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TRIGONOMETRIC MOMENT PROBLEMS FOR
ARBITRARY FINITE SUBSETS OF Z"

JEAN-PIERRE GABARDO

ABSTRACT. We consider finite subsets A C Z"™ satisfying the extension prop-
erty, i.e. the property that every collection {ck}rxep—a of complex numbers
which is positive-definite on A is the restriction to A — A of the Fourier coef-
ficients of some positive measure on T". A simple algebraic condition on the
set of trigonometric polynomials with non-zero coefficients restricted to A is
shown to imply the failure of the extension property for A. This condition is
used to characterize the one-dimensional sets satisfying the extension property
and to provide many examples of sets failing to satisfy it in higher dimensions.
Another condition, in terms of unitary matrices, is investigated and is shown
to be equivalent to the extension property. New two-dimensional examples of
sets satisfying the extension property are given as well as explicit examples of
collections for which the extension property fails.

1. NOTATION

If A is a finite set contained in Z™, we will denote by |A] its cardinality and by A—
A the difference set defined by A—A = {A—=X", A, A" € A}. T™ will be identified with

the set of n-tuples of complex numbers of modulus 1, i.e. T™ = {(z1,...,2n), |2i| =
Li=1,...,n}. Hfz=(21,...,2,) € T" and k = (k1,..., k) € Z", we will use the
notation z¥ for the complex number 2} ... 25, For a fixed finite set A C Z", we

will denote by II5 the set of all trigonometric polynomials with non-zero Fourier
coefficients restricted to A, i.e. Iy = {P(z) = Y, ax 2z, ax € C,k € A}, and
we will always consider the elements of I as functions defined on T™. M(T") will
be the set of Borel measures on T”. Finally, My denotes the set of k x k matrices
with complex entries.

2. INTRODUCTION

The problem of the extension of positive-definite functions has a long history,
starting with the fundamental paper by M. G. Krein ([Kr]) on the possibility of
extending a continuous positive-definite function defined on a finite interval to the
whole real line. Different facets of this problem have, since then, been investigated
by many authors in various settings (e.g. [Ak], [AK], [CF], [De], [Gal], [Ga2], [Jol],
[Jo2], [Lal], [La2], [Lan], [Sasl]-[Sas3]), and, yet, many fundamental problems are
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still largely open in this area. The present paper deals with a discrete, multi-
dimensional version of Krein’s problem. Let us consider a finite set A C Z™. We
say that a collection {ck }kea—a of complex numbers, indexed by the difference set
A — A, is positive-definite (p.d.) on A if, for any collection {&x}xea of complex
numbers, indexed by A, we have

(2.1) Y ak&&>o.
K,1eA

The collection {ck}kea—a will be called strictly positive-definite (s.p.d.) on A if
equality in (2.1) only holds when all the &’s are zero. If € M(T") is a positive
measure and ¢ is defined to be the k-th Fourier coefficient of u, i.e.

(2;)71 / z %dy, keA—A,
Tn

then, letting P(z) = >y cx &k z¥ € IIa, we have that

(27]-‘:)71 /n |P(2)[* du = Z {(2717)” /rn zk_ldu} & &

k1A

=Y ax&a >0,

k,1€A

(2.2) Ckx —

and, thus, the restriction to A — A of the sequence (indexed by Z") of the Fourier
coefficients of a positive measure provides us with an example of a collection which
is positive-definite on A. If, for a collection {ck }kea—a, there is a positive measure p
on T™ satisfying (2.2), then p will be called a representing measure associated with
the collection {ck}kea—a and the collection {ck}xea—a will be called extendable.
Note that if a collection {ck}kez» indexed by Z™ satisfies (2.1) for all finite sets
A C Z"™, then this collection is actually the sequence of Fourier coefficients of some
positive measure on T™ by Bochner’s theorem. The fundamental question that we
will be addressing in this paper is whether or not a set A C Z™ has the property
that any collection positive-definite on A is the restriction to A — A of the Fourier
coefficients of some positive Borel measure on T".

Definition 2.1. A finite set A € Z" is said to have the extension property if, for
any collection {ck}xea—a p-d. on A, there exists a positive measure p € M(T")
such that
cx = (k) = 1 / z Xdu, keA—A.
2m)™ Jpn

It is well-known that the set {0,1,..., N} C Z has the extension property (see
[Ru]). On the other hand, not all sets have the extension property. A simple
one-dimensional example is the set A = {0,1,3}. Indeed, note that A — A =
{-3,-2,-1,0,1,2,3} and that the condition for a collection of complex numbers
{ck} k<3 to be p.d. on A is that the Toeplitz matrix

c_3
(23) C1 Co C_9

be positive semi-definite (in the usual sense) while the condition for that same
collection to be the restriction of the Fourier coefficients of some positive measure
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on T to A — A is that the Toeplitz matrix
Chp C_1 C_9 C_3
(24) C1 Co C_1 C_2
Co &1 Co C—1
C3 C2 C1 Co

be positive semi-definite, since the extendability of {cy} /<3 implies that it must
also be p.d. on {0,1,2,3} and this is in turn equivalent to the stated condition
because {0, 1,2, 3} does have the extension property. In general, the first condition
is weaker than the second. For example, if we choose ¢ = 1,¢1 = 0,¢0 = y,c3 =
r,c.1 = 0,c_» = J,c_3 = T, the fact that the collection {cy} <3 is p.d. is
equivalent to the inequality |z|> + |y|?> < 1 while the extendability property of that
same collection is equivalent to the stronger condition |z| + |y|?> < 1, as can be
easily shown. A necessary and sufficient condition for a finite set A € Z™ to have
the extension property was found by W. Rudin in [Ru] and, independently, by C.
Calderén and R. Pepinsky in [CP].

Theorem 2.2. A finite set A C Z™ has the extension property if and only if for any
polynomial P € TIx_ satisfying P(z) > 0, for all z € T™, one can find polynomials
P, ..., P, €Ilx such that

P=Y P
=1

Using this characterization of the extension property as well as a theorem of
Hilbert about certain polynomials not representable as sums of squares, Rudin
and, independently, Calderén and Pepinsky, were able to obtain examples of very
simple higher dimensional sets for which the extension property fails. We need the
following definition.

Definition 2.3. If py, ..., p, are non-negative integers, we denote by R(p1,...,pn)
the subset of Z™ defined by {(k1,...,kn), ki € Z, 0 <k; <p;,0<i<n}.

Theorem 2.4 (See [Ru], [CP]). If m > 3 and A = R(m,m), then A fails to have
the extension property.

Later on, L. A. Sakhnovich [Sa], using matricial methods, constructed explicit
examples showing that the sets R(2,2) and R(1, 1, 1) also fail to satisfy the extension
property. Moreover, as mentioned in [Sa], the set R(1,2) does have the extension
property. However, the methods used in [Sa] do not seem to be easily applicable
for more general sets.

It is worth noticing that, although Theorem 2.2 provides a complete character-
ization of the extension property, the condition stated there is extremely difficult
to verify in practice, except for some special cases, even in dimension one. More-
over, it does not provide a way for constructing explicit collections which are not
extendable. It is, therefore, of interest to find conditions which are equivalent to
the extension property or which imply either the validity of the extension property
or its failure for particular classes of sets.

In this paper, we will introduce a new approach to this problem based on or-
thonormal bases and tight frames of evaluation polynomials, a technique which has
been already successfully applied to various moment problems (see, for example,
[Gal], [Lal], [La2]).
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We show, in particular, that if a set satisfies the extension property, then it
must also satisfy a much stronger property, namely that, for any collection which
is s.p.d. on A, there must exist a corresponding representing measure which is
supported on set of cardinality equal to |A|, or, equivalently, there must exist an
orthogonal basis of evaluation polynomials for the Hilbert space norm naturally
associated with the given collection and defined on ITp. A similar property must
also hold for collections that are p.d., but not s.p.d., on A (see Theorem 3.9 for a
precise statement). This approach yields, in particular, a very elementary algebraic
criterion implying the failure of the extension property which can be used in many
cases, in particular in all the known examples mentioned above where the extension
property fails. Furthermore, that criterion can be used to characterize all the sets
satisfying the extension property in the one-dimensional case: it turns out that
these sets are precisely the finite arithmetic progressions (see Theorem 4.8). This
criterion essentially says that, if the extension property holds for A, then linearly
independent polynomials in II5 cannot have many common zeros (on T") if they
only have finitely many common zeros. More precisely, under the assumption that
the subgroup of Z" generated by the difference set A — A is actually all of Z", a
situation which we can always reduce the problem to, the existence of k linearly
independent polynomials in Iy whose set of common zeros on T" is finite, but of
cardinality greater than the number |A| — k, implies the failure of the extension
property for A (Theorem 4.7).

Although this criterion proved itself to be very effective for showing that a set
fails the extension property, we do not know, except in the one-dimensional case,
if it is actually equivalent to the failure of the extension property. Furthermore,
it does not produce explicit counterexamples. Thus, in order to obtain positive
results, i.e. to construct sets that satisfy the extension property, and in order to
establish a procedure to produce explicit counterexamples in the cases of failure of
the extension property, we follow an alternate approach and introduce a condition
equivalent to the extension property based on commuting n-tuples of unitary matri-
ces (see Theorem 5.2). Let us describe briefly this condition: suppose that, to each
point k € A, we assign a unit vector ux € CV, where N < |A[, in such a way that
the inner product ug.u; is a function of the difference k — 1 only. It turns out that
there is a correspondence, which is one-to-one up to unitary equivalences, between
such configurations of unit vectors and collections that are p.d., but not s.p.d., on
A. The extension property is then equivalent to the existence, for each one of these
configurations, of a commuting n-tuple (Uy,...,U,) of N x N unitary matrices and
of a unit vector x € CV with the property that U US> ... Ukrx = wy, for every
k = (k1,...,kn) € A. Equivalently, it must always be possible to extend the family
{uk}tkea to a family {uk}kez~ having again the property that the inner product
between any two elements uy and uy is a function of the difference k — 1 only. This
condition can be used to obtain positive results and, in particular, to produce new
two-dimensional examples of sets A satisfying the extension property, such as the
sets A = R(1,p), with p > 1 (Theorem 5.10). Furthermore, this condition can be
combined with the results of section 3 to provide explicit and particularly simple
examples of non-extendable collections in the cases of A = R(p,q) with p,q > 2
(Theorem 6.1) and A = R(p, q,r) with p,q,7 > 1 (Theorem 6.3). The idea behind
all these counterexamples is that, if a set A does not satisfy the extension property,
then it is usually not difficult, just by trial and error, to produce a configuration of
unit vectors on A, as above, that cannot be associated with any commuting n-tuple
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of unitary matrices in the sense described above (see Example 5.3). For example,
in the case of A = R(p,q) with p,q > 2, one can choose an orthonormal basis of
CV, where N = |A| — 2, place each one of those vectors at exactly one point of the
set A\ {(p,q),(0,¢)} and choose the unit vectors placed at (p,¢) and (0,q) to be
the same as the one placed at (0,0) and (p, 0), respectively. The condition imposed
on the inner products is easily verified and this special configuration corresponds
to the collection {rk}xea which is p.d. on A and appears in the statement of The-
orem 6.1. Although the collection {rk}xea is itself extendable (see Remark 6.2), it
fails to satisfy the condition (b) of Theorem 3.9. A counterexample is then easily
obtained by following the steps of the proof that (a) implies (b) in Theorem 3.9,
which leads to the collection {ck ke in Theorem 6.1.

The paper is organized as follows. In section 3, we introduce the notion of eval-
uation polynomials and tight frames and explain their relationship with truncated
trigonometric moment problems. We also prove a result of independent interest
which characterizes the extreme points of the set of representing measures asso-
ciated with a given collection p.d. on A (Theorem 3.4) as well as Theorem 3.9
that we mentioned above. Section 4 is devoted to proving that the condition on
the zeros of polynomials in IT5 that we introduced earlier implies the failure of the
extension property. That condition is shown to solve the problem completely in
the one-dimensional case and is used to produce a vast class of examples of sets,
including the known ones, that fail the extension property in higher dimensions. In
section 5, we introduce the part of the theory dealing with unitary matrices and
show how it can be used to prove both classical and new results about sets that do
or do not satisfy the extension property. Finally, the two- and three-dimensional
explicit examples of non-extendable collections that we alluded to earlier are given
in section 6.

3. WEIGHTED TIGHT FRAMES AND ORTHONORMAL BASES OF
EVALUATION POLYNOMIALS

The notion of frame was introduced by Duffin and Schaeffer in [DS] to generalize
the concept of an orthonormal basis in a Hilbert space. It is very useful in the
context of non-harmonic Fourier series and wavelet theory (see [Be], [Dal], [DGM],
[Gal]). We will restrict the following discussion to the finite-dimensional case.

Definition 3.1. Consider a possibly degenerate inner product denoted by (.,.) and
defined on a finite-dimensional complex vector space P. A collection {e,} of vectors
in P is called a frame if there exist constants Cy, Cs > 0, called the frame constants,
such that

VieP, CillfIP <D [(fen)f < CallfIP,

where ||f||?> = (f, f) for all f € P. The frame is called tight if C; = Cs.

Tight frames are very useful since one can expand elements of H = P/N, where
N ={f € H, ||f]| = 0} in terms of the elements of a tight frame in pretty much
the same way as one would do with orthonormal bases. More explicitly, if {e,} is a
tight frame, with frame constants C; = Cy = 1 for simplicity, consider the operator
T defined on H, by Tf = >_(f, en) €n, where f = f + N for all f € P. Note that
T is well defined on P/N since T' = 0 on A by the definition of a frame. We have
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that, for all f € P,
(TF, )= _(fren) (en, /) =D _1(fren) P = IfI7 = I£1,

and thus T must be the identity operator, i.e. f: >(f,en) én, for all f € P, which
is the usual expansion formula in terms of an orthonormal basis. Let us emphasize
that, in general, there are more vectors in a frame that we need to expand elements
of P/N with. In particular, the number of elements of a frame is larger than the
dimension of P /A unless the collection {€,} actually forms a basis of P/N.
Given a collection {ck}xea—a which is s.p.d. on A, one can define a natural
inner product on Il which turns it into a finite-dimensional Hilbert space denoted
by H. If P(z) =Y, cp axz* and Q(z) = 3", biz' belong to 1T, we simply let

(3.1) [P,Ql= > a wadb.

k€A

Since our collection {ck fkea—a is s.p.d., the associated semi-norm defined by || P|| =
[P, P]'/2 for P € TI, is actually a norm. If the collection {ck}xea_a is p.d. but
not s.p.d. on A, there will exist non-zero polynomials P in II, satisfying ||P|| = 0,
but a norm can still be defined on the quotient space s /N, where N' = {P €
1A, ||P]| = 0} and we define H = II5 /N. A very important notion associated with
a given inner product as defined in (3.1) is that of an evaluation polynomial.

Definition 3.2. Given a collection {ck}xea—a which is s.p.d. on A and o € T,
we define F,, the evaluation polynomial at a, to be the unique polynomial in 1Ty
satisfying P(«) = [P, E,], for all P € II,, where the inner product [.,.] is defined
n (3.1). If the collection {ck}kea—a is p.d. but not s.d.p. on A, we let

Q={aeT" Pla)=0,VP N}
={aeT",3C, >0, |P(a)] < Cu||P||, VP € 1A},

and if a € Q, we let E, be any polynomial satisfying P(a) = [P, E,] for all
P €1lI,. In that case, the evaluation polynomials are unique up to the addition of
any element of .

We note that the existence and the uniqueness of E, up to an element of A are
guaranteed by the Riesz representation theorem applied in H. Evaluation polyno-
mials have been used successfully in many situations where moment problems are
involved (see [Gal], [Ga2], [Lal], [La2]). Their importance in the present context
stems from the following result.

Proposition 3.3. Let {ck}kea—a be a collection which is p.d. and consider the
possibly degenerate inner product defined on I by (3.1). Given numbersdy,...,dpn,
>0 and aq,...,0 € T", a necessary and sufficient condition for the collection
{Vd; Eo, Y™ to be a tight frame with frame constant 1 is that the measure p =
(2m)™ E:il d; bn, be a representing measure associated with {cx }xea—n, where 64,
denotes the Dirac mass at o;.

Proof. If the collection {\/d; E,, }™, forms a tight frame, then, for all P € I, we
have that
2

)

1P| =3 |IP, V/di Ea]
i=1
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or, equivalently, that

- 1
IPIP = PP = o [ PP d
; (2m)™ Jopn

This implies, for all P,@ € I, the identity

1 _
[P,Q]sznmdu.

In particular, choosing P(z) = zX and Q(z) = z!, where k,1 € A, we obtain that,

for all k,1 € A,
1 / k-1
-k = 75— z< " dp,

i.e., that u is a representing measure associated with {ck}kea—a. The converse is
immediate. O

A collection of polynomials in IT,, as in the previous proposition, will be called a
weighted tight frame of evaluation polynomials. Thus, the representing measures
with finite support associated with a collection {ck}kea—a p.d. on A are in one-
to-one correspondence with the weighted tight frames of evaluation polynomials
associated with that same collection. One can ask the question as to whether or
not the existence of a representing measure for a given collection {ck}xea—a p.d.
on A implies the existence of a representing measure with finite support associated
with that same collection. An affirmative answer to that question is given in the
next result, where the extreme points of the set of representing measures associated
with a given collection are characterized. This is an analogue of a result due to
Naimark in the context of the classical moment problem (cf. [AK, p. 47]). Note
that, if the set of extreme points is non-empty, it is clearly convex and weak-*
compact, and thus equal to the closure of the convex-hull of its extreme points by
the Krein-Milman theorem.

Theorem 3.4. Let A be the set of representing measures associated with a collec-
tion {cktxea—a p-d. on A. Then, p is an extreme point of A if and only if TIx_a
is dense in L'(u). In this case, in particular, the cardinality of the support of u is
at most |[A — Al.

Proof. Suppose that p is an extreme point of A and that IIy_, is not dense in
LY(p). Then, using the Hahn-Banach theorem, we can find g € L>(u) such that
g #0and [, Pgdu =0, for all P € IIx_x. Since P € IIx_x when P € IIx_y,
we can assume that g is real and also that ||g||oc < 1/2. Letting pq = (14 g) p and

w2 = (1—g) p, we see that both pq and ps are positive measures and if P € IIy_y,

we have that
/ Pdulz/ Pdu2=/ Py,
n TTL n

which shows that both pq and po are representing measures. Since p = %ul + % e,
and p is an extreme point, we deduce that p = 3 = pe, or, equivalently, that g = 0
a.e. dy which yields a contradiction. Hence, IT5_ 4 is dense in L'(u). Conversely, if
IT5_p is dense in L (), the dimension of L(u) is at most |A — A, the dimension
of IIp_x, and this easily implies that u is a weighted sum of at most |A — A| Dirac
masses. If u = %ul + %ug, where py, ue € A, it follows that the support of p; is
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contained in that of p for 4 = 1,2. Now, if « belongs to the support of u, we can
find, using the density of IIy_x in L!(p), an element P € II5_ 4 such that P(a) =1
and P(3) = 0, for all 8 belonging to the support of u, with 8 # «. We deduce,
therefore, that

w{o)) = [ Pdu= / Py = wi({a}).
T T

for ¢ = 1,2, which implies that y = p; = peo, i.e. p is an extreme point of A. |

It follows immediately from the previous theorem that if A has the extension prop-
erty, then weighted tight frames of evaluation polynomials can always be associated
with any collection which is p.d. on A. A natural question to ask is whether or not
one can always find, in that case, a collection of the form {Eg/||Es}||}gea, where
A is some finite subset of T", forming an orthonormal basis associated with that
collection. Since we may be dealing with a degenerate inner product, we first need
to clarify the notion of orthonormal basis in that case.

Definition 3.5. Let us consider a possibly degenerate inner product (.,.) defined
on a finite-dimensional complex vector space P. We say that a collection {e,} is
an orthonormal basis for P with respect to the inner product (.,.) if the collection
{€n} is an orthonormal basis in the usual sense in the quotient space P /N, where

N={feP, |lfll=0tand f=f+N forall feP.

Lemma 3.6. The collection {e,} is an orthonormal basis for P with respect to
the inner product (.,.) if and only if, for all f € P, ||f|I* = X |(f,en)|* and the
mapping T from P to (2, f+— {(f,en)}, is onto.

Proof. 1f {e,,} is an orthonormal basis for P with respect to the inner product (.,.),
it follows that, for all f € P,

A1 = AP = DI el = D 1(f el

Furthermore, if T wasn’t onto, there would exist {a,} € ¢? such that > (f, e,) @, =
0, for all f € P which would imply that 3 ( f ,€n) @y = 0, for all such f, and thus
that all the a,’s are zero, since {€,} is an orthonormal basis for P/N. Conversely,
if [|[£]12 = S2|(f,en)|? for all f € P and T is onto, then ||f||> = 32 |(f,én)|? for
all f € P, and thus the collection {é,} forms a tight frame in P/N. In par-
ticular, f = S2(f,é,) &y for all f € P and thus {é,} is complete. To show the
orthonormality of the €,’s, we notice that é, = ) (éx,€,)é, and, thus, for all
feP, >, {(x.én)—0in}t (f, én) = 0, where 0, = 1 if Kk = n and 0 otherwise.
Since the mapping T is onto, it follows that (é,€,) = Jkn, proving the desired
orthonormality. O

Definition 3.7. If o € T™, we denote by L, the linear form on IT5 defined by
L. (P) = P(a), for P € T1,.

The following lemma is an immediate consequence of Lemma 3.6.

Lemma 3.8. Given a collection {cx}xen—a p-d. on A, let us consider the associ-
ated set Q@ = {a € T", P(a) = 0,VP € N}, where N = {P € 1l,, |[|P|| = 0} and
[|.|| denotes the semi-norm associated with {cx}xea—n- Then, a set of polynomials
of the form {E./||Eal|}aca, where A is a finite subset of Q, is an orthonormal
basis for IIn with respect to the inner product associated with {cx}xea—n if and
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only if ||P||? = ,ca [P(@)?/||Eal|? for all P € 115 and, in this case, the family
of linear forms {Lqo}aca is linearly independent.

We can now answer the question raised above about the connection between sets
having the extension property and the existence of orthonormal bases of normalized
evaluation polynomials.

Theorem 3.9. The following statements are equivalent.

(a) The finite set A C Z™ has the extension property.

(b) For any collection {cx}xea—n p-d. on A, the set Q = {8 € T", P(8) =
0,YP € N}, where N = {P € T, ||P|| = 0}, and ||.|| denotes the semi-norm
associated with {cxtkea—n, is non-empty, and, for any o € ), there exists
a finite set B C Q containing o such that the family {E3/||Egl||}sen forms
an orthonormal basis for I1p with respect to the inner product associated with
{extren—na-

Proof. Tt is clear that (b) implies (a) since, if {Eg/||Eg||}gep is any orthonor-
mal basis for IIp with respect to the inner product associated with a collection
{ek}xer—a p-d. on A, we have, using Lemma 3.6, that, for all P € Iy,

1
1PIE = 32 PP IER = s [ PR d

ey (2m)n

where y1 is the measure (27)" 3~ 5 5 [|Ep|| 7% 65 and d5 denotes the Dirac mass at 3.
This implies that ¢, = W an z % dy, for all k € A — A, proving (a). Conversely,
assuming that (a) holds, let {ck tkea—a be a collection p.d. on A and consider the
associated set 2 C T™. Note first that Q # (), since any representing measure
associated with the collection {ck}kea—a must be supported in Q. We need to
show that, given a; € , there exist ag, ...,y € Q, where m = dim(ITy /N) =
|A| — dim(N), such that [Eq,, Eqs,;] = Eqa, (o) =0, for all 1 <i,j < m, with i # j.
We will show the existence of aa,...,ap by induction. If E,,,...,E,, , where
1 <k < m —1, have been constructed in such a way that E,,(a;) = 0, for all
1 <i,j <k, with i # j, we claim that, for all P € Iy, we have the inequality

k

(3-2) IPIP =D Bl 7% [P(c)]? = 0.
=1

|Eo,

Indeed, writing P = {Zj;l[P, Eo]Ea./
i=1,...,k, and thus,

2} — Q, we have [Q, E,.] = 0, for

2

k
=[1QI> +_ [|Ba,

i=1

K, ~2|P(ay)|?.

k
I1PII* = ||Q+ > P(aw) ||Ea,

=1

Writing P = >, cx ax 2", it is easily checked that the left-hand side of (3.2) is
equal to the expression

g 81—k Gk a1,

k,1€A
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where s5 = ¢j — Zle ||[Ea,;|| 72 a;9, for all j € A — A. Since A is assumed to have
the extension property, there exists a positive measure v € M(T") satisfying

k
_ 1
(3.3) IPIE = 3 N1Badl 2 1Plai) = o [ PPy
i1 (27T) n
for all P € II5. In particular, replacing P in (3.3) by E,,, where 1 < j < k, we

obtain that
/ |Eo, > dv =0,

for each such j. This shows that the support of ¥ must be contained in the inter-
section ﬂle {B € T", E,,(B) = 0}. Furthermore, since

1P| =/ PP dv =0,
T’I'L

for all P € NV, it follows that the support of ¥ must also be contained in €. Since
equality in (3.3) for all P € II, is impossible, k being strictly less than m, we
deduce therefore that the measure v cannot be identically zero. Hence, it suffices
now to choose any point agi; in the support of v to fulfill our conditions. This
concludes the proof. O

Remark 3.10. In the particular case where the collection {ck}xea—a is defined by
cx = Oox , for k € A — A, the problem of the existence of an orthonormal basis of
evaluation polynomials, as in Theorem 3.9, is a discrete version of the “Spectral
Pair” problem, introduced by B. Fuglede in [Fu], which asked for conditions under
which, for a given measurable set A C R™ with finite measure, there exists an
associated collection of exponentials {ey, }, where ey(x) = exp(2mid.z) for A\, z €
R"™, which, when normalized and restricted to A, form a complete orthonormal
system for the space L? of square integrable functions vanishing a.e. outside A.
Recent results on this problem have been obtained by P. E. T. Jorgensen and S.
Pedersen [JP].

Example 3.11. Using Theorem 3.9, one can give an easy proof that the set A =
{0,1,3} does not have the extension property. Indeed, if one considers the usual
L?morm on Il (corresponding to cx = dor , for k € A — A), one finds that
Ei(z) =1+ z+ 23, a polynomial without zeros on the unit circle.

4. A CONDITION IMPLYING THE FAILURE OF THE EXTENSION PROPERTY

In this section, we will consider a very useful condition implying the failure of
the extension property. We will first need some preliminary definitions and lemmas.

Definition 4.1. We will denote by G(A — A) the subgroup of Z" generated by
A—A.

Lemma 4.2. Given a finite set A C Z", we have G(A — A) = Z"™ if and only
if, for every o, 8 € T", with o # B, there exists a polynomial P € 15 such that

[P(a)] # [P(B)]-

Proof. Given «, 3 € T™, the fact that |P(«)| = |P(8)] , for all P € Il,, is equivalent
to a¥! = gk=1 for all k,1 € A. If G(A — A) = Z" and, for some o, 3 € T", we
had that |P(«)| = |P(0)] , for all P € II,, this would imply that o™ = g™ for all
m € Z", and, thus, that « = 8. If; on the other hand, G(A — A) # Z"™, consider a
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non-trivial character v of the group Z"™/G(A — A) and define the character 4 of the
group Z" by 4(m) = y(m + G(A — A)), for m € Z™. Since T" is the dual group
of Z", there exists « € T", different from the identity, such that ¥(m) = o™,
for all m € Z". In particular, we have that o1 = 1, for all k,1 € A and thus
|P(a)| = |P(1)], for all P € II5, where 1 denotes the identity in T™ and « # 1.
This proves the lemma. O

The following lemma shows that the extension property is invariant under trans-
lations and one-to-one homomorphisms.

Lemma 4.3. Let ® : Z¥ — ZF be a translation by some fized element m of Z"™ or
let & : ZF — Z", where k < n, be a one-to-one homomorphism. Then, a finite set
A C ZF has the extension property if and only if ®(A) has that same property.

Proof. If ® is a translation, the statement is obvious. If ® is a one-to-one ho-
momorphism from Z* to Z", where k < n, we denote by ®* : T" — TF the
dual automorphism defined by [®*(a)]¥ = a®®) for « € T" and k € ZF. Tt
is clear that the transformation from Ilgy) to I that sends the polynomial
P(z) = e aag) 2®™ to the polynomial P(z) = > ken bk z¥, where by = ag )
for all k € A is a bijective correspondence between Ilg ) and 1. If the collection
{extkeany—a(a) is p.d. on ®(A), the collection {sk}ken defined by the formula
Sk = Ca(k), for k € A — A, is p.d. on A. Indeed, using the injectivity of ®, we have
that

Z sk—1bk by = Z Co(k—1) bic b = Z Ca(k)—o(1) Ao (k) Aa(1) = 0.
K,IEA k,IEA K,IEA

If A has the extension property, there exist, using Lemma 3.8, numbers d, ...,
dm > 0and o, ..., am, € TF such that

m

Z Sk_lbkb_lz Z d/i ‘Z bkaﬂQ.

k,leA i=1 keA

We note now that the fact that ® is one-to-one is equivalent to the fact that ®*
is onto. Indeed, the non-surjectivity of ®* is equivalent to the existence of a non-
trivial character which is identically one on the subgroup ®*(T") of T* and, thus,
to the existence of a non-zero element k of Z* satisfying [®*(a)]* = 1, or a®®) =1,
for all « € T™. This is, in turn, equivalent ®(k) = 0, for some non-zero k € Z*
or to the non-injectivity of ®. Hence, since ® is assumed to be one-to-one, we can
find, using the surjectivity of ®*, 3i,..., G, € T" satisfying ®*(8;) = «;, for all
i=1,...,m. Since [®*(3;)]* = ﬁfb(k), we deduce, therefore, that

2
m

Z Co(k)—d(1) G (k) To(l) = Z d; \Z ag (k) 5;1)(1()\2 = Z d; |P(B:)|?,
=1

k,1eA i=1 keA

which shows that ®(A) also has the extension property. The proof of the converse
implication is similar and left to the reader. O

Lemma 4.4. Given a finite set A C Z" with 0 € A, there exist an integer k with
1 <k < n, a finite subset A of ZF, and a one-to-one homomorphism ® : ZF — Z"
such that ®(A) = A and G(A — A) = ZF.
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Proof. We let k be the number of any collection of linearly independent vectors
my, ..., my generating G(A — A), i.e. such that

k
G(A_A):{Zplmlvplvvpk EZ}

=1

and we define the homomorphism ® : Z*¥ — Z" by ®((p1,...,px)) = Zle p; my.
Since the m;’s are linearly independent, ® is clearly one-to-one. We let A =
®~1(A). Clearly, ®(A) = A and G(A — A) = ZF | since @ !(m;) =e; € A — A for
i=1,...,k, where e; denotes the vector in Z* whose i-th component is one and
with all other components equal to zero. O

Combining the two previous lemmas, we see that, as far as the extension property is
concerned, we can restrict ourselves to considering sets A C Z™ having the property
that G(A — A) =Z".

Lemma 4.5. Let x = (21,...,2,) € C™, where m > 2, and suppose that x
has, at least, two non-zero components. Then, there is no finite set I C C™
with the properties that 0 ¢ F and that for any di,...,d, > 0, there exists y =
(Y1, ym) € F satisfying > iv | diz; y; = 0.

Proof. Let us suppose the contrary. There is no loss of generality in assuming that
both z; and x5 are non-zero. Let us fix di,ds > 0 and let d; = 1/k, for 3 < j <m,
where k > 1. By assumption, for each such k, there exists a corresponding vector
y* € F such that

— — 1 & —
d1$1y]f+d2$2y§+ E Z ZZ?jyéC =0.
1=3
Since F is finite, there exists y € F appearing infinitely many times in the collection
{y*}. Letting k go to infinity, it thus follows thus that

(4.1) diz1 Y1 +d222y2 = 0.

Since the set of solutions (y1,y2) € C? of (4.1) has the form {c(—d2 73, d1 T7),c €
C}, the ratio |ya|/|y1| must be unbounded as we let d; and ds vary arbitrarily. This
contradicts the fact that F' is finite. |

Definition 4.6. If aq,...,a,, € T", we define
Qag,...,am) ={Be T, P(B)=0,VP lly | P(a;) =0,Vi=1,...,m}.

It is clear, from the previous definition, that {a1,...,am} C Q(aq,...,amn), but,
in general, Q(ayq, ..., am,) might be strictly larger.

The following result gives us a simple way of checking that a set fails to have
the extension property. Although we do not know if this property is equivalent
to the failure of the extension property for general sets in dimensions higher than
one, we will show that it is equivalent to it in dimension one. In particular, we
will obtain a simple characterization of the sets with the extension property in that
case. We will also show that all the known higher-dimensional examples of sets
failing to have the extension property, as well as many other ones, can be obtained
very easily from that result.

Theorem 4.7. Let A be a finite subset of Z™. The following are equivalent:
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(a) There exist aq,...,0m € T™ such that Q(a1,...,an) is a finite set strictly
larger than {ai,...,am}.

(b) There exist k linearly independent polynomials Py, ..., Py € IIx such that the
set ﬂle {a € T", Pi(a) = 0} is a finite set with cardinality greater than
[A| — K.

Furthermore, if, in addition, G(A — A) = Z", any one of these two conditions

implies the failure of the extension property for A.

Proof. We will first prove the equivalence of (a) and (b). If (a) holds, we can assume,
without loss of generality, that the linear functionals L,,, 7 = 1,...,m, are linearly
independent. Let N be the subspace of II consisting of the polynomials vanishing
at all the a;’s and choose Py, ..., Py to be a basis for N, where k = |A| —m. Then,
clearly, ﬂle {a € T", P,(a) = 0} = Q(au,...,qm) which is a set of cardinality
greater than m = |A| — k. Conversely, if (b) holds, the set of linear functionals
{La}taca, where A = ﬂle {B € T, P,(B) = 0} cannot be linearly independent.
Let {a1,...am} be a maximal subset of A with the property that the collection
{La;}™4 is linearly independent. Then, Q(ai,...,am) = ﬂle {Be€T" PB) =
O} which is a finite set strictly larger than {aq, ..., a.;,}. Hence, (a) holds. We will
now prove that, under the additional assumption that G(A — A) = Z", condition
(a) implies the failure of the extension property for A. If some collection of points
a1,...,q, € T™ satisfies the condition in (a), there is no loss of generality in
assuming that the linear functionals L,,, ¢ = 1,...,m, are linearly independent.
We can thus pick polynomials U; € I, ¢ = 1,...,m, satisfying U;(a;;) = 05, for 1 <
i,j < m. Given any numbers dy,...,d, > 0, we define ||P||> = >°7" | d; |P(a;)[?
for P € II5, and we denote by Eg, 5 € Q(au,..., o), the associated evaluation
polynomials and by [.,.] the associated degenerate inner product. (Note that under
our assumptions, m < |A|.) We notice that we can take E,, = U;/d;. Indeed, if
P €11, we have that

[P, U;/d;] Z Ui(aj)/di = P(i), i=1,...,m.

Since, by Lemma 3.8, the collection {E,, /|| Ea, 1 forms an orthonormal basis for
T, with respect to the inner product ., .], it follows that for any 8 € Q(a, ..., am),
we can take for evaluation polynomial at 8 the polynomial

(4.2) Es = [Ep, Ea,) B, /|| Ea,|l” =D (1/di) Us(B) Us.

i=1 =1
Let F = {(U1(B),...,Un(B)), B € Qai1,...,am)} € C™. Since Q(aq,...,qn) is
assumed to be a finite set, so must be F'. Now, let 8 € Q(a, ..., am)\{a1,...,amn}.

We claim that the vector(Ui(8),...,Un(8)) € F has, at least, two non-zero com-
ponents. Indeed, if it weren’t the case, it would follow from (4.2) that Eg = c E,;,
for some ¢ € C and 1 < j < m, and thus that P(3) = ¢ P(a;), for all P € IIx. In
particular, for the polynomial ¥, where k € A, we obtain that 3% = ¢ o and, thus,
that |c| = 1. This implies that |P(3)> = |P(«;)|?, for all P € II,, contradicting
the fact that G(A — A) = Z™ by Lemma 4.2. If A has the extension property,
Theorem 3.9 implies that, for any choice of numbers dy,...,d,,, there must be a
corresponding element v € Q(ayq, ..., am) such that Eg(y) = 0. In particular, we
would then be able to find, for any such dy,...,dn,, a vectory = (y1,...,ym) € F
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such that Y", (1/d;) U;(8)y; = 0. Since F is finite, this contradicts Lemma 4.5
and proves the claim. O

To conclude this section, we will give examples of sets for which the failure of the
extension property follows almost immediately from the previous result. In partic-
ular, the one-dimensional sets having the extension property are characterized.

Theorem 4.8. Any finite set A C Z having the extension property has the form
A={k+jl,0<j <N},
for some kI, N € Z with [, N > 0.

Proof. Let us first assume that {0,N} € A C {i;,0 < i < N}, where N is a
non-negative integer, and that G(A — A) = Z. If A # {i, 0 < i < N}, then the
polynomial zV —1 € TI, has N distinct roots on T while |A| < N+1, and thus A fails
to satisfy the extension property by Theorem 4.7 (using (b) with & = 1). On the
other hand if A = {i, 0 <i < N}, then A is known to have the extension property
(see [Ru]). In the general case, the result can be obtained from the previous case
by using Lemma 4.3 and Lemma 4.4, since the one-to-one homomorphisms of the
group Z to itself are of the form k +— [k, for some | € Z, | # 0. O

We will now turn to the two-dimensional case and consider a class of examples of
sets failing to satisfy the extension property. In particular, this class contains the
sets considered by W. Rudin in [Ru] and the set R(2,2) considered by A. Sakhnovich
in [Sa].

>

Theorem 4.9. Let A = R(p,q), with p,q > 2 or, more generally, let A be any
subset of Z? containing the points (0,0), (p,0),(0,q), (p,q), where p,q > 2, and
satisfying |A| < (p +1) (¢ + 1) as well as G(A — A) = Z2. Then, the extension
property fails for A.

Proof. Notice first that the polynomial 1 + 21 + 22 has exactly two roots on T2,
(o, @) and (@, ), where a = €?™/3. Therefore, the polynomial 1+ 2% + 2 € Tl
has 2pq roots on T2. If p,q > 2 and, either p > 3 or ¢ > 3, we have that
Al < (p+1)(¢g+1) < 2pg; thus, A fails to satisfy the extension property, since
the condition (b) of Theorem 4.7 is satisfied here with k = 1. If p = ¢ = 2, the
argument just given works also, except for R(2,2) since, then, |A| = 9 is greater
than the number of zeros of 1+ 22 + 22 on T? which is 8. Fortunately, condition (b)
with k& = 2 is satisfied here by the polynomials 1 — 22 22 and 2? — 22, since, as can
be easily checked, the set of their common zeros on T? has cardinality 8, proving
the claim. O

Remark 4.10. Although, it is true that, in dimension greater than one, a trigono-
metric polynomial could have, in general, infinitely many zeros, one can actually
show that if a polynomial in II, where A = R(2,2), only has finitely many zeros,
then the number of its zeros is at most 8. Hence, condition (b) of Theorem 4.7 with
k = 1 cannot be used to prove the failure of the extension property for R(2,2).
This raises the more general problem, unsolved as far as we know, as to how many
zeros a polynomial in II5 can have if one knows, a priori, that it only has finitely
many of them.

Finally, let us show how to use the previous results to give a simple proof of the
failure of the extension property in 3-dimensional examples and, in particular, in
the case of A = R(1,1,1), a result first obtained by L. A. Sakhnovich ([Sa]).
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Proposition 4.11. The extension property fails for A = R(p, q,r), for any integers
p,g,r > 1.

Proof. The set of common zeros of the polynomials (z1—1) (22 23+1), (22—1) (21 23+
1), and (23 — 1) (21 22 + 1) consists of the points

o =(1,1,1), ap = (1,1, -1), a3 = (—1,1,—1),
g = (—1, —1, 1), a5 = (i,i,i), Qg = (—i, —i, —i)

in T3. This implies that the set of common zeros of the polynomials (2} —1) (2 25 +

1), (2§ —1) (27 25+ 1) and (25 — 1) (27 2§ +1) belonging to II has cardinality 6 p g .
Since |[A| = (p+1) (g+1) (r+1), it follows, from using part (b) of Theorem 4.7 with
k = 3 and the fact that G(A — A) = Z3, that the extension property fails whenever

6pgr>(p+1)(¢g+1)(r+1)-3,
an inequality which is satisfied if p,q,r > 1. O

5. COMMUTING UNITARY MATRICES

In this section, we will formulate a condition in terms of unitary matrices which
is equivalent to the extension property and we will give some examples illustrating
how this new criterion can be applied to show that a set does or does not have the
extension property.

Definition 5.1. If U = (Uy,...,U,) is an n-tuple of unitary matrices U; € M,.,
foralli=1,...,n, and k = (k1,...,k,) € Z", we will denote by Uk the unitary
matrix U. 1k ..Uk, Furthermore, U will be called a commuting n-tuple of unitary
matrices if U; U; = U; Uy, for all 4,5 = 1,...,n. If x,y € C”, we will denote by x.y
the standard inner product in C” of x and y, and by |x|, the standard euclidean
norm of x in C".

Theorem 5.2. Let A be a finite subset of Z™. Then, A satisfies the extension
property if and only if, given any integer v, with 1 < r < |A|, and any collection
of vectors {Xx}kea in C" satisfying |xx| = 1, for all k € A, xx.X1 = Xp.Xq if
k,1,p,q € A andk—1=p—q, and span{xx, k € A} = C", there exists a commuting
n-tuple of unitary matrices U = (Uy,...,U,), with U; € M., fori=1,...,n, and
x € C" such that xi = UK x, for all k € A.

Proof. By Lemma 3.8, A has the extension property if and only if, for every semi-
norm ||.|| on ITx associated with a collection p.d. on A, there exist aq,...q, € T
and dy,...,d, > 0, where r = |A| — dim{P € Il,,||P|| = 0}, such that for all
P e 11y,

(5.1) PP =" di | P(e)]*.
i=1

In fact, the same condition, but with the restriction that the collections considered
be p.d. on A, but not s.p.d. on A, is also equivalent to the extension property.
Indeed, assuming that this condition is satisfied, let us consider a collection which
is s.p.d. on A and let ||.|| be the associated norm and let E,,a € T", be any
associated evaluation polynomial. Then,

I1PI = IIPII* = [P(a)]?/]| Eall?,
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defines a semi-norm associated with a p.d. collection which is not s.p.d. on A, since
the set {P € II,, ||P||1 = 0} is the one-dimensional subspace generated by E,. By
assumption, we can write

[A]-1

IPIE =D dilPai)P,
i=1

where the a;’s are in T™ and the d;’s are positive, from which a representation as
in (5.1) with » = |A] follows for the original norm. Let us thus consider a collection
{ck}kea—a which is p.d., but not s.p.d. on A, and let ||.|| be the associated semi-
norm. Let Lq,..., L, be r linearly independent linear functionals on II5 such that

1PI* = }:Ul

If Li(P) = Yyen Uk ax, for P(z) = > o5 axzX € I, we define a collection of

vectors in C”, {uk}xen, by (uk); = ul, i = 1,...,r. There is no loss of generality
in assuming that ||zX|| = 1, for all k € A. Since

1Pl =" {Z ui;u_i} aicar,

klea Li=1

it follows that
(5.2) lue|>=1, keA
and that
(5.3) ug.u = up.ugq, Vk 1l p,gqeAwithk—l=p-—aq.
Furthermore, the span of {uy }xea is all of C". Indeed, if for some x = (x1,...,2,) €

C",wehad >;_, z;uj =0, forallk € A, this would imply that >;_, x; L;(P) =0,
for all P € II,, and, thus, that all the x;’s are zero, since the linear functionals
L;, i =1,...,r, are linearly independent. Hence, any semi-norm associated with
a collection p.d., but not s.p.d., on A, can be represented, if ||zX|| = 1, for all
monomials z¥, k € A, in the form

|P||2 Z Uk .Up akal = | Z akuk|

k,leA keA

for P(z) = > yea ok zX € TI,, where the vectors uy belong to C”, for some 1 < r <
|A|, and satisfy (5.2) and (5.3). Assuming now that A has the extension property,
there will exist, by Lemma 3.8, ay,...,a, € T™ and dy,...,d, > 0 such that the

linear functionals L,,, ¢ = 1,...,r, are linearly independent and for which the
identity
(5.4) ||IP||? = Z d; |P(v)]

is satisfied for all P € TI5. Consider the collection {vy }xea of vectors in C", defined
by (vi)i = V/d; o, for 1 <i < r. It follows from (5.4) that

(5.5) ||P||? = Z Vk.V1 axa1,
KleA
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for all P(z) =Y, ., axz® € I, and, thus, comparing (5.3) and (5.5), that
(5.6) ug.u; = vi.vy, k1€ A.

Consider now the linear map A : C" — C" defined by

A <Z xkuk> = movi,

keA keA

where zy, € C, for all k € A. Because of (5.6), we have that

|Z il?ka|2 = Z Vk.V1 Tk T = Z Ug. Uy Tk 71 = | Z $kuk|2,

keA k,leA k,leA keA

and, thus, A is a well-defined unitary map from C” to C". Let us define v € C" by
v; = +/d;, for i = 1,...,r and n diagonal unitary matrices VieM,,j=1,...,n,
by V; = diag((a1);, ..., (ay);) where (ag); denotes the j-th component of o, € T".
Clearly, V; V; = V; V;, for all 4,5 = 1,...,n and vic = V' ... V¥ v, for all k € A.
Hence, letting V be the commuting n-tuple of unitary matrices (V1,...,V,), we
have that vii = VKv = VKA u, where u = A* v, for each k € A. Hence, letting U
be the commuting n-tuple of unitary matrices (Uy,...,U,), where U; = A*V; A,
fori=1,...,n, it follows, using the identity A* A = I, that if k € A, we have

ug = A*VkAu = Uky,

as was claimed. Conversely, assuming that for any collection of vectors {ux }xea in
C", 1 < r < |A|, spanning all of C" and satisfying (5.2) and (5.3), there exists a
commuting n-tuple U of unitary matrices in M, and u € C” such that u, = U¥u,
for all k € A, let us consider a collection {ck}kea—a p.d., but not s.p.d., on A. By
the above considerations, we can find a collection of vectors {uy }xea in C”, where
r = |A] — dim{P € II,, ||P|| = 0}, whose span is all of C" and such that, for all
P €Iy, with P(z) = > o5 axz¥,

|1P|* = Z Uy U axar.
k,lEA

By assumption, there is thus an n-tuple of unitary matrices U = (Uy, ..., U,) in M,
and u € C” such that ux = U¥u, for all k € A. Since the matrices U;’s commute
with each other, they are simultaneously diagonalizable by a unitary similarity (see
[HJ, p. 103]). There exists thus a unitary matrix A € M,. such that U; = A*V; A,
foralli =1,...,n, where V; is a diagonal matrix of the form diag((a), .. ., (ar)q),
and (a1)i,...,(ay); € T. Let us define o;j € T, for j = 1,...,r, by a; =
((@j)1,-..,(a;),) and the n-tuple V of unitary matrices by (Vi,...,V,,). If P(z) =

> kea Ok zX € II,, we obtain, letting v = (v1,...,v,) = Au, that
I1P[?= > (Uku).(U'w)aa= » (A" V<Au).(4" V' Au)aca
kleA k,leA
= Z (Vv ) vagar = Z {Z (o)1 |vi|2} ax ay = Z lvi|? | P ()2
kleA klea Li=1 i=1

To conclude the proof, it remains to notice that |v;| # 0 and that the linear
functional L,,, ¢ = 1,...,r, are linearly independent, since the dimension of
{P €114, ||P|| = 0} would otherwise be greater than |A| —r. |
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To illustrate the previous theorem, we will give a simple two-dimensional example
of a set failing the extension property.

Example 5.3. The set A = {(0,0),(1,0),(2,0),(0,1),(1,1),(0,2)} C Z? fails to
satisfy the extension property. Indeed, let {u;, ¢ = 1,...,5} be any orthonormal
basis of C® (with respect to the standard inner product) and define x(y ) = u,
X(1,0) = U2, X(2,0) = U3, X(0,1) = W4, X(1,1) = U5, and X(g9) = uz. It is easily
checked that xx.x; = xp.Xq if k,1,p,q € A and k —1 = p — q. Suppose now
that there is a commuting pair of unitary matrices U = (U1, Us) in M5 such that
xk = UXx(g), for all k € A. Let xx = U¥x(q), for all k € Z2. Then we have

that X(1,0).X(1,2) = X(0,0)-X(0,2) = |u1|*> = 1. Since the xi’s are all unit vectors,
it follows that x(1,2) = X(1,0) = u2. Similarly, X(22) = X(02) = uz. Consider
now the vector x(31). We have that x(31).X(0,0) = X(2,2)-X(0,1) = uz.ug = 0,

X(2,1)-X(1,0) = X(1,1)-X(0,0) = Us.u1 = 0, X21)-X(2,0) = X(0,1)-X(0,0) = Ug.u1 = 0,
X(2,1)-X(1,1) = X(1,0)-X(0,0) = u2.u1; = 0. Hence, x(3 1) must be orthogonal to each

vector u;, ¢ = 1,...,5, contradicting the fact that it is a unit vector.

Definition 5.4. If a collection {cx}kea—na is p.d. on A, we defined the rank of
{ck}xea—n to be the number |[A| — dim{P € II,, ||P|| = 0}, where ||.|| denotes the
semi-norm associated with {ck bkea—a-

A consequence of Theorem 5.2 is the following result which applies to sets A
which are “path-connected” in the sense described below.

Corollary 5.5. Given a finite set A C Z", let A = {k+Y e, kele=
0,1}, where e; denotes the element of Z™ whose components are all zero, except
for the i-th which is 1. Suppose, furthermore, that A has the property that, for any
distinct k,1 € A, there exists a finite sequence p1,...,Pm € A satisfying p1 = k,
Pm =1, and pj11 = pj +nj €, for all j = 1,...,m — 1, where n; = +1 and
i(j) € {1,...,n}. If, for any collection {cx}xea—a p-d. on A and of rank r,
1 <r < |A|, there exists a collection {¢x}ycxz_; p-d. on A and of rank v such that
Cx = ¢k, for allk € A — A, then A has the extension property.

Proof. As in the proof of Theorem 5.2, if ||.|| denotes the semi-norm associated with
a collection {cx}kea_a p.d. on A satisfying, without loss of generality ||z¥|| = 1,
for all k € A, there exists, by assumption, a collection {uy}, .3 in C" whose span
is all of C" and which satisfies |ux| = 1, for all k € A and ug.u; = Up.ug, for all
k,1,p,q € A such that k —1 = p — q, for which

Z ax Uk
keA

for all P(z) = >, ) axz® € II5. Foreachi=1,...,n, welet U; : C" — C" be the
mapping defined by U;(} ycp @k Uk) = Yy cp Ok Ukte;. Each U; is unitary since
Uk e, Ulte, = Uk.uy, for all k,1 € A. Furthermore, we claim that U; U; = U; U; if
1 # j. Indeed, note that for all k,1 € A, we have

2
(5.7) I1PII* =

)

UjUiugire; = UjUkye, Ulte; = Ukte;-Uj Ute; = Ukie, Ul = Ukie,te;-Ulte;
and, thus, since the span of the collection {u1+ej hea is all of C", it follows that

UjUiuk = Ukqe,4e; = Ui Ujuk, k€A,
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from which the desired commutativity follows immediately. Hence, U = (Uy,...,U,)
defines a commuting n-tuple of unitary matrices. To conclude the proof, it remains
to show that, for any k,1 € A, we have u; = U™k uy, since, in this case, the desired
conclusion will follow from Theorem 5.2. If k = 1, this is clear, and if k # 1, let
P1,---,Pm € A be the corresponding finite sequence in the assumptions. Using the
fact that, for all j =1,...,m — 1, we have that

_ — 17" — Uni®iG)
Up; 11 = Up;+n; ey = Ui(j) up, = UP™0 up,,
we compute
Ul—k . = Ul—k up, = Ul—k U(_ﬁl ei(1)) up

— Ul-k-meiq))

2

Up, == U(l_k_Z]‘:l nj €i(5)) up,, = u,

since Z;n:_ll nj €i(;y = 1 — k, which concludes the proof. O

Remark 5.6. The “path-connectednesss” property that A must satisfy is really
needed in the proof of the previous corollary. For example, in one dimension,
if we take A = {0,1,6,7}, then A= {0,1,2,6,7,8}, and if we let e = (1,0,0),
es = (0,1,0), and e3 = (0,0,1) be the standard orthonormal basis for C* and
define ug = e1, u; = ez, us = e3, Ug = ez, Uy = e, Uug = ey, it is easily checked
that up.w; = up.uy, for all k,1,p,q € A with k — 1 = p — ¢ and thus, the unitary
operator U appearing in the proof of Corollary 5.5 can be defined by U(e1) = eq,
U(esz) = e3, U(e3) = e;. However, we have US(ug) = ug # ue.

We will now use the previous result to give an elementary proof of the well-known
fact that the one-dimensional set {0,1,..., N} has the extension property.

Lemma 5.7. LetXq, ..., Xk, Xg+1 be k+2 vectors in C™ satisfying |x;| = 1, for all
i=0,...,k+1, and x;.x; = X,.Xq, for alli,j,p,q € {0,..., k+1} withi—j = p—q.
Then, if x3 belongs to the span of Xg, ..., Xk—1, S0 does Xj41-

Proof. By assumption, x; = Zi:ol a;x;, where a; € C, foralli =0,...,k—1. Let
u=Xg4+1 — Zfz_ol Qi Xj41- Then, if 1 < l < k, we have

k—1 k—1
u.X; = Xg+1-X] — E i Xij41.X] = X X[—1 — E a; X;.X1—1
i=0 =0

k—1
(xk — Z a;x;).x—1 = 0.
i=0

. . k-1 k-1
In particular, we obtain that xp11 = Y ." a; Xi41 +u, where w.(3°, " aiXiy1) =
0. Hence,

k—1 k—1
U= lxpen? =) aixipa* +[uf = 1Y aixil® + [uf* = i + [uf* = 1+ [u]?,
i=0 =0

proving that u = 0 and, thus, that x;z4; = Zi:ol a; X;+1 belongs to the span of the
vectors xq, ..., Xg_1. O

Theorem 5.8 (See [Ru]). The set {0,1,..., N} satisfies the extension property.
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Proof. By Corollary 5.5, we need to show that if xg,...,xy are N + 1 unit vectors
in C", where 1 < r < N, whose span is all of C" and which satisfy x;.x; = x,.xq,
for all 4,4,p,q € {0,...,N} with ¢ — j = p — g , then, there exists a unit vector

xn4+1 € C" such that xn41.X; = XNy1-p-Xj_p, for all j € {1,...,N} and all
p € {1,...,5}. It follows immediately from the previous lemma that the span of
X0, ...,Xp_1 18 all of C". Thus, if xy = Z::_ol a; x;, we let xy11 = E:(Jl a; Xit1,
and, if j, p are as above, we compute
r—1 r—1
XN+1-X5 = (Z a; Xi+1).Xj = (Z Qg Xi)-xj—l =XN-Xj—1 = XN+1-p-Xj—p,
i=0 i=0
which proves the claim. O

We will now consider two-dimensional examples. We will need the following
result.

Lemma 5.9. Let A = {(i,j) € Z?, 0 < i < 1} and, for any integer r > 1, let
{Xk}kea be a collection of vectors in C” satisfying Xx.X1 = Xp.Xq, for allk,1,p,q €
A with k—1 = p—q. Then, there exist two commuting unitary matrices Uy, Us € M,
such that xix = Ulkl Uka X(0,0), for all k = (ky1, k) € A.

Proof. There is no loss of generality in assuming that the span of the collection
{Xx}kea is all of C,.. For any finite sum ), . ax Xx, we define

Uz(z ax Xy) = Z ax Xkteo)

keA keA
where eo = (0, 1). It is clear that Us defines a unitary operator on C” since

U2 axexi)” =Y axXucreo > = Y 0k 81 Xktor Xies

keA keA k,leA
— z : 2
= E Ak a) Xk -X1 =| akxk| .
k,leA keA

Let M; be the span of {x(; jy, j € Z},fori =0,1. Let V : My — M; be the mapping
defined, for finite sums, by V(3_;cz a(0.5) X(0.5)) = X_jez 0.5 X(1,5)- One easily
checks, as before, that V' is unitary. Let a1,...,as, 1 < s < 7, be the distinct
eigenvalues of Uy and let Fq,..., Es be the corresponding eigenspaces. Note that
both My and M are invariant under Us. The eigenvalues of the restriction of Us to
My are clearly contained in the set of eigenvalues of Us. Let a; be such an eigenvalue
and let @[J}, . ,wfm, 1 < k(j) < dim(E};), be an orthonormal basis for E; N M,
i.e. the eigenspace corresponding to o associated with the restriction of Us to M.
Then, the collection {¢}, i = 1,...,k(j)}, where ¢% = V(¢}), is an orthonormal
basis for E/; N M, since V' is unitary and the image under V' of an eigenvector of
Us in E; N My is again an eigenvector of Us corresponding to the eigenvalue ;. If
E;NMy = {0} or if k(j) < dim(Ej;), let us complete the orthonormal basis obtained
for E;N My into an orthonormal basis {zb;, i=1,...,dim(E;)} for E}, and similarly,
let us complete the orthonormal basis obtained for F; N M; into an orthonormal
basis {(;5;, i=1,...,dim(E;)} for E;. Let U; : C" — C" be the unitary operator
defined by Uy (¢}) = ¢}, for j = 1,...,5 and i = 1,...,dim(E};). Then, clearly,
V' is the restriction of Uy to My, and U,Us; = UsUy, since the restriction of UyUs
and UsU, trivially agree on each Ej, j =1,...,s. Since, as can be easily checked,
xk = U¥x(g ), for all k € A, where U = (Uy,Uz) , the result follows. O
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A consequence of Theorem 4.9 is that the set A = R(p,q) fails to satisfy the
extension property if both p, ¢ > 2. We will show next that the extension property
holds if A = R(1,p) (or R(p,1)), for any p > 1. The case of R(1,2) is already
known (see [Sa] and the references therein).

Theorem 5.10. The set A = R(1,p) satisfies the extension property, for any in-
teger p > 1.

Proof. We have |A| = 2p + 2. Let us consider a collection of unit vectors {xx }xea
in C" with r < 2p + 1, satisfying xix.x1 = Xp.Xq, for all k,1,p,q € A with k —
1 = p — q, and whose span is all of C". Let M be the span of the collection
{x@,j),%=10,10 < j < p—1}. We claim that the dimension of M is at least
r — 1. Indeed, if it were less than or equal to r — 2 < 2p — 1, the 2 p vectors in that
collection would have to be linearly dependent. This would imply the existence of
an integer k with 0 < k < p — 1 such that either x(g 1) belongs to the span of the
collection {x(; jy, i = 0,1, 0 < j < k} or X(1 ;) belongs to the span of the collection
{x0,0} U{x@,j, 1 =0,1,0 < j < k}. In the first case, we would have that

X(0,k) = § ij X(i,5)>
i=0,1
0<j<k

for some complex numbers a;;, and, thus, that

X(0,p) = § @ij X(i,j+p—k)>
i=0,1
0<j<k

since the mapping

Z bij X(i,5) — Z bij X(i,j+p—k)

i=0,1 i=0,1

0<j<k 0<j<k
is norm preserving. This would contradict the fact that the collection {xy}kea
spans all of C". A similar argument shows that the second case is impossible as
well. We define a unitary mapping V from M onto a subspace of C" by

V( Z aij X(i,5)) = Z @ij X(i,j+1)-

i=0,1 i=0,1
0<j<p-1 0<j<p—1

If dim(M) = r — 1, we choose unit vectors y,z orthogonal to M and V (M), re-
spectively, and define a unitary operator Uz on C” by Usz(x + Ay) = V(x) + Az.
If dim(M) = r, i.e. M = C", we simply define Uy = V. It is clear from this
definition that x(o ;) = Ug (X(0,0)) and x(; jy = Ug (X(1,0)), for all j =0,...,n. Let
us define x(; ;) = Ug(x(i)o)), for all ¢ = 0,1 and all j € Z. Let A = {(3,j) €
Z?,0<i<1,jeZ} Weclaim that we have xx.x1 = Xp.Xq, for all k,1,p,q € A
with k — 1 = p — q. Indeed, suppose that k = (4,71), 1 = (4, J2), p = (4,71 + m),
q = (i,j2 +m), where 0 <4 < 1, then

Xk.-X] = UgIX(i)O).UQjZX(Lo) = Ugl+mX(i)0).U52+mX(i)0) = Xp-Xq-
Similarly, if k = (0, 41), 1 = (1,52), p = (0,41 + m), g = (1, j2 +m) , we have that

7 J2 _ pjiitm Jat+m _
Xk-X]1 = UQ X(070).U2 X(LO) = U2 X(070).U2 X(I,O) = Xp-Xq-
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The only case which is nontrivial is when k = (0, 1), 1 = (0,52), p = (1,51 + m),
q = (1, j2 + m), and this case can be immediately reduced, by the previous steps,
to the case where k = (0,0),1=(0,5), p = (1,0), g = (1, 7). We need thus to show
that

U% Z(0,0)-L(0,0) = U% T(1,0)-%(1,0)5

for all integers j, knowing that this identity holds when 0 < j < p and, thus,

when [j| < p. Let ¢1,...,¢, be an orthonormal basis of eigenvectors of Us and
let ay,...,a, € T be the corresponding eigenvalues. If z(,0) = >, <i<r @i ¢; and
Zlgzgr b; ¢;, then
(58) Ug f(o)o).x(0,0) = Z J |al
1<i<r
and
(5.9) Udzaopoao = », of [bif*
1<i<r

Consider the positive measures p = Y .., |ai|* 0o, and v = > i, |bi]? a,
defined on T. It follows from our assumptions that if Ay = {j € Z, |j| < p}, then

(5.10) APduzAPdu

for all P € IIa,. Since r < 2p + 1, we can find, for each ¢« = 1,...,r, using the
Lagrange interpolation formula, a polynomial P; € II5, such that P;(e;) = 1 and
Pi(aj) = 0, for all j € {0,...,7} with j # i. Replacing P by P; in (5.10), we
deduce that |a;| = |b;| for all i = 1,...,r. Hence, 4 = v and we have thus equality
between the expressions in (5.8) and (5.9) for all j € Z, which proves the claim. To
conclude the proof, it suffices now to apply Lemma 5.9 to the collection {xk }xea
we have constructed. O

6. EXPLICIT EXAMPLES OF NON-EXTENDABLE COLLECTIONS

We will use the methods developed so far in this paper to construct explicit
examples of collections that are p.d., but are not extendable, on the sets A = R(p, q),
where p,q > 2 and A = R(p,q,r), where p,q,r > 1. Explicit examples, although
not as simple as the ones given below, can be found in [Sa] for the case A = R(2,2)
and A = R(1,1,1), and an algorithm describing how to construct such collections
from the knowledge of a non-negative polynomial in ITp_, that cannot be written
as a sum of squares of moduli of polynomials in II, is given in [Lan].

Theorem 6.1. Ifp,q > 2 and A = R(p,q), the collection {cx}xen—a defined by
k=1~ (pa+p+q—1"" keA-A,

where 10,0y = T(+p,+q) = L and ¢ j) = 0 otherwise, is p.d. on A, but not extendable.

Proof. Let Ay = A\{(0,0), (p,0),(0,9), (p, @)} If P(21,22) = 31 jyen i) Ziz e
11z, we define

IPIP =D laepl® +lawo) + ag.al® + lapo) + apel* = Y noxaca,
(,5) €M k,1€A
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M ={Pelly, ||P||=0} ={c1 (1 — 2V 2]) + co (2 — 29), ¢1,¢0 € C},
and
Q={aeT? Pla)=0,VP e M} ={(a1,a) € T2, o = a,03? = 1}.

If a € Q, we consider the evaluation polynomials E, which are defined up to an
element of M. If P € II, we have

PL1) = > aujy= D a6j+ (000 +pg) + (@m0 + 60.q)-
(i,5)EA (i,5) €A1

Hence we can define

i g1 1
E11)(21,22) = Z 2125+ 2(1+21Z2)+§(Zf+23)

(i,5)€AL
. 1 1
= > Aad-50+ads) -5+
(i,j)EA
p ) q )
= (Z 21) (Z z3) — 5 (1427 23) 5 (21 + 23)
i=0 =0

Suppose now that 8 = (31, 32) belongs to Q. If g7 = 34 = —1, then

E1,1)(B1, B2) = (14_—21) <1i—gz> :

Thus, E(1,1)(8) = 0 only in the case where 3; = —1 or §2 = —1. The first case
can only occur when p is odd and yields ¢ zeros in  of the form (—1,(82), where
B3 = —1. The second case occurs only when ¢ is odd and yields p zeros of the
form (81, —1), where 8{ = —1. If g = 33 = 1, we obtain that E( 1)(8) = —1
when 81 # 1 and 2 # 1, Eq1y(8) = p—1# 0 when 81 = 1 and 2 # 1, and
Eq1y(8) =q—17#0when ) # 1 and B2 = 1. So E(; 1) has at most p + g zeros in
Q. If P(z) = Y"1 cp axz® € 11, we have that

(6.1) > awaca=||P|* -

k€A

|P(1,1)]? >0
1Eanll? =7

and, thus, the collection {ck}xea—a is p.d. on A. If that collection were extend-
able, any associated representing measure p would have to be supported in the
intersection of € with the zero set of E(; 1) (see the proof of Theorem 3.9) and
would therefore be a measure supported on a set of cardinality at most p+ ¢q. The
dimension of the subset of II5 consisting of the polynomials in II5 vanishing on the
support of & has to be at least |A| — (p+ ¢) while, on the other hand, the dimension
of the set of polynomials in IT for which the left-hand side of (6.1) vanishes is 3.
Hence, (p+1) (¢+1)— (p+¢q) < 3 or pg < 2, which contradicts the fact that both p
and ¢ are greater than or equal to 2. Therefore , {ck }xea—a is not extendable. O

Remark 6.2. The collection {rk}xea—a defined in the previous theorem is itself
extendable. Indeed, it is easily checked that a representing measure associated
with that collection is the measure

P g
] J
r=73 20+ 1) (g+1) _|_ 1 (¢+1) ];) IZ: (8%,65) T 018 724)

where (61 = ezm/”, v = e”/p, B2 = 62’”/‘1, and v = emi/a,
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Theorem 6.3. If p,q,7 > 1 and A = R(p,q,r), the collection {ckxea—n defined
by

ax=m—[(p+1)(g+1)(r+1) =371, keA-A,
where 7(0,0,0) = T(p,—g,—r) = T(=par) = "(-pa=r) = Tp=ar) = T(-p—qr) =
T(pg,—r) = L and r¢; j ) = 0 otherwise, is p.d. on A, but not extendable.

PTOOf- Let Al =A \ {(pa 07 0)) (07 Q70)7 (Oa 0,7’), (pa q, 0)7 (p7 07 T)a (07 q, T)} For the
polynomial P(z1, 29, 23) = Z(i,j,k)eA (i jk) 24 2} 2K € TIx, we define

IPIP=" > laginl +lapoeo + ¢oan!® + la©.q0 + amonl?
(i k) €A

+1a@,0.) + ap.a0l”

= g 71—k QK 0.
k,1EA

We also define the sets
M = {P €Tly, ||P]| = 0}

={c1 (2] — 232%) + co (23 — 2P25) + c3 (25 — 2V2d), c1,¢2,c5 € C},
and
Q=(aeT? Pla)=0,YP € M} = {(a1,a9,a3) € T, (af,a,a}) € F},

where F = {(1,1,1),(1,—-1,-1),(-1,1,-1),(—1,—1,1)}. Similarly to the previous
theorem, it is easily checked that the evaluation polynomial at the point (1,1,1) €
can be taken to be
E(171,1)(21, 22, 23)
q r 1
— (3 ) Z )= U+ 2 + 2+ 2P2f + o2 + 2fat)

=0 7=0

Notice also that, if P(z) =Y, ., axz® € IIx, we have that

P(1,1,1)]2
> axaca=||PI] - M >0,
K,1EA 1.1,1)

so that the collection {ck }xea is p.d. on A. Furthermore, any representing measure
associated with the collection {ck}xea would have to be supported in the inter-
section of Q with the zero-set of E(; 11y (see the proof of Theorem 6.1). Also,
since dim M = 4, any representing measure would have to have at least |A| — 4
points in its support. To prove the theorem, it is thus enough to verify that the
number of zeros of Ey 1,1y in Q is less than [A| =4 = (p +1)(¢ + 1)(r + 1) — 4.
Suppose thus that 3 = (81, 02,03) belongs to Q. If g7 = g1 = g5 =1, it is
easily checked that Eq1,1)(61,082,03) # 0, unless p = 2, ¢ = 2, or 7 = 2. The
first case yields (¢ — 1)(r — 1) zeros of the form (1,32, 33), where 81 = 35 = 1,
B2 # 1, and 81 # 1. Similarly, the second case yields (p — 1)(r — 1) zeros while the
third one yields (p — 1)(q — 1) zeros. If g7 = 1 and 8 = 5 = —1, the equation
E,1,1(B1, B2, #3) = 0 reduces to

(p+2)+ph

(6:2) = T 26



TRIGONOMETRIC MOMENT PROBLEMS 4497

when (; = 1, and to

(63) 63 = _Ea
when 31 # 1. The equations for the cases 33 = 1,87 = 85 = —1, and 35 = 1,8} =
(3 = —1 are similar. If p,q and r are all different from 2, a very rough estimate

shows that the number of zeros of E(; ;1) in € is not greater than
p min(g, ) + ¢ min(p,r) +r min(p, q) < pq + pr +qr
while
p+1)(g+1)(r+1)—4=pgr+p+q+r—3+pg+pr+qr>pg+pr+qr

We now treat the case where exactly one of p,q or r is equal to 2. Let us say, for
example, that p = 2. In that case, the number of zeros of E(; ; 1) in € is not greater
than

(g—1)(r — 1) 4+ 2 min(g,r) + ¢ min(2,7) + r min(2,q) < 3¢r +1
while
[A|—4=3(q+1)(r+1)—4=3¢gr+3(g+r)—1>3qr+1.

If p=q =2, and r # 2, the same rough estimate as above shows that the number
of zeros of E(; 1 1) in {1 is not greater than 4r — 2 + 4 min(2,7) < 4r + 6, while
|A] —4 =97+ 5 proving the desired inequality in that case. The other cases where
exactly two of p,q and r are equal to 2 are handled in a similar way. Finally, if
p =g =r = 2, one can check directly that (6.2) and its analogues in the other
variables have no solution while (6.3) and its analogues each have two solutions.
The exact number of zeros of F(; ;1) in Q is thus 9 while [A| — 4 = 23 > 9, which
concludes the proof. O

Remark 6.4. All examples constructed in this section are of collections {ck }rxea—a
which are p.d., but not s.p.d., on A. To obtain examples of s.p.d. collections
{bk }kea—a which are not extendable, it suffices to define by = ¢o+€(A) and by = ¢k
otherwise, where ¢(A) > 0 is small enough, as a weak-star compactness argument
easily shows.
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