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CRYSTALLINE MEASURES AND
MEAN-PERIODIC FUNCTIONS

Yves Francois Meyer

ABSTRACT. A crystalline measure is an atomic measure p which is supported by
a locally finite set and whose distributional Fourier transform is also supported
by a locally finite set. In this note linear recurrence relations on lattices are used
to construct crystalline measures supported by uniformly discrete sets. Previous
results by Pavel Kurasov and Peter Sarnak on the one hand and by Alexander
Olevskii and Alexander Ulanovskii on the other hand are recovered on the way.

1. INTRODUCTION

An atomic measure g on R™ is a crystalline measure if the three following con-
ditions are satisfied: (i) u is supported by a locally finite set, (i¢) u is a tempered
distribution, and (iéi) the distributional Fourier transform [ of p is also an atomic
measure supported by a locally finite set. This is equivalent to a generalized Poisson
summation formula, as it is shown in Section 3. In the late fifties crystalline mea-
sures were studied by André-Paul Guinand!, Jean-Pierre Kahane, and Szolem Man-
delbrojt [4] who were motivated by the relation between (a) the functional equation
satisfied by the Riemann zeta function and (b) the standard Poisson formula. Here
is the issue. Let p = Zz’;foo ardy, be an even crystalline measure which does not
charge 0. Then we set ¢(s) = > po; arA;,®. Since p is a crystalline measure we have
A= re . brd,,. Let us assume that i does not charge 0 and let ¢(s) = >, brwy, °.

Key words and phrases. Poisson summation formula, crystalline measure.
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Then ¢(s) and ¥(s) are two entire functions which are connected by the functional equa-
tion /21 (5)¢(s) = 71'_(1_5)/2F(%)1/)(1 — 5). Here T is the Euler gamma function.
In [4] Kahane and Mandelbrojt wanted to know if the converse implication is true. Does
the validity of the functional equation imply that the distributional Fourier transform
of p = Zzo:_oo agby, is Z;’;_m b0y, 7 This line of research can be traced back to
Hans Ludwig Hamburger [2]. When Kahane and Mandelbrojt wrote their paper it was
debated whether or not a crystalline measure is necessarily a generalized Dirac comb.
But this same year, Guinand discovered a revolutionary crystalline measure. In his
seminal work [1] Guinand constructed an explicit atomic measure p supported by the
set A = {£/k+1/9, k € NU{0}} and claimed that fi = ;. This beautiful example
of a crystalline measure is rooted in Guinand’s work on number theory. Unfortunately,
the proof given by Guinand in [1] was incomplete, as was noticed by Olevskii in [8].
The fascinating problems raised by Guinand were forgotten for more than fifty years.
Fortunately in 2015 Nir Lev and Alexander Olevskii gave a new life to Guinands’s work
and constructed a crystalline measure which is not a generalized Dirac comb [12]. A few
months later Guinand’s claims were proved [14]. Very likely the revival of Guinand’s
work is due to the discovery of quasi-crystals by Dan Shechtman (1982). A quasi-crystal
is modeled by an atomic measure u enjoying two properties at least: (i) p is a weighted
sum of Dirac measures on a uniformly discrete set A and (i) the diffraction image of
1 is also an atomic measure. One often adds a fivefold symmetry requirement. The
diffraction image of y is a renormalized version of |fi|?. One could believe that a quasi-
crystal is a crystalline measure. It is not the case, as it was proved by Lev and Olevskii.
This issue is related to the problem of stable interpolation, as it is noticed in Section 9.

A set A is uniformly discrete if the set M of distances between two different ele-
ments of A has a positive lower bound. A uniformly discrete set of real numbers has a
finite upper density. In Guinand’s example as well as in the construction by Lev and
Olevskii the density of the support of the crystalline measure is infinite. That explains
why the construction of a non trivial crystalline measure whose support is a uniformly
discrete set is a spectacular result. Pavel Kurasov achieved this feat. Quantum graphs
are seminal in this beautiful discovery. Recently Pavel Kurasov and Peter Sarnak re-
placed quantum graphs by a clever argument using some special polynomials (named
stable polynomials) and Cauchy’s residue theorem [5]. Stable polynomials originate from
quantum graphs but can be defined independently. Soon after Alexander Olevskii and
Alexander Ulanovskii discovered a new family of crystalline measures supported by
uniformly discrete sets [16].

Four constructions of crystalline measures supported by uniformly discrete sets are
described in this note. The third construction is the more general and is detailed in
Theorem 5. The crystalline measures obtained from the other constructions can also
be deduced from Theorem 5. Our first construction uses linear recurrence relations on
lattices. These recurrence relations are studied in Section 2. Some notations and the
definition of crystalline measures are presented in Section 3. The results obtained in
Section 2 are used in Section 4 to construct a non trivial crystalline measure p supported

2In Guinand’s work as well as in [4] the Fourier transform of f is f(y) = [z exp(—2mizy) f(x) da.
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by a uniformly discrete set. This short proof does not unveil the geometric properties of
v and does not provide us with a crystalline measure of the form p =37, dx where A
is a uniformly discrete set. Curved model sets [12] are needed to prove the fine results
obtained by Kurasov and Sarnak on the one hand, and by Olevskii and Ulanovskii on
the other hand. This second construction of crystalline measures is detailed in Section 5.
Our third construction (Theorem 5) relies on the theory of mean-periodic functions. The
relation between crystalline measures and mean-periodic functions is deep and seminal
as is shown in Section 8 and in a spectacular paper by Olevskii and Ulanovskii [17].
Finally crystalline measures are obtained by almost periodic perturbations of lattices
in Section 9. In Section 10 we return to [4] and we unveil the general Dirichlet series
which are associated to crystalline measures. Our next goal is to extend the present
work to the construction of crystalline measures on R™.

2. RECURRENCE RELATIONS

The Fibonacci sequence is defined by the recurrence relation:
Cht1 =Ck +Cr—1, k €N, (1)

with the initial conditions ¢y = 0,¢; = 1. The Fibonacci sequence has an exponen-
tial growth at infinity. If one started with the initial conditions ¢y = 1,¢; = 0, one
would obtain the same Fibonacci sequence shifted by 1. Our construction of crys-
talline measures relies on linear recurrence relations indexed by k € Z™ instead of the
usual £ € N. As an example let us compute the full Fibonacci sequence, defined as
the Fibonacci sequence indexed by k € Z. We start from ¢y = 0,¢; = 1. We obtain
c.1=1,co=—1,c_3=2,c_4=—3and finally c_j, = (—=1)¥*1¢;, k € N,

The exponential growth of the Fibonacci sequence sharply contrasts with what hap-
pens to the solutions of the recurrence relation:

Chy1 — 2rcp +cp—1 =0, k€ Z, (2)

when r € (—1,1). Any solution of (2) is an almost periodic function of k. Indeed
the characteristic polynomial of (2) is P(z) = 2% — 2rz + 1. The roots of P are z =
exp(+i¢) where ¢ € (0,7) is defined by cos¢ = r. The solutions of (2) are given by
¢ = a exp(ike) + b exp(—ik¢g) where a and b are two constants. The same property
holds for the equation

Crts — (1/2)cps2 — (1/2) g1 + e = 0. (3)
The characteristic polynomial of (3) is P(z) = 2% — (1/2)2? — (1/2)z + 1. The roots
of P are 2 = —1 and z = 3/4 + i\/7/4. These three roots 21, 29, 23, satisfy |z| = 1. It
implies that any sequence ¢, k € Z, fulfilling (3) is almost periodic. It is the sequence

of Fourier—Stieltjes coefficients of an atomic measure supported by {zi, 22,23} C T.
The circle group T is defined by {z € C; |z| = 1}.

A last example is given by the recurrence relation
Ck44 + 2¢143 — 2Ck42 + 2¢41 + ¢, =0 (4)

where k € Z. Any bounded solution ¢j € I°°(Z) of (4) is an almost periodic sequence.
Indeed the roots of the characteristic polynomial of (4) are o 44/ and ¢ + /¢ where
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a = _1%‘/5 and ¢ = 1+T\/g is the golden ratio. Let us observe that 6 = ¢ + /¢ is
a Salem number. A Salem number is an algebraic integer whose conjugates (6 being
excepted) all belong to the closed unit disc, one of these conjugates at least belonging to
the unit circle. In our example we have |a +iy/a| = 1 and |¢ — /¢| < 1. The bounded
solutions of (4) are given by ¢, = a(a + iv/a)* + b(a — i/a)*, k € Z, where a and b
are two constants. The dimension of the vector space of all solutions of (4) is 4 but the
dimension of the vector space of bounded solutions is only 2. This phenomena will be
met again in this note.

Our first proof of the existence of crystalline measures supported by uniformly dis-

crete sets relies on the properties of bounded solutions to the linear recurrence relation
defined on Z? by:

cm+1,n+1)=(1/2)c(m+ 1,n) + (1/2)c(m,n + 1) — ¢(m,n) (5)
where (m,n) € Z?. One could use other recurrence relations. For instance one could
replace the coefficient 1/2 in (5) by any real number r € (—1,1). The case r = 0
yields trivial results. Omne could use the linear recurrence relation ¢(m + 1,n + 1) =
Ce(m +1,n) + {c(m,n + 1) — ¢(m,n) where ¢ is a complex number and |¢| < 1. One
could also use the recurrence relation R, s defined on 72 by:

clm+2,n+1)—re(m+1,n+1)—sc(m,n+1)
=sc(m+2,n) +re(m+1,n) —c(m,n)

where r and s are two real numbers such that |r| + |s| < 1. One of the crystalline
measures constructed by Olevskii and Ulanovskii in [16] can be obtained from a bounded
solution of the linear recurrence relation defined on Z? by:

cm,n+1) —c(m,n—1) =rc(m+1,n) —rc(m—1,n) (6)
where (m,n) € Z? and r € (—1,1).
The first part of this note is devoted to the study of (5). In a second part (6) is

investigated and the results obtained by Olevskii and Ulanoskii are recovered. Then
other constructions of crystalline measures are discussed.

Let & be defined on Z? by
£(0,0) =1, 5(1,0) = —1/2, k(0,1) = —1/2, k(1,1) = 1, (7)

and k = 0 elsewhere on Z2. If the sequence c(m,n), (m,n) € Z?2, is denoted by v an
equivalent formulation of (5) is given by the convolution equation v * k = 0 on Z2. A
similar remark is valid for the other examples of linear recurrence equation which are
studied in this note. We have seen that the solutions of a linear recurrence relation
on a lattice £ are not almost-periodic sequences in general. But they are always the
mean-periodic functions on £. Here we anticipate on Section 6.

There exists a non trivial solution ¢(m,n) to (5) such that ¢(m,0) = 0 identically
in m € Z. To construct this solution it suffices to impose ¢(m,0) = 0 for m € Z,

¢(0,1) = 1, and ¢(0,n) = 0 for n € Z, n # 1. All other values of ¢(m,n) are then
deduced from (5). First we have ¢(m,n) = 0 for any m and any n < 0. From the point
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(1,0) we move up and right. We obtain ¢(1,1) = 1/2,¢(2,1) = 1/4,¢(3,1) = 1/8,....
Moving up and left we obtain ¢(—1,1) = 2,¢(—2,1) =4,¢(—3,1) = 8,.... We then keep
moving up and starting from the column m = 0 we compute ¢(m, n) for any n > 2. This
solution to (5) has an exponential growth. Another example of a solution of (5) with
exponential growth is given by ¢(m,n) = (7/2)™(1/4)™. We give up these examples
and study the solutions to (5) belonging to [°°(Z?). Some bounded solutions of (5) are
provided by the following lemmas:

Lemma 1. For any “initial condition” ag(m) € 1?(Z) there exists a unique solution
c(m,n) € 1°°(Z?) to (5) such that c¢(m,0) = ag(m). Moreover this solution tends to 0
as |m| 4+ |n| tends to infinity.

The following definition is needed in the proof of Lemma 1.
Definition 1. One denotes by T the circle group and by S'(T) the space of all distri-

butions on T. Then PM(T) is the space of all o € S'(T) whose Fourier coefficients
belong to I1°°(Z). The norm ||o||par is the [°° norm of these Fourier coefficients.

Let us study the solutions c¢(m,n) € [°°(Z?) to (5). We consider the Fourier series

oo

B = Y elmon)zm (®)

m=—0oQ

where z = exp(if), 6 € [0,27). Then f, belongs to PM(T) and (5) is equivalent to the
recurrence relation:

(L= 2/ fuss() = (1/2 = 2)ful2), m € Z. (9)
The inner function B(z) = }/7 22_/; is holomorphic in the unit disc, it satisfies |B(z)| =1

and B~!(z) = B(2) on the circle group. We then have f,,1(2) = B(z)f.(z) and
fn(2) = B"(2)fo(2),n € Z. Let L?(T) be the Hilbert space of square integrable
functions on T equipped with the norm | f]2 = ( OQW |f(e9)|?df/2m) /2. Since fo
belongs to L2(T) it implies that f,, also belongs to L?(T) and we have ||f,|l2 = || fol|2
for any n € Z. This ends the proof of the first assertion of Lemma 1. The same proof can

2’ —rz—s
—522—rz+1"

be used for the recurrence relation R, s. Then B(z) is replaced by C(z) =
We have |C(z)| =1 on the circle group.

Let us prove the second assertion of Lemma 1. It relies on the following lemma:

Lemma 2. If B(z) = 1/722_/; there exists a constant C such that | B"||pasry < C|n|~Y/3

forn € Z,|n| > 1.
Indeed, B(exp(if)) = exp(i&(0)) where & is the real valued C*>° function defined by

£(0) =7 and % = 5/4377/3030. The Fourier coefficients of B"(z) are
1 2
Im,m) = o / exp(ing (0) — im) do, (10)
™ Jo

and we shall estimate sup,,cz |I(m,n)|. Then Lemma 2 follows from van der Corput’s
lemma as it is shown now. The function £ is increasing and we have £(0 + 27) =
€(0) — 2m. The second derivative £’ of ¢ vanishes when §# = 0 or § = 7 but we have
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[€7(0)] > c1(n) > 0ifnp < |0 <7 —nand 0 < n < w/6. The standard stationary
phase estimate cannot be used but the third derivative of £ satisfies [£”/(0)] > ca(n) > 0
if 0] < nor|f—x <nandifn > 0is small enough. Finally, van der Corput’s
lemma implies the uniform estimate |I(m,n)| < C|n|~/3. Let us observe that the
standard stationary phase estimate |I(m,n)| > c|n|~'/? is valid if |m| < |n|/4 and
implies that the norm of B(z)" in the Wiener algebra A(T) is larger than ¢/\/|n|. The
Wiener algebra consists of the continuous functions f on T whose Fourier coefficients
f(k), k € Z, belong to I'(Z) and the norm of f in the Wiener algebra is this I! norm
[18].

To prove the second assertion of Lemma 1 we first treat the case where ao(0) = 1
and ag(m) = 0 if m # 0. Then Lemma 2 and (9) imply that the solution of (5) tends
to 0 at infinity. The space of all solutions of (5) is translation invariant and the same
conclusion holds if ag(m) = 0 if m # mg and ag(mg) = 1. If ag is finitely supported the
same conclusion is obtained by linearity. Finally the general case follows by density in
1%(Z).

It is tempting to replace the hypothesis ag(m) € (?(Z) by the more natural condition
ap(m) € [°°(Z). Unfortunately, Lemma 1 would be wrong since the norm of B(z)"
in the Wiener algebra A(T) growths as /n as n — oco. Let B(Z) be the Banach
algebra consisting of Fourier—Stieltjes coefficients fi(k), k € Z, of complex valued Radon
measures p on the circle group T. The norm of i in B(Z) is ||u|]. Then B(Z) contains
12(Z) and is contained in [°°(Z). Similarly, B(Z?) denotes the Banach algebra of Fourier—
Stieltjes coefficients of the complex Radon measures i on the two dimensional torus T?2.
The norm of /i in B(Z?) is the total mass of || denoted by ||u||. We then have:

Theorem 1. For any initial condition ag(m) € B(Z) there exists a unique solution
c(m,n) € 1°°(Z?) to (5) such that c¢(m,0) = ag(m). We have c¢(m,n) € B(Z?*) and
lc(m, n)||gz2) = llao(m)||gz). Moreover if ag(m) are the Fourier—Stieltjes coefficients
of a probability measure p on T, then ¢(m,n) are the Fourier-Stieltjes coefficients of a
probability measure o on the two dimensional torus T2.

These probability measures o play a seminal role in our second construction of sparse
crystalline measures given in Section 5. Let us define f,,(z) by (8). If fo(z) = d,,(2) is
the Dirac measure at zg € T then we obviously have f,,(z) = B"(2¢)d.,(z), n € Z, which
implies ¢(m,n) = Zp" B"™(2p). Since |B(zo)| = 1, o is a Dirac measure at (zo, B(Zo)).
This remark suggests that for any probability measure p on T, ¢ is the image of p by
the map z — (z, B(%2)). This claim will be proved in Section 5. Let z = exp(if) and
P(0) = —£(0). We then have B(Z) = exp(it(0)) and the point (z, B(Z)) belongs to the
curve I' pictured in Figure 1. This function v will be met again in Section 5.

Here are some preliminary remarks needed in our first construction of sparse crys-
talline measures. Let S C Z2 be the sector defined by m > 0,n > 0. It is easy
to construct non trivial solutions ¢ € [°°(Z?) of (5) which are supported by S + B
where B is a compact disc. Then it is proved in Section 4 that the series v =
E(mm)ep c(m;n)8(m4na) is a crystalline measure when a > 0. Moreover, the sup-
port A of the inverse Fourier transform of v only depends on « and not of the solution
¢(m,n) of (5). This support A is a uniformly discrete set of real numbers.
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Here is the construction of these localized solutions. If the initial condition ¢(m,0) €
12(Z) satisfies ¢(m, 0) = 0 for m < —1 then f, belongs to the Hardy space H2. Therefore
the same is true for f,,, n € N, since B(z) is holomorphic in the unit disc. In other terms
for any n € N we have ¢(m,n) = 0 for m < —1. Moreover ¢(0,n) = 27"¢(0,0). Similarly,
¢(m,0) = 0 for m > 1 implies ¢(m,n) = 0 for n < —1 and m > 1. These two remarks
and the translation invariance of (5) imply the following. If fo = ZTT c(m,0)z™ is
a trigonometric polynomial then ¢(m,n) = 0 if n > 0,m < =T while ¢(m,n) = 0 if
m > T,n < 0. Here is a sharper result.

Lemma 3. Let S C Z? be the sector defined by m > 0,n > 0. Let V be the vector space
of all bounded solutions to (5) which are supported by S U (=S). Then the dimension
of V is 3.

Indeed, one is looking for an initial condition fo € PM(T) such that a(z) =
B(2) fo(2) is holomorphic in the unit disc and b(z) = B~1(2) fo(2) is anti-holomorphic.
It implies (1 — z/2)%a(z) = (1 — 22)?b(z). Therefore the Fourier series of F(z) =
(1 —2/2)%a(z) is Do axz® but is also (1 — 22)2b(z) = 22_00 biz". It implies F(z) =
ap + a1z + a2z%. Finally the dimension of V is at most 3. We now construct a basis of
V.

We first study (5) with the initial condition ¢(0,0) = 1 and ¢(m,0) = 0 if m # 0.
Then f,(z) = B(2)" for every n € Z. When n > 0, f,, is holomorphic and ¢(m,n) =0
for m < —1. When n < —1, f,(2) = B(2)!"! is anti-holomorphic and ¢(m,n) = 0 for
m > 1. Moreover ¢(0,n) = 271"l and ¢(—m, —n) = c¢(m,n) on Z2.

Definition 2. This solution to (5) is denoted by vo(m,n).
In contrast with what happens in the one dimensional case g is a bounded solution

to (5) which is not Bohr almost periodic. A simple calculation gives Y ~vo(n—m,m) =
cos(nm/3) for any n € Z.

In our second example ¢(m,0) = (1/2)™ if m > 0 and ¢(m,0) = 0 if m < —1.
Then fo(2) = (1 — 2/2)7! and f,(2) is holomorphic if n € N. We have c¢(0,n) =

1/2)", n > 0,¢(0,n) = 0, n < —1. Moreover f_i(z) = —+—=+ and more generally
1-z/2

fu(z) = —B‘”'(E)l_zz/2 if n < —1. Therefore, f, is anti-holomorphic if n < —1. We

have ¢(—m, —n) = —c(m — 1,n — 1) on Z? in this second example.

Definition 3. This solution to (5) is denoted by v1(m,n).

We have Y ~v1(n —m,m) =sin((n + 1)7/3)/sin(7/3)) for any n € Z. In our third
example ¢(m,0) = (1/2)/™ if m < 0 and ¢(m,0) = 0if m > 1. Then fo(z) = (1-%z/2)"".
We have f1(z) = B(2)fo(z) = —2(1—2/2)~! and f,,(2) is holomorphic if n € N. We have
c(0,n) =0, n >1,¢(0,n) = (1/2)!, n < 0. Moreover f_;(z) = (1112722)2. Therefore f,
is anti-holomorphic if n < —1.

Definition 4. This solution to (5) is denoted by va(m,n).

We have ) v2(n —m,m) = —sin((n — 1)7/3)/sin(x/3)) for any n € Z. These
three solutions are linearly independent and the existence of sparse crystalline measures

11
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follows directly from the properties of these three solutions of (5). It can be proved that
any solution of (5) which is supported by S U (—S) is a bounded solution.
We now consider the linear recurrence relation (6). This example differs strongly from

the preceding one. As it was mentioned above we start with a real number r € (—1,1)
and consider the linear recurrence relation defined on Z? by:

cmyn+2)—c(m,n) =rlc(m+1,n+1)—c(m—1,n+1)]. (12)

The analysis we performed on (5) is used here. Instead of the complex variable z used in
(8) it is more convenient to set z = exp(iz) and to use the real variable . We consider
the 2m-periodic functions f,,, n € Z, defined by

fu(@) = e(m, n) exp(imz). (13)

Then (12) is equivalent to fyio2(z) + 2irsina fr41(x) — fn(x) = 0. Let us define the
function ¢(x) by ¢(x) € [—7/2,7/2] and sin ¢ = rsinxz. We then have

fu(x) = a(x) exp(—ing) + (—=1)"b(z) exp(ing), n € Z. (14)

Lemma 4. If the initial conditions ag(m) and ai(m) both belong to I>(Z) there exists a
unique bounded solution to (12) such that ¢(m,0) = ag(m) and ¢(m, 1) = a1(m), m € Z.
Let us find a(x) and b(x) such that
fox) = a(x) +b(x), fi(z) = a(z)exp(=id(x)) — b(z) exp(i¢(z)).
It yields fo(z)exp(ig(z)) + fi(z) = 2a(z) cos(p(z)). But cos(¢(z)) > v/1 —r? implies
a(z) € L?(0,2m). Similarly, b(x) € L*(0,27). Finally, (14) implies ||f.]2 < C as
announced.

We consider the solution to (12) defined by fo(x) = 1 and fi(x) = 0. We then
have f,(z) = W if n is even and f,(z) = fi% if n is odd. Tt implies
Jrt2 + fn(x) = 2cos(ng) if n is even and f42 + fo(x) = —2isinng if n is odd. Tt
follows from the properties of Chebyshev polynomials that f,(x) is a trigonometric
polynomial whose highest frequency is n — 2 if n > 2 and |n| if n < —1. It implies that
the support of ¢(m,n) is contained in the cone |n| > |m|.

Definition 5. This solution to (12) is denoted by a(m,n).
It is proved in Section 4 that v = Z(m n)ez2 a(m,n)d(mina) is a crystalline measure
when a > 1, ¢ Q, and o > \/117

3. CRYSTALLINE MEASURES

Some usual notations and definitions are recalled in this introductory section. The
Dirac measure at a € R™ is denoted by d, or d,(x). A purely atomic measure is a linear
combination p = )y, ¢(A)dx of Dirac measures where the coefficients c(\) are real or
complex numbers and |, < [c(A)] is finite for every R > 0. If ¢(A) # 0, VA € A, then
A is the support of . A subset A C R"™ is locally finite if AN B is finite for every bounded
set B. Equivalently, A can be ordered as a sequence {\;, j = 1,2,...} such that |);]
tends to infinity with j. A measure u is a tempered distribution if it has a polynomial
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growth at infinity in the sense given by Laurent Schwartz in [19]. For instance, the
measure >, 280, is not a tempered distribution, while the two series Y - | k35 and
> neq 2F[0(q0-5) — 0] are tempered distributions. These two examples illustrate the
following proposition.

Proposition 1. Let 1= ) ., a(A)dx be an atomic measure supported by a uniformly
discrete set A C R. Then u is a tempered distribution if and only if there exist an
exzponent N and a constant C such that |a(\)] < C(1+ AN, X € A.

The Fourier transform F(f) = f of a function f € LY(R") is defined by f(y) =
Jgn €xp(—iz - y) f(z) dz. The distributional Fourier transform 7i of y is defined by the

-~

condition that (fz, ) = (i, ¢) holds for every test function ¢ belonging to the Schwartz
class S(R™).

Definition 6. A purely atomic measure y on R™ is a crystalline measure if:

(a) the support A of u is a locally finite set;

(b) w is a tempered distribution;

(¢c) the distributional Fourier transform [ of p is also a purely atomic measure
supported by a locally finite set S.

A crystalline measure 1 is sparse if the support A of p is uniformly discrete.

A set A of real numbers is uniformly discrete if there exists a § > 0 such that
AN € Aand A # X imply [N — A| > 8. In other terms, A can be ordered as an
increasing sequence \;, j € Z, of real numbers such that \j ;1 — \; > 8 for any j € Z.
If moreover there exists a constant C' such that A\j;1 —A; < C for any j € Z, then A is
a Delone set.

Let p be a crystalline measure. We then have p = >\ . a(A)dy and v = 51 =
ZyGS b(y)d, where A, S are two locally finite sets. Then for every test function f €
S(R™) the following generalized Poisson formula holds

D aF) = > b (). (15)
AEA yeS
This can also be written
> a(N)exp(iz - A) =Y b(y)d,. (16)
AEA yeSs

It leads to the following conjecture:

Conjecture 1. The series )y, a(A)exp(iz - \) is the Fourier series of the almost
periodic distribution v ="73_ 5b(y)dy.

A tempered distribution S is almost periodic if for any test function ¢ the convolution
product 7' * ¢ is a Bohr almost periodic function [19]. An almost periodic measure v is
defined by a similar condition where ¢ is any compactly supported continuous function.
Proposition 1 implies Conjecture 2 if A is uniformly discrete. Indeed, the inverse Fourier
transform of v* ¢ is the atomic measure p = gu where g is the inverse Fourier transform
of ¢. Proposition 1 implies that the total mass of p is finite. Therefore v*¢ is an almost

13



Y. F. Meyer — Crystalline Measures and Mean-Periodic Functions

periodic function with an absolutely convergent Fourier series. In general, v is not an
almost periodic measure. It is not even translation bounded, as it is shown in Section
8. But v is a mean-periodic measure if A is uniformly discrete (Theorem 6). Theorem
6 opens the gate to the best available tool for constructing sparse crystalline measures
(Theorem 5).

If 1t is a crystalline measure, so is its distributional Fourier transform. This symmetry
is not satisfied in general for sparse crystalline measures. The simplest example of a
crystalline measure is the Dirac comb g = Y72 __ 8 whose support is Z. The measure
Hap) = > he oo Oakib, @ > 0,b € R, is a Dirac comb supported by aZ + b. If p
is the Dirac comb its Fourier transform is a Dirac comb supported by 27Z. Simple
manipulations on Dirac combs yield other examples of crystalline measures.

Definition 7. Let 0;,1 < j < N, be a Dirac comb supported by I'; = a;Z + b; and
let g;(x), 1 < j < N, be a finite trigonometric sum. Let j1; be the product g; o;. Then
=1+ -+ py is called a generalized Dirac comb.

The support of a generalized Dirac comb p is a locally finite set since it is included
in UNT;. The Fourier transform of a generalized Dirac comb is a generalized Dirac
comb. Therefore a generalized Dirac comb is a crystalline measure. In one dimension
Lev and Olevskii proved in [7] that if x and its distributional Fourier transform are
sparse crystalline measures, then p is a generalized Dirac comb. Do other crystalline
measures exist? André-Paul Guinand (1912-1987) pioneered this investigation in [1]
and proposed several examples of non trivial crystalline measures. Here is one of his
examples. One defines y: Z3 — {—1/2,0,4} by x(k) = 0 if k € 4Z3, x(k) = 4 if
k € 273\ 4723 and x(k) = —1/2 if k € Z3 \ 2Z3. Then the Fourier transform of the
one-dimensional odd measure 7 = Y, ;s X (k)|k| 7 (02— 6_|/2) is —iT. The support
of Guinand’s crystalline measure 7 is contained in the set A = {++/n; n € N}. The
proofs of Guinand’s claims can be found in [14] and [15].

4. A SPARSE CRYSTALLINE MEASURE

If i is a crystalline measure, its distributional Fourier transform fi is also a crystalline
measure. This symmetry between p and its Fourier transform fi shall be broken if we
want to construct a non trivial sparse crystalline measure. Indeed, we know from [7] that
a sparse crystalline measure p whose distributional Fourier transform is also sparse is a
generalized Dirac comb. These remarks force us to make a choice in our construction.
Either we focus on p which is the case in our second and fourth proof. The support A
of p is then a curved model set. Or we focus on ji which is the choice made in our first
and third proof. Then the theory of mean-periodic functions is our main tool.

Our first construction of a sparse crystalline measure relies on the properties of the
atomic measure on the real line defined by

vy = Z ZVO(m,n)(Serm@. (17)

MmeZneZ
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In our construction v/2 can be replaced by any a > 0, a ¢ Q. The corresponding series
where 7o (m,n) is replaced by v1(m,n) and ~2(m,n) are also used. The corresponding
measures are denoted by v; and vs.

The right-hand side of (17) makes sense. Indeed, we know that vo(m,n) = 0 unless m
and n have the same sign. Then |m +n+v/2| = |m| + |nv/2|. Therefore, the series in (17)

is locally finite. Since vy belongs to [*°(Z?) the measure v is a tempered distribution.
Indeed, |1p|([-R, R]) < CoR?. We have

Yo = Z Z Vo(m’n)(dern\/i + 57771,71'7,\/5) —do (18)
m>0n>0
and 120 is an even measure.

Theorem 2. The atomic measure vy is a crystalline measure and the support of the
distributional Fourier transform pg of vy is a uniformly discrete set.

The distributional Fourier transform of v exists since vq is a tempered distribution.
The following lemma is the core of the proof of Theorem 2.

Lemma 5. Let 7= 0o — (1/2)61 — (1/2)6 5+ 6, 5. We then have
vo*x1 = 0. (19)
Indeed, 7o satisfies 7o * £ = 0 which is identical to (19). The definition of « is given
in (7).

We now prove Theorem 2. The Fourier transform of a convolution product is an
ordinary product and Lemma 5 implies 7 g = 0. Therefore it suffices to check that
the real zeros of T are simple to prove that the tempered distribution pg is an atomic
measure. It suffices to check that the set A of these real zeros is uniformly discrete to
prove that pg is a sparse crystalline measure. It is proved in Section 7 that the zeros of
the Fourier-Laplace transform of 7 are real. This information is not needed here. The
following lemmas take care of these two verifications.

Lemma 6. We have |47(t)| > HT\/E uniformly on the real line.

Let 2 = exp(—it) and w = exp(—iv/2t). Then |47(t)| = [(1/2)z + (V2/2)w — (1 +
V2)zw| > # since |w| = |z| = 1. Lemma 6 implies that the zeros of T are simple.
We now use a well known observation.

Lemma 7. If a complex valued function g belongs to C*(R) and satisfies |%g(t)| >1
and |%g(t)| < C then the set of zeros of g is uniformly discrete.

It suffices to prove that g(tp) = 0 implies g # 0 on (tg,tg + C~1]. To check this
claim we write g(t) = g(to) + (¢t — to)g'(to) + fti) (t — s)g”(s)ds. Tt implies |g(t)] >
t —tog— C(t —t9)?/2 > (t — t)/2. This ends the proof of Lemma 7 and of Theorem 2.

Property (19) implies that 1 is a mean-periodic measure. This is not accidental.
The distributional Fourier transform of a crystalline measure supported by a uniformly
discrete set is a mean-periodic measure. This will be proved in Section 8 and explains our
strategy. Olevskii and Ulanovskii recently proved the following result [17]: If A C R is
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uniformly discrete, if op = » ., da is a crystalline measure and if |75 | has a polynomial
growth at infinity, then there exists a finitely supported measure 7 such that 7o, = 0.

The argument used in the proof of Theorem 2 remains valid if ~y(m, n) is replaced
by the sequence « defined by (12). If &« > 1, ¢ Q, and « > \/%ﬁ the atomic measure
V=3 men 2omez @M, N)0m 1na is a crystalline measure and its distributional Fourier
transform is supported by a uniformly discrete set as it is stated in [16].

5. A SECOND PROOF

In the proof of Theorem 2 given in Section 4 the story begins in the spectral domain.
We started with the distributional Fourier transform vq of the sparse crystalline measure
to- Then pg is recovered by an inverse Fourier transform. This does not provide us
with a direct access to the geometrical structure of pg. We only know that p is a linear
combination of Dirac measures but we do not have any information on the coefficients.
In the second proof of Theorem 2 we start from a geometrical definition of g and prove
that its distributional Fourier transform 1 is an atomic measure supported by a locally
finite set. This second proof was already detailed in 7citel2. The support A of pg is a
curved model set and the geometrical structure of A is obvious from this definition.

Let T = R/27Z. The two coordinates on T? will be denoted by 6 and ¢. Let T' C T?
be the curve whose equation is 1 — (1/2) exp(if) — (1/2) exp(i¢) + exp(i(0 + ¢)) = 0.
This equation can be written tan(¢/2)tan(6/2) = 1/3. The curve I' (see Figure 1)
is the graph of the function ¥(f) = 2arctan[(1/3)cot(6/2)]. This only defines ¢ (0)
modulo 27. A better definition of the real valued function v is given by 1(0) = 7 and
% = %. Therefore 1 is a decreasing function of §. We have ¢ (6+27) = ¢ (6)—2m.
This function v is the opposite of the one which was used in the proof of Lemma 2,
Section 2. Moreover T' is symmetric with respect to (0,0) and with respect to the
diagonal ¢ = 6 of T2. For any sequence c(m,n) € [°°(Z?) the double Fourier series

Z Z c(m,n) exp(imb + ing) (22)
meZneZ

converges in the distributional sense to a distribution o on T2, We have

Lemma 8. The distribution

oo = Z Z ~Yo(m,n) exp(iml + ing) (23)

MmEZneZ
18 a measure supported by I'. The same result is true for o1 and os.

Lemma 8 is fully consistent with Theorem 1. We now prove Lemma 8. As it was al-
ready observed (5) can be written as yy*xk = 0 where £(0,0) = k(1,1) = 1 and x(1,0) =
#(0,1) = —1/2 and k = 0 elsewhere on Z*. Let K(0,¢) = 3, , x(m,n)exp(imf +
ing) =1—(1/2) exp(if) — (1/2) exp(ip) + exp(i(0 + ¢)). Moving to the Fourier domain
Yo * £ = 0 implies that the product between the function K and the distribution oy is
identically 0. Therefore oy is a simple layer distribution supported by the curve I'. The
following lemmas are used to compute the density of oy with respect to the arc length
onI.
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Lemma 9. Let S be a distribution S on T? such that KS = 0. Then for any test
function u on T? we have (S,u) = (S,v) where v(0, ) = u(6,1(0)).

Indeed, the function g = w — v vanishes on I' by construction. Therefore g = wK
where w is a test function on T2. It implies (S, u —v) = (S, wK) = (KS,w) = 0.

The image by the map (6, $) — (0,0) of a distribution S on T? is a distribution T
on T. This distribution T is defined by (T, u) = (S, u) where u = u() is a test function
depending only on the variable 0. If 3, , c(k,1) exp(i(k0 + l¢)) is the Fourier series of
S then the Fourier series of T is ), ¢(k,0) exp(ik#).

Lemma 10. Let S be a distribution S on T? such that KS = 0. Let T be the image of
S by the map (0,¢) — (0,0). Then the distribution S is the image of the distribution
T by the map 6 — (0,4(0)).

Using the notations of Lemma 9 we have (S,u) = (S,v) = (T,v) which ends the
proof.

Returning to the computation of o9 we have T' =", ¢(k,0) exp(ikf) = 1 identically.
Therefore, op is the image of the measure 27wdf on [0,27] by the map 0 — (0,¢(0)).
The measure ﬁoo is a probability measure in agreement with Theorem 1. For any
continuous function u on T? we have (g, u) = 27 [ u(6,1(0))df. The discussion of the
second example is similar, and, using again the notations of (8), we end with fy(0) = (1—
(1/2) exp(if))~!. Therefore, o; is the image of the measure 27 (1 — (1/2) exp(if))~1df
on [0, 27] by the map 6 — (0,1(0)). In the third example o9 is the image of the measure
2m(1 — (1/2) exp(—i6))~1d6 on [0, 27] by the map 6 — (8, 1(0)).

Let h: R + T2 be the embedding of R into T? defined by h(t) = (t,v/2t). We now
reach the core of this second proof. We define pg by

1o = 0 o h. (24)

Let us sketch our second proof. The meaning and the computation of the right-hand
side of (24) are given by some elementary differential geometry as it is shown below.
It is easily proved that pg is a linear combination of Dirac measures on a uniformly
discrete set. Once this is achieved the Fourier series expansion of og o h is deduced
from the expansion of o¢. Indeed we have og = >, ;> oz Yo(m,n)exp(imb + ing)
and formally it implies oo o h = Y, > - 4o(m,n) exp(imt + iny/2t). Then the
distributional Fourier transform of g is 27 < > <7 70(m,n)d,, . 5. Therefore pg
is a sparse crystalline measure.

Here are the details of this proof. Is it possible to define v oh for any Radon measure
v on T?? This problem is illustrated by two simple examples. In the first example, v is
a continuous function F on T2. Then F o h is obviously an almost periodic function on
R. If v is an arbitrary Radon measure on T? then v oh does not always make sense. An
example of this drawback is given by v = dy. This being said, let us return to (24). The
measure oy is approximated by a smooth function of. Then p is defined by puf = o§oh
and it suffices to pass to the limit as e tends to 0 to give a meaning to (24).
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The vector e = (1,+/2) is uniformly transverse to the curve I since the function /(8)
is decreasing. If n, is the unit normal vector to I' at € I we have

le-n.| >1 (25)
on I'. A narrow strip I'. around I' is defined by
T ={z+ ttV2);z €T, Jt| <e}. (26)

Then if € is small enough the map G: T x [—¢, €] — I defined by G(0,t) = (0+1t,¢(0) +
tv/2) is a diffeomorphism. This is due to the transversality and the implicit function
theorem. The Jacobian determinant of G is [¢'(0) — v/2| > v/2. We denote by w an
even non negative C* function supported by the interval [—1, 1] and such that [w = 1.
We set w(t) = (1/e)w(t/e). The support of w, is the interval [—e,e]. Let 7. be the
image of the probability measure w,(t) dt by h: R + T2. Then the convolution product
0§ = 00 * 7. is a C* function on T? and of is supported by I'.. If z = y + (s,5V/2)
belongs to I'. where y = (6,¢(0)) €T, 0 € T, and |s| < ¢, we have

€ we(s)
oi(x) = m (27)
Let us define A C R by
A={teR;h(t) eT}. (28)
Since G: T x [—¢, €] — I is a diffeomorphism A is a Delone set. Moreover we have
oh= Z wf (t= (29)
XEA
We define o o h as the limit of of o h when € tends to 0. We obtain

opoh= Z wo (X))o (30)
AEA
where
wo(A) = [9'(A) = V2| 7L (31)

Let us observe that ¢'(\) is well defined since ¢’ is a 2mw-periodic function.

On the other hand the Fourier series of the C*° function of is

Z Z Yo(m, n)@(e(m + nv/2)) exp(imb + ing). (32)
mELNEL
This series is absolutely convergent. Therefore the expansion of of o h is

UOOh—ZZ%mn (e(m +nV/2)) exp(i(m + nv/2)t). (33)

meZnel

Since |m + nv/2| = |m| + |n|v/2 if vo(m, n) # 0 the series
> ) vo(m,n) exp(i(m + nv2)t)

meZneZ
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converges in the distributional sense. Both sides of (33) converge in the distributional
sense when € tends to 0. Passing to the limit we obtain

gooh =Y wy(Ndx= D> y(m,n)exp(i(m + nv2)t). (34)
AEA meZnez
It ends the second proof of Theorem 2.

We have
1 _ 5/4—cos )

wo(A) = V2 — Y'(N) B —2cos A
where 8 = \/3/4 4 (5/4)V/2. If instead the sequence 7, is being used these coefficients
are

wo ()

1) = T 2) exp (i) (36)

(35)

and if we turn to o we obtain

_ wo(A)

1= (1/2) exp(—iN)’
But 5/4 —cos A = |1 — (1/2) exp(i\)|? = (1 — (1/2) exp(i\))(1 — (1/2) exp(—i))) which
implies wy () + w2 (N) = 52_’2‘3325’\/\. If a and b satisfy (5/4)a +2b = and a +b =2 we

have awgy(A) + b(w1(N) + w2(A)) = 1. We have proved the following:

UJQ()\) = W1 ()\) (37)

Theorem 3. If A is defined by (28) then ), ., 0x is a crystalline measure.

We now prove Theorem 1. Here are some preliminary remarks. Let p be a Radon
measure on T and let R be the image of the measure p by the map: 6 — (6,1(60)). We
have, for any continuous function u on T2,

(Rou) = / u(6, (6))dp(6). (38)

This measure R is supported by I' which implies KR = 0. Therefore (5) is satisfied by

the Fourier—Stieltjes coefficients ¢(m,n) = R(m,n) of R. If u does not depend on the
second variable ¢ we have

(Rou) = / u(6)dp(6). (39)

We now return to Theorem 1. The sequence ag(m), m € Z, is assumed to be the
sequence of Fourier—Stieltjes coefficients of a Radon measure p. We then define R by
(38). On the one hand ¢(m,n) = R(m,n) satisfies (5). On the other hand (39) implies
¢(m,0) = R(m,0) = p(m) = ap(m). It ends the proof.

The treatment of (12) is similar. Indeed the curve defined by sin ¢ = rsin 6 has two
components I'; and I's (see Figure 2). The first component is defined by ¢ € (—7/2,7/2)
and the second one by ¢ € (7/2,37/2). Then T'; is the graph of ¢; and Ty is the graph
of 19. The functions fy and f; defined by (13) are two Radon measures on T. Let a
and b be the two other Radon measures on T which are defined by (14). It then suffices
to let Ry be the image of the measure a() by the map 6 — (0,1(0)) and to let Ry be
defined similarly by b and 5. We set R = Ry + Rs. Finally ¢(m,n) = ﬁ(m, n) solves
our problem.

19
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6. MEAN-PERIODIC FUNCTIONS

A third proof of Theorem 2 is given in this section. This proof relies on the theory
of mean-periodic functions. A Radon measure g on R is almost periodic if for any
compactly supported continuous function g the convolution product p * g is a Bohr
almost periodic function. Then for any Bohr almost periodic function f the product fu
is also an almost periodic measure. The Fourier coefficients fi(w) of an almost periodic
measure are defined by

- fixg(w)
filw) = ———
) g(w)
for any compactly supported continuous function g such that g(w) # 0. The right-hand
side of (40) does not depend on g. The spectrum S of p is defined by fi(w) # 0 and

S is a numerable set. The proof of Theorem 2 we just gave exemplifies the following
general fact.

(40)

Lemma 11. Let pu be an almost periodic measure whose spectrum is contained in Z, +
V2Z. Then there exists a unique Radon measure o on T? such that 5(p,q) = fi(p +

av'2), (p,q) € Z2.

That is how the almost periodic measure jg is related to og in Section 5. Is i an
almost periodic measure? The answer is no since jip is not even translation bounded
as it is shown in Lemma 16. But fg is a mean-periodic measure and this fact paves
the way to a deeper understanding of crystalline measures. Since fig is not an almost
periodic measure, iy cannot be a generalized Dirac comb.

We now forget these remarks and open the gate to a completely distinct proof. Let 7
be a compactly supported Radon measure on the line. The measure which is identically
0 is excluded. We consider the convolution equation f %7 = 0 where f is a continuous
function of the real variable z. No growth condition at infinity is imposed on f. If f
satisfies f %7 = 0 one writes f € C,. This vector space C, is a Fréchet space when it is
equipped with the topology of uniform convergence on compact intervals. The Fourier
Laplace transform of 7 is the entire function of the complex variable z defined by

T(z) = / exp(—izx) dr(z). (41)
This Fourier-Laplace transform generalizes the characteristic polynomial of a linear

recurrence relation.

Definition 8. Let 7 be a compactly supported Radon measure and let A C C be defined
by

A={z€C; 7(z) =0}. (42)
The measure T is mild if (a) A is a uniformly discrete set of real numbers and (b) all

the zeros of (42) are simple.

Here is an example.
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Lemma 12. Let 7 be a real valued even measure supported by the interval [—1,1]. Let
us assume that

(> s= [ drlo). (43

)

Then T is a mild measure.

Two proofs of Lemma 12 are given. Without loosing generality it can be assumed that
7({1}) = 1. We have 7(z) = 2cos z+2 f[O,l) cos(zt)dr(t). We argue by contradiction and
assume that 7(xg + iyg) = 0 for some yo > 0. The curve defined by = — cos(x + iyo) is
an ellipse E' whose focal points are 1 and —1. The width of E is 2 cosh y9. The complex
number cos(xo +iyo) belongs to E. The complex number f[o,l) cos(zot)dT(t) belongs to
the convex domain D delimited by the homothetic ellipse sE. Since 0 < s < 1 we have
DN E = (. Therefore we cannot have 7(zp) = 0 and yo > 0. The same argument can
be used if yp < 0. Here is a second proof. We argue by contradiction and assume that
T(z + ty) = 0 for some real x and some y > 0. The case y < 0 would be identical. It
implies

cosz coshy + / cos(xt) cosh(yt)dr(t) =0, (44)
[0,1)
and
sinz sinhy + / sin(xt) sinh(yt)dr(t) = 0. (45)
[0,1)

We combine linearly (44) and (45) with the coefficients cos x/cosh y and sin x/sinh y.
We obtain

1+ /[0’1) g(t)dr(t) =0 (46)

where
cos x cos(xt) cosh(yt)  sinasin(xt)sinh(yt)

t) = 47
9(t) coshy sinhy (47)

Since y > 0 and 0 < ¢t < 1 we have cosh(ty) < coshy and sinh(ty) < sinhy which
implies |g(¢)| < 1. Then we have |f[0 1) g(t)d7(t)| < 1 which contradicts (46).

If 7(z) = 0 and £7(z) = 0 we have cosz + f[o 1 cos(zt)dr(t) = 0 and sinz +
f[o 1 tsin(xzt)dr(t) = 0. We proceed as above to reach a contradiction. A similar
argument yields |-L7(z)| + [7(z)| > ¢ > 0 on the real line. Here is an example. Let
r>0and 7= 0_1 +0d; —rX[—1,1] Where x4 denotes the indicator function of the set A.

Then if 0 < r < 1 Lemma 12 implies that 7 is mild while 7 is not mild if » > 1. Indeed,
7(iy) = 2cosh —2rsinh y/y and the equation cosh —rsinhy/y = 0 has a solution y > 0.

For a Radon measure v the two following properties are equivalent: (a) v is a solution
of the convolution equation

vkT =0 (48)

and (b) for every compactly supported continuous function ¢ the function f = v * g
belongs to C;.
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Theorem 4. Let 7 be a mild measure and let A be defined by (42). Then any Radon
measure v salisfying (48) is a tempered distribution and its distributional Fourier trans-
form p =71 is a linear combination of Dirac measures supported by A.

Theorem 4 is implicitly contained in the results obtained by Jean Delsarte, Jean-
Pierre Kahane, and Bernard Malgrange on the theory of mean-periodic functions. On
the one hand, Delsarte, Kahane, and Malgrange proved that when all the zeros of (42)
are simple, the vector space V), consisting of all linear combinations of the functions
exp(iAx), A € A, is dense in C, for the topology of uniform convergence on compact
intervals. On the other hand, when A is a uniformly discrete set of real numbers,
trigonometric sums g(x) € V, satisfy uniform local L? estimates. More precisely there
exist an interval [0,7] and a constant C' > 1 such that for any trigonometric sum
g(x) = > sea ¢(A) exp(iAr) we have

" e@ra) <ol [ @) (19)
Y 0

uniformly in y. If v is a solution of (48) we consider the convolution product f = v x ¢
where ¢ is an arbitrary compactly supported continuous function. We obviously have
f € C; since v 7% ¢ = 0. There exists a sequence f;, j > 1, of trigonometric sums
belonging to V5 and converging to f uniformly on compact intervals. Then (49) holds
for f; and passing to the limit it also holds for f. Therefore, (f;H_T |f ()| dx)t/? is
uniformly bounded on the real line. Hence v is a tempered distribution. The second
assertion in Theorem 4 is then easy. We have 70 = 0 and since the zeros of 7 are
simple, 7 is a linear combination of Dirac measures on A. The proof of Theorem 4 is
completed and we are now close to the construction of crystalline measures supported
by uniformly discrete sets.

Theorem 5. Let a; < ax < --- < ay be N real numbers and let c;, 1 < j < N, be
some real or complex coefficients. We assume ¢ # 0 and cy # 0. Let 7 = Zfl il -
For any a € (ay,an) there exists a unique Radon measure v such that (i) v is a solution
of (48) and (ii) the restriction of v to (a1,an] is 04. Moreover v an atomic measure
supported by a locally finite set. Finally, if T is mild, v is a tempered distribution and its

distributional Fourier transform p is a linear combination of Dirac measures supported
by the Delone set A defined by (42).

Olevskii and Ulanovskii proved Theorem 5 independently with completely distinct
methods [16]. In a variant on Theorem 5, 7 is not a mild measure but satisfies a weaker
hypothesis. More precisely in this new theorem one only assumes that the zeros of the
Fourier—Laplace transform of 7 are real and simple. Then the measure v is a crystalline
measure. This will be proved in a forthcoming paper. The proof of Theorem 5 is given
in Section 7.

7. A PROOF OF THEOREM 5

The proof of Theorem 5 is detailed on a familiar example. From now on we focus on
the measure

To =00 — (1/2)81 — (1/2)0a + 0140 (50)
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where oo > 1,0 ¢ Q. A Radon measure v belongs to M(7,) if v * 7, = 0.
Lemma 13. The measure 7, is mild and we have |17, (z)| > $2 on the real line.

We have 7, = 7, * d140 where Ta = 6_1ta — (1/2)61%& - (1/2)671;& + 0140 Is an
even measure. Then Lemma 12 can be applied to 7, which implies Lemma 13.

Lemma 14. Let M = {m +na;m > 0,n > 0} be the additive semi-group generated by
0,1, and o. Then for any a € (0,1+a] there exists a unique atomic measure v € M(7,)
whose restriction to (0,14 «] is 6,. The support of v is (a + M) U (a — M).

Indeed, if f is a function or a distribution then f % 7, = 0 reads

f@)=Q12)fx =)+ (1/2)f(x —a) = flz —a—1). (51)

Then (51) can be viewed as an evolution equation where z is the time variable. The

initial condition is the restriction of f to I = (0,14 a]. If 1 + o < # < 2+ «, we have

x—lel,z—a€l,r—a—1¢€l, and (51) yields f(x). If the restriction of f to

Jm = (0,m + o], m € N, is a linear combination of Dirac measures then the same is

true for the restriction of f to J,,+1. The same induction is applied to (—oo,0) which
ends the proof. The second assertion of Theorem 5 is implied by Theorem 4.

8. EXPLANATION
The following theorem explains the strategy used in our constructions.

Theorem 6. If the support A of a crystalline measure u is uniformly discrete, then the
distributional Fourier transform [ of u is a mean-periodic measure.

The proof is immediate. If A is a uniformly discrete set of real numbers there exists
a non trivial compactly supported continuous function A such that h = 0 on A. We
set h(x) = h(—z). Then Iyt = 0 which implies h % [i = 0 as announced. The simplest
mean-periodic measures v are the solutions of an equation v * 7 = 0 where 7 is a finite
linear combination of Dirac measures. This was our choice. Theorem 6 is completed by
the following observation:

Lemma 15. Let A C R a locally finite set. Let us assume that p = Y .5 0x 5 a
crystalline measure. Then p is an almost periodic measure and i is a mean-periodic
measure.

Olevskii and Ulanovskii proved a deeper result in [17]. Under a technical hypothesis
which is satisfied in all the existing examples they prove that there exists a finitely
supported atomic measure 7 such that 7 % g = 0. Let us prove Lemma 15. We de-
note by ¢ a positive even function in the Schwartz class whose Fourier transform (;AS
is compactly supported. Let ¢,(z) = ¢(z — u). We then have I(u) = [ ¢,dp =

(1/27) [ exp( —zuy)gg( )dii(y). Since @ is a Radon measure, |I(u)| < C. It implies that
f vt du < C and p is translation bounded. Hence A is a finite union of uniformly
dlscrete sets.

Let us prove that p is an almost periodic measure. Since p is translation bounded
it suffices to prove that p % g is an almost periodic function when g belongs to the

23
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Schwartz class and g is compactly supported. But this is trivial since p * g is a finite
trigonometric sum. Indeed the Fourier transform of p x g is a finite linear combination
of Dirac measures.

If A C R is a uniformly discrete set there exists a compactly supported continuous
function A such that h = 0 on A. If A = udy M; where M is uniformly discrete there
exist N compactly supported continuous functions h; such that h = 0 on M;. We
then observe that h = hy * - - - * hyy is not identically () since the product of two entire
functions cannot be identically 0 unless one of them is identically 0. Then h=0onA.
We now return to the crystalline measure . We set h(z) = h(—z). Then hy = 0 which
implies h * i = 0 as announced.

Lemma 16. The measure vy = fig of Section 4 is not translation bounded.

Indeed, we have fOR d|vg| > CR?/? which implies our claim. To prove this estimate it
suffices to show that Z‘mMMSR |vo(m,n)| > cR3/2. But this is implied by the estimate
Ivo(m,n)| > ¢|n|~1/2, ¢ > 0, which is valid if |m| < |n|/4.

9. THE LAST PROOF

Here is our fourth proof of the existence of sparse crystalline measures is given. It
does not depend on the preceding results but follows directly from [11]. As it was
already mentioned a Radon measure p on the real line is almost periodic if for every
compactly supported continuous function g the convolution product p * g is a Bohr
almost periodic function. Let |[z] be the integral part of x and let {z} = = — |z| be
the fractional part of z. Let a be an irrational number and let

Me = k+ {ak}, k € Z. (52)

Then o = ) ;.7 0x, is not an almost-periodic measure. However A, = {\; k € Z}
is a model set [10] and a weighted version oo, = ), ., Wiy, of 0, is an almost-periodic
measure supported by A, [10]. Here is a deeper result:

Proposition 2. The set A, of real numbers defined by (52) cannot contain the support
of a crystalline measure.

We argue by contradiction. First A, is a universal set of stable interpolation [9].
Given a Riemann integrable compact set K whose measure |K| exceeds 27 (the density
of A, is 1) the following property holds: for any square integrable sequence ¢(\), A € A,,
there exists a square integrable function f supported by K whose Fourier transform
coincides with ¢(\) on A,. By duality this is equivalent to the following property.
There exists a constant C' such that

Z le(V)]? < CQ/ Z )exp(idz)|? dzx (53)
AeAq A€M

is satisfied for any sequence c¢(\) € [2(A,). Then (53) is also satisfied for any finite sum
> aea, ¢(A) exp(—iAz) which is simply the complex conjugate of } )y ¢(A) exp(idx).
Assuming that there exists a crystalline measure p supported by A, let us disprove
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(53). Let S be the support of the Fourier transform of . Let K be a Riemann integrable
set such that (i) K NS = () and (i7) |K| > 27. Such a compact set exists since S is
locally finite. Let ¢ be an even function supported by [—e, €] and belonging to the
Schwartz class. Here € > 0 is small enough to insure (K + [—¢,¢]) NS = ). Let ® be
the Fourier transform of ¢. The product ®u =), ¢(A)dy is an atomic measure and
Proposition 1 implies that its total mass is finite. One can easily fix ¢ so that ®u is not
identically 0. It suffices to have ¢(x) = g(x/€) where g is an even function supported by
[—1,1]. If € is small enough ®u is not identically 0. The Fourier transform of @y is the
series 27 * [i = >\ ¢(A) exp(—iAz). This series vanishes on K which contradicts
(53). Proposition 2 is proved.

The situation changes dramatically if the sawtooth function x — {x} is replaced by
a smooth 1-periodic function #. As it was already mentioned, a 1—periodic continuous
function @ belongs to the Wiener algebra if its Fourier series is absolutely convergent.
Such a function 6 is identified to a continuous function on R/Z. Let « be an irrational
real number. Let \p = k+0(ak), Ag = {A\, k € Z}, and 09 = ) ;o5 0x,. The set Ay is
symmetric with respect to 0 if and only if § is an odd function. If §(z) = ¢ is a constant
function we have Ay = Z + ¢. From now on this trivial case is excluded and 6 is not a
constant.

Proposition 3. Let 0 be a 1—periodic real valued function belonging to the Wiener
algebra. Then oy is an almost periodic measure and its distributional Fourier transform
is the atomic measure og defined by

0p = 2w Z Z v(p,q + ap)52w(q+ap) (54)
PEZL qEL
where
Apa+on) = [ | elmitpu s (a-+ o)) du (55)

Proposition 3 is Proposition 6.2 of [11]. Proposition 3 provides us with a direct proof
of the existence of sparse crystalline measures.

Theorem 7. Let o be an irrational real number. There exists a 1-periodic real valued
function 8 = 0, with the following properties:

(a) the derivative 0" of 0 satisfies |00 < |a|7%;

(b) 0 is a C* function;

(¢) 0 is odd;

(d) og is a crystalline measure and Ay is a Delone set.

Proving Theorem 7 amounts to computing the integral in the right-hand side of (55).
A change of variables is needed to do it. The change of variables and the construction
of # are unveiled after providing the reader with some heuristics. As stated in Theorem
7 the 1-periodic function @ is smooth and shall satisfy ||0'||oc < |a|™!. Therefore the
change of variables u + af(u) = x defines a smooth diffeomorphism ©: R + R which
commutes with integral translations. For any k € Z and v € R we have O(u + k) =
O(u) + k. The inverse diffeomorphism ©~1 also commutes with integral translations.
Since o # 0 one can divide by a and define a 1-periodic smooth function ¢ by ©~!(z) =
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x — a(z). This looks artificial but will be explained in a moment. We have 0(u) =
Y(x) = Y(u+ af(u)) identically. Finally, ¢ is defined by ¢(z) = ¢(z) + No = (Na +
1)0(u) + Nu where N belongs to N and will be specified. For technical reasons « is
negative in the proof of Theorem 7. Since € is odd the sign of « is irrelevant.

From now on « is negative, an assumption which can be eventually dropped. The
proof starts the other way around and begins with the definition of ¢. Then 6 will be
obtained by inversing the preceding construction. We start with a Blaschke product B in
the open unit disc D. A Blaschke product is defined by a finite set 21, . .., zx, of complex
numbers belonging to the open unit disc. We have B(z) = IIIV IZ__ZZij . The boundary T of
D is now identified to R/Z via z = exp(2miz). Then the real valued function ¢ is defined
as the phase of the restriction of B(z) to T. We have exp(2mi¢) = B(exp(2wiz)) on R/Z.
This phase is not continuous on R/Z but there exists a 1-periodic smooth function 3 on
R such that ¢(z) = ¥ (z) + Nz on R. If ||[¢)'[| 0o < |7t the map x — u = 2 —atb(z) is a
diffeomorphism of R which commutes with integral translations. The inverse mapping
also commutes with integral translations and is given by z = u + af(u). This defines
the 1-periodic smooth function 6 we are looking for. Obviously € depends on « while
1) does not.

We now return to the computation of
1) = [ el-2mipu-+ g+ an)d(w) du. (56)
Performing the change of variable x = u + af(u) or u = & — ap(x) we obtain
I(p,q) = / 2wl £ @)L - o' (@) (57)
This can be written
1) = [ eol-2mip—aV)r+ @)l - ov/@)de @9

Our choice of ¢ implies that I(p, ¢) = 0 for many pairs (p, q). Since B(x) = exp(2mi¢(z))
is the trace on T of a holomorphic function in the disc D we have

/R/Z exp|—2mi(ma + qé(z))] dz =0 (59)

ifg<—land m < —1,0r ¢ > 1 and m > 1. On the other hand, (59) and an integration
by parts yields

/R | epl2milm 4 gofa)Jo (@) e = 0 (60)
ifg<—1land m < —1,0r ¢ >1and m>1. Then (59) and (60) imply
/M exp[=2i(m -  + qb(@))](1 — ot () da = 0 (61)

ifg<—landm<—-1,org>1and m > 1.

Therefore I(p,q) =0if g < —landp—Ng< —1lorg>1and p— Ng > 1. It follows
that the spectrum of gy is locally finite if —1 < Na < 0.
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We now choose N real numbers z; = r; € (—1,1) and consider the corresponding
Blaschke product B(z). Then B(z) = B(zZ) and ¢ is an odd function. We have ¢(z) =
Y(z) + Nz and ¢ = 91 + -+ + ¢y where ¢;(z) is the phase of 1 — rj exp(—27z). It

implies [|9}]|cc < 123]] If 2700 4. 4 278 < |q| =1 the preceding scheme can be

completed. Then 0 is also an odd function and « can be replaced by —a. Theorem 7 is
fully proved.

Proposition 4. The set Ay of Theorem 7 is a curved model set.

We have Ag = {\i, k € Z} where \;, = k+6(ak), k € Z. Let us prove that (a\g, Ax)
belongs, modulo Z?, to the graph I' C (R/Z)? of the function ¢ which is defined in the
proof of Theorem 7. Indeed we have a)\, = ak + af(ak). If up = ak and z = a)y this
can be written as x; = uy + af(ug). Therefore up = 2 — ap(xy) and (zg, k + 0(ak))
is congruent to (xy,0(ug)) = (zk, P (xk)) as stated. Conversely if (aX, A) belongs to T’
modulo Z? we have 1(a)\) = A — k for some k € Z. It implies A\ = k + 0(ak).

10. A GENERAL DIRICHLET SERIES
In this section we follow [4] and consider general Dirichlet series of the form
F(s) = Z Z c(m,n)(m+nv2)7%. (62)
m>0n>0
One assumes that ¢(0,0) = 0 and that there exists a positive 5 such that
Z Z le(m, n)|(m + nv2)F < oco. (63)
m>0n>0

This implies that F'(s) is holomorphic in s > 5. A first observation is given by the
following lemma

Lemma 17. The collection of holomorphic functions F(s) defined by (62) and (63) is
an algebra.

This follows from the fact that Z + /27 is a ring. We now study specific examples.
As we did in Section 4 we set ¥ = 71 + 2 — 270 and consider the atomic measure

v=> 3 F(mmn)i, . .z (64)
MEZLNEL

We have v({0}) = 0. Moreover v is an even measure and the distributional Fourier
transform of v is a translation bounded atomic measure supported by a uniformly
discrete set A which does not contain 0.

Theorem 8. With these notations

(s) =Y D> Almn)(m+nv2)~* (65)

m>0n>0

is the restriction to s > 2 of an entire function of the complex variable s.
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The series (65) converges if Rs > 2 since [y(m,n)| < C. We now mimic an argument
used in [4] and in [14]. Lemma 18 will provide us with an integral representation of
&(s) which implies that £(s) is an entire function of s. For simplifying the notation
let us order the real numbers m + nv/2,m > 0,n > 0, (m,n) # (0,0), as an increasing
sequence 0 < s1 < s3 < ---. Similarly we set ap = 5(m,n) if s, = m + nv/2. We then
have £(s) = 237" ags; . If gu(z) = exp(—uz?), u > 0 let us define

O(u) = % /gu dv = Zak exp(—us?). (66)

We then have
Lemma 18. There exists a positive real number o such that
O(u) = O(exp(—au)), u — o0 (67)

and
O(u) = O(exp(—a/u)), u > 0,u — 0. (68)

The first assertion is obvious since |ag| < 2 and s; > 0. We prove the second claim
with a smaller value of a > 0. The Fourier transform of g,(z) = exp(—uz?), u > 0, is

Gu(y) = Vru~? exp(—y?/4u). Then
0(u) = (gu,v) = (21) " (Gu, D). (69)

We know that g = 7 is a translation bounded atomic measure supported by a uniformly

discrete set A which does not contain 0. We have u = Zzozioo cr0x, where A\_p = —\g
and 0 < A\ < --- < Ap < ---. Moreover c_j, = ¢, ¢o = 0, and |cg| < C. Therefore
“+o00
(Gu, 1) = Qﬁu_l/Qch exp(—A3 /4u). (70)
1

This implies [(Gy, )| = O(exp(—a/u)), u > 0,u — 0, which is (68).

Lemma 19. The function & defined by (65) is the Mellin transform of 6. More precisely
we have for s > 2

£(s) = ﬁ /Ooo o(t) 1572 % (71)

To prove Lemma 19 it suffices to exchange the summation and the integration in
(71). Since Rs > 2 this is guaranteed by Lemma 18. But (67) and (68) imply that the
right-hand side of (71) is an entire function of s. This ends the proof of Theorem 8. We
now prove a functional equation of the type studied by Kahane and Mandelbrojt in [4].

Let us consider &i(s) = 237" cxA;® and 61(u) = > 7" cpexp(—udi). We have
&1(s) = areeray Jo O1(1) /2 % But 61 (1) = VT 4=1/29(1/4t) which yields T'(s/2)&; (s) =

27 T(452)€(1 — s5). Up to the normalization of the Fourier transform this is the
Kahane-Mandelbrojt identity.
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FIGURE 1. The curve tan(z/2) tan(y/2) = 1/3.
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FIGURE 2. The curve sinz = rsiny, r = 0.9.
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