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Abstract

Let K C R™ be compact and let B(K) be the set of square integrable functions whose
Fourier transforms are supported on K. Let A C R" be a simple quasicrystal. If the
density of the quasicrystal exceeds the Lebesgue measure of the set K, then A is a set
of stable sampling for B(K). A proof of this claim is provided. Necessary and sufficient
density conditions for stable sampling and interpolation sets in one dimension are studied
in detail.
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1 Introduction

In the field of signal processing, a seemingly everlasting goal is finding cheap sampling
protocols that allow for sparse sampling of signals without loss of information. The
conventional approach to signal sampling follows the celebrated Shannon’s sampling
theorem; the sampling rate must be at least twice the maximum frequency present in
the signal (known as the Nyquist rate). A few years back the theory of compressive
sampling, or CS, was introduced by Candes, Romberg and Tao [2]. The CS theory
asserts that certain signals can be sampled with no information loss at a much lower
rate than indicated by Shannon’s theorem. Furthermore, stable reconstruction from this
sparse sampling is possible in feasible time. In order for compressive sampling to apply,
the signal of interest must have a sparse representation in some convenient basis.

In the aftermath of the development of the CS theory, a few questions have naturally
arisen; Are there perhaps other restrictions to put on a signal f that allow for extraordi-
narily sparse sampling without loss of information? Or can we obtain a cheap sampling
protocol by being particularly clever when choosing our sampling set? Among those
to be occupied with these questions were Matei and Meyer, who recently published the
article Quasicrystals are sets of stable sampling [9]. Here they prove that sampling on
so-called quasicrystals in R™ ensures that no information is lost if the sampled signal
has a compactly supported Fourier transform. Additionally, recovery of the signal by
L'-norm minimization is possible in special cases. The latter result is presented in the
follow-up paper A variant of compressed sensing [10].

Let us explain more specifically what is claimed by Matei and Meyer in their first
article. Let B(K) denote the space of square integrable functions whose Fourier trans-
forms are supported on the compact set K C R™. If all functions in B(K) can be stably
reconstructed from their sampling on a set A C R", then A is said to be a set of stable
sampling for B(K). Matei and Meyer claim that a quasicrystal, if it satisfies certain
density conditions, is a set of stable sampling for all function spaces B(K) where K is
compact. This claim, and the proof of it, will be the main focus of this paper.

Matei and Meyer are not the first to study stable sampling sets for B(K). It was
Beurling [3] who first established that density plays an important role in determining
whether or not a set can be a set of stable sampling for B(K). Beurling was mainly
concerned with one-dimensional sampling sets. In multiple dimensions, Landau’s work
on necessary density conditions for stable sampling sets stands out [7]. Matei and Meyer’s
article can be seen as a complement to Landau’s work, as it points out a specific case
in which Landau’s necessary density conditions are in fact sufficient. We will soon
elaborate further on the significance of Meyer and Matei’s findings. First we give a
precise definition of a stable sampling set. We also introduce the related term stable
interpolation set, and present some preliminary density results by Beurling and Landau.
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2 Preliminaries

Let K C R" be a compact set and B(K) C L?(R") be the translation invariant subspace
of L?(R") consisting of all f € L?(R") whose Fourier transform

fo) = [ ey (2.1

is supported on K. Let A be a subset of R”. We say that A is uniformly discrete if the
minimum distance between any two distinct elements of A,

A)= inf A 2.2
BA) =, Inf A=l (2:2)

exceeds some positive quantity. We term 5(A) the separation of A.

Definition 2.1. A uniformly discrete set A C R™ has the property of stable sampling
for B(K) if there exists a constant M < oo such that

FeBE) = |fla<MY IfNF (2.3)

AEA

We give an equivalent definition. Let L?(K) be the space of all restrictions to K of
functions in L?(R™). Then A C R™ is a set of stable sampling for B(K) if and only if
the collection of functions

E(A) = {627ri)\-:1:

A€ A} (2.4)

is a frame of L?(K). That is, the frame condition

AR < X (@), | < B (25)

AEA

holds for all f € L?(K) with constants A, B < co. The right inequality above follows
from the separation condition (2.2) on A, and will be justified in the following subsection.

Definition 2.2. A set A C R" has the property of stable interpolation for B(K) if there
exist constants A and B such that

Al 2ay < S 1P < B, (2.6)
AEA

for every trigonometric sum f(x) = Y. cp c(N)e>™N where (c(N))yep € C2(A).

Just as the right inequality in (2.5), the left inequality in the above definition is due
to the separation of A.
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2.1 The Bessel inequality for the set £(A)

As just mentioned, there are two ways to characterize a set of stable sampling. One can
refer to Definition 2.1, or one may say that A is a set of stable sampling for B(K) if
the set of functions £(A) defined in (2.4) is a frame of L?(K). That the right inequality
in (2.5) holds is simply a consequence of the set A being uniformly discrete, and is not
related to the stable sampling definition. We give a short proof of this.

Note first that f € L?(K) if and only if f € B(K). Furthermore, the sum in (2.5)
is exactly the sum >, |f(\)|?. By employing that || f[|2 = || f||3, we see that the right
inequality in (2.5) holds for all functions f € L?(K) if and only if

D lgP < Allgls (2.7)
AEA

holds for all functions g € B(K).
Let (3 denote the separation of the set A as given by (2.2). We define the function

hw) = C [ holay) - (25)
j=1
where = (71,...,7,) € R", ho(zj) = I|_cq(zj) and Ix denotes the characteristic

function of the set X C R. e is fixed sufficiently small for h(x) to be supported on
lz| < /2, and we adjust the constant C' such that the Fourier transform h satisfies
|h(z)| > 1 for all z € K. Given any function g € B(K), we can construct a function
f € B(K) such that

o@)= [ f@he -y = [ fwh -y
R® lz—y|<B/2
From Parseval’s Theorem and the properties of the function h it follows that

~ A2 A2
lgl3 = 1913 = || - #]|, = | ], = 115

and by the Cauchy-Schwarz inequality we get

(o) < 3 | F)l2dy

lz—y|<B/2
Combining the above inequalities we arrive at (2.7), namely
D g < IRlED (/ If(y)IZdy> < I3 1£15 < Alglls -
AEA xeA \7A-yl<B/2

with A = [|h]|3. We will always assume that A is uniformly discrete, and thus may
always make use of inequality (2.7) for functions in B(K).
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With the Bessel inequality established for the set £(A), we proceed to verify the left
inequality in (2.6). Choose any sequence (c(A))aea € €2(A). For f(z) = 3, cp c(A)e?mA®
we have

112 = | 2 e (F, e

AEA

- (z o)’ (Sl
AEA

AEA

< B[l (Z IC(A)V) ,

A€A

where Bessel’s inequality for £(A) is used in the last inequality. Dividing both sides by
B f|l, and squaring terms we arrive at

ClfIZ <D leMI?,
AEA

where C' < oco. Thus, the left inequality in (2.6) holds for any uniformly discrete set A.

2.2 Density of a uniformly discrete set

When defining the density of a uniformly discrete set, we consider first a one-dimensional
set A in R. The elements of A are numbered such that A = ()‘j)jEZ and \; < Ajyq for
all j € Z. Let n~(r) and n"(r) denote respectively the smallest and largest number of
elements of A to be found in an interval of length r. We define the lower and upper
uniform densities of A by

D) = tim " and DAY = fim )

T —00 r T —00 r

(2.9)

The superadditivity of n~(r) and subadditivity of n™(r) ensure that the limits exist.
A proof of this claim is found in Appendix A. If D~ (A) and D (A) are equal, we put
D~ (A) = DT (A) = D(A), and refer to D(A) as the density of A.

For higher-dimensional, uniformly discrete sets A C R™ the density definition is more
intricate. When measuring density in one dimension, we do so by determining the largest
and smallest number of elements n* (1) of A to be found in a translate of rI, where I is
the unit interval. In more than one dimension, the choice of I represents an additional
element of freedom: for each set I C R” of measure 1 we may define n*(r) = n*(rI)
to be the largest and smallest number of elements of A to be found in a translate of 1.
Following the definition of density in one dimension we would then let

D) = tm D and D) = tim 0D

r —00 r r —00 rn

(2.10)

How do we know which [ is the appropriate choice in the definitions above? The answer
to this question is that any Riemann measurable, compact set I of measure 1 will do [7,
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Lemma 4]. The set [ is Riemann measurable if the measure of its boundary is zero. The
definitions D¥(A) in (2.10) are independent of I under these mild regularity conditions,
and accordingly we can speak unambiguously of the upper and lower uniform densities
of A using (2.10). Whenever the upper and lower uniform densities coincide we let
D~ (A) = DT (A) = D(A), and refer to D(A) as the density of A.

2.3 Connecting density to stable sampling and interpolation

Consider the space B(I) of functions whose Fourier transforms are supported on the
one-dimensional interval I = (—a,a) C R. We denote by | - | the Lebesgue measure of a
set. The following theorem was stated by Beurling.

Theorem 2.3. Let A C R be a uniformly discrete, increasing sequence of real numbers
A= (Nj)jez- Then

(B1) D~ (A) > |I| implies that A is a set of stable sampling for B(I), and

(B2) D*(A) < |I| implies that A is a set of stable interpolation for B(I).

This theorem justifies our recent discussion of density. We see that the density of A
alone determines whether it is a set of stable sampling or interpolation for the function
space B(I). A detailed proof of Theorem 2.3 is given in Section 3.

If the inequalities in (B1) and (B2) were not strict, then Theorem 2.3 would have
stated both sufficient and necessary density bounds on the set A. A stable sampling set
A will indeed satisfy D~ (A) > |I]. Likewise we know that DT (A) < |I| for any stable
interpolation set for B(I). When moving to higher dimensions, sufficient density condi-
tions for A are harder to find. The following theorem on necessary density conditions is
due to Landau [7].

Theorem 2.4. Let K C R"™ be any compact set, and let A C R™ be a uniformly discrete
set.

(L1) If A is a set of stable sampling for B(K), then D~ (A) > |K]|.

(L2) If A is a set of stable interpolation for B(K), then DT (A) < |K].

We give a detailed proof of Theorem 2.4 in Section 4.

(L1) and (L2) are not if and only if statements. Indeed |K| < D~ (A) does not even
imply (2.3) when A = Z™. However, the question naturally arises of whether there are
restrictions to put on A which would render the converses of (L1) and (L2) true. Do
there exist sets A which are stable sampling sets for all spaces B(K) where the measure
of K does not exceed D™ (A)?

Definition 2.5. We say that the uniformly discrete set A is a universal set of stable
sampling if A has uniform density D(A) and is a set of stable sampling for B(K) for
every compact set K of Lebesque measure less than D(A).
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Likewise, we say that A is a universal set of stable interpolation if A has uniform
density D(A) and is a set of stable interpolation for every B(K) where the compact set
K has Lebesgue measure exceeding D(A).

The term wuniversal sampling set was first introduced by Olevskii and Ulanovskii
[11], who proved that universal sampling sets do not exist if K is allowed to be an
arbitrary Borel set of measure less than the density of the sampling set. Accordingly,
the restriction that K be compact is included in the definitions above.

2.4 Sampling on quasicrystals

The question was just raised of what restrictions must be put on a set A in order for
it to be a universal set of stable sampling or interpolation. This brings us to the main
theorem of this paper.

Theorem 2.6. [9, Theorem 1.4] Let A C R™ be a simple quasicrystal and K C R™ be any
compact set. If |K| < D(A), then A is a set of stable sampling for B(K). Furthermore,
if K is Riemann integrable and |K| > D(A), then A is a set of stable interpolation for
B(K).

A quasicrystal is defined as follows [9]. Let I' C R™ x R be a lattice. For an element
(z,t) € R™ x R, denote the projections onto R™ and R by p;i(z,t) = x and pa(z,t) = t.
We assume that p; when restricted to I' is an injective mapping onto the dense subset
p1(T") of R™. Likewise, the mapping py restricted to I' is assumed injective onto pa(I),
with po(T") dense in R. If I = [—a, a], then the simple quasicrystal A, C R™ is given by

Ao ={p(M) Iy €T,p2(v) €I} . (2.11)

Theorem 2.6 is due to Matei and Meyer [9], and claims the quite astonishing fact
that quasicrystals are universal sets of stable sampling. Any function f € B(K) can
be stably reconstructed from its sampling on a quasicrystal, so long as K is a compact
set with Lebesgue measure not exceeding the density of the quasicrystal. The proof of
Theorem 2.6 is presented in Section 6. Prior to this we discuss density and equidistri-
bution properties of lattice projections onto lower-dimensional subspaces in Section 5.
The arguments and results given here will play an essential role when we finally prove
Theorem 2.6.

3 Stable sampling and interpolation in one dimension

We turn to the special case in one dimension where A = () jez C Ris a uniformly
discrete set and K is the interval I = (—a,a). Our aim is to give a proof of Theorem 2.3.
The two statements of this theorem will be treated separately, and we start by considering
(B1) concerning stable sampling. First, however, we make a general observation on the
one-dimensional function space B([).



3.1 THE PALEY-WIENER THEOREM 7

3.1 The Paley-Wiener Theorem

The function space B([) is the collection of all square integrable functions whose Fourier
transforms are supported on the interval I = (—a,a). Let PWa,, denote the Paley-
Wiener space of all entire functions of exponential type at most 2wa which are square
integrable on the real line. The following theorem, known as the Paley-Wiener Theorem,
claims that B(I) and PWa,, are in fact the same function space.

Theorem 3.1. [/, p. 158] A function f belongs to PWar, if and only if it can be
represented as

f@) = | f©emede

for some f € L*(—a,a).

Theorem 3.1 allows us to choose whether we want to prove Theorem 2.3 for functions
of B(I) or functions of PWy.,. We note that PWa,, is a reproducing kernel Hilbert
space when endowed with the usual inner product on L?(R). The reproducing kernel of
P W27ra is

ka(y) = k(z,y) = 2asinc (2a(y — z)) ,

where .
i sinmx
sinc(z) = .
g
This means that
f(@) = (f ka)

for any f € PWar,, where (-,-) is the inner product on L?(R).
We make the additional observation that B(K) is a reproducing kernel Hilbert space
for any compact K C R. The reproducing kernel of B(K) is

k.(y) = /Ke%i(y_x)tdt. (3.1)

3.2 Stable sampling in one dimension

The first statement of Theorem 2.3 is proven in two steps. Ultimately, we deal with the
function space B(I), and show that (B1) holds. Prior to this we treat the larger space
of continuous, bounded functions f(x) which tend to zero as |x| — oo and whose Fourier
transforms are supported on I = (—a,a). We denote this space by B(I)5°. A proof that
B(I) C B(I){ is found in Appendix B.

We define M (I, A) as the smallest M such that

[flloe < M f[Allo = M sup [£(X;)] (3.2)
AjEA

for all f € B(I)§° and a fixed, uniformly discrete set A C R. This M might be infinite.
We claim, however, that M is finite under certain restrictions on the lower uniform
density of A.
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Theorem 3.2. [3, p. 346, Theorem 5] If D~ (A) > 2a, then M(I,A) < co.

We make a few observations on B(I)§°. Any function f € B(I)§° extends to an
entire function of exponential type 27wa on C, and by Bernstein’s inequality we have that
8, p. 227]

|f'(x0)] < QWaSEplf(w)l , ToER. (3.3)

Furthermore, if (f,) is a sequence of functions contained in the ball

{re By

mmumﬂ<M},
R

then there exists a subsequence (fy, ) converging pointwise and uniformly on compact
sets to some function f in this ball. This follows from a normal family argument [1,
p. 224] combined with the Phragmén-Lindel6f principle, and will be referred to as the
compactness property of B(I)5°.

We introduce Beurling’s notion of weak limits of the set A [3, p. 343]. Let (x,) be
an arbitrary sequence of real numbers and define an associated sequence of translates of
A by

A, =A+2x, .

We say that A, converges weakly to A" = ()\;) if we can index A, = (A7) in such
a way that A7 — )\; as n— oo for every j in the index set of A', and |X;| — 00 as
n — oo for those j which are not in this index set. When A is uniformly discrete, then
every sequence of translates A, contains a subsequence A, converging weakly to some
uniformly discrete set A’ (which may be finite or even empty). This follows from splitting
R into intervals containing at most one point of each A,,, and using the fact that closed
intervals are compact. We denote weak convergence by A, — A', and let W (A) be the
collection of all weak limits of A. The set W(A) possesses the following property.

Lemma 3.3. [14, Lemma 3.13] Fiz an interval I = (—a,a) and let A C R be uniformly
discrete. Then

M(A) < M(A) .
for every A" € W(A), where M(A) = M(I,A) as defined in (3.2).
Proof. Fix some A" € W(A) and say A, = A + 2, — A". Tt follows from the translation
invariance of B(I)§° that M(A,) = M(A) for every n. Choose f € B(I)§° such that
Ifll. =1 and Hf\A’H <M 'te,

where M = M(A') is possibly infinite. Let A} € Ap N Iy, where Iy = [N, N]. Then
from Bernstein’s inequality (3.3) and the fact that A,, — A we get
LFOD < 1P+ 2malX) = X < [F(N)] + €

for all sufficiently large n. We choose N such that [f(A})] < € for A} € I§;. Hence, we

have that || f|An|lec < ||f|A||ec + € for all n larger than some threshold, or equivalently
that M(A) = M(A,) > (M~ + 26)_1. Since € > 0 was arbitrary, the lemma follows. [



3.2 STABLE SAMPLING IN ONE DIMENSION 9

Lemma 3.4. [3, p. 345, Theorem 3] Let M (I,A) be as given by (3.2). We have that
M(I,A) < oo if and only if

A eW(), feBUI)Y and flp,=0 = [f=0.

Proof. Assume M(I,A) < oo. Then by Lemma 3.3 we have M (Ag) < M(A), and any
f € B(I)§ satisfying f = 0 on Ap must necessarily be the zero function f = 0.
Conversely, assume M (I, A) = co. Then there exists a sequence (f,) € B(I)j° such
that supg |fn(x)| = 1 and sup, |fn(x)| — 0. Choose z,, such that |f,(z,)| = 1/2, and
define g, (x) = fn(xr — zp). Then |g,(0)] = 1/2. Setting A,, = A + z,,, we have that

Sup |gn ()] — 0.

Let Ay be the weak limit of A,, (which might be empty). By the compactness property
we may assume that g, converges pointwise to some g € B(I)5°. Let a?g-) be an element
0

of Ag, and say T — T as n — 00 where Ty € A,,. We have

lgn(il??)\ < lgn(l“?) - gn(x?” + ‘gn(x?)’ —0,

where the first term on the right hand side tends to zero by Bernstein’s inequality. It
follows that ¢ = 0 on Ag, but clearly |¢(0)] = 1/2. This completes the proof of the
converse claim. OJ

With Lemma 3.4 established we are prepared to prove Theorem 3.2. Assume that
D~ (A) > 2a. Consider Ag € W(A), and fix a function f € B(I)® which is zero when
restricted to Ag. We wish to show that f = 0. Aiming at a proof by contradiction, we
assume that f is not identically zero. Without loss of generality we can then assume
f(0) # 0 and supg |f(x)| = 1. Recall that the function f extends to an entire function
of exponential type 2ma on C. Let Ny(r) be the number of points of Ag in the interval
[—r,7]. By Jensen’s formula [1, p. 204] we have

" No(t) LA | f(re)
/0 Tdt < o /. log Wd@ < dar —log|f(0)| .

Furthermore, it is clear that n=(2r) < Ny(r), so

/OQT n_t(t)dt - /OT n_i%)dt < /OT Not(t) dt .

By taking derivatives we get

r—oo T

The left hand side in the above equation is the lower uniform density D~ (A) as defined in
(2.9). We have reached a contradiction, so our assumption must be wrong. We conclude
that f =0, and by Lemma 3.4 it follows that M (I,A) < oo. O
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3.2.1 Proof of Theorem 2.3 (B1)

Theorem 3.2 concerns functions in B(1)§°. We now return to the smaller space B([) of
square integrable functions with Fourier transforms supported on I = (—a,a). Theorem
3.2 may be exploited to make an even stonger statement about functions in this space.
We are ready to prove Theorem 2.3 (B1).

Denote by ¢y the Banach space of sequences converging to zero, and let X be the
closed subspace of ¢y given by

X ={(f ez | f € BT} -

Under the assumption D~ (A) > 2a, it follows from Theorem 3.2 that point evaluation
of f € B(I)§° at some fixed z € R is a bounded linear functional on X. We may write

f@) =Y ei(@)fN) (3-4)

)\jEA

where (cj(z)) € ¢}(Z) for each z € R.

If D7(A) > 2a, then there exists some € > 0 such that D™ (A) > 2a + 2¢. It follows
from Theorem 3.2 that the bounded linear functional (3.4) could just as well have been
defined on X, where

X ={0)e| f e BT}

and [ = (—a — ¢, a + €); suppose it were. Choose any f € B(I) C B(I)$°, and let

o6 = (o) o

For some sufficiently small € > 0, we have that g € B(I )Oo Applying the constructed
functional (3.4) we have

g(x ZCJ Mf(&‘) ,

and using the Cauchy-Schwarz inequality we get

1715 < 2 5w D le )P Z\f \2<chf
J

where C'is independent of f. As f € B(I) was arbitrary, we have established that there
exists a constant C' < oo such that

£ < C> 1F)P
J

for all f € B(I) whenever D~ (A) > 2a. This completes the proof of Theorem 2.3 (B1).
[
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3.3 Stable interpolation in one dimension

We turn to the second claim of Theorem 2.3 concerning sets of stable interpolation.
Matei and Meyer state that A C R is a set of stable interpolation for B(I) if for all
functions f(z) = 3_; ;2™ A% where (c;) € (%(Z) we have

ANfI2y < Y lel” < BIlIfIZ
J

for constants A, B < oo [9]. In other sources, this is referred to as the set £(A) of
exponentials defined in (2.4) being a Riesz sequence in L?(I) [14]. A more common
definition of A as a set of stable interpolation for B([) is the following. Say w = (wj);ecz
is an arbitrary sequence in £2(Z). Then A is a set of stable interpolation for B([) if for
every such sequence w there exists a function f € B(I) such that

fj)=w; Viel.

This alternative definition of a stable interpolation set does not apply to B(I) exclusively.
We prove that the two definitions given above are in fact equivalent for any space B(K)
where K C R is compact.

Proposition 3.5. [15, p.23] The following two statements are equivalent.

(1) For every sequence (w;) € (*(Z) there exists a function f € B(K) such that f(\;) =
w; for all j € Z.

(2) There exist constants A, B < oo such that (2.6) holds for every sum f(x) =
> c;e*™XT where (cj) € (3(Z).

Proof. Note first that by Parseval’s identity (2) is equivalent to stating that there exist
constants A, B < oo such that

2

2
A chk)‘j S Z ‘Cj’Q < B chk/\j s (3.5)
J J

2 J 2

where k), are the reproducing kernels (3.1) of B(K). Identify the orthogonal complement
in B(K) of the space of functions vanishing on A as the closure of the span of the
set {k:)\j |j IS Z}. Denote this space by K. Let T be the map from ¢?(Z) to K given
by ¢j — >, cjky;, and denote by S the map f — (f(Aj)) jez between K and 2(z).
Observe that S and T are Hilbert-adjoint operators. Accordingly, S has a bounded
inverse if and only if 7" has a bounded inverse. By (3.5) it follows that 7" has a bounded
inverse. Statement (1) implies that S has a bounded inverse by Banach’s Open Mapping
Theorem. Thus, (1) and (2) must be equivalent. O
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3.3.1 Proof of Theorem 2.3 (B2)

In proving Theorem 2.3 (B2) we exploit Theorem 3.1, and refer to functions of PWar,
rather than B(I). Given a uniformly discrete set A = (\;);ez for which D*(A) < 2a,
we simply construct the function f € PWay, which satisfies f()\j) = w; for a given
sequence (wj) € (?(Z). We follow the argument given by Beurling [3, p. 351-365].
Let d = D*(A) < 2a, and choose some rational d; such that d < d; < 2a. From the
definition (2.9) of upper uniform density it is clear that we may choose L such that
nt(L)/L < dy. Then every interval of length L contains at most Ld; points. Suppose
without loss of generality that m = Ld; is a natural number, and fix L accordingly. Let
{wg |k € Z} be a subdivision of R into intervals of length L, where 0 is the common
endpoint of wy and w;. If some interval wy contains less than m points, add more points
to this interval while ensuring that A combined with all new points remains uniformly
discrete. The expanded set of points is still denoted A.

Lemma 3.6. [3, p.357, Lemma 7] Let A be as above and assume 0 € A. The limit

fo=pmy I (3)

0<|A|[ <R, EA

exists for all z € C. Additionally, f is an entire function vanishing on A\ {0}, f(0) =1
and
|f(x+iy)| < C(|z| + 1)*mem 2l | dy < 24 . (3.6)

Proof. We start out by showing that the limit exists. Fix z and consider only |A| > 2|z|.

We get that
} : Z _ 1
10g (1-;) = —Z )\ 1+O<‘Z|2 E |)\‘2> .

[A|I<R [A|I<R

By pairing intervals wy we have that

s+N-1 m 2m
ST Y S(; k(k—1)L>+L(s—1)’ (3.7)

IAI<R [A|<R!

where s is the index of the interval wy containing R and N is the number of intervals
wi completely contained in (R/, R). As R, R — 00, we have that s — oo and the right
hand side of (3.7) tends to zero. This proves that f(z) exists.

When proving the estimate (3.6), we treat each quadrant of C separately. For a real
x > 0 we find k such that x € wy, and write |f(z)| as

so=T0h-2 0 (1 2)
AEA

l=—0c0 \A\Ew;
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We bound the above product as follows. For [ > k, all points A € w; are placed at the
right endpoint of w;. Likewise, for 1 < [ < k, all points A € w; are placed at the left
endpoint of w;. We disregard wy, wy and wg, and for [ < 0 we place all points A € w; at
the right endpoint of w;. We then get

s@l<Th-5 -5 T -5 ’ ITZcoizo 1= 2["
“o Wi Wk

m m °
1= (kfl)L‘ ‘1_l

kL

By applying the equality
sin 7*
T

L

i

I=—00,l£0

and the fact that

s T
S1n T

<2k,
% (1- i) (1- &%)
we find the bound
F@)] € OO+ 2™ (@2k)™ < C(1 + 2)™™ .

On the imaginary axis we have

2 Y
fliy)P = Jim ] <1+A2>.

o
IA|<R,A%0

We consider only the first quadrant of C and let y > 0. By taking logarithms of both
sides of the above equation, and by moving points of A in each interval wy to the right
to increase the product, we obtain

2
. . y
2log |f(iy)| = lim ) log (1 + A2>
[IA<R
2

2 (e}
Y Y
< 2mlog (1 + 52> + 2m 321 log <1 + (kL)2>

y2 o) y2
< 2mlog <1 + 52> +2m/0 log (1 + (kL)Q) dk

< C+27T(m+e)%

for some arbitrarily small € > 0. The letter 3 denotes the separation of A as defined in
(2.2). We conclude that
|f(iy)| < Ce™2¥ | dy < 2a .

If we now apply Phragmén-Lindel6f’s principle to the function of exponential type
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we have that (3.6) holds in the right upper quadrant of C. Similar arguments show that
(3.6) holds in all four quadrants. This completes the proof of Lemma 3.6. O

We now use Lemma 3.6 to perform interpolation on A. Fix e between 0 and a —dy/2.
Choose h(&) in C§°(—e¢, €) C S such that h(0) = 1, where S denotes the Schwarz function
space. As S is invariant under the Fourier transform, we have

h(@)| < Clal™, 1=12,... .

For every A\; € A we use Lemma 3.6 to construct an entire function f;, using \; as the
origin, such that fj(Ag) =0 for j # k, fj(A;) =1 and

fi(2)] < Clz = A| + 1) ezl

Once again we apply Phragmén-Lindel6f’s principle to obtain

C

2
RSV,

IA(=)| <

We then define R
9i(2) = fi(z)h(z = X;) .

The function g; satisfies gj(A\;) =1 and gj(Ax) = 0 when j # k. Furthermore we have

195(2)| = C (|2 = Al + )72 em@ 2l < O (|2 = Ay + 1) 72 PmW

which shows that g; is of exponential type < 2ma. Now given any sequence (w;) € £*(Z)
we construct the interpolation function

9(z) = D wjgj(2) -
JEZL
A simple calculation shows that ¢ is of exponential type < 2ma. Lastly we see that
2

ol = [ [ S wa)| o< [ {SlusPly@l] | T o] | do

<sup | Yl |- /R S ;i Plg; ()] | de
z J J

<C-) (‘wy'lz/ngj(x)!dx) < Cllw|z < oo .
J

Thus, g is square integrable on the real line. We have succeeded at finding a function
g € PWar such that g(\;) = w; for all j € Z. This completes the proof of Theorem 2.3
(B2). O

For an alternative approach to finding sufficient and necessary density conditions
for stable interpolation sets for B(I), the reader is encouraged to look up Multipliers
for entire functions and an interpolation problem of Beurling by Ortega-Cerda and Seip
[12].
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4 Landau’s necessary density conditions

Theorem 2.4 was established by Henry Landau [7]. By connecting sets of stable sampling
and interpolation to a specific eigenvalue problem, Landau proved that Theorem 2.4
holds for arbitrary compact sets K C R" in any dimension n. His arguments are quite
striking in their generality and independence of dimension. Landau starts out in one
dimension, where he establishes the following two theorems.

Theorem 4.1. [7, Theorem 1] Let K be the union of a finite number of intervals in R
of total measure |K|, and let A be a set of stable sampling for B(K). Then

n~(r) > |K|r— Alogtr — B,
where A and B are constants which depend on K and A, but not on r.

Theorem 4.2. [7, Theorem 2] Let K be as in Theorem 4.1, and let A be a set of stable
interpolation for B(K). Then

nt(r) <|K|r+ Alogtr + B,
where A and B are constants which depend on K and A, but not on r.

The functions n~ (r) and n(r) in the theorems above denote the smallest and largest
number of elements of A to be found in an interval of length r.

Following the proofs of Theorems 4.1 and 4.2, Landau argues that the definition of
density in higher dimension presented in equation (2.10) is meaningful and unambiguous.
With this in place he proceeds to prove Theorem 2.4, bounding the density of sampling
and interpolation sets in any n-dimensional space R™.

In this section we present the proofs of Theorems 4.1 and 4.2. We follow the proof
given by Landau rather closely, deviating little from his line of arguments. The higher
dimensional generalization is omitted.

4.1 An eigenvalue problem
We make a few preliminary remarks on notation. Recall the Fourier transform on L?(R"™)
given in (2.1)

Ff&) = . f(m)ef%m’x{dx 7

to which we have now assigned the new notation F. Likewise, we denote by F~! the
inverse operator

FHE= | fa)emide.

If Pis a set in R™, we denote by xp both the characteristic function of P and the
operator in L?(R™) defined by

xpf = xp(z)f(z) .
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Let @ and S be subsets of R”™. Denote by B(S) the set of functions in L?(R™) whose
Fourier transforms are supported on S and let D(Q) C L?(R") be the set of functions
supported on Q. Let Dg and Bg denote the orthogonal projections of L?(R™) onto D(Q)
and B(S), respectively. These projections are given explicitly by

Bg=F tyxsF (4.1)

and
Do =xq - (4.2)

The following lemma lists elementary properties of the operator BgDgBg.

Lemma 4.3. [7, Lemma 1] If the sets S and Q have finite measures, then the bounded
self-adjoint positive operator BgDgBg is compact. Denoting its eigenvalues, arranged
in nonincreasing order, by A\g(5,Q), k =0,1,..., we have for all k

(i) Me(S,Q) = Mi(S + 0,Q +7) = \e(aS, a~'Q), for any 0,7 € R and & > 0,
(i1) (S, Q) = (@, S),
(iii) S"p Me(S, Q) = |S] - |Q|, where | - | denotes Lebesque measure,
(i) L A2(8,Q) > S AX(S, Q1) + S, A2(S, Qo). if @ = Q1 UQy with Q) and Qs

disjoint,
n
(v) > )\%(S, Q) > {sq — %log+ sq—2 (%)2} , if S and Q are cubes with edges par-
allel to the coordinate azes of volumes s and q" respectively,

(vi) Ai(S, Q1) < Ai(S,Q2) if Q1 C Qo,

(vii) Ak(S, Q) < suprep(s).fic, HDQng /| £1I5, where Cy is any k-dimensional subspace
of L*(R™),

(viii) Ap—1(S,Q) > infsce, ||DQfH§/HfH§, where Cy, is any k-dimensional subspace of
B(S).

Proof. As projections are bounded by 1, self-adjoint and idempotent, we have

(BsD@Bsf. f) = |1DaBs/fl; < Ifllz (4.3)

so BgDgBg is bounded by 1, self-adjoint and positive. By (4.1) and (4.2) we may write
DgBg as an integral operator

DoBsf(a) = / Yo (@) F()k(z — y)dy |

n

where F k coincides with xg. The kernel xg(x)k(z—y) is square integrable by Parseval’s
Theorem, so DgBg, as well as BgDgBs and DgBgsDg, are compact operators [13,
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p. 158]. We write A ~ B if the compact operators A and B have the same nonzero
eigenvalues, multiplicities included. If BsDgBgyp = Ap and A # 0, then clearly ¢ € B(S)
and accordingly ¢ = Bgp. Moreover, we have that || DgBgy| # 0. Applying D¢ to the
equation yields DoBsDg(DgBs)y = DgBsy, and A must be an eigenvalue of DgBgDg
as well. Using the same argument in the opposite direction shows that

BsDgBs ~ DoBsDg . (4.4)

As DgBsDg is a self-adjoint operator, its spectrum is real. This brings us to the relation
DgBsDg ~ CDgBsDgC, where C' denotes complex conjugation. Again by (4.1) and
(4.2), and by using that C' and x commute and C FC = F~ !, we get CDgBsDoC =
xqQF xsF -1 X@- Since F is invertible we have

XQ}"XS}"_l)@ ~ 7:_1XQ~7:XS}__1XQ-7:: BoDsBg .

Combining the results above we obtain BsDgBgs ~ BgDgsBg, which is exactly (ii). The
operator DgBsDg may be written explicity as

(DoBsDof(a) = | xolw)xa()ka ~1)f(s)dy.

where F k coincides with yg. A change of variables in the above equation combined with
(4.4) yields (i). By applying known results about square integrable kernel operators [13,
p. 243-245], we obtain

S u(8.Q) = [ xoh0ds =11 I51

as claimed in (iii), and

X (5.Q) = / / ey (4.5)

Say @1 and @9 are disjoint subsets of R™ and Q = @1 U Q2. Then @ x @ includes
Q1 X Q1 U Q2 X Q2, and since the integrand in (4.5) is nonnegative we have (iv). We
proceed to evaluate (4.5) in the special case where S and @ are cubes in R™ with edges
parallel to the coordinate axes and of volumes s and ¢", respectively. By (i) we may
assume that the cubes S and @) are centered at the origin. We have

i SIN TS ;
k(w)Z/ Xs(y)eX™ T dy = H —,

where x = (z1,...,x,). Substituting this into (4.5) yields

Z / / 51n27rs )dudv .
- ul<q/2 Jol<qz ™ (= v)?
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By a change of variables, some manipulation and the identity

 gin? g
s—dr =T,
T

— 00

we arrive at (v). The details of this calculation are found in Appendix C. Results
by Weyl and Courant [13, p. 238] prove (vi), as BgDg,Bs and BsDq, Bs differ by
the positive operator BgDg,—g,Bs when 1 C Q2. Furthermore, it follows from the
so-called Weyl-Courant Lemma, or Min-Max Theorem, that

Me(S,Q) < fsilg (BsDgBsf, f)/ IfIl5 (4.6)

and
Ae—1(5,Q) > fiélcfk (BsDgBsf, )/ |IfIl5 (4.7)

where C}, is any k-dimensional subspace of L?(R™). With the additional restriction that
Cr C B(S), we have that Bgf = f. We get

(BsDgBsf, f) = ||DoBsfll2 = |1Dofl%

and inserting this into (4.7) yields (viii). Lastly, consider the space BsCi C B(S), which
must be of dimension d < k. As f 1 BgCy if and only if Bgf 1 Ci, we have that

DoBsfl? DoBs fl? Do flI?
Dg st|2< “ 1Dg sf||2< - 1D fll5

)\d(SaQ)S > >~
Bsfic,  |IfI Bsflc, ||Bsfll; ricerenes)  |If15

Thus the right hand side of (vii) is an upper bound for A\;(S,Q) > Ax(S,Q). This
completes the proof of Lemma 4.3. O

4.2 Connection to sets of stable sampling and interpolation

Let A be a uniformly discrete set in R™. Denote by n a counting function, which for any
compact set I C R™ returns the number of elements of A contained in I. We now make
a connection between the counting function for sets of stable sampling and interpolation
and certain eigenvalues discussed in the previous section.

Lemma 4.4. [7, Lemma 2] Let S be a compact set and A be a set of stable sampling for
B(S) with separation 3 > 0 and counting function n. Let I be any compact set, and I
be the set of points whose distance to I is less than (/2. Then

)‘n(I+)(‘S’71) <y<1,

where v depends on S and A, but not I.
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Proof. Let h(y) € L>(R") be the function (2.8) defined in Section 2.1 which vanishes for
ly| > (/2 and whose Fourier transform F h satisfies | F h(z)| > 1 for all z € S. Given
any f € B(S) we construct the function

@) = [ F@hiz - y)dy = / SO = (4.8)
r—yY|<

]Rn

which necessarily lies in B(.S). As justified in Section 2.1 we know that

lall > 11715 (4.9)

and

s@F < [ )Py (4.10)
lz—y|<B/2
Because g € B(S) it follows from the definition of A that

lgllz < MY 1gNI* . (4.11)

AEA

Now say C is the subspace of L?(R") spanned by the functions h(\ — x), where A € ANL,.
Because these functions have disjoint supports, they must be orthogonal. Accordingly,
the dimension of C is n(ly). If f € B(S) and f L C, then from (4.8) we have that
g(A) =0 for all A € AN I;. Combining (4.9), (4.10) and (4.11) we obtain

1Az <lgllz <M > lgI?

AEANET L

<M Y / y)2dy

AEANELL *|<5/2

< Mnl [ )Py = 2 [ufré -/ |f<y>|2dy} .
Y

Dividing both sides of this inequality by || f Hg and rearranging terms, we get

IDsfl3
1f112

<1-M1n2=v<1.
We apply Lemma 4.3 (vii) and conclude that
)‘n(l+)(Sv I) <v<1,

where v depends on S and A because M and Hh||§ do, but v does not depend on I. The
proof is complete. O
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Lemma 4.5. [7, Lemma 3] Let S be a compact set and A a set of interpolation for B(S)
with separation B and counting function n. Let I be any compact set, and I_ be the set
of points whose distance to I€ exceeds 3/2. Then

)‘n(I,)—l(Sa I) >46>0,
where § depends on S and A, but not on I.

Proof. Let IC(S) denote the orthogonal complement in B(.S) of all functions that vanish
on A. By Proposition 3.5 and its proof we know there exists an M < oo such that

lgll3 < MY~ gV (4.12)
AEA

for all g € K£(5).
For each A € A, let ¢y € K(S) be the function which is 1 at A and 0 at all other
points of A. These functions are linearly independent. We construct ¢, € B(S) by

pr(r) = - Ua(y)h(z —y)dy , (4.13)

where h is still the function supported on (—(3/2,3/2) whose Fourier transform F h
satisfies | F h(z)| > 1 on S. The functions 1) are necessarily also linearly independent.
Let C be the subspace of B(S) spanned by those 1y where A € AN I_. The dimension
of C is n(I_). For any function f € C we form ¢ as in (4.8), and from (4.10) and the
definition of I_ we get

S Lo < ]2 /I Fw)ldy (4.14)

AeANI_

As g is a linear combination of functions ¢, where A € AN I_, we have g € £(5). By
combining (4.9), (4.12) and (4.14) we find

IF15 < llgllz < MY lgNP =M Y |9 < MRS IDLI

AEA AEANT_
or equivalently
ID1fllz < 3t -
22> M7 hl3?=6>0.
I1£1I

Applying Lemma 4.3 (viii) we conclude that
)‘n(I,)—l(Sa I) >06>0,

where the constant § depends on S and A, but not on I. This completes the proof of
Lemma 4.5. 0
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4.3 Proofs of Theorems 4.1 and 4.2

With Lemmas 4.3 through 4.5 established, we are prepared to prove Theorems 4.1 and
4.2. Put briefly, we start out by considering a given set A of either stable sampling or
interpolation for the function space B(K), where K is a finite union of intervals in R.
Lemmas 4.4 and 4.5 allow us to bound certain eigenvalues of the operator By DiBy .
Lastly we invoke Lemma 4.3 to compare the behavior of A to that of a well known set,
namely the integers Z.

We make the following observation on the set Z. Let I denote the unit interval
centered at the origin. For any function f € B(I) the value of f at the integer x = —k
corresponds to the kth Fourier coefficient of F f. By Riesz-Fischer’s Theorem it follows
that

n
: 2mikx
Ff(e)= lim Y f(=k)e*™*,

k=—n

and from Parseval’s Theorem we get

SR = 12y = 112 -

k=—o00

Thus, the integer set Z is a set of stable sampling for B(I). Furthermore, Riesz-Fischer’s
Theorem claims that for any sequence (a;) € ¢?(Z) there exists a function f € L?(I)
such that

f(l‘) — Z ak627rikac )

k=—o0c0

Again by Parseval’s Theorem we have

Y lanl = 1F 1y

k=—o00

and we conclude that the integers Z are also a set of stable interpolation for B([).
Say A is an arbitrary set of stable sampling for B(K), where K is the union of finitely
many intervals in R. Recall that Theorem 4.1 claims

n~(r) > |K|r — Alogtr — B,

where n™(r) is the smallest number of elements of A to be found in an interval of length
T.

Proof. Let o be a single interval of length r satisfying n=(r) = n(o), where n is the
counting function of A. Then certainly n(oy) < n(o) + 2, and by Lemmas 4.3 (i) and
4.4 we get

)‘n(o)+2(K7 rI) < )\n(mr)(K,O') <~v<1, (4.15)

where [ is the unit interval centered at zero and -« is independent of r.
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Say K is the union of the p disjoint intervals Ki,..., K, each with an associated
length Iy, ...,1,, such that Y ¥ | I; = |K|. From Lemma 4.3 (i) and (ii) it follows that

MNe(K D) = Mg (], K) = M\ (I, 7K) .

Let n* be the counting function corresponding to Z. It is easily deduced that n*(rK_) >
r|K| — 2p. This follows from the fact that each disjoint interval rK;_ covers at least
|rl;] —1 > rl; — 2 integer points, where |n| denotes the integer part of n. We apply
Lemma 4.5 to obtain

Arik|)—2p—1 (K1 T) > Mo ey -1 (L, 7K) > 6> 0, (4.16)

where 0 is independent of 7.
We compare the indices of the eigenvalues given in (4.15) and (4.16) by estimating
the total number of eigenvalues which are not close to 0 or 1. Accordingly, we consider

J(E,rI) =Y M(K,rT) (1= \e(K,rT)) .
k
By Lemma 4.3 (iii) and (iv) we have
J(E,rI) < r|K| =Y ) N(Kg, ) .
ik
As K; and rI are both single intervals of lengths [; and r, respectively, it follows from
Lemma 4.3 (v) that

2 2\?

) + .7, / + /

J(K,rI) <r|K|— E rlz—l—TrQ E log™ rl; + 2p (W) =Alog"r+ B,
(3

(2

where A" and B’ are constants depending only on K. If n(o)+2 < |r|K|| —2p—1, then
for each index k between these two values we have

0<d<N(K,r])<y<1,
and the contribution to J from each such )\, is at least
a =min{6(1 —4),y(1 —=v)} .

We get
(Ir|K|] —2p —n(o) —2)a < J(K,rI) < A'log"r+ B ,

or equivalently
/

A’ B
n(o) >r|K| - —logtr— — —2p—3.
o o

If n(e) +2 > |r|K|] — 2p — 1, the above inequality holds trivially. Lastly, we recall the
definition of n(o) and set A = A’/a and B = B'/a + 2p + 3 to obtain

n~(r)>r|K|— Alogtr — B .

The constants A and B depend on K and A, but not on r. This completes the proof of
Theorem 4.1. O
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Theorem 4.2 is proved in much the same way as Theorem 4.1, but with the roles of
Lemmas 4.4 and 4.5 interchanged. Theorem 4.2 states that if K is a union of finitely
many intervals and A is a set of stable interpolation for B(K), then

nt(r) <|K|r+ Alog™r + B,

where A and B are constants independent of r. So let ¢ be an interval of length r
satisfying n(o) = n*(r). As o is a single interval we have n(oc_) > n(o) — 2, and by
Lemma 4.5 we get

An(o)—3(K,rT) > 6> 0.

As before the notation n* is used for the counting function of Z. It is easily seen that
n*(rKy) < |r|K|| 4+ 2p. Because Z is a set of stable sampling for B(I), Lemma 4.4
yields

)\LT‘\K\H‘?P(K’ 7“[) < )‘n*(rK+)(I7TK) <~v<1.

Again we consider the contribution to J(K,rI) of intermediate eigenvalues under the
assumption |r|K|] 4+ 2p < n(o) — 3. We obtain

(n(o) =3 —|r|K|| —2p+ 1) a < J(K,rI) < A'logt r+ B,

or
A B

n(o) <rlK|+ —log"r+—+2p+2.
« a

The above equation holds trivially in the case |r|K|] + 2p > n(o) — 3. Theorem 4.2
is obtained by letting A = A’/a and B = B’'/a + 2p + 2, and recalling that n(o) =
nt(r). O

5 Density of Lattice Projections

Let I' ¢ R™ be a lattice. Let Ell be a k-dimensional subspace of R” and let EL be its
orthogonal complement. Let Cp, := {z € R* ! |zi| < L/2} be a cube with side lengths L

centered at the origin. We view C, as a subset of Ell. Given that it exists, we define for
K C E* the limit

di = LliinOO L~F (number of points of T' in K x (Cf, + a)) , (5.1)
where a € Ell. In this section we study what restrictions must be put on the lattice T
and the set K to ensure the existense of dg.
Consider first the special case where Ell = R*1, FL = Rand K = I = [—a, al.
Then
dy = lim L™ Y (number of points of I in I x (Cf, + a)) ,

L —o0
if it exists, corresponds to the density defined in (2.10) of an (n — 1)-dimensional simple
quasicrystal A,. This example illustrates why the quantity dg in (5.1) might be of inter-
est. In this section we find that for lattices I’ projecting densely into E+ and Riemann
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measurable, compact sets K, the limit d exists uniformly in @ € Ell. Furthermore, the
limit exists uniformly with respect to translations of K in E+. Our key tool in obtaining
these results will be ergodic theory, and our approach follows that of Hof [5].

5.1 Definitions

Let X be a compact metric space. An RF-action on X is a continuous family {Tt ’ te Rk}
of homeomorphisms on X such that

1. Tp is the identity map on X, and
2. T, Ty = Ty for all s,t € R,

This is also known as a flow.

Equip X with the Borel sigma algebra. A function f on X is called invariant if
f(T;x) = f(z) for all t € R¥ and all z € X. A measurable set is said to be invariant if its
characteristic function is invariant. A Borel measure y on X is invariant if p (Tt_lA) =
1 (A) for all measurable sets A C X and all ¢t € R¥. Tt is called ergodic if the measure
w(A) of every invariant set A is either 0 or p(X). In this case we say that the flow T} is
ergodic on the space (X, p). It follows from the definition that ergodicity is equivalent
to saying that every bounded, invariant function on X is constant almost everywhere.

Birkhoff’s Ergodic Theorem [16, Theorem 1.14] states that a measure y is ergodic
for the flow T} if and only if every f € L' (X, i) satisfies

lim L=F f(Tix) dt = ,u(lX) /X fdp  forae xe X . (5.2)

L —o00 cL

It is clear that (5.2) remains true if Cp, is replaced by the translated Cp + a. If the
flow only admits one invariant measure, then it is called uniquely ergodic. The flow is
uniquely ergodic if and only if (5.2) holds uniformly in z € X for all continuous functions.
A proof of this last claim was given by Walters for Z-actions on X by iterations of a
homeomorphism [16, Theorem 6.19]. Walters’ proof generalizes to the case of R¥-actions
by simply changing every sum in the proof by an integral over Cf.

Given a flow T; on X and a specific point * € X, we denote by Orb(z) the set
{Tx | t € R¥}. This set is referred to as the orbit of z. If Orb(x) is dense in X for every
x € X, we say that T} is minimal.

Let D := R"/T", and notice that D is a compact group with infinitely many repre-
sentatives in R™. We later refer to these representatives as fundamental domains in R"™.
Denote by po the canonical projection of R™ onto D. For { € R™ define x¢(x) = e2miE T,
These are the characters of the group R”. The annihilator of the lattice I' C R™ is the
set

I :={{eR"|xe(r)=1forallz eI} . (5.3)

We denote this set by I'* because it is in fact the dual or reciprocal lattice of I'. If
e1,...,ep forms a basis for I', then a basis for I'* is given by €7, ... e} satisfying (e;,e}) =
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d;;, where d;; denotes the Kronecker delta. To ease the notation in calculations later on
we make the assumption that p(D) = 1.

Choose a, ..., a® independent elements from E!l and define an R¥-action on D
by
k
Tix:=po |z + Z tja(j) . (5.4)
j=1

This flow leaves the Lebesgue measure p invariant, as it is simply a translation. Notice
that Orb(0) = po(E).
5.2 Ergodicity

The following results tie the ergodicity of the flow (5.4) to certain properties of the lattice
I' and its dual I'*.

Lemma 5.1. ([5, Theorem 3.1]) The flow (5.4) is ergodic if and only if E+NT* = {0}.

Proof. Let f be a measurable, invariant and bounded function on D. Then f € L?(D, p),
and its Fourier series representation

f@) =3 fexelw), o= / fXedp
£

er

converges in L?(D, it). The flow (5.4) is ergodic if and only if f is almost surely constant,
or equivalently if and only if f¢ = 0 for all £ € I'*\ {0}. Inserting the definition in (5.4)
we have

k
F(Tw) =Y fexe(Tw) = Y fexe | D tia" | xe(x) -
ger ger j=1

Because f(Tyx) = f(z) and the Fourier series representation of f is unique, we must
have

k
fexe | Y _taD | = fe
j=1

for all £ € T* and all t € R*. This last equation shows that ergodicity of (5.4) is
equivalent to requiring that the function ¢ — x¢ (Z?Zl tja(j)> is not identically 1 for

any & € '\ {0}. Recalling the definition y¢(z) = ™% we see that this is the same as
saying no & € I'*\ {0} is orthogonal to Ell. O

Lemma 5.2. (/5, Theorem 3.2]) The following properties of the flow (5.4) are equivalent:
1. Ergodicity;

2. There is an xg € D such that Orb (zg) is dense;
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8. Minimality;

4. Unique ergodicity.

Proof. 1 implies 2. Choose an xg, and consider Orb (B, (z¢)), where B;(x) is the ball
with radius r > 0 centered at x. The set Orb (B, (zg)) of positive measure is clearly
invariant. Thus by ergodicity we have that p (Orb (B, (z¢))) = 1. Consequently, for any
y € D we can find an x € Orb(zg) such that d(z,y) < r + €/2 for any € > 0. Since r
is arbitrary, we choose r = €/2, which yields d(x,y) < € for all y € D. This proves that
Orb (x) is dense in D.

2 implies 3. Since Tix = (Tixo) + x — g, the orbit of every x € D is dense.

3 implies 1. Suppose the flow is minimal, but not ergodic. Then by the proof of
Lemma 5.1 there is a nonzero £ € I'* such that x¢ (Orb(0)) = 1. Since x¢ is continuous,
X¢ must equal one on the closure of Orb(0). Then clearly Orb(0) is a proper closed
subset of D. This contradicts minimality.

1 implies 4. Let f be a continuous function. The flow (5.4) is uniquely ergodic if (5.2)
holds uniformly in € D. Since D is compact, f is uniformly continuous. Hence, for all
€ > 0 there is a neighborhood V' of zero such that z —y € V implies |f(z) — f(y)| < €/2.

We argue that U,cgeTiV = D. Choose an 7 > 0 and a point xg € V such that
Bay(z9) C V. We know that p (Orb (B;(x0))) = 1, and therefore that d(x,y) < r + € for
ally € D, where x is some element in Orb(zg). Then clearly y € Orb (Ba,(x¢)) C Orb(V)
for all y € D, and we have that D C Orb(V) = U;cgeT;V. Since D is compact, we may
now choose a finite number of points ¢1,...%, in RF and conclude that D = UleTtiV.

By ergodicity there is an zg € D such that

lim L7% | f(Tixo)dt = / fdu .
L —o0 cr D

Recall that we have assumed pu(D) = 1. As the orbit of x( is dense by minimality, we
choose x; € Orb (xg) such that x; € T;,V for each i = 1,...,p. Given ¢ > 0 we may find
Lo such that for all L > Lo and alli=1,...,p,

€

L—k
2

Ft)ai- [ fdu] <

Cr

Now choose an arbitrary x € D. We have that o € T;,V for some i = 1,...,p. Thus,

‘L-k e [ fdﬂ‘ < 'L-k f (Tr)di— 1 f(Ttxi)dt‘
Cr, D Cr, Cr,
+)L’“ CLf(Ttxi)dt—/Dfdu’<;+§:e

when L > Lg. This shows that ergodicity implies unique ergodicity.
4 trivially implies 1. O
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Let pl and p* denote the projections of R” onto Ell and EL, respectively. For 2 € R,
let 2l = pll(z) and 2+ = p*(x) and write z = (a:”,xl).

Lemma 5.3. ([5, Proposition 4.3]) The following are equivalent:
1. p~(T) is dense in E*;

2. the flow (5.4) is ergodic on (D, ).

Proof. 1 implies 2. Let U be any open set in D, and define
U= {deD’dzzH—y,ueU,yeE”} .

Find an open set UL ¢ E' such that po(U+) C U. Such a set U+ always exists. Now
choose « € T such that p-(y) € UL. We get v = p-(7) + y1 for some 4, € Ell, and

0= p0(7) = o™ (7) + 1) = po (Po(r" (1)) + 1) = polu+52) = To(u) .

for t € R* satisfying yo = E?:l t;jal) € Ell and u € U. Hence Orb(0) hits U. As U was
arbitrary, Orb(0) must be dense in D, and the flow (5.4) is ergodic by Lemma 5.2.

2 implies 1. By Lemma 5.2 ergodicity is equivalent to minimality for the flow (5.4).
Suppose that the flow (5.4) is minimal, but p*(T) is not dense in E+. Then there is an
open set U C E* such that (U + Ell) NT" = (. This means that 0 ¢ po (U + Ell), or
equivalently

0# Ty (po(u)) forany u e U ort e R* .

The orbit of 0 does not hit po(U), and since po(U) is transverse to Orb(0) the flow cannot
be minimal. O

5.3 Determining the limit dy

Again we turn our attention to the limit dx given in (5.1). Recall that the set K is
assumed compact, and for simplicity we have fixed p(D) = 1. We are ready to determine
the existence and size of dx under certain restrictions on K and I'.

Theorem 5.4. ([5, Proposition 4.1]) Suppose T*NE+ = {0}. If K is Lebesque measur-
able in B+ then dg ., exists and is equal to |K|, the Lebesgue measure of K, for almost
every v € B+,

Proof. Partition R™ into fundamental domains, defined earlier as representatives of D
in R™. Write K = U;c1K;, where each K; is the intersection of K with a fundamental
domain. It is sufficient to prove the claim for one such K;. Thus, we make the assumption
that K is contained in a single fundamental domain.

The number of points Np(v) of T in (K + v) x (C + a) equals the number of
points {t € (Cr +a) |0 € Tipo(K +v)}. Let A =[0,6)" c Ell, where § > 0 is chosen so
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small that u (K x A) = p(po [(K + v) x A]). That is, we ensure that projecting the set
(K +v) x A onto D does not produce overlaps. Then

NL(U) = /C . 57k]p0[(K+v)><A} (T_tO) dt
1+a
(5.5)

= / 5 Ly (rexay (Tgay) dt
Cr+a

where z,, := pg [(0, —v)] and Ix denotes the characteristic function of the set X. Because
I'*NE+ = {0}, it follows from Lemma 5.1 that the flow T} is ergodic. Thus, by equation
(5.2) we get

L —oo

lim L_k/c oo ay(T—i)dt = pu (po (K x A)) = |K[6* (5.6)
Lta

for almost every 2 € D. We conclude that dx i, = |K| for almost every v € E+. If this
were not true, the limit above would either not exist or not equal | K| for all x = x, with
v in some open set in E+. As varying a in (5.6) does not affect the existence or value of
the limit, and as a and v are perpendicular, it would follow that (5.6) did not hold for
a set in D of positive measure. ]

As proved in the previous subsection, ergodicity is equivalent to unique ergodicity
for the flow (5.4) in D. The unique ergodicity allows for an even stronger statement
about sets K which are Riemann measurable in E=.

Theorem 5.5. (/5, Proposition 4.2]) Suppose E+ NT* = {0}. If K is Riemann mea-
surable in B+ then dgcy, exists uniformly in v and a and is equal to |K|.

Proof. We argue as in the proof of Theorem 5.4, and arrive at equation (5.5). If K is
Riemann measurable in E+, then from the construction of A it is clear that po(K x A)
must be Riemann measurable in D. Hence, for every ¢ > 0 we can find continuous
functions ¢; and ¢9 on D such that

$1(y) < Iporxa)(y) < ¢2(y) forallye D

and

KI5 > [ ordn > KI5 ¢/2
|K |6k < /@dﬂ < |K|6F +e/2 .
Since ¢ and ¢9 are continuous there exists an Ly such that
L / ¢1 (T_y) dt — / prdp| < €/2
Cr+a

and

L7* /CL+a o2 (T—yx) dt—/qbgd,u <€/2
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whenever L > Ly. Combining the above equations we get that

|K|oF — € < L—’f/

o ¢1 (T,tSL‘) dt S L_k/ Ipo(KXA) (T,t$) dt
LTa

Cr+a

< L‘k/c 6o (T_yz) dt < |K|6% + ¢
Lta

when L > Lg. Now let € tend to zero. We find that

L —o0

lim L7F / Lyo(kxa) (T—yx) dt = |K|6"
Cr+a

holds uniformly in z € D. It follows immediately that dx ., exists uniformly in v and is
equal to |K|. O

Combining Lemmas 5.3 and 5.1 with Theorem 5.5 we arrive at our introductory
statement, namely that for compact, Riemann measurable sets K C E' and lattices
I' projecting densely into E-, the limit dg, exists uniformly in v for all 2 and is
equal to |K|. Had the assumption (D) = 1 not been made, we would have found that
iy = o(D)| K|, where o(T) = (u(D)) .

6 Proof of Theorem 2.6

With the theorems in Section 5 at hand, we are ready to prove Theorem 2.6. We will
only be concerned with the half of Theorem 2.6 which states when a simple quasicrystal
A, is a set of stable sampling for the function space B(K). Recall that B(K) is the
subspace of functions in L?(R) whose Fourier transforms are supported on the compact
set K. The presented proof is a detailed version of that given by Matei and Meyer [9].

Recall the definition of the dual lattice of I' given in (5.3), only now the original
lattice I' C R"™ x R is (n + 1)-dimensional. Equivalently we could have defined the dual
lattice I'* by

| RS {yER”“M-yEZ,mEF} )

For an element 7 € I' we use the notation v = (Z, ), where & = p1() and = = pa(7)
are the projections of v onto R™ and R, respectively. The same notation is used for
elements of I'*. Similarly to how the quasicrystal A, was defined in (2.11), we define the
set Mg C R by

Mg = {p2(y) |7* € I, pi(7") € K} . (6.1)

The elements of Mg are sorted in increasing order, and the resulting sequence is denoted
(my)kez. We make the following observations. The density of A, is uniform and equal
to c|I|, where I = [—a,a] and ¢ = ¢(I"). This is a consequence of Theorem 5.5. Indeed
p2(I') is dense in R, and by Lemmas 5.3 and 5.1 we have R N I'* = {0}. Thus by
Theorem 5.5 we get

dr = lim L™" (number of points of I' in I x (Cf +a)) = c|I| .

L —oo
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Lastly we recall that dj, when it exists, is equal to the density D(A,) defined in (2.10).
Furthermore, by Theorem 5.5, the density of My is |K|/c whenever K is Riemann
measurable. We know that I' " R" = {0}, and consequently D(Mg) = |K|/c. We
conclude that |K| < D(A,) implies |I| < D(Mf), which will be crucial in what follows.

Given a compact set K we replace this set by a slightly larger compact set still
denoted by K which is Riemann integrable and which satisfies the inequality |K| < D(A).
We define Mg as in (6.1), and state the following preliminary lemma on the sequence
(7 )kez C R™.

Lemma 6.1. [9, Lemma 2.1] The sequence (my)rez is equidistributed on K.

By Lemma 6.1 we mean the following. Let U = [a1,b1] X ... X [an, by] be a cube in
R™. Then for any r € Z we have

lim — Y Iy (i) = |K|2‘U’ : (6.2)

where Iy is the characteristic function for the set U.
Proof. Tt follows from Theorem 5.5 that

di = Llim L~! ( number of elements of T'* in K x (C, + a)) = ¢(I')|K]|

and

drxru = Llim L~ ( number of elements of T* in (K NU) x (C, +a)) = c(T*)|KNU| .

oo
Both limits above hold uniformly in a € R. Accordingly we have

lim ( number of elements of I'* in (K NU) x (Cp +a)) [KNU]|
L=oco  ( number of elements of I'* in K x (Cp +a))  |K|

uniformly in a. We can find a specific a € R such that the above equation is exactly
(6.2) with some specific r € Z. O

Pick an f € C§°(K). An immediate consequence of Lemma 6.1 is that
1 -

2
K| '

(6.3)

S IR NP
2 _Tgnooﬂ; f(mk)‘

In fact, Lemma 6.1 implies that the sum on the right hand side in (6.3) may be replaced
by ZZJ;;‘LT |f(my)|? for any r € Z. Tt follows that

1 r+T . 9
- (s 32 Vo)

1 r+T . 9
- (1 [som)

(6.4)
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The right hand side of (6.3) may also be replaced by

@hmeZ\w emie)|?|f () [* (6.5)

where ¢ is any function from the Schwartz class S(R) with norm |[¢[|3 = 1. This is
justified as follows. We split the sum (6.5) into blocks denoted B, of length 1/1/e. In
each such block the function p(emy) stays approximately constant. We denote by m
the point in B, N My at which ¢(emy) is maximized, and note that

Ve lplemi)? ~ € /R olea)Pde = 1.
rez

We use the notation &~ to indicate that the sum on the left hand side can be made
arbitrarily close to 1 by chosing e sufficiently small. Using this we get

A ~ 2
S lelemi) P |[fome)| =30 32 elem) 2| Fom)
kezZ reZ BrNMg
A 2 9
< [swp X0 6| | Y letem))
"€Z p.AMy rez
1 R 2
< —swp S0 |fG)

€
\[ re€L B, "M

Recall that the uniform density of Mg equals |K|/c. Thus given any § > 0 we can find
an e such that

VeN(e) = %]

1
sup {number of elements in B,} < — 44 .
|B | reZ c

For simplicity let N(e) be an integer. Returning to equation (6.5) we get

1 R 2
hme lp(emy)|? ’f (g ’ hm VeN(e) - —— | sup f(mk)’
TR TE N\ 2
1 r+N(e) R 9
< lim —— [ su m
<l 5o (s kZ; I k)‘
T
1 L2

For the last equality we have applied a change of variables and equation (6.4). A similar
argument using the infimum in (6.4) yields the opposite inequality, and we arrive at

il

ol s, |2
\K] ) ’K‘llme%SO(emk)] ‘f(mk)‘ ) (6.6)
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At this point we introduce the auxiliary function

fZap emy,) f (1) exp(2mimyt) | (6.7)
keZ

where ¢ is a real variable. We may choose the function ¢ such that the Fourier transform
¢ is a positive and even function in C§°([—1,1]). Because |I| > D(Mg) we can apply
Theorem 2.3 (B2) to the interval I, the set of frequencies My and the sum F,(t). We
get that

e le(emy)l? \f M) <C/!F )| dt . (6.8)

keZ

We want to estimate the limsup as € — 0 of the right hand side of the above equation.
Recalling the definition of Mg we have that

= Ve S elem() o (7)) exp@ripa(7)1)

y*el*
We use the Poisson summation formula to rewrite F,(t) as
t+ p2
=Y ¢ () (6.9)
\[
vyel

where C' is a normalizing constant depending only on I'. We now insert F, as given by
(6.9) in

lim sup / |F.(t)|* dt . (6.10)
e—0 I
Note that all terms in (6.9) for which |pa(y)| > a + € vanish on I = [—a, «]. This is

a consequence of ¢ having support in [—1,1]. Accordingly we may restrict the sum in
(6.9) to the smaller set

Fe={yeT||p2(n)| < a+e} .
We introduce the notation
={yellpmM)| <N},

and split the sum F(t) restricted to t € I as follows. Let F. = N + Ry, where

R D e FIC))

and

> o (CEO) st

YET NI

S0
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By applying the triangle inequality and the restriction 0 < ¢ < 1 we find the bound
[Rxlly < en [|lly; where

en=C Y |fm)) -

INAVEA

We argue that ey tends to 0 when N — oo. As the function f belongs to the Schwarz
class S, we have

Yo e Y A+,

yer\Iry yel \I'¥

for any L € N. The set p;(I'1) is uniformly sparse in R"™. Thus, we construct a ball of
positive volume around each point in this set in such a way that all balls are pairwise
disjoint. Split R™ into volumes divided by successive shells of radii 2, m =1,2,.... In
each such section we can maximally fit on the order of 2" balls of positive measure.
Assume for simplicity that N = 2™ for some integer M. We get

S e <G Y 242 <o,

yeT\I'Y m=M

whenever L > n 4+ 1. This shows that ey is the tail of a convergent sum, so ey — 0
as N — oo. We proceed to bound the norm of F¥. The finite set of points po(I'Y) are
separated in R by a distance greater than Sy > 0. If € is chosen such that 0 < € < /2,
then the different terms of FN have disjoint supports. It follows that

IEN 2y < o (NS €) 112l

where

A(N,e) =C* Y [f(m()*

very
When e is sufficiently small, 'Y =T\ and o(N, €) = o(N,0). We have that

. . 2
hmsup/\Fs(t)\thzhmsélpHFeNJrRNHL?(l)
I e

e—0

_ 2
< timsup ([[FN oy + IR0 + 2| FN] 2, 17x12)  (o.11)

<C? Y )P +av <C2 D F )P+

N
v€elry 7€l

where ny = en(eny + 20(NN,0)). Lastly, notice that p1(I'g) = A, and that ny — 0 as we
let N — 0. Combining equations (6.6), (6.8) and (6.11) we get

Iflz<C Y 1N, (6.12)

A€AL
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where the constant C' depends only on the lattice T
Finally, we remove the extra assumption f € C§°(K), and show that (6.12) holds for
any f € B(K). The function space C§°(K) is dense in L?(K). Thus for any € > 0 and

any f € L*(K) we can find § € C°(K) such that ’f—g , = |f —gll, < e. For the

function g we know that

Alglls < > g < Bllglls
AEAL

for constants A and B. Recall from Section 2.1 that the right inequality above holds for
any function in B(K), including f — g. We have

1/2
1flly < llglly +11f = glly < <A_1 > Ig(A)|2> +1If =gl
Ao
1/2 1/2
< (A‘lzlf(A)F) + (A_IZ’Q()\) —f(A)|2> +If =gl
Aq Ao

1/2

1/2
< (Alzlf(wz) +C|f—glly < (AIZIf(A)\Q) + Ce.
Aq Ao

Letting € tend to zero and squaring both sides of the inequality we get (6.12) for any
f € B(K). This completes the proof of the first statement in Theorem 2.6.

7 Further work

If the set £(A) of exponentials defined in (2.4) is both a frame and a Riesz sequence for
L?(K), then £(A) is said to be a Riesz basis for L?(K). Say that the uniformly discrete
set A has uniform density D(A). Then by Theorem 2.4 we have D(A) = |K]| for any
Riesz basis of exponentials E(A).

In a recent article, Kozma and Lev [6] ask whether the exponential system corre-
sponding to a quasicrystal is a Riesz basis in L? on appropriate multiband sets on the
circle. Their results are summarized in the following theorem.

Theorem 7.1. Let T = R/Z denote the circle group, and define the set Ao, I) by
Ao, I)={n€Zla<na<b} ,
where I = [a,b) and « is an irrational number.

1. If |I| € Z + oZ, then the exponential system & (A(a,I)) is a Riesz basis in L*(S)
for every set S C T, |S| = |I|, which is the union of finitely many disjoint intervals
whose lengths belong to 7 + aZ.

2. If |I| ¢ Z+ oZ, then € (A(a, 1)) is not a Riesz basis in L*(S) for any S C T which

1s the union of finitely many intervals.
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The family of sets S in Theorem 7.1 is in a sense dense in T. Say § € Z+aZ € (0,1),
and denote by U(«) the collection of finite unions of intervals of lengths in Z + oZ.
Let U € T and K C T be respectively open and compact, such that K C U and
|K| < # < |U|. Then there exists a set S € U(a) such that K ¢ S C U. With
Theorem 7.1, Kozma and Lev claim that £(A(a,I)) is a universal Riesz basis for U («)
whenever |I| € Z + oZ. The essential role played by the diophantine assumption on |I|
in constructing this particular basis is somewhat surprising. Kozma and Lev close their
article by presenting several open problems which might be worth looking into.
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A Existence of D~ (A) and D*(A)

Let A C R be a uniformly discrete set with separation 3 > 0, and let n~(r) and n* (r)
denote respectively the smallest and largest number of elements of A to be found in an
interval of length r. It is quite clear that n™(r) is a superadditive function of r, whereas
n*(r) is a subadditive function of 7. We claim in Section 2.2 that because of this, the
limits

D™ (A) = lim n(r) and DT(A) = lim ()

r —00 r r —00 r
exist.
The following lemma not only ensures the existence of D~ (A) and D (A), but spec-
ifies what the limits are.

Lemma A.1.
(1) D™(A) = sup,cgn™(r)/r.
(2) DT(A) = inf.cgn™(r)/r.

Proof. Under the assumption that A is uniformly discrete with separation 8 > 0, we

have the inequality
n(r) _nt(r)

r T
Accordingly, the claimed limit values of D™ (A) and DT (A) are finite and lie in the
interval [0,1/0].
We proceed to prove (2). Let

1
<=.
B

+
A = inf n'(r) ,
reR r
and find an R; such that .
n(Ry) €
A< <A+ -
- R + 2

for an arbitrary € > 0. Such an R; exists by the definition of infimum. Given R;, we
locate

n'(r)
Ry =
P oS Ry

Now let R = 2R1Ry/e. For any r = aR; + b > R, where a € N and b € [0, Ry), we have
nt(r)  nt(aR; +b) < an™(Ry) + nt(b)

T aRi+b aR1+b

ant(Ry) nt(b) nt(Ry) €
< < <A
aRy | 2RiRaje = R 2 °4te

where the subadditivity of n*(r) is used for the first inequality. We have found an
R = R(e) such that
n*(r)

r

r>R =

—A‘<e.
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As € was arbitrary, (2) follows.
For the proof of (1), we let

B =sup n(r) .
reR r

We can assume B # 0, as B = 0 trivially implies D~ (A) = 0. For an arbitrary € > 0,
we find an R; such that

€ n- (Rl)
B_=°
2~ TR
Let R = 2R;/f¢, and let r = aRy + b > R, where a € N and b € [0, Ry). This yields
(a+1) >2/Be > 2B/e. From the superadditivity of n™(r), we get

<B.

n~(r) n (aRi+Db) S an” (Ry) +n~(b)

r  aRi+b ~ aR1+b
an™ (Ry) B —EZB—E
(CL + 1)R1 a—+1 2
We have found an R = R(e) such that
r>R = ’nr(r)—B‘<e
As e was arbitrary, (1) follows. O

B Proof of the inclusion B(I) C B(I){

B(I) is the space of square integrable functions whose Fourier transforms are supported
on I = (—a,a). B(I)§° denotes the collection of continuous, bounded functions f(x)
which tend to zero as |z| — oo and whose Fourier transforms are supported on I. We
claim in Section 3.2 that B(I) C B(I){°. In order to prove this, we must show that any
f(z) € B(I) is bounded, continuous and tends to zero as |z| — oo.

Let f € B(I), and write f as

f(z) = _a f(§ermietd

Because f € L2(I) C LY(I), |f| is bounded by the L'-norm of f. Furthermore,

a

Flar) - flea)] < /

—a

.]E(g)(e%rim& - e27rix2$)’ df

< max

—a<é<a

|, <V

whenever |21 — 22| < (¢/2ma) min {1, 1/Hf||L1([)}. This shows that f is continuous.

What remains is showing that f tends to zero as |z| — oo. Suppose this is not the
case, and assume without loss of generality that the claim fails for £ — +o00. We can
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then find a separated, increasing sequence x1, xg, ... such that |f(x;)| > 2¢ for all i € N
and some € > 0. Denote by [ the positive separation of (z;)$2;. By Bernstein’s Theorem
(3.3) we find that |f'(x)]| is uniformly bounded by

e < o7,

Thus, there exists an r € (0,3/2) such that |f(y)| > € whenever |y — z;| < r for some
1 € N. We get

o0 o
2 2
15 2 D 1y = D2 — 00

=1 =1

This is a contradiction, as we know f € L?(R). We conclude that f must tend to zero
as |z| — oo, and accordingly B(I) C B(I)y°

C Detailed calculation for Lemma 4.3 (v)

We claim in the proof of Lemma 4.3 (v) that

n 2 n
lul<q/2 Jjl<qrz T U—U) e T

The following detailed calculation shows this is indeed true.
Using the substitution

we have

— a ra—lyl 42
7 _/ / 51n27rs u 2v)d do — 12/ / szxdxdy ’
ful<q/2 Jlo|<q/2 (U =) L

where a = wsq. By the identity

sin?
—dr =,
R a

and the symmetry of sin® z/x2, we rewrite I as

2 a oo 3.2
=% 2/ / ML dady . (C.2)
s s 0 a—y T

The integral on the right hand side above is split at z = a. We get

a 00 32 a © 1
/ / SmQxdxdy < / dy/ —dr=1. (C.3)
0 a z 0 a T
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For the remaining part of the integral we change the order of integration to obtain

/“/a siand P /“/“ sin2xdd /asin2xd
zdy = ———dydx = T .
0 a—y 2 Y 0 a—zx - Y 0 x
If we assume a < 1, then
@ gin2 g a
/ d$§/ dr =a<1.
0 T 0

a 102 1 a
1
/sm $dm§/ d$+/ —dr=1+1na.
0 L 0 1 T

In either case, we have that

If a > 1, we get

a in2
/ e <1l+hnta. (C.4)
0

22

Inserting the bounds in (C.3) and (C.4) into (C.2), and recalling that a = 7sq, we find
the lower bound

2
5 (24 Inta) =sq— % Int (7sq) — <7r> . (C.5)

Lastly, we observe that
Intab<InTa+1InTbh

2 2\ 2
—21n+7r§ () .
T m

2 22
Izsq—2log+sq—2<> ,
7 T

and

Applying this to (C.5), we find

which is equivalent to (C.1).
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