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Abstract

Embeddings of random variables in reproducing kernel Hilbert spaces (RKHSs)
may be used to conduct statistical inference based on higher order moments. For
sufficiently rich (characteristic) RKHSs, each probability distribution has a unique
embedding, allowing all statistical properties of the distribution to be taken into
consideration. Necessary and sufficient conditions for an RKHS to be character-
istic exist for R™. In the present work, conditions are established for an RKHS
to be characteristic on groups and semigroups. Illustrative examples are provided,
including characteristic kernels on periodic domains, rotation matrices, and R} .

1 Introduction

Recent studies have shown that mapping random variables into a suitable reproducing kernel Hilbert
space (RKHS) gives a powerful and straightforward method of dealing with higher-order statistics
of the variables. For sufficiently rich RKHSs, it becomes possible to test whether two samples
are from the same distribution, using the difference in their RKHS mappings [8]; as well as testing
independence and conditional independence [6, 9]. It is also useful to optimize over kernel mappings
on distributions, for instance to find the most predictive subspace in regression [5], or for ICA [1].

Key to the above work is the notion of a characteristic kernel, as introduced in [5, 6]: it gives an
RKHS for which probabilities have unique images (i.e., the mapping is injective). Such RKHSs
are sufficiently rich in the sense required above. Universal kernels on compact metric spaces [16]
are characteristic [8], as are Gaussian and Laplace kernels on R™ [6]. Recently, it has been shown
[14] that a continuous shift-invariant R-valued positive definite kernel on R™ is characteristic if and
only if the support of its Fourier transform is the entire R™. This completely determines the set of
characteristic ones in the convex cone of continuous shift-invariant positive definite kernels on R”.

One of the chief advantages of kernel methods is that they allow us to deal straightforwardly with
complex domains, through use of a kernel function to determine the similarity between objects in
these domains [13]. A question that naturally arises is whether characteristic kernels can be defined
on spaces besides R™. Several such domains constitute topological groups/semigroups, and our
focus is on kernels defined by their algebraic structure. Broadly speaking, our approach is based on
extensions of Fourier analysis to groups and semigroups, where we apply appropriate extensions of
Bochner’s theorem to obtain the required conditions on the kernel.

The most immediate generalization of the results in [14] is to locally compact Abelian groups, of
which (R™, +) is one example. Thus, in Section 2 we provide review of characteristic kernels on
(R™, +) from this viewpoint. In Section 3 we derive necessary and sufficient conditions for kernels



on locally compact Abelian groups to be characteristic. Besides (R™, +), such groups include [0, 1]
with periodic boundary conditions [13, Section 4.4.4]. We next address non-Abelian compact groups
in Section 4, for which we obtain a sufficient condition for a characteristic kernel. We illustrate with
the example of SO(3), which describes rotations in R3, and is used in fields such as geophysics
[10] and robotics [15]. Finally, in Section 5, we consider the Abelian semigroup (RQL_, +), where
R, = [0, 00). This semigroup has many practical applications, including expressions of nonnegative
measures or frequency on n points [3]. Note that in all cases, we provide specific examples of
characteristic kernels to illustrate the properties required.

2 Preliminaries: Characteristic kernels and shift-invariant kernels

Let X be a random variable taking values on a measurable space (€2, B), and H be a RKHS defined

by a measurable kernel k& on Q such that E[\/k(X,X)] < co. The mean element mx of X is
defined by the element in H such that (mx, f)» = E[f(X)] (Vf € H) (See [6, 7]). By plugging
f = k(-,y) in the definition, the explicit functional form of mx is given by mx (y) = E[k(y, X)].
A bounded measurable kernel k on €2 is called characteristic if

{P : probability on (2, B)} — H, P— mp=Ex.plk(-,X)] (1)
is injective ([5, 6]). Therefore, by definition, a characteristic kernel uniquely determines a probabil-
ity by its mean element. This property is important in making inference on properties of distribu-
tions. It guarantees, for example, that MM D = ||mx — my ||3 is a (strict) distance on the space
of probabilities on €2 [8]. The following result provides the necessary and sufficient condition for a
kernel to be characteristic and shows its associated RKHS to be a rich function class.

Lemma 1. Let (), B) be a measurable space, k be a measurable positive definite kernel on ), and

‘H be the associated RKHS. Then, k is characteristic if and only if H + R (direct sum of the two
RKHS’s) is dense in L?(P) for every probability P on (2, B).

Proof. The “if” part is shown in [6, Lemma 1]. Suppose H + R is not dense in L?(P). Then, there
is f # 0in L?(P) such that [ fdP = 0and [ fodP = 0 forall ¢ € H. Letc = 1/| f||1:(p) and
define Q1 = c|f|P and Qo = c(|f| f)P. They are probabilities and Q1 # Q2 by f # 0. Since
[ k(y,2)dQq1(z) — [ k(y,x)dQ2(x) = cff ,x)dP(x) = 0, k is not characteristic. O

The above lemma and Theorem 3 of [6] imply that characteristic kernels give a criterion of (condi-
tional) independence through (conditional) covariance on RKHS, which enables statistical tests of
independence with kernels [6]. This explains also the practical importance of characteristic kernels.

The following result shows that the characteristic property is invariant under some conformal map-
pings introduced in [17] and provides a construction to generate new characteristic kernels.

Lemma 2. Let Q) be a topological space with Borel o-field, k be a measurable positive definite
kernel on Q) such that [, k(-,y)dp(y) = 0 means p = 0 for a finite Borel measure ji, and f : Q@ — C
be a bounded continuous function such that f(z) > 0 for all z € Q and k(x,z)|f(x)|?* is bounded.
Then, the kernel k(z,y) = f(z)k(x,y) f(y) is characteristic.

Proof Let P and @ be Borel probabilities such that [ k(-,z)dP(z) = [ k(- . We have
Jk(: )d(P — @)(x) = 0, which means fP = fQ. We have P=qQ by the pos1t1v1ty and
contlnulty of I O

We will focus on spaces with algebraic structure for better description of characteristic kernels.
Let G be a group. A function ¢ : G — C is called positive definite if k(x,y) = ¢(y~1z) is
a positive definite kernel. We call this type of positive definite kernels shift-invariant, because
k(zz,zy) = ¢((zy)~'2w) = ¢y~ 'x) = k(=,y) forany z € G.

There are many examples of shift-invariant positive definite kernels on the additive group R™: Gaus-
sian RBF kernel k(z, y) = exp(—||z—y||* /o) and Laplacian kernel k(z,y) = exp(—(3 >, |;i—
y;|) are famous ones. In the case of R, the following Bochner’s theorem is well-known;

Theorem 3 (Bochner). Let ¢ : R™ — C be a continuous function. ¢ is positive definite if and only
if there is a unique finite non-negative Borel measure A on R™ such that

o) = [ e/ dA(w). )
RTL



Bochner’s theorem completely characterizes the set of continuous shift-invariant positive definite
kernels on R™ by the Fourier transform. It also implies that the continuous positive definite functions

form a convex cone with the extreme points given by the Fourier kernels {eV —Ta"w | w e R"}.

It is interesting to determine the class of continuous shift-invariant “characteristic”” kernels on R"™.
[14] gives a complete solution: if supp(A) = R™,! then ¢(z — y) is characteristic. In addition, if
a continuous positive definite function of the form in Eq. (2) is real-valued and characteristic, then
supp(A) = R™. The basic idea is the following: since the mean element Ep[¢(y — X)] is equal to
the convolution ¢ * P, the Fourier transform rewrites the definition of characteristic property as

(P-Q)A=0 = P=qQ,

where ~ denotes the Fourier transform, and we use ¢ x P = AP. Hence, it is natural to expect that
if A is everywhere positive, then (P — @) must be zero, which means P = Q).

We will extend these results to more general algebraic objects, such as groups and semigroups, on
which Fourier analysis and Bochner’s theorem can be extended.

3 Characteristic kernels on locally compact Abelian groups

It is known that most of the results on Fourier analysis for R™ are extended to any locally compact
Abelian (LCA) group, which is an Abelian (i.e. commutative) topological group with the topology
Hausdorff and locally compact. The basic terminologies are provided in the supplementary material
for readers who are not familiar to them. The group operation is denoted by “+4” in Abelian cases.

Hereafter, for a LCA group G, we consider only the probability measures included in the set of finite
regular measures M (G) (see Supplements) to discuss characteristic property. This slightly restricts
the class of measures, but removes only pathological ones.

3.1 Fourier analysis on LCA Group

We briefly summarize necessary results to show our main theorems. For the details, see [12, 11].

For a LCA group G, there exists a non-negative regular measure m on G such that m(E + z) =
m(E) for every x € G and every Borel set E in G. This measure is called Haar measure. We use
dx to denote the Haar measure of G. With the Haar measure, the integral is shift-invariant, that is,

/f +yd:v—/f (W € G).

The space of LP (G, dx) is simply denoted by LP(G).

A function y : G — Cis called a character of G if y(z +vy) = v(x)7y(y) and |y(z)| = 1. The set of
all continuous characters of G forms an Abelian group with the operation (v17y2)(z) = 1 (z)72(z).
By convention, the group operation is denoted by addition “+”, instead of multiplication; i.e., (y; +

v2)(x) = v1(x)y2(z). This group is called the dual group of G, and denoted by G.

For any z € G, the function 4 on G given by 2(v) = v(z) (v € G) defines a character of G. It is
known that GG is a LCA group if the weakest topology is introduced so that 2 is continuous for each
x € G. We can therefore consider the dual of GG, denoted by G, and the group homomorphism

G— G, T — I
The Pontryagin duality guarantees that this homomorphism is an isomorphism, and homeomor-
phism, thus G’ can be identified with G. In view of the duality, it is customary to write (z,7) :=
y(x). We have (—z,7) = (x, —y) = v(z)~! = (x,7), where Z is the complex conjugate of z.

Let f € L'(G) and u € M (@), the Fourier transform of f and y are respectively defined by
fo) = [(cef@ar. i) = [ (rdn@. (0. ®

"For a finite regular measure, there is the largest open set U with p1(U') = 0. The complement of U is called
the support of p, and denoted by supp(u). See the supplementary material for the detail.



Let f € L™(G), g € Ll(G) and i, v € M(G). The convolutions are defined respectively by
(gf)(x / fla=y)g(y)dy, (u=f)(x / fla=y)du(y), (pxv)(E) = /GXE(w+y)du(w)dV(y)~
g * f is uniformly continuous on G. For any f,g € L'(G) and u,v € M(G), we have the formula

Proposition 4. For i € M(G), the Fourier transform [i is bounded and uniformly continuous.
Theorem 5 (Uniqueness theorem). If u € M(G) satisfies i = 0, then p = 0.

It is known that the dual group of the LCA group R" is {e\/jl“’T”” | w € R™}, which can be
identified with R™. The above definition and properties of Fourier transform for LCA groups are
extension of the ordinary Fourier transform for R™. Bochner’s theorem can be also extended.

Theorem 6 (Bochner’s theorem. e.g., [12] Section 1.4.3). A continuous function ¢ on G is positive
definite if and only if there is a unique non-negative measure A € M (G) such that

o(z) = /G (z.)dA() (2 €C). )

3.2 Shift-invariant characteristic kernels on LCA group

Based on Bochner’s theorem, a sufficient condition of the characteristic property is obtained.
Theorem 7. Let ¢ be a continuous positive definite function on a LCA group G given by Eq. (5)
with A. If supp(A) = G, then the positive definite kernel k(x,y) = ¢(x — y) is characteristic.

Proof. Tt suffices to prove that if © € M(G) satisfies 1 * ¢ = 0 then p = 0. We have fG(,u *
@)(z)dp(x) = 0. On the other hand, by using Fubini’s theorem,

Jo (= d)(z = Jo Jod(@ —y fG fG fG Y)AA(Y)dp(y)dp(z)
= Ja Ja(x,y dﬂ fG’ = fé [(Y)[PdA ().
Since [z is continuous and supp(A) = G, we have Ji it = 0, which means ¢ = 0 by Theorem 5. O

In real-valued cases, the condition supp(A) = G is almost necessary.

Theorem 8. Let ¢ be a R-valued continuous positive definite function on a LCA group G given
by Eq. (5) with A. The kernel ¢(x — y) is characteristic if and only if (i) 0 € G is not open and
supp(A) = G, or (i) 0 € G is open and supp(A) D G- {0}. The case (ii) occurs if G is compact.
Proof. 1t suffices to prove the only if part. Assume k(z,y) = ¢(z — y) is characteristic. It is
obvious that k is characteristic if and only if so is k(x, y) + 1. Thus, we can assume 0 € supp(A).
Suppose supp(A) # G. Since ¢ is real-valued, A(—E) = A(E) for every Borel set E. Thus
U := é\supp(A) is a non-empty open set, with —U = U, and 0 ¢ U by assumption. Let vy € U
and7:G x G — @, (v1,72) — 71 — 2. Take an open neighborhood W of 0 in G with compact
closure such that W C 771(U — 7). Then, (W + (=W) +v9) U (W + (=W) — ) C U.

Let g = xw * x—w, where xg denotes the indicator function of a set £. ¢ is contin-
uous, and supp(g) C (W + (=W)). Also, g is positive definite, since ), ;c;icjg(x; —
Ti) =D Ci?jngW(Ii —x; —yIx-wdy = 3, ;¢ [oxw(zi — y)x- W(y —zj)dy =
Jo (Cicixw (i — ) (X, ¢jxw (25 — y))dy > 0. By Bochner’s theorem and Pontryagin duality,
there is a non-negative measure p € M (G) such that

= Jo(z,v)du(x) (v € Q).

It follows that

9(v —0) +9(v + 1) = Jo (@7 =) + (2,7 +70) Ydu(z) = [, (2z,7)d((v0 + Fo)p) (2).

Since supp(g) C cl(W + (—=W)), the left hand side is non-zero only in(W4 (=W)+7) U(W+
(=W) — 7o) C U, which does not contain 0. Thus, by setting v = 0, we have

(o +70)w)(G) = 0. (6)



The measure (o + 7o) is real-valued, and non-zero since the function g(y — 7o) + g(v + 7o) is
not constant zero. Let m = |(vo + 7o) 1|(G), and define the non-negative measures

p = |(vo + o) ul/m, 2 = {I(v0 +50)ul — (vo + o)}/
Both of 11 and o are probability measures on G from Eq. (6), and p1; # 2. From Fubini’s theorem,
X (1 — p2) * 9) (@) = [d(z —y)(0(y) +To(y))du(y)
= Ja(@7) Jo {(y,7 —10) + (v, 7 +70) Ydu(y)dA(Y) = [a(z,){g(v —70) + (7 +70) A (Y)

Since the integrand is zero in supp(A), we have (11 — u2) * ¢ = 0, which derives contradiction.
The last assertion is obvious, since G is discrete if and only if G is compact [12, Sec. 1.7.3]. O

Theorems 7 and 8 are generalization of the results in [14]. From Theorem 8, we can see that the
characteristic property is stable under the product for shift-invariant kernels.

Corollary 9. Let ¢1(x — y) and ¢po(x — y) be R-valued continuous shift-invariant characteristic
kernels on a LCA group G. If (i) G is non-compact, or (ii) G is compact and 2+ # 0 for any nonzero
v € G. Then (¢1¢2)(x — y) is characteristic.

Proof. We show the proof only for (i). Let A1, A5 be the non-negative measures to give ¢, and ¢o,
respectively, in Eq. (5). By Theorem 8, supp(A;) = supp(Az) = G. This means supp(A; * Ag) =
G. The proof is completed because A; * Ay gives a positive definite function ¢4 ¢o. O

Example 1. (R, +):  As already shown in [6, 14], the Gaussian RBF kernel exp(— 525 ||z — y||?)

and Laplacian kernel exp(—3 ., |#; — y;|) are characteristic on R™. An example of a positive

sin(z—y)
z—y

Example 2. ([0,27),+): The addition is made modulo 27. The dual group is {e¥ =" | n € Z},
which is isomorphic to Z. The Fourier transform is equal to the ordinary Fourier expansion. The
following are examples of characteristic kernels given by the expression

o) =300 _apeV I ap >0, a, >0 (n#0), 3 a, < occ.

definite kernel that is not characteristic on R" is sinc(z — y) =

(1) a0 =7°/3,an = 2/n* (n #0) = ki(@y) = (1= (@~ Ymod2r)”-

(2) ap =1/2,a, = 1/(1+n?) (n #0) = ko(x,y) = cosh(m — (T — ¥)mod 27 )-

(3) ag =0, ap, =a"/n (n#0), (Ja| <1) = ks(z,y) = —log(l —2acos(z —y) + a?).
(4) an=0a"l, (0<a<1) = ky(z,y)=1/(1 —2acos(z —y)+a?) (Poisson kernel).
Examples of non-characteristic kernels on [0, 27) include cos(z — y), Féjer, and Dirichlet kernel.

4 Characteristic kernels on compact groups

We discuss non-Abelian cases in this section. Non-Abelian groups include various matrix groups,
such as SO(3) = {A € M(3 x 3;R) | ATA = I3,detA = 1}, which represents rotations in R3.
SO(3) is used in practice as the data space of rotational data, which popularly appear in many fields
such as geophysics [10] and robotics [15]. Providing useful positive definite kernels on this class is
important in those applications areas. First, we give a brief summary of known results on the Fourier
analysis on locally compact and compact groups. See [11, 4] for the details.

4.1 Unitary representation and Fourier analysis

Let G be a locally compact group, which may not be Abelian. A unitary representation (T, H) of
G is a group homomorphism 7 into the group U (H) of unitary operators on some nonzero Hilbert
space H, thatis,amap T : G — U (H) that satisfies T'(zy) = T(z)T(y) and T'(x~') = T(x)~ =
T'(x)*, and for which  — T'(z)u is continuous from G to H for any u € H

For a unitary representation (7', H) on a locally compact group G, a subspace V' in H is called G-
invariant if T'(x)V C V for every « € G. A unitary representation (T, H) is irreducible if there are



no closed G-invariant subspace except {0} and H. Unitary representations (71, Hy) and (7%, H2)
are said to be equivalent if there is a unitary isomorphism A : H; — H, such that T} = A~1T, A,
The following facts are basic (e.g., [4], Section 3,1, 5.1).

Theorem 10. (i) If G is a compact group, every irreducible unitary representation (T, H) of G is
finite dimensional, that is, H is finite dimensional. (ii) If G is an Abelian group, every irreducible
unitary representation of G is one dimensional. They are the continuous characters of G.

It is possible to extend the Fourier analysis on locally compact non-Abelian groups. Unlike Abelian
cases, the Fourier transform by the characters are not possible, but we need to consider unitary
representations and operator-valued Fourier transform. Since extending the results of the LCA case
to the general cases causes very complicated topology, we focus on compact groups. Also, for
simplicity, we assume that G is second countable, i.e., there are countable open basis on G.

We define G to be the set of equivalent classes of irreducible unitary representations of a compact
group G. The equivalence class of a unitary representation (7', Hr) is denoted by [T'], and the
dimensionality of Hy by dr. We fix a representative T for every [T] € G for all.

It is known that on a compact group G there is a Haar measure m, which is a left and right invariant
non-negative finite measure. We normalize it so that m(G) = 1 and denote it by dz.

Let (T, Hr) be a unitary representation. For f € L'(G) and pn € M (G), the Fourier transform of f
and p are defined by the “operator-valued” functions on G,

ﬂzémmwﬂmzéﬂwmww,mw=Lﬂfmwm=Lﬂwwm7

respectively. These are operators on Hp. This is a natural extension of the Fourier transform on
LCA groups, where G is the characters serving as the Fourier kernel in view of Theorem 10.

We can define the “inverse Fourier transform”. Let Ay ([T] € CA?) be an operator on Hr. The series
Z T]eGdTTr[ATT( )] @)

is said to be absolutely convergent if 3. & dr'Tr[| Ar|] < oo, where |A| = VAT A. Itis obvious
that if the above series is absolutely convergent, the convergence is uniform on G. It is known that
if GG is second countable, GG is at most countable, thus the sum is taken over the countable set.

Bochner’s theorem can be extended to compact groups as follows [11, Section 34.10].

Theorem 11. A continuous function ¢ on a compact group G is positive definite if and only if the
Fourier transform ¢(T') is positive semidefinite, gives an absolutely convergent series Eq. (7), and

o(z) = E[T]e@dTTr[a(T)T(x)]- 3

The proof of “if” part is easy; in fact, ) jcic*jqﬁ(xj_lxi) = jciFjZ[TleadTTr[gg(T)T xj_lm)]

=3, ;€% oy dr T[T (@) (1) T ()] = Xy dr Tr[ (6T () (1) (3¢ T () ] = 0.
4.2 Shift-invariant characteristic kernels on compact groups

We have the following sufficient condition of characteristic property for compact groups.
Theorem 12. Let ¢ be a positive definite function of the form Eq. (8) on a compact group G. If
&(T) is strictly positive definite for every [T| € G\{1}, the kernel ¢(y~'x) is characteristic.

Proof. Let P,Q € M(G) be probabilities on G. Define pn = P — @, and
suppose [, ¢(y~tx)du(y) = 0. If we take the integral over x with the mea-
sure f, Fubini’s therrem shows 0 = [ [o 2o imdr Ty QSA(T)T(y_lx)]du(y)du(x) =
Sy o Jo BT @I () dp(w)duly) = Ep%ﬁH)dﬂMﬂﬂﬁmwT>Mm
¢(T) is strictly positive, i(T) = 0 for every [T] € G, that is, Jo T(x)*dp(xz) = O. If we fix an
orthonormal basis of Hy and express T(a:) by the matrix elements Tw( ), we have

[T ( =0 (V[T|€G,i,j=1,....dr).



The Peter-Weyl Theorem (e.g., [4, Section 5.2]) shows that {\/drT;;(x) | [T] € G,Lj =
1,...,dr} is a complete orthonormal basis of L?(G), which means z = 0. O

It is interesting to ask whether Theorem 8 can be extended to compact groups. The same proof does

not apply, however, because application of Bochner’s theorem to a positive definite function on Gis
not possible by the lack of duality.

Example of SO(3). It is known that S/O-@ consists of (T}, Hy,) (n =0,1,2,...), where dr,, =
2n + 1. We omit the explicit form of 7;,, while it is known (e.g., [4], Section 5.4), but use the
character defined by ~,, (z) = Tr[T,,(z)]. It is also known that ,, is given by

sin((2n 4 1)0)

Yn(A) = o (n=0,1,2,...),

where e*V=19 (0 < 9 < 7) are the eigenvalues of A, ie., cos@ = LTr[A]. Since plugging
#(T,) = anla,, in Eq. (8) derives a,, for each term, we see that a sequence {ay, } ;2 such that
ag > 0,a, >0(mn > 1), and Zfﬁ:o an(2n + 1)2 < oo defines a characteristic positive definite
kernel on SO(3) b

sin((2n + 1)6)

sin 0

k(A,B) =3 ,(2n+ 1)ay, (cos@ = %Tr[B’lA], 0<6<m).

Some examples are listed below (« is a parameter such that |a| < 1).

1 sin((2n +1)0)  wO(w —0)
1 ap= — k(A B) = _r=9
(1) a (2n+1)4 (A s1nt9Z (2n+1)3 8sinf
a?ntl 2. o2 sin((2n +1)0) 1 2acsin 0
2 a4, = . k(A B)= : - tan (2257
(2) a (2n +1)2 2( ) ~  (2n+1)sinf 2sing ¢ an( 1—a2)

5 Characteristic kernels on the semigroup R

In this section, we consider kernels on an Abelian semigroup (S, +). In this case, a kernel based
on the semigroup structure is defined by k(z,y) = ¢(x + y). For an Abelian semigroup (S, +), a
semicharacter is defined by a map p : S — C such that p(z + y) = p(z)p(y).

While extensions of Bochner’s theorem are known for semigroups [2], the topology on the set of
semicharacters are not as obvious as LCA groups, and the straightforward extension of the results
in Section 3 is difficult. We focus only on the Abelian semigroup (R'}, +), where R, = [0, 00).
This semigroup has many practical applications of data analysis including expressions of nonneg-
ative measures or frequency on n points [3]. For R”, it is easy to see the bounded continuous

semicharacters are given by {[[;_, e % | \; >0 (i = 1,...,n)} [2, Section 4.4].
For R}, Laplace transform replaces Fourier transform to give Bochner’s theorem.

Theorem 13 ([2], Section 4.4). Let ¢ be a bounded continuous function on R”}. ¢ is positive definite
if and only if there exists a unique non-negative measure A € M (R"}) such that

o) = [ e Thmany (v eRY). ©

Based on the above theorem, we have the following sufficient condition of characteristic property.

Theorem 14. Let ¢ be a positive definite function given by Eq. (9). If suppA = R, then the
positive definite kernel k(x,y) = ¢(x + y) is characteristic.

Proof Let P and @Q be probabilities on R, and 4 = P — . Define the Laplace transform by
Lu(t) fRn e~ izt “@idp(x). It is easy to see Ly is bounded and continuous on R’} . Suppose

J oz + y)du( ) = 0 for all z € R In exactly the same way as the proof of Theorem 7, we have
LP = LQ). By the uniqueness part of Theorem 13, we conclude P = Q). O



We show some examples of characteristic kernels on (R}, +). Let a = (a;)j-; and b = (b;)j_;
(a; > 0,b; > 0) be non-negative measures on n points.

(1) A=TlL v e (A>0): k1(a,b) = [T (a; +b; + \) 1.
(2) A= t=3/2¢=0/(41) (8>0): ka(a,b) = e P iz Vaithi

Since the proof of Theorem 14 shows [ ¢(x + y)dpu(y) = 0 means p = 0 for u € M(R’:), Lemma

2 shows
ka(a,0) = exp{—B(Xi_, V(@i +:)/2 = (Cim Vi + 31, vVbi)/2) }

is also characteristic. The exponent has the form 1 (%E2) — M with h(c) = > ,/¢;, which
compares the value of h of the merged measure (a + b)/2 and the average of h(a) and h(b). This

type of kernel on non-negative measures is discussed in [3] in connection with semigroup structure.

6 Conclusions

We have discussed conditions that kernels defined by the algebraic structure of groups and semi-
groups are characteristic. For locally compact Abelian groups, the continuous shift-invariant R-
valued characteristic kernels are completely determined by the Fourier inverse of positive measures
with support equal to the entire dual group. For compact (non-Abelian) groups, we show a sufficient
condition of continuous shift-invariant characteristic kernels in terms of the operator-valued Fourier
transform. We show a condition for the semigroup R”} . In the advanced theory of harmonic analysis,
Bochner’s theorem and Fourier analysis can be extended to more general algebraic structure to some
extent. It is interesting to consider generalization of the results in this paper to such general classes.

In practical applications of machine learning, we are given a finite sample from a distribution, rather
than the distribution itself. In this setting, it becomes important to choose the best possible kernel
for inference on this sample. While the characteristic property gives a necessary requirement for
RKHS embeddings of distributions to be distinguishable, it does not address optimal kernel choice
at finite sample sizes. Theoretical approaches to this problem are the basis for future work.
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Supplements to ”Characteristic Kernels on Groups and
Semigroups”

A Terminology on groups and semigroups

General references are [2] and [12, Appendix B].

A semigroup (S, 0) is a nonempty set S equipped with an operation o that satisfies the associative
law;

(zroy)oz==zo(yoz)
forany x,y,z € S.

A semigroup (S, o) is said to be Abelian if the operation is commutative; ie.,
roy=yoxr
for any x,y € S. For an Abelian semigroup, the operation is often denoted by +.

Let (5, 0) be a semigroup. An element e € S is called a unir element if
roe=eox==zx (x €89).

The unit element is unique, if it exits.

Suppose that a semigroup (S, o) has a unit element e. For z € S, if y € S satisfies

yox=mzoy=e,

1y is called the inverse of z. The inverse is unique, if it exists, and the inverse of x is denoted by x~ L

A semigroup (G, o) is called a group if there is a unit element, and every element has its inverse.
For an Abelian group, the operation is often denoted by +, and the unit element and the inverse of =
are written by 0 and —x, respectively.

Let S be a semigroup equipped with a topology. S is called a fopological semigroup if the semigroup
operation (x,y) — x o y is continuous with respect to the topology. Likewise, a group G with a
topology is called a topological group if the group operations (x,y) — z oy and z — x~! are
continuous with respect to the topology.

In general, a topological space X is called locally compact, if every x € X has an open neighbor-
hood W such that the closure of W is compact.

A locally compact Abelian (LCA) group is a Hausdorff topological group which is Abelian and
locally compact. This class is the topic of Section 3. Examples of LCA groups are R, T = [0, 1),
where the addition is modulo 1, and their direct products R™ and T™. Every finite group is also a
LCA group with discrete topology.

Typical examples of non-Abelian topological group are the ones consisting of matrices, such as the
general linear group GL(n;K) = {A € M(n x n;K) | A : invertible}, the special linear group
SL(n) = {A € GL(n;K) | detA = 1}, the orthogonal group O(n) = {A € GL(n;R) | ATA =
I,,}, and the unitary group U(n) = {A € GL(n;C) | A*A=I,}, where K =R or C.

B Terminology on measure theory

General references are [2, Chapter 2] and [12, Appendix E].

Let X be a Hausdorff topological space. A Radon measure ;o on X is a Borel measure such that
(i) p(K) < oo for every compact set in X,
(ii) (inner regular) pu(E) = sup{u(K) | K C E, K is compact } for each Borel set E .

The difference between Borel measures and Radon measures is subtle. It is known that on a Pol-
ish space, which is a space homeomorphic to a complete separable metric space, any finite Borel
measure is automatically a Radon measure.



Let 1 and o be finite measures on a measurable space (2, B). A o-additive function p1 — puo on B
is called a signed measure. We also define a complex-valued measure by 111 — po + v/ —1(1g — pa).

For a complex-valued Radon measure i, there is a non-negative Radon measure || defined by

|L|(E) = sup{>_,|u(E;)| | E = )_,E; is a partition of E by Borel sets F;}. (10)

A complex-valued Radon measure 1 on X is said to be regular if || is outer regular, that is,
|x|(E) = inf{|p|(U) | U is an open set including E'}

for every Borel set E. We define M (X) to be the set of all complex-valued regular measures on X
for which || (X) is finite.

For u € M(X), itis known that there is the largest open set U such that (U) = 0. The complement
of this open set is called the support of 1 and denoted by supp(u). By the definition

supp(p) = {z € X | for any open set U such that z € U, u(U) # 0}.



