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Abstract: The continuous Hull of a repetitive tiling T in R? with the Finite Pattern Con-
dition (FPC) inherits a minimal RY-lamination structure with flat leaves and a transversal
't which is a Cantor set. This class of tiling includes the Penrose & the Amman Benkker
ones in 2D, as well as the icosahedral tilings in 3D. We show that the continuous Hull,
with its canonical R?-action, can be seen as the projective limit of a suitable sequence
of branched, oriented and flat compact d-manifolds. As a consequence, the longitudi-
nal cohomology and the K -theory of the corresponding C*-algebra A7 are obtained as
direct limits of cohomology and K -theory of ordinary manifolds. Moreover, the space
of invariant finite positive measures can be identified with a cone in the d® homology
group canonically associated with the orientation of R?. Atlast, the gap labeling theorem
holds: given an invariant ergodic probability measure x on the Hull the corresponding
Integrated Density of States (IDS) of any selfadjoint operators affiliated to A7 takes on
values on spectral gaps in the Z-module generated by the occurrence probabilities of
finite patches in the tiling.

1. Introduction

Let £ be a discrete subset of RY. Following the ideas developed in [32] for r > 0, L is
r-uniformly discrete whenever every open ball of radius » meets £ on one point at most.
For R > 0, L is R-relatively dense whenever every open ball of radius R meets £ on
one point at least. £ is a Delone set [32] if it is both uniformly discrete and relatively
dense. L is repetitive whenever given any finite subset p C £, and any € > 0 there is
R > 0 such that in any ball of radius R there is a subset p’ of £ which is a distance at
most € of some translated of p. L has finite type whenever £ — L is discrete.

With each discrete set £ is associated the Radon measure v* € M(RY) supported
by £ and giving mass one to each point of £ [8]. The weak™*-topology on M(R?) (seen
as the dual space of the space C, (R?) of continuous functions with compact support),


Used Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.
You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.

GENERAL ----------------------------------------
File Options:
     Compatibility: PDF 1.2
     Optimize For Fast Web View: Yes
     Embed Thumbnails: Yes
     Auto-Rotate Pages: No
     Distill From Page: 1
     Distill To Page: All Pages
     Binding: Left
     Resolution: [ 600 600 ] dpi
     Paper Size: [ 595 842 ] Point

COMPRESSION ----------------------------------------
Color Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 150 dpi
     Downsampling For Images Above: 225 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Grayscale Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 150 dpi
     Downsampling For Images Above: 225 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Monochrome Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 600 dpi
     Downsampling For Images Above: 900 dpi
     Compression: Yes
     Compression Type: CCITT
     CCITT Group: 4
     Anti-Alias To Gray: No

     Compress Text and Line Art: Yes

FONTS ----------------------------------------
     Embed All Fonts: Yes
     Subset Embedded Fonts: No
     When Embedding Fails: Warn and Continue
Embedding:
     Always Embed: [ ]
     Never Embed: [ ]

COLOR ----------------------------------------
Color Management Policies:
     Color Conversion Strategy: Convert All Colors to sRGB
     Intent: Default
Working Spaces:
     Grayscale ICC Profile: 
     RGB ICC Profile: sRGB IEC61966-2.1
     CMYK ICC Profile: U.S. Web Coated (SWOP) v2
Device-Dependent Data:
     Preserve Overprint Settings: Yes
     Preserve Under Color Removal and Black Generation: Yes
     Transfer Functions: Apply
     Preserve Halftone Information: Yes

ADVANCED ----------------------------------------
Options:
     Use Prologue.ps and Epilogue.ps: No
     Allow PostScript File To Override Job Options: Yes
     Preserve Level 2 copypage Semantics: Yes
     Save Portable Job Ticket Inside PDF File: No
     Illustrator Overprint Mode: Yes
     Convert Gradients To Smooth Shades: No
     ASCII Format: No
Document Structuring Conventions (DSC):
     Process DSC Comments: No

OTHERS ----------------------------------------
     Distiller Core Version: 5000
     Use ZIP Compression: Yes
     Deactivate Optimization: No
     Image Memory: 524288 Byte
     Anti-Alias Color Images: No
     Anti-Alias Grayscale Images: No
     Convert Images (< 257 Colors) To Indexed Color Space: Yes
     sRGB ICC Profile: sRGB IEC61966-2.1

END OF REPORT ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 576.0 792.0 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


2 J. Bellissard, R. Benedetti, J.-M. Gambaudo

endows the set of discrete subsets of R? with a metrizable topology. For such a topology
the subset of an r-uniformly discrete set in RY is compact [8]. If £ is r-uniformly dis-
crete let Q be the closure of the set {T°L = £ + a;a € R?} of its translated. € is
compact. Then (€2, R, T) becomes a topological dynamical system called the Hull of
L. Ifw e Q,let L, denote the uniformly discrete subset of RY corresponding to w. The
subset I' = {w € ;0 € L,} is called the canonical transversal.

The Hull of an r-discrete set £ C R is minimal if and only if L is repetitive [32]. In
such a case L is necessarily Delone. If, in addition, £ has finite type, then its canonical
transversal I" is a Cantor set.

The Hull can also be seen as a lamination [20] or a foliated space [34], namely a folia-
tion with non smooth transverse structure. On the other hand [41], the construction of the
Voronoi cells from the point set of atomic positions, leads to a tiling of R4 by polyhedra
touching face to face, from which the point set can be recovered by a dual construction.
Hence, the construction of the Hull can equivalently be performed from three equivalent
complementary point of view: (i) as a dynamical system, (ii) as a lamination or foliated
space, (iii) as a tiling. This latter point of view permits to select constraints using the
tiling language more easily than using the language of point sets. The tilings that have
mostly attracted attention are those with a finite number of bounded patches modulo
translations, the so called finite pattern condition (FPC) and satisfying repetitivity. Such
tilings are equivalent to repetitive finite type Delone sets. The Penrose tiling in 2D, the
Amman Benkker (or octagonal) one or the various icosahedral tilings used to describe
quasicrystals [28] belong to this class. However the pinwheel tiling [39] is excluded of
the present study but is the subject of a future publication [12]. In this work we prove
the following results whenever L is a repetitive, finite type Delone set in RY:

Theorem 1.1 (Main results). Let L be a repetitive Delone set of finite type with Hull 2.

1. There is a projective family - - - — Bp41 f”—+>1 B, — --- of compact, branched, ori-

ented, flat manifolds (BOF) of dimension d, with the f,’s being BOF-submersions
(in particular, D f,, = id), such that the Hull of L is conjugate by an homeomorphism
to the inverse limit im(B,,, f,). The RY-action is induced by the infinitesimal parallel

transport by constant vector fields in each of the By,’s.
2. Let Hj(2,R) be the d-longitudinal homology group defined as the inverse limit
lim (Hd (B,, R), fn*) Then H;(S2, R) has a canonical positive cone induced by the
<

orientation of the B,’s, which is in one-to-one correspondence with the space of
RY-invariant positive finite measures on Q.

3. If the || .\ I’s are uniformly bounded in n, the Hull is uniquely ergodic. If, in addition,
dim H;(B,,,R) = N < oo there is no more than N invariant ergodic probability
measures on 2.

4. Let A = C(Q) x R? be the crossed product C*-algebra associated with the Hull.
Then through the Thom-Connes isomorphism, K, (A) = 1i_I)Il (K*+d(B,1), fn*).

5. Any RY-invariant ergodic probability measure [ defines canonically a trace T, on
A together with an induced measure [, on the transversal T [16]. Then the image

by T, of the group Ko(A) coincides with | du; C(X,Z), namely the Z-module

b
generated by the occurrence numbers (w.r.t. ) of patches of finite size of L (gap
labeling theorem).
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The main motivation for such a work comes from the description of aperiodic solids
[8]. The discrete set L corresponds to the positions of the atomic nuclei in the limit of
zero temperature. The notion of uniform discreteness corresponds to the existence of a
minimum distance between atoms due to the Coulomb repulsion of positively charged
nuclei. The relative density of £ expresses the absence of empty regions of arbitrary
radius. Hence, a solid or a liquid can be represented by a Delone set. The notion of finite
type is a restrictive way of expressing the rigidity of the solid. Many aperiodic solids,
such as perfect crystals or quasicrystals, can be described by Delone sets of finite type.
The repetitivity expresses the existence of a long range order.

It has been argued [4, 5] that the mathematical description of aperiodic solids can be
made through the construction of the so-called Noncommutative Brillouin Zone (NCBZ)
to replace the Bloch theory used for periodic crystals. It has been shown that the C*-
algebra A = C(2) x R? is the non-commutative analog, for aperiodic solids, of the
space of continuous functions on the Brillouin zone for periodic solids. Then A inherits
a structure of a Noncommutative Riemannian Manifold [4, 5, 10]. The present work
gives a lot of details about the topology of such manifolds. In particular, it raises the
problem of whether or not this topology is accessible to physical experiments in one
way or another.

The present paper also solves a longstanding conjecture, known by physicists since
the mid-eighties and given explicitly in [8] concerning the gap labeling theorem. It was
proved for the first time by Johnson & Moser [29] in 1982 for the Schodinger operators
with almost periodic potentials and simultaneously by Bellissard [3] for two dimen-
sional electrons on a square lattice submitted to a magnetic field. The relation with the
K-theory of the NCBZ was established immediately [3] (see [5] for other references).
It was established in full generality for d = 1 in [5] using the Pimsner-Voiculescu exact
sequence [36]. The same method was used in [23] to extend the result for d = 2. In
[7], the result for d = 2 was reestablished by using the Kasparov spectral sequence.
In the case for which the Hull is given by a 7% -action on a Cantor set X, Hunton and
Forrest [21], using the technique of spectral sequences, have proved that the K-group is
isomorphic to the group cohomology of Z¢ with values in the group C(X, Z). While this
latter result does not lead to the computation of the set of gap labels in general, it permits
to compute the K-group in many practical situations that occur in physics [22, 24] as
well as the set of gap labels for d = 3 [9]. The proof of this conjecture for tilings that
satisfy repetitivity and FPC in an arbitrary dimension is one of the main results of this
paper. It is important to notice that similar results have been obtained independently and
almost simultaneously by Benameur & Oyono [11] and by Kaminker & Putnam [30] for
the case of a Z¢-action on a Cantor set. However, the Hull of a repetitive Delone set of
finite type is in general not conjugate to the suspension of a Z%-action on a Cantor set.
Nevertheless a recent result by Sadun & Williams [40] shows that it is orbit equivalent
to such an action. Therefore the result by Hunton & Forrest applies to the present case.

This paper is organized as follows. In Sect. 2, the basic notions on Delone sets, tiling
theory and laminations are summarized. Section 3 is devoted to the notion of branched
oriented flat manifolds (BOF). In particular some details are given on the way to com-
pute their homology, cohomology. It is shown that the homology of highest degree
admits a positive cone canonically associated with the orientation. Section 4 is devoted
to the notion of expanding flattening sequences that permits to built the projective family

- — Byy1 '— B, — ---.In particular the various limits for the homology and the
cohomology groups are analyzed in detail. Moreover it is shown how tiling spaces fit in
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this framework. Section 5 concerns the study of invariant measures. The last Sect. 6 is
devoted to the K -theory of the C*-algebra canonically associated with the Hull and to
the proof of the gap labeling theorem.

2. Delone Sets, Tilings and Laminations

In this section, basic notions on Delone sets, Tilings and Laminations are reviewed.

2.1. Delone sets. Let L be a discrete subset of RY. Then [32, 8]:

Definition 2.1. 1. £ is uniformly discrete if there is r > 0 such that any open ball
B(x; r) of radius r meets L on at most one point. Then L will be called r-discrete.
2. L is relatively dense if there is R > O such that any closed ball B(x; R) of radius R
meets L on at least one point. Then L will be called R-dense.
3. L is called a Delone (or Delauney) set if it is both uniformly discrete and relatively
dense. If L is r-discrete and R-dense, it will be called (r, R)-Delone.
. L has finite type if the subset L — L = {y —y € R?; y, y' € L} of R? is discrete.
. L is repetitive if given any finite subset p C L any given € > 0, there is R > 0
such that in any ball B(x; R) there is a subset p’ C £ N B(x; R) that is a translated
of p within the distance €: namely there is a € RY such that the Hausdorff distance
between p’ and p + a is less than €.
6. L is aperiodic if there is no a € RY such that L+ a = L.

W

Note that repetitivity implies relative denseness. As in [8], with each discrete set L is
associated the Radon measure
vE = Z dy.

yeLl

In the following, any discrete set will be identified with its associated measure. The
set of Radon measures M (R?) is endowed with the weak-* topology relative to the
space C, (R?) of complex valued continuous functions on R? with compact support. It is
proved in [8] that the closure of the space of discrete subsets of RY is the space OD(R%)
of point sets with multiplicity, namely the set of pairs (£, n), where L is discrete and
n:x € L+ ny € N,. The identification with Radon measures is given by

pbn — Z ny 8.

yeLl

Such a set can be interpreted as a family of afoms sitting on points of £, where there are
exactly n, such atoms sitting at x. Note that this weak topology induces the following
topology on the set of discrete sets: a sequence (L,),cn converges to L if and only if
for any bounded open set A, the sequence £,, N A converges to LN A for the Hausdorff
metric.

Lemma 2.2 ([8]). The set U D, (Rd) of Radon measures on RY of the form vE where L
is r-discrete, is compact and metrizable in M(Rd).

The translation group RY acts on M (R?) through T u(f) = u(f(.+a))if f € Ce.(RY).



Spaces of Tilings, Finite Telescopic Approximations and Gap-Labeling 5

Definition 2.3. Let L be an r-discrete subset of RY. Its Hull  is the closure, in M(R?)
of the family {vﬁ"'“ :a € RY) of its translated.

It follows immediately from Lemma 2.2 that the Hull of a uniformly discrete set is com-

pact and metrizable. Moreover, R acts on Q through homeomorphisms. Hence (2, RY)
is a topological dynamical system [26]. The following result can be found in [8]

Proposition 2.4. Let L be an r-discrete subset of RY with Hull Q. Then any element
w € Q is a Radon measure supported by an r-discrete set L, such that @ = Lo,
Moreover, if L is (r, R)-Delone (resp. Delone and repetitive, resp. Delone of finite type),
then so are the L,,’s.

An important object is the canonical transversal defined by

Definition 2.5. Let L be an r-discrete subset of RY with Hull . Its canonical transversal
is the subset T' C Q2 defined by those w’s for which L, contains the origin 0 € RY.

It is easy to prove that I" is closed in €2. It is also easy to show that if 0 € M(R?) is not
an element of the Hull (in which case Ly = @), then every orbit of 2 meet I'. Moreover,
the intersection of the orbit of w with I is precisely £,, if the orbit is identified with R?:
namely £, = {x € R Tw e I'}. The following results can be found in [32, 31]

Theorem 2.6. (i) Let L be an r-discrete subset of RY with Hull 2. Then the dynamical
system (2, RY) is minimal if and only if L is repetitive (therefore L is Delone).
(ii) Let L be an r-discrete set of finite type, then its canonical transversal is completely
disconnected.
(iii) If L is an aperiodic repetitive Delone set, then for any element w in its Hull, L,, is
aperiodic.

Note that the transversal may have isolated points. For example, if £ is periodic its
transversal is a finite set. Proposition 2.24 [31] below shows however that if £ is an
aperiodic finite type and repetitive Delone set the transversal has no isolated point.

2.2. Voronoi tiling. Let L be an (r, R)-Delone set. If x € L the Voronoi cell V, is the
open set

Vi = yeRY; [y —yl < &' —yl, Vx' € £\ {x}).

Concretely, V, is the intersection of the opened half spaces containing x and bounded
by an hyperplane located halfway between x and another point x’ € L. Therefore V,
is convex. Moreover, since £ is R-dense, Vy is a polyhedron enclosed in the open ball
centered at x with radius R. Since L is r-discrete it contains the open ball centered at x
with radius r. It is easy to see that two different Voronoi cells have empty intersection
while the closure of all Voronoi cells cover R. Thus the Voronoi cells gives a tiling (see
Sect. 2.3) of R? with at most a countable number of prototiles.

Definition 2.7. Let £ be a Delone set in RY. Then its Voronoi tiling is the tiling defined
by the Voronoi cells.

The following result is elementary.
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Lemma 2.8. Let L be an (r, R)-Delone set. If x,x’ € L, the closure of their Voronoi
cells intersect along a common face.

Two points x # x" of £ will be called nearest neighbors whenever the closure of their
Voronoi cell intersect along a face of codimension one. They are neighbors if the closure
of their Voronoi cell intersect. The Voronoi graph is the graph with £ as a vertex set and
pairs of nearest neighbor sites in £ as a bond set. The Voronoi distance of x, x" € L is
given by the smallest integer n such that there is a sequence (xg = x, X;, -+ , X, = x’)
of vertices such that x; and x4 are nearest neighbors.

A protocell of the Voronoi tiling of £ is an open set V such that there is x € £ with
V. —x = V (see Sect. 2.3). A protocell always contains the origin. The following result
is elementary:

Lemma 2.9. Let L be an (r, R)-Delone set. Then L has finite type if and only if it has
a finite number of protocells. In this case, the set of protocells of L, coincides with the
one of L for any w in the Hull.

Consequently, the Voronoi tiling of a finite type Delone set satisfies the finite pattern
condition (see Sect. 2.3, Definition 2.14 and Remark 2.16). This is because the Voronoi
tiles touch face-to-face. The notion of repetitivity is similar for tilings and Delone sets
(see Definition 2.21).

Let now L be repetitive with finite type. As before, 2 will denote the Hull of the
uniformly discrete set £, whereas I" will denote its canonical transversal. A box in € is
an open subset homeomorphic to ¥ x U/, where X is an open subset of I" and I/ is an
open subset of RY.

Lemma 2.10. Let L be an ro-uniformly discrete subset ofRd with Hull Q2 and transver-
sal T. Then the map ¢ : (w, x) € T x B(0; rg) — T w € Q defines a homeomorphism
onto its image.

Proof. Let O be the image of this map, namely
O ={weQ;IxelR x| <rp, T weTl}.

The map ¢ is obviously continuous and onto. Moreover it is one-to-one because, if
T w =T "0 with (0, x), (¢, y) € T x B(0; r9) then L,y = L, + y — x. Since the
origin 0 belongs to both L, and L, it follows that x — y € L,,. Since L, is ro-discrete,
then x = y for otherwise they must satisfy 2rp > ||x — y|| > 2r¢. In particular v = o’
On the other hand, let w € O. Then B(0; rg) N L, # @ by definition. But since L, is
ro-discrete this intersection is made of a unique point x,, which depends continuously on
. Thenv, = T "w € . The map w € O > (vy, x,) € ' x B(0; ry) is continuous
and defines the inverse of ¢. O

Since similar results will be proved later, the following proposition will not be proved
here. It can be seen as a straightforward consequence of the theory of finite type repetitive
Delone sets (see Theorem 2.6).

Proposition 2.11. Let L be a repetitive (r, R)-Delone set in RY of finite type, with Hull
Q and transversal T'. Let V be a protocell of L.

(i) Let T'y be the subset of T such that the Voronoi cell of the origin in L, is V. Then
I'y is a clopen set.
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(ii) Let By be the set
By ={weQ;IxeV, T *wely}

Then the map ¢ : (w,x) € Ty x V > T'w € By is a homeomorphism. In
particular By is a box.

(iii) Two such boxes have empty intersection, whereas their closure cover Q2. Moreover,
the closures of two such boxes intersect on a set homeomorphic to ¥ x F, where
F is a common face of the corresponding protocells and X is a clopen subset of T'.

2.3. Tilings. This subsection is devoted to a few important properties of tilings in the
usual d-dimensional Euclidean space RY. Let || - || denote the Euclidean norm in RY.
The vector space RY is oriented by stipulating that the standard basis is positive. In this
section, a cell will be a bounded connected open subset of R A punctured cell is a
pair (C, x), where C is a cell in R? and x € C. A tile (resp. punctured tile) will be
the closure of a cell (resp. punctured cell). In particular, a tile is a compact set which is
the closure of its interior. If ¢ is a punctured tile, then x; will denote the distinguished
point in its interior. Two tiles #1, t, are i-equivalent whenever there is an isometry of
R transforming 7; into #;. Two punctured tiles (C_1, x1) and (C_z, X7) are i-equivalent
if there is an isometry g such that g(C1) = C; and g(x;) = x». They are t-equivalent
whenever there is a € R such that ty = t1 + a (with a similar definition for punctured
tiles). A prototile of type i (resp. t) is an i-equivalent class (resp. t-equivalent class) of
tiles (and similarly for punctured tiles). Let X be a countable set of prototiles.

Definition 2.12. For s € {i, t} a tiling with tile s-types in X is a countable family T of
tiles of RY such that:

(i) The s-equivalent class of each t € T belongs to X.
(i1) T covers R,
(iii) Any two distinct tiles of T have disjoint interiors.

If X is punctured, then the set of points Lt = {x;;t € T} is the set of vertices of the
tiling. A tiling T is polyhedral if all its tiles are closed polyhedron homeomorphic to a
closed ball in RY.

Note that the tiles of a polyhedral tiling need not be convex. Given a countable set X
of prototiles, it is not known in general whether the set of tilings with type tiles in X
is empty or not. However, many examples of finite X’s are known to give a rich set of
tilings. For example, tiles of the Penrose tiling or the Voronoi tiling of a quasi crystal
[41], belong to finitely many ¢-types, while tiles of the pinwheel tiling [39] belong only
to two tile i-types but to an infinite number of tile ¢-types. The following obvious result
establishes an equivalence with Sect. 2.1

Proposition 2.13. Let X be a countable set of punctured prototiles. If the maximum
diameter of a prototile is finite the set of vertices of any tiling with tile types in X is rel-
atively dense. If the distance of the distinguished point of a prototile to its complement
is bounded below uniformly in X then the set of vertices is uniformly discrete.

Given T atiling with tile s-types in X (with s = i, t), a patch is the interior of a union a
finitely many tiles. A pattern of T is the s-equivalence class of a patch of T'. A pattern
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defines a finite collection of elements of X but two distinct patterns may define the same
such collection. The diameter of a pattern is the diameter of any patch it contains: since
two patches define the same pattern if and only if they are isometric, they have same
diameter. In this paper, only tiling with a finite number of tile #-types are considered.

Hypothesis 2.1. 1. The set of prototiles X is finite;
2. If T(X) denotes the set of tilings for which the tile t-type of each tile belongs to X,
then T (X) # 0. T(X) is called the tiling space.

It follows from Proposition 2.13 that the vertices of such a tiling form a Delone set.
The group (R?, 4) acts on T(X) by translations, namely if a € R and if T is a
tiling, then T¢(T) denotes the tiling T = {t + a;¢ € T}. The tiling space T (X) is
endowed with a distance (hence with the induced topology) defined as follows: let
A denote the set of € € (0, 1) such that there exist x and x’ in B(0; €) for which
(T +x)N B(0; 1/e) = (T’ + x") N B(0; 1/¢), then:

S(T, T =infA, if A#£0,
S(T,T) =1, it A=0.

Hence the diameter of 7' (X) is bounded by 1 and the R%-actionon T (X) is continuous. If
X is punctured, this topology is in general strictly finer than the weak™-topology defined
on the Delone sets of vertices (see Sect. 2.1). For each T € T(X), o(T) = TRd (T)
denotes its orbit. § restricts to any orbit o(7") and the induced topology is finer that the
one induced by R?. The continuous Hull of T is the closure Q7 of o(T) in T(X). It
is invariant for the R%-action on T(X). Thus (7, RY, T) is a topological dynamical
system. The following sub-class of tilings is remarkable:

Definition 2.14. A tiling T satisfies the finite pattern condition, and then T will be
called FPC, if for any R > 0, there are, up to translation, only finitely many patterns
with diameter smaller than R.

Remark 2.15. If X is punctured, the set of vertices of any FPC tiling with tile type in X
is a finite type Delone set.

Remark 2.16. Polyhedral tilings in R? in which tiles are touching face-to-face are FPC
if and only if they have a finite number of prototiles. This applies to the Voronoi tiling
of a Delone set.

Remark 2.17. The set T = {[—1, 11°% + 2m, 2n + &) ; (m,n) € Z*} is a tiling in
R? with one prototile. If (£,,),,c7 is a family of independent random variables with
continuous distribution, it is almost surely not FPC.

An equivalence between finite type Delone sets and FPC punctured tilings is given by

Theorem 2.18 ([31]). Ifatiling T € T (X) satisfies the FPC, then Qr is compact. More-
over, if T is punctured, the weak*-topology defined by the set of vertices L1 coincides
with the 5-metric topology. In particular the continuous Hull Qr coincides with the Hull

Of,CT.
As for Delone sets, if T is FPC, then each tiling in Q7 is FPC.
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Definition 2.19. Let X be punctured and satisfy Hypothesis 2.1 and let T € T(X). The
closed set 't of tilings T' € Qr such that one vertex coincides with 0 € RY is the
canonical transversal.

The following result [31] is equivalent to Theorem 2.6 (ii)

Proposition 2.20. If a punctured tiling T € T (X) is FPC, then its canonical transversal
't is compact and completely disconnected.

Definition 2.21. A ziling T € T(X) is repetitive if for any patch in T there is R > 0

such that, for every x in RY, there exists a translated of this patch belonging to T and
contained in the ball B(x; R).

As for Delone set (see Theorem 2.6),

Proposition 2.22. Ifa tiling T € T (X) is both FPC and repetitive, then Qr is minimal,
namely each orbit is dense in Q.

Definition 2.23. A tiling T € T (X) is aperiodic if there exists no x # 0 in RY such that
T(T) = T, it is strongly aperiodic if all tilings in Qr are aperiodic.

Consequently [31]:

Proposition 2.24. If an aperiodic tiling T € T (X) is both FPC and repetitive then it is
strongly aperiodic. In this case, any canonical transversal I't is a Cantor set.

Definition 2.25. Tilings that are aperiodic, FPC and repetitive are called perfect.

As the main object is the dynamical system (27, Rd, T), this suggests the following
equivalence relation on tilings of R

Definition 2.26. Two tilings T and T' of RY are Q-equivalent if there exists a homeo-
morphism ¢ : Qr — Qp» which conjugates the two RY-actions.

2.4. Tilings versus Laminations. Let M be a compact metric space and assume there
existacover of M by open sets U; and homeomorphisms called charts h; : U; — V; xT;,
where V; is an open set in R¢ and 7; is some topological space. These open sets and ho-
meomorphisms define an atlas of a (d)-lamination structure with d-dimensional leaves
on M, if the transition maps h; j = hj o hl._1 read on their domains of definitions:

hij(x, ) = (fi,j(x, 1), vi,j (@),

where f; ; and y; ; are continuous in the 7 variable and f; ; is smooth in the x variable.
Two atlases are equivalent if their union is again an atlas. A (d)-lamination is the data
of a metric compact space M together with an equivalence class of atlas £.

We call a slice of a lamination a subset of the form hi_1 (Vi x {t}). Notice that from
the very definition of a lamination, a slice associated with some chart /; intersects at
most one slice associated with another chart % ;. The leaves of the lamination are the
smallest connected subsets that contain all the slices they intersect. Leaves of a lamina-
tion inherit a d-manifold structure, thus at any point in the lamination, it is possible to
define the tangent space to the leaf passing through this point. A lamination is orientable
if there exists in £ an atlas made of charts s; : U; — V; x T; and orientations associated
with each V; preserved by the restrictions f; ; of the transition maps to the leaves. £ is
oriented if one fixes one global orientation.
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Definition 2.27. Given a lamination (M, £), a transversal of £ is a compact subset T’
of M such that, for any leaf L of £, I' N L is non empty and is a discrete subset with
respect to the d-manifold topology of the leaf L.

The laminations related to tilings have special properties:

Definition 2.28. An oriented d-lamination(M, £) is flat if:

(i) there exists in £ a maximal atlas made of charts h; : U; — V; x T; with transition
maps given, on their domain of definition, by

hijjO, 1) = (+aij, v 0), aij € R
(ii) Every leaf of £ is an oriented flat d-manifold isometric to RY.

Definition 2.29. Let (M, £) be an oriented, flat d-lamination. A box is the domain of a
chart of the maximal atlas of £. For any point x in a box B with coordinates (px, cx)
in the chart h, the slice h_l(V x {cy}) is called the horizontal and the Cantor set
hfl({px} x C) is called the vertical of x in B.

Since a transition map transforms horizontals into horizontals and verticals into verticals,
these definitions make sense.

Definition 2.30. A lamination (M, £) is tilable if it is flat and admits a transversal T’
which is a Cantor set.

On a tilable lamination (M, £) it is possible to define a parallel transport along each leaf
of the lamination. We denote by Par (M, £) the set of parallel vector-fields on (M, £).
This set is parameterized by RY. This gives a meaning to the notion of translation in
the lamination by a vector u in RY, defining this way a dynamical system (M, T¢g). The
lamination is minimal if such a dynamical system is minimal.

Let T € T(X) be a perfect tiling constructed from a finite collection of protocells
X ={p1, ..., pr}. Foreach protocell p; in X, let y; € p;. The family Y = (y1, ..., yn)
determines a punctured version Xy of X. Let I'r y be the canonical transversal asso-
ciated with Y. From Proposition 2.24, I'7 y is a Cantor set. The following result is
straightforward

Proposition 2.31. Let F(27) be the set of compact subsets of Qr endowed with the
Hausdorff distance. Then themap Y € p1 X --- X px = I'r.y € F(Q2r) is continuous.

Let P be a patch containing a cell containing 0 € R?. Then let C T, p be the set of tilings
in I'7 y the restriction of which to P coincides with P: this is a clopen set. The topology
of I'7 y is generated by the countable family of such clopen sets. Then C7 p is called
the acceptance domain of P.

Theorem 2.32. Let T be a perfect tiling with prototcells X = {p1, ..., pyr}. Then there
is a minimal tilable lamination (2, £) such that:

(1) (2, Te) and (2T, T) are conjugate dynamical systems.
(i) Forany Y = (y1,...,Yk) € p1 X -+ X pi, the set I'r y is a transversal of the
lamination.
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Proof. Fix one I'7.y and choose a tiling 7’ in I'7 y and a patch P’ of T’ that contains a
cell containing 0. For each such pair (T’, P’) let C(7v_pry be the acceptance domain of
P’. Then a box Ug.py = 7. p (P x C(77,pry) 1s defined through the map ¢/ pr
defined by

P/ X C(T’,P’) = U(T’,P’)
(v, T”) = T(T”).

Since T is perfect, the orbit of 7’ is dense so that as P’ varies, the U, pry form an
open cover of Q7. By compactness, a finite subcover Uy, ..., U, can be extracted. Let
Pi, ..., P, be the corresponding patches, let C; denote the clopen set C(z/, p,) and let
¢; be the map ¢ 7/ p,). Each clopen set C; can be decomposed into a partition C; ; of
clopen sets, where 1 < j < k;, of arbitrary small diameter. Since any tiling in Q7 is
perfect, this decomposition can be chosen such that

1. Foreachi =1,...,n,andeach j =1, ..., k(i) the restriction of ¢; to P; x C; ; is
an homeomorphism onto its image denoted by U; ;.
2. For each pair (i1, i) in {1, ..., n}><2 and for each j; in {1, ..., k(i1)} there exists at

most one jp in {1, ..., k(i2)} such that U;, ;, N U, j, # @.

If 77 € U, j, N Ui, j, there are (vg, Ty) € P, x Cj; (s = 1,2) such that ¢;, (v1, T1) =
T” = ¢i,(v2, T2). Moreover, the vector a = vy — vj is independent of the choice of 7.
For indeed the transition map ¢l.;1 o¢;, isdefinedon P;; N(Pi, —a) x Cjy j, N(T™“Ciy, j,)
and is given by qﬁl.;l o @i, (v1, T1) = (v2, T2) = (v1 +a, T(T1)). It follows that Q7 can
be endowed with a structure of tilable lamination £, where the leaf containing a tiling
T’ in Q7 is its R?_orbit. By construction, the set I'7 y is a transversal of the lamination
and it is plain to check that any other I'r y- is also a transversal. A translation in the
lamination (27, £) defined using Par (27, £) coincides by construction with a usual
translation acting on Q7, so the last statement is immediate and minimality is a direct
consequence of the minimality of (27, T). O

Remark 2.33. Recently L. Sadun and R.F. Williams [40] have proved that the continuous
Hull of a perfect tiling of R? is homeomorphic to a bundle over the d-torus whose fiber is
a Cantor set, a much nicer object than a lamination. Unfortunately, this homeomorphism
is not a conjugacy: it does not commute with translations. However this shows that every
tiling is orbit equivalent to a Z-action.

2.5. Box decompositions. Tilings may look like very rigid objects. Through their con-
nections with laminations and dynamical systems, however, tiling spaces are easier to
handle. It leads to new results on tilings. For this purpose and by analogy with Markov
partitions in Dynamical Systems, let us introduce the notion of box decomposition of a
tilable lamination.

Definition 2.34. A well oriented d-cube in R? is an open set of the form (ay, b1) X
-+ X (aq, bg) with a; < b; real numbers. A block in RY is a connected set which is the
interior of a finite union of closures of well oriented d-cubes.

Definition 2.35. Let (M, £) be a tilable lamination. Let B C M be a box of the form
h="(P x C)inacharthin £ defined in a neighborhood of the closure B where C is a
clopen subset of a Cantor set.
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(i) When P is a well oriented d-cube, B is called a box of cubic type;
(i) When P is a block, B is called a box of block type.

These definitions are independent of the choice of the chart in £.

Definition 2.36. For a box B (of block or cubic type) of the form hY(P x C)ina
defining chart h, the set h=' (0P x C) is its vertical boundary.

Lemma 2.37. Let By, ..., By, be a finite collection of boxes of block type in a tilable
lamination. Then, there exists a finite collection of boxes of cubic type in By . .. B;) such
that:

(i) the Bj’s are pairwise disjoint,

(ii) the closure of U;zf Bj coincides with the closure of U;Z}' Bj,
(iii) ifa Bl’ intersects a B then it is contained in this B;.

Proof. The case of two boxes B, By will be considered first. Fori = 1, 2, let ; be the
chart defining B; so that h;(B;) = P; x C;. On its domain of definition, the transition
map 5 o reads:

hia(x,0) = hiohy'(x,1) = (x —a, y(t)), aecR?.

Since, for i = 1,2, C; is completely disconnected, there is a partition in clopen sets
Cij, j=1,...,k(i) with arbitrary small diameters. This partition can be chosen so
that P; x C1,j, Nh12(P2 x C2,j,) = Pi N (P2 —a) x C’ (or may be empty) where C’ is
aclopen subset of Cy ;. Similarly P> x C2 j, Nh2 1(P1 x Cyj;) = PN (P1+a) xC",
where C" is a clopen subset of C3_j,. It follows that hfl (P1 xCy )V h;l (P2 xCaj,)
is the reunion of five disjoint boxes of block type A1 U Ay U A3 U Aq U As, where

Ay = hiN(PLx (€1, \CY),  As = hy ' (Pyx (C2., \ CT)),

Ay = hi'(PI\ (P2 —a) xC'), As = hy'(Py\ (P +a) x C),

Ay = " (PIN(Py—a) x C") = hy " (PaN (P1 +a) x C).

Since Pi, P>, PN (P> —a), P\ (P, —a) and P, \ (P; + a) are blocks, they are
also finite unions of well oriented d-cubes Py, ..., P,,. This decomposition in d-cubes
induces a finite collection of disjoint (open) cubic boxes with closure given by the clo-
sure of h;l (P xCy,j) U hgl (P, x C1,j,). Applying the same procedure for all pairs
(i1, j1) and (iz, jo) leads to the desired finite collection of cubic boxes. The result for a
collection of n boxes in general is obtained by induction. O

Definition 2.38. A rilable lamination (M, £) admits a box decomposition of cubic type
(resp. of block type) if there exists a finite collection of boxes of cubic type (resp. of
block type) B = {By, - - - , By} such that:

(i) the B;’s are pairwise disjoint,
(i) the union of the closures of the B;’s covers M.

Proposition 2.39. Any tilable lamination (M, £) admits a box decomposition of cubic
type.
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Proof. For each x € M, let U contain x and be the domainofacharth : U — V x T.
Let P be a well oriented d-cube in V and let C be a small clopen set in T such that
xelU = h;l (P x C). This gives a cover of M by boxes of cubic type. Since M is com-
pact, there is a finite subcover by boxes of cubic types. The result is then a consequence
of Lemma 2.37. o

In terms of tilings, this last result implies that the tilings induced on each leaf of the lami-
nation by the intersection of the leaf with the vertical boundaries of the boxes By, ..., B,
defined in Proposition 2.39 are made with at most n-types of well oriented d-cubes. In
general, it is not true that we recover the whole lamination by considering the hull of
these induced tilings. As it will be shown in [12], expansivity is required for a tilable
lamination to be a tiling space (two distinct leaves cannot stay arbitrarily close one to
the other).

However, when the tilable lamination is already given from a tiling space, Theo-
rem 2.32 and Proposition 2.39 yield with no difficulty:

Corollary 2.40. For any perfect tiling T of RY there is a perfect tiling T' made with a
finite number of well oriented cubic prototiles which is Q-equivalent to T.

2.6. Zooming. The last result shows that it is enough to restrict the study to perfect
tilings having a finite number prototiles made of well oriented d-cubes (namely cubic
type tilings). However, several constructions made in this paper require using block type
tilings, namely tiling defined by a finite number of prototiles each being a block. For
these reasons, unless otherwise stated, all box decompositions will be of block type. It is
worth remarking that the constructions that we perform in the following work for tilable
laminations and not only for tiling spaces. Finally, let us notice that the construction
leading to Proposition 2.39 leaves a lot of room. This freedom allows us to introduce
the following definition.

Definition 2.41. Let B and B’ be two box decompositions of block type of a same tilable
lamination (M, £). B' is zoomed out of B if
(i) for each point x in a box B' in B and in a box B in B, the vertical of x in B’ is
contained in the vertical of x in B,
(i) the vertical boundaries of the boxes of B are contained in the vertical boundaries
of the boxes of B,
(iii) for each box B’ in B', there exists a box B in B such that B N\ B’ # () and the
vertical boundary of B does not intersect the vertical boundary of B'.

Proposition 2.42. Consider a minimal tilable lamination (M, £). Then, for any box
decomposition of block type B, there exists another box decomposition of block type
zoomed out of B.

Proof.

Step 0. Building a finite repetitive Delone set. Let B = {Bj, ... B,}. Each box B; of
the box decomposition reads P; x C; in a chart. We consider the image Ci ; under the
parametrization of {p;} x C; where p; is the barycenter of Pi.LetC = Ul 1C, Choose
a leaf L of the lamination and a point x in L N C. Identifying (L, x) with R?,0), itis

clear that the set LN C isa repetitive Delone set in R which has finite type. Each point
y in this Delone set is the barycenter of a block P, which is a translated copy of one of
the P;’s.
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Step 1. Voronoi decomposition. Let$ > 0be small enough and consider a clopen (closed
open) set ¢ | in the vertical C with diameter smaller than § and containing the point x.
Using again the identification (L, x) = (]Rd, 0), we easily check that the set L N o) i
is again a repetitive Delone set in R? which has finite type. The clopen set éi can be
decomposed in a finite number of disjoint clopen sets C Lis--- ¢ 1.m Which are character-

ized by the property that for each pair of points y and y’ in some é‘{ .i» the Voronoi cells
associated with y’ is the image the Voronoi cell associated with y under the translation
of the vector y" — y. We denote the translation class of these Voronoi cells V; ;. This
partition of CA’i yields a box decomposition By = {Bj 1, ..., Bin} of (M, £), called
the Voronoi box decomposition associated with C1, whose boxes read in the charts:

Blsj = V]’j X Ci,j’
where {p1} x C]; is the image in the chart of CA'{]

Step 2. Zooming.. We perform the following surgery on the Voronoi cells of the Delone
set L N C}. For each point y in L N C} with Voronoi cell V, we associate the block:

[ N
P,V - Uy/eVyﬂC

Py

It may happen that there exists y’ in C which belongs to two Voronoi cells V, and V,/. In
order to get a partition of R we have to avoid this ambiguity. For this purpose, we make
a choice in a coherent way, that is to say so that, whenever z and z’ both belong to some
LNC 1,j» then two blocks PZ’ and PZ’/ are tranlated copies one of the other. We denote
by P| ;j the translation class of these polyhedra. This gives us a new box decomposition
B ={Bj, ..., B,,}, deduced from the Voronoi box decomposition By and whose boxes
read in the charts:

/. p/ ’
Bj = Pl’j xCl’j.

It is straightforward to check that, when § is small enough, the box decomposition B’ is
zoomed out of the box decomposition 5. O

Letnow B = {By, ..., B,} and B' = {B], ..., B,,} be two box decompositions of the
same tilable lamination (M, £) such that 3 is zoomed out of B and let T and T’ be the
two tilings induced by both decompositions on the same leaf L of the lamination. The
connected components of the intersection of L with the B} ’s define the tiles of T'. Each
tile t’ of T is tiled with tiles of T and surrounded by other tiles of 7. The union of the
tiles of T whose closures intersect the closure of " and whose interiors do not intersect
the interior of the tile ¢’ is called the first corona of the tile ¢’.

Definition 2.43. We say that B’ forces its border ! if for each tile t’ of the tiling induced
on each leaf of (M, £) by the box decomposition BB, the first corona of t' depends only
(up to translation) on the box B} which contains t'.

Proposition 2.42 can be improved as follows

! This concept was first introduced in the context of tilings (see [31]). The present definition agrees
with the standard one.
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Theorem 2.44. Consider a minimal tilable lamination (M, £). Then, for any box
decomposition of block type B, there exists another box decomposition of block type
zoomed out of B that forces its border.

Proof. Consider a box decomposition of block type B’ = {Bj, ..., B,,} zoomed out
of B. Since the tiling T and T’ respectively induced by B and B’ have finite type, it
follows that there exist only finitely many possible first coronas for any tile of T’. In
particular, fix jin {1, ..., m} and consider the box B} which reads in a chart P| jxC { i
There exists a finite partition of C| ; in clopen sets Cy ; ;... C] ; of C| ; such that,
foralll = 1,...,k, the tiles of 7" which correspond (in the charts) to the connected
components of L N P|. jxC L j,1 have the same first corona up to translation. The new
boxes which read in the charts P| jxC i j,1 define a box decompostion zoomed out of
B that forces its border. O

Corollary 2.45. Let (M, £) be a minimal tilable lamination. Then, for any box decom-
position of block type B, there exists a sequence (B("))nzo of box decompositions of
block type such that

() BY =B,
(ii) for each n > 0, BT is zoomed out ofB(”) and forces its border.

In terms of tilings, this last result can be interpreted as follows. Let L be a leaf of the
lamination and let n € N. Then let 7 be the tiling on this leaf induced by its intersec-
tion with the vertical boundaries of the boxes of the box decomposition B™ defined in
Theorem 2.44. This sequence of tilings is nested, namely

n>0

Definition 2.46. A sequence
hold

of tilings is called nested if the following properties

(i) the t-tiles types of T™ are defined by a finite number of block prototiles,
(ii) each tile t "V of TV is a connected patch of P™ of T and contains at least
one ftile of T its interior;
(iii) the patch Q™ of T™ made with all the tiles of T that touch P™ is uniquely
determined up to translation 2
(iv) the tiling T™ is Q-conjugate to T©.

Let (M, £) be aminimal tilable lamination with a box decomposition B. Then, two points
in M are equivalent if they are in the same box of 13 and on the same vertical in this
box. The quotient space is a branched d-manifold that inherits from its very construction
some extra structures. Section 3 is devoted to an axiomatic approach of these objects.
Performing this quotient operation for a sequence of box decompositions zoomed out
one of the others as in Corollary 2.45 gives rise to a sequence of such branched manifolds
whose study is reported in Sect. 4.

3. BOF-d-Manifolds

This section is devoted to the definition and the study of branched oriented flat (briefly:
BOF) d-manifolds. There are several ways of defining these objects. For a polyhedral

2 Thisisa generalization of the classical definition of “forcing its border” for substitution tilings (see

[31]).
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FPC tiling, the number of prototiles is finite and their faces are parallel to a finite number
of hyperplanes. Hence the local models for branching points will be built out of polyhe-
dral sectors with boundaries parallel to one of these hyperplanes. This is the way chosen
in this work.

In the rest of this paper then, £ will denote a family of n > d non zero vectors in
RY generating RY. Then given x € RY let F,(x) = {y e R : (e]ly — x) = 0} be the
affine hyperplane through x and perpendicular to e € £. The BOF manifolds that will
be considered here are defined through this £-geometry. Cubic type tiling is obtained by
choosing n = d and the elements of £ are proportional to the vectors of the canonical
basis of R?. The case of an octagonal tiling in R? corresponds to n = 4 with {eq, e} the
canonical basis and ez = (e1 + ez)/ﬁ, while e = (—e1 + ez)/«/i. For the Penrose
tiling in R?, n = 5 and the ¢;’s are five unit vectors with angle 27 /5 between them.

3.1. Local models. Forr > 0,and x = (x, ..., xg) in Rd, let B(x; r) be the Euclidean
open ball centered at x with radius r > 0. Instead of using the Euclidean norm, it may
be convenient to use the £-norm defined by

llxlle = max|[(elx)].
eeE

Since £ is generating, this is a norm on RY equivalent to the Euclidean one. Correspond-
ingly, the open £-ball centered at x of radius » will be defined as

Be(x;r) = {y eRY; |y —xlle <7}

Such an &-ball is a convex polyhedron and there are n+ > 0 depending only on £ such
that B(x; n—r) C Bg(x;r) C B(x; n4r).

Remark 3.1. If n = d and if the elements of £ are proportional to the vectors of the
canonical basis of R?, an £-ball is a well oriented d-cube (see Def. 2.34). Since the
elements of £ may not have the same length, a well oriented d-cube is not necessarily
an hypercube, namely its sides may have different lengths.

To describe the various sectors separated by the hyperplanes F,(x)’s in such balls, it
is convenient to use a combinatorial description, through binary code theory. Here C,
will denote the set {41, —1}5. An element of C, is then a family € = (€.).eg With
€. = *1. G, is endowed with the Hamming distance dy((e, €') = #{e € £ ; €, # €,}.
A subset A C C, is connected, whenever given any two points € and €' in A, there
is a path y joining them, namely y = {e(o) =, M, . D ) = €'} with
dg{(e(x_l), e(s)) = 1fors = 1,...,r. Such a path is known under the name of Gray
code in information theory. For e € £ let n, : C, > C, be one step in the direction e,
namely (1.(€)). = (—l)aee’ €. It is clear that n? = id whereas 1, and ., commute.
Then dg(e, €’) = 1 if and only if there is e € £ such that €’ = n.(¢). Given A C €,
connected, a boundary code of A is an € € A such that there is ¢ € £ with n.(¢) ¢ A.
The set of such points is denoted by 0A. If ¢ € 9 A then I (¢) will denote the set of
e € £ such that n.(e) ¢ A. A code € ¢ A is adjacent to A if there is e € £ such that
ne(e) € A.The set of adjacent points is denoted by § A. Two connected disjoint sets A, B
are adjacents, if A N 6B # @. This is equivalent to A N dB # ¢ and the adjacency
relation between A and B will be denoted (A, B).
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Given € € G, the set
Oc(x;r) = {y € B(x;r); €fely —x) >0, Ve € £},

is closed in B(x; r) but, since B(x; r) is open, it is not closed in RY. It is a convex cone
with boundaries defined by the F,(x)’s. It may have an empty interior though, as can be
seen on the example of the octagonal tiling. It will be called an £-orthant if it has a non
empty interior. It is clear that the £-orthants of a ball cover it. Let then Cg be the subset
of G, of codes € € G, for which O¢(x; r) has a non empty interior. C¢ is not empty
since the union of all £-sectors is the ball B(x; r). Moreover if O¢(x; r) is an £-orthant,
8018 O_c(x;r) = —O¢(x;r). Hence € € Cg if and only if —e € Cg, whenever —e
denotes the code (—€,).ce.

Lemma 3.2. Two E-orthants of B(x; r) have a union with connected interior if and only
if the Hamming distance of their code is one.

Proof. Let € and € be the codes of the two E£-orthants. Since they are distinct, their
Hamming distance in non zero. If their Hamming distance is one, there is aunique e € £
such that € = n.(¢). Then O¢(x;r) U Ou(x;r) is the set of y € B(x;r) such that
€ {€'|y —x) > 0 forall ¢ # e. This is obviously a convex set so it is connected. Since
it has a non empty interior, by hypothesis, its interior is also connected.

If the Hamming distance is greater than one, there are at least two indices e # ¢’ for
which the coordinates of the two codes disagree and therefore the union of the two orth-
ants is contained in the set C UC_of y € B(x;r) where C+ = {y;, Les(fly —x) >
0 f = e, ¢'}. The intersections of C1 with the 2-plane generated by e, ¢’ are convex
cones C that are symmetric around the point of intersection X of the traces of the hy-
perplanes F,(x) and F,/(x). Thus these cones intersect on X only and the interior of their
union does not contain x so that this interior cannot be connected. m|

In particular two such &-orthants intersect along a face of codimension 1. As a conse-
quence, since the ball is connected, the set C¢ is connected.

An E-orthant O centered at x is stratified as follows. A point in O has degree /
whenever it belongs to an affine subspace of dimension / obtained as an intersection of
F,(x)’s and is not contained in any other such intersection of lower dimension. Then
d; O will denote this set of points, with the convention that d; O is the interior of O. Then
900 = {x}. It is simple to check that 9; O N 9;—1 0 = @ and that 90 =30U3_,0
forl=1,...,d.

An E-sector S is an open connected subset of B(x; r) which is the interior of the
union of £-orthants. Since S is connected, thanks to Lemma 3.2 the set A C Cg of
codes of the orthants building S is automatically connected. S will then be denoted by
S(x;r, A),

S(x;r, A) = Int(U OG(x;r)> )

€cA

The boundary 9.5 (x; r, A) of this sector is the set of points of its closure that are in B(x; r)
and not in S(x; r, A). This boundary is a finite union of £-orthants contained in some
of the hyperplanes F,(x) of the form F,(x;7,€) = Fo(x) N Oc(x;7r) N B(x; r). Then
F,(x; r, €) does not depend on €, so that € can be chosen in G, (¢) = {+1, —I}Xg\{E}.
The following result is straightforward
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Lemma 3.3. Given a connected subset A C Cg, dS(x; r, A) is the union of the £-faces
F.(x; r, €) where € runs through the elements of 0A and e € I (¢),

AS(x;r, A) = U U F,(x:7,€).

€cdA ecl(e)

Similarly, if A and B are two disjoint adjacent connected subsets of Cg,

Sx;r,AYNS(x;r, BYNB(x;r) = U U F.(x;r,e).
€€dANSB ecl (¢)

Clearly each F,(x;r, €) defines an orthant in an affine subspace of dimension (d — 1)
corresponding to the set £ which is made of the projections on F, of the vectors of £\ {e}.
Therefore S (x; r, A) is the closure of a union of &,-sectors. Thanks to Lemma 3.3 such
sectors are attached to the connected components of d A.

As for £-orthants, an £-sector S is stratified in a similar way. ;5 = S while 9;S is
the union of points in ;O N 8§ for any £-orthant O building S. It is important to note
that 0;.S may be empty for / small enough. An [-face of S is the closure of a connected
component of 9;S.

In what follows, P¢ will denote the set of connected subsets of Cc and N : P¢g — N
denotes a map, namely foreach A € P¢, N(A) € Nis a given integer. It will be assumed
that N (@) = 0. A subset 1 C P¢ will be called admissible if § € = and C¢ ¢ 7. The
subgraph of N is the set

Gr(N) = {(A,n)ex xN; 0<n<N(A)}

Since @ € m it follows that (4,0) € G, (N). The (7, N)-preball centered at x with
radius R is the set é(x; r,m,N) = B(x;r) x Gz (N).Given (A, n) € G;(N)) the sub-
set B(x; r)x{(A, n)}iscalled asheet. On such a preball, let ~ be the equivalence relation
defined by (y, A, n) ~ (y/, A’, n’) if and only if (i) either (v, A, n) = (y/, A, n'), (ii)
orA# A" andtheny =y € B(x;r)\ S(x;r, A)US(x;r, A'). It is straightforward to
check that this is an equivalence relation.

Definition 3.4. An open BOF-E-ball centered at x and of size r is a quotient set of the
form B(x;r,m, N) = é(x; r,w, N)/ ~ for some admissible family 1 C Pg and some
map N : Pg +— N such that N() = 0. A closed BOF-E-ball is obtained in the same
way by using the closed ball B(x; r) instead.

Hence a BOF-£-ball is a local model describing branched topological spaces. Actually,
a BOF-£-ball D, with underlying (Euclidean) ball B, is also endowed with a canonical
structure of flat branched Riemannian manifold (with boundary if closed). For indeed D
comes from a preball D which is the disjoint finite union of copies of 13 (its sheets). Each
such sheet can be seen as a flat Riemannian manifold if endowed with the Euclidean
structure of RY. Hence, the tangent space at x € D is simply 7, D = RY, and the tangent
bundle is just the trivial one D x RY. Similarly, D is given a canonical orientation induced
by the one of its underlying £-ball. The canonical map p : [(y, A,n)] € D+ y € Bis
differentiable. The boundary of D is the inverse image of the boundary of B by p. The
canonical Euclidean metric on R? (namely ds® = dx12 4+ dxﬁ) induces a branched

flat metric on D and then on D by projection. Any ball isometric to B embedded in D
with the same center is called a smooth sheet of D.



Spaces of Tilings, Finite Telescopic Approximations and Gap-Labeling 19

A BOF-£-ball D is stratified as follows. Let ;D be the set of points of D coming
from the open set S(x;r, A) x {(A, n)} in various sheets of D. Then the complement
of 9;D projects in 3 into the set of boundaries of £-orthants. Let then 9;D be the set of
points z coming from 9;S for S a sheet of D. Then

(i) D = 34D,
(i) %D =§DUd_Dforl <l <d,
(i) oy DNo_1D=49.

It follows that the family {0;D; 0 <[ < d} is a partition of D.

Definition 3.5. Let D be a BOF-E-ball, then

(i) the set 9;D is called its [-stratum,
(ii) D has type p whenever 0q_ D # @ while 94_p,_1D = 0.

It follows that a type O BOF-£-ball is a Euclidean ball. A type 1 BOF-E-ball centered at x
is branching along an hyperplane of the form (e|y — x) = 0 for some e € £ in its under-
lying d-ball. More generally a BOF-£-ball of type p is branching along the intersection
of p distinct such hyperplanes in generic position. Moreover, if D is a BOF-£-ball, any
point in 9;D is the center of a BOF-£-ball of type d — I.

In order to define a global geometry the next step requires the definition of the rele-
vant class of coordinate transformations. Since the previous geometry is flat and differs
from the usual Euclidean one only because of branching, the following class will be
sufficient

Definition 3.6. A continuous map f : D — D’ between two BOF-E-balls of the same
size r > 0 is a local BOF-submersion (onfo its image) if:

) fisC U with respect to the branched C Lstructures.

2) For every open smooth sheet D of D, f(D) is a smooth sheet of D'

3) There is a translation T on R? such that the restriction of f to each smooth sheet of
D coincides with the restriction of T.

Once a basis of R? is fixed, giving corresponding trivializations of the two tangent
bundles, then the differential dfy of f at any point x of D induces the identity on RY.

Definition 3.7. A local BOF-submersion f is a local BOF-isometry if and only if it is
bijective. In such a case f(D) is a BOF-E-ball, f ~1is a local BOF -isometry and the
stratification associated with D is mapped on the stratification associated with f (D)
stratum by stratum.

3.2. BOF-d-manifolds. In this section, the local models defined in the previous section
will be used to define global ones. Here again the family £ (n = |£| > d) is given and
is supposed to generate RY.

Definition 3.8. A BOF-manifold of dimension d, B is a compact, connected metrizable
topological space endowed with a maximal atlas (U}, ¢} such that:

1) There is a generating family £ of n > d vectors in RY such that every ¢ : Uj =~ W;
is a homeomorphism onto an open set W of some open BOF-E-ball.
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2) For any BOF-E-ball D embedded into ¢ ;(U; N U;), the restriction of ¢;j = ¢; o qu_l
to D is a local BOF-isometry onto a BOF-E-ball embedded into ¢; (U; N U).

Hence for every point x of a BOF-manifold B, there exists a neighborhood U of x and
achart ¢ : U — ¢(U) such that ¢ (U) is a BOF-E-ball and ¢ (x) = 0. The type of
the BOF-E-ball ¢ (U) is uniquely determined by x. Such a neighborhood U is called a
normal neighborhood of x.

Definition 3.9. The injectivity radius of x € B, denoted by injp(x), is the sup of the
size of any normal neighborhood of x in B. The injectivity radius of B, denoted inj (B)
is defined by:

inj(B) = ;Ielg injp(x).

Definition 3.10. For 0 <[ < d, the [-face of a BOF-manifold B is the set of points x in
B for which there exits a chart (U, ¢) in the atlas such that x is in U and ¢ (x) belongs
to the l-stratum of the BOF-E-ball ¢ (U). This property is independent on the choice
of the chart (U, ¢) as long as x is in U. An [-region is a connected component of the
l-face of B. The finite partition of B into l-regions, for 0 <1 < d, is called the natural
stratification of B. The union of all the l-regions for 0 <1 < d — 1, forms the singular
locus Sing(B) of B.

Note that, in particular, any oriented flat d-torus is a BOF-d-manifold with one d-region.
In general, any d-region of a BOF-manifold B is a connected (in general non compact)
d-manifold naturally endowed with a (X, G) = (Rd, Rd)-structure [13], where the
group G = R? acts on X = R? by translation. This means that any region admits a
d-manifold atlas such that all the transition maps on connected domains are restriction
of translations.

All the objects that have been associated with any open BOF-£-ball, such as the tan-
gent bundle, its trivializations, the orientation, the branched C 1-structure, the branched
flat metric and so on, globalize to any BOF-d-manifold. In particular, there is a natural
notion of parallel transport on B with respect to the flat metric, whence the notion of par-
allel vector field on B. Let Par(B) denote the set of parallel vector fields on B. Fixing
the canonical trivialization of the tangent bundle 7' B leads to a natural isomorphism

og : R — Par(B),

defined by identifying RY with any tangent space 75 B, and by associating to every vector
v € RY the parallel vector field pp(v) obtained by parallel transport of v, starting from
x. This does not depend on the choice of the base point x. The following definition is
based on Lemma 3.1

Definition 3.11. A BOF-manifold B of dimension d has cubic faces (resp. polyhedral
faces) if, for each d-region R of B, there exists a c! injective map f : R +— R such
that f (R) is the interior of a well oriented d-cube (resp. of a polyhedron homotopic to
a sphere) in RY and the differential of f, read in the charts of B, satisfies df, =1 at
each point x in R.

In particular, the d-regions of BOF-manifolds with polyhedral faces do not carry any
topology (namely there are contractile).
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3.3. BOF-submersion. From now on any BOF-manifold will have dimension d.

Definition 3.12. A continuous map f : B — B’ between BOF-manifolds is a BOF-
submersion if:

1) fis c' and surjective.

2) For every x € B and for every normal neighborhood D' of f(x) in B', there exists a
normal neighborhood D of x in B such that f (D) C D’ and, read in the correspond-
ing charts, flp : D+ f(D) is a local BOF-submersion.

3) For each region R of B, there exists a region R' of B such that f is a diffeomorphism
]Z?m R’ to R. In particular, the singular set of B is mapped into the singular set of

Sing(B) C f~'(Sing(B").

Remark 3.13. Notice that the pre-image of a normal neighborhood U’ C B’ (with radius
r > 0) is a finite union of disjoint normal neighborhoods Uy, ..., U, in B (with radius
r>0)andthat f : U; — U'isa C ! bijection whose differential is the identity when
read in the charts. This implies in particular that

inj(B") < inj(B).

Remark 3.14. In much the same way, a BOF-submersion f send an /-region into an
[-region as well. This can be seen locally, since then d, f = 1. Globally, this can be
proved by using a covering by normal neighborhoods. Similarly, the inverse image of
an [-region is a finite union of /-regions.

3.4. Cycles and positive weight systems. Let B be a BOF-manifold of dimension d. Let
Fbead—1-region. If x € F,then x admits a neighbourhood D which is homeomorphic
to an open £-ball centered at x of type 1. Namely the singular locus of D is simply DN F
and can be seen in a chart as the piece of one of the hyperplanes F,(x) contained in D.
Such a D is divided into two half balls, defined respectively by the sectors S(x; r, A¢ +),
where r is the radius of D and A, 1 is the set of codes in C¢ such that €, = +1. Then
denote by D these two sectors. If D’ is another such ball centered at x’ € F with non
empty intersection with D, then, since the change of charts are isometries, the definition
of D/, agrees with the one for Dy, namely D does not intersect D, neither do D_
and D/, while D intersects D/, as well as D_ intersects D’_. Therefore, the union U
of such neighborhoods is an open set containing F and is divided in a unique way into
two disjoint open subsets of U \ F, U4 and U_. These two sets define the two sides of
F'. Each side intersects various d-regions branching along F denoted by RT, ey Rnf L

A family w(RXi) of complex numbers obeys Kirchhoff’s law at F if

m_

m4

Y wR) = D w(Ry). Kirchhoffs law
s=1 s'=1

Definition 3.15. (i) A non negative (resp. positive) weight w on a BOF-manifold B of

dimension d is a function assigning to each d-region R a non negative real number
w(R) > 0 (resp. w(R) > 0) obeying Kirchhoff’s law at each (d — 1) region.



22 J. Bellissard, R. Benedetti, J.-M. Gambaudo

(ii) Then W (B), W*(B) will denote the sets of non negative and positive weights of B
respectively. The total mass of a weight w € W (B) is the sum of the w(R)’s over
all d-regions. Then, if m > 0, W™ (B) will denote the set of non negative weight of
mass m.

(iii) A pair (B, w) where B is a BOF manifold and w € W*(B) will be called a measured
BOF-manifold.

Remark 3.16. Note that the definition of non negative weights does not involve any
region orientation. It makes sense even for non-orientable branched manifolds [14].

If the orientation of a BOF-manifold B is taken into account, then it is possible to define
the homology of B as follows. Each stratum 9; B can be decomposed into a finite number
a; € N of [-regions. Let an orientation of each of them be chosen so that d-regions be
orientated with the orientation induced by B. Let A be a commutative ring, which will be
Z or R in practice. Let then C;(B, A) be the free A-module generated by the /-regions.
By convention, if R is such a region, —R will denote the same region with opposite
orientation. Moreover, an element of C;(B, A) can be seen as amap R — f(R) € A
defined on the set of /-regions, such that f(—R) = — f(R). An element of C;(B, A)
will be called an I-chain of B. Hence C;(B, A) is isomorphic to the free module A%,

Remark 3.17. With the exception of the d-regions orientation, there are no canonical
choices for the above orientations in general. On the other hand, it is clear that two
different choices implement a linear automorphism of A% . However, the rest of this
work is independent of such a choice.

Given an oriented d-region R and an oriented (d — 1)-region F contained in the closure
of R, the two orientations match if F is positively oriented whenever its normal points
outside R. In much the same way, if R is an oriented /-region, R can be seen as an
open set in some /-dimensional real affine space with same orientation. Therefore if F
is an oriented (I — 1)-region contained in its closure, the same definition of orientation
matching applies. If the orientation does not match then — F has a matching orientation.
In such a case, let bR be the set of (/ — 1) regions contained in the closure of R with
matching orientation. Let then the boundary operator be the A-linear map defined by

biy1: Civ1(B,A) > Ci(B,A),  (biy1/)(F) = Z f(R). (D
R;FebR

Conventionally, Cz41(B, A) = Osothatby | = 0.1Itisawell-known factthatb;ob; | =
0. Therefore, the A-module Z; (B, A) = Ker b;, called the space of i-cycles of B, con-
tains the A-module, B; (B, A) = Im b; 1, called the space of i-boundaries of B. Then,
the quotient H; (B, A) = Z;(B,A)/B;(B, A) is called the it homology group of B.
A standard result of algebraic topology insures that (up to an A-module isomorphism)
H;(B, A) is a topological invariant of B that coincides with the i th -singular homology
of B (see for example [43]). As can be seen from Eq. (1), a positive weight w can be
defined as a d-cycle positive on positively oriented d regions. The Kirchhoff law is sim-
ply expressed by byw = 0. Since by+1 = 0 such d-cycles are the elements of H; (B, R).
This allows to introduce the positive cones H;” O(B, R) and H dzO(B, R) for the positive
and non negative weights so that

W(B) = H°(B,R), W*(B) = H7'(B,R).
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The dual module C* (B, A) of C;(B, A) is called the module of i-co-chains of B. It can
be identified with A% using the dual basis of the above distinguished basis of C; (B, A).
Then the differential are the linear operators transposed to the boundaries, namely

d; : C'(B,A) — C'*(B, A),
is defined by (dic|f) = (c|bif) if ¢ € C'(B,A) and f € Cj41(B, A). This gives

another complex with Z (B, A) = Kerd; isthe space of i-cocycles, whereas Bi(B,A) =
Imd; 1 is the set of i-coboundaries. The i th cohomology group with ccefficients in A is
H'(B,A) = Z/(B, A)/B (B, A). In particular Z%(B, A) = C%(B, A) is the free mod-

ule spanned by the characteristic functions of the d-regions. Hence if w = Z w(R) er

R
is a d-chain (where ey is the basis in Z;(B, A) indexed by the d-regions) and if o €
HY(B, A) is represented by the d-co-cycle o = Za(R) er (where e} is the dual

) R
basis), then

a(w) = (wle) = Y a(R) w(R).
R

Remark 3.18. Tt follows immediately that any d-cohomology class can be contracted
against a positive measure on B. This would not be possible if B were not orientable.
Nevertheless, < w|c > can be defined through the previous formula, without knowing
that w is a d-cycle. Thus the previous formula does make sense if B is not orientable.
If B is orientable, however, < w|c >=< w|[c] >, where [c] is the co-homology class
represented by c. It follows that the natural pairing (-|-) induces a pairing

¢1): W(B) x HY(B,A) > R, (wla) = a(w).
Thanks to Definition 3.12, the following result is immediate

Proposition 3.19. If f : B — B’ is a BOF-submersion then:

1) there exists a natural linear map (well defined up to the mild ambiguity indicated
in Remark 3.17) fi : Z4(B,A) — Z4(B', A) such that f.(W"™(B)) C W™ (B'),
F(WS™(BY) € W*™(B"), for every m € RY.

2) There exists a natural module map f* : Cd(B/, A) — c (B, A) suchthat [a](fy(w)) =
[f*(a)](w), for every a € Cd(B/, A), every w € Z;4(B, A), where [a] € Hd(B, A)
is the co-homology class represented by the co-chain «.

3) There exists a module map f* : H*(B',A) — H%(d, A) defined by f*([a]) =
[f*(@)].

In particular, as a consequence of this definition, the pairing (w|c) is invariant by an
BOF-submersion.

Lemma 3.20. Let B be a BOF-d-manifold and u € W(B). Let ¢ € Zd(B, R) represent
aclass of H 4(B, 7). Then there exists a Sfamily of integers (mp), where R varies in the
family of d-regions, such that

(nle) =) mru(R).
R

Moreover, all such linear combinations with integer coefficients arise in this way.
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Proof. As u is a d-cycle the value of (u|c) does not change if a coboundary is added to
c. As c represents a class in H d(B, 7), c differs from a suitable ¢’ € Zd(B , Z) by a co-
boundary. The first statement of the lemma follows. Since every d-cochain in C 4(B,7)
is a d-cocycle, the other statement follows. m]

4. Tilings & Expanding Flattening Sequences

4.1. Expanding flattening sequences.

Definition 4.1. A BOF-submersion f : B — B’ satisfies the flattening condition, if for
every x € B and for every normal neighborhood D' of f (x), there exists a small enough
normal neighborhood D of x in B such that (D) C D’ and, read in corresponding
charts, f|: D — f(D) is a local BOF-submersion that maps D on one single sheet of

f(D).

Definition 4.2. An expanding flattening sequence EFS is a sequence F = {f; :
Bit+1 — B; }icN of submersions such that:

(i) the sequence of injectivity radius of the B;’s is a strictly increasing sequence that
goes to +oo with i;
(ii) for each i € N the map f; satisfies the flattening condition.

With an EFS F are associated the following “inverse” or “direct” sequences (A = Z, R):
i) Inverse sequences in homology,
Zg(F, D) ={(fD)x : Za(Bit1, A) — Za(Bi, A) }ieN,

W(F, A) ={(fi)x : W(Bit1, A) > W(Bi, A) }ien,
WH(F, A) = {(f)x : W (Bit1, A) — W (Bi, A) }ien -

ii) Direct sequences of cohomology,
CUF, A) = ()" : CU(Bi, A) = CU(Bis1, A) Jien,
HYF, ) = ()" HI(Bi. A) — H(Bi11. A) Jien -
iii) Inverse sequence of parallel transport,
Par (F) = {dfi : Par (Bj11) — Par (B;) }ieN -

Associated with these “inverse” (resp. “direct”) sequences, are their inverse limits (resp.
the direct limits) which will be relevant in the next sections. Given an inverse sequence

of maps X = {X; < Xit1}ieN, its projective limit is defined by
imX = {(x0, x1,.... X, ...) € [ [ Xi: milxipn) =x, Vi € N).
<~
i>0
Then for every j > O there exists a natural map p; : limX — X; given by the
<~

j”’ projection. If the X ;’s are topological spaces and the maps are continuous, the set
lim X is a topological space if endowed with the finest topology making the p;’s con-
<«

tinuous. In particular, this topology coincides with the product topology, so that, if all
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the X;’s are compact, lim X" is compact. Similarly, given any direct sequence of maps
<«

y={Y; X Yit1}, its inductive limit is defined as

limy = G xjnxnn ) € [ ] Yas talea) = xag, ¥n = i),
jeN n>j

Leti; : Y; — li_r)ny be defined by i;(y) = (yn)n>j, where y; =y and y,41 = 7, (Yn)
whenever n > j. Thenif the Y;’s are topological spaces and the maps continuous maps,
the direct limit set is a topological space with the coarsest topology making the i ;’s con-
tinuous. In general however, the inductive limit of compact spaces need not be compact.
On the other hand, if the factors X; or Y¥; are all A-modules and if the maps 7, are
module homomorphisms, then so are the projective and inductive limits.

Let F be an EFS. Then its projective limit is a compact space €2(F). In much the
same way the corresponding inverse sequences of weight spaces give rise to projective
limits M™(F) = li(r_n W™(F,R), M*(F) = li(in W*"(F, R). They also give rise to

MF) = | mmE. ME = | M.

meR* meRt

Standard results in cohomology theory lead to

Proposition 4.3. lim HY(F, A) = HY(Q(F), A).
—
Since M(F) = lim Zdzo(}" , R) and thanks to Proposition 3.19, there is a natural pairing

MF) x H(QF),R) > R < ulh >= h(p)

defined as follows : for h = (hj, ..., hs,...) with by = f¥(hs), and = (uo, ...,
Ms,...), then < plh >=< pwjlhj >.
The following result is a direct consequence of Lemma 3.20.

Corollary 4.4. Let u = (1, ..., 4n,...)bein M(F),c = (co, ..., Cn, ...)beaclass
in Hd(Q(}'), Z) and let s be big enough so that < t, c >=< Wug, cs >, then :

< WU, C>=mils,1 + ... +Mps)is, p(s)>

where Bg has p(s) d-regions, [is; is the weights of the it d-region of Bs and the m;’s
are integers. Moreover, all such linear combinations with integer coefficients arise in
this way.

In the next section it will be shown that 2 () is actually a tilable lamination and that
any tilable lamination can be obtained in this way. In much the same way, the inductive
limit wr of Par (F) will be shown to act on 2 (F) to make it a dynamical system sup-
porting an action of R? which is a semi-conjugacy with the usual action of R on tiling
spaces. In Sect. 5, M (F) will be identified with the set of invariant measures on 2 (F).
In Sect. 6 the direct limit of the K -theory of the B; will be investigated. The application
to the gap-labeling will follow.
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4.2. From EFStotilings. From now on, to simplify, let all the BOF-manifolds in the EFS
F have regions given by blocks only. And let w be the inverse limit w7 = lim Par (F)

defined previously.

Proposition 4.5. The set w r is naturally isomorphic to RY and acts on QU(F) and Q. (F)
is a tilable lamination.

Proof. For any BOF-d-manifold B;, there exists a natural isomorphism pp; : R?Y —

Par(B;). For any BOF-submersion f; : Bj;+; — B;, the induced map df : Par(B;) —

Par(B;41) satisfies (pBiH)_l odf o pp, = id. Consequently lim Par(F) is isomorphic
<«

to the inverse limit lim RY associated with the inverse sequence id : RY — R?. Thus
<~

w is isomorphic to RY.

Then wr acts on Q(F) as follows. From Remark 3.13, there is r > 0 such that for
each point x = (xg, ..., x;, ...) in Q(F), there is a sequence of normal neighborhoods
U; with radius r around each point x; in B; such that for each i > 0, f(U;) is one
single sheet D;_; of U;_1 and thus f(U;) = D;_1. Hence if u € Par(B;) satisfies
llull| < r, the point x; + u € U; is well defined and, since f; is a BOF-submersion,
fitxi +u) = fi(x;) +u € D;_;. This gives a meaning to the notion of “small” trans-
lation of the point (xg, ..., X;, ... ). Now, any vector v in wr can be decomposed into
asumv = uy + - -+ + Uy, where |lu;|| < r forl =1,..., m. For a point x in Q(F),
x +vcanbedefinedasx +v=(...(x +u1)+uy) +...)+ uy). Itis plain to check
that this definition is independent of the decomposition of v.

Fori > 0, let m; : Q(F) — B;. It is plain to check that small neighbors of the
preimages of the d-regions of the B;’s are the domains of charts of an atlas which give
to Q(F) a structure of tilable lamination. O

Each region of the first BOF-d-manifold By is a well oriented d-cube. Let X de-
note the set of prototiles made with all well oriented d-cubes. With any point x =
(x0, .., Xn, ...)in Q(F) we associate a tiling /2 (x) in 7' (X) made with prototiles in X
as follows:

e Since the injectivity radius of the B;’s goes to infinity with i, there exists, fori > 0 a
sequence of normal neighborhoods U; of x; with radius r;, where r; is an increasing
sequence going to infinity with i.

e From this sequence of normal neighborhoods we extract a sequence of (premiages
by chart maps of) sheets D; C U; such that D; C f;(D;+1). These sheets are well
oriented d-cubes centered at x;.

o Consider the translated copies D; = D; — x;. The d-cubes Dj are centered at 0 in RY,
they have an increasing radius going to infinity with i. Furthermore all these d-cubes
are tiled with the protoliles in X and, for each i > 0, the tiling of le coincides with
the tiling of D;_, in D} _,.

o the limit of this process defines a single tiling 4(x) in T (X).

The proofs of the following properties are plain.

Proposition 4.6. (i) The map h : Q(F) — T(X) is continuous, injective and real-
izes a semi-conjugacy between the dynamical systems (2 (F), wF) and (2 (x)), ®)
where w stands for the restriction of the standard RY-action on T (X);

(ii) all tilings in h(2(F)) satisfy the finite pattern condition.
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So far, the minimality of the dynamical system (2(F), wx) has not been considered.
A simple criterion for minimality is the following. An EFS F verifies the repetitivity
condition if for each i > 0 and each flat sheet D; in B;, namely the pre-image by a chart
map of a sheet, there exists p > 0 such that each d-region of B;, covers D; under the

composition f; o fiz10---0 fitp_1.

Proposition 4.7. Let F be an EF S that satisfies the repetitivity condition, then the dynam-
ical system (2(F), wF) is minimal.

Proof. The proof is exactly the same as the one for tilings (Proposition 1.4). O

4.3. From tilings to EFS. So far, given a repetitive EFS, a compact space of perfect
tilings made with cubic prototiles has been constructed together with its correspond-
ing continuous Hull. On the other hand, a correspondence between perfect tilings and
minimal tilable laminations has been established in Sect. 2. What is left to show in this
section is to associate with any perfect tiling, made of a finite number of well oriented
cubic prototiles, a repetitive EFS.

Let T be a perfect tiling with the set of prototiles X = {p1, ..., p,}. Here the p;’s
are well oriented d-cubes. To get the first BOF-d-manifold By let By be the disjoint
union of the prototiles. Then two points x; € p; and x» € p; will be identified if there
exist a tile #; with 7-type p; and a tile f, with ¢-type p> such that the translated copy
of x1 in #; coincides with the translated Copy of x5 in #,. This gives By. Then a map

: Qr — By is defined as follows: if 7’ € Qr is a tiling, let p be the prototlle
correspondmg to the tile of 7’ containing the origin or R; then % is the point of p C By
associated with this origin and x = mo(7") is the representative of X in By. Then 7
defines a box decomposition B© (see Definition 2.35) of the Hull equipped with its
tilable lamination structure (27, £): the sets T[O_l (int(p;)), fori = 1,...,n are the
n boxes of the box decomposition. In addition, the tiling 7o = T can be seen as the
trace of this box decomposition on some leaf L of this lamination. By can be seen as an
approximation of the Hull. But it is still a poor one.

To improve upon the description of the Hull, a sequence B" @ > 00ofbox decompo-
sitions such that, for each i > 0, BtV is zoomed out of B® and forces its border (see
Corollary 2.45). Through the leaf L, this gives a nested sequence of tilings (Tt ),>0,
where T® =T (see Definition 2.46). The BOF-d-manifolds B;’s are constructed as
follows:

e First the BOF-d-manifold Bi’ is built from T in the same way as By from Tp. This
gives amap 7] : Qr — B|.

e Since the tiles of 7 are not well oriented d -cubes, but blocks, the BOF-d-manifold
B/ is not necessarily cellular.

e Each region of the BOF-d-manifold B; is tiled with the prototiles in X. The BOF-
d-manifold B; coincides with B; but is tiled with the prototiles in X. Hence the
d-regions of B; are prototiles in X.

For i > 0, B; is a cellular BOF-d-manifold. Its d-regions are well oriented d-cubes.
The map ni’ Qr — Bl{ induces canonically a map m; : Q7 — B; and there exists a
canonical map f; : Bjy1 — B; defined by

[ = mi( ) ().
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This definition makes sense since the _vertical of a point of (7, £) in a box of BEFD ig
included in its vertical in a box of B® (see Definition 2.42). Moreover, for eachi > 0,
the map f; : Bi+1 — B; is a BOF-submersion and satisfies

fiomwiy1 = mi.

In addition, this sequence of BOF manifold is an EFS because each box decomposition

B!, fori > 1 forces its border (see for instance [31]) implying the flattening condition.
Let F denote this EFS, so that Q(F) = lim F and let 7 : Qr — Q(F) be the map

defined by 7 (x) = (mwo(x), w1 (x), ..., Th(x),...).

Proposition 4.8. The map = : Qr — Q(F) is a conjugacy between (2, w) and
(Q2(F), oF).

Proof. The proof is straightforward. O

5. Invariant Measures
So far, the same minimal dynamical system has been described in four different ways:

as the continuous Hull of a Delone set;

as the continuous Hull of a perfect tiling;

or as a minimal tilable lamination;

or as a minimal expanding flattening sequence.

The interplay between these points of view will provide a combinatorial description of
finite invariant measures of this dynamical system. A description of transverse measures
of a measurable groupoid can be found in [16]. It applies in particular to foliations. In
the context of laminations see [20] for a more complete description.

Let (M, £) be alamination with d-dimensional leaves. Let an atlas in £ be fixed once
and for all, with charts k; : U; — V; x T;, where V; is an open set in R4 and T; is some
topological space. As already explained in Sect. 2.4, on their domains of definitions, the
transition maps ; j = hj o hi_1 satisfy:

hije. 1) = (fi,j(x. 1), vi (),
where f; ; and y; ; are continuous in the ¢ variable and f; ; is smooth in the x variable.

Definition 5.1. Let (M, L) be a lamination. A finite transverse invariant measure on
(M, L) (or, for short, a transverse measure) is a family ' = (u;); where for each i,
Wi s a finite positive measure on T;, such that if B is a Borelian subset of T;, contained
in the domain of definition of the transition map y;; then

mi(B) = pj(yij(B)).

This definition shows that a transverse measure does not depend upon the choice of an
atlas in its equivalence class. In a similar way, a (longitudinal) k-differential form on
(M, L) is the data of k-differential forms on the open sets V; that are mapped onto one
another by the differential of the transition maps f;;. Let AK(M, L) denote the set of
longitudinal k-differential forms on (M, £).
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Definition 5.2. A foliated cycle is a linear form from AY(M, L) 1o R which is positive
on positive forms and vanishes on exact forms.

With any transverse measure ', a foliated cycle of degree d can be canonically associ-
ated as follows. If w € Ad(M , £) has its support in one of the domains U; of a chart, w
can be seen as a d-form on V; x T;. Then w can be integrated on the slice V; x {t} for
each ¢ € T;, giving a real valued function on 7; that can be integrated with respect to
i, defining C,;r (). In general, a partition of unity {¢;}; associated with the cover of
M by chart domains, will allow to decompose any longitudinal d-form into a finite sum
of forms with support in the domain of a chart. This gives a continuous linear form

Cr(@) = Y C(¢i)

from Ad(M , L) to R that, thanks to the compatibility condition satisfied by the u;’s,
does not depend upon the choice of the partition of the unity. Hence C,,+ is a current of
degree d. C, is positive for positive forms (namely C,,: is positive). Moreover, the invari-
ance of u' shows that C,+ vanishes on exact forms. The foliated cycle C, is called the
Ruelle-Sullivan current associated with the transverse invariant measure u'. As shown
in [44], any such positive closed current defines in a unique way a transverse measure.
Thus both points of view, transverse invariant measure and foliated cycle, are equivalent.

Let now (M, £) be a tilable lamination. Parallel transport can be defined along leaves
leading to a meaningful definition of translation by u € RY, if u is seen as a constant
vector field. Hence, (M, wg) becomes a dynamical system. Every finite positive R”-
invariant measure ( on M, defines a transverse measure on the lamination as follows.
For any Borelian subset of a transverse set 7;,

i) = tim a7 (B % B),
where A4 stands for the Lebesgue measure in R and B(r) C V; is a ball of radius r.
Conversely, let 4 be a transverse measure on (M, £). A finite positive R%-invariant
measure on M can be defined as follows, Let f : M — R be a continuous function
with support in the chart domain Uj;’s. Then the map f o hi_l is defined on V; x T;. By
integrating f o hi_1 on the sheets V; x {t} against the Lebesgue measure A4 of RY, areal
valued map on T; is defined that can be integrated against the transverse measure j; to

get a real number denoted by / fdu. When the support of f is not in one of the U;’s,

a partition of the unity {¢;}; associated with the cover of M by the U;’s will allow to
extend the definition of the integral as

/fdu = Z/f¢idﬂ~

This defines a positive finite measure on M which does not depend on the choice of the
atlas in £ nor upon the chosen partition of the unity. By construction, it is invariant under
the R¢-action. It is also plain that the existence of a finite measure on M invariant for the
R%-action is in correspondence with a finite measure on a transversal I" invariant under
the action of the holonomy groupoid (see [16]). Thus, for a tilable lamination (M, £)
the following four points of view are equivalent:
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A finite transverse invariant measure;

a foliated cycle;

a finite measure on M invariant for the Rd-action;

a finite measure on a transversal I" invariant for the holonomy groupoid action.

From the previous discussion, it is possible to derive the expression of an invariant mea-
sure from the point of view of tilings. Let T be a perfect tiling with well oriented d-cubes
X ={p1,..., pg} asits set of prototiles. By the previous construction, let 7 be the EFS
constructed with a sequence of BOF-manifolds B,, n > 0 and BOF-manifolds submer-
sions f, : B,+1 — B, satisfying the flattening condition. Let M (27, ) denote the set
of finite measures on Q7 that are invariant under the R?-action. Let also M"™ (Qr, w)
denote the set of finite measures on 27 with total mass m.

LetY = (y1,---, ys) beasetof points y; € p;,one for each prototile. The transversal
Q7,y is a Cantor set on which acts the holonomy groupoid Hr y. Let M(Qr.y, Hr.y)
denote the set of finite measures on 27,y that are invariant under the action of the
holonomy groupoid Hr,y. With any finite invariant measure p in M (2(T"), w) can be
associated a finite transverse measure ' in M(Q7.y, Hr.y) and this map is one-to-one.

Since Q27 y is a Cantor set, it can be covered by a partition of clopen sets with arbi-
trarily small diameters. Such a partition P is finer than another partition P’ if the defining
clopen sets of the first one are included in clopen sets of the second one. Let P,, n > 0
be a sequence of partitions such that for all n > 0, P, is finer than P,, and the diameter
of the defining clopen sets of P, goes to zero as n goes to 4-00.

Claim. A finite measure on Qr.y is given by the countable data of non negative numbers
associated with each defining clopen set of each partition P,, which satisfies the obvious
additivity relation.

The EFS F provides us such a sequence of partitions P, as follows. For each n > 0, let
Fi, ..., Fy@) be the regions of the BOF-d-manifold B,,. Each F; is a copy of a prototile
in X and consequently there is a marked point y; in F;. Forn > 0,i = 1,..., p(n), let

Coi =1, ().

For n fixed and as i varies from 1 to n(p) the clopen sets C, ; form a partition P, of
Q7. y. Furthermore, for n > 0, P, is finer than P, and the diameter of the clopen sets
Cn,i goes to zero as n goes to +00. It follows that a finite measure on Q7 y is given by
the countable data of non-negative weights associated with each defining clopen set C,, ;
which satisfies the obvious additivity relation.

The relation between an invariant measure u in M (7, w) and the associated trans-
verse invariant measure ' in M7y, Hr y) is given by

Proposition 5.3. Forn > 0andiin{1,...n(p)},

W(Cni) = w(m, L (F)).

1
ra(Fp)
These invariant measures can also be characterized combinatorially. Namely let 7, :
M(Q7, w)) = C4(By,, R) be the map defined by

T (u) = M(ﬂn (F1)) o /J/(T[n (Fp(n))) ’
Ad(F}) Ad(Fpm))

where the regions Fi, ..., F)(,) are now ordered and equipped with the natural orien-
tation that allows to identify Cy(B,, R) with RP,
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Remark 5.4. The coordinates of 7, (i) are the transverse measures associated with p of
clopen sets C, ; for some n > 0 and some i in {1, ...n(p)}.

Proposition 5.5. For any n > 0, the map t, satisfies the following properties:

(i) Ta(M(Qr, @) C W*(By),
(ii) fn,* 0Ty = Tp+l-

Proof. (i) Let u be an invariant measure on M (27, w). The invariance of p implies
that on each edge of B, the sum of the transverse measures associated with the
regions on one side of the edge is equal to the sum of the transverse measures
of regions on the other side of the edge. These are exactly the switching rules
(or Kirchoff-like laws) that define W (B,,). The fact that the measure is invariant
implies that each region has a strictly positive weight. Thus t,, () is in W*(B,).

(i) LetFy{,..., F [’)(n +1) be the ordered sequence of regions of B, equipped with the

natural orientation that allows to identify C4(B,+1, R) with R? 4+ To the linear
map fn« : Ca(Bnt1, R) = C4(By, R) corresponds a n(p) x n(p 4 1) matrix A,
with integer non negative coefficients. The coefficient a; ; , of the i ™ line and the
j™ column is exactly the number of pre images in FJ’ of a point in F;, leading to
the relations

_ i=p(n+1 -1
e (Fy) ’i e )
ra(Fp) o )

foralli = 1,...,p(n) and all j = 1,... p(n + 1). This is exactly the condition
Sux 0Ty = Ty a

If M*(F) = lim W* the set of invariant measures of (27, @) can be characterized as
follows

Theorem 5.6.

MQr, w) = M*(F).
Proof. The inclusion

M(Qr, w) C M*(F)

is a direct consequence of Proposition 5.5. Conversely, let (fo, ..., By, ...) be an ele-
ment of M*(F). Thanks to Proposition 5.3, it defines a weight on each clopen set C, ;.
The relation 8, = f.unBns+1 means that this countable sequence of weights satisfies
the additivity property and then defines a measure on Q27 y. Since the §,’s are cycles,
namely they satisfy the switching rules, this measure is a transverse invariant measure,
i.e. an element in M(Q2r,y, Hr,y). The correspondence between M(Qr y, Hr,y) and
M(Q7, w) being bijective, the equality is proved. O

Corollary 5.7. e Ifthe dimension of H 4(B,,R) is uniformly bounded by N, then for
allm > 0, M™(Qr, w) contains at most N ergodic measures;
o if furthermore the coefficients of all the matrices f., are uniformly bounded then
forallm > 0, M"™(Qr, ) is reduced to a single point i.e. the dynamical system
(27, w) is uniquely ergodic.
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Proof. The method used in the proof is standard and can be found in [25] in a similar
situation for d = 1.

To prove the first statement it is enough to assume that the dimension of the
Hd(Bn, R)’s is constant and equal to N. The set M™(Qr, w) is a convex. Its extre-
mal points coincide with the set of ergodic measures. Since M (Q7, @) = M*"(F),
the convex set M (Qr, w) is the intersection of the convex nested sets

M(Qva) = ngOWn’
where
Wn = f*l ©--+0 f*n—lW*(Bn)-

Since each convex cone W,, possesses at most N extremal lines, the limit set M™ (Q7, )
possesses also at most N extremal points and thus at most N ergodic measures.

The second statement is proved if M (27, w) is shown to be one-dimensional. Let x
and y be two points in the positive cone of RN representing one of the W,,’s. Let T be
the largest line segment containing x and y and contained in the positive cone of R .
The hyperbolic distance between x and y is given by

m+D(m+r)
n—" "2 7

Hyp(x,y) = —1 ;
r

where m is the length of the line segment [x, y] and/ and r are the length of the connected
components of T \ [x, y]. It is known that positive matrices contract the hyperbolic dis-
tance in the positive cone of RY. Since the matrices corresponding to the maps fyy
are uniformly bounded in sizes and entries, this contraction is uniform. Because of this
uniform contraction the set M (7, w) is one dimensional. O

Remark 5.8. If it is easy to construct perfect tilings in dimension d = 1 which are not
uniquely ergodic (see for instance [25]), this question remains unclear in dimension
d>2.

Since the Ruelle-Sullivan current vanishes on exact d-differential forms, it acts on the
de-Rham cohomology group Hg r(2(F)). The same standard arguments as the one
developed in Section 4.1leads to

HE 2 (QF)) = lim HE o (F).

In other words, every co-homology class [w] in Hg r(Q(F)) is the direct limit of
co-homology classes [w,] in H g r((F)). It means that for n big enough

p(n) —1
w(m, " (F)
Ci = —r -
e ([]) Z;AME) @

Let I, be the standard isomorphism 7, : HgR (B,) — Hd(Bn, A) (where A =R or C
depending upon whether the coefficients are in R or C) defined by

<Q@Mm>=fw,

c
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for every cycle ¢ in Hy(B,, A). It will be important in the proof of the gap labeling
theorem to consider the integral cohomology classes defined by

HpR" (Ba) = 1, HY (B, 7).

It is the set of classes that take integer values on integers cycles (i.e; cycles in Hy (B, Z)
leading to consider the inductive limit

HER" (Q(F) = lim Hy " (F).
Corollary 4.4 and Remark 5.4 then lead to

Proposition 5.9.

Cu (HEM (Q(F)) = / il C(Qr.y. D),

Qry

where C(I't, Z) is the set of integer valued continuous functions on Qry.

6. C*-Algebras, K -Theory and Gap-Labeling

In the previous section the continuous Hull Q7 of a perfect tiling of R has been described
in terms of expanding flattening sequences. It has been powerful in describing the ergo-
dic properties of the R“-action on 7. In this section the topology of this Hull will be
analyzed through its K-theory. In doing so, the dynamical system becomes a noncom-
mutative topological space and can be described through its C*-algebra of continuous
functions that turn out to be noncommutative. The gap labeling theorem [5] will be one
of the main consequences of this analysis.

6.1. Elements of topological K -theory. This section is a reminder about the classical
topological K -theory (see for instance [2]).

For any abelian semigroup (A, +) with zero 0, there is a canonical way to associate
with A an abelian group (K (A), +) (also called the Grothendieck group of A) satisfying
a natural universal property. A simple way to construct K (A) is as follows. Consider the
product semigroup A x A and let A be its diagonal. The cosets [(a, b)] = (a, b) + A
make a partition of A x A. The coset set K(A) = A x A/A becomes an abelian group
under the operation [(a, b)] + [(c, d)] = [(a + ¢, b + d)]. It is plain to check that it is
associative and commutative while [(a, b)] 4+ [(b, a)] = [(0, 0)] shows that any element
has an opposite. The map

a:A— K(A), ala)=I[a]=I[(a,0)],

is a semigroup homomorphism satisfying the following universal property: for any group
G and semigroup homomorphism y : A — G there exists a unique homomorphism
X : K(A) — G such that y = x o «. If in addition A satisfies the cancelation rule
(namelya +b = c+b = a = c), then « is injective. Let K (A) denote the image
of «. This is a positive cone in K(A) with respect to the Z-module structure of K (A)
generating the whole K (A). Moreover, every [(a, b)] has the form [(a, b)] = [a] — [b].
If foreverya,b € A,a+b=0 < (a,b) = (0,0), then KT(A) N —KT(A) = {0},
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hence the relation [a] — [b] > [@'] — [b] iff [a] — [b] — [@’] + [V'] € KT (A) makes
K (A) an ordered group.

Let X be a compact topological space. The previous construction can be applied to the
semigroup of isomorphism classes of complex vector bundles on X with the operation
given by the direct sum @. The class of the unique rank 0 vector bundle is the neutral
element of this semigroup. The resulting abelian group is denoted by K 9(X). So each
element of K°(X) is of the form [ E]—[F], where E and F are (classes of) vector bundles
on X; [E] = [F] iff there exists G suchthat E® G = F & G. KT (X) = ({LE] — [O]}
and it is the positive cone of an actual order on K (X). The semigroup does not satisfy the
cancelation rule though. As X is compact, for every vector bundle F there exist n € N
and some other vector bundle G such that [F] @ [G] = €", where €" denotes the (class
of) trivial vector bundle of rank n. Then G will be called a trivializing complement of E.
Hence [E] — [F] = [E @ G] — [€"], so that each element 8 of KO(X) can be written as
B = [H]—[€"], for some n € N. If ng is the minimum of such , then 8 > 0iff ng = 0.
Moreover if G ® G’ = €™, then E® G = F ® G implies that E @ €™ = F @ €. This
can be summarized as follows: [E] = [F] if and only if E and F are stably equivalent.

Let C(X) denote the ring of continuous complex valued functions on X. If E is a
complex vector bundle over X, let I'(E) be the C(X)-module of continuous sections of
E. This defines a functor I" from the category B of vector bundles over X to the category
M of C(X)-modules. In particular it induces an equivalence between the category 7°
of trivial vector bundles to the category F of free C(X)-modules of finite rank. As X is
compact, since for every bundle E there exists a bundle G such that E @ G is trivial,
it follows that I'(E) can be seen as the image of C(X)" under some projection valued
continuous map. In particular the category of vector bundles over X coincides with the
sub-category Proj(7) (which a priori is smaller) generated by the images of trivial
bundles by projection operators on trivial bundles. The category Proj (F) of projective
modules over C(X) is defined in a similar way. Hence I' establishes an equivalence
between Proj(7) to Proj(F) which is by definition the category of finitely-generated
projective C(X)-modules (Swann-Serre Theorem [42, 45]). Hence, the construction of
K%(X) can be rephrased in terms of projective modules instead of vector bundles and
in such a case it is denoted by K¢(C(X)).

Another important remark is the following. Let G(n, N) be the Grassmannian man-
ifold over the complex field, namely the set of n-dimensional subspaces of C". The
tautological vector bundle over G(n, N) is the submanifold £G(n, N) of G(n, N) x cN
of pairs (h, £) where h is an n-dimensional subspace of CVN, seenas a pointin G(n, N),
and & € h. Then h is also the fiber above & € G(n, N). Given X a topological space and
E a vector bundle over X, with dimension 7, let N > n be such that there is a vector
bundle F suchthat E® F = " = X x CV. Then, if x is a point in X the fiber E, of E
above x is a point in G(n, N) and the map gx : x € X — E, € G(n, N) is continuous.
Then E can be seen as the pull-back of £G(n, N) through this map.

Chern classes of a vector bundle E over X are even degree closed integral differ-
ential forms ¢;(8) € H 2"(X , Z)) depending only upon the K-theory class § = [E] of
E.If f : X — Y is a continuous map between compact spaces, then there is a natural
map f¢ : K%(Y) — K°(X), such that for any B € K(Y), c;(f*(B)) = f*(ci(B)),
where f* : H 2i(Y 7)) - H 2’-(X , 7)) is the natural map induced by f on cohomol-
ogy. In particular, the canonical map gx : x € X — E, € G(n, N), induces maps
¢y K°G(mn, N)) — K°X) and g% : H¥(G(n, N),Z) — H?(X,Z) exchanging
the Chern classes. Whenever X is a smooth manifold, Chern classes can be constructed
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as follows: let A be a connection form on E, namely it is a matrix valued one form
such that if s € T°°(E) is a smooth section then Vs = ds + As defines a linear map
V:T®(E) > I'™(E) ® A'(X) such that

V(fs)= fV(s)+df-s, [feC®X).

Then V2 : T®(E) — I'™(E) ® A%(X) is the multiplication by a matrix-valued 2-form
Q4 called curvature of the connection and it can be shown that

n! .
e = WTr (), 0<n<dim(X)/2,

are closed and integral. Chern’s theorem asserts that their cohomology class depends
only upon the K -theory class of E. A special example is the Grassmannian connection.
Through the Swan-Serre theorem E can be described from a projection valued map
P : X — My (C) (if N is large enough so as to allow E to have a trivializing comple-
ment in X x CV) as the set of pairs (x,§) € X x CV such that £ = Pg(x)&. Then the
Grassmannian connection is given by Vs = Pds and its curvature is Pd P Ad P, giving

n!
T Qny

Tr (PdP AdP)"), 0<n <dim(X)/2. )

Cn

The group K !(X) denotes by definition the group K°(SX), where SX is the reduced
suspension of X, i.e. the quotient space X x S! /{x}x S'UX x {p1}, where x is a marked
point in X and p; a marked point in the circle s! (see [2]). Let p : X x S' - SX be
the natural projection. If f : X — Y isas above, (f x id) : X x S' — ¥ x S' induces
a continuous map Sf : SX — SY which can be used to define f;' : K'(Y) — K'(X).

In particular, the Bott map gives a projection over the suspension in terms of a unitary
valued continuous function over X so that K ' (X) can also be represented by homotopy
classes of such maps. If U : x € X + U(x) € U(N) then the odd Chern classes are
given by

(D" 2'n!?
i)+l 2n + 1)!

a1 = Tr((U—ldU)2”+1) . 0<n<dimX)/2. ()

For a tiling space given by an EFS F = {(B,, fu)}neN, the K-groups can be obtained
as direct limits,

K (Qr) = lim K'(F).

The inductive limit implies that any projection valued continuous map on 27 can be
approximate uniformly by a projection valued continuous map over the B,’s and so is
equivalent to a projection in C(B;,) ® My (C) for at least one n € N.
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6.2. K-theory and gap labeling theorem. As was remarked in the early eighties, the
K -theory of locally compact spaces can be expressed entirely through the C*-algebra
Co(X) ® My (C), which is already non commutative. This allows to extend K -theory to
non commutative algebras. In this section only C*-algebras will be considered, but the
theory can be extended to normed algebras invariant by holomorphic functional calculus
[15].

In the tiling case, the C*-algebra of interest is the crossed product C(Q27) % R?. Let
Ao be the dense sub algebra made of continuous functions on Q7 x R with compact
support. If i is an R¢-invariant probability measure on Q27, there is a canonical trace
7, defined on Ag by

T.(A) = /Q du(@)A(w, 0) .

The main object of the gap-labeling question concerns the trace 7, (P) of a projection
P e A

In order to define Ky, two projections P, Q € A are equivalent whenever there is an
element U € A such that P = UU* and Q = U*U [15]. If P and Q are orthogonal to
each other, the equivalence class of their direct sum [ P & Q] depends only upon [ P] and
[ O], leading to the definition of the addition [ P]+[Q] = [P & Q]. To make sure that two
projections can be always be made mutually orthogonal modulo equivalence, .A must be
replaced by A ® K. Here K is the C*-algebra of compact operators on a Hilbert space
with a countable basis. It can also be defined as the smallest C*-algebra containing the
increasing sequence of finite dimensional matrices C = li_I)Il M,,(C), where the inclusion

of M, into M,,1,,, (0 < m) is provided by

. A0
A€My inm(A) = [0 Om] € Myim.

The group K (.A) is the group generated by formal differences [ P] — [ Q] of equivalent
classes of projections in .4 ® K. Then two equivalent projections have the same trace
and since the trace is linear, it defines a group homomorphism 7, » : Ko(A) — R the
image of which are called the gap labels.

Together with Ko, there is K| which is defined as the equivalence classes, under
homotopy, of invertible elements in li_r)n GL,(A).In the case of K ! (C(X)) this is equiv-

alent to the previous definition in terms of reduced suspensions. Standard results by R.
Bott [15] show that K (.A) is isomorphic to Ko(A ® Cy(R)) and that K (A ® Cy(R)),
which is then nothing but K»(A) = Ko(A ® Coy (R?)), is actually isomorphic to K¢(.A)
(Bott’s periodicity theorem). Both Ko and K are discrete abelian groups. They are
countable whenever A is separable. An important property of K (A) = Ko(A) ® K (A)
is that it defines a covariant functor which is continuous under taking inductive limits.
Namely any *-isomorphism « : A +— B between C*-algebrasinduces a group homo-
morphism o, defined by o, ([P]) = [a(P)] for Ko and similarly for K. Moreover,
K(li_I)n Ay) = 1i_1>n K(Ap).

For the purpose of this paper some more details will be needed in connection with the
Bott periodicity. More precisely, a *-algebra A is called a local Banach algebra (LB) if
it is normed and if it is invariant by holomorphic functional calculus. Then K (A) can be
defined in a way similar to the case of C*-algebras. The suspension SA is the set of con-
tinuous maps ¢ € [0, 1] > a(r) € A such that a(0) = a(1) = 0. If A has no unit, let A
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be the algebra obtained from A by adjoining a unit. The Bott periodicity theorem is based
on the properties of the following two maps; (i) the Bott map B4 : Ko(A) — K1(SA),
(i1) the index map 64 : K1(A) — Ko(SA). The Bott map is defined as follows. For
n € Nand for ! < n let p; denote the projection

p= [%{8} € My(C) C My (A).

Let e be an idempotent in M, (A) such thate — p; € M,,(A). Thenlet f, : t € [0, 1] —
fo(t) = €™ e + (1, — e). It is clear that f, € M,(SA) and is invertible. Moreover,
since fef[;1 — 1, M, (SA) it defines unambiguously an element [feflgl] of K{(SA).
It can be shown that it depends only upon the class [e] — [p,] € Ko(A) and that the
map Ba(le] — [pa]) = [fe f1; 1] defines a group homomorphism between Ky(A) and
K (SA) [15]. B

Similarly the index map 64 is defined as follows. Let u € M, (A) be invertible and
such that u — 1,, € M,,(A). Then, for ¢t € [0, 1],

wt Tt

i Ccos — sin —

3 w1 o 1|lu 0 _ 2 2
@) =R [ 0 1n:| Rk [O 1"j| - RO= —sin i cos A
2 2

. . 0 . .
gives a homotopy between 15, and the matrix 1 j| by invertible elements such

u
Ou
that z(t) — 12, € M>,(A). Then g(¢) is the loop of idempotents defined by g(r) =
Z(t)PnZ(t)*1 in My, (A). Since it is clear that g(t)—pn € My, (A) forallt’s, it defines an
element 64 ([u]) = [g] — [pn] € Ko(SA) that depends only upon the class [u] € K1(A)
of u and 64 becomes a group homomorphism between K(A) and Ko(SA) [15]. Using
the Bott periodicity theorem, it can be proved that 0 4 is the inverse of 84 [15]. However
instead of using the Bott periodicity, it is possible to iterate the procedures as follows.
Starting from go = e € M, (A) the previous construction leads to a double sequence (i)

g1, &m, - - - of idempotents with g, € Mzmn(SZ;?A) and g, — pom-1,, € Mzmn(SzmA),
and (ii) uy, -+ , uy, - - - of invertible elements such that u,, | € Mom,(S?"+1A) and
Umt1 — Lomy, € Mzm,,(Szm“A). Moreover the relation between them is that [u,,41] =

Bgom o ([8m]—[pom—1,]) whereas [g,,]—[pom—-1,,] = Og2m-1 4 ([t ]). The following result
can be proved by recursion on m

Proposition 6.1. Let A a local Banach algebra with a tracial state T. Then denoting by
Ay = [0, 11", the following relations are satisfied:

m!?

2m + 1)!
e, e = um-nyn P

_ m+1
com = 2(~1) 5

C2m ’

where

Com :/ T{gm(dgm)Azm} » C2m+1 :/ T{(ur;-li—ld”m+l)A2m+l} )
Aom A

2m+1
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As a consequence the following formula generalize the one proved by Connes [17]: if
T, is the map induced by the trace on K¢(A),
1
T ST p—_— S PP 4
«{lel = [pi]} Gy /Azm gm(dgm) “4)
(=™ 2mm!?
Qo) 2m 4+ D!

T | yduni )41} (5)
Aomyi
The Thom-Connes theorem [17, 15, 19] states that given a C*-dynamical system
(A,a,R) (where ¢ : s € R — «; € Aut(A)), there are group isomorphisms ¢é :
Ki(A) = K;+1(A x4 R). The construction of this isomorphism reduces to the Bott and
index maps when the action is trivial, remarking that the convolution C*-algebra C*(R)
is isomorphic to Co(R) through Fourier’s transform and that Co(RR) is isomorphic to the
algebra of C(0, 1) of continuous functions on (0, 1) vanishing at 0 and 1. The Connes
construction of qbg relies upon the remark that given an idempotent e € A, it is possible
to choose an equivalent idempotent ¢’ (thus giving the same element in K¢(A)) and an
equivalent R-action &’ (thus giving rise to a crossed product isomorphic to A x4 R)
such that o’ (¢’) = ¢’. Then the construction of the Connes map is identical to the Bott
map. Using naturality and functoriality, the map ¢é can be constructed similarly. The
formula (5) for m = 0 is then valid provided du is replaced by §u where § is the generator
of one-parameter group of automorphisms « [17].

Applied to the present situation where A = C(S2r) this gives a group isomorphism
¢q between Ko(C(27) Rd) and K4(C(R27)) (with K; = K;42 by Bott’s periodicity
theorem) and the previous remarks lead to

Theorem 6.2. [18] Let P be a projection in A and let [ P] be its class in Ko(A).
(i))If d = 2m + 1 is odd, let U be a unitary element of C(Q27) ® K representing
¢4 ([P]). Let n be the d-form in HgR(Q (F):
(=™ 2"m!?
1= oy m + D!
(ii) If d = 2m is even, let Q1 be a pair of projections of C(Q2r) ® K with ¢4([P]) =
[Q+]1—[Q-]. Let n be the d-form in Hp x(Q(F), C),

Tr ((U‘ldU)2m+l) .

n (Tr((Q4dQ1 AdQ)") =Tt ((Q-dO- AdQ)")} .

= Qu)y"m!
Then, in both cases, n € HgR(Q(]:), 7)) and
T,(P) = Cur([pn)).

Proof of Theorem 1.1: Combining the previous result with Proposition 5.9, we get:

T (Ko(A) C f du' C(Qry,2).
Qry
The converse inclusion is a standard result: the C*-algebra A is Morita equivalent to
the C*-algebra C*(I") of the groupoid of the transversal, so that they have same K -
theory [15]. In this latter algebra the characteristic functions of clopen subsets of I'
are projections with trace given by their integral. Since C(Q2r,y, Z) is generated by such
characteristic functions, this proves the other inclusion. Hence, the gap-labeling theorem
(see Theorem 1.1 stated in the introduction) is proved. O
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Remarks about Theorem 6.2: The integral classes defined above are related to Chern
classes. The image, say 8, of [ P] by the Thom-Connes isomorphism can be taken either
as an element of K O(B,,), when d is even, or of K 1(Bn), when d is odd, for n large
enough. It turns out (this is contained in the proof of the Thom-Connes theorem) that:

1) whend is even n (which actually “lives” on B,,) represents the Chern class c[4/2)(8) €

H%(B,, Z); in fact the choice of the normalization constant k; in Theorem 6.2 ensures
that this class is integral. So

T, (P) =< palcrayz(B) > .
2) When d is odd

T (P) =< Spnlcpa+n/2(B) >,

where S, is defined as follows. For zu,, € Zi(B,,, A), (1, X Sl) € Zry1(B, X sl (it
is understood that ' has the usual counterclockwise orientation). By using the natural
projection p, : B, x S '~ $B,, (p x Sl) induces a (k + 1) (singular) cycle S, on
S By, which is called the suspension of the cycle u,,. O
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