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1. Introduction

A Markov chain is a random process with the property that, conditional on
its present value, the future is independent of the past. Markov chains have been
used as statistical models of real-world processes in a wide range of fields [6].
They have been extensively employed as a fundamental model of probabilistic
and stochastic communicating and concurrent systems. In particular, various
algorithmic analysis and model checking techniques have been developed for
them in the last three decades (see for example H], Chapter 10).

The notion of Markov chain, when properly generalized to the quantum
world, provides a potential paradigm for modeling the evolution of quantum
systems. Continuous-time quantum Markov processes have been intensively
studied in mathematical physics for many years, and achieved several discov-
eries of fundamental importance [8, 19, 10, Iﬁ] Discrete-time quantum Markov
chains with finite dimensions were first introduced as a model of quantum com-
municating systems [1]. A special class of quantum Markov chains, namely
quantum walks, has been successfully used in the design of quantum algorithms
(see |12, 13] for a survey of this line of research). More recently, discrete-time
quantum Markov chains were introduced by the authors and their collaborators
B, , u] as a semantic model for the purpose of verification and termination
analysis of quantum programs.

It is well-known that decomposition techniques, e.g. the BSCC (Bottom
Strongly Connected Component) decomposition, are a key to reachability anal-
ysis and model checking of Markov chains (see for example, [7], Section 10.1.2).
In 4], the BSCC (bottom strongly connected component) decomposition tech-
nique was extended to quantum Markov chains and applied in their reachability
analysis. The same decomposition was also presented in the field of quantum
probability B] with the name “the recurrent decomposition”. Meanwhile, an-
other decomposition, namely stationary coherence decomposition of quantum
Markov chains, was developed in E] and further generalized into the infinite

dimensional case ]



This paper continues our studies of quantum Markov chains in M] and further
develops decomposition techniques that can be used in algorithmic analysis and

model checking of quantum Markov chains.

Contributions of this paper: More concretely, our main contributions

include:

(1) We develop a new decomposition technique, namely periodic decomposi-
tion, for quantum Markov chains.

(2) We give several characterizations of limiting states of quantum Markov
chains in terms of aperiodicity, irreducibility, and eigenvalues.

(3) The problem of finding a maximum dimensional noiseless subsystem of
a quantum communicating system has been studied employed by C*-
algebra @, Iﬂ] and operator error correction [18]. We present a new
algorithm to solve this problem using decomposition techniques of quan-

tum Markov chains.

Organization of this paper: We review some basic notions and several
useful results of quantum Markov chains from previous literature in Section 2.
A two-level decomposition of quantum Markov chains combining the BSCC de-
composition in [4] and the stationary coherence decomposition in H] is presented
in section 3. In particular, an algorithm to compute the two-level decomposition
of quantum Markov chains is given. In Section 4, we generalize the notions of
irreducibility and periodicity for classical Markov chains to quantum Markov
chains. It is shown that they coincide with the corresponding notions defined
in the previous literature from different perspectives. We then carefully exam-
ine the limiting states of irreducible and aperiodic quantum Markov chains. In
particular, a periodic decomposition technique of irreducible quantum Markov
chains is presented. In Section 5, we consider general quantum Markov chains
that may be reducible. A characterization of their limiting states is given in
terms of BSCCs, and their structures are analyzed by combining the stationary

coherence, BSCC and periodic decompositions. As an application of decompo-



sition techniques developed in previous sections, Section 6 shows a method of
finding a maximum dimensional noiseless subsystem of a quantum communicat-

ing system by reducing the problem to the search of certain BSCCs.

2. Quantum Markov Chains

For convenience of the reader, we review some basic notions and results of
quantum Markov chains; for details we refer to ] Recall that a (classical)
Markov chain is a random process of which the future behavior depends only
on the present, and the evolution of such a process is modeled by a matrix of
transition probabilities. Note that the evolution of an open quantum system
can be modeled mathematically by a super-operator, i.e. a completely positive
and trace-preserving (CPTP) linear map, acting on its state Hilbert space of

the system. This naturally motivates us to present the following:

Definition 1 (M]) A quantum Markov chain is a pair (H,E), where H is a

Hilbert space, and & is a super-operator on H.

In this paper, we only consider finite-dimensional quantum Markov chains,
ie. dim(H) < oo. We use B(H) and D(H) to denote the linear operators
acting on H and the set of density operators in H, respectively. Then a state
of a quantum Markov chain (H,€) is an operator p € D(H). Recall that the
support of a density operator p, denoted supp(p), is the subspace of H spanned
by the eigenvectors of p corresponding to non-zero eigenvalues. The image of a
subspace X of H under a super-operator £ is defined to be

E(X) = \/ supp(&(|9)(g]))-

|pyex

Here |¢) denotes a pure state in X. The join of a family {X}} of subspaces of
H is defined by \/, &, = span(lJ, &%), and for a set of vectors Y, span()) =
{Ele Aivi | k € Nyv; € Y, \; € C} is the space spanned by vectors in X.

For any linear map £ on B(H), if dim(H) = n, then it admits up to n?

distinct (complex) eigenvalues \ satisfying

£(A) =24



for some A € B(H), A # 0. We write spec(€) for the set of all eigenvalues of
E. The spectral radius of £ is defined as o(€) := sup{|A| : A € spec(€)}. In
particular, if £ is a CPTP map, then o(€) = 1.

Definition 2 (]) Let G = (H,&) be a quantum Markov chain. For any
p € D(H), the reachable space of p is defined to be

Rg(p) := \/ supp(€'(p))

i=0
where E stands for the composition of i copies of €, that is, EY = T, the identity

super-operator on H, and £ = £ o & for i > 1.

Intuitively, as its name suggests, Rg(p) consists of all states that can be
reached from the initial state p in the iterative evolution of the system modeled

by G.

Lemma 1 (H]) Let G = (H, E) be a quantum Markov chain and n = dim(H).
Then for any state p € D(H), we have

n—1

Rg(p) = \/ supp(E*(p))-

i=0
The above lemma indicates that all reachable states can be actually reached

within n steps if dim(H) = n.

Definition 3 (u]) For a quantum Markov chain G = (H,E), a state p € D(H)
is called stationary if £(p) = p; that is, p is a fixed point of £. Furthermore, p is

said to be minimal if there is no stationary state o such that supp(o) C supp(p).

Let £ be a super-operator with Kraus operators {E;}, i.e. £(-) =Y, E; - EZT
Then its matrix representation is defined to be M = >, E; ® E} where E*
stands for the (entry-wise) complex conjugate of E. Assume that M = SJS~!

is the Jordan decomposition of M, where

K
J = AcPo+ Ny,
k=1



Ngk = 0 for some dk > 0, NkPk = Pka = Nk,PkP[ == 6klpk,tl“(Pk) == dk, and
S Pe=1. Let

Jeo = > P (1)

k:)\k:].

J¢ = Z Pk- (2)

Then we write:
o &, for the super-operator with the matrix representation S.J.o 5!,
e &, for the super-operator with the matrix representation S.JzS~1!.

The following interesting characterizations of £ and &, are crucial for our

later discussion.

Lemma 2 (H, Proposition 6.3]). For any quantum Markov chain G = (H,E),

(1) there exists an increasing sequence of integers n; such that Ey = lim;_, oo E™;

(2) Eoo = limyoo &+ S0 €™

Meanwhile, we collect some other results in the previous literature for later

use.

Lemma 3 (H]) For any quantum Markov chain G = (H,E), real number
p>0, p€ D(H), and X, being subspaces of H, we have

1) supp(pp) = supp(p);

E(supp(p)) = supp(E(p));
if X CY, then E(X) C E(Y);

EXVY) =EX)VEWD).

2

(1)
(2)
(3)
(4)
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Lemma 4 (@1). If F is a CP map with F(-) =3, F;-F] and 3, F] F; < I,

then for any Hermitian matriz A,

[F (A < (Al



Lemma 5 (H]) Let S(H) denote the set of all subspaces of H. Then for any
p € D(H),
inf tr(Pxp) = Amin
ves o) r(Pxp) (p)
where 0 is the zero-dimensional subspace and Apmin(p) is the minimum eigen-

value of p.

3. Two-level Decomposition

In this section, we show how to combine the BSCC and stationary coher-
ence decompositions developed in B, I;I, B] to form a two-level decomposition of
quantum Markov chains. In particular, we present an algorithm to implement
such a two-level decomposition.

A central concept in the analysis of quantum Markov chains is the strongly
connected component. Before giving its definition, let us first introduce an aux-
iliary notation. Let X be a subspace of a Hilbert space H, and £ be a super-
operator on H. Then the restriction of £ on X" is defined to be a super-operator
E|x with &|x(p) = PxE(p)Px for all p € D(X), where Py is the projector onto
X.

Definition 4 (u]) Let G = (H,&) be a quantum Markov chain. A subspace
X of H is called strongly connected in G if for any |p),|v) € X, we have

) € Ra.([)(W]) and |¢) € Rg.(|6)(¢|), where Gy denotes the quantum
Markov chain (X,&|x); that is, |¢) and |¥) can be reached from each other.

Let SC(G) be the set of all strongly connected subspaces of H in G. It is
easy to see that the partial order (SC(G), C) is inductive. Then Zorn’s lemma
asserts that it has maximal elements. Each maximal element of (SC(G), C) is

called a strongly connected component (SCC) of G.

Definition 5 (u]) Let G = (H,E) be a quantum Markov chain. Then a sub-
space X of H is called a bottom strongly connected component (BSCC) of G if
it is a SCC and invariant in G. Here X is said to be invariant in G if E(X) C X.



The following characterization of BSCCs establishes a connection between

BSCCs and minimal stationary states.

Lemma 6 (M]) A subspace X is a BSCC of quantum Markov chain G =
(H, &) if and only if there exists a minimal stationary state p* of € such that

supp(p”) = X.

Note that a BSCC is essentially equivalent to be a minimal stationary range

defined in E] The following key definition is also from B]

Definition 6 ([B]) Two mutually orthogonal BSCCs By and By in a quantum
Markov chain G = (H,E) have a stationary coherence if there is a BSCC Bz C
B1 P By with Bs # By, Bz, where @ denotes direct sum.

Stationary coherence is the unique nature of quantum Markov chains, with-

out a counter-part in classical Markov chains.

Definition 7 (M]) Let G = (H,E) be a quantum Markov chain. A subspace
X of H is called a transient subspace if for any p € D(H),

lim tr(Px&™(p)) = 0. (3)

n—oo

Intuitively, equation (B]) means that the system will eventually go out of X
no matter where it starts from.

Now we are ready to combine the BSCC decomposition in M] and the station-
ary coherence decomposition in B] to give a two-level decomposition of quantum

Markov chains.

Theorem 1 (Two-Level Decomposition). For any quantum Markov chain

G = (H,E), we have a unique orthogonal decomposition:

H=PUDT: (1)
l

where:

(1) Te is the largest transient subspace of G.



(2) Each X, is either a BSCC or can be further decomposed into mutually
orthogonal BSCCs:

.Xl :Blﬁo@"'@gl,nlfl (5)

such that
o all BSCCs By ; (0 < j < mny) have the same dimension; and
e there are stationary coherences between any two of them.

(3) There are no stationary coherences between BSCCs in X; and X; if i # j.

From M], we know that unlike classical Markov chains, the BSCC decom-
position is not unique in general for quantum Markov chains. By Theorem
[ we see that the stationary coherence between BSCCs is responsible for this
non-uniqueness.

For practical applications, an algorithm to implement the two-level decom-
position is crucial. Actually, we have already an algorithm to compute the
BSCC decomposition in [4]. So, a key to computing the two-level composition
is to identify the BSCCs having stationary coherences. This problem is solved
by the following:

Lemma 7. Let By and B be two mutually orthogonal BSCCs of a quantum
Markov chain (H,E) and F = {X € B(B1 @ B2)|E(X) = X}. Then there is a

stationary coherence between By and Bs if and only if dim(F) > 2.

Proof. By Lemma 6] B C H is a BSCC if and only if there is a minimal
stationary state p such that supp(p) = B. If By and By are two mutually
orthogonal BSCCs, let p; € D(By) and py € D(Bz) be corresponding minimal
stationary states. Then there is a stationary coherence if and only if there is at
least one stationary state ps which cannot be linearly represented by p; and pa.
The lemma then follows from [Il, Corollary 6.5]. O

We further observe that the stationary coherence is transitive in the sense
that if there are stationary coherences between B and B> and between By and

Bs, then there is a stationary coherence between B; and Bs as well.



Algorithm 1 Decompose(G)

Input: A quantum Markov chain G = (H, £).

Output: The two-level decomposition of H in the form of Eqs.( ) and ().
@, B:P Te + the BSCC decomposition of G = (H, €)
I+ {1,2,--,n}

m <1
for each i € {1,2,--- ,n} do
if 7 € I then
Ty < {1}
for each j > i and j € I do
F e (X € BB, @B,)E(X) = X}
if dim(F) > 2 then
T — T U {J}
I« I\{j}
end if
end for
X @kexm By,
m<—m+1
end if
end for

return Te, X;, {Bi}ker, for 1 <i<m—1

10



No algorithm for computing the stationary coherence decomposition has
been given in the previous literature. We developed an algorithm for this pur-
pose. It can be combined with the BSCC decomposition algorithm in M] to
compute the two-level decomposition of quantum Markov chains. This com-
bination is presented as Algorithm 1. The time complexity of Algorithm 1 is
O(n®), where dim(H) = n.

4. Irreducibility and Periodicity

A two-level decomposition of quantum Markov chains was developed in
the last section. In this section, we propose another decomposition technique,
namely periodic decomposition, which can be combined with the two-level de-
composition to further form a three-level decomposition. Such a three-level
decomposition provides us with a very useful tool for a finer algorithmic analy-
sis of quantum Markov chains.

We first extend the notion of irreducibility for quantum Markov chains,
which turns out to be equivalent to the irreducibility defined in the previous
literature. Recall from classical probability theory that an irreducible Markov
chain starting from a state can reach any other state in a finite number of steps.

With the help of the reachable space introduced in Definition [2] we have:

Definition 8. A quantum Markov chain G = (H,E) is called irreducible if for
any p € D(M), Rg(p) = H.

From Lemma [ it can be easily shown that the above definition indeed
coincides with the irreducibility given in [9] for quantum stochastic processes
and [1, Theorem 6.2] for quantum channels. However, our definition presents a
more natural extension of irreducibility for classical Markov chains.

To illustrate irreducibility, let us see two simple examples.

Example 1. Consider a natural way to encode the classical NOT gate X : 0 —

1;1 — 0 into a quantum operation. Let H = span{|0),|1)}. The super-operator

11



E:D(H) — D(H) is defined by

E(p) = [1)(0[pl0) (1] + [0)(1|p[1){O]

for any p € D(H). It is easy to check that the quantum Markov chain (H, &) is

irreducible.

Example 2 (Amplitude-damping channel). Consider the 2-dimensional amplitude-
damping channel modeling the physical processes such as spontaneous emission.

Let H = span{|0),|1)}, and
£(p) = EopE} + E1pE]

where Ey = |0)(0]++/T = p|1)(1| and Ey = /p|0)(1] with p > 0. Then the quan-
tum Markov chain G = (H, ) is reducible since, say, Rg(]0)(0]) = span{|0)}.

Let us now consider how to check whether a quantum Markov chain G =
(H, ) is irreducible. Note from M, Lemma 3] that G is irreducible if and only if
the state Hilbert space H itself is a BSCC of G. Moreover, we have the following;:

Lemma 8. A quantum Markov chain G = (H,E) has a unique BSCC B if and

only if it has a unique stationary state p*. Furthermore, supp(p*) = B.

Proof. We see from Definition [f that for any stationary state p, supp(p) C 5.
Then the result immediately follows from Lemma [Gl and Theorem [} O
Therefore, uniqueness of BSCCs in G can be used to check irreducibility of

g.

Theorem 2. B, Theorem 13] A quantum Markov chain G = (H,E) is irre-

ducible if and only if it has a unique stationary state p* with supp(p*) = H.

Several different versions of this theorem and its special cases are known in
ﬂ] and ] But the above version can be more conveniently used in checking
irreducibility of quantum Markov chains. Indeed, it shows that checking whether
G = (H,&) is reducible can be done by Algorithm 1 in [4] to check whether its
state space H is a BSCC. The time complexity is O(n%), where dim(H) = n.

Next, we consider the periodicity of quantum Markov chains.

12



Definition 9. Let G = (H,E) be a quantum Markov chain.

(1) A state p € D(H) is called aperiodic if

ged{m > 1: supp(p) € supp(€™(p))} = 1.

Here, gcd stands for the greatest common divisor; in particular, we assume
that ged(0) = 0.

(2) A subspace X of H is aperiodic if each density operator p with supp(p) C X
s aperiodic.

(3) If there exists an integer d > 1 such that the whole state space H 1is aperi-
odic in quantum Markov chain G% = (H,E?), then the minimum of such
integers d, denoted d(G), is called the period of G.

(4) When d(G) =1, G is said to be aperiodic; otherwise, it is periodic.

defined in

For the special case of irreducible quantum Markov chains, periodicity was
, ] based on the notion of £-cyclic resolution:

Definition 10 (]) For a quantum Markov chain G = (H,E), let (Py, -+ , Pi_1)
be a resolution of identity, i.e. a family of orthogonal projectors such that

Z;(l) Py, = 1. Then (Py,---,Py_1) is said to be E-cyclic if EV(Py) = Pumy
fork =0,---,d— 1, where B denotes subtraction modulo d and E' is the ad-
joint map of &; that is, the linear map such that tr(ME(A)) = tr(ET(M)A) for
all M and A in B(H).

The next lemma shows that the period defined in @] and that in Definition
are the same for irreducible quantum Markov chains. Actually, the former can
be better understood in the Heisenberg picture, and the latter in the Schrodinger

picture.

Lemma 9. For an irreducible quantum Markov chain G = (H, E), the period of

G is equal to the mazimum integer c for which there exists a E-cyclic resolution

(Po,- -+, Pey) of identity.

13



Proof. By H, Theorem 6.6], the maximum ¢ for which there exists a £-cyclic

resolution (P, -+, P.—1) of identity is the number of the eigenvalues of £ with
magnitude one. Then the result follows from Lemma O

The notion of periodicity is further illustrated by the following example.
Example 3. Let G = (H,E) with H = span{|0), |1}, |2)} and for any p € D(H),
€(p) = [142){01pl0){(1 + 2[ 410 + 2)(1|p[1){0 + 2| + [1 + 0)(2p[2)(1 + 0|

where |i+7) = (|i) +15))/V2 fori,j € {0,1,2}. Then it is easy to see that G is

wrreducible and aperiodic, and has the unique stationary state

(1 +2){(1+ 2|+ [0+ 2){(0+ 2| + |1 + 0)(1 + 0]).

Wl =

The following lemma presents a useful characterization of the reachable space
starting from a state within an aperiodic subspace. It can be seen as a strength-

ened version of Lemmal[Ilin the special case of aperiodic quantum Markov chains.

Lemma 10. Let G = (H,E) be a quantum Markov chain and X be an subspace
of H. Then the following statements are equivalent:

(1) X is an aperiodic subspace of H;

(2) For any p € D(H) with supp(p) C X, there exists an integer M(p) > 0
such that supp(E™(p)) = Rg(p) for all m > M (p).

Proof. (2) = (1) is obvious. So, we only need to show that (1) = (2). Fix
an arbitrary p with supp(p) C X. For each i > 0, let X; = supp(£i(p)). In
particular, Xy = supp(p). Let T, = {i > 1: &; O A}. Then from Lemma[3] we

have: for any 7,5 > 0,
XiJrj = gl(Xj), and (6)
ifi,j €T, theni+jeT,. (7)
By the assumption that X' is aperiodic, we have ged(T,) = 1. Then from
‘j], there is a finite subset {my}rex of T,, gcd{my}rex = 1, and an integer

M'(p) > 0 such that for any ¢ > M'(p), there exist positive integers {ax}rex
such that i = ), _ ;- apmg. Thus i € T, from Eq. ([@).

14



Now let M(p) = M'(p) +n— 1 where n = dim(#), and take any m > M (p).
For all 0 < ¢ < n — 1, we have shown that m — i € T); that is, &;,—; 2 &p.
Thus X, 2 X; from Eq. (@), and X,,, 2 Rg(p) from Lemma [I Therefore,
Xm = Rg(p), as the reverse inclusion trivially holds. (]

Combining the above lemma with Definition [§] we have:

Corollary 1. Let G = (H,&) be an irreducible and aperiodic quantum Markov
chain. Then for any p € D(H), there exists an integer M(p) > 0 such that
supp(E™(p)) = H for all m > M(p).

The above corollary shows that starting from any state p, an irreducible and
aperiodic quantum Markov chain can reach the whole state space after a finite
number of steps. Then it is interesting to see when the whole space can be

reached for the first time.

Definition 11. Let G = (H, &) be an irreducible and aperiodic quantum Markov
chain. For each p € D(H), the saturation time of p is defined to be

s(p) = inf{n > 1| supp(€"(p)) = H}.

It is clear from Corollary [[lthat the infimum in the defining equation of s(p)
can always be attained. Furthermore, we can show that for an irreducible and
aperiodic quantum Markov chain, the saturation time for any initial state has

a unwersal upper bound.

Lemma 11. Let G = (H,E) be a quantum Markov chain and X be an invariant

subspace of H. Then the following statements are equivalent:

(1) Gx = (X,E|x) is irreducible and aperiodic;
(2) There exists an integer M > 0 such that for all p € D(X), supp(E™(p)) =
X for allm > M.

Proof. (2) = (1) is obvious. So, we only need to show that (1) = (2). Let
sx(p) be the saturation time of p in Gy. Then for any p € D(X), let

B(p) = {o € D(X) | llp = olls < Amin (€ (p))},

15



where || - || is the trace norm and i, (p) is the minimum non-zero eigenvalue
of p. Obviously, B(p) is an open set. Then {B(p)},cp(x) is an open cover of
D(X). As D(X) is compact, we can find a finite number of density operators
{pi}ics such that
D(x) = | Blsy).
icJ

In the following, we show for any p € D(X) and o € B(p), supp(E™(0)) = X
for all m > s(p). Then the theorem holds by taking M = max;c; sx(p;). Let
Y = supp(£5%(P)(0)), and Py be the projector onto V. As X is invariant,
Y C X. Let Py = Ix — Py, where Iy is the identity operator on X'. Then

tw(Ppe*@(p)) = [Py (p)Pyl

= [IPy(e** ) (p) — &) (o)) Py

< ||gx @ (p) — &P (o)
< llp—olh
< Anin (€ (p)).

The first two inequalities follow from Lemma [l By Lemma [ this is only pos-

sible when Y = X, since X is invariant. In other words, supp(£5*(")(g)) = X.

Thus supp(€%* (?)~1 () C supp(£9(¥) (), and supp(£+(7) ()  supp(£+(P+1 (o)
from Lemma Bl So

supp(£+ (1 (o)) = X.

By induction, we can show that supp(E™ (o)) = X for all m > sx(p). O
It is worth noting that the integer M in the above theorem does not depend
on state p. This makes it much stronger than Lemmal[l0l Considering the whole

state space, we have:

Corollary 2. Let G = (H,&) be a quantum Markov chain. Then the following

statements are equivalent:

(1) G is irreducible and aperiodic;

16



(2) There exists an integer M > 0 such that for all p € D(H), supp(E™(p)) =
H for allm > M.

Note that a (classical) Markov chains described by a stochastic k-by-k matrix
P is irreducible and aperiodic if and only if there exists an integer m such that
(P™);,; > 0 for all ¢ and j. Then by (classical) Perron-Frobenius theory, we
have Wielandt’s inequality ]: the minimum m < k? — 2k 4+ 2. A quantum
Wielandt’s inequality was recently proved in [26]. As its direct application, we
see that the minimal M in Corollary B satisfies M < n* where n = dim(H).
Then a limit theorem of quantum Markov chain can be directly obtained by

combining Corollary 2l and H, Theorem 6.7].

Theorem 3 (Limit Theorem). Let G = (H,E) be a quantum Markov chain.

Then the following statements are equivalent:

(1) G has a limiting state p* with supp(p*) = H in the sense that

lim £"(p) = p*, Vp € D(H).

n—oo

(2) G is irreducible and aperiodic;
(3) 1 is the only eigenvalue of £ with magnitude one and the corresponding

eigenvector p* is positive definite.

Proof. Direct from ﬂ, Theorem 6.7], by noting that irreducibility plus ape-
riodicity are equivalent to primitivity with Corollary Bl 0
Generally, aperiodicity can be determined by the eigenvalues of £ without

the assumption of irreducibility.

Lemma 12. Let G = (H,E) be a quantum Markov chain with a trivial transient
subspace; that is, Te = {0} in the decomposition in Eq. (@). If € has only 1 as

its eigenvalue with magnitude one, then G must be aperiodic.

Proof. As 1 is the only eigenvalue with magnitude one, &4 = lim,_,o £".

Then for any [¢) € H,
Tim £ (W) w]) = 7

17



for some stationary state p*.
By the proof of Lemma [Tl there exists an integer N > 0 such that for all

n>N,
supp(E"™ ([¥)(¥])) = supp(p”).

Then with 7¢ = {0} and Lemma [6 there is a stationary state ¢* such that
tr(c*p*) = 0 and supp(p* + 0*) = H. Then as supp(p*), supp(c*) is invariant
under &; and &y = lim,, o £™ is CPTP, it is easy to see that 1)) € supp(p*).
Therefore, by Definition[d |¢)(¢| is aperiodic. Consequently, (H, £) is aperiodic
from the arbitrariness of |i). O

The next lemma shows that the period of an irreducible quantum Markov

chain is exactly the number of eigenvalues with magnitude one.

Lemma 13. For an irreducible quantum Markov chain G = (H,E), the period

of G equals the number of eigenvalues of £ with magnitude one.

Proof. Let m be the number of eigenvalues of £ with magnitude one and d
the period of G. By ﬂ, Theorem 6.6], 1 is the only element in spec(E™) with
magnitude one. As G is irreducible, G™ = (#,£™) has only a trivial transient
subspace by Theorem[2l Then from Lemma[2 G™ = (H,E™) is aperiodic, and
hence d < m.

We now turn to prove that d > m. The case when m = 1 is trivial. Suppose
m > 2. By H, Theorem 6.6], there exists a E-cyclic resolution of identity
(Po, - ,Pn_1). As G = (H,&%) is aperiodic, there exists an integer N’ > 0
such that supp(Px) C supp(£97(Py)) for all n > N’. Thus for n > N’

0 < tr(PRE(Py)) = tr(ET" (P Py) = tr(Pigan P (8)

where B denotes subtraction modulo m. Therefore, m must be a factor of d
and m < d. O

Lemma indicates that every irreducible quantum Markov chain has a
period and also offers an efficient algorithm for computing the period by counting

the number of eigenvalues of the super-operator.
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Now we are ready to present the main result of this section — a periodic

decomposition technique for irreducible quantum Markov chains.

Theorem 4 (Periodic Decomposition). The state Hilbert space H of an ir-
reducible quantum Markov chain G = (H,E) with period d can be decomposed

into the direct sum of some orthogonal subspaces:

H:BO@"'@BCI*

with the following properties:
(1) E(Bim1) = Bi, where B denotes subtraction modulo d;
(2) (B;,E%p,) is irreducible and aperiodic; and

(3) Bls are mutually orthogonal subspaces of H and invariant under £°.

Proof. Immediate from the proof of Lemma [I31 O

5. Three-level decomposition for quantum Markov chains

The periodic decomposition technique for irreducible quantum Markov chains
was developed in the last section. The main aim of this section is to integrate
it with the two-level decomposition to form a finer decomposition of a general
quantum Markov chain that might be reducible.

Let us first consider limiting states in a general quantum Markov chain.

Lemma 14. Let G = (H,E) be a quantum Markov chain. Then the following

statements are equivalent:

(1) For any p € D(H), lim, 00 E™(p) exists.

(2) 1 is the only eigenvalue of £ with magnitude one.

Proof. If 1 is the only eigenvalue with magnitude one, then £4 = lim,,_, £".

On the other hand, if for any p € D(H), lim, o €™ (p) exists, then

Eolp) = lim E"(p) = E(lim E"(p)) = E(E4(p)).

n—oo n—roo
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So £(&y) = 4. Note that the corresponding Jordan norm forms of £ o & and

&, are respectively

Iy = > P
Jo = > P
k:p\k‘zl
Thus, whenever |Ax| = 1 it actually holds \; = 1. O

A special case of Lemma [[4l where £ is unital (that is, £(I) = I) was proved
in B] The following lemma further deals with the case when the limiting state

is unique.

Lemma 15. For any quantum Markov chain G = (H,E), the following state-

ments are equivalent:

(1) There is a limiting state p*, i.e. lim,_ o E™(p) = p* for all p € D(H).
FEspecially, if € is unital, then p* = I /n, where dim(H) = n;

(2) H contains a unique BSCC B and (B, &|) is aperiodic;

(3) 1 is the only eigenvalue of € with magnitude one and its geometric mulli-

plicity is 1.

Proof. (1) = (2) is easy. If H has two BSCCs, then there are two stationary
states. This contradicts the uniqueness of limiting states. As limiting states
must be stationary, by Lemma [8 supp(p*) = B. From Theorem Bl (B, &|g) is
aperiodic.

(2) = (3) As &y = lim;_,o £™, we see from Definition [7 that for any p €
D(H), supp(€4(p)) C B. Note that (B, &|p) is irreducible and aperiodic. Thus
for any o € D(B), lim, o0 E™"(0) = p* with supp(p*) = B, and E4(0) = p*.
From the fact £y 0 &, = &, we have that for any p € D(H), E,(p) = p* and
p* is the only stationary state of £;. By the definition of £y, the stationary
states of £ are also stationary states of 4, so 1 is the only eigenvalue of £ with
magnitude one and its geometric multiplicity is 1.

(3) = (1) Suppose 1 is the only eigenvalue with magnitude one. Then

Ey = lim, 0o ™, ie., for all p € D(H), lim, 00 E(p) exists. Furthermore,
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as limiting states must be stationary states and 1’s geometric multiplicity is
one, there is only one stationary state p* satisfying lim,,—, . E(p) = p* for any
p € D(H), by ﬂ, Corollary 6.5]. O

Now we turn to present a three-level decomposition of quantum Markov
chains. For any quantum Markov chain G = (H, ), we first use Theorem [l to

decompose H into

H=@  Pr.PT.

where each X = Bjo@--- @ Bin,—1. It was proved in M] that although the
BSCC decomposition of H is not unique, the number n; of BSCCs for different
decompositions of A&; is the same. Furthermore, for each B;;, we can employ
Theorem @l to decompose it into d;; aperiodic subspaces, where d; ; is the period
of B;;. Then the only question that remains to answer is: is the sum ), d;; of
the periods of BSCCs the same for different decompositions of A;7? The following

is a key lemma to give a positive answer to this question:

Lemma 16. Let G = (H,E) be a quantum Markov chain with the stationary

coherence decomposition:
H-@ U DT
1

Then for any l and any BSCCs X andY contained in X;, we have d(X) = d(Y'),

where d(+) denotes the period of € when restricting to the corresponding subspace.

Proof. Let R = €, &1 be the subspace of H spanned by all BSCCs. For
any subspace Z of H, let Pz be the projector onto Z and Pz be super-operator
with Pz(-) = Pz - Pz. Then €|z = Pz o0& o Pyz. By E, Corollary 23|, we can
find a unitary U such that

(1) Py = UPxUT' (thus Py =U o Px o U' where U(-) = U - U'T); and
(2) for any linear operator A with A = Pr(A), ProETold(A) = UoProET(A).

For any orthogonal projectors Py, -, P;j—1 such that Ef:_ol P, = Px and
E)T((Pi) = Px o E(P;) = Py, where B denotes subtraction modulo d, let
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Py, -+, Pj_, be orthogonal projectors with P/ = U(P;). Then for any ¢,

EN)I(P) = Pyo&oPyold(P)=PyoProll ol(P)
= PyoUoProl'(P)=UocPxoProll(P)

= UoPxo&'(P)=UPg) = P

K2

Thus following from Lemma [0 d(X) < d(Y). By a symmetric argument, we
can show that d(Y) < d(X) as well. O

Now we can easily prove the following:

Theorem 5. Let a quantum Markov chain (H,E) have two different BSCC

decompositions:

X
I

Bo@"'@gnq@ﬂ"
B,D---PB._. PTe

and let d; (resp. d.) be the period of € restricting on B; (resp. B.). Then

|
—_

1 n

d; = d;.

n

~
Il
o
-
Il
=)
SR

6. An Application

To show the utility of the three-level decomposition for quantum Markov
chains presented in the last section, we apply it to the problem of finding a
maximum dimensional noiseless subsystem of a quantum communicating sys-
tem. The problem has been tackled in the previous literature , ] using
C*-algebra and operator error correction. The advantage of our approach is
that we can give an algorithmic solution to it.

In quantum communication, channels are mathematically modeled as super-
operators. Therefore, a simple quantum communicating system can be regarded

as a quantum Markov chain.

Definition 12 (E]) Given a quantum Markov chain G = (H,E) with H =
(HaQ@Hs)DK.
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(1) If dim(Ha) > 1, then H4 is called a subsystem of H.

(2) A subsystem M 4 is noiseless if
Vpa € D(’HA),pB S D(HB) dop € D(HB) : 5(p,4 ®pB) = paA K oB.

Intuitively, noiselessness means that quantum operation £ does not cause
any change of the state of subsystem H 4. In other words, the restriction of £
onto Ha Q Hp satisfies

Eap=14®EB

for some CPTP map Ep on Hp; That is the noisy subsystem H p has no impor-
tance.

The next lemma shows that to decide if a subsystem H 4 is noiseless with
respect to &, it suffices to find a state op such that any product state py ® op

is in D(H) and a stationary state.

Lemma 17. Given a quantum operation € on H, a subsystem H 4 is noiseless

if and only if
dop, Vpa € D(HA) : pa®@op € D(H) and E(pa @ op) = pa R op.

Proof. Let H =Ha @ Hp P K and P be the projector onto Ha @ Hp. If

‘H 4 is noiseless, then the restriction of £ to Ha Q) Hp satisfies
Eap =14 ®EB

for some CPTP map £ on Hp. So there exists a stationary state op for £p

from Theorem [1l and Lemma[6l Then we have that for any pa € D(Ha),

E(pa®op) =paR@op.

Conversely, let Hp = supp(op). By the assumption, for any pure state |¢) €
Ha, E(0)0] ® 05) = [0){0] ® 05, Then £(P) = PE(P)P = E,P = PE,P,
where {E;} is the Kraus operators of £. Then let K; = PE; P Vi.

First, we claim that (é}(zﬂ ® Pp)K; = Ki(|¢)(¢| ® Pg) Vi by the similar

argument in the proof of Lemma 5.2]. With the arbitrariness of |¢), for any
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1, K; must have the following form:
Ki=I1,4®F;

for some operator F; on Hp. Therefore, H 4 is noiseless. [l
Now we are ready to give a sufficient and necessary condition for noiseless-

ness.

Theorem 6. Given a quantum Markov chain G = (H,E) with a subsystem
Ha. Ha is noiseless if and only if there exists a subspace Hp such that for any

[) € Ha, supp(JV) (W) @ Hp € H is a BSCC of €.

Proof. Let H=Ho@ Hp P K. If H4 is noiseless, then the restriction of £
to Ha Q) Hp satisfies
Eap=12®E&p

for some CPTP map £ on Hp. Let ¢ be a minimal stationary state of €5 in
Hp. Now, we claim that for any [¢)) € Ha, |¢)(¢| ® o is a minimal stationary
state of £.

Firstly, £(|V)(¥|®@0) = [¢)(¢|®0c. Thus Hy Q Hp is an invariant subspace
of £, where H,, = supp(|1)(¢|) and Hp: = supp(c). If there exists a stationary
state p € D(Hy Q@ Hp) of € and p # |¢) (¢|® 0o, then p must have the following
form:

p=1) Y@

for some o’/ € D(Hp/) and ¢’ # o. Hence o’ is the stationary state of Ep in
Eap = 14 ® Ep, contradicting that ¢ is a minimal stationary state of €. Then
Hy Q Hp is a BSCC following from Lemma
Conversely, let {]i)}"_; be a set of orthogonal basis of H4, where n =
dim(#H4). Then we have a BSCC decomposition for H 4 Q) Hp as follows:
o @ — D @ )
where H; = supp(|7)(i]) for alli. Asforall|¢p) € Ha, Hy @ Hp is a BSCC, there

are stationary coherences between any two BSCCs in the above decomposition.
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From B, Theorem 7], we obtain that:
VA = UAHA, VB = UBHB

for some unitary matrices Ua, Up and Ha Q Hp = Va Q) Vg, such that there
is a state 7 with supp(7) = Vg and for any stationary state p € D(Ha @ Hp)
of &,

p=UlpUs®ULrUp

for some p’ € D(Va4). Note again that for any [¢)) € Ha, Hy @ Hp is a
BSCC. There exists a state p, with supp(py) = Hp such that [) (Y| @ py €
D(Ha @ Hp) is stationary under €. Therefore,

1) (] @ py = UL |9)(p|Us @ ULrUB

for some |¢) € H 4, which is possible only if p, = U}_;TU . By the arbitrariness
of ¢ and the linearity of £, we know

E(pa @ ULTUR) = pa @ ULTUp

for any pa € D(H4). Then the result follows from Lemma [I7 O
Furthermore, the maximum dimension of noiseless subsystems can be deter-

mined as follows.

Corollary 3. For a quantum operation €& on H, the maximum dimension of
noiseless subsystems is the mazximum number of BSCCs which have stationary

coherences between any two of them.

Proof. Immediate from B, Theorem 7] and Theorem [Gl O

It is clear from Theorem [0l and E, Theorem 7] that finding a maximum
dimensional noiseless system is equivalent to searching special BSCCs, which
have stationary coherences between any two of them. So, Algorithm 1 can serve
as a footstone of the construction of the noiseless subsystem. In general, the
number of noiseless subsystems is infinite for a given quantum communicating

system. But we are able to develop an algorithm — Algorithm 2 — for finding a

maximum dimensional noiseless subsystem, which is usually the most important

25



Algorithm 2 FindMaxNS(G)
Input: A quantum Markov chain G = (H, £).

Output: A decomposition of H = (Ha @ Hp) P K where H 4 is a maximum
dimensional noiseless subsystem or false indicating there is no noiseless sub-
system.

H=®", XD Te, X = DI, " Biy < Decompose(G)
f+1
7+0
for each [ € {0,1,--- ,m — 1} do
if f < n; then
[
71
end if
end for
if f > 1 then
K @lou, XD Te
Ha«— CS
r < the dimension of By ;
Hp + C"
return Ha, Hp, K
else
return false

end if
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in practical applications. It is easy to see that Algorithm 2 either produces a
maximum one or indicates there is no noiseless subsystem in time O(n®), where

dim(H) = n.

7. Conclusion

In this paper, we obtained some useful characterizations of irreducibility and
periodicity for quantum Markov chains. Based on them, we developed a peri-
odic decomposition technique for irreducible quantum Markov chains, which is
further combined with the BSCC decomposition and stationary coherence de-
composition in the previous literature to construct a three-level decomposition
of general quantum Markov chains. This three-level decomposition provides
us with a finer tool for algorithmic analysis and model-checking of quantum
systems. We also established a limit theorem that gives a characterization of
limiting states in a quantum Markov chain in terms of periodicity, irreducibil-
ity, and eigenvalues of the super-operator. As an application, we presented an
algorithm for constructing the maximal dimensional noiseless subsystem of a
quantum communicating system.

There are several interesting topics for future studies:

e Reachability analysis of quantum Markov chains: The BSCC decomposi-
tion was already used in reachability analysis of quantum Markov chains

|. The eventual, global, ultimately forever and infinitely often reacha-
bility of quantum automata were carefully examined in ] Quantum
automata is a special kind of quantum Markov chains, where the dy-
namics is described by a unitary transformation rather than a general
super-operator. It seems that the three-level decomposition presented in
this paper is useful for analysis of these more sophisticated reachability of

quantum Markov chains.

e Extend the decomposition techniques developed in this paper to quantum
Markov decision processes, which were introduced in [30] for quantum

machine learning and in B] for modeling concurrent quantum programs.
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