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Classical interventions in quantum systems. Il. Relativistic invariance
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If several interventions performed on a quantum system are localized in mutually spacelike regions, they
will be recorded as a sequence of “quantum jumps” in one Lorentz frame, and as a different sequence of
jumps in another Lorentz frame. Conditions are specified that must be obeyed by the various operators
involved in the calculations, so that these two different sequences lead to the same observable results. These
conditions are similar to the equal-time commutation relations in quantum field theory. They are sufficient to
prevent superluminal signalingThe derivation of these results does not require most of the contents of the
preceding articl¢Peres, Phys. Rev. 81, 022116(2000]. What is needed is briefly summarized here, so that
the present article is essentially self-contaiped.

PACS numbegps): 03.65.Bz, 03.30tp, 03.67—a

I. THE PROBLEM outputof the intervention. These notions are refined in Sec.
Il of the present paper so as to be applicable to relativistic

Quantum measuremerits] are usually considered quasi- situations.
instantaneous processes. In particular, they affect the wave A relativistic treatment is essential to analyze spacelike
function instantaneously throughout the entire configuratiorseparated interventions, such as in Bohm's version of the
space. Measurements of finite durati@] cannot alleviate Einstein-Podolsky-Rosen “paradox”[11,12 (hereafter
this conundrum. Is this quasi-instantaneous change of thEPRB which is sketched in Fig. 1, with two coordinate sys-
quantum state, caused by a local intervention, consistent witlms in relative motion. In that experiment, a pair of spin-
relativity theory? The answer is not obvious. The wave funcfarticles is prepared in a singlet state at titpéreferred to
tion itself is not a material object forbidden to travel fasterone Lorentz frameor t;, (referred to another Lorentz frame
than light, but we may still ask how the dynamical evolution The particles move apart and are detected by two observers.
of an extended quantum system that undergoes several mgaach observer measures a spin component along an arbi-
surements in distant spacetime regions is described in diffetrarily chosen direction. The two interventions are mutually
ent Lorentz frames. spacelike as shown in the figure. Evehtoccurs first int

Difficulties were pointed out long ago by Blo¢B], Aha-  time, and evenB is the first one irt’ time. The evolution of
ronov and Alber{4], and many othergs]. Still before them, the quantum state of this bipartite system appears to be genu-
in the very early years of quantum mechanics, Bohr andnely different when recorded in two Lorentz frames in rela-
Rosenfeld 6] gave a complete relativistic theory of the mea-
surement of quanturfields but these authors were not con-
cerned about the properties of the new quantum states that
resulted from these measurements, and their work did not
answer the question that was raised above. Other authors
[7,8] considered detectors in relative motion, and therefore at
rest in different Lorentz frames. These works also did not
give an explicit answer to the above question:; a detector in
uniform motion is just as good as one that has undergone an
ordinary spatial rotatiorfaccelerated detectors involve new
physical phenomengB], and are not considered in this pa-
pen. The point is not how individual detectors happen to
move, but how the effects due to these detectors are de-
scribed in different ways in one Lorentz frame or another.

In the preceding papdr0], the notion of measurement
was extended to the more general oneirdérvention An
intervention consists of the acquisition and recording of in-
formation by a measuring apparatus, possibly followed by
the emission of classical signals for controlling the execution
of further interventions. More generally, a consequence of

the intervention may be a change of the environment in g, 1. A quantum system is prepared at pdminterventions
which the quantum system evolves. These effects are thgandB are mutually spacelike. The solid and dotted lines represent
equal timegs andt’ respectively, in two Lorentz frames in relative
motion. EventA occurs first int time, and evenB is the first one in
*Electronic address: peres@photon.technion.ac.il t’ time.

1050-2947/2000/62)/0221178)/$15.00 61022117-1 ©2000 The American Physical Society



ASHER PERES PHYSICAL REVIEW A 61 022117

tive motion. The quantum states are not Lorentz transformparameters that define the experimental conditions under
of each other. However, all the observable results are thehich the measuring apparatus operates. The input param-
same. The consistency of the theoretical formalism imposesters are determined by classical information received from
definite relationships between the various operators used ithe past light cone at the point of intervention, or they may
the calculations. These are investigated in Sec. Ill. be chosen arbitrarilyin a random way by the observer
Another example, this one taken from real life, is the de-and/or the apparatus.
tection system in the experimental facility of a modern high- | just mentioned the existence of a past light cone. Actu-
energy acceleratdrl3]. Following a high-energy collision, ally, the only notion needed at the present stage psirdial
thousands of detection events occur in locations that may berdering of the interventions: that is, there are no closed
mutually spacelike. However, some of the detection eventsausal loops. This property defines the terms earlier and
are mutually timelike, for example when the world line of a later. The input parameters of an intervention are determin-
charged particle is recorded in an array of wire chambersistic (or possibly stochastjcfunctions of the parameters of
High-energy physicists use a language which is differenearlier interventions, but not of the stochastic outcomes re-
from the one in the present paper. For them, an “event” issulting from later interventions, as explained below.
one high-energy collision together with all the subsequent In the conventional presentation of nonrelativistic quan-
detections that are recorded. This “event” is what | call heretum mechanics, each intervention hagfiaite) number of
an experimenfwhile they called “experiment” the complete outcomes which are also known as ‘“results of measure-
experimental setup that may be run for many montfkeir  ments” (for example, this or that detector cliokdn a rela-
“detector” is a huge machine weighing thousands of tonstivistic treatment, the spatial separation of the detectors is
while here the term detector means each elementary dete@ssential, and each detector corresponds to a different inter-
ing element, such as a new bubble in a bubble chamber orention. The reason for this is that if several detectors are set
small segment of wire in a wire chambéA typical wire  up so that they act at a given time in one Lorentz frame, they
chamber records only which wire was excited. However, it iswould act at different times in another Lorentz frame. How-
in principle possible to approximately locate the place in thaever, a knowledge of the time ordering of events is essential
wire where the electric discharge occurred, if we wish to doin our dynamical calculations, so that we want the param-
so) Apart from the above differences in terminology, the eters of an intervention to refer unambiguously to only one
events that follow a high-energy collision are an excellentime (indeed to only one spacetime pointherefore, an in-
example of the circumstances discussed in the present papégrvention can involve only one detector and it can have only
Returning to the Einstein-Podolsky-Rosen conundrum, wéwo possible outcomes: either there was a “click” or there
must analyze whether it actually involves a genuine quanturavas not.
nonlocality. Such a claim has led some authors to suggest the Note that theabsenceof a click, while a detector was
possibility of superluminal communication. This would have present, is also a valid result of an intervention. The state of
disastrous consequences for relativistic caus@lifif. Bell's  the quantum system does not remain unchanged: it has to
theorem[15] asserts that it is impossible to mimic quantum change to respect unitarity. The mere presence of a detector
correlations by classical local “hidden” variables, so thatthat could have been excited implies that there has been an
any classical imitation of quantum mechanics is necessarilinteraction between that detector and the quantum system.
nonlocal. However Bell's theorem does not imply the exis-Even if the detector has a finite probability of remaining in
tence of any nonlocality in quantum theory itself. It is shownits initial state, the quantum system correlated to the latter
in Sec. IV that quantum measurements do not allow anycquires a different stafd8]. The absence of a click, when
information to be transmitted faster than the characteristithere could have been one, is also an event, and is part of the
velocity that appears in the Green’s functions of the particlesistorical record.
involved in the experiment. In a Lorentz invariant theory, The effect of an intervention on a quantum system ini-
this limit is the velocity of light, of course. Section V is tially prepared in the statp was given by Eq(20) in the
devoted to a few concluding remarks. preceding paper:

Il. RELATIVISTIC INTERVENTIONS p—mﬁ% AMmPALmu 1

This section includes a brief summary of some parts of
the preceding papdn0], and contains all the material nec- Whereu is a label that indicates which detector was involved
essary to make the present one self-contained. Besides tt§d whether or not it was activated. The initials assumed
summary, notions are introduced to cope with the relativistido be normalized to unit trace, and the tracepdf is the
nature of the phenomena under discussion. probability of occurrence of outcome. Each symbolA ,,

First, recall that each intervention is described by a set oin the above equation representsatrix (not a matrix ele-
classicalparameter$16,17). The latter include the location menj. These may be rectangular matrices where the number
of that intervention in space-time, referred to an arbitraryof rows depends op. The number of columns is of course
coordinate system. The coordinates are classical numbersgual to the order of the initigl. Thus the Hilbert space of
just as time in the Schdinger equation is a classical param- the resulting quantum system may have a different number
eter. We also have to specify the speed and orientation of thef dimensions than the initial one. A quantum system whose
apparatus in that coordinate system and various atigrt  description starts in a given Hilbert space may evolve in a
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way that requires a set of Hilbert spaces with different di-concerned with sharp localized interventions on quantum
mensions. If one insists on keeping the same Hilbert spacgystems that freely evolve throughout space-time between
for the description of the entire experiment, with all its pos-these interventions, and in particular with the Lorentz cova-
sible outcomes, this can still be achieved by defining it as diance of the results.
Fock space.
Each eXperiment y|6|dS gecord that Comprises a com- IIl. TWO MUTUALLY SPACELIKE INTERVENTIONS
plete list of which detectors were availakiiacluding when
and wherg and whether these detectors reacted. Such a Consider again the EPR@edankenexperimenthich was
record is objective: everyone agrees on what happésed, dep!cted in Fig. 1, with two coordinate systems in rglatlve
which detectors C|ickedrrespective of the state of motion of motion. There exists a Lorentz transformation ConneCtlng the
the observers who read these records. Therefore, everyoffdtial statesp (at timeto) andp’ (at timety) before the two
agrees on the relative frequency of each type of recordnterventions, and likewise there is a Lorentz transformation
among all the records that are observed if the experiment igonnecting the final states at timgsandt; after completion
repeated many times, and the theoretical probabilities alsef the two interventions. On the other hand, there is no Lor-
have to be the same for everyone. entz transformation relating the states at intermediate times
What is the role of relativity theory here? We may like- represented by the lines that pass between intervenfions
wise ask what is the role of translation and/or rotation invari-and B [3,4]. This may be contrasted with the ontology of
ance in a nonrelativistic theory. The point is that the rules forclassical relativistic theory. Classical theory asserts that
computing quantum probabilities involve explicitly the fields, velocities, etc., transform in a definite way and that
space-time coordinates of the interventions. Lorentz invarithe equations of motion of particles and fields behave cova-
ance(or rotation invariance, as a special castates that if ~ riantly. For example if the expression for the Lorentz force is
the classical space-time coordinates are subjected to a pawitten f,=F ,,u” in one frame, the same expression is
ticular linear transformation, then the probabilities remainvalid in any other frame. These symbol§,( etc) have
the same. This invariance is not trivial because the rule fopbjective values. They represent entities that really exist, ac-
computing the probability of occurrence of a given recordcording to the theory. On the other hand, wave functions
involves a sequence of mathematical operations correspontiave no objective value. They do not transform covariantly
ing to the time-ordered set of all the relevant interventions. Ifwhen there are interventions. Only the classical parameters
we only consider the Euclidean group, all we have to knowattached to each intervention transform covariantly. How-
is how to transform the classical parameters, and the wavever, in spite of the noncovariance pf the final results of
function, and the various operators, under translations anthe calculationgthe probabilities of specified sets of events
rotations of the coordinates. However, when we consideare Lorentz invariant.
genuine Lorentz transformations, we not only have to Lor- Note that each line in Fig. 1 represents one instant of the
entz transform the above symbols, but we are faced with &ime coordinate, as in the ordinary non-relativistic formula-
new problem: the natural way of calculating the result of ation of quantum mechanics. There is no way of defining a
sequence of interventions, namely, by considering them imelativistic proper time for a quantum system which is spread
chronological order, is different for different inertial frames. all over space. It is possible to define a proper time for each
The issue is not only a matter of covariance of the symbols aapparatus which has classical coordinates and follows a
each intervention and between consecutive interventionsontinuous world line. However, this is not necessary. We
There are genuinely different prescriptions for choosing theare only interested in discreteset of interventions, and the
sequence of mathematical operations in our calculation. Thiatter are referred to a common coordinate system that covers
principle of relativity asserts that there are no privileged in-the whole of space-time. There is no role for the private
ertial frames. Therefore, these different orderings ought tgroper times that might be attached to the apparatuses’ world
give the same set of probabilities, and this demand is ndines.
trivial. If we attempt to generalize the parallel straight lines in
The experimental records are the only real thing we havd-ig. 1 to a spacelike foliation in a curved space-time, as we
to consider. Their observed relative frequencies are objectiverould have in general relativity, we encounter the difficulty
numbers and are Lorentz invariant. On the other hand, wavthat no such foliation may exist globally. However, there is
functions and operators are mathematical concepts useful fmo need for such a global foliation, and in particular we do
computing quantum probabilities, but they have no real exhot assume the validity of a Schwinger-Tomonaga equation
istence[19]. All the difficulties that have been associated i 6V/so=H(o)V, as can be found in the work of Aharonov
with a relativistic theory of quantum measurements are duand Albert[4]. The only condition that we need is the ab-
to attributing a real nature to the symbols that represensence of closed timelike curves. That is, if two events can be
guantum states. connected by continuous timeliker null) curves, without
Note also that while interventions are localized in spacepast-future zigzags, then all these curves have the same ori-
time, quantum systems are pervasive. In each experimergntation.
irrespective of its history, there is only one quantum system. Returning to special relativity, consider the evolution of
The latter typically consists of several particles or other subthe quantum state in the Lorentz frame where interverdion
systems, some of which may be created or annihilated by this the first one to occur and has outcome and B is the
various interventions. The next two sections of this paper arsecond intervention, with outcome. Between these two
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events, nothing actually happens in the real world. It is only ‘
in our mathematical calculations that there is a deterministic P => LinoP Lenns (4)
. . . m,n
evolution of the state of the quantum system. This evolution
is not a physical process. For example, the quantum state Qfpere
Schralinger’s legendary cat, doomed to be killed by an au-
tomatic device triggered by the decay of a radioactive atom, L) n=Via ALmV/&B B/ Vio- (5)
evolves into a superposition of “live” and “dead” states. ® g
This is a manifestly absurd situation for a real cat. The onlyHere the unitary operator for the free evolution between the

meaning that such a quantum state can have is that of @ interventions has been denoted\y . It is not related

mathematical tool for statistical predictions on the fates ofin anv obvious wav to the operataf These operators
numerous cats subjected to the same cruel experiment. y y P BA, P

What distinguishes the intermediate evoluttmetweerin- indeed correspond to different slabs of space-time. Likewise
terventions from the one occurrirag an intervention is the the other evolution operators in the primed coordinates have
unpredictability of the outcome of the latter: either there is aPeen calledV’ with appropriate subscripts. Note that
click or there is no click of the detector. This unpredictableTr (ps) =Tr (p¢) is the joint probability of occurrence of the
macroscopic event starts a new chapter in the history of theecordsu. and v during the experiment.
quantum system which acquires a new state, according to Eq. Einstein’s principle of relativity asserts that there is no
(1). As long as there is no such branching, the quantum evaPrivileged inertial frame, and therefore both descriptions
lution will be called free, even though it may depend on given above are equally valid. Formally, the statgs(at
external classical fields that are specified by the classicdlme t;) and the state; (at timet;) have to be Lorentz
parameters of the preceding interventions. transforms of each other. This requirement imposes severe

Quantum mechanics asserts that during the free evolutiorestrictions on the various matrices that appear in the preced-
of a closed quantum system, its state undergoes a unitaigg equations. In order to investigate this problem, consider a
transformation generated by a Hamiltonian. The latter decontinuous Lorentz transformation from the primed to the
pends in a prescribed way on the preceding outéense-  unprimed frame. As long as the order of occurrencé ahd
cording to the protocol that has been specified for the experiB is not affected by this continuous transformation of the
ment. The unitary operator for the evolution following spacetime coordinates, the latter is implemented in the quan-
interventionA with outcomeuw, and ending at interventioB,  tum formalism by unitary transformations of the various op-
will be denoted byU BA," (More generally, it is possible to erators. These unitary transformations obviously do not af-

consider an evolution which is continuously perturbed by thef€ct the observable probabilities. _ L
environment, as in the last section of the preceding paper Therefore, in order to investigate the issue of relativistic
[10]. In that case, the unitary evolution would be replaced bynvariance, it is sufficient _to consider .tw_o Lorentz frames
a more general continuous completely positive map, so thavhereA andB are almost simultaneous: eith&roccurs just

instead ofUg, there would be Kraus operators with addi- _beforeB, or just aft_erB. T_here_ is of course no real difference
tional indices to be summed over. | shall refrain from using'" the actual physical situations and the Lorentz “transfor-
this more general formalism so aé not to get into an unne?:mation” between these two arbitrarily close framsimed
; gene 9 apd unprimegis performed by the unit operator. In particu-
essarily complicated argument. In any case, the presence %r Un, —1=V' since there is no finite time lapse for
such a pervasive environment would break Lorentz invari-= ~BA,™ =7 "AB,> P
ance) any evolution to occur between the two events. The only
Note that the chronological order of the indicedig, is difference resides in our method for calculating the final

“ e ) :
from right to left (just as is the order for consecutive appli- guantum state: firsk thenB, or firstB thenA. Consistency

cations of a product of linear operatpr&and in particular of the two results is obviously achieved if
thatUg,  does not depend on the future outcome at inter- AumBoun=BunAum (6)

ventionB. Likewise, there is a unitary operatbr,, for the
evolution that precedes evedtand an operatddg forthe or

final evolution that follows outcome of interventionB. The

final quantum state at timig is given by a generalization of [Aum:Bin]=0. @)
Eq. (): This equal-time commutation relation, which was derived
here as a sufficient condition for consistency of the calcula-
m:E KmnpK:"m- (2)  tions, is always satisfied if the operatoks,,, and B, are
mn direct products of operators pertaining to the two sub-
systems:
where
Am=a,m®1 and B,,=1®b,,, (8)

Kmn=Utg, BinUea, AumUao- ()
wherel now denotes the unit matrix of each subsystem. This
The same events can also be described in the Lorentz franmelationship is obviously fulfilled if there are two distinct
whereB occurs first. We have, with the primed variables, apparatuses whose dynamical variables commute, and more-
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over if the dynamical variables of the quantum subsystems Alice’s A, matrices are direct products of a matrix of
commute This is indeed a necessary condition for legiti- dimensions X 2 and the two-dimensional unit matrix, as in
mately calling them subsystems. Eq. (8). Thereafter, there is a free unitary evolution, where
The analogy with relativistic quantum field theory is UBA# has rank 6. Then Bob’B,, matrices are direct prod-
manifest: field operators belonging to points at spacelike disucts of a three-dimensional unit matrix and one of dimension
tances commutéor anticommute in the case of fermionic 5x 2. The finalp is 15-dimensionalthe final quantum sys-
fields). Quantum field theory mostly uses the Heisenberg piciem consists of a particle of spin 1 and a particle of spin 2
ture or the interaction picture, while in the present work it isA similar description holdsmutatis mutandisin the frame
the Schrdinger picture that is employed. This makes no dif-where Bob acts firstthis frame is denoted by primesThe
ference in Eq(7), which applies to equal times. Could we unitary matrixV,;BV for the free evolution fronB to A is of

have here too anticommutation relations? It is easily see@rder 10, whileUg, was of order 6. Obviously these cannot

that it is possible to introduce a minus sign on the right-handse | grentz transforms of each other. They would not be Lo-
side of Eg_(6), or even an arpitrary phasg facté'fJ’AB- HOW‘ entz transforms even if dimensions were the same. However,
ever, this generalization will not be investigated in theihe final p; and p! have to be Lorentz transforms of each
present paper, whose subject is quantum mechanics, ngiher.
quantum field theory. Are A, andA’  related by a Lorentz transformation?
One may wonder whether the result expressed in(&d. \we have seen tha,,, is a direct product of a matrix of
is trivial. Direct products were postulated in the very earlydimension 3< 2 and the two-dimensional unit matrix. On the
years of quantum mechanics by Weg] as the only rea-  other handA,,,, is a direct product of a matrix of dimension
sonable way for describing composite systems. Here this repsx 2 and the five-dimensional unit matrithe latter acts on
I’esentation was derived from an argument inVOIVing LOfent&he Spin 2 partic|e that Bob has produﬁ:eﬁhen the non-
invariance. However, such a proof may well be circl]:  trivial parts of A, andA.,, both rectangular 82 matri-
it assumes a relativistic partial ordering of events, i.e., theees, are Lorentz transforms of each other. We may also, if we
impossibility of superluminal signaling, while this impossi- \ish, call the complete,,, and A/, matrices “Lorentz
bility is proved in quantum field theory by assuming the transforms” if we accept that unit matrices of any order be
tensor product representation for composite systems. Thisonsidered as Lorentz transforms of each other.
issue was also investigated by Rogead] in the context of
molecular biology. According to Rosen, while any micro-
physical system can be expressed as a composite of sub-
systems, there is no reason to suppose that such a factoriza-Bell's theorem[15] has led some authors to suggest the
tion is unique, because rings of operators may in general bigasibility of superluminal communication by means of
factored in many distinct ways. Only if it were found that the quantum measurements performed on correlated systems far
factorization is unique, this would imply that there is only away from each othef24,25. It will now be shown that
one way in which the state of a system can be synthetizegduch a possibility is ruled out by the present relativistic for-
from the states of simpler subsystems. malism. We have already assumed that there exists a partial
Returning to Eq(8), it is important to remember that an ordering of events. Superluminal communication would
intervention can change the dimensions of the quantum sysnean that the deliberate choi26] of the test performed by
tem. Here is a simple example. The quantum system initialllan observefor the random choice of the test performed by
consists of a pair of spig-particles, as in the EPRB experi- his apparatuscould influence in a deterministic way, at least
ment. The two observers are called Alice and Bob, as usuastatistically, the outputs of tests located at a spacelike dis-
Alice, who intervenes aA, uses an apparatus that contains atance from that observeior apparatuysand having a later
subsystens prepared as an entangled state of a gpjpar-  time coordinate. If this were true for any pair of spacelike
ticle and a particle of spin 1. She receives a particle of $pin separated events, this would lead to the possibility of propa-
(that is, one of the two particles of the quantum system undegating information backwards in time between events with
observation and she measures the Bell operdt@8] of the  timelike separation. For example, we may havia the past
composite system formed by that particle and the gppar-  light cone ofB, and bothA andB spacelike with respect 1G.
ticle in S That measurement can have four different out-ThenB could superluminally influenc€ in the frame where
comes, and according to its result Alice performs one of fouB occurs earlier thai€, and in another fram€& would like-
specified unitary rotations on the spin-1 particle®fShe  wise influenceA, so thatB could indirectly influenceA.
then discards everything but that particle of spin 1, and sh&herefore the assumption of Lorentz invariance, and the ex-
releases the latter for future experiments. In this way, Alice’sstence of random inputs, and the restriction of causal rela-
intervention converts an incoming spjnsystem into an out-  tionships between timelike related events to the future direc-
going spin 1 system. tion, are incompatible with causal relationships at spatial
Likewise, Bob’s intervention, located spacelike with re- distances.
spect to Alice’s, outputs a spin-2 particle when Bob receives All this was discussed ad nauseam at the classical level
one with spin. How shall we describe the sequence of many years ago, when tachyons were pop[2a;28. More
events in the frame where Alice is the first one to act, and irrecently, superluminal group velocities have actually been
the frame where Bob is first? observed in barrier tunneling in condensed maft&s,30.

IV. SUPERLUMINAL COMMUNICATION?
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However, special relativity does not forbid tigeoup veloc-  they are macroscopically separatédr example, these may
ity to exceedc. It is the front velocity of a wave packet that be charged particles
is the relevant criterion for signal transmission, and the front Fortunately, we do not need to know these Green'’s func-
velocity never exceeds What novelty does quantum theory tions explicitly. We simply note that the probabilities that we
bring to this issue? The common wisdom is that the measur@re seeking are invariant under unitary transformations of the
ing process creates a “reality” that did not exist objectively Various operators in E¢3). In particular, they are not af-
before the interventiof31]. Let us examine this claim more fected by transforming the initidll 5o and finalU¢g . There
carefully. still is the intermediate unitary operatbrg A, for the propa-
Consider aclassical situation analogous to the EPRB gation of the composite quantum system between titaes
setup: a bomb, initially at rest, explodes into two fragmentsandtg. That quantum system is not a localized object. Its
carrying opposite angular momenta. Alice and Bob, far awayelocity is not a well-defined concept, and it is meaningless
from each other, measure arbitrarily chosen components db argue that it is less than the velocity of light. However, it
J; andJ,. (They can measure all the components, since thesis possible to eliminaté& BA, by using the same stratagem as
have objective valuesHowever, Bob’s measurement tells in Sec. Ill: we perform a Lorentz transformation of the
him nothing of what Alice did, nor even whether she did space-time coordinates, which is implemented by a unitary
anything at all. He can only know with certainty whaould  transformation of the quantum operatdso that all prob-
be the result found by Alicé she measures héralong the  abilities are invariant in such a way that the time elapsing
same direction as he, and make statistical inferences for othéetween intervention& andB is arbitrarily small, and there-
possible directions of Alice’s measurement. fore Uga, — 1.
In the quantum world, consider two spjnparticles in a The probability that Bob obtains a resuiltirrespective of
singlet state. Alice measures and finds, say;+1. Thistells  Alice’s result, thus is
her what the state of Bob’s particle is, namely the probabili-
ties that Bobwould obtain +1 if he measuregor has mea- _ t ot
sured, or will measupjeo along any direction he chooses. Py % i ;1 BunAumpAumBun |- ©
This is manifestly counterfactual information: nothing
changes at Bob'’s location until he performs the experimen¥Ve now employ Eq(7) to exchange the positions &,
himself, or receives a classical message from Alice telling@ndB,,, and likewise those oh!, andB],, and then we
him the result that she found. No experiment performed bynmoveA ,, from the first position to the last one in the prod-
Bob can tell him whether Alice has measur@d will mea-  uct of operators in the traced parentheses. We thereby obtain
sure her half of the singlet. The rules are exactly the same agXpressions
in the classical case. It does not matter at all that quantum
corrglations.are stronger than classical ones, and violate the E Al A=E,. (10)
Bell inequality. m o Hm a
A seemingly paradoxical way of presenting these results
is to ask the following naive question: suppose that AliceAs explained in Ref[10], these are elements of a positive
finds thato,=1, while Bob does nothing. When does the operator valued measur@®OVM) that satisfy > E, =1.
state of Bob’s particle, far away, become the one for whichTherefore Eq(9) reduces to
o,=—1 with certainty? Though this question is meaning-
less, it has a definite answer: Bob’s particle state changes _ +
instantaneously. In which Lorentz frame is this instanta- p,,—Tr(zn‘, B”“pB””)’ (11
neous? Irany frame. Whatever frame is chosen for defining
simultaneity, the experimentally observable result is thefrom which all expressions involving Alice’s operatohs,,
same, owing to Eq(7). This does not violate relativity be- have totally disappeared. The statistics of Bob’s result are
cause relativity is built in that equation, as will now be not affected at all by what Alice may do at a spacelike dis-
shown in a formal way. tance, so that no superluminal signaling is possible.
Consider again Eq$2) and(3) which give the finaun- Note that in order to obtain meaningful results the entire
normalized p; following two interventions in which Alice experiment has to be considered as a whole: that is, what was
obtains the result, and then Bob obtains the result The  prepared in the past light cone afl the interventions, and
probability for that pair of results is Tp(). If eventB liesin  the complete set of results that were obtained, and are known
the future light cone ofA, there can be ordinary classical in their joint future light cone. It is tempting, and often pos-
communication fromA to B and there is no causality contro- sible, to dissect an experiment into consecutive steps, just as
versy. We are interested here in the case wBdsespacelike it is often possible to discuss separately the properties of
with respect toA. The problem is to prove that the probabil- entangled particles. However, if ambiguitieés conflicting
ity of Bob’s outcomev is independent of whether or not predictions, or any other “paradoxegs”are encountered,
Alice intervenes before hinfin any Lorentz framg Note  what has to be done is to consider the whole entangled sys-
that the unitary matrices in E¢R) are the Green'’s functions tem and the whole experiment. Contrary to naive intuition,
for the propagation of theompletequantum system, and that there is no physical state vector that interpolates between the
its subsystems may interact in a nontrivial way even whennitial and final states. Such interpolations can formally be
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written, but they are not unique, not Lorentz covariant, andum mechanics. Quantum correlations do not carry any in-
therefore physically meaningless. formation, even if they are stronger than Bell's inequality

However, there is an important exception to the aboveallows. The information has to be carried by material objects,
rule: if there exists a space-time point such that there arguantized or not.
interventions in the past and future light cones of that point, The issue of information transfer is essentially nonrelativ-
but no intervention is spacelike with respect to it, then it isistic. Replace “superluminal” by “supersonic” and the ar-
possible to divide the experiment into two steps, before angument is exactly the same. The maximal speed of commu-
after that point. It is then meaningful to define not only anhication is determined by the dynamical laws that govern the
initial statep, and a final statg;, but also an intermediate Physical infrastructure. In quantum field theory, the field ex-
statep; at that point It is conventional to refer such a state to Citations are called “particles,” and their speed over macro-
a spacelike hyperplane that passes through the point, but agcopic distances cannot exceed the speed of light. In
tually the only role of that hyperplane is to define the LorentzCondensed-matter physics, linear excitations are called
frame in which we write a mathematical description of thePhonons and the maximal speed is that of sound.
state. The classical-quantum analo@yith bomb fragments car-

It thus appears that the notion of quantum state should b&ing opposite angular momenti = —J,) becomes com-
reassessed. There are two types of states: first, there dpete if we use statistical mechanics for treating the classical
physically meaningful states, attached to space-time pointgase. The distribution of bomb fragments is given by a Liou-
with respect to which no classical intervention has a spaceville function in phase space. When Alice measulgsthe
like location. Then, between any two such points, we ma))_iOUVi"e function for J, is instantly altered, however far
draw a continuous timelike curve and try to attach a quantunob is from Alice. No one would find this surprising, since it
state to each one of the points of that curve. These interpds universally agreed that a Liouville function is only a math-
lating states can indeed be defined, as shown in the prese@ffnatical tool representing our statistical knowledge. Like-
paper, by considering a set of parallel spacelike hyperplane®ise, the wave functiony, or the corresponding Wigner
However, states defined in such a way are merely formafunction [33] which is the quantum analog of a Liouville
mathematical expressions, and they have no invariant physfunction, should be considered as mere mathematical tools
cal meaning. for computing probabilities. It is only when they are re-

In summary, relativistic causality cannot be violated bygarded as physical objects that superluminal paradoxes arise.
quantum measurements. The fundamental physical assump- The essential difference between the classical and quan-
tion that was needed in the above proof was that Lorentum functions which change instantaneously as the result of
transformations of the space-time coordinates are implemeasurements is that the classical Liouville function is at-
mented in quantum theory hynitary transformations of the tached to objective properties that are only imperfectly
various operators. This is the same as saying that the Lorenkhown. On the other hand, in the quantum case, the prob-

group is a valid symmetry of the physical system. abilities are attached tpotential outcomes of mutually in-
compatible experiments, and these outcomes do not exist

“out there” without the actual interventions. Unperformed

V. CONCLUDING REMARKS experiments have no resulft34].
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