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HYPERGROUP STRUCTURES OF OPEN QUANTUM
RANDOM WALKS ON DISTANCE SETS

YUSUKE SAWADA

ABSTRACT. Wildberger has introduced the method to construct a
hermitian discrete hypergroup from a random walk on a graph. We
will apply his method to an open quantum random walk (OQRW)
on a distance set, and show that any discrete hypergroup which
is not necessary hermitian is realized by an OQRW on a distance
set. We will investigate distributions of OQRWSs on distance sets
in the view point of hypergroups.

1. INTRODUCTION

A discrete hypergroup is a probability theoretic extension of a dis-
crete group and defined by a x-algebra whose involution corresponds
to the inverse map. If the involution is trivial then the discrete hyper-
group is said to be hermitian. A hermitian discrete hypergroup is the
extension of a discrete group whose inverse map is the identity map.
We also have the theory of general (continuous) hypergroups, however
we will treat only discrete hypergroups in this paper.

In [16] and [17], Wildberger has introduced the method to construct
a hermitian (discrete) hypergroup from a random walk on a special
pointed graph (I',vp). Here, a random walker leaves from the fixed
vertex vy (called the base point), and jumps a distance which is not nec-
essary 1 in each step. If such a random walk on a pointed graph (T, vg)
constructs a hermitian hypergroup in his method, then we simply say
that the pointed graph (I", vy) produces the hermitian hypergroup. Any
pointed graph does not always produce hermitian hypergroups, and it
is known that any pointed distance regular graph produces a hermit-
ian hypergroup whose structure is independent of the choice of the
base point (see [13]). We can apply any pointed graph to Wildberger’s
method and obtain a hermitian hypergroup, whose product may fail
the accosiativity, called a pre-hypergroup.

In [10], when a pointed graph (I', vy) satisfies a symmetry condition
(S) which is weaker than the distance regularity, it has been shown
that a distance distribution of random walks on I' can be computed
by non-associative algebraic structure of the pre-hypergroup derived
from I". We can regard that the concept of random walk on a pointed
graph with the condition () is included in the one of pre-hypergroup

in the view point of distance distribution, as Figure 1.1. Any example
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of a pointed graph satisfying the condition (S) and not producing a
hermitian hypergroup, has not been found yet.

The concept of open quantum random walk (OQRW) has been intro-
duced by Attal-Petruccione-Sabot-Sinayskiy in [3] and [4] as quantum
Markov chains on graphs based on the non-unitary dynamics. Any
classical Markov chain is recovered by OQRW. In [2], Attal-Guillotin-
Plantard-Sabot have established the central limit theorem for OQRW.
In [8], an OQRW is associated with a quantum Markov chain in the
sense of [1], and investigated the irreducibility and reducibility.

We shall give an outline of this paper as follows:

In Section 2, we will recall the concept of discrete hypergroup, Wild-
berger’s construction, and the relationship between a distance distri-
bution of a random walk on a pointed graph I' equipped with the sym-
metry condition (S5) and the structures of the pre-hypergroup derived
from T'.

In Section 3, influenced by OQRW in [3] and [4], we will introduce
a concept of open quantum random walk (OQRW) on distance set as
a quantum analogy of a time evolution of a distance between the base
point and a random vertex given by a random walk on a pointed graph.
A distance set is {0,1,..., N} for some N € Nor NU{0}. An OQRW
M on distance set D will be defined as a family of maps, which acts
on positive trace class operators, parametrized by elements in D, and
each element in M can be regarded as an OQRW in the sense of [4].

In Section 4, we will apply the idea of Wildberger’s construction
to an OQRW M on a distance set and give a method to construct a
hypergroup (which is not necessarily hermitian) from M. In this con-
struction too, any OQRW on a distance set does not always produce a
hypergroup. An arbitrary hypergroup H will be realized by an OQRW
My on a distance set, like the recovery of Markov chains by OQRWs.
We can also obtain OQRW on a distance set from a pre-hypergroup by
the method.

In Section 5, it will be shown that if an OQRW M on a distance set
has a hypergroup-like structure, then each distribution of M described
by the structure. This is a quantum analogy of the result in [10],
and implies that a distribution of the OQRW My on the distance
set derived from a hypergroup H can be computed by the hypergroup
structure. In this sense, we can regard that the concept of hypergroup
is included in the one of OQRW on distance set as Figure 1.1. The
hypergroup-like structure of My corresponds to the associativity of
H. Thus, we can not obtain the above result for the OQRW on the
distance set derived from a pre-hypergroup which is not a hypergroup.

In the future, it is hoped to investigate the limit theorem for OQRWs
on distance sets and some connections with quantum information the-
ory in [12].
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At the end of this section, we prepare some notations used in this
paper as follows: let N and C denote the set of all integers greater
than 0 and the set of all complex numbers, respectively. Also, we put
Ny = NU {0}.

For a set S, we denote by CS' the free vector space of S over C and
by |S| the cardinality of S.

Let H be a Hilbert space. We denote by B(H) the algebra consisting
of all bounded linear operators on H, and by Bi(H) the Banach space
consisting of all trace class operators on H with the trace norm || - ||;.
Also, we define

Bi(H)pn = {X € By(H) | X >0, Te(X) = 1},

where Tr(X) is the canonical trace of X. The identity operator and the
zero map on H are denoted by 1 and O, respectively. For two vectors
&,m € H, the operator |£)(n| is the one rank operator defined by

1)l (€) = (n, €)¢
for each ( € H.

open quantum random walks on distance sets

hypergroups

hermitian hypergroups pre-hypergroups

random walks on
pointed graphs with (.5)

random walks on pointed
distance regular graphs

Figure 1.1

2. HYPERGROUPS AND WILDBERGER’S CONSTRUCTION

In this section, we will recall Wildberger’s method to construct a
hermitian hypergroup from a random walk on a pointed graph, and
a description of a distance distribution of the random walk by the
associated (pre-)hypergroup structure.

The concept of hypergroup is the probability theoretic extension of
the one of topological group, and introduced by Dunkl [9], Jewett [11]
and Spector [15]. In this paper, we only treat discrete hypergroups.
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We refer the reader to [14] for the general theory of discrete hyper-
groups (also, see [5] for the theory of general hypergroups). We give
the definition of discrete hypergroup as follows:

Definition 2.1. Suppose H = {z;}ici(m) is a countable set whose ele-
ments are parametrized by elements in [(H), where I(H) is {0,..., N}
for some N € N or Ny = NU {0}. If a binary operation o and a map
x on the free vector space CH satisfy the following properties then the
triple (H, o, *) is called a discrete hypergroup.

(1) The restriction x|z maps onto H and the triple (CH, o, %) is a
x-algebra with the unit xq € H.

(2) For each i,j € I(H), there exist m € I(H) and ¢}, ..., ¢ >0
with Y7" ) ¢F; = 1 such that

m
§ k
inZCj = q27]$k
k=0

(3) For all ¢,5 € I(H), we have ¢}; # 0 if and only if 2; = 27.

J
A hypergroup (H,o,x) is said to be hermitian if the restriction x|y
is the identity map on H. A discrete pre-hypergroup is a hermitian
discrete hypergroup (H,o,x*) such that the algebra (CH,o) may fail
the associativity.

We call the numbers {qﬁj}i,j’ke () the structure constants of a hy-
pergroup (or a pre-hypergroup) (H, o, ).

In this paper, a discrete hypergroup (or a discrete pre-hypergroup)
(H,o,x) is simply called a hypergroup (or a pre-hypergroup, respec-
tively) and denoted by H.

Suppose H = {z;}ier(m is a hypergroup (or a pre-hypergroup) and
{qﬁfj}i,j,kg(m are the structure constants of H. For a tuple (ky,...,k,) €
I(H)™ with n > 2, we have

(- ((wny 0 w;) o) 02 ) 0w, ) 0T, = Y
mel(H)

for some i} .., > 0 with - ;) @i ..y, = 1. Here, the left hand
side of the above equation means the n — 1 times products from the
left step by step when H is a pre-hypergroup. The numbers

{qzkn | m e No,n>2ky,....k, € I(H)}
is called the multi-structure constants of H.

Remark 2.2. If a hypergroup (H,o,*) is hermitian then the algebra
(CH, o) is commutative.

The concept of isomorphism between hypergroups are defined as fol-
lows:
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Definition 2.3. For two hypergroups H and H', a map ® : H — H’'
is called a homomorphism from H to H' if ® can be extended to a
s-homomorphism from CH to CH’. When & is bijective it is called an
isomorphism from H onto H'.

We provide some notations and basic assumption with respect to
graphs as the following. A pointed graph is a pair (I',vg) of a graph I’
with a vertex set V' and a vertex vy € V called a base point. For each
v,w € V, we denote by d(v,w) the length of the shortest path from v
to w, called the distance between v and w. We define a set I(T',vy) of
distances between vertices by

I(T,v9) = {n € Ny | d(v,v9) = n for some v € V},
and a sphere S, (v) of radius n € I(I', vg) centered at v € V' by
Sp(v) ={w eV | d(v,w) =n}.

In this paper, assume that any graph I' is simple, connected, locally
finite and has at most countable vertices, and any pointed graph (T, vg)
satisfies S, (v) # @ for all vertex v and n € I(T", vp).

Now, we shall recall the construction of a hermitian hypergroup from
a random walk on a pointed graph, introduced by Wildberger in [16]
and [17] (see also [13]). Here, a random walk on a pointed graph (I, vg)
means a random walk on I' leaving from the vertex vy, that a random
walker jumps a distance which is not necessary 1 in each step.

Let (I',v9) be a pointed graph and put H(I',vy) = {2 }icr(r,00) With
dummy symbols z; for each i € I(I',vy). We define a product on the
free vector space CH (T',vy) by

E k
ZT; oa;j = piijk

keI (T, v0)
for each 7,5 € I(T",vg), where
1 |S;(v) N Sk (o)
(2.1) Py = ’ :
I I R

The sequance (pfC j) kel(I'wo) 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 € S;(vg). We also define an involution on CH (I, vy) by zf = z;
for each ¢ € I(I',vy). Then H(T',vy) forms a pre-hypergroup with
the structure constants {pf';}ijrer(rvy). If H(L,vo) forms a hermitian
hypergroup in the above construction, then we say that the pointed
graph (I', vg) produces the hermitian hypergroup H (L', vy).

All pointed graphs do not always produce hermitian hypergroups.
By [13, Proposition 3.2], to check that H(I',vy) forms a hermitian
hypergroup, it is enough to show that CH(I',v,) satisfies the com-
mutativity and the associativity. A distance regular graph is a graph
equipped with a good symmetry with respect to distances, see [7] for
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the definition. It is known that any distance regular graph produces a
hermitian hypergroup whose structure is independent of the choice of
a base point, see [13, Theorem 3.3] for the proof.

Example 2.4. We denote by C, the Cayley graph Cay(Z/47Z,{1,3})
drawn as Figure 2.1. We have I(C4,0) = {0, 1,2} and the pointed graph
(C4,0) produces a hermitian hypergroup H(Cay(Z/47Z,{1,3}),0) with
the following structure:

1 1

xlow1:§x0+§x2; T1 0Ty =XT20X1 = X1, T20To = Xg.
0

e}

Figure 2.1

Example 2.5. We consider the Cayley graph Cay(Z, {+1}) drawn as
Figure 2.2, with a base point 0. Then we have I(Cay(Z,{£1}),0) =
Ny and the pointed graph (Cay(Z,{%1}),0) produces the hermitian
hypergroup H(Cay(Z,{+£1}),0) with the structure given by

1 1
Ti©Xj = 5Tl T 5Titj
for each 7,7 € Nj.
0
o o o o o
Figure 2.2

In general, let F, be the n-free group with the generator A =
{ay,as,...,a,}. The Cayley graph Cay(F,, AU A™1) is distance regu-
lar, and hence it produces a hermitian hypergroup (see [13, Corollary
3.8] for the structure constants).

We can find many examples of non-distance regular graphs producing
hypergroups in [13, Section 4].

We need only the first 2 steps of a random walk on a pointed graph
(I, vp) in Wildberger’s construction. However, a distance distribution
given by steps of an arbitrary number of times is described by a product
on the pre-hypergroup H(I',v) if the pointed graph (I',v,) satisfies a
symmetry condition as follows:

Theorem 2.6 ([10, Theorem 4.5]). Let H(I',v) = {&;}icirvy) be the
pre-hypergroup derived from a pointed graph (I',vo) satisfying the fol-
lowing symmetry condition.:
(S) the function |S;(-)| is a constant on the vertez set, and the func-
tion |S;(-) N Sj(vo)| is a constant on Si(vo) for each i,j,k €
[(F, ’Uo) .
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For each ky, ..., k, € I(I';vp), we denote by pi: . the coefficient of
T 0 the following element:

1
(2.2) e - L (v, v0)-
D I R

V1€, (vo) v2€ Sk, (v1) Vn €Sk, (Vn—1 J=1

Then py  , coincides with the multi-structure constant qp)  , — of
H(F,’UQ).

The sequence (pit ;. )mer(rw) is the conditional probability that
the distance between vy and a vertex which the random walker reaches
. . . kl k?z kn :
is m, under the n-times jumps v9 — - — --- — - . The previous
theorem enable us to compute a distribution by the (non-associative)
algebraic structure.

Remark 2.7.

(1) In the case when n = 2,7 = ky,j = ko, k = m, the coefficient of
Tm in (2.2) coincides with (2.1), and hence the number pf® ,  is
well-defined.

(2) The condition (S) is weaker than the distance regularity, and
it is unclear whether any pointed graph with (S) produces a
hermitian hypergroup. We refer the reader to [10, Example
4.6] for an example of a pointed graph (I',vy) with (S) such
that I' is not distance regular.

Suppose a pointed graph (I',vy) produces a hermitian hypergroup
H(T',vg) and {pf’j}i7j7k€1(p7v0) is the structure constants of H(I',vy). A
family Pr(r,ve) = { P }rer(r,v) of transition matrices Py, = (pi}i)me[(pwo)
satisfies that

(2:3) Bl = Z Pl P

keI(T,vo)

and hence P; and P; commute, for all 7,5 € I(I',vq). Also, the family
Pr (v 18 linear independent. In other words, we have an algebraic
isomorphism between CH (I', vg) and the commutative matrix algebra
with the basis Pg(r ). Each matrix P can be regarded as bounded
operators on the Hilbert space ¢2(I(T,vy)) consisting of all square sum-
mable sequences on I(I",vg) by

(P = D P&
lel(Tvo)

for each £ € £2(1(T',vy)), see [10, Theorem 5.3] for the norm estimation.
The action can be regarded as to multiply the matrix P by a row vector
in (2(I(T",vg)) from the left. By Theorem 2.6 and (2.3), we have the
following corollary.

Corollary 2.8. ([10, Corollary 5.7]) Suppose a pointed graph (I',vq)
satisfies the condition (S) and produces a hermitian hypergroup H (T, v).
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Let Prra,) be the family of the transition matrices associated with
H(T,vy). We have

N Z Pl s P

méel(T,vo)
for allm € N and ky, ..., k, € I(T',v).

The above corollary implies that the vector (P, --- Py, )p® coin-
p® = (1,0,0,...) € (2(I(T',v)), like computations of distributions by
a transition matrix in a Markov chain.

By the commutativity of the hypergroup H (I, v), we have

for every permutation o on {kq, ko, ..., ky}.

3. OPEN QUANTUM RANDOM WALKS ON DISTANCE SETS

An open quantum random walk (OQRW) has been introduced in [3]
and [4]. In this section, we will introduce a concept of open quantum
random walk on distance set as a family of OQRW. This is a quantum
analogy of a time evolution of a distance between the base point and
a random vertex given by a random walk on a pointed graph in the
previous section.

Suppose D is the set {0,..., N} for some N € N or Ny. The term
“distance set” usually means a family of distances between pairs of
points in a given point set, however in this paper we call D a distance
set too. For a hypergroup H and a pointed graph (I, v), the sets I(H)
and I(I",vg) are called the distance sets associated with H and (I, vg),
respectively.

Let D be a distance set, K a Hilbert space with an orthonormal basis
{|n) }nep parametrized by elements in D, and H a separable Hilbert
space. Suppose {B; ;. }ijrep is a family of bounded operators on H
satisfying

(3.1) > B Bijx =1
€D

for each 7,k € D. Here, the above convergence is with respect to the
strong operator topology in B(H) when D = Ny. The Hilbert space
IC is the space of distances (or positions in a broad sense), the Hilbert
space H means the space of degrees of freedom, and the operator B, ;.
describes the effect of passing from j to ¢ by a jump with distance k.
For i, 7, k € D, we define an operator

M; jx = Bijua @ i) (J|
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on H® K. By [4, Lemma 2.1, 2.2], it turns out that a series

M(X) =D M, XM,
i,j€D
converges to a positive trace class operator with respect to the trace

norm for each positive operator X € B(H ® K) and k € D. The map

M, can be extended to a map on Bi(H ® K). The extension is also
denoted by M.

Definition 3.1. The family M = {My}rep of the maps M; on
Bi(H ® K) is called an open quantum random walk (OQRW) on a
distance set D.

A quantum walker jumps between vertices in a graph in OQRWs in
[3] and [4], while a quantum walker jumps between natural numbers
whose distance is not necessary 1 in our OQRWSs on distance sets.
We can regard an OQRW M = {M;}rep on a distance set D as a
family of OQRWs in [3] and [4]. Thus, it is often possible to apply
each component M, to an existing result on OQRWs as the following
proposition:

Proposition 3.2. ([4, Lemma 2.4, Proposition 2.3]) We define the
isometry U; - H 2 & = E® |j) € H®K for each j € D. For p €
Bi(H ® K) 4.1, the positive operator p; = U pU; € Bi(H) satisfies

(L@ [))(F)p(1 @ [7)(]) = p; @ ) (],  Tr(p;) = Tr(p(1 @ [5)(]))-
If M = { M }rep is an OQRW on D then each series Zjep B jxkpi B .1

converges to a positive trace class operator with respect to the trace
norm on By(H), and satisfies

Z Tr (Z Bi,ﬁkijZj;k) = 1, Mk(p) == Z Z Bi,j;kijZj;k ® ’Z> <Z‘

€D Jj€D €D jED

for each k € D, where the second convergence is in the trace norm on
Bi(H ® K). Thus, we have My(X) € Bi(H & K)41 for each X €
Bi(H®K)y 1.

In [4], the operator p; in the above proposition is denoted by (j| p|J)-
If a state p € By (H ® K)1 1 has the form

p= Zpi ® [4) (1]
i€D

for some positive operators p; € Bi(H) with ), ., Tr(p;) = 1 then a
measurement along the basis {|n)},ep gives |i) with the probability
Tr(p;). We define a distribution d(p) of p by

d(p) = (Tr(p:))iep-
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For an OQRW M = {./\/lk}kep on a distance set D, we have
Mk ZBZJkIO] ’L]k)®|><‘

1,j€D

for all k£ € D by [4, Corollary 2.5].
We will consider a dynamical system given by M with an initial state

PV = ep PV @1i)(i| € Bi(H®K),1. Foratuple k = (ki,. .., ky) €
D", we define a state p(™%) and Operators p(”;k) by

P = My, 00 My, (p0) =D P @ i
1€D
and write p@ = d(p®) and p™¥) = d(p™¥)). The probability which
a measurement gives |i) is p{™™ after n jumps (ki,..., k) (cf. the

distribution (p ;. )mer(r.vy) defined in Theorem 2.6).

Recall that the family PrH(r ) 1s linear independent when a pointed
graph (', vy) produces a hypergroup H(I",v5). We shall investigate the
linear independence of an OQRW on a distance set, on the Banach
space L(B1(H ® K)) consisting of all bounded maps on Bi(H ® K) as
follows:

Proposition 3.3. If an open quantum random walk M = { My }rep
on a distance set D satisfies either of the following two conditions then
the family { My }rep is linear independent on L(B1(H & K)).

(1) There exist jo € D and & € H such that the family {B; j,.x&o } ke
15 linear independent on H for all i € D.
(2) There exist jo € D and a family {Uy}rep of isometry operators Uy

on H such that
Up (i=k)
Bi jo,k — .
ok {o (i # k).

Proof. Let {ay}rep, be a family of complex numbers satisfies that
> wep, WMy = O on Bi(H®K), where Dy is an arbitrary finite subset
of D.

Assume the condition (1). We have

0= (Z M (|€0) (€0l © |0) (Jol) ) (Z By joéo ® |l>)

keDy 1€Dg
- Z Z ak‘BZ ,Josk |§0 50‘ Bz ,josk Z'Joﬂ'fo ® |Z>
1€Dg k€Dy
= Z Z (80s By ok Bijosio) Bijoréo ® i)
i€Dg k€Dy

Fix an arbitrary ¢ € Dy. By the above equation, we have

> ailéo, By jyuBijibo) Bijorbo =0

keDg
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The linear independence of {B; j,.x&o}kep implies that B; j,..& # 0
and oy (§o, B .1 Bijoi€o) = 0 for all k € Dy, and hence we have
@i(€o, B} j,.i Bijo:i€0) = 0 equivalently a; = 0.

Assume the condition (2). For an arbitrary operator p € By(H); 1,
we have

0= axMilp@ ljo)(fol) = D awlnpUs; @ [k) (K],
keDy k€Do
and hence each trace of o, UpU; is 0. This implies that oy = 0 for all
k € Dy. O

4. REALIZATION OF HYPERGROUPS

In [4, Section 6], any Markov chain is recovered by an open quantum
random walk. In this section, we shall apply Wildberger’s method in
Section 2 to an OQRW on a distance set. Any not necessarily hermitian
hypergroup will be realized by an OQRW on a distance set in a method
influenced by [4, Section 6].

Let M = {M;}rep be an OQRW on a distance set D and p® =

Y iep AV li)(i] € Bi(H ® K)41 an initial state. We define a non-

(2
negative number

pkl = Tr(p( i k)))

for each k,1,m € D. It is clear that (p}";)mep is a probability measure
on D. We assume that a set {m € D | p;; # 0} is finite for all k,l € D
and define a product o on the free vector space CH,, with a basis

Hy = {zi}iep by
Z; 0 %5 = ZﬁiJZk
keD
for each i,7 € D. If a triple (Hu, 0, *) forms a hypergroup for some
involution on CH  then we say that the OQRW M on D with the
initial state p(®) produces a hypergroup H .

Remark 4.1. As was the case with Wildberger’s construction, the above
product on CH », does not always satisfy the associativity. Also, a pro-
duced hypergroup by an OQRW with an initial state is not commuta-
tive and unital in general.

Theorem 4.2. For any hypergroup H = {x; }ZGI(H there is an OQRW
M on a distance set with an initial state p® producing a hypergroup
H g whose structure constants coincide with the ones of H, and hence
H, is isomorphic to H.

Proof. Let {qﬁj}iﬁjﬁkel(m be the structure constants of H. Suppose D
is the distance set I(H) associated with H and K is a separable Hilbert
space with an orthonormal basis {|n) },ep. Take an arbitrary isometry
operator Uz ] r on a Hilbert space H for 7,5,k € D and an arbitrary

operator p\” € By(H) 4.1
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We define an operator B; ., € B(H) for each 4, j, k € D and an initial
state p© € Bi(H® K),1 by
i 0
Bijw = \/ i Uijw, 0@ = p{” @1]0)(0].

Then it is clear that the family {B; ;.x }i jrep satisfies (3.1). Let My =
{ M }rep be the OQRW on D associated with the family {B; ;. }ijken-

Since xg is the unit of the algebra CH, we have

PO = My(p9) =" Biuph) Bioy ® il = Uroapy) Uy ® 1111

i€D
and hence
. 1; l * . .
P = Mo Mi(p®) = 37 3 By Bl 1
i€D jeD
=" Buwn" VB @ 1] = Y ai UsiaUioapl) UsoyUs, ® 1i) (il
€D i€D

Thus, we have p};, = Tr(p?ﬁz(l’k)) = gy for all I, k,m € D.

By an involution * on CHs induced from the one on CH via a
bijection : z; — x;, the triple (CH 4, o, %) forms a hypergroup which is
isomorphic to the hypergroup H. O

Remark 4.3. For a hypergroup H, the OQRW My on [(H) defined
in the proof of the previous theorem is not unique and depends on
the choice of isometry operators U, ;.;'s, however we simply call My
the OQRW on I(H) derived from H. Since the family {B; j.x}ijrercm)
satisfies the condition (2) in Proposition 3.3, the family My is linear
independent on L(B1(H)).

We can also obtain an OQRW on a distance set from a given pre-
hypergroup by the same way, and it satisfies the condition (2) in Propo-
sition 3.3.

Let (I',ug) be a pointed graph. In the following two examples, we
shall construct an OQRW on the distance set I(I",v9) under the idea
that a quantum walker jumps between vertices in I' from vy and a
measured distance is one between a base point and a vertex at which
the walker arrives. Here, we shall need to consider the structure of the
graph. Then it is a little natural to put as

1 =k
(4.1) Biox {0 e

for alli, k € I(T",vp), as a special case of the condition (2) in Proposition
3.3.

Example 4.4. Suppose a quantum walker jumps between vertices in
the Cayley graph C; in Example 2.4 from 0. Let D = I(C4,0) =
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{0,1,2}, H = C? and K = C3. We define an OQRW on D by

(B ((i,5,k) =(0,1,1))

C ((Z7jak) = (27171))

Bijr=1411 ((i,5,k) =(1,2,1),(1,1,2),(0,2,2))
1 (j=0,i=kork=0,i=7)

(O (otherwise)

for some matrices B, C acting on H with B*B+ C*C' =1
For an initial state p® = pi” ©]0)(0|, we have

By B* @ |0)(0] + Cpi C* @ [2)(2] - ((k,1) = (1,1)),
ey _ J b @ 10001 (k1) = (0,0),(2,2),

oy @ (] (k1) = (0,1),(1,0),(1,2), (2, 1)),

o @12 (k1) = (0,2),(2,0).
We put

1 /11 L /1 0 o (x 0
Pl et =0

for some 0 < x < 1. For example, we have
- N 1 . . 1
Ry =TBp"B) = 52~ 1), Piy="T(Cp)'C") = 5 (1 +2).

the numbers {ﬁf i}ijkep are the structure constants of the hermitian
hypergroup Haq = {20, 21, 22} with the following structure:

1
2102 = §(2 —x)2p + §(1 +x)z9; 2102y =21; 29029 = 2.

Example 4.5. Suppose a quantum walker jumps between vertices in
the Cayley graph Cay(Z,{%1}) in Example 2.5 from 0. Put D =
I(Cay(Z,{£1}),0) = Ny. Let H be a separable Hilbert space and
IC a Hilbert space with an orthonormal basis {|n)}7°,. We define an
OQRW on D by

Co (i=1j— kl.j # 0,k #0)
1 (i=k,j=0ori=jk=0)
O  (otherwise)

Bijkx =

for some family {Bj,Cr}32, of bounded operators on H satisfying
BBy, + C;Cp =1 for all k € N.
For an initial state p® = pi” ®]0)(0|, we have

ey _ [ Bt Bl @[k + Gk 411+ Cipy G @[k = ) (k= 1]] - (k #0),
- 0
o @I (k=0),
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and hence
Te(Bipy Bf) (m=k+ 1k #0),
o ) TG Cr) - (m =k =1,k #0),
kl —

1 (m=0Lk=0orm=k,I1=0),
0 (othewise).

The OQRW M on Ny with the initial state p(®) produces a hypergroup
if and only if .

2

for all ¢ € N. Indeed, we can check that if there exist non-negative
numbers {pg, gx}7>, with pr + ¢x = 1 for all £ € N and a hypergroup
H = {z;}$°, has a product structure

Tr(Bipy) B}) = Tr(Cipy ' C}) =

1

T; 0 Lj = PjTli—j| + ¢jTit;

for each i, 5 € N, then pp = q1 = % holds for all £ € N.

5. HYPERGROUP STRUCTURES OF OQRW'Ss

Recall that each distance distribution of a random walk on a pointed
graph (I',vy) equipped with the symmetry condition (S) in Theorem
2.6, can be described by the structure of the pre-hypergroup H (I, vy).
In addition, if (I', vy) produces a hypergroup H(I', vy) then each product
of transition matrices associated with H(I',vy) can be decomposable as

(5'1) Py, -+ Py, = Z QZ:L ..... klpmv
mel(T,v)
where ¢; s are the multi-structure constants of H(T', ).

In this section, for an OQRW M on a distance set, we will show that
an analogous result of (5.1) holds if and only if M has a property like
(pre-)hypergroups. As a consequence, we can also compute a distri-
bution of such an OQRW M on a distance set by a (non-associative)
algebraic structure.

Let D be a distance set and {Q}; }ijxep a family of numbers Qf; > 0
such that Qf] = 0 for all but finitely many & € D and ), p Qf] =1
for each 7,7 € D. We define a product on the free vector space CA of
a family A = {Z; };ep of dummy symbols Z;, by

ZioZy=Y QfZ
keD

for each 7,5 € D. In general, this product is not always associa-
tive, commutative and unital. We also call the family {Qﬁj}i,j,kep

the structure constants of the (non-associative) algebra CA. For each
ki,...,k, € D, a distribution (QF}  ; Jmep on D is defined by

(((Zg, 0 Ziy) 0 Zyg) o+ -+ )0 Zy, )0 Ly, = ZQ

meD

.....
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as the multi-structure constants of a pre-hypergroup.

Theorem 5.1. Let M = {My}rep be an OQRW on a distance set D
and {Qﬁj}mkep the above numbers. The family {B; i }ijrep satisfies

* *
(52) E Bmﬂ';lBi,m;kBi,m;kBm,j;l E Qk le Jim Z Jim
meD meD

for all i,5,m,k,l € D if and only if

Pk — g (Z QZE,mMm(p)>

meD

for all ky, ko € D and a state p € Bi1(H ® K) 1. Then we have

meD
for any tuple k = (ky,...,k,) € D" and a state p € Bi(H @ K) 11

Proof. First, since B, B < 1 for all 4,7,k € D, the series of the
left hand side of (5.2) converges to a positive bounded operator in the

o-strong operator topology.
For ki, ko € D and p € Bi(H ® K)1, we have

(5.3) pEELE)) — Ao My, (p)
= Z Z B’ivj§k2Bj:m§k1me;,m;k1ng,j;kg ® |Z> <Z’ .

i€D j,meD

where the operators p; € Bi(#H) is in Proposition 3.2. Note that the
choices of p;’s depend on only p. Fix ¢ € D. We have

(5.4) Tr ( > Bija Bimit pm B B, k2>

J,meD
- Z Tr <pm (Z ]mk’1 zg ko l] k2Bj,m§kl>> )
meD J€D
(5.5) Z Zng i L2 (Bi im0 By jim)
meD jED
= Z Z Q lel" zm;jme:m])
j€D meD
_ZTr (meQk‘zkl 1,m;J Zm;j)'
meD Jj€D
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Thus, if the family {B; ;.1 }: jkep satisfies (5.2) then the equations (5.4)
and (5.5) imply that

JmeD meD jeD

and hence the distribution p*1:#2) of M;, o M, (p) and the one of

> mep @iy i Mm(p) coincide by (5.3).

Conversely, suppose the distribution pZ*1:k2) of M, o My, (p) is
the one of 1, Q7 My (p) for all ky, ky € D and p € Bi(HRK)4 1.
For each m € D and an arbitrary operator p’ € Bi(H);1, we put
p=p ®|m){m|. Then we have

( E ek Bl ,szBj,m;m)— ( E Q4 Bl zm;j)-

Jj€D Jj€D

By the correspondence between density matrices and normal states on
the von Neumann algebra B(#) in [6, Theorem 2.4.21], the equation
(5.2) holds.

We shall show the second assertion by induction on n under the
condition (5.2). For n = 2, we have shown it. Assume that the distri-
bution pkLkn—1)) of M, o---0 My, (p) coincides with the one of
> mep Gy iy Mm(p). By the induction hypothesis, the i-coefficient

of the distribution p™%* of
Mkn O---0 ng(Mk:l(p)) — Mkn O-+-0 Mkzg(p(L(kl)))

coincides with

Z ke ko (Z B, mpy () By, m)

meD j€D

= § : an, TI' (pl E : lkl zym ZJ mBj,l;k1>
I,meD Jj€D

= : : an, Tr (pl : :Qm kl , 7’7l7]>
I,meD Jj€D

— m J *

= > ) 00 k@ T (BugpBly)
3,l€D meD

We have Q{;n’_”h = Zmep QZZ,...,kz ‘77"’17/‘&1 by the definition of QZL._W,C”’S
and hence the above equals to

> QT (BigpBiy) = > > Q0 4 T (Bijumpi By )
= meD jeD

which is the i-coefficient of the distribution of 7, Q" . My(p).
By induction, we have shown the second assertion. O

( Z BJ k2B]mk1me]mk1 4,73 k2> Z ZQkQ ler 1,75 mij:]m

);
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Remark 5.2. If an OQRW M on a distance set D satisfies (5.2) for
some {Qf’j}m’kep and (4.1) for all 4,k € D then each B, is a scalar
multiplication of an isometry operator.

Let {Qf i Yijkep be structure constants of an arbitrary (non-associative)
algebra CA. As the OQRW on I(H) derived from a hypergroup H, we
define an OQRW on D by

B jk = 1/ Q. ;Ui jik

for an arbitrary isometry operator Uj j.x. Then the equation (5.2) means
the associativity of CA, and hence we have the following corollary:

Corollary 5.3. Let My = { My} rerm) be the OQRW on I(H) derived
from a hypergroup H. For any state p € Bi(H ® K)+1 and tuple
k= (ky,...,kn) € I(H)" withn > 2, we have

pmik) — ¢ Z q,’;’fb,...,kle(p) )

mel(H)
where T gy 18 the multi-structure constant of H.

As the special case of the previous corollary, we have the following
corollary:

Corollary 5.4. Suppose a pointed graph (I',vo) produces a hermit-
ian hypergroup H(I',vy). Let {Py}rerr,) be the probability transition
matrices associated with H(I',vo), and Mg, the OQRW on the dis-
tance set I(T',vg) derived from H(T', vp).

For a tuple k = (ky,...,ky,) € I(T',v0)" with n > 2 and an initial
state p© = 3. r ) PV @ |i)(i| € BUH ® K)11, we have

pmik) — (P, - Pkl)p(0)7
where we regard the raw vector (P, - - - Py, )p'®) as a column vector.

Proof. Let g s be the multi-structure constants of H(I',vp). By
the equation (2.3), the i-coefficient of the (column) vector (P, - - - Py, )p©

coincides with
YD P Te(p)

J€I(T,v9) meI(T,vg)

which is equal to the i-coefficient of the distribution of

Z qzz,... ,kle(m-

mEI(F,’Uo)

By Corollary 5.3, this completes the proof. O
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Corollary 5.4 is an analogy of [4, Proposition 6.1], in OQRWs on
distance sets. If (I',vg) satisfies the condition (S) in Theorem 2.6 and
produces a hermitian hypergroup then we have pi* . = ¢
hence the proof of Corollary 5.4 implies that the i-coefficient of p(™
coincides with

..........

j,mel(T'vo)

for an initial state p(® = Y, ,01 ® |i)(i| € Bi(H ® K)4,1. In par-

ticular, if we put p® = p{*’ @ 0)(0] for some p”) € B, (H)+1 then we
have
P = (B, ier (0 0)-

In the following two examples, we shall give examples of an OQRW
on a distance set, whose B, ;.1’s are not scalar multiplications of some

isometry operators and satisfy the condition (5.2)

Example 5.5. Let D be a distance set and H be a separable Hilbert
space. Suppose {A;}iep is a family of bounded operators A; on H

satisfying

D AA =

i€D
in the strong operator topology and mutually commuting.

In the case when D = {0,1,..., N—1} for some N € Nand dim# =

n for some n € N, let A;’s be arbitrary commuting square matrices of
order n and {\;;}}_, eigenvalues of A; such that Z Y =
for all j = 1,...,n. Then {A;}N;' satisfies ZZ]AV:()lAfAZ =1 by the
simultaneous dlagonallzatlon We can choose A;’s as matrices which
are not scalar multiplications of unitary matrices. For example, when
n = 2, N =1 the matrices

1 VB V2 VB-V2

(5:6) =576 (\/3—\/5 \/§+\/§)
1 (243 243

(5:7) Al:ﬁ(—u\/ﬁ 2+\/§>'

commute and satisfy AjAy + A7A; = 1.
Let {Q} ; }ijkep be structure constants of an arbitrary (non-associative)
algebra CA. An OQRW M = { My }rep on D defined by

Bijr = A
for each 7,j,k € D satisfies (5.1). However, all M}’s coincide, and
hence the family { M} }rep is not linear independent.
For an initial state p©@ = 3", P @ |iVi] € By(H ® K),, and
k€D, put pM = My (p@). Theorem 5.1 implies that

p = d(My,, 0 0o My, (p0) = d(My(p'?)) = pP)
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for all k = (ky,...,k,) € D" This means that the distribution p) is
stationary.

Example 5.6. Let N =1 and Ay, A; the operators in Example 5.5. If
we define OQRW M = { My }rep on the distance set D = {0,1} by
1
Boyjo= Ao, Bijo=A1, Biji1= El
for each 7,7 € D then we can check that the family {B; ;.x}ijrep sat-
isfies the condition (5.2) with

0 0 1 1 0 0 1 1
Qo,o = Qo,l =1, C20,0 = Q0,1 = W10 = w11 = 0, Ql,O = Q1,1 = 1.

The above numbers {QiC i }ijkep is the structures constants of the left
zero semigroup LOs of order two.
For a state p = py ® |0)(0] + p1 ® |1)(1], we have

Mi(p) = Ao(po + p1) A5 ® [0)(0] + Ai(po + p1) AT @ [1)(1] (k= 0)
5(po 4 p1) @ 10)(0] + 5(po + p1) @ |1)(A|  (k=1).

If Ap and A; are the matrices defined as (5.6) and (5.7) then the family
{Bi jik}ijk—o12 satisfies the condition (1) in Proposition 3.3.
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