformation groupoid of (X, G) is the
lcsc topological sub-groupoid of the groupoid introduced in Definition 4.1 consisting of the triples (x, g, y) with x=g-y.
The topology is that induced from X x G x X.

From now on, we will fix a pattern Lo € C(G) in a Icsc group G. For the start, £ can be any closed subset. When applied
to <G, on) the above definition leads to the lcsc groupoid §LO with source § and range t maps

s5(g-L,g8,.0)=(L,e, L), t(g-L,g.L)=(g-L,e,g-L). (4.4)

Its space of units §%0 :=§(§£0) = E(?LU) coincides with the punctured hull on.

Definition 4.3. The canoni~cal topological groupoid G, associated to the closed pattern Lo € C€(G) is the restriction of g Lo
to the transversal E¢, C 9%0 of Definition 3.9:

Gy =5 1(Egy) NT 1(Egy). (4.5)

Its space of units 9% coincides with Eg,, hence it is a compact space. Among other things, this assures us that its
groupoid C*-algebra has a unit. The canonical groupoid of a pattern can be characterized more concretely in a form that
brings it more closely to the ones seen in the physics applications:

Proposition 4.4. The topological groupoid canonically associated to a pattern Lo € C(G) consists of
1. The set of tuples
Sco=1{(g. L), LeEp, gL} CGx Eg,, (4.6)
equipped with the inversion map

gL '=@g g L=g-(2L) (4.7)

and lcsc topology inherited from G x E,.
2. The subset of Gz, x G, of composable elements

5% = (€. £). (8. £)) €54 X Gior L' =2+ L} @8

equipped with the composition
&.L)(g.L)=(g's L) (4.9)
The source and range maps of G ¢, are
s(g,L)=(,L), vg L)=(,g-L). (4.10)
Proof. Since
571(L,e, L) ={(g-£.8.L), §€G) (411)

12
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and

v 1(Le,L)={(L, g7, g-£),8€G}, (412)

(g- L, g, L) belongs to the intersection (4.5) if and only if £ and g - £ both belong to E,. This automatically constrains g
to be on the lattice £ arld. vice versa, if g € £, then (g- £, g, £) belongs to the intersection (4.5). Thus G, can be presented
as the sub-groupoid of G, consisting of the triples

(8-£.8.£)€5c,, LeBg,CQf,. gek, (413)

endowed with the topology inherited from G £o- Lastly, we can drop the redundant first entry of the triples. O

Example 4.5. In the case when E, is generated with a wallpaper group, as in Examples 3.11 and 3.12, the transversal
consists of single point and G, reduces to the wallpaper group itself. <

Example 4.6. For the setting from Example 3.18, G, is isomorphic with the transformation groupoid associated to
(P2, (Be x [—€,€])*P?). &

In [41], the authors introduced an equivalence relation on groupoids that ensures that their associated C*-algebras are
Morita equivalent. In this context, they introduced the notion of abstract transversal:

Definition 4.7 ([41]). Let G be a lcsc groupoid with source and range maps s and ¢, respectively. An abstract transversal for
G is a closed subset E of its space of units G0 such that 2Nt (5*1 (x)) @ for any x € §° and s and ¢ are both open maps
when restricted to v~1(E).

Remark 4.8. The notion of group action on topological spaces can be generalized to actions of groupoids [41] (see also
[51][Def. 2.1]). For the transformation groupoid associated to a dynamical system (G, €2), the groupoid action on its space
of units is determined by the action of G on Q. Note that t(s”(x)) appearing in the above definition is just the orbit
of x under the G-action. Thus, an abstract transversal intersects every G-orbit. The other conditions ensure that the no-

—

tion of transversal intersection is compatible with the topological groupoid structure. Thus, E is the analog of a Poincaré
section. <

Proposition 4.9 ([41]). If € is an abstract transversal for G, then G and G| g := s~ (E) Nt~ (E) are equivalent groupoids. In particular,
their respective groupoid C*-algebras are Morita equivalent.

In our context, the following statement assures us that g £, and Gz, are equivalent groupoids.

Proposition 4.10 ([27]). Let Lo be a uniformly separated pattern in G. Then the standard transversal E ¢, from Definition 3.9 is an
abstract transversal for Gz,

Remark 4.11. Both groupoids 550 and G, are equally useful in physical applications [5,32]. For example, most of the time,
the empirical input, such as probability measures on the spaces of units, is readily available for G, but, as explained below,
the analysis is simpler on G.,. <

Definition 4.12 ([48], Def. 8.4.1). A topological groupoid G is called étale if the range map is a local homeomorphism.

Remark 4.13. The étale groupoids can be thought as generalizations of discrete groups. Their fibers t~!(x) and s~'(x) are
discrete topological spaces for any x € G° and any étale groupoid admits a canonical Haar system supplied by the system of
counting measures on each fiber [46, Def. 2.6, Lemma 2.7]. <

The following remarkable result from [27] characterizes the uniformly separated patterns in a lcsc group via their canon-
ical groupoid C*-algebras:

Proposition 4.14 ([27]). Consider a lcsc group G and Lo € C(G). Then the groupoid G ¢ is étale if and only if Lo is uniformly separated.

The important conclusion is that any of the physical system described in section 2 has an underlying Icsc étale groupoid.

13
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4.2. The groupoid C*-algebra of a uniformly separated pattern

The linear space C, (950, MN((C)) of compactly supported My (C)-valued continuous functions on G, can be endowed
with the associative multiplication

(fi* f2)(@ L) =Y fi(g (& L) f(g. L) (414)

g'el

and x-operation

f*g L= f((g,L)’l)T =fig g o (4.15)

The resulting *-algebra is completed to a C*-algebra by using the natural right-module structure of C,. (9 Lo» MN ((C)) over
the C*-algebra C (Ec,, Mn(C)). The latter can be promoted to a C*-Hilbert module structure via the C (Ec,, Mn(C))-
valued inner product

(1lf2)(L) = p(fi * f)(L) =D fr(g. L)'+ fa(g. £). (4.16)

gel

where p is the restriction map

P Ce (S0, MN(T)) = C (Ee, MN(C)), (0f) (L) = f(e, £). (4.17)

If Ez, is the Hilbert C*-module completion of C. (950, MN(C)) in this inner product, then the convolution from the left
supplies a left action of the x-algebra C. (SLO,MN((C)) on E., by bounded adjointable endomorphisms, extending the
action of C¢ (Sz,. Mn(C)) on itself.

Definition 4.15 (/35]). The reduced groupoid C*-algebra of G, over the C*-algebra My(C) is the completion of the core
algebra C¢ (Gzo, Mn(C)) in the norm inherited from the embedding

Ce (S0 MN(C)) — End*(E )
and is denoted C; (Sz,. Mn(C)).

Remark 4.16. If N =1, we simplify the notation to C}(G¢,) and refer to this algebra as the groupoid C*-algebra of G.,.
There is a standard isomorphism C; (950, MN(C)) ~ Mn(C) ® C}(G¢,), so those more general C*-algebras appearing in
Definition 4.15 are just matrix amplifications of the groupoid C*-algebra of G,. We recall that such matrix amplifications
have no impact on the K-theory. The isomorphism we just mentioned will come handy in section 4.4, where we make the
connection with the models discussed in section 2. <

Remark 4.17. For a second countable, Hausdorff, étale groupoid G, the reduced C*-algebra is separable. In turn, this implies
that its K-groups are countable [17] and this is of fundamental importance for the sought applications because it enables a
sensible enumeration of the topological dynamical states supported by a class of metamaterials. <

Remark 4.18. For non-amenable groupoids, their reduced and full C*-algebras are distinct. For the concrete applications
discussed in section 2, it is the reduced C*-algebra that is relevant. <

Example 4.19. Given the discussion in Example 4.5, it is immediate to see that, when the pattern is generated using a
wallpaper group G as in Examples 3.11 and 3.12, there is an isomorphism C}(Sz,, Mn(C)) ~ Mn(C) ® C(G), where the
latter is the reduced group C*-algebra of G. <

Remark 4.20. If the patterns from Examples 3.11 and 3.12 are seen as closed subsets of R?, as discussed in Remark 3.13,
then the associated groupoid algebra will be Myn(C) ® C;‘(ZZ), where o =2 and 4, respectively. These C*-algebras are
strictly larger than the group C*-algebras of the wallpaper groups that generated the patterns in the first place. <

Example 4.21. The reduced groupoid C*-algebra corresponding to the transformation groupoid of a G-space coincides with
the corresponding reduced crossed product C*-algebra [51, Example 1.51]. Therefore, for the setting discussed in Exam-
ple 3.18, the canonical groupoid C*-algebra reduces to the crossed product algebra associated to the dynamical system
(P2, (Be x [—€,€D)*P?). ©

Example 4.22. For the pattern from Example 3.14, the groupoid algebra reduces to the tensor product of My(C) and the
crossed product C(S!) x Z, where the action of Z is by rotation by 8. <

14
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4.3. The left-regular representations

The restriction map o introduced above extends by continuity to a positive map between C*-algebras. By composing p
with the evaluation maps

jr :C(Ege MN(C)) — MN(C), jo(x) = Xx(L) (418)

for some £ € E,, one obtains a family of My(C)-valued positive maps. By further composing with the trace state on
Mp(C), one obtains a family of states

pe=Trojsop (4.19)
on C} (9 Lo» MN(C)), indexed by the transversal E.,. The GNS-representations corresponding to these states supply the
left-regular representations of the C* algebra C; (SLU, MN((C)).

4.4, Sorting dynamics with groupoid algebras

We are now in the position to make the connection with the dynamical matrices (2.20) analyzed in section 2. We recall
that our stated goal is to determine the smallest C*-algebra which generates all dynamical matrices associated to a given
aperiodic architecture of identical resonators with adjustable internal structure.

We specialize the discussion to the particular case when the Icsc group G is Iso(E4) and £y is one of its uniformly
separated patterns, representing a specific configuration of identical resonators.

The Hilbert space corresponding to GNS-representation induced by p is

H g = 02 (5—1(L),<CN)=z2 (L,(CN), (4.20)
the space of CN-valued square summable sequences over £, and the representation acts explicitly as
re(NelEe) =" f (g (& 0) 9@, gek pee(c.CV), (421)
gel

which follows directly from Eq. (4.14). In particular,*

meHalg)=> f(gd @L) axlg). aeCl (4.22)
gel

Below, we reproduce the expression (2.20) of a generic dynamical matrix

De= ) Wyxe® L) ®x)(X] (4.23)

x,x'el

and, obviously,

De@®X) =Y Wy L) a®x). (4.24)
xel

We now recall the discussion from subsection 2.6 and, by comparing Eqgs. (4.21) and (4.23), we see that a dynamical matrix
with finite coupling range can be generated as the left-regular representation of an element f from the core sub-algebra,
if we take f(g,L):=wge(L) for any (g, L) € G,. Since these sets are dense in both the space of acceptable dynamical
matrices and the groupoid C*-algebra, we can conclude that C; (9 L,MN((C)) generate all dynamical matrices that can be
controlled in a laboratory, for a fixed number of internal degrees of freedom.

Various dynamical effects, such as topological pumping, topological phase transitions, etc., require deformations of the
internal structures of the resonators. During such deformations, the degrees of freedom carried by the seed resonator may
be continuously turned on or off. Hence, we need to define a C*-algebra that covers such situations and, furthermore, gives
a precise sense to what it means to “continuously” turn on and off a degree of freedom. For this, we recall the isomorphism
from Remark 4.16 and note the following canonical embedding

Cr(G2q, MN(C)) = MN(C) ® 7 (Gz0) = K ® C7 (Gz,)s (4.25)

where K is the algebra of compact operators over £2(£). Thus, K ® C} (S, is a natural solution for the problem we just
described. Furthermore, as argued in subsection 2.7, this is the smallest C*-algebra among the possible solutions, hence, it
is the algebra we were actually looking for. At this point, we have justified the statements 1) through 5) in our introductory
section 1 and statement 6) is a direct consequence of those statements.

4 Here, a ® |g’) represents the map ¢(g) =adgyg.

15



B. Mesland and E. Prodan Journal of Geometry and Physics 196 (2024) 105059

5. Outlook

This section indicates several directions in materials science and research that can be efficiently investigated with the
formalism developed by our work.

Firstly, if the dynamical matrix D, displays an isolated band A of resonant spectrum, then we can define the spectral
projection P onto A, usually called the band projection and observe the time evolution of a state v excited from PoH,.
Since this time evolution cannot escape this subspace, PAJ{¢, defines an invariant for dynamics. As it is well known,
these invariants are accounted for by the Ko-theory of C}(G¢,), and here is where the C*-algebraic framework can make
fine contributions to our understanding of the dynamics of these physical system [5,7]. Our formalism opens such lines of
research for contexts that were not explored yet.

Secondly, we already mentioned that the bulk-defect correspondence principle can be formulated very generally and
precisely using groupoids, to a point where a full classification of materials defects can be attempted [18,44]. There is
already plenty of evidence that possible point symmetries of defects can highly enhance the bulk-defect correspondences
[23]. For example, the point-defects of the patterns examined in Examples 3.11 and 3.12, can still display a symmetry
relative to a point group. If this is the case, then our formalism leads to a defect C*-algebra that is stably isomorphic to the
group C*-algebra of this point group. This means that the bulk-defect correspondence lands in the representation ring of
this point group, thus possibly leading to interesting topological defect states. In contradistinction, in a formalism that only
engages the group of pure translations, the defect C*-algebra is always isomorphic to K, hence no such refined predictions
are possible.

Thirdly, the mathematical framework can be applied to patterns of resonators generated with other lcsc groups, but
one has to be careful on the physics side. For example, fractal patterns engage the scaling transformation of the Euclidean
space. Thus, an interesting direction will be to upgrade from Iso(E9) to the sub-group Sim(E¢) of the affine transformations
generated by the isometries and dilation. In this case, however, the equivariance (2.19) is no longer ensured by natural laws
and, instead, it needs to be enforced by finely tuning the internal structure of the resonators, which, nevertheless, is within
the reach of the present manufacturing capabilities.

Lastly, the cyclic cohomology of the groupoid C*-algebra and its pairing with the K-theory [24] supplies the venue for
us to discover the topological responses to external stimuli for entirely new classes of materials, e.g. by following [18,19] as
models of analysis.

6. Appendix: the Euclidean spaces and their groups of isometries

At the conceptual level, the resonators live in the group of isometries of their ambient physical spaces. As such, we collect
in this appendix some known facts about the algebraic and topological characteristics of these groups. The information will
come handy when we discuss particular examples, though, it will play little role in the main formal developments.

6.1. Generic facts

The d-dimensional Euclidean space E? consists of the set RY equipped with the metric

d(x, y) 1= [Zj:](xj - yj)2i| . (6.1)

“wn

We will consistently represent a point of R? as a column vector with d entries and use
Furthermore, we let Homeo(IE?) denote the group of homeomorphisms of E¢.

to indicate matrix multiplications.

Proposition 6.1 ([3]). The set Homeo(E?) equipped with the compact-open topology inherited from E? is a topological group, i.e.
multiplication and inversion maps are both continuous in this topology.

Remark 6.2. Certain fine aspects about the above statement are worth recalling. If a topological Hausdorff space is compact,
then its group of homeomorphisms is automatically a topological group when equipped with the compact-open topology.
This is not always the case for non-compact space. It is true in this particular case because the compact-open topology on
Homeo(E9) coincides with the one inherited from the one-point compactification aIE¢ of the Euclidean space [26]. <

Definition 6.3. The Euclidean group Iso(E?) is defined as the topological sub-group of Homeo(E9) containing the set of
isometric homeomorphisms,

Iso(EY) := {f € Homeo (EZ) (), F(y) =d(x, y) VX, y € Ed} . (6.2)
By definition, the topology of Iso(E?) is that inherited from Homeo(E{).
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6.2. Structure and topology of the Euclidean groups

The topological group R? acts by translations on E¢ and is a normal sub-group of Iso(IE9). The topological group O (d)
acts by rotations on E¢ and is also a sub-group of Iso(E¢), though not a normal one. It consists of the set of orthogonal
matrices

o0d)y={reMy@R), r-rl =rT .r=1y) (6.3)

and the topology inherited from Homeo(E?) coincides with the one induced by the metric

do(r,r') = |Ir —r'||us. (6.4)

where | - ||ys is the Hilbert-Schmidt norm. The Euclidean group can be presented as the semi-direct product

Iso(EY) =R xp 0(d), Br(v)=r-v. (6.5)

Thus, an element of Iso(E9) can be uniquely presented as a tuple (v, r), with v € R? and r € 0(d), and composition and
inversion rules

(V1,1 (V2,12) = (Vi +11-va, 11 -12), (v,r) = (=r"T.v,rh). (6.6)

We will reserve the symbol 1 for the neutral element (0, I) of Iso(E). As a topological space, Iso(E9) = R? x 0 (d), with
the group appearing on the right reduced to a topological space.

Regarding the structure of O(d), any orthogonal matrix has determinant det(r) = 1 and, since the determinant is a
continuous map, this implies that O (d) has at least two connected components, the pre-images of +1 through the deter-
minant map, which turn out to be the only connected components of O(d) [31]. Furthermore, since the determinant is a
topological group morphism, the connected component of the neutral element I; is a normal sub-group of O(N), called the
special orthogonal group and denoted by SO (N). This leads to the following split exact sequence

{e} > SO(d) — 0(d) — 0(d)/SO(d) ~ Z, — {e}. (6.7)

6.2.1. Dimensiond = 2

In this case, the generator of Z, can be embedded in O(2) via the matrix p = ((1) é) which has a nontrivial action by

conjugation. Thus, O (2) is the internal semi-direct product O(2) = S0(2) x (p, I2x2) and, as a topological space,

0(12) ~S! x {1, +1}. (6.8)
Hence, as a topological space,

Iso(E?) ~R? x ST x {—1, +1}. (6.9)

6.2.2. Dimensiond =3
In this case, the exact sequence (6.7) leads to a direct product O(3) = S0 (3) x {lgxd, —laxq} and to a topological space,
0(3) ~RP3 x {—1, +1}. Hence, as a topological space,

Iso(E®) ~ R> x RP3 x {—1,+1}. (6.10)
Data availability
No data was used for the research described in the article.

References

[1] DJ. Apigo, K. Qian, C. Prodan, E. Prodan, Topological edge modes by smart patterning, Phys. Rev. Mater. 2 (2018) 124203.

[2] DJ. Apigo, W. Cheng, K.F. Dobiszewski, E. Prodan, C. Prodan, Observation of topological edge modes in a quasi-periodic acoustic waveguide, Phys. Rev.
Lett. 122 (2019) 095501.

[3] R. Arens, Topologies for homeomorphism groups, Am. J. Math. 68 (1946) 593-610.

[4] S. Beckus, T. Hartnick, F. Pogorzelski, Symbolic substitution systems beyond abelian groups, arXiv:2109.15210v1, 2021.

[5] J. Bellissard, K-theory of C*-algebras in solid state physics, Lect. Notes Phys. 257 (1986) 99-156.

[6] J. Bellissard, A. van Elst, H. Schulz-Baldes, The non-commutative geometry of the quantum Hall effect, ]. Math. Phys. 35 (1994) 5373-5451.

[7] J. Bellissard, Gap labeling theorems for Schroedinger operators, in: M. Waldschmidt, P. Moussa, J.-M. Luck, C. Itzykson (Eds.), From Number Theory to
Physics, Springer, Berlin, 1995.

[8] J. Bellissard, Noncommutative geometry of aperiodic solids, in: H. Ocampo, E. Pariguan, S. Paycha (Eds.), Geometric and Topological Methods for
Quantum Field Theory, World Scientific Publishing, River Edge, 2003.

17



B. Mesland and E. Prodan Journal of Geometry and Physics 196 (2024) 105059

[9] J. Bellissard, private communication.

[10] R. Benedetti, C. Petronio, Lectures on Hyperbolic Geometry, Universitext, Springer Verlag, Berlin, 1992.

[11] M. Bjorklund, T. Hartnick, Approximate lattices, Duke Math. J. 167 (2018) (2018) 2903-2964.

[12] M. Bjorklund, T. Hartnick, Analytic properties of approximate lattices, Ann. Inst. Fourier (Grenoble) 70 (2020) 1903-1950.

[13] M. Bjorklund, T. Hartnick, Spectral theory of approximate lattices in nilpotent Lie groups, Math. Ann. 384 (2022) 1675-1745.

[14] M. Bjorklund, T. Hartnick, F. Pogorzelski, Aperiodic order and spherical diffraction, I: autocorrelation of regular model sets, Proc. Lond. Math. Soc. 116
(2018) 957-996.

[15] M. Bjorklund, T. Hartnick, F. Pogorzelski, Aperiodic order and spherical diffraction IlI: the shadow transform and the diffraction formula, ]. Funct. Anal.
81 (2021) 109265.

[16] M. Bjorklund, T. Hartnick, F. Pogorzelski, Aperiodic order and spherical diffraction II: translation bounded measures on homogeneous spaces, Math. Z.
300 (2022) 1157-1201.

[17] B. Blackadar, K-Theory for Operator Algebras, 2nd edition, Mathematical Sciences Research Institute Publications, vol. 5, Cambridge Univ. Press, Cam-
bridge, 1998.

[18] C. Bourne, B. Mesland, Index theory and topological phases of aperiodic lattices, Ann. Henri Poincaré 20 (2019) 1969-2038.

[19] C. Bourne, E. Prodan, Non-commutative Chern numbers for generic aperiodic discrete systems, J. Phys. A, Math. Theor. 51 (2018) 235202.

[20] H. Chen, H. Zhang, Q. Wu, Y. Huang, H. Nguyen, E. Prodan, X. Zhou, G. Huang, Creating synthetic spaces for higher-order topological sound transport,
Nat. Commun. 12 (2021) 1-10.

[21] W. Cheng, E. Prodan, C. Prodan, Experimental demonstration of dynamic topological pumping across incommensurate bilayered acoustic metamaterials,
Phys. Rev. Lett. 125 (2020) 224301.

[22] W. Cheng, E. Prodan, C. Prodan, Revealing the boundary Weyl physics of the four-dimensional Hall effect via phason engineering in metamaterials,
Phys. Rev. Appl. 16 (2021) 044032.

[23] C.-K. Chiuy, J.C.Y. Teo, A.P. Schnyder, S. Ryu, Classification of topological quantum matter with symmetries, Rev. Mod. Phys. 88 (2016) 035005.

[24] A. Connes, Noncommutative differential geometry, Publ. Math. Inst. Hautes Etudes Sci. 62 (1985) 257-360.

[25] A. Connes, Noncommutative Geometry, Academic Press, San Diego, 1994.

[26] Jan J. Dijkstra, On homeomorphism groups and the compact-open topology, Am. Math. Mon. 112 (2005) 910-912.

[27] U. Enstad, S. Raum, A dynamical approach to sampling and interpolation in unimodular groups, arXiv:2207.05125, 2022.

[28] U. Enstad, ].T. van Velthoven, Coherent systems over approximate lattices in amenable groups, arXiv:2208.05896, 2022.

[29] ].M.G. Fell, A Hausdorff topology for the closed subsets of a locally compact non-Hausdorff space, Proc. Am. Math. Soc. 13 (1962) 472-476.

[30] A. Forrest, J. Hunton, J. Kellendonk, Topological Invariants for Projection Method Patterns, Mem. AMS, AMS, Providence, 2002.

[31] V.P. Gupta, M.M. Mishra, On the topology of certain matrix groups, Math. Stud. 87 (2018) 61-71.

[32] J. Kellendonk, Noncommutative geometry of tilings and gap labelling, Rev. Math. Phys. 7 (1995) 1133-1180.

[33] J. Kellendonk, T. Richter, H. Schulz-Baldes, Edge current channels and Chern numbers in the integer quantum Hall effect, Rev. Math. Phys. 14 (2002)
87-119.

[34] J. Kellendonk, E. Prodan, Bulk-boundary principle in Sturmian Kohmoto type models, Ann. Henri Poincaré 20 (2019) 2039-2070.

[35] M. Khoshkam, G. Skandalis, Regular representation of groupoid C*-algebras and applications to inverse semigroups, J. Reine Angew. Math. 546 (2002)
47-72.

[36] D. Lenz, P. Stollmann, Delone dynamical systems and associated random operators, in: Operator Algebras and Mathematical Physics, Theta, Bucharest,
2003, pp. 267-285.

[37] ER. Lux, E. Prodan, Spectral and combinatorial aspects of Cayley-crystals, Ann. Henri Poincaré (2023), https://doi.org/10.1007/s00023-023-01373-3,
Online First.

[38] ER. Lux, T. Stoiber, S. Wang, G. Huang, E. Prodan, Topological spectral bands with frieze groups, arXiv:2209.12306, 2022.

[39] J.ALL Martinez, M. Kadic, V. Laude, E. Prodan, Pumping with symmetry, arXiv:2306.16401, 2023.

[40] B. Mesland, E. Prodan, A groupoid approach to interacting fermions, Commun. Math. Phys. 394 (2022) 143-213.

[41] P.S. Muhly, J.N. Renault, D.P. Williams, Equivalence and isomorphism for groupoid C*-algebras, ]. Oper. Theory 17 (1987) 3-22.

[42] X. Ni, K. Chen, M. Weiner, D.J. Apigo, C. Prodan, A. Alu, E. Prodan, A.B. Khanikaev, Observation of Hofstadter butterfly and topological edge states in
reconfigurable quasi-periodic acoustic crystals, Commun. Phys. 2 (2019) 55.

[43] E. Prodan, Y. Shmalo, The K-theoretic bulk-boundary principle for dynamically patterned resonators, J. Geom. Phys. 135 (2019) 135-171.

[44] E. Prodan, Topological lattice defects by groupoid methods and Kasparov's KK-theory, J. Phys. A, Math. Theor. 54 (2021) 424001.

[45] B. Rand, Pattern-equivariant cohomology of tiling spaces with rotations, PhD thesis, University of Texas, Austin, 2006.

[46] ]. Renault, A Groupoid Approach to C*-Algebras, Springer-Verlag, Berlin, 1980.

[47] MLLN. Rosa, M. Ruzzene, E. Prodan, Topological gaps by twisting, Commun. Phys. 4 (2021) 130.

[48] A. Sims, G. Szabd, D. Williams, Operator Algebras and Dynamics: Groupoids, Crossed Products, and Rokhlin Dimension, Springer Nature Switzerland
AG, Cham, 2020.

[49] C. Starling, K-theory of crossed products of tiling C*-algebras by rotation groups, Commun. Math. Phys. 334 (2015) 301-311.

[50] S. Wang, Z. Hu, Q. Wu, H. Chen, E. Prodan, R. Zhu, G. Huang, Smart patterning for topological pumping of elastic surface waves, Sci. Adv. 9 (2023)
eadh4310.

[51] D.P. Williams, A Tool Kit for Groupoid C*-Algebras, AMS, Providence, 2019.

[52] O. Zilberberg, S. Huang, ]. Guglielmon, M. Wang, K.P. Chen, Y.E. Kraus, M.C. Rechtsman, Photonic topological boundary pumping as a probe of 4D
quantum Hall physics, Nature 553 (2018) 59-62.

18



	Classifying the dynamics of architected materials by groupoid methods
	1 Introduction and main statements
	2 Empirical facts
	2.1 A laboratory setting
	2.2 Formalizing the space of architectures
	2.3 Galilean invariance
	2.4 Quadratic regime
	2.5 Dynamical matrix
	2.6 Controlling dynamics
	2.7 A look ahead
	2.8 Other physical systems covered by analysis

	3 The space of patterns and associated concepts
	3.1 Topologizing the space of patterns
	3.2 Classes of discrete patterns
	3.3 The hull and transversal of a pattern
	3.4 Examples

	4 Dynamics by groupoid methods
	4.1 Topological groupoid associated to a pattern
	4.2 The groupoid C∗-algebra of a uniformly separated pattern
	4.3 The left-regular representations
	4.4 Sorting dynamics with groupoid algebras

	5 Outlook
	6 Appendix: the Euclidean spaces and their groups of isometries
	6.1 Generic facts
	6.2 Structure and topology of the Euclidean groups
	6.2.1 Dimension d=2
	6.2.2 Dimension d=3

	Data availability
	References



