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Abstract. A set Q c R? is said to be spectral if the space L?>(Q) has an
orthogonal basis of exponential functions. It is well-known that in many respects,
spectral sets “behave like” sets which can tile the space by translations. This
suggests a conjecture that a product set Q = A x B is spectral if and only if the
factors A and B are both spectral sets. We recently proved this in the case when A
is an interval in dimension one. The main result of the present paper is that the
conjecture is true also when A is a convex polygon in two dimensions. We discuss
this result in connection with the conjecture that a convex polytope Q is spectral if
and only if it can tile by translations.

1 Introduction

1.1 Let Q c R? be a bounded, measurable set of positive Lebesgue measure.
It is said to be spectral if there exists a countable set A C R? such that the system
of exponential functions

(1.1) E(A) = {ei}ien, ei(x) =>4,

is orthogonal and complete in L>(Q), that is, the system is an orthogonal basis for
the space. Such a set A is called a spectrum for Q.

The classical example of a spectral set is the unit cube Q = [— é, ;]d , for which
the set A = Z¢ serves as a spectrum.

Which other sets Q are spectral? The study of this question was initiated by
Fuglede in 1974 [Fug74], and it is known as Fuglede’s spectral set problem.

The research on spectral sets has been motivated for many years by an observa-
tion due to Fuglede, that the notion of spectrality is related to another, geometrical
notion—the tiling by translations. We say that Q tiles the space by translations
along a countable set A C R? if the collection of sets {Q + 1}, A € A, constitutes
a partition of R up to measure zero.
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With time, it became apparent that in many respects, spectral sets “behave like”
sets which can tile the space by translations. It was observed that many results
about spectral sets have analogous results for sets which can tile, and vice versa.
However, the precise connection between the notions of spectrality and tiling is
still not clear.

1.2 One of the interesting open problems in the subjectis Fuglede’s conjecture
for convex bodies, which states that a convex body Q C R is spectral if and only if
it can tile the space by translations (originally this conjecture was stated in [Fug74]
for general, not necessarily convex sets 2, but it turned out that in this generality
the conjecture is not true; see [KM10, Section 4] and the references therein).

It has long been known that a convex body Q which can tile by translations
must be a polytope, and that it is a spectral set (see, for example, [Kol04, Section
3.5]). Much less is known, however, about the converse assertion. It was proved
by lTosevich, Katz and Tao [IKTO03] that if a convex polygon Q C R? is a spectral
set, then it must be either a parallelogram or a centrally symmetric hexagon, and
hence it tiles by translations. Recently, we proved [GL16, GL17] that Fuglede’s
conjecture is true also for convex polytopes in dimension d = 3. That s, if a convex
polytope Q C R3 is spectral, then it can tile by translations.

1.3  One of the difficulties in proving Fuglede’s conjecture for convex poly-
topes in dimensions d > 3 is concerned with the existence of polytopes Q C R?
which can be mapped by an invertible affine transformation to a cartesian product
A x B of two convex polytopes A C R", BC R” (n,m > 1) wheren+m =d. A
convex polytope Q with this property is said to be directly decomposable, see
[Sch14, Section 3.3.2]. For brevity, in this paper we will omit the word “directly”,
and just say that Q is decomposable.

For example, one can easily verify that a two-dimensional convex polygon is
decomposable if and only if it is a parallelogram, while in three dimensions a
convex polytope is decomposable if and only if it is a prism.

The proof that a spectral convex polytope Q in R? or in R? can necessarily tile
by translations was based on the fact that if such an Q is indecomposable, then it
has a unique spectrum up to translation; see [GL17, Theorems 1.3 and 1.4]. The
latter fact is no longer true if Q is decomposable. Nevertheless, in two dimensions
the situation when Q is decomposable does not present any difficulty, as in this
case € is a parallelogram and so it automatically tiles by translations. However,
in dimensions d > 3, decomposable polytopes do not necessarily tile. For this
reason, the case when Q is a prism in R? required a different approach in our result;
see [GL16].
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1.4 The study of decomposable spectral convex polytopes leads to the fol-
lowing, more general problem. Let Q = A x B be the cartesian product of two
bounded, measurable sets A C R", B C R”. When is Q spectral? This question
was posed in [Kol16].

The answer is conjectured to be the following:

Conjecture 1.1. Let A C R" and B C R" be two bounded, measurable sets.
Then their product Q = A x B is spectral if and only if A and B are both spectral
sers.

The “if” part of this conjecture is obvious. Indeed, if U C R” is a spectrum
for A, and V c R a spectrum for B, then the product A = U x V is a spectrum for
Q = A x B (see, for example, [JP99]). However the converse, “only if” part of the
conjecture, is non-trivial. The difficulty lies in that we assume the product set Q to
be spectral, but we do not know that the spectrum A also has a product structure.
So it is not obvious which sets U and V may serve as spectra for the factors A and
B, respectively.

One reason to expect that Conjecture 1.1 should be true is the fact that the
analogous assertion for tiling by translations is known to hold. Indeed, it was
observed in [Kol16, Section 1.2] that the product set 2 = A x B can tile the space
R" x R™ by translations if and only if both A tiles R” and B tiles R”. So the
analogy between spectrality and tiling suggests that Conjecture 1.1 should be true
as well.

1.5 In [GL16] we proved the first result in the direction of Conjecture 1.1:

Theorem 1.2 ([GL16]). Let Q = A x B, where A is an interval in R and B is
a bounded, measurable set in R™. Then Q is spectral if and only if B is a spectral
set.

This result implies that Conjecture 1.1 is true whenever A is a parallelepiped
in R". Indeed, due to the invariance under affine transformations, it is enough
to consider the case when A is the n-dimensional unit cube [—é, ;]", and the
conclusion then follows from Theorem 1.2 by induction on n.

Theorem 1.2 played an important role in the proof of Fuglede’s conjecture for
three-dimensional convex polytopes. It allowed us to use “dimension reduction”
in order to resolve the case when Q is decomposable—that is, when € is a prism
in R?. Indeed, in this case we could assume, by applying an affine transformation,
that Q is the cartesian product A x B of an interval A C R, and a convex polygon
B C R? (the polygon B constitutes the base of the prism). By Theorem 1.2, the
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spectrality of Q implies that B must also be spectral, and we could then invoke the
two-dimensional result of [IKTO03] to conclude that B, and hence also €, tiles by
translations (see [GL17, Section 9]).

Kolountzakis found in [Kol16] another proof of Theorem 1.2, different from the
one in [GL16]. His approach moreover allowed him to establish that Conjecture 1.1
is true also in the case when the set A is the union of two intervals in R.

1.6 An important special case of Conjecture 1.1 is when the two sets A, B
are assumed to be convex polytopes. A proof of the conjecture in this special case
amounts to showing that the spectrality of a decomposable convex polytope €2 can
be characterized by the spectrality of the factors in the decomposition. Such a
result would reduce the proof of Fuglede’s conjecture for convex polytopes to the
case when Q is indecomposable.

In this paper, our main focus will be on the situation when A is a convex
polytope in R”, while B is an arbitrary bounded, measurable set in R™.

2 Results

2.1 Our first result is concerned with necessary conditions for the spectrality
of convex polytopes in R”. By a result due to Kolountzakis [KolOOa], if a convex
polytope A C R” is spectral, then A must be centrally symmetric. We proved in
[GL17] that also the central symmetry of all the facets of A is a necessary condition
for its spectrality.

The following theorem supports Conjecture 1.1 by showing that these condi-
tions are necessary also for the spectrality of the product set A x B.

Theorem 2.1. Let Q = A x B, where A is a convex polytope in R" and B is
a bounded, measurable set in R™. If Q is a spectral set, then A must be centrally
symmetric and have centrally symmetric facets.

The condition that the convex polytope A is centrally symmetric and has cen-
trally symmetric facets is also necessary for A to tile by translations; see [McM&80].

2.2 IfAis aconvex body in R” which is not a polytope, then A cannot tile by
translations; see [McM80]. It is conjectured that such an A can neither be spectral.
In this connection, a result from [IKP99] states that if A is a ball in R" (n > 2)
then A is not a spectral set. In [IKTO1] the same was proved for any centrally
symmetric convex body A with a smooth boundary.

The following theorem supports Conjecture 1.1 by extending these results to
the context of product sets:
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Theorem 2.2. Let A be a centrally symmetric convex body in R" (n > 2)
with a smooth boundary, and B be any bounded, measurable set in R™. Then the
product set Q = A x B cannot be spectral.

2.3 The next theorem is the main result of this paper. The result confirms that
Conjecture 1.1 is true if A is a convex polygon in two dimensions:

Theorem 2.3. Let Q = A x B, where A is a convex polygon in R?, and B is a
bounded, measurable set in R™. Then Q is spectral if and only if A and B are both
spectral sets.

If A is a parallelogram, then this is a consequence of Theorem 1.2. The
new result is therefore that Theorem 2.3 is true also if A is a convex polygon
which is not a parallelogram. Our proof establishes that in this case, A must be a
centrally symmetric hexagon. In particular, this implies the result from [IKTO03]
that the spectral convex polygons are exactly the parallelograms and the centrally
symmetric hexagons.

If both A and B are convex polygons in R?, then Theorem 2.3 implies that
their product Q = A x B is a spectral set if and only if Q tiles by translations.
Combining this with the results obtained in [GL16, GL17], we can confirm that
Fuglede’s conjecture is true for the class of decomposable convex polytopes in four
dimensions:

Corollary 2.4. Let Q C R* be a convex polytope, and assume that Q is
decomposable. Then Q is a spectral set if and only if it can tile by translations.

Thus, if we want to prove Fuglede’s conjecture for convex polytopes in dimen-
sion d = 4, then the case when Q is decomposable is now covered by Corollary 2.4,
and what remains to be proved is that an indecomposable convex polytope Q c R*
can be spectral only if it tiles by translations. We will address this problem in a
future work.

3 Preliminaries

3.1 Notation. We use (-, -) and | - | for the Euclidean scalar product and
norm in R

If A C R? then AC denotes the complement of A (i.e., the set R? \ A), 1, is the
indicator function of A, and |A| or mes(A) is the Lebesgue measure of A. We use
A+ B, A — B to denote the set of sums and set of differences of two sets A, B C R¢.

If f and g are two measurable functions on R" and R™ respectively, then we
denote by f ® g the function on R” x R" defined by (f ® g)(x, y) =f(x)g(»).
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3.2 Spectra. If Qis a bounded, measurable set in R? of positive measure,
then by a spectrum for Q we mean a countable set A C R? such that the system
of exponential functions E(A) defined by (1.1) is orthogonal and complete in the
space L*(Q).

For any two points A, 2’ in RY we have

(er, e/l’>L2(Q) = ig(i/ — ),

where
fa@= [ e@ar, ¢erl,
Q

is the Fourier transform of the indicator function 1 of the set Q. The orthogonality
of the system E(A) in L*(Q) is therefore equivalent to the condition

(3.1) (A —A)\ {0} C 2(1q),

where Z(ig) ={feR?: ig(é‘) = 0} is the set of zeros of the function 1o.

The property of A being a spectrum for Q is invariant under translations of
both Q and A. If M is a d x d invertible matrix, then A is a spectrum for Q if and
only if the set (M~1)T(A) is a spectrum for M(Q).

A set A C R? is said to be uniformly discrete if there is 6 > 0 such that
|A"—A| > ¢ for any two distinct points 4, 4’ in A. The maximal constant § with this
property is called the separation constant of A, and will be denoted by d(A).

The condition (3.1) implies that every spectrum A of Q is a uniformly discrete
set, and that its separation constant J(/\) is at least as large as the constant

(3.2) 2(Q) =min{|]: & e Z(ig)} > 0.

3.3 Weak limits. Let A; be a sequence of uniformly discrete sets in R?,
such that 6(Ay) > 6 > 0. The sequence Ay is said to converge weakly to a set A
if for every ¢ > 0 and every R there is N such that

ArNBrR CA+B, and ANBr C Ar+B;

forall k > N, where B, denotes here the open ball of radius r centered at the origin.
The weak limit A is also a uniformly discrete set, and satisfies d(A) > 0.
A compactness argument shows that any sequence Ay satisfying d(Ag) = 0 > 0
has a subsequence Ay, which converges weakly to some (possibly empty) set A.
If for each k the set Ay is a spectrum for Q, and if A; converges weakly to a
limit A, then also A is a spectrum for Q. See [GL16, Section 3].
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3.4 Tiling and packing. Letf > 0 be a measurable function on R¢, and A
be a countable set in RY. We will say that f + A is a tiling if the condition

(3.3) Y fa—=1 ae.

LEA

is satisfied. If we only have

(3.4 Y fa=H<1 ae.

LEA

then we will say that f + A is a packing.

If f = 1q is the indicator function of a bounded, measurable set Q C R4, then
the condition (3.3) means that the sets Q+ A (1 € A) constitute a partition of R? up
to measure zero, while (3.4) says that these sets are pairwise disjoint up to measure
zero. In the former case we will say that Q + A is a tiling, while in the latter we
say that Q + A is a packing.

The following lemma may be found, for example, in [Kol04, Section 3.1]. It
gives a characterization of the spectra of Q, or the exponential systems orthogonal
in L?(Q), by a tiling or a packing condition, respectively.

Lemma 3.1. Let Q be a bounded, measurable set in R¢, and define the
function

f=19Q172 1%

(i) For a set A C R? to be a spectrum for Q it is necessary and sufficient that
f+ Aisatiling.

(ii) For a system of exponentials E(A\) to be orthogonal in L>(Q) it is necessary
and sufficient that f + A is a packing.

A proof of part (i) of Lemma 3.1 is given also in [GL16, Section 2.4]. The
proof of part (ii) is similar.
The next lemma may be found, e.g., in [Kol04, Sections 1.1 and 3.3].

Lemma 3.2. Letf,g € L'(RY), f, g > 0. Assume that A C R? is a set such
that f + A is a tiling, while g + A\ is a packing. Then:

M [e<[f
(i) [g=[fifandonlyif g+ A is a tiling.

Proof. Since f + A is atiling and g + A is a packing, we have

fxopn=1 ae., gxop<1 ae,
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where we denote
Op =Y 65
AeA
The function i := 1 — g * J, is therefore nonnegative a.e., which implies that

0<f>x<h=f*1—f>x<(g*5A):f*1—g*(f*5A)=/f—/g,

and this proves (i).

It also follows that [ ¢ = [f if and only if f * » = 0. But the convolution of
two nonnegative functions cannot be everywhere zero, unless at least one of the
functions vanishes a.e. Observe that f cannot vanish a.e., since f + A is a tiling.
Hence f « h = 0 if and only if & = 0 a.e., which means that g + A is a tiling. This
proves (ii). ]

3.5 Definition. If W c R? is a bounded, measurable set, then we define
(3.5) A(W) := {x € R? : mes(W N (W +x)) > 0}.

The set A(W) is a bounded open set, symmetric with respect to the origin.

One can think of the set A(W) as the measure-theoretic analog of the set of
differences W — W. In particular, one can check that if W is an open set then
A(W) =W — W. In general we have A(W) c W — W, but this inclusion can be
strict.

The following fact is easy to verify:

Lemma 3.3. Let W be a bounded, measurable set in R?, and A be a countable

set in R, Then W + A is a packing if and only if (A — A) \ {0} € A(W)C.

3.6 Orthogonal packing regions. If Q and W are two bounded, measur-
able sets in R?, then we will say that W is an orthogonal packing region for Q
if we have

(3.6) AW)YN Z(1g) = 0.

The notion of an orthogonal packing region was introduced in the paper
[LRWOO] but in less generality. In [LRWOO] it was additionally assumed that
the boundary of W is a set of measure zero, and instead of (3.6) the condition

(W —WHNZ(1g) =0

was used as the definition of an orthogonal packing region, where W° denotes
the interior of W. In the present paper we use the definition (3.6) to extend the
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notion of an orthogonal packing region to the situation where W is any bounded,
measurable set in R?. It is easy to verify that the new definition coincides with
the one given in [LRWOO] in the case when the boundary of W is a set of measure
Zero.

The reason for the name “orthogonal packing region” is the fact that if a
system of exponentials E(A) is orthogonal in L?(€2), and if W is an orthogonal
packing region for Q, then W + A is a packing. This follows from (3.1), (3.6) and
Lemma 3.3.

3.7 Convex polytopes. By a convex polytope Q C R? we mean a
compact set which is the convex hull of a finite number of points. By a facet of Q
we refer to a (d — 1)-dimensional face of Q.

We say that Q is centrally symmetric if —Q is a translate of Q. In this case,
there is a unique point x € R? such that —Q + x = Q — x, and Q is said to be
symmetric with respect to the point x.

A convex polytope Q C R? will be called decomposable if Q can be mapped
by an invertible affine transformation to a cartesian product A x B of two convex
polytopes A C R*, B C R"™ (n,m > 1) where n+ m = d. (Usually such a polytope
is said to be “directly decomposable”, see, e.g., [Sch14, Section 3.3.2], but in this
paper we use the term “decomposable” for brevity.)

If Q is not decomposable, then we say that Q is indecomposable.

4 Kolountzakis’ theorem

In this section we discuss a result of Kolountzakis, which gives a method for
proving in certain situations that the spectrality of a product set Q = A x B implies
the spectrality of the factors A, B. We give a simple proof of the result in a stronger
form.

4.1 LetA c R"and B C R™ be two bounded, measurable sets.

Definition 4.1. Let A C R"” x R™ be a spectrum for the product Q = A x B,
and let W C R” be a bounded, measurable set. We say that A is W-compatible
if the condition

4.1) (A—=MN\ {0} C (A(W)C x R™ U (R" x Z(1p))

is satisfied.
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The condition (4.1) can be equivalently stated as follows: given any pair of
distinct points (#, v ) and (&', v ) in A, the set (W + u) N (W + u’) cannot have
positive measure unless the exponential functions e, and e,  are orthogonal in
L*(B).

Notice that every spectrum A of Q = A x B satisfies the condition

(4.2) (A — A)\ {0} C 2(1g) = (Z(1a) x R™M) U (R" x 2(1p)),

which follows from (3.1) and the fact that T = 14®15. This implies that condition
(4.1) holds whenever W is an orthogonal packing region for A.

4.2 The following result is basically due to Kolountzakis [Kol16].

Theorem 4.2. Let A C R" and B C R be two bounded, measurable sets.
Assume that Q = A x B is a spectral set, and let A be a spectrum for Q. Suppose
that there exists a bounded, measurable set W C R”", [W| > |A|_l, such that A is
W-compatible. Then

) Wl =1a1"%

(i1) B is a spectral set.

This result was formulated in [Kol16, Theorem 2] in the special case when W
is assumed to be an orthogonal packing region for A. This assumption implies that
every spectrum A of Q = A x B is W-compatible. So in this case the result says:!

Corollary 4.3 ([Koll6]). Let Q = A x B be the product of two bounded,
measurable sets A C R" and B C R™. Suppose that A has an orthogonal packing
region W, |W| > |A|~L. IfQis spectral, then conclusions (i) and (ii) in Theorem 4.2
are true.

However, the proof in [Kol16] of this result in fact uses the assumption that W
is an orthogonal packing region for A only to ensure that condition (4.1) holds. So
actually Theorem 4.2 follows from that proof.

If A C R is an interval, then any interval W of length |W| = |A|~! is an
orthogonal packing region for A. Hence Corollary 4.3 can be used in this case to
conclude that the spectrality of Q = A x B implies the spectrality of B. This yields
Theorem 1.2.

IStrictly speaking, in [Kol16] the notion of an orthogonal packing region for 2 was defined using
the condition (W — W) N Z(1q) = 0, so formally a special case of Corollary 4.3 was proved in [Kol16].
However, the proof in [Kol16] can be easily extended to the situation in the present paper, where an

orthogonal packing region for Q is defined using condition (3.6). Moreover, if W is an open set, then
the two definitions of an orthogonal packing region used in [Kol16] and in the present paper coincide.
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In general, however, it is not obvious how to use Theorem 4.2 in order to prove
that the spectrality of a given product set 2 = A x B implies the spectrality of the
factors A, B. Indeed, to apply this theorem one must first establish the existence of a
set W c R", |[W| > |A|~!, and of a spectrum A for Q, such that A is W-compatible.
This would imply the spectrality of B by part (ii) of the theorem. Secondly, to
conclude that also A must be spectral, one must show in addition that if this is not
the case then W can be chosen such that |W| > |A|~!. Then part (i) of Theorem 4.2
would lead to a contradiction.

Kolountzakis showed [Kol16, pp. 107-108] that if A C R is the union of two
intervals then A admits an orthogonal packing region W, such that |W| = |[A|~!if A
is spectral, while |[W| > |A|~! otherwise. Thus Corollary 4.3 can be applied in this
situation, to conclude that the spectrality of Q = A x B implies the spectrality of
both A and B; see [Kol16, Corollary 5].

4.3 Kolountzakis’ proof involves a construction which is often referred to as
“cut-and-project”.

Let p, and p; denote the projections from R” x R™ onto R” and R™ respectively,
that is, p1(u, v ) =u and po(u,v ) =0 .

Definition 4.4. Assume that A C R” x R™ is a countable set, and that W C R”"
is a bounded, measurable set. Then the set

4.3) (A, W) =p(AN (W x R™)) c R
will be called the cut-and-project set based on A and W (see Figure 4.1).

(It should be remarked that in the literature, by a “cut-and-project” construction
one usually refers to the special situation where the set A is assumed to be a lattice.
However, we do not make such an assumption in Definition 4.4.)

In many situations when working with cut-and-project sets, it is natural to
impose the extra assumption that the projection p, is a one-to-one map when
restricted to the set A N (W x R™). This means that for every 0 € I'(A, W) there
exists a unique u € W such that the point («, v ) belongs to A.

Now suppose that Q = A x B is the product of two bounded, measurable
sets A C R" and B C R™. Kolountzakis observed that the assumptions in The-
orem 4.2 imply that for a.e. x € R” the projection p, is one-to-one on the set
AN ((W+x) x R™), and its image ['(A, W + x) constitutes a set of frequencies in
R™ whose corresponding exponential system E(I'(A, W+x)) is orthogonal in L?(B).
Moreover, he showed that there exist choices of x such that in addition, the so-
called upper uniform density of the set I'(A, W + x) is bounded from below by
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Rm

A

I'(A, W)

A

Ri’l

Figure 4.1. The cut-and-project set I'(A, W).

values arbitrarily close to |A| - |B| - |W| (for the definition of the upper uniform
density, see [Kol16, p. 100]). Finally, Kolountzakis proved a result of independent
interest [Kol16, Theorem 1] which implies that the latter fact suffices to establish
the conclusion of Theorem 4.2.

4.4 In what follows, we give a simple proof of Theorem 4.2. The proof
moreover establishes a new conclusion about the structure of the spectrum A:

Theorem 4.5. Under the same assumptions as in Theorem 4.2, the following
conclusion is true: for a.e. x € R" the projection p, is one-to-one on the set
AN(W+x) x R™) and its image T'(A, W + x) is a spectrum for the set B.

In other words, the new result is that for a.e. x € R”, not only the exponential
system E(I'(A, W + x)) is orthogonal in L?(B), but this system is also complete in
the space.

Proof of both Theorem 4.2 and Theorem 4.5. We divide the proof into
several steps.

Step 1. We show that for a.e. x € R”, the map p, is one-to-one on the set
AN (W +x) x R™), and the exponential system E(I'(A, W + x)) is orthogonal in
L*(B).
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This amounts to showing that the set

{x € R" : there exist distinct points (u, v ), (u’,v ') in A

4.4) N
such thatu,u’ € W+xbuto ' —ov ¢ Z(1p)}

has measure zero. To show this, let (1, v ), (', v ') be two distinct points in A such
thato ' —ov ¢ Z(ig). Since A was assumed to be W-compatible, it follows from
condition (4.1) that ' —u ¢ A(W). Using the definition (3.5) of the set A(W), this
implies that

mes{xeR" :u,u’ e W+x} =mes(W—-u)N (W —u'))=0.

Since A is a countable set, this shows that the set in (4.4) can be decomposed into a
countable union of sets of measure zero, and hence this set itself also has measure
zero, as we had to prove.

In what follows, we denote f := |A|~2 |14]? and f3 := |B|~2 |15|2.

Step 2. We show that (1_w ®fz) + A is a packing.

This means that the sum

(4.5) Y lwk—wf(—0v)
(u,0 YA
should be not greater than 1 for a.e. (x,y) € R" x R™.
Assume that x € R” is a point lying outside the set in (4.4). Since the map p;
is one-to-one on the set A N ((W +x) x R™), the sum in (4.5) is equal to

(4.6) > fsy—v).
v €T (A, W+x)

Since the system E(I'(A, W +x)) is orthogonal in L*(B), it follows from part (ii) of
Lemma 3.1 that the sum in (4.6) is not greater than 1 for a.e. y € R™. The claim
thus follows from Fubini’s theorem.

Step 3. We show that (f4 ® fz) + A is a tiling.

This is a consequence of part (i) of Lemma 3.1, since f4 ®fz = |Q| 2 [Tq|? and
the set A is a spectrum for €.

Step 4. We show that |W| = |A| 7.

The fact that (f4 ® fg) + A is a tiling and (1_w ®fz) + A is a packing allows us
to use Lemma 3.2. It follows from part (i) of the lemma that

@.7) |W|~|B|—1:// n_w®f3<// fr®fs = 1A B,
”XR”’ HXRIW

and so we obtain |[W| < |A|~!. However, we assumed a priori that |[W| > |A|~!, so
the equality |W| = |A|~! must hold. This establishes part (i) of Theorem 4.2.
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Step S. We show that (1_w ® f) + A is a tiling.

Indeed, since |W| = |A|~! we see that the inequality in (4.7) is in fact an equality.
Hence the claim follows from part (ii) of Lemma 3.2.

Step 6. We show that for a.e. x € R", the set I'(A, W + x) is a spectrum for B.

We have seen that, fora.e. (x, y) € R" x R™, the sums in (4.5) and (4.6) coincide,
and the sum in (4.5) is equal to 1 since (I1_y ® f5) + A is a tiling. So a further
application of Fubini’s theorem yields that for a.e. x € R” there is a set Y(x) ¢ R”
of full measure, such that the sum in (4.6) is equal to 1 for all y € Y(x). Hence for
a.e. x € R" we have that fz + T'(A, W + x) is a tiling, and we conclude from part
(i) of Lemma 3.1 that the set ['(A, W + x) is a spectrum for B. This establishes
Theorem 4.5 and in particular also part (ii)of Theorem 4.2. (]

S Orthogonal exponentials and relatively dense sets

In this section our main goal is to prove Theorem 2.1, which says that if a product
set Q = A x B is spectral, and if the set A is a convex polytope in R”, then A
must be centrally symmetric and have centrally symmetric facets. We also prove
Theorem 2.2.

5.1 Aset A c R?is said to be relatively dense if there is R = R(A) > 0
such that every ball of radius R contains at least one point from A.

It is known that if A is a spectrum for some bounded, measurable set Q ¢ R?
then A must be a relatively dense set (see, for example, [GL17, Section 2C]).

Lemma 5.1. Let A C R" and B C R™ be two bounded, measurable sets, and
suppose that their product Q = A x B is a spectral set. Then there exists a relatively
dense set T' C R" such that the system of exponentials E(T') is orthogonal in L*(A).

One can view this lemma as establishing a weak form of Conjecture 1.1. Indeed,
the conjecture asserts that the spectrality of Q = A x B implies the existence of a
spectrum I” for A. The relative denseness of I" and the orthogonality of the system
E(T) in L?(A) are necessary conditions for T" to be a spectrum for A. However,
these conditions are not sufficient, since they do not guarantee that the system E(I")
is also complete in L2(A).

Proof of Lemma 5.1. Assume that the assertion of the lemma is not true,
so that every set I' ¢ R” for which the system E(T") is orthogonal in L*(A) is not
relatively dense. We will show that this leads to a contradiction.

First, we will establish the following:
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Claim. Let G be an open set in R", and V be an open ball in R™ of diam-
eter x(B) (where y(B) is defined as in (3.2)). Suppose that Q has a spectrum A
satisfying

S.D AN@R" x G)=1.
Then there exists also a spectrum N’ for Q such that
(5.2) AN NER"x (GUV))=0.
Indeed, consider the set?
(5.3) I':={ueR":thereisv € V suchthat (u,v ) € A}.

Let us show that the system E(I') is orthogonal in L?>(A). To see this, let u, u’
be two distinct elements in I'. Then by (5.3) there exist v, v ’ € V such that the
(distinct) points A := (u,v ) and A’ := (/,v ") are in A. Hence /' — 1 € 2(10).
Since 1g = 14 ® 15, we must have ' —u € Z(14)oro '—v € Z(1p). Butaso, v ’
both lie in the open ball V of diameter y(B), the latter possibility cannot occur.
It follows that ' — u € Z(iA), which means that the exponentials e, and e, are
orthogonal in L?(A).

Once we know that the system E(T) is orthogonal in L*(A), it follows that the
set I' cannot be relatively dense. Hence there is a sequence #; of vectors in R”
satisfying

6.4 N+t =0,

where Q; := (—J, /)" denotes the open cube in R”" of side length 2j centered at the
origin. By the definition (5.3) of I', the condition (5.4) means that

Define

Aj =A—- (lj, 0).
Then A; is also a spectrum for Q. It follows from (5.1) and (5.5) that
(5.6) AN(Q;x (GUV)) =0,

forevery j. We may extractfrom the sequence A;a weakly convergent subsequence,
whose limit A’ is also a spectrum for Q. The condition (5.6) guarantees that the
new spectrum A’ satisfies (5.2). The claim is therefore proved.

20One may notice that the set I" in (5.3) is a cut-and-project set as in Definition 4.4, except that in
the present case the roles of p; and p; are interchanged.
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Next, we will conclude the proof of Lemma 5.1 based on the above claim. We
choose a sequence of open balls V; C R™ whose union covers the whole R™, and
such that each V; has diameter y(B). We construct inductively a sequence Ay of
spectra for Q, such that

5.7 ANRYx (ViU---UV))=0

for each k. The construction is done as follows. We start by taking A to be any
spectrum for . Then, in the £’th step of the construction, we apply the claim with
A=Ni—1,G=V U---UV;_; and V = V,. The claim yields a spectrum Ay for Q
that satisfies (5.7), as required.

Finally observe that, since the balls V. cover the whole R", it follows from (5.7)
that the sequence Aj converges weakly to the empty set. This is a contradiction,
since a weak limit of spectra for Q must be a spectrum as well. Lemma 5.1 is thus
proved. (]

Remark 5.2. The conclusion of Lemma 5.1 remains true if we relax the
assumption that the product set Q = A x B is spectral, and instead only require
the existence of a relatively dense set A C R” x R such that the system E(A) is
orthogonal in L*(Q). Indeed, it is not difficult to check that the proof given above
remains valid under this weaker assumption.

5.2 Now assume that A is a convex polytope in R”. In order to prove
Theorem 2.1 we will rely on the following two results.

Theorem 5.3 (Kolountzakis [Kol0Oa]). Let A be a convex polytope in R". IfA

is a spectral set, then A is centrally symmetric. 3

Theorem 5.4 ([GL17]). Let A be a convex, centrally symmetric polytope
in R". If A is spectral, then all the facets of A are also centrally symmetric.

Suppose now that the product set QQ = A x B is spectral. If we knew that the
spectrality of Q implies that A must also be spectral, then we could deduce from
Theorems 5.3 and 5.4 that A is centrally symmetric and has centrally symmetric
facets. Recall that by Lemma 5.1, there is a relatively dense set I’ C R” such that
the system of exponentials E(I") is orthogonal in L?>(A). Nevertheless, this does
not mean that A is spectral, since we do not know that the system E(I) is also
complete in L?(A). We therefore cannot formally deduce Theorem 2.1 based on
the statements of Lemma 5.1 and Theorems 5.3 and 5.4.

3 Actually it was proved in [Kol0Oa] that any convex body (not assumed to be a polytope) in R”
which is spectral, must be centrally symmetric.



SPECTRALITY OF PRODUCT DOMAINS AND FUGLEDE’S CONJECTURE 425

However, there is a proof of Theorem 5.3 which in fact does not require the
completeness of the system E(I") in L?(A), only its orthogonality and the relative
denseness of I [KP02] (see also [GL17, Section 3]). The same is true also for
the proof of Theorem 5.4; see [GL17, Section 4]. Hence a consequence of these
proofs is that the following more general version of the results is actually true:

Theorem 5.5. Let A be a convex polytope in R". Assume that there exists a
relatively dense set I' C R" such that the system of exponentials E(I') is orthogonal
in L>(A). Then A must be centrally symmetric and have centrally symmetric facets.

This more general version is suitable for combining with Lemma 5.1, and this
yields Theorem 2.1 as an immediate corollary.

Remark 5.6. The conclusion of Theorems 5.3 and 5.4 (or Theorem 5.5)
cannot be further improved by showing that also all the k-dimensional faces of A,
for some 2 < k < n — 2, must be centrally symmetric (see [GL17, Section 4Al]).

Remark 5.7. In the special case when the set B is also a convex polytope, we
can derive Theorem 2.1 directly from Theorems 5.3 and 5.4, without the use of
Lemma 5.1. Indeed, in this case the product Q = A x B is a convex polytope in
R"” x R™. Hence Q must be centrally symmetric (Theorem 5.3), which means that
the set —Q = (—A) x (—B) is a translate of Q. It follows that —A is a translate of A,
thus A is centrally symmetric. Next, suppose that F' is a facetof A. Then F x Bis a
facet of Q, hence it is also centrally symmetric (Theorem 5.4). Thus (—F) x (—B)
is a translate of ' x B, and as before we can deduce that F' is centrally symmetric.

Remark 5.8. For n > 2, the convex polytopes A C R" which satisfy the
assumptions in Theorem 5.5 form a strictly larger class than the spectral convex
polytopes. As an example, let P be any convex, centrally symmetric polygon in R?,
which is neither a parallelogram nor a hexagon, and whose vertices lie in Z?. Then
the zero set Z(ﬁp) contains Z> \ {0} (this follows, for instance, from the results
in [KolOOb]). Hence if we define A := P x [0, 1]"72, then A is a convex polytope
in R” such that the system E(Z") is orthogonal in L?(A). However A is not spectral,
by Theorem 1.2 and the fact (due to [IKTO03]) that P is not spectral.

5.3 There is another result about spectral sets, whose proof in fact requires
only the existence of an orthogonal (but not necessarily complete) system of
exponentials E(I') with a relatively dense set of frequencies I'. The result states
that a ball [IKP99], or more generally, a centrally symmetric convex body with
a smooth boundary [IKTO1] in R” (n > 2) cannot be spectral. The proof of this
result shows that the following more general version is true:
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Theorem 5.9. Let A be a centrally symmetric convex body in R" (n > 2) with
a smooth boundary. Then there cannot exist a relatively dense set ' C R" such
that the system of exponentials E(T') is orthogonal in L*>(A).

Combining Lemma 5.1 and Theorem 5.9 we conclude that the product Q=A x B
of a centrally symmetric convex body A C R” (n > 2) with a smooth boundary, and
abounded, measurable set B C R™, can never be spectral. This yields Theorem 2.2.

6 Convex polygons: Effective constraints for spectra

One of the difficulties in the spectral set problem for convex polytopes Q involves
the structure of the zero set Z(1o). If A is a spectrum for €, then this zero
set appears in condition (3.1) which is equivalent to the orthogonality of the
exponential system E(A) in the space L?(€2). However, unless Q is a parallelepiped,
there is no explicit description of the zero set Z(1g), a fact which presents a certain
difficulty in using the condition (3.1) effectively.

Our purpose in this section is to circumvent this difficulty in the case when
Q = A x Bis the product of a convex polygon A C R?, and a bounded, measurable
set B C R™. We do this by introducing a new set that we denote by H(A), and
which can be used in some sense as a substitute for the zero set Z(1,).

Using the asymptotics of the Fourier transform 1, we will prove that if
Q=A x B is a spectral set, then it has a spectrum A satisfying a version of
condition (3.1), obtained by replacing the zero set Z(ﬁA) with the new set H(A).
The advantage of the set H(A) is that it can be explicitly calculated, which provides
us with more effective information on the structure of the spectrum A. This addi-
tional information will be used in Section 7 to prove the main result of the paper,
Theorem 2.3.

6.1 Let A C R? be a convex, centrally symmetric polygon. If e is any edge
of A, then by the central symmetry there is another edge ¢’ of A which is parallel
to e and has the same length. Hence e is a translate of ¢/, so there is a translation
vector 7, in R? which carries ¢’ onto e (see Figure 6.1). Define

(6.1) H(A,e):={teR*:(t,7,) € Zor (t,e) € Z\ {0}},

where we use e also to denote a vector in R?> which has the same direction and
length as the edge e (such a vector is unique up to a sign). The set H(A, ¢) consists
of an infinite system of straight lines with directions perpendicular either to z, or
to e.

The sets H(A, e) are used to construct another set H(A), defined as follows:
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Figure 6.1. Two parallel edges e and ¢’ of A, and the vector z,.

Definition 6.1. We denote

(6.2) H(A) :=[H(A, e)\ {0},

where the intersection is taken over all the edges e of A.

For example, suppose that A is a parallelogram spanned by two linearly inde-
pendent vectors a, b in R%. Then it is not difficult to check that

(6.3) HA)={teR>: (t,a) e Z\ {0} or (t,b) € Z \ {0}}.

The set H(A) thus consists of infinitely many straight lines with directions perpen-
dicular to one of the edges of A. Notice that in this case we have H(A) = Z(ﬁA).

On the other hand, if A is not a parallelogram, then one can verify that H(A)
is a discrete closed set, contained in the union of a finite number of lattices.
This observation can essentially be found in [KolOOb]. (The paper [KolOOb] was
concerned with a different subject—the structure of multi-tilings of R? by translates
of polygonal regions, but interestingly the set which we denote by H(A) was used
in that paper as well.)

It is obvious that the set H(A) remains invariant under translations of A. It is also
easy to check that if M is a 2 x 2 invertible matrix then H(M(A)) = (M~ T (H(A)).

6.2 Before we move on to study the spectrality of the product set Q = A x B,
we will first illustrate the idea of how to use the set H(A) in connection with a
simpler problem, namely, the spectrality of the convex polygon A itself.

It was proved in [IKTO03] that the spectral convex polygons in R? are precisely
the parallelograms and the centrally symmetric hexagons. Another proof of this
fact was given in [GL17, Section 8]. In this paper we will obtain a third proof of
this result. The proof relies on the following lemma:
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Lemma 6.2. Let A be a convex, centrally symmetric polygon in R%. IfA is a

spectral set, then it admits a spectrum T satisfying
(6.4) ('=D)\ {0} c HA).

In order to understand the point of this lemma, recall that every spectrum I" of A
satisfies the condition (I' — T') \ {0} C 2(14). Lemma 6.2 asserts that at least one
spectrum I exists for which the alternative condition (6.4), obtained by replacing
the zero set Z(iA) with the set H(A), is also satisfied. We will see in Section 7 that
this alternative condition can be used in order to deduce that A must be either a
parallelogram or a centrally symmetric hexagon.

Proof of Lemma 6.2. First we show that it will be enough to prove the
following:

Claim. Assume that e is an edge of A, and that T is a spectrum for A. Then
there exists a sequence of translates of I', which converges weakly to a spectrum I’
of A satisfying the condition

(6.5) I"'—T'C HA,e).

Indeed, if this claim is true, then Lemma 6.2 can be established as follows. We
enumerate all the edges of A as e, e2,...,ey. We let [y be any spectrum of A,
and apply the claim with e = ¢; and I' = I'y. The claim yields a spectrum I'; of A,
satisfying I'1 — I'y C H(A, e;). We then apply again the claim with e = e, and
I' =T';, and obtain a spectrum I'; for A such that I', — I', C H(A, e;). Moreover,
as I'; is a weak limit of translates of I'{, the set I'; — I', is contained in the closure
of 'y = I'y. Since I'y — I'y € H(A, e;) and the set H(A, ;) is closed, we deduce
that I', — I'y C H(A, e;) as well. We continue applying the claim with e = e3 and
I' = T',, and so on. At the k’th step we obtain a spectrum I'; for A, which satisfies
I't —=T't C H(A, ¢j) for all 1 <j < k. Then the set I' := I'y, obtained after N steps,
would satisfy (6.4) as needed.

It therefore remains to prove the claim. To begin, notice that by applying an
affine transformation we may assume that A is symmetric about the origin, that the
points (é, — é) and (é, é) are vertices of A, and that the edge e is the line segment
which connects these two points. These assumptions imply, by (6.1), that

(6.6) H(A, e)=(Z x R)UR x (Z\ {0})).

Consider the sequence I'; :=T'—(k,0),k=1,2,3, ..., of translates of I". From
this sequence we may extract a weakly convergent subsequence, whose limit I is
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also a spectrum for A. There is therefore an infinite set S of positive integers, such
that 'y — I” as k — oo, k € S. We will show that I satisfies (6.5).

To show this, we let (&, v ') and (¢”, v ") be two points in [V and we need to
verify that (u” — v/, v ” — v ') belongs to the set H(A, ¢) given in (6.6). We will
assume that v " — v’ & Z \ {0} and prove that this implies that u” — v’ € Z. We
choose two sequences kj’- and k]’-’ in S, such that each one of them tends to infinity
and also kj’-’ — kj’- — o00. Since I is the weak limit of the sequence I'y, k € S, there
exist two sequences (#;, v;") and (&, v;”) in I" such that

(6.7) (w—k,v;) > @,0") and (u —k/,0,") > @W",0").

Then, as we have chosen kj’- and kj’-’ to satisfy kj’-’ — kj’- — 00, we obtain that also
ui — u; — oo. In particular, for all large enough j, the points (u, v;") and (u], v;")
are distinct, and since they both belong to I', we have

(6.8) LA — u},v;" — ;") = 0.

We will now use the fact that for any fixed C > 0,
(6.9) rula(u,v ) =sinzu- 1,0 )+ O(ul™), |ul—> oo, |v|<C,

where I denotes the interval [—%, é] (a proof of this fact can be found in [GL17,
Lemma 6.1]). Notice that (6.7) implies that there is C > 0 such that |v; " — v; 1<C
for all j. Thus, as we have also seen that u] — u; — 0o, we may use (6.9), which
implies by (6.8) that

sinw(u} —u)) - 1;(v;" —v;") = 0.

Recall now that we have assumed that o ” — v ' & Z \ {0}. Then, as Z(1;) =
7.\ {0}, we obtain from (6.7) that |i1(uj " —v;’)| remains bounded away from zero
asj — oo. It follows that sin n(u]’/ — u]f) — 0, or equivalently, dist(u]’-’ — u]’-, 7Z) — 0.
Notice that as both &; and k]’ are integers, we have

(6.10) dist(u” —u', Z) < dist(u — u}, Z) + |u; — k; — | + |u} — Kk — u"|.

It follows that ¥’ — u’ € Z, since by combining both (6.7) and the fact that
dist(u]’-’ — u]’, Z) — 0 we obtain that the right-hand side of (6.10) tends to zero.
This establishes the claim, and thus completes the proof of Lemma 6.2. (|

Remark 6.3. The claim in the proof of Lemma 6.2 is actually a special case
of a more general result, which can be stated in any dimension, and which was
proved in [GL17, Sections 6, 7].
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6.3 Now we turn to the spectrality problem for the productset Q@ =A x B. In
this case we know that every spectrum A of € satisfies the condition

(6.11) (A — M)\ {0} C 2(1g) = (2(Ty) x R™) U (R? x 2(1p)).

If we replace in (6.11) the zero set Z(ﬁA) with the set H(A), then we obtain a
new condition:

(6.12) (A — A)\ {0} C (HA) x R™) U (R? x Z(1p)).
We will show that this condition is satisfied by at least one spectrum A of Q:

Lemma 6.4. Let A be a convex, centrally symmetric polygon in R?, and B be
a bounded, measurable set in R". If Q = A x B is a spectral set, then there is a
spectrum A\ of Q which satisfies condition (6.12).

This lemma will be used in Section 7 in order to prove Theorem 2.3.

Proof of Lemma 6.4. The proof is very similar to that of Lemma 6.2, and
so it will only be sketched. First we show that the lemma can be reduced to the
following claim:

Claim. [fe is an edge of A, and if A is a spectrum of Q = A x B, then there

is a sequence of translates of A which converges weakly to a spectrum N’ of Q

satisfying
(6.13) A — A C (HA,e) x R™) U (R? x Z(1p)).
If this claim is true then, by iterating through all the edges ey, e5, ..., ey of A,

we can obtain a spectrum A for Q such that A — A is contained simultaneously in
all the sets (H(A, ej)) x R™) U (R? x Z(1p)), 1 < j < N. Moreover, A satisfies also
condition (6.11) which is true for any spectrum of Q. Notice that we have

H(A,e)) NH(A, ex) N ---NH(A, ey) N 2Z(14) C H(A),

which is a consequence of (6.2) and the fact that the zero set Z(iA) does not contain
the origin. Combining together all the mentioned properties yields that A satisfies
condition (6.12) as required.

We now turn to prove the claim. We may assume that A is symmetric about the
origin, and that e = { é} X [—é, é]. Then we have H(A, e¢) = (Z x R)U(R x (Z\{0})).
Let A’ be a spectrum of €, obtained as a weak limit of some subsequence of

ANy =A—-(k0,0,...,0), k=1,2,3,....
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That is, Ay — A’ as k — o0, k € §, where S is a certain infinite set of positive
integers. We will show that the spectrum A’ satisfies (6.13).
To show this, we assume that

W,o/,w), W, 0", w)eR xR xR"

are two points in A’, such that v ” — v ' ¢ Z \ {0} and also w” — w’ & Z(15). We
then need to verify that u” — u’ € Z. Let kj, k be two sequences in S satisfying
ki — o0, k/ — 00, ki — ki — o0o. Then there exist two corresponding sequences
(u}, vj’, w]’-), (u}’, v; ”, w]’-’) in A such that

(6.14) (w;—ki,v;", w) — @',0 ', w) and (W =k, 0", w}) — W', 0", w").

From (6.11) we deduce that for all large enough j, either (u]’-’ — u}, v; ”— v; Y e Z(14)
or w{ — w; € Z(lp). However, combining (6.14) with the assumption that
w” —w' & Z(1p), we obtain that w/ — w; ¢ Z(1p) for all large enough j, and
so we must have ]lA(u]’-’ — u]’, v; " — v; "y = 0. One can now continue in the same way
as in the proof of Lemma 6.2, and establish that u” — i’ € Z, which completes the

proof. g

7 Convex polygons: The notion of a window

In this section we obtain the main result of the paper, Theorem 2.3. The theorem
states that if Q = A x B is the product of a convex polygon A C R?, and a bounded,
measurable set B C R, then Q is spectral if and only if A and B are both spectral
sets. In other words, Conjecture 1.1 is true if A is a convex polygon in two
dimensions.

The non-trivial part is to prove that the spectrality of Q = A x B implies that
both A and B must be spectral. We therefore assume that Q is a spectral set. By
Theorem 2.1 we know that in this case, the convex polygon A must be centrally
symmetric.

Now suppose we knew that A has an orthogonal packing region W, |[W| > |A| 7!,
and that moreover, if A is neither a parallelogram nor a hexagon, then W can be
chosen such that |W| > |A|~!. Insuch a case, we would be able to use Corollary 4.3
to conclude that both A and B must be spectral sets.

However, the problem with this strategy is that, unless A is a parallelogram,
no such orthogonal packing region W is known to exist for A. In fact we find the
existence of such a W unlikely, although no proof of this claim is known to us
either.
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To resolve this problem we will introduce a new notion that we call a “window”,
and which replaces the notion of an orthogonal packing region in our context. The
advantage of this new notion is that we can prove that if A is a convex, centrally
symmetric polygon, then it has a window W such that |W| > |A|~!, and if A is
neither a parallelogram nor a hexagon, then |W| > |A|~!.

Moreover, we will see that if Q = A x B is a spectral set, then it has at least one
spectrum A which is W-compatible (in the sense of Definition 4.1). This allows
us to apply Theorem 4.2 in order to conclude that A must be either a parallelogram
or a hexagon, and hence A is a spectral set; and moreover, that the set B must also
be spectral. Thus we will obtain Theorem 2.3.

7.1 First of all we need to define what we mean by a “window”.

Definition 7.1. Let A C R? be a convex, centrally symmetric polygon. We
say that a bounded, measurable set W C R? is a window for A if the condition

(7.1) AW)YNHA) =0
is satisfied.

The set H(A) was defined in Section 6 (see Definition 6.1). If we replace the
set H(A) in condition (7.1) with the zero set Z(iA), then the condition becomes the
definition of an orthogonal packing region for A. Thus our notion of a window
differs from that of an orthogonal packing region in that the set H(A) replaces the
zero set Z(14).

Recall that if A is a parallelogram then H(A) = Z(iA). Hence, for a paral-
lelogram the notion of a window coincides with that of an orthogonal packing
region.

7.2 The following result establishes a key fact concerning the notion of a
window.

Theorem 7.2. Let A be a convex, centrally symmetric polygon in R?. Then:
(i) IfA is a parallelogram or a hexagon, then it has a window W, |W| = |A|~L.
(ii) Otherwise, A admits a window W such that |W| > |A|~L.

As we have mentioned, it is not known whether this result remains true if we
replace the word “window” with “orthogonal packing region” in the statement.
Hence the fact that we can prove Theorem 7.2 constitutes the main advantage of
the notion of a window over that of an orthogonal packing region in the context of
convex polygons.
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Proof of Theorem 7.2. First observe that if the assertions (i) and (ii) of
the theorem are true for a certain convex, centrally symmetric polygon A, then
these assertions are true also for any polygon A’ which is the image of A under an
invertible affine transformation. Indeed, we may write A" = M(A) + x, where M is
a2 x 2 invertible matrix, and x is a vector in R?. Assuming that assertion (i) or (ii)
is true for A with some window W, it follows that the corresponding assertion for A’
is true with the window W’ := (M~1)T(W).

It will therefore suffice that we prove (i) and (ii) under the following additional
assumptions: the polygon A is symmetric about the origin, two of its vertices lie at
the points (;, —é) and (;, ;), and the line segment that connects these two points
is an edge of A. We will denote this edge by e;. We will also denote by e, the edge
of A that shares the vertex (é, ;) with e, and by (a, b) the other vertex of A that
lies on e;. See Figure 7.1.

(_éy ;)

el

Figure 7.1. The convex polygon A in the proof of Theorem 7.2.

Notice that if A is a parallelogram, then it follows from the assumptions above

that A is in fact the unit cube, A = [—%, é]z. In this case we have (a, b) = (—%, %).

Now, to prove Theorem 7.2, it is required to show that there is a bounded,
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measurable set W in R? satisfying:
(1) W is a window for A.
(2) If A is a parallelogram or a hexagon then |W| = |A|~!, and otherwise
[W| > |AI7L
We claim that the rectangle

(7.2) W={(uov)eR*: [ul <), o] <i®+H™"

satisfies these conditions.

We will first prove that the rectangle W in (7.2) is a window for A. To show
this, we need to verify that (7.1) holds. Notice that as W is an open set, we have
A(W) =W — W, which in turn implies that A(W) = 2W, since W is convex and
symmetric about the origin. This gives

(7.3) AW)={,v)eR*: ul <1, Jo|<®+)H™'}.

It is then required to verify that A(W) is disjoint from the set H(A). In fact, we
will prove that

(7.4) AW)N H(A, e;) N H(A, e) \ {0} = 0.

According to Definition 6.1, the set H(A) is contained in H(A, e;) NH(A, e3) \ {0}.
Therefore (7.1) would follow from (7.4).
To establish (7.4), we assume that (i, v ) is a vector lying in

AW)NH(A, e;) NH(A, e3),

and we must show that (i, v ) is the zero vector. First we will use the fact that
(u,v ) € H(A, e;). Notice that we have 7., = (1,0) and e; = (0, 1) (where here e;
is regarded as a vector in R?). Hence, by the definition (6.1) of H(A, e;) we have

(7.5) ueZ or v eZ\{0l.

Moreover, as the vector (u, v ) belongs also to the set A(W), it follows from (7.3)
that

(7.6) lul <1 and Jo|<@®+H7'<1,

where the last inequality is due to the fact that b > é, by the convexity of A. By
combining (7.5) and (7.6), we obtain that u = 0.

Next we use the fact that the vector (u, v ) lies in H(A, e,) as well. Notice that
7o, = (a+ %, b+ é) and e; = (a — é, b— é) (where, as before, e; is regarded here

as a vector). Hence, since we have seen that u = 0, we have

o (b+ ) ={u,v),(a+},b+))) e,
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or
v (b—3)=(wv),(a=},b=1) eZ\ {0}

Therefore, if v # 0, then in each one of these cases we obtain that [o | > (b+ ;)_1,
which contradicts (7.6). We conclude that the set A(W)NH(A, e;) NH(A, e») does
not contain any vector other than the zero vector. This establishes (7.4), which, as
we have seen, implies that W is a window for A.

For our claim to be proved, it remains to show that the rectangle W in (7.2)
satisfies |W| = |A|~! if A is a parallelogram or a hexagon, and |W| > |A|~!
otherwise. To begin, notice that the definition of W implies that

(7.7) W=+
Let P denote the convex hull of the points
(78) (é: _;)a (é: é): (Cl, b); (_éa é): (_éa _é): (_a9 _b)

(see the shaded region in Figure 7.1). Observe that in the case where the polygon A
is a parallelogram then P is the unit cube, P = [—;, ;]2, and otherwise P is a
hexagon of measure b + é In any case, it follows from (7.7) that

(7.9) W] =|P|I~".

Furthermore, as A is convex and all the points in (7.8) are vertices of A, the
polygon P is contained in A. We conclude that if A is a parallelogram or a hexagon,
then it coincides with P and so |P| = |A|; whereas otherwise, P is strictly contained
inA, and |P| < |A|. Combining the latter conclusion with (7.9) completes the proof
of our claim, as it shows that if A is a parallelogram or a hexagon then |W| = |A|~!,
and otherwise |W| > |A|~!, as required. ]

7.3 Itshould be noted that the condition |W| = |A|~! in part (i) of Theorem 7.2
is sharp in the sense that the window W cannot be chosen to have measure strictly
greater than |A|~!. This is a consequence of the following lemma:

Lemma 7.3. Let A be a convex, centrally symmetric polygon in R%. IfA is a
spectral set, then any window W of A satisfies |W| < |A|~L.

This result is analogous to [LRWO0O0, Lemma 2.3], where it was shown that if A
is a spectral set and if W is an orthogonal packing region for A, then |W| < |A|~L.

Proof of Lemma 7.3. Suppose that W is a window for A, which means that
(7.1) holds. Since A is spectral, Lemma 6.2 allows us to choose a spectrum I" for A
which satisfies (6.4). Thus, from (6.4) and (7.1), it follows that

(C=T)\ {0} c A(W)C.
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Observe that according to Lemma 3.3, this implies that W + I" is a packing, or
equivalently, 1y + I is a packing. On the other hand, part (i) of Lemma 3.1 implies
that if £ := |A|~2 |T4]?, then f + I is a tiling. Now, as f + " is a tiling and Ty + I is
a packing, we may apply part (i) of Lemma 3.2 and deduce that

W] =/]1w < [r=mart,

which completes the proof. (]

One can think of Lemma 7.3 as imposing a necessary condition for the spec-
trality of a convex, centrally symmetric polygon A ¢ R?. Namely, A cannot be
spectral if it has a window W such that |W| > |A|~!. Using this proposition to-
gether with part (ii) of Theorem 7.2 yields a new proof of the result from [IKTO03]
which characterizes the spectral convex polygons in two dimensions:

Corollary 7.4 ([IKTO03]). Let A be a convex polygon in R>. Then A is a
spectral set if and only if A is either a parallelogram or a centrally symmetric
hexagon.

Proof. We know that parallelograms and centrally symmetric hexagons are
spectral sets (as these are convex polygons that tile by translations). Conversely,
suppose that A is a spectral convex polygon. According to Theorem 5.3, A must
be centrally symmetric. If A is neither a parallelogram nor a hexagon, then by
part (i) of Theorem 7.2 there is a window W for A, |W| > |A|~!. However, this
contradicts Lemma 7.3. (]

7.4 We can now complete the proof of our main result.

Proof of Theorem 2.3. We assume that Q = A x B is the product of a
convex polygon A C R?, and a bounded, measurable set B C R™. We already
know that the spectrality of both A and B implies the spectrality of €. It remains
therefore to prove the converse assertion, namely, if Q is spectral then both A and B
must be spectral sets.

So suppose that Q is spectral. Then according to Theorem 2.1, the convex
polygon A must be centrally symmetric. By Theorem 7.2 we can find a window
W for A, such that |[W| = |A|~! if A is either a parallelogram or a hexagon, and
[W| > |A|~! otherwise.

Using Lemma 6.4 we can find a spectrum A for Q which satisfies condition
(6.12). As W is a window for A, it satisfies (7.1). Combining these two conditions
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implies that
(A—=M\{0} C (A(W)C x R™ U (R? x Z(1p)).

That is, the spectrum A is W-compatible in the sense of Definition 4.1.

We may therefore invoke Theorem 4.2 in our present situation. It follows from
part (ii) of this theorem that the set B must be spectral, so the spectrality of B
is established. To conclude that A must also be spectral, we can use part (i) of
Theorem 4.2, which yields that |W| = |A|~!. This is not possible unless A is either
a parallelogram or a hexagon. In particular this implies the spectrality of A, as we
had to show. (]

7.5 Based on Theorem 2.3 and the results obtained in [GL16, GL17] we can
now deduce Corollary 2.4, which states that spectrality and tiling are equivalent
properties for decomposable convex polytopes in four dimensions.

Proof of Corollary 2.4. We assume that Q is a convex polytope in R?,
and that Q is decomposable. The decomposability assumption means that € can
be mapped by an invertible affine transformation to a cartesian product A x B of
two convex polytopes A C R", B ¢ R™ (n,m > 1) where n+m = 4. By the
invariance under affine transformations, it would be enough to consider the case
when Q =A x B.

We need to prove that Q is spectral if and only if it can tile by translations. It
is already known that the convex polytopes which tile by translations are spectral,
and what has to be proved is that Q can be spectral only if it tiles.

We therefore assume that € is spectral. We may suppose that n < m, which
leaves two possibilities, n =1 and m = 3, orn = m = 2.

If n =1 and m = 3, then A is an interval in R, and B is a convex polytope in R?
(so in this case, Q is a prism with base B). Using Theorem 1.2 we obtain that B
is a spectral set. Hence B is a spectral three-dimensional convex polytope, and so
we know from [GL17, Theorem 1.2] that B can tile R? by translations. Since the
interval A can obviously tile R, it follows that the product Q = A x B tiles R* by
translations, as we had to show.

Next we consider the remaining case, when n = m = 2. In this case, both A
and B are convex polygons in R?, hence we may apply Theorem 2.3. It follows
from the proof of this theorem that A must be either a parallelogram or a centrally
symmetric hexagon, and since the roles played by A and B are symmetric, the
same is true also for B. Hence each one of the sets A, B can tile R? by translations,
which again implies that their product Q tiles R* by translations. This concludes
the proof. ([
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8 Remarks

8.1 Itis a natural problem to extend Theorems 1.2 and 2.3 to higher dimen-
sions.

Problem 8.1. Let A be a convex polytope in R”, and B be a bounded, mea-
surable set in R™. Prove that their product Q = A x B is spectral if and only if A

and B are both spectral sets.

Theorems 1.2 and 2.3 say that this is true for dimensions n» = 1,2. For
any dimension n, we know from Theorem 2.1 that the spectrality of the product
Q = A x Bimplies that A must be centrally symmetric and have centrally symmetric
facets.

One may attempt to solve Problem 8.1 for dimensions n > 3 by adapting the
approach used in this paper for n = 2. Such a solution should involve two main
steps:

(1) The set H(A) should be defined in an appropriate way, such that the corre-
sponding versions of Lemmas 6.2 and 6.4 would be true.

(i1) A result analogous to Theorem 7.2 should be proved, stating that A has a
window W of measure |W| > |A|~!, and moreover if A is not spectral then W can
be chosen such that |[W| > |A|~!. Here a “window” is again defined by (7.1) but
with respect to the definition of H(A) made in the previous step.

Once these two steps are accomplished, a proof of the assertion in Problem 8.1
can be completed using Theorem 4.2, in the same way as we have done above for
n=2.

8.2 In dimension n = 3, we are able to perform the first step in the above
scheme. That is, we can define the set H(A) in a natural way, and then prove the
corresponding versions of Lemmas 6.2 and 6.4. In what follows, we explain the
definition of the set H(A) in the three-dimensional setting.

LetA c R?be aconvex polytope, which is centrally symmetric and has centrally
symmetric facets. We will assume that A is not a prism. (If A is a prism, then A is
decomposable, so in this case Problem 8.1 can be solved using Theorems 1.2 and
2.3)

Let F be one of the facets of A. Then by the central symmetry of both A and F,
the opposite facet F” is a translate of F', hence there is a translation vector 7z which
carries F” onto F. Further, if e is an edge of A which is contained in F, then the
central symmetry of F implies that there is another edge ¢’ of F, which is parallel
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to e and has the same length. Let 75, be the translation vector which carries ¢’
onto e. Denote

(8.1) HA,Fe)={teR’:(t,1x) e Zor(t, tr,) € Zor(t,e) e Z\ {0}}.
Finally, we define

(8.2) H(A):= [ H(A, F,e)\ {0},

(Fe)
where the intersection is taken over all the pairs (F, e) such that F is a facet of A,
and e is an edge of A which is contained in F.

(It turns out that the same set was used also in the paper [GKRS13], where the
structure of multi-tilings of R? by translates of a convex polytope was studied.)

In [GL17, Sections 6, 7, 12] the following claim was proved: if I is a spectrum
for A, and if (F, e) is a pair as above, then there exists a sequence of translates
of I" which converges weakly to a spectrum I of A that satisfies the condition
I" — T" € H(A, F,e). By iterating this process over all the pairs (F, ¢) we can
obtain:

Lemma 8.2. Let A C R? be a convex polytope, centrally symmetric and with

centrally symmetric facets. If A is a spectral set, then it has a spectrum U satisfying
(8.3) ('=D)\ {0} Cc HA).

This is the analog in dimension n = 3 of Lemma 6.2. In a similar way, we can
also prove the corresponding version of Lemma 6.4, namely:

Lemma 8.3. Let A be a convex polytope in R?, centrally symmetric and with
centrally symmetric facets, and let B be a bounded, measurable set in R™. If
Q = A x B is a spectral set, then there is a spectrum N\ of Q such that

(8.4) (A — A)\ {0} C (HA) x R™) U (R? x Z(1p)).

Actually, if some of the facets of A happen to be quadrilateral, then the conclu-
sions in the last two lemmas can be somewhat improved, in the following sense: for
each pair (F, e) such that F is a quadrilateral facet of A, we can redefine H(A, F, e) to
be a set smaller than the one in (8.1), but such that Lemmas 8.2 and 8.3 will remain
true. The new definition of the set H(A, F, ¢) in the case when F' is quadrilateral is
obtained from (8.1) by replacing the condition (7, 7r,) € Z with the stronger one
<t: TF,e> € Z\ {0}.

We conjecture that if A ¢ R? is a convex polytope, centrally symmetric and
with centrally symmetric facets, but A is not a prism, and if the set H(A) is defined
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as above, then a corresponding version of Theorem 7.2 should be true. That is,

if A can tile the space by translations then it has a window W, |W| = |A|~'; and
otherwise, A admits a window W such that |W| > |A|~'. Such a result would

imply a solution to Problem 8.1 for dimension n = 3. Moreover, it would provide

an alternative approach to the main result in [GL17] which states that if a convex

polytope in R? is spectral, then it can tile by translations. This will be the subject

of a future work.
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