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Science Fiction Recipe for Teleportation
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« 1. A machine scans the space explorer to find out everything
about her. Eg. her height, her mass, what shoes she is wearing,
the colour of her eyes etc.

« 2 ltthen sends this information to an nearby uncharted planet.

« 3. On the planet’s surface, a receiving machine takes in the
information & uses it to construct a perfect copy of the astronaut.

i
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« Essence of teleporting: constructing a perfect copy of an
object at a distant location without sending the object
itself



» A problem: Heisenberg's uncertainty principle prevents
us from knowing everything about an object

* Quantum teleportation circumvents this challenge

« KEY POINT: We do not actually teleport the object itself.

» teleport its properties & so get a perfect copy of it

= .
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1998 & 2002:
Caltech, USA &
Canberra, Australia:

A laser beam (About 50 cms)

"Beam me up, mate” -— CNN
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2004: Innsbruck, Austria & Boulder.
Colarado, USA
teleporting atoms: ¢c. 1 mm




» A problem: Heisenberg's uncertainty principle prevents
us from knowing everything about an object

* Quantum teleportation circumvents this challenge

« KEY POINT: We do not actually teleport the object itself.

» teleport its properties & so get a perfect copy of it
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Quantum teleportation in three easy steps

 To transmit something from A to B, we always need a means or
route by which to send it.

Eg. a phone line, a wireless connection ﬁ

» To teleport the properties of a laser beam from A to B, we use two
routes (a.k.a. channels).

TELEPORTATION

BEAM
1st CHANNEL

 any standard means of communication,
such as a telephone.

.
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« 2@ CHANNEL
» Two laser beams sharing entanglement.

BEAM A

BEAM B
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WHAT IS ENTANGLEMENT?

If two quantum particles (or beams) are entangled with
each other then they are instantaneously linked no
matter how far apart they are

Act as If they are a single object

‘Entanglement means that the left hand knows what the
right hand is doing even when the hands at opposite

ends of the universe.” PI



« |ftwo dice were entangled then they would always roll the same
numbers If thrown at the same time at opposite ends of the universe

&

=

‘[Entanglement is] spooky
action at a distance.” g
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« STEP 1: Combine the beam we wish to teleport with beam A & then
measure two components of the overall amplitude

amplitude
measurements

BEAM B

TELEPORTATION
BEAM
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» A natural way to think of this is to say that it
Instantaneously (nonlocally) ‘zaps’ information about the
teleportation beam to beam B.

amplitude
measurements

Q,-—\/\/V\Vy

TELEPORTATION
BEAM
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« STEP 2: Use the 1st channel to send the result of the

amplitude measurements to B.

3.450
6.861

TELEPORTATION
BEAM
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BEAM B
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« STEP 3: Adjust the amplitude of beam B, depending on
the information received. As if by magic, beam B is now
identical to the beam we Initially wished to teleport. The

teleportation is complete!

& |5
ADJUST

(< AMPLITUDE

ELEPORTATION

i BEAM B

e
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« STEP 1: Combine the beam we wish to teleport with beam A & then
measure two components of the overall amplitude

amplitude
measurements

BEAM B

TELEPORTATION
BEAM
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« STEP 3: Adjust the amplitude of beam B, depending on
the information received. As if by magic, beam B is now
identical to the beam we Initially wished to teleport. The

teleportation is complete!
B— |5

ADJUST
(< AMPLITUDE

ELEPORTATION

i BEAM B

i
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« STEP 1: Combine the beam we wish to teleport with beam A & then
measure two components of the overall amplitude

amplitude
measurements

BEAM B

TELEPORTATION
BEAM
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« STEP 3: Adjust the amplitude of beam B, depending on
the information received. As if by magic, beam B is now
identical to the beam we Initially wished to teleport. The

teleportation is complete!

& &
ADJUST

(< AMPLITUDE

ELEPORTATION

i BEAM B

.
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A Comparison

Instantaneous?

Takes a small amount of time

The object itself is teleported.

Only the structure or properties
are teleported

(i.e. information)

Done with people.

Done with photons & atoms

The original is destroyed In
the process.

The original is destroyed In the
process

Can teleport to an uncharted
planet.

Need to have something set up at
the teleportation destination.

Done over thousands of
Tetlesrrretres.

Done over 600 metres at most
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What might we teleport in the future?

» Teleporting a grain of sand? One hundred years, -
perhaps.

» Teleporting a person? Who knows?
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Microsoft PowerPoint - [quantum_teleportation]
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.__1.”__ from & palr of Idertleally prepared partiches |10

The enehange method of sending Barmiition
ta Bab lumpa elassleal and monclassical Infermatlon
togethet |0 a single tansmislon. Delow, we show bow
Mlice cam divide tha Tl Infosmation encaded |n |4) Inte
o parts, o6e purely elassical and the othet pur ;
clusaleal, amd send them 1o Bab through two differest
channals. Hiving cecelved these two transmissions, Dob
ah constiuct an aecurate replies of |4). OFf course Allea's
orlginal |2 Is destroyed in the process, as |t rmust be o
obey Ihe po-claning theorem. W call the process we are
about to describe teleportation, & term lrom sclene fis-
tlon meanleg to make & person or object diappear while
ne exaet replien appeary pomewbers abie, It mie be em-
phasised Lhat our beleportation, unbike some sclence fie-
than verslons, defies po phynleal lows. o particular, it
tanmol take place Instantianeoualy or ever & spacellls In-
terval, because |t requires, smong other Lhings, sending
n elassical message from Alice Lo Bob. The net resubt
of telepartatbon la completely prosale: the remecal of [d)
fream Allce’s hands and [ts appeatance In Beb's bands n
sultable tline later, “The only remaskable featide s that,
In then Isterim; the Informatbon in [¢) has been cloandy
peparated oo elasibesl and nonelaasieal paris. Flist we
shall ghow how to ._.u__qun-.n the quantiaim slale |8} of &
-—._.___.m q_.:.nr..ua Later wo discuss teleportallon of more
complieated mate

The nonclassleal part s transmitted Bt To da s,
(] .1?._ partleles are prepased 1 an EPIL alnglet itate

ki) = o1 tad01s) = LLs)l 1)) (1)

The subscripts 2 and 3 label ihe particles In this EPN
palr. Allea's original particls, whoss unknown stats |§)
she seeka ko teleport to Bab, will be m..u._._.nn.-__._..a_ _uu. B
wabmeript 1| when necessary, Thesa thres partleles may be
of dilferent kinds, &g, one or imote may be photons, Lhe
polarlestlon degren of freedom having the sarne algebra
a & ipln.

One EPR patticls [partlels 7) ls glven ta Allee, whils
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the wilstr (partlcls 3) ls glven to Dab, Alihaagh this
evtabilihes the pomlbility of rontlassleal earrelutleons be
tawents Allee aned Flob, the EPR pale st this stage cortalng
o [Eformation sbowt |8). Indeed tha entire prtem, com-
pelaling Albem's unkpown partl tha EPNL palr,
1s ln & pure product state, @) | . Invalving meither
wlumeiesl roreelation net quantum entanglement between
the wnlenewn partbels and the EPIL pals, Thetefore na
measytement on elther member of the EPR pale, or both
together, ean pleld any information about [8). An entan-
glement between these o rubsystems b broaght about
I Lhe next wep

To coupls the Bret partlele with the EPR pals, Alice
peefogma a complets measitement of the von Meumann
type on the Jolnt syvtem conalsting of particle 1 amd pastl
cle 2 (het EPN partiels). This measurement (o performed
I the Dl o peera ko basly ‘__ : consl| g of _.ﬁ.nmu_._. ]

8w E 100+ L) 1)

()
3 = R0t £ 10
Note that thess four states are 8 complete ortbonarmal
Lonaala fiour pribelen | and 2.

1t ks convenlent to write the unknown state of the Rt
particle aa
[0} =alti) ¥l La)i (3

with o] 4 |4 = 1. The complets stats of the thiee
particles before Allces messgrement by thys

|#im) = ﬂﬂu O TadI 0ol ko] = 1Tadl dadh Ta))

+n"_.*_:___._:_.v-___,_____E.. 1)

In thls equatlon, each direct product | o)] 1) can be ex-
pressed | terma of the Bell operator basls veeton |1}

| and _ﬂ.n_“-u_ anl we obtaln

1iaad o § 005" =00 130 = 81 Lad) + 918D (=l 1a + 01 1a) + 1815") Gl La) 4 811300 + 18157} tal La) = M 1a1)

1t Dalborwrs thint, regardiess of Lhe unknown wate |4;), the
feus measunement outoomes are oqually lkely, each oo-
curring with prebabllity 1/4. Furtherimore, alier Allee's
mearusement, Bob's particln 3 will have been projected
It eid ol Lhe fous Pl wtales .._._4_.1.!3- kn m.___ _"m_"_.

acectding o the measutement outcome. These are, e

apestively,
=|#a)m - m”v ﬁ H_.—_..u ).
_“_.___u 1)

(2 (

L

(%)

_ .
Each of these possible resultant state for Bab’s EPR

o telated (n & dlmple way to the origlnal state
|#) which Allce sought ta telepait. [n the casa of the frat
(ainglet) outcome, Dob's state s the same except lor aa
lrrebevant phiase lactor, g2 Bab need da nothing farther to
prodics a replica ef Allea's spin. 1n the thiee other cases,
sk maist apply ons ol the unliary speraton in Exq, (0),
rorrespondlang, reapectively, 1o 180* rotatbons areund the
1, 2, and y axed, |8 oeder Lo coovert hils EPI pastlels lsto
a replics of Allea's criginal stata [g). (If |} represents a
phaton pelasicatban state, & sultabls comblnation af hall
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tien from & pais of tdemsieally prepared parsiciey (100

The spin-exshange method of sending foll isisrmariss v
to Dok still lu=ps classienl and manclssslcal informaticn
togeiber la o wegls transmismion. Bebrw, we show how
Alice can divice the {ull informatiss encoded ln |8} kz2a
=g parts, cno purely clsssical and the other purely =
ciassirnl, and send them to Babs throups tes JlTerent
chanmels. Having rectived these rwes tfanmmissons, Bab
CAN CEESNSITtict an acenrare repdica of [a). OF coune Alce's
original |4} b destroyed la the process, s it musr be o
obey the noclesing theorem. We call the process we e
about to describe teleportation, & term fress sicoce So-
ton roeaning to make s persen o object disappear while
af cxact rrplice appears somewhese clie. [t St be o
phasized that cur teleportation, onlike soeme scisnce e
ton versions, defies oo phymical laws. [n partionisr, It
cannnt take plars |Batasrssesaly &F cver & spacelie bo.
terval, bernuse it requires, smosg other (Sings semding
a classlcal moessage ffom Allce to Bob. The oet result
of tedeponatios s completely prosale: the resmoval of )
from Alice’s hansds and te sppesrsnce o Bob's haocks &
suitabde time leter. The only recearisble femtare s that
In the interim. the information in |¢) has been cleacly
separstod into classicsl s nomcisssiend perts. Flrss we
shall show how to telesort the guactom state [§) of &
spin-§ particie Later we discass teleparesvian of e
complicated startes.

The penelassical part s tracesitted Est. Th da so,
twn spin-} particies are prepared in an EPR singlet suate

195" = /T 07 L) — LN Ts))- m

The sulscripts 2 sod 3 label the particles In this EPR
pair. Allce's eriginal particis winss unlowrsn state: |§)
she sseln to teleport to Bob, will be desigoated by o
submeript | whes cecsary. These thrm particles masy ba
of diferent kindy, &g, one or more may e photons, the
palarrestion degres of feedom baicg the same alpetrs
A & spEo.

Ors EPR pervirts (partbels 2) b given o Albes, wehils

e other (parmicis 3] b gves 1o Bob.  Albough this
e=tahllsbes the poeombility of zoorissrirsl oorrelsrions be
e Alloe amd Hob. the EPA pair ar rhis stage sastalay
oo leferematios st [3). Indeed the eetire rysoem, come
prising Albee's unrsves parviels 1 seed the EPTL pair,
Is ln & purs producs sate, low) (917, ioolving Deither
cimsxical corredadion oor qUARTUR entasEesesy Batwren
the unimews pasticls anmd e EFR palr. Thorcfore oo
ErasurTment an elther membeer of the EPA pair, or beeh
topetber, can picld asy Inforreation abogt |2, Az ontane
Earrent bertwren tlese two mobaywiems b brovghs sheerr
I= the neex sep.

To couple the frst particls with the EPR pair, Allcs
Serisres & complete mesncrersent of the von Newmann
typee on the jala frstess comisting of pasticls | asd pastl-
cle I (her EFR particle). This messuressens by
im the Deil operator basis (11] onsistieng of |97 and

15 = /T aTad L)+ 1 LT
4]
" - ﬂﬂnm.b 4| L2} 15))-

Note that those (oo Rates arw & cosoplete ortbomormal
Iasis fior particles 1 and 2.
It is comrvenlent to wrnite the unirerws state of the S
pariisle az
e} = a| Ty} +&{ L), (8]
iy |n|’ PRI - Tha complete sate of the throg
particles before Allos's messmremrment Ly tino

[Waza) - ;?;:,-{IT:?H:}I bad =1 Tall i=HTa))
+—z QLITBIE =~ (L) (&)
Im this equation, serh direet product | )] 3) cas be e

presaed In cerres of the Edlopﬂm'h.nlmm.ﬁ'ifﬁ
and [#}3"), acd we cbtain

@in) = § 1955 (=alTa) = 50 La}) + [953") (—ad Ta} + 81 1210 + [9557) (ml La) + 8 Tad) + (945"} (=d L) = bi 7))

It fallows chat, regurdiess of the ankeown state &y}, the r

four meastrEEest jlesste wfe oqualy lloely, each oo-
currimg with prohabllity 1/4. Porthermars, sfter Allrs's
measurwcest, Babls pasticls ] will bave been projected
i one of the our purs s seperpossd is Eg. (5],

aermrdlng Lo Lhe measnrwsemt PSLoomne. | hese are, e
spectively,
) = ( ey #al
=] = — \ a1) .
Y e

L1

b))
- - - (&)
() (C2)

1558

(%)

Fach of thres pomibls ressleses sisies for Dab's EPRL
parricls @ related bm o8 smple way 19 the oripesl soate
&) which Allce soughe to telepers. In ther oo of the Gt
(mieghet) sutoreme, Dob's state b the sems exeeps for an
urelrvagt phase (serer, s Dok oeed do oothiog st 1o
srneinrs & repilos off Allcw's spein. [n the thres ot cases,
Dob miotl apply one of Whe usitary cperaters Lo Eg. (6],
cormeponsicg, repectively, o 180° rotations aomad the
=, = and y axes, io ecder 1 comerery his EPR particle icia
x replles of Allce's original siste [a). (I [&) reprosents &
choton polarssatian srate, aseitable combinatios of bal




VoLusE T, Nusers 1)

FHYSICAL REVIEW LETTERS

I9 Mamcuw |79

e

'.;,_1;1.. o & pair of ldentically prepared pastiches [10]
Le rpln-eschange method o rmsrian
o u.:bTr_.Jl lurspe classieal qn:!'::’t:ﬂ ﬁ
T TEskion
ogrther in & single tranesismion. Delow, we show o
Alice can divide e full informasion encoded o |3} Inta
e parta. one purely clamicsl asdd the other purely son.
wqmlimeh!;mbwmm
channels [Hering received thess two transsisiass, Dob
A0 CORIATUCT &S stcarade replles af | &8), OF cowrse Alise's
origisal (@) ls destreyed in the process, s it most be to
Bbrrl:benn-r_'a:m.u'_;:be:q-:n. We call the process we are
about 1o describe telepertation. & tarm from science fe-
ton meanicg 1o make s person or ohject disappesr while
A0 EXAST Feplica aspeasy somrwhere else. [T mesr be e
tion wersions, defies no physical laws. [a particular, it
canmot take plerw iestarrsrsvly oF oeef & Fpacell s k-
terval, becaoe |t requires, smoogg olber things, serwding
& classdes] message froes Allce to Bob. The oet result
of teleportation by completely prosads the removal of |28)
from Alloe's baocds and itx appessamor Lo Bob's haocs &
maltable Lme later. The only remarkable [mature s thar,
im i leterka. the aformatien = [@) has been cleancly
imton clsswiral snd noncisssical parts. Flss we
shall show bow to telrport the gquantom s2ats (o) of &
spin-§ particie. Later we discuss telepereasion of men
caaplcated states
The nosclssiral part is transsitted Eme. Th da ss,

b = ~_-'?m=:|.:1 — | Labi T3l (44}

The sutmripta 2 asd 3 label the particles In this EPR
pair. Allce's criginal wisrms anleeen state |3}
tedrport to Dok, will be designated by o
mbsrwipt | wien ceomssry. These thre particles may ba
of diferent kicds, o .. o= or more may be photons, the
pmalarentien degores of fresdmem haring the e olpsbrs
~yy -9

Oew EPFR parvsls (parviels 7) la piven s Alles, wehils

L]

ik other (particis s given to Dob. Althowgh this
entabillhbiey che possBility of monelsssissl cogrelaricrs bee
tween Allre amd Hob, the EPAL pair ot this stage contains
B information about |§). Indeesd the esvire syvess, coms-
prising Alies's unkscws particls | amd the EPA pair,
la imn & pure product stsie, &) ii!ﬁ':-. ivalving sesber
cosmmiral rerrelallan SO JUASTUN cotasgiement Betwemen
the ynknown partiche snd the EPTL padr. Therslors na
EEssuTETeTT an eitbher member of the EPR pair, or both
topether, cun yield soy inforrmst b shesst |4). A= esas-
giement. berween these two sobeystems ls broucss about
m the next wep.

To couple the frst particle with the EFR pair, Allos
periorma & complere meassressent of the von Neumann
typ=on the joint system romsisri ng of pariiels 1 asd part
ele 7 (ker EFR particle). This cwasuressent s performed
I the Beil operator basis [11] consisting of [#537) snd
=/ I Tad s} + 11T

[+}y
1¥i37)

(4]
1o = /YA T = 1L
Netw thar thoaw {oor malol aiw s cemadete oribomormal
haasiy for pertieles | and 3.

It is comrvenlent to write the unimows staoe of the S
particle az
e} = a|Ti} +=&]L). 3]
with |a|¥ & |87 = L. The complete mars of the thoos
particies before Alloe’s meascrement Ly thos

Tiz) = fz{lflﬂl'ﬂ“ﬂ =Tl £=ii T21)

__:l= @ LaHi T2l Lad = LaMl 1231 Tad)- (4]
= this eqmation, sach direer produet | )| 3} cas be =-
;:-.-—dan :-rma!-;‘uﬂd!whnluwv|ﬂg]}

w9123, et ww mbeain

Sz = RI905" (==l Ta) = 8 Lad) + 19037 (—d Tal &1 L23) + 18137 (=] Lo} + M 1)) + 1902") (= La) — 4 Tad)]).

It foliows thar, regardless of the uakeown state [3:), the
sy messuresent cotooemes sre equally Loely, esch o=
carrieg with probabiliey 174 Purtbermere, aller Allcw's
measnrement, Bob's particls 1 wall heve been pore o
iete cos of the (ur prare states superposed o Eq. (5],

sororiing o the messvrersent cuoteorme T hese are, o
ppemtively,
\ a f=10%
v = {5')" \ o1} @l
(&)
foLy |:'I]—I"- -
'-'J_,-I Sala L1 Jllljx.l-

=)

I
Each of these posible reultas: staves for Bob's EPR

particle is related ks & simple way to the orimzal state
@) which Allce sought to telrport. In U cass of the St
singiet) outcome, Bok's sate iy the seee cxorp:. o5 an
wrrelevant phase [actor, so Bob oeed do socbing ferntber to
mroctuoe & repllea of Allce's rpan. [o ther thiee ctber cases,
Daob mumt spply ooe of the usitary operaiom in Eq. (6],
crrveapanad ing, revpectively. o 1607 rotatlons sroumd Ghe
1, ¥, and y nxes, In srder to cosrvert his EI'R particls inta
& replics of Alkca's ariginel seste [a). (I |8} represects o
shotan palarnzation state, n reitable cosmbtaaaron of hall-
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tion from a pair of identically Prepared particles [10]

The spin-exchange method of sendin i
to Bob still lumps classical and nnn:lnfsiﬂ :.:::ﬁ::::
together in a single transmission. Below, we show how
Alice can divide the full information encoded in |#) inta
two parts, one purely classical and the other purely non-
classical, and send them to Hob through twoe different
channels. Having received these two transmissions, Bob
©an construct an accurate replica of |@). OF course Allce’s
original |3) is destroyed in the process, as it must be to
cbey the no-cloning theorem. We call the process we are
about to describe teleportation, a term from selence fe-
tion meaning to make a perscn or object disappear while
an exact replica appears somewhere else. It must be m-
phasized that our teleportation, unlike some science fic-
tion versions, defies no physical laws. In particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
a classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |}
from Alice's hands and its appesrance in Bob's bands a
suitable time later. The only remarimble feature is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. Flirst we
shall show how to teleport the quantum state [$) of a
m'ﬂi particle. Later we discuss teleportation of more
complicated states.

The nonclassical pazt is transmitted first. To do so,
tw:pin—-* particles are prepared in an EPR singlet stats

I‘I‘EJ} e ﬁ{]‘[,}lla} — |13}l 73))- {IJ

The subscripts 2 and 3 label the particles in this EPR
pair. Alice's criginal particle, whose unknown state |@)
she secks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g., one or more may be photons, the
polarization degree of freedom having the same algebra
as a spin.

One EPH particle (particle 2) is given to Alice, while

the other (particle 3) Is given tor Bob. Although this
establishes the possibility of nonclassical correlations be-
tween Alice and Bob, the EPH pair at this stage contains
no information about |¢). Indeed the entire system, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure product state, |¢;) |9i3’), invelving neither
classical correlation nor quantum entanglement betoeen
the unknown particle and the EPH pair. Therefore no
measurement on either member of the EPR pair, or both
together, can yield any information about |[¢). An entan-
glement between these two subsystems is brought about
in the next step.

To couple the first particle with the EPR pair, Alice
performs a complete measurement of the von Neumann
type cn the joint system consisting of particie 1 and parti-
cle 2 (her EPR particie). This measurement is performed
in the Bell operstor basis [11] consisting of |23’ and

957 = VEAT) + 1421 T2)),
@
18557) = /A1) =1L a))-

Note that these four states are a complete orthonormal
basis for particles 1 and 2.

It iz convenient to writa the unloiown state of the Grst
particle as

[#1) =a|T2) +5]La)s (3)

with |a|® + |§* = 1. The complete state of the three
particles before Alice's measurement s thus

[¥123) = fg{nmmim — a1 2} Ta))

o (LML) — [T @)

In this equation, each direct product | 1}| 2) can be =
pressed in terms of the Bell operator basis vectors |¢E.’f:}
and [#27), and we obtain

|W123) = & (9557 (—alTs) — bl L)) + 125N (—al Ts) + bl 13)) + ®57) (al La) + 81 Ta)) + 1257 (al La) — 8] Ta))).

It follows that, regardiess of the unknown state |¢q), the
four measurement cutcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice's
measurernent, Bob's particle 3 will have been projected
into one of the four pure states superposed In Eq. (5),
according to the measurement cutcome. These are, re-
spectively,

- =—(3). (To1)e

(5)

[

Each of these possible resultant states for Bob's EPR
particle is related in a simple way to the ariginal state
|¢) which Alice sought to telepart. o the case of the: first
(singlet) outcome, Bob's state is the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replica of Alice's spin. In the three other cases,
Bob must apply one of the unitary operators in Eq. (6],
corresponding, respectively, ta 180° rotations arcund the
- = amA s swes 0 order to coovert: his EPH particle into
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tlon from a pair of identically pPrepared particles [10
mg‘;i":;;'?mﬁﬂ method of sending full inﬁ:rLiJlinn
5 umps classical and nonclassical information
together in & single transmission. Below, we show how
Alice can divide the full information encoded in |@) inta
two parts, one purely classical and the other purely non-
classical, and send them to Hob through twe different
channels. Having received these two transmissions, Bob
A construct an accurate replica of |@). OF course Allce’s
criginal |3} is destroyed in the process, as it must be to
obey the no-cloning theorem. We call the process we are
about to describe teleportation, a term from seienes G-
tion meaning to make a perscn or object disappear while
an exact replica appears somewhere else. It must be sm-
phasized that our teleportation, unlike some science fic-
tion versions, defies no physical laws. In particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
a classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |¢)
from Alice’s hands and its appearance in Bob's bands a
suitable time Inter. The only remarimble feature is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. First we
shall show how to teleport the quantum state [$) of &
ll'-liﬂ"i‘ particle. Later we discuss teleportation of more
complicated states.
The nonclassical pazt is transmitted first. To do so,
o :pin-‘-} particles are prepared in an EPR singlet state

19557) = /& (T2l L) — | 1a)I Ta))- (1)

The subscripts 2 and 3 label the particles in this EPR
pair. Alice's criginal particle, whose unknown state |@)
she seeks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g., on= or more may be photons, the
polarization degree of freedom having the same algebra
as & spin.

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

the other (particle 3) Is given to Bob. Although this
establishes the possibility of nonclassical correlations be-
tween Alice and Bob, the EPH pair at this stage contains
no information about |¢). Indeed the entire system, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure product state, |&;) |¥i3’), invelving neither
classical correlation nor quantum entanglement between
the unknown particle and the EPR pair. Therefore no
measurement on either member of the EPR pair, or both
together, can yield any information about |[¢). An entan-
glement between these two subsystems is brought about
in the next step.

To couple the first particle with the EPH pair, Alice
performs a complete measurement of the von Neumann
type an the joint system consisting of particie 1 and parti-
cle 2 (her EPR particle). This measurement is performed
in the Bell operator basis [11] consisting of [2!3)) and

95 = /ETI L) + 142 Ta)),
(2)
1457 = /3 at)ITa) =1L La))-

Note that these four states are a complete orthonormal
basis for particles 1 and 2.

It s convenlent to writa the unknown state of the Grst
particle as

[é1) =a|T2) +&[Lla), (3)

with |a|® + |8 = 1. The complete state of the thres
particles before Alice's measuremenc is thus

[¥123) = %{ITlHTﬂH;J — 1212} Ta))

(4)

In this equation, each direct product | ;)| 2) can be -
pressed in terms of the Bell operator basis vectors |¢E;‘:}
and [¥27), and we obtain

s (1) Tal 1) = [ 1)) 7))

|W123) = & (1955 (—alTs) — bl La)) + 125N (—al T3} + bl 13)) + ®5)) (al La) + 81 T3)) + 1287 (al La) — 8] Ta))].

It follows that, regardless of the unknown state [¢q), the
four measurement cutcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice’s
messurerment, Bob's particle 3 will have been projected
into one of the four pure states superposed In Eq. (5),
according to the measurement cutcome. These are, re-
spectively,

~léa) = - (";) (‘3 ‘1') Iéas

(5]

I

Each of these possible resultant states for Bob's EPR
particle is related in a simple way to the original state
|¢)} which Alice sought to telepart. o the case of the first
(singlet) outcoree, Bob's stats s the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replica of Alice's spin. In the three other cases,
Bob must apply one of the unitary operators in Eq. (6],
corresponding, respectively, to 180° rotations arcund the
- = sma s swes 0 order to coovert: his EPH particle into
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tion from a palr of identically prepared cles
The spin-exchange method of mdmgpﬁ:ljlulnfnmuiun
to Bob still lumps classieal and nonclassical information
mg‘nhcr in & single transmission. Below, we show how
Alice can divide the full information encoded in €} inta
two parts, one purely classical and the other purely non-
classical, and send them to Bob through twe different
channels. Having received these two transmissions, Bob
can construct an accurate replica of |@). OF course Alice's
original |3} is destroyed in the process, as it must be to
obey the no-cloning theorsm. We call the process we are
about to describe teleportation, a term from science fic-
tion meaning to make a perscn or object disappear while
an exact replica appears somewhere else. It must be em-
phasized that our teleportation, unlike some science fic-
tion versions, defies no physical laws. In particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
o classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |¢)
from Alice’s hands and its appearance in Bob's bands a
suitable time later. The only remarioable fenture is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. First we
shall show how to teleport the quantum state [@) of a
IF-"“"-E particle. Later we discuss teleportation of more
complicated states.
The nonclassical pazt is transmitted first. To do so,
twnpin-% particles are prepared in an EPR singlet state

1957y = \/E (T2 Ls) — [ 12)ITa))- (1)

The subseripts 2 and 3 label the particles in this EPR
pair. Alice's original particle, whose unknown state |@)
she secks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g., one or more may be photons, the
polarization degree of freedom having the same algebra

s a spin.
One EPR particle (particle 2) iz given to Alice, while

[10].

the other (particle 1) Is given to Bob. Although this
establishes the possibility of nonclassical correlations be-
tween Alice and Bob, the EPH palr at this stage contains
no information about |¢). Indeed the entire systerm, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure product state, |¢y) [#55”), involving neither
classical correlation nor quantum entanglement between
the unknown particle and the EPH pair. Therefore no
measurement on either member of the EPR pair, or both
together, can yield any information about [¢). An entan-
glement betwren these two subsystems is brought about
in the next step.

To couple the first particle with the EPH pair, Alice
performs a complete measurement of the von Neumann
type cn the joint system consisting of particie 1 and parti-
cle 2 (her EPR particie). This measurement is performed
in the Bell operstor basis [11] consisting of [23’) and

195 = JEAT0la) + 1L)iT2).
@
B4 = /3 At)ITa) =1L La))-

Note that these four states are a complete orthonormal
basis for particles 1 and 2.

It is convenient to writs the unknown state of the first
particle as

[é1) =a|T1) + &) La). (3)

with |a|* + |b* = 1. The complete state of the three
pacticles before Alice's measuremenc is thus

[¥123) = %u )12l La) —ITadiLz) 1 T3))

Fom (LT ) — [T @)

In this equation, each direct product | 1}| 2) can be =
pressed in terms of the Bell operator basis vectors I#E;"}
and |¥13’), and we obtain

[W12a) = % €YY (—al Ta) — bl Ls)) + | 2EE)) (—al T3) + 61 1s)) + [®5D) (al La) + B T3)) +[2537) (al La) — b T2))]-

It follows that, regardless of the unknown state [¢q), the
four measurement cutcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice’s
measuremment, Bob's particle 3 will have been projected
into one of the four pure states superposed In Eg. (5),
asccording to the measurement cutcome. These are, re-
spectively,

—iga) = — (T,) (_:', 'i') |62},

(5]

I

Each of these possible resultant states for Bob's EPR
pacticle Is related in a simple way to the ariginal state
|¢) which Alice sought to teleport. In the case of the first
(singlet) outcome, Bob's state is the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replica of Alice's spin. In the three other cases,
Bob must apply one of the unitary operators in Eq. (5],
corresponding, respectively, to 180° rotations arcund the
- = amdA s awes 0 order to cooverts his EPH particls into
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tion from a pair of identically prepared

The spin-exchange method ufﬂﬁngﬁﬂ:ﬂiun
to Bob still lumps classical and nonclassical information
m[;rthr.-r in & single transmission. Below. we show how
Alice can divide the full information encoded in |8) into
two parts, one purely classical and the ather purely non-
classical, and send them to Bob through twe different
channels. Having received these two transmissions, Bob
Can construct an accurate replica of |&). OF eourse Alice’s
original |3) is destroyed in the process, as it must be to
obey the no-cloning thecrem. We call the Process we are
about to describe teleportation, a term from science fic-
tion meaning to make a person or object disappear while
an exact replica appears somewhere else. It must be em-
phasized that our teleportation, unlike some science fic-
tion versions, defies no physical laws. In particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
a classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |¢&)
from Alice's hands and its appearance in Bob's bands a
suitable time lnter. The only remarimble feature is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. First we
shall show how to teleport the quantum state [S) of &
spin-4 particle. Later we discuss teleportation of mare
complicated states.

The nonclassical pazt is transmitted first. To do so,
m:p!-n-—* particles are prepared in an EPR singlet state

05 = /E (T2 Ls) — [ 12)ITa))- (1)

The subscripts 2 and 3 label the particles In this EPR
pair. Alice’s original particle, whose unknown state |¢)
she seeks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g-, one or more may be photons, the
polarization degree of freedom having the same algebra
as a spin.

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

the other (particle 3) is given to Bob. Although this
establishes the possibility of nonclassical correlations be-
tween Alice and Boh, the EPH pair at this stage contains
no information about |¢). Indeed the entire systerm, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure product state, |¢;) [P'3’), Invelving neither
classical correlation nor quantum entanglement betoeen
the unknown particle and the EPH pair. Therefore no
mensurement on either member of the EPR pair, or baoth
together, can yield any information about |¢). An entan-
glement between these two subsystems is brought about
in the next step.

To couple the first particle with the EPH pair, Alice
performs a complete measurement of the von Neumann
type cn the joint system consisting of particie 1 and parti-
cle 2 (her EPR particle). This measurement is performed
in the Bell operator basis [11] consisting of [2{7’) and

1957 = /EATOa) + L) T2).
@
1845) = /3 A1)112) = 112)112))-

Note that these four states are a complete orthonormal
basis for particles 1 and 2.

It is convenient ta writs the unknown state of the frst
particle as

[#1) =a|T2) + & L), (3)

with |a|* + |b* = 1. The complete state of the three
pacticles before Alice's measurement [s thus

[¥123) = %{l )12l Ls) — I T2)1 L2} T2))

Fo (B — [T (@)

In this equation, each direct product | 1}| 2) can be ox-
pressed in terms of the Bell operator basis vectors WE._’."}
and |¥13’), and we obtain

[W123) = % [UST) (—alTa) — bl Ls)) + | 255)) (—al T3) + 61 1)) + [®57) (ol La) + B T3)) +[2537) (al La) — ) T2))]-

It fellows that, regardless of the unknown state |[¢:), the
four messurement cutcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice’s
measuremment, Bob's particle 3 will have been projected
into one of the four pure states superposed In Eg. (5),
pccording to the measurement ocutcome. These are, re-
spectively,

—i¢a) = — (z) (_é i') |63}

(5]

I

Each of these possible resultant states for Bob's EPR
pacticle is related in a simple way to the original state
|¢) which Alice sought to teleport. In the case of the first
(singlet) outcorne, Bob's state is the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replica of Alice's spin. In the thres other cases,
Bob must apply one of the unitary operators in Eq. (5],
corresponding, respectively, to 180° rotations around the
- = mmdA s swess 0 order to coovert: his EPH particls into
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tion
= lf:D.r:i :- pair of identically prepared particles [10].
method of sending full information
to Bob still lumps classical and nonclassical information
m;nhr:: in a single transmission. Below. we show how
Alice can divide the full information enm:ia:l in |¢) inta
twao parts, one purely classical and the other purely non-
classical, and send them to Hob through two diferent
channels. Having received thess two transmissions, Bob
©an construct an accurate replica of |¢). OF course Alice's
original |3} is destroyed in the process, as it must be to
obey the no-cloning theorsm. We call the process we are
about to describe teleportation, a term from science Be-
tion meaning to make a perscn or object disappear while
an exact replica appears somewhere else. [t must be em-
phasized that cur teleportation, unlike some science fic-
tion versions, defies no physical laws. In particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
a classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |¢)
from Alice’s hands and its appesrance in Bob's hands a
suitahle time later. The only remarinbie feature is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. First we
shall shew how to telepert the quantum state [&) of a
spin-} particle. Later we discuss teleportation of more
complicated states.
The nonclassical pazt is transmitted first. To do so,

w57 = /2 (T2l Ls) — |12}l T))- (1)

The subscripts 2 and 3 label the particles in this EPR
pair. Alice’s original particle, whose unknown state |@)
she secks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g., on= or more may be photons, the
polarization degree of freedom having the same algebra
as a spin.

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

the other (particle 3) is given to Bob. Although this
establishes the possibility of nonclassical correlations be-
tween Alice and Bob, the EPH pair at this stage contains
no information about |&). Indeed the entine systerm:, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure produet state, |¢;) [Pl3’), Invelving neither
classical correlation nor quantum entanglement betoween
the unknown particle and the EPHR pair. Therefore no
measurement on either member of the EPR pair, or both
together, can yield any information ahout |¢). An entan-
glement between these two subsystems is brought about
in the next step.

To couple the first particle with the EPR pair, Alice
performs a complete measurement of the von Neumann
type on the joint system consisting of particie 1 and parti-
cle 2 (her EPR particle). This measurement is performed
in the Bell operator basis [11] consisting of [2{77) and

1952 = /EaTola) + 1)1 1)
@
B = /E(T)IT2) =111 1a))-

Neote that these four states are a complete arthonormal
basis for particles 1 and 2.

It is coovenient to write the unknown state of the GBrst
particle ay

[#1) =a|T1) +5]Li)s (3)

with |a|* + |8 = 1. The complete state of the thres
pacticles before Alice's measurement s thus

¥1z3) = -j;{l )12l Ls) — I T2d11z) I T2))

Foe (LT — [T @)

In this equation, each direct product | )] 2) can be o
prﬂndlntmnfth:ﬁdlupﬂmrblﬂi:muliﬂ’]}

| and [#%), and we obtain

|¥123) = & (195 (—alT3) — bl La)) + 125 (—al Ts) + bl 1a)) + 1857) (al La) + 81 T3)) +12857) (al La) — 8] Ta))]-

It follows that, regardless of the unknown state |&;), the
four measurement cutcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice’s
measurement, Bob's particle 3 will have been projected
into one of the four pure states superposed in Eq. (5],
according to the measurement cutcome. These are, re-

spectively,

—i¢a) = — (';) (_é 'D ¢},

(5]

Each of these possible resultant states for Bob's EPR
pacticle is related in a simple way to the ariginal state
|#) which Alice sought to telepart. Io the case of the Arst
(singlet) outcome, Bob's state is the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replica of Alice’s spin. In the three other cases,
Bob must apply one of the unitary operators in Eq. (5],
corresponding, respectively, ta 180° rotations arcund the
- = mmA s swess 0 order to coovert: his EPHE particle into
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tion from a pair of identically prepared particles [10]

The spin- method of i i :
to Bob still lumps classical and fﬁ]ﬁﬁ Lr::rzﬁ:::
mgﬂ.htr in a single transmission. Below, we show how
Alice can divide the full information encoded in |#) inta
two parts, one purely classical and the other purely non-
classical, and send them to Hob through twe different
channels. Having received these two transmissions, Bob
can _mnnrm::nnmrugrepu:uuﬂd}, OF course Alice's
original |3) is destroyed in the process, as it must be to
obey the no-cloning theorem. We call the process we are
about to describe teleportation, a term from scienee fe-
tion meaning to make a perscn or object disappear while
an exact replica appears somewhere else. It must be sm-
phasized that cur teleportation, unlike some science fic-
tion versions, defies no physical laws. [n particular, it
cannot take place instantanecusly or over a spacelike in-
terval, because it requires, among other things, sending
& classical message from Alice to Bob. The net result
of teleportation is completely prosaic: the removal of |&)
from Alice's hands and its appearance in Bob's hands a
suitable time lnter. The only remarimble feature is that,
in the interim, the information in |¢) has been cleanly
separated into classical and nonclassical parts. First we
shall show how to teleport the quantum state [@) of a
spin-4 particle. Later we discuss teleportation of more
complicated states.

The nonclassical pazt is transmitted first. To do so,
two spin-4 particles are prepared in an EPR singlet state

1957 = /E (1 T2)lLs) — | 12}l Ta))- (1)

The subscripts 2 and 3 label the particles in this EPR
poir. Alice's original particle, whose unknown state |@)
she secks to teleport to Bob, will be designated by a
subscript 1 when necessary. These three particles may be
of different kinds, e.g., one or more may be photons, the
polarization degree of freedom having the same algebra
as a spin.

One EPR particle (particle 2) i given ta Alice, while

the other (particle 3) is given to Bob. Although this
estahlishes the possibility of nonclassical correlations be-
tween Alice and Bob, the EPH pair at this stage contains
no information about |&). Indeed the entine systerm, com-
prising Alice's unknown particle 1 and the EPH pair,
is in & pure produet state, |¢;) [03), involving neither
classical correlation nor quantum entanglement betoween
the unknown particle and the EPH pair. Therefore no
measurement on cither member of the EPR pair, or both
together, can yield any information about [¢). An entan-
glement between these two subsystems is brought about
in the next step.

To couple the first particle with the EPHR pair, Alice
performs a complete measurement of the von Neumann
typeon the joint system consisting of particie 1 and parti-
cle 2 (her EPR particle). This measurement is performed
in the Bell operator basis [11] consisting of [2{7’) and

19657 = /EAT10a) + 142 Ta))
@)
1857 = /310112 =1L 11a)).

Note that these four states are a complete orthonormal
basis for particles 1 and 2.

It is conmvenient to writa the unlsicown state of the Grst
particle ag

[é1) =a|T2) +b]La). (3)

with |a|* + |8* = 1. The complete state of the thres
pacticles before Alice's measurement is thus

[¥123) = —:,;u )12l Ls) — I Tad1Lz) I Ta))

%(Iiﬂl?ﬂlh}-IL::-II:HT:H- (4)

In this equation, each direct product | ;)| 2) can be =
prﬂndlntmnfth:ﬂdlu‘pﬂmrbuhmmmﬁﬂ”}
and [#%7), and we obtain

|W123) = & (195 (—alTs) — b1 La)) + 1253 (—al Ts) +bi13)) + 1@5)) (al La) + 81 Ta)) + 12857 (al La) — 8l T2))]-

It follows that, regardiess of the unknown state |¢q), the
four messurement outcomes are equally likely, each oc-
curring with probability 1/4. Furthermore, after Alice's
measurement, Bob's particle 3 will have been projected
into one of the four pure states superposed in Eq. (5),
pccording to the measurement cutcome. These are, re-
spectively,

~i¢a) = - (";) ("é 'i') Iéa),

(&)

(5}

I

Each of these possible resultant states for Bob's EPR
particle Is related in a simple way to the original state
|¢)} which Alice sought to telepart. Io the case of the first
(singlet) outcome, Bob's state is the same except for an
irrelevant phase factor, so Bob need do nothing further to
produce a replics of Alice's spin. In the three other cases,
Bob must apply one of the unitary operators in Eq. (5),
corresponding, respectively, ta 180° rotations arcund the
- = amdA s swvess 0 order to coovert: his EPE particle into
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