WHEN DO SELF-AFFINE TILINGS HAVE THE MEYER PROPERTY?
Jeong-Yup Lee

KIAS 207-43, Cheongnyangni 2-dong, Dongdaemun-gu, Seoul 130-722, Korea

ABSTRACT. Meyer sets have played important roles in the study of aperiodic systems. We
present various properties on the Meyer sets. We consider self-affine tilings and determine

when the corresponding point sets representing the tilings are the Meyer sets.

1. PRELIMINARY

A discrete set Y is called Delone set if it is uniformly discrete and relatively dense. A Delone
set Y C R% is Meyer if it is relatively dense and Y — Y is uniformly discrete. A cluster P of
A is a finite subset of A.

Example 1.1. The examples of Meyer sets are

(i) A= (1+42Z) U S for any subset S C 2Z.

(i) A={a+br €Z[r] | a—bl €[0,1)}, where 72 — 7 — 1 =0.
An example of non-Meyer set is A = {n+ 1 | n € Z\{0}}.

The following are various equivalent properties of the Meyer sets.

Theorem 1.2. [10, 6, 11] Let A be a Delone set. The following are equivalent;

(i) A is a Meyer set.
(i) A — A C A+ F for some finite set F C R? (almost lattice).
(iii) For each € > 0, there is a dual set A® in R?,

AE:{XEH/@:|X(x)—1]<efo7’alla:€A}
1s relatively dense.

Let A be a Delone set in R?. We consider a measure of the form v = a-dp = Y ower @O
and a € C. The autocorrelation of v is
1
v)= lim ————(v|p, *xV
7( ) oo VOI(Bn) ( ‘Bn ‘Bn)?
where v|p, is a measure of v restricted on the ball B, of radius n and v is the measure,

defined by v(f) = v(f), where f is a continuous function with compact support and f(x) =

f(—=x). The diffraction measure of v is the Fourier transform ~(v) of the autocorrelation
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(see [4]). When the diffraction measure v(v) is a pure point measure, we say that A has

pure point diffraction spectrum.

The following theorem characterizes the pure point diffractive sets.

Theorem 1.3. [2] If A is a Meyer set admitting autocorrelation, then A is pure point
diffractive if and only if for any € > 0, {t € R? : density(A\(A —t)) < €} is relatively dense.

We say that a Delone set A has finite local complexity (FLC) if for each radius R > 0
there are only finitely many translational classes of clusters whose support lies in some ball
of radius R. A Delone set A is said to be repetitive if the translations of any given patch
occur uniformly dense in R%; more precisely, for any A-cluster P, there exists R > 0 such

that every ball of radius R contains a translated copy of P.

Given a Delone set A, we define the space of Delone sets as the orbit closure of A under the

translation action: Xy = {—g+ A | g € R4}, in the well-known “local topology”: for a small

L around the

e > 0 two tilings I'y, s are e-close if I'y and I'y agree on the ball of radius e~
origin, after a translation of size less than e. It is known that X is compact whenever A has
FLC. Thus we get a topological dynamical system (X5, R?) where R? acts by translations.
This system is minimal (i.e. every orbit is dense) whenever A is repetitive. Let p be an
invariant Borel probability measure for the action; then we get a measure-preserving system
(Xa,R9, ). Such a measure always exists; under the natural assumption of uniform patch
frequencies, it is unique, see [7]. Tiling dynamical systems have been investigated in a large

number of papers (e.g. [12, 3]).

Definition 1.4. A vector a = (ay,...,aq) € R? is said to be an eigenvalue for the R?-
action if there exists an eigenfunction f € L?(X, u), that is, f # 0 and for all g € R% and
p-almost all I' € Xy,

(1.1) F(I = g) = e*™o f(T),

Here (-,-) denotes the standard scalar product in R?,
The following gives an important criterion on Meyer sets.

Theorem 1.5. [15] If A is a Meyer set with uniform cluster frequencies, then the Bragg
peaks in the diffraction pattern of A are relatively dense. It implies that the set of eigenvalues

for the dynamical system (Xa,R%, 1) is relatively dense.

2. SUBSTITUTION TILINGS

From now on, we consider substitution tilings. Note that whenever substitution tilings are
given, we can get the corresponding substitution Delone sets taking representative points of
tiles at the relatively same positions for the same type of tiles. So most of the properties on

substitution tilings can be stated on substitution point sets.
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We say that a linear map Q : R — R? is expansive if all its eigenvalues lie outside the
closed unit disk in C.

Definition 2.1. Let A = {T},...,T},} be a finite set of tiles in R? such that T; = (A;,1);
we will call them prototiles. Denote by P4 the set of non empty patches. We say that
Q: A — Py is a tile-substitution (or simply substitution) with an expansive map @ if there

exist finite sets D;; C R? for 4,7 < m such that

(21) Q(T']):{U—Fﬂ UEDij,izl,...,m}
with
i=1

Here all sets in the right-hand side must have disjoint interiors; it is possible for some of the

D;; to be empty.

We say that 7 is a substitution tiling if T is a tiling and Q(7") = 7 with some substitution
Q. We say that substitution tiling is primitive if the corresponding substitution matrix S,
with S;; = #(D;;), is primitive, i.e. St is a matrix whose each entry is positive for some
£ € Z,. A repetitive primitive substitution tiling with FLC is called a self-affine tiling. If ¢
is a similarity map, we can that the tiling is a self-similar tiling. Let A7 = (A;)i<m be the

substitution point set representing 7.

Example 2.2. The Fibonacci substitution tiling is defined by the following substitution

rule

A1 Ay Az

Ay A
where 72 — 7 — 1 = 0. The tiles A; and A, satisfy the following tile-equations

TA] = AlU(A2+T)
TA2 = Al

Continuously iterating the tiles and subdividing them, we can construct a tiling.
3. MEYER PROPERTY ON SELF-AFFINE TILINGS

Let 7 be a self-affine tiling in R? with an expansion map ¢ and Az = (A;)i<m be a
substitution point set representing 7. Suppose that all the eigenvalues of ¢ are algebraic

conjugates with the same multiplicity. Let
E={zeR|ITT-2€T} andK={zeR? | T =T —z}.

Before we talk about how to determine the Meyer property on substitution tilings, we

present some preliminary results.
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Theorem 3.1. [1] If a substitution point set is a Meyer set, then one can determine pure

point spectrum using a computational algorithm.

Theorem 3.2. [8] The set of eigenvalues for the dynamical system (X7, R%, u) is relatively

dense if and only if the corresponding substitution point set A7 is a Meyer set.

Theorem 3.3. [14] v is an eigenvalue for the dynamical system (X7, R% u) if and only if

lim > 9" =1 forallz € 2,
n—oo

2@ =1 forallre K={zeR? | T —x =T}

Theorem 3.4. [5, 14] Let T be a self-similar tiling in R? with a similarity \, where |\| > 1.
Then
ECZ[Nai+---Z[Nag

for some basis {ov,...,aq} of R
Question What can we say in the case of self-affine tilings?

Theorem 3.5. [9] Suppose that ¢ is diagonalizable and all the eigenvalues of ¢ are alge-
braically conjugate with the same multiplicity m. Then 3 an isomorphism p : R* — R? such
that

po = ép and = C p(Zlglar +-- - + Zlglay),

where Jm = d and

1 if(j—1)m+1<n<jm
(O‘J')n =
0 else

We show now how this theorem is used to get the Meyer property of =. To be simple, we
consider the case that all the eigenvalues of ¢ are real. However the main result of Theorem

3.11 is not restricted on this case.

An algebraic integer A is a Pisot number if |A| > 1 and all other algebraic conjugates are
less than 1 in modulus. A set A = {\1,..., A} of algebraic integers is a Pisot family if for
every \; € A, if 7y is an algebraic conjugate of \; and v ¢ A, then |y| < 1. Let dist(x,Z) be

the minimal distance from z to Z.
Lemma 3.6. Let A be a Pisot number. Then dist(\",Z) — 0 as n — oo.

Proof. Let Ag, ..., As be all the algebraic conjugates of A. For any n € Z_,
AT (W) ET.
j=2

Note that .
Z()‘j)ng (3—1) sup ‘)\j|n—>0 asn — 00.
=2 2<j<m

Thus the claim follows. (I



WHEN DO SELF-AFFINE TILINGS HAVE THE MEYER PROPERTY? 5

Lemma 3.7. Let A ={\1,..., A\n} be a Pisot family. Then
m

dist(Z(/\k)”, Z)—0 asn— 0.
k=1

Proposition 3.8. If the set of eigenvalues of ¢ is a Pisot family, then the set of eigenvalues
for (X7,R%, 1) is relatively dense.

Proof. For any n € Z>g and 0 < ¢ < m,
m
(0" az, (67 az) = (6" oz, a5) = Y AT
k=1

Since {A1,..., A} is a Pisot family,

m

dist(z )\ZM,Z) — 0 asn— oo.
k=1
Note
(@ i, (") ay) = 0 if i # j.
Hence
nlingo 2@y (1) ) — 1 for all y € Zplon + - + Z[p]ay.
Thus

lim 20" ) — 1 for all 2 € 2.
n—oo
From the uniform convergence of the limit in x € =,
e2mitw. (") TS ag) — 1 for all 2 € K and some big k€ Z .
So (pT)~H(¢T)**+q; is an eigenvalue for (X7, RY, u) for £=0,...,m — 1. Since

{041, ey (¢T)m_1a1, e Oy (¢T)m_1aj}

is a basis of R?, the claim follows.

Theorem 3.9. [16] Let Uy, Us,... be a sequence of real numbers, where
Up =cAT + A5+ +epAy, cica--om #0,
ALy -y A are distinct algebraic numbers, and |A\g| > 1 (k =1,...,m). If dist(Uy,,Z) — 0

as n — oo, then {\1,..., A} is a Pisot family.

Proposition 3.10. Ifv is a non-zero eigenvalue for (X1,R%, 1), then the set of eigenvalues
of ¢ is a Pisot family.

Proof. For any z € Z, x € p(ijl gj(¢)a;) for some polynomials g;(x) € Z[z]. Then
J
(@"z,7) = ) (¢"gi(d)ay, p" )
=1

J

m
= ch)\z for some ¢, € C.
k=1
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Since «y is an eigenvalue, dist((¢"x,v),Z) — 0 as n — oo. By Vijayaraghavan’s theorem,

the set of eigenvalues of ¢ is a Pisot family.

Theorem 3.11. Let T be a self-affine tiling of R% with a diagonalizable expansion map ¢.

Suppose that all the eigenvalues of ¢ are algebraic conjugates with the same multiplicity.

Then the following are equivalent:
(i) Spec() is a Pisot family.
(ii) The set of eigenvalues of (X7,R%, 1) is relatively dense in RY.

(iii) The system (X7,R%, u) is not weakly mizing (i.e., it has eigenvalues other than 0).
(iv) E(7) is a Meyer set.
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