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1. INTRODUCTION

Discovering the aspects of quantum mechanics, such as superposition
and interference, has lead to the idea of quantum walks, a generalization
of classical random walks [24, 41]. Recently, in [20] a quantum phase
transition has been explored by means of quantum walks in an optical
lattice. On the other hand, in [34] it has been showed that discrete-time
quantum walks (QW) can realise topological phases in 1D and 2D for
all the symmetry classes of free-fermion systems. In particular, they
provide the QW protocols that simulate representatives of all topolog-
ical phases, featured by the presence of robust symmetry- protected
edge states [35]. In general, QW realisations are particularly useful,
because, in addition to the simplicity of their mathematical descrip-
tion, the parameters that define them can be easily controlled in the

lab.
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Over the past decade, motivated largely by the prospect of super-
efficient algorithms, the theory of quantum Markov chains (QMC),
especially in the guise of quantum walks, has generated a huge num-
ber of works, including many discoveries of fundamental importance
[12, 27, 33, 50]. In [30] it has been proposed a novel approach to
investigate quantum cryptography problems by means of QMC [32]
where quantum effects are entirely encoded into super-operators la-
belling transitions, and the nodes of its transition graph carry only
classical information and thus they are discrete. Recently, QMC have
been applied [27, 26] to the investigations of so-called ”open quantum
random walks” (OQRW) [13, 18, 36, 37, 49]. We notice that OQRW are
related to the study of asymptotic behavior of trace-preserving com-
pletely positive maps, which belong to fundamental topics of quantum
information theory ( see for instance [17, 38, 39, 40, 45, 46]).



For the sake of clarity, let us recall some necessary information about
OQRW. Let K denote a separable Hilbert space and let {|i)};cn be
its orthonormal basis indexed by the vertices of some graph A (here
the set A of vertices might be finite or countable). Let H be another
Hilbert space, which will describe the degrees of freedom given at each
point of A. Then we will consider the space H ® IC. For each pair
1, 7 one associates a bounded linear operator B;. on H. This operator
describes the effect of passing from |7) to |i). We will assume that for
each j, one has

w > B -1
i

where, if infinite, such series is strongly convergent. This constraint

means: the sum of all the effects leaving site j is 1. The operators B}

act on H only, we dilate them as operators on H ® IC by putting
M: = B; @ [i){j]| -
The operator M encodes exactly the idea that while passing from |j)

to [2) on the lattice, the effect is the operator B} on H.
According to [13] one has

2) > MM =1

1,]
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Therefore, the operators (M ;)Z ; define a completely positive mapping
3 Mip) =35 M0
i

on H & K.
In what follows, we consider density matrices on ‘H ® K which take
the form

() p= Y pi@liil,

assuming that » . Tr(p;) = 1.

For a given initial state of such form, the Open Quantum Random
Walk (OQRW) is defined by the mapping M, which has the following
form

B M(p) =" (D2 BipBy) © liil.

]



If the evolution is performed two times we have
M) =SS ST BB B B @ ]
ik

Hence measuring the position after two steps, we get the site |i) with

probability
>SS m (BBl BB
k

J
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By means of the map M one defines a family of classical random
process on € = A%+, Namely, for any density operator p on H ® K
(see (4)) the probability distribution is defined by
(6)  P(ig, i1, .. in) = Te(B" -+ B?Bjlp, BI"B*"--- Bi"™* ).
We point out that this distribution is not a Markov measure [15].

On the other hand, it is well-known [44] that to each classical random
walk one can associate certain Markov chain and some properties of
the walk can be explored by the constructed chain. Therefore, it is
natural to construct Quantum Markov chain associated with OQRW
and investigate its properties.



Let us denote (7, = A%+ Qz = A%, here Z. denotes the set of all
non negative integers. A subset of Qz, (resp. §2z) given by

A[l’m](il, Uity - - ,im) = {w c QZ+ W =y, Wiy = Zm}

is called thin cylindrical set, where 1, € A, k € Z... By § we denote
the o-algebra generated by thin cylindrical sets.

Since the finite disjoint unions of thin cylinders form an algebra which
generates §, therefore a measure p on § is uniquely determined by the
values:

fin(AS Gy dry, ).

which should satisfy the compatibility conditions, i.e.

(7) Z /“Ln—i-l(A[O’n—i_l] (7;07 il? R 77:717 ])) — Iun(A[O’n](Z.Oa i17 I Zn))
jeA

The Kolmogorov’s Theorem ensures the existence of the measure p on

(QZ+ ) 8") :
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Now for a given M (see (3)) and a fixed p (see (4)), for every n € N,
we define a measure P, , on €}, := AP ag the distribution of the
OQRW, i.e.

(8) | o |
P, (A" (g, i1, . .. i) = Te(Bi" | --- BBl pi, Bl B - B"" ).

20 n—1

Proposition 1.1. Let P, be a measure defined on (Qz,,§) as-
soctated with OQRW M and an initial density operator p. If
p = pi @ |i){i] is an invariant density operator w.r.t. M, then

the measure P, can be extended to (S2z, ).
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Recently, in [27], we have found a quantum Markov chain (QMC)?
(or finitely correlated state (FCS)[28]) ¢ on the algebra A = ®;ez, A,
where A; is isomorphic to B(H) ® B(K), ¢ € Z,, such that the
transition operator P equals to the mapping M* and the restriction of

@ to the commutative subalgebra of A coincides with the distribution
P, ie.
P

9) p((A®ig >< i) @ @ (AR |in, >< in|)) = Pylig, 41, - -, in).

Hence, this result allows us to interpret the distribution P, as a QMC,
and to study further properties of P,

1V\/'e note that a Quantum Markov Chain is a quantum generalization of a Classical Markov Chain where
the state space is a Hilbert space, and the transition probability matrix of a Markov chain is replaced by a
transition amplitude matrix, which describes the mathematical formalism of the discrete time evolution of open
quantum systems, see [3]-[?],[28, 31] for more details.
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In the present paper, we are going to look at the probability distribu-
tion (6) as a Markov field over the Cayley tree I'*. Roughly speaking,

(40,71, - - -, 1y) is considered as a configuration on ) = A™ . Such kind
of consideration, allows us to investigated phase transition phenomena,
associated for OQRW within QMC scheme [52, ?]. We stress that,
in physics, a spacial classes of QMC, called ”"Matrix Product States”
(MPS) and more generally " Tensor Network States” [21, 47] were used
to investigate quantum phase transitions for several lattice models.
This method uses the density matrix renormalization group (DMRG)
algorithm which opened a new way of performing the renormalization
procedure in 1D systems and gave extraordinary precise results. This is
done by keeping the states of subsystems which are relevant to describe
the whole wave-function, and not those that minimize the energy on
that subsystem.

In [7, 8, 7, 10] it has been used a QMC approach to investigate
models defined over the Cayley trees. Furthermore, in [52, 53, 54,
58, H9] we have established that Gibbs measures of the Ising model
with competing (Ising) interactions (with commuting interactions) on
a Cayley trees, can be considered as QMC.

In this paper, we first propose new construction of QMC on trees,
which is an extension of QMC considered in [10]. Using such a construc-
tion, we are able to construct QMC on tress associated with OQRW.
Furthermore, our investigation leads to the detection of the phase tran-
sition phenomena within the proposed scheme.
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2. PRELIMINARIES

Let T'= (V, E) be a locally finite tree. We fix a root o € V. Two
vertices x and y are nearest neighbors (denoted x ~ y ) if they are
joined through an edge (i.e. < x,y >€ F). Alist x ~xy ~ -+ ~
xq_1 ~ y of vertices is called a path from x to y. The distance on the
tree between two vertices x and y (denoted d(z,y)) is the length of the
shortest edge-path joining them.

The set of direct successors for a given vertex x € V is defined by

(10) S(x)={yeV : x~yandd(y,o) > d(z,0)}.

Let 0o =2y ~ x1 ~ ---x, = x be the shortest edge-path joining o and
x. The set

(11) P, ={o=xp,21, -+ ,z, = x}

represents the "past” of the vertex z w.r.t. the root o.
Define

V=V Vi = J Vi

j<n j=m



13

To each vertex x, we associate a C*—algebra A, with identity 1.
For a given bounded region V' C V', we consider the algebra Ay =
&, Az. One can consider the following embedding

AVn] = AVn] ® 1y,,, C AVnJrl]'

The algebra Avn] can be viewed as a subalgebra of AVn - It follows
the quasi-local algebra.

(12) AV;loc = U An]

neN
and the quasi-local algebra

Ay = Ay joc
The set of states on a C*~algebra A will be denoted S(A).

C*
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3. QUANTUM MARKOV CHAINS ON TREES

3.1. QMC on Z,. In this section, we recall the definition of quantum
Markov chain.

For each i € Z ., (here Z, denotes the set of all non negative integers)
let us associate identical copies of a separable Hilbert space H and
C*-subalgebra My of B(H), where B(H) is the algebra of bounded
operators on H :

Hiy =H,
A = My C B(H) for each i € Z

We assume that any minimal projection in M is one dimensional.
For any bounded A C Z., let

Apr = ®Az, Ajoe = U Ap

€A ACZy |A <0
A=A = K) A
iEZ+

where the bar denotes the norm closure.
For each © € Z,, let J; be the canonical injection of M to the 2-th
component of A. For each A C Z. we identity A, as a subalgebra of

A.
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The basic ingredients in the construction of a stationary generalized
quantum Markov chain in the sense of Accardi [2, 12] consist of a tran-
sitton expectation £ : My ® My — M, which is completely positive
unital map (i.e. E(I®1) = 1)), and a state ¢y on M. In what follows,
a pair (¢, £) is called a Markov pair.

A state ¢ defined on A associated with a Markov pair (¢g, £), is
called Quantum Markov Chain (QMC) if

PIR T ® ... 0 x,) =d(E(rRE(r1® - - @E(x, @T)--+)))).

Let o : My® My — My ® M, be the flipping automorphism defined
by o(x ® y) = y ® x. For every transition expectation £ one can
associate its transpose by £ = £ o 0. Hence, given a Markov pair
(¢, £) we naturally associate its transpose Markov pair (¢g, E'). The
QMC corresponding to the pair (¢, ') is called transpose QMC' of
¢, and it is denoted by .
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To every transition expectation one associates two kinds of Markov
operators (i.e. completely positive, identity preserving map) from M,
into itself:

(14) P(a)
(15) T(a)
Remark 3.1. It is known [3] that in the classical setting T' is the

wdentity operator, and P coincides with usual Markov transition
operator.

E(1®a), (backward transition operator)

E(a® 1), (forward transition operator).

Remark 3.2. We point out that the quantum Markov chain can
be also treated as a special case of finitely correlated states (FCS)
which were introduced in [28]. Let us recall the well-known con-
struction. Let A, B be two C*-algebras with units Ty, sz, respec-
tively, ©g be a state on B, and £ : A R B — B be a completely
positive unital map such that for all b € B one has

po(E(Ta @ b)) = (D).
For each a € A one defines a map &, : B — B by setting E,(b) =
E(a®b). The functional

p(r1 @ @ xn) = @o(Esy -+ - Ep,(1sp))
uniquely defines a state on the C*-algebra @ U;, where 2A; is a
ieN
copy of A. The state @ is the finitely correlated state associated to
(A,B,E,00). In case, A =B we will recover QMC. On the other
hand, we stress that, in general, we cannot define the transpose
FCS on the same algebra with the initial one. Therefore, in what
follows, we will work within QMC' scheme.
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In what follows, by A, we denote the subalgebra of A, generated by
the first (n + 1) factors, i.e.
an] = Qo X al X - an & ][[n—H = Jo(a())Jl(al) s Jn(an),

with ag, ay,...,a, € My. It is well known [?] that for each n € N

there exists a unique completely positive identity preserving mapping
E, : A — A, such that

Eo(ay) = aflB) - @ a,—1 @ E(a, @ E(ap1 @ - @E(a, @T)---)), m>n

Remark 3.3. We notice that if the state ¢y satisfies the following
condition:

(17) SEA® ) = dola), © € My
then the Markov pair (¢, E) defines local states

Plin)(Ti @Fi11 @ ... @) = Po(E(@; @E(Ti11 @ - @ E(w, @ L) --+)))).

The family of local states {@y ), due to (17), satisfies a com-
patibility condition, and therefore, the state ¢ is well defined on

Az = Q) A;. Moreover, p is translation invariant, i.e. it is in-
€L
variant with respect to the shift o, i.e. a(Jy(a)) = Jyi1(a).
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3.2. Tree-homogeneous quantum Markov chains. Let T =
(V/, E/) be a subtree of the tree. There exists a unique vertex o’ € V'
such that d(o, V') = d(o,0"). This vertex o' will be referred as root
of the subtree T'. In the sequel, we reduce ourselves to the case of
regular trees (known as Cayley trees). The Cayley tree of order k
is characterized by being a tree for which every vertex has exactly
k + 1 nearest-neighbors. We consider the semi-infinite Cayley tree
F’_j = (V, FE) with root o. In this case, any vertex has exactly k direct
successors denoted (x,4),i = 1,2,--- | k.

S(I) = {(337 1)7 (513,2), T (ﬂj,k)}
A coordinate structure on T’ is given by
Vn:{(ZhZQ))Zn)u 7’]:1727ak}
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For © = (iy,49, -+ ,i,) € V,, we define k shifts on the tree as follows
(19) aj(x) = (j,x) = (4,i1,02, -+ ,in) € V1.
Moreover, we have
Qup 7= QU O Ly O =+ - O ..

The shift o, maps the Cayley tree F’f@ onto its subtree T, having root

at x.
One has a,(0) = z and a,(V,) = Su(z). The shifts a; can be
extended to the algebra Ay as follows:

n

(20) Q; ® a, | =19 ® ®ag’m).

xEVn] 1=0
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Consider a triplet C € B C A of C*-algebras. A quasi-conditional
expectation [4] is a completely positive identity preserving linear map
E : A — B such that E(ca) = cE(a), foralla € A, ¢ € C.

Definition 3.4. A (backward) quantum Markov chain on Ay is a
triplet (o, (EVn])nZ()a (hn)n) of initial state ¢, € S(A,), a sequence
of quasi-conditional expectations (EVn]>n w.r.t. the triple AAn—l] C
Avn] C AVn+1] and a sequence h, € Ay, 1 of boundary conditions
such that for each a € Ay the limit

(1) @(a) = lim ¢y By, 0 By, 00 By, (b} ah,?)

exists in the weak-*-topology and defines a state. In this case
the state p defined by (21) is also called quantum Markov chain

(QMC).

Remark 3.5. The above definition introduce quantum Markov
chains on trees as a triplet generalizing the definitions consid-
ered in [10], [52] by adding the boundary conditions. On the other
hand it extends to trees the recent unifying definition for quantum
Markov chains on the one-dimensional case [6)].
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Definition 3.6. A quantum Markov chain ¢ = (¢,, (Ev, )n>0, (ftn)n)
15 said to be tree-homogeneous if there exists a transition ex-
pectation € : Aiuso) — Ao such that for each n

(22) Evn} = idAVn—l] X ® Q. O £ o Oé;l

zeVy

where id 4, o denotes the identity map on Ay . and

1]
(23) I = () cvu(h)
ueVy
for some density operator h € A,.
For the sake of simplicity, the triplet (¢,, E, h) will be referred as
the tree-homogeneous QMC .

Remark 3.7. Notice that if € is a transition expectation from
Avl] = As(o) 1nto Ay, then for any u € A the map

L ~1
Ew =00,

defines a transition expectation from Ag,yusw) mto A,. It follows
that E, = id Appfuy ® E, 18 a quasi-conditional expectation with
respect to the following triplet Ap ¢y C Ap, C Ap,us(), where P,
is given by (11). Moreover, for any n € N if u,v € V,, such that
u # v then B, E, = E,E,. Therefore, the map Evn] = HuGVn E, is
a quasi-conditional expectation with respect to the triplet A,y C

An] - An—l—l] .
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3.3. General construction of QMC on trees. Let (k;);c; be a
finite family conditional density amplitude. Define

(24) K{US(u) = Z@u(liz), u eV
icl
(25) Klnntl] = ®H{u}u5(u)
ueVy,
(26) e = Q) h".
ueVy
n—1
(27) Rn] = Kij i
=0
(28) Wy, = wé/Qﬁjn]lin]*wé/z

where A" € A, + is a positive boundary condition on A, for every
u € A and wy € A} be an initial density matrix. Define

(29) ov,, (@) = Tr(wnpya @ 1)

for every n > 1.
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Theorem 3.8. With these notations in mind , if

(30) Tr(woh'?) = 1
and
B T (Z F%@) 1o Q A (Z Fugw") _ o,
icl vesS(u) icl
Then the limait
(32) p = lim ¢y
n—oo

exists in the weak-*-topology and defines a QMC on Ay. Moreover,
if the boundary condition (h\"),cy is translation invariant then ¢
is tree-homogeneous.

Remark 3.9. The conditional density amplitude ), ; k; consid-
ered in Theorem 3.8 is a finite sum of amplitudes. This generalizes
the conditional expectations on the Cayley tree considered in the
previous works, see for instance [10, 7, 8,9, 52, 53].
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4. QMC ASSOCIATED WITH OQRW ON TREES

Let H and I be two separable Hilbert spaces. Let {|7)};ca be an
ortho-normal basis of I indexed by a graph A. To each x € V we
associate the algebra A, = A = B(H ® K).

For each (i, j) € A? one associates an operator B;- € B(H) to describe
the transition from the state |j) to the state |¢) such that

(33) > BJ'Bj = s
ieA
Consider the density operator p € B(H ® K), of the form

p=> pi@i)i: peBH).

€A
Let us consider
(34) M; = B, ® [i){j| € B(H® K).
Put
~ 1 12 g
35 A =——p/ @ |0, 1,7 €A
(3) =t @

For each u € V', we set

(}US(@) _ pi(fUS@) _ 3 rinlw) 0
(36) wy = K] =M e Q) A" € Auusa-
veS(u)
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Consider &1 be the symmetric group of the set {0} U S(0). For
u € V', the map

(37) T,:0€ 68— a,000a,’

defines a group isomorphism from Gy 1 onto the symmetry group of
{u} U S(u). A permutation o € &y leaves o invariant if and only if
T, (o) leaves u invariant.

Define

(38)

50<a0®a(0,1>®- . -®a/(0,/€)> = Z TI'O] (K;aa(o,l) R X aO'(O,/{:)K;‘; )
(4.5),(i' 5" €A
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Definition 4.1. A tree-homogeneous quantum Markov chain ¢ =
(v0,E,h) on Ay is said to be associated wit the open quan-
tum random walk (OQRW) if the transition expectation £ is

a convexr combination of the maps (5<U))U€6k+1 i.e.

(39) E= ) AEY

0€611

where Ag 2 0 and ), ce,  As = 1.

Remark 4.2. In the above definition if A\, = 1 for some 0 € G411
the homogeneous quantum Markov chain ©\%) associated with a
transition expectation E\7) in the sense of Definition 3.6 is a QMC
assoctated with OQRW on the Cayley tree.

Notice that, in [27] some examples of ome-dimensional quantum
Markov chains associated with OQRW were studied. Therein k =1
then the symmetry group is Sy = {id,t} and the studied Markov
chains were exactly 'Y and @),

Remark 4.3. The above definition gives rise to a new class of
QMC in connection with OQRW. We forecast that these quantum
have rich ergodic properties. Namely the two examples gz:(id)) and
o) studied in [27] were proven to admit different structures. How-
ever, it 1s possible to consider the QMC associated with an arbi-
trary conver combination of the associated transition expectations

E and E' of the form £\ =\ + (1 — \)EL
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Theorem 4.4. For every o € Gy leaving invariant o, the tree-

homogeneous QMC ©\%) = (¢,,E9), h) satisfies
(40)

o) = 3 T (woda, M) ] wjj a) [[ ish

i0,7,7' €A ueVy p VeV, 11

where

1 12 1/2 _ (n -
A es(b) = Tr(p;)Y/2Tr(p, )1/2T (,0] Py ®|]/><]‘b>

Yj (ay) =

(BISHN
for every a = @),y au € Avn]-

2 1/2 1/2 ip*
Tr(p] 1/2TI' 1/2 Z Tr (B / B ® ’/I’U><ZU‘G’U) .
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Remark 4.5. The maps @; y and 1; y are linear functionals. If
j=7j" then p;  and ;i are states, we write

13 0i(b) = ﬁT (0, ® 7))
and
m by(b) = ﬁT (0 ® 1) (71b).

Remark 4.6. The Markov chain (40) generalizes the Markov chains
associated with open quantum random walks studied in [27] to trees.
But even un the one dimensional they propose a more general class.
Moreover, if the density operators (p;)ien are mutually orthogonal
one gets the Markov chain ') considered in [27)].
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5. EXAMPES

Let H = K = C? with canonical basis (|1),[2)). Let A, = B(H ®
H) = My(C). Let A = {1,2}. The interactions are given by

a 0 01 c 0 10
w=(i) 2=(a) m=(a)> %= (00)

where |a|® + |c|? = [b]? + |d|? = 1, ac # 0.
Let 0 € &1 such that o(0) = 0. Then (31) becomes

k
u ix(u) z’(u) i (ul) 4i' ™
R =y MM ] (AR O AL
(=1

ij,i'j'=1,2
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For the sake of simplicity we assume that the boundary condition is
translation invariant A = h for all u € V one gets

(45) h= Y MIMTr(ARAL
i,j,",7'=1,2
where o o
M;*Mj, = BBy @ |7)(5'16
and
Tr(ALhAL") = Te(ALAlR) = 1 Ta(ppy "5 (1)

VT T ()
Thus, (45) becomes

1/2 1/2

N LG T
i4.5'=1,2 \/Tf(Pj)Tf(P})

1% 1 . -/
BBy @15){('].




By identifying entries, we are led to

2

\

and h;; = 0 otherwise.

= (laf* + Ic[*)

Tr( p1®!1><1|h)

</c'01
Tr(pa®[2)(2]h)
Tr(p2)*

(‘b|2—|— d| )Tr pl®\1)(1!h)

Tr(p1)*
Tr(po@[2) (2] h)*

31
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Then, using
jaf® +[e|* = [b" + |d* = 1,
one gets

(46) |,

and h;; = 0 otherwise.
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Example 5.1. Consider

pi =10l 7 e{l,2)

Then one has

=Te([1) (1 @ [1)(1]R) = ha,

) T2 (2] @ [2)(2lh) = has

and
Tr(py py* @ [1)(2]h) = Te(py*py/? @ [2)(1]R) = 0.
Then (46) becomes,

hoy = hyy = hf,
and h;; = 0 otherwise. Denote
={ze€C;2" =1}

the set of k-th roots of unity. For k > 2, one has hi1, hyy € Up_1 U
{0} and therefore one gets 28 — 1 non-trivial solutions. Since h is
positive and does not vanish, one gets the following three solutions:

ho=Ty hi=TLy@ L), h=1,o2)0Q.

{ hii = hgz = Rl
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Example 5.2. Now let us consider

p1=p2 = [1)(1].
Then (46) becomes,
(hii= hgy= I
< hoy = hay = hb,
hig = Zhiy= Ehlfg
L ho1 = §h4,1 — Chlgfl

and h;; = 0 otherwise. Moreover, h is hermitian.
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Then, if k > 1, one has hi1, hyg € Up_1U{0} and his € U_1(1/2)U
{0}, where Uy_1(1/¢) denotes the set (k—1)-th roots of the complex
1/¢. Therefore, one gets 4k —1 non-trivial solutions. In particular,
for k =2, one gets the solutions

1000 0000
0000 0100
ho=1ny, M= o010l ™=loooo
0000 0001
1 205% 1 205% 0205
1100 1000 11700
hs = 0010’h4_ 0010’h5_ 000 0
400 1 4000 400 1
020%
1
Loo0 0
he = 0000
a0 0 0
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