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Abstract

In this thesis we will transfer some of the known results from amenability on locally
compact groups to polynomial hypergroups. We define summing sequences, an ana-
logue to Fglner sequences on groups, and slightly weaker conditions (F,) and find
criteria when these conditions are satisfied. With their help we prove two main rep-
resentation theorems that allow to explicitly calculate mean values. We will then give
some results about when all means coincide for certain functions, e.g. for weakly almost
periodic functions, and prove a central result that on polynomial hypergroups there
always exists more than one mean so that global uniqueness of means is not possible.
We also introduce and investigate a notion we call ‘strong amenability’ that allow the
translation operator to be shifted in the mean of a product of functions, inspired by
some of the previous results about summing sequences that prove more than normal
translation invariance.

Zusammenfassung

In dieser Dissertation libertragen wir einige bekannte Ergebnisse der Mittelbarkeit von
lokalkompakten Abelschen Gruppen auf polynomiale Hypergruppen. Wir fithren Sum-
mationsfolgen ein, analog den Fglner-Folgen auf Gruppen, und etwas schwachere Be-
dingungen (F},) und geben hinreichende und notwendige Bedingungen an, wann diese
gelten. Mithilfe dieser Konstruktionen beweisen wir zwei wichtige Darstellungssétze,
die explizites Ausrechnen von Mittelwerten ermdéglichen. Weiter zeigen wir einige Re-
sultate iiber die Eindeutigkeit von Mittelwerten, zum Beispiel fiir schwach fast peri-
odische Funktionen, und beweisen ein zentrales Ergebnis, dass es auf polynomialen
Hypergruppen immer mehr als einen Mittelwert gibt und somit globale Eindeutigkeit
nicht gegeben ist. Angeleitet durch ein voriges Resultat, das mehr als normale Mit-
telbarkeit fiir Summationsfolgen gezeigt hat, definieren wir das Konzept der “starken
Mittelbarkeit”, die es erlaubt, den Translationsoperator in der Mittelwertbildung eines
Produkts von Funktionen von einer Funktion zur anderen zu verschieben.
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Introduction

Averages and means appear in many different forms in mathematics. A typical ques-
tion, for example coming from calculating means for stochastic processes, that arises for
real-valued functions defined on the real line or on the set of integers would be: What
is the average value of that function? For example, we would say a constant function
f = c has average value c or a sine function has average 0 as it oscillates evenly around
zero. We would like for such an average to have certain properties like monotonicity,
i.e. if g dominates f then its average should also be greater, or translation invariance:
If we shift a function (like the sine, to get e.g. the cosine) by a certain amount to the
left or right, the average should stay the same.

The formal study of averages with these properties is the field of amenability or
amenable groups. This English translation for the German word “messbar” (liter-
ally “measurable”), which has been introduced by John von Neumann in 1929 [30], has
been given by Mahlon M. Day in 1949 in an abstract for an AMS meeting and is by
many believed to be a pun: Amenable group is a group where you are able to find a
mean, in contrast to the use as a synonym to manageable, complying.

Amenable groups are by definition those locally compact groups G that admit a (left)
translation invariant monotone normalized (i.e. m(1) = 1) linear functional m on
L>(G). These are exactly the sensible requirements mentioned above.

One can say that the study of amenability began in 1904 when Henri Léon Lebesgue
[23] introduced his integral on R and a set of conditions that characterize it. All but
one of these are properties shared with the Riemann integral. The exceptional property
is in essence the Monotone Convergence Theorem and Lebesgue asked whether it was
possible to drop this condition without losing uniqueness of the Lebesgue integral. As
the Monotone Convergence Theorem is equivalent to the countable additivity of the
underlying Lebesgue measure from which the integral is constructed, the question is
whether the Lebesgue integral is still unique if the Monotone Convergence Theorem
condition is replaced by finite additivity. In 1923 Stefan Banach [2] answered this
question negatively by constructing a finitely additive positive translation invariant
measure p on the family of bounded subsets of R such that u([0,1]) = 1 but the
corresponding integral does not coincide with the Lebesgue integral.

Naturally the question of the existence of invariant measures has been generalized to
sets other than R. In more general notation, take a group G acting on a set X and a
subset A C X used for normalizing the measure. Then the question is whether there
exists an invariant measure on (G, X, A), i.e. a finitely additive measure p : P(X) —
[0, 00] such that u(xB) = wp(B) for all x € G, B € P(X), and u(A) = 1. In 1914
Felix Hausdorff [12] worked on the problem of the existence of an invariant measure



on (G,,R" [0,1]") where G,, is the group of isometries (rather than translations, as
invariance under isometries is more natural for the physical world) on R™. He was
able to show that there exists no such measure for n > 3. The proof involves the
construction of a partition {P, S1, Sz, S5} of the 2-sphere and elements ¢, € SO(3)
such that P is countable and

@(S1) = S US3, ¥(Sh) =52 ¥*(S1)=S;.

The positive answer for the cases n = 1,2 was given by Banach in 1923 [2]. The crucial
difference between these cases is that SO(3) is a subgroup of G,, if and only if n > 3 and
that makes the construction given by Hausdorff possible for all n > 3. This is also what
is behind the famous paradox established by Banach and Alfred Tarski in 1924 [3] which
in an exaggerated form states that a billiard ball can be cut into a finite number of pieces
and putting them together in a different way produces a life-size statue of Banach.
Or, mathematically speaking, the Banach-Tarski Theorem states that if X, Y C R3
are bounded with nonempty interior, then X and Y are congruent. The point is
that the partitions involved in these operations contain nonmeasurable sets since the
Lebesgue measure preserves volume. Tarski further explored the issue of paradoxical
cuts and in 1938 [29] proved that there exists an invariant measure for (G, X, A) if and
only A admits no paradoxical decomposition (with respect to G). A set A is said to
admit a paradoxical decomposition if there exists a partition {Ay,..., An, By, ..., By}
of A and elements x1,..., Ty, Y1,...,yn € G such that {x14;,...,2,A,,} as well as
{y1By ...,y B} are partitions of A. One can see why this is called “paradoxical” and
why there cannot exist an invariant measure for (G, X, A). For assume p were such a
measure, then

m

1 = u(A) = Z”(Ai) + Zu(Bj) = plwid) + Zu(ijj)

i=1 i=1
= U (U xiAi) + 1 (U ijj> =2u(A) = 2.
i=1 j=1

The link between these early results about the existence of finitely additive measures
and the existence of a mean is that a group is amenable if and only if there exists
an invariant measure for (G, G,G). This change of perspective from finitely additive
measures on G to functionals on L*°(G) allows the use of many powerful tools of
functional analysis to the study of amenability. To see how this transition works, let u
be a positive, finitely additive measure on M(G), the set of \-measurable sets (where
A is a left Haar measure on (), that vanishes on locally null sets with p(G) = 1. Then
w can be regarded as an element m of L™(G)* by first defining m(xa) := u(A) for
A € M(G). This can be immediately extended to the linear span of {x : A € M(G)}
and by continuity of m to all of L>(G), as the linear span of characteristic functions is
norm dense in L®(G). The translation invariance of p, i.e. u(z='A) = u(A), leads to
m(xax) = m(xa) as the translation of a characteristic function is again a characteristic
function x4z = x,-14. Conversely, a translation invariant mean m € L*>°(G)* defines
such a finitely additive positive measure pu by p(A) := m(yxa) for A € M(G).



One problem when switching to elements of L>°(G)* is that this space is very large and
its structure is not very well understood. That is the reason one looks for a subset of
L>(G)* that is on the one hand comfortable enough to work with and on the other
hand large enough to get all means from it. Utilizing L'(G)* = L>(@G), isometrically
embedding L'(G) in its second dual L=(G)* by the canonical map f — f, f(¢) = ¢(f)
for o € L=(@G), and looking for characterizations when functions f € L'(G) give rise
to means on L>®(G) this leads to the definition of the set P(G) = {f € LY(G) : f >
0, [ fd\ =1}. As P(G) being a subset of L'(G) makes it an accessible set and on the
other hand ]3(G) is weak™® dense in the set of means on L*>(G) [24] this shows P(G)
to be a good choice in this context. All means on L>(G) are weak™ limits of elements
of P(G).

For o-compact groups one can get more tangible objects than weak™® limits: Sequences
of compact sets (K, )nen, in G such that when one integrates a function over such a K,
then the result is arbitrarily close to being translation invariant. These sets are named
‘Folner sequences’ after Erling Fglner [11]. They are ascending sequences of nonempty,
compact sets such that A(zK,AK,)/A\(K,) — 0 for all z € G, i.e. the differences
between the shifted sets xK,, and K, are small compared to the original sets K, for
n — 0o. For g-compact groups GG amenability of a group is equivalent to the existence
of a Fglner sequence [24, Theorem (4.16)]. One classical example for that is G = R
with the Fglner sequence K, := [—n,n|. For ¢ € L*°(R) and x € R one gets

1

n 2 -
%/(go(t—l—a:)—go(t))dt §‘:U|2‘A—>Oasn—>oo

n

—n
so integrating over [—n,n|, dividing by A([—n,n]) = 2n and taking the limit n — oo
yields a translation invariant mean on R. This is the most direct way of getting a
translation invariant mean on R as the only simpler way, directly integrating over R
and then dividing by A(R) = oo, is not possible.

One has to be careful that in general there exists not only one but many translation
invariant means for a given group G. It seems difficult to give a general result, but a
lower bound for the cardinality of the set of translation invariant means on noncompact
amenable groups G is 22" where m is the smallest possible cardinality for a covering of
G by compact subsets [24, Theorem (7.6)].

So in that case one can not hope for uniqueness of translation invariant means for the
whole of L>°(G) but only for a suitable subset. Recalling the properties we expect of a
‘reasonable’ definition of a mean in the beginning we clearly want constant functions
to be in that subset. By the normalization m(1) = 1 of all means this is satisfied.
Another important class for which the means coincide is the set WAP(G) of weakly
almost periodic functions on G [13, §18].

In contrast to periodic functions that repeat their values exactly in regular intervals
almost periodic functions are in general only periodic up to a certain degree of accuracy
so typical examples might be periodic functions with measurement errors or the sum of
two periodic functions with noncommensurable periods. In 1925 Harald August Bohr
[5] defined (uniformly) almost periodic functions on R as the closure of the trigono-
metric polynomials with respect to the supremum norm in C(R). He then proved the



characterization given in words above, i.e. that a function f is almost periodic if and
only if there exists a relative dense set of e-almost periods for all € > 0. An e-almost
period is a translation 7" = T'(¢) such that |f(t + 1) — f(t)| < ¢ for all t. There
exist a number of additional characterizations of almost periodicity but the one most
often used nowadays as definition on locally compact Abelian groups is that a function
f € L™(G) is almost periodic if the set of its translates {7 f : © € G} forms a relative
compact set in the norm topology. By taking the closure in the weak topology we get
the larger class of weakly almost periodic functions WAP(G) on a locally compact
Abelian group G. Weakly almost periodic functions are the largest set of elements in
L>*(G) for locally compact Abelian groups G for which we know that their mean is
uniquely determined by the function alone (apart from the abstract definition of all
functions whose mean is unique). For Abelian semigroups something similar holds (e.g.

7, 6]).

To study amenability on structures other than (semi)groups with a more general con-
volution replacing (semi)group operation a suitable structure is that of a hypergroup
H where zxy for x,y € H is a probability distribution over elements of the hypergroup
rather than one element as in the group case. This (and also the other axioms of the
definition of a hypergroup, see Chapter 1 for details) is satisfied by locally compact
Abelian groups by identifying the group element z := x -y with its Dirac measure €, so
hypergroups are indeed a generalization of groups. With hypergroups one can study
various convolution structures on sets like Ny that do not allow for a group operation.
For example as an index set for stochastic processes Ny is a more natural choice than 7Z
(with its group structure), as usually measurements of time series start at some point
to and do not extend infinitely into the past. For this kind of processes some structural
results have been found recently [14, 16]. For certain hypergroups on Ny there exists
a relation between consecutive elements, the three-term recurrence relation. In that
case, the hypergroup elements n € Ny correspond to orthogonal polynomials R, and
for actual calculations involving convolutions on such a polynomial hypergroup one can
utilize all knowledge about orthogonal polynomials [18, 19].

In this thesis we will transfer some of the known results from amenability on locally
compact groups to polynomial hypergroups. We define summing sequences, an ana-
logue to Fglner sequences on groups, and the slightly weaker condition that a special
sequence (S, )nen, of sets satisfies one of the conditions named (F},) and find criteria
when these conditions are satisfied. With their help we prove two main representa-
tion theorems that allow to explicitly calculate mean values. We will then give some
results about when all means coincide for certain functions, e.g. for weakly almost
periodic functions, and prove a central result that on polynomial hypergroups there
always exists more than one mean so that global uniqueness of means is not possible.
We also introduce and investigate a notion we call ‘strong amenability’ that allow the
translation operator to be shifted in a product of functions, i.e. m(¢T,v) = m(VTzp),
inspired by some of the previous results about summing sequences that prove more
than normal translation invariance.

In chapter 1 we present the definition of and some results on hypergroups we will need
in later chapters. Special emphasis will be put on polynomial hypergroups and the link



to the three-term recurrence relation of the underlying sequence of orthogonal polyno-
mials. We then present the important subclass of polynomial hypergroups satisfying
condition (H) and their relation to the growth of the Haar measure and conclude the
chapter by presenting examples of polynomial hypergroups.

The second chapter starts with the definition of amenability on commutative hyper-
groups and results about the existence of means and uniqueness (for the class of weakly
almost periodic functions) and studies the larger space of translation invariant function-
als that are not necessarily means. The second section in this chapter presents the new
condition of strong amenability that allows for the idea that m(¢T,1) = m(¢¥T5p) as
a replacement for a similar equation that cannot be transferred to hypergroups. Then
we present a variation of Folner’s condition P; for strong amenability and prove its
equivalence to strong amenability.

Chapter 3 investigates amenability on polynomial hypergroups. First we present an
alternate proof of the existence of translation invariant means that does not need the
Markov-Kakutani fixed point theorem. We go on to see how the three-term recur-
rence relation facilitates proof of translation invariance and we show some sufficient
conditions for the uniqueness of means. In the following section we present our con-
cept of summing sequences, an analogue to Fglner sequences on groups and introduce
the canonical choice (S),)nen, With S, :={0,...,n} and its relation to condition (H).
Then we find positive as well as negative results about the existence of summing se-
quences and finally prove the main representation theorem 3.14. We conclude that
section with a proof that hypergroups admitting summing sequences satisfy Reiter’s
condition (UFP;). In section 3.2 we introduce conditions (F},) on sequences of sets
that are weaker than the assumption of existence of a summing sequence and prove
results about existence of such sequences in a similar manner as in the previous section.
We then give examples of polynomial hypergroups to illustrate the difference between
conditions (F},) and the existence of summing sequences. A representation theorem
for condition (F}) similar to the one for summing sequences also holds and we show

that the existence of limits over summing sequences like lim ﬁ > @(k)h(k) do not
n—00 " k=0

imply uniqueness of the mean for a given ¢ € [*°(Ny). At the end of the chapter we
show how difficult it is to improve the bound limsup ¢, > m(p) for all means m by
giving some counterexamples. B

In chapter 4 we further explore the question whether it is possible to find a polyno-
mial hypergroup where all means coincide. We introduce the concept of permanently
positive sets for commutative hypergroups and with their help construct means that
vanish for all functions whose translates lie in a certain ideal. We are able to find
a single function x4 independent of the specific choice of a polynomial hypergroup
for which we can construct means M, My such that M;(x4) = 1 and My(xa) = 0.
We conclude with the observation that if a summing sequence (A;,),en, and the limit
71151010 @ kZA ©(k)h(k) exist, then this limit is always the representation of a mean.

CEAn

For the hypergroup generated by the Chebyshev polynomials of the first kind we give
two summing sequences that represent M;(x4) and Ma(x4).






1 Basic facts about hypergroups

In this first chapter we will recall some basic facts and definitions about hypergroups
for reference in later chapters. Classically, harmonic analysis is carried out on locally
compact Abelian groups and a huge amount of theory has been developed for that case
[13]. Locally compact Abelian groups are sets G that are both

e topological spaces satisfying the Hausdorff condition 75 and such that every point
in G has a neighborhood U such that its closure U is compact and

e groups with a commutative group operation such that (z,y) — zy and x — 27!
are continuous.

But often one faces a situation where the underlying structure is a locally compact
Hausdorff space and not a group but another algebraic structure is available which
allows studying generalized translation operators, as it is e.g. the case with Ny which
does not carry a group structure with the usual shift operator as there are no inverses.
One such structure that preserves some properties of a translation operator is the
notion of a hypergroup:

Definition 1.1. Let K be a locally compact Hausdorff space and
w:KxK— MY(K)

a continuous mapping, where M*(K) carries the weak-* topology induced by the relation

MY(K) = Cy(K)*. For u,v € M(K) define

pv(f) = /K e ) (e x v)(a)

for all f € Cy(K). Additionally, let
T K—>Kr—2x

a homeomorphism and let ji(E) = p(E) for p € M(K). Then the triple (K,w,) is
called a hypergroup if

(H1) w: K x K — M*(K) satisfies
gx*w(y,z) = w(z,y) * e

(H2) supp(w(x,y)) is compact for all x,y € K

(H3) : K — K is an involution, i.e. T = x and

w(z,y) =w(@,z) Vr,yeK



(Hj) There exists a neutral element e € K such that
wle,z) =, =w(z,e) VrekK
(H5) e € supp(w(z,q)) if and only if v =y

(H6) The mapping (z,y) — supp(w(z,y)), K x K — C(K) is continuous

A hypergroup is called commutative if

w(z,y) = w(y, )

forall z,y € K.

Hypergroups are indeed a generalization of locally compact Abelian groups:

Remark 1.2. A locally compact Abelian group G can be considered a commutative

hypergroup by defining w(z,y) := 4., and taking the inverse as involution & = x~ .

Similar to groups, on commutative hypergroups K there is a way to assign a translation
invariant volume to Borel sets, the Haar measure:

Proposition 1.3. If K is commutative there exists a (up to a multiplicative constant)
unique reqular positive Borel measure p on K which is translation invariant, i.e.

Lﬂwwmzlgm@ﬂmww
forally € K and f € C.(K).

For the proof, refer to [4, Theorems 1.3.15, 1.3.22].

Definition 1.4. For f,g € L'(K) we define a convolution by
Frgo)i= [ flols.o)o)du)
K

For easier notation we will also use the following form of a ‘convolution of sets’:

Ax B := U supp(w(a,b)) for A, B € K

acAbeB

It is important to note that we do not in any way take into account the relative
weights that w(a, b) distributes but just take its support. This notation is mostly used
in proofs in which we want to get upper bounds for Haar measures of translates of sets
(see Chapter 3).



1.1 Polynomial Hypergroups

We will mainly be concerned with polynomial hypergroups, i.e. hypergroups derived
from sequences of orthogonal polynomials. Let (R,)nen, be a sequence of polynomials
that are orthogonal with respect to a probability measure © € M'(R), i.e.

/R Ro(2) R (2)d(2) = finons

with p, > 0. Often orthogonal polynomials are not defined by an orthogonalization
measure but by a three-term recurrence relation

R, (z)Ri(z) = ayRpi1(x) + by Ry(x) + ¢y Rp_1 ()

for n € N, and Ro(z) =1, Ry(z) = a—lo(a:— bo), where ag # 0, b, € R, a,c,+1 > 0 for all
n € Ny. Favard’s Theorem assures the existence of a probability measure 7 € M (R)
as above such that (R,),en, are orthogonal with respect to .

Products of orthogonal polynomials can be linearized, as can be seen with the following
Lemma (cf. eg. [10]).

Lemma 1.5. Let (R, )nen, be a sequence of polynomials that are orthogonal with respect
to a probability measure m € MY (R). Additionally, let deg(R,) =n and R,(1) =1 for
all n € No. Then products R,,(z)R,(x) can be linearized by
m+n
Ry(x)Ru(x) = Y g(m,n; k)Re(x)
k=|m—n|

where g(m,n; k) € R for k = |m —n|,...,m 4+ n. Additionally g(m,n;|m —n|) # 0
and g(m,n;m +n) # 0.

Proof. Obviously (R, )nen, is an orthogonal basis of the space of all polynomials. There-
fore products have a unique representation

Ron(x)R(x) = g(m, n; k) Ry(z).
k=0

The assumption on the degree of the polynomials leads to g(m,n; k) = 0 for k > m+n
and g(m,n;m + n) # 0. Without loss of generality let m > n and k& < m — n. Then
deg(R,Ry) < m and thus

m+n

0= /Rm(x)Rk(x)Rn(x)dw(x) = Z g(m,n;j)/Rk(x)Rj(x)dﬁ(x) = g(m,n; k) uy
R =0 R

Since py # 0 for all & € Ny we get g(m,n;k) = 0 for k < |m — n|. Now assume

g(m,n;m —n) = 0. Then we get

m

0= /Rn(x)Rm_n(:v)Rm(x)dﬂ(a:) = Z g(n,m —n;j) / R;(z)Ry,(z)dm(x)
R j=|m—2n| R
= g(nam —n; m):um
which is a contradiction to g(n,m —n;m) # 0 and p,, # 0. O



The linearization coefficients satisfy some identities that will be of use later on, pre-
sented in the following Lemma.

Lemma 1.6. Let (R,)nen, and g(m,n; k) as in Lemma 1.5. Then we get for k €
{Im—mn|,...,m+n}:

(i) g(m,n; k) = g(n,m; k) for all m,n € Ny

(i1) g(0,n;n) =1 for alln € Ny

m—+n
(1)) >, g(m,n;j) =1 for allm,n € Ny
j=lm=n]

fiv) g(m.n; K)yu = glm. kin)p for all mon € Ny
(v) g(n,n;0) = p, for alln € Ny

Proof. (i) Holds obviously as R,,(z)R,(z) = R,(x)R(x)
(ii) Since Ry(z) =1 for all z, we get Ro(x)R,(x) = R,(x)
(iii) For all m,n € Ny we get

1= Ru(DR() = Y glmnj)R(1) = Y glm,n:j)
j=Im—n| j=lm-n|

R J=|m—n|
= g(m,n;k)uy
and
/ Ro(0) Bulo) Re()dn(e) = S g(m, ks ) / R ()R, () dr(z)
R Jj=|m—k| R
= g(m, k;n)u,

(v) Follows from (iv) and po =1
O]

Orthogonal polynomials with a positivity condition on their linearization coefficients
give rise to a hypergroup structure, as the following Theorem shows.

Theorem 1.7. Let (R,)nen, and g(m,n; k) as in Lemma 1.5. Additionally, let

g(m,n;k) >0 fork=|m—n|,...,m+n.

10



Defining a convolution on Ny (with the discrete topology) by
m+n
w(m,n) = Z g(m,n;k)ex, for all m,n € Ny
k=[m—n|
and the identity mapping as involution ~, the triple (No,w,”) is a commutative hyper-
group with neutral element 0.

Proof. w is a probability measure on Ny with compact support. By definition we have
0 € supp(w(m,n)) if and only if m = n. Most of the other properties of Definition
1.1 are obviously satsiﬁed only associativity (H1) remains to be shown. Therefore let
el := 0. Then w(m,n)(e*) = g(m,n; k) and we get

(0 % w(m,m)) (&) = / / w(z, ) (€)dzy(x)duw(m, n)(y) = / w(l, y)(e*)dw(m, n)(y)

= ) w(lj)(e")glm,n; j) =Zglj k)g(m,n; j)

1 .
= Ej:%mg(m’naj)/IRRl<x>RJ($>Rk(x)d7T($>
= R (B (2) Ro(2) R () dr ()
HE JR
— i R(Rl(:p)Rm(x))Rn(I)Rk(f)dﬁ@)
1 Kz .
_ Ejuz_mg“’m’” | R R Bufa)in(a)
I+m
= Y glmif)g(Ginik) = (@(l,m) xe,) ()
j=li—m|

]

To check whether the additional assumption of nonnegative linearization coefficients
is satisfied for a specific sequence of orthogonal polynomials one can for example find
restrictions on the coefficients a,,, b, ¢,, of the three-term recurrence relation. In 1970
Askey [1] found such restrictions based on versions for monic polynomials and many
generalizations of that result have since been given, for example by Szwarc [27, 28]. We
will state one of the results that allows us to see that the ultraspherical polynomials
generate polynomial hypergroups:
Theorem 1.8. Let (R,)nen, be given by

1

Ro(.’ﬁ) = 1,R1(£IZ’) = —(.I' — bo),
Qo
Ro(x)Ry(z) = anRpi1(x) + by Ry () + ¢ Rp—1(z) forn € N

where b, € R and a,,c, > 0 for all n € Ny. If in addition

11



(i) ¢n,bp, an + ¢, are nondecreasing sequences
(ii) ¢n < ay, foralln € N

then the linearization coefficients g(n, m; k) are nonnegative.

Proof. This is a slight reformulation of [27, Theorem 1]. O

Example 1.9. The coefficients of the three-term recurrence relation of the family of
ultraspherical polynomaials P are given by

apg = 1, b[) :O,
n+2a+1 n
a, = ——, b,=0, ¢, =————forneN
2n+2a+1 2n—i—2a—|—1f
Since o > —% and so 2a+ 1 > 0 we get that ¢, < a, and c, is nondecreasing. And
since b, and a, + ¢, are constant the ultraspherical polynomials satisfy (i) and (ii)
of Theorem 1.8 and so they generate a polynomial hypergroup. More details on the

ultraspherical polynomials can be found in Section 1.2.

With the structure of a polynomial hypergroup, Ny admits a Haar measure h, i.e. a (up
to a multiplicative constant) unique countably additive translation invariant measure
such that h(A) is finite for every finite A. The following theorem shows how the one
with normalization h({0}) = 1 can be obtained from knowledge about the underlying
orthogonal polynomials.

Theorem 1.10. Let Ny carry a polynomial hypergroup structure. Then the Haar mea-
sure is given by

1
h(E) =Y — for all E C N,

nek

Proof. Using associativity, we get for k,m,n € Ny

S wlm, {0 wn B({Y) = (enwlnib) ({0}
= (w(m,n) * =) ({0))
= > wmm({ih) (i D({o})

Since 0 € supp(m,n) if and only if m = n, the sums collapse to

w(m, m)({0}) w(n, k)({m}) = w(m,n)({k}) w(k, k)({0})

For convenience we set hi(m) := w(m,m)({0})~! and with Lemma 1.6 we see

ha(m) = w(m,m)({0}) ™ = g(m,m:0) ™ = —

12



Finally, for £ C Ny we define h by
)= Y mm) = 3
mek mEE

Obviously H : P(Ny) — [0;00] is a positive measure on Ny and the equation above

reads
hi(k)w(n, k)({m}) = hi(m)w(m, n)({k})

Translation invariance of h remains to be shown. It is sufficient to show
|t gmyan) = wigm)
0

for all n € Ny. This can be seen by

[e.0]

/NW(n,k)({m})dh(k‘) = > w(n k)({m})h(k)

k=0

_ Zhl w(m,n)({k}) = hi(m) Y w(m,n)({k})

m-+n

= ZZ g(m,n; j)e;({k})

k=0 j=|m—n]|

o0

— um) S glm.n k) = hi(m) = h({m})
O

For convenience we will from now on write h(n) instead of h({n}) for one-point sets.

For sequences (f3,,)nen, We define the translate 7,0 by
S g(nm;K)B(H)
k=|n—m|

and the convolution of sequences f, g € I*(h) is given by

fxg(n Z T, f(k)g(k)h(k)
The ‘convolution of sets” used in some proofs looks like this:

Ax B := U supp(e, * €p,)

neAmeB

For the special case of translates of sets we get

A={k}x A= U supp(eg * €,).

neA

13



Thus it is clear that taking its Haar measure reads

WTiA) = h({k} « A) = h (U supp (e, * sn)>

neA

and no g(k,n;.) appears representing the weights the convolution distributes. The
reason one has to keep that in mind is that in contrast to the group case the translate
Ty x4 of a characteristic function is in general not anymore a characteristic function,
in particular not equal to x7, 4 for k # 0.

Example 1.11. Let the hypergroup structure on Ny be given by the Chebyshev polyno-
mials of the first kind (Ty,)neng, i.e. g(m,n;m~+n) = g(m,n;|m—n|) =1 form,n#0,
and let k < n. Then we get

m=0,...,n—k
m=n—k+1,....,m+n
m>n+k

TkX{o,...,n} (m) =

ONI= =

whereas
1 m=0,...,.n+k
XT4{0,...n} (M) = X{0,...n 4k} = 0 m>n+k

We do know, however, that Tjxa < xpa for all & € Ny, A C Ny as whenever the
left-hand side is not zero, then it must be between 0 and 1 as a convex combination of
these numbers and the right-hand side must be 1.

An important property many polynomial hypergroups fulfil is a condition on the growth
of the Haar measure. We call it property (H).

Definition 1.12. The polynomial hypergroup Ny is said to satisfy property (H) if

i )

n = O
T h(k)
k=0

It is straightforward to see that property (H) is satisfied whenever h(n) is growing
polynomially, i.e. h(n) = O(n®),a > 0 as n — oo, and that it is not satisfied if h(n)
grows exponentially.

If property (H) holds, similar conditions hold if the numerator in the expression for
property (H) is replaced by h(n + s) with s € Ny:
Proposition 1.13. Assume that (H) is satisfied. Then

h(n + s)

2 k)

lim
n—oo

=0 for all s € Ny.

14



Proof. First we will show that

n

1
H,(n) = ——— S h(k) for s,n € N
(n) W+ ) 2 (k) for s,n € Ny

satisfy the following recurrence formula:

1
H(n)(1 =H,_ 1
Note the identities
h(n+1)
H,(n)=H,_ 1) — —= and
(n) 1(n+1) hn+ ) an
h(n+s—1) h(n+1) h(n)
Hin)=Hy 1(n)——— =... = Hi(n)———= = Hy(n)————
By these two expressions follows
h(n+1) Hy(n)
Hy(n)=H,_ 1)——~=H,_ 1) —
(n) i(n+1) h(n + s) in+1) Hi(n)

and hence Hq(n)(1 + #(n)) =H, 1(n+1).
Now assume (H). We apply induction on s. For s = 1 we have

h

(n+1) = ! — 0 asn — oo.
ntl ntl
Z h(k) - h(n + 1) kz::()h(k)
=0 gy A

Suppose the statement is proven for [ = 0,...,s — 1. Then by the recurrence formula
from the beginning of the proof immediately follows H(n) — oo as n — oo. ]

As the growth condition (H) also implies a similar condition with A(n + s) in the nu-

merator for negative s, all conditions of the form Mnts) s 0 asn — oo are equivalent.

> h(k)
k=0

1.2 Examples of Polynomial Hypergroups

In this section we will look at specific polynomial hypergroups and shortly examine
their properties. The first and most common examples are hypergroups generated by
Jacobi polynomials P (x), where « > > —1 and a++1 > 0. Jacobi polynomials
are orthogonal with respect to a measure dm concentrated on [—1,1]. This measure is
given by

dr(xz) = Clap (1 —2)*(1+ x)ﬁx[_lvl]dx

15



1 I'(a+B+2)

where C(q,8) = sazpe NCESHNCISIE Their coefficients in the three-term recurrence rela-
tion are
2(a+1) g —«
Gy = ——F% 451 o= ——F 7
a+f+2 a+pB+1

(n+a+pf+n+a+l)(a+5+2)
Cn+a+p+2)2n+a+B+1)(a+1)
o o8 O_ (a+B+2)(a+B) )
" 2(a+1) 2n+a+B+2)2n+a+p8))’
n(n+ B)(a+ 5 +2)
2n+a+B+1)2n+a+B)(a+1)

Cn

Haar weights are given by

Cn+a+B+1)(a+p+1),(a+1),
(a+ B+ 1nl(B+1),

h(0) =1, h(n)= forn > 1.

An important special class of Jacobi polynomials are ultraspherical polynomials
where a = > —%. The formulas here are valid for a = g # % and the ones for

a=p= % can be found below. They are orthogonal with respect to the measure

dr(z) = Cyo(1 — )1 1da
where C,, = gzary —(Egi‘j§§2
Their recursion coefficients are given by

apg = 1, b():o,
n—+2a+1 n

n = ) n207 n: .
“ M+ 20+ 1 o 20+ 1

Their linearization coefficients have the form (where m < n)

(k) = niml(o + )il + 3)n—k(a + Dm-r(2a + 1)pimr(n + m+a + 5 — 2k)
T = 0 = k) (m — 5 + Dnemt(20 + D20 + Don(n+m +a+ 2 — k)

itke{n—mmn—m+2n—m+4,...,n+m} and
g(n,m;k) =0

ifke{fn—m+1Ln—m+3,n—m+5,....,n+m—1}.
The Haar weights are

(2n+ 20+ 1)(2a + 1),
(2a + 1)n!

h(0)=1, h(n) =

One very simple example of Jacobi polynomials are the Chebyshev polynomials of
the first kind, where a = § = —%. They satisfy

T, (z) = cos(n arccos x).
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They are orthogonal with respect to
dx
V1—a?

Via trigonometric addition formulas one gets

dr(z) =

1

Ton(@)T(2) = 5T (2) T ()

and so the linearization coefficients are given by

if mn =0 and k = max(m,n)
if myn € Ngand k=|m—n|,m+n
else

1
glm,m; k) =4 3
0

Haar weights are
h(0) =1,h(n) =2 for n € N.

For a = g = % we get the Chebyshev polynomials of the second kind. They
satisfy
1 sin((n + 1) arccos x)

U, = -
(x) n+1 sin arccos

Chebyshev polynomials of the second kind are orthogonal with respect to
dr(x) = V1 — 22dx

and their linearization coefficients are given by

m4n+1—k

k even
- ) = DD
glm,n;m+n — k) { 0 k odd

The Haar measure is
h(n) = (n+1)%

Another special case of Jacobi polynomials are Legendre polynomials, where o =
B = 0. They are given by

1

Fal) = 2npl dam

(% = 1)"]

and they are orthogonal with respect to the Lebesgue measure on [—1, 1]. The lineariza-
tion coefficients are given by g(m,n;m+n—j) =0 for j € {1,3,...,2min(m,n) — 1}
and

1 N (27 (2m—27) (2n—2j
(s = 2) () (o) (o)

m—j n—j

for j € {0,1,...,min(m,n)}.

g(m,nym+n—2j) =

1 -\ [(2m~+2n—27
(m+n+ 2 _j)( m—i—n—j])
The Haar measure is
h(n) =2n+ 1.

17



A further interesting polynomial hypergroup with exponentially increasing Haar mea-
sure is generated by Little q-Legendre polynomials RY (x) with 0 < ¢ < 1. That
they define a polynomial hypergroup on Ny is shown in [17] and [10]. The recurrence

coefficients are .
S 1+q)(1—¢"")

n (1= @ +)(1+ ¢*)
(1—q¢")(1—q")
(1+q¢")(1+ gt

. 1+ —q")
(1 —g> ) (1 +q")

for n € N, with starting values ag = qﬁ and by = #. The Haar weights satisfy

b, =

Cp =

_ h(n) 1
lim ———=->1.
Y e i

Hence h(n) is of exponential growth. Moreover, a,, — 0, ¢, — 0,b, — 1 and Caﬁ — %.
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2 Translation invariant means on
commutative hypergroups

2.1 Definitions and Basic Properties

The definition of a translation invariant mean here is the same as in the group case
with the hypergroup convolution replacing the group action. We will still call this a
translation.

Definition 2.1. Let K be a commutative hypergroup. A linear functional m on L (K)
1s called o mean if

(i) m(f) = m(f) for all f € L™(K)

(ii) f >0 implies m(f) >0

(i7i) m(1) = 1
The set of all means on K will be called M(K) (or abbreviated just M). A mean is
called (left) translation invariant if m(T,p) = m(p) for all x € K,p € L*(K). If

such a translation invariant mean exists, K is called amenable. We will call ;(K)
(or just M, ) the set of all (left and thus two-sided) translation invariant means on K.

A linear functional m € (L*(K))* is a mean if and only if m(1) = 1 = ||m|| and so 9
is a non-empty weak® compact convex set in (L>°(K))*.

Commutative hypergroups are amenable, as there exists a (left) translation invariant
mean. This can be shown by application of the Markov-Kakutani fixed point theorem,
see e.g. [22, p. 168]. Another proof of this well-known fact, which uses the existence of
a mean for the space of bounded continuous functions on any Abelian semigroup and
embeds K into Py(K), the probability measures on K with compact support, can be
found in [7].

Remark 2.2. Let m be a translation invariant mean and ¢ € L*(K) real-valued.
Then the mean is bounded by ||p||o:

=l < mlp) < lllloo

This follows from the monotonicity of m.

For a certain class of functions f € L*(K) the value m(f) is uniquely defined for all
means m:
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Proposition 2.3. Let f € L*(K) such that a constant function f = cp lies in
cof{T,f x € K} . Then m(f) = cg for all m € My, i.e. m(f) is uniquely deter-
mined and equal to this constant.

Proof. Let m be a translation invariant mean on L>(K). For any convex combination
of elements of {T,f : * € K} the mean is the same and equal to m(f). Since m €
(L*°(K))*, this also holds for the norm closure of this set. If there is a constant function
in this set, then m(f) must be equal to this constant as m satisfies m(1) = 1, regardless
of the choice of m. O

With this Proposition in mind, we define the following sets of functions:

Definition 2.4. Let K be a commutative hypergroup. Then define

CO(K) = {f e L™(K): There is a constant function in co{l,f :x € K} }
AC(K) = {f e L®(K):3c; € C:m(f) =cy for all m € M;}

The set CO(K) contains all functions that have a constant in the closure of the convex
hull of their translates which is exactly the condition used in Proposition 2.3 to prove
that all means coincide for these functions. AC(K) is the set of all functions f € L*(K)
for which all means coincide. We call elements in AC(K') almost convergent. This
comes from the fact that all convergent sequences on polynomial hypergroups lie in
AC(Ny) which will be shown in Proposition 3.7 and that in this sense the elements of
the larger set AC(Np) are similar, hence “almost” convergent.

So Proposition 2.3 states CO(K) C AC(K). Using the properties of translation invari-
ant means we can see that the set AC(K) of functions in L>°(K) such that the mean
is unique is a translation invariant closed linear subspace of L*(K).

Now we will look at an important subclass of AC(K), the set of weakly almost periodic

functions WAP(K):

Definition 2.5. Let K be a commutative hypergroup. Define

UCK) :={f € L¥(K) :x — T,f is continuous w.r.t. the norm topology of L>°(K)}

WAP(K) :=
{f € LK) :{T,f : € K} 1is relatively weakly compact in L=(K)} NUC(K)

An element f € WAP(K) is called weakly almost periodic.

That WAP(K) is indeed a subclass of AC(K) is a consequence of the following Propo-
sition which is a classical result showing uniqueness of the mean for the space of weakly
almost periodical functions on a commutative hypergroup (which utilizes Proposition
2.3). A proof has been given by Wolfenstetter [31]:

Theorem 2.6. Let K be a commutative hypergroup. Then there exists a unique trans-
lation invariant mean m on WAP(K) satisfying
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(i) m(f) =m(T,f) forallz € K, f € WAP(K)
(ii) m(1) = 1
(iii) f>0=m(f) >0 for all f € WAP(K)
(i) [lm[l =1

(v) m(f) =m(f) for all f € WAP(K)

Proof. The existence is guaranteed by Dixmier’s [7] result. For f € WAP(K) there
lies a constant function in the norm closed convex hull of f (again cf. [7]). With
Proposition 2.3 the proof is then finished. ]

Looking more closely at the proof of Theorem 2.6 it states that the class of weakly
almost periodic functions lies in CO(K), i.e. WAP(K) C CO(K).

Remark 2.7. In contrast to the group case, WAP(K) fails to be an algebra in general.
For a counterexample, see [31]. There Wolfenstetter shows the existence of a weakly
almost periodic sequence h on a polynomial hypergroup such that h?> ¢ WAP(Ny).

For characters x the mean is unique and we can even specify the value m(x):

Corollary 2.8. Let m be a translation invariant mean on L*(K). For every character
X # 1 on K we get m(x) = 0.

Proof. Every character y satisfies T, x = x(x)x. So if x # 1 there exists x € K such
that y(z) # 1 and thus

m(x) = m(T.x) = m(x(z)x) = x(z) - m(x)

which holds only for m(y) = 0. O

For the identity character, the mean is obviously 1.

For the remainder of this section, we will study a space larger than 9t,(K) by dropping
the requirement of being a mean, in contrast to M(K’) where we dropped the additional
assumption of translation invariance. In fact we will investigate

J(L®(K)) :={F € L*(K)" : T,F = F for all x € K}.
This is defined via the elements x € K acting on L>*°(K)* by the map L>*(K)* —
L>*(K)*, F — T,F, where T, F(p) := F(T,p) for ¢ € L*(K). Obviously J(L*(K))
is a linear subspace of L®(K)* and 0 € J(L*>(K)).
Proposition 2.9. The linear span L := span{T,po — ¢ : ¢ € L*®(K),z € K} is not
dense in L>®(K) if and only if J(L>*(K)) # {0}.
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The proof follows the lines of Proposition (2.1) in [24].

As there always exists a translation invariant mean for commutative hypergroups and
so J(L>®(K)) 2 {0}, Proposition 2.9 states that L cannot be dense in L>®(K).

The relation between J(L>*(K)) and 9%, (K) is not only that 0 (K) C J(L>*(K)) and
that 9t (K) has the additional requirement of its elements being means:

Proposition 2.10. The space J(L®(K)) is linearly spanned by M;(K).

Proof. The proof follows the lines of Proposition (2.2) in [24].
We identify L>(K)* with M (®(K)) by the Riesz Representation Theorem, where ®(K)
is the carrier space of L>°(K). Let v be a nonzero element of J(L>(K)). We decompose

v=—v)+ily —v)

where vy and vy are the real and imaginary parts of v and v;” and v, are the positive and

negative variations of v;. It suffices to show that each nonzero v;", v is a multiple of

177

an element in M, (K). Without loss of generality (taking scalar multiples if necessary)
+

we assume that v;" # 0. We will show that v;" € J(L>®(K)) as then ﬁ € M (K).

Now if ¢ € L>(K) real-valued and = € K, then

vi(p — Tpp) = Rev(p — Tpp) =0

so that vy € J(L*°(K)). Furthermore, v; = T,v; = T,vy T,vy with v vy > 0. By the
minimum property of the Jordan decomposition it follows that T,v;” > vi", T,vy > vy .
This leads to

1ot — v || = (Tovi” —177)(1) = 0

since (T,v{ — vi") is a positive functional on L>®(K). Thus T,v{ = v, ie. v €

J(L>(K)). O

2.2 Strong Amenability

After studying amenability of commutative hypergroups one can think of stronger
versions of amenability as a replacement of the group structure in the classical case,
where one has m(f - T,g) = m(T,-1 f - g) for translation invariant means. As there are
no proper inverses on hypergroups, one can look for means with a certain additional
property that allows a similar operation as the one above for groups with the inverse
replaced by the involution. This leads to our definition of strongly translation invariant
means:

Definition 2.11. A mean m € M(K) is called strongly translation invariant if
m((Typ)v) = m(e(Tyh)) for ally € K, ¢, ¢ € L™(K).

Remark 2.12. (a) With ¢ = 1 in Definition 2.11 it is obvious that m is translation
wmvariant whenever m is strongly translation invariant.
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(b) Let m be a strongly translation invariant mean. For characters o, B € l?, a#p
we get m(a - B) = 0. To see that, choose y € K such that a(y) # 5(y). Then

aly)m(a - B) = m(Tya - ) = m(a - T;B) = Bly)m(a - B),
hence m(a - B) = 0.

Next we will introduce two Reiter-type conditions and investigate their relation to the
existence of strongly translation invariant means.

Definition 2.13. A hypergroup is said to satisfy the uniform finite strong Reiter’s
condition Py (UFP,) if for alle > 0, F C K finite there exists g € L'(K) such that

(1) g(1) =1
(ii) |lgllhh =1
(1ir) | T,(pg) — gTyplli <€ forally € F,p € L¥(K) with ||¢|le < 1.

Remark 2.14. (iii) in Definition 2.13 can also be stated as
i) IT, (9) — Tyels < ell¢lle for all y € F,p € L¥(K).

Theorem 2.15. There exists a strongly translation invariant mean on K if K satisfies
Reiter’s condition (UF Py).

Proof. Assume that Reiter’s condition (UF P;) holds, i.e. for every ¢ > 0, F' C K finite
there exists g € L'(K) with g(1) = 1 = ||g|js such that ||T,(¢g) — gT,¢ll1 < € for all
y e Fpe L®(K),|¢lle < 1. We define functionals m. p € (L>(K))* by

mer(0)i= [ g @na) for v € LK)

They satisfy m. (1) = ||me |1 = g(1) = ||g][1 = 1, and so the functionals m. r are
elements of a weak*-compact subset of L>(K)*. For each ¢ € L®(K), ||¢]c < 1 we
get

mer(eTyw) = [

K

9(x)p(z) T (x)dp(x) = /K Ty(9¢) (@) (x)dp().

Hence

|ms,F(90T§¢) - ms,F(wTySO)‘ =

| Tae)@)iia) - @) Typ(oyvia)duta)

IN

/K ()] - [Ty (pg) () = Typ(x)g(x)|dp(x)
< lloo - 1Ty (0g) — 9Tyl < el[¢fle <e.

Defining a relation by

(61, F1) < (62, Fy) =9 < ey, F1 C Fy
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we get a partial order, and with respect to this partial order the functionals m. r form a
net. By the compactness this net has an accumulation point m € (L*(K))* satisfying
m(1) =1=|m| and

m(pTyp) = m(YT,p) for all v, € L>(K) with ||¢|lee < 1, ||¢]|ec < 1

and all y € K. By the linearity of m this holds for all ¢, 1 € L*(K), and this proves
that K has a strongly translation invariant mean. O]

The converse of Theorem 2.15 has not yet been proved but it is possible to get to a
different variant of the strong Reiter’s condition which we call local instead of uniform
as there exists a (possibly different) g = g, for every ¢ whereas in the uniform condition
(UF Py) there is one g that is the same for all ¢ € [*°.

Definition 2.16. A hypergroup is said to satisfy the local finite strong Reiter’s
condition Py (LFPy) if for alle > 0,F C K finite and for all ¢ € L®(K) there
exists g = g, € L'(K) such that

(i) g(1) =1
(i) llgll =1
(i) || T,(pg) — gTypll < e for ally € F.

Theorem 2.17. If there exists a strongly translation invariant mean on K then K
satisfies Reiter’s condition (LFPy).

Proof. Assume there exists a strongly translation invariant mean m on K. By Gold-
stine’s Theorem [8, p.424] the embedding of the unit ball B C L'(K) into L>°(K)* is
dense in the unit ball B** C L*(K)* with respect to the weak*-topology. Hence there
exists a net (f;);jer of functions in B such that

/K fi(@)(x)du(z) — m(y) for all p € L=(K).

In particular, };(1) — m(1) = 1. Since m is positive we can assume that f; >
0,|Ifjlh = 1. For any y € K and ¢ € L®(K), ||¢|l« < 1 we have

/I(Ty(wfj)(ﬂf)w(m)dﬂ(w)=/Kfj(33)90($)Ty¢($)du(x)—>m(¢Ty¢)=m(¢Tys&)

and

/K 130 Ty (2 () dpx) — m(4T0).

Hence
/K (Ty(efi)(@) = (fiTyp) (@) Y(z)dpu(z) — 0 for all ¥ € L=(K).

Given y1,...,ym € K and ¢ € [*® define Gy; = T, (¢f;) — fiT,. - Then the net
defined by G, := (G1j,...,Gm;) € L'(K) x ... x L'(K) converges to 0 in the product
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space with respect to the weak topology. Then there exists a convex combination of
elements G, that converges in the norm of the product space L'(K) x ... x L'(K) to 0
8, p.422]. Thus for each € > 0, F C K finite and ¢ € L>°(K) there exists g € L'(K)
as a convex combination of functions f; satisfying

9(1) = Llglh = 1 and ||, (vg) — 9Tyl <.
O

As an example to hypergroups admitting strongly translation invariant means we will
take certain polynomial hypergroups, see Proposition 3.15.
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3 Translation invariant means on
polynomial hypergroups

For sequences (z,)nen the existence of means on [*° invariant with respect to the
left shift has been shown via Banach limits [8]. In the corresponding proof, Hahn-

Banach theorem is used with p((z,)nen) = limsup z,, as translation invariant subad-
n—oo

ditive function and the resulting continuation of I(x) = lim x, for z € {y € [* :
n—o0

(Yn)nen converges} is called a Banach limit. This idea does not work for polynomial

hypergroups, as in general limsup ¢, # hm sup(Tkgo) for the hypergroup transla-

n—oo
tion 7} which is a convolution instead of a mere shift. The existence of a transla-

tion invariant mean on polynomial hypergroups has already been shown more gen-
erally in Chapter 2, but by using the construction at the end of Section 2.1 there
is a proof of the existence of translation invariant means on polynomial hypergroups
that does not need the Markov-Kakutani fixed point theorem. First of all we define
L := span{T,p — ¢ : p € 1°°,n € Ny} as in Proposition 2.9. We can simplify that to

Lemma 3.1. L = span{Tip — ¢ : p € [}

Proof. We use induction on n to show that T,,p — ¢ € span{Tip — ¢ : ¢p € [*°} for
every ¢ € [*°. For n = 0,1 this is obviously satisfied. Now assume that Tyo — o €
span{Tip — 1 : ¢ €[>} for all k =0,...,n and every o € [*°. With

1 bn n
Tyt = —Ty 0Ty — 2T, — 2T, | forn > 1

we get for every ¢ € [*°

T, T, T, b, T, ol an
Thpp—p = TI( S0)— AL . 1()0——90
a, a, Ay, Ay, Qp Qp,

= TwW—yv+Two—-T, 17— (6 —71)

where
Thp 1-0b, Cnp
¢ = , 0 = ©e,T=—

ap an ap
which finishes the proof. m

We can now further simplify by observmg that {Tlgo @ 1 €1} is a linear space as
every Z ar(Tipr — ¢r) € L is just T1(Z arpr) — Z k. With that in mind we can
k=1

k=1
state the following result:
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Theorem 3.2. On polynomial hypergroups there exists a translation invariant mean.

Proof. We first prove that ||Ti¢ — ¢ — 1| > 1 for all ¢ € [*°.
Observe that if ¢ is a convergent sequence, then Tip(n) — ¢(n) — 0 and so ||[T1p —
¢ — 1|lc > 1. We see that

Tip(n) —@(n) = anp(n+1)+byp(n) + cap(n) — (an + by + cn)p(n)
an(p(n+1) —p(n)) + ca((n — 1) — (n))

If there exists n € N such that both ¢(n+1) —p(n) and p(n+ 1) — ¢(n) are negative,
the first part of the proof is finished as then ||T1¢ — ¢ — 1| > 1. If there exists no such
n, then either ¢ is decreasing, increasing or there exists ny such that ¢ is decreasing
up to ng and from then on increasing. In all three cases ¢ is eventually monotone and
as a bounded sequence it converges. Thus the first statement is proven.

As L is thus not dense in (*°, by Proposition 2.9 we get that J(I*°) # {0}. As J(I*) is
linearly spanned by 9%;(Ng) by Proposition 2.10, there must be a nonzero element in
M (Ng) (see the proof of Proposition 2.10) and thus there exists a translation invariant
mearn. [

Utilizing the specific structure of hypergroups derived from sequences of orthogonal
polynomials we can get some results that do not hold on general commutative hy-
pergroups. Especially the 3-term recurrence relation is a very helpful tool in many
proofs in this chapter. The first application of this idea simplifies proving translation
invariance for a mean such that one only has to check invariance with respect to T}:

Proposition 3.3. A mean m € M(Ny) is translation invariant if m(Typ) = m(p) for
all p e lOO(N())

Proof. We use induction on n. Assume that m(Typ) = m(p) for k =0,1,...,n. Then

1 by, Cn
m(Thi10) = a—m(TI oThp) — a—m(TnSO) — —m(T_1p) = m(p)

n n

where a,,,b,, ¢, are the coefficients of the three-term recurrence relation of the under-
lying family of orthogonal polynomials. O

We also prove the following Lemma which is helpful for representing the powers of the
translation operator 77 for polynomial hypergroups in a convenient way:

Lemma 3.4. 17" can be written as a convex combination of the form

where Y, op, =1 and oy, > 0 for all k.
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Proof. Use the 3-term recurrence relation to find inductively:

T1T1 = CL1T2 + b1T1 —+ ClT() and then

T = TT' =T, (Z aka>

k=0
= Z apy1VTy, = Z o (ar g1 + 0pTy + i Th—).
k=0 k=0
This is a convex combination of {7} : 0 < k <n + 1}. O
With Proposition 2.3 we can also find the following criterion for the uniqueness of the
mean for polynomial hypergroups:
Corollary 3.5. Let ¢ € [ such that T]'¢ converges uniformly to ¢ € [*° for n — oo.
Then m(p) is uniquely determined.
Proof.
Y= lim T = lim 77" = Ty lim TTp = T
n—o00 n— o0 n—00

Since the only Tij-invariant functions on [*° are constants and, by Lemma 3.4, ¢ €
co{Tnp :n € No}  the proof is finished. O

This sequence does not converge for all ¢ € [*° on all polynomial hypergroups as the
following counterexample shows:

Example 3.6. Consider the polynomial hypergroup generated by the Chebyshev polyno-
mials of the first kind and ¢ := (1,0,1,0,1,0,...). Ty = (0,1,0,1,...) and T?p = ¢,
so the sequence (1'p)nen, does not converge but oscillate between two elements.
Incidentally the mean for ¢ is still unique as 3¢ + 3T = (3,5,...) and so m(p) =
sm(p) + gm(Tip) = m((3,5,.-.) = 5.

In fact it is not possible on a polynomial hypergroup that means coincide for all ¢ € [*®
as we will see in Chapter 4. But we will try to find a preferably large subset of functions
in [* such that m(p) is given by ¢ alone, not depending on the choice of m.

For convergent sequences on polynomial hypergroups we can prove the following strong
result:

Proposition 3.7. Let ¢ € I* such that lim @, =: c. Then m(p) = c.

n—o0

Proof. Due to the linearity of m it is sufficient to show that m(p) = 0 for ¢ € c.
Let ¢ > 0. Then there exists N € Ny such that |p,| < € for n > N. Define

o' = (g0, 01,02, .-, on-1,0,...) and ¢? = (0,...,0,0on,ON41,.-.). Again using
the linearity of m we get

2
L

m(e') = gom(eg) + ...+ on1mlen—1) = »  opm(e)

B
Il
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as e = Treo, and m(p?) < ||¢?|le < €.

So if m(eg) = 0 the proof is finished. Assume m(gy) = ¢ > 0. Choose k € N such
that k > % Then m(1,...,1,0,...) = k-c > 1, a contradiction to m(1,...,1,0,...) <
S—— ——

m(l) =1 O

On polynomial hypergroups, we can get stricter bounds for means than the norm |||
for general hypergroups as in Remark 2.2:

Proposition 3.8. Let m be a translation invariant mean and ¢ = (pp)nen, € 1.
Then
liminf ¢,, < m(yp) < limsup ¢,

n—00 n—00
Proof. By Proposition 3.7 we get
m(p) =m(o, @1, ©n-1,0,...) +m(0,...,0,0n, Prni1,...) >0+ égﬁgpk

Since that holds for each n € Ny, m(p) > liminf¢,. Analogously for the other

n—o0

inequality. O]

In Chapter 2 we have studied means in general, and criteria for when the mean is
unique. In the present chapter we want to find explicit representations for means,
especially when it is unique. Then a formula to calculate m(yp) might be helpful for
practical applications. We will restrict our attention to the case of polynomial hyper-
groups and give criteria for when a certain construction using “summing sequences”,
an analogue to Fglner sequences [11] on groups, works.

Recall that a polynomial hypergroup satisfies condition (H) if and only if
h(n)

T h(k)

k=0

3.1 Summing sequences

A basic tool which we will use in constructing representations of means are so-called
summing sequences:

Definition 3.9. A sequence (A,)nen, where A, C Ny for alln € Ny is called summing
sequence on the polynomial hypergroup Ny if it satisfies

(i) A, C A,yq for alln € Ny

(i) U A, =Ny

n€eNp

(11i) h(A,) < oo for all n € Ny
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(iv) lim % =0 forall k € Ny
n—o0 n

Very much like Fglner sequences on groups, the sets in these summing sequences are
ascending, eventually cover all of Ny, are compact and the symmetric difference between
a set A, and its translate Ty A, is “small” compared to the size of the original set A,

for increasing n. A natural candidate for a summing sequence is S,, := {0,1,...,n}.
We will call that specific choice the canonical sequence.

Theorem 3.10. The canonical sequence (Sy)nen, s a summing sequence if and only
if the hypergroup satisfies condition (H).

Proof. As {n+ k} C TpS,AS, C{n+1,...,n+k} for n > k, we get

h(n+k) _ h(TiS,AS,)

hin+1)4 ...+ h(n+ k)
h(Sn) = h(Sn) '

h(Sn)

<

If (H) holds, Proposition 1.13 implies that (S5),)nen, is a summing sequence. Conversely,
if (S, )N, 18 @ summing sequence, the first inequality (with k=1) yields property (H). O

The above result is a nice characterization of when (i.e. for which hypergroups) the
canonical sequence (S, )nen, IS a summing sequence, as the important structural con-
dition (H) appears. There are other examples of summing sequences, which can be
obtained as follows:

Proposition 3.11. Let (H) be satisfied and (Ay)nen, @ sequence of sets such that
(i) An, C Apyq for alln € Ny
(it) U A, =No

n€eNp

(111) A, = Sp\ I, where (Sp)nen, s the canonical sequence and |I,| < C' for alln € Ny
for some C' > 0

If the Haar measure h is nondecreasing, (An)nen, 1S @ Summing sequence.

Proof. Because of

hMT A AA,) < W(TpS,AS,) + h(TiI,) + h(L,)
< h(TrS,AS,) + (2k+2)C - h(n + k)
and Proposition 1.13 and Theorem 3.10, (A, )nen, is a summing sequence. O

The sequences (A, )nen, in Proposition 3.11 are very similar to the “natural” summing
sequence (Sy,)nen,- In contrast we will now see an example of a sequence (A;,)nen,
that satisfies (i)-(iii) of Definition 3.9 but not condition (iv). For the simplest case
take the polynomial hypergroup induced by the Chebyshev polynomials of the first
kind, i.e. h(0) = 1,h(n) = 2 and Ti{n} = {n — 1,n + 1} for all n € N. Define
A, ={0,1,....2n}U{2n+1,2n+3,...,4n—1}. Then T} A, = {0,1,...,2n,2n+1}U
{2n+2,2n+4, ..., 4n}, and T1 A, AA,, = {2n+2,2n+3,...,4n}. Then h(A,) = 6n+1
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and h(T1A,AA,) = 4n—2, and so nlggo % = 2, ie. (An)nen, is not a summing
sequence.

We can also give an example of a summing sequence which is not “almost” (.Sy, )nen, like
in Proposition 3.11: Let (H) be satisfied and let the Haar measure be nondecreasing,.
Define a sequence of sets by A4, := {0,1,...,3"}U{2-3"+1,2-3"+2,...,3""}.
(i)-(iii) of Definition 3.9 are again obviously satisfied and since the Haar measure is
nondecreasing we get h(Ty A,AA,) < 3-h(3"" +1) and by Proposition 1.13 and using
2h(A;,) > h(Ssn) we get that (A,)nen, 1S & summing sequence.

So far we have seen some examples of summing sequences and some sequences of sets
which are not summing sequences. The following Proposition gives an answer to the
question of whether there always exists a summing sequence, for any given polynomial
hypergroup. It is again related to condition (H), but in a kind of strong form of its
converse:

Proposition 3.12. If ) > o0 for all n € Ny there are no summing sequences.
> h(k)

k=0

Proof. Let (A,)nen, be a sequence of sets that satisfies (i)-(iii) of Definition 3.9 and
my, := max A,. Then m,, <m, 1, lim m, = oo and m,, + 1 € T1A,,AA,. Therefore
n—oo

h(T;;ElZA)An) > h(2r27j4+)1) > f;(rzf +1) SO0
' ! >, h(k)
k=0
and so (iv) of Definition 3.9 cannot hold. [

In the case that summing sequences exist we can get the following helpful result which
yields translation invariance in the limit of a partial summation, very much like in
the group case where one works with Fglner sequences. We will even show strong
translation invariance, a concept that has been introduced in Section 2.2.

Proposition 3.13. Let (A,)nen, be a summing sequence and let g, : [*°(Nyg) — C,
gn(@) = h(,}\n) Z SO(k)h(k) Then

keA,

nh_)n;O lgn (VT sp) — gn(@Ts)| = 0 for all v, € 1°(Ny), s € N.
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Proof. We have

meTd) = & > (k)T (k)h(k)

<A”) keA
a h(ixn) k; (k) m;}{k} g9(s, kym)p(m)h(k)
- h(iln) k; (k) mETZS{k} g(s,m; k)i (m)h(m)
- h(;n) mg;An (k;:ng(s,m; k‘)so(k)> W(m)h(m)
1

and thus

For the first term we get

1
h(An)

5 TR < il 20

keTs AnAA,
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and for the second one

LS (metm) = S gl mi ok | dm)h(m)
h(A”> meTsAn keA,
= I XS dsmme) | elmhom)
(An) mMETsAn \ k€T Ts An\An
1
< m||90”oo||¢”oo Z Z (s,m; k)h(m)
" kE€TsTs Ap\ Ay meTs Ay
1
= m||90||oo||¢||oo > > g(s kym)h(k)
m k€T Ts Ap\An mETs Ap
= hil Z h(k‘)< Z g(s,k;m)>
(An) k€T T An\An meTs Ay,
1
< h(k)
h(An) keng/;n\An
> W(T;A,AA,
< lolliplle 3 AR

Jj=0

h(An)

The last inequality holds because of

T.T.A, C U {|k —2s],...

keAn

k+2syC UT{k} UTA

keA, 3=0

As (A, )nen, is a summing sequence the proof is finished.

As we have already seen, for some classes of functions in [*° ‘the’ mean is unique, i.e. all
means give the same value, applied to such a function, e.g. for weakly almost periodic
functions (Theorem 2.6) or sequences for which their limit exists (Proposition 3.7).
For these functions ¢, the mean can be calculated, on hypergroups admitting summing
sequences, by taking the limit nh_)rgo gn(¢), where g,, are as in Proposition 3.13:

Theorem 3.14. Let (A, )nen, be a summing sequence on Ny and let ¢ € AC(Ny). Then

the sequence (ﬁ > w(k)h(k))nen, converges and the unique translation invariant
k€A,

mean on AC(Ny) is given by

M(p) =

1
n—o0 h(An)

> wlk)hk).

keA,

This representation is independent of the choice of the summing sequence.
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The proof of this result is similar to the proof in the group case, compare e.g. [13].

Proof. Tt is sufficient to prove the representation for real-valued functions ¢ € AC,(Np).
For such ¢, let

P(p) = limsup gn(y)
n—oo
where g, are as defined in Proposition 3.13. P satisfies P(¢ + ¢) < P(p) + P(¥)
and P(ay) = aP(p) for a« > 0. By the Hahn-Banach theorem there exists a linear
functional My on AC,.(Np) such that

—P(=p) < My(p) < P(p) for all ¢ € U, (No).

With Proposition 3.13 one can see that P(Tsp — ¢) = —P(—Tsp + ¢) = 0 for all
¢ € U.(Ng) and s € Ny. This shows that My(Tsp) = Mo(p). Also My(p) > 0
whenever ¢ > 0, My(1) = 1 and |[My|| = 1 are easily seen with the inequality
—P(—¢) < My(¢) < P(p). Thus by the uniqueness of the translation invariant mean
on AC,(Ng) we get My(p) = M(p) for all ¢ € AC,(Np).

Assume there is a function ¢ € AC,(Np) such that

—P(=p) = liminf g, () < limsup gu(p) = P(e)-
n—oo n—o0
Then by the Hahn-Banach theorem there would be two functionals My and M; which
would be equal to M on AC(Np), a contradiction to the assumed uniqueness of the

mean. Thus the limit
1

keA,

exists and is equal to M. The argumentation in this proof shows that for every summing
sequence this limit exists and is equal to M (). O

Inspired by Proposition 3.13 where we were able to prove asymptotic strong translation
invariance when a summing sequence exists we will now show that in that setting the
polynomial hypergroup satisfies the unique strong Reiter’s condition (UF P;) and so
with the help of Theorem 2.15 this type of hypergroups is strongly amenable.

Proposition 3.15. A polynomial hypergroup admitting a summing sequence is strongly
amenable.

Proof. We will show that a polynomial hypergroup admitting a summing sequence
satisfies Reiter’s condition (UFP;) and use Theorem 2.15. Let ¢ > 0 and F :=
{y1,...,yn} C Ny finite. By assumption there exists a summing sequence {A}ren

such that klim W =0forall j=1,..., N. Thus there exists n € N satisfying
—00
h(Tyii:ZLnA)An) < Sforall j=1,...,N. Define g(k) := ’;‘Egik)) and let y € F. Then for all
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¢ € L=(No) with [|¢[loc <1 we get

o0

IT,(0g) — 9Tyl = >

Ty (o) ) — XA"(’“)Tyso<k>]h<k>

2 [ h(A,) h(A,)
_ h&)Z ST gl g i)elxa, ) = S gk, ys i)e()| (k)
" k€An |jeT, {k} JETy{k}
T 3| 2 alu e ) )
For the first term we get
h(; 3| 2 etk ela () — D glkus)el) Ah
" k€A, |jeT, {k} JETy{k}
= S| S kel - X olhsiel) nh)
( ") k€A, |jeTy{k}NA, JETy{k}

- h(iln) Sl D0 alkyii)e()| hk)

k€An |jeTy{k}\An

_ h(A)Z > Uy k)G e()

" k€An |jeT, {k}\An

hén) > > 9UwRAG) )]

kEAn JET, Ap\An

~ h(A,) jETyXA;\An (k;;ng(w; k)) h(7)le ()]
hTyAAA) e

<
S TRy D2

For the second term we note that >  g(k,y;7)¢(j)xa,(j) can only be nonzero if
JETy{k}
there exists j € A, such that j € T,{k}, which is equivalent to k € T,{j}. So the

outer sum can be taken only over k € T,(A,). Thus we get

1
h(Ayn) 2

k& An

IA

> gk y; ) ()xa. ()] h(k)

JETy{k}

1
~ (A 2

keTy(An)\An
WT,A,AA,) e

S T A 2

> gk, y; )e(i)xa, ()

JETy{k}

h(k)

36



Together, ||T,(vg) — gTy¢ll1 < € and thus Reiter’s condition (UF'P;) holds. O

So for polynomial hypergroups admitting summing sequences, e.g. for the ones satis-
fying condition (H), we have proved the existence of a strongly translation-invariant
mean in the sense of Definition 2.11.

3.2 Conditions (£},

In the previous section the unique translation invariant mean on a suitable subspace
of [* on a polynomial hypergroup was represented by using summing sequences, a
construction which is very similar to Fglner sequences on groups. As it turns out,
weaker conditions are already sufficient to ensure a similar representation of means.
Our aim will be to construct invariant means as limits of sequences of functions in {?(h).
To get there, we will study characteristic functions x4, of sequences of sets (A, )nen,
similar to summing sequences. We call the resulting conditions (F},) where 1 < p < 0.

Definition 3.16. A sequence (A,)nen where A, € Ny for all n € N is said to satisfy
property (F,),1 < p < oo, if (i)-(iii) of Definition 3.9 are valid and

(i)’ lim —HT"’XQE;?;A"”g =0 for all k € N.
n—o00 n

Remark 3.17. In the group case condition (iv) of Definition 3.9 coincides with condi-
tion (i)’ of Definition 3.16 if p =1, as ||Tkxa, — Xa,ll1 = h(TLAAAL). In contrast to
the group case, however, we have to keep in mind that Ty x a, s no more a characteristic
function on a hypergroup.

In Definition 3.16, (iv)’ is required to hold for all £ € N. But due to the three-term
recurrence relation this can be relaxed so that it need only be checked for the case
k=1:

Lemma 3.18. For property (F,) it is sufficient that (iv)’ holds only for k = 1.

Proof. The translation operators T}, : IP(h) — [P(h) satisfy the three-term recursion
TlTk = aka+1 + kak + Cka_l (31)
for k € N. Moreover, the operator norms fulfill ||7;|| < 1 for all k¥ € N (and any p).

We will apply induction with respect to k:
Assume that (iv) is fulfilled for & and & — 1. Then

||T1TkXA7L - TlXAan + ||T1XA7L - XAn
1Texan = Xanllp + [ Tixa, = xanllp

| T T XA, — Xanllp P

<
<
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and hence

1
| Ter1X A0 — Xanllp = ||a—(TkT1XAn — b Tixa, — ceTh-1Xa,) — Xanllp
k
1 by,
< =T Tixa, — xa)llp + |I=—Trxa, — xa.)llp
ag ag
Ck
= (Th—1x4, — xa.)lp
ag
1 bi,
< @ (I Texa, = xaullp + 1T XA, — XA, llp) + a—k||TkXAn — XA, |lp

Ck
ag

. . T — p . T —
Because of the observation lim W — 0 & lim Texan—Xanle _ ( apnd the
n—00 (An) n—00 h(Ap)P

) ) ) T _ )
assumptions it follows lim Werixan —xanlle _ () ]

For the canonical sequence (S, )neny we find a close connection to property (H), similar
to Theorem 3.10.

Theorem 3.19. (a) If condition (H) is satisfied, then (S,)nen, Satisfies property
(F1).
(b) (Sp)nen, satisfies (F,) either for all 1 < p < oo or for none.

(¢) If there exists ¢ > 0,ng € Ny such that |a,| > ¢ or|c,| > ¢ for all n > ny and if
(Sn)nen, satisfies (Fy) then the hypergroup fulfils property (H).

Proof. (a): Clearly (i)-(iii) are satisfied. By Lemma 3.18 it suffices to consider k =
1. From xg,(l) — Tixs,(l) = 0forl =0,....n—1and |l = n+2,n+3,... and
Xs,(n) —Tixs,(n) =1— (b, +c¢y) = an, xs,(n+1) —Tixs,(n+ 1) = —cpy1 we obtain
lxs, — Tixs,|li = anh(n) + cor1h(n + 1) = 2a,h(n). By (H) and 0 < a,, < 1 (F})
follows.

(b): Let (Sp)nen, satisfy (F1). By Lemma 3.18, it is sufficient to show (iv) for (F})
only for k = 1.

First we notice that

1Tixa, — xa. b = a"h(n) + cui®h(n + 1) = a,"h(n) + anh(n)cp P!

= h(n)(an® + ancora” ")
and because of 0 < a,,c, < 1 for all n € N we can see that
1Tixa, — xaullh < [TixA, — Xanllt

for 1 <p<gq.
The other direction has recently been shown by Lasser and Skantharajah in [21].
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(¢):(Sn)nen satisfying (Fy) can be written as

— T 1
n—oo n—oo
> h(k) > h(k)
k=0 k=0

and with at least one of the sequences (@, )neny, (¢n)nen being bounded away from zero
(H) follows. O

For summing sequences Proposition 3.12 gives a condition when there doesn’t exist
one. For property (F}) we can give a similar result:

Proposition 3.20. If =" > M, > 0 and ¢, > My > 0 for all n € Ny then there
> hk)
k=0

does not exist a sequence (Ap)nen satisfying property (F).

Proof. 1f (A,)nen is a sequence of sets satisfying (i)-(iii) of Definition 3.16 define m,, :=
max A,,. Then

1 1
h(A,) 1Tix 4, — Xa,llt > —(An)cm"Hh(m” +1)> MM, > 0.

[]

To illustrate the results of Theorem 3.10 and Theorem 3.19 we present some examples.

(i) Jacobi polynomials R, " (z) with @ > 8 > —1 and a + 8+ 1 > 0 induce
a polynomial hypergroup on Ny. The orthogonalization measure on [—1,1] is
dr(z) = cap(l — 2)*(1 + x)?dz. The explicit form of the recurrence coefficients
A, by, ¢, may be found in [4] or [18]. The Haar weights

Cn+a+ B+ 1) (a+p+1),(a+1),
(a+ B+ 1Dnl(B+1), ’

h(n) =

are of polynomial growth, more precisely h(n) = O(n?**!) as n — oco. Hence
we conclude that (S,)nen, Is @ summing sequence and satisfies (F,) for every
p € [1,00[.

(ii) Little g-Legendre polynomials R%Q)(x) with 0 < ¢ < 1 define a polynomial hyper-
group on Ny, see [17] or [10]. The recurrence coefficients are

2 (1+q)(1—q¢")
(1 =gt (1 +qt)

_ (=g —q"")
(g (1 + gt

¢, = LT —d")
T (=1 + )

ap = (

39



for n € N, with starting values ag = q%l and by = q_%l. The Haar weights satisfy

h 1

T R S
Hence h(n) is of exponential growth. Moreover, a, — 0,¢, — 0,b, — 1 and
C;‘ﬁ — %. Hence we conclude that (S, )nen is not a summing sequence. Never-
theless (S, )nen satisfies property (F),) for each 1 < p < 0.

(iii) Orthogonal polynomials connected with homogeneous trees R, (z;a) with a > 2

are determined by the recurrence coefficients

a—1

1
a, = b, =0,¢,=—-—,n€eN
a
and ag = 1, by = 0, see [18] The Haar weights are h(0) = 1, h(n) = a(a—1)""!,n €
N. From the preceding results we can derive that (S,)nen IS not a summing
sequence and it does not satisfy (F},) for any 1 < p < oo.

There are examples where the condition “|a,| > ¢ for almost all n € Ny” of Theorem
3.19(c) is satisfied, as in the hypergroups generated by the ultraspherical polynomials.

For polynomial hypergroups where the canonical sequence (S, )nen, Satisfies property
(F1) instead of the stronger assumption of being a summing sequence we can still prove
a representation of the unique translation invariant mean on AC(Np) via the same limit
as in Theorem 3.14. To that end, we will need the following proposition:

Proposition 3.21. Let the canonical sequence (Sy, )nen, satisfy (Fy) and let g, : 1*°(Ng) —
C,9n(¢) = jrey 2 ¢(k)h(k). Then

keSh

Tim |g,(Tvp) = gn(p)| = 0 for all ¢ € 17(Ny)

Proof. We have

n k+1
0.(Tip) = h(lsn);j%ga,mm)h(k)
1 n k+1
= h(sn)gj;”g(laj,k)somh(])
— sy 2o (el = DK = 1+ bup(YH(R) + currplh-+ DK+ 1)
" k=0
= 0ul) + gy (@2 (DR = aup(mh(m) + eriaen + Dbn + 1)
= 0n(9) + 7 (@A) + ) (el -+ 1) = o(n)
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and therefore

. . azh(n) - Ixs, = Tixsa |l
A0 lgn(Ta) = gn(2)] = 2llelleo Jim 5 resm = Nl Tim Z==2rre B = 0

]

Theorem 3.22. Let the canonical sequence (Sy)nen, satisfy (F1) and let ¢ € AC(Ny).
Then the sequence (ﬁ > o(k)h(k))nen, converges and the unique translation in-
" keS,

variant mean on AC(Ny) is given by

Proof. 1t is sufficient to prove the representation for real-valued functions ¢ € AC,(Np).
For such ¢, let P(p) := limsup g, (), where g, are defined as in Proposition 3.21. P

n—oo
satisfies P(p+1¢) < P(p)+P(¢) and P(ayp) = aP(yp) for a > 0. By the Hahn-Banach
theorem there exists a linear functional My on AC,(Ny) such that

—P(—¢) < My(p) < P(p) for all p € AC,(Ny).

With Proposition 3.21 one can see that P(Tip — ¢) = —P(=Tipo+ ) =0 for all p €
AC,(Ny). This shows that My(T1¢) = My(p). Also My(¢) > 0 when ¢ > 0, My(1) =1
and ||[My|| = 1 can easily be seen with the inequality —P(—¢) < My(¢) < P(¢). By
Proposition 3.3 M, is a translation invariant mean. Thus by the uniqueness of the
translation invariant mean on AC(Ny) we get My(¢p) = M () for all ¢ € AC(Ny).
Assume there is a function ¢ € AC,(Np) such that

—P(—p) = liminf g,(¢) < limsup g,(¢) = P(p).

n—o0 n—oo

Then by the Hahn-Banach theorem there would be two functionals My and M; which
would be equal to M on AC,(Ny), a contradiction to the assumed uniqueness of the
mean. Thus the limit

exists and is equal to M (). O

With the results of this and the previous section it makes sense to introduce the fol-
lowing class of functions:

Definition 3.23. Let (S,,)nen, be the canonical sequence. Define

L:={pel®Ny): r}irgo h(g ] ng(k)h(k:) exists}
" k=0
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Using this notation, Theorem 3.22 states that if (S, ),en, satisfies (F}), then AC(Ny) C
L. For a start, we can give some properties of L.

Proposition 3.24. £ is a translation invariant closed linear subspace of 1°°(Ny) with
Co Q L.

Proof. 1t is easy to see that L is a closed linear subspace of [*°(Ny) with ¢ € £. By
Proposition 3.21 we get Tip € L. But as L is a linear space and by Lemma 3.4 every
T,, can be written as a convex combination of powers of 17, the proof is finished. [

Since ¢y € AC(Np) the previous Proposition states a new inclusion only for the case
when AC(Ng) Z L, i.e. when there are no summing sequences and when (S),),en, does
not satisfy (F7).

The inclusion £ C AC(Np) is not true in general, i.e. the existence of the limit
lim ﬁ > p(k)h(k) for a ¢ € 1°°(Np) is in general not sufficient for the unique-
n—0o0 " k=0

ness of m(y). For example, even if condition (H) holds, i.e. the inclusion AC(Ny) C L

is valid, we can give an example that these to sets do not always coincide:

Example 3.25. Let the hypergroup structure on Ny be induced by the Chebyshev poly-
nomials of the first kind (see section 1.2). Define a set A C Ny by

1 form=2m2"4+1,...,2" +m and m even

0 else

xa(n) = {

In the proof of Corollary 4.3, where this set is also used, we can see that x4 ¢ AC(Np).
So it remains to be shown that x4 € L. For n > 2 there exists a unique m € N such
that 2™ +m >n > 2™ 4 (m — 1). With that we get

n 2M4m m 2045

D xa®h(k) <> xalk)h(k) <D Y xa(i)h(i)
k=0 k=0 J=0 =27 —j

< 2) 25+ 1=2m"+4m +2

j=0
and thus
LS i) < L (omtam+2)
H(Sn) —0 - H(*S'Qm*l—i-(m—l))
1 2

This example also shows that it is difficult to find bounds for m(y) other than

liminf p(n) < m(y) < limsup p(n)

n—oo n—o00

42



that hold for all translation invariant means m and all ¢ € [*°(Ny). Especially

) 1
lim sup

s ey 3 B 2 ()

has been shown as there exists a mean m such that m(x) = 1 and the left-hand side
was 0 for this sequence. Another possible bound that is not as strict is

n

1
sup lim sup —— Tip(k)h(k
leNg n—oo h(Sn) ;:; ( ) ( )

We will use the same function as in Example 3.25 to show that this inequality is also

not true in general.

Example 3.26. Let the hypergroup structure on Ny be induced by the Chebyshev poly-
nomials of the first kind (see section 1.2). Define a set A C Ny by

(n) = 1 form=2m2"4+1,...,2" +m and m even
XA =00 else

In the proof of Corollary 4.3 we show that there exists a translation invariant mean
m such that m(xa) = 1. The term in question for the upper bound on the other hand
gives
1 n
sup lim sup ——— Tip(k)h(k) =
ZENI()) n%oop h(Sn) kZ:O lgp( ) ( )

n

= sup limsup@ Z (%XA(U{ —1]) + %XA(k + l)) h(k)

leNg n—oo

l n n+l
< sup limsup @ (% ; xa(k)h(k) + % kz:% xa(k)h(k) + % kz:% XA(k:)h(k))

leENg n—oo

For n > 2 there exists a unique N € N such that 2¥ + N > n > 2V71 4 (N —1).
Assuming n > | we get

1 1 : 1 n 1 n
n(S,) (5%)@(/{:)/1(/{:) + 5%)@(/{:)]1(1{:)) < h(S ;XA(k)h(k;) —0

as in Example 3.25. For the third term, with n,l and N fized, choose AN minimally
such that

QNFAN L (N + AN) > n+ 1.
Then

jRas 2(N + AN)2 4+ 4(N + AN) + 2
_— <
h(S,) kzzo xa(k)h(k) < oN L 2N —1

again as in example 3.25. Since AN, which is dependent on n and l, is decreasing as
n — oo, there is a maximal AN and so the third term also tends to zero and in the
end

n

) 1
sup lim sup AEh) ZTZXA(k:)h(k:) = 0.

leNg n—oo —0
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4 Non-Uniqueness of translation
invariant means

In this chapter we will prove the existence of two different means on [*° for polynomial
hypergroups. The proof uses an idea first proposed by Rudin[25] for invariant means on
groups. But due to zeroes of functions not being shifted by the hypergroup translation,
the proof had to be modified accordingly.

For the first part of this chapter, let K be a commutative hypergroup.

Definition 4.1. A set E C K is called permanently positive (in short PP) if

h (ﬂ TxiE> >0
i=1
foralln e Nyxq,...,x, € K.

Q CP(K) is called PP-filter if

(i) every A € Q is PP
(i) ABEQ= ANB€Q

For f € L>*(K), let Z(f) denote the set of all zeroes of f in the sense that x is a zero
if and only if for every ¢ > 0 there exists § > 0 such that fBé(x) fly)dm(y) < e.

Theorem 4.2. Let Q2 be a PP-Filter in K. Let J := {f € L>®(K) : Z(f) contains
some member of Q} and I C J such that T,f € J for all x € K whenever f € I.
Then there exists a translation invariant mean M on L*°(K) such that M f =0 for all

fel

Proof. L*(K) is a Banach algebra with respect to pointwise multiplication. Because
of (ii) in Definition 4.1, J is an ideal. Since 1 ¢ J, J is contained in a maximal
ideal Jpax and as Jpax is maximal, the quotient ring L>®°(K)/Jpax is a field. By the
Gelfand-Mazur theorem that field is isomorphic to C, and there is a homomorphism
h: L*(K) — C with ker(h) = Jpax-

Since K is amenable, there exists a translation invariant mean A on L*(K). Since
||| = 1, the formula

Of(x) = h(T:f)
associates with each f € L>®°(K) a function ®f € L>®(K), so one can define

Mf = Adf
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for f € L>*(K).

By the definition of I, T, f € J whenever f € I C J, and so M f =0 for every f € I.
M1=1ash(l)=1and A1 =1.

Since ||h]| = 1, we have |M f| < ||f]|co- So only the translation invariance of M remains
to be shown. We can see that

STf)y) = h(Tmi:h( / Tzde(%y)(Z)) < [ WE ot )
- /K D f(=)dw(x,y)(2) = T,Of ()

where (x) holds because h is continuous as a homomorphism from a Banach algebra in
C. With that we can conclude that

M(T,f) = AT, f = AT, of = AOf=Mf
and so M is a translation invariant mean with the required property. O

This general theorem is the key to show that on polynomial hypergroups there cannot
exist only one mean. The idea is to construct a set A such that A and its translates
as well as the complement A® along with its translates lie in two suitably defined PP-
filters. Then Theorem 4.2 guarantees the existence of means M; and M, such that
M (xac) = 0 and Ms(xa) = 0 but as xa + xac = 1 and M;(1) = 1 that completes
the proof.

Corollary 4.3. For polynomial hypergroups there exists more than one mean on [*°.

Proof. For A C Ny define

woe [ w0 (5o w)l ne

La(n) = Ne{o, ..., 27;\}[ he N =
max { i <1—><A<2“—k>>-(z (1—XA<2n—k>>>} » odd
Ne{0,...,2"} (p=_N N

wo {1 0= -0 (2 @@ -0)} e

ZA(n) — Ne{0,....27} (=N N k:]\;N
max { IT xa(2*—k)- ( > XA(Z”—k))} n odd
Nefo,..27} | o i k=N

L4(n) counts the number of contiguous elements of A symmetrically around 2™ for n
even and contiguous numbers in Ny \ A symmetrically around 2" for n odd, whereas

L(n) does the opposite. B
Let Q :={A C Ny : liminfLAT(") >0} and Q := {A C Ny : liminfLAT(”) > 0}. With
n—oo n—oo

this definition © and Q are PP-filters, as every A € Q(ﬁ) is permanently positive and
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with A, B € Q(Q) we have AN B € Q(2) and T,,A € Q(Q) for all m € Ny.
Now define a set A C Ny such that

1 forn=2"2"+1,...,2" £ m and m even
xa(n) =

0 else

A lies in © and so x4c¢ has zeroes on an element of a PP-filter, as required in the
previous theorem. For every k € Ny, there exists a set B € € such that B C Z(Tyx 4¢).
So by Theorem 4.2, there exists a mean M; on [*° such that M;(x4c) = 0. By the
same argument there exists a mean M, such that Ms(x4) = 0. But since 1 = My(1) =
M (xa)+Ms(xac) = Ma(xac), we have shown the existence of two different means. [

This result proves in general that on any polynomial hypergroup there exist two differ-
ent translation invariant means. However, as we have seen in the previous chapter, for
some functions ¢ € [*° the mean is uniquely determined. To get a criterion for when
v & AC(Ny) we can reverse Theorem 3.14 and Theorem 3.22:

Corollary 4.4. Let (A)nen, be a summing sequence or let (A )neny = (Sn)nen, Satisfy
(F1), and let p € 1. If

T}l_{rolom > e(k)h(k)
does not exist, then o & AC(Np).

Proof. Apply Theorem 3.14 or Theorem 3.22. O

On the other hand, if this limit does exist for a ¢ € [*°, one can at least assert that it
is the representation of a mean m(yp):

Corollary 4.5. Let (Ap)nen, be a summing sequence or let (Ay)neny = (Sn)nen, Satisfy
(F1), and let p € 1. If

S elb)h(k) =

keAn

1
lim

nvoo h(Ay)

then there is a translation invariant mean m € (I°°)* such that m(yp) = c.
Proof. This follows from the first half of the proofs of Theorems 3.14 and 3.22. m

In the case of ¢ € AC(Ny), i.e. m(p) is uniquely determined by ¢, the limit auto-
matically existed and its value was fixed. In the general case we have to assume the
existence of the limit and can only assert that there exists a mean which is represented
by that limit, and the mean is not fixed.

So if ¢ ¢ AC(Np) there exists more than one mean, and we can even find an example
where there exist two summing sequences that represent different means in the sense
of Corollary 4.5. The set A is the one used in the proof of Corollary 4.3.
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Example 4.6. Let the hypergroup structure on Ny be induced by the Chebyshev poly-
nomials of the first kind (see section 1.2). Define a set A C Ny by

1 form=2m2"4+1,...,2" +m and m even

0 else

xa(n) = {

For the canonical sequence (Sy,)nen, we have already seen in Example 3.25 that

and this represents one of the means found in the proof of Corollary 4.3.

In the second half of this example we will construct a sequence of sets (Ay)nen,, show
that it is a summing sequence and then show that the corresponding limit is 1. To that
end, let By = {2% 22k +-1,..., 22 £ k} for k € Ny and define

AO = Bo, An+1 = An U Bn+1 U {Eﬂln{k c NO ck ¢ (An U Bn—l—l)}]}

=iCn+1

One can see that A, = |J BiU{c1,...,c,} as a disjoint union (by the definition of ¢;)
1=0

and so A, C Anqq for allm € Ny, | A, = Ng and h(A,,)) < oo for all n € Ny as the

n=0
sets are finite, i.e. (i)-(iii) of Definition 3.9 are satisfied. For (iv) we will look at the
symmetric differences Ty A, AA,,. Let k be given. Then we get

T: A, C 0{221,2” + 1,22 £+ k)|}U{0,1,... ¢, +k}
1=0
not necessarily disjoint anymore, and thus
TpA, \ A, C U{|2’” 20+ 1)],..., 122 £ QU+ k) JU{c, +1,..., 8, +k}.
1=0

For the Haar measure of this set we get

MT A, \ Ay) < Xn:(zlk) + 2k = 4k - n + 6k.

1=0

On the other hand, for | > k we find B; C TyB; and {0,...,¢c,} €{0,...,¢c, + k} and
so A\ TrA, C IZD: B;. Applying the Haar measure this leads to

k—1
h(Ap \ TeAy) < (41 +2) = 2k(k — 1) + 2k = 24
=0
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and combined this yields
h(TAnAA,) < 4k -n + 2k + 6k.

To check (iv) of Definition 3.9 we need to compare this to h(A,) which is given by

n

WA =Y h(B)+h({ e ,...oca}) =) (8142)+2n—1=4n"+8n+1
1=0 -0 1=0

and thus

h(T,A,AA,) - 4k - n + 2k* + 6k
h(Ay) T 4An?+8n+1

— 0 for every k € Ny as n — oo.

This concludes the proof that (A )nen, S a summing sequence and now we want to

check whether lim h(i ) > xa(k)h(k) exists. With
n—oo TV ke A,

doxalk) = Y0¥ xalk)h(k) + Y xalen) hler)

keA, 1=0 keB; ]
= 3 ) 2=2) (4l+1)=4n"+6n+2
1=0 keB, 1=0
we get
1 An® +6n + 2
— (k) = —————= 1
h(A,) k; Xatk)hk) = 1

which represents Mi(xa) from the proof of Corollary 4.3.

In this example the canonical sequence (S, )nen, represented Ms(y4) = 0 and a custom-
made sequence (A, )nen, allowed for M;(xa) = 1. As the calculations in the proof show,
even in the simple case of the hypergroup induced by the Chebyshev polynomials of
the first kind, it is no easy task to find a summing sequence that represents a mean
one knows beforehand. If in contrast one has a summing sequence such that the limit
for a given function ¢ € [*°(Np) exists one can in light of Corollary 4.5 just define the
mean to be its limit.
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List of Symbols

g(m,n; k)

(Kn>n€N0

coefficients of the three-term recurrence relation
summing sequence

almost convergent functions on K, see Definition 2.4
coefficients of the three-term recurrence relation
continuous functions

continuous functions with compact support
coefficients of the three-term recurrence relation
convex hull of A

hypergroup character

characteristic function of the set A

Dirac measure at the point x

linearization coefficients of a sequence of orthogonal polynomials
Haar measure on a polynomial hypergroup

Fglner sequence

{f:No— C:sup |f(n)[h(n) < oo}

neNp
Haar measure on a locally compact Abelian group G

translation invariant mean

set of all means on K

set of translation invariant means on K

Haar measure on a commutative hypergroup K

g(n) = O(f(n)) if 3ne € N, M € R : |g(n)| < M| f(n)]vn > ng
hypergroup convolution, see Definition 1.1

probability measures on K with compact support

power set of X

orthogonalization measure of a sequence of orthogonal polynomials
polynomial from a sequence of orthogonal polynomials (R,,)nen,
canonical summing sequence, S,, :={0,1,...,n}

translation operator

weakly almost periodic functions, see Definition 2.5

constant function f =1
closure of the set A
closure of the set A in the uniform topology

complex conjugation

51






Bibliography

1]

[10]
[11]

[12]
[13]

[14]
[15]
[16]

[17]

R. Askey, Linearization of the product of orthogonal polynomials, in R. Gunning,
Problems in Analysis, Princeton University Press, pp. 223-228, 1970.

S. Banach, Sur le probleme de mésure, Fund. Math., vol. 4, pp. 7-33, 1923.

S. Banach and A. Tarski, Sur la décomposition des ensembles de points en parts
respectivement congruents, Fund. Math., vol. 6, pp. 244-277, 1924.

W.R. Bloom and H. Heyer, Harmonic Analysis of Probability Measures on Hyper-
groups, de Gruyter, Berlin, 1994.

H. Bohr, Zur Theorie der fastperiodischen Funktionen I, Acta Math., vol. 45, pp.
29-127, 1925.

R.B. Burckel, Weakly Almost Periodic Functions on Semigroups, Gordon and
Beach, New York, 1970.

J. Dixmier, Les moyennes invariantes dans les semi-groupes et leurs applications,

Acta Sci. Math. Szeged 12A, pp. 213-227, 1950.
N. Dunford and J.T. Schwartz, Linear Operators I, Wiley&Sons, 1988.

F. Filbir, Approximationsprozesse auf kommutativen Hypergruppen, Shaker Ver-
lag, Aachen, 2000.

F. Filbir, R. Lasser and R. Szwarc, Reiter’s Condition P, and Approximate Iden-
tities for Polynomial Hypergroups, Monatsh. Math., vol. 143, pp. 189-203, 2004.

E. Fglner, On groups with full Banach mean value, Mathematica Scandinavica,
vol. 3, pp. 243-254, 1955.

F. Hausdorff, Grundziige der Mengenlehre, Veit, Leipzig, 1914.

E.H. Hewitt and K.A. Ross, Abstract Harmonic Analysis I, Springer-Verlag,
Berlin, 1963.

V. Hosel, On the estimation of covariance functions of Pn-weakly stationary pro-
cesses, Stoch. Anal., vol. 16, no. 4, pp. 607-629, 1998.

V. Hosel, M. Hofmann and R. Lasser, Means and Fglner Condition on Polynomial
Hypergroups, Mediterranean Journal of Mathematics, vol. 7, pp. 75-88, 2010.

V. Hosel and R. Lasser, Prediction of weakly stationary sequences on polynomial
hypergroups, Annals of Probability, vol. 31, no. 1, pp. 93-114, 2003.

T.H. Koornwinder, The addition formula for little g-Legendre polynomials and
the SU(2) quantum group, STAM J. Math. Anal., vol. 22, no. 1, pp. 295-301, 1991.

93



[18]
[19]

[20]

21
22
23
24
25
26
27
28
20
30

[31]

o4

R. Lasser, Orthogonal Polynomials and Hypergroups, Rend. Mat., vol. 3, pp. 185-
209, 1983.

R. Lasser, Orthogonal Polynomials and Hypergroups II — The Symmetric Case,
Trans. AMS, vol. 341, no. 2, pp. 749-770, 1994.

R. Lasser, On a-amenability of commutative hypergroups, Infinite Dimensional
Harmonic Analysis 4, Eds. J. Hilgert et al., World Scientific, Tokyo, pp. 184-195,
2008.

R. Lasser and M. Skantharajah, Reiter’s Condition for Amenable Hypergroups,
Monatshefte Math., vol. 163, pp. 327-338, 2011.

A.T. Lau, Analysis on a class of Banach algebras with applications to harmonic
analysis on locally compact groups, Fund. Math., vol.118, pp. 161-175, 1983.

H. Lebesgue, Lecons sur l'intégration et la recherche des fonctions primitives,
Gauthier-Villars, Paris, 1904.

A.L.T. Paterson, Amenability, Mathematical surveys and monographs, vol. 29,
American Mathematical Society, Providence, Rhode Island, 1988.

W. Rudin, Invariant means on L*°, Studia Mathematica, T. XLIV, pp. 219-227,
1972.

M. Skantharajah, Amenable Hypergroups, Illinois Journal of mathematics, vol.
36, no. 1, pp. 15-46, 1992.

R. Szwarc, Orthogonal polynomials and a discrete boundary value problem I,
SIAM Journal on Mathematical Analysis, vol. 23, pp. 959-964, 1992.

R. Szwarc, Orthogonal polynomials and a discrete boundary value problem II,
SIAM Journal on Mathematical Analysis, vol. 23, pp. 965-969, 1992.

A. Tarski, Algebraische Fassung des Massproblems, Fund. Math., vol. 31, pp.
47-66, 1938.

J. von Neumann, Zur allgemeinen Theorie des Masses, Fund. Math., vol. 13, pp.
73-111, 1929.

S. Wolfenstetter, Weakly Almost Periodic Functions on Hypergroups, Monatshefte
Math. 96, pp. 67-79, 1983.



