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Abstract
In this paper we obtain some results about derivatives of positive definite functions in R™, using
known properties of positive definite kernels. We prove, by purely algebraic methods, that certain
derivatives of such functions are also positive definite and we show that simple conditions on their
even order derivatives at the origin strongly determine their global properties. In particular, one
can obtain an estimate for f and its derivatives at any point and a condition for real analyticity,
using only the value of these derivatives at the origin.
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1. INTRODUCTION

Let m be a positive integer and f : R™ — C a positive definite function, that is,

Z Zcuaf(xu —zy) 20, (1.1)

p=1lv=1

for all positive integers s, complex numbers ¢y, co, . .., ¢s and points x1, x9,...,2s in R™.

In this paper we obtain some results about derivatives of positive definite functions in R™, exploiting
known properties of positive definite kernels. Actually, given a positive definite function f defined in
R™, the kernel K(x,y) := f(z — y) is a positive definite kernel defined in R™ x R™, that is,

Y K (wp, 1) >0, (1.2)

p=1lv=1

for all positive integers s, complex numbers c1, ¢, ..., ¢s and points x1, x2,...,Zs in R™.

Historically, positive definite functions and kernels have been studied by many authors in vari-
ous branches of Mathematics, such as Fourier analysis, probability theory, operator theory, complex
function-theory, integral equations, boundary-value problems for partial differential equations, approx-
imation theory and others (the reader can see [5, 9, 10, 11, 14, 16, 17, 19] and the references therein).
In particular, differentiability of positive definite kernels is related to the decay rates of the eigenvalues
and the singular values of integral operators generated by the kernel; in fact, in order to improve the
decay rates one usually need to assume the existence and boundedness of certain derivatives of the
kernel (see for example in [4, 8]). Differentiability of positive definite functions is also related to the
reproducing kernel Hilbert spaces generated by the associated kernels, which appear in many problems
from learning theory (see [2, 7, 18]).

Recently, Buescu and Paixao ([3]) considered the case m = 1 and proved that if some even order
derivative at the origin of a positive definite function (defined in R) vanishes, then the function is
constant; moreover, if all even order derivatives at the origin are non-zero and satisfy a certain natural
growth condition, then the function is real-analytic and it extends holomorphically to a stripe of the
complex plane.
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Our main purpose in this paper is to obtain the same kind of result as in [3], but in the general
case of positive definite functions defined in R™. In particular, by using results about positive definite
kernels, we prove that certain derivatives of f are also positive (or negative) definite and we obtain a
condition on even order derivatives of f at the origin that implies that f is constant. Furthermore, we
obtain sufficient conditions for real-analyticity of positive definite functions. In fact, our results show
that the global behavior of a smooth positive definite function is strongly determined by certain even
order derivatives at the origin.

2. STATEMENT OF THE MAIN RESULTS

In this section we introduce the basic notation, we give a brief introduction to the matter and we state
our main results, along with some remarks.

From now on, points in R” will be written as z = (x1,...,zy,). Multi-index notation will be used
throughout the paper, namely, if o = (a1,..., ) € ZT, then |a| :== a1 4+ -+ + am, a! = aq!...ap!
and z® := 27" ... z%"; we will denote by e;, j = 1,2,...,m, the multi-index with j-th component equal
to 1 and all the others equal to 0. The following relation ([12, p. 55]) about multi-indexes will be used:

ol < ol < mlat. (2.1)

If O denotes an open subset of R™, then C?"(O x O) is the classic set of the kernels K : O x O — C
for which all the derivatives
ola+8l Plet+Bl ¢
Dg;ZJﬁK(l"y) = 7(x’y): ey «a 1 B
0x("' ... 0xy"0yy" ... 0ym"

la|, |8] < n, exist and are continuous in O x O. Also, we say that f : O — C belongs to the class C*"(0)
(resp. C*°(0)) when it is 2n times (resp. infinite times) continuously differentiable in O.

It follows immediately by the definition (1.1) that a positive definite function f satisfies the following
properties (see [5]):

f(0) > o0, (2.3)
fl—z) = f(x), reR™, .
lf(x)] < f(0), x €R™. (2.5)

Another remarkable property of positive definite functions is related to their smoothness:

Proposition 2.1. Let f : R™ — C be a positive definite function. If f is of class C*™ for some
n nonnegative integer (resp. C™), in some neighborhood of the origin, then f € C?"(R™) (resp.
C>®(R™)).

This property is a consequence of Bochner’s characterization and can be found, for example, in [6,
p.186] or [17, p.77].

Inequality (2.5) implies that if f(0) = 0 then f vanishes identically. Our first result extends this
property by showing that if a positive definite function has certain even order derivatives null at the
origin then it is constant:

Theorem 2.2. Let f : R™ — C be a positive definite function of class C*"™ in some neighborhood
of the origin, for some positive integer n. Assume that there exist numbers l; € {1,...,n} such that

D% f(0) =0, for j =1,...,m. Then f is constant in R™.

In the case m = 1 this theorem coincides with Theorem 3.1 in [3]. We remark that no mixed
derivative appears in the statement, but only even order derivatives with respect to the same variable
xj, j =1,...,m, not necessarily of the same order. This theorem is proved in Section 3.

In Section 4, we provide a condition that guarantees real-analyticity of a positive definite function.
In order to guarantee that a general function of class C'™ is real-analytic one usually needs to estimate
all its derivatives in a whole open set (see equation (4.1)); however, in the case of positive definite
functions, it turns out that real-analyticity can be guaranteed by the following condition, involving only
even order derivatives with respect to one single variable, and only at the origin:



Hypothesis H,,: there exist positive constants d and R such that
, 20)!
D2 f(0)] < aZL (2.6)
R2l
forevery [ >0and j=1,...,m.
Theorem 2.3. Let f: R™ — C be a positive definite function of class C* in some neighborhood of the
origin, satisfying Hypothesis Hyq. Then, f is real-analytic in R™. In fact, Hypothesis H., implies that
there exist constants M and r such that

D ()] < M

——, x €R™,
7‘|04‘

for all multi-indezes o € Z'.

Again, this theorem reduces to Theorem 4.3-(i) in [3] when m = 1.

The fundamental tool for proving all the above results is a property similar to (2.5), but involving
derivatives of f, and is obtained in Proposition 3.2 in Section 3. Roughly speaking, it says that any
derivative of a smooth positive definite function f can be estimated in terms of the even order derivatives
at the origin. This estimate is a consequence of known results about positive definite kernels in R x R™
(see Proposition 3.1).

3. DIFFERENTIABILITY

The purpose of this section is to transpose some results about positive definite kernels from [1, 7, 15],
to the case of positive definite functions, and then to prove Theorem 2.2. In particular, we make use of
the following Proposition, which extends to R a result from [2]:

Proposition 3.1. If K € C?"(O x O) is a positive definite kernel, then:
(i) ([15]) D**K is a positive definite kernel of class C*"=12D(O x O), whenever |a| < n;
(i) ([1]) the following inequality holds:
Dy K (2,9)|* < DIy K (2,2)DK(y.y), a,y €0, (3.1)
whenever |al,|B| < n.

The inequality in (ii) was proved in [7] for the case where the kernel admits a Mercer-like expansion.
However, it was proved in more general contexts in [1, 2], relying on positive definiteness only.

For the case of a positive definite function, we obtain the following result, exploiting also Proposition
2.1.

Proposition 3.2. Let f : R™ — C be a positive definite function. Assume that f is of class C*™ in
some neighborhood of the origin, for some positive integer n. Then

(i) each function
fo = (=D)D> o] <n, (32)
is positive definite of class C2("~1ol) (R™);
(ii) the following inequality holds:
D f (@) < (~1)**PID*f(0) D £ (0), = € R™, (3:3)
whenever |al, |5 < n.

Proof. By Proposition 2.1, f € C**(R™) and then K(z,y) := f(z — y) is a positive definite kernel of
class C?"(R™ x R™). Using the chain rule it is easy to see that

DK (2,y) = DYgl(D )@ — ) = (~D)IDFf(x —y), @y eR™ (3-4)
In particular, for |a| < n,

(—1)llD? f(z — y) = DEOK (2,y), x,y € R™ (3.5)
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Since Dy K is a positive definite kernel of class C2(*~1eD)(R™ x R™) (by Proposition 3.1), equation
(3.5) implies that f, is a positive definite function in R™. Finally, from (3.1) and (3.4), it follows that
D@ = D5y K (@, 0)f
< Dy K(2,0)DEJK(0,0) = (-1)FAD* f(0) DY f(0), = €R™,
whenever |af, |3] < n. [ |

Observe that the right hand side in (3.3) is nonnegative because both functions (—1)/*/D?*f and

(—1)|5|D26 f are positive definite and hence they are nonnegative at the origin. For the same reason,
Hypothesis H,, can be written as

e (20)!
0 < (—=1)!D¥ei f(0) < dﬁ,

for every [ > 0 and j = 1,...,m. Finally, observe that claim (ii) in the above proposition holds true
also for n = 0, where it reduces to the known relation (2.5).

We are now in the position to give the

Proof of Theorem 2.2. Fix j € {1,...,m} and suppose that D?% f(0) = 0. We will show that
D?4 f(0) = 0.

If I; = 1, there is nothing to prove. So, we assume [; > 1 and we define the non-increasing sequence
{k}} of even numbers by setting kJ = 2{; and

W k{;/2 ifl{:%/2 is even 19
ptl kp/2 41 if kp/2 is odd B

Observe that there exists an index p(l;) depending on [; such that klj; = 2, for any p > p(l;). We now
prove, by induction on p, that

DFbes f(0) =0, for all positive integers p. (3.6)
For p = 1, we have k{ej = 2lje; and then (3.6) is true by hypothesis. Suppose now that DFes f(0)=0
for some positive integer p. Using the Proposition 3.2-(i), with @ = 0 and 8 = (k}/2)e;, we obtain
[D#/Des ()2 < (~1)/2F(0) D% f(0) =0, @ € R™. (3.7)
Thus, for every z € R™, one has DW/2)e; f(z) =0, as a consequence D((h/2)+1)e; f(z) =0, and then
Do f(2) =0, x€R™, (3.8)

in particular, Dkiﬂejf(O) = 0. Therefore, Dkieﬂ'f(()) =0 for all p=1,2,.... When p = p(l;), we have

kp(lj)ej = 2€j.

In order to finalize the proof, we apply again Proposition 3.2-(i7), now with o = e; and f = 0:
D% f()|* < —f(0)D*£(0) =0, = €R™ (3.9)
Therefore, D% f = 0, for every j = 1,2,...,m, which implies that f is constant in R™. |

Remark 3.3. No analogous to Theorem 2.2 holds for odd order derivatives, actually, the positive definite
function (15, p. 104])

f(2) = exp(~[[z][), zeR™, (3.10)

is a simple example where D(2l+1)ejf(0) =0, forevery j = 1,2,...,m and l = 0,1,..., but f is not
constant.



4. REAL-ANALYTICITY

We recall that if f € C*°(0O) is a complex-valued function defined in the open set O C R™, then f is
real-analytic if and only if, for every y € O, there exist an open ball U, with y € U C O, and positive
constants M and 7 such that |
a!
rlal’
for all multi-indexes a € Z' (see for example [13, p. 34]).
In this section we prove Theorem 2.3, which asserts that, in the case of positive definite functions, real-
analyticity can be guaranteed by an estimate similar to (4.1), but involving only even order derivatives
with respect to one single variable, and only at the origin: Hypothesis H,,.
It is worth noting that, for general functions, an estimate on the derivatives in one single point is not
enough to guarantee analyticity: a classic example is given by

1 — e Ul for x #£0,
1 forx=0,

which has all derivatives at the origin equal to zero, but is not analytic in any neighborhood of the
origin. As a consequence, g cannot be positive definite in R"™, despite it satisfies (2.3-2.5) and it has a
qualitative graph similar to (3.10). In fact, if g were positive definite, then Theorem 2.2 would imply
that it is constant.

First, we need the following Lemma, which shows that Hypothesis H,, allows to estimate every
derivative at the origin, whose multi-index has all even entries:

Lemma 4.1. Let f: R™ — C be a positive definite function. If Hypothesis H.q, holds, then
2a)!
2c < (
DT FO) < d il (4.2)

for every multi-index o € 7', where R = 27'R and t is a integer number such that 2t > m.

D f(@)| < M2, zeU, (4.1)

g(x) =

Proof. We will need the estimate

(20)! < (21%1at)? (4.3)
which is a consequence of (2n)! = |(n,n)|! < 227(n,n)!, when n is a nonnegative integer.
We will prove by induction that
2a)!
D> (o) < d—200
(R/2)P

for every o such that at most 2! indexes are positive. This holds true for t = 0 by Hypothesis H,,.

We suppose it holds true for some ¢ > 0 and we will prove that then it holds true also for ¢ + 1.
Actually, if v has at most 2/T! positive indexes, we write ¥ = a4+ 3 in such a way that o, 8 both have
at most 2! positive indexes, and no index is positive in both. Then, by (3.3) and using (4.3),

(1)1(48)! _ o[22 (20)1(26) 1

|D2a+25f(0)|2 < |D4af(0)||D45f(O)| < 42

9

(§/2t)|4a+46| - (ﬁ/Qt)|4a+4ﬁ|
that is,
|D27f(0)\ _ ’D2a+2,8f(0)‘ < d2‘2a+25|(2a)!(26)! iy (20)1(28)! _ (27)!
- (E/Qt)p““m (§/2f+1)|2a+2,8\) (E/Qtﬂ)m\ '

Proof of Theorem 2.3. Since f is of class C*° in some neighborhood of the origin, by Proposition
2.1, f € C°(R™). We will show that there exist M,r > 0 for which (4.1) holds true for all z € R™ and
all multi-indexes «.

Fix oo € Z' and consider v and # multi-indexes such that

a=7y+p, (4.4)
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where |y| = |B] if |a] is even and |y| = |5]| + 1 if || is odd.
Using the Proposition 3.2-(i7) we obtain
D% f(2)]? = DT f(2)]* < |D*F(0)[|D*(0)], @ €R™ (4.5)
Then, (2.1) and (4.2) imply that

a 2 (2N (2B)! _ 129! 28 P .
< = | |
|DYf(x)> < d mT mear = & g pear = g 21281, @ ERT (4.6)
Now we have
129] = [28] = |« if || is even,
129] = |a| + 1, [28] =|a| =1 if |a|is odd;

then
(e ]')2 if || even,

(o6 if o] odd,

29]![28]! =

and so |27[!28]! < 2(|a|!)?. Then (4.6) becomes

1D° f()[? < 0210 g (4.7)
= R2lal ’ : :
Using (2.1),
|D® f(x )|<\fd|o" <V2dm ‘040‘ —\fd( Bim )|aw zeR™ (4.8)
Writing 7 = R/m and M = \/2d, the estimative (4.1) is proved for every multi-index «, therefore f is
real-analytic in R™. |
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