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Abstract

Classical finite association schemes lead to finite-dimensional algebras which are generated by finitely
many stochastic matrices. Moreover, there exist associated finite hypergroups. The notion of classical
discrete association schemes can be easily extended to the possibly infinite case. Moreover, this notion can
be relaxed slightly by using suitably deformed families of stochastic matrices by skipping the integrality
conditions. This leads to a larger class of examples which are again associated with discrete hypergroups.
In this paper we propose a topological generalization of association schemes by using a locally compact
basis space X and a family of Markov-kernels on X indexed by some locally compact space D where
the supports of the associated probability measures satisfy some partition property. These objects, called
continuous association schemes, will be related to hypergroup structures on D. We study some basic
results for this notion and present several classes of examples. It turns out that, for a given commutative
hypergroup, the existence of a related continuous association scheme implies that the hypergroup has
many features of a double coset hypergroup. We, in particular, show that commutative hypergroups,
which are associated with commutative continuous association schemes, carry dual positive product
formulas for the characters. On the other hand, we prove some rigidity results in particular in the compact
case which say that for given spaces X, D there are only a few continuous association schemes.

2010 Mathematics subject classification: primary 43A62; secondary 05SE30, 33C54, 33C67, 20N20,
43A90.

Keywords and phrases: association schemes, Gelfand pairs, hypergroups, spherical functions, positive
definite functions, positive product formulas, rigidity results, random walks on association schemes.

1. Introduction

In this paper we study a topological generalization of the notion of classical finite
association schemes by using the notion of hypergroups in the sense of Dunkl, Jewett,
and Spector. To explain this, let us start with the notion of a finite association scheme
which is common in algebraic combinatorics; see, for example, the monographs
[4, 5, 48].

Dermnition 1.1. Let X, D be finite nonempty sets and (R;);cp a disjoint partition of
X x X with R; # 0 (i € D) and with the following properties.
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(I) There exists e € D with R, = {(x, x) : x € X}.
(2) There exists an involution i — i on D such that fori € D, R; = {(y,x) : (x,y) € R;}.
(3) Foralli, jke Dand (x,y) € R, the number

pﬁjzzl{zeX:(x,z)eRi and (z,y) € R}l

is independent of (x, y) € Ry.

Then A := (X, D, (R))ep) is called a finite association scheme with intersection
numbers (pf,‘j),-, ikep and identity e.

Now let A := (X, D, (R;)icp) be a finite association scheme. Form the adjacency
matrices A; € R¥X (i € D) with

1 if (x,y)eR;

(Ai)x,y = {O otherwise (ieD, X,y € X)

Then A, is the identity matrix Iy, and the transposed matrices satisfy AZ.T =A;forieD.
Moreover, for 7, j € D, we have for the usual matrix product A;A; = > cp pr.Ak.
Define the valencies

wi=psi=H{zeX: (rz) eR}eN

of R; (or i € D), where these numbers are independent of x € X. Then the renormalized
adjacency matrices S; := (1/w;)A; € R¥X are stochastic, that is, all row sums are equal
to 1. Moreover, the products

SiSj= . —pkiSe (i.jeD)
keD wiwj
are convex combinations of the §;, and the linear span of the S; is a finite-dimensional
algebra. This algebra is isomorphic with the algebra of measures of some finite
hypergroup structure on D in the sense of Dunkl, Jewett, and Spector, where the S; are
identified with the point measures d; of i € D. For this we recapitulate the definition
of a finite hypergroup; see [8, 15, 22], and in the finite case, [34, 45, 46]. We point
out that we do not use another definition of hypergroups where products of sets are
considered, and which runs under the subject classification 20N20.

Derinition 1.2, A finite hypergroup (D, *) is a finite nonempty set D with an
associative, bilinear, probability-preserving multiplication * (called convolution) on
the vector space M, (D) of all complex measures on D with the following properties.

(1) There exists a neutral element e € D with 6, * 5, = 8, * §, = 6, for x € D.

(2) There exists an involution x — X on D such that for all x,y € D, e € supp (0, * 0y)
if and only if y = *.

(3) If for u € My(D), p~ is the image of u under the involution, then (6, * 6,)” =
05 * 0z for all x,y € D.

https://doi.org/10.1017/51446788718000149 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788718000149

[3] Continuous association schemes and hypergroups 363

Now let A := (X, D, (R;);cp) be a finite association scheme as above. It is easy to
see that then the unique bilinear extension of the convolution

Wi

wiw
keD '

8% 0= P (i, jeD)
of point measures leads to a finite hypergroup (D, *), the so-called hypergroup
associated with A.

Classical examples of finite association schemes and hypergroups appear from
groups.

ExampLE 1.3. Let H be a subgroup of a finite group G with identity e. Consider the set
X :=G/H :={gH : g € G} of cosets as well as the set D := G//H :={HgH : g € G}
of double cosets. It can be easily checked and is well known that the partition

Ruen :={(xH,yH) e X X X : Hx_lyH =HgH} (HgH e D)

of X x X leads to a finite association scheme with identity HeH and involution
HgH +— Hg™'H. The associated hypergroup is the so-called double coset hypergroup
(D, %) with the double coset convolution

1

OHxH * OHyn = H

Z 6HxhyH (X,y € G)
heH

The associated convolution algebra M, (D) is often also called a Hecke-algebra.

Typical commutative examples for 1.3 appear, if one considers so-called distance-
transitive graphs X on which the group G of all graph automorphisms acts where H
is the fix group of some vertex. We then have G/H = X in a canonical way, and
G//H can be identified with {0, 1,..., N} with the diameter N of X. We do not give
further details here and refer to [5]. The set of distance-transitive graphs is a proper
subset of the set of distance-regular graphs where again canonical-related commutative
association schemes and commutative hypergroups exist, and where the construction
of 1.3 via groups usually is no longer available. Here, we skip details of the theory of
distance-regular graphs and refer to the monographs [5, 10] and the recent survey [12].

Let us now consider generalizations of association schemes. We first skip the
condition that X and D are finite, where we keep a finiteness condition for the partition;
see Definition 3.1 below. It turns out that then most statements for finite association
schemes remain valid. In particular, there exist associated discrete hypergroups (D, )
as above. Typical examples appear when we consider totally disconnected, locally
compact groups G with a compact, open subgroup H. Then the spaces X := G/H and
D := G//H as above are discrete with respect to the quotient topology, and X, D and
a partition as in 1.3 lead to a possibly infinite association scheme. The associated
hypergroup (D, *) is then just the double coset hypergroup studied in hypergroup
theory; see [22]. The details are worked out in [43]. Typical examples for this
are the infinite association schemes related to homogeneous trees and, slightly more
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general, to infinite distance-transitive graphs; see [43]. We also mention that there
exists examples of higher rank with X as sets of vertices of affine buildings; see, for
example, [1] and references therein.

We next consider a further discrete extension from [43]. Fix some (possibly
infinite) association scheme with an associated partition and the associated stochastic,
renormalized adjacency matrices S;; assume that we in addition have a further algebra
of matrices generated by ‘deformed’ stochastic matrices S; € R*X for i € D where
any entry of any S, is positive if and only if so is the corresponding entry of S;.
We add some further technical axioms like S, = S, and that there is a measure on
X which replaces the counting measure of an association scheme and which satisfies
some adjoint relation; see Definition 3.5. It turns out that these so-called generalized
association schemes with the matrices S; instead of the S; also admit associated
hypergroups (D, *) as above.

In this paper we use this notion of generalized association schemes from [43]
and present a topological extension in Definition 4.2 by using families of Markov-
kernels on locally compact spaces X which are indexed by some locally compact
space D instead of stochastic matrices as before. We require that the supports of the
measures associated with these kernels admit partition properties similar to those of
association schemes, and we require that the kernels generate an algebra such that
again the product linearizations of the kernels fit to some hypergroup structure (D, *).
In addition, some natural topological conditions are added. We point out that here we
require from the beginning that there exists an associated hypergroup structure (D, *)
(different from the discrete case). We have done this as we otherwise would run into
technical topological problems (which we want to avoid in this paper), and as for all
known examples this hypergroup property is available from the beginning. This is
in particular the case for standard classes of examples of such continuous association
schemes (CAS for short). Here is a short incomplete list of examples of CAS.

(1) If H is a compact subgroup of a locally compact group G, then X := G/H and
D := G//H lead to canonical CAS associated with groups analog to the finite
case or the case where H C G is compact and open (in which case G/H and
G//H are discrete).

(2) All (unimodular) association schemes and all generalized association schemes
as above are CAS.

(3) If anoncompact commutative CAS is given, then it often can be deformed via so-
called pairs (a, ¢) of positive multiplicative functions on D and X; see Section 8
for details. This construction often leads to plenty of interesting families of
deformed CAS with deformed Markov-kernels, where the spaces X, D remain
unchanged. On the other hand, in the compact and in particular finite case, the
situation is much more rigid. It turns out that for given compact spaces X, D,
there is at most one associated CAS structure; see Corollary 5.14. Moreover,
each finite CAS is automatically an association scheme, that is, there is in fact
no freedom in the choice of the stochastic matrices S; of a generalized association
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scheme in the finite case. This difference between the compact and noncompact
case is remarkable.

(4) Besides the examples indicated above we point out that there are several further
standard constructions to get new CAS from given ones; see Section 11.

This paper is organized as follows. In Section 2 we recapitulate some facts
about hypergroups in the sense of Dunkl, Jewett, and Spector with a focus on the
commutative case; the main references are the monograph of Bloom and Heyer [8]
and Jewett [22]. Some technical details of Section 2 may be skipped at a first
reading. In Section 3 we recapitulate some notations and facts on possibly infinite
classical association schemes and their discrete generalizations mentioned above. This
discrete generalization motivates the definition of continuous association schemes
(CAS for short) on the basis of Markov-kernels and associated transition operators
in Section 4. The central Section 4 contains the discussion of basic properties and
some natural classes of examples. In Section 5 we add some further axioms to the
basic definition, called translation properties (T1) and (T2), which are needed to get
stronger interrelation between the analysis on X and D. It turns out that all compact
CAS as well as all CAS associated with groups and all classical discrete association
schemes have these properties. As a byproduct we obtain some rigidity result, for
example, that all finite CAS are in fact association schemes.

Section 6 is then devoted to positive definite functions on D and X for commutative
CAS. We in particular obtain that each commutative hypergroup (D, %) which is
associated with some CAS with property (T2) admits a dual positive convolution on
the support of the Plancherel measure of (D, *); see Theorem 6.9. This central result
will be improved in Section 7 where we consider two possibly different commutative
CAS structures with the same basic spaces X, D where we assume that one of them
has property (T2) and where the schemes are related in some way. The central positive
definiteness result in Theorem 7.1 will also lead to further rigidity results.

Sections 8 to 11 are mainly devoted to examples of CAS and construction principles
of examples beyond the group cases and discrete association schemes. We start
in Section 8 with nontrivial functions ¢ on X which are eigenfunctions under all
transition operators of the given commutative CAS. It turns out that these ¢ are always
related to multiplicative functions « of the hypergroup (D, *). The interrelations
between ¢ and « will lead to further results regarding the properties (T1) and (T2)
in the commutative case. Moreover, if ¢ and @ are in addition positive, we shall
construct a deformed CAS with the same spaces X, D but deformed Markov-kernels.
On the level of hypergroups this deformation is just the known deformation of a
hypergroup by a positive semicharacter in [8, 36]. In the case of commutative CAS
associated with noncompact symmetric spaces X, the eigenfunctions ¢ are closely
related to the joint eigenfunctions of the invariant differential operators on X which
are completely classified; see [19, 25]. In Section 9 we shall mainly study the
deformation of commutative CAS which appear via orbits when some compact group
acts continuously on some locally compact abelian group.
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Section 10 is devoted to the deformation of a concrete class of examples, namely of
the infinite association schemes associated with infinite distance-transitive graphs. For
this recapitulate that the set of these graphs extend the class of all homogeneous trees
only slightly and is parametrized by two parameters. We show how boundary points
of these graphs lead to deformations. In Section 11 we present several further standard
constructions which lead from given CAS to new ones. Typical examples are direct
products and joins, which are well known in the theory of hypergroups by [8, 22].

Section 12 contains an introduction into random walks on X for a CAS (X, D, K);
we in particular show that the canonical projections of these random walks to D are
random walks on the hypergroup (D, *). This observation may be used to transfer limit
theorems for random walks on (D, *) like (strong) laws of large numbers and central
limit theorems (see [8, Ch. 7] and references therein) to random walks on X in future.
This seems to be interesting in particular for examples which appear as deformations
of group CAS, as here random walks on X may be seen as ‘radial random walks with
additional drift’ on the homogeneous space X. Finally, Section 13 contains a short list
of central open problems for CAS.

2. Hypergroups

In this section we recapitulate some facts on hypergroups with a focus on the
commutative case mainly from [8, 15, 22]. Only some results at the end of this section
are new.

Hypergroups form an extension of locally compact groups. For this, remember that
the group multiplication on a locally compact group (G, -) leads to the convolution
Oy * 0y = Oy (x,y € G) of point measures. Bilinear, weakly continuous extension of
this convolution together with the canonical involution with é, — ¢, then lead to a
Banach-#-algebra structure on the Banach space M;,(G) of all signed bounded regular
Borel measures with the total variation norm ||.||7y as the norm.

In the case of hypergroups we usually do not have an algebraic operation on the
basis space, and we only require a convolution * for bounded complex measures which
admits most properties of a group convolution.

DeriniTioN 2.1. A hypergroup (D, ) is a locally compact Hausdorff space D with a
weakly continuous, associative, bilinear convolution * on the Banach space M,(D) of
all bounded, complex regular Borel measures with the following properties.

(1) Forall x,y € D, 6, * 0, is a compactly supported probability measure on D such
that the support supp (6, * 6,) depends continuously on x, y with respect to the so-
called Michael topology on the space of all compacta in X (see [22] for details).

(2) There exists a neutral element e € D with 6, * 6, = 8, * 6, = 0, for x € D.

(3) There exists a continuous involution x — X on D such that for all x,y € D,
e € supp (0, * 0y) holds if and only if y = X.

(4) If for u € My(D), u~ denotes the image of u under the involution, then (J, *
0y)” =0y * oz forall x,y € D.
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A hypergroup is called commutative if the convolution * is commutative. It is called
symmetric if the involution is the identity.

If D is finite, then Definition 2.1 agrees with that of the introduction.
REMARKS 2.2.

(1) The identity e and the involution .~ above are unique.

(2) Each symmetric hypergroup is commutative.

(3) For each hypergroup (D, %), (My(D), *) is a Banach-x*-algebra with the involution
u— w with u*(A) := u(A-) for Borel sets A C D.

(4) For a second countable locally compact space D, the Michael topology agrees
with the well-known Hausdorff topology; see [28].

The most prominent examples of hypergroups are double coset hypergroups
G//H :={HgH : g € G} for compact subgroups H of locally compact groups G. This
extends the discussion in the introduction.

ExampLE 2.3. Let H be a compact subgroup of a locally compact group G with identity
e and unique normalized Haar measure wy € M'(H) ¢ M'(G). Then the space

My(GlH) :={p € Myp(G) : p=wpy *p*wpy}

of all H-biinvariant measures in M(G) is a Banach-#-subalgebra of M;(G). With
the quotient topology, G//H 1is locally compact, and the canonical projection pg,,x :
G — G//H is continuous, proper, and open. Now consider the push forward pg,/q :
My(G) = Mp(G//H) with pg/a()(A) = u(pg;l//H(A)) for u € My(G) and Borel sets
A CG//H. Then pg,m is an isometric isomorphism between the Banach spaces
My(G||H) and M,(G//H) with respect to the total variation norms, and the transfer
of the convolution on M,(G||H) to M,(G//H) leads to a hypergroup (G//H, %) with
identity HeH and involution HgH + Hg™'H, see [22].

The pair (G, H) is called a Gelfand pair if the double coset hypergroup is
commutative. For the theory of Gelfand pairs we refer to [13] and [16].

The notion of Haar measures on hypergroups generalizes that on groups.

DeriniTioN 2.4. Let (D, *) be a hypergroup, x,y € D, and f € C.(D) a continuous
function with compact support. We write

) = flaxy) 1=fod(5x*5y) and  fi(y) := f(y * x)

where, by the hypergroup axioms, f;, .f € C.(D) holds by [22].
A nontrivial positive Radon measure w € M* (D) is a left or right Haar measure if

fxfdw=ffdw or ffxdw=ffdw (feC.D), xeD)
D D D D

respectively. Thus, w is called a Haar measure if it is a left and right Haar measure. If
(D, %) admits a Haar measure, then it is called unimodular.
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The uniqueness of left and right Haar measures and their existence for particular
classes are known by Dunkl, Jewett, and Spector; see [8] for details. The general
existence was settled only recently by Chapovsky [11].

TueoreM 2.5. Each hypergroup admits a left and a right Haar measure. Both are
unique up to normalization.

ExAMPLES 2.6.

(1) Let (D, =) be a discrete hypergroup. Then, by [22], left and right Haar measures
are given by

1 1
7 w{x)=
(65 * 6x)({e}) (0x * 0x)(fe})
Notice that discrete hypergroups are not necessarily unimodular; see, [23] for
examples of double coset hypergroups.

(2) 1If(G//H, =) is a double coset hypergroup and wg a left Haar measure of G, then
its canonical projection to G//H is a left Haar measure of (G//H, *).

wi({x}) = (x € D).

We next recapitulate some facts on Fourier analysis on commutative hypergroups
from [8, 22]. For the rest of Section 2 let (D, ) be a commutative hypergroup with
Haar measure w. For p > 1 consider the LP-spaces LP(D) := LP(D, w). Moreover,
Cp(D) and Cy(D) are the Banach spaces of all bounded continuous functions on D and
those which vanish at infinity respectively. For a function f : D — C and x € X we put

[ = f(®) and f*(x) := f(5).
DEFINITIONS AND FACTS 2.7.

(1) The spaces of all (bounded) nontrivial multiplicative continuous functions on
(D, %) are

xD,x):={aecCD):az0, alxxy)=alx) - aly) forallx,ye D}
and y,(D, %) := y(D, ) N Cp(D). Moreover,
D= (D, )" :={a € xp(D,*) : (%) = a(x) forall x € D}

is the dual space of (D, *). Its elements are called characters.
All spaces will be equipped with the topology of compact-uniform convergence.
x»(D, *) and D are then locally compact.
If D is discrete, then Dis compact, and if D is compact, then D is discrete.
All characters @ € D satisfy ||allc = 1 and a(e) = 1.
(2) For f € LY(D) and u € M(D), their Fourier(—Stieltjes) transforms are defined by

fla) = fD f@ax) dwx), Ha):= fD a(x) du(x) (a€D).

We have f € Co(D), ft € Cp(D) and || flle < I£1l1, |aleo < Il
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(3) There exists a unique positive measure 7 € M*(D) such that the Fourier
transform .* : L'(D) N L2(D) — Co(D) N L*(D, 7) is an isometry. Thus, 7 is
called the Plancherel measure on D. The Fourier transform ." can be extended
uniquely to an isometric isomorphism between L?(D) and L2(D, n).

Notice that, different from locally compact abelian groups, the support S :=
supp 7 may be a proper closed subset of D. Quite often, we even have 1 ¢ S.
(4) For fell (D, n), ue M, (D), their inverse Fourier transforms are given by

fo = fS f@a(x) dr(@), j(x) = fD () du(@)  (x € D)

with f € Co(D), jt € Cp(D) and || flleo < 1111 ltllse < llpellzy-

(5) feCuD) is called positive definite on the hypergroup D if for all n € N,
Xis.oos Xy €D and ¢y, ..., ¢, €C, X3 k8- f(x * X) 2 0. Obviously, all
characters @ € D are positive definite.

We collect further results.

Facts 2.8.

(1) (Bochner’s theorem, [22]) A function f € C,(D) is positive definite if and only
if f = {1 for some u € M;(D). In this case, u is a probability measure if and only
if fi(e) = 1.

(2) For f, g € L*(D), the convolution product f * g(x) := f fx*¥)g(y) dw(y) (x € D)
satisfies f * g € Co(D). Moreover, for f € LA(D), f*(x) = f(¥) satisfies f* €
L*(D), and f = f* € Co(D) is positive definite; see [8, 22].

(3) (Refining Bochner’s theorem, [38]) For a positive definite function f € Cp(D)
with f = fi for some y € M;;(D), the following statements are equivalent:

(i) suppucsS;

(i)  f is the compact-uniform limit of positive definite functions in C.(D);

@iii)) f is the compact-uniform limit of functions of the form & * A" with h €
C.(D).

(4) There exists precisely one positive character oy € S by [8, 36].
(5) If u € M (D) satisfies j1 > 0 on D, then its support supp u contains at least one
positive character; see [39].

In contrast to locally compact abelian groups, pointwise products of positive definite
functions on D are not necessarily positive definite; see [22, Section 9.1C] for an
example with |D| = 3. However, in some cases positive definiteness is preserved under
pointwise products.

If for all @, 8 € D (or a subset of D like ) the products a8 are positive definite,
then by Bochner’s theorem 2.8(1), there are probability measures d,%dg € M (D)
with (6,%65)" = e, that is, we obtain dual positive product formulas as claimed in
Section 1. Under additional conditions, (D, %) then carries a dual hypergroup structure
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with 1 as identity and complex conjugation as involution. This for instance holds for
all compact commutative double coset hypergroups G//H by [15]. For noncompact
Gelfand pairs (G, H) it is known that there are dual positive convolutions on S;
see [22, 39] for details. These convolutions usually do not generate a dual hypergroup
structure. Moreover, it is possible here that @f is not positive definite on D for some
a,B € D; see [42] for discrete examples.

The following result extends [39, Theorem 2.1(4)] and is needed below.

Prorosition 2.9. Let (D, *) be a commutative hypergroup. Let a € Cy(D) be a function
on D such that « - 8 is positive definite for each character 3 € S in the support of the
Plancherel measure. Then for each B € S there is a unique measure y € My (S) with

a-B=[

Proor. Fix f € §. By 2.8(3) there exists a sequence of positive definite functions f;
in C.(D) which tend locally uniformly to 8. Moreover, again by 2.8(3), each f, has
the form f, = f1, for some p, € M (S). We conclude easily from the assumption of the
proposition that the functions @ - f, = @ - 1, = fs ay du(y) € C.(D) are positive definite
for all n. As these functions tend locally uniformly to « - 3, we obtain from 2.8(3) that
@ - = ji for some u € M;(S) as claimed. O

3. Discrete association schemes

In this section we briefly recapitulate two discrete generalizations of classic finite
association schemes from [43] as announced in the introduction. For classic finite
association schemes we refer to the monographs [4, 5, 48]. This section is useful to
understand the nondiscrete generalization in the next section which is technically more
involved. The first extension from the finite to the possibly infinite case is canonical.

Dermnition 3.1. Let X, D be nonempty, at most countable sets and (R;);cp a disjoint
partition of X X X with R; # 0 for i € D and the following properties.

(I) There exists e € D with R, = {(x, x) : x € X}.

(2) There exists an involution i — i on D such that fori € D, R; = {(y, x) : (x,y) € R;}.
(3) Foralli, j ke Dand (x,y) € R, the number

pi;i=NzeX: (x,2) €R; and (z.y) € R}

is finite and independent of (x,y) € Ry.
Then A := (X, D, (R;)icp) is called an association scheme with intersection numbers
(pﬁj),-y ikep and identity e.
An association scheme is called commutative if pfj = p’; ;forall i, jkeD. Itis

called symmetric (or hermitian) if the involution on D is the identity. Moreover, it is
called finite, if so are X and D.
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Facts 3.2. Now let A := (X, D, (R));cp) be an association scheme according to
Definition 3.1. Following [5, 43], we form the adjacency matrices A; € R¥*X (i € D)
with

1 if (x,y) eR;

0 otherwise (€D, x,yeX).

(Ai)x,y = {
The adjacency matrices A; have the following obvious properties.

(1) A, is the identity matrix I.
(2) YiepA; is the matrix Jxy whose entries are all equal to 1.
(3) Al =A;forieD.
(4) Forallie D and all rows and columns of A;, all entries are equal to zero except
for finitely many cases.
(5) Fori, j € D, the usual matrix product A;A; exists, and A;A; = 3\ep pf jAk.
(6) A iscommutative if and only if A;A; = A;A; forall i, j € D.
(7) A is symmetric if and only if all A; are symmetric.
(8) Fori,jkeD,pf; = p%_
The valency of R; or i € D is defined as
wi=psi=H{zeX: (rz) €R}eN

where w; is independent of x € X. Therefore, the renormalized matrices S; :=
(1/w)A; € R¥X are stochastic, that is, all row sums are equal to 1. The stochastic
matrices S; satisfy
W
$i8;= > ——pk;Sc fori,jeD. 3.1)
: wiw;
keD J
We next discuss a property of association schemes which is always valid in the finite
case, but not necessarily in infinite cases.

DerinTioN 3.3, An association scheme with valencies w; is called unimodular if
w; =w;forallieD.

We collect some facts from [43, Section 3].
Facts 3.4.

(1) If an association scheme is commutative or finite, then it is unimodular.

(2) An association scheme is unimodular if and only if the associated discrete
hypergroup is unimodular.

(3) If(X,D,(R))icp) is unimodular, then Sl.T = S;forallieD.

(4) There exist nonunimodular association schemes.

The observations above and in particular Equation (3.1) were used in [43, Section
5] for the following generalization of Definition 3.1 of association schemes.

Derinition 3.5. Let X, D be nonempty, at most countable sets and (R;);ep a disjoint
partition of X x X with R; # 0 for i € D. Let §; € R¥X for i € D be stochastic matrices.
Assume the following conditions.
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(1) Foralli, j ke Dand (x,y) € Ry, the number
pii=HzeX: (x,2) €R;and (z,y) € R))]

is finite and independent of (x,y) € Ry.

(2) Forallie Dand x,y € X, S;(x,y) > 0if and only if (x,y) € R;.

(3) For all i, j, k € D there exist (necessarily nonnegative) numbers ﬁﬁj with §;§; =
ZkeD ﬁfjgk

(4) There exists an identity e € D with S, = Ix as the identity matrix.

(5) There exists a positive measure wy € M*(X) with supp wx = X and an involution
i+~ ion Dsuchthatforallie D, x,y € X,

wx (DS, ) = wx(ANSi(x, y).

Then A := (X, D, (R)iep, (S)iep) is called a generalized association scheme.
A is called commutative if $;S; = §;S; for all i, j € D. It is called symmetric if the
involution is the identity. A is called finite, if so are X and D.

REMARKS 3.6.

(1) If A=(X,D,(R)icp) is a unimodular association scheme with the associated
stochastic matrices (S;);ep as above, then (X, D, (R));ep, (Si)iep) 1s a generalized
association scheme. In fact, axioms (1)—(4) are clear, and for axiom (5) we
take the involution of A and wy as the counting measure on X. Fact 3.4(3) and
unimodularity then imply axiom (5). Clearly, notions like commutativity and
symmetry are preserved. For details we refer to [43].

(2) If (X, D, (R)iep, (S)iep) is a generalized association scheme, then (X, D, (R))iep)
is an association scheme. Moreover, if this scheme is unimodular, then we may
form the two generalized association schemes

(X, D, (R)iep, (S)iep) and (X, D, (R)iep, (S)ien)
on the same spaces X, D where the second one is formed as in (1).

For examples of infinite commutative association schemes and of generalized
association schemes, which are not association schemes, we refer to [43, 44] and to
Section 10 below.

Generalized association schemes always lead to discrete hypergroups; see [43,
Proposition 5.4].

ProposITION 3.7. Let A := (X, D, (R))icp, (S))iep) be a generalized association scheme
with deformed intersection numbers ﬁf’ i Then the product % with

6,-%5]' = Zﬁﬁjék
keD

https://doi.org/10.1017/51446788718000149 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788718000149

[13] Continuous association schemes and hypergroups 373

can be extended uniquely to an associative, bilinear, || . ||ry-continuous, probability-
preserving mapping on My(D). (D, %) is a discrete hypergroup with identity e and the
involution on D from Definition 3.5(5). (D, %) has the left and right Haar measure

1
Q= Zwiéi and Q, := Zw;éi with w; .= — >0 (i€ D)

ieD ieD pl,l
respectively. (D, %) is commutative or symmetric if and only if so is A.
For association schemes there is a corresponding result; see [43, Proposition 3.8].

In fact, the associated hypergroup convolution algebras are just the Bose—Mesner
algebras for finite association schemes in [5].

ProrosiTion 3.8. Let A := (X, D, (R))icp) be an association scheme with intersection
numbers pf.‘ ; and valencies w;. Then the product = with

0;*0j:= E - P Ok
wiw;
keD Tt

can be extended uniquely to an associative, bilinear, || . ||ry-continuous mapping on
My(D). (D, %) is a discrete hypergroup with the left and right Haar measure

Q= Z wio; and Q,:=Q; = Z w;b;

i€D i€D

respectively. (D, *) is commutative, symmetric, or unimodular if and only if so is A.

A generalized association scheme is called unimodular if so is the associated
hypergroup. Clearly, unimodular association schemes always lead to unimodular
generalized association schemes in Remark 3.6(1).

4. Continuous association schemes

In this section we propose and discuss a system of axioms which extends the notion
of generalized association schemes above to a continuous setting where we replace
the stochastic matrices (S;);ep by Markov-kernels. We briefly recapitulate some well-
known notations on Markov-kernels.

DeriniTion 4.1. Let X, Y be locally compact spaces equipped with the associated
Borel o-algebras B(X), B(Y). A Markov-kernel K from X to Y is as a mapping
K : X X B(Y) — [0, 1] such that the following holds.

(1) For all x € X, the mapping K(x,.) : B(Y) — [0, 1], A — K(x, A) is a probability
measure on (Y, B(Y)).
(2) For A € B(Y), the mapping K(.,A) : X — [0, 1], x = K(x, A) is measurable.
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Consider the Banach spaces Fj(X), F;(Y) of all C-valued bounded measurable
functions on X, Y with the supremum norm. Then for any Markov-kernel K from
X to Y we define the associated transition operator

Tk : Fp(Y) - Fp(X) with Tk f(x) := ff(y) K(x,dy) (xeX).
Y

Clearly, K is determined uniquely by the operator 7.

We say that a Markov-kernel K is continuous if Tx(Cp(Y)) C Cp(X). If Tg(Co(Y)) C
Co(X), then K is called a Feller kernel.

Let us also recapitulate the composition

K o Ky(x,A) := sz(y,A) Ki(x,dy) (xeX, AeBX))
X

of Markov-kernels K, K, on X, that is, from X to X. We then have Tk, .k, = Tk, © Tk,,
and the composition of kernels and transition operators are associative.

A (nontrivial) positive Radon measure w € M*(X) is called K-invariant with respect
to a Markov-kernel K on X, if fB K(x,A) dw(x) = w(A) € [0, o] for all Borel sets
A € B(X).

We now turn to continuous association schemes. We here consider two second
countable, locally compact spaces X, D together with a continuous Markov-kernel K
from X X D to X with transition operator

Tk : Cp(X) = Cp(X X D).
For each i € D, we then define the Markov-kernels
Kin(x,A) := K(x,h; A) := K((x,h),A) (x€X,A € B(X))
on X with transition operators

Ty :Cp(X) = Cp(X),
Thf(x) =Tk, f(x) = fxf(y) K(x, h;dy) = Tg f(x, h).

With these notions we now define continuous association schemes. Unfortunately,
the definition is more involved than in the discrete case due to the additional continuity
assumptions and some other restrictions which are satisfied in the discrete case
automatically.

Derinition 4.2. Let X and D be second countable, locally compact spaces, and K a
continuous Markov-kernel from X X D to X. Then (X, D, K) is called a continuous
association scheme (or, for short, CAS), if the following holds.

(1) (Compact support) For x € X, h € D, the support supp K(x, k;.) is compact,
and the mapping (x, 1) — supp K(x, h;.) from X X D into the space C(X) of all
compact subsets of X is continuous with respect to the Hausdorff topology on
C(X).
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(2) (Partition property) For each x € X, the compacta supp K(x, h;.) (h € D)
form a partition of X, and the associated unique map 7 : X X X — D with
y € supp K(x, m(x,y);.) for x,y € X is continuous.

(3) (Hypergroup property) D carries a hypergroup structure (D, ) such that for all
hi,h, e D, x€ X, and A € B(X)

Khl o Khz(x,A) = f Kh(X,A) d(6h1 * 6h2)(h) (41)
D

Moreover, the identity e € D satisfies K(x, e;.) = d, for x € X.
(4) (Invariant measure on X) There exists a positive Radon measure wy € M*(X)

with supp wy = X, such that for the continuous hypergroup involution~: D — D
andallhe D, f,g € C.(X),

fTﬁf'gdwx=ff'Thg dwy. 4.2)
X X

A CAS (X, D, K) is called commutative, symmetric, or unimodular if so is the
hypergroup (D, =). It is called compact or discrete if so are D and X.

Clearly, a CAS (X, D, K) is commutative if and only the Markov-kernels K}, (h € D)
commute.
We present some standard examples of CAS. Further examples are given later on.

ProposITiON 4.3. Let (X, D, (Ri)nen, (Sinep) be a generalized association scheme as in
Definition 3.5. Then

K((x,h),A) := Z Sy(x,y) (xeX,heD, AcX)
YyEA
defines a Markov-kernel from X X D to X, and (X, D, K) is a CAS.
Proor. K is a obviously a Markov-kernel from X X D to X. Moreover, as X and D are
discrete, all topological axioms are trivial. Furthermore, fact (4) after Definition 3.1
in combination with Definition 3.5(2) shows that supp K((x, &), .) is finite for all x € X

and h € D. This shows 4.2(1). Moreover, 4.2(2) is obvious, and 4.2(3) follows from
Proposition 3.7. Finally, 4.2(3) follows from 3.5(5). O

Remark 3.6(1) and Proposition 4.3 imply the following corollary.

CoroLLARY 4.4. Let (X, D, (Ry)nep) be a unimodular association scheme with the
stochastic matrices (Sy)nep as defined after Definition 3.1. Then

K((x,h),A) := Z Sa(x,y) (x€X, heD, AcX)
YEA

defines a Markov-kernel from X X D to X, and (X, D, K) is a unimodular CAS.
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Remark 4.5. Proposition 4.3 admits the following partial converse statement.
Let (X, D, K) be a discrete CAS. Define the stochastic matrices

Sy := Kn(x,{y}) forheD, xyeX

as well as the sets R, :={(x,y) e X X X : (§h)x,), > 0}. Then the tuple
(X, D, (Ri)nen, (Sp)nep) satisfies almost all axioms of a generalized association scheme
in Definition 3.5. In fact (R;),cp forms a partition of X X X, and the axioms (2)—(5) of
Definition 3.5 hold. We do not know at the moment whether also (1) in Definition 3.5
holds automatically. We come back to this problem later on in the finite case.

Here is a further standard class of examples of CAS.

ProrosiTion 4.6. Let H be a compact subgroup of a locally compact unimodular group
G with normalized Haar measure wy € M'(H) € M'(G). Then the quotient X := G/H
and the double coset space D := G| [H are locally compact with respect to the quotient
topology, and the canonical projections

pG:G—G/H, pe(x):=xH, peu:G/H—G//H, pcu(xH):=HxH
are continuous, open, and closed. Moreover,
K((xH,HhH),A) := pG(0, * wy * 0 * wy)(A)  (x,h € G,A € B(X))

establishes a well-defined Markov-kernel from X X D to X, and (X, D, K) is a
unimodular CAS.

Proor. The topological statements about pg, pg/n are well known from the theory of
locally compact groups. We next check that K is a well-defined continuous Markov-
kernel, and that (X, D, K) is a CAS. Clearly, by its construction, K is a probability
measure with respect to the variable A, and the definition of K((xH, HhH), A) is
independent of the representatives x, i of xH and HhH respectively. Before checking
that the maps

Ds:XxD—[0,1], (x,h)— K((x,h),A)

are measurable for all of Borel set A, we investigate the associated transition operator
Tk. For f € Cp(X) we have that
Txf(xH,HhH) = ff(yH) d(0; * w * O * WE)(Y)
G

=fGfo(xmhzzH)de(Zl)de(Zz) (4.3)

is continuous in x, 1 € G. As the projections pg, pg,n are open, it follows that the map
(xH,HhH) — Tk f(xH, HhH) is continuous. If we have proved that the maps D, are
measurable for all of Borel set A, we conclude that K is a continuous Markov-kernel
as claimed. To prove that the maps D, are measurable, we first choose a compact set
A. As the characteristic function 14 of A is a monotone limit of functions f, € C.(X),
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we obtain from the theorem of monotone convergence that the continuous functions
(xH,HhH) — Tk f,(xH, HhH) tend to

(xH, HhH) — T (xH, HhH) = K(xH, HhH), A) = D (xH, HhH).

This proves that D, is measurable for A compact. For the general case we use Dynkin
systems. In fact,
D :={A € B(X): D, is measurable}

is a Dynkin system which contains the set K of all compacta in X, where K is closed
under intersections. Therefore, the o-algebra o(K) and the Dynkin system D(K)
generated by K satisfy B(X) = o(K) = D(K) C D. Hence, D4 is measurable for all
of Borel set A as claimed.

It is now standard to check the axioms (1)—(4) of Definition 4.2. In fact, the compact
support in (1) is clear, and the continuity with respect to the Hausdorff topology
follows in the same way as in [22] for double coset hypergroups. Moreover, the
projection 7 in (2) is given by n(xH, yH) := Hx"'yH and thus continuous, while the
partition property in (2) is clear. Furthermore, it is well known that D = G//H is a
double coset hypergroup with the convolution

OHmH * OHmH = f Otn hiyH dwp(h);
H
see 2.3 and [22] for details. Moreover, for x, 1, h, € G and Borel sets A C X,

Kun b © Kunu(xH, A) = fKHhZH(W9A) Kun u(xH, dw)
X

= fG(éy x wy * Op, * W) (PG (A)) d(Oy * Wy * Sy * wE)(Y)

= (0, * Wy * O, * Wi * O, * WE)(PG (A))

and

f K, (xH,A) d(0unu * Onnun)(W) = f Kun n,n(xH, A) dwg(h)
D H

= f(PG(5x * WH * Opphy, * WH))(A) dwgy(h)
H

= (8, * Wy * Oy * Wi * On, * WE)(PG (A)),

which proves Equation (4.1).

We next turn to 4.2(4). Let wg be some Haar measure wg of G and take its
projection wy := pg(wg) as the invariant measure on X. To check (4.2), we take
f,g € C.(X), h € G and observe from (4.3) and unimodularity that

j;(f -Thg dwy = LLf(XH)g(XyH) d(wy * 6, * wp)(y) dwe(x)

= foGf(xyH)g(xH) d(wp * 6y * wp)(y) dwe(x)

:fT;,f-gde.
b'¢
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This completes the proof of 4.2(4). Finally, as the canonical projection of the Haar
measure wg to G//H = D is a Haar measure of the double coset hypergroup (D; %)
(see [22)]), (X, D, K) is unimodular. |

We next proceed with the theory of CAS. We first collect some obvious
consequences from Definition 4.2 for a CAS (X, D, K).

Facts 4.7.

(1) Property 4.2(2) ensures that for A, hy € D with K, = K, we have h; = h;.
Therefore, the convolution * of (D, ) is determined uniquely by the kernels K},
heD.

(2) T, is the identity operator.

(3) It can be easily shown that the adjoint relation (4.2) holds for further classes of
functions. In particular, it can be easily seen that (4.2) holds for all f € Cp(X)
and g € L'(X, wy). Taking in particular f = 1, then

fgda)x=fThgde “4.4)
X X

for all h € D and g € L'(X, wy). Taking g = 1, for measurable sets A C X, we
conclude that wy is Kj-invariant for all 4 € D.

(4) For all he D and p € [1, oo[, the operator T}, associated with the kernel Kj,
on X is a continuous linear operator on LP(X, wy) with ||T}|| < 1. In fact, for
f € LP(X, wy), the Holder inequality and the invariance of wy imply

p
T Il = fx ‘ fx ) Kh<x,dy>‘ deox (%)

prla
< f ( f FOI i) f Ky dy) deox(
X X X
~ 1A

(5) Forall heD,T clearly is a continuous operator on (Cp(X), ||-/|c0)-

(6) As C.(X) is ||.|l-dense in L*(X, wx), and as T} is ||.|l,-continuous, the adjoint
relation (4.2) implies that T}, is the adjoint operator T, on L*(X, wy).

(7) Forall x,y € X, n(y, x) = n(x,y).
In fact, for each h € D, n(x,y) # h means that there is a neighborhood U, of y
in x such that for all g € C.(X) with supp g C U, we have T;g(x) = 0. As Tjg is
continuous by our assumptions, we conclude that 7(x, y) # A is equivalent to the
fact that for all € > 0 there are neighborhoods U,, U, of x, y respectively such that
forall f, g € C.(X) with supp f C Uy, supp g C U,, and with || f][1 oy = lIgll1wy =1
we have | fx fw) Trg(w) dwx(w)| < &. This and the adjoint relation 4.2(4) lead to
the claim.

We next study some topological properties of &. For this recapitulate that in our
setting, the Hausdorff topology on C(X) agrees with the so-called Michael topology
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in [22] or [8, Section 1.1]; see, for example, [28]. In particular, by these references
(see in particular (2.5F) of [22]), C(X) is locally compact, and for each compactum
Q c C(X), the set Jycq A C X is compact. With these preparation we obtain the
following lemma.

LeEmMA 4.8.

(1)  Forcompact sets K C X and L C D, the set | Jer vex SUpp Ki(x,.) C X is compact.
(2) For each x € X, the projection nt, : X — D, n,(y) := n(x,y) is open, closed, and
proper; that is, n;' (A) C X is compact for each compactum A C D.

Proor. Part (1) follows from 4.2(1) and the remark about C(X) above.
These facts also imply that 7, is proper, as for each compactum A C D, the set

@) = a7 o) = supp Kitx, )

yEA YEA

is compact. Problem 5 of Section XI.6 of [14] now implies that 7, is also closed.

We finally show that rr, is open. For this assume that there is some neighborhood
U c X of some y € X such that 7,(U) C D is no neighborhood of 7,(y). This means that
there is a sequence (%,,),, C D \ m,(U) with h, — n(x,y). Hence, by 4.2(1), the compacta
7' (h,) = supp K, (x,.) tend to 77! (7(x,y)). On the other hand, 7. !(h,) N U = 0, and
7r;1(7r(x, y)) contains x € U. This leads to a contradiction. Hence, 7, is open. O

Lemma 4.9. Each g € Co(X) is uniformly continuous in the sense that for each € > 0
there exists a neighborhood U C D of the identity e such that for all x,y € X with
n(x,y) € U, [g(x) — gl < &

Proor. The proof is similar to a corresponding result for hypergroups; see, for
example, [8, 1.2.28].

Fix some & > 0. Choose some compactum G C X such that |g(x)| < g/2 for x € X\ G.
For each x € X we take some open neighborhood W, c X with |g(y) — g(x)| < /2 for
y € W,. Now choose open neighborhoods U, c D of e with {y € X : n(x,y) € U,} c W,.
By a basic result on hypergroups we find open symmetric neighborhoods U, ¢ D of e
with U, = U, c U,. We now consider the open set V, :={y € X : n(x,y) € U,} which
cover the compactum G. Choose n € N and xy,...,x, € X with G C =y, Vy,, and
define the open neighborhood U := .., , Uy, C D.

Now consider x € G and y € X with n(x,y) € U. We find [ with x e V,, C W,,. As
then n(x;, x) € U, and nr(x,y) € U,,, we obtain nr(x;,y) € Uy, * Uy, C Ux,, which implies
y € W,,. Hence, by the definition of W,,, |g(y) — g(x)| < &. As this also holds for all
x,y € X\ G, the proof is complete. O

.....

LemmA 4.10. Let h € D. Then the following conditions hold:

(1) if f € CX), then Tyf € Cu(X);
) if feCoX), then T)f € Co(X), in other words, the kernels K;, on X are Feller-
kernels.
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Proor. The continuity of T}, f is clear in both cases.

Now let f € C.(X). Let x € X with T}, f(x) # 0. Then, by the definition of the
projection m, supp f N{y € X : n(x,y) = h} # 0, and thus, by 4.7(7), supp f N {y €
X : n(y,x) = h} # 0. This yields x € Uyesupp £ SUpp K5 (y, .). As this set is compact by
Lemma 4.8, we obtain T, f € C.(X).

Part (2) follows from part (1) and the continuity of 7}, with respect to ||.||e- O

We next study integrals over the operators 77,.
Lemmva 4.11. Let u € My(D).
(1) Foreach f € Cp(X),

nﬂwzﬁnﬂmww>uem

defines a function T, f € Cp(X). The operator T, is a continuous linear operator
on Cp(X) with ||Tyll < llullry.

(2) If supp u is compact, then T, maps C.(X) into C.(X).

(3) The operator T, maps Co(X) into Co(X).

(4) For each p € [1, 00|, the operator T, from (1) may be also regarded as a
continuous linear operator on LP (X, wx) with ||T,|| < |lullry.

Proor.

(1) T,f is continuous by Definition 4.2. The further statements are clear.

(2) Follows from Lemma 4.8 in the same way as Lemma 4.10(1).

(3) If supp u is compact, then (3) follows from (2) and the continuity of 7,,. On
the other hand, for each £ > 0 and u € M, (D) there exists a measure u, € M,(D)
with compact support and || — u.llry < £. Hence ||T, — T,|| < &. Thus, T, f is a
uniform limit of functions in Cy(X) which yields the claim.

(4) This follows from 4.7(4) and standard facts on operator-valued integrals. O

We now consider the C*-algebra B(L*(X, wy)) of all bounded linear operators on
L*(X, wy) as well as the closed subspace

A(X) :=span{T}, : h € D}.

The space A(X) is closed under the involution .* on B(L*(X, wy)) by 4.7(5). Moreover,
by Lemma 4.11(4), we have T,, € A(X) for all u € M;(D). In summary, the following
proposition holds.

ProrosiTION 4.12.

(1) A(X) is a C*-subalgebra of B(L*(X, wx)).
(2) The map

T : (Mp(D), ,.%, |Illn) = AX) € BIL*(X, wx)), p = Ty,

is a norm-decreasing Banach-x-algebra homomorphism, that is, T is a *-
representation of the hypergroup (D, ) on the Hilbert space L*(X, wy).
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Proor.

(1) Lethy,hy € D. Then, by 4.2(3), Th, Tn, = Ts,,+s,, € A(X). This yields that A(X)
is closed under multiplication. All further facts are clear.

(2) [Isalso clear by the same arguments and Lemma 4.11. O

We next study a couple of linear operators A : C.(X) — C(X). For each such A we
form the scalar products

(Ag1,82)x = ng1(X) - 82(x) dwx(x)  for g1, 82 € Co(X). 4.5)
X
Some examples are as follows: let F € C(X x X) and form T : C.(X) — C(X) by

T'g(x) = fXF(x, y) g(y) dwx(y) (x€ X, g € Co(X)).

Moreover, for each y € My(D), A := T, is an operator as in (4.5).
We now fix some left Haar measure wp of the hypergroup (D, #). Then L' (D, wp)
is a Banach-+-algebra with the convolution and involution

e = fD Fre g dop(). {3 =F® (xe D).

Moreover, the map L'(D, wp) — My(D), f +— f wp is an embedding of the Banach-
x-algebra LY(D, wp) into the Banach-#-algebra M,(D); see [22]. For each f €
LY(D, wp) we thus may define the linear operators T := T ,,, for which the results
of Lemma 4.11 and Proposition 4.12 hold.

Moreover, even for f € C(D), the linear operators Ty : C.(X) — C(X) with

Tyg(x) := foXg(y) K(x,dy) f(h) dwp(h) (x € X, g € Cc(X))

are well-defined, as by 4.2(2) for g € C.(X), the set m(x, supp g) C D is compact. It
is also clear that for f € C(D) and fi, f> € C.(D), we have f] = f = f, € C(D) with
Thupe, = TrT¢Ty. We shall use these facts for relations between positive definite
functions on (D, *) and X in Section 6. For this we need additional properties for CAS,
which we discuss in the next section.

Before doing this, we study the linear operators 7T, for multiplicative functions
a € C(D), thatis, a(h 1) = a(h) - a(l) for all h,[ € D.

Lemma 4.13. Let (X, D, K) be a CAS, g € C.(X), and let @ € C(D) be_multiplicative.
Then the function ¢ := T,g € C(X) satisfies the equation Tip(x) = a(l) - ¢(x) for all
le Dand x € X.

Proor. Let wp be a left Haar measure of (D, x) as above. Fix [ € D, x € X and consider
the function g,(w) := fx g K,,(x,dy) (w € D). Then g, € C.(D) by the considerations
above, and, by [22, Lemma 5.5G],

f f 8x(h) d(6; * 6,,)(h) a(w) dwp(w) = f gx(lx w)a(w) dwp(w)
D JD D

= f gxwa(l + w) dwp(w)
D
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=a() f gx(w)a(w) dwp(w)
D
= a(DTa8(x).

Hence, as claimed,

Ti(Tog)(x) = f
D

= f f f 8() Ku(x, dy) d(6; * 6,,)(h) a(w) dwp(w)
D JD JX

S

f 8 Ki(z, dy) Ki(x, dz) a(h) dwp(h)
X

= fD jl; 8:(h) d(; * 6,,)(h) a(w) dwp(w) = a(DT,g(x). o

Lemma 4.13 can be applied to the uniqueness of the adjoint measure wy € M*(X)
at least in the compact case.

Lemma 4.14. Let (X, D, K) be a compact CAS. Then the following conditions hold.

(1) IfgeC(X) satisfies Thg = g for all h € D, then g is constant.

(2) Forall g € C(X), T1g is constant, and there is a unique measure w € M;(X) with
w(A) = fD Ky (x,A) dwp(h) for all Borel sets A C X, where the right-hand side is
independent of x € X.

(3) The measure w from (2) is equal to the adjoint measure wy € M*(X) from 4.2(4)
up to a positive multiplicative constant. In particular, wy is unique up to a
positive multiplicative constant.

Proor. For (1) assume without loss of generality that g is R-valued with T;,g = g for
all 1 € D. Take x( € X such that g(xp) is maximal. As g(xg) = fx g Ky(xo, dy) we see
that g(y) = g(xo) for all y € supp K,(xp,.). As this holds for all 4 € D, it follows that g
is constant.

For (2) we conclude from Lemma 4.13 for @ = 1 that for [ € D, we have T;(T1g) =
T1g(x). Hence, by part (1), T1g is constant. As

T1g(x) = f f 8 Ky (x, dy) dwp(w),
D JX

we see from the representation theorem of Riesz that there exists a unique measure
w € M;(X) with T1g(x) = fx gdw forall g e C(X)and x € X.

For (3) we assume without loss of generality that wy € M'(X) and wp € M' (D). We
use the invariance condition (4.4) for wy and obtain for g € C(X) and each x € X that

f ¢ dw = Tyg(x) = f Tug dwy = f f Thg(x) ey (x) dwn(h) = f gdws.
X X D JX X

This proves wy = w and the claim. O
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5. Strong continuous association schemes

Let (X, D, K) be a CAS with associated hypergroup (D, *). We first recapitulate the
translations f;,(I) := f(I = h) := fo d(0; * 6p,) of functions f € C(D) for h,l € D as well
as the projection maps 7, : X — D for x € X from the preceding section.

DeriniTioN 5.1. Let (X, D, K) be a CAS.

(1) We say that (X, D, K) has the translation property (T1) if forall h € D, x € X, and
f € CL(D)9

fh Oty = Th(f o TTy).

(2)  We say that (X, D, K) has the translation property (T2), if for all f € C.(D),
Ty = T7/°"  where we assume that the invariant measure wy and the left Haar
measure wp of (D, *) are chosen with suitable normalizations.

(3) We say that (X, D, K) is strong, if (T1) and (T2) hold.

We shall prove below that in the discrete case and in the commutative case, property
(T2) implies (T1); see Theorems 5.4 and 8.5. This indicates that generally, (T2) seems
to be the stronger condition. Otherwise we do not know further relations between these
conditions. In several sections below we present examples where (T1) and (T2) do not
hold. On the other hand, there are several standard classes of strong CAS; here is the
first one.

ProrosiTION 5.2. Let H be a compact subgroup of a locally compact unimodular group
G. Then the associated unimodular CAS

(X :=G/H,D :=G//H,K)

as in Proposition 4.6 is strong.
Proor. Let x,y,h € G, and f € C.(G//H). The proof of Proposition 4.6 yields

(frnm o mun)YH) = J d@ux1yn * OHnm) = f f(Hx"ywhH) dwy(w)
G//H H

and
Thpu(f o mug)(YH) = fxf(Hx_le) Kunu(y, d(zH)))

:ff(HxlywhH)de(w).
H
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This proves (T1). Moreover, for f € C.(G//H), g € C.(G/H), and x € G we have
with the notations of Proposition 4.6 that

ng(xH)=j[;Lg(yH)KHhH(XH’yH)f(HhH)de//H(HhH)
_ fG fx gOH) d(pc(6, * w * 6+ wr))(VH) f(HRH) dwg(h)
= fH fG g(xrhH) f(HhH) dwg(h) dwy(r)
= fH fG g(xhH) f(Hr 'hH) dwg(h) dwy(r)
= fc g(xhH) f(HhH) dwg(h)
= fG f(Hx"yH) g(yH) dw(y)

= fD f@(xH, yH)) g(vH) dwe,n(yH) = T g(xH)

which proves (T2). O

Here is a second standard class of strong CAS.

ProrosiTioN 5.3. Let (X, D, (R)icp) be a unimodular association scheme. Then the
associated unimodular discrete CAS (X, D, K) of Corollary 4.4 is strong.

Proor. By linearity, it suffices to check (T1) for characteristic functions f = 1y with
reD. For he D and x,y € X we obtain from the axioms and basic properties of an
association scheme and the definition of the kernels K, that

Tyl o m)(y) = j};lgr}(ﬂ(m 2)) Ki(y, dz)
=Ky, {ze X : n(x,2)=r})

= Lcex: ntuo = n0v.2) = h|
wp

1
= _l{z €eX: 7T(Z,x) = f’ ”(Y»Z) = h}|
Wh
_ b oaew_ L S
wp M wp'

On the other hand, we see from [43, Proposition 3.8 and Lemma 3.5(4)] that

(fh o ”x)(Y) = L 1[r} d(éﬂ(x,y) * 611) = (671'()(,)1) * 5/1)({1"})

Wy 1 7(x,y)

r e f—
Preeyyn = o Priv

WhWr(x,y)
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which completes the proof of (T1). For (T2) we again use linearity and check (T2) for
f =1y and g =1, withr € D and z € X. Let x € X. With the Kronecker-6 we obtain

ng(x) =Wy fg()’) K (x,dy) = 6r,7r(x,z) = Tfo"g(x)
X

which yields the claim (T2). O

Proposition 5.3 has the following converse statement.
TueOREM 5.4. Let (X, D, K) be a discrete unimodular CAS with property (T2). Then
there is a unimodular association scheme (X, D, (R,),ep) such that (X, D, K) is the

associated CAS according to Corollary 4.4. In particular, for discrete unimodular
CAS, (T2) implies (T1).

Proor. Assume that the measure wy € M*(X) and the Haar measure wp are normalized
such that (T2) holds. Let r € D and x,z € X and put f = 1y and g = 1y5. Then, as in
the proof of the preceding result, 7/°"g(x) = wx({z}) Orn(xp and

Trg(x) = Ky (x, {z}) wp({r}) = K;(x, {z}) wp({r}) 6rnx)-
Hence, by (T2),

({zh)
Kl = 2 by (w2 € X, reD) (5.1)
This in particular shows that for r € D and x € X,
wpirh = > wx(iz) (5.2)

zeX: n(x,2)=r
and, as K, (x,.) is a probability measure,

wx({z) wx({x}) wx({x})

. 6?ﬂzx = -
wpry)  wp(F) Y T wp((F)

(K0 KD(x(x) = (5.3)

zeX: n(x,2)=r
As by the definition of a discrete CAS K, o Kj is a finite convex combination of the K
(s € D) where the identity kernel K, appears with a positive coefficient, we conclude
from (5.3) that wy({x}) > 0 is independent of x € X. Therefore, after renormalization

of wy and wp, we may assume that wy is the counting measure. We then see from
(5.2) that wp({r}) = |supp K,(x,.)| for r € D and all x € X. Moreover, by (5.1),

6r,7r(x,z)
wp({r})
We now define the partition (R,),cp of X X X via

K.(x,{z}) =

(reD, x,z€X). (5.4)

R, :={(x,y) : y € supp K,(x,.)}.

This is a partition by the partition property of a CAS for which clearly property (1)
of 3.1 holds. Moreover, 3.1(2) follows from (5.4) and w({7}) = w({r}). We finally
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check 3.1(3). For this let i, j,k € D and x,y € X with n(x, y) = k. Then

1
KooKix,hbh= >

cexnet nepy=; CPUD@D 7D

Hze X :m(x,2)=1i, n(z,y) = j}l
wp({iDwpj})

_ (61 6))(1kD
wp({kD

and
Ki o Kj(x,{y}) = (6; * 6 )({k}) - Ki(x, {y})
A comparison of both formulas shows that
HzeX:n(x,2) =i, n(z,y) = j}I

depends only on 7(x, y) = k and not on the choice of x,y as claimed.

In summary, we see that (X, D, (R,),cp) is an association scheme with (X, D, K)
as associated CAS by (5.4). The last statement of the theorem follows from
Proposition 5.3. O

In summary, in the unimodular case, strong discrete CAS are precisely classical
association schemes. Moreover, discrete commutative CAS may be seen as
generalizations of generalized association schemes.

Theorem 5.4 suggests that in general (T2) implies (T1). Unfortunately, we do not
see any approach for the proof of this conjecture in the nondiscrete case.

We next rewrite (T2) as the following lemma.

Lemma 5.5. Let (X, D, K) be a unimodular CAS with the Haar measure wp of (D, *)
and the adjoint measure wy € M*(X). Then (T2) holds if and only if wx(A) =
fD Kiu(x,A) dwp(h) for all Borel sets A C X and x € X.

In particular, for each unimodular CAS with (T2), wy is unique up to a positive
constant.

Proor. Assume first that (T2) holds. It can be easily seen (see Lemma 5.9 below) that
then for all g € C.(X) and x € X, T'"g = Ty g and thus

fD fx g(y) Ki(x, dy) dwp(h) = T1g(x) = T*"g(x) = fx g(y) dwx ().

This shows that wy = fD K (x,.) dwp(h) for x € X.
Conversely, this representation of wy shows for f € C.(D), g € C.(X), and x € X

that
T/ g(x) = fx g0) - fa(x,y)) dwx(y)
= fD fx g - f(x(x,y)) Kn(x, dy) dwp(h)
= fD fx 8 - f(h) Ky(x,dy) dwp(h) = Trg(x).
Hence, (T2) holds. The uniqueness assertion is clear. O
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Lemmas 5.5 and 4.14 now lead to the following proposition.
ProrosiTioN 5.6. Each compact CAS has property (T2).

If we combine Proposition 5.6 with Theorem 5.4 and Proposition 4.3, we obtain the
following classification of finite CAS.

TueorEM 5.7. Each finite CAS (X, D, K) is related to an association scheme according
to Corollary 4.4. In particular, each finite generalized association scheme is in fact an
association scheme.

We notice that this classification does not hold in the infinite case. Examples are
given in [44] and in Section 10 below.
We now return to (T1) and (T2) and study CAS with the below properties.

Lemma 5.8. Let (X, D, K) be a CAS with (T1). Then the following hold.

(1) For all x € X, the push forward n.(wx) € M*(D) is a right Haar measure of
(D, *).

(2) Forallpe My(D), feCe(D)andx € X, Ty(fomy) =(f xu”) om,.

(3) ForalloeCD), feCc(D)andxeX, Ty(fom)=(f*¢ )om,.

ProoF.

(1) Forall he Dand f € C.(D) we obtain from 4.7(3) that, as claimed,
(m(wx))(fn) = wx(fn 0 1) = Wx(Th(f © 7))
= wx(f o my) = (m(wx))(f).
(2), (3) Follow simply by integration of the equation in Definition 5.1. O

Lemma 5.9. Let (X, D, K) be a CAS with (T2). Then the following hold.

(1) For all x € X, the push forward n.(wx) € M*(D) is a right Haar measure of
(D, *).

(2) Forall feC(D)and g€ C/X), Trg=T'"g e C(X).

(3) Forall feC.(D)andgeC(X), Trg=T'"geC(X).

Proor. (2) is clear, and (3) follows from Lemma 4.8 similar to the proof of
Lemma 4.10. For the proof of (1) we use (3) with g =1 and f € C.(D). Hence,
forx e X,

fx For(x,y) dox(y) = T°7g(x) = Trg(x)

_ f f 1 Ky, dy) f(h) dap(h) = f F dwn(h)
DJX D

which proves the claim. O
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ReEMARK 5.10. There exist commutative CAS without (T1) and (T2). For this consider
the discrete generalized association schemes associated with homogeneous trees
of [44] or Section 10 below with the parameter ¢ # 1 there. As shown in [44,
Remark 2.4] or Remark 10.3 below, there the measure wy is unique up to a positive
multiplicative constant for which the push forward statements of Lemmas 5.8(1)
and 5.9(1) are not correct. This means that (T1) and (T2) do not hold there; see
Remark 10.3 for the details.

Lemma 5.11. Let (X, D, K) be a strong unimodular CAS. Let f € C.(D) and f € C(D),
or f € C(D) and g € C.(D), or f,g € L*(D, wp). Then, for all x,z € X,

fx f(r(x, ) g(n(z, ) dwx(y) = fD f(h) g(n(z, x) * h) dwp(h).

Proor. Let f € C.(D) and f € C(D). Then, by (T2) and Lemma 5.8(3),

Lf (n(x,)) g(n(z,y)) dox(y) = T/ (@oT)(x) = TH(EoT(x)

=((f" *@om)x) = (f *@)(n(z, x)) = fD f(h) g(a(z, x) * h) dewp(h)

as claimed. The same computation works for f € C(D) and g € C.(D) as well as for
f.g € L*(D,wp) by density. Notice here that due to Lemma 5.8(1), for all z € X the
map f +— f o n. is an L2-isometry from L*(D, wp) into L*(X, wx). O

We next present some orthogonality result which is well known in the group case.

CoroLLarY 5.12. Let (X, D, K) be a compact, commutative strong CAS. Then for
a,B € (D,*)" and x,z € X,

fX a(n(x, y)) B(r(z,y)) dwx(y) = Sag - (n(z, X)) - llallz,,, -

Proor. Lemma 5.11 yields
fx a(7(x,y)) B(n(z,y)) dwx(y) = L a(h) B(n(z, x) * h) dwp(h)

= f a(h) Bh) dwp(h) - B(r(z, %)
D
As the characters of the compact commutative hypergroup (D, *) form an orthogonal
basis of L?(D, wp), the proof is complete. O

We finally remark that for given spaces X, D and given projection 7 : X X X — D,
there is at most one CAS with property (T2), that is, (T2) is a quite strong condition.

ProposiTion 5.13. Let (X, D, K) and (X, D, K) be CAS with property (T2) with the same
X, D, n. Then (X,D,K) = (X, D, K) and (D, %) = (D, %).
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Proor. (T2) implies that for all f € C.(D) and g € C.(X)

Trg= T/7"g = Trg (5.5)
with ng as the operator associated with the kernels Kj,. As for x € X and g € C.(X)
the map D - C, h— fx g(y) Kj(x,dy) is continuous, (5.5) implies by a limit that

Tyg = Tg for all g € C.(D) and h € D. This also readily shows that K}, = Kj, for all A.
Fact 4.7(1) finally proves (D, *) = (D, %). O

Propositions 5.13 and 5.6 yield the following corollary.

CoroLLARY 5.14. Let (X, D, K) and (X, D, K) be compact CAS with the same X, D, .
Then (X, D, K) = (X, D, K) and (D, %) = (D, %).

Variants of 5.13 and 5.14 will be given in Section 7.

6. Positive definite functions

In this section we study several concepts of positive definiteness on CAS. We
restrict our attention to the commutative case for simplicity even if some results
remain valid in a slightly more general setting. Therefore, (X, D, K) will always be
a commutative CAS.

DEFINITION 6.1.

(1) Let A:C.(X)— C(X) be a linear operator. A is called positive definite if
(Ag, g)x € [0, oo for all g € C.(X).

(2) A continuous function F : X X X — C is called positive definite, if for all n € N,
Xi,..., % € Xandcy,...,c, €C, XY ) iy F(xg, x1) 2 0.

Both concepts are closely related.

Lemma 6.2. A continuous function F : X X X — C is positive definite if and only if the
linear operator T* : C.(X) — C(X) is positive definite.

Proor. This follows from standard density arguments similar to corresponding results
for hypergroups; see, for example, [8, Lemma 4.1.4]. O

As the pointwise products of positive semidefinite matrices are again positive
semidefinite (see, for example, [6, Lemma 3.2]), we have the following well-known
result.

Lemma 6.3. If F,G : X X X — C are positive definite, then the pointwise product
F -G : X xX — Cis also positive definite.

We now study for which f € C;(D) the operators Ty are positive definite. The
following more or less obvious result will be needed later on.

Lemma 6.4. For a function f € Cp(D), the operator T is positive definite if and only if
for each step function g = Y. cily, : X > CwithneN, cy,...,c, € C, and disjoint,
relatively compact Borel sets Ay, ..., A, C X, the inequality (Trg, g)x € [0, oo holds.
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Proor. For the only-if-part, we notice that each step function g as required in the
lemma is the pointwise limit of functions in C.(X) whose supports are contained in
some fixed compactum in X. The result then follows from dominated convergence.
The if-part follows by the same arguments. O

We now collect some relations between positive definite functions on D and positive
definiteness on X.

Lemma 6.5. Let f € Co(D). Then, f = f* is positive definite on D, and T'.- is positive
definite.

Proor. The first statement is well known; see 2.8(2). The second one is clear as
Tf*f* = TfT;; by 4.12. O

CoroLLARY 6.6. For each character a € (D, *)" in the support S of the Plancherel
measure of (D, ), the operator T, is positive definite. Moreover, if f € Cp(D) is
positive definite on (D, *) such that f has the form f = [i for some u € M} (S), then
Ty is positive definite.

Proor. By Fact 2.8(3), each a € S is a locally uniform limit of functions of the form
f = f* with f € C.(D). It follows from the axioms of a continuous association scheme
and the definition of T, that for each g € C.(X), T, g is a locally uniform limit of T's.. /- g.
Lemma 6.5 thus implies that T, is positive definite. The second statement follows in
the same way. O

If (X, D, K) has property (T2), then the preceding results can be rewritten.

CoroLLARY 6.7. Let (X, D, K) be a commutative CAS with (T2). Then the following
holds.

(1) Foreach f € C.(D), (f = f*)om: X X X — C is positive definite.
(2)  For each character a € S C D in the support of the Plancherel measure of (D, %),
aom: X XX — Cis positive definite.

Proor. (1) follows from Lemma 6.5, property (T2), and Lemma 6.2.

For (2) we again use that @ € S is a locally uniform limit of functions of the form
[ = f* with f € C.(D). Hence, by part (1), @ o & is a locally uniform limit of positive
definite functions on X X X and thus also positive definite. O

We now turn to the converse statement of Lemma 6.5 and Corollary 6.6.
Lemma 6.8. Let f € C(D) such that T is positive definite. Then the following hold:

(1) f(e) € [0, 00[;
(2) f is positive definite on (D, *).

Proor. For part (1) assume that f(e) € C\ [0, oo[ holds, that is, arg f(e) € R \ 22Z with
a branch of the arg-function on C\ {0} which is continuous in f(e). Now choose
£ > 0 such that for all z € C with |z — f(e)] < &€ we have z # 0, argz ¢ 2nZ, and
largz — arg f(e)| < 1/2 (or another small positive constant). As f is continuous, we
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find a neighborhood W, C D of e with | f(x) — f(e)| < & for x € W,. We thus obtain that
for all ¢ € C(D) with values in [0, o[ and with ¢(e) > 0,

fw @(x) f(x) dwp(x) € C\ [0, oof. (6.1)

On the other hand, we now fix some z € X. As 7 : X X X — D is continuous with
n(z,z7) = e, we find a neighborhood U, C X of z with n(U,, U,) € W,. Choose some
g € C.(X) with values in [0, co[ and with g(z) > 0 and supp g € U,. Then K;,(x,U;) =0
forall x € U, and h € D\ W,. As T is positive definite, then

0< (Ag.g)x = f

D

| [ 850 Kty o) - £y

X JX

= f f f g(0)g(y) Ki(x, dy) dwx(x) - f(h) dwp(h)
w, Ju. Ju.

=: f o(x) f(x) dwp(x),
W,

where ¢ is continuous with values in [0, co[ and with ¢(e) > 0. This contradicts (6.1)
and completes the proof of part (1).

For (2) consider any ¢ € C.(D) and g € C.(X). Then, by 4.11(2), T,g € C.(X), and
by our preceding considerations,

(Typsfep8 8)x =T, TsTyg,8)x = (TsTyg, Tpg)x 2 0.

This shows that T, r.,, is positive definite, and we obtain from a standard computation
for hypergroups and part (1) that

f ff(/n * hy) - @(hy) - (o) dwp(hy) dwp(ha) = ¢ * f * g(e) € [0, ool
D JYD

As this holds for all ¢ € C.(D), it follows from standard arguments for hypergroups
(see [8, Lemma 4.1.4]) that f is positive definite on (D, ). O

Corollary 6.7 and Lemmas 6.3 and 6.8 now lead to the following result. As was
given for association schemes in [43, Theorem 4.6].

THEOREM 6.9. Let (D, ) be a commutative hypergroup which is associated with some
CAS (X, D, K) with (T2). Then, for all a, € S C D in the support of the Plancherel
measure, « - 3 is positive definite on D, and there is a unique probability measure
0o*0p € M (D) with (64%6p)" = @ - B. The support of this measure is contained in S .

Furthermore, for all @ € S, the unique positive character ay in S according to 2.8(4)
is contained in the support of 8,%05.

Proor. Corollary 6.7, property (T2), and Lemmas 6.3 and 6.8 show that @ - B is positive
definite on (D, *). Bochner’s theorem 2.8(1) now leads to the probability measure
Sa¥6g € M! (D). Furthermore, Proposition 2.9 ensures that the support of this measure
is contained in S. The assertion about the support of ¢, %d5 follows from [39, Theorem
2.1]. O
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The methods of the proof of Theorem 6.9 can be used to prove the following
equivalence of different concepts of positive definiteness.

Prorosition 6.10. Let (X, D, K) be a commutative CAS with property (T2) such that 1
is contained in the support S of the Plancherel measure of the associated hypergroup
(D, ). Then for « € (D, )" the following facts are equivalent:

(1) aeS;

(2) the operator T, is positive definite;

(3) aome Cp(X X X) is positive definite;

(4) foreachB €S, the product « - 8 is positive definite on (D, *).

Proor. (1) = (2) follows from Corollary 6.6, and (2) = (3) is a consequence of (T2)
and Lemma 6.2. (3) = (4) follows from Lemma 6.3 with the methods of the proof of
Theorem 6.9. Finally, (4) = (1) is a consequence of 1 € § and [38, Corollary 7]. O

For compact CAS, Theorem 6.9 can be improved.

TueorEM 6.11. Let (D, *) be a compact commutative hypergroup which is associated
with some compact commutative CAS (X, D, K). Then (T2) holds by Proposition 5.6,
and, with the dual convolution % of Theorem 6.9, (D, %) satisfies all hypergroup axioms
possibly except for the condition that supp(6,%0pg) is compact (that is, finite) for all
a,BED.

Proor. For compact commutative hypergroups we have S = D, D is discrete, and the
unique positive character in S is the identity 1; see, for example, [8]. Therefore, if
we take 1 as identity and complex conjugation as involution, almost all hypergroup
axioms of (D, %) follow from Theorem 6.9. In fact, as D is discrete, the topological
axioms hold automatically. Moreover, the bilinear, weakly continuous extension of
the dual convolution % from the set of point measures to M,(D) is associative as the
inverse Fourier transform is injective; see [8].

We thus only have to check that for @ # S8 € D, the character 1 is not contained in
the support of 6, %d5. For this we recapitulate that for all y, p € D, %(p) = fD vp dwp =

||y||§6%p with the Kronecker-6. Therefore, with [22, 12.16],

(5a§53)({1})=jl;1{1; d(5a?k5ﬁ)=fﬁid(6a%ﬁ)

= f 1(64%65)" dwp = f afB dwp = Yl138a = 0.
D D
This completes the proof. O

In the finite case, Theorem 6.11 is as follows; see also [43, Theorem 4.7].

CoroLLARY 6.12. Let (D, *) be a finite commutative hypergroup which is associated
with some finite commutative CAS (X, D, K). Then D carries a dual hypergroup
structure.

We next turn to the problem of whether the conclusions of 6.9, 6.11, and 6.12 on
positive dual convolutions also hold for commutative CAS without (T2). We here
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follow [43, Section 5] and assume that we have two commutative CAS (X, D, K) and
(X, D, K) with the same spaces X, D and the same projection 7 : X X X — D. We denote
the associated commutative hypergroups by (D, *) and (D, ¥) and the supports of the
associated Plancherel measures by S and S. Assume that (X, D, K) has property (T2),
and that all characters @ € S of (D, %) in the support of the Plancherel measure have
the form

ath) = f a(h)du(a) forallhe D
s

for some u € M'(S). It was proved in [43, Theorem 5.10] for commutative generalized
association schemes that then (D, %) also admits a positive dual convolution on S.
We shall extend this result to CAS in Theorem 7.1 which has some unexpected
consequences: It turns out that under some additional conditions like property (T2) for
one of the CAS and a support condition, the hypergroup structures (D, %) and (D, ¥)
are equal; compare this with the assertions of 5.7, 5.13, and 5.14.

7. A comparison of different CAS on the same spaces

As before, let (X, D, K) and (X, D, K) be commutative CAS with the same spaces
X, D and the same projection m: X X X — D. Let again (D, %) and (D, %) be the
associated commutative hypergroups and S and S the associated Plancherel measures
respectively. The following extension of Theorem 6.9 is the main result of this section.

THeEOREM 7.1. Assume that (X, D, K) has property (T2) in the setting above. Then for
all characters @ € S and B € S, the product & - 8 is positive definite on (D, %), and there
is a unique u € M'(S) with

a(h)B(h) = f a(h)du(a) forall he D.
S

In the discrete case, the proof is quite simple and similar to that of [43, Theorem
5.10], while it will be more involved in the continuous case due to some approximation
procedure. To highlight the idea of the proof, we first give the proof in the discrete
case.

PrOOF OF THEOREM 7.1 IN THE DISCRETE cAsE. Let @ € S and S € S. Let T, be the
linear operator associated with @ and the CAS (X, D, K). Then, by Corollary 6.6,
Ts is positive definite. Now let g € C.(X). Choose xi,..., x, € X different with
supp g = {x1,...,x,}, and let @p be a Haar measure of (D, %), &x € M*(X) the
associated measure, and (., .) 3 the associated scalar product on L*(X, &x). The positive
definiteness of T and the properties of supp Kj,(x,.) for 4 € D and x € X imply that

0<(Tag. )% = ). >, 8060 8(x) KnCxi, () @x((xe)) - a)@n((h))

heD k,l=1

= Z 8(x) 8(x1) Ky (s 1x1)) @x({xi DA (e, X)) p (7, X1)}). (7.1)
=1
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On the other hand, as (X, D, K) has property (T2), 5o : X X X — Cis positive definite,
that is, the matrix (8(m(xk, X;)))x; 1s positive semidefinite. Equation (7.1) and the fact
that pointwise products of positive semidefinite matrices are positive semidefinite yield
that

Z 808D K (i 21)) @x (1))
=1

- a7y, x1))B( (g, x1))op({m(xg, x7)}) = 0.

As in the computation of Equation (7.1), we obtain that (T5.48, g)x > 0, that is, T is
positive definite. Hence, by Lemma 6.8, @B is positive definite on (D, ¥). Finally, the
support condition follows from Proposition 2.9. O

We now turn to the general case by using Lemma 6.4.

Proor oF THEOREM 7.1 IN THE GENERAL CASE. We keep the notations of the discrete case.
Let @ € S and 8 € S. Consider some step function g = 2y cily, : X > CwithneN,
c1,---,Cy € C, and disjoint, relatively compact, nonempty Borel sets Ay,...,A, C X as
in Lemma 6.4. Let € > 0 be a small constant.

As Borm: X x X — C is continuous and thus uniformly continuous on the
compactum supp g X supp g C X X X, we may decompose the sets Aj,..., A, into
finitely many, disjoint, nonempty Borel sets such that, after denoting these finitely
many sets again by Ay, ..., A, we have the following additional property.

Forall #,j=1,...,n, u,v€A; x,y€A;: |B(x(u,x))—-pBr(v,y)l<e (7.2)

We thus now assume without loss of generality that the step function g has a
representation where this property holds, and where the sets A; are fixed. For the
functions f = @, @ - 8 € Cp(D) we put

®f(i,j)i=foA_ Ki(x, Aj) doox(x) - f(h) dop(h).

A short computation and the definition of g then yield that

n

(Tyg.00x = ), c; Oyl j). (7.3)
ij=1
As T is positive definite, we obtain that (T5g, &% = 0 for all choices of ¢y, ...,c, € C.

This means that the matrix (®4(i, j)); j=1...» is positive semidefinite.
On the other hand, as (X, D, K) has property (T2), we know that o : X X X — C
is positive definite, that is, the matrix (8(n(x;, x;)));; is positive semidefinite for
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all choices of points x; € A;, i=1,...,n. As pointwise products of positive
semidefinite matrices are positive semidefinite, we obtain that the matrix (® (i, j) -
B(r(xi, x)))ij=1,..n is positive semidefinite. This means that for all choices of
Ccl,...,c, €C,

0< > & c; ali, HBr(xi, x,)

ij=1

= Yae [ [ Ry dosto a0 pacex) oot (74
ij=1 D JA;
Notice that for i, j=1,...,n and h e D, fA_ Kp(x, Aj) dox(x) > 0. This yields

SUP g, Ku(x, A ) > 0, and this implies that & € m(A;, A;). This, the estimate (7.2), and
[|@llc = 1 imply that

Yiaes [ [ Ritnap daoxts - a0 piat. ) danth

ij=1

- Yaes [ [ Rty dino - ath g dani
D JA;

i,j=1
< eligll2, - x(supp g)*.

We conclude from (7.4) and (7.3) that

n

(Tapg.@0x = ) Ticj®aplis )eC
ij=1

has a distance from [0, co[C C which is at most Ce for some constant C > 0 depending
on g only. As in our approximation & > (0 may be arbitrarily small, we obtain
(T 88>8&% €[0,00[. As this holds for all step functions g, Lemma 6.4 shows that
Tsp is positive definite as claimed. Again, the support condition follows from
Proposition 2.9. O

We now present some applications of Theorem 7.1.

CoroLLARY 7.2. Let (X, D, K) and (X, D, K) be commutative CAS with the same X, D,
and n. Assume that (X, D, K) has property (T2), and that the identity 1 is contained
in S. Then each character B €S is positive definite on (D, %), and there is a unique
u e MY(S) with

B(h) = f B(h) du(B) forall h € D.
N

Proor. Use Theorem 7.1 with @ = 1. O
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In Remark 9.9 we present an example which shows that the technical condition
1 € § in Corollary 7.2 is necessary.

Here is a further consequence of Theorem 7.1 which generalizes [43, Theorem
5.10].

CoroLLary 7.3. Let (X, D, K) and (X, D, K) be commutative CAS with the same X, D,
and . Assume that (X, D, K) has property (T2), and that each character 8 € S of (D, %)
has the form

Bh) = j; B(h) du(B) (h € D) (7.5)

for some u € M'(S).
Then, for all &,B € S, the product & - 8 is positive definite on (D, %), and there is a
unique probability measure 65%35 € M (S) with (6&§<6ﬁ)v =a-p.

Proor. Theorem 7.1 shows that for @ € § and 8 € S the product @8 is positive definite
on (D, ¥) with @ = fS ¥ dug (). Equation (7.5) now implies that for all @, B €S, the
product @ is positive definite on (D, %), and that the claimed integral representation
holds. O

Clearly, Corollary 7.1 is also a generalization of Theorem 6.9. However, in practice
it does not go far beyond of Theorem 6.9 by the following theorem which is closely
related to 5.13.

Tueorem 7.4. Let (X, D, K) and (X, D, K) be commutative CAS with the same X, D,
and . Assume that (X, D, K) has property (T2) and that 1 € supp S holds. Assume in
addition that each character 8 € S has the form

By = fs Bty du(B) (he D) (7.6)

for some yu € M'(S). Then, (D, ¥) = (D, %).

Proor. We first recapitulate some facts on commutative hypergroups from [22] which
are well known for locally compact abelian groups and Gelfand pairs. For this let
(D, *) be any commutative hypergroup. Then the dual D can be identified with the
symmetric spectrum

ALY (D, wp)) :={¢ e L'(D,wp)* : ¢  multiplicative,
o(f*) = @(f) for f € L'(D)}

of the commutative Banach-*-algebra (L'(D, wp), *,.*) via
@@, With o (f) = f @(x)a(x) dwp(x).
D

In particular, if A,(L'(D, wp)) carries the Gelfand topology and D the topology of
compact-uniform convergence, then this mapping is a homeomorphism. We also
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recapitulate the well-known fact that A(L'(D, wp)) is the set of all extremal points
in the set P(D, *) of all positive linear functionals on L' (D, wp)) with dual norm equal
to 1; see, for example, Rudin [33].

We now apply these facts to our theorem. We first conclude from (7.6) that
each 8 € § c Cy(D) leads to a positive linear functional ®p € P(D, *). Moreover, by
Corollary 7.2, each f € S € Cp(D) has the form

B(h) = fs B(h) duB)  (he D)

for some ug € M 1(S). As ¢p is an extremal point, we conclude that g is a point
measure. In fact, if ug fails to be a point measure, then we may write ug as
g = Ay + (1 = Dpp with different measures iy, yr € M'(S) and A €]0, 1, that is,
¢p would be a nontrivial convex combination of elements of P(D, *) contradicting
extremality.

In summary ug is a point measure for each 8 € S which proves S C S. The same
arguments also yield S c S, that is, we have S = S. Therefore, for all x, yeD and

aeS =9,
(6. % 6,) (@) = fl;fl d(6, % 6y) = a(x)a(y) = - - - = (6,%6,) ().

As the restricted Fourier transform M'(D) — Cj(S) = Cy(§), u + f1 is also injective
(see [22]), we obtain that 6, * , = 6,%0, for all x,y € D as claimed. O

Remark 7.5. We briefly discuss some implication of the preceding results. For
this we recapitulate the original motivation in the introduction of [43] for the
study of generalizations of classical commutative association schemes. Consider a
sequence (G, H,),en of Gelfand pairs such that the double coset spaces G,//H,
are homeomorphic with some fixed locally compact space D. Modulo these
homeomorphims, we obtain associated double coset hypergroups (D, *,). The
spherical functions of (G,, H,) then may be regarded as nontrivial continuous
multiplicative functions on (D, ,). For many examples of series (G,, H,),, these
functions are parameterized by some spectral parameter set y (D) independent on n, and
the associated functions ¢, : y(D) X D — C can be embedded into a family of special
functions which depend analytically on n in some parameter domain A c C. In many
cases, these special functions are well known, and the product formulas for spherical
functions can be written down explicitly on D with n € N as the parameter. Based
on Carleson’s theorem, a principle of analytic continuation (see, for example, [35],
page 186), one can often easily extend these positive product formulas to a continuous
range of parameters, say n € [1, oo such that for all these n associated commutative
hypergroup structures (D, *,) exist.

Besides positive product formulas for ¢,(4,.) on D, there also exist dual product
formulas for the functions ¢,(., x) (x € D) on suitable subsets of y(D) for the group
cases, that is, for n € N. In particular, positive dual convolutions on the supports
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S, C x(D) of the Plancherel measures of the double coset hypergroups G, //H, exist;
see, for example, Theorem 6.9. For many examples, these dual convolutions are known
and can be extended again by Carleson’s theorem to positive dual convolutions for
all n € [1, co[. However, for symmetric spaces of rank > 2, this dual convolution is
usually a difficult business, and not very much is known in this respect. When writing
(the introduction of) [43], the author hoped that a theory of continuous association
schemes might lead to examples of commutative CAS associated with (D, =,) for all
n € [1, oo such that Theorem 6.9 or Corollary 7.3 leads at least to the existence of dual
positive convolutions on S, in these cases.

This idea was motivated by natural families (Kj)xep of Markov kernels on concrete
spaces X which are associated with commutative hypergroup structures on D in [26]
and [7]. In fact, Kingman [26] studies the Euclidean case X = R? with D = [0, oo[
where the associated hypergroups are the Bessel-Kingman hypergroups indexed by a
continuous parameter. Moreover, Bingham [7] studies the spherical case X = S? :=
{x € R®: ||x]l, = 2} with D =[~1,1] where the associated hypergroups on [—1, 1]
are related to ultraspherical polynomials. Unfortunately, the kernels (Kj)uep in [26]
and [7] do not lead to commutative CAS such that the theory of our paper cannot be
applied there. This becomes clear from Theorem 7.4 without discussing any details of
these kernels from Theorem 7.4, as almost all conditions of Theorem 7.4 are satisfied
for these examples. In fact, if the structures in [26] and [7] would lead to commutative
CAS, then Theorem 7.4 could be applied to this structure as the CAS (X, D, K) where
we would have to take the CAS (X, D, K) as a group case with a suitable smaller group
parameter than for (X, D, K). Here, we notice that then in particular (7.6) holds by well-
known explicit positive integral representations of the associated Bessel functions and
ultraspherical polynomials; see, for example, the survey of Askey [2].

8. Multiplicative functions and deformations

Following the well-known notion of multiplicative functions, semicharacters, and
characters on commutative hypergroups (see [8, 22], and Section 2 above), we here
introduce a corresponding concept for commutative continuous association schemes.
We in particular use it to construct deformed continuous association schemes (X, D, K)
from a given scheme (X, D, K) with the same spaces X, D and modified kernels K. This
construction leads to examples of CAS which are beyond double coset examples and
classical discrete association schemes where usually (T1) and (T2) do not hold.

Dermnition 8.1. A pair (@, ¢) € C(D) X C(X) of continuous functions is called
multiplicative on a commutative continuous association scheme (X, D, K) if @ # 0 and

Tho(x) = fgo(y)Kh(x, dy)=¢(x)-a(h) forallhe D, xeX. (8.1)
X

A multiplicative pair (a, ¢) is called a semicharacter of (X, D, K), if in addition

a(h) =a(h) forall heD.
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A semicharacter («, ¢) is called a character, if @ and ¢ are bounded, and positive, if @
and ¢ are |0, oo[-valued.

REMARKS 8.2.

(1) Equation (8.1) means that ¢ is a joint eigenfunction of all mean value operators
Ty, heD.

(2) Ifa=1,then(8.1)isamean value condition, that is, ¢ may be seen as a harmonic
function. Notice that for a compact CAS, all harmonic functions are constant
by Lemma 4.14. We shall see in Remark 9.10 that usually there might exist
unbounded positive harmonic functions. It might be interesting to explore under
which conditions on a CAS, all bounded harmonic functions are constant.

(3) For a multiplicative pair (e, ¢), « is determined uniquely by ¢. The converse
statement is not correct as for any @ € C(D), the joint eigenspace

E, ={peCX): (o,¢) multiplicative}

is a vector space.

4) Let(X=G/H,D=G//H,K)be a commutative continuous association scheme
which comes from some Gelfand pair (G, H) with a connected Lie group G.
Then, any ¢ € C(X) is contained in some joint eigenspace E, for a € C(D) if
and only if ¢ is a joint eigenfunction of all G-invariant differential operators on
X = G/H; see, for example, Helgason [19, Proposition IV.2.4].

We next study relations between a and ¢ for multiplicative pairs.
Prorosition 8.3. If (a, ¢) is multiplicative on (X, D, K) with ¢ #0, then «a is a
multiplicative function of (D, %), that is, for all hy, hy,h € D, a(h| * hy) = a(h))a(hy).
Moreover, if (a, @) is in addition a semicharacter or character, then so is a on (D, *).

Conversely, for each nontrivial multiplicative function a € C(D) on (D, %) there exist
functions ¢ € C(X) with ¢ # 0 such that (a, ) is multiplicative on (X, D, K).

Proor. Let (@, ¢) be multiplicative as described. For x € X, hy, hy € D,
©(x) - ahy = hy) = p(x) - f a(h) d(6p, * 6p,)(h) = f Thp(x) d(6p, * 65, ) ()
D D

=T © Tnyp(x) = p(x) - ahp)a(hy).

Taking x € X with ¢(x) # 0 leads to the first claim. The second statement is clear.

For the last statement we conclude from Lemma 4.13 that for each g € C.(X) and
each nontrivial multiplicative function @ € C(D) on (D, ), the function ¢ := T,-g with
a~(h) := a(h) satisfies Tj,¢ = a(h) - ¢. We still have to check that we can choose g such
that ¢ # 0 holds. As a(e) = 1, we find a neighborhood U c D of ¢ on which Ra >0
holds. Now fix some x € X and a neighborhood W C X of x with n(x, W) c U. Now
choose g € C.(G) with g > 0, g £ 0, and supp g € W. Then

Rp(x) = fU fw ) Ki(x, dy) Ra(h) dop(h) > 0

as claimed. |
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(T1) and (T2) lead to a further standard construction of multiplicative pairs.

Lemmva 8.4. Let (X, D, K) be a commutative CAS with (T1) or (T2). Then for all
multiplicative functions a € C(D) on (D, *) and z € X, the pair (a,& := @ o ;) is
multiplicative on (X, D, K).

Proor. Assume first that (T1) holds. Then for x € X, h € D,
Tpa(x) = Tp(a o m,)(x) = a(m(x) * h) = a(r(x))a(h) = a(x)a(h) (8.2)

as claimed.

Assume now that (T2) holds. We conclude from the last assertion of Proposition 8.3
that for all g € C.(X), the function ¢, := T* *"g = T,-g satisfies Ty, = a(h) - ¢, for
h € D. On the other hand, as @ o & is uniformly continuous on compact subsets of
X x X, we find relatively compact neighborhoods U, c X of z with U, c U, for
all n and (", U, = {z} such that for all g, € C.(X) with supp g, C U,,, g, >0, and

j;(gn d(‘)X =1,

Pg, (X) = L a (7(x,y)) ga(y) dwx(y)
— @ (7(x, 2)) = a(n(z, X)) = a(r(x))

uniformly on compacta with respect to x. Hence, the limit & := « o 7, also satisfies
Tra = a(h) - @ for h € D as claimed. O

The arguments of the preceding proof and in particular in (8.2) can be combined in
a different way and lead finally to the following theorem.

THEOREM 8.5. For each commutative CAS, (T2) implies (T1).

Proor. Let (X, D, K) be a commutative CAS with (T2) and with associated
commutative hypergroup (D, *). Let & € D be a character, and let z € X and & := a o 7..
Then, by property (T2) and Lemma 8.4, T;,& = a(h) - @ for h € D. Hence, for x € X
and he D,

Ty(a o ) (x) = Tpa(x) = a(x)a(h) = a(r(x))a(h) = a(r,(x) * h).
As this equation is linear in «, then
Th(fo ﬂz) = fh o,

forall he D, z € X, and f € Cy(D) of the form f = ji with u € M, (D) in the notation
of Section 2.7(4). On the other hand, it is well known from hypergroup theory (see,
for example, [8, Theorem 2.2.32(vii)]) that, again with the notion of Section 2.7(4),
the set {g: g € C.(D)} is a ||.|]lo-dense subspace of Co(D). We thus conclude that
Ty(fom) = fronm,forall feC.(D),heD,andze X as claimed. O

Theorem 8.5 and Proposition 5.6 imply the following result.

CoroLLARY 8.6. Each compact commutative CAS is strong.
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REMARK 8.7.

(1) Notice that in the proof of the first part of Lemma 8.4, (T1) is needed for the
specific z € X with @ := @ o 7, only.

2) If(X=G/H,D=G//H,K)is a commutative CAS associated with the Gelfand
pair (G, H), then (T1) and (T2) hold by 5.2. Hence, for a multiplicative function
a of (D,x*) and z € G, we may take @ € C(X) with @(xH) := a(r,z(xH)) =
a(Hz'xH) for x € G.

(3) Let(X=G/H,D=G//H,K) be a commutative CAS which comes from some
symmetric space G/H. Then for each multiplicative @ € C(D), E, C C(X) is the
joint eigenspace of the algebra D(G/H) of all G-invariant differential operators
on X = G/H (with suitable eigenvalues). In this case E, is completely known
by Kashiwara et al. [25]; see also the description of the results in [19, Section
I1.4.1]. As this goes beyond the scope of this paper, we skip details. For some
interesting concrete examples of functions in E, on hyperbolic planes we refer
to the introduction of [19].

(4) We expect that the well-established representation theory of compact
hypergroups and the arguments of the proof of Theorem 8.5 yield that for all
compact CAS, (T2) implies (T1). Proposition 5.6 then would imply that each
compact CAS is strong.

We now restrict our attention to positive semicharacters (o, ¢9) of some
commutative CAS (X, D, K). It is well known from [36] or [8, Section 2.3] that then
the positive semicharacter ag of (D, %) leads to a deformed commutative hypergroup
(D, %) with the deformed convolution of point measures

@

ag(hy) - ap(hy)

where the identity and involution of (D, *) are not changed. Moreover, if wp is a Haar
measure of (D, %), then

O, ¥0p, = - (6, % 6,) € M' (D) (h1,hy € D) (8.3)

@p =} - wp € MY (D)

is a Haar measure of (D, %) by [36]. We now show that (@, ¢) also leads to a deformed
commutative CAS (X, D, K) which is associated with (D, ).

Prorosition 8.8. Let (g, o) be a positive semicharacter as above. Define the
deformed kernel K from X x D to X with

f(h(x,A) = ; fgo()(y) Ki(x,dy) (heD, xeX, A€ B(X)).
ap(M)po(x) Ja

Then (X, D, K) is a commutative CAS which is associated with (D, %) above. Moreover,
the following holds.
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(1)  If wx € M*(X) is an invariant measure of (X, D, K), then &y := go(% -wyx € MY (X)
is an invariant measure of (X, D, K).

(2) Assume that (X, D, K) has property (T1), and let @y € C(D) be a positive
semicharacter and 7 € X. Consider the positive semicharacter (g, &) := g o ;)
of (X, D, K) according to Lemma 8.4. Then for all f € C(D), he€ D, and y € X,

fh3m () = (Th(f © 7))

where Ty, is the operator associated with the kernel K;,. This means that (T1)
holds for (X, D, K) for the specific z € X.

Proor. Notice that K satisfies K,(x, X) = 1 for h € D, x € X. This normalization and
the continuity of K show that K is a continuous Markov-kernel from X x D to X.
Moreover, K clearly satisfies the conditions of 4.2(1) and (2) with the projection 7
of the scheme (X, D, K). We next check axiom 4.2(3). For hy,h, € D, x € X, and
A € B(X),

Ky, o Ky (x,A)

f@@mmmm

2o(hDon(x) A
a’o(h1)s00(x)f K, (v, A) o(y) Ki, (x,dy)

) K, (v, dz) Kp, (x,d
%%m%mmﬂﬁwwmwﬁz@w

1
Ki(x,dz) d(0p, * 6p,)(h
ao(h)ao(h2)po(x) fD fA @0(2) Kn(x,dz) d(6p, * 63,)(h)

1 .
mLKh(x,A)ao(h) d(Sp, * 0p,)(h)

fD Ki(x, A) d(63,%63,)(h).

For the adjoint relation in 4.2(4), we observe for fi, f> € C.(X), and h € D that

ffl Thfp dioy = fffl(x)fz(y)i(h(x» dy) dix(x)
X

f f 900((1y0)(£1)(:()) (fz)(y) Ku(x, dy) 0o(x)? dwx(x)

= mfxs%fl - Th(po f2) dwy.

This, a(h) = ag(h), and the adjoint relation 4.2(4) for (X, D, K) now lead to 4.2(4) in
the deformed case. This completes the proof of the main statement and of part (1).
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Finally, for the proof of (2) we observe that (T1) for (X, D, K) and (8.3) imply that

I
SfhEm,(y)) = 200 < (O * O ) o f)

(o Hn(m(y))

1
ao(Mao(y)

1
ooty x0T

fX Fw)) Ki(y, dw) = (Ti(f © 7)) o

Remark 8.9. Let (X, D, K) be a commutative strong CAS, ag € C(D) a positive
semicharacter of (D, %), and z € X. Then (ag, ap o 7;) is a positive semicharacter of
(X, D, K) by 8.4. Consider the associated deformed CAS (X, D, K) which has property
(T1) for z € X by 8.8(2). A short computation similar to the proof of 8.8(2) shows that

Trg(x) = T/°7g(x) forall f e Cu(D), ge Cu(X),
that is, (T2) also holds for (X, D, K) and z € X.

In the setting of Preposition 8.8, the semicharacters of (X, D, K) and (X, D, K) are
closely related. This is well known for hypergroup deformations from [36] or [8,
Section 2.3].

Lemma 8.10. Let (X, D, K) and (X, D, K) be related as in Proposition 8.8. Then
{(a/ap, ¢/@o) : (@, @) a semicharacter of (X, D, K)}
is the set of all semicharacters of (X, D, K ).

Proor. Let (a, ¢) be a semicharacter of (X, D, K). Then, for h € D, x € X,

a(h)e(x)
ao(h)po(x)”

This shows (8.1) for (@/ay, ¢/¢o) and thus the first part of the lemma.

For the converse statement we notice that (1, 1) is a positive character of (X, D, K).
Hence, (1/ao, 1/¢o) is a positive semicharacter of (X, D, K) by the first part of the
lemma. We now apply the first part of the lemma to (1/ag, 1/&) where the rules of
(X, D, K) and (X, D, K) are interchanged. This readily proves that each semicharacter
of (X, D, K) has the form as stated in the lemma. O

- 1
Th(p/@o)(x) = 22 L‘P(Y)Kh(X, dy) =

9. Orbit schemes and their deformations

We now study examples of semicharacters (@, ¢) and associated deformations
beyond the case ¢ = @ o 7, for z € X under condition (T1) or (T2). We know from 4.6
and 5.2 that Gelfand pairs (G, H) lead to commutative, strong CAS (G/H,G//H, K).
Typical examples are given by the following orbit construction; see [22] for the
background.
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Oreir scHEMES 9.1. Let G be a locally compact abelian group and H C Aut(G) a
compact group of automorphisms which acts continuously. Form the semidirect
product G > H which contains H as a compact subgroup canonically. Then (G =< H, H)
is a Gelfand pair, and we may identify (G < H)/H with G via (g, h)H ~ g (g€ G,h €
H), and (G = H)//H with the space G of all H-orbits in G via H(g, h)H ~ g" :=
{h(g) : h € H} where all spaces carry the quotient topology. Consider the associated
commutative strong CAS
A=(X:=(GxH)/H=G, D:=(G~=H)//H=G", K)
where the double coset hypergroup (D, *) has the identity {e} (e the identity of G), the
—1\H
)

involution g_H =(g , and the convolution

Ogit # Ogit 1= f O(g1-h(go)y dwn(h) (81,82 € G)
H

for the normalized Haar measure wy of H. The Markov-kernel K is given by

Kyn(g2,A) = f Og,hig)(A) dwn(h) = wp(th € H = g5 - h(g1) € A})
H

for g1, 82 € G, A € B(G). By the proof of Proposition 4.6, the map 7: X X X — D is
given by n(g1H, g, H) := (g;1 g2)". Moreover, if wg is some Haar measure of G, then
we X wy 1s a Haar measure of G < H, and we may choose the measures wy, wp of A
as wy := wg and wp := p(wg) for the orbit map ¢ : G — G with ¢(g) = g”.

We call A the orbit scheme associated with (G, H).

In this setting we have multiplicative pairs as follows.

Lemma 9.2. Let ¢ € C(G) be multiplicative, that is, ¢(g182) = ¢(g1)¢(g2) for g1,82 € G,
with ¢ £ 0. Form a € C(D) with

a(g") = fH @(h(g)) dwu(h) (g € G). O.1)

Then («, @) is multiplicative on A. Moreover, the following conditions hold.

(1) Ifp e C(G) is a character of G, then so is the pair (@, ) on A.
(2) Let ¢y € C(G) be positive and multiplicative such that the associated « satisfies

ao(g_H) = ay(g") for g € G. Then (ay, o) is a positive semicharacter on A.
Hence, with the associated kernel K from Proposition 8.8, (X, D, K) is a
commutative CAS.

Proor. Thus, ¢ satisfies ¢(e) = 1 and ¢(g) # 0 with p(g™') = ¢(g)™! for g€ G. In
particular, we obtain @ # 0. Moreover, as for g1, g, € G,

oot = [ o0 Kplanady) = | otz isn) donth)

= fH 9(82) - ¢(h(g1)) dwr(h) = (g2) - (g},

the first statement is clear. Parts (1) and (2) are then clear. O
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RemMark 9.3. Let ¢y € C(G) and @ € C(D) be as in the setting of Lemma 9.2(2).

(1) We are mainly interested in nontrivial ¢g, that is, ¢g # 1, as otherwise 9.2(2)
does not lead to a nonidentical deformation. This clearly works for noncompact
groups G only.

(2) The push forwards 7, (@x) € M*(D) of invariant measures @y as in 8.8(2) for
x € X usually will not be Haar measures on (D, %); for examples see below.
Therefore, by Lemmas 5.8 and 5.9, the deformed CAS of Proposition 9.2 usually
do not have (T1) and (T?2).

(3) Consider the original orbit scheme A as in Section 9.1. Let G be the dual group

on which H also acts via h(a)(g) := a(h(g)). Consider the orbit maps ® : G —
G"=D, g g"and d: G - (G), a - o Tt is well known that (G)" can be
identified with the dual (D, )" via (i)(a/)(gH )= fH a(h(g)) dwy(h), and that for
a Haar measure w¢ and its associated Plancherel measure wg (which is a Haar
measure of G), the push forwards ®(wg) € M*(D) and (i)(wé) € M*((D, ") are
a Haar measure of (D, *) and its Plancherel measure respectively; see [22]. In
particular, the support S of the Plancherel measure is equal to (D, )" for these
examples.
On the other hand, if ¢y € C(G) is a positive multiplicative function with o # 1
as in 9.2(2), then for the associated deformed hypergroup (D, %) the support § of
the Plancherel measure is a proper subset of (D, ¥)" for &y # 1. In fact, we even
have 1 ¢ § by [36].

It is an interesting problem whether (D, ¥)" or § carry dual positive convolutions.
Generally, the answer is negative for (D, ¥)"; see below. On the other hand, for S there
exist some positive results. In fact, for S, this problem is closely related to a property
of Q.

LevmMaA 9.4. In the setting of Lemma 9.2(2), the following statements are equivalent:

(1) 1/ag € Cy(D) is positive definite on the orbit hypergroup (D, *);
(2) forall@,B €S there exists Aap € M (S) with

d/(x)[i’(x) = j;y(x) dﬂ&f;(y) for x e D.

(3) each character & € § is positive definite on (D, *).

Proor. For (1) = (3) assume that 1/ay is positive definite on (D, *). For @ € S we
find a unique a € (D, *)" with @ = a/ag by [36]. As (D, *)" carries a dual positive
convolution on (D, )", we see that @ = @ - (1/ap) is positive definite on (D, *) as
claimed.

(3) = (2) follows from (T2) for (X, D, K), S = (D, )", and Corollary 7.3.

Finally, for (2) = (1) we take @ := 3 := 1/ap € § in (2). The homeomorphism
S - S, a- a/ay then yields that 1/ag is the inverse Fourier transform of some
1€ M'(S) as claimed. O

https://doi.org/10.1017/51446788718000149 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788718000149

406 M. Voit [46]

Remark 9.5. Consider some example in the setting of Lemma 9.2(2) with @ # 1 such
that one and thus all statements of Lemma 9.4 hold. Then (X, D, K) # (X, D, K)
and (D, ) # (d, %). This shows that the technical condition 1 € § in Theorem 7.4 is
essential.

We now present some examples for the theory of Sections 9.1-9.4.

Exampies 9.6. Fix an integer d > 1 and put G := (R%, +) and H := O(d) as the
orthogonal group acting on G. We use the canonical identification D = [0, co[. Then
(D, ) is the so-called Bessel-Kingman hypergroup of index a = d/2 — 1; see, for
example, [8, 22], and [26].

The multiplicative functions on G have the form

@(x) = @,(x) = JRICEIN )y Rp

with z € C%. Then g, is a character precisely for z € RY, and ¢ is positive precisely for
zei-RY

In the first case, the character . € (D, )" associated with ¢. (z € R?) according to
(9.1) is given by a,(w) = j,(w - |z]l2) with the modified Bessel functions

Ja) =0 Fi(a + 1;-y*/4) (y€C).

Please be careful with the different meaning of the parameter @ and the functions «,.

In the second case the positive multiplicative function a, € C(D) associated with ¢,
(z €i-RY) is given by a.(w) = j,(iw - ||zll2). In particular, as the hypergroup (D, *) is
symmetric, all conditions of 9.2 are satisfied in this case, that is, (a,, ¢,) is a positive
semicharacter of our orbit CAS (R, [0, co[, K), and (a;, ¢,) leads to a deformation for
each z € i - RY. We now study examples for the equivalent conditions of 9.4, and we
discuss whether the complete dual (D, )" carries a dual positive convolution.

Before doing this, we notice that for each ¢ > 0, the map x — cx is a hypergroup
automorphism on (D = [0, oo[, *). This ensures that we may restrict our attention to
z€i-R? with ||z]l, = 1 without loss of generality.

ExampLESs 9.7.

(1) Letd=1, thatis, @ =-1/2 and j_j/2(x) = cosx. Let z=+i. The deformed
hypergroup (D = [0, o[, %) is then the so-called cosh-hypergroup; see [47] and

[8, Sections 3.4.7 and 3.5.72]. The characters are given by
cos(Ax)
cosh x

a(x) = (x€[0,00[,A€[0,00[Ui-[O0,]1])

where in this parameterization, @, is in the support of the Plancherel measure
precisely for A € [0, oo[. Using
cos(dx) 1 f °° cos(tx)
coshx 2 J_, cosh((t + )r/2)
(see (1) in [47] and references therein), we see that the first condition of 9.2
holds. Hence, by 9.2, the support of the Plancherel measure of (D, %) carries

dt fordleC, |91<1
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a positive dual convolution. This convolution was computed explicitly in [47].
We remark, that by [47], there does not exist a positive dual convolution on the
complete dual space.

(2) Letd =3, thatis, @ =1/2 and jj;»(x) = sinx/x. Let ||z]l, = 1. In this case, the
deformed hypergroup (D, )" is the Naimark hypergroup with convolution

1 x+y
6);;6); = m L_yl sinh ¢ &; dt ()C,y € [0, OOD,
see [8, 22] and [47]. This example is also isomorphic with the double coset
hypergroup SU(1, 1)//SU(2), and it follows from the work of Flensted-Jensen
and Koornwinder [17, 18, 27] that all bounded hermitian spherical functions are
positive definite on SU(1, 1) and that thus the complete dual (D, )" carries a dual
positive convolution. The dual convolution was computed explicitly in [47].

Here is a short list of further examples for 9.1-9.4.
ExampLEs 9.8.

(1) PutG:=(Z,+) and H := {1} which acts multiplicatively on G. Then D = Nj
in a canonical way, and (D, *) is the so-called discrete polynomial hypergroup
associated with T-polynomials of the first kind; see, for example, [29] and [8].
The associated transition matrices are given by

So=1Iz, Su(x,y) =16y (keEN, x,y€Z)

with the Kronecker-¢.

Similar to Examples 9.6 and 9.7(1), we consider ¢.(k) := ¥ for k € Z,z € R.
Then a,(n) = cosh(zn) for n € Ny, and we obtain deformed CAS similar to 9.7(1).
For further details on this discrete example see also [43, Example 5.11].

(2) Fix integers p > g > 1 as well as one of the division algebras F := R, C, or
quaternions H. Take G := (M), ,(F), +) as the additive group of p X g matrices
over F on which the unitary group H := U,(F) acts from the left. G is a
real Euclidean vector space of dimension dpg with real scalar product (xy) =
Rtr(x*y) where x* = X', Rt = %(t + 1) is the real part of 7 € F, and tr the trace in
M, ,(F). The action of H is orthogonal with respect to this scalar product, and
X,y € G are in the same H-orbit if and only if x*x = y*y. Thus, the space of H-
orbits is naturally parametrized by the cone D :=I1,(F) of positive semidefinite
g X g-matrices over F.

For g =1 and F =R, we just have II; = [0, co[, and we end up with the one-
dimensional examples in Section 9.6. For g > 2, the associated orbit hypergroup
structures were discussed in [32] where the associated multiplicative functions
are Bessel functions of matrix argument.

Similar to Section 9.6, we now fix z € G, and consider the positive multiplicative
function ¢.(x) := ¢ on G. The associated positive semicharacter a. on (D, )
can be written down explicitly in terms of Bessel functions of matrix argument.
The associated deformed CAS (M, ,(F), I1,(F), K) may now be written down
explicitly.

https://doi.org/10.1017/51446788718000149 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788718000149

408 M. Voit [48]

(3) We mention a further example. Fix an integer ¢ > 1 as well as F as above. Let
G := (H,(F), +) be the vector space of all F-hermitian g X g-matrices on which
the unitary group H := U,(F) acts by conjugation. Here, two matrices x,y € G
are in the same H-orbit if and only if x and y have the same (ordered) spectrum,
that is, we may identify the space of H-orbits with the Weyl chamber

Cyi={(x1,...,x0) €RT: x; >+ >x,)

of type A. Again we may write down the multiplicative functions ¢, on G
explicitly, where the associated positive multiplicative functions @, on (D =
C,, *) are Bessel functions of type A.

Remark 9.9. The example in 9.7(1) shows that the condition 1 € § in Corollary 7.2
is necessary. To explain this, define (X, D, K) as the orbit CAS from 9.6(1) for
d = 1. Then (T2) holds for (X, D, K). Now let (X, D, K) be the deformation of this
CAS considered in 9.6(2). If Corollary 7.2 would be correct, we would find some
w1 € M'([0, co]) with

* cos(A

CoS X = f (“x) du(d) for all x € [0, oo[.
o coshx

If we write the factor cosh x on the left-hand side, it becomes clear that such a measure

4 does not exist.

Remark 9.10. Let d > 1 be an integer. Consider the orbit CAS (X = R?, D = [0, o[, K)
from 9.6. Fix vectors z1, 22 € i - R¢ with ||z1]l, = |lz2ll» = 1 and z; # z». Consider the
associated multiplicative pairs (a;;, ;) (j = 1,2) with ¢, := e and @, = a,.

Now consider the deformation (X, D, K) of (X, D, K) associated with (a;,, ¢;,).
Then, by Lemma 8.10, (¢,,/¢;,, a;,/a;, =1) is a positive semicharacter of (X, D, K),
that is, ¢., /¢, is a positive, unbounded harmonic function of (X, D, K).

This construction of positive, unbounded harmonic functions can be extended to
other classes of examples like the discrete ones in the next section.

10. Examples associated with infinite distance-transitive graphs

The set of all infinite distance transitive graphs of finite valency can be parametrized
by two parameters as follows by Macpherson [31].

Let a, b > 2 be integers. Let C;, the complete undirected graph with b vertices, that
is, all vertices of C, are connected. Consider the infinite graph I' := I'(a, b) where
precisely a copies of the graph C}, are tacked together at each vertex in a tree-like way,
that is, there are no other cycles in I" than those in a copy of C,. For b =2, T is the
homogeneous tree of valency a. We denote the natural distance function on I” by d.

After drawing a picture, it is clear that the group G := Aut(I') of all graph
automorphisms acts on I in a distance-transitive way, that is, for all vi, v,,v3,v4 €T
with d(vy, v3) = d(v3, v4) there exists g € I' with g(v{) = v3 and g(v;) = v4. Aut(l') is a
totally disconnected, locally compact group with respect to the topology of pointwise
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convergence, and the stabilizer subgroup H C G of any fixed vertex e € I' is compact
and open. We identify G/H with I', and G//H with Ny by distance transitivity. We
now study the association scheme A = (I' = G/H,Ny = G//H, (R;)en,) With (T1) and
(T2) as well as the associated double coset hypergroup (Ny ~ G//H, *). As in the case
of finite distance-transitive graphs in [5], A and (N, *) are symmetric and associated
with a sequence of orthogonal polynomials in the Askey scheme [3].

More precisely, it can be seen by some counting (see [37]) that the hypergroup
convolution is given by

m+n
G060 = > gmaxds € M'No) (m,n €Ny)
k=|m—n|
with | |
a —
mun,m+n — >0, mn,lm-n| = >0,
Em.nm+ 8. jm—n| a(a — 1)ymn=1(p — ymnn
b-2
8m,n\m—n|+2k+1 = a(a — l)m/\n_k_l(b _ 1)m/\n—k >0 (k =0,....mAn-1),
a-—2

Emn\m—-n|+2k+2 = ala — l)m/\"_k_l(b — l)ml\n—k—l >0 (k =0,....mAn- 2)

The Haar weights are given by wg := 1, w, = a(a— 1)"'(b-1)" (n>1). Using
a-1 b-2 1

Enln+l = a s 8nln = —T < 8nin-1= —7 <

alb-1) alb-1)’

we define a sequence of orthogonal polynomials (Pi,”’h))nzo by

2> [a=1 b2
PP =1, PPy == : :
0 = N T Y T o

and the three-term-recurrence relation

P(I“’b)Pﬁf"b) _ 1 P(a_,li) i b-2 Pl(’la’b) + EP(“’?) n=>1). (10.1)
ab—1) "' " ab-1) a "
Then,
m+n
PES’b)sza’b) = Z gm,n,kP](ca’b) (m,n 2 0).
k=|m—n|

We discuss some properties of the Pil“’h) from [37, 42]. Equation (10.1) yields

-1 n —1\,—n
P;a,m(“Z )_ QT R g e\ {0, +1) (10.2)

2 ) ((a-Db-1)”?
with
Ca-Dz-z'+ B -2a-D"*o-1)""?
B a(z—z71) '

c(2):
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We define
S0 = (a,b) ._ 2—-a-b (@b ._ ab—a—-b+?2
0= SO = . S = Sl = .
2V(@a-1Db-1) 2v(@a-1Db-1)
Then

PP (s))=1, PP (so)=(1-b)" (n>0).

It is shown in [42] that the P? fit into the Askey-Wilson scheme ([3, pages 26—
28]). By the orthogonality relations in [3], the normalized orthogonality measure
p=pP e M'(R)is

dp(a’b)(x) _ w(a’b)(x)dx|[ " fora>b>2
and b
dp(a,h)(x) — w(“’h)(x)dx|l . + Tadém forb>a>?2
with
a _(1-xH)"

(a,b) -~ 7
wE = 21 (51— x)(x—=s0)

For a, b € R with a, b > 2, the numbers s, 51 satisfy
—s51<sp<—-1<1<5s9.
By Equation (10.2), we have the dual space
D=~ {xeR: (PP (x)),s0 is bounded} = [-s1, s1].
This interval contains the support
§ = supp p”' = {{so} y {j H f:gii . 2 i ;

of the orthogonality measure, which is also the Plancherel measure; see [29]. We
have S = D precisely for a = b = 2. The following theorem from [42] shows that for
these examples several interesting phenomena appear, and that Theorem 6.9 cannot be
extended considerably from S to a bigger subset of D.

(10.3)

Tueorem 10.1. In the setting above the following statements are equivalent for x € R.

(1)  x€[so0,s1]

(2) ThekernelT’ XxI' > R, (vi,n) +— P;“(’Vbl)vz)(x) is positive definite.

(3) The mapping g — sz::l)i’e)(x) is positive definite on G.

Moreover, for all x,y € [so, 1] there exists a unique ., € M ([-s1, s1]) with

S1
PEeP(x) - PO (y) = f PP(2) duary(z)  for all n € Ny, (10.4)

-5

(a.b)
1

Finally, there are b > a and x,y € [-s; ", sga’b)[ for which no p,, € M Y(R) exists

with (10.4).

For homogeneous trees, Theorem 10.1 was derived by Letac [30].
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We next construct examples of positive semicharacters of A and study the associated
deformed CAS. The approach will be similar to [44] for homogeneous trees. However,
we shall use the results of Section 8 which will simplify some computations.

Fix some constant ¢ € R as well as some point B in the boundary oI, that is, B
is a sequence (v,)nen, CI' of vertices with d(Vyim, v,) = m for n,m € Ny where vy
is the vertex above which is stabilized by H. We define some kind of ‘distance’
d(v, B) € Z of avertex v € I' from B as follows: for v € I there is a unique index ny € Ny
such that d(v,v,) € Ny is minimal for n = ny. We then put d(v, B) := d(v, v,,) — no.
We in particular have the normalization d(vo, B) = 0. We now define the function
¢ =g, : I —=]0, co[ with

() 1= 1B,

Proposition 10.2. Thus, ¢ is a joint eigenfunction of all transition operators Tp,
h € Ny. More precisely, forall v €T,

1
fweTl: dv,w)=nh}

o(w) = PP (x.) - ()
werl: d(v,w)=h

The(v) =

with

wi= g V@ DB+ Je 1, eol.

1
eVa-1)b-1)

Proor. The assertion is trivial for z = 0.
Assume now that 4 > 1. We first observe by counting that

IS, =aa— D" b-D" forSw,h):={wel: dv,w)=h).

Moreover, again by counting we have the following facts:
there is 1 vertex w € S (v, h) with o(w) = e“4B) = gc-(dv.B=h),
there are b — 2 vertices w € S (v, h) with p(w) = @B~
there are (a — 2)(b — 1) vertices w € S (v, h) with @(w) = e“@B=1+2) and 50 on.
In general, we see that for k =0,1,...,h — 1, there are (b — 2)(a — D¥(b — 1)* vertices
w € S (v, h) with p(w) = e @d-B)~h+2k+1)
and fork =0, 1,...,h — 2, there are (a — 2)(b — 1)**!(a — 1)* vertices w € S (v, h) with
QO(W) — ec~(d(v,B)—h+2k+2).
Finally, there are (a — 1)"(b — 1) vertices w € S (v, h) with p(w) = ¢@-B+h)
If we insert these facts into the definition of 7} and use the formula for a geometric
sum twice, we arrive at

ThSD(V) = Q(h, a, bs C) : QD(V)
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with
1
ala—1y-1(b-1y
h-1
+ (b _ Z)efch Z(a _ l)k(b _ l)ke(2k+l)c
k=0

a(h,a,b,c) =

(1 e (a— Db - Dreh

h=2
+(@=2)(b- e Y (@D - 1)ke<2k+2>f)
k=0

e—ch

T ala— Db — 1)
(b - 2)e[(a — (b — 1)re2h — 1]
(a@-1)b-1ex —1
po(a— 1Y (b — 11200
a-1)b-1ex -1 )

(1 +(a— Db - 1)t

+(@-2)b- 1) (10.5)
In particular, ¢ is a joint eigenfunction of all 7,. We now conclude from
Proposition 8.3 that the mapping Ny —]0, oo, i +— a(h, a, b, ¢) is multiplicative on
the symmetric polynomial hypergroup (Ny, *) which implies that this mapping is a
positive semicharacter. On the other hand, it follows from the theory of polynomial
hypergroups (see [8]) that the positive semicharacters on (N, *) have the form /4 —
Pgl’b )(x) with some unique x € [1, oo[. In order to find the correct x, we compare the
explicit representation (10.2) of P;l“’b)(x) with the eigenvalues a(h, a, b, ¢) in (10.5) for
large values of A. This leads readily to

1 1
=x,==|eVa-1Db-1 ——
X = X, 2(6 (a )b )+ PN e 1))

and thus a(h,a,b,c) = P;l“’b)(xc) as claimed. O

We can now use the results of Section 8 to define a deformed CAS (I, Ny, K)
according to Proposition 8.8 with Ky(x, {y}) = Oxyand, forh > 1,

¢¢(d(y,B)—=d(x,B))

b
PP(x,)
eﬁ(d(y,B)—d(x,B))

Ky(x, {y}) = Ky(x, {y})

TP (x) ala— (b - 1))

for x,y € X. For b = 2, that is, for homogeneous trees, this result fits with the results
in [44] where the same kernels were obtained in a different, more computational way.
We point out that in particular the case x. = 1 is interesting which appears precisely
for
c:=—3In((a- b -1).
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In this case, the associated deformed polynomial hypergroup (N, %) has the functions
No >R, ne P, ()= PYD(x)/PeP(1) (xeR)

as semicharacters. It can be easily derived from (10.2) that here the dual space (D, ¥)"
corresponds to S from (10.3).

We point out that the ideas of this section may be used to study deformations of
infinite commutative association schemes associated with affine buildings for example
of type A,,.

Remark 10.3. Consider a homogeneous tree I” of valeny a, that is, we take b = 2 above.
Fix a point B € dI in the boundary and a constant ¢ € R \ {0} as before, and consider the
associated multiplicative pair and the associated deformed CAS (I, Ny, K) as above.
Let vy € T as above. Then, by Proposition 8.8(1), an invariant measure wr of (I, Ny, K)
is given by wr(v) = 248 for v € . Its push forward 7, (wr) € M*(Ny) then satisfies

y(@r)0) = 1, my,(wr)(1) = e + (a = 1)e*,

and forn > 2,

n—1
T (@r)(n) = e 2" + )" (@ = 2)@— D) + e Ma - 1).
=1

This measure m,,(wr) is usually not equal to the Haar measure w, of the (deformed)
polynomial hypergroup (N, *.) with normalization w.(0) = 1, as we have

1 _ ((a - 1)eZC + 1))2
- ae2c

we(l) =

C
81,10

which is usually different from 7, (wr)(1) above. We thus in particular conclude from
Lemmas 5.8(1) and 5.9(1) that for ¢ # 0, the deformed CAS (T, Ny, K) usually do not
have the properties (T1) and (T2).

11. Further constructions of continuous association schemes

In this section we present further constructions of CAS from given ones. We start
with the direct product.

Direct pPrODUCTS 11.1. Let (Xl,Dl,Kl) and (X, D, Kz) be CAS with associated
hypergroups (D1, *) and (D, ;). We then form X := X; X X; and D := D; X D;.
We define the convolution of point measures via the direct product of measures by

Otx1.5) * O(yyp) = (Ox, 1 0y,) X (Ox, *2 0y,)  (X1,¥1 € D1, x2,¥2 € Dy).

It is well known that the unique bilinear, weakly continuous extension of this
convolution leads to the so-called direct product hypergroup (D, *); see [22, Section
10.5] or [8, Section 1.5.28]. We now put

K iy ((x1, x2), A1 X A2) 1= K;ILI (x1,A1) - K;fz(xz,Az) (11.1)
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for h; € D;, x; € X;, and Borel sets A; C X; with i = 1,2. It is well known and
can be easily checked that (11.1) leads to a unique Markov-kernel K, 5,y on X for
(hy,hp) € Dy X D,. Moreover, it can be easily seen that these kernels can be combined
to a Markov-kernel K from X X D to X. We have the following proposition.

ProrosiTioN 11.2. (X :=X; X X5, D := Dy X D, K) is a CAS; it will be called the direct
product of (X1, D1, K") and (X», Dy, K?).

If (X1, D1, K") and (X», D, K?) are commutative, symmetric, compact, or discrete,
then so is (X, D, K). Moreover, the properties (T1) and (T2) are also preserved.

Proor. First of all, one has to check that K is a continuous Markov-kernel in the
notion of the beginning of Section 4. For this we first notice that for g € C.(X) of the
form g(x1, x2) = g1(x1)ga(x2) with g; € Ce(X;), the map ((x1, x2), h) > Ty(g)(x1, X2) is
continuous by the product structure in (11.1). As by the theorem of Stone—Weierstrass,
the linear span of functions on X of the form g(x;, x2) = g1(x1)g2(x2) for g; € C.(X;)
is ||.]l-dense in C.(X), the map above is continuous even for all g € C.(X). Taking
Lemma 4.8 into account, we see that the map above is continuous even for all
g € Cp(X).

All properties in 4.2(1) and (2) can be checked easily. We only mention that for
the projections m; and m, of the given CAS, the projection 7 : X X X — D satisfies
m((x1,x2), Y1, ¥2)) = (@1(x1, y1), 2(x2, y2)) by (11.1). 4.2(3) can also be checked easily
by the product structure in (11.1). Moreover, if we define the product measure
wx = wx, X wy,, then Equation (4.1) in 4.2(4) can be also checked easily.

The statement about (X, D, K) being commutative, symmetric, compact, or discrete
is also trivial.

We next check property (T2). We here first notice that for Haar measures wp, of
(Dj, %) (i =1,2), the product wp := wp, X wp, is a Haar measure of (D, ). Using
(T2) for the given schemes, we readily obtain for f; € C.(D;), g;i € C.(X;), and x; € X;
(i=1,2) that

fxfl (1(x1, x2)) fo(m2(y1, ¥2)) g1)g(y2) d(wx, X wx,)(¥1,¥2)

:ffg(YI)g()’Z)Kh,,hz((xl,x2)vd()71’}’2))fl(hl)fZ(hZ)de(hl>h2)~
pJx

Again, the theorem of Stone—Weierstrass shows that 7'rg = T/°"g holds for f € C.(D)
and g € C.(X) as claimed.
Property (T1) can be derived in the same way by a Stone—Weierstrass argument. O

We next turn to joins.

Joms or CAS 11.3. We first recapitulate the join of hypergroups from [22, Section
10.5]. Let (D1, *1) be a discrete hypergroup with identity e; € Dy, and let (D, *;) be a
compact hypergroup with normalized Haar measure wp,. We form the disjoint union

D :=DyV D, :=(Di\{e1}) U D,
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with D \ {e;} and D, as open subsets. D is locally compact. We define the convolution
of point measures on D via

Ox %20, forx,yeD,

(6x *1 6},)|D] \fe;} T (6x *1 5y)({€1})(,¢)2 for X,y € D,
0, forxeDi,yeD,
6y fOI'yED],XGDQ.

Oy * 0y 1=

Assume now that (D, ;) is associated with some discrete CAS (X;, D, K') and
(D3, *;) with some compact CAS (X,, Dy, K?). We assume that wp, and wy, are
normalized such that they are both probability measures. We form the join (D, *) as
above and put X := X X X;. Moreover, for & € D, x| € X1, x, € X, Borel sets B C X,
and sets A C X; we put

K2(x5,B) - 6,(A) forhe D,
CL)XZ(B) . K;(xl,A) forh e D] \{61}.

Clearly, each K, can be extended uniquely to a Markov-kernel on X, and we can
combine the K} to some Markov-kernel K from X x D to X.

Prorosition 11.4. (X, D, K) is a CAS which will be called the join of the CAS
(X1, D1, K" and (X5, D>, K?). We shall write the join as (X, D1, K") V (X2, Dy, K?).

If Xy, Dy, Kl) and (X, D, KZ) are commutative or symmetric, then so is (X, D, K).
Moreover, if (X, Dy, Kl) has property (T2), then so has (X, D, K).

Ky((x1,x2), A X B) := { (11.2)

Proor. By the topological structure of X and D it is clear that our kernel K from X x D
to X is continuous. Moreover, the properties 4.2(1) and (2) are obviously satisfied with
the projection 7 : X X X — D with

o mo(x2,y2) € D € D for x; =y
(a1, x2). (1:32)) = {7?1(161,)71) €Dy \{er}c D forx #y;.

To check 4.2(3), we fix x; € X; and Borel sets A; C X; (i = 1,2). Then for iy, hy € D,
K, o Ky, ((x1, x2), A1 X A3)
=0, (A1) - K; o K (x2,A2)

1

=8, (A1) | Ki(x2, A2) d(Sp, %2 6y )(h)
D,

_ f Kn((x1, %20, Ar X A2) d(Sr, %2 63, )(h)
D,

as claimed. Moreover, for hy € Dy, hy € D,
Ky, o Kp, ((x1, x2), A1 X A3)

= f K, ((x1,¥2), A1 X A2) K}, (x2,dy2)
X2

2

= f wx,(A)K;, (x1, A1) K} (x2,dy2) = Kjy (x1, Apwy, (A7)

X2

= Kj, ((x1,x2), A1 X A)
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as claimed. Moreover, for i, € Dy, hy € D, we conclude from Equation (4.4) that

Kp, o Ki,((x1, x2), A1 X Az)

= f f K;i()’z,Az)(sy, (A1) dwx, (y2) K;il(xl,d)”)
X1 JX,
= K/il(xl,Al) cwyx,(A2) = K, ((x1, x2), A1 X A2)

as claimed. Finally, for hy, hp € D; we conclude from Lemma 4.14(3) with our
normalizations that sz Ki(xz, Ay) dwp,(h) = wx,(A2) and thus

K, o Kp,((x1,x2), A1 X Az)

= f U)XZ(AZ)K;L(YI,AI) K;tl (x1,dy1) - wx,(X2)
Xy
- f KL (x1, A1) (@, 1 81,)(R) - wx,(A2)
D,
- [ x50
D\ e}
+ (6 *1 01,)({e1DN3, (A1) | Ki(x2,Ar) dwp, (h)
Dy
= f Ki((x1,x2), A1 X A2) d(6p, * Op,) ()
D
which completes the proof of 4.2(3).
In order to check the adjoint relation in Definition 4.2(4), we put wx = wy, X
wy,. Let fi,81 € C.(Xy), f2, 82 € C.(X2) and consider f, g € C.(X) with f(xy, xp) :=

fitx1) fa(x2) and g(xq, x2) := g1(x1)g2(x2). We conclude from (11.2) that then for all
h € D and (x1,x) €X,

T _ filx) - TP fo(xa) forh e D,
nf(x1,x2) = T}ifl()q) . sz frdwyx, forhe Di\{e}

and hence

fThf'gdwx=f fig1 dwxl'f Trf> - g dwy,
X X X
for h € D>, and

fThf'gdU)X:f fzdwxz’f gzdwxz'f T' fi - g1 dwy,
X Xz X_ Xl

for h € Dy \ {e;}. This leads to the adjoint relation 4.2(4) for our particular functions
f>g. The assertion for general f, g € C.(X) finally follows from a Stone—Weierstrass
argument. This completes the proof of the first part of the proposition.

Clearly, commutativity and symmetry are preserved under joins.
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We next turn to property (T2). Recapitulate that the compact CAS (X, D, K) has
(T2) by Proposition 5.6, and that

wp = wp,({e1}) - wp, + Wp,|p,\(e;) € MT(D)

is a Haar measure of the join (D, %) with the normalization wp, € M Y(D,). We check
(T2) via Lemma 5.5. For this fix (x, xp) € X and Borel sets A; C X;, A, C X,. Then,
by 5.5,

th((xl»)Q),Al X Aj) dwp(h)
D

=f ...de(h)+f ...dwp(h)
D, Di\{ei}

= wp,({e1) 65,(A1) | KF(x2,A2) dwp,(h)
D,

+ o, (4)] f K. (x1, Av) dwn, () — wp, (fer}) 65, (A1)
D,

= wp,({e1}) 6x, (ADwx, (A2) + wx,(Ar)[wx, (A1) — wp,({e1}) 6x,(A1)]
= wy, (ADwx, (A2) = wx(A; X Az).

As the Borel measures fD K, ((x1, x2),.) dwp(h) and wy on X; X X, are determined
uniquely by their values on cylinder sets, it follows that both measures are equal
independent of (xj, x5). (T2) now follows from Lemma 5.5. O

We now consider iterated joins of finite CAS. For this we fix a sequence (A,)nen Of
finite CAS. We form the iterated joins

A=A V(.. (A3V (A VAY)..) (neN)

and
A i=(.. (A VA)VA3)..)VA, (neN).

We now form the inductive limit of the sequence (Aﬁ,),,eN of discrete CAS as well as
the projective limit of the sequence (A}),c of compact CAS in an informal way and
obtain as limits a discrete CAS A’ and a compact CAS A”. We here do not work out
any theory of these limits which are well-defined on the level of hypergroups; see [40].
We here just present these limits as examples of CAS. We start with the inductive limit.

Exampre 11.5. Consider a sequence of finite CAS (A, = (X,,, D, K"))pen With the
associated hypergroups (D, *,) with the identities e, € D,, and with the normalized
Haar measures wp, € M I(D,), and with the normalized adjoint measures wy, €
M'(X,). We also fix some sequence (z,),en With z, € X,, for each n. Assume that
|D,,| > 2 for all n. We now define the discrete inductive limit CAS A = (X, D, K) as
follows: D is the discrete, disjoint union

D:=Dy U JDy\ fen)),

n>2
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and X is the discrete, countable set
X :={(x)pen : X, € X, foralln, and
x, =z, for all except for at most finitely many n}.
The convolution of point measures on the hypergroup (D, %) is given by
n-1
§ forleD,, heDyU| JDi\led, n=2
k=1

Op * 0) 1= n-1
5, forheD,, leD1UUDk\{ek}, n>2

k=1
O %1 0y for h,le D,

and, for h,l € D, \ {e,} with n > 2, by the probability measure
O * 01 := (On *n ODID, \ te,) + (On 4 6 ({€n})
n—1

x [j( i} wp,(enD)) - @oilo, o0 + (,1,1 wp, (end) - o, |

k=2 m=k+1
A Haar measure on (D, *) is given by the measure

oo n -1
wp = wp, + Z(ﬂ me({em})) - wWp,|D,\ {e,)-

n=2 m=1
The kernels Kj, on X are given by
Kh((-xn)nEN’ {(yn)neN}) = K;I, (-xls {yl }) : 6(Xn)nzz,(}'n)n22
for h € Dy, and by
-1
Kin((xn)news {(Ynnen}) = 1_[ an({yn}) K;[,(xl’ i) 6(xn)nzl+1,(}'n)nzl+1
n=1

for h € D;\ {¢;} with [ >?2 where we again use the Kronecker-6. These K are in
fact Markov-kernels on X where the properties 4.2(1) and (2) obviously hold with
the projection 7 with

ﬂ((xn)nEN’ (yn)neN) = 7T1(x1,)’1) eDicD
for (x,)n>2 = (Vn)n>2, and otherwise with

ﬂ'((-xn)neN, (yn)neN) = ﬂn(xm yn) €D, \ {en} cD
for n:= max{l: x; # y;} > 2. Notice that the maximum exists by the definition of
X. Property 4.2(3) can now be checked by using the computations in the proof of
Proposition 11.4. These computations also show that

wyx, ({x,})

for! withx,=2z, forn>I
wy,({zx})

]
wx({eh) = | |
n=1

is an adjoint measure, and that (T2) holds by Lemma 5.5. We omit the details of
proofs.
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We next turn to the projective limit.
ExampLE 11.6. We start with the same sequence (A, = (X, Dy, K"))uey With the
notations as before. We define the compact projective limit CAS A = (X, D, K):
D= JDs\lenh) Ute)

n>1
is the one-point compactification of the discrete disjoint union

J®a\tead

n>1
where the additional nondiscrete limit point e will be the neutral element e of (D, *).

The hypergroup convolution of point measures is given by

6 forleD\fe), hefelu| JD\ e

k>n
5h * (51 =
Sn forheDy\fea), e felU| JDe\ferh)
k>n
and, for i,/ € D, \ {e,} by the probability measure
k=1
01561 = B %0 0Dlo, 1o + @G o0lead) Y [] wp,lenb): 0o
k>n m=n+1
The normalized Haar measure on the compact hypergroup (D, *) is
oo n-—1
wp = Z( me({em})) - wp,Ip,\(e,) € M'(D).
n=1 m=1

Moreover, X is the compact usual direct product [],-; X,, and the adjoint measure is
the infinite product measure
wy = l_[ wy, .

n>0
The kernel K, on X will be the identity, and for 2 € D, \ {e,} ¢ D with n € N, then
Kh((xn)nENy{(yl 5. yn)} X A)
= Ot 01 Ko ) | ] 0x(4)

I>n+1

for all (x)pew € X, O1,...¥n) € X1 X -+ X X, and Borel sets A C [[jn1 X
These formulas clearly determine unique Markov-kernels K;, on X where the
properties 4.2(1) and (2) obviously hold with the projection 7 : X X X — D with

(X )new, (Xp)new) = € € D

and
ﬂ((xn)n€N7 (yn)neN) = ﬂn(xm yn) €D, \ {en} cD
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for (x,)nenw # (Xp)nen and n := min{l : x; # y;}. Properties 4.2(3) and (4) can now be
checked by using the computations in the proof of Proposition 11.4. Finally, (T2) is
clear by compactness and Proposition 5.6.

We notice that for given sequences (A,), of finite CAS which are not coming from
groups, the construction 11.6 leads to examples of compact, nondiscrete strong CAS
which are not associated with groups according to Proposition 4.6.

There exist several generalizations of the join on the level of hypergroups like
substitutions of open hypergroups in [41] or [8, Section 8.1] or further constructions
used in several papers of Heyer, Kawakami, and others; see, for example, [20, 21], and
papers cited there. We expect that these constructions should also have a meaning on
the level of CAS.

12. Random walks on continuous association schemes

In this section we introduce and investigate random walks on X associated with
some given CAS (X, D, K). Before doing so we briefly recapitulate some facts on
random walks on the hypergroup (D, *). For simplicity we restrict our attention to the
time-homogeneous case.

Ranpom warLks oN HYPERGOUPs 12.1. Let (D, ) be a second countable hypergroup
with identity e. Let either T := Ny or T := [0, 0. A family (u,)er € M'(D) of
probability measures is called a (discrete or continuous) convolution semigroup, if
Ho = 0., and if for all s,¢ € T, us; = uy * 4y, and if in the continuous case, the mapping
[0, co[— M'(D), t + u, is weakly continuous in addition. It can be easily checked and
is well known that for each r € T we may form the Markov-kernel K; on D via

K/(h,A) = (6, * u)(A) (heD, Ae BD), teT).

The K; are in fact Feller-kernels (see the beginning of Section 4) with K, as a trivial
kernel and K; o K; = K, for all s,¢ € T; see the beginning of Section 4 for the
notations. In particular, (K;),cr is a semigroup of transition kernels. As (D, ) is second
countable and locally compact, it is a matter of fact that for the starting distribution ¢,
and this semigroup there exists a time-homogeneous Markov process (Y;),er with the
transition probabilities

P(Yr € AlY, = h) = K (h, A) = (6, * 1)(A) (xe D, AeBD), s,teT).

These Markov processes are called random walks on (D, *) associated with (u;).cr.
Notice that for a locally compact group D = G, this means that (¥;),er just
consists of group products of independent and identically distributed G-valued random
variables in the discrete case, and that (Y;),cr is a Levy process in the continuous case.
For a detailed study of random walks on hypergroups including limit theorems for
special classes we refer to [8] and references therein.

We now use these ideas to define random walks (Z;),cr on X for a CAS (X, D, K).
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RANDOM WALKS ON CONTINUOUS ASSOCIATION SCHEMES 12.2. Let (X, D, K) be a CAS with
associated hypergroup (D, ) with identity e. Let T := Ny or T := [0, co[, and let
(U1)ier € M'(D) be a (discrete or continuous) convolution semigroup of probability
measures on D as before. For each r € T we now define the Markov-kernel Kl’fl on X
via

KX (x,A) := fD Ki(x,A) du(h) (x€X, A€ B(X), teT)

which is associated with the transition operator T, of Lemma 4.11, that is, the Klf
are in fact Feller kernels by 4.11. Moreover, precisely as in Proposition 4.12 we see
that (Kffr )ier 1S a semigroup of transition kernels. If we now fix some starting point
Xo € X, we again find some associated time-homogeneous Markov process (Z;)cr-
These processes are called random walks on X with start in xy associated with (u;).c7-

For T := [0, o[, we show that (Z;).r is a so-called Feller process, that is, that the
operators T, associated with the Feller-kernels K;)z(, satisfy in addition the condition

ITyg - gllo — 0 fort—0 andall ge Cy(X). (12.1)

ProrosiTioN 12.3. Let (X, D, K) be a CAS and T := [0, oo[. Each random walk (Z;);er
on X with start in any xo € X associated with any convolution semigroup ()t on
(D, %) is a Feller process.

In particular, (Z;)er admits a modification such that all paths of this modification
are right continuous with left limits (RCLL). For T := [0, oo, we thus shall assume in
addition that the random walk (Z,),er on X has the RCLL property.

Proor. In order to check (12.1), we fix some g € Cyo(X) and & > 0. By Lemma 4.9,
we find some open neighborhood U C D of e such that |g(x) — g(y)| < € holds for all
x,y € X with n(x, y) € U. Hence, for each x € X and ¢ > 0,

f f lg(x) — g Kp(x, dy) du,(h) < e.
U JX

Thus,

1,00 = 901 = [ [ (6= g0 Kicx.ay duthy
D Jx
= &+ 2llgllew (D \ U) < 2¢
whenever ¢ is small enough. This proves (12.1). The second statement is well known;
see, for example, [24, Section 17]. O

The random walks (Z,),er on X may be studied by using known results for random
walks (Y;);er on (D, *). This follows from the below result which seems obvious at a
first glance and can be seen easily in the group cases X = G/H, D = G//H.

TueorREM 12.4. Let (X, D, K) be a CAS and xy € X fixed and consider the continuous,
open, and closed map ¥ : X — D, y(x) := n(xg, X).
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Let (Z))ier be a random walk on X with start in xy associated with some convolution
semigroup (Uy)er on (D, x) as described above where we assume that all paths are
RCLL for T = [0, oo[. Then the process (W(Z;))cr is a random walk on (D, *) with start
in e associated with (U;)er-

For the proof we first consider the case T = Ny and check that the projected process
W(Zy))ser 1s a Markov process.
For this we fix n € Ny as well as Borel sets Ag,...,A, € B(D). We consider the

,,,,,,,,,,

.....

,,,,,,,,,,

Lemma 12.5. Forall n € Ny, Ay, ...,A, € B(D), and B € B(X),

Proor oF LEmma 12.5. We prove the lemma by induction on 7.
In fact, for n = 0 we have the two cases Y/(xy) ¢ Ag and Y¥(xy) € Ayp. In the first case
the assertion is trivial, and in the second case we get the claim from

P4,(B) = P(Z, € B) = K (x0, B)
- [ Ko By = [ Katoo. By dpa
D D

We now turn to the step n — 1 — n for n > 1. As all spaces are second countable
and locally compact, we may use the concept of regular conditional probabilities, and
obtain from the Markov property of (Z;),cr, the assumption of our induction step, and
from the axioms of a CAS that

Py,...a,(B) = P(y(Xo) € Ao, ..., 0(X,) € Ay, Xys1 € B)
= L_I(A”) P(Xy41 € Bly(Xp) € Ao, ... . ¥(Xpm1) € Apzt, X = Xy)
dPy,....a, (Xn)
= fw o KX (X B) dPay..., , ()

= f f Kl)l(l (xm B) K/’l(x07 dxn) dPA(),...,A,,q (h)
A, VX

_ f Ky 0 KX (x0. B) dP,.. . ()
A"
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X
= [ Ko K (0. B) dPan D)
AH

_ f f Ki(0, B) d(6  j11)(D) APy ()
A, JD

_ f Ki(xo, B) d(Pay. a1, * i) (12.2)
D

where |4, means the restriction of a measure to A,,. If we take B = Y~ 1(A) for A € B(D)
in (12.2), we obtain from the axioms of a CAS that

Pav.on(A) = PUH(X0) € gy ., 0(X) € Ap o 4(Kper) € A)
_ f Kot~ (A) d(Pay.a I, # i)(D)
D

= (Pay,..A, 4, * H1)(A).

If we insert this identity in the end of (12.2), we get the claim

Py, An(B)Zth(xo,B)dPAo ,,,,, 4, (h). a
D

Proor or THEOREM 12.4. We first consider the case T = Ny and check that (Y(Z;))er is
a Markov process. For this consider n € N and Ay, ...,A,, A € B(D). Let (F;).er be the
canonical filtration of (¥(Z;));er on the associated probability space (€2, A, P). Then,
by Lemma 12.5 and the first lines of (12.2),

= P(W(Xo) € Ao, ..., y(Xy) € Ap, Y(Xpi1) € A)

_ f Ky o KX (0,07 (A)) dPay.. s, ()
A,

Kyx,) © Ky (x0,0'(A)) dP. (12.3)

As the last integrand is measurable with respect to the o-algebra o(¥(X,)) C F,,, we
obtain from (12.3) that a.s.

PW(Xya1) € Al F) = Kyx,) © K (x0,47' (A))
and thus a.s.
PW(Xy11) € Al o(W(X))) = Ky(x,) © Kyt (x0. 47 (A))
= P(Y(X1) € Al ). (12.4)

Therefore, (Y(Z;)):cr is a Markov process. Moreover, a comparison of (12.4) with the
transition probabilities of random walks on (D, *) shows immediately that (Y/(Z;)),cr is
a random walk on (D, *) associated with (u,),cr and start in e as claimed.
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Let us now turn to the case 7 = [0, co[. A change of the notations of the preceding
proof shows readily that foralln e N, 0 <t; <, <--- <t,41, and A € B(D),

PW(X,,,) € AloW(X,)) = Ky, 0 KX (x0.07(A)
= PW(X,,) € AloW(X,), ... ¥(X,) as.

Standard arguments from the theory of Markov processes with RCLL paths (see [24,
Section 17]) now show that

PW(X,,,,) € Alo(W(X,)) = PW(X,,,) € AloW(X);t €[0,5,])) as.
This is the Markov property, and the proof can be completed as for 7 = N. O

For many classes of commutative hypergroups (D, ) there exist limit theorems for
random walks on (D, %) like (strong) laws of large numbers, central limit theorems,
and so on; see [8, Ch. 7] and references therein. Theorem 12.4 may now be used to
transfer these results to random walks on X for suitable commutative CAS (X, D, K).
This seems to be interesting in particular for examples which appear as deformations
of group CAS, as here random walks on X may be seen as ‘radial random walks
with additional drift’ on the homogeneous space X. This seems to be interesting in
particular for such random walks on affine buildings and on noncompact Grassmann
manifolds. Some results in this direction can be found in [9].

13. Open problems

We finally collect some open problems which appeared in the preceding course on
CAS.

(I) Do there exist (commutative) CAS with (T1), but without (T2)?

(2) Does (T2) always imply (T1)? Notice that this is the case in the discrete and in
the commutative case, and that it is likely that it can be shown in the compact
case.

(3) Iseach discrete CAS a generalized association scheme? The answer is positive
in the finite case. The general problem is part of:

(4) Does each (commutative) CAS (X, D, K) admit a further associated
(commutative) CAS (X, D, K) with the same spaces X, D, and the same projection
7 such that (X, D, K) has property (T2).

(5) Give examples of (commutative) CAS (X, D, K) with X,D connected, which are
not of the form X = G/H, D = G//H for a locally compact group G with a
compact subgroup H or deformations of such group cases.
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