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In this paper we seek for inner product dependent strictly positive definite
kernels on subsets of C. We present separated necessary and sufficient condi-
tions in order that a positive definite kernel on C be strictly positive definite.
One emphasis is on strictly positive definite kernels on the unit circle. Since
positive definite kernels on the circle were already characterized in [1], the
study in this case reduces to the determination of what kind of positive def-
inite kernels are indeed strictly positive definite. For other subsets, we begin
with a quite general positive definite kernel on the whole C and find conditions
in order that it is strictly positive definite on the subset. For some classes of
subsets, the results are final.

Keywords and phrases. positive definite, strictly positive definite, circle,
Vandermonde matrices.  May, 2004 ICMC-USP

1. INTRODUCTION

Recently, positive definite kernels on spheres and similar manifolds have been employed
in a variety of problems by many researchers (see [2,4,14] and references therein). Large
families of positive definite kernels have been found to be very useful in the construction
of the so-called spherical radial-basis function interpolants. In particular, if S is either the
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unit circle 5 in C or the unit circle S* in IR?, these interpolants are functions of the form

n
zES—>Zch(z~zu), (1.1)
pu=1
in which z1, 29, ..., 2z, are distinct points of S, ¢y, ca,...,c, are complex numbers, - is the

inner product of the space where S lives, and f is an appropriate real or complex function.
If the kernel (z,w) € S X S — f(z-w) is positive definite on S, i.e.,

n
Z cutof(zy - z) >0, (1.2)
=1
whenever n is a positive integer, {z1, 22,...,2,} C S, and {¢1,¢a,...,¢cn} C C, the resulting

interpolation matrix (f(z, - z,)) is already nonnegative definite. Its invertibility, i.e., its
positive definiteness, will depend on f and on the interpolation points.

The main issue in this paper is to search for a characterization of the continuous strictly
positive definite kernels on S. A positive definite kernel (z,w) € S xS+ f(z-w) is strictly
positive definite of order n (n > 1) if the quadratic form (1.2) is positive whenever the z,
are different from each other and at least one of the ¢, is nonzero. A strictly positive definite
of all orders is termed strictly positive definite on S. In particular, a strictly positive definite
kernel produces a positive definite interpolation matrix for all choices of the interpolation
points. The above definitions can be naturally extended to other subsets of C as the reader
can easily verify himself.

According to Theorem 3.1 in [11], a continuous kernel (z,w) € Q3 x Qs — f(z - w) is
positive definite if and only if f is representable in the form

F) =S aH 2= a() 20, Yau(f) < oc. (13)

kEZ keZ

If (z,w) € St x S — g(z-w) is positive definite, the function g must satisfy (see [6,16,17])

Z cuCrg(cos(0, —0,)) >0, (1.4)
Hv=1
whenever n is a positive integer, the ¢, are complex numbers and {6,,6,...,6,} C [0, 2).

In particular, (z,w) € Qz x Qs — g(Re (z - w)) is positive definite and we can write

gRez) = be(g)z", |2l =1, bilg) >0, > br(g) < oc. (1.5)
kEeZ keZ

In polar coordinates, this reads

glecosf) = be(g)e®™®, 0 €, b(g) >0, > br(g) < oo. (1.6)
kezZ kEZ
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Since the above series defines an even function of 8, bi(g) = b_x(g), k € Z. Thus, we infer
that ¢ is a real function having the form

g(t) = Z ak’(g)Tk(t)a -1<t<1, ak(g) >0, Z ak(g) < 00, (17)
kEZ, kEZy

in which T is the Tchebyshev polynomial (of first kind) of degree k. This characterization
matches that of Schoenberg in [17]. To the best of our knowledge, there is no complete
characterization of positive definite kernels on other relevant subsets of C in the sense
defined here.

For a positive definite kernel (z,w) € Q2 xQs — f(z-w) and n distinet points 21,25 ..., 2,
on €2, it holds

n

Yool n) = Y alf) Y et (22, (1.8)

wr=1 keK(f) mv=1

in which K(f) := {k : ax(f) > 0}. Due to the nonnegative definiteness of the matrices
(24 2,)%), k € K(f), the matrix (f(z, - 2,)) is positive definite if and only if

n

Z (2 2,)% >0 (1.9)

pyv=1

for some k € K(f). Thus, the strict positive definiteness of order n of the kernel depends
upon the set K(f) only and not on the actual values of the coefficients ag(f). This remark
opens space for the following additional definition: a subset K of Z induces strict positive
definiteness (SPD) of order n on Qs, if every positive definite kernel (z,w) € Qg x Qg —
f(z - w) for which K(f) = K, is strictly positive definite of order n on 5. The above
remarks and definitions apply to S* as well (see [16] for details).

SPD on Q5 has not been investigated yet while many results on SPD on S* can be found in
[6, 8,16, 18]. To this day, no easy to check characterization of SPD on S* was found, but SPD
of order 2 (see [10]). A complete characterization for strict positive definiteness on spheres
of R™, m > 3 and C%, ¢ > 3, were given in [2] and [12] respectively. Characterizations for
strict positive definiteness on the unit sphere of a real or complex Hilbert space can be
found in [9] and [12].

In this paper, we study strict positive definiteness on 25 and more generally on subsets
of C. For subsets of Qy, we begin with a kernel f as in (1.3) and find conditions on K(f) so
that it is strict positive definite on the subset. Since the positive definite kernels on other
relevant subsets of C are not characterized yet, the procedure we adopt in the other cases is
slightly different. If the kernel (z,w) € C x C — f(z-w) is positive definite then Corollary
4.7 in [1] reveals that f must have the form

f)= Y a(H)"2,  ari(f) 20, (1.10)

kl€Zy
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where the series converges for all z € C. Thus, given a function f as above and a subset B
of C, we will seek for conditions in order that (z,w) € B x B — f(z-w) be strictly positive
definite. The strictly positive definite kernels having this form comprehend a large family
of kernels.

This paper is organized as follows. In Section 2, we compare SPD on 2y with SPD on
S1. In Section 3, we present some separated necessary and sufficient conditions for the
induction of SPD on 5. In Section 4, we present conditions on a function f as in (1.10)
that ensure the strict positive definiteness of the kernel (z,w) € B x B — f(z-w). For two
different classes of sets, we present conditions which turn out be necessary and sufficient.

2. STRICT POSITIVE DEFINITENESS ON {)3 AND ON S!

SPD on the circle was introduced and first studied in [6,18], considering the circle as
a subset of R2. Later, SPD was considered in [8] and [16], where separated necessary
and sufficient conditions for the induction of SPD on S! were given. An easy to check
and complete characterization was never found. Our aim in this section is to explore the
relationship between the concepts of SPD on €25 and on S*. We refer the reader to [6,8,18,10]
for acquaintance with SPD on S!. The results in this section will confirm that to identify
sets that induce SPD on {25 is more complicated than to identify sets that induce SPD
on S'. It will be shown here that SPD on S! corresponds to SPD on €25 of sets that are
symmetric with respect to 0.

An alternative formulation for SPD on 5 is presented in Lemma 2.1 below. Hereafter,
the inner product of C will be denoted trough its standard notation.

Lemma 2.1 Let K be a subset of Z and n a positive integer. The following assertions are
equivalent:

(1) K induces SPD of order n on Qs;

(i) There exists no nonzero function of the form

n
Z— Zcuew“z, c1,C,...,Cp €C, (2.1)
pn=1
where 01,02, ...,0, are distinct points in [0,27), that vanishes on K.

Proof. Writing z, = exp(i6,), 6,, € [0,27), equation (1.8) becomes

2

n
Z cuetOnk

p=1

N qaf(zm) =Y e Y an(f)e IR =N ag(f)

pv=1 =1 keK kEK

(2.2)
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The rest follows. |

A similar result for SPD on S! can be found in [16]. It uses subsets of Z and requires
real coefficients in (4¢). Theorem 2.2 and Corollary 2.3 below allows us to consider SPD on
S1 as a particular case of SPD on Q.

Theorem 2.2 Let K be a subset of Z,.. The following are equivalent:

(i) The set {k : |k| € K} induces SPD of order n on Qs;

(ii) K induces SPD of order n on S*.

Proof. Write K' := {k : |k| € K}. Let 61,60s,...,6, be distinct points in [0,2x). If
c1,Ca,...,Cn are real numbers and

D cuet =0, kekK, (2.3)
p=1

then
> euet =0, keK'. (2.4)
p=1

Hence, if K’ induces SPD of order n on Qy, Lemma 2.1 forces all the ¢, to be zero. Thus,
(¢) implies (i¢). Conversely, if dy,ds, ..., d, are complex numbers and

> duet =0, kekK, (2.5)

then, the symmetric nature of K’ allows us to conclude that

> duelt =0, keK' (2.6)
p=1
Thus,
> (Red,) e’ =" (Imd,) " =0, keK' (2.7)
pn=1 p=1
In particular,
n n )
Z (Red,) e* =" (Imd,)e* =0, keK. (2.8)
n=1 pn=1

If K induces SPD of order n on S*, the above relations yield
Red, =Imd, =0, p=1,2,...,n, (2.9)
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whence all the d,, are zero. By Lemma 2.1, K’ induces SPD of order n on . |

Corollary 2.3 If a subset K of Z induces SPD of order n on s then so does the set
{|k| : k € K} on S*. The converse is true whenever K is symmetric in the sense that
K={-k:keK}.

To see that the converse of Corollary 2.3 is not true in general consider the set K =
{-1,0,1,2}. Being of cardinality 4, it does not induce SPD of order 5 on {25 (see Corollary
3.5 in Section 3 ahead). However, {|k| : k € K} = {0, 1,2} induces SPD of order 5 on S*
by Theorem 1 in [15].

3. STRICT POSITIVE DEFINITENESS ON ()9

In this section, we study SPD on € and its subsets. Our results include separated
necessary and sufficient conditions for the induction of SPD on €23. Some of them come
from ideas present in the study of SPD on S* while others are genuinely of complex nature.
Unfortunately, all the conditions do not complete characterize SPD on .

Our first important result establishes the invariance of SPD on 25 by integer translations.
The reader is advised that a similar invariance property does not hold for SPD on S*
because translation invariance does not preserve symmetry (see Corollary 2.3).

Theorem 3.1 Let K be a subset of Z, n a positive integer and | an integer. These properties
are equivalent:

(2) K induces SPD of order n on Qs;

(5) K+1:={k+1:ke K} induces SPD of order n on Qs.

Proof. Let 61,0, ...,0, be distinct points in [0,27) and ¢, ¢q,. .., ¢, complex numbers.
If () holds and

> cue® ) =0, ke K, (3.1)

p=1

then Lemma 2.1 implies that ¢, exp(i6,l) = 0, p = 1,2,...,n. It is now clear that ¢; =

cg =+ =c¢, =0. Thus, K + [ induces SPD of order n on Qs by Lemma 2.1. If (ii) holds
and
Z c, €t =0, keKkK, (3.2)
p=1
then
D cuem e =0 ke K. (3.3)
p=1
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Applying Lemma 2.1 once again, we conclude that ¢, exp(—i6,l) =0, p =1,2,...,n, that
is,ci=co=---=¢, =0. |

Likewise, a reflection with respect to 0 does not alter the SPD of the set.

Theorem 3.2 A subset K of Z induces SPD on Qo if and only if — K = {—k : k € K}
does.

Next, we identify sets that induce SPD of order 2 on 5. The result indicates how
complicated can be to exhibit an easy to check condition characterizing SPD of order
n >3 on Qs and S'.

Theorem 3.3 A subset K of Z induces SPD of order 2 on Qs if and only if the difference
set {k —1:k,1 € K} possesses a relatively prime subset.

Proof. The proof is an adaptation of arguments already used in [7,10,13]. Invoking the
definition of SPD of order 2 it is readily seen that K induces SPD of order 2 on €5 if and
only if

F)? = f(2)f(Z) >0, z€Q\{1}, (3.4)

whenever (z,w) € Q2 X Qg — f(2W) is a positive definite kernel with K (f) = K. But, this
is equivalent to the condition

> an(fa(f) (1—2"") >0, 2\ {1}, (3.5)

k£l

that is, to the requirement that the system
2"=1, me{k—-1:kleK}\{0}, (3.6)

have no solution in Q9 \ {1}. This last assertion is equivalent to {k —{ : k,! € K} having a
relatively prime subset. |

Theorem 3.4 below contains a necessary condition for the induction of SPD on €5. The
proof is included for completeness once similar arguments were already used in the proof
of Theorem 3.1 in [13]. An alternative proof can be elaborated via arguments used in the
proof of Lemma 12 in [6].

Theorem 3.4 Let K be a subset of Z and n a positive integer. In order that K induce SPD
of order n on Qo it is necessary that it have a nonempty intersection with the arithmetic
Pprogressions

nZ+j:={nl+j: 1€}, j=0,1,...,n—1. (3.7

Proof. We assume that K induces SPD of order n on Qs and that K N (nZ + j) = 0,
for some j in the set {0,1,...,n — 1} and reach a contradiction. The complex numbers
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¢, = exp(—i2mpj/n), p=1,2,...,n, are certainly not zero. Since k—j # 0 mod n, k € K,
we have that

i2m(k—j) _ 1

n n
2mpk/n _ 2rp(k—j)/n _ i2n(k—j)/n € _
z:l Cue - zjl € =€ ei2m(k—j)/n _ 1 -
p= p=

in contradiction with Lemma 2.1. [ |

Below, we use Theorem 3.4 to further illustrate the translation invariance phenomenon
explained in Theorem 3.1. We show that {0, 1} is the only set of cardinality 2 that induces
SPD of order 3 on S*. Due to Theorem 3.4, the sets {—2, 0,2}, {—3,0, 3}, and {—2, -1, 1,2}
do not induce SPD of order 3 on Q5. Thus, {0,2}, {0,3} and {1,2} do not induce SPD of
order 3 on S*. To see that a set K of the form {«a, 3}, a + 8 > 4, does not induce SPD of
order 3 on S, consider f(t) := T, (t) + Tp(t) and the points

xzj = (cos(j —1)f,sin(j — 1)8), j=1,2,3, 6=2n/(a+ ). (3.9)
on S'. These points are obviously different from each other and

f(1)  f(cosB) f(cos26)
(flzp-x)) = f(cosO)  f(1)  f(cosO) |. (3.10)
flcos20) f(cosO)  f(1)

The determinant of the above matrix is
2(2 — f(cos20)) [2 4 f(cos260) — f(cos6)?]. (3.11)

Since cos ja# = cosjB0, j = 1,2, the expression inside brackets vanishes. Therefore, the
matrix is singular.

Corollary 3.5 Let K and n be as in Theorem 3.4. If K induces SPD of order n on (s
then its cardinality is at least n. In particular, a set that induces SPD on gy is infinite.

Theorem 3.4 takes the following form when we are dealing with plain SPD on .

Theorem 3.6 Let K be a subset of Z. In order that K induce SPD on Qs it is necessary
that it have an infinite intersection with each one of the arithmetic progressions

nZ+j, j=01,....n—1, neZ;\{0} (3.12)

Proof. Suppose that K induces SPD on 5. Due to Theorem 3.4, K has a nonempty
intersection with every set listed in (3.12). Next, we assume that K N (nZ + j) is finite for
some n > 1 and some j < n and reach a contradiction. Let ki, ks, ..., k; be the elements
of KN (nZ+ j) and define m := max{|k,| : p = 1,2,...,1}. If m > 0, pick an integer
k=4nmp+ 2nm+ j in K N (4nmZ + 2nm + j). In particular, k belongs to K N (nZ + j).
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If p >0, then k£ > 2nm + 5 > m. If p <0, then
E<—4nm+2nm+j < -2mn+n< —-2mn+mn=—-mn< —m. (3.13)

In both cases, we have a contradiction to the definition of m. If m = 0, we pick an integer
k=4n?p+2n% 4+ 7 in 4n?Z +2n? + 5. If p > 0, then k > 2n%2 +j > 0 =m. If p < 0, then
k< —4n?+2n2+j=—-2n2+j < —2n%2+n < 0 = m. Once again, we have a contradiction
to the definition of m. [ ]

A more intricate proof of Theorem 3.6 can be elaborated on by mimicking the proof of
Corollary 5.2 in [16]. If the reader is asking himself about how far the condition given in
Theorem 3.6 is from being sufficient for the induction of SPD on 2, our guess is that either
it is not sharp enough or an additional necessary condition is needed. Our next theorems
may help the reader to form his own conclusion on that. The first one, is another result
that can be adapted from Lemma 12 in [6].

Theorem 3.7 Let | and m be positive integers with | > m. Let K be a subset of Z such
that KN(I1Z+35)#0,j=0,1,...,m—1. If 01,0, ...,0,, are pairwise distinct module 2,
r+{l0,:pn=1,2,...,m} C 2nZ for some real v, and L(z) := ZZLl c, exp(if,z) annihi-
lates K then L is identically zero.

Proof. Use the hypothesis on K to select integers la; +j in KN(IZ+j),j=1,2,...,m.
If L annihilates K then

> et o, j=1,2,...,m. (3.14)
p=1
The hypothesis on the 6, allows us to reduce (3.14) to
ey "euel =0, j=1,2,...,m. (3.15)
p=1

Since the matrix of this system is Vandermonde-like associated to the distinct points
exp(i6,), p=1,2,...,m, all the scalars ¢, must be zero. |

In the next results, we use the following equivalence relation on [0, 27):

0 —
0 ~ ¢ if and only if T(b € Q. (3.16)
s
The equivalence class of an element 6 of [0, 27) is written as [[6]].

Theorem 3.8 Let K be a subset of Z containing an arithmetic progression of length at least
m and let 61,02,...,0,, be distinct points in [0,2m). Assume that the classes [[0,]], p =
1,2,...,m, are pairwise distinct. If the functional L(z) := ZTZl cuexp(ib,z) annihilates
K then L is identically zero.
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Proof. Let p+¢{0,1,...,l—1} be the arithmetic progression of length I > m contained in
K. The classes [[0,]], p = 1,2,...,m, being pairwise distinct, we have that {¢(0,—0,) : u #
v} ¢ 277, whence €n? #£ €944, £ 1. The condition L(p +¢j) =0, j =0,1,...,m — 1,
produces the system

3 ettt = N ¢ e (e90) =0, j=0,1,...,m— 1. (3.17)
p=1 p=1

Once again, the matrix of the system being Vandermonde-like associated to distinct points,
we conclude that all the ¢, must be zero. |

Theorem 3.9 presents a sole sufficient condition for the induction of SPD on 2.

Theorem 3.9 Let K be a subset of Z satisfying the following condition: for every positive
integer n, the sets K N (nZ + j), 7 = 0,1,...,n — 1, contain arithmetic progressions of
length n. Then K induces SPD on 5.

Proof. Let 61,0s,...,0,, be distinct points in [0,27) and suppose that the functional
L(z) == Z,T:l cuexp(if,z) annihilates K. We show that L = 0 analyzing two distinct
cases. First assume that all the 6, belong to a same equivalence class. Without loss of
generality we can assume that 6; < f, < --- < 6, and that 6, € [[6h]], p = 1,2,...,m.

Then, we can write

0,=01+2rq,, ¢,€QnN[0,1), p=12,...,m, (3.18)
with the g, pairwise distinct. The functional L takes the form

L(z) = ¢ (Cl + ) et Z) = 7Ly (2). (3.19)
pn=2

Obviously, L(z) = 0 if and only if L;(z) = 0. Since the g, are rational, there is a positive
integer [ > m such that {lg, : p=1,2,...,m} C Z. Since KN(IZ+j) #0,j =0,1,...,1-1,
Theorem 3.7 is applicable. Thus, Ly = L = 0.

Next, we assume that the 6,’s generate at least two different equivalence classes. After
re-ordering the 6,,’s if necessary, we can write

{61,09,....6y =U_ (6], 1<i<m, (3.20)
in which [[0,]]" C [[0s]], s = 1,2,...1. Also, we can write
(0] ={0s +27qe, v =1,2,...,05}, s, €QNI0,1), s=1,2,....0, (3.21)

in which v, is the cardinality of [[f,]]'. We observe that, for each s € {1,2,...,1}, the
rational numbers ¢, ,, v = 1,2,...,v, are pairwise distinct. Renaming the ¢, according to
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(3.21), the functional L takes the form

1 78 l Vg
Liz) =) (Z cu,sei(93+2”qs’”)z> =>. <Z cy,se””qé‘*"‘z> e, (3.22)
s=1

v=1

To proceed, let us choose an integer n > 1 + max{l,v1,vs,...,1} such that ngs, € Z,
v=1,2...,v5,s=1,2,...,1. Next, fix j € {0,1,...,7— 1}. Due to our hypothesis on K,
the set KN (nZ+j) contains an arithmetic progression of length 7. The inner sums in (3.22)
remain fixed when z runs over nZ+ j. In particular, the same is true when z runs over this
arithmetic progression. Denoting the arithmetic progression by p + ¢{0,1,...,7 — 1}, the
condition L(p +qu) =0, p=0,1,...,n7— 1, reduces (3.22) to

l Vs
Z (Z c,,,seﬂ”q'*”j) eWspeifoan — o 1 =0,1,...,n—1. (3.23)

s=1 \rv=1

Since the 6,,’s present in (3.22) are from different equivalence classes, the same argument
used in the proof of Theorem 3.8 holds, that is, e@#9 #£ ¢4 1 # v. In addition, we
conclude that

D e =0, s=1,2,...,1L (3.24)
v=1

Since j was arbitrary in {0,1,...,n7 — 1}, (3.24) holds for all j’s in this set. For a fixed s,
(3.21) implies that g5, — ¢s,v € Z, i # v. Hence, each system

D €T =0, j=0,1,...,v (3.25)
v=1

is Vandermonde-like associated to distinct points. Thus, all the ¢, s vanish and L =0. W
Example 3.10 If F' C Z is finite then Z \ F induces SPD on Qs.

The preliminary version of Theorem 3.9 we had proved carried the following pair of
hypotheses on K:

(i) KNnZ+j4)#0,7=0,1,....n—1,n=1,2,..;
(#4) K contains arbitrarily long arithmetic progressions.

The proof had a flaw which was unnoticed for a long period of time. We do not know
whether these two hypotheses are sufficient to guarantee the SPD of K on 5. We observe
that the above conditions are certainly independent of each other. Indeed, 27Z is an example
of set satisfying Condition (i4) but not (i). As for an example in the other way direction
one may proceed like this: let A;, Ao, ... be an enumeration of the family of sets

{nZ+j:n=12,...;5=0,1,...,n—1}. (3.26)
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Inductively, pick k, € A, so that k, > 2k,_1 for every p. Then the set K = {ki,ko,...}
satisfies Condition (¢7) and contains no arithmetic progression of length 3.

Next, we address an apparently different sufficient condition for the induction of SPD of
on 9. An argument similar to the one used in the proof of Theorem 3.11 was used in [8].

Theorem 3.11 Let K be a subset of Z. If K contains arbitrarily long arithmetic progres-
sions p; + ¢;{0,1,...,j} and the set {q : qis prime and divides some ¢;} is infinite then
K induces SPD on .

Proof. Let 61,0,,...,60,, be distinct points in [0,27) and consider the set A := {(6, —
6,)/27 : i # v}. For each element in this set choose a prime number p according to the
following rule: if the element is rational, let p be a divisor of its denominator. Otherwise,
let p be any prime. This choice produces a finite set of primes associated to A. Hence, due
to our hypothesis, we can choose an index j so that g; is not divisible by any of these
prime numbers. We can assume, in addition, that ¢; > m. If L(z) := Zzlzl cuexp(i6,2),
in which the 6, are distinct in [0,27), it is easily seen that the system L(p; + gjp) = 0,
w=0,1,...,7, contains a subsystem whose matrix is Vandermonde-like associated to the
distinct points exp(ig;0,), p =1,2,...,m. Thus, L = 0. [ |

4. STRICT POSITIVE DEFINITENESS ON SUBSETS OF C

In this section we study strictly positive definite kernels on other subsets of C. Here, we
lack of a characterization of the positive definite kernels on the subset. Even in the case in
which the subset is the whole C, a characterization is not available yet. Given a subset B
of C, the idea is them to consider kernels of the form

oo

F2)=> > ari(f)2*, zeC, (4.1)
k

=0 l=

in which all coefficients ay;(f) are nonnegative and the series is convergent for all z in the
image of the kernel (z,w) € B x B + zw and to search for conditions in order that the
kernel (z,w) € B X B+ f(zw) be strictly positive definite. A similar problem in the real
context was proposed and solved by Pinkus in [15].

The case B = {25 will be not considered here because the analysis reduces to that of
Section 2. Indeed, given f as in (4.1) with a convergent series when z € Qo, it is very
easy to see that (z,w) € Qs X Q9 — f(zwW) is strictly positive definite if and only if
{k—1:ak,(f) > 0} induces SPD on Qs.

We observe that some of the results we present in this section can be put in a more
general context. Indeed, it suffices to consider absolutely convergent series of the form

f(z) = Z Z ari(feri(z), z€C. (4.2)
k=0 1=0

Here, {¢k,} is a complex polynomial of degree k in the variable z € C and of degree [ in
z, fulfilling one or both conditions below:
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(1) @, is even when k + 1 is even and it is odd otherwise;
(74) For each pair (k,1), the kernel (z,w) € B x B — ¢y, ;(2w) is well-defined and positive
definite.

We begin with the following elementary, but important, lemma.

Lemma 4.1 Let B C C and f a function as in (4.1). If (z,w) € BXx B — f(zw) is strictly
positive definite and 0 € B then ago(f) > 0.

Proof. If ago(f) = 0, then any set of the form {z; =0, 29, ..., z,} will produce a matrix
(f(2,%,)) having an empty row. Thus, the kernel (z,w) € B x B — f(z2W) cannot be
positive definite. |

We call a subset B of C symmetric whenever it is symmetric with respect to the origin
of C. For a subset K of Z, x Z, we write

K. ={(k,) e K:k+1€2Z} (4.3)
and
K, ={(k,))e K :k+1e€1+2Z,}. (4.4)

In particular, for a function as in (4.1), we write K,(f) := K(f), e K.(f) := K(f)., in
which K(f) := {(k,1) : ax.(f) > 0}.

The proof of our next result requires two elementary results on special matrices. We
quote them below without proof but refer the reader to [5, p. 407] and [5, p. 458]. The
first one is this: If G is the Gram matrix of a subset {z1, 22, ..., 2z;} of C? then the rank of
G is the maximum number of independent vectors in the set. The second one is this: If A;
and A, are nonnegative definite matrices of same size then the Schur product A; 0 A of A
and As has rank at most (rank A;)(rank As). The symbol | K| will stand for the cardinality
of the set K.

Lemma 4.2 Let f be as in (4.1). If K(f) is finite and B is a subset of C with more than
|K(f)| elements then (z,w) € B X B — f(zwW) is not strictly positive definite.

Proof. Let z,z23,...,2, be distinct points in B where n > |K(f)|. The Gram matrix
(2, %) has rank at most 1. Hence, the same is true of the Schur product with pv-entry
(2, 7%)% (2, Z,)". The lemma follows. |

Lemma 4.3 Let f be as in (4.1). If B C C is symmetric, B # {0}, and either K.(f) or
K,(f) is empty then (z,w) € B X B — f(zW) is not strictly positive definite.

Proof. We only prove the lemma in the case in which K,(f) is empty, being the other case
similar. Take 2n distinct points 21, 22, ..., 22, in B such that z,4, = —2,, u=1,2,...,n.

Write A to denote the 2n X 2n matrix with pv entry f(z,%,) and for each p € {1,2,...,n},

let v(u, u + n) be the vector in C?® having 1 as its uth component, —1 as its (u + n)th

component, and 0 elsewhere. Since K(f) = K.(f), it follows that the nt® component of
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the vector Av(u, u+ n) is precisely

f(znZ0) = f(2n Zpgm) = Z ar1(f) [(zn Z)W%Z)l - (_1)k+l(2n Z)k(zuZ)l] =0.
(k,HeK.(f)
(4.5)

Thus, A is singular because its rank is at most n. |

Theorem 4.4 Let f be as in (4.1). Assume that B C C is infinite and symmetric. If
(z,w) € B x B — f(zW) is strictly positive definite then both sets K.(f) and K,(f) are
infinite.

Proof. If K,(f) is finite, pick n > 1+ |K,(f)| and take 2n distinct points z1, 2o, ..., 22n
in B such that 2,4, = —2,, 4t =1,2,...,n. Define

Aoi= Y an(NE ) (az) (4.6)

(k,DEK,(f)
and
A= Y anlNEm) (207) (4.7)
(k,)EK(S)
so that
A= f(2u ) = Ao + A (48)

The proof of Lemma 4.2 implies that the rank of A, is less than n — 1. Lemma 4.3 reveals
that the rank of A, is at most n. Thus, A has rank at most 2n — 1. If K (f) is finite, a
similar argument can be used to reach the same conclusion. |

Lemma 4.5 Let {z1, 22, ..., 2,} be a subset of C\ {0} and K a subset of Z4 X Z,.. Assume
that the following condition holds: if |z,| = |2,|, u # v then z, = —z,. If both K. and K,
are infinite then the system

Y etz =0, (k1) €K, (4.9)
p=1
has a unique solution (c1,ca,...,c,) € C™.

Proof. Multiply Equation (4.9) by 2,,.*(Z») !, in which 2,, has maximum modulus among
all the z,. The resulting equation has the form

Z c,twﬁ@l + Z cuwﬁ@l =0, (k,)ekK (4.10)
\w“|:1 ‘wu|<1
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in which w, = z,/2m, p = 1,2,...,n. Since lim, o, wh, = 0 when |w,| < 1, given € > 0,
there is an integer N(u) > 0 such that

leuwhin!| < 5 (k)€ K, k+1>N(u). (4.11)
Hence, there is an N > 0 such that

S i <e, (k1) €K, k+1>N. (4.12)

Jw, |<1

Looking at (4.10), we conclude that

Z cuwl]juﬁl <e, (kil)eK, k+1>N. (4.13)

lw|=1

Due to our hypothesis on the z,, the sum in (4.13) reduces to either
lem| <€, (k1)eK, k+1>N, (4.14)
or

lem +cu(—1)F Y <6, (K1) €K, k+1>N, (4.15)
for some p. Due to our hypothesis on K, we conclude that ¢,, = 0 in the first case. As for
the other, ¢, +c¢, = ¢ — ¢, = 0, that is, ¢, = ¢, = 0. Now, we apply the same procedure
to the sum resulting from (4.10) when we eliminate the ¢, which are zero. After finitely
many steps, we conclude that all the ¢, are zero. |

This is our first characterization of SPD on a subset of C.

Theorem 4.6 Let f be as in (4.1). Let B be an infinite and symmetric subset of C\ {0}
and satisfying the following condition: if z,w € B, z # w, and |z| = |w| then z = —w.
Then, (z,w) € B X B — f(zw) is strictly positive definite if and only if K.(f) and K,(f)
are infinite.

Proof. Necessity was proved in Theorem 4.4. As for the sufficiency, let 21, 22,..., 2, be
distinct points in B and consider the associated quadratic form

n

Q=Y ctf(zu%) (4.16)

pv=1

We show that if K.(f) and K,(f) are infinite, the condition = 0 implies ¢, = 0,
uw=1,2,...,n. To do that, we first observe that

2

Q=Y. arilf)

(k. DEK(S)

(4.17)

n
k—rI1
E CuZ,Zp
p=1
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Thus, if @ = 0 then
> euzfzt =0, (k1) € K(f). (4.18)
p=1

Under the hypothesis of the theorem, Lemma 4.5 is applicable. It follows that all the ¢,
are zero. m

Recalling Lemma 4.1, we have the following version of the previous theorem.

Theorem 4.7 Let f be as in (4.1). Let B be an infinite and symmetric subset of C satisfying
the following conditions: {0} C B and if z,w € B\{0}, z # w, and |z| = |w| then z = —w.
Then, (z,w) € B x B — f(2W) is strictly positive definite if and only if ago(f) > 0 and
both, K.(f) and K,(f), are infinite.

Proof. Necessity follows from Lemma 4.1 and Theorem 4.4. As for the sufficiency, it suffices
to prove that the matrix (f(z,%,)) is positive definite whenever n > 1, 21,22,...,2, are
distinct points in B, and 0 is among the z,. Once again we consider the associated quadratic
form

Q=Y cutf(zu%) (4.19)

Hv=1

If n = 1, the condition ag(f) > 0 implies that Q@ = c1¢1f(0) > 0, when ¢; # 0. If n # 1,
we can set z; = 0. We assume that at least one c, is nonzero and prove that @) > 0. If
c1 = 0, then

Q= Zn: culuf(zu20) >0, (4.20)

pr=2

due to the previous theorem. If ¢; # 0, write

n

Q = Z ey [f(zu20) —

fO)] + £(0)
w,v=1
= S @ lf ) — FO)] + £(0)

V=2

2
2

n
>
p=1

n
>
pu=1

If ¢, = 0, u # 1, the second summand above is positive. Otherwise, the first one is positive
due to the previous theorem. In any case, QQ > 0. |

From now on, we will try to establish a similar theorem for sets B intersecting circles

in more than 2 points. We begin with a generalization of Lemma 4.5. We use the following
equivalence relation on a finite subset B of C:

z~w if and only if |z| = |w|. (4.21)
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The equivalence class of an element z of B is denoted by [z]. The symbol arg z will represent
the sole argument of the complex number z in [0, 27).

Lemma 4.8 Let B be a finite subset of C\ {0} and K a subset of Zy X Zy. Assume that
the following condition holds: if w € B and [w| has at least two elements then there exists
a real number r such that argz € r + 27Q, z € [w]. If {k—1: (k,1) € K} N (nZ + j) # 0,
7j=0,1,....n—1,n=1,2 ... then the system

> edE =0, (k1) €K, (4.22)
z€B

has a unique solution (c.).cp-

Proof. We adapt the proof of Lemma 4.5 to the situation under consideration. We recall
that the proof of Theorem 3.6 reveals that the condition {k—1: (k,l) € K}N(nZ+j) # 0,
j=0,1,....,n—1,n=1,2,... translates itself into the following one: every set {k — 1 :
(k,1) € K} N (nZ+ j) is infinite. Let w be an element of B having maximum modulus.
Given € > 0, there is an integer N = N(¢) such that

k =l
i(arg z—argw)(k—1)| __ Tz
> celtrermas) (o) - | Y Caor | <6 (k,)e K, k+1>N. (4.23)

z€[w)| zE€[w]|

If Jw| = {w}, the arguments at the end of the proof of Lemma 4.5 can be entirely re-
produced. Indeed, if K satisfies {k —1: (k,]) e K}N(nZ+j) #0,j=0,1,...,n—1,
n = 1,2,... then K, and K, are infinite. Hence, we conclude that ¢,, = 0. If [w]| has
cardinality m > 1, the hypothesis on K allows us to select a pair (ko,lp) in K so that
{(ko — lp)(argz — argw) : z € [w|} C 27Z. For j € {0,1,...,m — 1} fixed, the set
{k—1: (k1) € K}n((ko—1lo)Z + j) contains infinitely many elements (k,!) such that
k+ 1> N. On the other hand, for such an element, say (ko — lp)a + j, we have that

Z Czei(arg z—argw)((ko—lo)a+j) _ Z Czei(arg z—arg w)j. (424)
z€[w]| z€[w]
Thus, since € is arbitrary, we conclude that
D celrEraE =0 =0,1,...,m—1. (4.25)
z€[w]

The matrix of this system is a Vandermonde corresponding to m distinct points. Therefore,
¢, =0, z € [w]. We now repeat this procedure to the sum resulting from (4.22) when we
eliminate these c.’s which are 0. After finitely many steps, we conclude that all the ¢,’s
are zero. |

Theorem 4.9 Let f be as in (4.1) and B a subset of C\ {0}. Assume that the following
conditions hold:
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(1) If w € B and [w] has at least two elements then there exists a real number r such that
argz € r +27Q, z € [w];

(i1) Given n > 1, there exists an equivalence class [w| containing n equally spaced points.
Then, (z,w) € B x B+ f(zW) is strictly positive definite if and only if

(k—1:(k)eK(INMZ+))£0, j=01,....n—1, n=12...  (4.26)

Proof. Sufficiency follows from the previous lemma. Necessity follows from arguments
similar to those used in the proof of Theorem 3.4. |

Example B = {5¢!?™ : s € (0,00), ¢ € QN [0,1]} satisfies the conditions required in the
previous theorem.

Corollary 4.10 Let f be as in (4.1) and B be a subset of C. Assume that the following
conditions hold:

(1) If w € B and [w] has at least two elements then there exists a real number r such that
argz € v+ 27Q, z € [w];

(ii) Given n > 1, there exists an equivalence class [w| containing n equally spaced points.
Then, (z,w) € B x B — f(z®w) is strictly positive definite if and only if ap,o(f) > 0 and
{k=1:(k,))e K()}N(nZ+j)#0,j=0,1,....n—1,n=1,2,....

We close the paper with a sufficient condition for strict positive definiteness on C.

Theorem 4.11 Let f be as in (4.1). If ap,o(f) > 0 and for every n, the sets {k—1: (k1) €
K(f)}n(nZ+3j5),j=0,1,...,n—1 contain an arithmetic progression of length n, then
(z,w) € Cx Cr f(zw) is strictly positive definite.

Proof. Let B be a finite subset of C\ {0}. Assuming the conditions in the statement of
the theorem, we will show that the system

D e.tfE =0, (k1) € K(f) (4.27)

z€B

has just one solution. The procedure is the same used in other proofs in the paper. Let w
be an element of B having maximum modulus. We break our analysis into two cases. If
[w] = {w}, the procedure used in the proof of Lemma 4.5 can be repeated here. Indeed,
the condition on K (f) in the statement of the theorem implies that K.(f) and K,(f) are
infinite. Thus, ¢, = 0. If [w] has at least two elements, we repeat the procedure used in
the proofs of Lemmas 4.5 and 4.8. Given € > 0, there is an integer N = N(e) such that

k5
Y oesl<e (WDEK(S), k+l=N. (4.28)
z€[w]| wrw
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Writing z = |w|e?®=, z € [w], inequality (4.28) reduces itself to

D @m0 <o (k1) € K(f), k+1>N. (4.29)
z€[w|

We now proceed analyzing two sub-cases:
If 0, € [[0w]], #z € [w], we can write

0, —0,=2mq,, ¢.<€Qn(-1,1), zé€ w] (4.30)
and (4.29) becomes
> et e (k1) €K(f), k+1>N. (4.31)
z€[w]|

Next, we choose an integer m > |[w]| + 1 such that mg, € Z, z € [w]. Recalling our
assumption on K (f), we can refine our choice of m so that the following additional feature
holds: for j € {0,1,...,m — 1}, the set {k — 1 : (k,I) € K(f)} N (mZ + j) contains an
element k — I = ma; + j such that £+ > N. Returning to (4.31), we obtain

> e <e, j=0,1,...m—1. (4.32)
z€[w]|

Since € was arbitrary and the whole procedure above was independent of €, we conclude
that

> e =0, j=0,1,...|[w]l. (4.33)
z€[w]

Obviously, ¢; —qc € (—2,2), 2,¢ € [w]. If ¢ —g¢c = 0 then z = ( and if |g. — ¢¢| = 1, then
0. — 0 = £2r. Tt follows that ¢. — qc & Z, 2,( € [w], z # (. In particular, the system
(4.33) has just one solution, that is, ¢, =0, z € [w].

If not all 6, belong to the class [[0,,]], we can write

{6 =6 2 € [w]} = (VL [18.])) = 6w, 1< L <[w]] (4.34)

in which [[0,]]" € [[0s]] and {[[0s]] : s = 1,2,...,L} are the distinct classes generated by
arguments of elements in [w]. In addition, we write

[[03]]/ :{93+27qu7y 31/2172,...,1/3}, QS,VEQQ[Oa 1)7 S:1a2a"'aL7 (435)

in which v, is of cardinality of [[f,]]. We observe that, for each s € {1,2,...,L}, the
rational numbers ¢s,, ¥ = 1,2,...,vs are pairwise distinct. Expression (4.29) takes the
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form
L Vg
Z (Z cu,seﬂ”qs’”(kl)> e 0=0)k=D) ¢ (k)e K, k+1>N. (4.36)
s=1 \v=1
To proceed, we choose an integer n > 1 + max{L,vy,vs,...,v} and such that ng,, €
Z,v=12...,vs,s=12...,L In view of our hypothesis on K(f), we can assume

that 7 is large enough so that the following conditions are fulfilled: the sets {k — [ :
(k,1) e K}Nn(nZ+35),j=0,1,...,n—1, contain arithmetic progressions of length at least
max{L,v1,vs,...,vr} and every element in these progressions come from pairs (k,!) for
which k+1 > N. Let us denote these progressions by p; +¢;{0,1,...,17—1}. Returning to
(4.36),

<e pj=01,..n—1 (4.37)

L Vg
E E CV’SeZQﬂ—qS,Vj ei(gs_e'w)(pj+QjM)

s=1 \v=1

Since € was arbitrary and the procedure does not depend on it, we conclude that

L Vg
> <Z c,,ysemqs’vj) ¢/ 0s=0wps i(0s=0u)as — 1 5 =0,1,...7— 1. (4.38)

s=1 \v=1

For every j € {0,1,...,n — 1}, (85 — 0w)q; # (6, — 0,)q; when 7 # s. Thus,

(Z cy,sei%qsﬂ) e0s=0ulri — 0 s=1,2...,L, j=0,1,....,n—1, (4.39)
v=1
that is,
D e =0, s=1,2...,L, j=0,1,...,n— L (4.40)
v=1

For a fixed s, s —qsp € Z, p # v. Thus, ¢, s =0, v =1,2,...,v5, s =1,2,..., L, and,
consequently, ¢, = 0, z € [w]. We now repeat the argument to the next z € B of maximum
modulus, after eliminating the elements of [w] from the sum in (4.26). After finitely many
steps, we conclude that all the ¢, are zero. |
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