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We present a way to teleport multiqubit quantum information from a sender to a distant receiver via the
control of many agents in a network. We show that the original state of each qubit can be restored by the
receiver as long as all the agents collaborate. However, even if one agent does not cooperate, the receiver
cannot fully recover the original state of each qubit. The method operates essentially through entangling
guantum information during teleportation, in such a way that the required auxiliary qubit resources, local
operation, and classical communication are considerably reduced for the present purpose.
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I. INTRODUCTION AND MOTIVATION processing and cryptographic conferencj@d,23.
One possible approach is to use the method described in

Over the past decade, scientists have made dramatRefs.[13,14 directly for the present task. To explore the
progress in the field of quantum teleportation. Theoreticallyfeasibility of this approach, let us first give a brief review of
since the work of Bennetit al. [1] on teleporting a qubit of  the procedure introduced §13,14. To teleport an arbitrary
unknown information with the aid of Einstein-Podolsky- unknown statéiy),=a|0)5+ 8|1), of one qubitA from Alice
Rosen(EPR) correlation, quantum teleportation has been ex+o a receiver Bob via the control afagents in a network, the
tended from discrete-variable systems to continuous-variablghethod in[13,14 requires an+2)-qubit GHZ statd GHZ)
systems[2-5] and also from a single qubit to multiqubits =|0),|0),|0)*"+|1),|1),|1)®" shared by Alice, Bob, and the
[6-9. On the other hand, recent experiments have demomgents. Here, GHZ qubits andb belong to Alice and Bob,
strated quantum teleportation with photon-polarized statefespectively, while the othen GHZ qubits belong to the
[10], optical coherent statg41], and nuclear magnetic reso- agents. The initial stathj),®|GHZ) for the whole system

nance[12]. . can be rewritten as
In 1998, Karlsson and Bourennaf&3] generalized the

idea of Bennetet al. by the use of a three-qubit entangled |®*),,(a]0),|0)2" + B|1)p|1)E") + | D7) aa(@|0)p|0y"
Greenberger-Horne-ZeilingegiGHZ) state |000)+|111) in- +
stead of an EPR pair. In their work, th|ey shclwed that an = B + |4 na @] 1| )" + BJ0)]0)°")
arbitrary unknown state of a qubit could be teleported t0  + |y )aq(a|1),|1)2" = B|0)|0)E™), (1)
either one of two receivers. But only one of the ty&ther
ong can fully reconstruct the qubit state conditioned on thewhere [®*),,=[000aa% |11 a5 and [¢*)aa=|0Daa%[10)p, are
measurement outcome of the other. Since that work, HilleryBell states for the two qubitd anda. Based on Eq(l), the
et al. [14] first proposed the idea of quantum secretfollowing can be shown.
sharing—i.e., splitting a message into several parts so that no (i) For every outcome of Alice’s Bell-state measurement
subset of parts is sufficient to read the message, but the entig® her qubitsA and a, Bob can restore the original state
set is. In their work, they showed how a qubit of information a|0)a+B|1)s of the message qubi through his qubitb,
can be secretly shared by two agents via a three-qubit GHRBrovided that each agent cooperates with him. That is, each
state and also generalized this procedure to split a qubit cigent performs a Hadamard transformat@n— |0) +|1) and
information among more than two agents through a four{1)—|0)—[1) on his or her GHZ qubit, then makes a mea-
gubit GHZ state. More recently, a number of works on quan-surement on his or her GHZ qubit in a single-qubit compu-
tum secret sharing have also been propddéd-2Q. tational basig0) and|1), a measurement basis in which all

In this paper, we restrict ourselves to an issue—i.e., telesingle-qubit measurements discussed throughout this paper
porting multiqubit information from a sender to a distant will be performed and finally sends his or her measurement
receiver via the control of many agents in a network. Weresult(one-bit classical messag® Bob.
wish that the receiver can successfully get access to the origi- (i) On the other hand, note that after Alice’s Bell-state
nal state of each qubit, as long as all the agents collaborat@easurement, tha+1 parties(the n agents plus Bopare
through local operation and classical communication. Howdeft sharing a (n+1)-qubit state of the form
ever, even if one agent does not cooperate, the original statg0)|0)*"+ 81),|1)®" or a|1),|1)®"+ 8|0),|0)*" (depending
of each qubit cannot fully be recovered by the receiver. Then Alice’s Bell-state measurement outcome&hus, even if
topic here might be of particular interest, since controlledone agent does not cooperate with Bob, the resulting density
teleportation is useful in networked quantum informationoperator for the qubito belonging to Bob would bep,
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=|a]?|0)p(0| +| 82| 1)(1| or |a|?|1)(1]+|B]?/0)(0|, which im- First, Alice prepares the following EPR entangled state
plies that Bob has amplitude information about Alice’s mes-through local logic gates:
sage qubitA but knows nothing about its phase. Therefore, m m

Bob cannot fully gain the original information of Alice’'s D + + -
qubit A even if one agent does not collaborate with him. E (100070 + [LDi11) @ (100c +[1 1) ,11 (100

Note that the above argument is for the controlled telepor-

tation of one-qubit information. The procedure to extend the =~ [1Dirin) @ (000~ [11)0), (2
method in[13,14 to teleportm-qubit information from a and then sends EPR quhitto Carol andm EPR qubits
sender to a distant receiver via the controlnoigents is as 1,2 m') to Bob, while keeping the othen+1 EPR

follows. First, the sender needs to prepareopies of a(n
+2)-qubit GHZ state and then send each agent one GH
qubit for every(n+2)-qubit GHZ state; i.e., a total ah GHZ
qubits are needed to be distributed to each agent. Seconcil”_’[
each agent needs to perform a Hadamard transformation and 1 [(ei|0) + B1))(|00);i» + [11)i:i)] © (|00ac + [1D)a0)
then measurement on each of his or eGHZ qubits; i.e., =1
a total of m single-qubit Hadamard transformations amd m
single-qubit measurements are required for each agent. Lastt [ [ [(e]0); + B 1)) (|00); i = [12)/i)] © (|00)ac = [1D)a0),
each agent needs to send the receiver all of his or her mea- i=1
surement result§.e., m-bit classical messagein order for (3)
the receiver to restore the originah-qubit information. ) )
Hence, the method ifil3,14 requires considerably large Which can be written as
auxiliary qubit resources and local operation, as well as clas- m
sical communication, especially when the number of J] [|¢:i-r>(ai|o>i”+,8i|1>i”) +| by ) (ai|Oin = Bi|L)in) + |,/,i“i',>
“teleported”-message qubits is significantly large. i=1
In the following, we describe a way to implement the -
present task. The method works actually by entangling quan- X (ei| Dy + B[Oy + |45,)(ai[ Lyin = Bi|0)ir) ] © (100)ac
tum information during teleportation. As shown below, re- m
gardless of the amount of information to be teleported, the + [12),0) + 11 [|¢;irr>(ai|0>i”_:8i|1>i”) +| by ) (a| Oy
proposed approach only requires thiptthe sender assign i=1
one qubitto each agentji) each agent perforrane single- + -
gubit Hadamard transformatiomnd one single-qubit mea- * Bl D) + [ ) (= | Ly + Bi[OYin) + [ ) (= | Ly
suremenbn his or her qubit, andii ) each agent senshe-bit - Bil0))] ® (|00~ |1D)a0).- (4)
classical messagt the receiver. Therefore, compared with
the method in[13,14, the present scheme is much simpler Here and below, the subscripiis =11',22',33...; i'i"
and economical, because the required auxiliary qubit re=1'1",2'2",3'3"...; andi”"=1",2",3"...; fori=1,2,3... . In
sources, the number of local operations, and the quantity aiddition, normalized factors throughout this paper are omit-
classical communication are greatly reduced. ted for simplicity. The statesg;,), |#;.), |4,), and|y;,)
The paper is organized as follows. In Sec. Il, we present gvolved in Eq.(4) are the four Bell states for the qubit pair
way to teleport multiqubit information to a distant receiver (j i), which form a set of the complete orthogonal basis in
via the control of one agent. We then make a comparisofhe 4D Hilbert space of the two qubitsandi’, and take the

ubits (1’,2',...,m’) and a to herself. The state of the
hole system is given by

between our method and the method118,14. In Sec. Ill,  following expressions:
we discuss how to decompose multiqubit GHZ states and . .
then generalize our method to a multiagent controlled tele- i) =100): + 1), [4f,) = |0D) £[10),,  (5)

portation. In Sec. IV, we further apply the method to teleport- )

ing a multiple qubit-string message to many distant receiver&eSpectively. , _

via the control of many agents in a network. A brief discus- S€cond, Alice performs a series of two-qubit Bell-state

sion and the concluding summary are given in Sec. V. measurements, respectively, on qubit pelrsl’), (2,2'),...,
(m,m’). After that, one has

IIl. TELEPORTATION OF MULTIQUBIT INFORMATION 1010000+ [ 1000 + |4/ )00 e [1D)a0), (6)
TO A DISTANT RECEIVER VIA THE CONTROL _
OF ONE AGENT with

Suppose that Alice holds a string of message qubits la- _ o
beled by 1,2,...m, which is initially in the state )= E [
IT7, (a;]0); + Bi|1);). She wishes to senah-qubit information B
to a distant receive(Bob) via the control of one agent Where [¢) and [4') are the states for then qubits
(Carol), such that Bob can get the complete information car{1”,2", ...,m") belonging to Bob, whilgy);» and |);, are
ried by each message qubit only if Carol collaborates. Thighe states of Bob’s qubit. From Eq(4), one can see that the
can be done by the following procedure states|);» and|y);, depend on the outcome of Alice’s Bell-

gy =119, (7)
i=1

022329-2



EFFICIENT MANY-PARTY CONTROLLED.. PHYSICAL REVIEW A 70, 022329(2004)

state measurement on the qubit p@ii’) and are given by  qubits(1,2, ... m) from the statg) or |¢') of his m qubits

( e (1”,2",...,m"), according to the outcome of Alice’s Bell-
ai[0)in + B[ L) Tor Pis = )by state measurements on the qubit pdits1’), (2,2),...,
|0y — Bl Ly for Py =g M|, (m,m’) and through his local single-qubit operations.

|y = .. 8 In what follows, our purpose is to show that when Carol
ai|L)in + Bi[O)n for Py =iy X el does not collaborate, it is impossible for Bob to gain the full
1N — Ao LT NI quantum message. Examining the si&e we see that when

\a'|1>'" BilO)rfor P = [usin) (i, only Alice performs a Hadamard transformation on her qubit

s a, the statg6) will change into

a0y = B[ Dy for Py =i, Xy,

s [ + [ N0+ () = [ NIDJ[0)a + [([40) + [47))|0)c
aj|0)in + Bi| 1) for Pijr = [y Xty |,

[ Yin =9 . (9) = () = [¥'NDc]Da, (12)
~ el L+ GO for Pir =y )i . which implies that whether Alice measures her quabit the
k—ai|1>iu—,8i|0>i// for Py = [y (e, state [0) or 1), the density operator of then qubits

_ _ . _ . (17,2",...,m") belonging to Bob will, after tracing over Car-

whereP;;, is a projector onto the Bell stalé;;,), [#;.), [#;,),  ol's qubitc, be given by
or |¢,) of the two qubits in the paifi,i’). _ , ) o o

The results(8) and (9) show that according to the out- p= D+ N+ WD+ (1) = [ D = <)
come of Alice’s Bell-state measurement on the faiji’), (12
Bob can always recover the original staﬁ@)ifml)i ofthe  pq resuli(12) shows that then qubits(1”,2", ... ") are in
message qubitfrom the S.tatéwi" 9r|w’>‘" of his qubiti” by o " iveq state, in which they are in a superposition state
performing a single-qubit operation on the quidit For in- l)+|y) with a probability p,=||u)+|y)22(w| W)

stance, Bob obtaindJ|)y»— o;|0)is+ Bi|1)i» and U’|¢ )i R : T S
— a;|0)i»+ Bi|1);», whereU andU’ are unitary operators and +(¢'|4") while being in the other superposition stats

U,U'=l, 05 0y |; oy, gy or gy, oy for the case of Alice =|¢") with a probabilityp, =) =42/ 2| )+’ [¥)).
measuring the paifi,i’) in the Bell statdd{i',), |¢5/>’ |¢;,>, Based on Egs(7)—(9), one can express the statp®

_ +|¢') and|¢)—|y’) involved in Eq.(12) as follows:
or |¢,). Here, oy, ay, ando;, are Pauli operators which cor- ) =19 a-(12

respond to the rotations by rad about the, y, andz axes, |y |y')= m>(at|o>t,, + B L)p) £ m'>(at|o>t,,
respectively, and is an identity operator. e
Third, Alice and Carol perform a Hadamard transforma- = Bl L) for Py = |y X by

tion on their respective qubis andc. As a result, the state
[00)5c—|12)4c goes t0]01),.+|10),. while the state|00),

+|11),. remains unchanged. Thus, the st& will, after [0 £[4) = |¢)(aO) = Bl L) £ [N el O
Alice’s and Carol's Hadamard transformations, change into + By for Py = |y Xyl
(100000 * [1Da0) + [¢/)([0D g+ [1050.  (10) 3 B
Fourth, Alice and Carol make a measurement on their [y £ |9") = ) (| D + BilO)) £ [49) (= | Dy
respective qubita andc, and then each sends the measure- + B0y for Py = |¢t+tr><‘/’t+v|’

ment resultone-bit classical messag® Bob. One can see
from Eq. (10) that if Bob knows that Alice and Carol both

measured their qubits in the sta® or |1), he can predict 1) £ [0 = [ (| L = BOr) £ [0 )(= ar| L)y
that hism qubits(1”,2”, ... ,m") must be in the statg). On o
the other hand, expressioh0) shows that if Bob knows that = BlO)r) for Py = [t Xefie |, (13

Alice measured her qubit in the sta® (|1)), while Carol

measured his qubit in the stdte (|0)), he knows that hisn R , . . ;
qubits must be in the state’). Therefore, according to the (1",2 ""lfm,) belonging to Bt()).b’ andd Lhe subscnptgpdt
measurement results from Alice and Carol, Bob can predic?enou? Alice’s m,essag_eﬁqu It and her EPR qubarre-
whether hism qubits are injg) or [¢). Sponding to Bob's qubit”), respectively. In Eq(13), we
Last, note that the stafes)(|¢')), described in Eq(7), is  further note thaty)=IIy) and |")=I1{y' ) (k#1) are
a product of individual-qubit state$y)ir,|War, .| the states of the remaining—1 qubits belonging to Bob
(0 Y1, |0 Vs - [ )ey) fOr the qubits (17,27, ... ). (after excluding the qubit’). Here, |} and|'),» are the

And as addressed above, Bob can recover the original stafi@tes Of qubik” (k”#t"), which depend on the outcome of

(i.e., a0y + B;|1); of message qubit from the statdy)» or Alice's Bell-state measurement on the peirk’) and take
|/ of his qubiti”, based on the outcome of Alice’s Bell- the form of Eqs(8) and(9), respectively. From Eq¢12) and
state measurement on the qubit paii’) and via a single- (13), it is easily shown that for each outcorties,,), ;).
qubit unitary transformatiot or U’ on the qubiti”. Hence,  |#), or [, of Alice’s Bell-state measurement on the pair
Bob can always reconstruct the original statenofmnessage (t,t’), the density operator for the remainimg-1 qubits

where the subscript’ represents any one of tha qubits
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belonging to Bob is, after tracing over the qutiitgiven by (i) m single-qubit Hadamard transformations ana
single-qubit measurements being performed by the control-
B=tr(p) = () + [ Nyl + (W Dl + () + [ ) (] ler,. N . .
_ o L (iv) m-bit classical messages being sent to the receiver by
+ (DI + () =)l - @ D>+ ([ -[¢))  the controller.
o o o The above analysis demonstrates that for the casa of
X =W DIBLP =y + [N + ')+ () - |¢')) =1, the present protocol is trivial, since it requires four aux-
~ o~ iliary qubits while the method 13,14 only needs three
Xyl =D, (14) auxiliary qubits. However, the advantage for the present pro-

2 9 . o posal appears whan=2, because it requires the same num-
where we have usefly|*+|3|*=1. Equation(14) implies  pop of auxiliary qubits but less local operation and classical

that the density operator, for the remainimg 1 “nontraced” communication, compared with the method [a3,14.

qubits belonging to Bob, has the same form as B®).  \oreover, whenm=3, the number of auxiliary qubits re-

Therefore, repeating the above single-qubit tracing pProcegyired in the present method becomes smaller than that using
dure, one finds that the density operator for any qubit

X o ) : the method irf13,14. One can clearly see that the advantage
belonging to Bob(i"=1",2",..., orm’) can, after racing  of the present method becomes apparent with increments of
over Bob’s othem-1 qubits, be written as m. Especially, whemn is a large number, the required auxil-
iary qubit resources, local operations by the controller, and
classical communication between the controller and the re-
ceiver are greatly reduced in the present approach.

On a final note, we point out that the number of Alice’s

pin = |a|?10X0] + | B[ 1)(1] (15

in the case when Alice measures the qubit pigir') in either

Bell state|¢;,) or |¢;,). On the other hand, Bell-state measurements needed in the present protocol is the
same as that required by the method13,14. This is ob-
pir = e 1(1] + | B[%0X0] (16)  vious, since using the method jh3,14, Alice also needs to

perform a series of Bell-state measurements, each acting on
in the case when the pdlir,i’) is measured in the Bell state one message qubit and one GHZ qubit.
|¢//;,) or [¢,). The above process demonstrates that the den-
sity operator(15) and (16) depends only on the outcome of
Alice’s Bell-state measurement on the péiri’), but inde-
pendent of the outcome of Alice’s Bell-state measurement on
all other pairs.

~ Equationg15) and(16) demonstrate the following results. In this section, we discuss how to decompose multiqubit
First, any qubiti” belonging to Bob is in a mixed state, in GHZ states and how to generalize the above method to the

which it is in the statd0) with a probability||* or |Bi|*  teleportation of multiqubit information via the control of
(depending on Alice’s Bell-state measurement outcpme many agents.

while being in the statél) with a probability|3|? or |/
Second, Bob has amplitude information about Alice’s each - o
message qubit, but knows nothing about its phase. Therefore, A. Decomposition of multiqubit GHZ states

in general(i.e., ;#0 or §;#0 fori=1,2,... m), Bob can- In the past few years, GHZ states have been extensively
not fully restore the original state of each message qubistudied by many researchers. They play an important role in
belonging to Alice, even if one agent does not cooperate Withyuantum information processing and communication. Many
him. theoretical proposals have appeared for the generation of
It is necessary for us to compare the present method withultiqubit GHZ states. Moreover, it has been reported that
the method i13,14. From the description above, we con- yp to four-qubit GHZ states were experimentally prepared
clude that to teleportn-qubit information to a distant re- with polarized-state photoni@3] and trapped ion$24]. As
ceiver via the control of one agent, the present method regspecially relevant to this work, we consider the following

Ill. TELEPORTATION OF MULTIQUBIT INFORMATION
TO A DISTANT RECEIVER VIA THE CONTROL OF
MANY AGENTS

quires only the following: two types of(n+1)-qubit GHZ states:
(i) 2(m+1) auxiliary qubits for the preparation of the
state(2), |GHZ), =|00--- 0) +]11--- 1), 17

(i) one qubit being assigned to the controller,

(iii) one single-qubit Hadamard transformation and one
single-qubit measurement being performed by the controller, |GHZ)_=|00---0) - [11--- 1). (18)

(iv) one-bit classical message being sent to the receiver. ] ) o
However, as mentioned in the Introduction, to implement the/Ve find that if a Hadamard transformation is performed on
present task, the method 3,14 will require the follow- ~ €ach qubit, the statgd7) and(18) will be decomposed, re-

ing: spectively, into
(i) 3m auxiliary qubits for preparingn copies of a three-

qubit GHZ state, IGHZ), — 2 [{xh]0) + 2 HyhI1), (19
(i) m qubits being assigned to the controller, {x} i}
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IGHZ)- — 2 [{x})[1) + > {yhloy,

{xi i

(20)

where[{x})=[x;Xo* - - x,) and [{y;}) =|y1y," - *yn) are computa-
tional basis states of the firgt qubits (x,y; €{0,1}, |
=1,2,...n), andE{Xl}|{x|}> (E{y|}|{y,}>) is a sum over all pos-
sible basis statel$x}) (|{y;})) each containing asven (odd)
number of “1™s. For instance, whem=4, E{Xl}|{x|}>

PHYSICAL REVIEW A 70, 022329(2004)

|w>[§ xplo+ = |{y|}>|1>} " |¢/>L2} DI

£ |{y|}>|o>} . (24)

it

Last, each agent and Alice make a measurement on their
respective GHZ qubits and then send their measurement re-
sults to Bob. Recall the notation f}) and|{y,}) described

=|0000+|1100+[1010+---+[1111). Note that the number above; i.e., each basis stafe}) ([{y;})) contains aneven
of the basis statel$x}) is the same as that of the basis statesodd) number of “1™s. Therefore, one sees from E@4)

[{y:}); thus, the stateg19) and (20) on the right side both
have the same normalized factors.

B. Teleportation of m-qubit information via the control
of n agents

that Bob can predict that the qubits (1”,2”,...,m") be-
longing to him must be in the staté) (|¢/)), if he knows
that the outcome of th@ agents’measurement on their
GHZ qubits contains amvennumber of “1™s and that Alice
measured her GHZ qubit in the std@ (|1)). On the other

Now, suppose that Alice has a string of message qubitEa”dv the resuit24) shows that Bob knows that his qubits

labeled by 1,2,...m, which is initially in the state
T, (a;]0); + Bi|1);). She wishes to senah-qubit information
to Bob via the control oh agents(A,A,, ... A, in a net-

work, such that Bob can get the complete information o
each message qubit only if all the agents collaborate. Thi

can be done by the following procedure:

(17,2",...,m") must be in the stathy) (|¢')), if he knows
that the outcome of tha agents’ measurement includes an
odd number of “1”'s and that Alice measured her GHZ qubit

fn the state|1) (|0)). Hence, according to the measurement

gutcomes from then agents and Alice, Bob can predict
whether hism qubits are in[) or |/'). As addressed in the

First, Alice prepares the following EPR-GHZ entangled previous section, Bob can restore the original state afes-

state through local logic gates:

1100y + 1210 @ |GHZ), + [T (J00); /v = |11);1i0)
i=1 i=1
® |GHZ)_, (21

[where |GHZ),=|00---0)%|11---1) are (n+1)-qubit GHZ
state$, and then she sends the firstGHZ qubits to then
agents and then EPR qubits(1”,2”,...,m") to Bob, while
keeping the last GHZ qubit and the other EPR qubits

sage qubitg1,2, ... m) from the statd) or |¢') of them
qubits (1”,2", ...,m"), according to the Bell-state measure-
ment outcome from Alice and through his local single-qubit
logic operations.

We have shown, based ¢23), that the quantum message
originally carried by them message qubitél,2, ... m) can
be recovered by Bob, as long as each agent performs a Had-
amard transformation and then a measurement on his/her qu-
bit. Now let us focus on the problem that Bob can not gain
the full quantum message even if one agent does not collabo-
rate. To see this, let us go back to the st&®8). This state

(1,2’,...,m") to herself. The state of the whole system is can be rewritten as

given by
m

[T [(ai]0y; + B 1))(|00) in + [1D))] ® |GHZ),
i=1
+ [T [(a]0); + Bi| 1)) (|00 i = [1D)50i) ] ® |GHZ)_.
i=1
(22)

Second, Alice performs a series of two-qubit Bell-state

measurements,  respectively, onm qubit pairs
(1,1, (2,2, ..., (m,m). After that, we have
[$)IGHZ), +[¢/)|GHZ), (23)

where |4) and |¢') are the states for then qubits

(17,2",...,m") belonging to Bob. Note that the left part of
the first(second product term in Eq(22) is the same as that

of the first(second product term in Eq(3). Thus, the two
states|) and|¢/') here take the same form &g and|4')
described by Eq(7), respectively.

Third, each agent and Alice perform a Hadamard transfor-

IO +[dNN0)A + (67 = [e DDAl + [ +|87))
X |0>Ai - (|¢+> - |¢_>)|1>Ai]: (25)

where [0), and|[1), are the two logic states of the GHZ
qubit belonging to ager; (i=1,2, ..., om), while |¢*) and
|¢7), taking the form of Eqs(17) and(18), respectively, are
the GHZ states of the remainimgGHZ qubits belonging to
othern—1 agents and Alice.

Assume the ager; does not collaborate with Bob. When
the othern—1 agents and Alice perform a Hadamard trans-
formation on their respective GHZ qubits, it follows from
Egs.(19) and(20) that the stategp*) and|¢™) will be trans-
formed into

|6 — 2 [ DI0)a+ 2 {y/ DI Da,
{X|,} {y{}

67— 2 X DIDa+ 2 Hy HI0a,
{X|,} {Y|’}

(26)

mation on their respective GHZ qubits. After that, based orwhere the subscri represents the GHZ qubit belonging to

Egs.(19) and(20), one gets, from Eq23),

Alice; [{x/H)=x1x5...x,_1) and[{y; ) =ly1y5...y;-,) are com-
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putational basis states of tme-1 GHZ qubits belonging to IV. CONTROLLED TELEPORTATION OF MULTIPLE

the othern-1 agents(x/,y; €{0,1}; I=1,2,..n-1). Fur- QUBIT-STRING INFORMATION TO MANY

ther, E{Xlr}|{x,’}> (E{y{}|{y{}>) represents a sum over all pos- DISTANT RECEIVERS

sible basis statelx; }) (|{y/})) each containing aaven (odd) It is interesting to note that the method described above

number of “1”s. The stat¢25) will, after replacing|4®) by can be further extended to teleport multiple qubit-string in-

Eg. (26), change into formation to many distant receivers via the control of many

, , , agents in a network. Suppose that Alice hdtdgubit strings
[+ >)|0>Ai + () v >)|1>Ai]2 [ D10+ [(|1) labeled by1,2, ... k. The qubit strind containsm, message
X} qubits, which is initially in the statél!?;(; |0} +8|1)))

+|/))|0), — — 1) D YW1 + i (1=1,2,... k). The state of th&k qubit strings is given by
[ N[0, = () = ¢))] >A.]{X2} DD+ () +[9) I 10 (e 00+ 5,13, 3. Now, Allce wishes to_teleport
! thek qubit-string information tk distant receivergthe mes-

X[0)a, — (1) - |z,//>)|1>Ai]E Ky DI0)a+ (|4 +[¢'))[0)a sage carried by the qubit stririgs for the receivet) via the

o control ofn agents in a network, such that each receiver can

fully recover the original quantum message of the corre-

+ ([ = [ NIDATZ Y DI Da, (27)  sponding qubit string only if all the agents cooperate. The
v} present task can be implemented with the following EPR-

which implies that if the othem—1 agents and Alice perform GHZ entangled state:

a measurement on their respective GHZ qubits,nthgubits k- m kom
(1”,2",...,m") belonging to Bob will be entangled with [T (j00)n, +[12)in)) ® |GHZ), + [T IT (/00) v,
agentA’s GHZ qubit. I=1i=1 I=1i=1

From Eq.(27), it is easily seen that for every outcome  _ 112)ii)) ® |GHZ)., (29)

D) 00a KX 1) [Dar {13 10)a, oF {y(}) 1), of the other
n-1 agents’ and Alice’s measurements on their GHZ qubitsyhere|GHZ), are the GHZ stategl7) and (18) of the (n
the density operator of the qubits(1”,2", ... ,m") belong- +1) GHZ qubits shared by tha agents and Alice; then,
ing to Bob is, after tracing over ageAfs GHZ qubit, given  EPR qubits(1”,2",...,m") for the setl belong to the re-
by ceiverl, while the othermm EPR qubits(1’,2’,...,m/) for
the setl are kept by Alice. Here, the sétrepresents the
p=(p + [N+ D+ ()~ [Nl = ). “qubit string | an% th)ém| EPR pairs shared bypAIice and the
(28) receiverl” (1=1,2,... k). The state of the whole system is

Since EQ.(28) takes the same form as E@L2), one can thus given by

obtain the same resul{d3)—(16) as described above. There- k m
fore, Bob can fully restore the original state mfmessage || [ 1 [(a;,|0),+ 81|10 (100} in; + |1Dyin )] ® |GHZ),
qubits (1,2, ... m), only if all the agents collaborate with =1 i=1

him. k m
In summary, to teleponn-qubit information to a distant + ][] [(a;1|0¥ 1 + Bis| 1)) (|00 i) = [1D)i1in )] © [GHZ)-.
receiver via the control ofi agents, the present method re- I1=1i=1
quires only the following: (30)
(i) 2m+n+1 auxiliary qubits for preparing the stat2l);
(i) one qubit being distributed to each agent; Now, Alice performs a series of two-qubit Bell-state mea-
(i) one single-qubit Hadamard transformation and onesurements, which are, respectively, on qubit pairs
single-qubit measurement being performed by each agent; (1,1), (2,2), ..., (m,my) for the setl. After that, we ob-

(iv) one-bit classical message being sent to the receivdain
by each agent.

k k
In contrast, to implement the same task, the method in ,

[13,14 requires the fgllowing' |H | ® |GHZ). + IH ¥') ®|GHZ)-, (31)
! : =1 =1
(i) m(n+2) auxiliary qubits for preparingn copies of a

(n+2)-qubit GHZ state; where|y) =TI [y and|y’ ) =1L, |4 )in | are the states for
(i) m qubits being distributed to each agent; the m qubits (1”,2",...,m) belonging to the receivek.

(i) m single-qubit Hadamard transformations amd  Here [¢)»; and |¢/)»| are the states of qubit for the re-
single-qubit measurements being performed by each agentgeiverl, which depend on the outcome of Alice’'s Bell-state
(iv) m-bit classical message being sent to the receiver byneasurement on the associated qubit fiair) for the set,

each agent. and take the form of Eq$8) and(9), respectively.

For the case afn=1, the present method is not interesting  Note that the statelg)), and|'), have the same form as
since it requires one more auxiliary qubit than the method irfy) and|') described in Eqs(7), respectively. Therefore,
[13,14. However, the advantage of the present proposal aphased on Eq(31) and using the above procedure, it is
pears wherm=2 and becomes apparentmsncreases. straightforward to show that quantum information originally
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carried by each qubit string can be recovered by the correby any two message qubits, to be entangled each other after
sponding receiver, with the aid of all the agents. Alice performs a series of Bell-state measurements. This can
In order for each receiver to restore the original state obe seen from Eq23). For example, let us considerra=2
the corresponding qubit string, the following procedure carcase—i.e., teleporting the stat@y;|0);+ 31|1);) ® (a,|0),
be followed: (i) Each agent and Alice need to perform a+g,|1),) of the two message qubitd,2) to Bob. Based on
Hadamard transformation and then a measurement on thefigs. (7)«(9), one sees that if Alice measures the two qubits
respective GHZ qubits(ii) Each agent and Alice need to (1,1’) and another two qubit&®,2') in the Bell states—e.g.,
send each receiver their measurement results on their GH%LJ and|¢;2,>—the statg(23) for the remaining qubit sys-
qubits. And(iii ) Alice needs to send the receiviethe out- 1 will be
come of her Bell-state measurements on the qubit pairs
(1,1), (2,2), ..., (m,my) for the setl, so that the re-  (a3|0)1r + B1|1)11)(o|0)r + Bo| 1)) ® [GHZ), + (a4]0)yn
ceiver| can recover the original state of the qubit string B B
On the other hand, it can be shown from K1) that A1) (azl0)zr = Bol1)z) © |GHZ)-.. (32)
even if one agent does not collaborate, the density operatathe result(32) implies that if Bob measures the qubit ih
for each qubit belonging to each receiver takes the form ofhe staten;|0)+;|1), he can predict that his qubit’ Znust
Eq.(15 or (16); i.e., no receiver can fully restore the original pe in the stater,|0)+ 3,|/1). On the other hand, if Bob detects
state of the corresponding “message qubit string” without thehe qubit 1 in the staten,|0)—3;]1), he knows that his qubit

cooperation of all the agents. 2" must be in the stater,|0)—3,|/1). Therefore, after Alice

To realize the present task, the present method requirgserforms Bell-state measurements, the quantum information
only the following: originally carried by the two message quhits2) is not only

(i) 2K,;m+n+1 auxiliary qubits for preparing the state transferred onto Bob’s qubitdl”,2") but also becomes en-
(29); tangled with each other.

(i) one qubit being assigned to each agent; In Refs.[13,14, single-qubit measurements are carried

. (iii) one single-qubit Hada_lmard transformation and oneyyt in a basig+)=|0)+|1) and|-)=|0)—|1). In contrast, as
single-qubit measurement being performed by each agent; shown above, the present single-qubit measurement is per-
(iv) one-bit classical message being sent to each receiv@brmed in the basig0) and |1). For certain kinds of qubits

by each agent. (e.g., superconducting charge or flux qupitsis rather hard

In contrast, to implement the same task, the method iRg make a measurement in the basis and|—), but straight-
[13,14 requires the following: forward in the basi¢0) and|1). As a matter of fact, based on

(i) 2imy(n+2) auxiliary qubits for preparingim  |0y=|+)+|-) and [1)=|+)—|-), it is noted that Hadamard
copies of a(n+2)-qubit GHZ state; transformations are not necessary in the present proposal,

(i) Erzlm, qubits being assigned to each agent; because the same results can be obtained when each agent

(iii) EI‘:1m, single-qubit Hadamard transformations andperforms a measurement on his or her qubit in the Hasis
Ei‘zlm single-qubit measurements being performed by eacland|—), instead of a Hadamard transformation followed by a

agent; measurement in the bag® and|1), and then sends his or
(iv) m-bit classical message being sent to the receliver her measurement resyit-) or |—) (one-bit classical mes-
by each agent. sage to the receivgy).

One can see that even fon=1 andk=2, the present Another point may need to be made here. As shown
method is effective, sincé) the number of qubits distrib- above, Alice’s Bell-state measurement, Alice’s single-qubit
uted to each agent, the number of Hadamard transformatiooperation (Hadamard transformation/measuremenand
by each agent, or the number of measurement by each agesdich agent's operation are independently performed on dif-
is 1, which is, however, 2 for the method [ih3,14], and(b) ferent qubits. Therefore, like the method [d3,14, the
the number of auxiliary qubits required ist5, which is  present proposal actually does not require the operating order
smaller than B+4 needed in the method 13,14, when  among Alice’s Bell-state measurement, Alice’s single-qubit
n>1. More interestingly, with the increment af;, k, or n, operation, and each agent’s operation.
the advantage of the present method becomes very apparent.Although we shall not attempt here a comprehensive

study of the security of the scheme against all possible forms
V. DISCUSSION AND CONCLUSION of eave_sdropping and/or cheating, we beli_eve that it is prob-
ably quite secure, for several reasons. First, the eavesdrop-

It should be pointed out that as far as the control effi-ping by entangling ancillary qubits with Bob’s qubits can be
ciency of each agent on teleportation, the present scheme iievealed by comparing a subset of the states Bob received to
identical to those if13,14. This is because the results5) the ones Alice sent. Second, the qubits Alice sends to Bob
and(16) applied in the present proposal are the same as thosre basically useless without the classical information pos-
employed in[13,14. However, as shown above, the presentsessed by Alice. Hence, even if Eve were to intercept the
scheme is extremely simple and economical in the realizagubits intended for Bob and replace them by fakes and some-
tion of multiqubit quantum information teleportation via the how eavesdropped on thelassical communication chan-
control of many agents in a network. nels through which all the agents disclose to Bob their mea-

The scheme presented here works essentially througurement results, she would still not be able to recover the
having originally nonentangled quantum information, carriedmessage qubits’ original states without access to Alice’s clas-
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sical information(her measurement outcomegiven that classical communication are greatly reduced in the present
Alice sends her classical information to Bob using standargroposal. The method presented here can also be extended to
quantum cryptographjl4]. It is conceivable that an eaves- implement a multiparty controlled teleportation of multiple
dropper might obtain partial information by entangling qubit-string quantum information to many distant receivers.
enough ancillary qubits with the qubits belonging to all theWe believe that our scheme is of considerable interest, espe-
agents and Bob, but presumably such entanglement could logally because of its relatively straightforward nature in real-
detected by tests conducted on “sample” EPR-GHZ enizing simultaneous control of multiqubit quantum informa-
tangled states initially shared by Alice and the other partiestion teleportation in an efficient and simple manner.

In summary, we have presented a new method for tele-
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