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HYPERGROUPS AND DISTANCE DISTRIBUTIONS
OF RANDOM WALKS ON GRAPHS

KENTA ENDO, IPPEI MIMURA and YUSUKE SAWADA

Abstract

Wildberger’s construction enables us to obtain a hypergroup from a random walk on a special
graph. We will give a probability theoretic interpretation to products on the hypergroup. The
hypergroup can be identified with a commutative algebra whose basis is transition matrices. We
will estimate the operator norm of such a transition matrix and clarify a relationship between their
matrix products and random walks.

1. Introduction

The concept of hypergroup is a probability theoretic extension of the one of loc-
ally compact group and established by Dunkl [6], Jewett [10] and Spector [15].
We refer the reader to Bloom and Heyer’s monograph [1] for details of the
general theory of (locally compact) hypergroups. A discrete hypergroup is
a generalizations of a discrete group. As was the case with groups, we can
completely determine structures of hypergroups of low order, see e.g. [18]
and [14]. In this paper, we shall only treat hermitian discrete hypergroups
which are generalizations of Z/27.

In [16] and [17], Wildberger introduced a method to construct a hermitian
finite hypergroup from a random walk on a special graph. This construction
produces a x-algebra with structure constants determined by pairs of successive
jumps in the graph. To obtain a hypergroup from such a random walk requires
the underlying graph to satisfy certain conditions. A hermitian hypergroup
automatically becomes a commutative algebra, however the well-definedness
of products, the associativity or the commutativity may fail, depending on
the choice of graph. A non-associative hypergroup is called a pre-hypergroup.
Recently, Ikkai and Sawada [9] have studied what kind of graph induces a
hermitian discrete hypergroup via Wildberger’s construction. Especially, they
showed that all self-centered graphs and all distance regular (not necessar-
ily finite) graphs induce pre-hypergroups and hermitian discrete hypergroups,
respectively. In this paper, we treat only graphs inducing pre-hypergroups.
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We shall give an outline of this paper. In §2, we will prepare the basic
concept of graphs and recall Wildberger’s construction.

We will explicitly define a probability space and random variables which
describe a time evolution of distances given by random walks on a Cayley
graph in §3. We will also discuss the Markov property of the time evolution in
the finite graph case.

In §4, we will find a probability theoretic interpretation of m-th products
on the pre-hypergroup derived from a random walk on a graph with some
symmetry conditions. For a graph I', which is not necessarily distance regular,
let H(I") denote the pre-hypergroup with a basis xg, x1, X2, . . .. For the case
m = 2, by Wildberger’s method, the probability theoretic meaning of x; o x;
is clear. However, for m > 2, the meaning of a product formed as ((- - - ((x;, o
Xi,) 0 xj;) o --+) ox; ) ox; hadnotbeen clarified yet.

We shall explain §5. Any discrete hermitian hypergroup is isomorphic to a
commutative matrix algebra whose basis consists of transition matrices. The
matrix algebra associated with the hypergroup derived from a distance regular
graph I is close to the Bose-Mesner algebra of I' in [2]. We can apply the
construction of transition matrices to a pre-hypergroup. We will estimate the
operator norms of these transition matrices.

In this paper, let N be the set of all positive integers, Ng = N U {0}, Z the
set of all integers, R the set of all real numbers and C the set of all complex
numbers. For a set S, let CS denote the free vector space of S over the field C.

2. Preliminaries

In this section, we prepare definitions, notations and facts related to graph
theory and Wildberger’s construction of hermitian (discrete) hypergroups from
some graphs.

2.1. Graphs

We refer the reader to [7] for general graph theory. Let I' be a graph with a
vertex set V. When a base point vy € V is fixed, the pair (I, vg) is called a
pointed graph. Forv, w € V,letd(v, w) denote the distance between v and w,
that is, the length of the shortest path from v to w. In particular, we denote by
|v] = d(vg, v) the distance between the base point vy and a vertex v € V. We
also define

IT)=1I(T,v) ={neNy||v|l=nforsomev e V},
M) = M, vo) = sup I (T, vy),
S,(w) ={w eV |dw,w)=n}
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foreachn € Ng and w € V. In particular, the set S, (vp) is sometimes denoted
by S, simply. Note that sup, ;) [S,| < oo if and only if sup, ;) [S,(v)]| <
oo for all v € V. In this paper, assume that any graph I" is

(i) simple, connected and locally finite,
(i1) has at most countable vertices, and
(iii) satisfies Sy ry(v) # @ for any vertex v if M(I') < +4-o00.

Note that the third condition in our assumption is weaker than self-centered.
Now, we shall introduce some symmetric conditions for graphs as follows:

DEerFINITION 2.1. Let I' be a graph with a base point vy. We define two
conditions:

(S1) the function |S;(-)]is constant on the vertex set of I" foreachi € I (T, vy);
(S2) the function [S;(-) N S;(vo)| is constant on i (vo) for each i, j,k € I(I").

DEFINITION 2.2. A graph I with a vertex set V is said to be distance regular
if forevery i, j, k € f(F) :={n € Ny | d(v, w) = n for some v, w € V}, the
cardinality |[{x € V | d(v, x) =i, d(x, w) = j}| is independent of the choice
v, w € V with d(v, w) = k. The above cardinality is denoted by Q(F)ffj.

Note that the above definition of distance regular graph is not the original
definition but the definition via association schemes. It is known that they are
equivalent (for example, see [9, Proposition 2.4]). We refer the reader to [4]
and [5] for the general theory of distance regular graphs. It is clear that any
distance regular graph satisfies the conditions (S1) and (S2). Of course, any
connected graph I' equipped with condition (S1) automatically satisfies the
assumption (iii) Sy r)(v) # @ for any vertex v if M(I") < +o0.

We shall recall the definition of Cayley graph and define some notations
related to graphs. For the general theory of Cayley graphs, see [11]. For a
discrete group G and a symmetric finite subset S C G not containing the unit
element e in G and generating G, the Cayley graph Cay(G, S) of the pair
(G, S) is a graph whose vertex set is G and edges are defined by the follows:
a vertex v € G is adjacent to a vertex w € G if v"'w € S. The Cayley graph
Cay(G, S) is sometimes denoted by G simply when we need not specify the
subset S. In this paper, we always assume any base point in a Cayley graph
G 1is the unit element ¢ in G. For a Cayley graph Cay(G, S), we define a
condition (S3) by

(S3) w € S;(vg) if and only if vw € S;(v) forallv € G andi € I(G).

LEMMA 2.3. Any Cayley graph Cay(G, S), with base point vy = e, satisfies
the conditions (S1) and (S3).
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ProOF. For £ > 2, the vertices v and w € G are said to have a path of
length ¢ if there exists a tuple wy = (wy, wa, ..., Wp—1) € G! satisfying the
condition P, (wg, w):

Py(wo, w)
0<j<t-1 = w'wy €S,

0<j<k<lk—j>2 = wj‘lwkg.és,

w;j € G\ {wo, wy,...,wj_,we} forany j=1,2,...,£—1,

where wg = v and w, = w.

Fix i € I(G) and v € G. It suffices to show that the map F,: S;(vg) >
w — vw € S;(v) is bijective. The case i = 1 is trivial. First we check the
well-definedness of F,. Take w € S;(vg). Then there exists w; = (wy, wo, ...,
w;_1) € G'~! such that w; satisfies P (vg, w), and that, forany j = 1,2, ...,
i —2and w; € G/, w; does not satisfy P;(vo, w). Note that these two con-
ditions are equivalent to w € S;(vo). Now we find that vw; = (vwy, vws, ...,
vw;_) satisfies P; (v, vw) and that, forany j = 1,2,...,i—2andw; € G/,
w; does not satisfy P;(v, vw), which give the well-definedness of F;,. For the
bijectivity, we can easily check that the map F,-1: S;(v) 3 u +> v™'u € S;(vo)
is also well-defined and that this map is the inverse mapping of F;,.

In general, the condition (S2) is weaker than distance regularity, however
these symmetry conditions are equivalent for a Cayley graph as follows:

LEMMA 2.4. Let Cay (G, S) be a Cayley graph with the base point e € G. If
Cay(G, S) satisfies the condition (S2) then it is distance regular.

ProoF. Fix i, j,k € I(G) and g, g',h,h € G with d(g,h) = k =
d(g',h"). If we define the action ¢,:G > y +— xy € G for each x €
G, by Lemma 2.3, then we have ¢,-1(S;(g) N S;(h)) = Si(h~'g)n Si(e).
By Lemma 2.3 again, we have d(h~'g,e) = d(g,h) = k = d(g’,h') =
d(h'~'g’, e), and hence the condition (S2) implies that

1:(8) N S; ()| = lgn1(Si(8) N Sj()| = [Si(h~"g) N S;(e)]
=18 (K" N Si(e)l = lgn-1(Si(g") N S;(h")]
= 18i(g") N S; (M)
This proves that G is distance regular.

ExamPLE 2.5. The 1-dimensional lattice Cay(Z, {£1}) is distance regu-
lar, and the 2-dimensional lattice Cay(Z?, {(£1, 0), (0, £1)}) satisfies condi-
tion (S1) and does not satisfy condition (S2).
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ExAMPLE 2.6. For each natural number n > 1, let S denote a set with
cardinality 2n — 1. The odd graph O, with degree n is a distance regular graph
whose vertices are the subsets of S and an edge between two vertexes v and w
is drawn if and only if v N w = @. It is known that @, is not a Cayley graph
if n > 2 by [8].

ExaMPLE 2.7. The Cayley graph &, = Cay(Z/nZ & Z/2Z, {(£1,0),
(0, 1)}), called the n-gonal prism graph, is distance regular if and only if
n = 4. For n # 4, the graph &, with an arbitrary base point does not satisfy
the condition (S2).

ExAMPLE 2.8. The pair (%, vo) consisting of the binary tree % and a base
point vy in # defined as Figure 1, satisfies condition (S2) and does not satisty
condition (S1).

VAN

FIGURE 1. Binary tree

2.2. Hypergroups derived from graphs

We shall recall Wildberger’s construction of hypergroups from some graphs.
We refer the reader to [17] and [9] for details of the construction.

Let (I, vo) be a pointed graph and put H (I', vg) = {x;}icr(r v With dummy
symbols x; fori € I(I", vy). If " is an infinite graph, then I (I", vy) = Ny. For
i, j,k € I(I', vy), we define

1 Z |Sj (v) N Sy (vo)| 2.1

k
pi . =
T 18i(wo) |Sj (V)]

veS; (vo)

The set { pl’.f j kel (r.v,) 18 the distribution of distances between the base point vy
and a random vertex w € S;(v) after a jump to a random vertex v € ;(vo).
By our assumptions on the graphs, the probability pf." ; 1s well-defined for any
i, j,k e I(T, vg) (see also [9, Proposition 3.1]). Also, we define a product on
the free vector space CH (T, vg) by

k
Xi 0 Xj = E Di, Xk
kel (T,v0)

for each x;, x; € H(I", vp). Note that [{k € I (T, vp) | pﬁj # 0} < oo for all
i,j €I, vy) evenif I' is infinite.
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When the graph I' has a “good symmetry”, defining x = x; for each
i € [(I'), the triple (H (T, vp), o, *) forms a discrete hermitian hypergroup in
the following sense.

DEFINITION 2.9. Let H = {x;};er(m) be a countable set whose elements
are parametrized by a index set I (H) = {0, ..., N} for some N € Ny or Ny.
Suppose o and * are a binary operation and an involution, respectively, on the
free vector space CH. We give the following three definitions:

The triple (H, o, %) is called a discrete hypergroup if the following condi-
tions are satisfied.

(1) The triple (CH, o, *) is a x-algebra with the unit xo € H.
(2) Fori, jel(H),ifxjox; = kazopfjxk andpf’j eCk=0,...,m),
we have pffj >(0forallk =0,...,mand ZT:OP;I'C,/' =1.

(3) Foralli, j € I(H), one has pgj # 0 if and only if x; = x]?‘.

(4) The restriction *|y maps H onto H.
We call the above numbers { pff j},~7 j.ke1(w) the structure constants of H.
The hypergroup (H, o, *) is said to be
(a) finite if I (H) is finite,
(b) commutative if (CH, o) is a commutative algebra,
(c) hermitian if the restriction *|z is the identity map.

In this paper, the pair (H, o) is called a pre-hypergroup if (CH, o) is an algebra
with the unit xo € H, which may fail the associativity, satisfing (2) and
(3') foralli, j € I(H), one has pgj # 0if and only if x; = x;.

We will denote a hypergroup (H, o, x), or a pre-hypergroup (H, o), simply
by H.

We refer the reader to [13] for details of the general theory of discrete com-
mutative hypergroups. Note that a discrete hermitian hypergroup is automatic-
ally commutative. In this paper, we only treat discrete hermitian hypergroups
and pre-hypergroups. Thus, if we simply say hypergroup, then it means dis-
crete hermitian hypergroup. Now, we note that, for any graph I' with a base
point, one can get a pre-hypergroup H ('), and it forms a hypergroup if and
only if the conditions of the associativity and the commutativity hold:

¢ ko _ ¢k ko k
Z PhiPej = Z PijPhe>  Pij = Dji
tel () el ()

forall h,i, j, k € I(I'). Then we say that the graph I" produces a hypergroup
H(T"). Also, the hypergroup derived from an infinite graph is a polynomial
hypergroup in the sense of [12].
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REMARK 2.10. Our construction of hypergroups is a slight extension of the
one referred to in [9] in which we treat only self-centered graphs. Thanks to
our construction, we can sometimes get a hypergroup from a graph equipped
with few symmetries as in Example 2.16.

Not all graphs produce hypergroups, however we have a sufficient condition
on graphs for producing hypergroups as follows:

THEOREM 2.11 ([9, Theorem 3.3]). If (T", vg) is a pointed distance regular
graph, then H(T', vo) is a hermitian discrete hypergroup with the structure
constants { pf‘) ji.jker(T,vy)- Moreover, the structure is independent of the choice

of vp.

ExaMpLE 2.12 ([9, Corollary 3.8]). A typical example of graphs producing
a hypergroup is the 1-dimensional lattice Cay(Z, {£1}), in which case the
hypergroup H (Z) has the structure given by x; ox; = %x‘i, i1+ %x,ur ; for each
i, j € Np. The hypergroup H(Z) is the polynomial hypergroup with respect
to the Chebyshev polynomials.

In general, let F;, be the n-free group with the generator A = {ay,as, ... ,a,}.
The Cayley graph Cay(F,, AU A~!) is distance regular, and hence it produces
a hypergroup

EXAMPLE 2.13. The 2-dimensional lattice Z> does not produce a hyper-
group. Indeed, we can check that (x; o xp) o x3 % x; o (x2 0 x3).

ExAMPLE 2.14. The binary tree %8 with the base point vy defined in Ex-
ample 2.8 does not produce a hypergroup. Indeed, the commutativity fails.

Note that distance regularity and conditions (S1) and (S2) are not necessary
conditions for producing hypergroups, and we give such examples below.

ExampLE 2.15 ([9, §4.2)).
(1) For n # 4, the n-gonal prism graph &, in Example 2.7 is not distance
regular, however it produces a hypergroup.

(2) The complete bipartite graph %, ,, with partitions (72, m) produces a hy-
pergroup for each n, m € N. For example, 7% 3 is drawn in Figure 2 (a).
The graph %, ,, is not regular if and only if n # m and then a pointed
graph (J%, ., vo) with an arbitrary base point vy satisfies condition (S2).

(3) An important example of a graph producing a hypergroup is one drawn
in Figure 2 (b) which is not distance regular and satisfies condition (S1).
This graph I' produces different hypergroups depends on base points
wo, wy,. Note that (T, wy) satisfies condition (S2) and (", w;) does not
satisfy it.
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ExaMPLE 2.16. The pointed graph (I, #o) drawn in Figure 2 (c) is not a
Cayley graph, does not satisfy (S1) or (S2), but produces a hypergroup.

) /o /o\ O/Oo\o

O

(a) (b) (©)
FIGURE 2. Three example graphs

REMARK 2.17. Let I' and IV be two distance regular graphs. If the two
hypergroups H(I') and H(I') are isomorphic, that is, there is a bijective *-
homomorphism ®: CH(I') — CH (I'"), then the constants Q(F)f j associated
with I in Definition 2.2, coincide with Q (F/)f ;- Indeed, the hypergroup struc-

tures are represented as pf’j = Q(F)}Z,k/Q(F);)’j and Q(F)]{O =1.

3. Distances distribution obtained from random walks on Cayley
graphs

As we mentioned in the previous section, in Wildberger’s construction a ran-
dom walker leaves a fixed base point and moves about a distance greater than
or equal to 1 in each observing time. We define a probability measure and
random variables related with such a random walk on a Cayley graph.

DEerINITION 3.1. Let Cay(G, S) be a Cayley graph with the base point
vo = e and let {¢;}icr(G.v,) @ Sequence of non-negative numbers with

> ailSiw)l =1.

iel(G,v)

We define a probability measure Py on G by Py({v}) = o, foreachv € G and
denote by P the probability measure on = G" obtained by Kolmogorov’s
extension theorem. Foreachm € N, we define a G-valued random variable X,
on €2, which describes the distance of the n-th jump, by X,,((w,);2|) = @n
for (wn);2, € Q.

We call {«; }icr(G,v,) @ distribution of G. Also, if G is finite and o; = «; for
alli, j € 1(G, vy), we say that G has the uniform distribution.

For each n € N, we also define a Ny-valued random variables Z,, on €2,
which describes the distance between the unit element and a random vertex
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at the time n, by Z, = | X X5 - - - X,,|. Since we assume that a random walker
leaves the unit element, we suppose Zy = 0.

For n € N, we have P(X,, = v) = «, and P(|X,,| = i) = o;|Si(vo)| for
anyv € Gandi € 1(G).

We shall discuss the Markov property of the process {Z,};°, defined in
Definition 3.1 and its stationary distribution. We refer the reader to [3] for the
general theory of Markov chains.

Let Cay(G, S) be a not necessarily finite Cayley graph with a distribution
{an}ner(c) satisfying o, > O for all n € 1(G). Suppose {X,,};2, and {Z,}72
are the processes defined in Definition 3.1. By condition (S3), we can calculate

P(Zo =iy, Z1 =i1,..., 2Ly = ig)

= 22X ) e

wi€Si (V0) wyeSy, (wi') waeSy (wy'wr')  weeS;, (wilwi )
foreachiy, ..., iy, where we suppose ip = 0. Hence, in general, the conditional
probability

P(Zys1 = ins1 | Zo =10, Zy = i1, ..oy Zyoy = in1, Zy = iy)
depends on iy, ...,i,—1 € I(G), that is, the process {Z,}°°, is not always a

Markov chain. If G is finite and has the uniform distribution, thatis, o, = 1/|G]|
for all n € I(G), then we can show that {Z,}°° is a Markov chain and,
moreover, is independently identically distributed with

. . . 1T
P(zozzo,zl=z1,...,zk=zk>=Wgw 3.1)

by condition (S1). Note that P(Zy = iy, ..., Z, = i,) # 0 because S;(vo) #
@ for all € € 1(G). We have P(Z,1 = int1 | Zo = io, ..., Zn = in) =
[S;,,. /|G| which is independent of the choice of iy, ..., i,_1, i, and coincides
with P(Z, = i,11).

In such a situation, we denote by P = (p;;); je1(c) the transition probability
matrix associated with the ergodic Markov chain {Z,,}7° . Then p;; = |S;|/|G]|
depends only j, and hence we have

LS 1820 - ISkl
1| IS S0 - [Suwl
- |G| . .

9’

ISl 1S20 - Sue)l
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which is idempotent, with a stationary distribution

1
G = ——

= |Gl(l,ISll,ISzl,-.-,ISzwc;)I)- (3.2)

4. Hypergroup products

We consider a random walk, used in Wildberger’s construction, on a poin-
ted graph (T, vg) equipped with conditions (S1) and (S2). Suppose a random
walker leaves vy and jumps m-times as vy oo B oL where
the superscript i; means the jumping distance. Let p"l’.‘] .., denote the condi-
tional probability that the distance between vy and a vertex which the random
walker reaches is k, under the m-times jumps. (We give the precise defini-
tion of ﬁllf] . later.) In this section, we show that the coefficient of x; in

..... m

(C-++ (x4, o x3,) o xj) o -++) o x;,_,) ox; on the pre-hypergroup H(I", vp)

.....

First, the familiy { pl{" ;1> given by the hypergroup product (2.1) with respect
to a Cayley graph G, can be represented by conditional probabilities as follows:

ProprosITION 4.1. Let Cay(G, S) be a Cayley graph with a distribution {«; }.
Foreveryi, j, k € I(G) witha; # 0 and a; # 0, we have pl’.fj = [P(Zg =k |
1X1| =i, 1X2| = j).

ProoF. Recall that G satisfies the conditions (S1) and (S3) by Lemma 2.3.
Condition (S3) implies that there is a bijection between {w € S;(vo) | [vw| =
k} and S;(v) N Sk (vo) for all v € §;(vp). Thus, we have

P(X1Xa| =k, | X1] =1, | X2 = )
= Z{[P’(Xl =v, Xo =w) | (v, w) € S;(vo) x S;(vg), vw € Si(vo)}
= > faiaj | (v, w) € S;(v0) x Sj(v0), vw € S(vo))

=aie; Y > {1 w e S;(vo), vw € Si(vo))

vES; (vo)

=iy Y Y {1|w e S N Sv)}
veS; (vo)

=0 Y 155) N Sewo)l.
ves; (vo)

Since P(|X | =i, |X2| = j) = oS (vo)||S;(vo)l, condition (S1) implies
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that . .
P(IX1 X2l =k | 1X1] =i, |X2| = j)
_ 1 [S; (v) N Sk (vo)|
[Si (vo)l v [S; (vo)l
1 [S; (v) N Sk (vo)l
S0l = IS

Note that the distribution {«,,} does not appear in a conditional probability
of the form in the theorem. Now, we give the following definitions:

DEFINITION 4.2. Let (T, vg) be a pointed graph with a vertex set V and
Cay(G, S) a (pointed) Cayley graph.

(1) Foriy,is,...,i, € I(I'), we define

PL(iy,i2, ... i) = ((---((x;; 0x;,) oxp) 0o---)ox;, )ox;,, (4.1)

J(i17 i29 e im)
1
VIES, (W) €S, (V) S,y (o) L =TI
Let ﬁl’.‘l ’’’’’ ;, denote the coefficient of xi in J (i1, iz, . .., im).

(2) Let P be the probability measure given in Definition 3.1 with respect to
a sequence {o;}icr(G,v,) Of positive numbers. For iy, i, ..., i, € I(G)
and k € I1(G), we define

Pro o =P(Zy=k|IXil =i 1Xol =i2y ooy | Xl = im). (4.3)

REMARK 4.3. (1) The right hand side of (4.1) means the m — 1 times product
from the left, step by step

(2) The coefficient P, ’’’’’ ;, 18 the conditional probability that the distance
between vy and a vertex Wthh the random walker reaches is k, under the

im

m-times jumps v Iy
(3) By Proposition 4.1, the probability p . in (4.3) is well-defined for each
i,jel(G).

Definition (4.2) will play a role in giving a probability theoretic interpret-
ation to m-th products on H(I") for a graph which is not necessary a Cayley
graph. For a Cayley graph, it is shown that (4.3) coincides with the coefficient
of x; in (4.2) as in the following theorem.
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THEOREM 4.4. Let Cay(G, S) be a Cayley graph. For all m > 2 and
i1, ..., 0im, k € I(G), we have

)N DREE > 1S, (Wm—1) N Sk (vo)|

v1€S;y (Vo) 12€8;, (V1) Un—1€S8i,,_; (Um-2)

{1, vm) € [ S0 @o) | o1+ vwl =k}, (4.4)
k=1

iseenskm

ProoF. We shall prove (4.4). By the proof of Proposition 4.1, there exists
a bijection between S;, (v,—1) N Sk(vo) and {vy, € S;, (Vo) | [Vm—1Um| = k},
and hence we have

Z Z Z 1Si,, (Um—1) N Si (o)

v €S (v0)  Vm—2€Si, 5 Wm-3) Vm—1€S;,, | (Vm-2)

_ Z Z Z {vm € Si,, (Vo) | [Vm—1Vm| = k}|

v1€S;; (v0)  Vm—2€Si, 5 (Wm—3) Vm—1€S;,, | (Vm—2)

Do T H@et V) € Siy (Un2) X S, (W0) | 101U = K}

V€S (v0)  Vm—2€Si, 5 (Wm-3)

= > o > HWuta ) € Sy (W0) X i, (00) | [V—2V—1 ] = K.

V€S (v0)  Vm—2€Si, _, (Wm-3)

4.5)

Repeating this argument, (4.5) equals to |{(v;, ..., v,) € ]_[kmzl Si,(vo) |
[V - Um| = k3.

By (4.4) and (S1), we have

p.k _ |{(v17 D vm) € 1_[;(”:1 Sik(vo) | |U1 e vm| = k}‘ _ pk

Ilyeenslm 1_[;”:1 |Sl/ (U0)| Ilyeeny im*

This completes the proof.

Next, we shall consider the definitions (4.1) and (4.2). In the following
theorem, it will be shown that PL(iy, ..., i,) = J(,...,i,) for a pointed
graph (I", vg) with conditions (S1) and (S2). However, the case for two jumps
(m = 2) can be shown without both of the conditions (S1) and (S2) as follows:
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for a pointed graph (', vp), and i, j € I (I, vy), by the definitions, we have
1

Ji.p=Y > > 1S: o) 18 (o)

kel (') vi€S;(vo) v2€S; (v1)NSk (Vo)

1 1;(u1) 0 Si(wo)|
2 Sl 2 isenr ™ (4.6)

(v
kel(T) v1€S; (vo)

= Y pfx=PLG. j).

kel ()

THEOREM 4.5. Suppose that (I', vy) is a pointed graph equipped with con-
ditions (S1) and (S2). Then we have PL(i\, i2, ..., in) = J(1,12,...,1n) for
01,00, ...,Iy € I(F).

ProOOF. We shall show the theorem by induction. Assume that PL(iy, is,
yim_1) = J(1,12,...,1im_1). Then it holds that

PL(i1, ... im) = (x;,0...0x;, )oxi =J(1,....in1)0%;

1
= ( Z o Z p— x|”m1|> o Xj,
]_[.1'21 [Si; (vj—1)I

v1€Siy (Vo) Vm-1€Si,_; (Um—2)

1
= Z e Z Z Z —1_[;1;1 |Sl.j (Uj71)|Xk [¢] x,-m

v1€S;; (V0) Vm—2€Si,,_» (Vm—3) kEI(T) vin—1€S;,, | (Vm—2)NSk(vo)

ISzm 1(Um 2) N Sk (vo)] _
RSP DS TS @l o

1)IGS (Vo) Um— ZES1 (vm 3) kel(I) ] 1

Now, by (S1), (52) and equation (4.6), we have

Z 1S, (Vm—2) N Sk (vo)]

m—1 X © X,
kel(I") 1_[j=l |Sij (Uj—l)l
-y 1Si,,-1 (Vm—2) N Si(vo)| 1 3 i, () N Se(o)|
vy TGS 18,0l G 1Se@ol G20 18, )]
[Si,_, (Um—2) N S (vo)| 1
=2 2 o 52.( : ") 0 s D185, () N Se(vo)lxe
¢el(T) kel (I) [T/ 185, (-0l [Sk(vo |

_ 118, () N Sl
-2 2 2 2 s T 1S, @l

Lel(T) kel(T') vm-1€Si,,_; (m—-2)NSk (vo) VESK(vo)
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= Z Z Z Z 1 |Sim (Um—]) N Sz(v0)|x[
Sl [ 15, -0

Lel(T) kel (T') vu—1€S;,,_ | (Wm—2)NSk (vo) vESk (vo)

_ Z Z Z |Si,,,(vm—1)mSK(v0)|x€
| J RG]

Lel(T) kel (T) vp—1€S;, | (Vm—2)NSk (vo)

[Si,, (Um—1) N Se(vo)|
= Z Z HW |S- (U. 1)| X
Lel (D) vy-1€S;,,_, (Vm—2) J=LG A

1

=X ¥ PN | TR

(el v 1€8)y | (Un-2) Un €Sy (U DNS(v0)
- Y Y Y mao
Vn-1 €Sy, Wn—2) L1 () v €Sy, (V1N (v0) [T7=1183; (0] .
1

= Z Z mxlvrﬂ’

Um—1 ES[m—l (Vm—2) Um GS,‘m (Um—-1)
and hence

[Si,,_ (Um—2) N Sk (vo)| _
IS )OS IR

V1 €Sj; (v0) V2€8i, (V1) Vm—2€S;,, 5 (Vm—3) keI(T")

1

= Z Z Z Z Z H;';1|Sij(vj—l)|xwm'.

v1€8jy (v0) V2€8i, (V1) VM—2€Si,, _» (Vm—3) Vm—1€Sj,, ;| (Vm—2) Vm €Sy, (Vm—1)

This completes the proof.

ExAMPLE 4.6. All distance regular graphs satisfy the assumption, condi-
tions (S1) and (S2), in the previous theorem. We already know that the pointed
graph (I', wp) in Example 2.15 (3) is not distance regular and satisfies the
conditions (S1) and (S2). We present other examples of such pointed graphs
drawn in Figure 3 (a) and (b). They all produce hypergroups.

On the other hand, the authors could not find any example of pointed graphs
not producing hypergroups and satisfying conditions (S1) and (S2). We pro-
pose the following conjecture:

CONJECTURE 4.7. The conditions (S1) and (S2) imply that hypergroups are
produced.
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(a) (b)

FIGURE 3. Two graphs satistying (S1) and (S2) which are not distance regular.

ExAMPLE 4.8. The 3-gonal prism graph % in Example 2.7 satisfies

PLA.2 1) = Qg 0, 4 1 #2 et —raa .
Tt T g Ty T gt T AT g =

The binary tree % with the base point vy of % defined in Example 2.8, satisfies

1 4 4 1 2
PL(1,1,2) = —x0—|—9x2+ —X4 £ x0+6xz—|—3x4—J(112)

COROLLARY 4.9. If a Cayley graph Cay(G, S) satisfies condition (S2) then
we have PL(i1,...,iy) = J(@1,...,0n) = ZkeI(G) pf.‘l """" i X for all k, iy,
o im € 1(G). We have also pff”(]) oy = p,’.‘l ,,, Jor every permutation

,,,,,,,,,,

oce€S,andallk,iy,...,i, € I(G).

ProoF. By Lemma 2.4, G is distance regular and produces a hypergroup
H(G). Thus, Theorem 4.4 and Theorem 4.5 imply the first assertion, and the
commutativity and the associativity of H(G) imply the second one.

ExAMPLE 4.10. For the Cayley graph Z2 we have PL(1, 2, 3)# PL(2, 3, 1).

To end this section, we present a formula with respect to the transition
probabilities giving the Markov chain discussed in §3, and constants of the
pre-hypergroup structure derived from G as follows:

ProOPOSITION 4.11. Let Cay(G, S) be a Cayley graph which is not neces-
sarily finite and { pl{f jlijker ) the constants giving the structure of the pre-
hypergroup H(G) derived from G. For i, j € I(G) and n € N, we have
P(Zy = j | Zi = i) = Y serc) Pixo|Sk|- When G is finite and has the

uniform distribution, we have |S;| = ZM(G) 24 kISkl
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ProOF. We have
P(Z,=j, Zy=1i) Z P(Z, =j, |Xi|l=1i, | X2l =k)
P(Z, =) PUX:|=1i)

kel (G)

_ Z [P)(Zzzja |X1|:l7 |X2|=k)
P(X:| =i, |X2] =k)

P( X2l =k) = Y plioulSil.

kel (G) kel (G)

The second assertion is implied from (3.1).

5. Transition matrices associated with hypergroups derived from
graphs

Any (hermitian) hypergroup is identified with a commutative matrix algebra

whose basis consists of transition matrices. We can also apply the construction

of transition matrices for a pre-hypergroup. In this section, we will estimate

the operator norms of the transition matrices.

A finite hypergroup can be identified with a commutative matrix algebra.
This fact is true for the discrete infinite case. In other words, for a not ne-
cessarily finite discrete hypergroup H = {x;};e;(u) With structure constants
{P,]fj}i,j,kel(y), a family Py = {Pilkerwy of transition matrices Py =

(PL)ijerm satisfies that PPy = 3", ) pr; Pi forall i, j € 1(H).

REMARK 5.1. The associativity of the hypergroup H (I, vg) derived from a
pointed graph (I, vp) is characterized by the commutativity of the transition
matrices Py r,y,). That is, the commutative pre-hypergroup H (I, vp) forms a
hypergroup if and only if all of the transition probability matrices in Py y,) =
{Pr}ker(r.v,) mutually commute.

We can also define the transition matrices #y from a pre-hypergroup H
in the same way. Then, matrices in y can be regarded as linear operators
on the Hilbert space £*(H) := {(Enerny | & € C, X,/ 16nl* < o0}
as follows: for k € I(H), we define an operator, which is denote by P
too, on £2(H) by Pc(§)n = Y cim) Phobe for & = (&) € €3(H) with
Y oweran | Xveray Piebel* < oo. The actions can be regarded as the matrix
products of row vectors in £?(H) and matrix P;’s.

IfT" = Cay(G, S)isafinite Cayley graph with the uniform distribution, then
Proposition 4.11 implies that the distribution ¢ defined as (3.2) is a stationary
distribution of all transition matrices in Py ). However, in the infinite case,
P, does not always have a stationary distribution. Indeed, the transition matrix
Py associated with the hypergroup H (Z) in Example 2.12 has no stationary
distribution. For the irreducibility, there are the case in which a transition
matrix Py associated with a hypergroup derived from a graph is irreducible
and the case in which it is reducible as follows.
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ExaMmpLE 5.2. Let P;, P> be the transition matrices associated with the
hypergroup H (€,) derived from the 4-cycle graph €, = Cay(Z/4Z, {+1}).
Then Pj is irreducible and P, is reducible.

Now, we shall estimate the operator norm of P; associated with the pre-
hypergroup derived from a pointed graph. We define sets

Supp(k) = {(i, j) € (") | pl; #0)

Supp; (k) ={j € I(T) | p,{’i EO0yC{li — k|, li —k|+1,...,i+k},

Supp/ (k) = {i € I() | p; # 0} C{lj —kl. |j —kl+1.....j +k}.
Then, we have the following theorem.

THEOREM 5.3. Let I be a pointed graph. For all k € 1(I"), the operator
Py is a bounded operator on 02(H(T)). Moreover, if we define constants ¢y =
SUPj e/ () ZieSupp/(k)(p,ii)z and dy, = SUP;cr(r) |Supp; (k)| the operator norm
of Py is estimated as 1 < || Pr|| < +/cidk.

PrROOF. For every & = (£,) € £>(H(I")), we have

2
. 2 .
2
1P©F =Y | X pls| =X | X s (5.1)
Jjel(T) iel(I') JEI() i eSupp’ (k)

i N2 2 2

< z( 3 <p,g,,.>)( 3 m)sckz el
JEIT) “ieSupp’ (k) ieSupp’ (k) JEIT) ieSupp’ (k)

Interchanging of the order of the above sums, we have

Yoo wmlP= ). wmP=D>] Y EPsd Y &

JEI() i eSupp’ (k) (i,j)€Supp(k) iel(I') jeSupp; (k) iel (")

By (5.1), the inequality ||Py|| < +/cxdr has been proved. Also, if & =
(1,0,...) € £>(H(I")), we have ||Pc(£)|| = 1, and hence || P;|| > 1 for
all k e I(H()).

ExampLE 5.4. Let '@H(Z) = {Pk}kel(H(Z)) be the family of transition mat-
rices associated with the hypergroup H (Z). The matrix P, has the form

o1 0 0 0 O

1 1

Lol 0o 0o o
1 1

0 0 0 0

. =
=
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For all vectors & = (&,) € £>(H(Z)), we have
1@ = |26 + |0t s6f + |56+ 2a[ + o+ s +
1 - ) 1 0 ) 2 ) 1 ) 3 D) 2 ) 4
1.2 5 1.2 5
< |58 +28l+2|58[ + - <208,

and hence || P || < V2 < \/E/Z = 4/c1d;. By the similar argument with the
above, we can check that || P < /2 < M/z = Jcrdy.

Remark that the norm of a transition matrix in Theorem 5.3 may be strictly
greater than 1. Indeed, taking &, = 1/2" for each n € Ny, the vector £ =
(&,) € £>(H(2)) has the norm 2/«/3 and | P (§)] = /2, and hence we have

IPill = +/3/2 > 1.
EXAMPLE 5.5. Let Py r,) = {Pi}kercu(r,) be the family of transition

matrices associated with the hypergroup H (F>). It turns out that d;, = k + 1
and ¢; > 1. The matrix P; has the form

010 0 0 O
102 0 0 O
p=|0 5 0 2 0 0
00 3 0 3 0

By a similar argument to the Example 5.4, we can check that || P;| < Vk <

Vk+1 < Jepdy.

We shall discuss uniform boundedness for the operators Py (k € 1(I")) for
a pointed infinite graph I' in the following corollary. (Obviously, when I is a
finite graph the set {|| Py ||}xer () is bounded.)

COROLLARY 5.6. Let I" be an infinite graph with a vertex set V and vg € V
a base point. If S(I') := sup,cy Supyc ;) [Sk(v)| < oo then we have | Py|| <
S~

Proor. It is enough to show that ¢;,dy < S (IN)? by Theorem 5.3. For
i, j,k € I(I'), we have

Supp’ (k) = | (€ € No | S:(v) US;(wo) # @)

veE S (vo)

= U U (£ eNy|we S (v)},

VeS8 (v) wES; (vo)
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Supp; (k) = | ) {m e No| $;(w) U Sn(vo) # )

vESK(vo)

= U U {meNy|we S, (vy)}

veSK(vo) WES; (v)

by the definition of p,i)i. These imply that

|Supp/ ()] < Y D 1=S(T)

vESK(vo) wES; (vo)

and
|Supp, ()| < Y [Si(w)| < S(),

veSi (vo)

and hence we have ¢, d; < S(I')2.

ExAMPLE 5.7. Itis easy to check that the 1-dimensional lattice Cay(Z, {£1})
and the infinite ladder graph ¥ = Cay(Z & (Z/27), {(£1, 0), (0, 1)}) satisfy
the assumption of Corollary 5.6 and S(Z) =2, S(¥) = 4.

COROLLARY 5.8. Let (I', vg) be a pointed graph producing a hypergroup
H (") and Py r) the transition matrices associated with the hypergroup H (T").
If T satisfies conditions (S1) and (S2) then we have (P, P, --- P, );; =
> ket Phiyi Piiforallm e Nandi, j, iy, ... i, € I(T).

Under the assumption of the previous corollary, the k-th coefficient in
P, --- P, &° coincides with ﬁf‘l ..... i » Where £9=(1,0,0,...). In other words,
a matrix product of P;’s describes a distribution of distances between and the
base point and a vertex to which a random walker reaches from the base point
by some steps (see Remark 4.3 (2)).

m
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