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Mk—(m)m To do

w0 the sender, *Alice.” ud\hm “Bob,” must prearrange the sharing of an EPR-corrolited
pair of particles. Alice mnkes & joint messurement on hor EFIL pasticle and the anknown quantum

and sends Bob the classical result of this measuresment.

this, Bob enn convert the

wywlom, Knowing
state of his EPR particle into nn sxact meplica of the unknown state |8) which Alice destroyed

PACS sumbers: 03.65.Ba, 42.50 Dv, 80.70 +¢

The existence of long mnge

Blm-n-MqurRan (BPR) [1] pairs of particles
ralses the question of thels for information transfer.
Mw“mmwy‘ lnlhil
context [2] 1t Is known that instantaneous information
transfer Is definitely impossible (3], Here, we show that
EPR vorrelations can novertheloss sastst in the “talepor-
tation” of an intect quantum state from one place to
mw.m-bmmmmwu
nar the location of the ded receiver
ﬂwouohuw whom we shall call Alln-. hina
wystem such as & photon or spin-§
particle, prepared In a state |¢) unknown to her, and she
vﬂ-mmmwmm.'ﬂnbfwl-
ficlent about tho wystem for him to
make an accurate copy of it Kmluthnmm

- copy.

A trivial way for Alice o provide Bob with all the in-
formation In |¢) would be to send the particle itself. 1f she
wants to avold transforring the original particle, she can
make it interact unitarily with another system, or “an.
cilla,” initially in & known state (ge), in such a way that
after the interaction the original particle is left iy o stan-
dndmlﬁ)-dthuwmbhmnnm-n
|o) about |¢) If Ak
hm-uhﬂoblhmlhwuuhﬂﬂllyw
than sending the original particle), Bob can reverse her
mhm.m&udhra‘;iundmlt) m

an

foature of i it can be swapped from
one system to another, but it cannot be duplicated or
“cloned” [5], In this regard It b quita unlike classical
information, which can be duplicated st will. The most
bl pe of the " lity of o
fi fot s the of Bell's | lities [6] ob-
werved (7] in exporiments on EPTL states. Other manifes-
tations include the possibility of quantum cryptography
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tmhm-uholld-nk:dlymmkl—[m}
Thupia-n:hnw -&n. Inlnfnuhn
to Bob still lumps classical and ssical
het ln & single Balow, we show how
Alloo can divide the fill informatian encoded in @) luto
twa parts, one purely cliasionl and the other pursly not-
Mmmuuomwmm
Having ived thess two
mmnmun«upﬂum of |¢). O'wuulMin'-

tion i defies no physical laws. In p lur, it

n classical
duhpumhnhmphdy s
from Alice’s hands and its appearance in Bob's hands &
suitable titne later. The only temarkable feature bs that,
lnthvm ﬁu'n{unuhnhl‘)hb—nm
d into | parts. Fimst we
Mﬁnhmcdqmthquﬂmmlo)du
pasticle. Later we discuss teleportation of mare
.ﬂ-.
\l d first. To do =0,
mwgmmmunwnwm

1947 = VA1)l 4a) — | La)l Ta)). )

The subscripts 2 snd 3 label the particles In this EPR
pale. Allce’s original particle, whose unknown state (¢)
sho secks to teleport to Bob, will be designated by »
bsctipt | when y. These three particles may be
of different kinds, v.g., one or mate may be photons, the
polarization degree of freedom having the same algebra
as A wpin.

One EPR particle (particle 2) Is given to Alice, while

correlations be-
tween Alice and Bob, the EPR pair st this stage contaln
no information sbout |@). Indend the entire systom, com-
prising Aliee's unknown particle | snd the PR pair,
hhnpmpdmdﬁ.h)l'&’) m‘-

Ihnahnu-pm&-ﬂlhm;-h Therofore vo
om either ber of the EPR pair, or both
together, can yield say information about (@) An entan-
Wlement these twn b bt about
in the next step.
'lhwqalnhlulynnllh-lh&m'-h.
Wummm—amd-m‘bl-dml-
cin 2 (her EPR
nmuwh-nn-m.dw{,’)-a

19437 = /R 011a) + 1 1),

thah.(pnhh!)hd-hlab Altbough this
establishes the possibility of nonclassical

@
@§8) = E 011 1a) £ 1) 1a).

Note that these four states are a complete orthonormal
basis for particles | and 2.

s to write the unk state of the firm
particle as
|#1) = a|7s) +814), (£H)
with faf* 4 b7 = 1. The complete state of the three
particles before Alice’s messuroment Is thus
1912) = %mmmt Ls) —1Ta) dadi ta))

+Zg Uil ~ L) (@

h&hmd&mm‘.)lﬂmhm
pressed In terms of the Bell operator hasls vectors [@{37)
| and 942", and we obtaln

[W1m) = § (19457 (=al 1a) — 61 1)) + 19557) (~al Ta) + B 12} + 193") (al 1a) + B Ta)) + 1953") (ol L) — B Ta))).

1t follows that, regardiem of the unknown state (@), the
four messuresment outcomes are equally likely, sach oc-
curring with probability 1/4. Furthermore, after Alice’s
measurement, Bob's particle 3 will have been pirojected
into one of the four pure states superposed in Bq. (5),

ding to the These are, te-

Tee-G): ()
o) (175)wen

(5)

Ench of these possible resultant states for Bob's EPR
particle is related ln & simple way to the original state
|#) which Alice sought to teleport. In the case of the first
(singlet) outcome, Bob's state is the same except for an
irrolovant phsas factor, so Bob need do nothing further to
produce a replics of Allce’s spin. In the three other cases,
Mm-mymdlhﬂmymhkq,(ﬂ).

2, gw.mumwmummm
a replica of Alice's original state |¢) ("H)"P'-“"
photon state, & sultabl
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wave plates will perform these unitary operations.) Thus
pe " 4 hieved in all cases by

Alice, on the other hand, is left with particles 1 and 2 o
o of the states (#537) or [@43), without any trace of

i bon Is & bkinear jon applied to the
mmk).n-ﬂl-uinﬂodywuhmm
but also with mixed or entangled states. For

|#) will be reconstructed (in the ) B A PRD-

dom mixtute of the four states of Eq. (6). For any |¢),

this is & maximally mixed state, giving no

about the input state [¢), It could not be otherwise, be-

cause any carrelation botween the input and the guessed

output could be used to send & superiuminal signal.
One may still inquire whether acourste

'I-lhuathmb

nel of the any direct prod.
uct state of particles 2 and 3 Is useloss, because for such
states manipulation of particie 2 has no effect on what

\/;(lba) [ps) 4 [w2) lga)). (U]
where (fu),|v)} and {[p),]g)} are any two pairs of or-
h i states. These are maximally entangied

use Jes In & gled
state. mwmthh-uuhdmn
z,u)ou)/m-h-.,-o.l. N —1 labels the N
elements of an orthonormal basis for n:hdnuﬂ-cuu
eysteme. As before, Alice performs a joint messurement
on particles 1 and 2. One such messurement that has
the desired effect is the one whose sigenstates aro |[Yhm),
defined by

(W) = 3 €N 1) @ |(5 + m) mod N} / VN,
’

m
MMMMA&M.&MW&-&

milt nm, he perk on his p y 4 particle
(wud-:)mmmynm
U___z,--wn k) ((k 4 m) mod N (8)

This transformation brings Bob-wuchwthwu-
udmothﬁwmhl and the teleportation ks

complete.

The ck ! plays an 'rohlnlnlepu-
tation. To see why, suppose that Bob is
tries to lete tho tok jon by g A.lle-‘n
dn-imlmbuhnl\uﬂv—. ThnAlln‘-np-:ud

ates

(1], having lly random for
mmd&hrwﬂehm States which
are less entangled reduce the fidelity of teleportation,
and /or the range of states |¢) that can be accurately tele-
ported. The states in Eq. (§) are also precisely those ob-
tainable from the EPR singlet by & local one-particle uni-
mynpculoa(m Their use for the nonclassical channel
entirely equivalent to that of the singlet (1). Maxinal

Is nncessary and sufficlent for faithful tele-

T b

messurement, and Bob (B) & unitary
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FIG 2 Speowtune disgram of & more complex 4-way cod-
Ing seheme in which the modulated EPR particie (wavy line)
= teleported mther than being tranemitted directly This dis
grmm con be wand to prove that @ cassical channel of two bita
of cupacity s neomsary for teleportation To do so, ssume
an the contrary that the teleportation from A’ 1o B uses an
imternal classionl channel of capacity € < 2 bits, but b still
able to the wavy wtate ly from A"
o M, -‘Mﬂu——lmwmﬁt-

sagr securntely from B 10 A The sssumed lowsr capacity
c<3ihwa—d--“uﬂ'-—nn-
n.--u-u-—-.-ﬁ-m-—-a.am
g for 18 1o werive, bis 279 of
-d_lll.*hnmmlh-lll
the extornal two-
H\-—MlhA T&hmnulhﬂndn—-
m—mwwn-—..u—a..-au
Plria), the probability of il s
sent, b Joss than 1/4, while P(rir), the probability of mupmr-
tuminally reeeiving ¢ Il v was sent, bs greater than 1/4 By

statietical

capacity. By the mme reliable tols of an

Bob the ariginal quantum particle, or & spin-exchanged
version of it, if she doss not know where he bs; hut she can
nmwlhwmmmwhh.byw
the classical information to all places whore he might be.
mﬂ--ﬂhmhhb

useful

ng EPR
In ’o--lyendhu' Ilﬂmdwmdu
EPR

process, |11
Fig 1 hwlh&dhﬂmmhww
cesmes. Trying to draw similar “Feynman diagrama™ with
troe structure, rather than loops, would lead to physically

complicated
agranms are possible, such s Flg. 2, obtalned by substi-
tuting Fig. 1(s) into the wavy line of Fig. 1(b). This
a 4-way coding seheme In which the modu-

left are rellably on the upper right, with the
of two shared EPR pairs and two other clas
wical Iated with the | bits, In an in.

hits,
ternal channel from A’ to B'. This diagram is of interest
mumhdumw.wmuud
:hnml are y for tele-

portation of | caption).
WatbyOB s supported by Nssac.x.w R. Sten

cie Memorial Fellowship and Québec's FCAR. A.P. was

nmuwmc-wswmmmmh

N-state particio requires & clussical channel of 2log,(N) bits
Tapactty.

partation.
Although it is ly unfeasible 1o store
EPR particles for more than a brief time, If it becomes
feasible to do so, quantum teleportation could be quite
useful. Alice and Bob would“anly need a stockpile of
EPR pairs (whose reliability can be tested by violations
dM-mﬂhyM)udld:nudupbhulnnr
messages. Allce could then teleport

almwswum-umuu
1327,

wl-um.uy.nd@lphotm-mm-buop
tical fiber As an of

the problem Investignted by Peres uu!%ouu:(lﬂl.ln
which Bob already has another copy of |¢), If he acquires
Aliee's copy, he can messure both together, thereby de-
termining the state |@) mote accurately than can be done
wm-wmn-&m Finally,

jon has the of wtill being possible in
-umhmMAln-ndBob mm‘una
pairs, have d about | ly and no longer

know each others' locations. Alice cannot reliably send
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