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Requirement of opti
al 
oheren
e for
ontinuous{variable quantum teleportationTerry Rudolph1� and Barry C. Sanders1;21The Erwin S
hr�odinger International Institute for Mathemati
al Physi
s, Boltzmanngasse 9, 1090 Vienna, Austria2Department of Physi
s, Ma
quarie University, Sydney, New South Wales 2109, Australia(August 22, 2001)We show that the sender (Ali
e) and the re
eiver (Bob) ea
h require 
oherent devi
es in orderto a
hieve un
onditional 
ontinuous variable quantum teleportation (CVQT), and this requirement
annot be a
hieved with 
onventional laser sour
es, linear opti
s, ideal photon dete
tors, and perfe
tFo
k state sour
es. The appearan
e of su

essful CVQT in re
ent experiments is due to interpretingthe measurement re
ord falla
iously in terms of one preferred ensemble (or de
omposition) of the
orre
t density matrix des
ribing the state. Our analysis is unrelated to te
hni
al problems su
h aslaser phase drift or �nite squeezing bandwidth.Quantum teleportation, �rst proposed as a method forteleporting an unknown spin{1=2 quantum state froma sender, \Ali
e", to a re
eiver, \Bob" [1℄, has beenextended to 
ontinuous{variable quantum teleportation(CVQT) [2{5℄. In this variant of quantum teleporta-tion, Ali
e and Bob share a nonlo
al entangled two{mode �eld whi
h, ideally, should have perfe
t 
orrela-tions between in{phase quadrature (`position' x) andout{of{phase quadrature (`momentum' p), although therequirement of perfe
t 
orrelations 
an be relaxed some-what [3℄. Un
onditional teleportation of 
oherent stateswas re
ently 
laimed to have been experimentally demon-strated [4℄, with two{mode squeezed light providing thenonlo
al entangled resour
e shared between Ali
e andBob. Although experimental advan
es towards CVQThave been a
hieved, we show that genuine CVQT 
annotbe a
hieved using 
onventional laser sour
es, due to anabsen
e of intrinsi
 opti
al 
oheren
e [6℄. This in
oher-en
e is not due to phase drift but is rather a 
onsequen
eof entanglement between the laser medium and the out-put �eld. Herein we ex
lusively use the term 
oheren
eto refer to 
oherent superpositions of Fo
k states. Inthis letter, we establish that opti
al 
oheren
e is requiredfor true CVQT to su

eed, that 
onventional lasers donot meet this 
riterion, and therefore that un
onditionalCVQT is not possible with 
onventional lasers.Clear 
riteria for evaluating the su

ess of a telepor-tation experiment have been established [5℄, and we em-phasize three relevant 
riteria for determining whetherCVQT is possible at all with 
onventional laser sour
es:(a) the states to be teleported should be unknown toAli
e and Bob and supplied by an a
tual third partyVi
tor; (b) Ali
e and Bob share only a nonlo
al entan-gled resour
e and a 
lassi
al 
hannel through whi
h Ali
etransmits her measurement results to Bob; and (
) entan-glement should be a veri�able resour
e. In parti
ular wewill show that the experiment of Ref. [4℄ does not satisfyany of these 
riteria and establish that any s
heme basedon 
onventional laser sour
es 
annot simultaneously sat-isfy all three 
riteria.The ideal s
heme for CVQT [3℄ is explained inFig. 1(a), and a s
hemati
 and explanation of the ex-

perimental simulation of CVQT is provided in Fig. 1(b).We emphasize that the s
heme of Fig. 1(a) presupposesthe availability of large amplitude 
oherent states to serveas lo
al os
illators (LOs) for both Ali
e and Bob, and asa pump to produ
e the two-mode squeezed state. Oneshould also assume that Vi
tor has the ability to produ
etruly 
oherent states. In the experimental simulation ofCVQT [4℄, the same laser sour
e is used for (i) produ
ingVi
tor's state for teleportation, (ii) pumping the nonlin-ear 
rystal that produ
es a two{mode squeezed light �eldserving as the shared Einstein-Podolsky-Rosen (EPR)state, (iii) supplying the LO �elds for both of Ali
e'shomodyne measurements, and (iv) providing Bob with a
oherent �eld to mix with his portion of the EPR beamto re
onstru
t Vi
tor's state, as depi
ted in Fig. 1(b).In all dis
ussions relating to opti
al CVQT, lasers havebeen presumed sour
es of (Gaussian) 
oherent states [7℄j�ei�i = exp(��2=2)P1n=0(�nein�=pn!)jni. In quan-tum opti
s it is, in fa
t, standard to assume that theoutput of an ideal single{mode laser operating well abovethreshold is given by a 
oherent state. However, it is alsowell known that the phase � of this laser �eld is 
om-pletely unknown (not to be 
onfused with the physi
allyirrelevant global phase of a wavefun
tion). As su
h, thestate of the laser output �eld �L must be representedby a density matrix with phase eliminated by integratingover the distribution representing this la
k of 
lassi
alinformation. The resulting density matrix,�L = Z 2�0 d�2� j�ei�ih�ei�j (1a)= e��2 1Xn=0 �2nn! jnihnj ; (1b)is the 
orre
t quantum me
hani
al des
ription of an ideallaser mode output. As �L is diagonal in the energy eigen-state (Fo
k) basis it is, in our pre
ise terminology, not
oherent.It is 
ommon in quantum opti
s to assume that thesingle{mode laser �eld is in a 
oherent state j�ei�i toa good approximation. From Eq. (1a) it is 
lear whythis works so well: this parti
ular de
omposition (or en-1



semble) of the redu
ed density matrix for the laser light
orresponds to a mixture of 
oherent states with equallylikely phase, and the su

ess or failure of experiments inquantum opti
s is never dependent on knowing the pre-sumed initial phase of the laser. More pre
isely, 
onven-tional measurements on opti
al �elds, su
h as homodynedete
tion using lasers, involve mixing of di�erent in
oher-ent �elds and subsequent dete
tion by energy absorptionin photodete
tors: all su
h measurements are 
ompletelyinsensitive to any opti
al 
oheren
es [8℄.We have mentioned the entanglement between the laser�eld and the state of the lasing medium as the sour
e ofthe laser �eld phase indetermina
y. In [6℄ M�lmer ex-plains 
arefully the absen
e of opti
al 
oheren
e for 
on-ventional lasers and produ
es a 
onvin
ing analysis thatshows opti
al 
oheren
e is a \
onvenient �
tion" in quan-tum opti
s experiments. His analysis pro
eeds as follows.The gain medium of a laser 
onsists of distinguishabledipoles (e.g. atoms), whi
h are initially in a thermaldistribution of their energy eigenstates and, therefore,initially possess a mean dipole moment of zero. Thisgain medium is in
oherently pumped (the pumping �eldtoo is in a 
lassi
al distribution of energy eigenstates andtherefore has a zero mean ele
tri
 �eld), and the standardintera
tion between the atoms and this �eld produ
es alarge entangled state of the laser mode, pumping modes,gain medium and so on (with of 
ourse the build up of alarge number of photons in the laser mode by stimulatedemission). However, we are generally interested only inthe light in the laser mode, and the 
orre
t des
riptionof this �eld state is via the redu
ed density matrix ob-tained by tra
ing out all other degrees of freedom. Allpro
esses involved are energy 
onserving, and the initialstates of all parti
ipating physi
al systems (gain medium,pump modes, et
.) begin with no 
oheren
e: they areinitially des
ribed by diagonal density matri
es in theirenergy eigenstate bases. Evidently, tra
ing out the gainmedium, pump modes, et
. of the large entangled stateprodu
ed under these 
onditions 
annot leave the lasermode in a state with any non-zero o�-diagonal elementsin its density matrix, let alone in a pure 
oherent state.More 
on
isely, one 
annot obtain states with quantumun
ertainty in energy (
oherent superpositions of Fo
kstates) via physi
al pro
esses whi
h have only 
lassi
alun
ertainty in energy (that is, are diagonal in the Fo
kbasis).The intrinsi
 indetermina
y of the laser phase is unre-lated to the te
hni
al issue of phase drift: phase stabiliza-tion methods via mixing of laser beams do not establishthe existen
e of a phase for the laser. The importan
eof 
ontrolling phase drift is that relative phases of laserbeams, generally (but not ex
lusively) spawned from thesame sour
e as in Fig. 1(b), have redu
ed drifts. Thisamounts to stabilization of the mode under 
onsiderationand is important be
ause quantum opti
al interferen
eexperiments rely on indistinguishability (not 
oheren
e)for their su

ess. Stabilizing this phase drift 
annot in-trodu
e 
oheren
es into the overall density matrix.

The de
omposition (1a) to 
oherent states notwith-standing, sele
ting one 
oherent state as the de fa
tostate of the laser is 
learly a 
ommission of the \parti-tion ensemble falla
y" (PEF) [9℄. Within the frameworkof standard quantum me
hani
s, the density matrix isthe 
omplete des
ription of the quantum state [10℄, andthere is no reason to a

ord preferential treatment toone parti
ular de
omposition of the in�nite number ofequivalent de
ompositions for any mixed state. Avoidingpreferential de
ompositions is 
learly important for quan-tum information pro
essing, whi
h should be formulatedoperationally. We emphasize that the interpretation ofexperimental data under the assumption that the \real"state of the laser is a
tually one element of one de
om-position of �L yields a falla
ious interpretation of themeasurement re
ord in terms of \what really happened".Tomographi
 re
onstru
tion of Gaussian states withwell{de�ned phase [11℄ provides a simple example of howa failure to formulate operationally 
an lead to in
or-re
t retrodi
tion of results. Su
h experiments generallyrely on auto
orrelation measurements in whi
h the re
on-stru
ted state and the LO used for the homodyne mea-surements are derived from the same laser sour
e, similarto the CVQT 
ase 
onsidered in Fig 1(b). As the a prioriassumption is that the laser produ
es a 
oherent state,the experimental data is interpreted in this 
ontext, andthe tomographi
ally re
onstru
ted state is, therefore, in-terpreted as a 
oherent state. Sin
e de
omposition (1a)of �L allows one to des
ribe the initial laser state as a
oherent state, and the experiment relies only on phasedi�eren
es and not the overall initial phase of the laser,
learly no 
ontradi
tion with this partitioning assump-tion 
an be a
hieved. It is 
onvenient to assume that thelaser �eld is in a 
oherent state, but su
h tomographi
re
onstru
tion does not \prove" this.We are of 
ourse not asserting that produ
tion of 
o-herent states of light is impossible: basi
 quantum ele
-trodynami
s shows that a 
lassi
al os
illating 
urrent 
anprodu
e 
oherent states [7℄. As a 
lassi
al 
urrent 
anbe fully measured without disturban
e, it provides the
lassi
al information ne
essary to spe
ify a unique 
o-herent state. Produ
tion of true 
oherent states is alsopossible if 
oherent measurements 
an be performed onone 
omponent of an entangled system. For example,a measurement on a two-level atom (with energy eigen-states jgi; jei), 
oupled to a single photon 
avity mode(with energy eigenstates j0i; j1i) in the entangled state(jg; 1i + je; 0i)=p2, 
an be used to proje
t the photoninto a state with 
oheren
e, e.g. (j0i + j1i)=p2. How-ever, su
h a measurement 
annot be in the energy eigen-state basis of the atom, it ne
essarily requires 
oheren
e.Similarly, a 
oherent measurement on the gain medium ofthe laser, while te
hni
ally 
hallenging, 
ould in prin
ipleproje
t the laser output into a 
oherent state. However,pro
essing the output of the 
onventional laser via lin-ear opti
s, ideal photon dete
tors and perfe
t Fo
k statephoton sour
es 
annot be used to proje
t the laser mode2



into a 
oherent state. CVQT as envisioned in all op-ti
al proposals thus far has been teleportation of phaseand amplitude information of a 
oherent �eld. We there-fore assert that genuine CVQT requires 
oherent devi
es,that is, devi
es 
apable of generating true 
oheren
e, andthese are not a feature of 
urrent CVQT experiments.We address the three 
riteria for su

essful CVQT,beginning with 
riterion (a). Splitting a 
oherent statej�ei�i at a lossless beam splitter with re
e
tivity r andtransmissivity t yields a produ
t state jir�ei�i 
 jt�ei�i,and the two output modes are, therefore, independent;one mode 
ould be used by Vi
tor. However, if the inputto the beamsplitter is �L, the resultant state is not of theform �1 
 �2 but rather�BS = Z 2�0 d�2� jir�ei�ihir�ei�j 
 jt�ei�iht�ei�j= e��2 1Xm;n=0 in�m (r�)n+mpn!m! 1Xr;s=0 (t�)r+spr!s!�Æm+r;n+s jmihnj 
 jrihsj ; (2)with signi�
ant 
orrelation between the two outputmodes. This 
learly violates 
riterion (a). De
omposingstate (2) to a spe
i�
 produ
t 
oherent state, with oneof these two 
oherent states to be teleported, 
ommits,on
e again, the PEF [9℄.Criterion (b) stipulates that Ali
e and Bob shouldshare only a nonlo
al entangled resour
e and a 
lassi-
al 
ommuni
ation 
hannel. As the laser phase is in-determinate (more pre
isely it is a property whose \ex-isten
e" depends on as
ribing reality to one ensemble of�L), Ali
e 
annot in
lude information on the phase of herlaser sour
e in the 
lassi
al information she transmits toBob, using linear opti
s, ideal photon dete
tors, and per-fe
t Fo
k state sour
es. In the existing experiment Ali
eshares with Bob a laser beam split from the same sour
e.He uses this beam to apply a unitary displa
ement op-eration (determined by Ali
e's transmitted 
lassi
al in-formation) to reprodu
e Vi
tor's state. Without sharingthis beam (or something similar but equally in
oherentsu
h as two slave beams lo
ked to one master laser), Al-i
e's and Bob's operations are 
ompletely un
orrelated.We maintain therefore that the absen
e of intrinsi
 op-ti
al 
oheren
e in a 
onventional laser ne
essitates theexisten
e of this manifestly quantum 
hannel. A 
lassi-
al 
hannel 
annot repla
e this be
ause, although fromthe �rst de
omposition of Eq. (2) �BS is separable, it islo
ally preparable only if Ali
e and Bob ea
h have inde-pendent 
oherent sour
es. To see this, note that if Ali
eand Bob ea
h have only non{
oherent devi
es (as de�nedearlier), 
lassi
al 
ommuni
ation only permits them toprepare mixed states (in the Fo
k basis), of the form� = Pij 
ijjiihij 
 jjihjj 6= �BS . In the experiment ofRef. [4℄, the majority of photons in the teleported statethat Bob supplies to Vi
tor (for veri�
ation) a
tually ar-rive from this extra quantum state shared between Ali
eand Bob. Without this shared �eld, the \
onvenient �
-

tion" of 
oheren
e 
annot be maintained. This quantum
hannel is in fa
t ne
essarily 
apable of transmitting thestate Vi
tor provided to Ali
e on its own; Vi
tor would
ertainly be entitled to be suspi
ious of su
h a s
heme.Teleportation as envisioned in [1℄ 
learly requires that theonly shared quantum state is the entangled state and Bobapplying a unitary operation with only a 
lassi
al devi
e.In e�e
t, without truly 
oherent devi
es the analogue ofthe single qubit rotations in [1℄ 
annot be performed onarbitrary single mode states of light.We now 
onsider 
riterion (
). Conventionally in quan-tum opti
s, it is assumed that the nonlinear 
rystals usedto produ
e squeezed states are pumped by a strong, pure
oherent state. This results in a two{mode squeezed �eld,j�ei�i =p1� �2 1Xn=0�nein�jnni ; (3)with � the phase of the pump �eld. However, the pump�eld a
tually originates from �L of Eq. (1); hen
e, thetwo{mode output state from the nonlinear 
rystal isgiven by�S = Z 2�0 d�2� j�ei�ih�ei�j = �1� �2� 1Xn=0�2njnnihnnj(4)whi
h is 
learly diagonal in the Fo
k state basis. It istherefore separable; Ali
e and Bob 
an prepare the statelo
ally and 
onsequently violate 
riterion (
). That �Sis diagonal arises be
ause the pump �eld is diagonal inthe Fo
k basis (i.e., �P = P %njniP hnj), and thus hasa 
lassi
al energy spread or un
ertainty. A nonlinear
rystal pumped by a state with no energy un
ertainty(i.e. �P = jN iP hN j) transforms the pure state inputjN iP j0 0i, with the two EPR �elds in a va
uum state,into a superposition of states fjN �miP jmmig. Tra
ingover the pump �eld state �P destroys 
oheren
es in theredu
ed density matrix for the two squeezed modes, andresults in the separable state (4). A two{mode squeezedstate may appear to be pure, for example in tomographi
re
onstru
tions using balan
ed homodyne dete
tion [12℄.However, su
h re
onstru
tion of a two{mode Gaussian(squeezed) state is another example of an invalid retrod-i
tion by not properly applying the operational formula-tion, as dis
ussed earlier. Thus, the pure state represen-tation of the two{mode �eld as an entangled state is, inM�lmer's terminology, \a 
onvenient �
tion".While we have fo
used here on homodyne type exper-iments su
h as [4℄, Molmer's argument applies equallywell to systems of independent lasers intera
ting through
onventional quantum opti
s devi
es. Su
h experiments
annot 
reate nor demonstrate single mode 
oheren
e [6℄.We assert, therefore, that genuine CVQT will require ei-ther new proposals not based on an assumption of 
oher-en
e or new sour
es of opti
al radiation.3



We 
on
lude by des
ribing how aspe
ts of the experi-ment of [4℄ would be viewed if, instead of as
ribing realityto the �rst de
omposition (1a) of �L, we equally falla-
iously as
ribe reality to the se
ond de
omposition (1b).We would then assert that the laser is in a pure numberstate jN i (although we are unsure exa
tly whi
h one).When a pure number state en
ounters a beam splitter itprodu
es an entangled state. Thus we would 
on
ludethat Vi
tor's state is entangled with both Ali
e's andBob's LOs. These in turn are entangled with the down-
onversion pump beam (as des
ribed above), and thisis entangled with the two squeezed modes. The experi-ment 
ould now be 
laimed as a demonstration of an as-sortment of entanglement e�e
ts, although 
ertainly notCVQT. Sin
e the two de
ompositions of (1) des
ribe ex-a
tly the same density matrix this des
ription 
annot be
ontradi
ted by the measurement re
ord. Our view of
ourse is that both this and the 
laimed interpretation
are equally in
orre
t.In summary, we have established that un
onditionalCVQT as 
laimed in Ref. [4℄ is not possible using 
on-ventional lasers be
ause these are not genuine 
oherentsour
es. CVQT as envisioned in all opti
al proposals thusfar has been teleportation of phase and amplitude infor-mation of a 
oherent �eld. The requirement of true opti-
al 
oheren
e is our 
entral result. We have shown thatthe experimental simulation of CVQT in [4℄ 
annot bereadily 
onsidered \un
onditional teleportation" without
ommitting the partition ensemble falla
y (PEF). Three
riteria for 
laiming un
onditional CVQT [5℄ have beenshown to be violated for experiments using 
onventionallaser sour
es.We a
knowledge useful dis
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(b)FIG. 1. (a) Ideal CVQT. Ali
e mixes, at a 50/50 beam splitter, Vi
tor's state with her portion (
omponent 1) of a two{modesqueezed va
uum state that is shared with Bob (
omponent 2). In the ideal limit, the two{mode squeezed �eld is a pureentangled state with a Wigner fun
tion proportional to Æ(x1+x2)Æ(p1�p2), for xi (pi) the in{phase (out{of{phase) quadratureof �eld 
omponent i 2 f1; 2g, thereby a
ting as a true EPR state. Ali
e mixes the two beamsplitter output �elds with lo
alos
illators (LOs) assumed to be in (in�nitely strong) 
oherent states, thereby yielding true (x; p) quadrature{phase homodynemeasurements. She transmits out
ome (x;p) to Bob via a 
lassi
al 
hannel, whi
h he uses to transform 
omponent 2 of theEPR state by mixing with a LO at a beam splitter. (b) An experimental simulation of CVQT using an in
oherent (laser) sour
esu
h as that adopted in Ref. [4℄. The laser �eld is shared by all parties.4


