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A variant of compressed sensing

Basarab Matei and Yves Meyer

Abstract

The famous Nyquist-Shannon sampling theorem has been recently
improved by A. Olevskii and A. Ulanovskii. The present contribution
is aimed at bridging the gap between their advance on irregular sam-
pling and what is named “compressed sensing” in signal processing.

1. Introduction

This paper is motivated by some recent advances on what is now called
“compressed sensing”. Let us begin with a theorem by Terence Tao [8]. Let p
be a prime number and [F,, be the finite field with p elements. We denote
by #F the cardinality of £ C F,. The Fourier transform of f € [*(F,)
is denoted by f. Let M, be the collection of all f € [*(F,) such that the
cardinality of the support of f does not exceed ¢q. Then Terence Tao proved
that for ¢ < p/2 and for any set € of frequencies such that #{ > 2q, the
mapping ® : M, — [*(Q) defined by f — 1o f is injective. Here and in what
follows, 15 will denote the indicator function of the set E. Tao’s theorem is
no longer true if F, is replaced by Z/NZ and if N is not a prime.

We want to generalize this fact to functions F' defined on the unit square
with applications to image processing. In a forthcoming work the hypothesis
that F' is supported by the unit square will be removed. Here and in what
follows the action takes place on [0, 1]? identified to (R/Z)?. Since the unit
square [0,1]* has been identified to (R/Z)?, the Fourier transform of F €
L'(]0,1]?) is the sequence of its Fourier coefficients defined by

(1.1) F(k) = /l /l exp(—2mik - ) F(x)dx, k€ 72
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To generalize Tao’s theorem to the continuous setting we begin with a
parameter 5 € (0,1/2) which will play the role of g and define a collection Mg
of images F' € L*([0,1]?) as follows: we write F' € Mjp if F is supported
by a compact set K C [0,1]? whose measure |K| does not exceed 3. This
compact set K depends on F' and Mp is not a vector space. If F, G belong
to Mg, then F'+ G belongs to My, a situation which is classical in nonlinear
approximation. It will be proved below that for every a € (0,1/2) there
exists a set A, C Z? with the following properties: (a) density A, = 2«
and (b) the mapping ® : My — (*(A,) defined by ®(F) = (F(k))rea.
is injective when 0 < 3 < «. This set A, plays the role of € in Tao’s
work and the density of A, is then playing the role of the cardinality of €.
Any F' € Mgz can be retrieved from the information given by the “irregular
sampling” F(k) = a(k), k € A4, and one would like to do it by some fast
algorithm. If we a priori know that the data a(k),k € A,, are the Fourier
coefficients of some nonnegative F' € Mpg, then it will be proved that F' is
the unique solution of the following problem

(1.2) inf{||ull;;u € L*(T?), a(k) = a(k), k € A}

The reader recognizes the minimization algorithm which is used in com-
pressed sensing. We do not impose any condition on the support of u in (1.2).
The uniqueness of the solution of the problem (1.2) is coming from the pecu-
liar structure of the data a(k), k € A,. This is no longer true when F' both
takes positive and negative values (see Lemma 6.2). We now construct the
sparse set A,.

Definition 1.1. If a € (0,1/2) we define A, C Z* by
(1.3) Ay = {(m,n) € Z* 3r € Z such that |m\/§+ nv3 — r| < a}.

The choice of v/2 and /3 is irrelevant and other irrational numbers 0G|
and 7, could be used as long as 71,72 and 1 are linearly independent over QQ.
We know from the theory of “model sets” [4] that the density of A, C Z?
is uniform and equals 2a. It means that for every € > 0 there exists a R(¢)
such that for R > R(g) and uniformly in zy € Z?

(1.4) (20 — &)TR* < #{Ao N B(wo, R)} < (20 + &) R,
Here B(z, R) is the disc centered at zo with radius R.

Definition 1.2. As above we write F € My if F € L*(T?) and if F is
supported by a compact set K C [0,1]? whose measure | K| does not exceed 3.
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Theorem 1.1. We assume 3 < a and we have

(a) The mapping ® : My — 12(Ay) defined by F — (F(k))rea, is injective.

(b) If F € Mg is nonnegative, then F is the unique solution u of the
following variational problem

(1.5) nf{|Jull;u € LY(T?), a(k) = F(k), k € Au}.

(¢c) If Fe Mg, ue L'(T?), F >0, u >0 and (k) = F(k), k € A, then
u=Fr.

Let us stress that we do not assume anything on the support of v in (1.5).
Theorem 1.1 is sharp since the hypothesis § < « cannot be replaced by
B > «. The case 3 = «a seems to be open. If one does not assume F > 0
then F' is not in general the argument of the variational problem (1.5).
These two remarks will be proved later on (see Section 6). We also want
to investigate the stability in Theorem 1.1 which is given by the following
statement where the error term is measured in L>(T?). It would have been
more natural to measure error terms in L? but we were unable to prove
Theorem 1.2 in this context.

Theorem 1.2. Let us assume we are given a noisy sampling a(k) = F(k’) +
I:E(k:), k € A, where the unknown function F is nonnegative and belongs to
Mg and where the error term R fulfils ||R|l < €. Then for any nonnega-
tive u, the property u(k) = a(k), k € A,, implies ||u — F|l < Ce where
C' = C(F) only depends on the geometry of the closed support of F.

Let us say a few words on C'(F'). One might hope that C'(F') be a function
of a and (3. We have not been able to prove it. Indeed in our proof C'(F)
will depend on a function 3(¢) which is the measure of the sum K + B(0,¢)
between K (K is the closed support of F') and the disc centered at 0 with
radius . The behavior of 3(¢) near 0 depends on the geometry of K. This
will be detailed in Section 4 (see Proposition 4.2).

We now say a few words on the organization of this paper. Following
H.J. Landau, A. Olevskii and A. Ulanovskii, we study two properties named
“stable sampling” and “stable interpolation” in Sections 2 and 3. Up to
some obvious transformation, sampling and interpolation are proved to be
equivalent properties (see Proposition 2.1). This permits to focus on stable
interpolation in the proof of Theorem 1.1. Stable interpolation will follow
from Proposition 4.1 which is seminal in this paper. Then the proofs of
Theorems 1.1 and 1.2 will be completed in Section 4 and 5 and the last
section will be devoted to some counterexamples. We decided to focus on
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the two-dimensional case but the theorems and proofs obviously extend to
any dimension. We conclude this introduction with a few words on image
processing. A cartoon image is defined by a function F' which is piecewise
constant with jump discontinuities along a finite collection K of rectifiable
curves. Then VF is supported by K and the measure of K is 0. Then for
any positive «, the subsampling F (k), k € A,, suffices to recover F. Indeed
the Fourier transform of VF is given by ikF(k) and Theorem 1.1 implies
our claim. One could object that Theorem 1.1 is restricted to the L? case
while VF' is a Radon measure. This issue is not a serious one and the details
of the argument will appear elsewhere.

2. [? and L? estimates

We return to the finite field IF,, and assume that we are given two sets T' C F,
and Q C F, with the same cardinality. We denote by I3 the linear space of
all f € [* which are supported by T (i.e. vanish outside 7). Similarly 1?(£2)
denotes the restrictions to Q of signals f € [2. This looks pedantic but will
be adapted to functional spaces in a continuous setting. The theorem by
Tao can be split into two pieces. The first assertion says that the mapping
F 112 — [2(Q) defined by f — f is an isomorphism. The second assertion
in Tao’s theorem says that the mapping F : M, — [*() is injective when
#§ > 2q. Here T is not given. This obviously follows from the first state-
ment. It suffices to observe that fi, fo € M, implies f = fi — fo € My,.
We aim at generalizing these two facts to the continuous setting. Let us
begin with the case where the set T is given. Let K C T? be a Borel set (K
will play the role of T) and A C Z? be a set of frequencies (A will play the
role of ). Let L2 be the Hilbert space of all square integrable functions
supported by K. In other words we write F' € L% if F belongs to L?*(T?)
and vanishes almost everywhere on T? \ K. H.J. Landau defined in [3] a set
of stable sampling by the following condition

Definition 2.1. Let K C T? be a Borel set and A C Z? a set of frequencies.
We say that A is a set of stable sampling for L2 if a constant C exists such
that for every F € L% one has

(2.) 17l < o 2 1FmE) "

keA

Here and in what follows, £ (k), k € Z?, denotes the sequence of Fourier
coefficients of F' € L*(T?). In other words A is a set of stable sampling for L3
if and only if the functions exp(2mik-z), k € A, are a frame of L?(K). Then
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the measure | K| of K cannot exceed the lower density of A as H.J. Landau
proved in [3].

Definition 2.2. We say that A C 7Z? is a universal sampling set if the
following conditions hold : A has a uniform density d and, for every compact
set K of Lebesgue measure less that d, A is a set of stable sampling for L3.

As it was already mentioned, H.J. Landau proved that the condition
|K| < d is necessary. In the definition of universal sampling sets K is
assumed to be a compact set. A. Olevskii and A. Ulanovskii who defined
universal sampling sets proved in [7] that universal sampling sets would not
exist if K was allowed to be an arbitrary Borel set of measure less than d.
We aim at constructing universal sampling sets. The most convenient way

relies on the property of stable interpolation which was also introduced by
H.J. Landau:

Definition 2.3. Let Q C T? a Borel set. We say that A C T? is a set of
stable interpolation for L*() if for every (a(N))xea € I*(A) there ewists a
F € L% such that F(\) = a(\), X € A.

This definition can be given an equivalent form :

Lemma 2.1. A C Z? is a set of stable interpolation for L*(Q) if and only
if there exists a constant C' such that for any square summable sequence

(a(k))ren one has

22 (lawp)” < C(/Q|Za(k;) exp(2rik - )| do)

If A C Z? is a set of stable sampling and at the same time a set of stable
interpolation for L?(€) then the functions exp(2mik - ), k € A, are a Riesz
basis for L?(Q). Finding necessary and sufficient conditions for (2.1) or (2.2)
is out of reach and only necessary conditions are known. These necessary
conditions were obtained by H.J.Landau in [3]. In these conditions the
upper or lower density of A are compared to the measure of € or K.

1/2

Definition 2.4. The upper density DT (A) of A is defined as

lim sup sup #iB(, 7) N A}

R—o0 x mR?

and the lower density D_(A) is defined by

lim inf inf #{B(w, k)0 A}.

R—oo 7TR2
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H.J.Landau proved the implications (2.2) = DT(A) < || and (2.1) =
D_(A) > |K|. These necessary conditions are obviously not sufficient.

Sampling and interpolation are the same problem as it will be proved
now.

Proposition 2.1. If the Borel set K is the complement of Q in T? and if
M s the complement of A in Z2, then M is a set of stable sampling for L3,
if and only if A is a set of stable interpolation for L?(£2).

For proving (2.2) = (2.1) we start with a function F € L*(T?) which
is supported by K and we need to prove that ||Flls < C(3,cp, |F(k)[2)V2.
We then split f = F into the sum g+ h where g = f1,; and h = f1,. Here
and in what follows 1 denotes the indicator function of the set E. Then
g(k), k € Z?* are the Fourier coefficients of G € L*(T?) and h(k), k € Z2,
are the Fourier coefficients of H € L*(T?). We have F = G + H. From (2.2)
we know that

) 1/2
(23) Inlls < ¢ ( [ 1H@Par) "
Q
But G+ H =0on ) and

(2.4) / H () Pde = / Gla)Pdr < ||GI2 = g2 = 3 1F(R)2

keM

Therefore

/2
(25) Inle < (3 1rk)P)’

keM
and
) ,\ 1/2 )\ 1/2

26) Il = (gl +1R1E) < VIT+ (D 17k F)

keM

which ends the proof.

The converse implication (2.1) = (2.2) is just as easy. We assume that
f(k) vanishes outside A and we consider F(x) = >, f(k) exp(27ik - ).
We want to prove (2.2). We split F'(x) into the sum G(z) + H(z) where G
is the product between F' and the indicator function 1x of K and H(z) =
1oF(x). Let g(k) and h(k), k € Z?, be the Fourier coefficients of G and
H. We know that f = g+ h and we have f(k) = 0 whenever k € M.
Then (2.1) yields |G||3 < C* > cpr19(k)[?. But g(k) = —h(k), k € M, and
IG5 < C* e |h(R)]? < C?||H||3 = C? |, |F|? dz which ends the proof.
Indeed ||F'[|3 = [|G||3 + | H |3 implies || Flz < V14 C?[|H]|2.
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Definition 2.5. We say that A is a set of universal interpolation if A has
a uniform density d and is a set of stable interpolation for any open set €)
of measure larger than d.

A. Olevskii and A. Ulanovskii proved in [7] that universal interpolation
sets would not exist if {2 was allowed to be an arbitrary Borel set of measure
larger than d.

We aim at proving the following theorem

Theorem 2.1. The set A, of Definition 1.1 is a set of universal sampling
and also of universal interpolation.

Theorem 2.1 can be traced back to [4] where it is proved for functions of
one real variable (see Theorem 6, page 51). This little book was published in
1970 in French and remained unnoticed. A. Olevskii and A. Ulanovskii were
not aware of [4] and independently constructed sets of stable sampling and
sets of stable interpolation. For functions of one real variable, they proved
the following

Theorem 2.2. For every positive d and € there exists a sequence A C R
satisfying the following conditions

(¢) A= (1/d)Z]|w < e

(b) the family exp(iAx), X € A, is a frame in L*(S) for every compact set
S of measure < 27d.

(c) for every open set S of measure > 27d, any square summable sequence
a(A), A € A, is the restriction to A of the Fourier transform of a
function F € L*(S).

In this theorem, the Fourier transform is defined without 27 in the ex-
ponential. Theorem 2.1 implies (a) in Theorem 1.1. Indeed if Fy, Fy € Mjg,
then F' = F} — F3 is supported by a compact set K of measure less than 2.
If Fy(k) = Fy(k), k € A, we have F(k) = 0, k € A, and Theorem 2.1
implies F' = 0. The proof of Theorem 2.1 will be given in Section 4. This
proof relies on a generalization of sets of stable interpolation where L? esti-
mates are replaced by L* estimates. These L* estimates will be obtained
by transference. The proof of the universal sampling property will then
follow from Proposition 2.1, Proposition 2.2 and from the fact that the com-
plement of A, has a similar structure. The details of this proof are given
in Section 4. The L* estimates are defined now. It does not cost more to
treat the general case of an exponent p € [1,00]|. Let K C T? be a Borel
set. We define L% as the Banach space of all F' € L? which are supported
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by K. The space LP(2) will consist of all restrictions to 2 of functions in L?.
This looks pedantic since LP(K) and L% are identical. But a function in L%
needs to be viewed as a function which vanishes outside K. Let E? be the
Banach space of Fourier coefficients F'(k), k € Z?2 of functions F in LP(T?), a
Banach space that some authors denote by FLP. For A C Z?, we define the
Banach space EP(A) as the space of restrictions to A of all f € EP and we
equip EP(A) with the quotient norm. We now define a set of stable sampling
for EY..

Definition 2.6. We say that A is a set of stable sampling for LY. if there
exists a constant C' such that one has || F ||, < C||F||geay for every F € Lk

In other words F' € LP(T?), F(z) = 0 almost everywhere on T? \ K,
G € LP(T?), and F(k) = G(k), k € A, imply ||F||, < C||G|,. This is
the most convenient formulation. If 1 < p < oo and 1/p + 1/q = 1, then
Definition 2.6 is equivalent to the following condition

Lemma 2.2. A set of frequencies A is a set of stable sampling for L% if
and only if every F € LY(K) is the restriction to K of a function G(x) =
> wen a(k) exp(2mik - ) which belongs to L4(T?).

We now define a set of stable interpolation for LY. Let us denote by Cy
the space of all continuous functions F on T2 such that F(k) = 0 if k ¢ A.
We notice that (2.1) can be written F' € Cy = ||[F||s < C|F||r2). This
observation leads to the following definition

Definition 2.7. Let Q C T? be a Borel set and p € [1,00]. We say that A
is a set of stable interpolation for LP(QQ) if

(2.7) FeCy=[|Flly < ClF|wr o

When p = 2 this new definition is the one we gave above. If 1/p+1/¢ =1
a duality argument yields the following lemma

Lemma 2.3. A is a set of stable interpolation for LY. if and only if each
sequence (a(k))ken belonging to E9(A) is the restriction to A of the Fourier
coefficients of F € Li..

If p =1 or p = oo this statement needs to be modified accordingly.
Keeping these definitions in mind we have

Theorem 2.3. As in Proposition 2.1, let M C 72, let A be the complement
of M in Z* and let K C T? be a Borel set. Let Q0 be the compement of
K in T2 If M is a set of stable sampling for Lk, then A is a set of stable
interpolation for LY,. Conversely if A is a set of stable interpolation for L
and if the indicator function of A is a multiplier for FLP, then M is a set
of stable sampling for L¥..



A VARIANT OF COMPRESSED SENSING 677

Before proving this theorem, let us observe that the set A, which is
defined by (1.3) has the required property. This follows from the fact that
the indicator function of an interval is a multiplier for FLP and from the
transference methods of R. Coifman and G. Weiss. The proof of Theorem 2.3
is similar to the one we gave for Proposition 2.1. We assume that M is a set
of stable sampling for L% and we want to prove (2.7) when F' € Cy. We have
F(x) = > pep f(k) exp(2mik - ). We split F(z) into the sum G(z) + H(x)
where G is the product between F' and the indicator function of K and
H(x) = 1oF(x). Let g(k) and h(k), k € Z* be the Fourier coefficients
of G and H. We know that f = ¢g + h and we have f(k) = 0 whenever
k€ M. Then g = —h on M and the equivalent definition of a set of stable
sampling yields ||G||, < C||H||, = C||F||Lr()- The proof of (2.7) ends with
1Flly < Gl + I1H], < (1+ O Pl

The converse implication is as easy. We start with two functions ' and G
such that F' is supported by K and F = G on M. We want to prove that
|F|l, < C||G||p- For proving it we denote by f(k) the Fourier coefficients
of F' and by g(k) the Fourier coefficients of G. We write F' = F| + F}
where Fi(xz) = > oy f(R)exp(2mik - ) = >,y 9(k) exp(27mik - ) and
Fy(x) =Y 4cp f(K) exp(27ik - z). Since A is a set of stable interpolation for
E{, we obtain || Fy||, < C||Fy|rr). But Fy + Fy, = 0 on © which implies
| Follze) = | Fillzr@) < || Fillp- Finally the Fourier coefficients of Fy are
given by fi(k) = f(k) = g(k), k € M, and 0 elsewhere. If 1, is a multiplier
of FL?, we have || F||, < C||G||, which ends the proof.

The following result will be in seminal in the construction of sets of stable
interpolation.

Proposition 2.2. Let Q C T? be an open set containing a compact set K.
Let us assume that ¢ > p and that A C Z? is a set of stable interpolation for
El.. Then A is a set of stable interpolation for Ef,.

The proof is not difficult and will be detailed if ¢ = co and p = 2. Let
one denote by B(0,¢) the ball centered at 0 with radius € where ¢ is fixed
such that K+ B(0,¢) C Q. Next one denotes by g € L*(B(0,¢)) an arbitrary
function satisfying ||g||o < 1. Then if || F||f2(q) < 1, one has |[F*g|| () < 1
and the spectrum of F' * ¢ is included in that of F'. Then (2.7) implies
|F * glloo < C,ie. | [ F(z)g(zg — x)dx| < C, for every zy. Optimizing in g
one obtains

(2.8) (/B(m ) |F(m)|2dx>l/2 <cC.

It suffices to cover T? with €72 such discs to obtain ||[F|ly < Ce™'. The
same proof shows that a set of stable interpolation for Ef is a set of stable
interpolation for Ef when p < q.
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The following theorem will be proved in Section 4.

Theorem 2.4. If < p < oo and if the measure of the compact set K is
less than 2«, then the set A, of Theorem 2.1 is a set of stable sampling
for LP(K).

Let us stress that 2« is the density of A,.

3. Extension to [’—norms

The extension to [P—norms, p € [1,00], of the definition of a set of stable
sampling will be discussed in this section. The reader may wish to skip this
section which is not needed in the proof of Theorem 2.1. Let us assume
that K C T? is a compact set. Given an exponent p we would like to know
whether or not there exists a constant C' = C(K, M, p) such that

(3.) (S 1wr) " <o(Suwr)”

whenever f(k) are the of Fourier coefficients of a function or a distribution F’
supported by K. Let us stress that in general F' is no longer a function when
p > 2. Therefore the support of F' is the closed support of a distribution.
That is why K is closed in (3.1). The estimate (3.1) says that M is a set of
stable sampling for a space that we define now. We let Y? be the Banach
space consisting of the functions or distributions (when p > 2) whose Fourier
coefficients belong to {P. Then the left-hand side of (3.1) is the norm in Y?

of F(x) =) ,cpe f(k)exp(2mik - x).
Definition 3.1. Let Y}, denote the space of all functions or distributions

in YP which are supported by K. If (3.1) holds for every F € Y} we say
that M is a set of stable sampling for the space Y.

Let now  C T? be an open set. We define the Banach space Y?(2) as
the space of restrictions to €2 of all generalized functions F' € Y?, the norm
being the obvious quotient norm.

Definition 3.2. A set A of stable interpolation for YP(SQ) is defined by the
existence of a constant C' such that F' € Cy = ||F|ly» < C||F||lyr().

We then have

Proposition 3.1. Let 1 < p < oo,  C T? be an open set and K a compact
set contained in ). If we have F' € Cn = ||Flloc < C||F||1k), then F' €
Ca = ||F|l, < C||F||lyr). Moreover the complement M of A in T? is a set
of stable sampling for Y} where R is the complement of Q0 in T?.
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The proof of the second statement (“interpolation implies sampling for
the complementary set”) is similar to the one we gave in the L? setting (see
Proposition 2.1) and we leave the details to the reader. We now prove the
first statement in Proposition 3.1. First we observe that Y? is the dual of
Y? when p and p’ are conjugate exponents (with an obvious modification
if p = 1). Moreover a function on T? belongs to Y? if and only if it locally
belongs to Y?. We assume that ¢ is small enough to ensure K + B(0,¢) C €.
We then pick a test function g supported in B(0,¢) and belonging to the
unit ball of Y?'. If ||F|lys@) < 1, then ||F x g z(x) < 1. We then use the
hypothesis to obtain || F'* gl < C. We optimize in ¢ as we did before. Then
all local Y? norms of F' are controlled. This implies the required estimate
on the full Y? norm of F.

4. A proof of Theorem 2.1

We now prove Theorem 2.1. An alternative proof of Theorem 2.1 can be
found in [4] (pages 39 to 50). As was already announced, the proof of
the L interpolation property (Proposition 4.1) is the easiest one and will
be obtained by transference. We then use Proposition 2.2 to obtain the
interpolation property and finally the sampling property will result from
Proposition 2.1.

We now introduce the tools which will be used for the transference
method. Let us define IT : R — T = R/Z by II(t) = t (mod1). Then Z?2
can be embedded in T by v* : Z? — T which is defined by

(4.1) v*(m,n) = T(mV2 + nV3)

This mapping ~* is injective with a dense range. With an obvious abuse of
notations we still denote by II the canonical mapping from R? to T2. Then
the dual mapping v : Z — T? is given by v(k) = II(kv/2,kv/3) and the
range of v will be denoted by I'. Then I is dense in T2

One denotes by I C T an arbitrary interval (or arc) of the circle. This
arc is not necessarily centered in 0 and the complement of I in T is also an
interval. Then we define A; C Z? by

(4.2) A; = {(m,n) € Z* ~v*(m,n) € I}.

If I = [a,b] where 0 < a < b <1, A; ={(m,n) € Z* Ir € Z such that a <
myv2+nv/3—r < b}. The density of A; is uniform and equals |I]. A compact
set K C T? is Riemann integrable if the measure of the boundary of K is 0.
Let us then define Mg as the set of all k& € Z such as y(k) € K. Then the
density of My is uniform and equals the Lebesgue measure |K| of K as it
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is proved in [4]. As it was announced the following result is seminal in the
proof of Theorem 2.1.

Proposition 4.1. Let us assume that ) is an open set of measure |Q| > |I].
Then A is a set of stable interpolation for ES.

In other words there exists a constant C' = Cq ; such that for any function
F € C(T?) whose Fourier coefficients vanish outside A; one has

(4.3) |Fllos < Csup| F(x).
e

Before proving it, let us observe that one cannot replace the open set €2 by
a compact set K in Proposition 4.1. Indeed |K| > |I| does not suffice to
obtain (4.3).

We now prove Proposition 4.1. For proving (4.3) it suffices to assume
that F is a finite trigonometrical sum. Then one has

(44) xla x? Z a’(m n) 27” mxl—i-nxg)
(m,n)eA
It implies
(4.5) F(kV2,kV3) = Z a(mm)eamk(mfmf) f(—k)
(m,n)eAT

where g is the measure on T which is the sum of the Dirac masses a () at
the points m+/2 + ny/3 which belong to I, modulo 1. If I(kv/2, kv/3) € Q
then k € M. Since I' = v(Z) is dense in T? we have

(4.6) sup | F| = sup [3(~F)l
Q keMq

Before stating our next lemma we return to the definition of the lower den-
sity. Here and in Lemma 4.1, M C Z is any set of integers.

Definition 4.1. The lower density D_(M) of M C 7Z is the upper bound
of the set of nonnegative numbers d such that for every e > 0 there exists a
R(e) such that for R > R(e) we have, uniformly in m € Z,

(4.7) d(R—¢) <#{M N [m,m+ R]}

Proposition 4.1 is now an easy consequence of the following lemma
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Lemma 4.1. Let M C Z be any set of integers and let d be the lower density
of M. If |I| denotes the length of the arc I C T and if d > |I|, then there
exists a constant C = C (M, I) such that

(4.8) sup (k)| < C sup (k)
keZ keM

for any measure p carried by 1. If we are given a positive number d and a
sequence M; of sets of integers for which (4.7) holds uniformly in j, and if
d > |1|, then we have C'(M;,1) < C.

A proof of Lemma 4.1 can be found in [4]. Let us sketch the argument
for the reader’s convenience. The fact that u is a measure does not play
any role. Indeed, Lemma 4.1 remains true if y is replaced by a pseudo-
measure o carried by I. A pseudo-measure is a distribution whose Fourier
transform belongs to (°°(7Z). The proof of Lemma 4.1 relies on the following
observations. If M; C Z, j € N, is a sequence of sets of integers, we say that
M; weakly converges to M if for each integer R, we have M N [—R, R| =
M; N [=R, R] when j > jg. The limit set may be the empty set. Let us
assume that M; satisfy (4.7) uniformly in j which means that R(c) does not
depend on j. If these M; converge to a limit set M, then d < D_(M). We
now return to the proof of Lemma 4.1 and denote by d the lower density of
M C 7Z. We now embed the vector space of all measures supported by I into
the larger space Wi consisting of all pseudo-measures supported by /. The
topology of W7 is the weak-star topology defined by the duality between [*°
and ['. Then from any sequence n;, j € N, one can extract a subsequence
n’; such that the sequence of sets M; = M — n/; weakly converges to a limit
set M'. The lower density of this set M’ is still larger than or equal to d.
We then argue by contradiction. If (4.8) does not hold, one can find a
sequence ft; of measures carried by I and a sequence n; of integers such that
| (n;)| = 1 =1/7 and || [liee(z) = 1 while ||l (ary < 1/7. Multiplying 1z,
by a suitable constant ¢ of modulus 1 we can assume fi;(n;) > 1 —1/j. Let
vj(x) = ji;(z + n;) and let v be a weak limit of a subsequence of these v;.
Then v is a pseudo-measure supported by I, 7 = 0 on M’ while 7(0) = 1 and
v € [°°. This contradicts the classical results on the density of zeros of entire
functions of exponential type. The reader may consult “Gap and density
theorems” by Norman Levinson, Chapter III, Theorem VIII. Here the entire
function is the Fourier-Stieljes transform F'(z) = [exp(—2mrzz)dv(z) of v.
The same proof yields the second statement in Lemma 4.1.

We now complete the proof of Proposition 4.1. Once again we use the
fact that ' is dense in T? and we have

(4.9) sup [i(~k)] = sup |F(kv/2, kV3)| = || F]l.
kEZ kEZ

Then (4.6), (4.8), and (4.9) yield the required estimate (4.3).



682 B. MATEI AND Y. MEYER

For studying the dependence in 2 of the constant Cq j, we introduce a
new definition

Definition 4.2. Let W be a sequence of positive numbers w;, j € N. We
say that an open set Q C T? is W -thick if one can find a sequence of pairwise
disjoint discs Q; C Q s.t. |Q;] >w; >0, j € N.

For a given 2 one can always find a sequence W such that 2 is W —thick.
When W is given, if an open set 2 is W —thick, then {2 contains “W-large
discs”.

Proposition 4.2. We have C = Cq; < Cw, in Proposition 4.1 if there
ezists a sequence W = (w;)jen with the following properties:

(a) 2g wj > ||

(b) Q is W -thick.
We now check Proposition 4.2. We set £ = Q1 U ... U Qxn where w; +
...+wy > |I]. Now N is fixed as everything else but the centers of the discs

Q;. The arguments used in Proposition 4.1 apply here with £ replacing (2
and the proof of Proposition 4.2 ends with the following lemma

Lemma 4.2. Ifr > 0 is given, x € T? is arbitrary, then the set of integers
defined by M = {k € Z, v(k) € B(x,r)} has a uniform density given by mr?.
Moreover the estimates (2.16) are uniform in x.

We turn to L? estimates.

Proposition 4.3. We still assume that Q C T? is an open set whose measure
satisfies |2 > |I|. Then there exists a constant C' = C(§2, 1) such that for
any continuous function F on T? whose spectrum is included in A;, one has

(4.10) [Ell2 < ClIF[l 2@
Moreover C(Q2, 1) < C(W, I) if there exists a sequence W = (w;)jen with
the following properties: (a) > o w; > |I| and (b) Q is W -thick.
Proposition 2.2 and Proposition 4.2 imply Proposition 4.3. We now state
our main theorem which contains Theorem 2.1.

Theorem 4.1. With the preceding notations, let K C Z? be a compact set
such that |K| < |I|. Then A; is a set of stable sampling for YE for 1 <p <
0. In other words for any sequence f € IP(Z?) of Fourier coefficients of a
function F' is supported by K, one has

(4.11) (S urwr)” <co( ror) .

keZ?

Moreover C = Cg; < Cws when the complement Q of K satisfies:(a)
Yoo w; >1—|I| and (b) Q is W-thick.
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For proving Theorem 4.1 we denote by J = ¢ the complement of [ in T.
We observe that J C T is still an arc. It suffices now to observe that the
complement of A; in Z? is M = A; and to apply Proposition 3.1. The last
assertion in Theorem 4.1 is following from the corresponding statement in
Lemma 4.1. One cannot hope for a uniform estimate where C' = C'(ay, az)
would only depend on the positive numbers a; = |K| and ay = |I|. A
counterexample will be given in Section 4.

We are ready to prove Theorem 2.4. The organization of the proof is the
same as for Theorem 4.1. Once more Proposition 4.1 is being used together
with Theorem 2.3. As it was said before, we use the fact that the indicator
function of A; is a multiplier for for FL” when 1 < p < co. This comes from
the transference arguments developed by Coifman and Weiss in [2].

5. Completion of the proof of Theorem 1.1

As above vy : Z + T? is defined by (k) = II(kv/2, kv/3). We denote by
[' = v(Z) the range of . The proof of assertion (b) of Theorem 1.1 relies on
the following theorem:

Theorem 5.1. Let K C T? be a compact set such that |K| < a. If zy belongs
to T\ K, there exists an atomic measure o on T? enjoying the following three
properties

(5.1) >0 ando({xe}) =1
o(K)=0
5.3) the Fourier transform & of o is supported by A,.

A bound on the total mass ||o|| of o will be given below. We postpone
the proof of Theorem 5.1 and prove (c) in Theorem 1.1. Let K be the closed
support of F. We know that F' > 0 and |K| < a. We want to compare F' to
a competitor u which verifies u > 0 and @ = Fon A,. Our first claim is that
the proof reduces to the case where F' and u are continuous functions. For
proving this remark let us consider p;(z) = j%p(jz) where ¢ € C5°, 0 > 0
and [ ¢(x)dr = 1. Replacing F and u by F; = F * ¢; and u; = u * ¢;,
we have Fj(k) = 4,(k), k € A,. Moreover the support of Fj is contained
in K; = {x;dist(z, K) < %} where C' depends on the support of . We
have lim |K;| = |K| < « which implies |K;| < a for j > j;. If we can
prove that F; = u; for j > jo then we can conclude. We now restrict our
attention to F}, u; and K;. We forget the subscript j and assume that /' and
u are smooth. Replacing K by a slightly larger set we can assume that K
is Riemann integrable.
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We have A, = —A,. Then if g ¢ K we use Theorem 5.1 and write

(5.4) 0< /T udo = > alk)o(—k) =Y a(k)e(—k)

kez? k€Aa

=Y F(k)o(-k) = /T Fdo

keAa

But F* vanishes on T? \ K and o(K) = 0. Therefore [, Fdo = 0 which
together with (5.4) implies [, udo = 0. Finally we use again the fact that
u and o are nonnegative. We have

(5.5) 0 < u(zo) = o({ao}ulzo) < /T s =0

and u(rg) = 0. Since the subgroup I' = {[I(kv/2,kV3), k € Z} is dense
in T2, we obtain u = 0 on T? \ K. Therefore u is supported by K and
Theorem 2.1 yields the required result.

The proof of (b) in Theorem 1.1 is almost trivial. Indeed let us assume
that a competitor u exists with ||ully < || F||;. We decompose u into a sum
u = u; —us+ius where u; and uy are nonnegative functions or measures with
disjoint supports and wug is real valued. Since 0 € A, and F' is nonnegative
we have

(5.6) 1(0) — 2(0) + ii3(0) = @(0) = F(0) = | Fly > [lulh
> Jlug — uzl1 = @ (0) + @2 (0).

Therefore u3(0) = u2(0) = 0 which implies uy = 0 since usy is nonnegative.
Finally the first and the last term in (5.6) are equal. Therefore all terms
in (5.6) are equal and |ju||; = || F|1. Then (5.6) reduces to ||us]|; = @1(0) =
4(0) = ||F|l1 = |Ju||y which implies u3 = 0. Finally u is nonnegative and it
now suffices to use (c¢) in Theorem 1.1.

We now prove Theorem 5.1. Let S = {k € Z; (k) € K}. Since K is
Riemann integrable S has a uniform density d which is given by d = |K]|.
We forget T? and focus on T and Z. The Fourier coefficients of a function
F € L'(T) are defined by c(k) = [, F(x)exp(—2mikz) dz. The proof relies
on the following lemmas.

Lemma 5.1. Let us assume that S C Z has a uniform density d € (0,1).
Let J C T be an interval centered at 0 with length |J| > d. Then there exists
a constant C' such that if ko ¢ S there exists a function h € L*(J) such that
h(k) =0 for every k € S, h(ko) =1 and 2]l 2y < C.
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We then have

Lemma 5.2. Let us assume that S C Z has a uniform density d € (0,1/2).
Let I C T be an interval centered at 0 with length |I| > 2d. Then there
exists a constant C such that if kg & S there exists a continuous func-
tion ¢ supported by I such that ¢E(l<:) >0, k € Z, (ZS(k:) = 0 for every
ke, St (k) < C, and d(ko) = 1.

The proof of Lemma 5.2 is obvious if Lemma 5.1 is accepted. It suffices

to define ¢ by ¢ = hh where h(z) = h(—x). We now return to Lemma 5.1.
The proof is based on the following estimate.

Lemma 5.3. Let us assume that S C Z has a uniform density d € (0,1).
Let J C T be any interval of length larger than d. Then there exists a positive
constant 3 such that for any | ¢ S and for any sequence c(k) € 1*(S), we
have

(5.7) H exp(2rile) — 3 (k) exp(mk;x)H > 3.

L2(J
kesS )

This estimate implies Lemma 5.1 with C' = 1/3. We now prove Lemma 5.3
using the simplest form of Beurling’s theorem [1]. Here is the statement

Theorem 5.2. Let A C Z and let DT(A) = limp_ oo R supgey #{A N
[k, k 4+ R]} be the upper density of A. Then if the length |J| of an interval
J C T satisfies |J| > DT (A) there exists a constant C such that for every
sequence c(k), k € A,

2
(5.8) Z| (k)]? < C2/J k) exp(2mikz)| du.

keA keA

For proving Lemma 5.3 we mimic the proof of Lemma 4.1 and argue by
contradiction. Let us denote by H the Hilbert space L?*(J). Let us assume
that one can find a sequence [; ¢ S and some coefficients ¢(k, j) such that

(5.9) H exp(2miljx) — Z c(k,7) exp(QWikx)H <1/j.
kes "
The triangle inequality gives
(5.10) H S ek, ) eXp(Zm'kx)H <2
kes n
Then Beurling’s theorem yields

(5.11) (Z |c(k:,j)|2>1/2 <20,

kesS
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This being said, we rewrite (5.9) as

(5.12) ‘h—» (k+@,)@mQWMMHHglﬁ.
keS;

We now use the fundamental assumption that S has a uniform density.
Therefore we can replace the sequence S; by a subsequence such that S; —
S’. It means that for each R > 1 and j > j(R) we have S; N [-R, R| = 5N
[—R, R]. The density of 5" is still d and is uniform. Similarly we set ¢;(k) =

c(k+1;,7) and we can also assume that c;(k) weakly converges to ¢(k), k €
Z. These two convergences imply the weak convergence Fj(z) =, s, c(k+
lj,7) exp(2mikx) — F(x) = Y, .o (k) exp(2ikz) as j tends to infinity. This
weak convergence refers to the weak topology in the Hilbert space H. But
0 ¢ S since 0 ¢ S;. Finally (5.12) yields 1 = Y7, .o ¢ (k) exp(ikz) in L*(J)
which contradicts Beurling’s theorem applied to S” U {0}.

We now return to Theorem 5.1. We have |K| < a. This compact set K
is replaced by a slightly larger compact set L which is Riemann integrable
of measure |L| < a. Then the set S = {k € Z;vy(k) € L} has a uniform
density d = |L| < o. Lemma 5.2 is applied to I = [—«, o] when kj is defined
by (ko) = z. The atomic measure o is defined by

(5.13) o= k)

where ¢, is the Dirac mass at a. Then o is nonnegative. We have qg(k:) =0
whenever (k) € L. This implies o(L) = 0. We also have o > §,, since
¢(ko) = 1. Finally

(5.14) Zgzﬁ exp [2mi p\/_—l—Q\/_) K]
_¢@wa¢3_0wmnm)¢A.

This concludes the proof of Theorem 5.1.

We now prove Theorem 1.2. This proof relies on an estimate of the total
mass of the measure ¢ in Theorem 5.1. This estimate will depend on the
growth of the function f(g) of ¢ > 0 defined by f(¢) = |K + B(0,¢)|. We
begin with a few remarks.

Lemma 5.4. For every positive number 1 there are finitely many Riemann
integrable compact sets L € L such that for every compact set K C T? one
can find L € L such that K C L € K + B(0,n).
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The proof of Lemma 5.4 is trivial. One uses a “fine grid” on T? with
step size n/2 and L is simply the collection of all finite unions of squares
delimited by this grid.

Proposition 5.1. With the preceding notations, we let n be small enough
so that the measure 3(2n) of K + B(0,2n) is less than a. We also assume
that n is smaller than the distance from xy to K. Then in Theorem 5.1 the
total mass of o does not exceed C(a, 5(n)).

The value of 1 depends on the geometrical structure of the compact set
K and not only on the measure of K. The proof of Proposition 5.1 is not
difficult. We first use Lemma 5.4 and enlarge K into L € £ with K C L C
K + B(0,n) where 7 is small enough to ensure 5(2n) = |K + B(0,2n)| < a.
If 1 is small enough we also have zq ¢ L. Finally it suffices to rewrite the
proof of Theorem 5.1 and to keep track of the constants which come out.
As n tends to 0, the cardinality of £ blows up and so does the mass of o.

We now return to the proof of Theorem 1.2. As we did in the proof of
Theorem 1.1, we can assume that v and F' are continuous. Let K be the
closed support of F. We define L by Lemma 5.4 and let zq ¢ L. The total
mass of the measure o provided by Theorem 3.1 does not exceed C(a, 3)
which is defined by Proposition 5.1. Keeping notations as simple as possible,
we write A for A,.

Then u > 0 implies:

0 < u(zg) < /uda = a(\)o(-A) = XA: FONG(=N) + XA: R(A)6(=N)

A

:/fd0+/RdU:]1+IQ.

Then [; = 0 since F' is supported by L and o(L) = 0. Moreover ||R|. <&
and ||| < C imply |I5] < Ce. We obtain 0 < u(zg) < C’e. This estimate
is uniform in zq ¢ L. We now write u = u; + us where uy is the product
between u and the indicator function of L. We then have [u;[| < C’e. This
implies Uz(A) = f(A) + 72(N), A € A, where ||rs]| < C”e. Theorem 1.2
results from the following lemma applied to u = uy — f and v = ry

Lemma 5.5. If K is a compact set of measure |K| < 2a, then there exists
a constant C' such that for any function u supported by K we have

(5.15) |tloo < Crinf{]|v||oc; w(A) =0(N), X € Ay}

where the infimum runs over all competitors v without any restriction on
their supports. In other words A, is a set of stable sampling for E¥.
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By duality Lemma 5.5 implies the following. Every measure g on K
is the restriction to K of a measure v whose Fourier expansion is given
by v = > ,ca. a(k)exp(2nk - ). This is almost Theorem 5.1 when K is
replaced by K U {zo}. But Theorem 5.1 says more since it says that that
v is nonnegative. That explains why another proof was used for proving
Theorem 5.1. Let us observe that in Theorem 5.1 the measure |K| is less
than « while here it suffices to assume |K| < 2a.

We now prove Lemma 5.5. We write A for A, and we know that ul, =
1. As we did in proving Theorem 2.3, we split u into a sum u; + uy where
1, = uly. This crude definition of u; will be modified at the end of the proof.
Let us denote by M the complement of A in Z? and by €2 the complement of
K in T?. Then 1, is supported by M. The measure of {2 exceeds the density
of M and Proposition 4.1 yields |[uz|/oc < C||ual|re(q)- But us +us = 0 on
Q which implies |[uslle < Cllur|/ze@) < C|lur]loo. The proof would finish
if we could believe that @; = 91, implies ||u;] < C||v]|so. This cannot be
true since the indicator function of A is not the Fourier-Stieljes transform of
a measure on T2. For facing this issue we introduce a function $ on T which
is 1 on [—a + ¢, — €], is smooth and is supported by [—a, a]. We define
B(p,q) = B(pvV2 +qv3), (p.q) € Z*, on Z*. Then B(p,q), (p.q) € Z7,
are the Fourier coefficients of an atomic measure v. Finally we define u; by
u1(p, q) = B(p, q)u(p, q) and proceed as above. The support of ug = u—1wuy is
contained in M’ which is defined as the set of all pairs (p, q) € Z* such that
there exists a r € Z with |p\/§ + Q\/g —r| > o — e. Therefore the density of
M’ is given by 1 — 2a+ 2e which is smaller than the measure of Q2 when ¢ is
sufficiently small. This being said, the argument used in the “wrong proof”
is valid and yields Lemma 5.5.

6. Counterexamples

The following counterexamples show that Theorem 1.1 is sharp.

Lemma 6.1. There exist two nonnegative continuous functions u and v

on T? such that u # v while u(k) = 0(k), k € A,.

This lemma says that we cannot have uniqueness in (¢) of Theorem 1.1
if the information concerning the measure of the support of F' is dropped.
The proof is simple. Let 6(t) be the triangle function on T = R/Z defined by
0(1/2) =1, 6(a) = 0(—a) = 0, € being affine on [a, 1/2] and on [1/2,1 — «a].
Then

(o)

0(t) = (=17 exp (2mikt),

— 00

where 7, > 0.
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We now consider the atomic measure 7 = > (—1)*7.6,(x) and we have,
as above, 7(p,q) = 0 on A,. The atomic measure 7 can be written as the
difference o — p where 0 = % Tok0~(2k)- Then we have o > 0, p > 0. To
prove Lemma 6.1 it suffices to use the same approximation to the identity
as in Section 5 and to define u; and v; by u; = o * ¢;, v; = p * ¢; where

¢ > 0. We have 4; = 9; on A, but u; # v; if j is large enough.

In the same spirit we have

Lemma 6.2. For every positive € there exist a compact set K C T? of
measure not exceeding € and a continuous function F supported by K such
that F' is not the argument of the problem

(6.1) inf{|Jull: a(\) = V), A€ AL},

This lemma says that F' > 0 is playing a key role in (b) of Theorem 1.1.
We use the same atomic measure 7 as before and split it into 7y + pny where
™ = Zlk\SN (—1)’“7;657(;@. Next we set Fiy = T * On, Tn = —pn * ¢n where
én(z) = N?¢(Nz). The function F we are looking for is Fiy. We let K = Ky
be the closed support of Fy. Then the measure of K does not exceed 2/N.
Moreover

A

(62) FN(A) = ’fA‘N()\), A€EA,.

Finally we have ||Fx|[; > ||7n]|1 when N is large enough since the latter
tends to 0 as N tends to infinity while ||[Fy|l; > ¢ > 0. To prove this
last remark, we write Fiy = 7 * ¢y — ry and the triangle inequality yields
|Exll1 > |7 * on|l1 — ||rn]l1- It now suffices to show that |7 % ¢n|[1 > ¢ > 0.
Arguing by contradiction we would obtain ||7 * ¢y, |1 — 0 as j tends to
infinity. This would imply 7 = 0. Therefore the challenger ry is winning
against Fly. This ends the proof of Lemma 6.2.

The requirement o > [ in Theorem 1.1 is sharp. It cannot be replaced
by o < 3 as our next lemma shows. However this does not settle the case
« = (# in Theorem 1.1.

Lemma 6.3. If0 < o < oy < 1/2, there exist two nonnegative functions F
and G such that:

o F(k)=G(k), ke,
e the measure of the closed support K of F' does not exceed oy

o F#£(.
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We start with the rectangle K C T? defined by —1/2 < z; < 1/2 and
—oy <y <y Welet Z C Z be the set of all k € Z such that y(k) ¢ K.
Then Z = —Z and the uniform density of Z is 1 — 20y < 1 —2a. If kg ¢ Z,
Lemma 5.1 yields a function # € L?([«, 1—a]) which is supported by [a, 1—a]
and such that 0(k) = 0 if k € Z and 0(ky) = 1. We then replace 6 by
W(t) = 0(t) + 0(—t) in such a way that 6(k) is replaced by (k) = 2R0(k).
The interval [o,1 — «] viewed as an arc in T is symmetric with respect
to 0. Therefore this function v is still supported by [a, 1 — a]. Moreover
Y(ko) = 2 and v is real valued. By regularization ¢ can be assumed to
belong to C°([a, 1 — a]). Indeed the above construction can be applied to
the interval [o/,1 — /] where @ < o < 3. This is letting enough room for a
convolution with a smooth approximation of the identity. We now consider
the atomic measure

(6.3) 7= (k).

Then 7 is supported by K. Indeed QZJ(]{?) = 0 if y(k) ¢ K. By construction
7(p,q) = 0 when (p,q) € A,. We then define T; € C=(T?) by T; = 7 * ¢;
where ¢; is defined as above. Then 7 is supported by K; = {—1/2 < z; <
1/2;—a1 —1/j < 29 < oy +1/j}. Let A; = {z € K;; T;(z) > 0} and
B; = {x € K;; T;(x) < 0}. Since A; and B; are partitioning K; we either
have [A;] < oy +1/j or [Bj] < ay +1/j. Let Fy; = Tjl,,, G; = —Tjlp,.
Then T; = F; — G; and Fj = G’j on A, by construction. Moreover F; > 0
and G; > 0. One of the two functions Fj or G, is the counterexample. We
cannot have F; = G, for infinitely many j’s since it would imply 7; = 0 for
infinitely many j’s and 7 = 0.

We now turn to the issue discussed in Theorem 4.1. We wanted to know
if the contant C' in (4.11) depends only on |I| — |K|. A counterexample is
given by the following theorem where A = A,. This theorem shows that the
geometry of K enters in C.

Theorem 6.1. For everyn > 0 and every integer N there exist a compact set
K C T? whose measure does not exceed n and a function F € L*(T?) which
is supported by K and fulfils the following two conditions || F||a=1 while

S IFWP <N

A€A

Let M be the complement of A in Z2. The proof of Theorem 6.1 begins
with the following lemma



A VARIANT OF COMPRESSED SENSING 691

Lemma 6.4. Keeping the same notations as above, there exist a compact
set K of measure not exceeding n and a function g such that

o the Fourier transform of g is supported by M

* llgllz=1
o [ lglPde < N2

Here K¢ = T? \ K. We first accept this lemma and prove Theorem 6.1.
We let F' be the product between ¢ and the indicator function of K. Then
|F — gll2 < N~ which implies 3>, [F'(A) — g(\)|*> < N=2. But §(\) = 0 if
A € A. Therefore F' is enjoying the properties listed in Theorem 6.1.

We now prove Lemma 6.4. Let # and the atomic measure 7 be defined as
in Lemma 6.1. We consider the atomic measure 7 = > (—1)*7,8, ) and
we have, as above, 7(p,q) = 0 on A. As we did in the proof of Lemma 6.2,
we split 7 into 7x + pn. We now consider g = g. = 7* ¢, = uy .+ vy where
une = Tn*¢. and vy = py*¢. with ¢.(z) = e 'd(x/e), ¢ being supported
by |z| < 1 and normalized in L?. Then uy,. is supported by the union Ky .
of 2N +1 discs of measure me2. Therefore the measure of K does not exceed
(2N + 1)e2. We now write u = uy., v = vy and K = Ky, for easing
notations. We then observe that the total mass of py is less than C'/N. It
implies ||v]|a < C/N uniformly on €. Once N is fixed, £ can be chosen small
enough so that the supports of the 2N + 1 terms in the expansion of u have
disjoint supports. Then C' < |lulls < C”" where C' and C” are two positive
constants. The triangle inequality implies the same conclusion for ¢g. Finally
the norm in L?(K¢) of g coincides with that of v since u is supported by K.
But ||v]]s < C/N which ends the proof.

The following issues will be discussed in some forthcoming work. To our
opinion the most exciting problem is to invert the mapping ® : My — (*(A,)
through an efficient algorithm. Theorem 1.1 gives only a partial answer. The
second problem is the generalization of our work to the case where images are
not delimited by the unit square. A third problem consists in understanding
what is happening in the limiting case where the measure of K equals the
density of A. The authors are greatly indebted to the anonymous referee.
His supportive criticism was a valuable help.
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