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Abstract: We consider tiling dynamical systems and topological conjugacies between
them. We prove that the criterion of being of finite type is invariant under topological
conjugacy. For substitution tiling systems under rather general conditions, including
the Penrose and pinwheel systems, we show that substitutions are invertible and that
conjugacies are generalized sliding block codes.

1. Notation and Main Results

We begin with a definition of tiling dynamical systems, in sufficient generality for this
work. Let .4 be a nonempty finite collection of compact connected sets in the Euclid-
ean space E¢, sets with dense interior and boundary of zero volume. Let X (A) be the
set of all tilings of EZ by congruent copies, which we call tiles, of the elements of the
“alphabet” A. We assume X (A) is nonempty, which is automatic for the special class
of substitution tiling systems on which we will concentrate below. We label the “types”
of tiles by the elements of .A. We endow X (.A) with the metric

1
mlx,yl =sup —mpy[B, N dx, B, N dy], (D

n>1N

where B, denotes the open ball of radius n centered at the origin O of E¢, and dx the
union of the boundaries of all tiles in x. (A ball centered at a is denoted B, (a).) The
Hausdorff metric m g is defined as follows. Given two compact subsets P and Q of E¢,
my[P, Q] = max{m (P, Q), m(Q, P)}, where

m(P, Q) = sup inf ||p —ql, 2
pqueQ

with ||w]|| denoting the usual Euclidean norm of w.
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Under the metric m two tilings are close if they agree, up to a small Euclidean motion,
on a large ball centered at the origin. The converse is also true for tiling systems with
finite local complexity (as defined below): closeness implies agreement, up to small
Euclidean motion, on a large ball centered at the origin [see RaS1]. Although the met-
ric m depends on the location of the origin, the topology induced by m is Euclidean
invariant. A sequence of tilings converges in the metric m if and only if its restriction to
every compact subset of E4 converges in my. It is not hard to show [RW] that X (A)
is compact and that the natural action of the connected Euclidean group Gg on X (A),
(g,x) € Gg x X(A) — g[x] € X(A), is continuous.

To include certain examples it is useful to generalize the above setup, to use what is
sometimes called “colored tiles”. To make the generalization we assign a “color” from
some finite set to each element of A, represented on each tile by a “color marking”, a
line segment in the interior of the tile, of different length for different colors. We then
redefine dx as the union of the tile boundaries and color markings in the tiling x.

Definition 1. A tiling dynamical system is the action of Gg on a closed, Gg-invariant
subset of X (A).

We emphasize the close connection between such dynamical systems and subshifts.
A subshift with Z¢-action is the natural action of Z¢ on a compact, Z¢-invariant subset

X of BZd, for some nonempty finite set B. If we associate with each element of B a
“colored” unit cube in E¢, the face-to-face tilings of EZ by those arrays of such cubes
corresponding to the subshift X gives a tiling dynamical system which is basically the
suspension of the subshift X (but with rotations of the entire tiling also permitted).

A significant difference between subshifts and tiling dynamical systems is that for
(nontrivial) subshifts the group acts on a Cantor set, while the space is typically con-
nected for interesting tiling systems. In fact, the spaces for different tiling systems need
not be homeomorphic.

A major objective in dynamics is the classification of interesting subclasses up to
topological conjugacy. For the class of subshifts a central theorem, due to Curtis, Lyn-
don and Hedlund, shows that a topological conjugacy can be represented by a sliding
block code (see [LM]). For tiling dynamical systems there is a natural analogue of such
a representation for which we use the same term. (Such maps are called “local” in [P]
and are closely related to mutual local derivability [BSJ].)

Definition 2. A topological conjugacy ¥ : X o4 — X a between tiling systems is a slid-
ing block code if for every n’ > 0 there is n > 0 such that for every x, y € X 4 such
that B, N dx = B, N dy we have B,y N d(¥x) = B,y N3 (Yy).

Our first result is:

Theorem 1. Within the subclass of substitution tiling systems with invertible substitu-
tion, every topological conjugacy is a sliding block code.

Before defining the subclass of “substitution” tiling systems in general we present
some relevant examples.

A “Penrose” tiling of the plane, Fig. 1, can be made as follows. Consider the 4 (col-
ored) tiles of Fig. 2. Divide each tile (also called a “tile of level 0”) into 2 or 3 pieces as
in Fig. 2 and rescale by a linear factor of the golden mean © = (1 + +/5)/2 so that each
piece is the same size as the original. This yields 4 collections of tiles that we call “tiles
of level 1”. Subdividing each of these tiles and rescaling gives 4 collections of tiles that
we call tiles of level 2. Repeating the process n times gives tiles of level n. A Penrose
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Fig. 1. A Penrose tiling
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tiling is a tiling of the plane with the property that every finite subcollection of tiles is
congruent to a subset of a tile of some level. A Penrose tiling has only 4 types of tiles,
each appearing in 10 different orientations.
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Fig. 2. The Penrose substitution
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A “pinwheel” tiling of the plane, Fig. 3, uses two basic tiles: a 1-2-+/5 right triangle
and its mirror image, as shown in Fig. 4 with their substitution rule [R1]. Notice that at
the center of each tile of level 1 there is a tile of level O similar to the level 1 tile but
rotated by an angle @ = tan~!(1/2). Thus the center tile of a tile of level n is rotated
by na relative to the tile. Since « is an irrational multiple of 7, we see, using the fact
that within a tile of level 2 there is a tile of level O similar and parallel to the level 2
tile, that this rotation never ends, and each tiling contains tiles in infinitely many distinct
orientations.

More generally, for any integers m < n we consider the “(m, n)-pinwheel” tilings
defined (for m = 3, n = 4) by the substitution of Fig. 5, whose tiles are m-n-+/m? + n?
right triangles. Like the ordinary pinwheel, such variant pinwheel tilings also necessarily
have tiles in infinitely many distinct orientations.

It is easy to construct explicit examples of Penrose and pinwheel tilings. Pick a tile
to include the origin of the plane. Embed this tile in a tile of level 1 (there are several
ways to do this). Embed that tile of level 1 in a tile of level 2, embed that in a tile of

Fig. 3. A pinwheel tiling

Fig. 4. The pinwheel substitution
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Fig. 5. The substitution for (3,4)-pinwheel tilings

level 3, and so on. The union of these tiles of all levels will cover an infinite region,
typically—though not necessarily—the entire plane.

In order to generalize from the above examples we need some further notation. A
“patch” is a (finite or infinite) subset of a tiling x € X (A); the set of all finite patches for
A will be denoted W 4. A “substitution function” ¢ is a map from W 4 to itself defined by
a decomposition of each tile type, stretched linearly about the origin by a factor A4 > 1,
into congruent copies of the original tiles. (Recall the Penrose and pinwheel examples.)
We assume:

1) Foreachk > 0 there are only a finite number of possible patches, up to Euclidean
motion, obtained by taking a ball of radius k around any point inside a tile 7 of
level n, " (T), where T and n are arbitrary. (This is usually called “finite local
complexity”.)

ii) Foreachtile T € A, ¢ (T) contains at least one tile of each type. (This is usually
called “primitivity”.)

iii) Foreverytile T € Athereisny > 1 such that ¢"7 (T) contains a tile of the same
type as T and parallel to it.

Condition 1) is highly significant, the remaining conditions much less so. In interest-
ing cases condition ii) can usually be obtained by replacing the substitution by a power
of itself; note that this does not affect the tiling dynamical system at all. Condition iii)
is related to the existence of a fixed point of the substitution; we know of no interesting
examples of systems not satisfying this condition.

Definition 3. For a given alphabet A of (possibly colored) tiles, and a substitution func-
tion ¢, the “substitution tiling system” is the compact subspace Xy C X (A), invariant
under G, of those tilings x such that every finite subpatch of x is congruent to a subpatch
of @™ (T) for somen > 0and T € A. The map ¢ extends naturally to a continuous map
(again denoted ¢) from X4 into itself.

There are two natural relaxations of this definition of substitution tiling systems. For
any tiling system X and any positive constant A, let AX denote the system of tilings
obtained by rescaling each tiling in X by A. If X, is a substitution tiling system, then
Xy and Ay X are topologically conjugate, via a sliding block code that associates tiles
(of level 0) of tilings in A4 X with tiles of level 1 of tilings in X .

Definition 4. If a tiling system X has the property that, for some A > 1, AX and X are
topologically conjugate via a sliding block code, then X is a “pseudo-substitution tiling
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system”, and the map X +— X obtained by first rescaling by A and then applying the
conjugacy is called a “pseudo-substitution”. If X and AX are topologically conjugate
(not necessarily via a sliding block code), then X is a “quasi-substitution tiling system”.

In the literature, pseudo-substitutions are sometimes called “improper substitutions”
or “substitutions with amalgamation”, and their fixed points are called “pseudo-self-
similar tilings”. In 2 dimensions, and with some additional assumptions, the categories
of substitution tiling systems and of pseudo-substitution tiling systems are essentially
identical, thanks to a construction of Priebe and Solomyak [PS] that converts a pseudo-
self-similar tiling into a self-similar tiling. It is generally believed that this construction
can be generalized to higher dimensions, dropping some of the restrictive assumptions, in
which case properties of substitution tiling systems, such as Theorem 1, can be expected
to apply to pseudo-substitution tiling systems. However, the following example (see also
[P]) shows that the conclusions of Theorem 1 do not apply to quasi-substitution tiling
systems.

Following [RS2], we consider suspensions of the 1-dimensional Fibonacci substitu-
tion subshift. That subshift is defined by the alphabet B = {0, 1} and the substitution of
0 by 1 and of 1 by the word 0 1. One can make a family of suspensions of this subshift
by replacing 0 and 1 by marked closed intervals of any positive lengths. One gets a
substitution tiling system if O is associated with a segment g of length |7p| = 1 and 1
is associated with a segment 7} of length the golden mean t = 1 + +/5/2, |Ti| = T.
When |T1]/|To| # t, the resulting tiling system is merely a quasi-substitution tiling
system [CS]. It was proven in [RS2] that two different Fibonacci tiling systems, defined
by Ty, T1 and T}, T, are topologically conjugate if | Ty| + 7|T1| = |T;j| + ¢|7}|, but that
such a conjugacy cannot be a sliding block code.

Definitions 3 and 4 yield spaces of tilings in which the tiles appear in all orientations,
although tiles appear in at most countably many different orientations within any fixed
tiling. Any Penrose tiling, for example, has tiles in only 10 distinct orientations, but the
space of all Penrose tilings contains all rotated versions of any tiling.

For each tiling x and each r > 0, consider the set of Euclidean motions g for which
x and gx agree exactly on a ball of radius r around the origin. The subgroup of SO (d)
generated by the rotational parts of the g’s is denoted Gro (7, x) and is called the relative
orientation group of x. In [RS1] it was shown that Gro(r, x) is independent of r (and
we henceforth write it as Gro(x)), and that the groups for different tilings x € X4 are
related by inner automorphism of SO (d). There are no inner automorphisms of SO (2),
so in 2 dimensions the group is exactly the same for all tilings x € X.

For the Penrose tiling, Gro = Zjo is the set of rotations by multiples of 27/10.
For the pinwheel tiling, Gro is generated by rotations of 77/2 and 2 tan~! (1/2). For the
(m, n)-pinwheel tiling, the group is generated by rotations by /2 and 2 tan~! (m/n).

From Theorem 1 we deduce that the relative orientation group is a conjugacy invari-
ant:

Corollary 1. If ¥ : X1 — X3 is a topological conjugacy between substitution tiling
systems with invertible substitution, and if x € X1, then Gro(¥ (x)) = Gro(x).

As an application, consider the (1,2)-pinwheel and (3,4)-pinwheel tilings. These have
stretching factors /5 and 5, and so cannot be distinguished by the homeomorphism
invariant of [ORS]. Moreover, their relative orientation groups are each isomorphic to
Z4 ® Z as abstract groups. However, these groups are different as subsets of SO (2) (one
is an index-2 subgroup of the other), so the two tiling systems cannot be topologically
conjugate.
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For each tiling x € X, consider the closure of the orbit of x under translations. Let
Grel (x) be the maximal subgroup of G that maps this orbit closure to itself. It is not hard
to see that G,.; (x) is the smallest subgroup of Gg that contains the closure of Gro(x) in
SO(d) and contains all translations. If the translation orbit of x is dense in Xy, as with
the pinwheel and its variants, then G,.;(x) = Gg. We should add that for tiling systems
in which tiles only appear in finitely many orientations in any tiling, it can be convenient
to consider the dynamical system of translations on the orbit closure of such a tiling.
Although our convention is to allow all of the Euclidean group to act on tilings it is easy
to obtain corresponding information about these more limited dynamical systems from
our results.

Our second result concerns what is often called the “recognizability” or “unique
composition property” of the substitution:

Theorem 2. If for a substitution function ¢ there is some tiling x in X 4 not fixed by any
translation, for which the orbit under translation is dense in X, then the extension of
¢ to Xy is a homeomorphism.

Theorem 2 complements a result of Solomyak [S], which dealt with tiling systems
that had finite relative orientation groups. Solomyak’s result was itself a generalization
of Mossé’s work on 1-dimensional subshifts [Mos]. For tilings in 3 or more dimensions
there is an additional case, where the relative orientation group is infinite but not dense in
SO(d). We have constructed a pseudo-substitution tiling system in 3 dimensions, with
Gro a dense subgroup of SO(2), for which the pseudo-substitution is not a homeo-
morphism. However, the recognizability of true substitutions in 3 or more dimensions
remains open.

Our third result concerns “finite type”. If X is a tiling space and r > 0, let X, be
the set of tilings for which every patch of radius r also appears in some tiling in X.
If ri1 > ry, then X,;, € X,,, and it is easy to show that N, X, = X.If X = X, for
some finite r, then we say that X is of finite type. Roughly speaking, this means that the
patterns in X are defined by local conditions, whose range is at most 2r. For subshifts,
it is well known that being of finite type is an invariant of topological conjugacy. (See
[RS2] for an explicit proof of this folk theorem.) We extend this to tiling systems:

Theorem 3. Let X, Y be topologically conjugate tiling systems, each of finite local com-
plexity. X is of finite type if and only if Y is of finite type.

2. Proofs of Theorems 1 and 2, and Some Related Results

We begin with the proof of Theorem 2. We abbreviate X by X and call a patch admis-
sible if there is a tiling x € X containing it. We assume ¢ has a fixed point in X, not
fixed by any translation, whose orbit under translations is dense in X. (The existence
of a periodic point for ¢ follows from iii), and we are free to replace ¢ with a higher
power.) Let H : G — G be defined by ¢ (gx) = H(g)¢d (x).

The following four lemmas are proved with standard arguments, as sketched below.

Lemma 1. The extension ¢ : X +— X is surjective.

Sketch of proof. Since X is compact, ¢ (X) is a closed subset of X. To see that it is dense,
note that any admissible patch is a subset of some tile of level n. Thus, for any tiling

x e X,andanyr > 0, B} = B;ﬁ(y) for some tiling y. O
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Lemma 2. There is a constant C > 0 such that for every r > 0 and for every pair of
admissible patches P, P’ with supp(P) C B, and B¢, C supp(P’) there exists g € Gg
such that gP C P’.

Sketch of proof. By finite local complexity and primitivity, there exists N such that for
every x € X and for every prototile 7, the patch ¢"¥ (T') contains a congruent copy of By,.
Take C greater than AN*! /m times the maximum diameter of a tile. Suppose r, P, P’
are as in the statement of the lemma. Let n be the least integer such that rA™" < m.
Then P’ contains a tile of level N +n, and every tile of level N + n contains a congruent
copyof P. O

Lemma3.fby,...,b; € E and t = Zle a;b; with a; € N, then there exist
to, t1, ..., tp such thatto =0, t;, =t, and foreach j =1, ..., 4,

ti—ti_ye{xb; :i=1,...,k}, 3)
and t; lies within (k/2) maxi<;<x ||b;|| of the straight-line path from O to t.

Sketch of proof. Each point along the straight-line path from O to t is a linear combina-
tion of the b;’s with real coefficients. Round these coefficients to the nearest integer to
get the sequence of t;’s. O

Lemma 4. If G,.;(y) = G there is a constant D such that if P, P’ are admissible
patches in 'y with supp(P) C B, and Bp, C supp(P’) then there exist ay, ..., a, €
SO(d) andty, ..., t, € R suchthata; P +t; C P',i = 1,2, ..., n, and such that no
proper subspace of B¢ is invariant under all the ;.

Sketch of proof. This is similar to Lemma 2. One can prove it first when P is a tile and
then extend the result to larger patches by inverting the substitution. O

Let M = max{diam(T) : T € A}. Let us say that a patch P has period g € Gg
if P U gP is a patch, i.e., if P and g P agree where their supports overlap (we do not
require that they actually overlap). Alternatively, P has period g € G if and only if
whenever T € P is such that g7° intersects supp(P) we also have g7 € P. Of course
any subpatch of a patch of period g has period g.

Lemma 5. If {by, ..., bi_1} C E? is a basis for a lattice L and P is a patch having all
periods in L and additional translational period by such that B, C supp(P), where

r>(d+1) max ||b;|| +4M, 4@
1<i<k

then (b1, ..., by) is a lattice of periods for Brf;z.

Proof. Suppose T € Brf;z and T ° +tintersects supp(Bf;z), wheret = ajb;+- - -+aiby
with each a; € N. Letb € T N B;j. Thenb +t € By/241om. Let tg, ..., t; be as in
Lemma 3. The straight-line path from b to b + t lies in B, /242y so each b + t; is in
B,. Thus, for each j we have (T° +t;) N P # () and by finite induction T’ +t; € P. It
follows that T 4+t € BrI;z. O



Conjugacies for Tiling Dynamical Systems 351

Lemma 6. If k < d and {by, ..., by} is a basis for a lattice L and P is an admissible
patch having all periods in L such that B, C supp(P), where

r> D((d+ 1) max ||b;|| +4M), (5)
1<i<k

then there exists byy1 € E4\ span(L) with ||byy1| < max|<;j<k ||b;i|l and such that
(b1, ..., bry1) is a lattice of periods for BrI;w.

Proof. Let P/ = Br};D—M' By Lemma 4, there exist « € SO(d) and t € R? such that

aP’ +t C P and a span(£) # span(L). It follows that P’ has all periods in £ as
well as all periods in «~'L. Let by € a~'{by,..., bt} \ span(L). By Lemma 5,
(b1, ..., bg41) is a lattice of periods for Brf}ZD—M/Z' Since r/2D — M /2 > r/3D, the
proof is complete. O

We next show that a large patch cannot have periods which are small relative to the
size of the patch.

Proposition 1. There is a constant K > 0 such that if P is an admissible patch whose
support contains a ball of radius r then every non-identity period g of P satisfies |gb —
b|| > Kr for someb € supp(P).

Proof. 1t suffices to prove there is a K which satisfies the conclusion for all sufficiently
large r. Recall the notation of m as the inner radius. No tiling in X has a translational
period of magnitude less than m. Let K > 0 be less than each of the following:

a) 4CA(A + DBD) N (d +4M/m)~ 1,
b) inf{|la — I||operat0r : I # o € SO(d) and « fixes some element of X},

c) %.
Suppose there exist ¥ > 4MC and a patch P having a non-identity period g € Gg

with ||[gb — b|| < Kr for all b € supp(P), and such that B, C supp(P). Letx € X
be a fixed point for ¢, let P’ = Bf/C_M, and let 1 € Gg be such that AP’ C P. Then

h~'gh is a period for P’ and
Ih~'ghb —b|| < Kr, forallbe P'. ©)

Since ¢(P') D P’ and H(h™'gh) is a period for ¢(P’), H(h~'gh)(h~'gh)~!is a
period for P’ N (h~'gh)~' P’. We have

X / -1 —1 p/
Bl gy C P0G gmP )

and

I|H (" 'ghy(h~'gh)"'b —b|| < (A + 1)Kr, forallb € supp(B* ,
rE—K)»—-M

). (8)

Now H (h~'gh)(h~'gh)~!is a translation, say by b; € R?, andifb; = Othenh~!gh
SO(d) and h~'ghb = b. This last is impossible due to our choice of K, hence

0<fx1ll =+ 1DKr. ©))
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An application of Lemma 5 followed by d — 1 applications of Lemma 6 (we will see in
amoment that r is large enough for this) yields a d-dimensional lattice £ = (by, ..., by)
of periods for P’ = B’,, where

IIbill < A+ 1)K, i=1,...,d, (10)
and
, 1 (1 K)— M
r'=—r(= — —
2(3D)d-1" "¢
r
>
~ 4C(3D)4-1
>d+4M/m)A(L+ DKr
> (d+4M/m), max |x;]. (11)
1<i<d

Thus r’ > A(Zle |lx; || + M), so the fundamental domain F = {f;b;+---+14bs : t; €
[0, 1]} for Lis suchthat¢ (F*) C B;,. This implies that every tile in ¢ (F*) is a translate
by an element of £ of a tile in F*, and it follows that all tiles in x are translates of tiles in
F*, contradicting that x should have tiles in infinitely many different orientations. 0O

For atile T and n > 0 let P,(T) be the set of admissible patches P for which
¢"(T) C ¢"(P) and ¢"(T) ¢ ¢"(P’) for any proper subpatch P’ of P. Then each
Pn(T) is finite and {T} = Po(T) C Py(T) C --- .

Lemma 7. For each tile T there is a positive integer Nt such that Py, (T)
= Py (T) =+ .

Proof. Set P(T) = Up>oP,(T) andletr > 0, y € E“ such that B, (y) C T. By finite
local complexity, P(7') has only finitely many patches up to rigid motion, since every
P € P(T) is of the form (T°)* for some tiling x € X.

If P,gP € P,(T) for some g € Gg with ||gh —b|| < Kr forallb € P then H"(g)
is a period for ¢ (P) which violates Proposition 1. Thus for each patch P € P(T) the
set of ¢ € Gg for which gP € P(T) is discrete and bounded, hence finite. It follows
that P(T) is finite, which is equivalent to the desired result. O

Lemma 8. Suppose P,(T) = Pu1(T). If x € X is such that ¢"T(T) C ¢(x) then
" (T) C x.

Proof. Let x’ € X be such that ¢ (x’) = x. Then ¢"t1(T) C ¢(x) = ¢"+!(x'), hence
there exists P € P,+1(T) such that P C x’. Since P € P,(T) we have ¢"(T) C
¢"(P) C¢"(x") =x. O

Proof of Theorem 2. Set N = max{Nt : T € A}. Letx € X, and let x1, x, € X be any
tilings such that

Pp(x1) = ¢V (x2) = x. (12)

We only need to show that x; = ¢V (x7).
Let T € x, be any tile and let g € G be such that g7 is a tile in .A. Then

oV (eT) € ¢V (gx2) = 9 (HY (9)x1). (13)

By Lemma 8, "V (gT) ¢ HV (g)x;, and hence ¢V (T) Cc x;. O
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Remarks. The preceding arguments show that Proposition 1 is tantamount to recogniz-
ability, even for substitutions that do not satisfy hypothesis iii) and hence do not have a
fixed point. This equivalence will be used in the proof of Propositions 3 and 4, below. The
existence of a fixed point and the fact that G,,; = Gg were used to prove Proposition 1.
We believe the conclusion is false without the latter assumption.

We now begin the proof of Theorem 1. Fori = 1, 2, let ¢; be a substitution on alpha-
bet A; with linear scaling factor A; such that ¢; : X4, — Xy, is a homeomorphism.
Write X; for Xy, and suppose ¥ : (X1, Gg) — (X2, GE) is a topological conjugacy.

Notation. Forr > 0,a € E and a tiling y, B, (a)” denotes the patch of y consisting of
all tiles in y that intersect the open ball of radius r about a. We abbreviate B, (0)” as B} .
Pick an “inner radius” m such that every tile in .4; U A, contains an open ball of radius
m. For patch-valued functions P, Q on X| we say P determines Q (or Q is determined
by P) if whenever x, y € X1 and P(x) = P(y) we also have Q(x) = Q(y).

It follows from the fact that ¢; : X; +— X; is a homeomorphism that there is a “rec-
ognizability radius” D; > 0 such that for x € X; the patch Bg[_ determines the patch

consisting of tiles containing the origin in ¢; Too.

Lemma 9. There is a constant p > 0 such that if n € Nand r > X p then fory € X

¢, " ()

. . y
rjm B determined by the patch B;. .

the patch B

Proof. Take p = 2D> /(A2 — 1). A patch of radius r in y determines a patch of radius
(r—D)/A2ing; ' (y), of radius [(r— D2) /A2 — Dal/A2 in ¢y > (y), and r /A3 — Dy (A5 ' +
.)62 oot A;,") in ¢, " (v). This last radius is greater than rA;" — Dy /(A2 — 1), which
in turn is at least r/217.

Any element g € G can be written uniquely as the composition of a rotation and a
translation, i.e., there exist unique ¢ € SO(d) and s € R4 such that

ga:aa—i—sforallaeIEd (14)

and we set

L(g) = lla — I”operator + [Isll. (15)

Notation. For patch-valued functions P, Q on X the phrase “P determines Q up to
motion by some g € Gg with £(g) < n” means that if x, y € X are such that P(x) =
P (y) then there exists g € Gg with £(g) < n such that Q(x) = gQ(y).

Lemma 10. There exist a constant So > 0 and a function n : Ry +— Ry such that

lim, 00 n(r) = 0 and if r > Sy, then for y € X the patch B} determines the patch

Blﬁ(y)

y_s, Up 10 motion by some g € Gg with £(g) < n(r).

Proof. By uniform continuity of v, there is a radius Sy such that the patch Bgo deter-
mines the tile at the origin of ¥ (y) and its immediate neighbors, up to motion by less
than m /2. Since ¥ is a conjugacy, for any point a € E?, the patch Bg,(a)” determines
the tile at a in ¥ (y) and its nearest neighbors, up to a small motion. Applying this to all
points a € B,_g,, we have that the patch B} determines B:bfﬁo up to an overall small
motion g. The bound on £(g) follows from uniform continuity of ¢. O
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For n € N put
log A
k(n) = {n o8 IJ (16)
log 1>
and set
Yn =y " oo gl (17)

Fix x € X;. Note that A’ll/kk(") € [1, A2), and if log A1/ log A3 is rational then the

sequence (AfA, (”))OO | is periodic and 1 is in its range, while if log A1 / log A5 is irratio-

nal then the range of this sequence is dense in [1, A2]. Thus there exists a subsequence
n; such that ¥, (x) converges, say to x’ € X, and such that

WS 51 asi - oo (18)

Proposition 2. The sequence {,; )72 converges uniformlyto a conjugacy ' : (X1, Gg)

— (X2, Gg) such that, for r > p + Sy and for y € X the patch B; determines the

patch Br%(} ).

Proof. Step 1. If g € G then v, (gx) — gx’ asi — oo. Indeed, if we write gx =
ax +switha € SO(d) and s € R? then

U, (83) = (85" oY) (@) (1))
= (@, " oY) (@) () + As)
= ¢, " (@9} ()] +2]'s)
= i, (x) + Ay A, (19)

which clearly converges to gx’ as i — oo.

Step 2. Suppose g, g’ € G and r > p + S are such that BS™ = B;g,x. For each i,

B¢r},~ (gx) B¢>1 (&' X) (20)
Al
By Lemma 10, there exists h; € Gg with £(h;) < n(k'llir) such that
]’l nj oy
B ¢[¢1 ' (gx)] _ Bl/;[_(lﬁ] (g X)]. @1
)‘l r—=So Ay'r—So
By Lemma 9
8 " hiv19) @) _ g, " wig] 60D
B k(nj) - B k(nj) . (22)
({1 r=S0)/24, Oy r=S0)/24,

Leta, Bi € SO(d) and s, t; € R? be such that ga=caa+sand h;a = B;a+t; forall
a € E4. We have

¢;k(n’)(hi1ﬂ[¢?i (&) = Biayy, (x) + )szk(n,-))\rlziﬂis + k;k(n’)ti, 23)
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and this converges to gx’ as i — 0o0. We know from Step 1 that

&, " (Yl (g'x)]) — g'x asi — oo. (24)
Since
Alir — S
% ST asios oo, (25)
25" 2
it follows that
BS, = BY; . (26)

Step 3. Define ¥' : X1 +— X as follows. Given y € X let {g;}; be a sequence in
Gg such that gjx +— y as j — oo. There exist group elements %; tending to the
identity in G and positive real numbers r; tending to infinity such that B,j’ 8% — B,yj
for each j. By Step 2, (h;g;x’); converges, hence so does (g;x’);, and we define
¥'(y) = limj_. gjx. The existence of this limit ensures that ¥ is well defined and

continuous. We see from Step 1 that it is a conjugacy, and the sliding block code follows
from Step 2.

Step 4. We still need to show that y,,, converges to ¥’ uniformly on X;. For y € X and
r > 0 one can find g € Gg such that gx agrees with y on a ball of radius r about the ori-
gin. By linear repetitivity (see Lemma 2), we can always choose g such that £(g) < Cr
for some fixed constant C. By the triangle inequality,

MW, (), ' D1 < mlYn, (), Y, (821 + mPn, (8%), gYm; (X)]
+mlg¥n, (x), ¥'(g0)] + mly' (gx), ¥'(M]. 27

Given €, we will show that for i large (with estimates independent of y), and for the
correct choice of g, each term on the right hand side is bounded by € /4. The left hand side
(which is independent of the choices made) is then bounded by €. Since the estimates
on i were independent of y, the left hand side goes to zero as i — oo at a rate that is
independent of y.

The argument of Step 2 shows that the maps v,,; are uniformly continuous with esti-
mates that are independent of i. As a result, the first term can be made small, independent
of i (and y), by choosing r large enough. The last term is also small if r is large, since
' is uniformly continuous. For fixed r (and hence fixed g), the second term is bounded
by Cr|l — )Lrl” A;k("i) |, which is small if i is large enough. Finally, the third term is small
once i is big enough that v, (x) and ¥’ (x) agree up to a small motion on a ball of radius
> Cr about the origin. O

Proposition 3. For all sufficiently large i we have A" 15 ki) _ 1,

Proposition 4. There exists I € N such that foralli > I, forall y € X1,
Y (V) = ¥'(0) + 8y, (28)
for somes, ; € R4,

Proof of Propositions 3 and 4. For fixed r, ¢ > 0 to be specified in the proof one can
find § > Osuchthatif y, y’ € X1 withd(y,; (y), ¥'(y)) < 8 then there exists g, ; € Gk
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with £(gy,;) < € such that ¥, (y) and g, ;¥'(y) agree on the ball of radius  centered
at the origin. Choose I such that d (¥, (¥), ¥'(y)) < §foralli > I, y € X;. Let us
consider i > [I. If r is chosen large enough and ¢ small enough, then gy ; is uniquely
determined by the above conditions and varies continuously with y, for otherwise we
would have a large patch with a small period, contradicting the recognizability hypothe-
ses (see the remarks following the proof of Theorem 2). Let oty ; € SO(d) andssy ; € R4
denote the rotational and translational parts of gy ;, respectively. We have, for t € R4
with ||t]] < r/X\2,

Y (v 4 1) = W, () + 412,50, (29)

and this agrees with

iy —k(ni iy —k(ni
i )+ M0 =gy (0 + ATt — it (30)

on the ball of radius » — At about the origin. If r is large enough and & small enough
then this implies, for all ||t|| sufficiently small, for all y € X1,

Gyt =y 31)
and
ni 4 —k(n;)
Sytt,i = Sy,i + A Ay t—ay ;t. (32)
By continuity ay4¢; = oy ; for all t, and this implies that the above formula for sy ;
holds for all t as well. Now s,,¢; < ¢ for all t, and this is only possible if ¢ ; is the
identity and A7 3., X" = 1. Thus ¥, (y +t) = ¥'()) + 8y, +t. O

Corollary 2. For each i > I and each y € X, there exists gy ; in the center of Gye(y)
such that Y, (y) = gy,i¥' (y). Furthermore, if y' is in the closure of the translation orbit

of y, then gy ; = gy,i.

Proof. Fix i and y. By Proposition 4 there exists a translation gy ; such that ¥, (y) =
8y,iV'(y). Since Y,; and ¥’ are conjugacies and all translations commute, we have
8y.i = &y, forany y’ in the translation orbit of y. By continuity, this last equality holds
for all y’ in the closure of the translation orbit of y.

To show that gy ; is in the center of G, (y), it suffices to show that ag, ; = gy,; for
every « € SO(d) N G (y). Fix such «. By definition of G, (y) there is a sequence
hj € Grer(y) such that h;y — y as j — oo and such that the rotational part ; of 4
converges to a. If g, ; is translation by s, ; then

V) 48y = Yn ()
= lim vy, ()

= lim &y, (y)
j—oo
= lim hjg,¥'(y)
Jj—>00
= lim hy' () + sy
j—oo
= _lim Ip/(hjy)+ajsy,,-,
j—oo
=y’ (y) + lim «ajs,;, (33)
j—>00

and hence o sy ; — sy ;. It follows that g, ; commutes with . O
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Proposition 5. Iftwo tilings y, y' in a substitution tiling space X 4 agree on a single tile,
then they are in the same translation orbit closure.

Proof. Suppose that y, y’ € Xy are tilings in different translation orbit closures which
agree on a tile; without loss of generality, we may assume that the interior of the tile
contains the origin, and thus, d(¢" (y), ¢"(y’)) — 0 as n — oo.

There exists a tiling z in the translation orbit closure of y and a rotation « € SO(d)
such that ¢(z) = az. Let {n;} be an increasing sequence of integers such that o™
converges to the identity. Let 8 € SO(d) be such that Bz is in the translation orbit
closure of y’. Then, for each n; > 1, o™ y is in the translation orbit closure of ¢"i (y),
and ¢" (Bz) = Ba’iz is in the translation orbit closure of ¢" (y’). Taking a limit as
n; — oo, it follows that the distance from the translation orbit closure of y to that
of Bz is zero, hence that y and Bz, and therefore y’, are in the same translation orbit
closure. 0O

Remark. Using property iii), one can take o to be the identity, thereby simplifying the
proof of Proposition 5. The above argument, however, shows that the conclusions of
Proposition 5 apply even to substitutions that do not have a fixed point.

Proof of Theorem 1. First we show that ¥/, is a sliding block code for i > I. Suppose
x,y € X, agree on a large ball around the origin, so that ¥(x) and ¥/ (y) agree on a
(smaller) ball around the origin. By Proposition 5, x and y lie in the same translation
orbit closure. However, v,,, and v’ differ by a (fixed) translation on this orbit closure,
S0 Yy, (x) and ¥, (y) agree on a (still smaller) ball around the origin.

Now note that ¢ = ¢§ (i) Y b " is a composition of three maps, each of which is a
sliding block code up to scaling. Each patch in ¥ (x) is determined by a (much smaller)
patch in ¥, o ¢, " (x), which is determined by a patch in ¢; " (x), which is determined
by a (much larger) patch in x. Thus ¥ is a sliding block code. O

Corollary 3. If the translation orbit of a tiling is dense in X1, then  intertwines the
actions of some powers of ¢1 and ¢».

Proof. In this case G, (y) of a tiling y has no center, so g; is the identity and v,,, = v’
forall i > I. But then

—k(n; i —k(n; i
¢ oy o) = Y, =V = Yy = by oo g (34)
Multiplying on the left by ¢§("i+1) and on the right by ¢, "' gives

¢/2<(ni+l)*k(ni) oY =vo ¢’1“+]7n"_ (35)

3. Proof of Theorem 3

Suppose that ¢ : X — Y is a topological conjugacy and that Y is of finite type. By
assumption, there exists a finite length r; such that Y, =Y.

As in the proof of Theorems 1 and 2, let D be a length greater than the diameter of
any tile in either tiling system. By finite local complexity there exists a radius m > 0
such that every tile contains a ball of radius m and the only way to move two adjacent
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tiles a distance m or less and obtain an admissible local pattern is to move the pair by a
rigid motion. Since ¥ ! is uniformly continuous, there is a length 5 such that, for each
y € Y, B}, determines Bg’ 5 '), up to a Euclidean motion that moves each point in Byp
by a distance of m /2 or less. Likewise, there is a length r3 such that, for each x € X,
B, determines B;’;fr)ﬁw up to a wiggle of size; at most m/2. .

We claim that X,, = X, and thus that X is of finite type. For if x € X,,, then
every patch of radius r3 in x corresponds to an admissible patch in a tiling in X, and
so determines a patch of a tiling in Y (up to a small motion). That is, the tiling x deter-
mines a combinatorial tiling of the tiles of the ¥ system, such that each patch of radius
r1 + r2 + 3D is actually admissible. This local information can be stitched together
to form an actual tiling y € Y, 4+,+3p = Y. The tiling ¥ ~1(y) is then a tiling in X.

However, the combinatorial structures of x and 1//‘1 (y) are the same, since B;‘3 (a) deter-

=1y
mines Bry +r,+3p Up to asmall rigid motion, which determines B;ﬁ D W) up to small rigid
motion. Since the tiles are rigid, this implies that x is obtained by applying a rigid motion
to ¥~ !(y),andis thusin X. O

4. Conclusions

We have been concerned with topological conjugacy between tiling dynamical systems,
emphasizing the geometric aspects by including systems in which the tiles appear, in
each tiling, in infinitely many orientations, thus incorporating the rotation group in an
essential way. Some of our results are restricted to a subclass of tiling dynamical sys-
tems, substitution systems, which can be thought of as incorporating an extra group
action which represents a certain similarity: that is, not only have we extended the usual
action of the translation group by the rotations, we have in fact extended further, to a
subgroup of the conformal group.

Our first result is to show that topological conjugacies between substitution sys-
tems with invertible substitutions are quite rigid. We show that any conjugacy for the
Euclidean actions automatically extends to (some powers of) the similarities, and can be
represented by the natural analogue of a sliding block code. Tiling dynamical systems
are a geometric extension of subshifts, and these results all have significant geometric
meaning.

Our second result is that substitutions whose systems do not admit periodic tilings
are recognizable, as long as the relative orientation group is either finite [S] or dense in
SO (d). In particular, all nonperiodic substitutions in two dimensions are recognizable.
This result can then be used to generalize constructions such as those in [PS] from the
category of translationally finite tilings to the more general case where tiles can appear
in arbitrary orientation.

Part of the significance of substitution subshifts and substitution tiling systems for
dimension d > 2 arises from the fact that, quite generally (see [Moz], [G]), such a sys-
tem carries a unique invariant measure and is measurably conjugate to some uniquely
ergodic system of finite type. Actually, the proofs show more than measurable conjuga-
cy; they show that off sets of measure zero the map is bicontinuous, and it is boundedly
finite to one on the sets of measure zero. These associated finite type systems are also
of geometric interest, as part of the general effort of understanding the symmetries of
densest packings of bodies [R2]. Our third result is a step in this direction, showing that
finite type is a topological property among tilings with finite local complexity, and not
merely an artifact of the way one defines the tiles.
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It would be significant if Theorem 1, and the conjugacy invariants (the relative ori-
entation groups) which follow from it, apply to such tiling dynamical systems. For
instance, we noted above that the (1,2)-pinwheel and (3,4)-pinwheel systems cannot be
topologically conjugate. We thus conclude with an open problem.

Open Problem. Are the two finite type tiling systems, which are measurably conjugate
to the (1,2)-pinwheel and (3,4)-pinwheel systems, topologically conjugate?

Acknowledgement. The authors are grateful for the support of the Banff International Research Station,
at which we formulated and proved Theorem 3.
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