-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Creative Repository of Electro-Communications

000000O0oooonO / The University of Electro-Communications

Entanglement detection and parameter
estimation of quantum channels

goooad Jun Suzuki

journal or Physical Review A

publication title

volume 94

number 4

page range 042306

year 2016-10-06

URL http://id.nii.ac.jp/1438/00008823/

doi: 10.1103/PhysRevA.94.042306


https://core.ac.uk/display/186661810?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW A 94, 042306 (2016)

Entanglement detection and parameter estimation of quantum channels

Jun Suzuki”
Graduate School of Information Systems, The University of Electro-Communications, 1-5-1 Chofugaoka, Chofu-shi, Tokyo, 182-8585 Japan
(Received 24 July 2016; published 6 October 2016)

We derive a general criterion to detect entangled states in multipartite systems based on the symmetric
logarithmic derivative quantum Fisher information. This criterion is a direct consequence of the fact that separable
states do not improve the accuracy upon estimating the one-parameter family of quantum channels. Our result is
a generalization of the previously known criterion for the one-parameter unitary channel to any one-parameter
quantum channel. Several variants of the proposed criterion are also given, and then the general structure is
revealed behind this sort of entanglement criteria based on quantum Fisher information. We discuss several
examples to illustrate our criterion. In the last part, we briefly show how the proposed criterion can be extended
to a more general setting that is applicable for a certain class of open quantum systems, and we discuss how to
detect entangled states even in the presence of decoherence.
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I. INTRODUCTION

The main objective of this paper is to address a problem of
the general relationship between entanglement in multipartite
systems and quantum Fisher information from the channel-
parameter estimation perspective. This problem has received
great interest in the field of so-called quantum metrology, that
is, quantum-mechanically enhanced precision measurements
[1-4]. Our work is largely motivated by the seminal work of
Pezz¢é and Smerzi and the experimental verification of their
criterion [5-7]. In Ref. [5], they observed that the symmetric
logarithmic derivative (SLD) quantum Fisher information for
any separable state cannot be greater than the total number
of qubits when qubit states undergo a global rotation along
some axis. Their result was further generalized to detect
k-producible states and to derive other criteria by taking
averages with respect to rotation axes [8—11] (see also updated
references cited in review articles [2—4]).

In a recent paper [7], a beautiful experimental result was
reported showing that global rotation of atomic spin states
was used to detect non-Gaussian entangled states. We also
note that Pezzé et al. [12] recently attempted to generalize
the above types of criteria using the concept of information
distance and demonstrated the usefulness of such an approach.
However, almost all previous results focused only on unitary
channels, which belong to a special class of general quantum
channels. The main achievement of this paper is to generalize
all previous criteria to the most general setting, i.e., any
quantum channel, and to reveal the general structure behind
these sorts of entanglement criteria based on quantum Fisher
information.

The second motivation of our work is to examine whether
entanglement has a benefit for estimating parameters for
nonunitary channels, i.e., general quantum channels. To
answer this question, we shall use the standard language
of the quantum parameter estimation theory developed by
Helstrom, Yuen and Lax, Holevo, and others [13—-17]. A formal
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channel-parameter estimation problem in quantum systems
was initiated by Fujiwara and his collaborators [18,19], in
which they utilize basic tools developed in the quantum
parameter estimation theory mentioned above.

There exist at least four known no-go theorems regard-
ing the observation of a quantum metrologically enhanced
measurement upon estimating the one-parameter family of
quantum channels. Ji et al. [20] showed the rather remarkable
result that no programmable channels can be estimated with
quantum metrological enhancement. Here whether a given
channel is programmable or not is defined by Ref. [21].
Fujiwara and Imai [22] provided another no-go theorem stating
that quantum metrological enhancement cannot occur for any
full-rank channels changing smoothly with the parameter.
Their result is very general and implies that almost no
realistic quantum channels exhibit such quantum metrological
enhancement. Matsumoto gave a simple criterion where no
classically simulated channel can be estimated with quantum
metrological enhancement [23]. Two results in Refs. [22,23]
are well summarized in Ref. [24], where the authors applied
these two criteria for physically important quantum channels.
Last, Hayashi [25] gave a very powerful argument; no quantum
metrological enhancement occurs when a given channel admits
a finite amount of the right logarithmic derivative (RLD)
quantum Fisher information.

These no-go theorems state that there are quantum channels
in which we cannot utilize quantum entanglement to go beyond
the standard quantum limit [26]. This poses a question of
whether or not nonunitary channels which satisfy the above
no-go criteria can be used to detect entanglement. In this paper,
we answer this question first by showing that no separable
states bring any benefit to estimating one-parameter channels.
This is then translated into a simple yet general criterion:
If the amount of SLD quantum Fisher information of the
output state for a given family of a one-parameter quantum
channel is above a certain threshold, then the input state must
be entangled. We emphasize that the proposed criterion is not
meant to detect any entangled states, as typically done by a
quantum witness, but rather, it can detect useful entanglement
upon estimating a given quantum channel. This important point
and difference from the usual quantum witness approach were
already discussed in the literature [6,12]. We then examine
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several examples to demonstrate the obtained criterion, such as
the unitary channel, dephasing channel, depolarizing channel,
and transpose channel. We show that detection of entanglement
is possible for a certain range of parameters of these channels
in at least the two-qubit case.

This paper is organized as follows. In Sec. II we summa-
rize notations and discuss the relationship between classical
information quantities and quantum Fisher information. In
Sec. III we prove the main result of this paper and then give
several variants of the proposed criterion. In Sec. IV we apply
our criterion to the bipartite case and compare it to results
for different quantum channels. In Sec. V we extend our
criterion from the identically and independently distributed
(i.i.d.) setting to a more general setting in order to apply it to
open quantum systems. In the last section, we summarize our
results.

II. CHANNEL-PARAMETER ESTIMATION
IN QUANTUM SYSTEMS

We provide the basic terminology and notations used in
this paper. We then summarize the basic result known for one-
parameter channel estimation problems in quantum systems.

A. Preliminaries

Let H be a finite-dimensional Hilbert space and S(H) be
the set of all density operators on H, which are semidefinite
positive. Let I'y be a trace-preserving and completely positive
(TP-CP) map (also called a quantum channel, a quantum map,
etc.) from S(H) to itself that is parametrized by a single
parameter 6:

I'y: S(H) — S(H). (1

Assume that the parameter 6 takes values in an open subset
of real numbers, ® C R; then the output state py = I'y(p) for
a given input state p € S(H) can be regarded as a quantum-
statistical model parametrized by this parameter 6 € ©:

M ={ps =Tp(p)|6 € ® CR}. 2

Depending on the channel and the given input state, the rank of
the output states I'g(p) may vary with respect to the parameter
0 in general. For mathematical convenience, we further assume
that the rank of the quantum statistical model M does not
change for all values 6 € ®, at least for each fixed input
quantum state.

The SLD operator about py € M is defined by a Hermitian
operator Ly satisfying

d 1
—pp = —(pgLg + L . 3
25" 2(,00 o + Lopo) 3)
The SLD quantum Fisher information about py is defined as
golpo] == tr(pgL3). @)

By definition, it also holds that gs[ps] = tr(Lg <5 ps). For full-
rank states, the solution to operator equation (3) is unique; that
is, the SLD operator is uniquely defined. For low-rank states
such as pure states, on the other hand, the SLD operator is
not uniquely determined from the above equation. In this case,
one has to consider equivalent classes to define a proper inner
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product first and then to define the SLD operator resulting in
the unique SLD quantum Fisher information [27].
There are several important properties of the SLD quantum
Fisher information. First, it is non-negative, i.e., gg[pg] = 0.
Second, quantum Fisher information is additive; that is, for
any product state py = pj ® p3 € S(H1 ® Ha),

o[ ® 03] = go[ps] + go[ 7 ]- (5)

Third, it cannot increase when a CP-TP I' is applied to the
state, that is, the following inequality holds:

8o[T"(p9)] < galpol. 6)

This property is usually referred to as the monotonicity of SLD
quantum Fisher information [28]. As a special case of quantum
channels, let us consider a general measurement, described by
a positive operator-valued measure (POVM), IT = {I1, | x €
X}. The map from a state p to a probability distribution
po(x) = tr(pg E ) is regarded as the quantum to classical chan-
nel since the state pr; = diag(pe(x1), pe(x2), . ..) describes the
probability distribution for measurement outcomes. The SLD
quantum Fisher information about this (classical) state is equal
to the (classical) Fisher information G| pg] defined by

d 2 4 ?
Gz[pé)]::Zpe(x)[@ In Pe(x)] _y- Ll g,

xeX xeX pe(x)

Since the probability distribution for measurement outcomes is
determined by a given POVM I1, we also write it as Gg[IT, pg].
Thus, the following inequality for any POVM holds:

golpel = G4lIT, pp]l. (8)

We call this property the quantum to classical (q-c) mono-
tonicity of the SLD quantum Fisher information. Importantly,
the necessary and sufficient condition is explicitly known for
a measurement to attain the equality in Eq. (8) [29-31].

Last, quantum Fisher information is convex with respect
to quantum states. Let ,0; € S(H) (j = 1,2) be two families
of states with the same parameter set ®. The convex property
states

go[rpg + (1 —0p7] < rgolps] + A — Mgo[pi] (9

for any A € [0, 1]. This convexity can be proven in many ways.
The simplest is given in Ref. [18] using the monotonicity
of the SLD quantum Fisher information. It seems that the
equality condition for the above convex inequality is, in
general, complicated. Since this condition is important, we
examine it for a simple unitary model, which is given at the
end of Sec. III B.

The main objective of channel-parameter estimation in
quantum systems is to find the ultimate precision bound and
an optimal strategy upon estimating the value of parameters
describing a given channel. Here we stress that there is
no unique way to define the optimality, and one has to
analyze a given problem according to a suitable figure of
merit. A strategy upon estimating the value of the given
quantum channel consists of three elements: an input state,
a measurement, and an estimator. One way to get the optimal
strategy is as follows. For a fixed input state p, we optimize
over all possible quantum measurements described by a POVM
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I1 and an estimator # which is classical data processing.
The set (IT,0) is called a quantum estimator, or simply
an estimator in this paper. With this optimal estimator, we
optimize over all possible input states available. A triplet
(p,11,0) is called an estimation strategy for the quantum
channel. For a one-parameter problem, this procedure gives
at least the asymptotically optimal one [32].

When one regards the mean-square error (MSE), defined
by

Eo[T1,0] := ) [6(x) — 6 ulTy(pTL],  (10)
xeX

as a figure of merit for the channel estimation, one can
derive lower bounds for the MSE depending upon resources
and estimation schemes under consideration. Let H®" and
S(H®V) be the N tensor product of the Hilbert space and
the totality of positive density operators on it, respectively.
Consider an N'th i.i.d. extension of the given channel, and
denote it as

MY =Ty®lh® @ : S(H) — S(HEY).

N

When one only uses the Nth i.i.d. extension of input states
0%V to estimate the channel, the problem is to find an optimal
input state maximizing the SLD quantum Fisher information
for the channel I'y. Let p* be one such optimal input state and
g, be the maximum of the SLD quantum Fisher information:

gi(Ty) := pg}%){go[Fa(p)]}. (11)

Importantly, the convexity property of the SLD Fisher infor-
mation guarantees that the optimal input state attaining g;(I's)
can be a pure state [18].

The additivity of SLD quantum Fisher information becomes
2o[TY (p®N)] = Ngo[T's(p)]. For any locally unbiased estima-
tors (IT ,é), the MSE is equal to the variance of estimating the
value of parameter and the SLD Cramér-Rao (CR) bound is
given by

~ 1
Var[I1,0] > N[g:;(re)]“. (12)

In general, this bound is attained adaptively in the N infinite
limit unless the channel possesses a special symmetry. See the
discussion given in Ref. [33] and an experimental demonstra-
tion of the adaptive estimation [34]. Alternatively, one can use
the two-step method proposed in Refs. [35,36].

When one estimates the Nth i.i.d. extension of the channel
Fé\' , one can also use other resources such as entangled
states p € S(H®V) for input states or ancillary states. In
this case, the variance for estimation can be further lowered.
This enhancement effect, known as quantum metrology, is
important for quantum information processing protocols and
has been investigated actively [1-3].

B. Experimental detection of SLD quantum Fisher information

In this section, we discuss a general strategy of how to detect
the amount of quantum Fisher information about the output
state of a given family of quantum channels in experiment.
We assume that the parameter for the quantum channel can
be tuned at will and there are identical resources to repeat the
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same experiment sufficiently many times. A prominent step
was already reported in Ref. [7]. In this paper we shall present
a more general framework to supplement their result.

First of all, if one knows an input state p completely, then
one can directly evaluate the SLD quantum Fisher information
about the state I'y[p] by substituting an estimated value of
6 into formula (4). If one attempts to evaluate the SLD
quantum Fisher information without knowing input states,
one has to follow a different strategy as follows. For a given
one-parameter family of quantum channels I'y, let us fix an
unknown input state p and consider a fixed measurement I1
on the output state pg = I'y(p). Then, the family of probability
distributions for the measurement outcomes is regarded as a
classical statistical model:

M(I1,Ty,p) = {pe[11] |6 € O},
polIl] = {po(x) = tr[To ()L ] | x € A} (13)

By performing a sufficiently large repetition of the same
measurement for a fixed value of the parameter 6, we can
obtain experimental data according to the classical probability
distribution py[I1]. These data then give a density estimation of
the distribution py[IT]. We next change the channel parameter
6 and redo the same step as before. After sufficiently many
observations with respect to the changes in 6, say M different
choices, we can obtain the set of classical probability distri-
butions {pg |0 € {01,0,, ...,0)}}. If we choose the parameter
set {01,0>, ...,0n} (Bk+1 > 6Or) such that the differences Ay =
Or+1 — 6y are sufficiently small, then we can directly calculate
the classical Fisher information G| py] approximately from
the definition (7).

Alternatively, one can estimate other information quantities
first and then calculate the classical Fisher information as
follows. In classical information theory, the most general
information quantity is the f divergence [37]. This family of
information quantity is a measure of “distance” between two
probability distributions. The formal definition of f divergence
for two probability distributions p,q on X is

D q(x)
: b 14
r(pllg) )EX P(X)f< (x)) (14)

where f:RT — RT is a monotonically decreasing and
convex function and f(1) =0 is a standard convention.
Familiar examples are f(t) = — log,(¢) (the relative entropy),
f(t)=1—4/t (the Hellinger distance), and f(¢) = t* (the
relative Rényi entropy). One important property of the f
divergence is the following relation to Fisher information:

o1
Gylpel = 26151% E_ZDf(P0||P9+e)- (15)

From experimental data obtained after many repetitions, we
can construct a curve for f divergence Df(pgl||pe) for
various different values of 6,6’. It is easy to see that formula
(15) provides an approximated value for the classical Fisher
information.

We next show that this experimentally obtained Fisher
information can attain the SLD quantum Fisher information by
the optimal measurement. As noted in the previous section, g-c
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monotonicity of the SLD quantum Fisher information implies

golTo(p)] = GylI], (16)

where the equality holds if and only if IT is optimal and is given
by the projection measurement about the SLD operator Ly
[29-31]. By choosing the optimal measurement, the classical
Fisher information obtained with the above-described method
yields the approximated value of the quantum Fisher infor-
mation. However, this requires exact knowledge of the input
state, and hence, one can only get a rough estimate of the lower
bound for the SLD quantum Fisher information in general.

III. RESULT

A. Separability criterion

The main result of this paper is the following theorem.

Theorem 1. For a given channel I'y parametrized by a single
parameter 6, let Fév be the Nthi.i.d. extension of I'g and g5 (I's)
be the largest value of SLD quantum Fisher information, which
is given by Eq. (11). For each value 6, if a density operator
p on S(H®) is separable, then the SLD quantum Fisher
information gg[r‘év (p)] is smaller than or equal to the value
Ngg(Tp).

Several remarks are in order. First, taking the contraposition
of this theorem, it is equivalent to state that if the value of
SLD quantum Fisher information for the output states Fév (0)
is larger than Ng}(Ty), then the input state p on S(H®V) is
entangled.

Second, the special case of this separability criterion was
shown by Pezzé and Smerzi [5], where the channel is given
by a rotation along a given axis on N qubits in the context of
quantum metrology. In this case, g; = 1 holds for all values
of 6 due to the symmetry of this unitary transformation. This
special case will be examined in the next section. Thus, our
contribution is to first prove their criterion in a general setting
and to provide a more general criterion.

Third, since the MSE for estimation of the value 0 is
bounded by the inverse of SLD quantum Fisher information,
Theorem 1 states that separable states are not efficient
following the usage of the Nth extension of a given channel.
But, of course, this theorem does not indicate if all entangled
states are more efficient than separable ones or not.

Fourth, it is straightforward to see this theorem can be
extended to more general channels parameterized by several
parameters. In this case, the SLD quantum Fisher information
becomes a matrix, and the corresponding inequality is given
by a matrix inequality. It is also not difficult to see from the
proof that SLD quantum Fisher information can be replaced
by other quantum Fisher information. See Sec. III C for more
details.

Last, the most important point is that the parameter 6 is
arbitrary in Theorem 1. Since we can vary it as an arbitrary
value, we can then consider the union of all possible parameter
regions of entangled states. Let 7., (9) be the entangled region
of the states derived from the inequality gy [Fév (p)] > Ngz(Tg)
for a fixed value 6, i.e.,

rem(0) = {0 € S(H®Y) | g4[ T4 (0)] > Ngz(Tp)}s  (17)
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then, the union

Rent = | rem(9) (18)

fe®

provides the most powerful criterion. Since the subset of states
Rent C S(H®V) is solely determined by the given quantum
channel I'y, we denote it as R, [I'9]. With these notations, our
contribution is to derive the criterion

0 € Rene[T'9] = p is entangled. (19)

This point will be illustrated by several examples in Sec. I'V.
The proof of Theorem 1 is straightforward and is given as
follows.
Proof. Consider an arbitrary separable state on S(H®V) of
the form

Psep = ij,o;])(@ﬁ;z)@“'@p;m, (20)
J

where Zj pj=1VYp; >0 and ,o(.k) are states on the kth
Hilbert space. Then, the following sequence of inequalities
holds:

2o[T) ()] = 20 | T | D_pin} @~ @ pf” 1)
L J
=g | Y pT)(p" @ ®p) (22)
L
<Yopig[Ti (o)’ @@ 0)]  (23)
J

=Y pigs[Te(pf) @---@Tu(p{")] (24
J

N
=Y pi ) glTa(p)] 25)
j k=1

N

SO HIN (26)
F k=1

= Ngllel. (27

Here equality (22) follows from the linearity of quantum
channels, and inequality (23) follows from the convexity of
SLD quantum Fisher information with respect to the states. The
i.i.d. assumption and additivity of the SLD Fisher information
give expression (25). Inequality (26) is due to the definition of
&s1T'61, Eq. (11), and this completes the proof. ]

B. Shift-parameter model

As noted in the remarks following Theorem 1, the theorem
is simplified when the channel is given by a unitary transfor-
mation of the form

Fo(p) = e

where a Hermitian operator A on H is called a generator of the
unitary transformation. The parameter region is any 27 interval
of real numbers, e.g., ® = [0,27). The quantum-statistical

iOApe—iOA’ (28)
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model for the output states is given by
My ={ps = ¢®4pye™104 9 c R). (29)

Here py is called a reference state. This model was referred
to as a shift-parameter model and a displacement model in
Refs. [13,15] and is also known as a unitary model in the
physics community.

The following lemma is fundamental for the shift-parameter
model.

Lemma 1. For a shift-parameter model, the SLD quantum
Fisher information is independent of the parameter € and is
bounded from above as

80 = 8o=0 < 4A, A, (30)

where A A = tr(pA?) — [tr(pA)]? is the square of the vari-
ance of operator A with respect to state p.

This lemma can be proven in different ways; here we sketch
the most transparent one due to Holevo [15].

Proof. For a given state p, let D, be a superoperator acting
on Hermitian operators X on H, which is formally defined by
the solution to the following operator equation:

1
pr(X)Jer(X),O:lf[p,X]. (€Y

It follows from the definition that the SLD operator is
expressed as

Ly = 2D,,(A) = e 104,04, (32)

Lo = 2D,,(A). (33)

This relation proves the first equality in Eq. (30).
We define a symmetric inner product for linear operators
X,Y on 'H by

(X,Y), = tulp(Y X + XTY)]; (34)

then the SLD quantum Fisher information for the shift-
parameter model (29) is written as

80 = (Lo,Lo)py = 4(Dp,(A), Dy (A)) py- (35)
Next, we note that the relation
(X.X),—(Dy(X). Dy (X)), =(X,(1 + Dﬁ)(X))p >0 (36)

holds for any Hermitian operators X and a state p on H since
the superoperator 1 + Dlz) is positive with respect to the inner
product. Writing the variance as A, A = (A — A,A — A),,
with A = tr(pA) and using the relation Dpy(A) =Dy (A — A),
we prove the inequality in Eq. (30). ]

We note that the equality condition for the inequality in
Eq. (30) is equivalent to the condition [15]

(1+D2)(A - A)=0<% poApy = Ap;. (37)

Itis clear that this is satisfied if py is a pure state, and one might
expect that the converse also holds. This is true if the dimension
of the Hilbert space is 2, i.e., qubit. However, we note that the
condition that p is pure is just a sufficient condition in general.
The sufficiency is immediate if we use the second condition in
Eq. (37). A simple counterexample of mixed states satisfying
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the upper bound is given by a rank-2 state in dimH = 3 as
follows:

A 0 0 a 0 c*
=10 1—-2 0}, A=]|0 a d*|, (39
0 0 0 c d b

where A € (0,1) and a,b and c,d are real and complex
numbers, respectively.

The variance of all possible states p € S(H) is maximized
when we take an equally weighted superposition of the
eigenstates whose eigenvalues are maximum and minimum
[38]. With this observation, Theorem 1 and Lemma 1 can be
combined to give the following corollary.

Corollary 1. For a given shift-parameter model, let U /]f =

R, 194 be a global unitary for S(H®Y). If a density
operator p on S(H®V) is separable, then the SLD quantum
Fisher information go[U} p (UY )] is smaller than or equal to
the value N (dmax — @min)?, Where dmax (Amin) is the maximum
(minimum) of the eigenvalues of A.

Since we have an achievable bound for unitary channels,
one can consider various extensions of the criterion. An
immediate one is to consider a set of rotations around several
axes and to take the average SLD Fisher information. Another
one is to consider k-producible states rather than a completely
separable state of N qubits. These extensions seem to work
quite well, as reported in Refs. [9-11]. In the next section,
we also examine how these variants can be derived from our
general theorem.

Before closing this section, we shall analyze the equality
condition for the convexity of SLD quantum Fisher infor-
mation, i.e., the equality condition in inequality (9), in the
case of this simple unitary model. Consider mixed qubit states
generated by the following unitary:

pé — 6—19n~a/2pé‘ 619n~a/2 (] — 1,2)’ (39)

where n is a given unit vector and 6 is the rotation angle and
their convex mixture

i = hpg + (1 —1)pj. (40)

Let gg = gg[p'ej] and g; = go[pj] be the SLD quantum
Fisher information about states p] and p}, respectively. A
straightforward calculation shows that

g =8gh_o=Inxs;I’ @1

when expressed in terms of the Bloch vector of the state, pé =
(I +s; - 0)/2. Letus define the difference Ag) = )Lg; + 1 -
A)gZ — gk then it reads

Agp =M1 — A)n x (s1 — s2)[% (42)

Therefore, the equality in convexity inequality (9) holds if
and only if the difference of the two Bloch vectors s; — §;
is parallel to the rotation direction n. This is equivalent to
satisfying the condition s, = §; — 2(n - sy)n.

C. Variants of the proposed criterion

So far we have presented a simple yet very general criterion
upon detecting entangled states from parameter estimation of
quantum channels. In this section, we wish to provide several
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variants of the proposed criterion and to convince readers
that our criterion is indeed the most general one, including
all previous known criteria as variants. In the following we
provide three possible variations of the criterion and then
analyze the general structure behind this sort of entanglement
criterion based on quantum Fisher information. Proofs for
these variants are omitted because they follow almost the same
format as that of Theorem 1.

1. Average criterion

The first variant is to consider several families of quantum
channels:

Ty ={ry’ |60} (el)), (43)
where the discrete index j € I; = {1,2,...,J} distinguishes

different families of quantum channels. An extension to the
continuous-index-set case is straightforward and is omitted
below. Let us define the average SLD quantum Fisher
information about a given state p € S(H®") with respect to
the index set /; by

2[To(0)] ==Y go[T ()] (44)

JEL

and the maximal SLD quantum Fisher information for the
single-input state by

ga(To) = max 43 o[ (0)] 1 (45)

Jely

Then, the average criterion states the following.
Lemma 2. If state p € S(H®V) is separable, the following
inequality always holds:

8o[To(p)] < Ngg(To). (46)

Importantly, this variant provides a stronger criterion than the
original one after taking the average with respect to the index
set. This is because the following relation holds in general:

max Ezlge[r;%)] <§prg§¢o{ga[r;”<p>]}. 47)
JELy JELy

In other words, g;(I'g) < g5(I's).

In Refs. [9-11], the authors pointed out that taking the
average with respect to different rotational axes sharpens
the entanglement criterion for the family of qubit unitary
channels. In this case the enhancement factor is 2/3, i.e.,
8, (Ty) = 2g5(I'g)/3, and the mathematical reason is clearly
explained here.

2. Approximation criterion

To apply the entanglement criterion studied in this paper, it
is necessary to compute SLD quantum Fisher information for
composite systems as well as the maximum value for a single-
input state. Although such a computation is straightforward
numerically, the analytical result cannot be expected except
in very special cases. Here we point out that an approximated
value enables us to detect entangled states.

Case 1 (bounds for the single-input state). Suppose we have
found a bound for the SLD quantum Fisher information about
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single-input states by some function fy as

golTo(P)] < fo, (48)

which holds for each parameter value 6. Then, the variant
criterion states that if a state p is separable, then the following
inequality holds:

golTo(p)] < Nfy. (49)

Equivalently, if go[Tg(p)] > N fy, then p is entangled.

Case 2 (bounds for the composite state). In many cases,
computation of the SLD quantum Fisher information become
harder as the number of composite systems increases. Suppose
we have an inequality for the SLD quantum Fisher information
about the output state I'g(p) as

go[Te(p)] = Fo(p); (50

then, the second variant of the approximation criterion states
the following. For a given composite state p, if the inequality

Fy(p) > Ngy(T'y) (51)

holds, then state p is entangled.
An important example of the function of states Fy(p) is the
inverse of the MSE. This is due to the SLD CR bound:

Eo[T1,0] > {go[Ta(0)]} " (52)

This result enables us to conclude the simple fact that if the
inverse value of the MSE after estimating a given channel
exceeds a certain threshold Ng;(I'y), then the composite state
must be entangled.

3. Nonidentical channel criterion

In the last variant of criteria, we consider nonidentical chan-
nels. For simplicity, let us consider two different parametric
families of quantum channels:

[ry’|6 e®) (j=12), (53)

acting on the same state space S(H). We now divide the N-
composite system into the first k system and the remaining
N — k system, corresponding to the splitting of the Hilbert
space: H®N = H® @ HEN=*, Let us apply the first channel
Fél) identically and independently to the k-partite states and
the second channel 1"((92) to the rest, that is, consider a quantum
channel of the form I'y := (Fél))‘x’k ® (F(gz))@’N’k. Then, the
variant criterion states the following.

Lemma 3. If a given state p € S(H®V) is separable, then
the SLD quantum Fisher information about I'y(p) satisfies the
inequality

golTo(0)] < kgi (T) + (N —k)gi (TF),  (54)

where gg(Féj)) = max{gg[l“éj)(,o)]} is the maximum value of
the SLD quantum Fisher information for the jth channel.

We note that an extension to more than two channels is
straightforward.

4. General structure

In this section, we analyze the general structure behind the
proposed criterion based on quantum Fisher information. The
key ingredients for our discussion are as follows. The existence
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of the “information quantity” I(p), which is a functional of
states, satisfies three axioms: (1) positivity, i.e., I(p) > 0 for
all states p € S(H), (2) additivity about product states, i.e.,
I(p ®0)=1(p)+ I(c), and (3) convexity about the states,
ie., I[xp+ (1 —=Ao] < Al(p)+ (1 —A)I(o) for A € [0,1].
An additional element is boundedness: sup s, {1(0)}<oo.
With these assumptions, we have the following general
theorem.

Theorem 2. If a state p € S(H®V) is (completely) separa-
ble, then the information quantity is always bounded as

I(p) < NTI*, (55)

where I* = sup,c s {1(p)} is the maximum information for
a single-input state.

The proof of this theorem is along the same lines as that of
Theorem 1.

One of the main achievements of information theory is to
establish nontrivial equality between the information quantity
defined via calculus and the operationally defined quantity. The
general form (55) emphasizes that this class of entanglement
criteria is not meant to detect any entangled states but
to pick up useful entanglement for a given information
processing task. To put it differently, if a given composite
state p passes through the above criterion, then entanglement
presented in state p provides an advantage over a state without
entanglement. In the case of quantum Fisher information
studied in this paper, the proposed criterion can detect useful
entanglement upon estimating the value of a parameter for
a given quantum channel. Additional analysis of the above
general criterion is required before any conclusive statement
can be made about whether it is useful or not. That is beyond
the scope of this paper and will be performed in due course.

IV. EXAMPLES

In this section we analyze several examples to illustrate
the proposed criterion to detect entanglement, in particular,
criterion (19). To get analytical results, we simplify the setting
to the two-qubit case, that is, N = 2 and dim’H = 2. The input
states analyzed in this section are the Bell-diagonal states
defined by

! 3
pep(C1,¢2,¢3) 1= rl R jX_l:CjUj Qa;|.  (56)

Here o; are the usual Pauli spin operators, and the coefficients
are restricted from the positivity condition as

l—ci—c—c320,
l—ci+c+c 20,
I+ci—cr+c3 20,
l+ci4+c—c320. &)

This state space is geometrically represented by a tetrahedron
in the (cy,cy,c¢3) coordinate system. All separable states for the
two-qubit case are given by the well-known positive partial
transpose (PPT) criterion [39,40]. For the Bell-diagonal states,
it is given by a simple inequality:

ppp is separable & |ci| + |c2| + 3] < 1, (58)
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(a) (b)

FIG. 1. Two-dimensional cross sections of state space for Bell-
diagonal states (56): ¢; (vertical axis) vs c¢3 (horizontal axis) for (a)
case (a), c; = ¢, and (b) case (b), ¢; = —c;. In Fig. 1(a), the largest
triangle shows the state space, and two smaller triangles indicate
entangled regions. The same convention holds for (b).

which is geometrically represented by an octahedron located
inside the tetrahedron. In the following, we mainly analyze
two-dimensional cross sections of the Bell-diagonal states
to draw two-dimensional plots rather than three-dimensional
ones. The first is to set ¢; = ¢; [case (a)], and the other is to
set c; = —c; [case (b)]. For case (a), the state space is given
by a triangle in Fig. 1(a), and the entangled regions are shown
by the gray areas. Similarly, the matter for case (b) is shown
in Fig. 1(b).

Further simplification arises if we restrict the following two
subfamilies for case (a):

o = pp(A A, —1),

Py = pap(—h. —h, —A). (59)
States p;- are also written as
P = M) (el + (1 = DI (60)

where |+) = (|01) +[10))/+/2 are the Bell states. P, is
known as the Werner state, and p," is locally equivalent to
it. For A in A := (—1/3,1), both states p;t are strictly positive.
Further, p;t are entangled if and only if A € Ay := (1/3,1].
The difference between ,oit is that p,” is arotationally invariant
state (spin-singlet state), whereas p," is only invariant around
the z axis.

Our concern is to find a set of entangled states which
can be detected by a given quantum channel. This quantity
is represented by Eq. (17) or Eq. (18).

A. Unitary channels
1. Rotation around the 7 axis

We first consider a rotation around the z axis on a single-
qubit system as

U.(0) = £99:/2, ©61)

with6 € ® = [0,27). The maximum variance of the generator
0,/2 is 1. In this case, Theorem 1 reduces to the Pezzé-Smerzi
criterion that compares the value of SLD quantum Fisher
information about the rotated state UN(0)p[UN(®)]" with
the total number of qubit systems, i.e., N. Here UN @) =
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(a) (®)

FIG. 2. Entangled regions detected by unitary channels for Bell-
diagonal states (56): (a) Case (a), c; = ¢, and (b) case (b), c; = —c¢;.
State space and entangled regions follow the same convention as in
Fig. 1. The dotted curve corresponds to the boundary due to a rotation
around the z axis, and dashed curves are those due to a rotation around
the x axis.

®,1<V:1 l00:/2 _ ,ifJ; , with J, being the z component of the
total angular momentum operator. The SLD quantum Fisher

information for the two-qubit Bell-diagonal states is
(c1 — €2)?
14+c¢3

and hence, the Pezzé-Smerzi criterion states that pgp is
entangled if

g = 8o[U2®)psn (U2) ] = (62

(¢ —2)?
1+4+c3

For case (a), this condition cannot be satisfied since the
numerator is always zero. Thus, the above criterion does not
detect entangled states at all. Case (b), on the other hand, reads
4c? > 1 + c3, and the entangled region detected by this unitary
is shown in Fig. 2(b). In this figure, the dotted curve represents
the parabola 40% = 1 + c¢3, and the entangled region is outside
of this curve. Due to the symmetry c¢; <> —cy, the result is
symmetric with respect to reflection about the c¢3 axis. This is
in contrast to the case of the unitary channel generated by a
rotation around the x axis.

As noted before, the SLD quantum Fisher information for
states pi° is zero due to the fact that J, commutes with p.
Thus, one cannot get any useful information about ,o;t by
applying any global rotation around the z axis.

> 2. (63)

2. Rotation around the x axis
‘We next consider a rotation around the x axis as
U.(0) = €l99:/2, (64)
The SLD quantum Fisher information for the two-qubit Bell-
diagonal states is
PRy
) (c2 —c3)
14 ¢

and thus, the Pezzé-Smerzi criterion is that pgp is entangled
if

g = 8o [UO)psn(U2)'] = ., (69

Y
2(Cz c3)

2. 66
e = (66)
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For case (a), this is expressed as (¢; — 3)? > 1 4 ¢y, and the
detected entangled region is plotted in Fig. 2(a). Case (b) reads
(c1 + ¢3)* > 1+ ¢; and is shown in Fig. 2(b). In these figures,
the dashed curves represent parabolas (c; £ c3)?> =1+c¢,and
the entangled regions are outside of these curves. Comparing
two unitary channels, we see that U, can detect entangled
states only within the regions ¢; > 0 and ¢; < 0 for cases (a)
and (b), respectively. The unitary channel U,, on the other
hand, can detect entangled states only for case (b) within the
region with the reflection symmetry ¢; <> —c;.

Upon considering the one-parameter case, the SLD quan-
tum Fisher information about ,o; is calculated as

812
UZp (U1 = ==

Since the maximum SLD quantum Fisher information for the

single system is 1, as discussed in Sec. III B, the Pezzé-Smerzi

criterion states that state p; is entangled if the following
inequality holds:

812
1+
Solving this inequality leads to the sufficient condition for the

entangled region:
V1T+1
Rene = (T’l) (69)

The numerical value (v/17 + 1)/8 >~ 0.64 is larger than the
true boundary 1/3, as it should be.

This example shows that entanglement in state p, cannot
be detected by a rotation around any axis. For state p; ,
on the other hand, a rotation around the x axis can detect
entanglement.

(67)

>2 & 42— 1—1>0. (68)

B. Dephasing channel
We consider the following dephasing channel:

1+0 1-6
r2"(p) = — P + —5 0:P0%, (70)

where the channel parameter 6 represents the strength of de-
phasing: 6 € ® = (0,1), e.g., no error < 6 = 1 and complete
dephasing < 6 = 0. The maximum value of the SLD quantum
Fisher information for a single-input state is given by

1
Dphy _
gZ[Fg ] =1 (71)
The SLD quantum Fisher information is calculated for the
Bell-diagonal state (56) as

80 [FgDph(pBD)]
_ 2|: (c1 + 2)? (c1 +2)?
l—c3—0%ci+c) 1—c3+0%ci+c)
(c1 —2)? (c1 —2)?
l—c3—0%ci—c) l—c3+6%ci—c)]

(72)

Thus, the proposed entangled criterion is gg[I“GD ’ h(,oBD)] >
285 TP =2/(1 — 62).
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To visualize the above result, we consider case (a) (c¢; = ¢) first. This reduces the expression gg[Fé) ph (pp)] > 2/(1 — 6?)

as

2 46% 46%
0
1-— Cc3 — 292C1 1-— c3 + 292C1

2
} > 40%cT 4+ 40%(1 —0%)ci(1 —c3) — (1 —¢3)* > 0

= 3> 1 =20°[(1 — 0))cT + le1]y/1 — (1 — 62)2¢}],

within the parameter regions for (¢, c3) allowed by positivity of the Bell-diagonal state. Therefore, varying the parameter 6 yields

criterion (19) as follows:

. 2 2y,2 /
c3 > 9161%(1)2] {1 —26 [(1 — 0%+ laly/1 = —92)26%]}

where the maximization is a straightforward exercise. We note
that condition (73) does not detect entangled states since it is
equivalent to the boundary of positivity of the state.

We next consider case (b) (c; = —c3). The result is exactly
the same as that for case (a) due to the symmetry ¢; <> —c;
in the setting. Hence, no entangled state is detected. To
understand this better, we finally consider states p;t. In this
case, the above criterion before carrying out the minimization
procedure is

40%(1 — 023 — (1 —40HX> =20 —1>0  (74)

for both ,of. The left-hand side of this inequality is always
negative as a function of A € (—1/3,1)and 6 € (0,1).

C. Depolarizing channel

The depolarizing channel for a two-dimensional quantum
system is defined by

Lo(p) :=0p + tr(p)1. (75)

Here the channel parameter 6 represents the probability of
errors taking values in ® = (0,1), e.g., noerror < 6 = 1 [41].

Optimal parameter estimation strategies for this channel
were studied based on various figures of merit. See, for
example, Refs. [18,42,43]. It was shown that this channel is
programmable and hence 6 cannot be estimated with quantum
metrological enhancement [20]. The maximum value of the
SLD quantum Fisher information for a single-input state is
given by an arbitrary pure state as

gIryf1 = (76)

1—6%
The SLD quantum Fisher information for the Bell-diagonal
state (560) is easily computed as

go[T9" (psD)]

2|: (c1 + 2+ c3)? (—c1 + 2+ c3)?

1 +6%(—ci 4+ 2+ c3)

1 —6%(c1+ca+c3)
(c1 — 2+ ¢3)? (c1 +c2—c3)?
1+60%(ci—cr4+c3) 14+6%cr +c2—c3)

A difference from the dephasing channel is that the channel
parameter 6 also appears as a multiplication factor for c;.
From this we expect that the SLD quantum Fisher information

] (77)

2 28,2
=1 _29133?}]{9 [(1 =69 +le1ly/1 — (1 —62)22])

=1-2|cl, (73)

(

changes depending on c¢3 by varying 6. The proposed entan-
glement criterion is expressed as gg[FODP(pBD)] > Zg;[FGDP],
which can be easily checked numerically. To get analytical
insight into this entanglement criterion, we consider two
cases [cases (a) and (b)] as before. First, consider case (a)
(c1 = ¢). From expression (77), the entanglement criterion
gets simplified as

,  1=0%3 1-0*2—6%)3
¢l >
407 146022 —0%)c;

=: f(0,c3). (78)

We next consider an optimization for the right-hand side of
Eq. (78) by varying the channel parameter 6. With thorough
analysis we can show that

2 .
cy > min f(0,c
1 ee(o,l)f( 3)

ifC3 < —#,

otherwise,

_ f*(c3)
L1 —e3)

where f*(c3) is a very complicated function of ¢3 whose
explicit expression is omitted in this paper. It is easy to see that
the condition c% > (1 — ¢3)/2 cannot detect entangled states
at all. Therefore, entangled states can be detected only for the
region —1 < ¢3 < —(1 + +/17)/6. Upon analyzing the above
optimization, we observe that the channel parameter 6 needs to
be in the set 6 € (1/+/3,1) in order to detect entangled states.
Otherwise, inequality (78) only provides the region that is
outside the state space. Physically speaking, the channel cannot
be too noisy to detect entangled states. Figure 3(a) shows
the optimal curves ¢; = 4/ f*(c3) detecting entanglement
located in two corners of the triangle-shaped state space.
(Entangled regions are outside of these curves.) In Fig. 3(b),
we also plot several curves ¢; = +/ f(0,c3) for four different
values of 6, 6 = 0.3,0.5,0.7,0.9 (from the dotted curve to
the dashed ones). Case (b) is omitted due to the symmetry
c3 <> —C3.

We finally consider the case of one-parameter subfamilies
piE. The SLD quantum Fisher information is the same for the
two input states p;° and is calculated as

A2 (31)?
2(p)] = 6%|3
g0t [ T—o 1+392x]
120212

T =020 +3020)
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FIG. 3. Entangled regions detected by the depolarizing channels
for Bell-diagonal states (56). (a) The threshold curves detecting
entangled states, ¢; = 4/ f*(c3), corresponding to criterion (19).
(b) Entanglement detection curves [Eq. (78)] for four different values
of 6 = 0.3,0.5,0.7,0.9 (from the dotted curve to the dashed ones).

Thus, a sufficient condition for entanglement obtained from
Theorem 1 is gy[I" g(pf)] > 2g;[Ig], or, equivalently,

3022 — 0202 —20°4 — 1 > 0. (79)

This inequality then gives the entangled region for A as

6 +23 —62) 1)

302 —62)

which depends explicitly on the value of the channel parameter
6. As before, an important remark is that the parameter 6
needs to satisfy 6 € [6,,1] in order for the depolarizing channel
to detect entanglement successfully. Otherwise, the criterion
cannot tell if the states are entangled or not. Here the threshold
is found analytically as 6, = 1/+/3.

Since this sufficient condition holds for any 8 € (6,,1), the
most useful one is given by the union as

Ren = | rem(8) = (upp. 1), @1

0e®

reni(0) = < (80)

where App is the minimum of the function appearing in
expression (80) and is readily calculated as

.n9+\/2(3—92)_ 14+4/3

for =T e —7 3
which is attained with 6, = [(3 — +/3)/2]"/2. The numerical
value App >~ 0.910 is larger than the one from a rotation
around the x axis.

We note that the authors of Ref. [44] analyzed a parameter
estimation problem of the depolarizing channel based on a
specific measurement and an estimator. They observed that
entangled states are superior to separable states for a certain
subfamily of the Werner state. The numerical value found in
Ref. [44] is close to the value reported in this paper, yet they
differ by the nature of problem.

(82)

D. Transpose channel

In this last example, we shall analyze a rather unusual
channel defined in terms of a transpose operation. It is known
that transposition operations are not completely positive,
only 1-positive. Here a key point is that the derivation of
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entanglement criteria does not rely on complete positivity but
on monotonicity of SLD quantum Fisher information, which is
true for arbitrary 1-positive maps. Thus, trace preserving and
a 1-positive map are also capable of detecting entanglement.
We consider the following channel from S(C?) to itself:

1+6 1-6
T (p) := — Pt o', (83)

with T being the transpose operation. Here the parameter
0 takes values in ® = (—1,1). We call the above channel a
transpose channel in this paper. The maximum value of the
SLD quantum Fisher information when one uses a single-qubit
input state is

1
s’ =15 (84)

which is attained with the eigenstates of o,. The SLD quantum
Fisher information for the Bell-diagonal input state is

o[Tg ¥ (psDp)]

:9202( 1 n 1
2 1—C1—926‘2—C3 1—61+9262+C3
1 1
% 1+c — 6%, +c3 + 1+C1+9262—c3>' )

In contrast to the previous examples, 6 dependence only
appears in front of the state parameter c;.

To understand the criterion go[T'2 ¥ (pgp)] > 24T 71, let
us consider case (a) (c; = ¢3). A straightforward calculation
gives

2 Bo(c3) — [Bo(c3)* — ag(c3)y(c3)]/?

1 a(C) =: F(0,c3),
ap(c3) = (1 — 09 + 6% —40*(1 — c3)],
Bo(cz) = (1 + 0% (1 + c3) +46°cs,
yies) = (1-¢)" (86)

One can show that ag(c3),Bs(c3) > 0 within our parameter
regions [0 € (0,1),|c;| < 1,|c3] < 1] and the right-hand side
of inequality (86) is in the range (0,1). We next optimize
inequality (86) by changing the channel parameter 6. In a
manner similar to what we did before, we obtain the following

result:
1—|c
C% - | | 3|
(I —c3)

Thus, the entanglement criterion is useful only when the state
parameter satisfies —1 < ¢3 < —1/3. Figure 4(a) shows the
entangled region detected by the transpose channel (entangled
regions are outside of the lines). In Fig. 4(b), we plot several
curves ¢; = +/F(0,c3), which appear in inequality (86), for
four different values of 6,6 = 0.1,0.4,0.7,0.9 (from the dotted
curve to the dashed ones).

if —1 <c3 < —1,
e 1 (87)
1f—§ <c3 < 1.
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FIG. 4. Entangled regions detected by the transpose channels
for Bell-diagonal states (56). (a) Entanglement detection lines and
(b) the curves ¢; = +/F(0,c3) [Eq. (86)] for fixed values of 6 =
0.1,0.4,0.7,0.9 (from the dotted curve to the dashed ones).

Last, we consider the one-parameter family of input states
o)™ . The SLD quantum Fisher information is the same for the
both states, and it is given by

1
1+ (2+62)A

TP, . £\1 _ 0242
o[y (pk)]_e’\[zl—mﬂ'

1
+ 1 —(2—9%]
1 42020 — 422

= 26222 )
(1 = 020)[(1 4+ 0210)% — 422]

A sufficient condition for entangled states gg[l"gp T(p;)] >
2g5 T2 "] is expressed after some calculation as

Hp(X) 1= 46%(1 — 62)0* + 0%(0* — 207 + 4)A3
+(0* =202 —HA2+0°2+1<0. (83)

A detailed analysis of the quartic equation Hy(A) = 0 shows
that there are four real roots for all values of 6 € ©®.
The relevant entangled region is then found as

1
reni(0) = (12(9), m) (89)

Here A,(0) is the second largest solution to the quartic equation
Hy(LA) = 0, whose explicit form is omitted because of its
lengthy expression. We see that 1,(6) varies from 1/2 to 1
depending on the value of 6. As in the depolarizing channel,
we take the union of r.y(0) to get the most useful criterion:

Ren = | reni®) = oz, 1), (90)
6e®

where A7p = mingee A2(0) = 1/2 is calculated analytically.

E. Comparison and discussion

In this section, we compare the five different channels
studied in the previous section and discuss our result. They
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are (1) rotation around the z axis (U,) I';, (2) rotation around
the x axis (Uy) I';, (3) the dephasing channel (Dph) Fé) 4 h,
(4) the depolarizing channel (DP) I'?”, and (5) the transpose

channel (TP) I'} . Mathematically, their actions are
[ (p) = €992/ o=i00:/2,
Fg(p) — el@GX/Zp e—lOUX/Z’

i 146 1-6
Fé)p (p):Tp+ B 07007,
DP 1-6
Lyt (p) =6p+ tr(p)1,
146 1-6
TPy = — 1Y o
o (o) ) o+ ) P

From the entanglement detection perspective, first of all,
unitary channels detect entangled states without any depen-
dence on rotational angles 6. This is because the SLD quantum
Fisher information is independent of parameter values in
general (see Lemma 1). In contrast, nonunitary channels
do depend on the parameter values 6. In particular, it was
demonstrated that some parameter regions are only useful for
entanglement detection. From examples studied in this paper,
noise level should not be too high; otherwise, output states do
not carry useful information about input states. Comparing the
five channels indicates that TP works better than other channels
and Dph does not perform any function. However, one cannot
say which channel is superior among U,,U,, and DP for the
Bell-diagonal states in general. It always depends on the nature
of the states under study. An interesting question might be the
reverse-engineering question: For a given entangled state p,
is there a quantum channel I'y such that the SLD quantum
Fisher information gy[I'9(p)] > Ngj if and only if state p
is entangled? The example of the transposed channel and
preliminary analysis suggest that another unphysical channel
(not completely positive) could be a candidate. This line of
research may open up another approach on how to quantify
the entanglement from state estimation perspectives. From the
channel-parameter estimation perspective, as demonstrated by
these examples, there are several differences between unitary
channels and nonunitary ones. We first note these nonunitary
channels, except for the transpose channel, are typical noise
models. Estimating the value of noise is also an important issue
for any practical quantum information processing task. It is
rather unexpected that all Bell-diagonal states are useless upon
estimating the dephasing channel. This means separable states
have the best performance when compared to the Bell-diagonal
states. It also happens that most of the Bell-diagonal states do
not provide an advantage for the depolarizing channel since
the entangled region in Fig. 3(a) is rather small. However, as an
important reminder, a specific entangled state is more useful
for a particular channel but not others. For example, the singlet
state, which is a maximally entangled state, is located in the
bottom left corner of Fig. 1(a), and its neighborhood states are
completely useless for unitary channels but are good for the
depolarizing channel.

Next, let us compare the one-parameter family p; . The
results for p;” are summarized in Table I. In Table I, the
symbol ¢ indicates that a channel cannot be used to detect
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TABLEI. Summary of entanglement detection for state p* (1) for
five different channels: two unitary channels (U,,U,), the dephasing
channel (Dph), the depolarizing channel (DPC), and the transpose
channel (TPC). Entanglement region rey(6) is defined in Eq. (17),
and its union is denoted by R.y, defined by Eq. (18). The symbol ¢
represents the empty set. Numerical values are (1 + +/3)/3 ~ 0.91 >
(V17 +1)/8 ~ 0.64 > 1/2.

6 Dependence Fent(6) Ren
U, No /] ?
U, No (A7) (AT 1)
Dph Yes @ 0
DPC Yes (“33{22”7? (20
TPC Yes (M (0), 5=1557) (3.1

entangled states. A,(#) is the second largest solution to the
quartic equation Hy(A) = 0 [Eq. (88)]. Numerically, A,(0)
varies from 1/2 to 1 depending on the value of 6.

As noted before, the rotation around any axis is not
useful for the Werner state p, since SLD quantum Fisher
information about the output states is always zero. As we can
see from Table I, for p; , the rotation around the x axis can
be used to detect entanglement which performs better than the
depolarizing channel. Interestingly, the (unphysical) transpose
channel can detect entangled states better than other examples
analyzed in this paper.

The main difference between unitary channels and nonuni-
tary channels is that SLD quantum Fisher information is 6
independent for the unitary case. This might be an advantage
in a realistic situation if one wishes to detect entangled states
with an unknown unitary channel. From our point of view,
however, this is not a problem since we are willing to detect
entangled states by engineering appropriate quantum channels.

Experimentally, we prepare a family of quantum channels
'y with a controllable parameter 6. We next apply this family
of channels to an unknown multipartite state and perform
a good measurement on the output state. The measurement
results then give probability distributions depending on the
value of the parameter 8. We can then calculate classical
Fisher information, which coincides with the SLD quantum
Fisher information if the measurement is chosen to be the
optimal one. By comparing the value of Fisher information for
multipartite states with the optimal Fisher information for a
single-input state, which is exploited in advance, one can tell
if the states are entangled or not based on the criterion given
in Theorem 1.

Last, we show that for a certain parameter range (low-
noise regime), the depolarizing cannel can be estimated more
efficiently if we use entangled input states. Although we
cannot get the full benefit from entanglement to attain quantum
metrological enhancement, entanglement indeed brings the
estimation error lower than the separable input states. Whether
this effect is significantly important depends on how accurately
one wishes to estimate the value of a parameter of a given
channel. More analysis of other quantum channels as well as
various entangled input states is needed to make any general
statement.
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V. EXTENSION TO NON-i.i.d. QUANTUM CHANNELS:
AN APPLICATION TO OPEN QUANTUM SYSTEMS

So far we have mainly been concerned with only the i.i.d.
extension of quantum channels. In this section, we shall extend
the proposed criterion to the non-i.i.d. case first and then
discuss briefly how to apply it to open quantum systems. The
open quantum system is, in general, described by the dynamics
of a subsystem of a large quantum system, typically a small
system coupled with another large quantum system (bath).
Mathematically, it can be described by the Lindblad-type
master equation. Many such dynamics in open quantum
systems cannot be written as the i.i.d.-extended form of a single
channel, but rather take a more general expression. It is clear
that if a given quantum noise is capable of generating entangled
states, one cannot use this channel to detect entanglement
contained in an input state. Therefore, we study a restricted
class of quantum noises that does not create any entangled
states from any separable state in the following.

Let 'y be a quantum channel from quantum states on
HN :==H, ® Ha ® - - - ® Hy to itself. We say that a quantum
channel is separable if all separable states remain separable
under the action of this channel. We consider a further
restricted class of separable channels such that all product
states remain product states. We call these channels completely
separable, meaning that they do not create any classical
correlation. Mathematically, a completely separable quantum
channel I"*P satisfies the following condition: For all possible
states p) € S(H;), there exist some output states o) e
S(H;) such that

@M =0Vge?g...0 o™
C2))

FSEP(IO(I) ® 10(2) Q-

holds.

When considering completely separable channels, we have
the following theorem.

Theorem 3. Consider a completely separable channel I'y :
S(HY) — S(H") parametrized by a single parameter 6. Let
g, (I'g) be the largest value of SLD quantum Fisher information
defined by

') ;= max max Tr
8l i pWeS(H;) j#i

{1’*0(,0(1) R - (l)® ®,0(N))}, (92)

with ngu being the completely mixed state on ;. For each
value 6, if a density operator p on S(H") is separable, then the
SLD quantum Fisher information gy[T"¢(p)] is smaller than or
equal to the value Ng;(I's).

The proof of this theorem goes exactly the same as that for
Theorem 1 as follows.

Proof. Consider arbitrary separable states on S(H™) of the
form

(2) R - ® IO(N) (93)

1
Psep = ZP;P,( )

042306-12



ENTANGLEMENT DETECTION AND PARAMETER ...

Then, we have the following inequalities:

g@[rf-)(losep)] = 8o |:Z pils (,01.(1) R--Q pi(N))j|

g [Z pol©)®- pgﬁ)(@)}
<Y sl @ ® - ® 06
= pi )]0y, )]

i k
<) pi)_ gl

i k

= Ngg[Tel.

The first inequality follows from the convexity of SLD
quantum Fisher information. The second inequality follows
from the definition of g;[I'y] and the identification g;(I'y) =
max; max i golog (6)]. |

As a note, it is possible to generalize the above theorem
to any separable channel with additional terms. Details of the
general formalism will be presented elsewhere together with
examples.

Example: N-qubit master equation

To gain insight into the result of Theorem 3, let us consider
an open quantum system of N qubits described by the
following Lindblad master equation:

d 1 LS o
50 =ilp@, Hyl = 23> wi[le), o], 7],

i=1 j=1
%94)

where Hy = 1 > 063(') is the free Hamiltonian describing a
global rotation about an angle 0, y; are the damping parameters
that may depend on the parameter of interest 6, and a;’) =
I® - -®0; ®---®I1is the jth Pauli matrix for the ith qubit
system. This kind of master equation has been investigated by
several authors under the name of noisy quantum metrology
(see, for example, Ref. [45]). It is straightforward to see that
the solution to this master equation is regarded as a completely
separable channel for a given initial state. Thus, we can apply
Theorem 3 to detect entanglement even in the presence of
quantum noises described by the above master equation. The
quantity g;[I"s] for this channel is calculated by

g9llel = max gq[py(1)], 95

poeS(CT)

where pg(¢) is the solution to the master equation for the single-
qubit system:

9 1 1<
Epe(f) = i|:,00(f), 5903] 1 ;Vj[[,oe(t),aj] .0l

(96)

with the initial state p(t = 0) = py.
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The master equation (96) can be solved analytically, but the
resulting SLD quantum Fisher information gets complicated
in general, in particular when the damping coefficients depend
on 6. Below we consider an isotropic noise y; = y» = y3 = ¥,
and y is independent of 8 to simplify the result. In this case,
the obtained maximum SLD quantum Fisher information over
all possible initial states is

gl[Ty] =12 e 2V! 97)

at some later time ¢. Thus, the proposed criterion to detect
entangled states is as follows. For a given initial state py on
S(H®N) with H = C?, py is entangled if the inequality

golpo()] > N2 e~ 2V1 98)

holds for later time ¢. Here py(¢) is the solution to the master
equation (94) with the initial state py. Here two remarks on
this result are in order.

First, the above criterion seems counterintuitive at first
sight. Since the right hand becomes exponentially small for
fixed N as the time ¢ increases, this criterion states that almost
all states with nonzero SLD quantum Fisher information at
the later time are entangled. A simple explanation for this
observation is that as time grows, the solution to the master
equation (96) approaches the 6-independent state, typically to
the completely mixed state, for any initial state. It is then clear
that the amount of SLD quantum Fisher information decreases
in time as well. Therefore, the inequality (98) still provides
useful information to detect entangled states.

The second remark is that the above criterion can be
weakened by replacing exp(—2yt) by 1 [note exp(—2yt) < 1
holds for all # > 0]. This provides a valid criterion by applying
the approximation criterion discussed in Sec. III C 2. Hence, if
the simplified inequality

golps()] > Nt* (99)

holds, then state py is entangled. This reduction is, of course,
not surprising because of the monotonicity of quantum Fisher
information. That is, the effect of the above master equation
is equivalent to applying a channel I',, . It is then clear that all
separable states satisfy the following inequality:

20 (T, {U20)0wp[UZO)]']) < 20{U20)0uep[U2)]'].
(100)

Since the right-hand side is bounded by 2, we can verify
the criterion (99) after rescaling the phase parameter 6 —
0t. Criterion (99) is certainly simple; in particular, it is
independent of the external noise parameter y. However, it
is obvious that this weaker version becomes useless for the
large-7 regime. More importantly, the monotonicity argument
cannot be applied if quantum noise depends on the parameter
6 itself, whereas our Theorem 3 is still valid in such a case.

As an example, we now study the time evolution of the
N-qubit Greenberger-Horne-Zeilinger state,

L
V2

under the master equation (94). In the absence of quantum
noise, it is well known that this state is an optimal input

(10)®Y + 1))

[Yn) = (101)
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SLD Fisher Information / N

FIG. 5. The SLD quantum Fisher information per number of
qubits (in units of ¢?) as a function of time (in units of y~!) for
N = 2,3,4,5,6,7 qubits (from the dotted line to the dashed lines). The
black solid line shows the entanglement criterion due to inequality
(99), and the dash-dotted curve shows the one from inequality (98).
The inset magnifies these curves near crossing points.

state upon estimating the rotation angle 6, and its SLD
quantum Fisher information is gg[¥y] = (Nt)?. Solutions for
the isotropic noise case can be found analytically, and in the
following we only show the SLD quantum Fisher information
for up to seven qubits. It is independent of the parameter 6 and
is given by

g = —(Ntz
pn(e YD)
where the functions py(s) are
pa(s) = 5(1 +5),
pa(s) = (1 +3s),
pa(s) = g(1+ 65 +5%),
ps(s) = 76(1 + 105 + 55%),
pe(s) = 31—2(1 + 155 + 155% + s3),

pr(s) = &1+ 21s + 355> 4+ 757).

e—2VNT, (102)

The physical meaning of py( vt ) is a residual component
of the subspace spanned by [0)®V,|1)®V at the later time.
Thus, py(1) = 1 (t = 0) and lim,_, o py(e~471) = 2-=1
hold. Figure 5 provides numerical plots of the above SLD
quantum Fisher information together with two entanglement
detection criteria. The first one is our contribution (98), and the
second is the approximated one (99). We plot the SLD quantum
Fisher information per number of qubits (in units of ¢?) as a
function of time (in units of y’l) for N = 2,3,4,5,6,7 qubits
(from the dotted line to the dashed lines). The dash-dotted line
corresponds to the criterion (98), and the solid line shows (99).
The inset in Fig. 5 magnifies these curves near the crossing
points.

It is clear that useful entanglement vanishes after a
typical decoherence time ~O(y~!). For the two-qubit
case, the threshold time detected by the criterion (98) is
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yt = —In(2 — +/3)/2 ~ 0.658. However, a gap exists be-
tween the two criteria, and the approximated one failed
to detect entanglement even though there is still useful
entanglement. Another observation is a tendency for this gap
to become smaller as the number of qubits increases. This is
because the more qubits the state is composed of, the faster
states decohere in the noise described by Eq. (94) in general.

In the experiment reported in Ref. [7], the authors applied
the weaker version of the entanglement criterion even though
non-negligible decoherence effects are present. The above
simple example implies that a stronger criterion can be applied
to their experimental data by analyzing the effects of quantum
noises to detect entangled states faithfully.

VI. CONCLUSION

We have derived a general criterion to detect entanglement
based on the SLD quantum Fisher information for any one-
parameter family of quantum channels. This criterion includes
all previously known criteria based on the SLD quantum Fisher
information or other variants. One of the main messages is that
our formulation is free of specific channels such as unitary
channels. The second important finding is the revelation of
the general structure behind this sort of entanglement criterion
based on quantum Fisher information, which was presented in
Sec. I C 4.

We have applied our criterion to detect entanglement in the
Bell-diagonal states based on the unitary channel, dephasing
channel, depolarizing channel, and transpose channel and
have analyzed them in detail. Our result shows that even the
depolarizing channel can be used to detect entangled states for
a certain parameter range. To put it differently, entanglement
is still useful for lowering the estimation errors even though
channels cannot be estimated with quantum metrological
enhancement.

In the last section, we derived a more general criterion
that can be applied to the setting of estimation of the channel
parameter in a certain class of open quantum systems, that is,
to detect entanglement in the input state even though states
are affected by some unavoidable quantum noise. The only
requirement is that a given quantum noise does not create any
entanglement for any separable states. Then, the formalism can
be straightforwardly extended to this class of open quantum
systems, which is described by a quantum master equation.
As an example, we briefly discussed how to apply it to the
multiqubit case (from two to seven qubits) in the presence of
a coupling to an environment, which is described by a simple
Lindblad equation. It was demonstrated that our criterion
provides a stronger one than the previous one. A more detailed
discussion of entanglement detection in open quantum systems
deserves further studies, and it will be analyzed in due course.

ACKNOWLEDGMENTS

The author would like to thank M. Hayashi for bringing
his attention to Refs. [25,46]. He also acknowledges useful
discussions with participants at the 14th Asian Quantum
Information Science Conference (AQIS14), where a part of
results of this paper was presented.

042306-14



ENTANGLEMENT DETECTION AND PARAMETER ...

[1] V. Giovannetti, S. Lloyd, and L. Maccone, Nat. Photonics §, 222
(2011).

[2] G. Téth and 1. Apellaniz, J. Phys. A 47, 424006 (2014).

[3] R. Demkowicz-Dobrzanski, M. Jarzyna, and J. Kolodynski,
Prog. Opt. 60, 345 (2015).

[4] L. Pezzé and A. Smerzi, in Atom Interferometry, edited by
G. M. Tino and M. A. Kasevich (I0S Press, Amsterdam, 2014).

[5S] L. Pezzé and A. Smerzi, Phys. Rev. Lett. 102, 100401
(2009).

[6] R. Krischek, C. Schwemmer, W. Wieczorek, H. Weinfurter, P.
Hyllus, L. Pezz¢é, and A. Smerzi, Phys. Rev. Lett. 107, 080504
(2011).

[7] H. Strobel, W. Muessel, D. Linnemann, T. Zibold, D. B. Hume,
L. Pezzé, A. Smerzi, and M. K. Oberthaler, Science 345, 424
(2014).

[8] P. Hyllus, L. Pezzé, and A. Smerzi, Phys. Rev. Lett. 105, 120501
(2010).

[9] P. Hyllus, W. Laskowski, R. Krischek, C. Schwemmer, W.
Wieczorek, H. Weinfurter, L. Pezz¢, and A. Smerzi, Phys. Rev.
A 85, 022321 (2012).

[10] G. Téth, Phys. Rev. A 85, 022322 (2012).

[11] N. Li and S. Luo, Phys. Rev. A 88, 014301 (2013).

[12] L. Pezzé, Y. Li, W. Li, and A. Smerzi, arXiv:1512.06213.

[13] C. W. Helstrom, Quantum Detection and Estimation Theory
(Academic, New York, 1976).

[14] H. Yuen and M. Lax, IEEE Trans. Inf. Theory 19, 740 (1973).

[15] A. S. Holevo, Probabilistic and Statistical Aspects of Quantum
Theory, 2nd ed (Edizioni della Normale, Pisa, 2011).

[16] Asymptotic Theory of Quantum Statistical Inference: Selected
Papers, edited by M. Hayashi (World Scientific, Singapore,
2005).

[17] M. Hayashi, Quantum Information: An Introduction (Springer,
Berlin, 2006).

[18] A. Fujiwara, Phys. Rev. A 63, 042304 (2001).

[19] A. Fujiwara and H. Imai, J. Phys. A 36, 8093 (2003).

[20] Z.Ji, G. Wang, R. Duan, Y. Feng, and M. Ying, IEEE Trans. Inf.
Theory 54, 5172 (2008).

[21] M. A. Nielsen and I. L. Chuang, Phys. Rev. Lett. 79, 321 (1997).

[22] A. Fujiwara and H. Imai, J. Phys. A 41, 255304 (2008).

[23] K. Matsumoto, arXiv:1005.4759.

[24] R. Demkowicz-Dobrzanski, J. Kotodynski, and M. Gutd, Nat.
Commun. 3, 1063 (2012).

[25] M. Hayashi, Commun. Math. Phys. 304, 689 (2011).

[26] There are examples where entanglement is not necessary to
attain the Heisenberg limit if one considers a different figure of
merit or when one considers the optical quantum metrology, i.e.,

PHYSICAL REVIEW A 94, 042306 (2016)

the system with n photon states [47]. Here we will not consider
such cases.

[27] A. Fujiwara and H. Nagaoka, Phys. Lett. A 201, 119 (1995).

[28] D. Petz, Quantum Information Theory and Quantum Statistics
(Springer, Berlin, 2008).

[29] T. Y. Young, Inf. Sci. 9, 25 (1975).

[30] H. Nagaoaka, in Asymptotic Theory of Quantum Statistical
Inference: Selected Papers, edited by M. Hayashi (World
Scientific, Singapore, 2005), Chap. 9.

[31] S. L. Braunstein and C. M. Caves, Phys. Rev. Lett. 72, 3439
(1994).

[32] As Hayashi [25] pointed out, the condition of locally unbiased
estimators is not sufficient when a channel can be estimated
quantum metrologically. In this case, one should avoid artificial
estimators, and one possible solution is to look for locally
asymptotic min-max estimators. See also discussion in Ref. [46].

[33] A. Fujiwara, J. Phys. A 39, 12489 (2006).

[34] R. Okamoto, M. Iefuji, S. Oyama, K. Yamagata, H. Imai,
A. Fujiwara, and S. Takeuchi, Phys. Rev. Lett. 109, 130404
(2012).

[35] M. Hayashi and K. Matsumoto, in Asymptotic Theory of
Quantum Statistical Inference: Selected Papers, edited by M.
Hayashi (World Scientific, Singapore, 2005), Chap. 13.

[36] O. E. Barndorff-Nielsen and R. D. Gill, J. Phys. A 33, 4481
(2000).

[37] 1. Csiszér and P. C. Shields, Information Theory and Statistics:
A Tutorial (Now Publishers, Boston-Delft, 2004).

[38] V. Giovannetti, S. Lloyd, and L. Maccone, Phys. Rev. Lett. 96,
010401 (20006).

[39] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).

[40] O. Gohne and G. Téth, Phys. Rep. 474, 1 (2009).

[41] The parameter can also be extended to ® = (—1/3,1) where the
channel is still CP-TP, but we see this extended region is not
useful for detecting entanglement.

[42] M. Sasaki, M. Ban, and S. M. Barnett, Phys. Rev. A 66, 022308
(2002).

[43] D. Collins and J. Stephens, Phys. Rev. A 92, 032324
(2015).

[44] T. C. Bschorr, D. G. Fischer, and M. Freyberger, Phys. Lett. A
292,15 (2001).

[45] R. Chaves, J. B. Brask, M. Markiewicz, J. Kotodyriski, and A.
Acin, Phys. Rev. Lett. 111, 120401 (2013).

[46] M. Hayashi, arXiv:1209.3463.

[47] T. Tilma, S. Hamaji, W. J. Munro, and K. Nemoto, Phys. Rev.
A 81, 022108 (2010).

042306-15


http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1038/nphoton.2011.35
http://dx.doi.org/10.1088/1751-8113/47/42/424006
http://dx.doi.org/10.1088/1751-8113/47/42/424006
http://dx.doi.org/10.1088/1751-8113/47/42/424006
http://dx.doi.org/10.1088/1751-8113/47/42/424006
http://dx.doi.org/10.1016/bs.po.2015.02.003
http://dx.doi.org/10.1016/bs.po.2015.02.003
http://dx.doi.org/10.1016/bs.po.2015.02.003
http://dx.doi.org/10.1016/bs.po.2015.02.003
http://dx.doi.org/10.1103/PhysRevLett.102.100401
http://dx.doi.org/10.1103/PhysRevLett.102.100401
http://dx.doi.org/10.1103/PhysRevLett.102.100401
http://dx.doi.org/10.1103/PhysRevLett.102.100401
http://dx.doi.org/10.1103/PhysRevLett.107.080504
http://dx.doi.org/10.1103/PhysRevLett.107.080504
http://dx.doi.org/10.1103/PhysRevLett.107.080504
http://dx.doi.org/10.1103/PhysRevLett.107.080504
http://dx.doi.org/10.1126/science.1250147
http://dx.doi.org/10.1126/science.1250147
http://dx.doi.org/10.1126/science.1250147
http://dx.doi.org/10.1126/science.1250147
http://dx.doi.org/10.1103/PhysRevLett.105.120501
http://dx.doi.org/10.1103/PhysRevLett.105.120501
http://dx.doi.org/10.1103/PhysRevLett.105.120501
http://dx.doi.org/10.1103/PhysRevLett.105.120501
http://dx.doi.org/10.1103/PhysRevA.85.022321
http://dx.doi.org/10.1103/PhysRevA.85.022321
http://dx.doi.org/10.1103/PhysRevA.85.022321
http://dx.doi.org/10.1103/PhysRevA.85.022321
http://dx.doi.org/10.1103/PhysRevA.85.022322
http://dx.doi.org/10.1103/PhysRevA.85.022322
http://dx.doi.org/10.1103/PhysRevA.85.022322
http://dx.doi.org/10.1103/PhysRevA.85.022322
http://dx.doi.org/10.1103/PhysRevA.88.014301
http://dx.doi.org/10.1103/PhysRevA.88.014301
http://dx.doi.org/10.1103/PhysRevA.88.014301
http://dx.doi.org/10.1103/PhysRevA.88.014301
http://arxiv.org/abs/arXiv:1512.06213
http://dx.doi.org/10.1109/TIT.1973.1055103
http://dx.doi.org/10.1109/TIT.1973.1055103
http://dx.doi.org/10.1109/TIT.1973.1055103
http://dx.doi.org/10.1109/TIT.1973.1055103
http://dx.doi.org/10.1103/PhysRevA.63.042304
http://dx.doi.org/10.1103/PhysRevA.63.042304
http://dx.doi.org/10.1103/PhysRevA.63.042304
http://dx.doi.org/10.1103/PhysRevA.63.042304
http://dx.doi.org/10.1088/0305-4470/36/29/314
http://dx.doi.org/10.1088/0305-4470/36/29/314
http://dx.doi.org/10.1088/0305-4470/36/29/314
http://dx.doi.org/10.1088/0305-4470/36/29/314
http://dx.doi.org/10.1109/TIT.2008.929940
http://dx.doi.org/10.1109/TIT.2008.929940
http://dx.doi.org/10.1109/TIT.2008.929940
http://dx.doi.org/10.1109/TIT.2008.929940
http://dx.doi.org/10.1103/PhysRevLett.79.321
http://dx.doi.org/10.1103/PhysRevLett.79.321
http://dx.doi.org/10.1103/PhysRevLett.79.321
http://dx.doi.org/10.1103/PhysRevLett.79.321
http://dx.doi.org/10.1088/1751-8113/41/25/255304
http://dx.doi.org/10.1088/1751-8113/41/25/255304
http://dx.doi.org/10.1088/1751-8113/41/25/255304
http://dx.doi.org/10.1088/1751-8113/41/25/255304
http://arxiv.org/abs/arXiv:1005.4759
http://dx.doi.org/10.1038/ncomms2067
http://dx.doi.org/10.1038/ncomms2067
http://dx.doi.org/10.1038/ncomms2067
http://dx.doi.org/10.1038/ncomms2067
http://dx.doi.org/10.1007/s00220-011-1239-4
http://dx.doi.org/10.1007/s00220-011-1239-4
http://dx.doi.org/10.1007/s00220-011-1239-4
http://dx.doi.org/10.1007/s00220-011-1239-4
http://dx.doi.org/10.1016/0375-9601(95)00269-9
http://dx.doi.org/10.1016/0375-9601(95)00269-9
http://dx.doi.org/10.1016/0375-9601(95)00269-9
http://dx.doi.org/10.1016/0375-9601(95)00269-9
http://dx.doi.org/10.1016/0020-0255(75)90016-X
http://dx.doi.org/10.1016/0020-0255(75)90016-X
http://dx.doi.org/10.1016/0020-0255(75)90016-X
http://dx.doi.org/10.1016/0020-0255(75)90016-X
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1103/PhysRevLett.72.3439
http://dx.doi.org/10.1088/0305-4470/39/40/014
http://dx.doi.org/10.1088/0305-4470/39/40/014
http://dx.doi.org/10.1088/0305-4470/39/40/014
http://dx.doi.org/10.1088/0305-4470/39/40/014
http://dx.doi.org/10.1103/PhysRevLett.109.130404
http://dx.doi.org/10.1103/PhysRevLett.109.130404
http://dx.doi.org/10.1103/PhysRevLett.109.130404
http://dx.doi.org/10.1103/PhysRevLett.109.130404
http://dx.doi.org/10.1088/0305-4470/33/24/306
http://dx.doi.org/10.1088/0305-4470/33/24/306
http://dx.doi.org/10.1088/0305-4470/33/24/306
http://dx.doi.org/10.1088/0305-4470/33/24/306
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1103/PhysRevLett.96.010401
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1016/j.physrep.2009.02.004
http://dx.doi.org/10.1103/PhysRevA.66.022308
http://dx.doi.org/10.1103/PhysRevA.66.022308
http://dx.doi.org/10.1103/PhysRevA.66.022308
http://dx.doi.org/10.1103/PhysRevA.66.022308
http://dx.doi.org/10.1103/PhysRevA.92.032324
http://dx.doi.org/10.1103/PhysRevA.92.032324
http://dx.doi.org/10.1103/PhysRevA.92.032324
http://dx.doi.org/10.1103/PhysRevA.92.032324
http://dx.doi.org/10.1016/S0375-9601(01)00781-2
http://dx.doi.org/10.1016/S0375-9601(01)00781-2
http://dx.doi.org/10.1016/S0375-9601(01)00781-2
http://dx.doi.org/10.1016/S0375-9601(01)00781-2
http://dx.doi.org/10.1103/PhysRevLett.111.120401
http://dx.doi.org/10.1103/PhysRevLett.111.120401
http://dx.doi.org/10.1103/PhysRevLett.111.120401
http://dx.doi.org/10.1103/PhysRevLett.111.120401
http://arxiv.org/abs/arXiv:1209.3463
http://dx.doi.org/10.1103/PhysRevA.81.022108
http://dx.doi.org/10.1103/PhysRevA.81.022108
http://dx.doi.org/10.1103/PhysRevA.81.022108
http://dx.doi.org/10.1103/PhysRevA.81.022108



