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Abstract
The paper introduces new sufficient conditions of strict positive definiteness for ker-
nels on d-dimensional spheres which are not radially symmetric but possess specific
coefficient structures. The results use the series expansion of the kernel in spherical
harmonics. The kernels either have a convolutional form or are axially symmetric with
respect to one axis. The given results on convolutional kernels generalise the result
derived by Chen et al. (Proc Am Math Soc 131:2733–2740, 2003) for radial kernels.

Keywords Strictly positive definite kernels · Covariance functions · Sphere

Mathematics Subject Classification 15B57 · 33B10 · 41A05 · 41A58 · 41A63 ·
43A90 · 65D05

1 Introduction

Spherical approximation is a topic of immense interest and the use of positive definite
spherical basis functions has recently been discussed in a tremendous number of
publications [8, 14, 16, 23].Most of the known results are for isotropic positive definite
kernels,which are kernels that only depend on the geodesic distance of their arguments.
Isotropic kernels are the generalisation of the radial basis functionmethod to the sphere
and therefore referred to in approximation theory as spherical radial basis functions
(see [16] and references therein). They are also of importance in statistics where they
occur as correlation functions of homogeneous random fields on spheres [18, 19].
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In Euclidean space the study of general (non radial) kernel methods has gained
importance, see for example [13]. Our paper aims to provide a starting point for such
general kernel methods on spheres by stating a general series representation of kernels
on the sphere and first establishing connections between geometric properties of the
kernel (like isotropy or axial symmetry) and the series representation. Then positive
definiteness and strict positive definiteness of such kernels are studied.

We summarise the existing results on kernel methods, these mainly focus on the 2-
sphere. Recently, the use of (non-isotropic) kernels on the 2-sphere was suggested and
applied for the approximation of global data in [5, 11, 12, 24], the latter three papers
using non isotropic kernels on the sphere or the sphere cross-time. Conditions that
ensure strict positive definiteness of axially-symmetric kernels on the 2-sphere were
proven in [6]. These results are in this paper generalised to d-dimensional spheres and
additional necessary conditions are proven.

The second type of non-radial kernels we study are convolutional kernels which
have for example been described in [7, 25], where the second reference includes
conditions for strict positive definiteness similar to the ones we will present but only
for the case of the two-sphere.

The new resultswe present refer to higher-dimensional spheres, too, these have to be
studied separately since the basis functions used for the description of the kernels have
a more complicated structure in higher dimensions. Also we simplify the technique
of the proof for the convolutional kernels by not using a fixed basis of the spherical
harmonics.

The results for convolutional kernels are closely connected to the ones known for
isotropic kernels and easier to verify than the abstract results for axially symmetric
kernels.However, the convolutional kernels contain a subclass of the axially symmetric
kernels which allows the use of the more applicable results for the construction of
axially symmetric kernels.

Wewill briefly summarise the neededdefinitions in thefirst section and then, starting
from a general form of the kernel, state conditions which ensure certain properties of
the kernel, like axial symmetry, convolutional form and invariance under parity. In
the third section, we give sufficient conditions for axially symmetric kernels to be
positive definite and strictly positive definite and add some necessary conditions. In
the fourth part of this paper we generalise the result of Chen et al. [8] on radial kernels
to convolutional kernels deriving sufficient conditions on strict positive definiteness
and finally study the special case of the circle in the last section.

1.1 Problem Description and Background

We focus on interpolation problems on the d-sphere

S
d−1 =

{
ξ ∈ R

d
∣∣∣∣ ξ21 + ξ22 + · · · + ξ2d = 1

}
, d ≥ 2,

where a finite set of distinct data sites Ξ ⊂ S
d−1 and values f (ξ) ∈ C, ξ ∈ Ξ , of a

possibly elsewhere unknown function f on the sphere are given.
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The approximant is formed as a linear combination of kernels

K : Sd−1 × S
d−1 → C.

Taking the form
s f (ζ ) =

∑
ξ∈Ξ

cξ K (ζ, ξ) , ζ ∈ S
d−1, (1)

the problem of finding such an approximant s f satisfying

s f (ξ) = f (ξ) , ∀ξ ∈ Ξ, (2)

is uniquely solvable under certain conditions on K . We assume all the kernels to be
Hermitian, meaning they satisfy K (ξ, ζ ) = K (ζ, ξ), so that the positive definiteness
of the kernel will ensure the solvability of the interpolation problem for arbitrary data
sets.

Definition 1 A Hermitian kernel K : Ω × Ω → C is called positive definite on Ω if
the matrix KΞ = {K (ξ, ζ )}ξ,ζ∈Ξ is positive semi-definite on C|Ξ | for arbitrary finite
sets of distinct points Ξ ⊂ Ω .

The kernel is strictly positive definite if KΞ is a positive definite matrix on C
|Ξ |

for arbitrary finite sets of distinct points Ξ .

We assume that K is square-integrable and can be represented as a series

K (ξ, ζ ) =
∞∑

j, j ′=0

N j,d∑
k=1

N j ′,d∑
k′=1

a j, j ′,k,k′Y k
j (ξ) Y k′

j ′ (ζ ), ∀ξ, ζ ∈ S
d−1, (3)

where the Y k
j form an orthonormal basis of the eigenfunctions of the Laplace–

Beltrami operator on the sphere and the corresponding eigenvalues increase with j .
The a j, j ′,k,k′ are complex numbers and square-summable as a consequence of the
square-integrability of K . The eigenfunctions are the solutions of the eigenfunction
problem

λ f + 	 f = 0,

where 	 is the Laplace–Beltrami operator on the sphere. For example on the 2-sphere
such a basis can take the form

Y k
j (ξ) = 1√

2π

√
2 j + 1

2

( j − k)!
( j + k)! P

k
j (cos (θ)) eikϕ, (4)

where (θ, ϕ) ∈ [0, 2π) × [0, π) are the polar coordinates representing ξ , and Pk
j are

the associated Legendre polynomials (see for example 8.1.2, [1]).



40 Page 4 of 25 Journal of Fourier Analysis and Applications (2022) 28 :40

The eigenfunctions corresponding to the eigenvalues λ j = j ( j + d − 1) are spher-
ical harmonics and the number of eigenfunctions corresponding to the eigenvalue λ j

is denoted by N j,d . The numbers are given by N0,d = 1,

N j,d = (2 j + d − 2) ( j + d − 3)!
j ! (d − 2)! .

Wewill denote the space of all spherical harmonics corresponding to the eigenvalue
λ j by Hj := span{Y k

j | k = 1, . . . , N j,d} Additionally we will use the following
estimate which holds for any orthonormal basis and is a direct consequence of the
Poisson summation formula ([3], Equation (2.35))

|Y k
j (ξ) | ≤

√
N j,d

σd−1
, ∀ξ ∈ S

d−1, (5)

where σd−1 is the surface area of Sd−1.
It is well known and used in the characterisation above that every function in

L2
(
S
d−1

)
can be represented as a spherical harmonic expansion of the form

g (ξ) =
∞∑
j=0

N j,d∑
k=1

ĝ j,kY
k
j (ξ) , with ĝ j,k =

∫
Sd−1

g (ζ ) Y k
j (ζ ) dσ (ζ ) , (6)

where dσ is the surface areameasure onSd−1. For this expansion the Parseval equation
for spherical harmonics holds ([3], (2.143)):

‖g‖2L2(Sd−1)
=

∞∑
j=0

N j,d∑
k=1

|ĝ j,k |2.

2 Kernels with Special Coefficient Structure

We now fix a basis for our space of spherical harmonics such that the kernels which
are still Hermitian and square-integrable are represented as in (3). We demonstrate
in this section how geometric properties of the kernel and the coefficient structure of
the series representation are connected. Thereby imposing certain conditions on the
structure of the coefficients allows us to focus on kernels with specific properties in
the next sections.

The case studied most often is assuming that the kernel is isotropic [26], which
means it only depends on the distance of its two arguments and not on their position
on the sphere. The coefficients of an isotropic positive definite kernel given in the form
(3) satisfy

a j, j ′,k,k′ = c jδ j ′, jδk,k′ ≥ 0
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as stated by Schoenberg [26]. A characterisation of the strictly positive definite kernels
of this form was presented by Chen et al. in [8].

Recently, a sufficient condition for axially symmetric kernels on the two-sphere to
be strictly positive definite was presented in [6]. The axially symmetric kernels on S2

do depend on the difference in longitude of the two inputs ξ, ζ and their individual
values of latitude. The coefficients of these kernels satisfy

a j, j ′,k,k′ = ck
(
j, j ′

)
δk,k′ ,

where the basis of the spherical harmonics on the 2-sphere is chosen as (4). The
condition was first stated in [17].

For the study of properties of the kernel we need the kernel of the form (3) to be
uniquely recoverable from its Fourier expansion on S

d−1 × S
d−1 we also require the

series to be absolutely summable. Therefore we start by establishing that the latter
implies the former.

Lemma 1 Let K be a kernel of the form (3). If

∞∑
j, j ′=0

N j,d ,N j ′,d∑
k,k′=1

|a j, j ′,k,k′ |
√

N j,d N j ′,d
σ 2
d−1

< ∞, (7)

then, for each combination of j, j ′ ∈ N0, 1 ≤ k ≤ N j,d , 1 ≤ k′ ≤ N j ′,d , the
coefficients a j, j ′,k,k′ can be uniquely determined by

a j, j ′,k,k′ =
∫
Sd−1

∫
Sd−1

K (ξ, ζ ) Y k
j (ξ)Y

k′
j ′ (ζ ) dσ (ξ) dσ (ζ ) . (8)

Proof The result follows by inserting the kernel representation (3) into (8) and then
using the estimate (5) to exchange the order of summation and integration since it
implies absolute summability. �
We note that any kernel defined using coefficients satisfying property (7) will be
continuous, as the upper bound is absolutely summable and all basis function are
continuous. We will from now on refer to series kernels given in the form (3) which
satisfy (7) simply as kernels with property (7).

First we note

Lemma 2 Let K be a kernel with property (7). It is Hermitian if and only if

a j, j ′,k,k′ = a j ′, j,k′,k (9)

for all possible choices j, j ′ ∈ N and 1 ≤ k ≤ N j,d , 1 ≤ k′ ≤ N j ′,d .

Proof Assuming K is Hermitian implies that

a j ′, j,k′,k =
∫
Sd−1

∫
Sd−1

K (ξ, ζ ) Y
k′
j ′ (ξ)Y k

j (ζ ) dσ (ξ) dσ (ζ ) = a j, j ′,k,k′
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according to (8). The other direction follows from representation (3). �
Besides axially symmetric kernels we are interested in kernels which are referred to as
convolutional kernels. For a fixed basis of spherical harmonics these are expressed as
kernelswith an eigenvalue block structure butwe give a non basis dependent definition.

Lemma 3 A Hermitian kernel K ∈ L2
(
S
d−1 × S

d−1
)
of the form (3) satisfies

∫
Sd−1

K (ξ, ζ ) Y (ξ)dσ(ξ) ∈ Hj , ∀ Y ∈ Hj ,

if and only if

a j, j ′,k,k′ = δ j, j ′d j
(
k, k′) .

Proof It is sufficient to prove the implication for the basis Y k
j , k = 1, . . . , N j,d ,

because of the linearity of the integral. For these

∫
Sd−1

K (ξ, ζ ) Y k
j (ξ)dσ(ξ) =

∞∑
j ′=0

N j ′,d∑
k′=1

a j, j ′,k,k′Y k′
j ′ (ζ ) ,

which is an element of Hj if and only if a j, j ′,k,k′ = δ j, j ′d j
(
k, k′). �

Kernels of this form, we call them convolutional kernels, are invariant under parity,
meaning K (ξ, ζ ) = K (−ξ,−ζ ), and the special structure allows to determine easily
if an interpolant derived using such a kernel is included in certain Sobolev spaces, as
for example studied in [22].

The kernels have been mostly discussed without the selection of a fixed basis of
the spherical harmonics of a certain order. In this case one can choose the basis of Hj ,
denoted by Ỹ k

j (ξ) in a way that

K (ξ, ζ ) =
∞∑
j=0

N j,d∑
k=1

d j,k Ỹ
k
j (ξ) Ỹ k

j (ζ ), ∀ξ, ζ ∈ S
d−1. (10)

Under the above conditions and for f ∈ L2
(
S
d−1

)
the convolution operator with

kernel K is

T f (ξ) =
∫
Sd−1

K (ξ, ζ ) f (ζ ) dσ (ζ ) ,

and the Fourier coefficients of T f as in (6), when computed with respect to the basis

Ỹ k
j , satisfy

̂̃T f j,k = d j,k
ˆ̃f j,k . We nevertheless include the slightly more complex

block structure, since we believe it to be helpful when we want to construct new
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kernels using our results. For example we may be using the fixed basis of the spherical
harmonics on the 2-sphere as mentioned.

For completeness we include the conditions on the coefficients which ensure invari-
ance under parity.One can easily verify that all restrictions of shift-invariant,Hermitian
kernels in Rd to the surface of the sphere are invariant under parity.

Lemma 4 (Parity-invariance) A kernel with property (7) satisfies,

K (ξ, ζ ) = K (−ξ,−ζ ) , ∀ξ, ζ ∈ S
d−1,

if and only if
a j, j ′,k,k′ = 0, ∀ j + j ′ �= 0 mod 2. (11)

Proof The result follows immediately using the property of homogenity of the spher-
ical harmonics:

K (−ξ,−ζ ) =
∞∑
j=0

N j,d∑
k=1

∞∑
j ′=0

N j,d∑
k′=1

a j, j ′,k,k′ (−1) j+ j ′ Y k′
j ′ (ζ ) Y k

j (ξ) , ∀ξ, ζ ∈ S
d−1.

This is equal to K (ξ, ζ ) if and only if all coefficients are equal, meaning a j, j ′,k′k′ = 0,
for all pairs of j, j ′ with odd sum. �

The previous conditions are independent of the choice of orthogonal basis Y k
j .

For axial symmetry we will have to fix a certain basis. For the existing results for
d = 3 this was (4) where axial symmetry with respect to ϕ led to the coefficients
satisfying a j, j ′,k,k′ = δk,k′c j, j ′ . On general spheres with d ≥ 3 we will focus on
axial symmetry with respect to just one of the d − 1 axes and we assume that the
sphere has been rotated such that this is the axis which is represented by the first
coordinate in the polar coordinate representation of ξ ∈ S

d−1, which we denote by
(θ1, . . . , θd−1)

T ∈ [0, 2π) × [0, π)d−2. The spherical harmonics of degree �d−1 can
explicitly be given by

Y�1,...,�d−1 (ξ) = 1√
2π

ei�1θ1
d−1∏
j=2

j P̃
� j−1
� j

(
θ j

)
, (12)

where �1, . . . , �d−1 are integers satisfying

�d−1 ≥ · · · ≥ |�1|
and

j P̃
�
L(θ) = j c

�
L (sin (θ))−(2− j)/2 P−(�+( j−2)/2)

L+( j−2)/2 (cos (θ)) ,

where Pμ
ν are the associated Legendre functions and

j c
�
L :=

(
2L + j − 1

2

(L + � + j − 2)!
(L − �)!

)1/2

.
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The formula is taken from [15], Equation (2.5). To be able to handle the formula
better we define the last part of the spherical harmonics as � := (�2, . . . , �d−2, �d−1),
θ ′ := (θ2, . . . , θd−1) and

p�1,�

(
θ ′) = 1√

2π

d−1∏
j=2

j P̃
� j−1
� j

(
θ j

)
.

Further we set

Λ|�1| :=
{
(�2, . . . , �d−2, �d−1) ∈ N

d−2
∣∣ |�1| ≤ �2 ≤ · · · ≤ �d−2 ≤ �d−1

}

and will use Y�1,� (ξ), with � = (�2, . . . , �d−1) ∈ Λ|�1| as the abbreviation for
Y�1,�2,...,�d−1 (ξ), for a�1,...,�d−1,�

′
1,...,�

′
d−1

respectively. As in the definition of the spher-

ical harmonics, we need to use the points on S
d−1 and their polar coordinates

simultaneously, therefore we note that ξ has the polar coordinate representation
(θ1, . . . , θd−1) and ζ is given in polar coordinates as (ν1, . . . , νd−1). We will consis-
tently use this notation in the paper. Assuming a kernel has property (7) for absolute
summability then it can be represented as:

K (ξ, ζ ) = 1

2π

∞∑
�1,�

′
1=−∞

∑
�∈Λ|�1 |

∑
�′∈Λ|�′1 |

a�1,�,�
′
1,�

′ei(�1θ1−�′
1ν1) p�1,�

(
θ ′) (ξ) p�′

1,�
′ (ν′),

(13)

by reordering of the summands.

Theorem 1 (Axial symmetry with respect to one axis) A kernel with property (7),
given in the form

K (ξ, ζ ) =
∞∑

�1,�
′
1=−∞

∑
�∈Λ|�1|

∑
�′∈Λ|�′1|

a�1,�,�
′
1,�

′ Y�1,� (ξ) Y�′
1,�

′ (ζ ) , ξ, ζ ∈ S
d−1,

is axially symmetric with respect to the θ1 axis if and only if

a�1,�,�
′
1,�

′ = δ�1,�
′
1
c�1(�, �

′). (14)

Proof The rotation in the θ1-axis by the angle α will be denoted as Rα . Then using
(13):

K (Rαξ, Rαζ ) =
∞∑

�1,�
′
1=−∞

∑
�∈Λ|�1|

∑
�′∈Λ|�′1|

a�1,�,�
′
1,�

′
1

2π
ei�1(θ1+α)−i�′

1(ν1+α)

×p�′
1,�

(
θ ′) (ξ) p�′

1,�
′ (ν′)

=
∞∑

�1,�
′
1=−∞

e−iα(�1−�′
1) ×

∑
�∈Λ|�1|

∑
�′∈Λ|�′1|

a�1,�,�
′
1,�

′Y�1,� (ξ) Y�′
1,�

(ζ ) .

(15)



Journal of Fourier Analysis and Applications (2022) 28 :40 Page 9 of 25 40

We see that the above condition is sufficient for axial symmetry. It is also necessary
since according to Lemma 1 equality is only possible if the coefficients are all equal
and this can only hold for all α > 0 if a�1,�,�

′
1,�

′ = δ�1,�
′
1
c�1(�, �

′). �
As expected, the axially symmetric kernels can be written as a function depending on
the values θ ′,ν′ and the longitudinal difference θ1 − ν1. In [11] additionally the prop-
erties of being longitudinal independent and longitudinal-reversible are introduced.

Definition 2 – An axially symmetric kernel is called longitudinal reversible if there
exists a map K̃ : [0, 2π) × [0, π)d−2 × [0, π)d−2 → C with

K (ξ, ζ ) = K̃
(|θ1 − ν1|, θ ′, ν′) .

– An axially symmetric kernel is called longitudinal-independent if there exists a
map K̃ : [0, π)d−2 × [0, π)d−2 → C with

K (ξ, ζ ) = K̃
(
θ ′, ν′) .

For the next lemma and further use in the next section we introduce another simplified
notation. First we define for an axially symmetric Hermitian kernel

c�1 : Λ|�1| × Λ|�1| → C, (16)

where the values of the map are as in (14). We deduce from Theorem 1 that every
Hermitian, continuous and axially symmetric kernel which satisfies (7) can therefore
be written as

K (ξ, ζ ) =
∞∑

�1=−∞

∑
�,�′∈Λ|�1|

c�1

(
�, �′) Y�1,� (ξ) Y�1,�′ (ζ ). (17)

Additionally, we find that these spherical harmonics can be represented as

Y�1,� (ξ) =
{
ei�1θ1 p�1,�

(
θ ′) , �1 ≥ 0,

(−1)�1ei�1θ1 p−�1,�

(
θ ′) , �1 < 0,

(18)

where θ ′ = (θ2, . . . , θd−1), p�1,� is real valued, and the representation follows from
(12).

We briefly state sufficient conditions of the expansion coefficients for longitudinal
reversibility and independence.

Lemma 5 1. An axially symmetric kernel satisfying (7) is longitudinal reversible if
and only if

c�1

(
�, �′) = c−�1

(
�, �′) , ∀�1 ∈ Z, �, �′ ∈ Λ|�1|.
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2. An axially symmetric kernel satisfying (7) is longitudinal independent if and only
if c�1

(
�, �′) = 0 for all �1 �= 0.

3. An axially symmetric kernel satisfying (7) with the above expansion is real valued
if and only if

c�1

(
�, �′) = c−�1 (�, �′), ∀�1 ∈ Z, �, �′ ∈ Λ|�1|. (19)

Proof 1. Using the above representation of the spherical harmonics for ξ and ζ , we
find

K (ξ, ζ ) =
∞∑

�1=−∞

∑
�,�′∈Λ|�1|

c�1

(
�, �′) ei�1θ1−i�1ν1 p�1,�

(
θ ′) p�1,�′

(
ν′) .

If we denote by ξ ′ the point on S
d−1 with polar coordinates (ν1, θ2, . . . , θd−1) and

by ζ ′ the point with polar coordinates (θ1, ν2, . . . , νd−1) then a kernel is longitudinal
reversible if K (ξ, ζ ) = K (ξ ′, ζ ′) for all ξ, ζ ∈ S

d−1. It follows as above

K
(
ξ ′, ζ ′) =

∞∑
�1=−∞

∑
�,�′∈Λ|�1|

c�1

(
�, �′) ei(−�1)(θ1−ν1) p�1,�

(
θ ′) p�1,�′

(
ν′)

=
∞∑

�1=−∞

∑
�,�′∈Λ|�1|

c−�1

(
�, �′) ei�1θ1−i�1ν1(−1)2�1 p�1,�

(
θ ′) p�1,�′

(
ν′)

=
∞∑

�1=−∞

∑
�,�′∈Λ|�1|

c−�1

(
�, �′) Y�1,� (ξ) Y�1,�′ (ζ ).

The result is a consequence of the uniqueness of the series representation.
2. The sufficiency of the second part follows directly from the representation. Since

K (ξ, ζ ) =
∞∑

�1=1

∑
�,�′∈Λ|�1|

(
ei�1(θ1−ν1)c�1

(
�, �′) + (−1)2�1e−i�1(θ1−ν1)c−�1

(
�, �′))

× p�1,�

(
θ ′) p�1,�′

(
ν′) +

∑
�,�′∈Λ0

c0
(
�, �′) p0,� (

θ ′) p0,�′
(
ν′)

shows that if all c�1 are constant zero for �1 �= 0 the kernel is independent of the values
θ1, ν1. For the necessity we use that

K (ξ, ζ ) =
∞∑

�1=−∞
ei�1(θ1−ϕ1)

∑
�,�′∈Λ|�1|

c�1

(
�, �′) p�1,�

(
θ ′) p�1,�′

(
ϕ′)

is constant as a function of (θ1 − ϕ1) ∈ (−2π, 2π) if and only if the second sum is
zero for all �1 �= 0 and θ ′, ϕ′.
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3. We use the same representation above for the kernels K (ξ, ζ ) as well as for its
complex conjugate:

K (ξ, ζ ) =
∞∑

�1=−∞
e−i�1(θ1−ν1)

∑
�,�′∈Λ|�1|

c�1 (�, �′)p�1,�

(
θ ′) p�1,�′

(
ν′)

=
∞∑

�1=−∞
ei(−�1)(θ1−ν1)

∑
�,�′∈Λ|�1|

c�1 (�, �′)(−1)2�1 p−�1,�

(
θ ′) p−�1,�′

(
ν′)

and deduce that because of the uniqueness of the expansion coefficients, the two are
equal if and only if c�1 (�, �′) = c−�1

(
�, �′) for all �1 ∈ Z and �, �′ ∈ Λ|�1|. �

We note that in distinction to the results for invariance under parity and convolutional
form the given results on axially-symmetric kernels are basis dependent. For example
using a real basis of the spherical harmonics would change condition (19) to the coeffi-
cient having to be real. We finally summarise the connections between the introduced
properties, which follows directly from the definitions.

Lemma 6 We assume the kernels in this proposition to be Hermitian and to satisfy (7).

1. In the case d = 2 all axially symmetric kernels have convolutional form.
2. An axially symmetric kernel given in the form Eq. (17) has a convolutional form

if and only if

c�1(�2, . . . , �d−1, �
′
2, . . . , �

′
d−1) = 0

for all �d−1 �= �′
d−1 ∈ N0.

3 (Strict) Positive Definiteness of Axially Symmetric Kernels

In [6] strictly positive definite axially symmetric kernels on the2-spherewere described
and sufficient conditions for strict positive definiteness stated. We add sufficient con-
ditions for d-dimensional spheres and prove some additional necessary conditions. In
this section we focus on kernels on spheres with d ≥ 3, the special case of the circle
is discussed in Section 5.

From now on we will use property (7) also for axially symmetric and convolutional
kernels. In this case the coefficients a j, j ′,k,k′ in (7) are derived using (16) and (14) for
axially symmetric kernels and (9) in the convolutional case.

Theorem 2 Let K be a Hermitian, axially symmetric kernel with property (7) given
in the form (17), with d ≥ 3. The kernel is positive definite if and only if the mapping
c�1 : Λ|�1| × Λ|�1| → C is positive definite for all �1 ∈ Z.

Proof For the first direction we rewrite the quadratic form

∑
ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑

�1=−∞

∑
�,�′∈Λ|�1|

c�1

(
�, �′) ∑

ξ∈Ξ

λξY�1,� (ξ)
∑
ζ∈Ξ

λζY�1,�′ (ζ ).
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Now we define � = (�2, . . . , �d−2), y
�1,�,�d−1
Ξ := ∑

ξ∈Ξ λξY�1,�,�d−1 (ξ) ∈ C to find

∑
ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑

�1=−∞
lim
k→∞

k∑
�d−1,�

′
d−1=|�1|

∑
�∈Λ�1,�d−1

∑
�′∈Λ�1,�′d−1

y
�1,�,�d−1
Ξ c�1

((
�, �d−1

)
,
(
�′, �′

d−1
))

y
�1,�

′,�′
d−1

Ξ ,

where

Λ�1,�d−1 :=
{
(�2, . . . , �d−2) ∈ N

d−3
0

∣∣ |�1| ≤ �2 ≤ · · · ≤ �d−2 ≤ �d−1

}

and the absolute summability ensures equality after reordering. The positive definite-
ness of the mapping c�1 implies that

k∑
�d−1,�

′
d−1=|�1|

∑
�∈Λ�1,�d−1

∑
�′∈Λ�1,�′d−1

d�,�d−1c�1

((
�, �d−1

)
,
(
�′, �′

d−1
))
d�′,�′

d−1 ≥ 0,

for all �1 ∈ Z, k ≥ |�1| and arbitrary values d�,�d−1 ∈ C. Thereby the limit in the
penultimate equation is non-negative for all �1 and thereby the infinite sum is as well.

The necessity of the positive definiteness of the c�1 is proven by contradiction. If
we assume there exists an �1 ∈ Z, a finite set Λ ⊂ Λ�1 and coefficients d� ∈ C for
� ∈ Λ satisfying ∑

�,�′∈Λ

d�c�1(�, �
′)d�′ < 0

then we can define f (ξ) = ∑
�∈Λ d�Y�1,�(ξ) ∈ C(Sd−1) and deduce

∫
Sd−1

∫
Sd−1

f (ξ)K (ξ, ζ ) f (ζ ) dξ dζ < 0.

This contradicts the positive definiteness of K since the equivalence of positive defi-
niteness and integral positive definiteness has been established for general Riemannian
manifolds in Theorem 2.1 in [9]. �

We do not need the property of positive definiteness for arbitrary values of the index
set in the proof of the result. Therefore we can loosen the assumption by introducing
a matrix-like notation for the mapping. We first introduce a new index α where α ∈ N

and there is a one-to one mapping from N to the pairs

(
�α, �d−1,α

) ∈ Λ|�1|

satisfying �d−1,α′ ≤ �d−1,α if α′ < α. For the proof, the actual order of the mapping
is insignificant. We additionally define for each α the eigenvalue corresponding to
Y�1,�α,�d−1,α by λα which only depends on the value of �d−1,α . Further we introduce
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the notation Nα := N�d−1,α,d for the number of spherical harmonics corresponding to
the eigenvalue λα .

Then we define for each k ∈ N:

Ak
�1

= (
c�1

(
�α, �d−1,α, �α′ , �d−1,α′

))k
α,α′=1 . (20)

We note that in the case of d = 3 the matrix structure of the mappings c�1 is evident
since Λ|�1| = { j ∈ N0 | j ≥ |�1|}.
Proposition 1 Let K be a Hermitian, axially symmetric kernel of the form (17), d ≥ 3,
with property (7) and Ak

�1
as above. The kernel is positive definite if and only if the

matrix Ak
�1

is positive semi-definite for all �1 ∈ Z and all k ∈ N.

The proof is similar to the proof of Theorem 2 and therefore omitted.
For the investigation of strict positive definiteness of axially symmetric kernels we

present two approaches. For the first we continue to use the matrix representation
introduced in the last proposition and for the second we will be using the mappings
c�1 and sets of indices �1 ∈ Z which also allow to deduce strict positive definiteness.

Lemma 7 For K as in the above proposition. The kernel is strictly positive definite
if and only if for each �1 ∈ N there exist a sequence with positive entries d�1

j > 0,
j ∈ N, such that the matrix

Ãk
�1

= D1/2
k Ak

�1
D1/2
k , with Dk =

(
δi, j d

�1
j

)k
i, j=1

satisfies

λmin

(
Ãk

�1

)
> ε�1,

where ε�1 > 0 is independent of k.

Proof From the proof of the last lemma we deduce:∑
ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑

�1=−∞
lim
k→∞

(
y�1,k

)T
Ak

�1
y�1,k

where y�1,k =
(
y
�1,�α,�d−1,α
Ξ

)k
α=1

.

Now we employ the definition of Ãk
�1

in order to find
∑

ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑

�1=−∞
lim
k→∞

(
y�1,k

)T
D−1/2
k Ãk

�1
D−1/2
k y�1,k

≥
∞∑

�1=−∞
lim
k→∞‖D−1/2

k y�1,k‖22λmin

(
Ãk

�1

)

>

∞∑
�1=−∞

lim
k→∞ε�1

(∥∥∥D−1/2
k y�1,k

∥∥∥
2

)2
,
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where in the second line we use that Ãk
�1

is positive definite because its smallest
eigenvalue is strictly positive.

Thereby

∑
ξ∈Ξ

∑
ζ∈Ξ

λξλζ K (ξ, ζ ) >

∞∑
�1=−∞

ε�1 lim
k→∞

∥∥∥(
D−1/2
k y�1,k

)∥∥∥2
2

≥
∞∑

�1=−∞
ε�1

∞∑
α=1

((
d�1
α

)−1/2 ∣∣∣y�1,�α,�d−1,α
Ξ

∣∣∣2
)

,

where the last sum can only be zero if y
�1,�α,�d−1,α
Ξ is a zero sequence for all �1.

This implies that the λξ in the definition of the quadratic form need all be zero as a
consequence of the linear independence of the spherical harmonics. �
We give a simple example of kernels for which strict positive definiteness can be
proven using the above result. Let the kernel take the form:

K (ξ, ζ ) =
∞∑

�1=−∞

∑
�∈Λ|�1|

c�1 (�, �) Y�1,� (ξ)Y�1,� (ζ ),

where c�1 (�, �) > 0 and satisfies condition (7). Then Ak
�1

is a diagonal matrix with

positive entries. Setting Dk = (δi, j c�1(i, i))
∞
i, j=1 results in Ãk

�1
= I and thereby

the resulting kernel will be strictly positive definite. The described kernels are not
isotropic but have convolutional form and therefore we will be able to give a more
general condition in the next section.

Theorem 3 Let K be a Hermitian, axially symmetric kernel of the form (17) satisfying
(7) for absolute summability and d > 2. The kernel is strictly positive definite if

Ã�1 =
(
ã�1
α,α′

)∞
α,α′=1

=
(√

Nαc�1

(
�α, �d−1,α, �α′ , �d−1,α′

)√
Nα′

)∞
α,α′=1

is positive definite on �∞(N) for all �1 ∈ N and satisfies the uniform strict diagonal
dominance property:

∑
α′ �=α

|ã�1
α,α′ | < σ�1 |ã�1

α,α|, ∀α ∈ N,

where each 0 < σ�1 < 1 is independent of α.

Proof Wedenote by Ã�1 = G�1G
∗
�1
the infinite Cholesky decompositionmatrix which

exists since Ã�1 is positive definite and bounded on �∞(N) as a consequence of (7).
Inserting the Cholesky-decomposition into the quadratic form

∑
ξ∈Ξ

∑
ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑

�1=−∞

∥∥∥G�1

(
ỹ�1

)∥∥∥2
2
, (21)
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where ỹ�1 =
(

1√
Nα

y
�1,�α,�d−1,α
Ξ

)∞
α=1

is a bounded sequence as a result of the estimate

of the spherical harmonics in (5). We first deduce that if there exists an element of the

space of bounded sequences �∞(N) for whichG∗
�1
x = 0, thenG�1

(
G∗

�1
x
)

= Ã�1x =
0,wherewe can exchange the order ofmultiplication because of the triangular structure
of G�1 and because G∗

�1
x is elementwise finite for all bounded x . This is a result of∥∥∥G∗

�1
x
∥∥∥2 = xT Ã�1x < ∞ which follows from (7).

Thereby it is sufficient to show that there exists no eigenvector in the space of
bounded sequences for which Ã�1x = 0. We prove this by contradiction, adapting the
conditions of [27] Theorem 1b.

From the positive definiteness of the sub-matrices of Ã�1 we can deduce that ã�1
α,α

is non-zero for all α ∈ N. Thereby

∞∑
α′=0

ã�1
α,α′xα′ = 0, ∀α ∈ N0,

⇔
∑
α′ �=α

ã�1
α,α′xα′ = −ãα,α′xα, ∀α ∈ N0.

Since x has �∞-norm one, there exists a value α ∈ N0, for which |xα| > σ�1 and

∑
α′ �=α

|ã�1
α,α′ | ≥

∑
α′ �=α

|ã�1
α,α′xα′ | ≥ |ãα,α|σ�1 .

This contradicts the assumption and the only possible choice for which (21) is equal
to zero is ỹ�1 = 0 for all �1 ∈ Z. From the definition of this sequence we know that
this is only possible if λξ = 0 for all ξ ∈ Ξ as in the proof of the last lemma. �
Examples for kernels for which this result is applicable are all kernels where a certain
ordering of the coefficients leads to A�1 having the form of a general band matrix.

We wish to find more general sufficient conditions that are easy to evaluate. They
will be stronger than simply demanding that c�1 be strictly positive definite, which
would only allow a finite subset of the indices Λ�1 to be used in a quadratic form.

Therefore we define the set F as the set of all indices �1 ∈ Z for which

there exists j ∈ Λ|�1|, d j �= 0 ⇒
∑

j, j ′∈Λ|�1|

d j c�1

(
j, j ′

)
d j ′

does not converge to zero.

Lemma 8 A Hermitian axially symmetric kernel K of the form (17) , satisfying (7),
with positive definite maps c�1 : Λ|�1| × Λ|�1| → C is strictly positive definite if

∑
ξ∈Ξ

λξY�1,� (ξ) = 0 ∀�1 ∈ F , � ∈ Λ|�1| ⇒ λξ = 0 ∀ξ ∈ Ξ.
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Proof We prove the result by contradiction and assume that K is positive definite but
not strictly positive definite. If K is not strictly positive definite there exists a nonempty
set of distinct points Ξ and coefficients λξ not all zero with

∑
ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) = 0.

This is equivalent according to the computation in the proof of Theorem 2 to

∞∑
�1=−∞

∑
�,�′∈Λ|�1|

c�1

(
�, �′) Y�1,�,ΞY�1,�′,Ξ = 0, (22)

where Y�1,�,Ξ = ∑
ξ∈Ξ λξY�1,� (ξ).

Since we know that all the sums are non-negative because the maps c�1 are all
positive definite, the overall sum can only be zero if all summands are. For the indices
�1 ∈ F this implies Y�1,�,Ξ = 0, because the convergence of the sum is ensured by
property (7). But according to the condition of the lemma this implies λξ = 0 for all
ξ ∈ Ξ , in contradiction to the assumption of the proof. �

With the goal of understanding which sets F lead to strictly positive definite kernels
we first state a simple sufficient condition. The following proposition is an immediate
consequence of the last lemma together with the linear independence of the spherical
harmonics.

Proposition 2 A kernel as in in the last lemma is strictly positive definite if F = Z.

For the special case d = 3, this result was proven in [6] as Theorem 2, where the
assumptions on the maps can be simplified because of the specific structure of S2. As
a next step we study necessary conditions:

Lemma 9 Let K be a Hermitian, axially symmetric kernel of the form (17), satisfying
(7). For the kernel to be strictly positive definite it is necessary that the mapping

c�1 : Λ|�1| × Λ|�1| → C

is not identically zero for infinitely many �1 ∈ Z.

Proof The result is proven by contradiction. Assume there are only finitely many
values of �1 for which c�1 is not the zero mapping. Let us denote the set of these �1
by J . Then we can construct a set of points Ξ and coefficients λξ ∈ R such that

∑
ξ∈Ξ

λξY�1,� (ξ) = 0, ∀�1 ∈ J , � ∈ Λ|�1|. (23)



Journal of Fourier Analysis and Applications (2022) 28 :40 Page 17 of 25 40

These are infinitely many conditions since Λ|�1| includes infinitely many elements
but if we choose all points in Ξ of the form

(
θ1,k, θ2, . . . , θd−1

)
for k = 0, . . . , |J |,

the above equations can be transformed into

1√
2π

d−1∏
j=2

j P̃
� j−1
� j

(
θ j

) |J |∑
k=0

λke
i�1θ1,k = 0, ∀�1 ∈ J , � ∈ Λ|�1|, (24)

which is satisfied if
|J |∑
k=0

λke
i�1θ1,k = 0, ∀�1 ∈ J . (25)

These are only |J | conditions which can be satisfied for our choice of θ1,k at |J | + 1
distinct points. �

The next result is especially interesting because for spherical radial basis functions
we were used to be able to leave out finitely many indices of similar sets without
loosing strict positive definiteness. This is not the case for axially symmetric kernels,
where �1 = 0 is of special importance.

Lemma 10 Let K be a Hermitian, axially symmetric kernel of the form (17) satisfying
(7). For the kernel to be strictly positive definite, it is necessary that the mapping

c0 : Λ|�1| × Λ|�1| → C

is not identically zero.

Proof We show that for any point on the surface of the sphere ξ which has polar
coordinates (θ1, 0, θ3, . . . , θd−1), the spherical basis functions Y�1,� (ξ) only take non-
zero values if �1 = 0. Inserting the point into the definition of the spherical harmonics
from (12)

Y�1,� (ξ) = 1√
2π

ei�1θ1
d−1∏
j=2

j P̃
� j−1
� j

(
θ j

)

= 1√
2π

ei�1θ1
(
2�2 + 1

2

(�2 + �1)!
(�2 − �1)!

)1/2

P−�1
�2

(1)
d−1∏
j=3

j P̃
� j−1
� j

(
θ j

)
.

Since the last part of the product is finite, the value is non-zero only if P−�1
�2

(1) is
non-zero and this is only the case for �1 = 0. �

Two ways to construct axially symmetric kernels on the two-sphere for which the
described conditions can be applied are described in [2] where the definition is via
sequences and [11] via integration of isotopic kernels over arches.
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4 (Strict) Positive Definiteness of Convolutional Kernels or Kernels
with Eigenvalue Block Structure

We now assume that K is continuous Hermitian and has the form

K (ξ, ζ ) =
∞∑
j=0

N j,d∑
k=1

N j,d∑
k′=1

d j
(
k, k′) Y k

j (ξ) Y k′
j (ζ ), ∀ξ, ζ ∈ S

d−1, (26)

for a fixed set of orthogonal basis functions, where Y k
j is an eigenfunction correspond-

ing to the eigenvalue λ j of Sect. 1.1. We note that under this assumption there exists
another orthonormal basis of the eigenfunctions corresponding to each eigenvalue
such that, if we express K with respect to this sequence (which is also the Hilbert-
Schmidt basis of the kernel), it takes the form (10). Further we emphasize that in this
section we use continuity as a criterion instead of property (7), because it is the weaker
assumption on the kernel.

These kernels were studied under the name convolutional kernels for example in
[21, 22]. The fixed basis case on the 2-sphere was also studied in [7] and we now
generalise the results.

It is proven in [10] that a continuous and Hermitian kernel K of the form (10)
is positive definite if and only if the d j,k are real and non-negative for all j ∈ Z+,
k ∈ {

1, . . . , N j,d
}
, (their Theorem 2.1).

We can now transfer the result known for radial kernels which was first proven in
[8], to this kernel class. Since positive definiteness is independent of the choice of the
expansion basis, the proofs will be carried out using kernels of the form (10) and we
later briefly note the implications for fixed basis.

Lemma 11 If a continuous and Hermitian kernel K of the form (10) is strictly positive
definite, all d j,k are non-negative and the sequences

(
d j,k

)N j,d
k=1 are not identically zero

for infinitely many even and infinitely many odd values of j ∈ Z+.

Proof We assume K is continuous, Hermitian and strictly positive definite. Since
strict positive definiteness implies positive definiteness, the d j,k are all non-negative
according to [10, Theorem 2]. The rest of the proof is divided into four cases. Let us
denote the set of indices for which

(
d j,k

)N j,d
k=1 are not all zero with

J :=
{
j ∈ Z+

∣∣ (d j,1, . . . , d j,N j,d

)T �= 0N j,d
}

.

For all four cases we assume that K is strictly positive definite of the form (10) and
prove that assuming either

1. J ⊂ 2N or
2. J ⊂ 2N + 1 or
3. 1 ≤ |J ∩ 2N| < ∞ or
4. 1 ≤ |J ∩ (2N + 1) | < ∞,

leads to a contradiction.
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1. Let us now assume
(
d j,k

)N j,d
k=1 are not all zero only for even values of j . We can

represent the quadratic form as

∑
ξ,ζ∈Ξ

λξλζ K (ξ, ζ ) =
∞∑
j=0

N j,d∑
k=1

d j,k

∑
ξ∈Ξ

λξ Ỹ
k
j (ξ)

∑
ζ∈Ξ

λζ Ỹ k
j (ζ )

=
∞∑
j=0

N j,d∑
k=1

y j,k
Ξ d j,k y

j,k
Ξ , with y j,k

Ξ =
∑
ξ∈Ξ

λξ Ỹ
k
j (ξ) ∈ C.

Choosing a non-empty set of data sites Ξ ′ which satisfies

ξ ∈ Ξ ′ ⇒ −ξ ∈ Ξ ′,

where −ξ is the antipodal point of ξ , and setting λξ = −λ−ξ , we find that y
j,k
Ξ ′ =

0 for all even j since Ỹ k
j (−ξ) = (−1) j Ỹ k

j (ξ) follows from the Ỹ k
j all being

homogeneous polynomials of order j . This implies
∑

ξ,ζ∈Ξ ′ λξλζ K (ξ, ζ ) = 0
and therefore K would not be strictly positive definite.

2. The same argument applies when we assume
(
d j,k

)N j,d
k=1 are not all zero only for

odd values of j . The same set Ξ ′ can be chosen but now λξ = λ−ξ yields the
contradiction to the assumption of strict positive definiteness.

3. Now we assume that
(
d j,k

)N j,d
k=1 are not all zero for any number of odd values of

j and only finitely many even values of j . Set ĵ to the maximal even index for
which

(
d j,k

)N j,d
k=1 is not zero. We aim to construct a set Ξ with elements only in

the lower hemisphere of Sd−1 and λ ∈ C
|Ξ | �= 0, s.t.

∑
ξ∈Ξ λξ Ỹ k

j (ξ) = 0 for all
even j ≤ ĵ . These are

M :=
ĵ /2∑
m=1

N2m,d < ∞

linear equations. We can therefore choose any set of distinct points in the lower
hemisphere with more than M elements to find a non-trivial solution. Defining the
set Ξ ′ = Ξ ∪ (−Ξ) and setting λξ = λ−ξ shows that

∑
ξ,ζ∈Ξ ′

λξλζ K (ξ, ζ ) = 0

for a non-trivial vector λ and therefore K is not strictly positive definite.
4. The same arguments can be used to show that

(
d j,k

)N j,d
k=1 needs to be non-zero for

infinitely many odd values of j .

�
For the fixed basis form this implies that for a strictly positive definite kernel of

the form (26) it is necessary that the matrices Dj := (
d j

(
k, k′))N j,d

k,k′=1 are all positive
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definite and infinitely many with odd j and infinitely many with even j are not the
zero matrix.

With the aim of finding sufficient conditions that are easy to evaluate we define the
set F as the set of all indices j ∈ Z+ for which Dj is a positive definite matrix, or if
the appropriate basis is used, all d j,k > 0 for all k = 1, . . . , N j,d .

Lemma 12 A continuous and Hermitian kernel K of the form (26) which is positive
definite is strictly positive definite if

∑
ξ∈Ξ

λξY
k
j (ξ) = 0, ∀ k = 1, . . . , N j,d , j ∈ F ⇒ λξ = 0,∀ξ ∈ Ξ.

The proof follows in the same line of argument as Lemma 8.
With Lemma 12, we have shown that strict positive definiteness of these kernels

can be proven using the same results which were used for zonal kernels by Chen
et al. in [8] and the alternative proof for more general manifolds stated by Barbosa
and Menegatto in [4]. The next lemma and Theorem 4, generalise the results to the
convolutional case and complex kernels.

Lemma 13 For a given set F the following two properties are equivalent:

1.
∑

ξ∈Ξ λξY k
j (ξ) = 0, ∀ k = 1, . . . , N j,d , j ∈ F implies λξ = 0, ∀ξ ∈ Ξ.

2.
∑

ξ∈Ξ λξ Pd
j

(
ξ T ζ

) = 0, ∀ j ∈ F , ∀ζ ∈ S
d−1 implies λξ = 0, ∀ξ ∈ Ξ .

Here Pd
j are the Legendre polynomials of degree j in d dimensions.

Proof Using the addition formula of the spherical harmonics we find

N j,d

σd−1
Pd
j

(
ξ T ζ

)
=

N j,d∑
k=1

Y k
j (ξ) Y k

j (ζ ) .

Therefore

N j,d

σd−1

∑
ξ∈Ξ

λξ P
d
j

(
ξ T ζ

)
=

N j,d∑
k=1

⎛
⎝∑

ξ∈Ξ

λξY
k
j (ξ)

⎞
⎠ Y k

j (ζ ), ∀ζ ∈ S
d−1.

Since the spherical harmonics are linearly independent, the last expression is zero if
and only if

∑
ξ∈Ξ

λξY
k
j (ξ) = 0

for all k = 1, . . . , N j,d , and all j ∈ F . �
Theorem 4 Let K be a continuous positive definite kernel of the form (26), d > 2, and
F the corresponding index set for which the D j are positive definite matrices. Then it
is sufficient for K to be strictly positive definite that F includes infinitely many even
and infinitely many odd values of j ∈ Z+.
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Proof Combining Lemmas 12 and 13we know that for K to be strictly positive definite
it is sufficient to prove that for arbitrary sets of distinct data sites Ξ ⊂ S

d−1 the
functions Pd

j

(
ξ T ζ

)
satisfy Lemma 13 (2). Therefore we show that for any such set

Ξ

∑
ξ∈Ξ

λξ P
d
j

(
ξ T ζ

)
= 0, ∀ j ∈ F , ζ ∈ S

d−1,

implies λξ = 0 for all ξ ∈ Ξ . We do this by choosing for each ξ ∈ Ξ a corresponding
ζ = ζξ ∈ S

d−1 and show that for this choice λξ = 0 if the above holds. Assume we
have fixed ξ ∈ Ξ , we need to distinguish two cases.

Case 1 ξ T ζ �= −1 for all ζ ∈ Ξ.

In this case we choose ζξ = ξ and the system above takes the form

λξ P
d
j (1) +

∑
ζ∈Ξ\{ξ}

λζ P
d
j

(
ζ T ξ

)
= 0, ∀ j ∈ F .

Note that ξ T ζ ∈ (−1, 1). Since there are infinitely many indices in F we can choose
a sequence from F with jn ∈ F and lim

n→∞ jn = ∞. Introducing the limit in the above

equation and using the asymptotic estimate for Legendre polynomials in [3] (2.117)
we get

λξ + lim
n→∞

∑
ζ∈Ξ\{ξ} λζ Pd

j

(
ξ T ζ

)
Pd
j (1)

= 0.

This implies λξ = 0 because the sum is finite and the latter part converges to zero.
Case 2 There is one ζ ∈ Ξ with ξ T ζ = −1.
Then ζ is the antipodal point of ξ and therefore in Cartesian coordinates ξ = −ζ .

Then the above equation becomes

λξ P
d
j (1) + (−1) j λ−ξ P

d
j (1) +

∑
ζ∈Ξ\{ξ,−ξ}

λζ P
d
j

(
ζ T ξ

)
= 0, ∀ j ∈ F .

The third part vanishes if we introduce the limit as in the previous case but for odd and
even series of jn separately. The remainder yields for even j and odd j , respectively,

λξ + λ−ξ = 0 = λξ − λ−ξ

which implies λξ = 0 = λ−ξ . �

5 The Special Case of Kernels on the Circle

The case d = 2 is of special interest for us since the results of Theorem 4 do not
apply to this case and since according to Lemma 6 (1) all axially symmetric kernels
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on the circle have convolutional form. For d = 2 we note that a basis of the spherical
harmonics is

Y j (ξ) = 1√
2π

ei jθ , j ∈ Z,

where θ is associated with the point on the circle ξ = (cos (θ) , sin (θ))T ∈ S
1.

The Legendre polynomials take the form of Chebyshev polynomials and the addition
formula reads

Y j (ξ)Y j (ζ ) + Y− j (ξ)Y− j (ζ ) = 2

π
cos ( j(θ − ν)) ,

where θ is corresponding to ξ as above and ζ = (cos (ν) , sin (ν))T . Using the circular
harmonics every continuous kernel on S

1 × S
1 has an expansion of the form

K (ξ, ζ ) =
∑
j, j ′∈Z

a j, j ′e
i jθe−i j ′ν .

For a Hermitian convolutional kernel only the coefficients corresponding to the
same order of trigonometric polynomial are going to be non-zero. This yields

K (ξ, ζ ) =
∑
j∈Z+

(
d j, j e

i j(θ−ν) + d− j,− j e
−i j(θ−ν) + d− j, j e

−i j(θ+ν) + d− j, j e
i j(θ+ν)

)

+ d0,0,

where we can define the matrices of the last section as Dj =
⎛
⎝ d j, j d j,− j

d j,− j d− j,− j

⎞
⎠.

Theorem 5 Let K be a continuous positive definite kernel of the form (26), d = 2,
and F be the corresponding index set for which the D j are positive definite matrices.
Then it is sufficient for K to be strictly positive definite that the set {n ∈ Z | |n| ∈ F}
intersects every full arithmetic progression in Z+.
Proof For this special case Lemma 13 (2) reads

∑
ξ∈Ξ

λξ cos
(
j arccos(ξ T ζ )

)
= 0, ∀ j ∈ F , ∀ξ ∈ S

1,

implies λξ = 0 for all ξ ∈ Ξ . This is the case if all functions of the form∑
j∈F a j cos

(
j arccos(ξ T ζ )

)
with a j > 0 are positive definite and thereby we can

deduce our result directly from Corollary 2.3 and Theorem 2.15 of [20]. �
Theorem 6 Let K be a continuous positive definite kernel of the form (26), d = 2 and
J the corresponding index set for which the D j are non-zero. Then it is necessary for
K to be strictly positive definite that J intersects every full arithmetic progression in
Z+.



Journal of Fourier Analysis and Applications (2022) 28 :40 Page 23 of 25 40

Proof The proof again uses contradiction and the construction of sets which show that
Lemma 13 (2) does not hold if J does not intersect every full arithmetic progression.
As in the previous cases this construction is the same which was used in the proof for
isotropic kernels and we therefore refer to the proof of [4] Theorem 5.2, where details
of the construction are given. �
Webrieflymention implications for kernel is axially symmetric kernels on S1. Accord-
ing to Theorem 1, a kernel is axially symmetric if

a j, j ′ = δ j, j ′c j .

Thereby a Hermitian axially symmetric kernel takes the form

K (ξ, ζ ) =
∑
j∈Z+

(
c j e

i j(θ−ν) + c− j e
−i j(θ−ν)

)
+ c0.

Then Theorems 5 and 6 directly apply to the axially symmetric kernels, where F is
the set of j ∈ Z for which both c j , c− j > 0 and J is the set of indices j for which c j
or c− j are non-zero.

6 Discussion

The discussion in Section 2 allows to construct kernels with different geometric prop-
erties. Even though these kernels could only be constructed approximately as truncated
series we believe that they can nevertheless be used in applications as discussed in [2]
for axially symmetric kernels. We also believe that taking into account a wider range
of geometric properties of the kernel will allow the improvement of approximation
results for many areas of application. Unfortunately any truncation would remove
strict positive definiteness. This problem can be addressed in applications for example
by choosing the truncation index high enough so that the remaining error is close to
machine precision.

The more specific results in Section 3 show that stating necessary and sufficient
conditions for axially symmetric strictly positive definite kernels is possible in a similar
way to the results known for radial kernels and that in fact one can utilize the results
known for isotropic kernels to prove the more general case, as done in Section 4.

Acknowledgements We thank the two reviewers for their helpful and detailed comments which allowed for
a better version of this paper. We especially thank the anonymous reviewer who suggested simplifications
in notation and the proof of Lemma 7.

Funding Open access funding enabled and organized by Projekt DEAL. The work of Janin Jäger was
funded by the Deutsche Forschungsgemeinschaft (DFG–German research foundation)–Projektnummer:
461449252 and by the Justus-Liebig University as part of the Just’us-fellowship.

OpenAccess This article is licensedunder aCreativeCommonsAttribution 4.0 InternationalLicense,which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,



40 Page 24 of 25 Journal of Fourier Analysis and Applications (2022) 28 :40

and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Abramowitz, M., Stegun, I.A.: Handbook of Mathematical Functions. Dover, New York (1972)
2. Alegría, A., Cuevas-Pacheco, F.: Karhunen–Loève expansions for axially symmetric Gaussian pro-

cesses: modeling strategies and L2- approximations. Stoch. Environ. Res. Risk Assess. 34(11),
1953–1965 (2020)

3. Atkinson, K., Han,W.: Spherical Harmonics and Approximations on the Unit Sphere: An Introduction.
Lecture Notes in Mathematics, vol. 2044. Springer, Berlin, 01 (2012). ISBN 978-3-642-25982-1.
https://doi.org/10.1007/978-3-642-25983-8

4. Barbosa, V.S., Menegatto, V.A.: Strictly positive definite kernels on two-point compact homogeneous
space. Math. Inequal. Appl. 19, 743–756 (2016). https://doi.org/10.7153/mia-19-54

5. Bissiri, P.G., Menegatto, V.A., Porcu, E.: Relations between Schoenberg coefficients on real and com-
plex spheres of different dimensions. SIGMA (2019). https://doi.org/10.3842/SIGMA.2019.004

6. Bissiri, P.G., Peron, A.P., Porcu, E.: Strict positive definiteness under axial symmetry on the sphere.
Stoch. Environ. Res. Risk Assess. 34, 723–732 (2020). https://doi.org/10.1007/s00477-020-01796-y

7. Buhmann, M., Jäger, J.: Strictly positive definite kernels on the 2-sphere: from radial symmetry to
eigenvalue block structure. IMA J. Numer. Anal. (2021). https://doi.org/10.1093/imanum/drab012

8. Chen, D., Menegatto, V.A., Sun, X.: A necessary and sufficient condition for strictly positive definite
functions on spheres. Proc. Am. Math. Soc. 131, 2733–2740 (2003)

9. Dyn, N., Narcowich, F.J.,Ward, J.D.: A framework for interpolation and approximation onRiemannian
manifolds. In: Buhmann, M., Iserles, A. (eds.) Approximation Theory and Optimization: Tributes to
M.J.D. Powell, pp. 133–144. Cambridge University Press, Cambridge (1997)

10. Dyn, N., Narcowich, F.J., Ward, J.D.: Variational principles and Sobolev type estimates for generalized
interpolation on a Riemannian manifold. Constr. Approx. 15, 175–208 (1999)

11. Emery, X., Porcu, E., Bissiri, P.G.: A semiparametric class of axially symmetric random fields on the
sphere. Stoch. Environ. Res. Risk Assess. 33, 1863–1874 (2019)

12. Estrade, A., Fariñas, A., Porcu, E.: Covariance functions on spheres cross time: beyond spatial isotropy
and temporal stationarity. Stat. Probab. Lett. 151, 1–7 (2019)

13. Fasshauer, G.E., McCourt, M.: Kernel-Based Approximation Methods Using Matlab, vol. 19. World
Scientific Publishing, Singapore (2015)

14. Gneiting, T.: Strictly and non-strictly positive definite functions on spheres. Bernoulli 19, 1327–1349
(2013). https://doi.org/10.3150/12-BEJSP06

15. Higuchi, A.: Symmetric tensor spherical harmonics on the n-sphere and their application to the de
Sitter group SO(N, 1). J. Math. Phys. 28(7), 1553–1566 (1987)

16. Hubbert, S., Lê Gia, Q.T., Morton, T.M.: Spherical Radial Basis Functions, Theory and Applications.
Springer, Cham (2015). https://doi.org/10.1007/978-3-319-17939-1

17. Jones, R.H.: Stochastic processes on a sphere. Ann. Math. Stat. 34(1), 213–218 (1963)
18. Lang, A., Schwab, C.: Isotropic Gaussian random fields on the sphere: regularity, fast simulation and

stochastic partial differential equations. Ann. Appl. Probab. 25, 3047–3094 (2015). https://doi.org/10.
1214/14-AAP1067

19. Ma, C.: Isotropic covariancematrix functions on all spheres.Math. Geosci. 47, 699–717 (2015). https://
doi.org/10.1007/s11004-014-9566-6

20. Menegatto, V.A., Oliveira, C.P., Peron, A.P.: Strictly positive definite kernels on subsets of the complex
plane. Comput. Math. Appl. 51(8), 1233–1250 (2006)

21. Narcowich, F.J.: Generalized Hermite interpolation and positive definite kernels on a Riemannian
manifold. J. Math. Anal. Appl. 190, 165–193 (1995)

22. Narcowich, F.J., Schaback, R., Ward, J.D.: Approximation in Sobolev spaces by kernel expansions. J.
Approx. Theory 114(1), 70–83 (2002)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-3-642-25983-8
https://doi.org/10.7153/mia-19-54
https://doi.org/10.3842/SIGMA.2019.004
https://doi.org/10.1007/s00477-020-01796-y
https://doi.org/10.1093/imanum/drab012
https://doi.org/10.3150/12-BEJSP06
https://doi.org/10.1007/978-3-319-17939-1
https://doi.org/10.1214/14-AAP1067
https://doi.org/10.1214/14-AAP1067
https://doi.org/10.1007/s11004-014-9566-6
https://doi.org/10.1007/s11004-014-9566-6


Journal of Fourier Analysis and Applications (2022) 28 :40 Page 25 of 25 40

23. Nie, Z., Ma, C.: Isotropic positive definite functions on spheres generated from those in Euclidean
spaces. Proc. Am. Math. Soc. 147(7), 3047–3056 (2019)

24. Porcu, E., Castruccio, S., Alegria, A., Crippa, P.: Axially symmetric models for global data: a journey
between geostatistics and stochastic generators. Environmetrics 30(1), e2555 (2019)

25. Schaback, R., Wendland, H.: Characterization and construction of radial basis functions. In: Dyn, N.,
Leviatan, D., Levin, D., Pinkus, A. (eds.) Multivariate Approximation and Applications, pp. 1–25.
Cambridge University Press, Cambridge (2001)

26. Schoenberg, I.J.: Positive definite functions on the sphere. Duke Math. J. 9, 96–108 (1942)
27. Shivakumar, P., Williams, J., Rudraiah, N.: Eigenvalues for infinite matrices. Linear Algebra Appl. 96,

35–63 (1987)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.


	Strict Positive Definiteness of Convolutional and Axially Symmetric Kernels on d-Dimensional Spheres
	Abstract
	1 Introduction
	1.1 Problem Description and Background

	2 Kernels with Special Coefficient Structure
	3 (Strict) Positive Definiteness of Axially Symmetric Kernels
	4 (Strict) Positive Definiteness of Convolutional Kernels or Kernels with Eigenvalue Block Structure
	5 The Special Case of Kernels on the Circle
	6 Discussion
	Acknowledgements
	References




