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Nonlocal aspects of a quantum wave

Y. Aharonov? and L. Vaidman
school of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel-Aviv University, Tel-Aviv 69978, Israel
2Physics Department, University of South Carolina, Columbia, South Carolina 29208
(Received 24 September 1999; published 11 April 2000

Various aspects of nonlocality of a quantum wave are discussed. In particular, the question of the possibility
of extracting information about the relative phase in a quantum wave is analyzed. It is argued that there is a
profound difference in the nonlocal properties of the quantum wave between fermion and boson particles. The
phase of the boson quantum state can be found from correlations between results of measurements in separate
regions. These correlations are identical to the Einstein-Podolsky-RB&R correlations between two en-
tangled systems. An ensemble of results of measurements performed on fermion quantum waves does not
exhibit the EPR correlations and the relative phase of fermion quantum waves cannot be found from these
results. The existence of a physical variatitee relative phagethat cannot be measured locally is the nonlo-
cality aspect of the quantum wave of a fermion.

PACS numbeps): 03.65.Bz

[. INTRODUCTION at different times in space locatiodsand B and unlimited
classical communication between the sites is allowed.
There are literally thousands of papers about nonlocality Very important nonlocal variables areodular variables
in quantum theory. However, there are still some aspects d6]. Many surprising effects related to the evolution of spa-
nonlocality that have not been fully explored and the connectially separated systems can be effectively analyzed using
tion between various aspects has not been clarified. In thighem. The dynamical equations of modular variables are
paper we will analyze particular nonlocal aspects that ar@onlocal.
different for quantum waves of bosons and fermions. This is However, the nonlocality issues related to nonlocal vari-
a development of ideas originated in the works of one of usibles are mingled: it is not easy to separate which part of the
[1,2]. In order to put these nonlocality aspects in the propenonlocality in the dynamics is due to intrinsic nonlocality of
perspective we will give a brief review of other aspects ofthe quantum world and which part is due to the nonlocality
nonlocality of quantum theory. introduced by the definition of the variable. In this paper we
An important nonlocality aspect that will not be discussedlimit ourselves to analysis of relations between the results of
in this paper is related to the conceptrainlocal variables  measurements of local variables.
Measurements of nonlocal variables cannot be reduced to The plan of the paper is as follows. In Sec. Il we intro-
measurements of local variabl€3]. Probably the simplest duce the basic framework of our analysis. In Secs. IlI-V we
example of a nonlocal variable is the sum of spin compo-discuss three types of nonlocality. This discussion provides
nents of two separated spinparticles,o,+ og,. Accord-  the frame of reference for the analysis of nonlocality. In Sec.
ing to the postulates of quantum theory, if a system is in arVl we give a more detailed explanation of the framework.
eigenstate of a measured variable, ideal measurement of thf®llowing this preparatory introduction, we analyze the non-
variable should not alter this eigenstate. For example, théocality of the boson quantum wave in Sec. VII and the non-
singlet state of the two spins, frequently named the Einsteinlocality of the fermion quantum wave in Sec. VIIl. Section
Podolsky-RoseEPR) state, IX is devoted to an apparent causality paradox arising from
nonlocality of the boson wave. In Sec. X we discuss a related
1 issue of collective measurement which is relevant mostly for
¥ epr=— (YAl LYe—11)alT)8), (1) the fermion quantum wave. Finally, in Sec. XI we summa-
V2 rize the main results of the paper.

is an eigenstate of the operaiog,+ oz, with an eigenvalue
0. Thus, measurement of,,+ oz, must leave statél) un-
changed. Note that measurements of local variabsjgsand The formalism of nonrelativistic quantum theory allows
o, invariably change the state. introduction of arbitrary Hamiltonians, in particular, Hamil-
Some of the eigenstates of the nonlocal variablg, tonians corresponding to nonlocal interactions. However,
+o0p, are entangled states. It is interesting that there arsuch interactions have not been observed in experiments. In
nonlocal variables which have only product-state eigenstateshe framework of our analysis of nonlocality we will assume
They are nonlocal in the sense of impossibility of their mea-that the Hamiltonian describes only local interactions. This is
surement using only local measurements in the space-time basic assumption of our analysis.
regionsA andB [4]. Moreover, recently5] there have been Any wave in space is, in some sense, a nonlocal object. A
found nonlocal variables with product-state eigenstates thatlassical wave, however, can be considered as a collection of
cannot be measured even when measurements are perforrmedal properties. What makes the quantum wave genuinely

Il. FRAMEWORK OF THE ANALYSIS
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A B |‘I’>:E(|1>A|0>B+e'¢|O>A|1>B), 3

where|1) ,=|a) and|1)g=|b). This form allows us to write

B> .
@ down the complete quantum description of regidtas well
as regionA) by means of the density matrix
1

X E 0
FIG. 1. Space-time diagram of the measurements performed on Po= ) (4)

the quantum wavé2). 0 1

2

nonlocal is that it cannot be reduced to a collection of local

properties. In order to analyze this aspect of a quantum wavén the framework of standard quantum theory, a measure-
we will concentrate on a particular simple case: a quantunfnent instantaneously collapses the quantum state of a sys-
wave that is an equal-weights superposition of two localizedem. Thus, an action iA can change the density matrix &
wave packets in two separate locations: After a measurement of the projection operatorAini.e.,

after observing whether the particle isAn the density ma-

trix in B is changed instantaneously to the density matrix of
one of the pure states:

10 0 0
o o “lo 1) ®
We will analyze various simultaneouys a particular Lor-

entz fram¢ measurements performed in these two locationsj, anticorrelation to the corresponding density matricea.in
see Fig. 1. We will denote b andB the space-time regions  according to the collapse interpretation, the measurement
O.f these measurements. The wave pagiteis Ioca_llzed - in A changes the state of affairs B Before the action irA
side the spatial region o and the wave packeb) is local-  he qutcome of a possible measurement of the projection
ized inside the spatial region & _ . operator inB was undetermined not only to the observer in
In this paper we will show that there is a profound differ- g ' ;¢ 15 all. Nothing in nature could give an indication about
ence in the nonlocal properties of the quantum wave of thene oytcome of the experiment. The outcome is genuinely
form (2) between fermion and boson particles. The bosongnqom with probability} both for finding region empty
state leads to statistical correlations between results of meay, 4 tor finding the particle there. After the measurement in
surements i and inB that cannotbe explained by local A " the observer irB still does not know the outcome, but
classical physics. The fermion state does not lead t0 SUCR4tre(in particular, the observer iA) has this information:
correlations but it has a different nonlocality aspect. The fery, o probabilities for the results of the measuremenBin

mion quantum state cannot be measured using only loc@l,ange 1o either 1 and 0 or to 0 and 1 according to the
measurements iA andB even if we are given an ensemble g +-ome inA.

of results of measurements performed on identical particles thare is no other example in physics in which a local

in the state(2). In particular, the relative phase of the 5.0 changes the state of affairs in a spacelike separated
fermion state does not lead to locally measurable effectsagion, Thus, this aspect of nonlocality provides an argument
This phase has a physical meaning: it influences the result gf t,0r of adopting one of the interpretations that does not

interfe_rence experiments in which the parts of _the quantumove the collapse of a quantum state. We now briefly de-
state inA and inB are brought together. The existence of agqiipe these interpretations.

physical quantlt_y that does no_t manifest itself through local According to the pragmatic approafH, quantum theory
measurements is the nonlocality aspect of a fermion wave. I imited to providing a recipe for predicting probabilities in
contrast, a boson state can be found from the ensemble gf,antym experiments, i.e., frequencies of the outcomes in
results of local measurements: it can be identified from they, seriments. In this approach the density matrix is a statisti-
nonlocal correlations mentioned above. cal concept. An observer iB, who does not know which
outcome is obtained iA, considers the mixture of the two
Il NONLOCALITY OF THE COLLAPSE OF A possibilities(5) as described by the statistical density matrix
QUANTUM STATE po even after the measur_ementAn
The causal interpretation of Bohf8,9] has no collapse
In a situation in which a particléboson or fermiohis  and therefore it lacks the nonlocality aspect of instantaneous
described by the stat€), each regionA or B separately, change of a quantum state. The result of the measurement of
cannot be described by a pure quantum state. By introducingrojection operators on regid®is predetermined by a “Bo-
the vacuum statei9)), and|0)g which describe the regions hmian position” and, therefore, the measurement An
A and B without the particle, we can rewrite the sté® in ~ changes nothing iB. For a single particle, Bohmian theory
the form is a local hidden variable theory which completes quantum

|W)= ! +e'¢b 2
>—5(|a> e'’|b)). (2)
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mechanics without contradicting statistical predictions of thecomplete quantum description does not specify the results of
latter. However, for systems consisting of more than onaneasurements and it does not yield a local causal explana-
particle, the evolution of “Bohmian positions” of the par- tion for these correlations. One might imagine that quantum
ticles is nonlocal. The Bohmian theory is nonlocal in a robustheory can be completed by a deeper theory which will pro-
sense: action i can change the outcomelh For example, vide a local causal explanation for the results of measure-
consider the EPR state of two spjrparticles(1). Consider ments. In fact, the Bohmian theory mentioned above pro-
Bohmian positions which are such that if a particutar  vides a local explanation for the anticorrelations in finding
measurement is performed on either particle, it must yieldhe particle in the regions and B, but for some other ex-
o,=1. However, if theser, measurements are performed on periments performed in these spacelike separated regions it is
both particles, the results will be different: the earlier mea-impossible to find a local hidden variable theory. In particu-
surement ofo, in A will change the outcome of the conse- lar, statistics of the results of spin measurements performed
quent measurement B to o,= — 1. The details of this ex- on two separated spihparticles in a singlet stat¢he setup
ample are given in Refl10]. for which Bohmian theory is not locatannot be explained
The noncollapse interpretation which one of @sV.) by a local hidden variables theory. This is the content of the
finds most appealinfL1] is the many-worlds interpretation celebrated Bell inequalities papft5].
(MWI) [12]. In the physical universe, due to the measure- There are numerous proofs that quantum correlations can-
ment in A, the quantum state of the two particles and thenot have local causes. We present here one more argument of
measuring device irA changes in the following way: this kind inspired by the work of MermifiL6]. However, the
reader can choose any other proof of this statement in order
1 to proceed with the line of argumentation of this paper.
—(|1)A|0)B—|0>A|1>B)|read)),\,|DA The argument presented here assumes the principle of
V2 counterfactual definitenedd7], i.e., that in any physical
1 situation the result of any experiment which can be per-
— —(|1)al0)g|click)pp . —[0Yal1)g|nO clickup ), formed has a definite value. We will analyze again the EPR
v2 A A state(1). Consider measurements of the spin components in
©6) N-+1 directions for the particle i\ and inN different di-
rections for the particle i. These directions are in thez

but the density matrix ifB is still p,. Note that, relative to Plane and they are characterized by the amigleith respect

an observer im, who belongs to a world with a particular © theZ axis,
reading of the measuring device, the density matrix of the
particle inB is that of one of the pure stat€s). Only from 0,
the point of view of an external observer, who is not corre-
lated to a particular outcome # remains the density matrix
in A unchanged.

If we now add an observer iB who measures the projec-
tion operator there, then ivthere is a mixture of two worlds
with and without the particle i® and, similarly, inB there is

= i=01,... N 7
- my 1= kg ey . ( )
Note that the measurement in the directi@yy (=) is
physically equivalent to the measurement in the direction
0y (=0), but the result has to be multiplied by1, i.e.,
o(m)=—0ad(0).

Spin measurement of one particle in a given direction

a mixture of two worlds with and without the particle B : . .
i L effectively) collapses the spin state of the other particle to
These mixtures were created locally by the decisions of th ; L
e opposite direction and, therefore, quantum theory pre-

observers to make these particular measurements. What 'Sicts the same probability for all the following relations be-
mains nonlocal in this picture are the “worlds:” the observer P y 9

in Awho found the patrticle, in his travel ®, will meet there tween the results of measurements, if performed:

IEZ g?hs:rr\\/;értlzm has not found the particle, and vice versa in oa(Oon) = — T5(Oons1), (8)
One of us(Y.A.) strongly prefers an interpretation which TA(Oonin)=—0p(0rn+1), 9)

does not require a multitude of worlds. The two-state vector

formalism of quantum theory13,14 allows covariant de- wheren=0,1,..., N—1. The probability is

scription of the collapse. This picture suggests radical change

in the concept of time which will avoid statements made _ col Oiv1— 6| 2l ™ 10

above such as: “According to the collapse interpretation, the p=co 2 —co AN/ ° (10

measurement i\ changes the state of affairs B1” These
ideas will be presented elsewhere. From the principle of counterfactual definiteness and the
locality assumption, according to which local measurements
yield the same outcomes independently of what has been
measured in the other location, it follows that identical ex-
In the framework of standard quantum theory taat) pressions in the equatiori8) and (9) must correspond to
correlations between finding particles in the two regidns equal values. Thus, we can use all the$é¢ &quations to-
and B described above are nonlocal in the sense that thgether. The correctness of all the equations leads to a con-
theory does not yield a causal explanation for them. Theradiction. Indeed, we obtaiora(6y) = oa(02n), CONtrary to

IV. NONLOCALITY OF CORRELATIONS
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the fact that these expressions represent the same measure-
ment in opposite directions:,(0)=— o (7). Therefore, at

least one out of R equations(8) and (9) must fail to be
satisfied. On the other hand, irrespective of what correlations
(compatible with quantum mechanjdsllow from a hidden
variable theory, the probability that at least one of these re-
lations fails to be satisfied cannot be more than the probabil-
ity that one fails multiplied by the number of equations:

T
AN/ |

This expression, however, is smaller than 1 evenNer2 - [
and for largeN it goes to zero asr?/8N.

Recently, Greenberger, Horne, and ZeilingéHz) [18] N N
have found an even more robust exam(aieproved by Mer- la) B>
min [19]) of such nonlocality. While in our example we have
several relations that have to be true according to quantum - [+
theory with high probability, in spite of the fact that they all
cannot be true, in the GHZ example we have four relations x
that must be true with probability 1, but, nevertheless, they b)

cannot all be true together. However, in the GkMermin) . FIG. 2. Scalar Aharonov-Bohm effect interference experiment.
example we have to consider three, instead of two, spacelikg) one-dimensional interference experiment. The particle in the
separated regions. wave packefin) splits at the barrier into a superposition of the two
_Note that the Bell and the GHZ arguments do not holdyaye packetga) and |b), which are reflected from the walls and
without the principle of counterfactual definiteness, i.e., theYreunited to interfere at the barrigh) Parallel-plate condenser with
are not applicable in the framework of the many-worlds in-charged plates, originally one on top of the other, is opeitsd
terpretation in which, in general, quantum measurements dmoving the plates apartor a short time while the wave packdss
not possess single outcomes. and|b) are far apart. This operation introduces change in the electric
potentials between the locations|af and|b), which generates the
AB phase.

a> 1b>

a)
1-cog

prob(fail)<2N(1—p)=2N (11

V. AHARONOV-BOHM TYPE NONLOCALITY

Another nonlocality aspect of quantum theory is related tgpackets back to the barrier at the same time, and the result of
the Aharonov-Bohn{AB) effect. The effect has a topologi- the interference experiment is observed by finding the par-
cal basis. The wave function of a particle enters two spacécle on the left or on the right side of the barrier at a later
regions tracing out trajectories in space-time which start antime. The time-dependeriscalaj AB effect is obtained by
end together. An interference pattern that depends upon @hanging the relative potential between the two parts of the
field is observed in spite of the fact that locally, inside thesewave during the time they are separated. For a charged par-
regions, it is impossible to make measurements that caticle this can be achieved by moving two large oppositely
specify the result of the interference experiment. The maircharged parallel plates located between the wave packets; see
aspect of the effect is that it exists even when there is no fiel&Fig. 2(b). The two plates are placed originally one on top of
inside the regions during the whole time of the experiment.the other, i.e., there is no charge distribution and, therefore,

In this paper we consider measurements in two space-timiere is no electric field anywhere. The plates are then moved
regions. This is different from the AB effect for which a a short distance apart and then they are brought back. We
closed trajectory in space is required. What is relevant to ouwill call such an operation “opening a condenser.”
discussion is the feature of a particle inside the two space- A naive answer to the question, “What is the nonlocal
time regionsA and B which will eventually be manifested in feature of the two region& andB?” (the feature of the two
the results of the interference experiment. The AB nonlocalparts of the wave after they are separateduld be the
ity is the existence of a physical propeftyproperty that has quantum phase appearing in Eq(2). Indeed, we will ar-
observable consequengeghich does not have any manifes- gue, discussing fermions in Sec. VI, that in certain circum-
tation in local measurements. stances the quantum phase is a nonlocal feature in the sense

A simple example is a particle wave packet that splits intothat it cannot be found through local experimentéiandB.

a superposition of two wave packd® and is later brought However, the statement is not correct for bosons. Moreover,
back again to the same region for an interference experimenthe phase is not a gauge invariant concept. The physical ef-
This can be achieved in a one-dimensional model of a wavéect of interference is of course gauge invariant since it is a
packet arriving at a barrier at timg; see Fig. 2a). The topological property of the whole trajectory. Still, there is a
barrier is such that the particle has the probabiityp pass property of the system ik and B that specifies the final
through and the probability to be reflected. Two reflecting outcome of the interference experiment given fixed circum-
walls at equal distance from the barrier return the two wavestances. The quantum phase does characterize this property,
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provided we are careful enough to fix the gauge in the probvvherexMDA (xMDB) is the variable that describes the loca-

lem. tion of the interaction region of the measuring deviced\in
This and preceding sections described nonlocality aspecig B). It is assumed that the wave packatremains in the

which are very different: here we discuss an observablgpace regiomA (and |b) remains inB) during the time of

property of a system in two locations which does not havemeasurements.

any local manifestation, while in the previous section we (jy) Measurements i and inB are performed by local

discussed results of local measurements which do not a”OW']easuring devices activated by local CIOCkS, say, at the in-

local-cause explanation. It is possible to perform analysis ofernal time r,=r5=0. The clocks are well synchronized

these nonlocalities using different terms, suchi@=l ac-  jth the timet of the externalclassical clock:

tion, separability etc. Then the differences between the non-

localities discussed in the two sections might not be as sharp (Ta())=(7g(1))=t, (14)

as stated abovg20]. However, such analysis strongly de-

pends on the interpretation of quantum theory and is lesgq the spreads of the clock pointer variahles, ,A s are

helpful for the purpose of the present paper. small during the experiment. Again, as statediih there is
no entanglement between clocksArand inB.
VI. DETAILED FRAMEWORK OF THE ANALYSIS The assumptions can be summarized as follows: a mea-

surement inA, the space-time point relative to an external
classical frame, means a measurement performed by local
%pparatuses i\ triggered by the local clock. The appara-
ises and clocks iA are not entangled with the apparatuses
and clocks inB.
Given all apparatuses i andB, but without the quantum

. . . article(2), it is impossible to observe the nonlocality of the
such analysis we have to specify exactly the meaning 0Eollapse described in Sec. lll. Since the quantum state of all

space-time regioné and B. Are the positions ofA and B systems(measuring apparatuses, clocks, leis.the product
fixed relative to each other or are they fixed relative to an y g app ' , eis.the p

external reference frame? Are there fixed direction& and state of a quantum state in spatial locatitimes a quantum

B such that measuring devices can be aligned according tﬁzt]ate in spatial locatioB, there are no correlations between

them? Is the time i andB defined relative to local clocks, e results of measurements, N ar_ld inB. Th|s_ requirement
; . need not be so strong: the crucial feature is the absence of
or relative to an external clock? What are the measurin

devices that are available AandB? All these questions are %uantum correlationfollowing from entanglement between

relevant. We have to specify what is givenArandB prior gl]s ?/?//gtsor?bsiollngr? noilnlirt]igl)'clgﬁﬁéz%rnsg?vl\llggOr;;r;(asjﬂr? Iyde
to bringing the quantum wave there in order to distinguish™.™’ " y 9
.. _vices in the two sites.
effects related to the quantum wave from the effects arising : . T
. e : There is a somewhat more complicated situation in rela-
from our preparation and/or definition of the sittsandB. . Lo . )
. . tion to the nonlocality discussed in Sec. V. Clearly there is
We make the following assumptions, no quantum phase that characterizes the devicésandB:
(i) There is an external inertial frame which is massive q P . s
these systems are in the product state. But the operational

en?#)gq_s:ntah%t 'rt]ocag;igf :r?tgilglee rri?ar(]:tlati‘sgr?)l/.sical Systemsdefinition of the AB nonlocality of Seq. Vwas a feature that
between the sited andB. The two laboratories i\ and B cannot be found through local experimentsArand B, the

. fe&ture that leads to observable effects when the systems
are also massive enough so that the measurements perfor

on the quantum wave can be considered measurements p fom locationsA and B are brought together. If we restrict

. . - ourselves to measurements using local measuring devices,
formed with classical apparatuses. However, for various a 9 9

pects of our analysis we will have to consider the two Iab;then there are many features which cannot be found locally,

ratories as quantum systems. We assume that relative to tﬁ%r example, the relative orientation of the measuring devices

external reference frame the two laboratories are initially de’! Aand inB. The observer irh (or in B) making measure-

scribed by a product quantum stdtz)|Wg). mgnts using Iocal_ devices cannot find out (os her) orien
) . tation. However, if we have other observers in the product
(i) There is no entanglement between location of the ; . , . : .
. state in regioné\ andB with well defined known orientation,
apparatuses iA and the wave packé#) (nor between loca- : : .
: they can measure locally the orientation of the systerA in
tion of the apparatuses Biand the wave packéi)). Instead, X ; .
and orientation of the system B\ The question of what can
the fact that apparatus measuresa) and apparatuB mea- T . .
. . i . . and what cannot be measured from within the system itself is
sures|b) is achieved via localization relative to the external ; . ) . :
; ; interesting[ 21,22, but we will not discuss it here. Here we
frame. The measuring devices and the wave packets are we| ; . . .
) . -~ allow all possible measuring devices provided that they do
localized at the same place. This can be expressed in the
. not possess entanglement betwéeand B.
equations ; )
In our discussion we assume that measurements are per-
<a|X|a>=<XMDA>, (12) formed on a single system. Bgt,_ for the question of f|nd_|ng
the phase, the question of obtaining nonclassical correlations,
etc., we assume that we have an ensemble of experiments on

(bI%[b)= (% DB>’ 13 identical single systems. Collective measurements on the en-

Our goal in this paper is to perform an analysis of nonlo-
cal aspects of the quantum std®. The main question is
“What are the physical consequences of the presence of th
guantum wave in the space-time regighandB?” One of
the questions is “Can we find the quantum phégsthrough
local measurements landB?" In order to be able to make
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1 )

—(|1)A|0)g+€'?|0) A1
A B ‘/2(| >A| >B | >A| >B)|i>A|l>B
JAN N 1
la> 1b> _ i

B B — —0)al0)s(| T)al L) e+ €?[L)alT)E). (16)
V2
X Thus, we can obtain nonlocal correlations of the EPR state

starting with a single photon, swapping its state to the state
bf the pair of spins particles, and then making appropriate
spin component measurements. Statistical analysis of the
correlations between the results of spin measuremen#s in
semble of particles are not allowed: clearly, the results otind in B allows us to find the phase. For example, the
such experiments can manifest properties of the compositgrobabilities for coincidence and anticoincidence in the
system of many particles which are not intrinsic properties okpin measurements are given by

each particle(We will briefly discuss collective measure-

ments in Sec. X.

FIG. 3. Swapping of the single-photon state with the entangle
state of two spins particles.

= =1 ip)2
After stating here precisely the “rules of the game” we prob(|[1,9[T,0) =prob| L[ L)) =z|1+e'%  (17)
now proceed to discuss the nonlocality of the quantum wave
(2) for various particles. proti| 19| L)) =probl| L)1) =[1-€*%. (18)
VII. SINGLE-PHOTON NONLOCALITY We have shown that, in principle, the nonlocality of a

o ] single photon is equivalent to the nonlocality of the EPR

Let us start by considering a photon in a stee There  pajr. Now we will turn to discussion of the possibilities of
have been several proposp?8—26 for how to obtain quan-  manjfestation of this nonlocality in real experiments and will
tum correlations based on such and similar systetvik The try to explore the nature of this equivalence.
photon in a stat€2) exhibits nonlocality of the EPR corre- We are not aware of experiments in which a spin in a
lations described in Sec. IV. The state of the photon, if wemagnetic field absorbs a photon with high efficiency. How-
write it in the form (3), is isomorphic to the EPR stat&).  ever, there is an equivalent operation that is performed in

In order to get EPR-type correlations we must be able tqaporatories. Recently, there has been very significant
perform measurements on the photon analogous to the spiiogress in microwave cavity technology and there are ex-
measurements in arbitrary direction. The analog of the Spi'beriments in which Rydberg atoms which operate as two-
measurement in thz direction is trivial: it is observing the |gyg] systems absorb and emit photons into a microwave
presence of the photon in a particular location. A gedankeRrayity with a very high efficiency30]. The excited statée)
experiment yielding the analog of the spin measurements 0gnd the ground statg) of the atom are isomorphic {) and
the EPR pair in arbitrary directions is as folloy&8]. Let us ||) states of a spin-particle. For the atom, measuring the
consider, in addition to the photon, a pair of sgiparticles, analog of thez spin component is trivial: it is the test
one located imA and one inB; see Fig. 3. Both particles are \yhether the atom is in the excited state or the ground state.
originally in a spin “down” state in thez direction. In the  For measurements analogous to the spin measurements in
locationsA andB there are magnetic fields in tizedirection  other directions there is an experimental solution too. Using
such that the energy difference between the “up” andappropriate laser pulses the atom state can be “rotated” in
“down” states equals exactly the energy of the photon. Thenhe two-dimensional Hilbert space of ground and excited
we construct a physical mechanism of absorption and emisstates in any desired way. Thus, any two orthogonal states
sion of the photon by the spin which is described by thecan be rotated to th) and |g) states and then a measure-

unitary transformation in each site: ment that distinguishes between the ground and excited

states distinguishes, in fact, between the original orthogonal
states.

DI =101), The Hamiltonian which leads to the required interactions
can be written in the following form:

[DITY=11)T), (15

H=a'|g)(e|+ale)(g], (19
[0} T)=10}1)-

wherea',a are creation and annihilation operators of the

photon. This Hamiltonian is responsible for the two needed
This transformation swaps the quantum state of the photooperations. First, such coupling between the photon in the
and the quantum state of the pair of sgiparticles as fol- cavity in A and the atom irA together with similar coupling
lows: in B swaps the stat€3) to the state of two Rydberg atoms:
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t
1 _
5(|1>A|O>B+el¢|O>A|1>B)|g>A|g>B A B
1 _ FAWAR N f\
— —]0)l0)s(|€)alg)s € ?|g)al€)e). (20) la) la) b 1B
V2
The same Hamiltonian can also lead to an arbitrary rotation

of the atomic state. To this end the atom has to be coupled to x

a cavity with acoherent statef photons, FIG. 4. Space-time diagram of local measurements that allow

% n finding the phasep of a quantum wave when an auxiliary identical
|a>:e—\a|2/22 @ |n> (21) particle with known phase is given.
n=0 \/n!

measuring the relative phase between states with different
The phase ofy Sp_ecifies the axis of rOt-ation and the abSOIUtecharge, thus Showing that there is no exact Charge superse-
value of « specifies the rate of rotation. For example, thejection rule. In their method one can measure the phase even
time evolution of an atom starting &t 0 in the ground state if the whole systenithe observed particle and the measuring

IS device is in an eigenstate of charge. This corresponds to
initial entanglement between measuring devices iand B
[P (1)) =cod | alt)|g) + .isin(|a|t)|e>. (22) and thus will not be suitable for the present procedure. Here
i|al we assume the existence of superpositions of different charge

o o states: only then is it possible that the quantum state of mea-
This is correct when we make the approximatiah a) suring devices irA andB is a product state.
= a*|a). This approximation becomes precise in the limit of  There are some arguments that the total charge of the
large |o| corresponding to a classical electromagnetic field, niverse is zero and therefore we cannot have a product of
The .Hami'ltonian(lg) is actually implemented in laser-aided coherent states of charged particlesAnand in B. More
manipulations of Rydberg atoms passing through microwavgophisticated analysis has to be performed: since the observ-
cavities. _ able variables are only relative variables, the final conclusion

Conceptually, the above scheme can be applied to anyjj pe as in the AS papef31]: conceptually, there is no
type of bosonginstead of photons even charged bosons. constraint on a measurement of the relative phase of a
An example of a(gedanken Hamiltonian for this case de- charged boson, but decoherence will prevent construction of
scribes a protoip) which creates a neutrdn) by absorbing  any realistic experiment. See also the very different argu-
a negatively charged meson: ments against an exact superselection rule by Gi{#g].

H=allp)(n[+am/n)(pl, (23)

VIII. NONLOCALITY OF A FERMION QUANTUM WAVE

wherea/ ,a,, are creation and annihilation operators of the
meson. This Hamiltonian swaps the state of the m¢somw
written in the form(3)] and the state of the nucleon pair:

As we have shown above, the nonlocality properties of
the boson quantum staf2) are equivalent to the nonlocality
of the EPR pair. In contrast, the nonlocality properties of the
1 _ fermion quantum stat€?) are very different from those of
—(|1)Al0)g+€'?|0)al1)8) [P)alP)s the EPR pair. We cannot generate quantum correlations be-
V2 tween results of local measurements performed iand in
1 B, the correlations which violate Bell inequalities.
il ) The reason why the method that was applicable to bosons
“ 10)4l0)6(Imalp)e+€“IP)aln)e). (24) fails for fermions is that there is no coherent state of fermi-
ons. The number stat@) exists only forn=0 andn=1
Since there is no direct measurement of a superposition ¢B83].
proton and neutron, we need again a procedure that rotates The intuitive understanding of the role of the coherent
the superposition states of a nucleon to a neutron or protostate is as follows. If, in addition to the measuring devices,
state. This rotation requires coherent states of mesons, whighere is an auxiliary identical particle in a known superposi-
would be, in this case, a coherent superposition of states wittion of localized wave packets iA and B, then the phase
different charge. Due to strong electromagnetic interactiortan be found using local measurements. We consider the
the coherent state will decohere very fast. This is essentiallguperposition ofa’) and|b’) positioned neafa) and|b),
an environmentally induced “charge superselection rule”respectively; see Fig. 4. We choose the phase of the auxiliary
which prevents stable coherent superpositions of states witharticle to be equal to zero,
different charge. It is important that there is exactcharge
superselection rule which would prevent, in principle, per- 1
forming the experimental scheme presented above. Indeed, [wy=-"—(la’)+|b")), (25)
Aharonov and Susskin@AS) [31] proposed a method for V2

052108-7



Y. AHARONOV AND L. VAIDMAN PHYSICAL REVIEW A 61 052108

i.e., we have a composite system of two identical particles inn A and inB, respectively. This means that the possibility of
the state such measurements would lead to superluminal communica-
_ tion.
| W) ¥ )=3(lay+e'?|b))(|a’)+[b")). (26) Another question which can be asked is “Can we mea-

L o sure locally the phaseé of a superposition of a pair of fer-
The phasep controls the rate of coincidence counting in the mions?” The quantum state is

measurements of a local variable Anwith eigenstates

1 .
L sl lase el V)= = (DA0)s+e0u2), (2
2= daytla), Ja)= < (a-la), @ v

where, for example|2), might represent two electrons in
identical spatial states insid® being in a singlet spin state.
L 1 Since alxa[p+a;a8;a commutes with.a%aIBJraTBalB,
Ib,)=—(|b)+|b’)), |b_Y=—(|b)—|b’)). (28) the argument presented in the preceding pgragraph for un-
V2 V2 measurability of the phase of a superposition of single-
fermion wave packets does not hold in this case. In fact, a
In the case that one particle was found on each side, thpair of fermions is, in a sense, a boson. We can construct a
probabilities ardcompare with Eq(17)] procedure for measuring the phagef the statg32) similar
_ to the procedure that was previously described a photon
prok(|a,)|b,))=prol|a_))=7|1+e'??>, (29  Egs.(19)-(22) and for a charged meson Eq&3) and (24)]
_ in Sec. VII. A difficulty is that the coherent state of pairs of
prob(|a. )|b_))=prob(|a_)|b.))=%[1-€'?|2 (300  fermions which is required for our procedure can be con-

) ) ) ] structed only approximately.
The method described in the previous paragraph is appli-

cable for both bosons and fermions. However, the existence
of a particle described by ER5) as a part of our measuring
devices contradicts our assumption that sheendB do not
possess an entangled physical system prior to bringing in the The main message of Sec. VIl is that the phaséor
test particle. For bosons we can consider a coherent state bbson staté2) is locally measurable. Given an ensemble of
particles described by stat25); it is equal to the product of bosons with identical phasgwe can generate a set of num-

and a local variable 8 with eigenstates

IX. IS IT POSSIBLE TO CHANGE THE PHASE IN A
NONLOCAL WAY?

local coherent states of bosonsAmand in B: bers(results of measurement®m A and another set of num-
bers in B, such that the two sets together yiedl This
e7|a|2/2i ini(la’)ﬂb’))” ;sn?/l;r:gsntparadoxical, in particular, becausés not a gauge
o Jnt van parameter. _

Moreover, it seems that this phase can be changed nonlo-
L Z an LS Al cally. Indeed, it has been described in Sec. VIII how opening
=g |72y la’ye 142> —|b’). (31) a condenser for a period of time in the space between the

i=0 n! i=0 n! locations of a charged particlé, and B, changes the phase:

) ) this is the scalar AB effect. Thus, it seems that by an action
Thus, this state has no entanglement between the sites buidf 5 |5calized region we can send information to a spacelike
provides the reference for measuring the phase the state  geparated region. Opening or not opening a condenser appar-

(2) via methods described in the previous section. ently changes correlations in the results of measurements in
Again, if we assume that there is no prior entanglemenfy 5n4B: see Fig. 5.

between the sited andB, the phasep of the fermion quan- It has been showf34] that such an action, if possible,
tum state(2) cannot b’e measured locally. Quantum correla-cannot ead to a paradoxical causal loop similar to the one
tions that break Bell's inequality cannot be obtained. Thegenerated by the possibility of sending signals from one lo-

only type of nonlocality for a fermion waviexcept the col-  ¢5jized space-time region to another spacelike sepatated
lapse nonlocalityis the AB nonlocality. The quantum phase . region. In our case the region to which we send the

manifests itself only in interference experiments in which thejsormation consists of two spacelike separated regions.

wave packetsa) and b) are brought together. , There is no local observer who receives superluminal sig-
The impossibility of local measurement of the phases 5.

due t’? the anticommutation of fermion operators: the opera- |, spite of the fact that we cannot reach a causality para-
tor ap+a, does not commute with the operat@g+as.  dox if such operation is possible, it clearly contradicts the
The eigenstates of the operata’+a are (142)(|0)  spirit, if not the letter, of special relativity. And, in fact, it is
+|1)); we have used measurements of such operators fgmpossible. It is incorrect that the opening of a condenser
finding the phasep of the boson wave in Sec. VII. A mea- || change correlations between results of measurements in
surement in siteA of a}+a, leads to an observable change A andB. It must be incorrect because we should be able to
in the results of measurementaf+ ag, wherea}, a,, and  use a covariant gauge in which changes in the potentials take
ag, ag are creation and annihilation operators of the fermionplace only inside the light cone. However, we can explain
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i analysis of the nature of a quantum wave of a particle; how-

/ ever, it might be interesting to consider a related question:

/ “Are there any changes to the questions posed in this paper
SN/

if collective measurements are allowed?” Note that there is a
recent result showing that collective measurements do make

/'/ a difference for similar questions regarding the nonlocality
0 / B / of an ensemble of pairs of spiyparticles in a particular
\Q/ A o mixed statd 36].
i \4’ For bosons we do not expect any difference because, even
S for single-particle measurements, we got the answers to our

questions:(i) statistical analysis of the results of measure-
ments allows us to find the phageand (ii) there are mea-

x surements irA and inB such that the results are character-

FIG. 5. Apparent sending signals to a spacelike separated réz,ed by cqrrelatlons which cannot h_ave chal cqgses. For
gion. Operation inO, opening the condenser for a period of time, Single-particle measurements on fermions kotland(ii) are
apparently changes the correlations between measuremehgnh ~ NOt true and this raises the question of the statu§)odnd
B. No signal is sent fron®, either toA or to B, but the signaissent (i) when collective measurements are allowed.
to the union ofA andB. The intersection of light cones originating L€t us start this analysis by assuming that our particle is
atA and atB lies inside the light cone originating &. Therefore, ~ an electron and, contrary to the assumption of no prior en-
the action of the condenser falls into the category of “jammers” tanglement, we now have an auxiliary particle, a position, in
considered in Ref.34]. a known superposition iA andB, say, of the form(25). In

this case bothi) and (ii) are true: the fermion staie mea-

this phenomenon also in a standé@bulomb gauge. In our  surable via local measurements, and some measurements in
scheme the measurements in local sites include interactiofs and B exhibit correlations that have no local causes.
with coherent states of auxiliary particles, particles which are Indeed, we can apply an interaction such that the positron
identical to the particle in a superposition. Therefore, if theand the electron located in the same site annihilate and create
particle in question is charged, the auxiliary particles are als@ photon. Such interaction will lead to the following trans-
charged, and opening the condenser changes the phase of fRgmation:
coherent state in such a way that the correlations are not
changed. The gauge that we choose changes the description 1 = - 1. .
of auxiliary particles too, so that the probabilities for results 5(|e )ate’le )5)5(|e )atle)e)
of measurements remain gauge invariant.

Consider now a neutral bpson state. A massive plate be- —i(le)alet)gt+e e Vglet)at|y)ate?y)p).
tween the regiong and B which we move or do not move
toward one of the sites will introduce a phase shift in com- (33

plete analogy with the scalar AB effe¢The difference here
is that the gravitational fields in the regioAsand B are not
zero, but the fields are not affected by the motion of th
plate) In a scenario where the boson is absorbed by spins in
a magnetic field and the correlations are obtained from the
spin measurements, it is not obvious how the measuring de-
vices will be influenced by the movement of the massive
plate. The resolution of the paradox in this case is similar tayhich is a different notation for a single-photon state of the
the resolution of Einstein’s paradox of an exact energy of aform (2). For a single photon we know théb and (i) are
exact clock[35]. The explanation is that the pointers of the trye: the phase of a single-photon statich is the original

local clocks are shifted. Simultaneity betweénand B is  phase¢ of the fermion can be found, and quantum correla-
altered due to the action of the massive plate. Since in oufions breaking Bell inequalities can be obtained.

case local clocks activate the measurements, the shift in the However, we do not have a positron in a sté26). In-
pointer will lead to a change. This change compensates extead, we have an ensemble of electrons in a £at&o the

After testing andhot finding the electron and the positron in
cthe sitesA and B the remaining state will bE37]

L +e'¢ 34
‘/2(|3’>A e'’ly)g), (34

actly the phase change of the boson. first step is to swap the state of the electron with the state of
a positron[38]. If we have an entangled state of a composite
X. COLLECTIVE MEASUREMENTS system which has two parts, oneAnand another irB, such

as the EPR state of two spinparticles located irA and B,

In this paper we have considered the results of measurend we want to transfer this entangled state to another pair of
ments on an ensemble of identical particles in an unknowparticles inA andB, then all we have to do is to perform a
state. We allow measurements to be performed only otocal operation in each site that swaps the local quantum
single members of the ensemble, so that we will have amstates of one particle from one pair with one particle from the
ensemble of results of measurements performed on singlether pair located in the same sj&. Linearity of quantum
particles. We believe that this is the proper approach for thenechanics will ensure that swapping of local states, i.e., the
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states of parts of the systems, will lead to swapping of theohase, but we do obtain a superposition of a photonAin
guantum state of the whole systems. andB with known (zerg phase. This superposition can gen-
In this paper we are interested in the swapping of a nonerate quantum correlations without local causes as described
local state of a single particle with another single particle.apove.
The method described above cannot be applied directly be- |f we are allowed to perform collective measurements, we
cause it is assumed that we have no another particle in @an consider measurements on the pairs of fermions from our
superposition of being irA and B (this is entanglement  ensemble. The phase of pairs of fermions ¢sahd, in gen-
Therefore, the other particle is not present in at least one ofy| it can be found by the method described in Sec. VII.
the sites and consequently the “local swapping interaction”yqyever, as we mentioned above, all statements about mea-
with this particle is meaningless. However, if the particlesg, apijity using collective measurements do not describe the

are bosons, then the swapping operation is possible. It can ; :
’ . ture of a quantum wave of a single particle.
done by transferring the quantum state to the entangled state q genp

of a composite system: a single-photon state can be trans-
ferred to two spin particles in a magnetic field in the
gedanken scenario described in Sec. VIl or to two atoms in a XI. CONCLUSIONS

real experiment using microwave cavities. After that, the | this paper we have analyzed nonlocal aspects of a
quantum state can be swapped back to “another” photon. gjmple quantum wave which is an equal-weights superposi-
Let us come back to the question of transferring the quangon (2) of wave packets i and inB. For this analysis we

tum state of the electron to a positron. Again, since we aS3csumed that we are given nonentangled laboratories in

sumed no prior ent.angl'ement, t.he positron cannot b? "N @ndB which are described quantum mechanically by a prod-
superposition of being irA and in B. Therefore, we will uct state of systems iA and systems i

consider a situation in which there are two positrons, one in
P We have shown that the presence of an ensemble of

A and another irB. We apply an interaction such that the . » 91b)) lead
positron and the electron that are in the same site annihilaf0SONS in & superposition ¢2)(|a)+€'?|b)) leads to cor-

and create a photon. This is described by the equation _relations i'n the rgsults of single—particle Ipcal measurements
in A and in B which break Bell's inequality. These results,
1 _ collected from a large ensemble, allow us to find the phase
—(le")atele )p)e")ale s ¢. Thus, the boson quantum wave exhibits EPR-type nonlo-
V2 cality. For a photon state this is not just a theoretical state-
1 ment: the EPR nonlocality can be observed in an ensemble
——(|y)ale) s+ e y)gle ). (35  of measurements c;arned out on single photons. In pr|nC|pIe,'
V2 the statement applies to any boson state. However, an envi-
) . ronmentally induced superselection rule prevents such ex-
Now, the procedure described in Sec. VII allows measureperiments with charged bosons. Also, experiments with neu-
ments of local superpositions of the vacuum and singley g1 massive bosons do not seem to be feasible.
photon states. In particular, there is a nonzero probability of e presence of an ensemble of fermions in a superposi-
finding the state (42)(|0)a+[y)a) in Aand a similar state  (ion (142)(|a)+€'¢|b)), with the restriction that we per-
(1V2)(|0)g+[¥)s) in B. When this occurs, the final situa- form separate measurements on each fermion, does not lead
tion is that the electron and one of the positrons are annihiry correlations in the results of the local measurement in
lated and a positron appears in a superposition of being igng inB that violate Bell's inequality. We do get correlations
two places, between the results of local measurementg\iand B, but
these correlations are of the kind that allow local causal ex-
planation. These results do not allow us to find the phase
The phase¢ has observable consequences in interference
experiments. A fermion quantum wave exhibits AB nonlo-
Thus, we can obtain a positron in a superposition from artality, which is the unobservability of this phase via local
electron in a superposition. If we are allowed to performsingle-particle measurements.
collective measurements we now can annihilate this positron
with another electron in the ensemble:

L le)a+eitet 36
\/i(|e )ete?len)n). (36)
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