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Abstract We study open quantum random walks (OQRWs) for which the underlying graph
is a lattice, and the generators of the walk are homogeneous in space. Using the results
recently obtained in Carbone and Pautrat (Ann Henri Poincaré, 2015), we study the quantum
trajectory associated with the OQRW, which is described by a position process and a state
process. We obtain a central limit theorem and a large deviation principle for the position
process. We 2tudy in detail the case of homogeneous OQRWs on the lattice Z¢, with internal
space h = C-.

Keywords Quantum random walks - Open quantum random walks - Central limit theorem -
Large deviations - Markov chains - Quantum dynamical semigroups

1 Introduction

Open quantum random walks (OQRWSs) were defined by Attal et al. in [2]. They seem to be
a good quantum analog of Markov chains, and, as such, are a very promising tool to model
many physical problems (see [2,5] for an in-depth description of OQRWs, and [22,24,27]
for applications and extensions).

Let us briefly describe open quantum random walks in a simple (if not the most general)
situation. Our main object of interest is a random process (X, op) pen Where X, belongs to
acountable set V, and p, is a positive, trace-class operator on a separable Hilbert space h. We
view X, as describing the position of a particle, and p, as describing its (internal) quantum
state. The evolution of (X, pp) pen is determined by a family (L; ;); jev of operators on b,
satisfying the condition
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D L7 Lij=1d foralljeV
ieV
in the sense that, conditionally on (X, p,,) = (j, n), the law of (X 11, pp+1) is given by

L nLl’.‘ .
Xpitls =i, —=—"/ ) with probabiliy Tr(L; ; n L* ).
(Xp+1 Pp1) (’ Tr(LijnL;,) P yTrLijn ki)

The operators (L;, j);, jev therefore entirely encode the transitions of (X, p,). Note that
what we call open quantum random walk itself is an operator determined by the (L; ;); jev
and acting on a space of trace class operators, but we don’t need to mention it for the moment.

In the paper [5], we described the notions of irreducibility and aperiodicity for OQRWs,
and derived, in particular, convergence properties of the process (X, o)) pen for irreducible,
or irreducible and aperiodic, OQRWs. In the same way as for classical Markov chains, those
convergence results assumed the existence of an invariant state.

In the present paper we focus on space-homogeneous OQRWs on a lattice, i.e. on the
case where V is an additive group and L; ; depends only on j — i. These OQRWs attracted
special attention in many recent papers (see, for instance [1,3,16,21,28,30]). As we have
shown in [5], they do not have an invariant state so that most of the convergence results from
[5] are useless. We will show, however, that there exists an auxiliary map which allows to
characterize many properties of the homogeneous open quantum random walk. With the help
of the Perron-Frobenius theorem described in [5], we can obtain a central limit theorem and
a large deviation principle for the position process (X ) pen.

The immediate physical application of our results is quantum measurements, or more pre-
cisely, quantum repeated indirect measurements. In that framework, a given system S interacts
sequentially with external systems R,, p = 1,2, ... representing measuring devices, and
after each interaction, a measurement is done on R ,. The connection with the present frame-
work is that the sequence of measurement outcomes is given by the sequence (M) pen where
M, = X, — X,_1, and the sequence (pp) pen represents the state of the physical system S
after the first p measurements (for more details on repeated indirect measurement or “Kraus
measurements”, we refer the reader to [18,19]; for the connection with OQRWs, see [1]).
Our results immediately give a law of large numbers, a central limit theorem and a large
deviation principle for the statistics of the measurements (M) peN.

We will pay specific attention to the application of our results to the case where the internal
state space of the particle (what is sometimes called the coin space) is two-dimensional. This
will allow us to illustrate the full structure of space-homogeneous OQRWs, and in particular
the notions of irreducibility, period, as well as the Baumgartner—Narnhofer decompositions
(see [4]) discussed previously in [5].

Of the above cited articles, some give a central limit theorem for the position (X ) pen
associated with an OQRW on Z¢. The most general result so far is given in [1], and its proof is
based on a central limit theorem for martingales and the Kiimmerer-Maassen ergodic theorem
(see [20]). Our proof is based on a completely different strategy, using a computation of the
Laplace transform, and uses an irreducibility assumption which does not appear in existing
central limit results. We will show, however, that the irreducibility assumption can be dropped
in some situations, and that our central limit theorem contains the result of [1], but yields
more general formulas.

In addition, we can prove a large deviation principle for the position process (X)),
associated with an homogeneous OQRW on a lattice. The technique we used, based on the
application of the Perron-Frobenius theorem to a suitable deformed positive map, goes back
(to the best of our knowledge) to [13]. None of the articles cited above proves a large deviation
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principle. As we were completing this paper, however, we learnt of the recent article [29],
which proves a similar result. We comment on this in Sect. 5.

The structure of the present paper is the following: in Sect. 2 we recall the main definitions
of open quantum random walks specialized to the case where the underlying graph is a lattice
in R?, and define the auxiliary map of an open quantum random walk. In Sect. 3 we recall
standard results about irreducibility and period of completely positive maps. In Sect. 4 we
characterize irreducibility and period of the open quantum random walk and its auxiliary
map. In Sect. 5 we state our main results: the central limit theorem and the large deviation
principle. In Sect. 6 we specialize to the situation where the underlying graph is Z¢ and the
internal state space is C2, and characterize each situation in terms of the transition operators.
In Sect. 7 we study explicit examples.

2 Homogeneous Open Quantum Random Walks

In this section we recall basic results and notations about open quantum random walks. We
essentially follow the notations of [5], but specialize to the space-homogeneous case. For a
more detailed exposition we refer the reader to [2].

We consider a separable Hilbert space  and a locally finite lattice V C R?, which we
assume contains 0, and is positively generated by a set S # {0}, in the sense that any v in V
can be written as s + ...+ s, with sy, ..., s, € S. In particular, V is an infinite subgroup
of R¥. The canonical example is V = 74, with § = {£vy, ..., xvg} where (vq, ..., vy) is
the canonical basis of RY.

We denote by H the Hilbert space H = h ® C¥. We view H as describing the degrees
of freedom of a particle constrained to move on V: the “V-component” describes the spatial
degrees of freedom (the position of the particle) while h describes the internal degrees of
freedom of the particle. We describe the physical state of the system by a positive, trace-class
operator p on H with trace one. Such an operator we will call a state.

We consider a map on the space Z; (H) of trace-class operators, given by

m : pHZZ(Ls®|]'+S)<J'|)/0(L;k®|j>(j+s|) 2.1
jeV seS

where the L, s € S, are operators acting on b satisfying
> LiLy=1d. (2.2)
ses

The L are thought of as encoding both the probability of a transition by the vector s, and the
effect of that transition on the internal degrees of freedom. Equation (2.2) therefore encodes
the “stochasticity” of the transitions.

Remark 2.1 It is worth underlining that the transition operators L;;, mentioned in the intro-
duction, depend here only on i — j and are therefore replaced by the operators L, s =i — j.
This is why we call the present open quantum random walks homogeneous.

Remark 2.2 The map 9 defined above is a special case of a quantum Markov chain, as
introduced by Gudder in [12]. See [5, Sect. 8] for more comments.

We associate with the OQRW 9t the auxiliary map £ on the space Z; () of trace-class
operators on ) defined by

£:pr D LipL}. (2.3)

ses
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1128 R. Carbone, Y. Pautrat

Both (2.1) and (2.3) define trace-preserving (TP) maps, which are completely positive (CP),
i.e. for any n in N*, the extensions 9 ® Id and £ ® Id to Z; (H) ® B(C") and Z (h) ® B(C"),
respectively, are positive. In particular, such maps transforms states into states. A completely-
positive, trace-preserving map will be called a CP-TP map. We will call a map 901, as defined
by (2.1), an open quantum random walk, or OQRW; and we will call £ the auxiliary map
of M. To be consistent with Remark 2.1, we should call 9t an homogeneous OQRW, but
since only such OQRWs will be considered, we drop the adjective “homogeneous” in the
rest of this paper.

Let us recall that the topological dual Z;(H)* can be identified with B(7) through the
duality

(0, X) = Tr(p X).

For this reason we will make no distinction between p € Z;(H) and the map B(H) > X —
Tr(pX). Note however that, strictly speaking, we should call such a map a normal state.

Remark 2.3 When ® = 9 (respectively & = £), the adjoint map ®* is a positive, unital
(i.e. ®*(Id) = Id) map on B(H) (respectively B(h)), and by the Russo-Dye theorem ([25])

one has ||®*| = ||®*(Id) || where the latter is the operator norm on B(H) (respectively B(h)).
This implies that trace-preserving positive maps have norm one, and in particular |9t = 1
and || £]| = 1.

Remark 2.4 Asnoted in [2], classical Markov chains can be written as open quantum random
walks. In the present case, if we have a subgroup V of R? generated by a set S, and a Markov
chain on V with translation-invariant transition matrix P = (f; ;); jev induced by the law
(t5)ses on S, then taking h = C and Ly = /7, induces the Markov chain with transition
matrix P. This OQRW is called the minimal OQRW realization of the Markov chain (see [5]
for a discussion of minimal and non-minimal OQRW realizations). Note that in this case the
reduced map £ is trivial: £ = 1.

A crucial remark is that, for any initial state p on H, which is therefore of the form

p= 2 . )I)I

i,jev
the evolved state M (p) is of the form

M(p) = Zﬁ)ﬁ(p, 1) ®|i){i], where M(p,i) = ZLS p(d—s,i—5) L;k. 2.4)
ieV ses

Each M(p, i) is a positive, trace-class operator on h and >_;_,, TrM(p, i) = 1. We notice
that off-diagonal terms p (i, j), fori # j, donotappearin 9t(p), and M (p) itself is diagonal.
For this reason, from now on, we will only consider states of the form p = >, .y, p (D) ®[i)(i].
Equation (2.4) remains valid, replacing p (i, i) by p(i).

We now describe the (classical) processes of interest associated with 9Jt. We begin with
an informal discussion of these processes and their laws, and will only define the underlying
probability space at the end of this section. We start from a state of the form p = D ;. p (1) ®
[i)(i|. We evolve p for a time p, obtaining the state 2t” (p) which, according to the previous
discussion, is of the form

MP(p) = D MV (p, i) ® li)il.
ieV
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We then make a measurement of the position observable. According to standard rules of
quantum measurement, we obtain the result i € V with probability Tr 9t” (p, i). Therefore,
the result of this measurement is a random variable Q ,, with law P(Q, = i) = Tr I’ (p, i)

fori € V. In addition, if the position Q, =i € V is observed, then the state is transformed
to %. This process (Q, %@%l)) we call the process “without measurement”,
to emphasize the fact that virtually only one measurement is done, at time p. Notice that, in
practice, two values of this process at times p < p’ cannot be considered simultaneously as
the measure at time p perturbs the system, and therefore subsequent measurements.

Now assume that we make a measurement at every time p € N, applying the evolution
by 90t between two measurements. Again assume that we start from a state p of the form
>icy p(i) ® |i)(i]. Suppose that at time p, the position was measured at X, = j and the
state (after the measurement) is p, ® |j)(j|. Then, after the evolution, the state becomes

Mpp @ 1) (i) =D Ly pp Li ® |j +)(j +5l.
seS

so that a measurement at time p + 1 gives a position X1 = j + s with probability
Tr Ly pp L7, and then the state becomes

. Lsp, L}

i +s)(j + | with =
Pp+1 @ 1 +5)( + 5l Py = L p L

The sequence of random variables (X, o) is therefore a Markov process with transitions
defined by

LinL}

B((por pen = (45, 2L
( p+l1 pp+l) (/ +s Tr(LynL?)

) ’(Xp’ pp) = (. 77)) =Tr(LsnLy), (25)

forany j € V,s € S and n € Z1(h) and initial law

v ((XO’ po) = (i’ Tf;()l()i))) =T

Note that the sequence X¢ = io, ..., X, = i), is observed with probability

P(Xo = i0, ..., Xp =ip) =Tr (Ls, ... Ly plio) L], ... L)) (2.6)

if iy —ip = s1,...ip —ip—1 = 5p belong to §, and zero otherwise. In addition, this sequence
completely determines the state p),:

Ly, ...Ls pG1) LY .. LY
© TrLs, ... Ly pG) LY .. LY

Pp 2.7

As emphasized in [2], this implies that, for every p, the laws of X, and Q, are the same, i.e.
P(X,=i)=P(Q,=i) VieV.

‘We now construct a probability space to carry the processes just described. Fixing an open
quantum random walk 9t on V defined by operators (L)scs we define the set Q = v,
equipped with the o-field generated by cylinder sets. An element of 2 is denoted by
® = (wp)pen and we denote by (X)) pen the coordinate maps. For any state p on H of

the form p = 3,y p(i) ® li)(i], we define a probability P’ on V7*! by formula (2.6).

One easily shows, using the stochasticity property (2.2), that the family (]P’ﬁ)p )) p 18 consistent,
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1130 R. Carbone, Y. Pautrat

and can therefore be extended uniquely to a probability ’, on 2. We denote by p, the random
variable

P LXp*prl "'LXI*XOp(XO)L?(l—XO"‘L?(p—Xp,l
p = .
Tr(pr_Xp_l e LXI—XO ,O(X()) L§1—X0 e L*;(p_xp_l)
We will also denote O, = X, but will only use the notation Q, when we consider

“non-measurement” experiments, and in particular will never consider an event implying
simultaneously outcomes Q,, and Q , for p # p’. These processes reproduce the behaviour
of the measurement outcomes and of the associated resulting states. In particular, equation
(2.5) above holds in a mathematical sense with [P, replacing IP. From now on, we will usually
drop the p in P,,.

3 Irreducibility and Period: General Results

In this section we focus on the general notions of irreducibility and period for a completely
positive (CP) map ® on Z; (K), where K is a separable Hilbert space which, in practice, will
be either h or H. We assume @ is given in the form

O(p) = D AcpA; (3.1
KkeK

where K is a countable set, and the series >, g A% A, is strongly convergent. This is the
case for operators such as 9t or £ and we actually know from the Kraus theorem that this is
the case for any completely positive ® (see [17] or [23], where this is called the operator-sum
representation). We recall that such a map is automatically bounded as a linear map on Z; ()
(see e.g. [26, Lemma 2.2]), so that it is also weak-continuous. In most practical cases, we will
additionally assume that || ®|| = 1; this will be verified, in particular, if ® is trace-preserving.

We give various equivalent definitions of the notion of irreducibility for ®, which was
originally defined by Davies in [6]. Note that this original definition holds for ® positive, but
for simplicity, we discuss it only for maps ® which are completely positive (CP), and therefore
have a Kraus decomposition (3.1). The equivalence between the different definitions, as
well as the relevant references, are discussed in [5]. We recall some standard notations: an
operator X on K is called positive, denoted X > 0, if, for ¢ € I, one has (¢, X ¢) > 0. Itis
called strictly positive, denoted X > 0, if, for ¢ € K \ {0}, one has (¢, X ¢) > 0.

Definition 3.1 The CP map @ is called irreducible if one of the following equivalent condi-
tions hold:

e forany p > 0, p # 0in Z;(K), there exists ¢ such that e’q’(p) > 0,

e foranynon-zero ¢ € I, the set C[A] ¢ is dense in /C, where C[A] is the set of polynomials
inAg kek,

e the only subspaces of K that are invariant by all operators A, are {0} and .

We will also use the notion of regularity, which is evidently stronger than irreducibility:

Definition 3.2 The CP map & is called N-regular, for N € N*, if one of the following
equivalent conditions holds:

e forany p > 0, p # 0in Z;(K), one has ®¥ (p) > 0,
e for any non-zero ¢ € K, the set {A, ... Ay @ K1, ..., kny € K} is total in K.

@ Springer



Homogeneous Open Quantum Random Walks on a Lattice 1131

The map @ is called regular if it is N-regular for some N in N*,

Remark 3.3 The following properties are immediate:

e If @ is regular, then it is irreducible.

e If @ isirreducible, then V,cgRanA,, i.e. the closed vector space spanned by the ranges
of the operators A, coincides with I (while the converse is not true).

e If VicxRanA, = K and p is a faithful state, then ®(p) is faithful. Indeed, we can
write p = Zj pjluj){ujl, with p; > 0 and (u;); an orthonormal basis for K. Then
D(p) = Zj’,( pjlAcuj)(Acuj|, and the conclusion easily follows.

o If VicxgRanA, = K and ® in N-regular, N > 1, then ® is (N + n)—regular for any
n > 0. This is an immediate consequence of the previous point.

The following proposition, which is a Perron-Frobenius theorem for positive maps on
Z1(K), essentially comes from [9] (for the finite dimensional case) and [26] (for the infinite
dimensional case). To state it in sufficient generality, we need to recall the definition of the
spectral radius of a map ®:

r(®) = sup{|r|, A € Sp D}
where Sp @ is the spectrum of ®.

Proposition 3.4 Assume a CP map ® on Z;(K) has an eigenvalue A of modulus r (®), with
eigenvector p, and either dim IC < oo or r(®) = ||D||. Then:

e |A| is also an eigenvalue, with eigenvector |p|,
e if O isirreducible, then dim Ker (® — A1d) = 1.

In particular, if ® is irreducible and has an eigenvalue of modulus r(®), then r(®) is an
eigenvalue with geometric multiplicity one, with an eigenvector that is a strictly positive
operator.

Remark 3.5 When @ is a completely positive, trace-preserving map, one has | ®| = 1, so
that the conclusion applies if X is of modulus 1. In [5], this was enough, since we applied this
result to the operator 9. In Sect. 5, however, we will also need to apply it to a deformation
of the operator £, which will no longer be trace-preserving.

Remark 3.6 The previous proposition gives in particular uniqueness and faithfulness of the
invariant state, when it exists, for an irreducible map ®. As one can expect, the converse result
holds: if ® admits a unique invariant state and that state is faithful, then @ is irreducible (see
[5, Sect. 7]).

‘We now turn to the notion of period for positive maps. From now on, quantities like j + 1
or j—1forj=0,...,d— 1 will always refer to addition or subtraction modulo d.

Definition 3.7 Let ® be a completely positive, trace-preserving, irreducible map and con-
sider a resolution of the identity (P, ..., Ps—1), i.e. a family of orthogonal projections
such that 3 9] P; = Id. One says that (P, ..., Pg_1) is ®-cyclic if PjA, = A Pj_
for j =0,...,d — 1 and any «. The supremum of all 4 for which there exists a ®-cyclic
resolution of the identity (Po, ..., P4—1) is called the period of ®. If ® has period 1 then we
call it aperiodic.

Remark 3.8 When @ is the minimal OQRW realization of a classical Markov chain, Defini-
tion 3.7 coincides with the standard definition of the period, and the projectors P; are simply
the indicator functions of subsets of the state space. See Remark 4.7 in [5].
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1132 R. Carbone, Y. Pautrat

Remark 3.9 1f dim K is finite then the period is always finite.

The following proposition is the analog of a standard result for classical Markov chains:

Proposition 3.10 Assume ® is completely positive, irreducible, with finite period d, and
denote by Py, ..., Pj_1 a O-cyclic resolution of the identity. Then:

L. we have the relation ®(P; p Pj) = Piy1 ®(p) Pjy1,
2. forany j =0, ...,d—1, the restriction dD‘]’.l of ? 1o P;Ti(KC) Pj is irreducible aperiodic,

3. if ® has an invariant state p™, then <I>? has a unique invariant state p}“v % Pj,o"“V P;.
Proof 1. The first relation is obvious, and shows that P;Z; (K) P; is stable by o4,

2. Consider a state PjpP; in P;Z;(K)P;. By irreducibility of ®, e’q’(Pijj) is faithful,
SO Pjem)(Pijj)Pj is faithful in Ran P;. But by the relation in point 1,

o0 o
P'e’d)(P- P‘)P‘_Z 1" q)dn(fp P‘)_Z " (d)d)”(P‘ P;)
J JPrE; = (dn)’ iPrj) = (dn)‘ i iPLrj).
n=0 n=0

This shows that <I>j{ is irreducible. Now, if ®¢ has a cyclic resolution of identity
(Pj,0, ..., Pjs—1) then by the commutation relations this induces a ®-cyclic resolution
of the identity with d x § elements. Therefore, § = 1.

3. The invariance of ,0}“" is trivial by point 1, and the irreducibility of d>‘]1. implies the unique-
ness of the invariant state (recall Remark 3.6). By Remark 4.8 in [5], Tr(Pjpinv Pj) does
not depend on j, soitis 1/d.

[}

The following results were originally proved by Fagnola and Pellicer in [10] (with partial
results going back to [9] and [11]). We recall that the point spectrum of an operator is its set
of eigenvalues, and that we denote by Sp,,, ®* the point spectrum of ®*.

Proposition 3.11 [f ® is an irreducible, completely positive, trace-preserving map on Z1(K)
and has finite period d then:

o the set Sp,,, ®* N'T, is a subgroup of the circle group T,
e the primitive root of unity €27/ belongs to Sp,p ®* jf and only if ® is d-periodic.

An immediate consequence is the following:

Proposition 3.12 If a completely positive, trace-preserving map ® on I,(K) is irreducible
and aperiodic with invariant state p™, and K is finite-dimensional then

o Spppy ®NT = {1}, _
e forany p € Z|(K) one has ®P(p) — p™ as p — oo.

4 Irreducibility and Period of )t and £

Now we turn to the case where the operator @ is an open quantum random walk 9t generated
by Lg, s € S, or the auxiliary map £ as defined by (2.3). We will study irreducibility and
periodicity properties of both operators 9t and £, and connections between them. This will
explain why we focus on a study of £, when 9t should intuitively be the object of interest.
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Homogeneous Open Quantum Random Walks on a Lattice 1133

For any v in V we denote

¢
Pe(v) = 7T=(S1,...,Se)€S€| Zspzv
p=1

and, in addition, we consider
P) =U=1Pe(v),  Pr=UpevPe(v) P =UpenPe = Upev P(v).
In analogy with [5], we use the notation
Ly =1L - Ly, form = (sy,...,s¢) € Py.

We remark that the notations for the paths and the set of paths are slightly different from our
previous paper [5] since we can use homogeneity, which allows us to drop the dependence
on the particular starting point.

The irreducibility of £ and 9t are easily characterized in terms of paths. This is true in
general for OQRWs (see [5], Proposition 3.9 in particular), but the following characterizations
are specific to homogeneous OQRWs.

Proposition 4.1 Let 9 be an open quantum random walk defined by transition operators
Lg, s € S, and £ its auxiliary map.

1. The operator £ is irreducible if and only if the operators {Ly, s € S} have no invariant
closed subspace in common, apart from {0} and b.

2. The operator M is irreducible if and only if the operators {Ly,, mo € P(0)} have no
invariant closed subspace in common, apart from {0} and b.

Proof Point 1 is proven by a direct application of Definition 3.1 (third condition).

To prove point 2, remark that irreducibility of 9t amounts to the fact that, for any x ® |w),
the set {L,x ® |[v+w), m € P(v)}isdenseinh forany v € V (see the details in Proposition
3.9 of [5]). Now, if 901 is not irreducible, then, for some v € V, the closed space

hy = Vect{L,x, T € P(v)}

is nontrivial. Since the concatenation of 7y € P(0) with w € P(v) gives an element of P (v),
the space b, must be Ly -invariant, and this holds for any 7y € P(0). Conversely, if all
operators Ly, g € P(0) have an invariant subspace h’ in common, then for any x € " and
w = v = 0, we have a contradiction to the above criterion for irreducibility of 91. O

This proposition obviously implies the following result:
Corollary 4.2 If 9 is irreducible, then £ is irreducible.

Proposition 4.1 also allows us to construct examples of OQRWs such that £ is irreducible,
but not 9.

Example 4.3 Let V =Z,h = C?, § = {—1,+1},denote L_ = L_1, L = L (this will
be a particular case of the OQRWs treated in Example 6.11) and choose

(0 ay (0 a_
= (05) = 00)
with ay,a_, by, b_ positive, with ai + bi =a% +b> =1andayb_ # a_b,. Then, by

Proposition 4.1, £ is irreducible, but 91 is not, since the vectors of the canonical basis are
eigenvectors for any L, w € P(0) (see also Proposition 6.12).
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1134 R. Carbone, Y. Pautrat

The following proposition is proved in [5]. We reprove it here.

Proposition 4.4 Assume 9 is irreducible. Then it has no invariant state.

Proof By Corollary 4.2, £ is irreducible, so it has a unique invariant state ,oi“" on b, which
is faithful. Assume 2t has an invariant state; by irreducibility it is unique. Since 9t is space-
homogeneous, any translation of that state would be also invariant, so by unicity the invariant
state must be of the form D ; ., o™ ® |i)(i|, but this has infinite trace, a contradiction. O

The only reason that prevents the proposed operator from being an invariant state for 9t
is the fact that its trace is infinite. This is similar to the situation for space-homogeneous
classical Markov chains. In the same way that, for classical Markov chains, one can consider
invariant, non necessarily finite, measures, we could extend the map 9, using expression
(2.4), to a wider domain and study invariant positive operators which are not trace class. If £
has an invariant state o™ (which is the case if e.g. b is finite), then ;.\, o™ @ [i)(i| will
be an invariant operator for the extension of 91.

All ergodic convergence results for 9t given in [5] assume the existence of an invariant
state. However, some interesting asymptotic properties of 9t can be studied in the absence of
an invariant state, and this includes large deviations or central limit theorems. As we will see,
such properties can be derived from the study of £. This is why, in the study of homogeneous
OQRWs, the focus shifts from 91 to £.

To avoid discussing trivial cases, in the rest of this paper we will usually make the following
assumption, which by Remark 3.3 automatically holds as soon as £ (or 9t) is irreducible:

Assumption H1 one has the equality \/,_.¢Ran L, = .

This assumption is a natural one, since after just one step, even in the reducible case, the
system is effectively restricted to the space \/ ¢ Ran L. More precisely, for any positive
operator p on b, one has, for any s,

supp Ly p LY C supp £(p) C \/ Ran L;.
seS

Note that we have not given results equivalent to Proposition 4.1 for the notion of regularity.
We do this here:

Lemma 4.5 The operator £ is N-regular if and only if forany x # Qinh, theset {Lrx, |7 €
Pn}is total in Y. The operator 9 can never be regular.

Proof This is obtained by direct application of Definition 3.2, that shows the criterion for £.
It also shows that 90t is N-regular if and only if for any x # 0 in b, any v in V, the set
{L,x, |m € Py(v)}istotal in h. However, if the distance from the origin to v is larger than NV,
then Py (v) is empty. O

One could be tempted to consider a weaker version of regularity for £ where the index N
can depend on p. The following result shows that, if b is finite-dimensional, this is not weaker
than regularity:

Lemma 4.6 Assume b is finite-dimensional. If for every p > 0 in Z1(h) \ {0}, there exists
N > 0 such that £N (p) is faithful, then there exists No such that £ is No-regular:

Proof First observe that £ is necessarily irreducible and so assumption H1 must hold.
Besides, the current assumption implies that, for any x in b, there exists N, > 0 such that
£Nx(|x)(x]) is faithful. Since faithfulness of £+ (|x)(x|) is equivalent to the existence of a
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family 1, . .., wdim p of paths of length N, such that the determinant of (L, x, .. ., Lgim 5 %)
is nonzero, there exist open subsets B, of the unit ball, such that x € By, implies that
£V (1x) (x|) is faithful. By compactness of the unit ball, there exists a finite covering by
By U...UBy,. Remark 3.3 then implies that if we let No = sup;_; » Ny, one has

£No(|x)(x|) faithful for any nonzero x. This implies that £ is Np-regular. ]

.....

Remark 4.7 Notice that the same result cannot be true when the dimension of § is infinite:
assume for example that h = CN, and £ is itself a minimal OQRW realization of a classical
Markov chain on N with stochastic matrix

1 >0 VjeN, tj,j_1=tj,j+1=% Vj e N\ {0}.
‘We now turn to the notion of period for £ and 9. By Definition 3.7, a resolution of identity
(po, - - ., pa—1) of h will be £-cyclic if and only if
pjLs=Lspjy forj=0,...,d—1landanys € S.
Consequently, by Proposition 3.10, we have
Llpjprj)=rpjr1 L) pjt. (4.1)

Remark 4.8 Since the p;’s sum up to Idy, the period of £ cannot be greater than dim b, a
feature which will be extremely useful when dim b is small.

On the other hand, as we observed in [5], a resolution of identity (Po, ..., Ps—1) of H will
be M-cyclic if and only if it is of the form
Pr=) P ®Ili){i| with Py;Ls=LsPi 1iys. 4.2)
ieV

Remark 4.9 The 9M-cyclic resolutions of the identity are translation invariant, in the sense
that, if Pr = >,y Pr,i @ li){il, k = 0,...d — 1, is a M-cyclic resolution of the identity,
then also P, = >,y Pritv ® i) (il, k =0, ...d — 1, is a cyclic resolution for any v.

We will, however, make little use of 9i-cyclic resolutions of the identity in this paper. On
the other hand, the periodicity of £ can be an easy source of information on 2i:

Proposition 4.10 We have the following properties:
1. The period of M, when finite, is even.
2. If £ is irreducible and has even period d, then 9 is reducible.

Proof 1. Assume that (Py,..., Pj—1) is a 9M-cyclic resolution of identity associated
with 91. As we observed above, the Py are of the form

Pe=" Pei®li)il with PiiLs=LsPi1its.
ieV
Then if we call i in V odd or even depending on the parity of its distance to the origin,
define

Piodd = D Pii®i)il and Prewen= > Pri® li)(il.

i odd i even

Then (Po,odds Pi1,even> P2,0dd, - - -) 1s a M-cyclic resolution of identity.
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2. Denote by (po, ..., pa—1) a £-cyclic resolution of identity. Define
Podd = Z Pk Peven = Z Pk-
k odd k even

It is obvious from relations (4.2) that Ran pogq and Ran peyen are nontrivial invariant
spaces for any Ly, mo € P(0). We conclude by Proposition 4.1.
O

Last, we give an analog of a classical property of Markov chains with finite state space:

Lemma 4.11 If Y is finite-dimensional, then the map £ is irreducible and aperiodic if and
only if it is regular.

Proof If £ s irreducible and aperiodic, then by Proposition 3.12 for any state p on b, one has
£%(p) —> p"™ so that £"(p) is faithful for large enough n. By Lemma 4.6, this implies the
n—0o0o

regularity of £. Conversely, if £ is N-regular, then it is irreducible, and for any projection p,
the operator £V (p) is faithful, so that p cannot be a member of a cyclic resolution of identity
unless p = 1d. O

5 Central Limit Theorem and Large Deviations

The Perron-Frobenius theorem for CP maps allows us to obtain a large deviations principle
and a central limit theorem for the position process (X ,) pen (or, equivalently, for the process
(Qp)pen) associated with an open quantum random walk 9t and an initial state o (see
Sect. 2). In most of our statements, we assume for simplicity that £ is irreducible. We discuss
extensions of our results at the end of this section.

Before going into the details of the proof, we should mention that, as we were completing
the present article, we learnt about the recent paper [29], which proves a large deviation
result for empirical measures of outputs of quantum Markov chains, which can be viewed
as the “steps” M, = X, — X, taken by an open quantum random walk. This result
is similar to the statement in our Remark 5.6, and implies a level-1 large deviation result
for the position (X,),eny when the OQRW is irreducible and aperiodic. In addition, the
statement in [29] extends to a large deviations principle for empirical measures of m-tuples
(M, ..., Mpim—1)p. Our (independent) result, however, treats the case where the OQRW
is irreducible but not aperiodic, and can be extended beyond the irreducible case.

For the proofs of this section, it will be convenient to introduce some new notations. For
u in RY we define ngu) = e5)/2],  and denote £, the map induced by the L.g“), s € S: for
p in Zy(h),

N

This operator is a deformation of £. It is still a completely positive map on Z;(fh) but,
in general, it is not trace-preserving. The operators £, will be useful in order to treat the
moment generating functions of the random variables (X ) pen:

Lemma 5.1 For any u in R? one has

E(exp (. X, — Xo)) = D Tr(£f (p(i0))). (5.1)

iceV
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Proof For any k in N* let Sy = X411 — Xk and consider u € R?. Then we have
E(exp (u, X, — Xo))
=> > PXo=io,Si=s1,.... 8, =5p) exp i, s1+...+5p)

ioeV $1,..0s speSP

:Z Z Tr(Ly, ... Ls p(o) L3, ... Ly)) exp (. 51 + ... +5p)

ioeV s1,..., speSP

and this gives formula (5.1). O
Remark 5.2 One also has

E(exp (u, X)) = E(exp 1, Q) = > exp(u. io) Tr(£f (p(i0))).

iceV

This will allow us to give results analogous to Theorems 5.4 and 5.12 for the process (Q ).
Note that considering X, or X, — X is essentially equivalent, but as we remarked in Sect. 2,
Qp and Qg should not be considered simultaneously.

The following lemma describes the properties of the largest eigenvalue of £,:

Lemma 5.3 Assume that Y is finite-dimensional and £ is irreducible. For any u in R, the

spectral radius A, &ef r(£y) of £, is an algebraically simple eigenvalue of £,, and has an
eigenvector p, which is a faithful state. In addition, the map u +— A, can be extended to be
analytic in a neighbourhood of R%.

Proof By Proposition 4.1, if £ is irreducible, then so is any £, for u € R?. Proposition 3.4,
applied here specifically to an Hilbert space of finite dimension, gives the first sentence except
for the algebraic simplicity of the eigenvector A,, as it implies only the geometric simplicity.
If we can prove that, for all u in R?, the eigenvalue A, is actually algebraically simple then
the theory of perturbation of matrix eigenvalues (see [15, Chapt. II]) will give us the second
sentence. Now, in order to prove the missing point, consider the adjoint £ of £, on B(h),
which in this finite-dimensional setting, can be identified, with Z; (h). It is easy to see from
Definition 3.1 that £ is irreducible. Its largest eigenvalue is 1., with eigenvector M,,, which,
by Proposition 3.4, is invertible. We can consider the map

~ [y ~12 -
su:ka—M,/ caM; V2 oM,

u

1/2y,,1/2
/)Mu/-

This £, is clearly completely positive, and is trace-preserving since EZ (Id) = Id. Proposi-
tion 3.4 shows that £, has 1 as a geometrically simple eigenvalue, with a strictly positive
eigenvector p,. Then 1 must also be algebraically simple, otherwise there exists 7, such that
Eu (u) = nu + py, but taking the trace of this equality yields Tr(p,) = 0, a contradiction.
This implies that £, has A, as a algebraically simple eigenvalue. O

We can now state our large deviation result:

Theorem 5.4 Assume that b is finite-dimensional and that £ is irreducible. Then the process
(% (Xp — X0)) penx associated with M satisfies a large deviation principle with a good rate

function I. Explicitly, the function I : R? — [0, +-00] defined by
I(x) = sup ((u,x)—1loghy),

ueRd
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(where Ay, is defined in Lemma 5.3) is lower semicontinuous, has compact level sets
{x|I(x) <}, and for any open G and closed F with G C F C RY, one has

. L. 1 Xp — Xo
—inf I(x) < liminf —logP{ — € G
xeG p—o© p P

. 1 X, — Xo .

< limsup —logP|{ — € F) < —inf I(x).

p—oo P P xeF
Remark 5.5 If we add the assumption that X has an everywhere defined moment generating
function, i.e. that the initial state p satisfies E(exp (u, Xo)) = Zioev e Trp (ig) < oo for
all u in RY, then this theorem also holds for (X p)peN, or equivalently (Q ) pen, in place of

(Xp - XO)peN-

Remark 5.6 If ¢ is any function S — R and S, = Z,le o(Xx — Xx_1) then the

process (57”) peN also satisfies a large deviation principle, with rate function
Iy(x) = sup (tx —logAs)
teR
where A, is the largest eigenvalue of

Ly p > Ze""(”Ls pL%.
seS

This is shown by an immediate extension of the proofs of Lemma 5.3 and Theorem 5.4,
and immediately yields a level-2 large deviation result for the process (Mp)pen, Where
M, = X, — X,—1. Using the techniques of [29], one can prove a large deviation property
for the empirical law of m-tuples (M, ..., My —1) pen. Under the same condition as in
Remark 5.5, this implies a large deviation property for m-tuples (Xp, ..., X pym—1)pen. All
of these results can be derived under the assumption that £ is irreducible, not necessarily
aperiodic. The irreducibility assumption can be relaxed, as we discuss at the end of this
section.

Proof We start with Eq. (5.1). Since b is finite-dimensional, if p(ig) is faithful, then, with

Fuio = inf Sp(p(ig)) > 0 and s, jy = gty > 0,
Tuio Pu = p(IO) = Su.ip Pu- (52)

Note that r,, ;, < Trp(ip) so that both r, ;, and s, ;, are summable along iy. Consequently,
we shall have

Tu,ig )\5 Pu = '81,1: ()0 (iO)) = Su,ip )\5 Pu- (5.3)

Using these bounds in relation (5.1), we immediately obtain, for all u € R,

M Fuig pu < Eexp u, X — Xo) < AL D suiy pu
ipeV iceV

where the sums are finite and strictly positive; so that
1
lim — logE(exp (u, Xp)) = log Ay. 54
p—>00 p
Now, if p(io) is not faithful, but £ is aperiodic, due to Proposition 3.12, then £~ (o (ip)) is

faithful for large enough N, and (5.2) holds with 2,1)’ (p(ip)) in place of p(ip) and (5.3) holds
with (p — N) instead of p in the exponents of A,. We still recover (5.4).
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Finally, if p (ip) is not faithful and £ has period d > 1, then, considering a cyclic decompo-
sition of identity (po, ..., pa—1), we can consider the single blocks of the form p;p(ig)p;.
By Proposition 3.10, £¢ is irreducible aperiodic when restricted to each p iZ1(h)p; and
£z (pjoupj) = A{f pjpupj- Then, by the regularity of the restrictions of £4, using Remark
3.3 and the obvious extension of (4.1) to £,, there exist N € Nand r ;,, s,,;, > 0 such that,
for any block p;p(ig)p; # 0,

Tu,ip Pj PuPj = Dj E‘;N(P(io)) Pj = Suio PjPuDj
andif p=dN +r,re{0,...,d —1},

—dN . —dN
Tu,ig )Lg Pj+r PuPj+r = £5 (pj p(io) pj) = Su,ip )Lz]: Pj+r Pu Pj+r-

Summing over j, we recover Eq. (5.4) again.
In any case, we obtain (5.4) for all u € RY. Lemma 5.3 shows that u > log A,, is analytic
on R. We can now apply the Girtner-Ellis theorem (see [7]) to conclude. O

Remark 5.7 Asnoted in Remark 2.4, when 91 is the minimal OQRW realization of a classical
Markov chain with transition probabilities (#;)scs, the map £ is trivial: it is just multiplication
by 1 on R. The maps £,, however, are not trivial: they are multiplication by

Ay = Zexp(u, S) ts.
ses

We therefore recover the same rate function as in the classical case, see e.g. [7, Sect. 3.1.1].

Remark 5.8 The technique of applying the Perron-Frobenius theorem to a #-dependent defor-
mation of the completely positive map defining the dynamics, goes back (to the best of our
knowledge) to [13], and is a non-commutative adaptation of a standard proof for Markov
chains.

We denote by ¢ the map ¢ : RY >y log A,,. As is well-known (see e.g. [8, Sect. I1.6]),
the differentiability of ¢ at zero is related to a law of large numbers for the process (X ) pen.
Similarly, the second order differential will be relevant for the central limit theorem.

Corollary 5.9 Assume that Y has finite dimension and that £ is irreducible. The function ¢
on RY is infinitely differentiable at zero. Denote by

L ip Z(u,s) LipLY and £ :p+— Z (u, s)stpL;‘.

ses ses

Then, denoting X, def %|z=o)“’” and 1., def %\t:O)Lm’ we have
A, = Tr(L, (™)) (5.5)
A= Tr(L)(p™)) + 2Tr (L, (n.)) (5.6)

where 1, is the unique solution with trace zero of the equation
(Id = ) () = £,,(0™) = Tr (£, (™)) p™. (5.7)
This implies immediately that

de(0) () = A, d%c(0) (u,u) = 2! — A% (5.8)
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Proof Lemma 5.3 shows that ¢, is infinitely differentiable at any 1 € R¥. In addition (again
see [15, Chapt. II]), the largest eigenvalue A, of £, is an analytic perturbation of 19 = 1,
and has an eigenvector p, which we can choose to be a state, and this p, is an analytic
perturbation of pp. Then one has

2
t
b =110 + Shi+ o(1%)

2

- t
P = p"™ + 1, + E oy + 0(t2)

2
t
Ly =L+18, + 52“0(:2)
and since every py, is a state then Tr n, = Tr o, = 0. The relation £;,, (01,,) = Ay pry yields

£ (™) + L(n) = + A, p™

1 1, 1 1, |
FLow) + £, () + ESZ(,OI"V) =50t A M + EKZ p™.

Taking the trace of the first relation immediately yields relation (5.5). In addition, it yields
relation (5.7). Since Id — £ has kernel of dimension one, and range in the set of operators
with zero trace, it induces a bijection on that state, so that (5.7) has a unique solution with
trace zero. Then taking the trace of the second relation above, and using the fact that £ is
trace-preserving gives relation (5.6). O

Corollary 5.10 Assume that Yy has finite dimension and £ is irreducible, and let m =
> Tr(Lsp™ LY) s. Then the process (% (Xp — X0)) pen associated with 9 converges expo-
nentially to m, i.e. for any ¢ > 0 there exists N > 0 such that, for large enough p,

Xp — Xo
P{|——— —m| > ¢) <exp(—pN).
p

L X
This implies the almost-sure convergence of (l—f)peN to m.
Remark 5.11 The almost-sure convergence holds replacing X, by Q.
Proof This is a standard result, see e.g. [8, Theorems 11.6.3 and I1.6.4]. O

Theorem 5.12 Assume that § is finite-dimensional and £ is irreducible. Denote by m the
quantity defined in Corollary 5.10, and by C the covariance matrix associated with the
quadratic form u v+ A}, — A;z. Then the position process (X p)pen associated with I
satisfies

Xp—pm
 — N, C
NI =S

where convergence is in law.

Proof Let us first consider the case where £ is irreducible and aperiodic. Equation (5.1)
implies

E(expu, X, — Xo) = D Tr(£l (p(iop))).
ioeV
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Now, considering the Jordan form of £ shows that, if

5 < sup{|al, 1 e Sp e\ {1},

then § < 1 and for u in a real neighbourhood of 0 and p in N,
el =M (ou() pu + O3+ &)P)) (5.9

for some ¢ such that § + ¢ < 1, where ¢, is a linear form on Z; (h), analytic in u and such
that ¢ = Tr and the O ((8 + €)P) is in terms of the operator norm on Z; (). This implies

1 . 1 .
—log D" Tr(eh (p(i0)) = logau + —log D gu(p(io)) + O +&)")  (5.10)
ioeV igeV
for u in the above real neighbourhood of the origin. This and Lemma 5.3 implies that the
identity
1
lim —logE(exp{u, X, — Xo)) = log A, (5.11)
p—>0 p

holds for u in a neighbourhood of the origin. In addition, by equation (5.10) and Corollary
5.9,

1 1
lim —(V log E(exp(u, X, —Xo)) — pm)=0  lim ~v?2 log E(exp(u, X, — Xo))=C.
p—>0o0 p p—>0o0 p

By an application of the multivariate version of Bryc’s theorem (see Appendix A.4 in [14]),
we deduce that

X, — Xo—
Ap—Ao—pm — N(0,0)
ﬁ p—>00
and this proves our statement in the case where £ is irreducible aperiodic.
We now consider the case where £ is irreducible with period d. Let pg, ..., ps—1 be a
cyclic resolution of the identity; then, writing p = gd + r we have for any ip € V
d—1 .,
Tr(eh(p(on) = D" Tr (p 26 (p(i0)) p; )
j=0
d—1 .,
= > (28 £hpGi0)) 1))
j=0
by a straightforward extension of (4.1) to £,. By Proposition 3.10, for any j, r and the
previous discussion, one has
o1 d .
lim — log Tr(£4" (p; £,(p(i0)) p;)) =log 2

q—0 g
and one can extend all terms in this identity so that it holds in a complex neighbourhood of
the origin. This finishes the proof of our statement. O

Remark 5.13 Again this result holds replacing X, by Q.

Remark 5.14 The reader might wonder why we need to go through the trouble of considering
relations (5.9) and (5.10) to derive the extension of (5.11) to complex u. This is because there is
no determination of the complex logarithm that allows to consider log E(exp(u, X , — X)) for

complex u and arbitrarily large p. This forces us to start by transforming % log E(exp(u, X p—
Xo)).
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Remark 5.15 The formulas for the mean and variance are the same as in [1] when V = Z¢
and S = {#v;, i =1,...,d} (vy, ..., vy isthe canonical basis ofRd). This can be observed
from the fact that, if Y}, is the unique (up to a constant multiple of Id) solution of equation

(Id — £)(Y,) = D> (u. s)L;Ls — (u, m)1d,

seS

(note that this Y, is the L; of [1]) then
Tr(£7, (7)) = Tr(L,(0"™)Y.) = Tr (L], (0™)) Tr(p™ Y.
and denoting ¥; = Y, we have
d
(u, Cu) = Z ujuj (11,-=j (Tr(L+ipi“VL*+i) + Tr(L,ipinvai))
ij=1
+2Tr(Lyip™ L%, ¥)) — 2Tr(L_;p™L*, Y))
—2m; Tr(p™ Y;) — mimj)
which leads to the formula for C given in [1]:
Ci.j = Uiz (Tr(Lyi p™ LY + Tr(L_;p™ L))
+ (Tr(Lyip™ L%, Y)) + Te(Ly jp™ LY Yy))
(Tr(L_ip™L*; Y;) + Tr(L_jp™L* ; ¥;))
— (miTr(,oim' Y;)+ ijr(,oinV Y;)) —mim;.
Generalizations of Theorems 5.4 and 5.12 We finish with a discussion of possible

generalizations of Theorems 5.4 and 5.12 beyond the case of irreducible £. To this aim, we
introduce the following subspaces of h:

D= [(b € h|{¢, £7(p) ¢) —> O for any state p] and R =D". (5.12)
p—00
Alternatively, R can be defined as the supremum of the supports of £-invariant states, and
D as R*. Note in particular that dim R > 1 and R is invariant by all operators Ly, s € S.
These subspaces are the Baumgartner—Narnhofer decomposition of h associated with £ (see
[4] or [5]). Note that, in [5], we only considered the subspaces Dgy and Ren of H associated
with 9. In the present situation, the decomposition for 91 plays no role and Ry is equal
to {0}.

The following result will replace the Perron-Frobenius theorem when £ is not irreducible.
The proof can be easily adapted from Proposition 3.4, Remark 3.6 and Lemma 5.3.

Proposition 5.16 The following properties are equivalent:

1. the auxiliary map £ has a unique invariant state p™,
2. the restriction £\7,(Rr) of £ to Z1(R) is irreducible,
3. the value 1 is an eigenvalue of £ with algebraic multiplicity one.

If, in addition, £1,(R) is aperiodic, then 1 is the only eigenvalue of modulus one, and for
any state p, one has £°(p) —> p™.
p—>00

This leads to an extension of Theorem 5.12 to the cases
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e where £|7,(R) is irreducible (even if R # b); by Proposition 5.16, this is equivalent to £
having a unique invariant state;
e when R = h.

With these two extensions, our central limit theorem has the same generality as the one given
in [1]: the first case is Theorem 5.2 of that reference, the second case is treated in [1, Sect. 7].
These extensions are proven observing that:

e by Proposition 5.16, the proof of Theorem 5.12 can immediately be extended to the
situation where £z, (R) is irreducible aperiodic, and from there to the situation where
£i7,(r) 1s irreducible periodic;

e when R = b, it admits a decomposition R = @Ry (see [5]), each Z1(Ry) is stable by
£, the restrictions £z, (r,) are irreducible, and the non-diagonal blocks do not appear in
a probability like (2.6).

We have seen in [5] that one can always decompose b into h = D & @ke x Rk with each
R as discussed above. However, in the general case, we do not have a clear statement of
Theorems 5.4 and 5.12 because if D is non-trivial and card K > 2, it is difficult to control
how the mass of pp will flow from D into the different components Ry.

Last, remark that the proof of Theorem 5.4 relies on the fact that £, is irreducible. This
holds if £ is irreducible; the converse, however, is not true, and the two spaces R associated
with £ and £, may be different. The proof of Theorem 5.4 can be extended to derive a lower
large deviation bound in the case when R = h using the idea described above, but when £
is not irreducible, the quantity A, may not be analytic, in which case we a priori obtain only
the upper large deviation bound, see Example 7.3.

6 Open Quantum Random Walks with Lattice Z¢ and Internal Space C?

The goal of this section is to illustrate our various concepts, and give explicit formulas in the
case where V = Z% and b = C2. We start with a study of the operator £, a characterization
of its (ir)reducibility, and of the associated decompositions of the state space in this specific
situation.

We begin in Proposition 6.1 with a classification of the possible situations depending on
the dimension of R (as defined in 5.12) and its possible decompositions. Then, in Lemma 6.3
we characterize those situations in terms of the form of the operators L. Later on, we also
consider the period. To avoid discussing trivial cases, we will make a second assumption:

Assumption H2 the operators L are not all proportional to the identity.
This is equivalent to saying that we assume £ # Id.

Proposition 6.1 Consider the operators Ly, s € S, defining the open quantum random walk
M, and suppose that assumptions H1 and H2 hold. Then we are in one of the following three
situations.

1. If the L have no eigenvector in common, then £ is irreducible, there exists a unique
L-invariant state which is faithful, and one has

R=bh D={0}

2. If the Lg have only one (up to multiplication) eigenvector e in common, then £ is not
irreducible, the state |e1){e1| (if |le1]| = 1) is the unique L-invariant state, and for any
nonzero vector ex L ey, one has

R=Cey D=Ce.
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3. Ifthe L have two linearly independent eigenvectors e| and ey in common, any invariant
state is of the form p™ =t |e1){(e1| + (1 — t)|e2){ez| for t € [0, 1], and one has

R=h=Ce1 ®Ce, D={0].

Proof We recall that, by Definition 3.1, the map £ is irreducible if and only if the L do not
have a common, nontrivial, invariant subspace. If j = C? then this is equivalent to saying
that the L do not have a common eigenvector.

Now assume that £ is not irreducible, so that the Lg have a common norm one
eigenvector ey, with Ly e; = a5 e for all s. Then |e1) (e is an invariant state. Complete (e)
to an orthonormal basis (eq, e2). Then, if p is an invariant state, p = Zi’j:m pijlei)(ejl,

and
)= D D pijlLei)(Lsejl.

i,j=1,2 ses

Then

pr2 = ez, per) = D paaller, Lyea)|?

seS

so that either pp2 = 0 or X ¢ |(e2, Lyea)|* = 1; but, since > ¢ [ Lsea||* = 1, this is
possible only if e is an eigenvector of all Ly, s € S.

Now, p > 0 and py > = 0 impose p12 = p2,1 = 0. Therefore, in situation 2, |ey){eq|
is the only invariant state. In situation 3, observe that if there existed an invariant state with
p1.2 = p2.1 # 0, then any state would be invariant and £ would be the identity operator, a
case we excluded. O

Remark 6.2 In situations 2 and 3 we recover the fact, proven in [5] (and originally in [4])
that, if |eq) (e | is an invariant state and ey # 0 is in ell MR then |ez){e2| is an invariant state.
The above proposition gives an explicit Baumgartner—Narnhofer decomposition of h (see [4]
or [5, Sects. 6 and 7]). In the case where h = C2, it turns out that R can always be written in
a unique way as R = @ Ry with £z, (r,) irreducible (except for the trivial case when £ is
the identity map). This is not true in general and is a peculiarity related to the low dimension
of b.

Next we study the explicit form of the operators L in each of the situations described by
Proposition 6.1. We will use the standard notation that, for two families of scalars (o;)secs

and (Bo)ses. lerl® is Xyeg lors|® and (. B) is 3,c s @ .
Lemma 6.3 With the assumptions and notations of Proposition 6.1:

o We are in situation 2 if and only if there exists an orthonormal basis of ) = C? in which
_ (% Vs
L= (5%)

lal> = 181> + Iyl =1, (&, y)=0,

Sup |/3Y| > 05 Sup |7/v| > 07
ses ses

there exist s # s’ in S such that (ag — Bs) vy # (o — Bs) ¥s.

for every s with
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o We are in situation 3 if and only if there exists an orthonormal basis of b = C? in which
as 0
L — 5
S ( 0 /35)

lal? = 1817 =1,

there exists s in S such that ag % fBs.

for every s, with

Proof This is immediate by examination. O
Remark 6.4 In situation 2, let p be any state. One has

(€2, £7(p) e2) = Tr(p £*P (le2)(ea])) = IBIP (e, pea) —> 0

p—>00
by the observation that || 8 2 < 1. We recover the fact that D = C e.

We now turn to the study of periodicity for the operator £. We start with a simple remark:

Remark 6.5 Whenever the operators L have a common eigenvector e, then the restriction
of £ to Z1(Ce) is aperiodic. In particular, if £ is not irreducible but has a unique invariant
state, then by Proposition 6.1, R is one-dimensional and £z, (r) must be aperiodic.

In greater generality, because dim ) = 2, by Remark 4.8, any irreducible £ has period
either one or two. The following lemma characterizes those L defining an operator £ with
period 2:

Lemma 6.6 The map £ is irreducible periodic if and only if there exists a basis of b for which

0 s
vy 0

and |y 1? = IvII> = 1, and the unique invariant state of £ is %Id.

every operator Ly is of the form ) In that case, for any s # s', one has ys vy # Yy Vs

Proof If the period of £ is two, then the cyclic resolution of identity must be of the form
le1)(e1l, |e2)(e2| and the cyclicity imposes the relations

Lgei € Cer, Lger € Cep foranys € S.

This gives the form of the L. The condition Zs |)/S|2 = ZS |vS|2 = 1 simply follows
by the trace preservation property. Now observe that the eigenvalues of L are solutions of
Af = ¥, Vs. Fix one solution Ay, the other being —A. Then a vector ’(x, y) is an eigenvector
if and only if y;y = =£A x. Therefore, two operators Ly and Ly have an eigenvector in
common if and only if vy Ay = vy A. This is easily seen to be equivalent to y; vy = Yy vs.
Last, one easily sees that the equation

ab\ . f(ab
ZLS (c d) Ly = (c d)
ses
is equivalenttoa = d, b = (v, y) c and ¢ = (y, v) b. Moreover, |(y, v)| = 1 would imply

that the vectors (y;5)ses and (vs)ses are proportional, which is forbidden by irreducibility.
Thereforea =d and b = ¢ = 0. O

The following theorem is a central limit theorem for all open quantum random walks
satisfying H1 and H2. It gives more explicit expressions for the parameters of the limiting
Gaussian, except when £ is irreducible aperiodic, in which case the parameters of the Gaussian
are given in Theorem 5.12.
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Theorem 6.7 Assume an open quantum random walk with V. = Z% and t = C? satisfies
assumptions H1, H2. Then there exist m € C¢ and C a d x d positive semi-definite matrix
such that we have the convergence in law

X,—pm
Ap—pm — N(O, ).
ﬁ p—>00
Following the notation of Lemmas 6.3 and 6.6 we have:

e [Insituation 1, if £ is periodic, consider two random variables A and B with P(A = s) =
lvg|> and P(B = s) = |ys|%. Then

m= %(E(A) +E(B) C= %(var(A) + var(B)).

e In situation 2, consider a classical random variable A with P(A = s) = |as|*. Then

m=E(A) C =var(A).
o In situation 3, consider two classical random variables A and B with P(A = s) = | |?
and P(B = s) = |By|% and denote P = > icvler, p(i) er), where p is the initial state.
Then

m=pE(A) + (- p)EB) C=pvar(A)+ (1 - p)var(B).

011 012

, we have
021 022

Proof If £ is irreducible periodic, for any o = (
« _ (02211 021y
LSO'LS = — 2] -
O12¥sVs O11]vs]
By direct examination of the equation £, (o) = 1, 0 we obtain

Au = VE(exp(u, A)) VE(exp(u, B)). (6.1)

We immediately deduce
1 1
A= <u§(IE(A) +]E(B))> YA - <u§(varA + var B)u).

In situation 2, we can use the extension discussed at the end of Sect. 5 with Pr = |e1)(eq],
and apply the formulas of Theorem 5.12 with £ replaced by £7,(c,). We see easily that the
largest eigenvalue of £, is

hu = max (Ze“’%ﬂz, Ze<“>|ﬁs|2) (6:2)

seS ses
and in a neighbourhood of zero, the first term is the largest, so that
2 2,2
M= (us) log? and A= (u,5)? ey
ses seS
In situation 3, we again use the extension discussed at the end of Sect. 5 with R| = Ce;
and Ry = Cej. The limit parameters for each corresponding restriction are computed in

the previous point and correspond to those for the random variables A and B. Since for any
initial state p, a probability P(Xg = ig, ..., X, = i,) equals

er. plio) er) [ [ leti—ix_sI* + (e2. pGio) e2) [ | 1Bix—irs I

k=1 k=1
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and we recover the parameters given in the statement above. O

Remark 6.8 The irreducible periodic case described above can be understood in terms of a
classical random walk, in a similar way to situation 3. Indeed, call a site i in V odd or even
depending on the parity of its distance to the origin. Then exchanging the order of the basis
vectors e; and e at odd sites only is equivalent to considering a non-homogeneous OQRW
with

Liiss = (”(; )(/)S) ifiiseven,  Lijys = (7(’; 12) if i is odd
(strictly speaking, such OQRWs do not enter into the framework of this article, but in the
general case studied in [5]). Then, we define (A ) pen and (B)) pen to be two i.i.d. sequences
with same law as A, B respectively, and, if for example Xo = 0 is even, we define a random
variable 7 to take the values 1 and 2 with probabilities p = (er, p(ip) e1), | — p respectively.
Then, conditioned on 7w = 1, the variable X, — X has the same law as A; + B + A3 +
... (where the sum stops at step p). This explains the formulas given in Theorem 6.7 for
situation 1, with £ periodic, as well as the next proposition.

For the case of irreducible, periodic £ we also have a simpler explicit formula for the rate
function of large deviations:

Lemma 6.9 Assume an open quantum random walk with V. = Z% and § = C? satisfies
assumptions H1, H2 and is irreducible periodic. Then, with the same notation as in Theorem
6.7, the position process (X, — Xo)p satisfies a full large deviation principle, with rate
function

1
c(u) = 7 (logE(exp(u, A))) + logE(exp(u, B)))).
Proof This follows immediately from Theorem 5.4 and Eq. (6.1) giving A,,. O

Remark 6.10 1In situation 2 of Lemma 6.3, one sees that the largest eigenvalue A, is given
by (6.2). For u in a neighbourhood of zero, one has ||« || > ||B.]l, but, if there exists u such
that ||oe, || = || Bu|l, then A, may not be differentiable and the large deviations principle may
break down: see Example 7.3. A similar phenomenon can also appear in situation 3.

In this section we have characterized the properties of £ in terms of the operators (Lg)ges-
The connection between (Lg)ses and 91 is more complex; to illustrate this, and to give a
positive result in this direction we finish this section with the following example:

Example 6.11 We consider the cased = 1, h = C2, 8 = {—1,4+1}and denote L_ = L_j,
L, = L. We state the next two propositions without proofs, as these are lengthy. The
extension of these statements to finite homogeneous open quantum random walks, as well
as the proofs, will be given in a future note.

Proposition 6.12 Irreducibility. Define

W o {common eigenvectors of LyL_and L_L_}.

The homogeneous OQRW on Z is reducible if and only if one of the following facts holds

e W contains an eigenvector of L_ or L4
e W = Cey U Cey \ {0}, for some linearly independent vectors ey and e satisfying
L_ey, Lyey € Cey and L_ey, Liey € Cey.
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Proposition 6.13 Period. Suppose that the open quantum random walk 9 is irreducible. Its
period can only be 2 or 4. It is 4 if and only if there exists an orthonormal basis of C* such
that the representation of the transition matrices in that basis is

0 0
= (5n) = (@)

for some € € {+, =}, where a, b, ¢, d € C\ {0} are such that |a|* + |d|* = |b]*> + |c|? = 1.

7 Examples

All the examples of this section will live in the context of Example 6.11, that is, we consider
OQRWswithV =27Z,85 ={—1,+1},5 = C2 with canonical basis e1, e2. Every operator will
be written in matrix form with respect to this basis, if not specified otherwise. The different
models will be completely determined once the transition operators L_ = L_1, Ly = Ly
are defined.

Example 7.1 We consider the standard example from [2], which is treated in [1, Sect. 5.3].
This OQRW is defined by the transition operators

50D s

The only eigenvector of L is ey, the only eigenvector of L_ is ez, so that we are in situation 1
of Proposition 6.1 and £ is irreducible. Again L%r and L2 have no eigenvector in common,

so by Lemma 6.6, we conclude that £ is aperiodic (and therefore regular, by Lemma 4.11).

We observe that p'" = %Id is the invariant state of £. We compute the quantities m and

C € R4 from Theorem 5.12:
m=Tr(LyL})—Tr(L_L*)=0.

To compute C we need to find the solution 7 of

1/ 2
(1d - ) = ¢ (2 _1)

52

satisfying Trn = 0. We find n = le (2 —5

), and we have

) . 8
C=Tr(Lyp™ LY+ Lp™LE) +2Te(Lynl} = LonLl) =5
By Theorem 5.12, we have the convergence in law
X,—X 8
Ap— 40 — N{0,=).
JpP P 9

By Theorem 5.4, the process (@) satisfies a large deviation property with good rate

function equal to the Legendre transform 7 of u +— log A,,, where A, is the largest eigenvalue
of £,. This map £,, written in the canonical basis of the set of two by two matrices, has basis
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1.4e-01 4

1.2e-01 4

le-01 4

8e-02 4

6e-02 +

4e-02 4

2e-02

0e00 f——————————
-5e-01 -4e-01 -3e-01 -2e-01 -le-01 000 1e-01 2e-01 3e-01 4e-0l 5e-01

Fig. 1 Rate function for (@) in Example 7.1
P

ell _"_ e—u eu ell eu

1 —eU el fe 0 el

3] —e 0 el+4e ™ e
e el R

and by a tedious computation, one shows that 1, equals

1
g(e“ te (e +e T Ve fe 2 4 3)1/3 — (e p e Vel e~ 4 3)713),

As expected from Lemma 5.3, this is a smooth and strictly convex function. Numerical
computations prove that the rate function / has the form displayed in Fig. 1.

Example 7.2 We consider the OQRW with transition operators

L 0 V32 Lo 0 12
T2 0 T \NV2 0 )
From Lemma 6.6, the map £ is irreducible and 2-periodic. Then, according to Theorem 6.7,
defining A and B to be random variables with values in S satisfying
PA=4+1)=PA=-1)=1/2, PB=+1)=1—-PB =-1)=23/4,
with mean, variance, and cumulant generating function

ma=0, Ca=1 cau)=IlogE"+e™") —log2,

mp=1/2, Cp=3/4, cpu)=IlogBe" +e ") —2log2;
then, with the notations of Theorem 6.7,

m=(mg+mp)/2=1/4, C=(Cs+Cp)/2=1/8,
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and one has the convergence in law

X,—p/4 7
o (0g)

. X,—X . . .
In addition, the process ("TO) N satisfies a large deviation property with a good rate
pe

function / obtained as the Legendre transform of

c(u) = %(CA(M) +cpu) = %(IOg(e“ +e7") +log(3e" +e7)) — glog 2.

Explicitly, one finds that 7 (t) = +oo for ¢ ¢] — 1, 1[ and, for ¢ €] — 1, +1[,
3 1
I1(t) =tu; + 3 log2 — E(log(e“’ +e7") + log(3e" +e7)),
2t++/1243

where u, = 1 log 30-0

. This rate function has the profile displayed in Fig. 2.

Example 7.3 Consider the OQRW defined by the transition operators

11 1 1
L,=(v222 L_=(v2 22).
: (0 ?) (0 0)

First observe that the map £ is not irreducible in this case, as we are in situation 2 of
Proposition 6.1. A straightforward computation shows that the largest eigenvalue of £, is

(eu +efu 36”)
Ay =sup| ———— .

2 4

1.2

11 —
1]
0.9 —
0.8 —
07
0.6 —
0.5 —
04 -
0.3 —
0.2 —

0.1 -

0 ——
-1 -08  -06 -04  -02 0 0.2 0.4 0.6 08 1

Fig. 2 Rate function for (@) in Example 7.2
P
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7e-01

6e-01

5e-01

4e-01

3e-01

2e-01

le-01

000 ¢4——r o
-1 08 -06 -04  -02 0 0.2 0.4 06 0.8 1

Fig. 3 Rate function for (@) in Example 7.3
P

For u close to zero A, is # so that A/, = 0 and A, = 1 for u = 0. We must therefore
have

Xo =Xy 1.
\/ﬁ p—>00

Due to the generalizations discussed at the end of Sect. 5, we have R = Cey, D = Ce
and the central limit theorem holds: the behavior of the process (X ) yen, associated with £,
is the same as the one of the process ()? p)peN associated with the restriction £z, (R).

As we commented previously, giving a large deviations result in this case is harder and
we cannot use the general results we proved. The Gértner-Ellis theorem could be applied by
direct computation of the moment generating functions. In general, however, the rate function
for the process (X ) pen will not coincide with the one for ()? p) peN, since it will essentially
depend on how much time the evolution spends in D.

More precisely, for the transition matrices introduced above and taking the initial state
p = lez)(e2| ® 10)(0], we have, by relation (2.6),

1)21,,%7—@

3\ 7

and consequently
: 1 uX 3 u
lim — log E[¢"*7] > log (>¢") for all u,
P p 4

while lim, % log E[e”il’] = log (%), which for u > log?2 is smaller than the bound

log (3¢").
This clarifies the fact that the large deviations will not depend only on £, . Moreover, a
second problem arises in this example, which is the lack of regularity of A,,. Indeed, X, is the
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1152 R. Carbone, Y. Pautrat

supremum of two quantities which coincide for uo = % log 2, and log A,, is not differentiable
at ug: the left derivative is equal to % and the right derivative to 1. The restriction to [—1, 41]
of the Legendre transform of log A, is displayed in Fig. 3 (it is 400 outside of this interval)
and we observe that it is not strictly convex.
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