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RIESZ BASES, MEYER’S QUASICRYSTALS,
AND BOUNDED REMAINDER SETS

SIGRID GREPSTAD AND NIR LEV

ABSTRACT. We consider systems of exponentials with frequencies belonging
to simple quasicrystals in R?. We ask if there exist domains S in R® which
admit such a system as a Riesz basis for the space L2(S). We prove that the
answer depends on an arithmetical condition on the quasicrystal. The proof is
based on the connection of the problem to the discrepancy of multi-dimensional
irrational rotations, and specifically, to the theory of bounded remainder sets.
In particular it is shown that any bounded remainder set admits a Riesz basis
of exponentials. This extends to several dimensions (and to the non-periodic
setting) the results obtained earlier in dimension one.

1. INTRODUCTION

1.1. Riesz bases. Let S be a bounded, measurable set in R?, and let A be a
discrete set in R?. In this paper we are interested in the Riesz basis property of the
system of exponential functions

o=,

in the space L%(S).
Recall that a system of vectors { f,,} in a Hilbert space H is a Riesz basis if every
f € H admits a unique expansion f = > ¢, f,, with the coefficients {¢,, } satisfying

AFIP <D leal® < BIISI?

for some positive constants A and B which do not depend on f. It is well-known
that this is equivalent to the system {f,} being simultaneously a frame and a Riesz
sequence in the Hilbert space H (see e.g. [41]).

The Riesz basis property of the exponential system E(A) in the space L?(S) can
be reformulated in terms of the Paley-Wiener space PWg, consisting of all functions
f € L*(R%) whose Fourier transform

/ f —27rz<t x) dz

is supported by S. Namely, E(A) is a Riesz basis in L?(S) if and only if A is
a complete interpolation set for PWg. The latter means that the interpolation
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problem f(A) = ¢x (A € A) admits a unique solution f € PWg for every sequence
{ea} € L2(A).

The construction of a Riesz basis of exponentials on a given set S is generally a
difficult problem, and so far has been achieved only in relatively few examples (see
[BL I3, 151 M6L2TH23]). In particular it is not known whether the ball in dimensions
two and higher admits such a basis. On the other hand, no example is known of a
set S which does not have a Riesz basis of exponentials.

1.2. Density. A set A C R? is called uniformly discrete (or separated) if there is
0(A) > 0 such that |A — A'| > §(A) for any two distinct points A\, \" € A. This
condition is necessary for the system E(A) to be a Riesz basis in L?(.9), and so will
always be assumed below.

An important role in the subject is played by the Beurling lower and upper
uniform densities of a uniformly discrete set A, defined respectively by

9(A) = liminf inf FANE@TBR)
R—00 z€Rd | Br|

27 (A) = limsup sup ,
R—oco zeR4 |BR‘
where Bp denotes the ball of radius R centered at the origin. Landau [18] (see also
[30]) obtained necessary conditions for the system F(A) to be a frame, or a Riesz
sequence, in L2(S) in terms of these densities:

If E(A) is a frame in L*(S), then 27 (A) > mes S.
If E(A) is a Riesz sequence in L?(S), then 2F(A) < mesS.

In the case when S is a single interval I C R, this result is due to Beurling [2]
and Kahane [I1], who also proved that the condition 2~ (A) > |I| is sufficient for
E(A) to be a frame in L?(I), while the condition 2+ (A) < |I] is sufficient for it to
be a Riesz sequence. However, for disconnected sets S and in the multi-dimensional
case, sufficient conditions in terms of densities alone cannot be given.

If the two densities 2~ (A) and 27 (A) coincide, then their common value is
called the uniform density of the set A and will be denoted by Z(A). It follows
from Landau’s results above that:

If E(A) is a Riesz basis in L*(S), then A has a uniform density 2(A) = mes S.

1.3. Universality. It was discovered by Olevskii and Ulanovskii [31H33] that there
exist “universal” sets A, such that the system F(A) is a frame (respectively a Riesz
sequence) on any set S of sufficiently small (respectively large) measure:

Given a > 0 there is a uniformly discrete set A C RY, 9(A) = a, such that:
(i) E(A) is a frame in L?(S) for any compact set S with mes S < Z(A);
(i) E(A) is a Riesz sequence in L*(S) for any open set S with mes S > Z(A).

In [3TH33] a set A with the property was named a “universal sampling set”,
while a set satisfying was called a “universal interpolation set” (the names are
due to the role which such sets play in the theory of sampling and interpolation
in Paley-Wiener spaces). It was shown that such a set A may be constructed by
an arbitrarily small perturbation of a lattice in R?. It was also proved that the
topological restrictions given on the set S are indeed necessary — if S is allowed to
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be an arbitrary bounded measurable set, then no universal sampling or interpolation
sets exist.

1.4. Quasicrystals. A different construction of universal sampling and interpo-
lation sets, based on Meyer’s “cut-and-project” method [27,28], was proposed by
Matei and Meyer in [24-26]. Let I be a lattice in R¥*! = R% x R, and let p; and py
denote the projections onto R? and R, respectively. Assume that the restrictions of
p1 and ps to I are injective, and that their images are dense. Let I be a semi-closed
interval on R, I = [a,b) or I = (a,b], and consider the cut-and-project set A in R?
defined by

(1.1) A=ATT) ={p1(v): v €T, p2(v) € I}

In [241[26] such a set was named a “simple quasicrystal”. It is well-known that A is
a uniformly discrete set, with uniform density

1]
2(A) = .
(@A) det T’
Theorem M (Matei and Meyer). If A is a simple quasicrystal defined by (L)),
then it is a universal sampling and interpolation set; that is, it satisfies both and

above.

In [25] the question was raised of what can be said in the “critical case” when the
measure of the set S is equal to the density of A. In the one-dimensional periodic
setting, this was analyzed in [I4]. The goal of the present paper is to extend the
results obtained in [I4] to several dimensions and to the non-periodic setting.

1.5. Results. A bounded set S C R? is called Riemann measurable if its boundary
has measure zero. Our first main result shows that “most” quasicrystals A do not
provide a Riesz basis of exponentials E(A) for any Riemann measurable set S.

Theorem 1.1. Let A be a simple quasicrystal defined by (LI) and such that
(1.2) | ¢ p2(T).

Then there exists no Riemann measurable set S such that E(A) is a Riesz basis in
L2(S).

Hence there are only countably many possible values of the window length |I|
for which E(A) may serve as a Riesz basis. Our second main result shows that in
the special case when |I| € p2(T'), the exponential system E(A) indeed serves as a
Riesz basis for a family of sets S. To formulate the result we will need the following
notion.

Definition. Two Riemann measurable sets S and S’ in R¢ are said to be equi-
decomposable (or scissors congruent) with respect to a group G of rigid motions of
R? if the set S can be partitioned into finitely many Riemann measurable subsets
that can be reassembled using motions in G to form, up to measure zero, a partition

of 9.

Equidecomposability is a classical notion dating back to Hilbert’s third problem—
the question of whether two polyhedra of equal volume are necessarily equidecom-
posable by rigid motions (see [3] for a detailed exposition of the subject).
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Theorem 1.2. Let A be a simple quasicrystal defined by (1) and satisfying the
condition

(13) 1] € pa(T).
Then E(A) is a Riesz basis in L*(S) for any Riemann measurable set S such that
(i) mesS = 2(A);

(ii) S is equidecomposable to a parallelepiped spanned by vectors in p(I'*),
using only translations by vectors in p1 (I'*).

Here we denote by I'* the lattice dual to I' (see Section ). Condition (L3)
ensures that the family of sets S satisfying and in Theorem is non-
empty. In fact, we will see that this family is in a sense “dense” among the sets of
measure Z(A):

Proposition 1.3. Let A be a simple quasicrystal defined by [[l) and satisfying
@3). Let K be a compact set and let U be an open set in R, such that K C U
and mes K < P(A) <mesU. Then one can find a Riemann measurable set S such
that K C S C U and which satisfies conditions and in Theorem [[2L

The results above were outlined in [6]. Special cases of Theorem were ob-
tained in [BL19]. The present paper contains a detailed exposition and full proofs of
the results. In Section [@ we also give analogous versions of the results in the peri-
odic setting, where S is a subset of the d-dimensional torus T¢, and the quasicrystal
A is a subset of Z4.

1.6. Examples. By particular choices of the lattice I' and the interval I one can
obtain more concrete versions of Theorem

Example 1.4. Let a be an irrational number, and define a sequence A = {\(n)}
by
A(n)=n+{na}, neZ

(where {z} denotes the fractional part of a real number z). Then the system F(A)
is a Riesz basis in L?(S) for every set S C R which is the finite union of disjoint
intervals with lengths in Za + Z and of total length 1.

Example 1.5. The sequence A = {A(n,m)} defined by
An,m) = (n,m) + {nvV2 + mV3}(vV2,V3), (n,m)ecZ?

provides a Riesz basis E(A) in L%(S) for every set S C R? which is equide-
composable to the unit square @ = [0,1)? using only translations by vectors in

Z(V2,V3) + 72

These examples are special cases of Theorem below (see Section [7.4)).

1.7. Outline. The proofs of the results above are based on three main ingredients.
The first one is a key idea from [24H26] that we refer to as a “duality” principle,
which allows us to relate the Riesz basis property of E(A) in L?(S) to the same
property of another exponential system FE(A*) in L%(I), where I is the interval used
in (L) to define A, and A* is a (non-simple) quasicrystal in R which is “dual” to
A (see Section [3).
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This reduces the problem on exponential Riesz bases in L?(S) to a similar prob-
lem in L2(I), where I is a single interval. The latter problem is much better
understood due to availability of methods from the theory of entire functions, and
we can use results of Avdonin [I] and Pavlov [37] that give conditions for E(A*) to
be a Riesz basis on the interval I. This is the second main ingredient in our proofs.

To analyze the conditions from Avdonin’s and Pavlov’s results we need our third
main ingredient, which belongs to the theory of equidistribution and discrepancy
for multi-dimensional irrational rotations. It is the theory of bounded remainder
sets, which in dimension one goes back to Hecke [9], Ostrowski [35,36], and Kesten
[12]. Using results from our recent paper [7] dealing with the multi-dimensional
setting, we can prove that E(A) is a Riesz basis on any bounded remainder set S
such that mes S = Z(A).

The paper is organized as follows. Section Pl contains some preliminary back-
ground. In Section Blthe Matei-Meyer duality principle is explicitly formulated and
proved. In Section [ we apply a linear change of variable to transform a general
cut-and-project set to a canonical form which is more convenient to analyze. In
Section [B] we present relevant background on the concept of a bounded remainder
set. The relation between this concept and one-dimensional cut-and-project sets
is clarified in Section Gl Finally in Sections [[ and Bl the main results are proved.
The analogous results in the periodic setting are discussed in Section[@ In the last
section, Section [I0] we mention some open problems.

2. PRELIMINARIES

2.1. Frames and Riesz sequences. A system of vectors { f,,} in a Hilbert space H
is called a frame if there exist positive constants A and B such that the inequalities

(2.1) AP <Y /A P < BIfI?

hold for all f € H. The system {f,} is called a Riesz sequence if the inequalities

(2.2) 142:|cn|2 < H chfn ’ < BZ|cn|2

hold for every finite sequence of scalars {c,}, for some positive constants A and
B that do not depend on {¢,}. The system {f,} is simultaneously a frame and a
Riesz sequence if and only if it is a Riesz basis in the Hilbert space H (see [41]).

If S is a bounded, measurable set in R?, then the frame and Riesz sequence
properties of the system of exponential functions E(A) in the space L?(S) may be
reformulated in terms of the sampling and interpolation properties of the set A in
the Paley-Wiener space PWg. A discrete set A C R? is called a set of sampling for
PWyg if there are constants A and B such that

Al 2oy < S IFNP < B3
AEA

for all f € PWg. This means that a function f € PWg can be reconstructed in a
stable way from its samples {f(A\)} on A. The set A is called a set of interpolation
for PWy if the interpolation problem f(A) = ¢y has at least one solution f € PWg
for every sequence {c)} € £2(A). It is known (see [41]) that A is a set of sampling
for PWg if and only if the system E(A) is a frame in the space L?(S), while the
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interpolation property of A for the space PWg is equivalent to E(A) being a Riesz
sequence in L?(9).

The right hand side inequalities in ([2]) and (22]) are automatically satisfied for
the system F(A) in L?(S) whenever S is a bounded set and A is a uniformly discrete
set in R? (see [41]). Therefore, to show that E(A) is a frame or Riesz sequence in
L3(8), it is in this case enough to verify the left hand side inequalities in (2] and

22).

2.2. Lattices. By a (full-rank) lattice ' C R¥ we mean the image of ZF under
an invertible k x k matrix A. The determinant det(T") is equal to |det(A4)|. The
dual lattice T* is the set of vectors v* € R* satisfying (y,7*) € Z for all vy € T.
Equivalently, I'* is the image of Z* under the matrix A~ T, the inverse transpose of

A.

2.3. Model sets. Let I' be a lattice in R**™ = R™ x R™, and let p; and ps
denote the projections onto R™ and R™, respectively. Assume that the restrictions
of p; and py to I' are injective, and that their images are dense in R™ and R™,
respectively. In this case we will say that I is a lattice in general position.

Let W be a bounded, Riemann measurable set in R™. Define a point set in R™
by

AT W) :=A{p1(7) : y €L, pa(y) e W}.

Such a set is called a model set, or a cut-and-project set. These sets were introduced
by Meyer in the beginning of the 1970’s [27,128], and have been extensively studied
as mathematical models for quasicrystals. The set W is called the window of the
model set.

It is well-known that A(T", W) is a uniformly discrete set, and has uniform density

mes W

2(AT,W)) = otT

(see for instance [26] Proposition 5.1]).

2.4. Simple quasicrystals. The model set A(T', W) will be called a simple qua-
sicrystal if m = 1 and if the window W is a semi-closed interval [a, b) or (a,b]. This
notion was introduced by Matei and Meyer in [24H26], where it was proved that a
simple quasicrystal is a universal sampling and interpolation set.

Remark that in these papers, the window W was also allowed to be a closed
interval [a, b] or an open one (a,b). Here, however, we define simple quasicrystals
using only semi-closed windows W since otherwise this would affect the validity of
Theorem in the case when both endpoints a, b belong to po(T).

3. DuaLiTy

3.1. Let T" be a lattice in R™ x R™ in general position. Its dual lattice I'* is then
also in general position. Furthermore, let U C R™ and V' C R™ be two bounded,
Riemann measurable sets. There is a certain “duality” connecting the sampling
and interpolation properties of the two model sets

(3.1) AT, V) ={p1(7) :v €T, pa(y) € V} CR",
(3.2) A (D,U) = {p2(v*) : 7" €T, p1(v*) e U} CR™.

The following result was a key ingredient in Matei and Meyer’s papers [24H26],
although it was not stated there explicitly in this form.
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Theorem 3.1. Suppose that the boundary of the set V does not intersect pa(T).
Then the following is true:
(i) If E(A*(T,U)) is a frame in L*(V), then E(A(T,V)) is a Riesz sequence
in L*(U).
(ii) If E(A*(T,U)) is a Riesz sequence in L?(V), then E(A(T',V)) is a frame
in L*>(U).
In the case when A(T',V) is a simple quasicrystal (i.e., m = 1 and V is a semi-
closed interval) the above is true regardless of whether or not the endpoints of V
lie in po(T).

This was used in the proof of Theorem M to reduce the problem on exponential
systems in L?(S) to a similar problem in L?(I), where I is a single interval. Then
the Beurling-Kahane results, which give sufficient conditions for the frame or Riesz
sequence properties in terms of densities, allow to conclude the proof.

By combining |(i)| and of Theorem Bl we obtain the following:

Corollary 3.2. Under the same conditions as in Theorem B, if the exponential
system E(A*(T',U)) is a Riesz basis in L*(V), then E(A(T,V)) is a Riesz basis in
L2(U).

We will also use this duality to reduce the problem on exponential Riesz bases
from L2(S) to L%(I). However, the latter problem can no longer be solved by
density considerations, and it requires a more detailed analysis of the exponential
system in question.

The remainder of this section is devoted to the proof of Theorem [3.1l Although
this result is essentially contained in [24126], we find it useful to include a detailed
exposition of the proof for the specific formulation above.

3.2. We will need two auxiliary lemmas. Fix the two bounded, Riemann measurable

sets U C R™ and V C R™, and choose an infinitely smooth, non-negative function ¢

on R™ with ||¢|| .- = 1 and support in the m-dimensional ball of radius 1 around the

origin. Moreover, in the special case when m = 1 and V is the semi-closed interval

[a,b) or (a,b], we let ¢ be supported in the interval (0,1) or (—1,0), respectively.
For 0 < € < 1, we define ¢, to be the function

1
pe(@) = <oz 9la/e).
We have ||¢.| > =1, and the Fourier transform @, is given by

Pe(t) = ™2 p(et).

Lemma 3.3. Let f be a Riemann integrable function on U. Then

lim > | (p1(7)@e(p2(v*))* = det(T) /U |f (@) dx.

e—0
v €er*, p1(v*)eU

Lemma 3.4. Let {c(y) : v € '} be a sequence of complex numbers in ¢*(T'). Then
2
i = 2
iy [ |3 oot -po[ at= X kel
ver Y€, p2(7v)EV

provided that OV Npa(T) =0. If m =1 and V is a semi-closed interval, the above
is true regardless of whether or not the endpoints of V' lie in po(T).

Proofs of these lemmas can basically be found in [26].
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3.3. We can now give the proof of Theorem 3]

Proof of part [)| of Theorem Bl Suppose that E(A*(T',U)) is a frame in L*(V).
We will show that E(A(T',V)) is a Riesz sequence in L?(U). Let

f@) =" c(y) exp2mi(pi (7). ),
yel

where only finitely many coefficients ¢(7y) are non-zero, and ¢(y) = 0 whenever
p2(y) ¢ V. Since A(T', V) is uniformly discrete, we must only show that

(3.3) /|f WP de>CY le(y)

~yel

for some constant C' (not depending on the sequence {c(v)}) .
Consider the function

G.(t) = 3 c(y)e(t — pa()).

Notice that for sufficiently small ¢, this function is supported on V. If m = 1 and
V' is a semi-closed interval, this is clear from the specific choice of support for ¢.
Otherwise, we assume that OV N pa(T') = ). We then have pa(7y) € int V' whenever
¢(7y) # 0, and the same assertion follows.

Because E(A*(T,U)) is a frame in L?(V'), we have

(3.4) c[lewras S |Gm6)

vy el p1(y*)eU

for some constant C' > 0. Now let € — 0. By Lemma [34] the left hand side of (3.4)
tends to C' 3. cp le(y)]. For the right hand side of (3.4]), we observe that

G=(p2(7")) = f(21 (") @:=(p2(7")).

Hence, Lemma [3.3] applied to the function f - 1y implies that the right hand side
of B4) tends to det(I) [;; |f(x)[* dz. This verifies (8.3), and concludes the proof
of part (i) . of Theorem B1 a

Proof of part [(ii)] of Theorem Bl Now suppose that E(A*(I',U)) is a Riesz se-
quence in L?(V). We will show that E(A(T,V)) is a frame in L?(U). Since A(T', V)
is uniformly discrete, it is sufficient to show that

(35) [Uwpase Y|

AEA(T, V)

2

)

for every f € L?(U) and some constant C' > 0 independent of f. Since U is Riemann
measurable, it is in fact sufficient to verify () for any smooth f supported on U.
Given such f define the function

= > F1(v)@e(p2(7")) exp(2mi(pa(v*), 1))

el
This is an absolutely convergent trigonometric sum with non-zero coefficients only
for frequencies in A*(I',U). Since E(A*(T,U)) is a Riesz sequence in L*(V), we
have

(3.6) > 1 ()@= (p2(y C/ |Fe(t

y*er=
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for some constant C' > 0.
Now let ¢ — 0. Since f is supported by U, Lemma implies that the left
hand side of (3.6) tends to det(T') [;;|f(x)|* dz. On the other hand, using Poisson’s

summation formula we can rewrite F. as

= det(T) Y F(p1(7))p<(t —p2(7)).

yel’

When integrating |F.(¢)|? over V in (B.6), we may restrict the summation to those
terms for which |pa(y)] < M for some sufficiently large M > 0 (as the other
terms are supported outside of V). Since fis a Schwarz function, the coefficients
{f(pl('y))} in this restricted sum belong to ¢!. It thus follows from Lemma [3.4] that
the right hand side of (B8] tends to the right hand side of (3] as ¢ — 0. This
completes the proof of part of Theorem [31] O

4. LATTICES IN SPECIAL FORM

4.1. In this section we introduce a notion of lattices in special form (see Definition
[T]). Our motivation for introducing these lattices is that this allows us to simplify
the discussion by considering bounded remainder sets only with respect to irrational
rotations on T? = R?/Z4, and avoid discussion of general d-dimensional torus
groups.

We will show that any lattice in general position can be mapped onto a lattice
of special form by a linear and invertible transformation. We can then restrict
our attention to lattices of special form, and prove Theorems [[.1] and for such
lattices only.

Definition 4.1. Let I' be a lattice in R? x R. We say that I (with dual I'*) is of
special form if

(4.1) I ={(Id+Ba")ym —pBn,n—a'm):mecZ%ncZ},
(4.2) I*={(m+an, 1+Ta)n+p"m):meZneciZ},

where Id denotes the d x d identity matrix, and «, B are column vectors in R?
satisfying the following conditions:

(i) The vector o = (a1, , ..., )" is such that the numbers 1, ay, as, . .., aq
are linearly independent over the rationals.

(ii) The vector 3 = (B1,B2,...,B4)" is such that the numbers B1, Ba, . .., Ba,
1 + BT« are linearly independent over the rationals.

Notice that the conditions imposed on the vectors a and (8 are precisely those
necessary and sufficient for the lattice I' and its dual I'* to be in general position.
This is most easily seen by considering the dual I'*. We have that

p1(T*) = 7% + oZ,

and it is well-known that this set is dense in R? if and only if the numbers

1,01, s, ...,aq are linearly independent over the rationals. This condition also

guarantees that p; is injective when restricted to I'*. Similarly, we see that ps

restricted to I'* is injective if and only if the numbers B3i, Ba, ..., 34,1 + BT a are

linearly independent over the rationals. The same condition implies that po(T'*) is

a dense set in R. Thus, any lattice of special form is a lattice in general position.
Notice that if ' is a lattice of special form, then detT' = detT'™* = 1.
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We will now see that it is sufficient to prove Theorems [T and for lattices of
the special form (1)), [E2). We begin by establishing some preliminary lemmas.

4.2. Let A be an n X n invertible matrix, and let B be an m X m invertible matrix.
These determine a linear and invertible transformation 7' from R™ x R™ to itself
given by

(4.3) T:(z,y) — (Az, By),

where x € R, y € R™. Let I and L be two lattices in general position in R™ x R™,
and let U C R™ and V C R™ be two bounded, Riemann measurable sets.

Lemma 4.2. Assume that T maps L onto I'. Then the following are equivalent:
(i) E(A(L,V)) is a Riesz basis in L*(U).
(ii) E(A(T,BV)) is a Riesz basis in L>(A~TU).

Proof. Since I' = T(L), we have that
AT, BV) ={p1(7) : ve T, p2(7) € BV} ={Ap:1(l) : L € L, po(I) € V'}.

Hence, the set A(T, BV) is the image of A(L,V) under the linear and invertible
transformation given by A. The result thus follows from the fact that for any point
set A C R", the exponential system E(A) is a Riesz basis in L?(U) if and only if
E(AA) is a Riesz basis in L2(A~"U). O

We remark that Lemma .2l remains true if the words “Riesz basis” are replaced
by “frame” or “Riesz sequence”.

4.3. We now restrict our attention to lattices in R?% x R.

Lemma 4.3. Let L C R x R be a lattice in general position. Then one can find
a lattice T of special form [@I) and a linear and invertible transformation T as in

E3) such that T(L) =T.

Proof. Rather than showing that there exists a transformation of the form (@3]
mapping L onto I', we will prove the equivalent claim that there exists a transforma-
tion of the form (3) mapping L* onto I'*. To see that these are indeed equivalent,
observe that if the transformation (x,y) — (Axz, By) maps L onto T, then the dual
lattice I'* is the image of L* under the transformation (z,y) — (A~ Tz, B~ Ty).

The lattice L* is the image of Z%! under a linear and invertible transformation.
Let this transformation be represented by the matrix M, with

M(m,n) = (am +bn,c' m+en), mecZ neci,

where a is a d x d matrix, b and ¢ are d x 1 vectors, and e is a scalar.
Let T be the transformation in [@3)) with A = a~! and B = 1/(e — c'a"'b).
The fact that the set

p1(L*) = {am—l-bn :melZl ne Z}

is dense in R? guarantees that the matrix a is invertible, so A is well-defined. The
scalar B is also well-defined, since e — ¢"a~'b = det M/ det a # 0. One can check
that for this choice of T we have that T'(L*) = I'*, where I'* is given in (£2) with
a := Ab and  := Be. Finally, since p;(I'*) = Ap1(L*) and p2(I'™*) = Bpy(L*), and
L* is in general position, it follows that also I'* must be in general position. This in
turn implies that the vectors o, 8 must satisfy the conditions in Definition £l O
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4.4. With Lemmas and established, let us now use these to show that we
can restrict our attention to lattices of special form when proving Theorems [Tl
and

Lemma 4.4. If Theorem [l is true for lattices T' of the special form (@I, then
it is true for any lattice in general position.

Proof. Assume that Theorem [[1] holds for any lattice of the special form (ET]).
Let L be a lattice in general position, and let I be an interval. Suppose that
the quasicrystal A(L, ) provides a Riesz basis of exponentials in L?(U) for some
Riemann measurable set U. We will show that this implies |I| € pa(L).

By Lemma [£3] there exists a linear and invertible transformation T as in (@3]
mapping L onto a lattice I" of special form (I)). By Lemma [£2] the set of ex-
ponentials E(A(T, BI)) is a Riesz basis in L?2(A~TU), and the set A~TU is Rie-
mann measurable. Since Theorem [LI] holds for the lattice I', this implies that
|BI| € p2(T'). Finally, observe that since T(L) = I", we have p(I") = Bpa(L), and
thus |I| € po(L). O

Lemma 4.5. If Theorem is true for lattices T' of the special form (@), then
it is true for any lattice in general position.

Proof. Assume that Theorem holds for any lattice of the special form (I]). Let
L be a lattice in general position, and let I be an interval satisfying the condition
|I] € p2(L). Denote by S a Riemann measurable set with mesS = Z(A(L,I)),
which is equidecomposable to a parallelepiped spanned by vectors in p;(L*) using
only translations by vectors in p;(L*). We will show that E(A(L,I)) is a Riesz
basis in L?(S).

By Lemma 3] there exists a linear and invertible transformation 7" as in (@3]
mapping L onto a lattice T' of special form ([@I]). We have that Bps(L) = po(T),
and thus the condition |I| € pe(L) implies that |BI| € po(T'). Since Theorem
holds for the lattice T, it follows that E(A(T', BI)) is a Riesz basis in L?(U) for any
set U, with mesU = Z(A(T, BI)), which is equidecomposable to a parallelepiped
spanned by vectors in p;(I'*) using only translations by vectors in p; (I'*). Hence,
if we can show that the set A~ TS satisfies these two conditions, then the proof will
be concluded by Lemma

Let us first verify that mes A=TS = 2(A(T, BI)). To see this, observe that
T(L) =T implies that |Bdet A|det L = detT", and hence

Bl 9D
detT"  |det A|det L | det A

Since mes S = Z(A(L,I)), we get mes A~ ' S = Z(A(L,I))/| det A| = 2(A(T, BI)).

Let us now see that A~ TS satisfies the appropriate equidecomposability condi-
tion. Recall that if T(L) =T, then the dual lattice I'* is the image of L* under the
transformation (x,y) — (A~ Tz, B~ Ty). In particular, the matrix A~ sends any
vector in p; (L*) to a vector in p; (I'*). It follows that A~ T maps any parallelepiped
spanned by vectors in pj(L*) (respectively, any set equidecomposable to such a
parallelepiped using translations by vectors in p;(L*)) to a parallelepiped spanned
by vectors in p (I'*) (respectively, a set equidecomposable to such a parallelepiped
using translations by vectors in py (I'*)). Hence, the set A~ TS is equidecomposable
to a parallelepiped spanned by vectors in p; (I'*) using only translations by vectors
in p1(T'*). This completes the proof of Lemma 5l O

2(A(T, BI))
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4.5. In a similar way, we can show the same for Proposition [[3l

Lemma 4.6. If Proposition is true for lattices T' of the special form (@I)), then
it is true for any lattice in general position.

Proof. Assume that Proposition [[33] holds for any lattice of the special form (I]).
Let L be a lattice in general position, and let I be an interval satisfying |I| €
p2(L). Given any open set U C R? and compact set K, K C U, with mes K <
D(A(L,I)) < mesU, we want to find a set S, K C S C U, where S satisfies the
conditions in Theorem

By Lemma 3] there exists a linear and invertible transformation 7" as in (£3)
mapping L onto a lattice I" of special form (J). We have seen in the proof of
Lemma[d5lthat this implies A~ " p;(L*) = py(I'*). In light of this, consider the open
set A~ TU and the compact set A~TK, A=TK C A~ TU, satisfying mes A~ T K <
P(A(L,I))/|det A] < mes A~TU. Since 2(A(L,I))/|det A| = 2(A(T, BI)), and
since Proposition [[.3 holds for the lattice T', we can find aset V, A~ TK C V C
A=TU, where mesV = 2(A(', BI)) and V is equidecomposable to a parallelepiped
spanned by vectors in p; (I'*) using only translations by vectors in p; (I'*).

Now let S = ATV. Then K C S C U and mes S = Z(A(L, I)). Moreover, since
ATpi(T*) = p1(L*), the set S is equidecomposable to a parallelepiped spanned by
vectors in p;(L*) using only translations by vectors in p;(L*). Thus, the set S
satisfies the conditions in Theorem O

5. BOUNDED REMAINDER SETS

In this section we give a brief introduction to bounded remainder sets in R?, and
mention their role in our problem. In the next section, this will be used to analyze
the distribution of points in one-dimensional model sets.

5.1. Let o € R? be a vector such that the numbers 1, oy, s, ..., aq are linearly
independent over the rationals. It is well-known that under this condition, the
sequence {na} is equidistributed on the d-dimensional torus T¢ = R?/Z?, which
means that

1 n—1
ZXS(IE + ka) > mesS  (n— o)
k=0

5.1 —
(5.1) .
for any € T and every Riemann measurable set S C T?¢. Here, x5 denotes the
indicator function for S. One can also consider S as a set in R?, in which case xg
should be understood as the multiplicity function for the projection of S on T¢,
that is
xs(@) = > Ls(z+k).
kezd
A quantitative measure of the equidistribution of the sequence {na} is given by

the discrepancy function

n—1
(5.2) Dn(S,x) =Y xs(x + ka) — nmesS.

k=0
By &I), we have D, (S,z) = o(n), n — oo, for any Riemann measurable set
S c R
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However, the discrepancy obeys an even stricter bound for certain special sets
S. We say that S C R? is a bounded remainder set (BRS) if there exists a constant
C = C(S, a) such that | D, (S, z)| < C for every n and almost every x. The classical
example is when S is a single interval in dimension one. In this case, it was shown
by Hecke [9] and Ostrowski [35,[86] that if the length of the interval belongs to
Zo + Z, then it is a BRS. Kesten [12] proved that this condition is also necessary
for an interval to be a BRS.

The relevance of bounded remainder sets to the subject of this paper is clarified
by the following:

Theorem 5.1. Let A = A(T',I) be the simple quasicrystal defined in (ILTl), where
T is a lattice of special form @I). Then E(A) is a Riesz basis in L?(S) for every
Riemann measurable bounded remainder set S with mes S = |I].

When we say that S is a bounded remainder set, we mean with respect to the
vector « in the definition of the special lattice T'.

5.2. With the exception of the one-dimensional case, the problem of explicitly de-
scribing bounded remainder sets has until recently remained quite open. Sziisz gave
the first non-trivial examples of bounded remainder sets in two dimensions in 1954
by constructing a family of parallelograms of bounded remainder [40]. Liardet later
generalized Sziisz’s construction to all dimensions [20].

In our recent paper [7], a comprehensive study of multi-dimensional bounded re-
mainder sets was done. First we extended to higher dimensions the Hecke-Ostrowski
result on intervals.

Theorem 5.2. Let P be a parallelepiped in R?, spanned by vectors v, ..., vq be-
longing to Zo+ 7. Then P is a bounded remainder set.

This result guarantees the existence of a large collection of bounded remainder
sets, which in particular encompasses the examples previously given by Sziisz and
Liardet.

On the other hand, we also proved that the Riemann measurable bounded re-
mainder sets can be characterized by equidecomposability to a parallelepiped of the
above form.

Theorem 5.3. Let S C RY be a Riemann measurable set. Then S is a bounded
remainder set if and only if there is a parallelepiped P spanned by vectors belonging
to Za+74, such that S and P are equidecomposable (by Riemann measurable pieces)
using only translations by vectors in Zo + 7.

It is not difficult to show that if two sets S and S’ are equidecomposable using
translations by vectors in Za +Z¢, and if one of them is a BRS, then so is the other
(see [7, Proposition 4.1]). We proved in [7] that also the converse is true:

Theorem 5.4. Let S and S’ be two Riemann measurable bounded remainder sets
of the same measure. Then S and S’ are equidecomposable using translations by
vectors in Za + 74 only.

Hence, if S is a Riemann measurable BRS, then S is equidecomposable to any
parallelepiped P spanned by vectors belonging to Za+Z?, such that mes P = mes S.

It is known (see [, Proposition 2.4]) that the measure of any bounded remainder
set must be of the form

(5.3) no +niag + -+ ngag,
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where ng, ..., nq are integers. Conversely, we have the following result.

Theorem 5.5. Any positive number v of the form (&3l can be realized as the
measure of some bounded remainder parallelepiped spanned by vectors belonging to
Zo+ 72,

This follows from Theorem and [7, Proposition 3.7].

5.3. We complete this section by showing that the bounded remainder sets are,
in a certain sense, dense among the sets of a given measure in R?. The following
theorem is essentially Proposition [[.3] for lattices of special form.

Theorem 5.6. Let v be a positive number of the form ([5.3). Suppose that U C R?
is an open set, K is compact, K C U, and mes K < v < mesU. Then there exists
a Riemann measurable bounded remainder set S, K C S C U, such that mes S = .

Proof. We can assume that the set U is bounded. If not, let Ugr be the intersection
of U with the ball of radius R centered at the origin. For a sufficiently large R, we
have K C Ug and mesUg > -, and we may thus continue with Ug in place of U.

We first construct two bounded remainder sets A and B satisfying K C A C
B C U and mes A < v < mes B. The set Za + Z% is dense in R?, so for any ¢ > 0
we can find by Theorem a bounded remainder parallelepiped P. of diameter
smaller than € spanned by vectors in Za +Z%. Consider a tiling of R? by translated
copies of P.. Let A be the union of all parallelepipeds intersecting K, and let
B be the union of those contained in U. Then A and B are bounded remainder
sets. Choosing ¢ sufficiently small, we can guarantee that K C A C B C U and
mes A < v < mes B.

We complete the proof by showing that there exists a bounded remainder set S
satisfying A C S C B and mes.S = 7. Since A and B are both bounded remainder
sets and A C B, their difference B\ A is also a BRS. Theorem ensures that we
can construct two disjoint parallelepipeds, P and @, spanned by vectors in Za +Z2,
where mes P = v — mes A and mes @ = mes B — . Their union P U @ is a BRS
of measure equal to that of B\ A, and by Theorem [5.4] the sets PUQ and B\ A
are equidecomposable using translations by vectors in Za + Z<. It follows that P
is equidecomposable to some subset R C B\ A, and by Theorem (53] the set R
is a BRS. Now let S = AU R. The set S is a BRS satisfying A C S C B, and
mes S = mes A + mes P = ~. O

6. MODEL SETS AND BOUNDED REMAINDER SETS

In this section we study the distribution of points in a one-dimensional model
set. We assume that the window of the model set is a Riemann measurable bounded
remainder set (with respect to the projected lattice). We show that in this case, the
model set can be obtained by a bounded perturbation of an arithmetic progression,
and moreover that the perturbations are of the same size on the average. These
results will allow us later on to apply the theorem of Avdonin in the proof of
Theorem

6.1. Let I be a lattice in R? x R, and let S be a bounded, Riemann measurable set
in R%. In this section we study the distribution of points in the one-dimensional
model set A := A*(T',S) defined by [B.2). We may restrict ourselves to lattices
T of the special form (I (in view of the results in Section Ml the general case
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can be reduced to this one by applying a linear transformation). Then using the
expression ([L2) for the dual lattice I'*, one can check that in this case the model
set is given by

(6.1) Az{n—i—(na—l—m,ﬁ}:nEZ,mEZd,na—i—meS},
where o and 3 are the vectors used to define I'. Notice that A has uniform density

P(A) = mes S.

6.2. Recall that S is a bounded remainder set (BRS) with respect to « if there is a
constant C'= C(S, «) such that the discrepancy D, (S, z) defined by (52) satisfies
the condition | D, (S, z)| < C for every n and almost every x. In this case, one may
arrange this condition to hold for all x in a given countable set, by replacing .S with
an appropriate translation S + ¢ (for this matter almost every ¢ will do). Let us
assume that the discrepancy is bounded for all the points of the form {ja}, which
amounts to the condition

j+n
(6.2) sup sup Z Xs(ka) —nmes S| < co.
n>0 jE€Z k=j+1

Remark that in the converse direction, a Riemann measurable set S which satisfies
the condition ([62]) must be a bounded remainder set; see [7, Proposition 2.2].

Lemma 6.1. Assume that condition ([G2) is satisfied. Then the model set (6.1))
can be enumerated as a sequence {\;}, j € Z, in such a way that

J
(6.3) sup [A; —

< o0.
jez mesS’

In other words, the model set A can be obtained by a bounded perturbation of
the points in the arithmetic progression (1/mesS)Z. The property of a cut-and-
project set being at bounded distance from a lattice has been considered by some
authors; see e.g. [4[839] and the references therein.

Proof of Lemma [6.Il Define
(6.4) S,:=8SNmna+2%, A,:={n+(zpB) :xcS,), ncZ

One can see from (G.I)) that the sets {A,} form a partition of A (it is not excluded
that some of the A,, are empty). Let {s,}, n € Z, be a sequence of integers such
that

(65) Sn+1 — Sp = #An,
and choose an enumeration {\; : j € Z} of the set A in such a way that
(6.6) Ay ={Xj : s <j<sp_1}

We will show that condition (63)) is satisfied for this enumeration.
By (64), €3] we have sp4+1 — s, = xs(na). Hence (6.2) implies that for n > 0,

n—1

(6.7) Sn = S0+ Z xs(ka) =nmesS + O(1),
k=0

and in a similar way one can see that the same is true also for n < 0.
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Now given j, there is n = n(j) such that s, < j < sp41, and so A\; € A,,. We
have

(6.8) YR (- )+<s"_j>.

mes S mes S mes S

Since S is a bounded set, there is a constant R such that A, C [n — R,n + R] for
every n € Z. Hence the first term on the right hand side of (6.8) is bounded. The
second term is also bounded, due to (67). Finally, the third term is bounded as
well, since the number of elements in each set A, is bounded. Thus, we obtain

@3). O

6.3. It is well-known that a set S is a bounded remainder set if and only if there
exists a bounded, measurable function g on the d-dimensional torus T? = R?/Z?
such that

(6.9) xs(x) —mesS =gz +a) —g(x) ae.

A simple proof of this fact can be found in [7, Proposition 2.3]. The equation (6.9 is
known as the cohomological equation for the function xg. The function g is unique
a.e. up to an additive constant, and is called the transfer function for S.

We proved in [7] that if the bounded remainder set S is Riemann measurable,
then the transfer function g may be chosen to be a Riemann integrable function:

Theorem 6.2 (see [7, Theorem 6]). Let S be a Riemann measurable bounded re-
mainder set. Then there is a bounded, Riemann integrable function g : T4 — R

satisfying ([6.9)).

The proof of this result is based on the characterization of the Riemann measur-
able bounded remainder sets given in Theorems and [B.3] above.

By applying an appropriate translation to the set S, we may arrange the equality
([©3) to hold for all the points = of the form {na}, that is,
(6.10) xs(na) —mes S = g((n + 1)a) — g(na), n€Z.
In fact, since ([G.9) holds for almost every x, almost every translation of S will satisfy
the above. Notice that condition (G.I0) and the boundedness of ¢ imply (6.2)).

6.4. Let A = {);} be the enumeration given by Lemma[6.Il Then by (€3] we have

J
6.11 up |0;| < co, wh 0= Nj— .
( ) ?EIZ)| J‘ ere J J mes S

We will now see that the perturbations ¢; are in fact of the same size on the average:

Lemma 6.3. Assume that there is a Riemann integrable function g satisfying
(6I0). Then there exists a constant ¢ such that

(6.12) Sup‘% Z (5j—c‘—>0 (N = o0).

Proof. We continue to use the same notations introduced in the proof of Lemma
First we are going to derive a simple expression for the sum ) 6; with j going
through the “block” s, < j < sp+1. Indeed, we have

S o= Y em- Y <mejSS—n)d:Cf51(n)—Sg(n).

Sn<J<Sn+41 Sn<J<Sn+41 sn<Jj<Sn+1
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We evaluate each one of the sums S;(n) and Sz (n) separately. Consider the function
$(x) =Y (@+m,B) sz +m).
meZd

This function is 1-periodic; hence it may be viewed as a function on T¢ = R%/Z9,
By (64)), (6.8) we have Si(n) = ¢(na). The second sum S3(n) can be calculated
explicitly,

Sn+1 + s, —1
Using condition ([6.I0) we get that for n > 0,
n—1
(6.14) Sn = S0+ Z Xxs(ka) =nmesS + g(na) + ¢,
k=0

and similarly the same is true also for n < 0 (with the same constant ¢;). Substi-
tuting this expression for s, in ([GI3) yields that Sa(n) = ¢ (na), where

_ xs(@)(g(@) + g(z +a) + )

(@) 2mes S

We conclude that

Z 0; = h(na), nez,

Sn<J<Sn+1

where h : T¢ — R is the Riemann integrable function given by h(z) := ¢(z) — ¥ (z).

Now to prove ([G.I2) it will be enough to consider the case where k = s, — 1
and k+ N = s,4, — 1, that is, where the sum in (€12 goes through r consecutive
“blocks”. This is due to the fact that the J; are known to be bounded by (G.11J),
and the number of elements in each “block” is bounded as well. So, consider the
sum

n+r—1 n+r—1
Sn<I<Sn+r m=n s, <J<Sm41 m=n

The points {ma} are well-equidistributed on T?, and h is Riemann integrable;
hence

n+r—1
sup Z h(ma) —r | h(z) dx‘ =o(r), r— o
neZ m=n Td

(see [IT7, pp. 46, 52]). From (@.I4) it follows that $,,4, — s, = rmes S + O(1), and
hence

1 1
_ 0, = h(z)dx +o(1), r— oo,
Sptr — Sn sn§j2<:sn+,,. 7 mes S Jra (z) (1)

uniformly with respect to n. It follows that (6.12]) holds with

1
= h(z)d
“~ hesS /H‘d (z)de,

and this concludes the proof of Lemma O
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7. MODEL SETS THAT GIVE RIESZ BASES

We are now equipped to present the proof of Theorem The result states
that a simple quasicrystal A(T',T) for which |I| € py(T") provides a Riesz basis
of exponentials in L?(S) for any Riemann measurable set S satisfying the two
conditions

(i) mesS = 2(A);
(ii) S is equidecomposable to a parallelepiped spanned by vectors in p; ('),
using only translations by vectors in p; (I'*).

By Lemma it will be enough to consider the case when I' and I'* are of the
special form (@), (£2). Then the quasicrystal A(T', I') has density Z(A) = ||, and

p1(T*) = Za + 7%

Hence, Theorem follows immediately from Theorems [5.1land 53l It remains to
prove Theorem [B.11

7.1. Avdonin’s theorem. We will prove Theorem [5.1] by invoking the duality in
Corollary Namely, in order to prove that E(A(T',I)) is a Riesz basis in L?(S),
it is sufficient to show that E(A*(T',S)) is a Riesz basis in L?(I). For the latter we
will use the following result due to Avdonin, which gives a sufficient condition on
a system of exponential functions to be a Riesz basis in L?(I).

Theorem 7.1 (Avdonin [I]). Let I C R be an interval, and let {\;, j € Z} be a
sequence in R satisfying the following three conditions:

(a) {A;} is a separated sequence, that is, infjzp |N\j — A > 0;
(b) sup; [d;| < oo, where 6 := \j — j/|1|;
(c) there is a constant ¢ and a positive integer N such that

k+N 1
(7.1) sup ‘ d; ’
kez | N zk;rl Al

Then the system {€*™*} is a Riesz basis in L*(I).

This is a generalization of Kadec’s 1/4 theorem, which corresponds to the case
N = 1. In fact, the theorem above is a special case of the result given in [I].

7.2. Proof of Theorem [5.Il Let A(T',I) be the simple quasicrystal (1)) with T
of special form (1)), and let S be a Riemann measurable bounded remainder set
with mes S = |I|. We want to show that E(A(T,I)) is a Riesz basis in L?(S). By
Theorem [6.2] there exists a Riemann integrable function g satisfying the cohomolog-
ical equation (69). Moreover, by translation of S we may assume that conditions
©2) and (GI0) are satisfied. Such a translation will not affect the Riesz basis
property for S.

By Corollary with U = S and V = I, it will be sufficient to show that the
dual system E(A*(T,S)) is a Riesz basis in L?(I). As condition (6.2)) is satisfied,
we can invoke Lemma[6.1] to obtain an enumeration of A*(T", S) for which condition
[(b)]in Theorem [ holds. Moreover, since (G.10) is satisfied, LemmalG.3 guarantees
that also condition holds for this enumeration. Finally, condition @ is satisfied
as well since A*(T", S) is a uniformly discrete set. Thus, E(A*(T",S)) is a Riesz basis
in L?(I) by Theorem [T and this completes the proof of Theorem [B.11
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7.3. Proof of Proposition 1.3l We now show that if |I| € p2(T"), then the simple
quasicrystal A(T, I) provides a Riesz basis E(A(T, I)) in L?(S) for a large collection
of sets S in the following sense: Given any compact set K and open set U, where
K Cc U and mes K < 2(A) < mesU, one can find a Riemann measurable set S
satisfying the conditions in Theorem such that K C S C U.

Indeed we have already seen that Proposition [[L3]is true when I', I'* are lattices
of the special form ([@1]), [@2)); this follows from Theorems 5.3l and By Lemma
[4.6], the proposition is true also in the general case.

7.4. Examples. Finally, let us see how Examples[[.4 and can be deduced from
Theorem 5.1l These examples are special cases of the following more general result.

Theorem 7.2. Let a and B be column vectors in R? satisfying conditions and
in Definition 1], and define a sequence A = {\(m)} by

(7.2) Am)=m+{a"m}B, mez?

(where {x} denotes the fractional part of a real number x). Then the system E(A)
is a Riesz basis in L*(S) for every Riemann measurable set S which is equidecom-
posable to the unit cube Q = [0,1)? using translations by vectors in Za + Z°.

Proof. Let I be the interval (—1,0], and let I' and I'* be lattices of the special
form (@I, @2)). Then the simple quasicrystal A = A(T, ) is the set (Z2). By
Theorem 5.1l E(A) is a Riesz basis in L?(.9) for every Riemann measurable bounded
remainder set S with mes.S = 1. Hence by Theorem [1.3] E(A) is a Riesz basis in
L?(S) for every Riemann measurable set S which is equidecomposable to the unit
cube using translations by vectors in Za + Z<. O

Examples [[4] and follow directly from Theorem In the one-dimensional
case, if we take a € R irrational and § = 1, then we obtain Example [[.4l In two
dimensions, Example follows by choosing o = 8 = (v/2,V/3).

8. MODEL SETS WHICH DO NOT GIVE RIESZ BASES

In this section we prove Theorem [[LIl That is, we show that if the simple
quasicrystal A(T",I) does not satisfy the arithmetical condition |I| € p2(I'), then
there is no Riemann measurable set S C R? such that E(A(T, I)) is a Riesz basis
in L2(9).

8.1. Bounded mean oscillation. Let us recall the definition of functions and
sequences with bounded mean oscillation. Let f(z) be a locally integrable function
on R, and denote by f; the average of f over a bounded interval J C R, that is,
fr=1\J17" [, f(x)dx. The mean oscillation of f over J is defined as

ﬁ / (@) — f] da.

If the mean oscillation of f is bounded uniformly over all intervals J, then we say
that f has bounded mean oscillation, and we write f € BMO(R). Clearly any
bounded function belongs to BMO(R), but it is well-known that BMO(R) contains
also unbounded functions, such as the function f(z) = log |x|.
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Similarly, one can define the space BMO(Z) of sequences with bounded mean
oscillation. We say that a sequence of complex numbers {¢, }, ez has bounded mean
oscillation, and we write {c,} € BMO(Z), if

m
( 1 Cng1 4+ Cm
sup E -
m—n m—-—n
n<m k=n+1

is finite.

8.2. Discrepancy function. For a discrete set A C R, denote by na (x) the count-
ing function for A satisfying

na(y) —na(e) = #(AN[ey), =<y
This condition defines na(x) uniquely up to an additive constant.

If the set A has uniform density Z(A), then we define the discrepancy function
of A to be the difference

(8.1) d(A,z) = na(z) — 2(A)z, =z €R.

This piecewise linear function with slope —Z(A) and positive unit jumps at every
x € A gives a quantitative measure of the uniform distribution of A. From the
definition of Z(A) it is clear that d(A,x) = o(z) as ¢ — +oo.

Now let A = A*(T", S) as given in (6.1]), and consider the associated discrepancy
function d(A,z). There is a close connection between d(A,z) and the sequence
{Dn(5) }nez defined as

ZZ;& Xxs(ka) —nmes.S, n >0,
(8.2) Dy(S) =10, n=0,
— 31 xs(ka) — nmes S, n < 0.

In Lemma we looked at the case when this sequence is bounded, and showed

that A is then at bounded distance from an arithmetical progression. One can check

that in this case, the corresponding discrepancy d(A, x) is a bounded function.
We now consider the case when d(A, z) belongs to BMO(R).

Lemma 8.1. Let A = A*(T',S) be given in (61)), and suppose that d(A,x) €
BMO(R). Then {D,(S)} in 82) belongs to BMO(Z).

Proof. We introduce a new function 75 (), defined by 74 (0) = 0 and the condition

(83) Aa(y) —fa(x) = Y #A, z<y,
kelz,y)NZ
where Ay, is a block in the partition of A given in (€4). We may think of 7 ()
as the counting function for a multi-set with multiplicity #A at the point z = k.
Recall that A, C [k — R, k+ R] for some R = R(S,T") and that the block sizes #Ay,
are uniformly bounded. It follows that na(z) —7ia(2) is a bounded function. Thus,
if we define f(x) as
f(z) = na(x) — xmes S,

then from 2(A) = mesS it follows that the difference d(A,z) — f(z) is also a
bounded function. Since d(A,x) belongs to BMO(R), so does f(z).

The function f(z) is piecewise linear, with slope —mes .S and bounded integer
jumps at integer values of z. We can therefore write f as the sum of two functions,
f = g+ h, where g(z) is piecewise constant and equal to f(n) on (n — 1,n], and
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h(z) is 1-periodic and linear with slope —mes.S on each such interval. The mean
oscillation of the function g over the interval [n,m) is given by

(8.4) B D S [(C R R A
k=n-+1

Since ¢ differs from f by a bounded function, we have ¢ € BMO(R), so (84)
is bounded uniformly with respect to n and m. In other words, the sequence
{f(n)}nez belongs to BMO(Z). Finally we have that f(n) = D,(S), and hence
{D,(S)} € BMO(Z). O

8.3. Pavlov’s theorem. To prove Theorem [[.1] we use the duality in Theorem [3]
to transfer our problem from L2(S) to L?(I). We will show that for E(A*(T, S)) to
be a Riesz basis in L?(I), it is necessary that |I| € p2(T), and by Corollary B.] this
will imply Theorem [[LTl As what we need is a necessary, and not a sufficient, condi-
tion for E(A*(T', S)) to be a Riesz basis in L?(I), we cannot use Avdonin’s theorem.
Instead we will use the following consequence of Pavlov’s complete characterization
of the exponential Riesz bases in L2(I) [37].

Theorem 8.2 (See [10, Theorem 8, p. 240]). Let A C R be a discrete set. Then for
the exponential system E(A) to be a Riesz basis in L?*(0,a), a > 0, it is necessary
that the function f(x) = nx(x) — ax belong to BMO(R).

8.4. Proof of Theorem [I.1l By Lemma [£4] it will be enough to consider the
case when I', T* are lattices of the special form ([@II), [@2)). Since the boundary of
the set S has measure zero, there exists a translate of S whose boundary does not
intersect the countable set p;(I'*). Translating S does not affect the Riesz basis
property for the set, so we may assume below that 95 Npy(I'*) = 0.

Suppose that E(A(T,I)) is a Riesz basis in L?(S). By applying Corollary
with the lattice

I = {(p2(v),p1(v")) : 7" €T} CR xR

and with U = I and V = S, it follows that E(A*(T,S)) is a Riesz basis in L?(I),
with A*(T, S) given by (G.1I).

Denote by d(A*, z) the discrepancy function for A* = A*(T",S). Since E(A*) is
a Riesz basis in L?(I), it follows from Landau’s necessary density conditions that
2(A*) = mesS = |I|. Thus, by Theorem we have d(A*,z) € BMO(R), and
from Lemma [B]it follows that the sequence {D,(S)} in (82]) belongs to BMO(Z).
We now need the following result to complete the proof.

Theorem 8.3 ([14]). Let o € R? be an irrational vector, and let S C R? be a
Riemann measurable set. If the sequence { Dy (S) ez in B2) belongs to BMO(Z),
then the measure of S is of the form

(8.5) ng +nioq + - - + ngog,
where ng,n1,...,ng are integers.

This result was proved in [14] Section 4] in the one-dimensional case. The proof
in higher dimensions is along the same lines. Indeed, consider the function

f(x) = xs(x) — mes S,
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which is a Riemann integrable function on T¢. By assumption, the ergodic sums

n—1
Sp(x) == Z fz+ ka)

k=0
satisfy the condition {S,(0)} € BMO. Hence, as in the proof of [I4, Theorem
4.3], it follows that there is a real-valued function g € L?(T?) such that f(z) =
g(x+ ) —g(z) almost everywhere. In turn, the proof of [7, Proposition 2.4] implies
that mes S is of the form (&3] (notice that in the latter proof the function g was
bounded, but this fact was not used in the proof — only the measurability of g is
important).

Finally, we observe that when I is given by (@1]), p2(T') is precisely the collection

of real numbers of the form [BH)). As |I| = mes S, we thus get |I| € pa(T"), and this
completes the proof of Theorem [[.11

9. THE PERIODIC SETTING

9.1. There is also a version of the problem in the periodic setting, where S is a
Riemann measurable subset of T¢ and the simple quasicrystal is a subset of Z9.

Let o € R? be a vector such that the numbers 1,aq,as,...,aq are linearly
independent over the rationals, and let I be a semi-closed interval on the circle
T = R/Z. Then the set

(9.1) Aa,I):={necZ: (n,a) eI}

is called a simple quasicrystal in Z.2.
One can check that A(w, I) has uniform density Z(A(«, I)) = |1].
The result analogous to Theorem M in this setting is the following [25]:

Let A be a simple quasicrystal defined by (@1)). Then:

(i) E(A) is a frame in L*(S) for any compact set S C T? with mes S < |I|;
(ii) E(A) is a Riesz sequence in L*(S) for any open set S C T with mesS >
1].

9.2. For Riesz bases we have the following versions of Theorems [[.1] and

Theorem 9.1. Let A be a simple quasicrystal defined by (@), and suppose that
|I| is not of the form

ng +niay + -+ ngayq,

where ng, ... ,ng are integers. Then there is no Riemann measurable set S C T¢
such that E(A) is a Riesz basis in L?(S).

Theorem 9.2. Let A be a simple quasicrystal defined by [@1), and suppose that
[I| =no+mniag + -+ 4+ ngayg

for certain integers ng,...,nq. Then E(A) is a Riesz basis in L*(S) for every
Riemann measurable bounded remainder set S C T¢ with mes S = |I|.

As before, when we say that S is a bounded remainder set, we mean with respect
to the vector a.
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9.3. As in the non-periodic case, there is a duality connecting the frame and Riesz
sequence properties of E(A(a,I)) to those of the “dual” quasicrystal in Z defined
by

(9.2) A(a,S):={meZ : —mac S}

This duality can be stated in a form similar to Theorem Bl By combining its two
parts we obtain the following analog of Corollary

Lemma 9.3.
(i) If the exponential system E(A*(a,S)) is a Riesz basis in L*(I), then
E(A(a, 1)) is a Riesz basis in L*(S).
(ii) Suppose that the boundary of S does not intersect the set Zo. If E(A(a, I))
is a Riesz basis in L*(S), then E(A*(«, S)) is a Riesz basis in L*(I).

This result allows us to reduce the problem on exponential Riesz bases in L?(S)
to a similar problem in L2(I) for the interval I C T, and again we can apply the
results of Avdonin [I] and Pavlov [37] to verify Theorems [01] and We will not
present this in detail. A full proof in the one-dimensional periodic case is given in
[14].

10. REMARKS AND OPEN PROBLEMS
Finally we mention some problems which are left open.

10.1. Suppose that the simple quasicrystal A(T, I) satisfies the arithmetical condi-
tion |I| € p2(T"). Which sets S will then admit E(A(T,I)) as a Riesz basis? It is
enough to restrict our attention to lattices I' of special form (£I)). We have then
seen in Theorem Bl that a sufficient condition is that S is a Riemann measurable
bounded remainder set with mes S = |I|. Is this condition also necessary?

This question is related to a problem in discrepancy theory. In the proof of
Theorem [[T] we saw that a necessary condition for E(A(T",I)) to be a Riesz basis
in L2(S) is that the sequence of discrepancies

n—1
(10.1) {ZXS(ka)—nmesS :n:1,273...}
k=0
is in BMO. It is an open question whether there exists a set S for which the
sequence (0] is unbounded, but is in BMO. In the simplest case when S is a
single interval in dimension one, the answer to this question is negative [14]. If the
answer is negative also in the general case, then the bounded remainder property
not only suffices, but in fact characterizes the Riemann measurable sets S for which

E(A(T, 1)) is a Riesz basis in L?(9).

10.2. In this paper we have studied the Riesz basis property for E(A) when A =
A(D, 1) is a simple quasicrystal. The duality in Theorem [B.]] allows us to reduce
the problem to that of determining when the quasicrystal A* = A*(T", S) provides
a Riesz basis of exponentials in L?(I), where I is an interval. This is a problem
which is far better understood, and where powerful tools from the theory of entire
functions apply.

Recall that the duality in Theorem Bl is in fact twofold; it says that E(A) is
a frame in L?(S) if E(A*) is a Riesz sequence in L?(I), and that E(A) is a Riesz
sequence in L?(S) if E(A*) is a frame in L?(I). Rather than using both statements
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simultaneously to determine when E(A) is a Riesz basis in L%(S) (as we do in
Theorems [[.T] and [[2]), one may apply parts|(i)| and of Theorem [3.I] separately.
Seip and Ortega-Cerda have given a complete characterization of the exponential
systems which constitute a frame, respectively a Riesz sequence, in L*(I) (see [34]
and [38, Theorem 10]). Combining Theorem BI] with these characterizations, one
may attempt to determine when E(A) is just a frame, or just a Riesz sequence, in

L?(S) when mes S = |I|.

10.3. Several other problems are mentioned in [29]. In particular, do the results
admit a version for LP norms, with p # 2?7 And what can be said on the exponential
system E(A) when A is a non-simple model set?

REFERENCES

[1] S. A. Avdonin, On the question of Riesz bases of exponential functions in L%, Vestnik
Leningrad. Univ. 13 (1974), 5-12 (Russian). English translation in Vestnik Leningrad Univ.
Math. 7 (1979), 203-211. MR0361746

[2] A. Beurling, Balayage of Fourier-Stieltjes transforms, in the Collected Works of Arne Beurl-
ing, vol. 2, Harmonic Analysis. Birkh&user, Boston, 1989. MR1057614

[3] Vladimir G. Boltianskil, Hilbert’s third problem, translated from the Russian by Richard A.
Silverman, with a foreword by Albert B. J. Novikoff, Scripta Series in Mathematics, V. H.
Winston & Sons, Washington, D.C.; Halsted Press [John Wiley & Sons], New York-Toronto-
London, 1978. MR0500434

[4] Michel Duneau and Christophe Oguey, Displacive transformations and quasicrystalline sym-
metries (English, with French summary), J. Physique 51 (1990), no. 1, 5-19. MR1036415

[5] Sigrid Grepstad and Nir Lev, Multi-tiling and Riesz bases, Adv. Math. 252 (2014), 1-6, DOI
10.1016/j.aim.2013.10.019. MR3144222

[6] Sigrid Grepstad and Nir Lev, Universal sampling, quasicrystals and bounded remainder sets
(English, with English and French summaries), C. R. Math. Acad. Sci. Paris 352 (2014),
no. 7-8, 633-638, DOI 10.1016/j.crma.2014.05.006. MR3237817

[7] Sigrid Grepstad and Nir Lev, Sets of bounded discrepancy for multi-dimensional irrational
rotation, Geom. Funct. Anal. 25 (2015), no. 1, 87-133, DOI 10.1007/s00039-015-0313-z.
MR3320890

[8] Alan Haynes and Henna Koivusalo, Constructing bounded remainder sets and cut-and-project
sets which are bounded distance to lattices, Israel J. Math. 212 (2016), no. 1, 189-201, DOI
10.1007/s11856-016-1283-z. MR3504323

[9] E. Hecke, Uber analytische Funktionen und die Verteilung von Zahlen mod. eins (German),
Abh. Math. Sem. Univ. Hamburg 1 (1922), no. 1, 54-76, DOI 10.1007/BF02940580.
MR3069388

[10] S. V. Hruséév, N. K. Nikol’skii, and B. S. Pavlov, Unconditional bases of exponentials and of
reproducing kernels, Complex analysis and spectral theory (Leningrad, 1979/1980), Lecture
Notes in Math., vol. 864, Springer, Berlin-New York, 1981, pp. 214-335. MR643384

[11] Jean-Pierre Kahane, Sur les fonctions moyenne-périodiques bornées (French), Ann. Inst.
Fourier, Grenoble 7 (1957), 293-314. MR0102702

[12] Harry Kesten, On a conjecture of Erdds and Szisz related to uniform distribution mod 1,
Acta Arith. 12 (1966/1967), 193-212. MR0209253

[13] Mihail N. Kolountzakis, Multiple lattice tiles and Riesz bases of exponentials, Proc. Amer.
Math. Soc. 143 (2015), no. 2, 741-747, DOI 10.1090/S0002-9939-2014-12310-0. MR3283660

[14] Gady Kozma and Nir Lev, Ezponential Riesz bases, discrepancy of irrational rotations and
BMO, J. Fourier Anal. Appl. 17 (2011), no. 5, 879-898, DOI 10.1007/s00041-011-9178-1.
MR2838111

[15] Gady Kozma and Shahaf Nitzan, Combining Riesz bases, Invent. Math. 199 (2015), no. 1,
267-285, DOI 10.1007/s00222-014-0522-3. MR3294962

[16] Gady Kozma and Shahaf Nitzan, Combining Riesz bases in RY, Rev. Mat. Iberoam. 32
(2016), no. 4, 1393-1406. MR3593529


http://www.ams.org/mathscinet-getitem?mr=0361746
http://www.ams.org/mathscinet-getitem?mr=1057614
http://www.ams.org/mathscinet-getitem?mr=0500434
http://www.ams.org/mathscinet-getitem?mr=1036415
http://www.ams.org/mathscinet-getitem?mr=3144222
http://www.ams.org/mathscinet-getitem?mr=3237817
http://www.ams.org/mathscinet-getitem?mr=3320890
http://www.ams.org/mathscinet-getitem?mr=3504323
http://www.ams.org/mathscinet-getitem?mr=3069388
http://www.ams.org/mathscinet-getitem?mr=643384
http://www.ams.org/mathscinet-getitem?mr=0102702
http://www.ams.org/mathscinet-getitem?mr=0209253
http://www.ams.org/mathscinet-getitem?mr=3283660
http://www.ams.org/mathscinet-getitem?mr=2838111
http://www.ams.org/mathscinet-getitem?mr=3294962
http://www.ams.org/mathscinet-getitem?mr=3593529

(17]

18]
[19]
20]

(21]

(22]

23]
24]

[25]

[26]

27]

(28]

29]

30]

(31]

32]

(33]

34]
35]
(36]

(37]

(38]

RIESZ BASES, QUASICRYSTALS, AND BOUNDED REMAINDER SETS 4297

L. Kuipers and H. Niederreiter, Uniform distribution of sequences, Pure and Applied
Mathematics, Wiley-Interscience [John Wiley & Sons|, New York-London-Sydney, 1974.
MR0419394

H. J. Landau, Necessary density conditions for sampling and interpolation of certain entire
Sfunctions, Acta Math. 117 (1967), 37-52, DOI 10.1007/BF02395039. MR 0222554

Nir Lev, Riesz bases of exponentials on multiband spectra, Proc. Amer. Math. Soc. 140 (2012),
no. 9, 3127-3132, DOI 10.1090/S0002-9939-2012-11138-4. MR2917085

Pierre Liardet, Regularities of distribution (English, with French summary), Compositio
Math. 61 (1987), no. 3, 267-293. MR883484

Yurii I. Lyubarskii and Alexander Rashkovskii, Complete interpolating sequences for Fourier
transforms supported by conver symmetric polygons, Ark. Mat. 38 (2000), no. 1, 139-170,
DOI 10.1007/BF02384495. MR1749363

Yurii I. Lyubarskii and Kristian Seip, Sampling and interpolating sequences for multiband-
limited functions and exponential bases on disconnected sets, Dedicated to the memory of
Richard J. Duffin, J. Fourier Anal. Appl. 3 (1997), no. 5, 597-615, DOI 10.1007/BF02648887.
MR1491937

J. Marzo, Riesz basis of exponentials for a union of cubes in R%, arXiv:math/0601288, (2006).
Basarab Matei and Yves Meyer, Quasicrystals are sets of stable sampling (English, with
English and French summaries), C. R. Math. Acad. Sci. Paris 346 (2008), no. 23-24, 1235—
1238, DOI 10.1016/j.crma.2008.10.006. MR2473299

Basarab Matei and Yves Meyer, A variant of compressed sensing, Rev. Mat. Iberoam. 25
(2009), no. 2, 669-692, DOI 10.4171/RMI/578. MR2569549

Basarab Matei and Yves Meyer, Simple quasicrystals are sets of stable sampling, Com-
plex Var. Elliptic Equ. 55 (2010), no. 8-10, 947-964, DOI 10.1080/17476930903394689.
MR2674875

Yves Meyer, Nombres de Pisot, nombres de Salem et analyse harmonique (French), Cours
Peccot donné au College de France en avril-mai 1969, Lecture Notes in Mathematics, Vol.
117, Springer-Verlag, Berlin-New York, 1970. MR0568288

Yves Meyer, Algebraic numbers and harmonic analysis, North-Holland Mathematical Library,
Vol. 2, North-Holland Publishing Co., Amsterdam-London; American Elsevier Publishing Co.,
Inc., New York, 1972. MR0485769

Yves Meyer, Addendum to: “Quasicrystals, almost periodic patterns, mean periodic func-
tions and irregular sampling” [MR2876415], Afr. Diaspora J. Math. 17 (2014), no. 1, 65-74.
MR3270013

Shahaf Nitzan and Alexander Olevskii, Revisiting Landau’s density theorems for Paley-
Wiener spaces (English, with English and French summaries), C. R. Math. Acad. Sci. Paris
350 (2012), no. 9-10, 509-512, DOI 10.1016/j.crma.2012.05.003. MR2929058

Alexander Olevskii and Alexander Ulanovskii, Universal sampling of band-limited signals
(English, with English and French summaries), C. R. Math. Acad. Sci. Paris 342 (2006),
no. 12, 927-931, DOI 10.1016/j.crma.2006.04.015. MR2235612

Alexander Olevskil and Alexander Ulanovskii, Universal sampling and interpolation of band-
limited signals, Geom. Funct. Anal. 18 (2008), no. 3, 1029-1052, DOI 10.1007/s00039-008-
0674-7. MR2439002

Alexander Olevskii and Alexander Ulanovskii, On multi-dimensional sampling and inter-
polation, Anal. Math. Phys. 2 (2012), no. 2, 149-170, DOI 10.1007/s13324-012-0027-4.
MR2917231

Joaquim Ortega-Cerda and Kristian Seip, Fourier frames, Ann. of Math. (2) 155 (2002),
no. 3, 789-806, DOI 10.2307/3062132. MR1923965

A. Ostrowski, Mathematische Miszellen I1X: Notiz zur Theorie der Diophantischen Approxi-
mationen (German), Jahresber. Dtsch. Math.-Ver. 36 (1927), 178-180.

A. Ostrowski, Mathematische Miszellen. X VI: Zur Theorie der linearen diophantischen Ap-
prozimationen (German), Jahresber. Dtsch. Math.-Ver. 39 (1930), 34-46.

B. S. Pavlov, The basis property of a system of exponentials and the condition of Mucken-
haupt, Dokl. Akad. Nauk SSSR 247 (1979), 37-40 (Russian). English translation in Soviet
Math. Dokl. 20 (1979), 655-659. MR545940

Kristian Seip, Interpolation and sampling in spaces of analytic functions, University Lecture
Series, vol. 33, American Mathematical Society, Providence, RI, 2004. MR2040080


http://www.ams.org/mathscinet-getitem?mr=0419394
http://www.ams.org/mathscinet-getitem?mr=0222554
http://www.ams.org/mathscinet-getitem?mr=2917085
http://www.ams.org/mathscinet-getitem?mr=883484
http://www.ams.org/mathscinet-getitem?mr=1749363
http://www.ams.org/mathscinet-getitem?mr=1491937
http://www.ams.org/mathscinet-getitem?mr=2473299
http://www.ams.org/mathscinet-getitem?mr=2569549
http://www.ams.org/mathscinet-getitem?mr=2674875
http://www.ams.org/mathscinet-getitem?mr=0568288
http://www.ams.org/mathscinet-getitem?mr=0485769
http://www.ams.org/mathscinet-getitem?mr=3270013
http://www.ams.org/mathscinet-getitem?mr=2929058
http://www.ams.org/mathscinet-getitem?mr=2235612
http://www.ams.org/mathscinet-getitem?mr=2439002
http://www.ams.org/mathscinet-getitem?mr=2917231
http://www.ams.org/mathscinet-getitem?mr=1923965
http://www.ams.org/mathscinet-getitem?mr=545940
http://www.ams.org/mathscinet-getitem?mr=2040080

4298 SIGRID GREPSTAD AND NIR LEV

[39] Marjorie Senechal and Jean Taylor, Quasicrystals: the view from Les Houches, Math. Intel-
ligencer 12 (1990), no. 2, 54-64, DOI 10.1007/BF03024006. MR1044931

[40] P. Sziisz, Uber die Verteilung der Vielfachen einer komplezen Zahl mach dem Modul des
Einheitsquadrats (German, with Russian summary), Acta Math. Acad. Sci. Hungar. 5 (1954),
35-39, DOI 10.1007/BF02020384. MR0064086

[41] Robert M. Young, An introduction to nonharmonic Fourier series, revised first edition, Aca-
demic Press, Inc., San Diego, CA, 2001. MR1836633

INSTITUTE OF FINANCIAL MATHEMATICS AND APPLIED NUMBER THEORY, JOHANNES KEPLER
UNIVERSITY, 4040 LINZ, AUSTRIA

Current address: Department of Mathematical Sciences, Norwegian University of Science and
Technology, 7491 Trondheim, Norway

Email address: sigrid.grepstad@ntnu.no

DEPARTMENT OF MATHEMATICS, BAR-ILAN UNIVERSITY, RAMAT-GAN 52900, ISRAEL
Email address: levnir@math.biu.ac.il


http://www.ams.org/mathscinet-getitem?mr=1044931
http://www.ams.org/mathscinet-getitem?mr=0064086
http://www.ams.org/mathscinet-getitem?mr=1836633

	1. Introduction
	1.1. Riesz bases
	1.2. Density
	1.3. Universality
	1.4. Quasicrystals
	1.5. Results
	1.6. Examples
	1.7. Outline

	2. Preliminaries
	2.1. Frames and Riesz sequences
	2.2. Lattices
	2.3. Model sets
	2.4. Simple quasicrystals

	3. Duality
	3.1.
	3.2.
	3.3.

	4. Lattices in special form
	4.1.
	4.2.
	4.3.
	4.4.
	4.5.

	5. Bounded remainder sets
	5.1.
	5.2.
	5.3.

	6. Model sets and bounded remainder sets
	6.1.
	6.2.
	6.3.
	6.4.

	7. Model sets that give Riesz bases
	7.1. Avdonin’s theorem
	7.2. Proof of Theorem 5.1
	7.3. Proof of Proposition 1.3
	7.4. Examples

	8. Model sets which do not give Riesz bases
	8.1. Bounded mean oscillation
	8.2. Discrepancy function
	8.3. Pavlov’s theorem
	8.4. Proof of Theorem 1.1

	9. The periodic setting
	9.1.
	9.2.
	9.3.

	10. Remarks and open problems
	10.1.
	10.2.
	10.3.

	References

