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A scheme for teleporting an unknown N-particle entangled W state is proposed via entanglement swapping. In

this scheme, N maximally entangled particle pairs are used as quantum channel. As a special case, the teleportation of

an unknown four-particle entangled W state is studied.
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Quantum entanglement is a key ingredient of
quantum techniques for information processing. The
entangled states of two or more particles not only
provide the possibilities to test quantum mechanics

[1:2] hut also have

against local-hidden variable theory,
practical applications in quantum information pro-
cessing, such as quantum cryptography,[3] quantum
dense coding,!¥! quantum teleportation,® and quan-
tum computers.l®] Recently, there has been much in-
terest in the investigation of multiparticle entangled
states. In Ref.[7], it is found that truly tripartite pure
state entanglement of three qubits is either equiva-
lent to the maximally entangled Greenberger—Horne—
Zeilinger (GHZ) state!® or to the entangled W state.[”]
The entanglement of the W state is maximally ro-
bust under disposal of any one of the three qubits.[”]
Guo and Zhang!®! presented an experimental scheme
of preparing the tripartite W state via cavity quan-
tum electrodynamics. A natural generalization of the
W state to N-particle, called N-particle entangled W

(10-12] More recently, Zou et al(13]

state, is discussed.
have shown a scheme to produce an entangled four-

photon W state by using linear optical elements.

Quantum teleportation was originally proposed
by Bennett et al.l5! In their scheme, an unknown quan-
tum state is transferred without material transporta-

tion from a sender (Alice) to a receiver (Bob) via a

quantum channel with the help of some classical infor-
mation, and such a quantum channel is represented by
a maximally entangled Bell state. Teleportation has
been demonstrated with the polarization photon!'4

(15] in optical ex-

and a single coherent mode of field
periments. Several schemes for teleportation of a two-
particle entangled state have been presented.[16—21]
Recently, quantum teleportations of a three-particle
entangled GHZ statel® and a three-particle entangled
W statel” have been investigated.?2-26] In this pa-
per, we propose a scheme to teleport an unknown
N-particle entangled W state via entanglement swap-
ping. In this scheme, N maximally entangled particle
pairs are used as quantum channels. As a special case,
a scheme of teleporting an unknown four-particle en-
tangled W state is investigated.

Suppose Alice has an unknown N-particle entan-
gled W state

N
Wx) =D 2|01 1)1 _w
k=1

=z ]000... 1>12...N + 25 ]000... 10>12...N + -
+axn_1010...0);5 N +2n][100...0);5 N,

(1)

where

j21” + |z2l” + -+ |an|* =1, (2)
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and  {000...1);, x»  [000...10)15 x» .-
|100...0),, 5} is the basis of an N-dimensional
To teleport the state |Wy) to the

receiver Bob, Alice needs to set up N entangled pairs

Hilbert space.

(assuming N independent sources, each emits a pair
of particles in a beam-entangled state and, by chance,
these emissions are nearly simultaneous!?”!) between
Bob and herself, which are located in the following

maximally entangled states:
1
)i = E (100) s rr + 11} o) (3)

where k' = 1',2',... N and k" = 1”,2",... N".
Alice uses these as quantum channels between Bob
and herself. We assume the particles 1,2,...,
N, 1",2" ...,N" belong to Alice while particles
1/,2',..., N' belong to Bob. The state of the system

composed of N particles and N entangled pairs reads

)

[9) = WN) @ [$)1i10 @ [$)gign @+ @ [¥) yiyn
N,,N”

—wwye ] M- (4)

K k=1
In order to realize teleportation, Alice performs
Bell measurements on particles (1,1”), (2,2"), ...,
(N, N"), separately.
(k, k"), the corresponding Bell basis state are actually

For two two-state particles

N maximally entangled states which form a complete
orthonormal basis in the N-dimensional space. They

can be expressed as

|Fmﬁjﬂwﬂmmu (5)
|WMF$ﬂwﬂmmw (6)

where kk" represents 11", 22", ..., NN". After the N

measurements, all the probable 22V kinds of outcomes

are
N,N” N N
H k,k” <Q0| W) = 2_N/2 Z 6ka:k H |q2> 9 (7)
k,k'" =1 k=1 i=1

where the |<p)k’k,, is the Bell state of particles (k, k"),
N,N"
H %k {¢| is one of the 22V kinds of combination
kk=1
of Bell states |®F),,, and |¥*),,.,, & denotes the
N

signum of coefficient z, H lg:) = |q192-- . qN) 19 N
i=1
is a basis state, and ¢; € {0,1} is dependent on the

Bell-state measurement results.

After operations, Alice informs the receiver Bob
of the measured results via a classical channel. Bob
can reconstruct the original state only by performing a
unitary transformation on his particles 1/, 2/,..., N’
For instance, assume that for the cases when Alice
measures particles (k, k") in the Bell states |97),,.,
| OFY s |9F) g and | ¥ 7)., Bob may perform the
corresponding unitary transformation (o)., (02).,
I, (03);, and (0.),, on the particle k', respectively
(where o, and o, are the Pauli operators, and I is an
identity operator). It is evident that Bob must oper-
ate relevant unitary transformation against different
measurement results of Alice. After all the operations
stated above, Alice successfully sends the unknown
state (1) to Bob.

As a special case, we investigate a scheme for
teleporting an unknown four-particle entangled W
state via entanglement swapping. We suppose that
the sender Alice wants to transmit an unknown four-

particle entangled W state to receiver Bob,

|%)1234 =(20[0001) + ;1 [0010)
+ 22 ]0100) + z3 |1000))1234, (8)

where
|f‘”0|2 + |3?31|2 + |3?32|2 + |ac,3|2 =1. (9)
To teleport the state |t¢);,3, to receiver Bob, Alice

needs to set up four distant entangled pairs (parti-
cles (1/,1"), (2/,2"), (3',3") and (4',4")) between her-
self and Bob, which are produced by four independent
sources (each emits a pair of particles and, by chance,
these emissions are nearly simultaneous). These en-
tangled pairs are located in the following maximally

entangled states, respectively:

1

B = 75 (00) + 1)y, (10)
1

Wy = 5 (0011, (11)
1

Wy = 5 (00 + 1))y (12)

g = = (100) + [11)) . (13)

S

We assure that particles 1, 2, 3, 4, 1”7, 2", 3" and 4"
belong to Alice while particles 1’, 2’, 3’ and 4’ be-
long to Bob. Therefore, the initial state of the whole
system composed of particles (1, 2, 3, 4) and four en-
tangled pairs (1’, 1), (2/, 2"), (3/, 3") and (4, 4")

18

|y7> = |1/’>1234 ® |1/’>1'1" ® |1/’>2'2" ® |7/’>3'3“ ® |1/’>4'4" :
(14)
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In order to realize teleportation, Alice performs Bell-

state measurements on particles (1,1"), (2,2"), (3,3")

and (4,4"), separately. After the four measurements,

all the possible results are

T 16

1

1

+ $3|0100> + $4|1000>)1/2/3/4/,

44”<w:l:|33,<¢:|:|22”<¢:|:|11”<¢:l:| 5l7>
1
=+ (£21/0000) £ 25]0011)
+ 1'3|O].0].> + $4|1001>)1/2/3/4/’

a4 ( BF |53 (U F | 000 (B |11 (HF| W)

1
= 15 (21/0011) £ 5(0000)

+ I3|0110> + .’E4|1010>)1/2/3/41’

a4 { O 530 (0220 (875|110 ( 97| ¥)

1
= 15 (£21(0010)  5]0001)

+ $3|0111> + m4|1011>)112/3/4/,

1
=—(+21]0101) =+ z5]0110)

16
+ $3|0000> + .’E4|1100>)1/2/3/41’

aarr { OF | 330 (DF g0 (U |11 (BF| W)

1
= 7 (£21/0100) % z5[0111)

+ I3|0001> + .’E4|1101>)1/2/3/41’

1
= 15 (£21|0111) £ 2]0100)

+ $3|0010> + m4|1110>)112/3/4/,

44//< !pi|33u< ¢i|22//< !pi|11u<¢i| 5l7>
1

(£21|0110) £ 2,|0101)
+ .’E3|0011> + .’E4|1111>)1/2/3/41’

44" < ¢i|33u < @i |22u < ¢i|11// < Wj:| W)
o (£21[1001) & 2,[1010)
+ $3|1100> + m4|0000>)112/3/4/,

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

a1 { UF |53 (DF | g0 (D% | 110 (UF| W)
1
ZE(:I::E1|1000) + 2,]1011)

+ .’E3|1101> + 3}'4|0001>)11213/4/7 (24)

44" < ¢i|33u < Wi|22u < @i |11u < Wi| W>
1
= (£1[1011) + 2,]1000)
:t 1'3|].].].0> :t $4|0010>)112/3/4/’ (25)

a1 { OF |33 (U F | g0 (BT |10 (UF| D)
1
ZE(:I:mﬂlOlO) + 2,]1001)

:i:a:3|1111) :i::r4|0011))1/2/3;4;, (26)

a1 { B |53 ( DF |90 (U F | 110 (UF| W)
1
:E(imlulol) + 2,]1110)

:t 1'3|].OOO> :t $4|0100>)112/3/4/’ (27)

2 { UF 330 ( 8| 000 (O F |11 (0 F| D)
1
= (&a11100)  ap[1111)
+ I3|1001> + -’E4|0101>)11213/4/’ (28)

44//<¢i|33u< Wj:|22//< Wi|11//< Wi| W)
1
=g (£21[1111) & 2,]1100)
:i:a:3|1010) :i::r4|0110))1/2/3;4,, (29)

44u< W:t|33u < ¢i|22//< Wﬂ:hlu < W:t| W>
1
=g (£21[1110) £ z5[1101)
:i:a:3|1011) im4|0111>)112/3/4/, (30)

where | %) and |WF) 0 are the Bell states of par-
ticles k and k",

65 = =(100) £ [1)r, (31)
|0 g = %um) 10, (32)

where kk"” = 11', 22", 33" and 44" respectively. Af-
ter operations, Alice informs the receiver Bob of her
measured results via a classical channel. According to
the information, Bob can perform some unitary oper-
ations on particles 1/, 2/, 3’ and 4’ to reconstruct the
original state. For instance, if Alice makes Bell mea-
surements | @ )y11, | D)oo, | ¥ )33r and |®T)4qn,
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the state of particles 1/, 2/, 3’ and 4’ collapses into

the following state:

44II<

1

B 350 (W |92 (BT 110 (
=5 (@110011) — 2/0000)
+ CL'3|O].].O> — CE4|1010>)112/3/41.

o)

(33)

That is, after four separate measuring, the entangle-

ment among particles 1, 2, 3 and 4 disappears, the

new entanglement among particles 1/, 2/, 3’ and 4’ is

set up, and the entanglement swapping happens. Ac-

cording to the measurement result Eq.(33) by Alice,

Table 1. Unitary transformations U(o,) corresponding to the states of particles 1/, 2/, 3’ and 4.

Bob operates a unitary transformation Us

U1 :U(O'Z

U(O’m) = (Um)3’; U(UZ) =

on Eq.(33), and thus reconstructs entangled state (8).

Therefore, Alice successfully sends the unknown state

(9) to Bob.

relevant unitary transformation against different mea-
surement results of Alice. Tables 1 and 2 provide all
the different measurement results of Alice and the rele-

vant unitary transformations U(o,,) and U(o ) of Bob,

respectively.

measurement results of Alice

4277 (BF |33 (8% |01 (8F |10 (8| D)
a4 { OF 330 (DF |50 (DF| {11 (8F| P)
447 ¢i|33" |y (8F| 10 (8% D)

441

44// ¢ |33II ¢:l:|22ll W:l:lllll
*ag (8F 0 (TF 110 (S| )

441

Eagn (OE a9 (9% 110 (| )
?*| @)

447 {DE |33 (FE |90 (I |11 (E| D)
a1 { O |33 (OF g0 (U E| 110 (% 9)

441

&E| 110 (TE|0)
Eagn (8F 00 (% |11 (P )

14 { DF |33 (OF | g (8F |11 (FE| @

441 W |33// Wi|22u éilll”
447 ¢ |33// ¢i|22// Wihlu

24 { OF |53 (D% |90 (T |10 (TE| @
aar (DF |33 { OF | o (OF |11 (E| @
a4 { OF 330 { OF |9 (TE |10 (TE| D)

( (

( (

(v (

( (

(v (

( (

( (
44”<¢:l:|33”<¢i|22”

(v (

( ( )

( ( )

( ( v o)

( ( )

( ( )

( (

I
(02)4
(02)ar
(02)3r(0z)ar
(0)2r
(02)2/(02)ar

(02)21(02)a
(02)2/(02)3/ (0z)ar
(02)1
(02)17(0w)ar

(02)1/(02)s3
(02)17(02)3 (02)ar

(02)1/(0z)2
(02)17(02)ar (02)ar

)

(02)1/(02)2r(02) 3

Q

T

Table 2. Unitary transformations U(c,) corresponding to the states of particles 1/, 2, 3’ and 4'.

signs of z;(¢ = 1,2,3,4) in states
of particles 1/,2/,3 and 4’

1 2 3 Tq

+ + + + I

- + + + (02)4

+ - + + (02)s

- - + + (0:)ar(0 )
+ + - + (02)2

- + - + (0:)ar (0

¥ - - + (923 (022
- - - + (02)ar(02)ar (
+ + + - (02)1

- + + - (02)ar(02)1/
+ - + - (02)31(02)1s
- - + - (02)ar(02)3r (
+ + - (02)ar(02)1s
- + - - (02)ar(02)ar (
+ - - (02)3r(02)a (
— — — (02)ar(02)30 (02) 2 (

YU(02),

(02)3’ (Uz)l’

It is evident that Bob must operate a

unitary transformations of Bob

(02)1/(02)2r (02)31 (02)ar

unitary transformations of Bob
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In conclusion, we have presented a scheme for
teleporting an unknown N-particle entangled W state
via entanglement swapping. In the present scheme,
the quantum channel is composed of N maximally en-
tangled particle pairs shared by sender (Alice) and re-

ceiver (Bob). As a special case, we have investigated a

protocol of teleportation of an unknown four-particle
entangled W state in detail. It is shown that, after a
sender operates the Bell-state measurement, the orig-
inal N-particle (N > 4) entangled W state can be re-
constructed when the receiver performs a correspond-

ing measurement with unitary transformation.
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