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One of the classical results concerning quantum channels is the characterization of entanglement-breaking
channels [M. Horodecki, P. W. Shor, and M. B. Ruskai, Rev. Math. Phys. 15, 629 (2003)]. We address the
question whether there exists a similar characterization on the level of quantum correlations which may go beyond
entanglement. The answer is fully affirmative in the case of breaking quantum correlations down to the, so-called,
QC (quantum-classical) type, while it is no longer true in the CC (classical-classical) case. The corresponding
channels turn out to be measurement maps. Our study also reveals an unexpected link between quantum state
and local correlation broadcasting and finite Markov chains. We present a possibility of broadcasting via non
von Neumann measurements, which relies on the Perron-Frobenius theorem. Surprisingly, this is not the typical

generalized controlled-NOT (C-NOT) gate scenario appearing naturally in this context.
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There is a well-known result concerning a characterization
of entanglement-breaking channels [1,2]. The latter are defined
as channels which turn any bipartite state (when applied to one
subsystem) into a separable (nonentangled) one. The main
result of Ref. [1] states that a channel A is entanglement
breaking if and only if its Choi-Jamiotkowski state (i.e., its
witness) Il ® A(P;) is a separable state [P, denotes the
projector on the maximally entangled state, see Eq. (2)].
However, it is known that quantum correlations are more
general than entanglement (see, e.g., Ref. [3] and references
therein).

To our knowledge, the characterization from Ref. [1] has not
yet been refined to a case when a channel breaks more general
quantum correlations, i.e., transforms any state into a state
that does not possess some type of quantum correlation (see,
however, Ref. [4] where partial results were obtained). Here
we show that such a refinement is indeed possible for channels
mapping (when applied to one subsystem) any bipartite state
into a, so-called, QC (quantum-classical) state. Such channels
turn out to be quantum-to-classical measurement maps [5].
Moreover, we show that a similar statement does not hold in
the case of a stronger requirement of fully breaking quantum
correlations and transforming any bipartite state into a CC
(classical-classical) form. In the latter case, which is even more
intriguing than the QC one, the corresponding measurement
maps are formed by commuting positive operator-valued
measures (POVMs).

Our study of QC-type channels leads to an unintuitive and
surprising connection between the broadcasting of quantum
states [6] and correlations [5,7] on one side and finite Markov
chains (see, e.g., Ref. [8]) on the other. The existence of a
broadcastable state for a given QC-type channel is guaranteed
by the fact that each finite Markov chain, described by a
stochastic transition matrix [9], possesses by the Perron-
Frobenius theorem a stationary distribution. In fact, it happens

*Jaroslaw.Korbicz @icfo.es

1050-2947/2012/86(4)/042319(8)

042319-1

PACS number(s): 03.67.Hk, 03.67.Mn, 03.65.Ta, 02.50.Ga

that there are maps that may broadcast full rank states and
still have the broadcasting restricted only to a convex subset of
a full commuting family. A similar conclusion works for the
case of broadcasting of correlations.

Recall that a QC (or more precisely Q4Cp) state is a
bipartite state of the form

UQC:ZpiGiA®|ei>B(ei|7 (1)

where o;’s are states on Alice’s side, {e;} is an orthonormal
basis on Bob’s side (possibly different from the computational
basis {|i)}), and p;’s are probabilities. In the analogous way
one defines a CQ (or more precisely C4Qp) state, where the
classical part (projectors on the orthonormal basis) is located
on Alice’s side.

Throughout the work we always assume that A is a trace-
preserving, completely positive map, i.e., a channel, and that

1
Pro= W) (el = 5 D i) @)
i,J

is the projector on the maximally entangled state ¥ and {|ij)}
is a fixed computational product basis. We prove the following.

Theorem 1. For any channel A its Choi-Jamiotkowski state
I ® A(P,) is a QC state if and only if I ® A(oap) is a QC
state for any bipartite state o4 p.

Proof. We propose to call the above type of channels QC-
type channels. In order to set up the notation and methods
(cf. Ref. [1]), we present a detailed proof. In one direction the
implication is obvious. To prove it in the other one, assume
that the state I @ A(Py)is QC:

1® APy =) pioi ® lei) el 3)

From the inversion formula for the Choi-Jamiotkowski iso-
morphism [10]

A(A) = dTrs[Wa(AT @ 1], “4)
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where W, = I ® A(P,)and the transposition is defined in the
computational basis {|i)}, it follows that Eq. (3) is equivalent
to

A@)=d ) piTr(eo])lei)eil, (5)

and hence

1® Aleas) =d Y piTrs(oasll @ o) @ lex)ler]  (6)
k

for an arbitrary bipartite state p45. We define unnormalized
residual states as

o¢ :=d piTrp(0apl ® of) @)
and their traces as
P :=Tro) =d piTrag(0asl ® o). (8)

We show that ), py = 1. From the assumption that A is trace-
preserving, it follows that

Trp[1l @ A(P})] = le YU TeA) (1)

:—Zh (jI Trli)( Z|l %

©))
On the other hand, the QC assumption (3) implies that
Trp[ll ® APl =Y pioi, (10)
k
and consequently
Z o= 1 (11)
~ POk = i

Thus, the collection {dp;o;}, or equivalently its transposition
E; :=dp;o], (12)
forms a POVM, which together with Eq. (8) implies that

Zp'kszI‘AB<QAB]1®ZpkO'kT> =TI'QAB= 1 (13)
k

k

Hence, Eq. (6) may be rewritten as

=" prof ® le)exl. (14)

k

I ® Aloan)

with Qk =0 /Ter =0 A/ br, which is a QC state. |

We remark that Theorem 1 will not in general be true if
one changes the QC state to a CQ one, keeping the form of
the Choi-Jamiotkowski isomorphism. Indeed, if 1 ® A(P;) =
Zi pilei)(ei| ® o;, then from Eq. (4) it follows that A(p) =
dy; pileflolef)o; and 1 ® Aloag) =d -, piTrp(oapll ®
lef)(e}]) ® o;, which is in general a separable state but not a
CQ or QC one. As an example, consider A€Q as a von Neu-
mann measurement in the standard basis on a qubit. Obviously,
I ® A(Py)is a CQ state, since it is CC. Now consider a two-
qubit state o 4 g which is an unbiased mixture of the projectors
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corresponding to two vectors: |1/ ) = 1/4/2(]00) + |11)) and
[4)10) [here |+) :=1/+/2(|0) + [1))]. Then Il ® A(oap) =
1/2 Zi:O,l 0; ® |i){i]|, where g¢ := 1/2(]+){+| + |0)(0]) and
o1 := |1)(1]. But [09,01] # 0, breaking the necessary condi-
tion for I ® A(oap) to be a CQ state.

As expected from the general results of Ref. [1] on
entanglement-breaking channels, Egs. (5), (11), and (12) imply
that the action of the QC-type channel AQC consists of a
POVM measurement followed by a state preparation, but the
preparation is always done in the same orthonormal basis {e; }

A@) =) _Tr(Enle:)e:l. (15)

The later plays the role of a classical register, so that every QC-
type channel is in fact a quantum-to-classical measurement
map [5]: A(p) gives the state of a measuring apparatus after the
measurement of {E;} on a system in the state p. In light of this
observation, Theorem 1 states that a channel is a measurement
map if and only if (iff) its Choi-Jamiotkowski state is a QC
state.

A natural question arises if one can refine Theorem 1 even
more to the so-called CC states, i.e., states of the form

=" piPle el ® 1) (Sl (16)
i

where now {e;} and { f;} are orthonormal bases on Alice’s and
Bob’s side, respectively, and p;; is a classical joint probability
distribution. It turns out that as stated, Theorem 1 does not
specify down to such a case, because even if | ® A(P;) is a
CC state, | ® A(oap) is generically a QC state. To see this,
assume that

]1®A(P+)=Zpij|€i)(ei|®|fj)(fj|- (17)
i,J
From the inversion formula (4) one then obtains that

A@) =Y Tr@ENIf){fil. (18)
J

1® Algas) =Y Traleasl ® EN®|£)(fil.  (19)
J
where now

Ej:=dY)_ pijle)e]l, (20)

and the complex conjugation e} of the basis vectors e; is
defined in the computational basis {|i)}.

Similarly to the QC case, the trace-preserving property of
A implies that { E;} forms a POVM, Zj E; =1 [cf. Egs. (9)-
(11)]. However, in this case the POVM elements necessarily
pairwise commute:

[E;,E;1=0, (21)

since by Eq. (20) they correspond to a measurement in
one fixed basis, but they need not form a von Neumann
measurement, as in general £;’s may overlap:

EjEj = ZPijPij/|€f)(€f| #68jEj. (22)

i
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What is quite important is that the POVM condition Y GJEj=
Il puts some constraints on p;;:

Zpl,w Mefl = :»p, .—Zp,, =2 @

which in turn implies that the numbers
P = dpij (24)

are in fact conditional probabilities: Z pt
Thus, the matrix P2 :=

;i =1 for any i.

=[p _,ll] is a stochastic matrix [9] and
Ej =) phle))e] (25)

From a probabilistic point of view, a stochastic matrix
defines a finite Markov chain [8]: it provides transition
probabilities between the sites. Hence, with every CC-type
channel satisfying (17) there is an associated finite Markov
chain and vice versa—with every d-site Markov chain and
orthonormal bases {e;} and {f;} one can associate a CC-type
channel through the formulas (18) and (25). In what follows
we also associate a finite Markov chain with a general QC-type
channel and investigate the consequences of the broadcasting
of states and correlations.

The state (19) is obviously a QC state. It will be a CC state
iff there exists a common basis {&;} such that

1 -
S Tra(easl ® Ej) = > pijlen @l (26)
J i
for every j, where p;:=Tr(oapll ® E;) and p;; =
(1/pj)é|Trg(oapll ® Ej)|é;). Condition (26) means that
all the Alice residual states, to which Bob steers via his
measurement

1

0f 1= —Trg(0asll ® E)), 27)
Dj

are simultaneously diagonalizable, or equivalently
[0}.05]=0 (28)

for all j, j’ [cf. Eq. (19)].

The above failure of Theorem 1 for CC-type channels
motivates us to introduce another characteristic of a channel.
For an arbitrary channel A, we define a set CC(A) of those
bipartite states o 4 5 which are mapped to a CC state by Il ® A:

CC(A) :=={oap : 1 ® A(oap) — CC state}. 29)

Conditions (27) and (28) allow us to investigate C C(A) for CC-
and QC-type channels. We are able to state the following.

(1) Obviously P, € CC(A), by the very assumption (17),
but it also contains mixtures of pure states with the following
Schmidt decompositions:

Yap(6:8) =Y cilei)a ® lef)s, (30)

where ¢ € ]Rd > c =1, {é&;} is some arbitrary basis, and
{e]} isthe ﬁxed basis from Eq. (25). Indeed the states (27) for
W (c; ) (¥ (c; &) read pjof = 3, p’ici1é;) (@], from which
there appears a stratified structure of convex sets generated
by (30): mixing is allowed only within the states with the
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e) := conv{|Y(¢ e))(1(ce)|; {é&;} — fixed}

Action of Uy @ 1
Preserves the Schmidt
number sets

FIG. 1. Graphical representation of the set generated by vectors
(30) as a solid torus. The cross section represents convex sets
K (&), generated by mixing all the states |¥(c;&)){¥(c;&)| with a
fixed Alice’s basis {&;}: >z p(E)|¥(C; €)) (¥ (C; &)|. Each K (€) further
contains a hierarchy of convex sets of states with Schmidt numbers
[11] not greater thank, k =1, ..., d. The action of U4 ® 1l connects
different K (¢€)’s and preserves the Schmidt number sets.

same, fixed {¢;}, thus generating convex subsets K (¢). Partial
unitaries U, ® 1l transform between different K (&)’s. Further-
more, inside each K (€) there is a hierarchy of convex sets with
increasing Schmidt numbers [11]. This hierarchy is preserved
by U ® 1. A schematic representation of this set is given in
Fig. 1. Note that both v and its local orbit U4 ® Ug, are of
the form (30), as Uy ® Uy = (U,UL ® )¢y and U,UJ
is unitary. For a general QC-type channel, the states (30) (for
an arbitrary {e}'}) will not be in its CC(AC), since the residual

states pjgj‘ =ik cick(e;‘|E$Ce,’§)|Ek)(éi| will not in general

QC,
commute as E ;s do not.
(2) All CQ (C4Qp) states belong to CC(A). Indeed,
substituting into Eq. (19) an arbitrary C4Qp state,

0as =Y piléi)a

we obtain from Eq. (27) that of =

@l ®a”, 31)

Z,‘ (pi/pj)Tr(G,‘B E;)
|é;)(é;]. Since Tr(aiB E;) = pj)i is the conditional probability
of obtaining result j when measuring POVM {E;} in the
state 0%, from Bayes theorem (p;/p;)Tr(cP E;) = pj; is the
needed conditional probability [cf. Eq. (26)]. A schematic
representation of the set of CQ states is given in Fig. 2. For a
general QC-type channel, CQ states are also in its CC(AC).

(3) Similarly to the set of all CC states, CC(A) is not
convex, which is easily seen from the bilinearity of the
condition (28), but is star shaped with respect to the maximally
mixed state 1l /d?: if oo € CC(A), then

w eCcCcn). (32

0ap :=Aoap + (1 —2)
This follows immediately from (27),as p;8% = Ap;0} + (1 —
)y)(TrEj)]l/a'2 and @;‘ pairwise commute iff Q;‘ do so. The
same is true for CC(AQC) for a general CQ-type channel.
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Orbit of [Ua]®1

Action of
1®Up

FIG. 2. Graphical representation of the set of CQ states as a
conical surface. The generators of the cone represent convex subsets
C (@), obtained by mixing all the states of the form ) _; p;|é;)(¢;| ® o;
with a fixed Alice’s basis {é;}. The local group 1 ® Ug acts
along each such subset. Different subsets are connected by the
action of [U,] ® 1, where [U,] denotes the class of U, modulo
a permutation matrix [evidently the action of Alice’s permutations
conserve each C(&)]. The whole set is star shaped with respect
to (1 ® 1)/d>.

We do not know at this stage if the above conditions fully
characterize CC(A) for a given CC- or QC-type channel A
and we postpone the question of its full characterization for
future research. Note that in light of Theorem 1, the sets
CC(A) for QC- and CC-type channels possess an interesting
interpretation: If we think of Alice and Bob as environment
and system, respectively, then CC(A) is the set of those initial
system-environment states o4p that after the measurement,
described by Theorem 1 by every AQC, and tracing out
the system lead to apparatus-environment states with no
quantum correlations, i.e., the apparatus becomes quantumly
decorrelated from the environment.

We now investigate if a QC-type channel AC can be
used (after a modification) for state broadcasting [6]. We first
study a relaxed scenario where we broadcast only eigenvalues,
or in other words a classical probability distribution: For a
given state o, we are looking for a broadcast state o4 such
that UATrBoABUj‘ =04 = UBTrAaABU; for some unitaries
U4 and Up. We call such a relaxed broadcasting spectrum
broadcasting and the usual state broadcasting in the sense of
Ref. [6]—full broadcasting. We prove the following.

Theorem 2. For any QC-type channel AQC and any
orthonormal basis {¢;} there exists at least one state 0.(¢),
diagonal in {¢;}, which is N-copy spectrum broadcastable
using AQC. The state o.(e), diagonal in the channel’s basis
{e;} [cf. Eq. (3)], is also N-copy fully broadcastable.

Proof. By Theorem 1 and Eq. (15) every QC-type channel
is a quantum-to-classical measurement map. A sufficient
condition for spectrum broadcastability of the state
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is then that its eigenvalues X(d)) are preserved by the measure-
ment, i.e.,

Trlo(P)Ei] = Ai(9) (34)

for every i. This is equivalent to the following eigenvalue
problem,

> piti( @ (@) = 2i(8), (35)
i

for a d x d stochastic matrix

P(@) = [pij@)].  pi|j(P) = (¢;|Ei¢)). (36)

That this is a stochastic matrix, or equivalently a matrix of
conditional probabilities, follows from the fact that E;’s form
a POVM by Egs. (11) and (12):

> pij) = <¢>,-|<Z E,»)qm =(ilg))=1 (37

for every j. By the celebrated Perron-Frobenius theorem [9]
the above eigenvalue problem (35) has at least one non-
negative, normalized solution A, (¢), from which we construct
through Eq. (33) the desired state o.(¢). Moreover, this
solution is unique iff the matrix P(¢) = [p;;(¢)] is primitive,
i.e., is irreducible and possesses exactly one eigenvector of the
maximum modulus (equal to 1 in our case), which in turn is
equivalent to that all the entries of the (d> — 2d + 2)-th power
of P(¢) are nonzero [9]. We now construct from A a new
channel [cf. Eq. (15)]:

AM(0) =) "Tr(oEle)(eil ® - ® lei)(eil,  (38)

which by condition (34) N-copy spectrum broadcasts the state
0+(¢) (or equivalently N-copy broadcasts its eigenvalues).

Since the basis {¢;} above is arbitrary, we obtain from
the Perron-Frobenius theorem that there exists a spectrum-
broadcastable state in any basis (the states in different bases
can be equal though, e.g., when the bases differ only by a
permutation). For the basis {e;}, associated with AQC by the
QC condition (3), the corresponding state o.(e) will be a fixed
point of A%C: A%C(p,(e)) = 0.(e) by Egs. (15) and (34). Thus
AM(gu(€) = 3 Muj(e)le)) (el ® - ® lej) e is a full N-
copy broadcast state of p.(e). |

All the above obviously applies to CC-type channels, as
a subclass of QC-type ones. However, as already mentioned,
with any CC-type channel A there is a naturally associated
stochastic matrix p’}li through Eqgs. (17) and (24), without
the need for an additional basis [{e]} of Eq. (25) plays its
role]. The corresponding solution X*A = X*(e*) of Eq. (39),
> Pjhs = ALy, and the state o)t = 0.(e*) are now intrinsic
characteristics of the channel. Note that for an arbitrary basis
{¢,}, Eq. (35) reads

> P8l U Paa(@d) = 1j(9), (39)
ik

where ¢; =: Ue}’f and |Uy)? := |(e;k|Ue,’§)|2 is a doubly

o(¢) == Z A D)g;) ()] (33) stochastic matrix. By the Birkhoff theorem every such a
I matrix is a convex combination of at most d> — 2d + 2 distinct
042319-4
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permutation matrices P,, 0 € &, [9], and hence

Pii@® =Y Ps Y PWPodi= D porlyry (40)

eSS, k ceS,

while for a general QC-type channel there will also be a
“coherent” part:

PiiU®) =D Pep il (n@®) + D UfUyj el Eil).

e, k#l
(4D

The existence of a fully broadcastable state(s) g.(e) for
any QC-type channel is in some way surprising, as the
measurements described by such channels are in general not
von Neumann measurements, but rather POVMs [cf. Eq. (15)].
The existence of a whole family of spectrum-broadcastable
states is perhaps even more surprising. Note, however, that
spectrum broadcastability is a far weaker condition than
full state broadcasting. By the same reason, although the
broadcasting channel AY) is the same for every basis, it
depends only on A, we do not contradict the no-go theorem
for state broadcasting from Ref. [6].

From a probabilistic point of view, the existence of
(spectrum-)broadcastable states follows from the fact that
one can associate a finite Markov process with the problem
through Eq. (36), and by the Perron-Frobenius theorem
each such process possesses a stationary distribution. The
(spectrum-)broadcastable states are constructed precisely from
this distribution.

Let us continue the above analysis and study the implica-
tions of the ergodic theorem for finite Markov chains [9]: For
a stochastic matrix P, there exists a limit P*®° := lim,_, o, P"
iff P is primitive. The limit is given by

P = hilj, (42)

where \,; is the stationary distribution (Perron vector) of P
[cf. Eq. (35)] and 1 := (1, ...,1). Note that the limiting matrix
elements are the same for each column index i: Asymptotically
the probability for the process to be at site j does not depend
on the initial site i. As a consequence, the limiting distribution
of the process p{® := )" ; Pi7° pj does not depend on the initial
distribution p;:

S PP, = i 43)
J

Consider now the rth power of a QC-type channel A:

N(@) =Y P(e); T E lei) eil, (44)
i,j

where P(e) is defined by Eq. (36). By the ergodic Theorem,
the limit lim, ., A" =: A® exists iff the matrix P(e) is
primitive. By Egs. (42) and (44), A* is then a constant channel,
analogously to Eq. (43),

A%(0) = 0.(e) (45)

for any state p. Indeed, A*°(p) = Zi,j P(e);?joTr(QEj)|ei)
(eil = (Tro) 3, Ailei)(eil = o0.(e) [cf. Eq. (33)]. As a con-
sequence, A breaks all correlations: I ® A®(0ap) = 0 ®
0+, 08 = Trgoas.
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An interesting situation arises when Eq. (35) has more than
one solution, i.e., when a QC-type channel AC (spectrum-
)broadcasts [12] more than one state. Probabilistically, this
means that the Markov process, corresponding to A and
a context {¢;} through Eq. (36), possesses more than one
stationary distribution. This happens when the process splits
into two or more disconnected processes. Algebraically this
means that the transition matrix P(¢) = [p;|;(¢)] is, modulo
a column permutation, a direct sum of two or more primitive
stochastic matrices:

Pixa(@®) = PL(@) ® P o aio@)- (46)

According to the Perron-Frobenius theorem, each of the blocks
has a unique Perron vector, Xil)(qﬁ) or Xf)(¢), respectively
(each of them is normalized). Clearly, any d-dimensional
vector of the form X* = pzil) ® - p)Xf) is again an
eigenvalue-1 eigenvector of P(¢) forany p € [0,1]. We denote
the corresponding states by kal)(qb) = diag[k(l), . ,k,((l),
0,...,0] and 0”(¢) := diag[0, ...,0,A |, ... ,.A7]. This is
an example of the case where any state from the convex com-
bination pgil) + (1 - p)Qiz) can be (spectrum-)broadcasted.
Clearly, this example generalizes to more than a binary
combination of states if the matrix P(¢) decomposes into more
than two components: if the number of terms (degeneracy)
in Eq. (46) is D, there exists a D-dimensional simplex
of states (spectrum-)broadcastable by AQC [cf. Eq. (38)].
The most degenerate case is of course when D =d, i.e.,
when the transition matrix P(¢) = 1, so that the Markov
process is trivial—there are no transitions between the sites,
which happens when the POVM is in fact a von Neumann
measurement in {¢; }: E; = |¢;){(d;].

One can continue the above analysis and consider local
broadcasting of correlations. From the general no-local-
broadcasting theorem from Ref. [5], we know that the only
locally broadcastable states are the CC ones. Let us thus
consider a family of CC states, built from the stationary
solutions Qi’")(qﬁ) corresponding to a degenerate transition
matrix P(¢):

D
0uas(T:) = Y Tun0™(®) ® 0 (@)
m,n=1
d D
= D) w2 10) (1] © 107 (1.
i,j=1m,n=1

(47)

Applying to 0,45(;¢) the product channel A™) @ AN,
where A" is defined in Eq. (38), one achieves a local N-copy
(spectrum-)broadcasting [12] of the classical correlations:
[AM @ AMNo,ap(;¢) = 0a, _ayp..By(T;¢) and all the
bipartite reductions o4, . (77; ¢) are (unitary equivalent)equal
to 0.45(7; @). We present a concrete example of this broad-
casting scheme in the Appendix, Egs. (A1) and (A2), while
a version with two different channels is studied in what
follows.

Let us now assume that two different channels, A 4 and A g,
satisfy the assumptions of Theorem 1 on Alice’s and Bob’s
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side, respectively, i.e.,

Ax@ (P =) plledateil ®af,  (48)

1@ Ap(Py) =Y plol@1fi)slfil. (49
J
Then one easily proves the following.

Corollary 1. If Ay ® I(P;) and 1 ® Ap(Py) are C4Qp
and Q4Cjp states, respectively, then As ® Ap(oap) is a CC
state for any state 9.

Proof. Indeed, from the proof of Theorem 1 it follows
that A4 and Ap are measurement maps [cf. Eq. (15)] on
Alice’s and Bob’s sides respectively, defined by POVM
elements

EiA = dp;“(aiB)T, Ef = dpf(ajA)T. (50)
Thus

Aa ® Ap(oap) = (Aa @ )1 ® Ap)oas
= Tra[E Trg(0anll ® EF)]lei el ® | £;)(f]

ij

= Tr(oasE! ® EF)lei)(eil ® | /i) (- (51)
ij

[ |
The analysis of state broadcasting may be repeated
in the present scenario as well. Since l,p ® Aig ®

AC(PABABY = [T, ® ASA(PAY @[5 @ AT (PEEY),
the channel ACAQ & A%C is of a QupCyp type. From
Theorem 2 it then immediately follows that for any basis
{$p2B}, o = 1,...,dadp, of Hs ® Hp (the spaces H, and
‘H need not be the same now) there exists a state 0,.45(¢4%),

built from a stationary distribution of the stochastic matrix
(36)

PR (@™ )ap = (05" | E ® Ef¢"). (52)

a = (ij), and locally (spectrum-)broadcastable through
A @AY [cf. Eq. (38)]. Note that the basis {¢2®} need
not be a product one in general.

However, for a product basis ¢28 = ¢ ®¢>]’3 one can

say more. The matrix P48(¢4%) is then a product as well:
PAB(¢pAB) = PA(¢p*) ® PP(¢®) and PAB(¢*P) is primitive
iff both PA(¢*) and PB(¢?) are, i.e., AL and A} spectrum
broadcast only one state each. In such a case, the product state
0548(@"") = 0:4(0") ® 0.5(¢®) is the only state that can
be spectrum broadcasted and there is no local broadcasting
of classical correlations—the spectrum of 0:ap(@4?) is a
product, A,;;j (%) = A, (@*)1.;(¢®). If, however, at least one
channel spectrum broadcasts more than one state, then there
exists a family of locally spectrum-broadcastable correlated
CC states, built analogously as in Eq. (47): 0445(7; ¢4 ,¢%) :=
ZZT‘,{gf T (@) ® 02 (¢®). A concrete example of such
a situation is presented in the Appendix, Egs. (A3) and (A4).
When it comes to local full state broadcasting, by Theorem
2 it is guaranteed for p.4p(e, f), which is a CC state in the
bases {e;} and {f;} [cf. Egs. (48) and (49)], in accordance
with the general results of Ref. [S]. Again, if both matrices
PA(e) and PB(f) are primitive, g.4z(e, f) is a product
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state with no correlations. However, if at least one P%(e)
or PB(f) is not primitive, by the above construction there
will be a family of locally broadcastable correlated CC states
0+aB(mse, f).

Before we conclude, let us digress on the nature of some
multipartite QC states. We assume that, e.g., Bob holds two
(possibly different) subsystems and that the joint state is
QaCpgp, that is,

0ABB = Zpa%? ® leq) BB {€als (53)

where {e,} is a basis in Hp ® Hp/, labeled by «. It is not
necessarily a product basis—for the definition of a QCpp
state it is enough that it is orthonormal. What is interest-
ing is that simultaneously forcing both reductions g4p :=
Trpoapp and oap := Trgoapp to be QaCp and Q4Cp,
respectively,

0as = Y_ ol ®le)sleil, (54)

OAB’ :Z]T,’ffi‘é®|fi’)8’<ﬁ’|’ (55)

does not force o 4 pp tobe Q4 5Cp and Q4 p'Cp simultaneously
(we may label such a class by Q4CzCp); i.e., {e,} in Eq. (53)
still need not be a product basis. As a simple example
consider Hp = Hp = C2, and {ey}o—1... 4—the Bell basis.
Then obviously both reductions g4 and g4p are product,
1/2(3", paoa) ® 1, and hence trivially Q4Cp and Q4 Cp, but
the whole state g 4pp is not Q4CgCp.

In some sense a converse of the above observation is
also true: there exist Q4Cpp states with a product basis on
BB’, which are nevertheless not Q4CgCp/, or, equivalently,
both reductions Trzoapp and Trgoapp are not Q4Cp and
Q4Cp respectively. As an example of such a state consider
Hp =Hp = C3, and choose as {ey}o—1..0 in Eq, (53)
the “nonlocality without entanglement” 3 ® 3 basis from
Ref. [13]. Then both Trzoapp and Trpoapp Will contain
an overcomplete set on the B and B’ side, respectively.

In conclusion, we have provided a refinement of the charac-
terization of entanglement-breaking channels from Ref. [1] to
more general quantum correlations and connected it to mea-
surement maps, quantum state and correlation broadcasting,
and finite Markov chains. We have considered two classes of
channels— (i) the ones that break quantum correlations by
turning them into the QC form and (ii) the ones that fully
break quantum correlations by turning them into CC ones. We
have shown that a channel belongs to the first class iff it turns
a maximally entangled state into a QC state or equivalently
it is represented by a measure-and-prepare scheme, where
the outcomes of a POVM measurement are followed by a
preparation of states from some specific orthonormal basis.
In other words, it is a quantum-to-classical measurement
map (i.e., it gives the state of the apparatus after tracing the
system).

Surprisingly, a similar question in the case of the second
class of channels becomes even more interesting: the analogy
to entanglement-breaking channels now fails and one cannot
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characterize the channels from the second class only by
their actions on the maximally entangled state. However, a
characterization from a different perspective seems possible.
First of all, it turns out that the POVMs, constituting the
channels, are mutually commuting and arise from a stochastic
matrix, thus making a connection to finite Markov chains.
Second, the set of bipartite states that are mapped into the CC
form is more complicated.

Our analysis of the ability to broadcast quantum states
and correlations by QC-type channels reveals an interesting
application of the Perron-Frobenius theorem. The existence
of a family of spectrum-broadcastable states and at least one
fully broadcastable state, even if the POVM measurement is
not of the von Neumann type, follows from the fact that each
finite Markov process possesses a stationary distribution. This
broadcasting scheme, albeit in general substantially weaker
than the standard broadcasting of, e.g., Refs. [5,6], surprisingly
goes beyond the simple C-NOT scenario. The connection
between broadcasting and finite Markov chains is, to our
knowledge, quite unexpected and will be the subject of further
research.

In fact, perfect broadcasting operations applied so far
have corresponded to a scenario where to a given input CC
state oap = Z[,j pijli)(i| ®|j){j| one locally applies the
generalized C-NOT gates U |i)|j) := |i}|i & j). Application of
the Perron-Frobenius theorem presented in this work goes
beyond this simple scenario.

We believe that the current work opens new perspectives for
analysis of the measurement problem and state and correlation
broadcasting. Especially interesting is the possibility to study
quantum decoherence in terms of broadcasting.
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APPENDIX

Consider the following example. Let

1 1

0 2 2
pV.=(1 11 (A1)

100

for some fixed basis {¢; } and let P®) be an arbitrary irreducible
bistochastic matrix on R3, say

1 3 1
5§ 8 2
PP:=|3 0 2 (A2)
1 5
;3 5 0

for the same basis. Since we know that any matrix A €
Mxq(R) with non-negative elements is irreducible iff (1 +
A)?~! has all elements non-negative, we may easily check
that both matrices are irreducible. The unique Perron vector
of PU is just AV = [%, %, %]T. The unique eigenvector of the
irreducible bistochastic matrix is of course A2 = 1,147
Consider now the stochastic matrix P := P @ P® on R
Then any state of the form g,ap(7) = Zi,n:] nmngim) ®

Q,(k") with Qil) = diag[%,é,%] and Qiz) = diag[%,%,%] can be

spectrum broadcasted and full broadcasted by the product of
the channels AW, defined in Eq. (38).

An even simpler example with two different channels can
be constructed to illustrate spectrum broadcasting and full
broadcasting of correlations. Namely, consider two bistochas-
tic matrices of the form

0 5 3
pri=|0 1 1 (A3)
|1 0 0]
and
303
pP=11 o0 2 (A4)
(0 1 0]

for some basis {¢;}. They are clearly reducible. Finding their

Perron vectors and defining 0,4p5(7) := Z,Zn el Trmngim) ®

Qifg as Qig = diag[O,%,%], QfA) :=[1,0,0] and QSI; =
diag[%,O,%], QLZI; :=[0,1,0], we see that p,4p() is locally
broadcastable by the map A(AN) ® A(BN), where A4 are Ap are

defined again by Eq. (38).
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