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The states of three-qubit systems split into two inequivalent types of genuine tripartite entanglement,
namely, the Greenberger-Horne-Zeilinger (GHZ) type and the W type. A state belonging to one of these
classes can be stochastically transformed only into a state within the same class by local operations and
classical communications. We provide local quantum operations, consisting of the most general two-outcome
measurement operators, for the deterministic transformations of three-qubit pure states in which the initial and
the target states are in the same class. We explore these transformations, originally having standard GHZ and
standard W states, under the local measurement operations carried out by a single party and p (p = 2, 3) parties
(successively). We find a notable result that the standard GHZ state cannot be deterministically transformed to a
GHZ-type state in which all its bipartite entanglements are nonzero, i.e., a transformation can be achieved with
unit probability when the target state has at least one vanishing bipartite concurrence.
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I. INTRODUCTION

Quantum entanglement, as a bizarre nonclassical correla-
tion, took its first steps into quantum theory in the works of
Einstein et al. [1] and Schrédinger [2]. Since then entangle-
ment theory has flourished along with quantum information
theory [3,4], and it has its roots in a wide range of excep-
tional discoveries such as quantum teleportation [5], dense
coding [6], quantum cryptography [7], and remote state prepa-
ration [8]. Furthermore, over the past two decades, various
studies have been presented to characterize different types of
nonclassical correlations, and entanglement is still the most
remarkable among all these. This assessment is due to the
high performance that entanglement shows when used as a
resource.

The use of entanglement as a resource [3,4] in quantum
information and quantum computation requires its quantifica-
tion, characterization, and manipulation. Currently, bipartite
entanglement is pretty well understood from all these aspects
indeed, however, many problems are waiting to be solved for
multipartite entanglement. Furthermore, since multipartite en-
tanglement consists of resource states, it outperforms bipartite
entanglement [9—11] in a number of different scenarios. In this
respect, entanglement manipulation of multipartite pure states
by local operations and classical communications (LOCC),
i.e., free operations in the context of the resource theory
of entanglement [12,13], is frequently seen as one of the
fundamental tasks that has been widely studied in the theory
of quantum information.

Traditionally, the deterministic transformation of quantum
states is very important: If the initial state |i/) can be deter-
ministically transformed to a state |¢), then any information
task that can be done by |¢) can also be done by |¢). In
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particular, deterministic transformations can also be used to
define an ordering on quantum states. Nielsen [14] used the
theory of majorization and found the necessary and sufficient
conditions for deterministic transformations of bipartite pure
states, and some explicit protocols for these transformations
were introduced in Ref. [15]. In the multipartite case, however,
the problem of the manipulation of entangled states becomes
much more complicated because there are many different
classes of states, even for qubits, which cannot be converted
into each other by stochastic local operations and classical
communications (SLOCC) [16-18]. In the three-qubit case,
the two different SLOCC class states are Greenberger-Horne-
Zeilinger (GHZ) class and W class states. A general treatment
for deterministic transformations of these states can be found
in Refs. [19-21], and optimal probabilistic transformations
were presented in Refs. [22-27].

The notion of a maximally entangled set (MES) [28],
which is useful for insight into quantum state transforma-
tions, is the minimal set of states such that any other state
can be deterministically obtained from states in the MES
by LOCC. The MES can fairly be considered as the most
useful set of states for applications. It was also shown in
Ref. [28] that the MES is of measure zero for three-qubit
states and deterministic transformations are almost never
possible among fully entangled four-partite states, i.e., the
MES is of full measure for four-qubit states [29]. In general,
LOCC transformations are not the largest set of operations
which do not create entanglement. Hence it is reasonable
to define a mathematically more manageable larger class of
operations which do not create entanglement. An example
is the transformation by separable operations [30,31] which
constitute a necessary but not sufficient condition for the
existence of LOCC transformations. It was shown [32] that
if the initial state |¥) and final state |¢) are three-qubit pure
states in the GHZ class then |i{) can be transformed to |¢)
by separable operations if and only if |{) can be transformed
to |¢) by deterministic LOCC. For tripartite qutrit states,
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however, Hebenstreit et al. [33] presented an example of state
transformation which is possible by separable operations but
not by LOCC. Furthermore, researchers [34] introduced a
general resource theory of multipartite entanglement with two
possible free operations: full-separability-preserving (FSP)
operations and biseparability-preserving (BSP) operations.
They showed that, although it is possible to obtain a transfor-
mation between different SLOCC classes by FSP operations
for three-qubit states, there is no MES from which every state
can be deterministically obtained by FSP operations. It was
also shown that the generalized GHZ state is the MES under
the BSP transformations of genuinely multipartite entangled
states. Recent studies showed that, apart from the three-qubit
case, nontrivial deterministic LOCC transformations among
generic, fully entangled pure states are almost never possi-
ble [35,36], i.e., almost no multipartite states can be either
reached or deterministically converted into any other.

Even though extensive studies have been done on the
LOCC transformations of multipartite states, the number of
explicit protocols for these transformations is still very limited
due to the large numbers of parameters in the measurement
operations, even for the simplest multipartite case, i.e., three
qubits. To overcome this difficulty we use the equivalence
classes of operators which were presented and used in [27].
Providing a simple and practical protocol for the deterministic
transformations of three-qubit entangled pure states is the
subject of this paper.

In this paper we first introduce an explicit and compre-
hensive protocol for the deterministic LOCC transformations
of a GHZ-type state into another GHZ-type state. To assess
whether and how the standard GHZ state is transformed into
a GHZ-type state deterministically, we use the most general
local quantum operations: canonical operators for three-qubit
systems. Importantly, we reveal that all GHZ class states,
except the ones where all three bipartite concurrences are
nonzero, can be obtained by deterministic transformations of
the standard GHZ state. After that, we present local quantum
operations which allow three particles to transform a W-
type state into another W-type state in three steps with unit
probability. These operations again consist of the most general
two-outcome measurement operators. We also apply the same
protocol to the standard W state to show how it is transformed
into a general W-type state.

The rest of the paper proceeds as follows. In Sec. II we
recall some definitions for three-qubit pure states and their
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entanglement parameters. We provide the local measurement
operators for the deterministic transformations of a GHZ-type
state into another GHZ-type state in Sec. III. We then present
in Sec. IV the local measurement operators for the determin-
istic transformations of a W-type state into another W-type
state. In Sec. V we conclude our work with a summary.

II. THREE-QUBIT PURE STATES

This section contains some definitions for key terms of
three-qubit pure states and their entanglement parameters that
are needed for a clear understanding of the presented work.
Let us commence with the canonical form of three-qubit pure
states. Following the approach presented in Refs. [37,38],
one can express the canonical form of three-qubit pure states
such that

1) = 20|00 + A1¢]100) + A2]101) + 23] 110)

where the coefficients A; satisfy Z?:o A7 = 1.Itis well known
that if two arbitrary states |¢) and |¢p) are related by local
unitaries, i.e., if these two states are local unitary equivalent
(LUE), then they are equal (mostly written [) ~ |¢)) from
the information-theoretic point of view. When deterministic
transformations of entangled pure states are investigated, the
LUE forms of entangled pure states constitute one of the most
crucial points of the whole process. In two-qubits case, for in-
stance, the maximally entangled pure state (|00) + |11))/ V2
can be transformed into the state a|00) + b|11) with unit prob-
ability. A two-outcome measurement, carried out by one of
the parties, with the measurement operators a|0) (0] + b|1)(1]
and b|0)(0| 4+ a|1)(1] yields one of the states a|00) 4 b|11)
and b|00) + a|11), respectively. These two states are LUE
under the unitary transformation |0) <> |1) on both qubits.
Thus, having a LUE form of the target state in a deterministic
transformation makes the problem easier to examine. In this
sense, a LUE form of the state (1) was presented in Ref. [27],

[’y = 241000 + A€ [100) + A5|101) + A5[110)
+ A4/ 111), A >0, 2

where the coefficients A satisfy Y+, A = 1, as usual. As
introduced in Ref. [27], local unitary equivalence of the
states (1) and (2) implies
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As one knows, two arbitrary three-qubit pure states are LUE if and only if their entanglement parameters are the same. In this
way, the unitary invariants, entanglement parameters, can be found to be

Cac = 20\, = 2hoha,

Cap = 2X)\y = 2h0h3,

Cpe = 2|MAs — e MM, = 2|hahs — €A Aql,
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where 7 is a three-tangle and Cup is the concurrence (bipartite
entanglement) between the qubits A and B [39], etc. Apart
from these, a phase of the entanglement was introduced in
Ref. [19] such that

AChe 4+ 23Chp — AT

COS @5 = ,
vs CaCacCpc

ps€[0,7]. (5

Here the phase ¢s is read as the entanglement phase (EP)
and it becomes indefinite when C4gCscCpc = 0. Thus a state
whose entanglement phase @5 is definite has been referred
to as an EP-definite state and a state whose entanglement
phase ¢s is indefinite has been referred to as an EP-indefinite
state [19].

Essentially, two arbitrary states |y) and |¢) are considered
to be in the same class if there is a nonzero probability of
success for both transformations [{) — |¢) and |¢p) — |¢)
through SLOCC. In the three-qubit case, there are two classes
of genuine tripartite entangled states which cannot be con-
verted into each other by SLOCC, namely, GHZ and W class
states [16,17]. If the three-tangle is nonzero, then the three-
qubit state is of the GHZ class. However, if the three-tangle is
zero and the reduced density matrices ps = Trpc|¥ ) (¥, pB,
and pc have rank 2, then the state |{) is a W-type state. A
general three-qubit W-type state is given by

[Yw) = Aol000) + A1]100) + A,|101) + A3|110),  (6)

where all the bipartite entanglements are nonzero and t =
0, ie., ;>0 for i =0,2,3 and A; > 0. Additionally, the
standard GHZ state is given by

1
|GHZ) = —(]000) + [111)) 7
V2
and the standard W state is given by
1
[W) = —(]001) + ]010) 4 [100})). ®)
V3

These two states are completely inaccessible to each other by
means of SLOCC.

To establish an effective protocol, it is crucial to start with
suitable measurement operators. The complexity of the opti-
mal transformation of n-qubit (n > 3) systems is due to local
quantum operations having vast numbers of parameters. The
most general local measurement operators acting on qubits are
2x2 complex matrices

M = y1€®[0)(0] + y2¢™[0) (1] + y3¢™ |1)(0]
+ yae® | 1)(1], ©)

where y; > 0 and §; € [0, 2rr) for k = 1, 2, 3, 4. Two opera-
tors M and M’ are in the same equivalence class (M = M) if
they both transform states in one equivalence class to states
in some other equivalence class with the same probability
of success. In this context, the equivalence classes of local
measurements, which allows one to write the operators with
the minimal number of parameters, were defined in Ref. [27].
Throughout this paper, while the use of the canonical op-
erators, i.e., the most general local measurement operators,
simplifies the state transformations, the canonical forms of

local measurement operators [27] will be used. These are
given by

My, = apol0)(0] + aroee™ [1)(0] + arx|1) (1], (10)
Mp, = book|0)(0] + boe™ [0) (1] + brix|1) (1], (11)
Mc, = coor|0) (0] + core™ 10) (1] + criel (1] (12)

for the parties A, B, and C, respectively. Here 6, € [0, 2m)
(x=a,b,c) and all the coefficients are real. It is im-
portant to stress that to be able to apply a deterministic
LOCC transformation to a given state, all the outputs are
supposed to be LUE. We have two LUE states given in
Egs. (1) and (2); therefore, it is required to focus on a general
two-outcome local operation for the desired deterministic
transformations. To recap, the key ingredient for the protocol
described in this paper is determining the right threshold;
we will consider a general two-outcome measurement of the
form (10)—(12), and these operations yield two states |&;) and
|&2) which are LUE (|§1) ~ [2)).

III. TRANSFORMATIONS OF GHZ-TYPE STATES

We now proceed to examine the deterministic LOCC trans-
formations of three-qubit GHZ-type states. We will discuss
this problem in Secs. III A-IIIC, each concerned with a
certain final state. More specifically, in Sec. IIT A the target
state has only one nonzero bipartite entanglement and in
Sec. III B the target state has two nonzero bipartite entan-
glements. Section IIIC addresses the final state where all
bipartite entanglements are nonzero.

A. States with only one nonzero bipartite entanglement:
Local measurements by a single party

The transformation under scrutiny is the following. We
initially have the standard GHZ state given in Eq. (7) and
aim to obtain a GHZ-type state, which has only one nonzero
bipartite entanglement, via local quantum operations. There
are three GHZ-type states with only one nonzero bipartite
entanglement:

20/000) + A1100) + Ag|111), Cpe = 2M1hs,  (13)

201000) + 2] 101) + A4111), Cac = 2Aoha,  (14)

20/000) + A3]110) 4+ As|111), Cup = 2hors.  (15)

The local operations carried out by a single party suffice to
achieve the desired transformations. Suppose that the party g
performs a local operation, consisting of a set of measurement
operators {M,, }, to the GHZ state given in Eq. (7). Then the
output states are obtained such that

M,,|GHZ)
VI

where p; = (GHZ|M;’quk|GHZ). The measurement opera-
tors satisfy the normalization relation ), M;quk = I, where
I denotes the identity operator. It should be noted that in
Eq. (16), while the party ¢ carries out a local measurement,
the other two parties do not perform any measurement on their

|1/’k>= q=A9B7C7 (16)
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respective systems, e.g., for ¢ = B Eq. (16) should be read as
(I ® Mp, ® I)|GHZ)/.,/px. In the following we will present
the set of measurement operators {M,,} for parties A, B, and
C successively.

First, consider a general two-outcome local operation on
the first qubit of the state given in Eq. (7) with the measure-
ment operators given by

My, = 20l0)(0] 4+ A1) (0] + Aa[ 1) (1], a7
My, = 2pl0)(0] — A5 [1){0] + A4 1) (1], (18)

where A = Ao/k, A = Ai/ic, M) = Kha, k = VA2 + A2 /da,
and Zi:l M,ZkMAk = 1. The state after the measurements
performed by party A, i.e., [Yx) = (Ma, ® I ® I)|GHZ) /. /px,
will be one of the states

Y1) = %0/000) + A;[100) + 24| 111), (19)
[Y2) = 451000) — A7[100) + 25[111), (20)

with probabilities p; = (GHZ|MLMAk|GHZ) =1/2 for k =
1, 2. The states given in Egs. (19) and (20) are LUE. The local
unitary transformations

=Ml — ingoy

Uy = ,
VA + A

on the qubits A, B, and C, respectively, will transform the
state [y,) into the state |Y): (Us @ Up ® Uc)|yn) = [1).
Here o, = |0)(1] + [1)(0], oy = —i|0)(1] 4+ i[1)(0], and o, =
|0)(0] — |1)(1] are the Pauli matrices. While all bipartite
entanglements are initially zero, by the measurement on the
first qubit, the bipartite entanglement between the second
and third qubits becomes nonzero (Cgc = 2A1A4). However,
the bipartite entanglements between the first qubit and the
other two qubits is still zero (Cqp = Csc = 0). In other
words, the measurement carried out by party A has no effect
on the bipartite entanglements between particles A — B and
A—C.

Second, consider a general two-outcome local operation
on the second qubit of the state given in Eq. (7) with the
measurement operators given by

Up =io,, Uc=-o0, (21

Mg, = A0|0)(0] 4 A2{0) (1] + Aq[ 1) (1], (22)

Mg, = Xl0)(0] = A5 [O) (1] + A1) (1], (23)
where Aj = Ao/k, Ay = kha, A} =kha, k = ho/VA3+ A5,
and Zi:]M;kMBk = 1. The state after the measurements
performed by party B, i.e., [Yx) = (I ® Mp, ® I)|GHZ)/./px,
will be one of the states

[¥1) = 201000) + A]101) + A4[111), 24)

[¥2) = 441000) — A5[101) + A4[111), (25)

with probabilities p; = (GHZ|M;kMBk |GHZ) = 1/2 for k =
1, 2. The states given in Eqs. (24) and (25) are LUE. The local

unitary transformations

_ )»21 — i)»40‘y

Up = ,
NVEE Y

on the qubits A, B, and C, respectively, will transform the
state (25) into the state (24). By the measurement on the
second qubit, the bipartite entanglement between the first and
third qubits becomes nonzero (Csc = 2ApA;). However, the
bipartite entanglement between the second qubit and the other
two qubits is zero (Cqp = Cpc = 0).

Third, consider a general two-outcome local operation on
the third qubit of the state given in Eq. (7) with the measure-
ment operators given by

Uy = iay» Uc = —oy, (26)

Mec, = %0l0){0 + A3]0) (1] + 24| 1) (1], 27
M, = 2pl0)(0] — A5]0) (1] 4 A4 1) (1], (28)

where Aj = Ao/k, Ay = kh3, A} = ks, k = ho/VAF+ A5,
and Zilengck = 1. The state after the measurements

performed by party C, i.e., [Yx) = I ® [ @ M, )IGHZ)/./px,
will be one of the states

[¥1) = A0/000) + A3|110) + A4[111), (29)
[¥2) = A(1000) — A5]110) + A,[111), (30)

with probabilities py = (GHZ|M, Mc,|GHZ) = 1/2 for k =
1, 2. The states given in Egs. (29) and (30) are LUE. The local
unitary transformations

. Ml —ikg0,
Up=io,, Up=—0, Uc=="2% " 3y

VA + A

on the qubits A, B, and C, respectively, will transform the
state (30) into the state (29). By the measurement on the
third qubit, the bipartite entanglement between the first and
second qubits becomes nonzero (C4p = 2A¢A3). However, the
bipartite entanglement between the third qubit and the other
two qubits is zero (Cac = Cpe = 0).

To sum up, while all bipartite entanglements are zero
for the initial state (7), when the party g performs a local
operation with the measurement operators {M,, }, the bipartite
entanglement between the other two qubits, e.g., § and ¢,
becomes nonzero, Cj; # 0. However, bipartite entanglement
between party ¢ and the other two qubits remains zero, Cy3 =
Cy,q =0, i.e., the measurement carried out by party g has no
effect on the bipartite entanglements between party g and the
remaining parties (see Fig. 1).

B. States with only one vanishing bipartite entanglement:
Local measurements by two parties

We now aim to obtain a GHZ-type state which has only one
vanishing bipartite entanglement, starting with the standard
GHZ state given in Eq. (7), via local quantum operations. We
will carry out the desired transformations in two steps, and for
the first step we will exploit the results obtained in Sec. IIT A.

Let us consider the case that in the first step of the entire
transformation party A performs a local operation on the
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FIG. 1. Pictorial representation of the deterministic LOCC trans-
formations of tripartite GHZ-type states discussed in Sec. III A. Each
point represents one qubit. While an orange circle connecting the
three qubits denotes a three-tangle, a blue line connecting two qubits
denotes bipartite entanglement [40]. The party g performs a local
operation with the measurement operators {M,,} on the standard
GHZ state. Then, for the final state, we have C;; = C;y =0 and

Ci # 0.
state (7). In that case, from the results obtained in Sec. IIT A,
the state

[¥r) = Ap|000) 4+ A1]100) 4+ A4]111) (32)

can be obtained deterministically by using the local mea-
surement operators given in Egs. (17) and (18). Then, in the
second step, if party B uses the measurement operators

Ho
Mg, = 0)(0 0)(1 1)(1],
B, ﬁx0|)<l+uzl Y+ pal 1) (1]
Mp, = f0|0><0l mal0) (1] + pyl 1) (1] (33)

on the state given in Eq. (32), one of the states

1¢1) = 1£01000) + 41[100) + p2[101) + pa|111),  (34)

[62) = 1pl000) + 41} 100) — 51101 + 4I111)  (35)

is obtained with probabilities p; = p, = 1/2, respectively,
where Aoui = Aipo, Mo = Ho/K, K] = H1/K, Wy = K2,
1y = kg, and & =~ pk + p2 /v 3 + 12 Also, the condi-
tion for the deterministic transformation Zi:l MiikMBk =1
gives A4 = 1/+/2. The states given in Egs. (34) and (35) are
LUE. The local unitary transformations

Oy — |10, I —iu4o
UAZMOx M1 z) UBZM K4 Y Ue = —io,
Jus+ i NI
(36)

on the qubits A, B, and C, respectively, will transform the
state (35) into the state (34). As aresult, deterministic transfor-
mations of the GHZ state (7) into a GHZ-type state via local
operations performed by party A first and party B second can
be expressed as

IGHZ) = L(|000> +[111))

V2
3 AMp, Yi=1,2,
1
= Ao|000 A1/100 —111
[¥) = X0/000) + Aq] >+ﬁ| )
4 {Mp, =12,

|¢) = 101000) 4 141[100) + £2|101) + pea[111),  (37)

where the sets of measurement operators {My,}i—1> and
{Mp, }x=1,2 are given in Eqs. (17) and (18) and Eq. (33), re-
spectively. We note that for the final state |¢) given in Eq. (37),
we have Cyp = 0, Cac = 2uopt2, and Cge = 241 44, i.€., there
is no bipartite entanglement between the first and second
qubits, the qubits performing sequential measurements.

One can also consider party C as the particle which per-
forms a local operation in the second step instead of party
B. Then, in the second step, if party C uses the measurement
operators

Mo
Me, = 0)(0 0)(1 1)(1],
el ﬁx0|)(|+“3| (] + al 1) (1]
Mc, = f 0|0 (O = p310) (1] + py1)(1 (38)

on the state given in Eq. (32), one of the states

|¢1) = 1£01000) + 141[100) + 3[110) + pa|111),  (39)

[2) = 1461000) + 12;]100) — 125[110) + 4| 111)  (40)
is obtained with probabilities p1= p2 =1/2, respectively,
where Aoui = Ao, Mo = Ho/K, W] = H1/K, W3 = KUL3,
Wy = Kkita, and k = «/,uo + ,ul/«/,u3 + ,u4. Also, the condi-
tion for the deterministic transformation Zi:l M Mc, =1

gives Ay =1/ V2. The states given in Egs. (39) and (40) are
LUE. The local unitary transformations

Oy — 10 I —iu40
Uy = M’ Up = —io,, Uc= M3l — TH40y
NI R NI R

41)

on the qubits A, B, and C, respectively, will transform the
state (40) into the state (39). As aresult, deterministic transfor-
mations of the GHZ state (7) into a GHZ-type state via local
operations performed by party A first and party C second can
be expressed as

|GHZ) = L(|000> +111))

V2
3 AM g, Yi=1,2,
1
= Ao|000 A1/100 —|111
[¥) 0/000) + 24| >+ﬁ| )
I {Mc, i=1,2,

|¢) = 110/000) 4 1£1]100) + p3[110) 4 pa|111),  (42)
where the sets of measurement operators {My,}r—1> and
{Mc, }k=1, are given in Eqgs. (17) and (18) and Eq. (38),
respectively. We note that for the final state |¢) given in
Eq. (42), we have Cyc = 0, Cyp # 0, and Cpc # 0, i.e., the lo-
cal measurements on the first and third qubits create bipartite
entanglement between the first and second qubits and between
the second and third qubits, but do not create an entanglement
between the first and third qubits.

Finally, consider the case that in the first step of the entire
transformation party B performs a local operation on the
state (7). In that case, from the results obtained in Sec. IIT A,
the state

[¥) = A1]000) + A2|101) + A4|111) (43)
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can be obtained deterministically by using the local mea-
surement operators given in Egs. (22) and (23). Then, in the
second step, if party C uses the measurement operators

Mc, = pol0)( ﬁx WU+ —— ﬁ [1){1],
Ay
Mc, = 1pl0){0] — f [0){1] + J% {1 44
A2 4

on the state given in Eq. (43), one of the states

[¢1) = 1£0/000) +1411100) + 42| 101) 4123 110) + paa[111),

(45)

|¢2) = 16|000) — p[100) + w5 |101) — 3| 110) 4y  111)
(46)
is obtained with probabilities p; = p, = 1/2, respec-
tiVCly, where Aquo = Aoflg, Aqpty = Aoz, U4 = U2 U3,

Ko = Ho/K, Wy =K, W3=KW3, Jj=Kis, and & =
u0u4/\/(u2 + u) (U3 + u3). Also, the condition for the
deterministic transformation Zi 1MCkMCA =1 gives A =

1/ V2. The states given in Egs. (45) and (46) are LUE. The
local unitary transformations

0, + 40, I —iug0y
Uy = —ioy, ngu, UC:M
NIRRT NGRAT

47)

on the qubits A, B, and C, respectively, will transform the
state (40) into the state (39). As a result, deterministic trans-
formations of the pure GHZ state into a GHZ-type state via
local operations performed by party B first and party C second
can be expressed as

IGHZ) = %qoom F111))
VMg =12,
) = %l()()o) + A2[101) + A4[111)
VAMc =125
) = 10l000) +1t11100) +p2|101) + p3|110)
+ pa|111), (43)

where the sets of measurement operators {Mp, };—1» and
{Mc, }k=1, are given in Eqs. (22) and (23) and Eq. (44), re-
spectively. We note that for the final state |¢) given in Eq. (48),
we have Cpc = 0 (u1ug = pau3), Cap # 0,and Cuc # 0, ie.,

J

> q
{qu}k / Mg, 3 L
.

FIG. 2. First, the party g performs a local operation with the
measurement operators {M,, } on the standard GHZ state. Second, the
party g performs a local operation with the measurement operators
{M; } to the output state. We finally have C,—9, Cpy # 0, and

Cy #0.

there is no bipartite entanglement between the second and
third qubits, the qubits performing sequential measurements.

To sum up, when first party g performs a local operation
with the measurement operators {M,,} on the state (7) and
second party § performs a local operation with the measure-
ment operators {M;} on the state obtained from the local
operation performed by party g in the first step, then the
bipartite entanglements between parties g and ¢ and between
parties § and ¢ become nonzero, Cyy; # 0 and Cy; # 0. On the
other hand, the bipartite entanglement between parties g and
g is zero, Cy4—¢ (see Fig. 2).

C. State with nonzero bipartite entanglements:
Local measurements by three parties

In Secs. III A and I1I B we have discussed the deterministic
transformation of the GHZ state (7) (an EP-indefinite state)
into an EP-indefinite GHZ-type state by LOCC. This means
that the final states have at least one vanishing bipartite entan-
glement. We now aim to obtain the most general GHZ-type
state (see Fig. 3)—all bipartite entanglements are nonzero (an
EP-definite state)—starting with the standard GHZ state given
in Eq. (7), via local quantum operations. We will try to carry
out the desired transformation in three steps, and for the first
two steps we will exploit the results obtained in Sec. III B. As
discussed in the preceding section, the state

|¢) = 1£0/000) + 421[100) + u2[101) 4 pg|111)  (49)

can be deterministically obtained by local operations per-
formed separately by the first and second parties. We have
T =4udp3, Coc = 2u1m4, Cap =0, and Cac = 2uop2 for
the initial state (49). Then, if party C performs a two-outcome
local operation by the measurement operators

Mc, = coor|0) (0] + coree™« [0) (1] + c11e 1) (1] (50)

for k = 1, 2 on the third qubit of the state |¢) given in Eq. (49),
one can obtain

(I ®1® Mc)l¢) = coorftol000) + [coorft1 + corre™ 14211100) + coree™s pa|110) + cpippeal 101) + cpixpaa|111)

= /Prltk), (S

where
121) = @p]000) + or1€™[100) + 2| 101) + 3| 110) + ay|111), (52)
[£2) = 000) +o/le"" [100) + a5|101) + &4[110) + oy |111), (53)
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A

FIG. 3. Pictorial representation [40] of the most general GHZ-
type state with T # 0, Cup # 0, Cac # 0, and Cpe # 0.

pe= (@ ®I® (MEMc,)|g) fork =1,2,0, =0,0, =
a =0, and o’ = 7. The states given in Egs. (52) and (53)
are LUE [for the relations between the coefficients o; and o
replace A with « in Eq. (3)]. Also, for the case of deterministic
transformation, it is required that Zi:l Mc,"Mc, =1. The
constraints on the deterministic transformation, LUE of the
output states |¢1) and |£,) and p; + pr = 1, yield

Mo+ BT =p+pi=3 (54)

for the initial state (49) and
araz(aras —ajay) =0 (55)
for the final states. Equation (55) can also be written such that
CapCacCpc =0, (56)

where CAB = 20(()0(3, CAC = 20[00{2, CBC = 2(0(20[3 — Ollol4),
and « # 0. The result (56) suggests that the final state must
have at least one vanishing bipartite concurrence. However,
the final states (52) and (53) have nonzero bipartite entan-
glements (this is the case we study). Hence, deterministic
transformation of the GHZ state (7) into a GHZ-type state
is possible if the target state satisfies the condition given
by Eq. (56). In other words, the standard GHZ state, which
is an EP-indefinite state, cannot be deterministically trans-
formed to a state with all bipartite entanglements nonzero
(an EP-definite state).

IV. TRANSFORMATIONS OF W-TYPE STATES

We now provide the local measurement operators for the
deterministic transformations of a W-type state into another
W -type state. A general three-qubit W-type state is given by

[Yrw) = A0]000) + A1]100) + A>]101) + A3]110),  (57)

where all the bipartite entanglements are nonzero and v = 0,
ie, A; >0 fori=0,2,3 and A; > O (see Fig. 4). As given
in Ref. [21], a deterministic LOCC transformation from a

A

B C

FIG. 4. Pictorial representation [40] of the W-type states given
in Eq (57) with T = O, CAB # O, CAC # O, and CBC # 0.

W -type state

|x) = x%01000) 4 x;[100) + x2]010) + x3]001) (58)
to another W -type state

Ix") = x;1000) + x1]100) + x5]010) + x5|001) (59)

is possible if and only if x; > x; for i = 1, 2, 3. Of course, the
state (58) can be transformed into the canonical form

lx) = x1]000) + x0|100) + x3]101) + x|110) (60)

by the unitary transformation o, on the first qubit, that is,
|0)4 < |1)4. We consider the case where the initial state is
|x) given in Eq. (60) with x; > 0 for i = 1,2, 3 and xy, > 0.
Then party A performs a general two-outcome local operation
on the state (60) with the canonical measurement operators

My, =¢——|0)(O|+( D /s

+ /Pl 1) (11, (61)
> 0 and Zi:] M/}MAk = 1. We then have the states

@
+x3/101) + x,/110) (62)

——|1(|

where o

Vi) = @|000) + (—1)*~'a1]100)

for k = 1, 2, where we also have x3 + x7 = o + o}. Here the
probabilities are found to be p; = (o) + x9)/2c; and p, =
(o1 — x0)/2c;. The local unitary transformation o, on the
three particles apiece allows us to transform the state (62) for
k = 2 into the state (62) for k = 1, i.e., (0, ® 0, ® 0,)|Yn) =
|Y1). To recap, party A can transform the state (60) into
the state (62) (for k = 1) with unit probability via the local
measurement operators (61),

Ix) = x1000) +x0|1oo> + x3/101) + x,|110)

(—)"'xg
(= b CE))
k 2 2051 k=1,2

[¥) = a|000) + e1|100) + x3]101) + x2|110),  (63)

where x; > o and xp < «;. The state |y) given in Eq. (63) is
the most general state that can be deterministically obtained
by the measurements on the first qubit of the source state
|x) given in Eq. (60). Next party B performs a two-outcome
measurement on the second qubit of the state |{) given in
Eq. (63) with the canonical measurement operators

ﬂa

2

+\/P_k&|1)(1|, (64)
x

= V/PE0)O] + (=D /p3- 0) (1|

where B3 > 0 and Zi: ) M;kMBk = [. The resulting state will
then be one of the states

(I ® Mp, @ DY)

= ap|000) + (— 118,100
) = o ap|000) + (—=1)""" B;]100)
+x3|101) + B3]110), (65)
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where the probabilities are found to be p; = (81 + «1)/26;
and p, = (B1 — @1)/2p, respectively, and x% + 0512 = ,812 +
ﬁ32. The states |¢;) and |¢,) given in Eq. (65) are LUE. The
unitary transformation —o, carried out by party A and the
unitary transformation o, carried out by party B will transform
the state |¢,) into the state |¢), i.e., (—0, @ 0, @ I)|¢hs) =
|¢1). As a result, we have

[¥) = atp|000) + r1]100) + x3/101) + x2|110)

LD 1a1>}
Mg, , _— ,
¢ {( B b= s ) s

|¢) = apl000) + B;1]1100) + x3]101) + B3]110), (66)

where x; > B3 and o1 < ;. The first two qubits together can
transform the state | x) given in Eq. (60) to the state |¢) given
in Eq. (66) with unit probability [by combining the Egs. (63)
and (66)]. Finally, a two-outcome measurement performed by
party C on the third qubit of the state |¢) given in Eq. (66)
with the canonical measurement operators

= J/Pel0) 0] + (=D /pak |0 V(1|

+¢_—|1 (67)

where y, > 0 and Zk . M Mc, =1, gives one of the states

I®1®Mc,)|p)

lor) = NG = 0|000) + (—1)*"']100)
+ 121101) + 3]110), (68)

with probabilities p; = (y1 + B1)/2y1 and pr = (y1 — B1)/
2y, respectively. Here we have that x% + /312 = y12 + y22. The
states |¢;) and |¢,) given in Eq. (68) are LUE. The unitary
transformation —o, carried out by the first qubit and the
unitary transformation o, carried out by the second qubit will
transform the state |, ) into the state |¢;), i.e., (—0, Q 0, @ I)
|¢2) = |¢1). We finally have

|¢) = 0|000) + B1[100) + x3]101) + B3]110)

1 (—1)k_1/31)}
M ) == - A )
‘l’ {( Ci» Pk ) + 2)/1 1

l¢) = @|000) + y1[100) + »,|101) + B3]110),  (69)

where x3 > ¥, and B; < yi. In conclusion, we obtained the
entire transformation such that
{Mp, I {Mc, }

1) e gy 2l gy Pl o) (70)

Here the initial state |x) given in Eq. (60) and the final state
l@) given in Eq. (69) attest to the if and only if condition [21]
for the deterministic transformation |x) — |¢): x1 = o,
X2 2 B3, x3 2 y2, and xg < ¥1.

The canonical form of the standard W state given in
Eq. (8) is, by taking xo = 0 and x; = x, = x3 = 1/«/§in (60),
(]000) + [101) + |110))/ /3. Then deterministic transforma-
tion of the standard W state into a W -type state can be written

such that

1
W) = —(|000) + [101) + [110
W) ﬁ(l )+ 1101) + |110))

1
=3

1
—|101) +

1
—1110
NG |110)

V3
(l)kl

Mg, , — )
=355

1
|¢) = ap]|000) + B1]100) + 7|101) + B3]110)

(=1~ 'ﬁl)}
M 5 ’
v {< G D= 2 + 2y k=12

l¢) = @l000) + y1[100) + ,[101) 4 B3|110),  (71)

[¥) = p000) + o |100) +

where the local measurement operators are given in
Egs. (61), (64), and (67). As one can easily notice, when
party g carries out a local operation the bipartite entanglement
between the other two parties remains unchanged while the
bipartite entanglements between party g and the other two
parties decrease.

V. CONCLUSION

In the present paper we have set out to examine the
deterministic LOCC transformations of three-qubit entangled
pure states. While an arbitrary three-qubit pure state can exist
in one of the two inequivalent SLOCC classes of tripartite
entanglement, we discussed the deterministic transformations
in two separate sections.

We first presented local quantum operations for the de-
terministic transformation of a GHZ-type state into another
GHZ-type state. By using two LUE forms of three-qubit
entangled pure states and the canonical forms of local mea-
surement operators [27], we introduced a simple and practical
protocol, offering an alternative point of view. We originally
had the standard GHZ state and applied our protocol to
obtain a GHZ-type state with only one nonzero bipartite
entanglement and only one vanishing bipartite entanglement.
The former was achieved by a single party and the latter was
achieved by the cooperation of two parties in two steps.

Next we aimed to obtain the most general GHZ-type state,
the state with all bipartite entanglements nonzero. The most
significant finding to emerge from this study is that the GHZ
state (and a GHZ-type state with at least one vanishing bipar-
tite entanglement) cannot be deterministically transformed to
a GHZ-type state with all bipartite entanglements nonzero. In
other words, for the target state, if the bipartite entanglements
satisfy the relation C4pCycCpc = 0 then the deterministic
transformation is possible. This result contributes to our un-
derstanding of GHZ-type state transformations.

Finally, we presented local quantum operations for the
deterministic transformation of a W-type state into another
W-type state. Here we again used the canonical form of
local measurement operators and achieved the transformations
in three steps (i.e., with the cooperation of three parties).
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Each step of the entire transformation is also a deterministic
transformation. Furthermore, the entire transformation gives

the if and only if condition [21] for the deterministic transfor-
mations of W-type states.

[1] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777
(1935).
[2] E. Schrodinger, Naturwissenschaften 23, 807 (1935).
[3] L. Amico, R. Fazio, A. Osterloh, and V. Vedral, Rev. Mod. Phys.
80, 517 (2008).
[4] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).
[5] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres, and
W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).
[6] C. H. Bennett and S. J. Wiesner, Phys. Rev. Lett. 69, 2881
(1992).
[7]1 A. K. Ekert, Phys. Rev. Lett. 67, 661 (1991).
[8] A. K. Pati, Phys. Rev. A 63, 014302 (2000).
[9] M. Epping, H. Kampermann, C. Macchiavello, and D. Bru8,
New J. Phys. 19, 093012 (2017).
[10] M. Pivoluska, M. Huber, and M. Malik, Phys. Rev. A 97,
032312 (2018).
[11] H. Yamasaki, A. Pirker, M. Murao, W. Diir, and B. Kraus,
Phys. Rev. A 98, 052313 (2018).
[12] M. B. Plbnio and S. Virmani, Quantum Inf. Comput. 7, 1
(2007).
[13] E. Chitambar and G. Gour, Rev. Mod. Phys. 91, 025001 (2019).
[14] M. A. Nielsen, Phys. Rev. Lett. 83, 436 (1999).
[15] G. Torun and A. Yildiz, Phys. Lett. A 379, 113 (2015).
[16] W. Diir, G. Vidal, and J. I. Cirac, Phys. Rev. A 62, 062314
(2000).
[17] A. Acin, D. Bru}, M. Lewenstein, and A. Sanpera, Phys. Rev.
Lett. 87, 040401 (2001).
[18] F. Verstraete, J. Dehaene, B. De Moor, and H. Verschelde,
Phys. Rev. A 65, 052112 (2002).
[19] H. Tajima, Ann. Phys. (NY) 329, 1 (2013).
[20] S. Turgut, Y. Giil, and N. K. Pak, Phys. Rev. A 81, 012317
(2010).

[21] S. Kintag and S. Turgut, J. Math. Phys. 51, 092202 (2010).

[22] A. Acin, E. Jané, W. Diir, and G. Vidal, Phys. Rev. Lett. 85,
4811 (2000).

[23] O. Cohen and T. A. Brun, Phys. Rev. Lett. 84, 5908 (2000).

[24] A.Yildiz, Phys. Rev. A 82, 012317 (2010).

[25] W. Cui, W. Helwig, and H.-K. Lo, Phys. Rev. A 81, 012111
(2010).

[26] G. Karpat and Z. Gedik, Phys. Lett. A 376, 75 (2011).

[27] G. Torun and A. Yildiz, Phys. Rev. A 89, 032320 (2014).

[28] J. I. de Vicente, C. Spee, and B. Kraus, Phys. Rev. Lett. 111,
110502 (2013).

[29] C. Spee, J. 1. de Vicente, and B. Kraus, J. Math. Phys. 57,
052201 (2016).

[30] V. Gheorghiu and R. B. Griffiths, Phys. Rev. A 78, 020304(R)
(2008).

[31] G. Gour and N. R. Wallach, New J. Phys. 13, 073013 (2011).

[32] Y. Chen and H. Kan, Phys. Rev. A 90, 062340 (2014).

[33] M. Hebenstreit, C. Spee, and B. Kraus, Phys. Rev. A 93, 012339
(2016).

[34] P. Contreras-Tejada, C. Palazuelos, and J. 1. de Vicente,
Phys. Rev. Lett. 122, 120503 (2019).

[35] G. Gour, B. Kraus, and N. R. Wallach, J. Math. Phys. 58,
092204 (2017).

[36] D. Sauerwein, N. R. Wallach, G. Gour, and B. Kraus, Phys. Rev.
X 8, 031020 (2018).

[37] A. Acin, A. Andrianov, L. Costa, E. Jané, J. 1. Latorre, and R.
Tarrach, Phys. Rev. Lett. 85, 1560 (2000).

[38] A. Acin, A. Andrianov, E. Jané, and R. Tarrach, J. Phys. A:
Math. Gen. 34, 6725 (2001).

[39] V. Coffman, J. Kundu, and W. K. Wootters, Phys. Rev. A 61,
052306 (2000).

[40] C. Sabin and G. Garcia-Alcaine, Eur. Phys. J. D 48, 435
(2008).

022320-9


https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1103/PhysRev.47.777
https://doi.org/10.1007/BF01491891
https://doi.org/10.1007/BF01491891
https://doi.org/10.1007/BF01491891
https://doi.org/10.1007/BF01491891
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.80.517
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.69.2881
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevA.63.014302
https://doi.org/10.1103/PhysRevA.63.014302
https://doi.org/10.1103/PhysRevA.63.014302
https://doi.org/10.1103/PhysRevA.63.014302
https://doi.org/10.1088/1367-2630/aa8487
https://doi.org/10.1088/1367-2630/aa8487
https://doi.org/10.1088/1367-2630/aa8487
https://doi.org/10.1088/1367-2630/aa8487
https://doi.org/10.1103/PhysRevA.97.032312
https://doi.org/10.1103/PhysRevA.97.032312
https://doi.org/10.1103/PhysRevA.97.032312
https://doi.org/10.1103/PhysRevA.97.032312
https://doi.org/10.1103/PhysRevA.98.052313
https://doi.org/10.1103/PhysRevA.98.052313
https://doi.org/10.1103/PhysRevA.98.052313
https://doi.org/10.1103/PhysRevA.98.052313
http://dl.acm.org/citation.cfm?id=2011706.2011707
http://dl.acm.org/citation.cfm?id=2011706.2011707
http://dl.acm.org/citation.cfm?id=2011706.2011707
http://dl.acm.org/citation.cfm?id=2011706.2011707
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.1103/RevModPhys.91.025001
https://doi.org/10.1103/PhysRevLett.83.436
https://doi.org/10.1103/PhysRevLett.83.436
https://doi.org/10.1103/PhysRevLett.83.436
https://doi.org/10.1103/PhysRevLett.83.436
https://doi.org/10.1016/j.physleta.2014.11.013
https://doi.org/10.1016/j.physleta.2014.11.013
https://doi.org/10.1016/j.physleta.2014.11.013
https://doi.org/10.1016/j.physleta.2014.11.013
https://doi.org/10.1103/PhysRevA.62.062314
https://doi.org/10.1103/PhysRevA.62.062314
https://doi.org/10.1103/PhysRevA.62.062314
https://doi.org/10.1103/PhysRevA.62.062314
https://doi.org/10.1103/PhysRevLett.87.040401
https://doi.org/10.1103/PhysRevLett.87.040401
https://doi.org/10.1103/PhysRevLett.87.040401
https://doi.org/10.1103/PhysRevLett.87.040401
https://doi.org/10.1103/PhysRevA.65.052112
https://doi.org/10.1103/PhysRevA.65.052112
https://doi.org/10.1103/PhysRevA.65.052112
https://doi.org/10.1103/PhysRevA.65.052112
https://doi.org/10.1016/j.aop.2012.11.001
https://doi.org/10.1016/j.aop.2012.11.001
https://doi.org/10.1016/j.aop.2012.11.001
https://doi.org/10.1016/j.aop.2012.11.001
https://doi.org/10.1103/PhysRevA.81.012317
https://doi.org/10.1103/PhysRevA.81.012317
https://doi.org/10.1103/PhysRevA.81.012317
https://doi.org/10.1103/PhysRevA.81.012317
https://doi.org/10.1063/1.3481573
https://doi.org/10.1063/1.3481573
https://doi.org/10.1063/1.3481573
https://doi.org/10.1063/1.3481573
https://doi.org/10.1103/PhysRevLett.85.4811
https://doi.org/10.1103/PhysRevLett.85.4811
https://doi.org/10.1103/PhysRevLett.85.4811
https://doi.org/10.1103/PhysRevLett.85.4811
https://doi.org/10.1103/PhysRevLett.84.5908
https://doi.org/10.1103/PhysRevLett.84.5908
https://doi.org/10.1103/PhysRevLett.84.5908
https://doi.org/10.1103/PhysRevLett.84.5908
https://doi.org/10.1103/PhysRevA.82.012317
https://doi.org/10.1103/PhysRevA.82.012317
https://doi.org/10.1103/PhysRevA.82.012317
https://doi.org/10.1103/PhysRevA.82.012317
https://doi.org/10.1103/PhysRevA.81.012111
https://doi.org/10.1103/PhysRevA.81.012111
https://doi.org/10.1103/PhysRevA.81.012111
https://doi.org/10.1103/PhysRevA.81.012111
https://doi.org/10.1016/j.physleta.2011.10.036
https://doi.org/10.1016/j.physleta.2011.10.036
https://doi.org/10.1016/j.physleta.2011.10.036
https://doi.org/10.1016/j.physleta.2011.10.036
https://doi.org/10.1103/PhysRevA.89.032320
https://doi.org/10.1103/PhysRevA.89.032320
https://doi.org/10.1103/PhysRevA.89.032320
https://doi.org/10.1103/PhysRevA.89.032320
https://doi.org/10.1103/PhysRevLett.111.110502
https://doi.org/10.1103/PhysRevLett.111.110502
https://doi.org/10.1103/PhysRevLett.111.110502
https://doi.org/10.1103/PhysRevLett.111.110502
https://doi.org/10.1063/1.4946895
https://doi.org/10.1063/1.4946895
https://doi.org/10.1063/1.4946895
https://doi.org/10.1063/1.4946895
https://doi.org/10.1103/PhysRevA.78.020304
https://doi.org/10.1103/PhysRevA.78.020304
https://doi.org/10.1103/PhysRevA.78.020304
https://doi.org/10.1103/PhysRevA.78.020304
https://doi.org/10.1088/1367-2630/13/7/073013
https://doi.org/10.1088/1367-2630/13/7/073013
https://doi.org/10.1088/1367-2630/13/7/073013
https://doi.org/10.1088/1367-2630/13/7/073013
https://doi.org/10.1103/PhysRevA.90.062340
https://doi.org/10.1103/PhysRevA.90.062340
https://doi.org/10.1103/PhysRevA.90.062340
https://doi.org/10.1103/PhysRevA.90.062340
https://doi.org/10.1103/PhysRevA.93.012339
https://doi.org/10.1103/PhysRevA.93.012339
https://doi.org/10.1103/PhysRevA.93.012339
https://doi.org/10.1103/PhysRevA.93.012339
https://doi.org/10.1103/PhysRevLett.122.120503
https://doi.org/10.1103/PhysRevLett.122.120503
https://doi.org/10.1103/PhysRevLett.122.120503
https://doi.org/10.1103/PhysRevLett.122.120503
https://doi.org/10.1063/1.5003015
https://doi.org/10.1063/1.5003015
https://doi.org/10.1063/1.5003015
https://doi.org/10.1063/1.5003015
https://doi.org/10.1103/PhysRevX.8.031020
https://doi.org/10.1103/PhysRevX.8.031020
https://doi.org/10.1103/PhysRevX.8.031020
https://doi.org/10.1103/PhysRevX.8.031020
https://doi.org/10.1103/PhysRevLett.85.1560
https://doi.org/10.1103/PhysRevLett.85.1560
https://doi.org/10.1103/PhysRevLett.85.1560
https://doi.org/10.1103/PhysRevLett.85.1560
https://doi.org/10.1088/0305-4470/34/35/301
https://doi.org/10.1088/0305-4470/34/35/301
https://doi.org/10.1088/0305-4470/34/35/301
https://doi.org/10.1088/0305-4470/34/35/301
https://doi.org/10.1103/PhysRevA.61.052306
https://doi.org/10.1103/PhysRevA.61.052306
https://doi.org/10.1103/PhysRevA.61.052306
https://doi.org/10.1103/PhysRevA.61.052306
https://doi.org/10.1140/epjd/e2008-00112-5
https://doi.org/10.1140/epjd/e2008-00112-5
https://doi.org/10.1140/epjd/e2008-00112-5
https://doi.org/10.1140/epjd/e2008-00112-5

