LINEARLY REPETITIVE DELONE SYSTEMS HAVE A
FINITE NUMBER OF NON PERIODIC DELONE SYSTEMS
FACTORS.

MARIA ISABEL CORTEZ, FABIEN DURAND, AND SAMUEL PETITE

ABSTRACT. In this paper we prove linearly repetitive Delone systems
have finitely many Delone system factors up to conjugacy. This result
is also applicable to linearly repetitive tiling systems.

1. INTRODUCTION

The concepts of tiling dynamical system and Delone dynamical system are
extensions to R%-actions of the notion of subshift (see [Ro]). Classical ex-
amples are those generated by self-similar tilings, as the Penrose one, which
have been extensively studied since the 90’s. For details and references see
for example [Ro, Sol]. Systems arising from self-similar tilings are known
to be linearly repetitive (see [So2, Lemma 2.3]), this means there exists a
positive constant L, such that every pattern of diameter D appears in every
ball of radius LD in any tiling of the system. This concept has been first
defined in [LP]. Linearly repetitive tiling and Delone systems can be seen
as a generalization to R%-actions of the notion of linearly recurrent subshift
introduced in [DHS].

We study the factor maps between Delone systems. The main result is
the following: linearly repetitive Delone systems have finitely many Delone
system factors up to conjugacy. As noticed in [So3|, tiling systems are
topologically conjugate to Delone systems. This conjugacy also preserves
linear repetitivity. Consequently, the results that we present can be easily
extended to linearly repetitive tiling systems.

The main result of this paper was obtained in the context of subshifts in
[Dul]. A key tool used in [Dul], is the existence of sliding-block-codes for
factor maps between subshifts (Curtis-Hedlund-Lyndon Theorem). Unlike
subshifts, factor maps between two tiling systems are not always sliding-
block-codes (see [Pe] and [RS]). The lack of this property appears to be the
main difficulty of this work. To surmount this obstacle, we carefully dissect
continuity of factor maps, by means of Voronoi cells and return vectors.
This paper is organized as follows: In Section 2 we recall basic concepts
and results about Delone systems. In Section 3 we show the factor maps
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from linearly repetitive Delone systems to Delone systems are finite-to-one.
Finally, Section 4 is devoted to the proof of the main theorem.

2. DEFINITIONS AND BACKGROUND

In this section we give the basic definitions and properties concerning Delone
sets. For more details we refer to [LP] and [Ro]. Let r and R be two positive
real numbers. A (r, R)-Delone set X is a discrete subset of R? satisfying the
following two properties:

(1) Uniform discreteness: each open ball of radius r > 0 in R? contains
at most one point of X.

(2) Relative density: each closed ball of radius R > 0 in R? contains at
least one point of X.

A (7, R)-Delone set X, in short a Delone set, has finite local complexity if
X — X is locally finite, i.e. the intersection of X — X with any bounded set
is finite.

The translation by a vector v € R? of a Delone set X, is the Delone set X —v
obtained after translating every point of X by —v. Observe that X — v has
finite local complexity if and only if X has finite local complexity. A Delone
set is said to be non periodic if X — v = X implies v = 0.

Let R > 0 and X be a Delone set. We say that P C X is the R-patch of X
centered at the point y € R? if

P =XnNBg(y),

where Br(y) denotes the open ball of a radius R centered at y. If there is
no confusion, we refer to a R-patch of X merely as a patch. A sub-patch of
the patch P is a patch of X included in P. A patch Q is a translated of the
patch P if there exists v € R? such that P — v = Q. The vector v € R? is a
return vector of the patch P in X if P — v is a patch of X. An occurrence
of the patch P of X centered at y € R? is a point w € R? such that y — w
is a return vector of P. Observe the patch P — (y — w) is the translated of
P centered at w.

The R-atlas Ax(R) of X is the collection of all the R-patches centered at a
point of X translated to the origin. More precisely:

Ax(R) ={X NBgr(x) —x; z € X}.

The atlas Ax of X is the union of all the R-atlases, for R > 0. Notice that
X has finite local complexity if and only if Ax (R) has finite local complexity
for every R > 0.

The Delone set X is repetitive if for each R > 0 there is a finite number
M > 0, such that for every closed ball B of radius M the set BN X contains
a translated patch of every R-patch of X. Observe that any repetitive Delone
set has necessarily finite local complexity.

The Voronoi cell of a point x € X is the compact subset

Ve ={y €RY [lz —y|| < ||’ —yl| for any 2’ € X}.
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Notice that if X is a Delone set has finite local complexity, then each Voronoi
cell of X is a polyhedra, and there is a finite number of Voronoi cells of X
up to translations.

2.1. Delone systems. We denote by D the collection of the Delone sets of
R?. The group R? acts on D by translations:

(v,X)— X —v forveR%and X € D.

Furthermore, this action is continuous with the topology induced by the
following distance: take X, X’ in D, and define A the set of ¢ € (0, %) such

V2
that there exist v and v in B.(0) with
(X - ’U) N Bl/a(o) = (X/ - Ul) N Bl/a(o)a

we set .
infA ifA

a(x, X') ={ Al

7 = (.

Roughly speaking, two Delone sets are close if they have the same pattern
in a large neighborhood of the origin, up to a small translation.

A Delone system is a pair (Q,R%) such that  is a translation invariant
closed subset of D. The orbit closure of a Delone set X in D is the set Qx =
{X 4+ v :v € R4}, This is invariant by the R%action, and, it is compact if
and only if X has finite local complexity (see [Ro] and [Ru]). Every X’ € Qx
is a (1, R)-Delone set if X is a (r, R)-Delone set, and for any real R > 0, we
have Ax/(R) C Ax(R). If all the orbits are dense in Q2 x, the Delone system
(Qx,RY) is said to be minimal. It is shown in [Ro] that the Delone set X
is repetitive if and only if the system (Qx, Rd) is minimal. In that case, for
any X' € Qx and any R > 0 the R-atlases Ax/(R), Ax(R) are the same. If
in addition, X is non periodic, then every Delone set in Q2x is non periodic.
A factor map between two Delone systems (1, R?) and (Q2, R?) is a con-
tinuous surjective map 7 : 3 — Qg such that 7(X — v) = n(X) — v, for
every X € ; and v € R?

In symbolic dynamics it is well-known that topological factor maps between
subshifts are always given by sliding-block-codes. There are examples which
show that this result can not be extended to Delone systems ([Pe], [RS]).
The following lemma shows that factor maps between Delone systems are

not far from being sliding-block-codes. A similar result can be found in
[HRS].

Lemma 1. Let X; and X35 be two Delone sets. Suppose X1 has finite local
complezity and m : Qx, — Qx, 1s a factor map. Then, there exists a constant
so > 0 such that for every e > 0, there exists R. > 0 satisfying the following:
For any R > R, if X and X' in Qx, verify

X N BRys, (0) = X'n Bpr+s, (0)7

then
(x(X) = v) N Br(0) = 7(X’) N Br(0)
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for some v € B.(0).

Proof. The Delone set X, has also finite local complexity because (x, is
compact. Let rg and Ry be a positive constant such that X5 is a (ro, Rp)-
Delone set. Since all the elements of Qx, are (rg, Ry)-Delone sets, if two
different points 1, yo of R? satisfy (X — 1) N Br(a) = (X —y2) N Bg(a) for
some X € Qx,, a € R and R > Ry, then [|y; — ya| > 22 (for the details see
[Sol]).

Let 0 < dp < min{7, Rio} Since 7 is uniformly continuous, there exists
sp > 1 such that if X and X’ in Qx, verify X N B, (0) = X' N By, (0) then

(*(X) =) N B (0) = w(X") N BL(0),

for some v € Bs,(0). Let 0 < € < §p. By uniform continuity of 7, there exists
0<d< % such that if X and X’ in Qy, verify X N B%(O) =X'n B%(O)
then

(2.1) (r(X) —v)N B1(0) = m(X") N B1(0),

for some v € B:(0). Now fix R > R, = % — 59, and let X and X’ be two
Delone sets in x, satisfying

(2.2) X N BRris(0) = X' 'N Brig, (0).

Observe that X and X' satisfy (2.1), and (X —a)NBs,(0) = (X' —a)NBs,(0),
for every a in Br(0). The choice of sg ensures that

(2.3) (m(X) —a—t(a)) NB1(0) = (m(X') = a) NB4(0),

for some t(a) € Bs,(0). Let us prove the map a — t(a) is locally constant.

For a € Br(0), let 0 < s, < % — Ry be such that B, (a) C Br(0). Every

a’ € By, (0) verifies B%_Ha,”(—a’) C B%(O). Let a’ € Bs,(0). This inclusion
0 0

and (2.3) imply

(2.4) (7r(X)—a—a/—t(a))ﬂBéfna,H(—a/) = (W(X’)—a—a/)ﬂB%wa,”(—a/).

On the other hand, from the definition of the map a — t(a) we deduce
(7(X)—a—d —tla+ad)) HB%(O) = (n(X') —a—d) HB%(O),
0 0

which implies

(2.5)

(W(X) —a—a’—t(a—l—a’))HB%_HG,”(—a/) = (ﬂ'(X/) —a—a/)ﬂB%_”a/”(—a/).
Since ||t(a) —t(a + o')|| < 2, from equations (2.4), (2.5) and the remark of
the beginning of the proof we conclude t(a) = t(a+ a’) for every @’ € Bs(0).
Therefore the map a — t(a) is constant on By, (a).

Furthermore, due to 0y > ¢ and (2.2), Equation (2.1) implies there exists
v € B.(0) such that

(2.6) (v(X) =v) N B (0) = 7(X') N B (0).

)
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For a = 0, from (2.3) and (2.6) we have that ¢(0) = v or [[v —t(0)| > 3.
Since [|£(0) —v|| < do+e < 2dp < %, we conclude #(0) = v and then t(a) = v
for every a € Br(0). This property together with (2.3) and (2.6) imply that

(r(X) = ) O Br(0) = m(X") N By(0).
This conclude the proof. O

3. PREIMAGES OF FACTOR MAPS.

In the rest of this paper we suppose that all the Delone sets have finite local
complexity.

A Delone set X is linearly repetitive if there exists a constant L > 0 such
that for every patch P in X, any ball of radius Ldiam(P) intersected with X
contains a translated patch of P. In this instance we say that X is linearly
repetitive with constant L. Notice the constant L must be greater or equal
than 1, and if X is linearly repetitive with constant L, then it is linearly
repetitive with constant L', for every L' > L. Every Delone set in the orbit
closure of a linearly repetitive Delone set is linearly repetitive with the same
constant. When X is linearly repetitive, we call (Qx, Rd) a linearly repetitive
Delone system.

The following lemma shows the factors of linearly repetitive systems are also
linearly repetitive with a uniform control on the constants. This was already
proven for subshifts in [Dul].

Lemma 2. Let X be a linearly repetitive Delone set with constant L. If
X' is a Delone set such that (Qx/,R?) is a topological factor of (Qx,R%),
then there exists a constant Tx: > 0 such that if P is a patch of X' with
diam(P) > 7x/, then for any y € R?, the set X' N BsLdiam(p)(y) contains a
translated patch of P.

Proof. Let m : Qx — Qx be a topological factor, where X is a (rx, Rx)-
linearly repetitive Delone set with constant L, and X' is a (rx/, Rx/)-Delone
set. We can assume that 7(X) = X’. Let so > 0 be the constant of Lemma
1. Fix 0 < € < Lsg and consider R, > 0 as in Lemma 1. We set

X = max{so, R€7 RX) RX’}

Let P be a patch in X’ with diam(P) = D > 7x/, and let v € P C X’. Let
Q = (X —v)NBp4(0). Since diam(Q) < 2(D + sq), for every y € R there
exists w € Bar(p4sy)(y) such that (X —w) N Bpis(0) = Q. Then, from
Lemma 1 there exists ¢t € B.(0) such that

(X' —v) N Bp(0) = (X' —w — ) N Bp(0).

Since (X’ —v) N Bp(0) contains a translated of P, this shows that every
ball of radius 2L(D + sg) + ¢ < 5LD in X’ contains a translated of P as
sub-patch. O
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The next Lemma follows the same lines of Lemma 2.4 in [So2]. We show
the set of occurrences of a R-patch of a linearly repetitive Delone set and
its factors is uniformly discrete with a constant depending linearly on R.

Lemma 3. Let X be a non periodic linearly repetitive Delone set with con-
stant L, and let X' be a non periodic Delone set such that (Qx/,R%) is a
topological factor of (Qx,R?). There exists a constant Mx+ > 0 such that
for every R > My and for every R-patch P of X', if x € R?\ {0} is a
return vector of P, then ||z| > R/(11L).

Proof. Let R' > 0 be a real such that any patch of the kind X’ N Bg/(y),
with y € R?, has diameter greater than 7x/, where 7 is the constant given
by Lemma 2. Let My, = 110LR’' + R’ and P be the R-patch X' N Br(v)
with R > My and v € R% Suppose there exists € R?, with 0 < ||z|| <
R/(11L), such that P + z is a patch of X’. For any y € R%, consider the
patches
Qy = X/ N BR’(y) and Sy = X/ N BR/+||xH(y)
Since
Tx < diam(Sy) < 2(R' + ||z])),

from Lemma 2, every ball of radius 10L(R’ + ||z||) intersected with X’ con-
tains a translated of S,. By the very hypothesis, we have

10R < R n 10R R
11— 1 11

This implies there exists w € R% such that Sy + w is a sub-patch of X' N

Br(v) = P. Because P+ x is also a patch of X', we have Qy +w + z is also

a patch of X’ and a sub-patch of S, + w. Hence Qy + w+ = Qyyz +w
and

10L(R + ||z|) < 10LR' +

Qy +x = Qy+x.

Since y is arbitrary, we conclude that X’ + z = X', which contradicts the
non periodicity of X’ if x # 0. O

We recall the following definition: A factor map 7 : (Q,RY) — (€, R%) is said
to be finite-to-one (with constant D) if for all y € Y we have |7~ ({y})| < D.
The next result is a technical lemma we use in Proposition 5 to show that
factor maps between linearly repetitive Delone systems are finite-to-one.

Lemma 4. Let 7 : (Qx,R%) — (Qx/,R%) be a factor map, where X is
a linearly repetitive Delone set with constant L, and X' is a non periodic
Delone set. We denote by sg the constant given by Lemma 1.

For every 0 < e < %, there exists a constant Ry such that for any R > Ry
there are at most n < (55L*)% patches Pi, ..., P, satisfying for every 1 <
1 < n the following conditions:

i) Py = (X —w;) N Brys(0), for some w; € RY,
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1) If X7 belongs to Qx and X” N Bris,(0) = P;, then there exists
v € B(0) such that
(m(X”) —v) N Br(0) = 7n(X) N Br(0),
i1i) The patch (X —w;) N Brisy—2¢(0) is not a sub-patch of Pj, for every
1<j<n,j#i.

Proof. Let 0 < ¢ < %, Ry = max{so, Mx/, Re} and R > Ry, where Mx is
the constant given by Lemma 3 and R, by Lemma 1. Let P;,..., P, ben
patches of X satisfying the conditions 1), i), ii).
Let 1 < i <n. We have

diam(P;) < 2(R+ sp) < 4R.

Linear repetitivity implies there exists v; € By r(0) such that

(X = i) [ | BRaso(0) = Pi.
Then by i), there is u; € B(0) satisfying
Q = (7(X —v;) +w;) N Bg(0) = (7(X) — v; +u;) N Br(0),
where @ = 7(X)NBR(0) (observe that ) does not depend on ). This means
the set @ + v; — u; is a patch of m(X). As {v; —u;, 1 <i < n} is included

in Byrrte(0) and R > My, Lemma 3 implies the number of elements in
{v; —u;, 1 <i<mn}isbounded by

vol(Barr+¢(0))
vol (B% (0))

If n is greater than (55L2%)%, then there exist i # j such that v; —u; = vj —uj,
and ||v; —vj|| < 2e. This implies the patch (X —v;) N Br4s,—2¢(0) is included
in the patch (X — v;j) N Brys,(0) = P;, which contradicts the condition
iii). 0

< (55L%)%.

The next result was proven in [Dul] for subshifts. We use it with Proposition
6 to conclude the proof of the main theorem.

Proposition 5. Let X be a linearly repetitive Delone set with constant L.
If m: (Qx,R?) — (Qx/,R?) is a factor map such that X' is a non periodic
Delone set, then w is finite-to-one with constant (55L2)%.

Proof. Let X{, € Qx:. Suppose there exist n > (55L%)% elements X1, ..., X,
of Qx, such that 7(X;) = X{, for each 1 <7 < n. Since they are all different,
there exists Ry > 0 such that for any R > Ry, the patches X; N Br(0) are
pairwise distinct.

Let 0 < e < % and R; be the constant given by Lemma 4. Lemma 1
ensures that for any Y € Qx satisfying Y N Br(0) = X; N Br(0), with
1 <i < nand R > max{Ry, R + so, Rx + so}, there exists v € B.(0)
such that (7(Y") —v) N Br_s,(0) = X{, N Br_s,(0). This means the patches
X1NBg(0),---, X, N Br(0) satisfy conditions ¢) and i7) of Lemma 4. Then
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we deduce there exist different i(R) and j(R) in {1,...,n} such that the
patch X, g)NBr_2:(0) is a sub-patch of X;(gyNBr(0). In other words, there
exists vg € Ba(0) such that X; ) N Br2:(0) = (Xj(r) +vr) N Br—2:(0).
By the pigeonhole principle, there exist different ig and jo in {1,...,n}, and
an increasing sequence (R;),>0, tending to oo with p, such that i(R,) = o
and j(R,) = jo, for every p > 0. By compactness, we can also assume that
(vR,)p>0 converges to a vector v. Thus, for every p > 0 we get

Xio N Br,-2¢(0) = (Xj, + vr,) N Br,—2:(0),

which implies that X;, = X, + v and X§ = 7(X;,) = n(Xj, +v) = X{ + v.
Since X;, # Xj,, the vector v is different from zero, but this contradicts the
non periodicity of X{. O

The following proposition is a straightforward generalization of Lemma 21
in [Dul].

Proposition 6. Let (Q,RY) be a minimal Delone system and ¢1 : (Q, R?) —
(Q,RY), ¢ : (QRY) — (Q,RY) be two factor maps. Suppose that (Qz,RY)
is mon periodic and ¢y is finite-to-one. If there exist X,Y € Q and v € R?
such that ¢1(X) = ¢p1(Y) and ¢2(X) = ¢2(Y —v), then v = 0.

Proof. There exists a sequence (v;);en C R? such that lim; 400 X —v; =Y.
By compactness, we can suppose that the sequence (Y — v;);en converges
to a point Y2 € Q. By continuity, we have ¢1(Y) = ¢1(Y2), and ¢2(Y) =
¢2(Y2) — v. By compactness, we can suppose that the sequence of points
(Ya — vi)ien C 2 converges to a point Y3. So we have ¢1(Ya) = ¢1(Y3)
and ¢2(Ya) = ¢2(Y3) — v. Hence we construct by induction a sequence
(Yn)neN C 2 such that ¢, (Yn) =®1 (Yn—H) and ¢2(Yn) = ¢2(Yn+1) —v for all
n > 1. Since the map ¢ is finite-to-one, there exist 7 < j such that Y¥; =Y.
Then, we have

$2(Y:) = ¢2(Yig1) —v = ¢2(Yip2) —2v=... = ¢2(Y;) — (j — i)v

= ¢2(Ys) — (j —i)v.
Since (£22,R?) is non periodic, we conclude v = 0. O
Remark. Following the lines of the proof of Proposition 6, this result can
be generalized to Z¢ or R¢ actions, more precisely: Let G be R¢ or Z¢.
Let (X,G) be a minimal dynamical system and ¢; : (X,G) — (X1,G),
¢2 1 (X,G) — (X2,G) be two factor maps. Suppose that (Xs, G) is free and

¢1 is finite-to-one. If there exist z,y € X and g € G such that ¢1(x) = ¢1(y)
and ¢2(z) = ¢2(g.y), then g is the identity in G.

4. NUMBER OF FACTORS OF LINEARLY REPETITIVE DELONE SYSTEMS.

Let X be a Delone set having finite local complexity, and P = X N Br(x)
be a patch of X. We define

Xp={veR?: P+uis apatch of X}.
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Observe that 0 always belongs to Xp. It is straightforward to check that
Xp is a Delone set when X is repetitive. Furthermore, Xp is a Delone set
having finite local complexity because of Xp — Xp C X — X. Then we
define the Voronoi cell of P associated to v € Xp as the Voronoi cell of
v+ x € Xp + x. That is,

Vo ={y € R [ly — (@ +v)l| < lly - (@ + W), Yu € Xp}.

Notice the Voronoi cell of P associated to v € Xp is the Voronoi cell of
v € Xp translated by the vector z.

Remark 7. It follows from the definition that a (r, R)-Delone set X satisfies
the following: for any x € X, the diameter of the Voronoi cell V,, is smaller
or equal to 2R and B:(z) is contained in V. If X is linearly recurrent
with constant L, Lemma 3 implies for every sufficiently large R and every
patch P = X N Br(z) of X, the collection Xp is a (7%, 2LR)-Delone set.

11L°

Therefore, in this instance we have diam(Vp,) < 4LR and B r (x +v) C
11L

Vp, for every v € Xp.

In the next lemma, we bound the number of ways we can extend a given
patch P to a bigger one. More precisely, this gives an upper bound of the
number (up to translation) of R’-patches X N Bg/(x), such that X N Br(x)
is a translated of P.

Lemma 8. Let X be a linearly repetitive Delone set with constant L, and
consider 0 < Ry < Ra, with Ry sufficiently large. Then there are at most

d
n < (44L%)% (%) patches Py, -+, P, of X, up to translation, satisfying
for every 1 <1i < n the following two conditions:

i) there exists v; € R? such that P; = X N B, (v;).
i1) (X —v;) N Bpg,(0) = (X —v;) N Bg,(0), for every 1 < j <mn.

Proof. Applying Lemma 3 to the identity factor map on (Qx, R?%), we deduce
there exists Mx > 0, such that for every R > My and z € R?, the distance
between two different occurrences of P = X N Br(z) is greater or equal to
R/(11L).
Let Mx < R; < Ry and n € N. Suppose P,---, P, are patches of X
satisfying conditions ¢) and i), and such that for every 1 <1i < n,

i11) P; is not a translated of Pj, for every j € {1,--- ,n}\ {i}.
Condition 7) and linear repetitivity of X imply for every 1 < i < n, there
exists w; € R? such that P, + w; is a sub-patch of X N Barg,(0). From
condition i) it follows that for every 1 < ¢ < n, the point v; + w; is an
occurrence of the patch X N Bg, (v1) in the ball Byrg,(0). Finally, by the
choice of Ry, conditions i), 7ii) and Lemma 3, for every i and j in {1,--- ,n}
such that i # j, we get [lv; +w; — (vj + w;)|| > £, which implies

vol(Bory (0) _ ( rava (B2
=SB ) (&)
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and achieves the proof. O

The following lemma is certainly well-known, but we did not find any refer-
ence. This shows that a Voronoi cell of a point x in a (r, R)-Delone set X is
completely determined by the points in X N Bygr(z).

Lemma 9. Let X be a (r, R)-Delone set. Then for every x € X one has
Ve ={y e Rt |lz —yll < &' —yll, for every 2’ € X N Byg()}.

Proof. Let Cp = {y € R?: |lz — y|| < |2’ —y|, for every 2’ € X N Byr(x)}.
By definition of Voronoi cell, the inclusion V, C C, is direct.

Observe the set (' is convex because is obtained as intersection of convex
sets. Now, suppose there exists y € C, \ V;. Then there exist 2’ € X,
satisfying V, NV # (), and z € ([z,y] NV, )\ Va, where [z, y] is the segment
with extreme points z and y. Since ||z — 2/|| < 4R and ||z — 2/|| < ||z — z]|,
definition of C, implies z ¢ C,, which contradicts the convexity of C,. [

Lemma 10. Let X be a non periodic linearly repetitive Delone set with con-
stant L. There exists a positive constant c(L) such that for every sufficiently
large R and every patch P = X N Br(x), the collection {X NVp, :v € Xp}
contains at most ¢(L) elements up to translation.

Proof. Let R be a big enough positive number, in order to apply Lemma 8
to R1 = R and Ry = 8LR.

Let z e RY, P=XnN Bpr(z) and v € Xp. Since Xp + x is a Delone set with
constant of uniform density equal to 2LR (see Remark 7), Lemma 9 implies
Vp is completely determined by the patch X N Bggr (v + ). Furthermore,
the Voronofi cell Vp,, is contained in the ball Bygrr (v + ) (see Remark 7).
Then it follows there are at most as many Voronoi cells of P and patches of
the kind X N Vp,, up to translation, as patches ) satisfying the following
two conditions: i) there exists w € R? such that Q = X N Bgpr(w) and i)
w is an occurrence of a translated of P. These two conditions and Lemma
8 imply there are at most

¢(L) < (44L%)4 <>d = (352L%)¢

patches of the kind X N Vp, up to translation. O

We have already defined the notion of return vector of a patch, now let us
define the notion of return vector of a Voronoi cell of a patch. For a patch
P = X N Bg(z) of X and v € Xp, we say that w € R? is a return vector of
Ve N X if (X —w)NVp, =X NVp,. We set

P, v the patch (X —w — 2 —v) N Brag(0).

Notice that P, 4 + v +w + x is a patch of X. When there is no confusion
about n and v, we write P, instead of P, 4.
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Lemma 11. Let n € N and X be a non periodic linearly repetitive Delone
set with constant L. For every sufficiently large R > 0 and every R-patch
P, the collection { P, : w is a return vector of Vp, N X} has at most c(n, L)
elements, for every v € Xp.

Proof. Let Ry = R and Ry = L™R be sufficiently large positive numbers in
order to apply Lemma 8. Let P = X N Br(x) be a patch of X and v € Xp.
Since Xp + x is a Delone set with constant of uniform discreteness equal to

%, the Voronoi cell Vp,, contains the ball B & (v+). This implies for every
22
pair of return vectors u and w of Vp,, it holds that P,NB & (0) = P,NB & (0).
22 22

Thus, from Lemma 8 it follows there are at most

d
L™"R n
c(n, L) < (44L2)¢ ( N ) = (968L"T3)d
22L
patches of the kind P,,. ([

Let n € N. We call M (n, L) the number of coverings of a set with ¢(L)c(n, L)
elements, where ¢(L) and ¢(n, L) are the constants of Lemma 10 and Lemma
11 respectively.

Theorem 12. Let X be a linearly repetitive Delone set. There are finitely
many Delone system factors of (Qx,R%) up to conjugacy. Moreover, the
number of factors only depends on the linearly recurrence constant of X.

Proof. Let X be a non periodic linearly repetitive Delone set with constant
L > 1. Let n € N be such that

(4.1) L"—1—12L —176L% > 1,

and let Ry > 1 be a constant such that for every R > R;, Lemma 10 and
Lemma 11 are applicable to R-patches of X.

For every 1 < i < M(n,L)+ 1, let X; be a non periodic Delone set such
that there exists a topological factor map m; : Qx — Qx;, and let Xy = X.
Let Mx, be the constant of Lemma 3 associated to Xj.

Fix 0 < e < 1. For every 1 <1 < M(n,L) + 1, consider Rg) and s((f) the
constants of Lemma 1 associated to m;. We define

R. = max{RW}, sy = max{s(()i)} and M = max{My,}.

Observe in an open ball of radius r/22L, there is at most one return vector
of a r-patch of X;, with r > M, for every 1 <i < M(n,L) + 1.
We take

R > max{R., so, M + ¢, R1,45L},

Consider the patch P = Br(0) N X, and vy, -+ ,oy € Xp such that for
every v € Xp, there exist 1 < i < N and v € R? satisfying Vey N X =
(Vpy, N X) + u. Roughly speaking, every set of the kind Vp, N X is a
translated of some set Vp,,NX. Since R > R;, Lemma 10 ensures N < ¢(L).
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For every 1 < j < N, let wj1, - ,wjm,; be return vectors of Vp,, N X,
chosen in order that for every return vector w of Vpy, N X, there exists
1 <4 < mj such that P, is equal to P, ;. Since R > Ry, Lemma 11 implies
that m; < c¢(n, L), for every 1 < j < N. Therefore, the collection

F={Py, :1<1<mj, 1<j<N}

contains at most ¢(L)c(n, L) elements.
Let R’ be the constant given by

R =(L"—1)R—c—ALR.

The choice of n ensures that R’ > 0.
For every 1 <i < M(n, L) + 1, we define the following relation on F:

Py, RiPy, , if and only if for every X', X" € Qx such that X' N Brng(0) =
Py,, and X" N Bpng(0) = Py, ,,, there exist v € Ba-(0) and w € Byrr(0)
such that 7;(X") N Br/(0) = (m;(X") + v+ w) N Br(0).

Since L"R — sg > (L™ —1)R > R > R, from Lemma 1 it follows this
relation is reflexive, so non empty. Since the cardinal of F is bounded by
c(L)c(n, L), there are at most M (n, L) different relations of this kind. So,
there exist 1 <1i < j < M(n,L)+ 1 such that R; = R;.

In the sequel, we will prove that (Qx,, R?) and (£ X5 RY) are conjugate. For
that, it is sufficient to show that if Y, Z € Qx are such that m;(Y) = m;(2)
then TI'j(Y) = Fj(Z).

Let Y and Z be two Delone sets in Qx such that m;(Y) = m;(Z). Without
loss of generality, we can suppose that 0 is an occurrence of P in Y and in
Z — ug, where ug is some point in Byrr(0). The patches of Y and Z are
translated of the patches of X. This implies there exist 1 < ¢y, 79 < IV such
that

Y N Brng(0) = Pwlmvlo and (Z — ug) N Brnpr(0) =

wTkaO’

for some 1 < lp < my, and 1 < kg < my,

Claim 1: P, , R;Py

90,l0 ro.ko

Proof of Claim 1: Let X' and X” be two Delone sets in Qx such that
X/ﬂBLnR(O):P and X”ﬂBLnR(O):P Sincesto,RZRE

Wqg,lg Wrg,lg *
and

X'n Brnr(0) =Y N Brng(0), X" N Brnpr(0) = (Z —up) N Brng(0),

By the choice of n and R, Lemma 1 implies there exits z; and z2 in B:(0)
such that

(mi(X") + 21) N Bn_1yr(0) =
(mi(X") 4 22) 0 Bpn_1)r(0) =

i(Y) N Bizn_1)r(0), and
z(Z - UO) N B(Lnfl)R(O).
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Then we get
(mi(X") 4 22 + uo) N B(pn_1)r—arr(0)
=mi(Z) N B(zn—1)r-arr(0)
=m;(Y) N Birn_1)p—arr(0)
=(mi(X") + 21) N B(zn—1)r—-ar(0).
Therefore

(mi(X") + 22+ uo — 21) N Bpn_1)g—arr—e(0) = (X' ) N B(rn_1)r_ar.r—c(0),
which implies that quoJoR P

E Wi kg *
Since R; = R;, from Claim 1 we get Py, , RjPu,, , -
Let s be any other occurrence of P in Y. Repeating the same argument for
Y + s and Z + s, we deduce there exist us € Byrr(0) and 1 < g5,75 < N
such that

(Y + S) N BLnR(O) = qu& and (Z — us) N BLnR(O) =P

ls Wrg,ks?

for some 1 < Iy < mg, and 1 < kg < m,,. Then from Claim 1 we get
Py, , R;jPy, This implies there exist t5 € Ba-(0) and ws € Byrr(0)

Wyg,ls

such that

Ts,ks "
(Y 4+ 8) N Br/(0) = (7;(Z + s — us) + ts + ws) N Bpi(0).

Claim 2: The vector ws — us + ts does not depend on s, i.e, there exists
(TR S R% such that wg — ug + ts = y for every occurrence s of P in Y.

Proof of Claim 2: Let s; and s9 be two occurrences of P in Y such that the
Voronoi cells of s1 and s9, with respect to set of occurrences of P in Y, have
common points in their borders. Since the diameter of these Voronoi cells
is smaller or equal to 4RL (see remark 7), we get ||s; — s2|| < 8LR. Then
Then

(ﬁj(Z) + 81+ (82 — 81) — Ug, +tg + wsl) N BR’stR(O)
(m;(Y) + s1+ (s2 — s1)) N Brr—sr(0)
(77] (Z) + 52 - US2 + tsz + w32) m BR’*SLR(O)

This implies (—us, +ts, + ws,) — (—us, + ts, + ws,) is a return vector of a
(R — 8LR)-patch of m;(Z) + sa. Since

R —8LR=R(L"-1-12L)—e>R—¢e> M,

Lemma 3 implies the non zero vectors of the (R’ —8LR)-patches of m;(Z)+s2
have norm greater or equal to (R’ — 8LR)/11L. Thus, due to

| — usy +ts, +ws, — (—usy + ts, + ws,)|| < 16LR + 4e,
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and
11(16LR 4+ 4¢) = 176L°R + 44Le
< (L"—=1-12L —-1)R+44Le
= R —8LR+¢— R+ 44Le
< R —-8LR+L—-R+44L < R'—8LR,
we deduce —us, + ts, + ws;, = —Us, + ts, + Ws,, which shows Claim 2.

From Claim 2 we get there exists y € R? such that for every occurrence s of
PinY,

(Y 4+ 5) N Br(0) = (7;(Z + 5) + y) N Br/(0), and then
WJ(Y) N BR/(S) = (Wj(Z) +y) QBR/(S).

From Remark 7, the diameter of the Voronoi cells of P is less than 4LR,
which is less than R’. Hence,

i (Y)=7mj(Z) +y.

We conclude with Lemma 5 and Proposition 6. ([l

5. EXAMPLE OF A PRIME DELONE SYSTEMS

In this section we give an example of a prime Delone systems i.e., Delone
systems that do not have any non-trivial factor. The notion of prime topo-
logical dynamical systems was first introduced for Z-actions in [FKS]. In
[KN] they defined a family of prime R-actions. Using a result in [Ad] this
will provide the example we are looking for.

Let (a,3) € (0,1)2. The circle sequence corresponding to the parameters
(c, B) is the sequence x = (zy,)nez defined by u,, = 1 if {na} belongs to [0, 3)
and 0 otherwise. Let X, g be the orbit closure of x with respect to the shift
map T : {0,1}¢ — {0,1}%, (2)n — (Tni1)n, where {0,1}Z is endowed with
the product topology of the discrete topologies. Then (X, g,T) is a minimal
subshift. We call it the circle subshift corresponding to the parameters (o, (3)
(it is called circle map subshift in [AD]).

In [AD] the authors characterized circle subshift that are linearly recurrent
using a continued fraction algorithm and in [Ad] the author shows that a
circle sequence corresponding to the parameters (a,3) is a primitive sub-
stitutive sequence if and only if they belong to the same quadratic field.
We recall that primitive substitutive sequences are known to be linearly
recurrent (see [DHS]).

Now consider the function g : X, g — {ao, a1} CJ0,+oo[ defined by g(z) =
ag, such that ag/a; does not belong to {k1 +na)/(k2 +na) : ki, ka,n € Z}.
Let us construct the suspension of (X, 3,T") with respect to g. Set

O'[,ﬁ ={(z,t):x € Xo03,0<t<g(x)}
and Y, g be the space obtained from YC’% 5 by identifying pairs (x,g(z)) and
(T'(x),0). We defined S, g the R-action on Y, g by :



15

((x,8),t) = (T"x, s+t — gn(x)) if —s+gn(x) <t<—s4 gnt1(x)

where g, (z) = Y724 g(TFx) for n > 0, gu(z) = —S20" , 9(TFz) if n < 0
and go(z) = 0.

In [KN] it is proven that this R-action is prime : it does not have any
non-trivial factor whenever 8 does not belong to aZ.

Now take « to be the golden mean, § = a + 1, ap = 1 and a; = v/2. Then,
(Xa,8,T) is linearly recurrent and (Y, 3,Sq,3) is prime.

It remains to show that (Y, g,Sa ) is topologically conjugate to a linearly
repetitive Delone systems. Let (z,t) € Y, g and set

D(z,t) = <{§g(Tkx) in > O}U{— i g(TFz) :n < —1}) —t
k=0

k=-1

(remark it is well defined). It can be checked that this set is a linearly
repetitive Delone set and (D(Y,,g), R) is a linearly repetitive Delone systems.

To conclude it suffices to see that D induces a topological conjugacy from
(Ya,8,Sa8) to (D(Ya ), R).
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