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This article presents a general discussion of several aspects of our present understanding of quantum
mechanics. The emphasis is put on the very special correlations that this theory makes possible:
They are forbidden by very general arguments based on realism and local causality. In fact, these
correlations are completely impossible in any circumstance, except for very special situations
designed by physicists especially to observe these purely quantum effects. Another general point
that is emphasized is the necessity for the theory to predict the emergence of a single result in a

single realization of an experiment. For this purpose, orthodox quantum mechanics introduces a
special postulate: the reduction of the state vector, which comes in addition to thediBgkro
evolution postulate. Nevertheless, the presence in parallel of two evolution processes of the same
object(the state vectgrmay be a potential source for conflicts; various attitudes that are possible to
avoid this problem are discussed in this text. After a brief historical introduction, recalling how the
very special status of the state vector has emerged in quantum mechanics, various conceptual
difficulties are introduced and discussed. The Einstein—Podolsky—R@SER theorem is
presented with the help of a botanical parable, in a way that emphasizes how deeply the EPR
reasoning is rooted into what is often called “scientific method.” In another section the
Greenberger—Horne—Zeilinger argument, the Hardy impossibilities, as well as the Bell-Kochen—
Specker theorem are introduced in simple terms. The final two sections attempt to give a summary
of the present situation: One section discusses nonlocality and entanglement as we see it presently,
with brief mention of recent experiments; the last section contaim®aexhaustivelist of various
attitudes that are found among physicists, and that are helpful to alleviate the conceptual difficulties
of quantum mechanics. @o01 American Association of Physics Teachers.
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Quantum mechanics describes physical systems throughyears ago, probably as a result of the famous discussions
Hetween Bohr, Einstein, Schtimger, Heisenberg, Pauli, de

mathematical object, the state vecf#, which replaces po- Broglie, and othersin particular at the famous Solvay meet-

sitions and velocities of classical m_echamcs. This is an enorihgs, Ref. 1, most physicists seemed to consider that “Bohr
mous change, not only mathematically, but also concept

! ; : Yvas right and proved his opponents to be wrong,” even if
ally. The rela}nonS betw_eeh[f) and physical Properties are yiq’yag expressed with more nuance. In other words, the
much less direct than in classical mechanics; the distan

Caiori - ) “ )
. . S jority of physicists thought that the so-called “Copen
between the formalism and the experimental predlct|on§1agen interpretation” had clearly emerged from the infancy

'?avef rr']nucr? moreAroorr;l for d|scu§s]:f|pnf_about the mtergrt()etq)—f guantum mechanics as the only sensible attitude for good
t'r?n oft ﬁt eory. Actua y” many di 'Su t'ﬁs enc(:jounter((aj” Y scientists. As we all know, this interpretation introduced the
those who triedor are still trying to “really understan idea that modern physics must contain indeterminacy as an

quantum mechar.ﬂcs are related to qqestion; pertaining to Nessential ingredient: It is fundamentally impossible to predict
exact status of¥): For instance, does it describe the physicalihe o tcome of single microscopical events; it is impossible

reality itself, or only some partial knowledge that we might go beyond the formalism of the wave functidar its
have of this reality? Does it fully describe ensemble of Sys+q iyalent, the state vecton¥’)) and complete it; for some
tems only (statistical description or one single system as . sicists, the Copenhagen interpretation also includes the
well (single event? Assume that, indeed}) is affected by  gifficult notion of “complementarity”... even if it is true
an imperfect knowledge of the system; is it then not naturafna;  depending on the context, complementarity comes in
to expect that a better description should exist, at least ipyany varieties and has been interpreted in many different
principle? If so, what would be this deeper and more precisgyaysi By and large, the impression of the vast majority was
description of the reality? , that Bohr had eventually won the debate with Einstein, so
Another confusing feature df¥) is that, for systems ex- hat discussing again the foundations of quantum mechanics
tended in spacfor instance, a system made of two particles after these giants was pretentious, useless, and maybe even
at very different locations it gives an overall description of g taste.
all its physical properties in a single block from which the  Nowadays, the attitude of physicists is much more moder-
notion of space seems fo have disappeared; in some casgge concerning these matters, probably partly because the
the physical properties of the two remote particles seem to begommunity has better realized the nonrelevance of the “im-
completely “entangled'{the word was introduced by SChro  possibility theorems” put forward by the defenders of the
dinger in the early days of quantum mechahitsa way  Copenhagen orthodoxy, in particular by Von Neumann, Ref.
where the usual notions of space—time and local events seepi{see also Refs. 3—5, as well as the discussion given in Ref.
to become dimmed. Of course, one could think that this enﬁ); another reason iS, of course, the great impact of the dis-
tanglement is just an innocent feature of the formalism withcoveries and ideas of J. Bell, Ref. 7. At the turn of the cen-
no special consequence: For instance, in classical electr@ury, it is probably fair to say that we are no longer sure that
magnetism, it is often convenient to introduce a choice ofthe Copenhagen interpretation is the only possible consistent
gauge for describing the fields in an intermediate step, bujttitude for physicists—see for instance the doubts expressed
we know very well that gauge invariance is actually fully in Ref. 8. Alternative points of view are considered as per-
preserved at the end. But, and as we will see below, it turngectly consistent: theories including additional variables
out that the situation is different in quantum mechanics: Inhidden variables”,? see Refs. 9 and 10; modified dynamics
fact, a mathematical entanglement|[i#) can indeed have of the state vector, Refs. 4, 11, 12, and(b8nlinear and/or
important physical consequences on the result of experistochastic evolution at the other extreme we have points of
ments, and even lead to predictions that are, in a sense, coiew such as the so-called “many worlds interpretatidiot
tradictory with locality(we will see below in what sense  multibranched universe interpretatipiRef. 14, or more re-
Without any doubt, the state vector is a rather curiouscently other interpretations such as that of “decoherent his-
object to describe reality; one purpose of this article is totories,” Ref. 15(the list is nonexhaustive All these inter-
describe some situations in which its use in quantum mepretations will be discussed in Sec. VI. For a recent review
chanics leads to predictions that are particularly unexpectedontaining many references, see Ref. 16, which emphasizes
As an introduction, and in order to set the stage for thisadditional variables, but which is also characteristic of the
discussion, we will start with a brief historical introduction, variety of positions among contemporary scientisas, well
which will remind us of the successive steps from which theas an older but very interesting debate publishe®liysics
present status df) emerged. Paying attention to history is Today (Ref. 17; another very useful source of older refer-
not inappropriate in a field where the same recurrent ideasnces is the 1971 AJP “Resource LettefRef. 18. But
are so often rediscovered; they appear again and agairecognizing this variety of positions should not be the source
sometimes almost identical over the years, sometimes ref misunderstandings! It should also be emphasized very
modeled or rephrased with new words, but in fact more orclearly that, until now, no new fact whatsoever no new
less unchanged. Therefore, a look at the past is not necessagasoning has appeared that has made the Copenhagen in-
ily a waste of time! terpretation obsolete in any sense.
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A. Three periods miraculously guided on simple trajectories? What was the

origin of these quantum jumps, which were supposed to have

Three successive periods may be distinguished in the higsogyration at all, so that it would make no sense to ask what
tory of the elaboration of the fundamental quantum conceptsjere the intermediate states of the electrons during such a
they have resulted in the point of view that we may call “the-ump? Why should matrices appear in physics in such an
orthodox interpretation,” with all provisos that have just gpstract way, with no apparent relation with the classical
been made above. Here we give only a brief historical sumgescription of the motion of a particle? One can guess how
mary, but we refer the reader who would like to know moreygjieyved many physicists felt when another point of view
about the history of the conceptual development of quantundmerged, a point of view which looked at the same time

mechanics to the book of Jammer, Ref. 19; see also Ref. 2Qy,ch simpler and in the tradition of the physics of the 19th
for detailed discussions of fundamental problems in quantun&entury: the undulatoryor wave theory.

mechanics, one could also look for references such as Refs.
21, 22, and 8 or those given in Ref. 18.

1. Prehistory 2. The undulatory period

Planck’s name is obviously the first that comes to mind It is well known that de Broglie was the first who intro-
when one thinks about the birth of quantum mechanics: He isluced the idea of associating a wave with every material
the one who introduced the famous constanwhich now  particle; this was soon proven to be correct by Davisson and
bears his name, even if his method was phenomenologicaGermer in their famous electron diffraction experiment. Nev-
His motivation was actually to explain the properties of theertheless, for some reason, at that time de Broglie did not
radiation in thermal equilibriunfblackbody radiationby in-  proceed much further in the mathematical study of this wave,
troducing the notion of finite grains of energy in the calcu-so that only part of the veil of mystery was raised by him
lation of the entropy, later interpreted by him as resulting(see for instance the discussion in Ref).24 is sometimes
from discontinuous exchange between radiation and mattesaid that Debye was the first who, after hearing about de
It is Einstein who, later, took the idea more seriously andBroglie’s ideas, remarked that in physics a wave generally
really introduced the notion of quantum of liglitvhich  has a wave equation: The next step would then be to try and
would be named “photon” much latgrin order to explain  propose an equation for this new wave. The story adds that
the wavelength dependence of the photoelectric effect—for ¢he remark was made in the presence of Sdimger, who
general discussion of the many contributions of Einstein tasoon started to work on this program; he successfully and
guantum theory, see Ref. 23. rapidly completed it by proposing the equation which now

One should nevertheless realize that the most importariiears his name, one of the most basic equations of all phys-
and urgent question at the time was not so much to explaiits. Amusingly, Debye himself does not seem to have re-
fine details of the properties of radiation—matter interactionmembered the event. The anecdote may not be accurate; in
or the peculiarities of the blackbody radiation; it was, ratherfact, different reports about the discovery of this equation
to understand the origin of the stability of atoms, that is of allhave been given and we will probably never know exactly
matter which surrounds us and of which we are made! Dewhat happened. What remains clear anyway is that the intro-
spite several attempts, explaining why atoms do not collapsduction of the Schidinger equation is one of the essential
almost instantaneously was still a complete challenge imilestones in the history of physics. Initially, it allowed one
physics. One had to wait a little bit more, until Bohr intro- to understand the energy spectrum of the hydrogen atom, but
duced his celebrated atomic model, to see the appearancewé now know that it also gives successful predictions for all
the first elements allowing treatment of the question. He proether atoms, molecules and ions, solitiee theory of bands
posed the notion of “quantized permitted orbits” for elec- for instance, etc. It is presently the major basic tool of many
trons, as well as that of “quantum jumps” to describe how branches of modern physics and chemistry.
they would go from one orbit to another, during radiation Conceptually, at the time of its introduction, the undula-
emission processes for instance. To be fair, we must concedery theory was welcomed as an enormous simplification of
that these notions have now almost disappeared from modethe new mechanics; this is particularly true because Schro
physics, at least in their initial forms; quantum jumps aredinger and otheréDirac, Heisenbergpromptly showed how
replaced by a much more precise theory of spontaneous allowed one to recover the predictions of the complicated
emission in quantum electrodynamics. But, on the othematrix mechanics from more intuitive considerations on the
hand, one may also see a resurgence of the old quantuproperties of the newly introduced “wave function”—the
jumps in the modern use of the postulate of the wave packetfolution of the Schidinger equation. The natural hope was
reduction. After Bohr came Heisenberg, who introduced theghen to be able to extend this success, and to simplify all
theory that is now known as “matrix mechanics,” an ab- problems raised by the mechanics of atomic particles: One
stract intellectual construction with a strong philosophicalwould replace it by a mechanics of waves, which would be
component, sometimes close to positivism; the classicahnalogous to electromagnetic or sound waves. For instance,
physical quantities are replaced by “observables,” math-Schralinger thought initially that all particles in the universe
ematically matrices, defined by suitable postulates withoutooked to us like point particles just because we observe
much help of the intuition. Nevertheless, matrix mechanicgshem at a scale which is too large; in fact, they are tiny
contained many elements which turned out to be building‘wave packets” which remain localized in small regions of
blocks of modern quantum mechanics! space. He had even shown that these wave packets remain

In retrospect, one can be struck by the very abstract andmall (they do not spread in spacethen the system under
somewhat mysterious character of atomic theory at this pestudy is a harmonic oscillator.... Alas, we now know that this
riod of history; why should electrons obey such rules whichis only one of the very few special cases where this is true; in
forbid them to leave a given class of orbits, as if they weregeneral, they do constantly spread in space!
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3. Emergence of the Copenhagen interpretation postulate of evolution that is often called the “wave packet
reduction” (or also “wave function collapse)! The Schre

unlétﬂ:';ldtonrm ttr?ggra l)?‘nr%ggé? Zggr;#fg?sc?r@ri c\ﬁ?r ?;ti;ngdinger equation in itself does not select precise experimental
y y y esults, but keeps all of them as potentialities in a coherent

difficulties—actually so serious that physicists were soon le ay; forcing the emergence of a single result in a single

glﬁg%ﬂd%@& :é rf:rSta?t)i(grgsplewﬂe?éﬁ'f#gyéapmgrdTa\?g a experiment is precisely the role of the postulate of the wave
spreads in all directFi)ons exéctl as the Waterr\;?ave stirred i acket reduction. In this scheme, separate postulates and
P ' y quations are therefore introduced, one for the “natural”

a pond by a stone thrown into it; but, in all collision experi- ooy ion of the system, another for measurements per-
ments, particles are observed to follow well-defined trajectos

. ! . . L . _formed on it.
ries which remain perfectly localized, going in some precise
direction. For instance, every photograph taken in the colli-
sion chamber of a particle accelerator shows very clearly thae:
particles never get “diluted” in all space! This remark  with two kinds of evolution, it is no surprise if the state
stimulated the introduction, by Born, of the probabilistic in- yector should get, in orthodox quantum theory, a nontrivial

terpretation of the wave function. Another difficulty, even status—actually it has no equivalent in all the rest of physics.
more serious, arises as soon as one considers systems m

d .

of more than one single particle: Then, the Sclimger wave 1 Two extremes and the orthodox solution
is no longer an ordinary wave since, instead of propagating Two opposite mistakes should be avoided, since both
in normal space, it propagates in the so-called ““configuration'miss the target” on different sides. The first is to endorse
space” of the system, a space which ha$ @mensions for the initial hopes of Schidinger and to decide that tiimany-
a system made dfl particles! For instance, already for the dimension wave function directly describes the physical
simplest of all atoms, the hydrogen atom, the wave whichproperties of the system. In such a purely undulatory view,
propagates in six dimensiofi$ spins are taken into account, the position and velocities of particles are replaced by the
four such waves propagate in six dimensiprisr a macro- amplitude of a complex wave, and the very notion of point
scopic collection of atoms, the dimension quickly becomegarticle becomes diluted; but the difficulties introduced by
an astronomical number. Clearly the new wave was not at athis view are now so well known—see the discussion in the
similar to classical waves, which propagate in ordinarypreceding section—that few physicists seem to be tempted to
space; this deep difference will be a sort of Leitmotiv in thissupport it. Now, by contrast, it is surprising to hear relatively
text* reappearing under various aspects here and there. often colleagues falling to the other extreme, and endorsing

In passing, and as a side remark, it is amusing to noticéhe point of view where the wave function does not attempt
that the recent observation of the phenomenon of Boseto describe the physical properties of the system itself, but
Einstein condensation in dilute gasgef. 25 can be seen, just the information that we have on it—in other words, the
in a sense, as a sort of realization of the initial hope ofwave function should get a relativ@r contextual status,
Schralinger: This condensation provides a case where thand become analogous to a classical probability distribution
many-particle matter wave does propagate in ordinary spacé usual probability theory. Of course, at first sight, this
Before condensation takes place, we have the usual situatiomould bring a really elementary solution to all fundamental
The atoms belong to a degenerate quantum gas, which haspooblems of quantum mechanics: We all know that classical
be described by wave functions defined in a huge configuraprobabilities undergo sudden jumps, and nobody considers
tion space. But, when they are completely condensed, thethis as a special problem. For instance, as soon as new infor-
are restricted to a much simpler many-particle state that camation becomes available to us on any system, the probabil-
be described by the same wave function, exactly as a singléy distribution that we associate with it changes suddenly; is
particle. In other words, the matter wave becomes similar tahis not the obvious way to explain the sudden wave packet
a classical field with two componentthe real part and the reduction?
imaginary part of the wave functigyresembling an ordinary One first problem with this point of view is that it would
sound wave for instance. This illustrates why, somewhanaturally lead to a relative character of the wave function: If
paradoxically, the “exciting new states of matter” provided two observers had different information on the same system,
by Bose—Einstein condensates are not an example of an eghould they use different wave functions to describe the
treme quantum situation; they are actually more classicaséame systenan classical probability theory, there would be
than the gases from which they origindie terms of quan- no problem at all with “observer-dependent” distribution
tum description, interparticle correlations, ¢tdConceptu- probabilities, but standard quantum mechanics clearly rejects
ally, of course, this remains a very special case and does nttis possibility: It certainly does not attribute such a charac-
solve the general problem associated with a naive view ofer to the wave functioh.Moreover, when in ordinary prob-
the Schrdinger waves as real waves. ability theory a distribution undergoes a sudden “jump” to a

The purely undulatory description of particles has nowmore precise distribution, the reason is simply that more pre-
disappeared from modern quantum mechanics. In addition toise values of the variables already exist—they actually ex-
Born and Bohr, Heisenber@Ref. 26, Jordan, Dirac(Ref.  isted before the jump. In other words, the very fact that the
27), and others played an essential role in the appearance pfobability distribution reflected our imperfect knowledge
a new formulation of quantum mechani@ef. 20, where  implies the possibility for a more precise description, closer
probabilistic and undulatory notions are incorporated in ao the reality of the system itself. But this is in complete
single complex logical edifice. The now classical Copen-opposition with orthodox quantum mechanics, which negates
hagen interpretation of quantum mechanizien also called the very idea of a better description of the reality than the
“orthodox interpretation’) incorporates both a progressive, wave function. In fact, introducing the notion of pre-existing
deterministic evolution of the wave function/state vector ac-values is precisely the basis of unorthodox theories with ad-
cording to the Schidinger equation, as well as a second ditional variableghidden variabled So the advocates of this

The status of the state vector
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“information interpretation® are often advocates of addi- state vector—but let us examine both possibilities anyway.
tional variables(often called hidden variables—see Sec.In the first case, the relation of the wave function to physical
VIB and note 2, without being aware of it! It is therefore reality is completely lost and we meet all the difficulties
important to keep in mind that, in the classical interpretatiormentioned in the preceding paragraph as well as some of the
of quantum mechanics, the wave functi@r state vector  next section; we have to accept the idea that quantum me-
givestheultimate physical description of the system, with all chanics has nothing to say about reality through the wave
its physical properties; it is neither contextual, nor observefunction (if the word reality even refers to any well-defined
dependent; if it gives probabilistic predictions on the resultnotion!). In the second case, we meet the conceptual diffi-
of future measurements, it nevertheless remains inherentlgulties related to the coexistence of two processes of com-
completely different from an ordinary classical distribution pletely different nature for the evolution of the state vector,
of probabilities. as discussed in the next section. What is interesting is to note
If none of these extremes is correct, how should we comthat Peres’s point of viewat the end of the preceding sec-
bine them? To what extent should we consider that the wavgon), while also orthodox, corresponds to neither possibility:
function describes a physical system itde#falistic interpre- It never refers to mental process, but just to preparation and
tation), or rather that it contains only the information that we tests on physical systems, which is clearly different; this il-
may have on it(positivistic interpretatiofy presumably in lustrates the flexibility of the Copenhagen interpretation and
some sense that is more subtle than a classical distributiaihe variety of ways that different physicists use to describe it.
function? This is not an easy question, and various authors Another illustration of the possible nuances is provided by
answer the question with different nuances; we will comea recent note published by the same author together with
back to this question in Sec. Il B, in particular in the discus-Fuchs(Ref. 31 entitled, “Quantum theory needs no ‘inter-
sion of the “Schralinger cat paradox.” Even if it not so easy pretation.”” These authors explicitly take a point of view
to be sure about what the perfectly orthodox interpretation iswhere the wave function is not absolute, but observer depen-
we could probably express it by quoting Peres in Ref. 29: “adent: “it is only a mathematical expression for evaluating
state vector is not a property of a physical system, but rathgorobabilities and depends on the knowledge of whoever is
represents an experimental procedure for preparing or testindping the computing.” The wave function becomes similar
one or more physical systems;” we could then add anotheto a classical probability distribution which, obviously, de-
guotation from the same article, as a general commenpends on the knowledge of the experimenter, so that several
“quantum theory is incompatible with the proposition that different distributions can be associated with the same physi-
measurements are processes by which we discover some wal systenif there are several observer®©n the other hand,
known and preexisting property.” In this context, a wave as mentioned above, associating several different wave func-
function is an absolute representation, but of a preparatiotions with one single system is not part of what is usually
procedure rather than of the isolated physical system itselalled the orthodox interpretatiofexcept, of course, for a
nevertheless, since this procedure may also imply some irtrivial phase factor
formation on the system itse(for instance, in the case of = To summarize, the orthodox status of the wave function is
repeated measurements of the same physical quantityy  indeed a subtle mixture between different, if not opposite,
have a sort of intermediate situation where none of the aneoncepts concerning reality and the knowledge that we have
swers above is completely correct, but where they are conwof this reality. Bohr is generally considered more as a realist
bined in a way that emphasizes the role of the whole experithan a positivist or an operationaligRef. 19; he would

mental setup. probably have said that the wave function is indeed a useful
tool, but that the concept of reality cannot properly be de-
2. An illustration fined at a microscopic level only; it has to include all mac-

roscopic measurement apparatuses that are used to have ac-

IJUSt as an kiIIustration of t?e fact that the (;ieba;te IS NOEess to microscopic informatidfwe come back to this point
co_sed, we take a quotation from a recent_artl(cﬂte " 30 in more detail in Sec. llIBJB In this context, it is under-
which, even if taken out of its context, provides an interest-,

S . ; ) . “>Ystandable why he once even stated that “there is no quantum
ing illustration of the variety of nuances that can exist W'th'”concept” (Ref. 32!

the Copenhagen interpretatidgfrom the context, it seems

clear that the authors adhere to this interpretatiafier criti-

cizing erroneous claims of colleagues concerning the propay, DIFFICULTIES, PARADOXES

use of quantum concepts, they writelOne is led astray by

regarding state reductions as physical processes, rather thanWe have seen that, in most cases, the wave function
accepting that they are nothing but mental processes.” Thevolves gently, in a perfectly predictable and continuous
authors do not expand much more on this sentence, whiclvay, according to the Schdinger equation; in some cases
they relate on a “minimalistic interpretation of quantum me-only (as soon as a measurment is perforinedpredictable
chanics;” actually they even give a general warning that it ischanges take place, according to the postulate of wave packet
dangerous to go beyond (tVan Kampen’s caveat). Nev-  reduction. Obviously, having two different postulates for the
ertheless, let us try to be bold and to cross this dangerous lirevolution of the same mathematical object is unusual in
for a minute; what is the situation then? We then see that twphysics; the notion was a complete novelty when it was in-
different attitudes become possible, depending on the progroduced, and still remains unique in physics, as well as the
erties that we attribute to the Schiinger evolution itself: Is  source of difficulties. Why are two separate postulates nec-
it also a “purely mental process,” or is it of a completely essary? Where exactly does the range of application of the
different nature and associated more closely with an externdirst stop in favor of the second? More precisely, among all
reality? Implicitly, the authors of Ref. 30 seem to favor thethe interactions—or perturbations—that a physical system
second possibility—otherwise, they would probably havecan undergo, which ones should be considered as normal
made a more general statement about all evolutions of théSchralinger evolution, which ones are a measurement
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(wave packet reductiof Logically, we are faced with a source of the phenomenon of decoherence. Both actually
problem that did not exist before, when nobody thought thatorrespond to the same basic physical process, but the word
measurements should be treated as special processes in phyeseoherence usually refers to its initial stage, when the num-
ics. We learn from Bohr that we should not try to transposeber of degrees of freedom involved in the process is still
our experience of the everyday world to microscopic sys+elatively limited. The Von Neumann chain, on the other
tems; this is fine, but where exactly is the limit between thehand, is more general since it includes this initial stage as
two worlds? Is it sufficient to reply that there is so muchwell as its continuation, which goes on until it reaches the
room between macroscopic and microscopic sizes that thgther extreme where it really becomes paradoxical: the
exact position of the border does not matter? _ Schralinger cat, the symbol of a macroscopic system, with
Moreover, can we accept that, in modern physics, theyn enormous number of degrees of freedom, in an impossible
“observer” should play such a central role, giving to the state (Schralinger uses the word “ridiculous” to describe
theory an unexpected anthropocentric foundation, as in as;) pecoherence in itself is an interesting physical phenom-

tronomy in the middle ages? Should we really refuse as uUngnon that is contained in the Séhinger equation and intro-
scientific to consider isolateinobservegisystems, because q,ces no particular conceptual problems; the word is rela-
we are not observing them? These questions are difficult

. ! . ively recent, and so is the observation of the process in
almost philosophical, and we will not attempt to answer

. o beautiful experiments in atomic physics, Ref. 36—for more
t_hem her_e. R_ather, Vge W.'" give a few characteristic quotayetails on decoherence, see Sec. V C 2. Since for the moment
tions, which illustrat&’ various positions. ’

(i) Bohr (second Ref. 19, page 204'There is no quan- we are at the stage of a historical introduction of the diffi-

tum world... it is wrong to think that the task of physics is to culties of quantum mechanics, we will not discuss micro-

find out how Nature is. Physics concerns what we can saiCOp!C decoherence further, but focus the interest on macro-
about Nature.” copic systems, where serious conceptual difficulties do

(i) Heisenberg'same reference, page 205But the at-  2PPear _ _
oms or the elementary particles are not real; they form a ASSume that we take a simple system, such as a spin 1/2

world of potentialities or possibilities rather than one of atom, V\_’hich enters into ;_aS_tern—GerIach_ spin analyzer. If the
things and facts . initial direction of the spin is transverdwith respect to the
(i) Jordan(as quoted by Bell in Ref. 33“observations magnetic field which defines the eigenstates associated with

not only disturb what has to be measured, theyduceit. In ~ the apparatys the wave function of the atom will split into
a measurement of position, the electron is forced to a decfwo different wave packets, one which is pulled upwards, the
sion. We compel it to assume a definite position; previouslyother pushed downwards; this is an elementary consequence
it was neither here nor there, it had not yet made its decisioff the linearity of the Schidinger equation. Propagating fur-
for a definite position....” ther, each of the two wave packets may strike a detector,
(iv) Mermin (Ref. 6, summarizing the “fundamental with which they interact by modifying its state as well as
quantum doctrine”(orthodox interpretation “the outcome  theirs; for instance, the incoming spin 1/2 atoms are ionized
of a measurement is brought into being by the act of meaand produce electrons; as a consequence, the initial coherent
surement itself, a joint manifestation of the state of thesuperposition now encompasses new particles. Moreover,
probed system and the probing apparatus. Precisely how ttvehen a whole cascade of electrons is produced in photomul-
particular result of an individual measurement is obtained—tipliers, all these additional electrons also become part of the
Heisenberg’s transition from the possible to the actual—isuperposition. In fact, there is no intrinsic limit in what soon
inherently unknowable.” becomes an almost infinite chain: Rapidly, the linearity of
(v) Bell (Ref. 39, speaking of “modern” quantum theory the Schrdinger equation leads to a state vector which is the
(Copenhagen interpretatipn‘it never speaks of events in coherent superposition of states including a macroscopic
the system, but only of outcomes of observations upon th@umber of particles, macroscopic currents and, maybe, point-
system, implying the existence of external equipmeRit.” ers or recorders which have already printed zeros or ones on
(How, then, do we describe the whole universe, since therg piece of paper! If we stick to the Sclinger equation,
can be no external equipment in this case? ~ there is nothing to stop this “infinite Von Neumann re-
(vi) Shimony (Ref. 8: “According to the interpretation gress,” which has its seed in the microscopic world but rap-
proposed by Bohr, the change of state is a consequence Rfly develops into a macroscopic consequence. Can we, for
the fundamental assumption that the description of anynsiance, accept the idea that, at the end, it is the brain of the
physical phenomenon requires reference to the eXpe”me”t@kperimente(who becomes aware of the resuilgd there-

arrangement.” e fore a human being, which enters into such a superposition?
(vii) RosenfeldRef. 39: “the human observer, whom we —Neegiess to say, no-one has ever observed two contradic-

have been at pains to keep out of the picture, seems irresisfsry regylts at the same time, and the very notion is not even

ibly to intrude into it....” : ;
o . : very clear: It would presumably correspond to an experimen-
(viii) Stapp (Ref. 30: “The interpretation of gquantum tal result printed on paper looking more or less like two

theory is clouded by the following point§l) Invalid classi- superi :
, perimposed slides, or a double exposure of a photograph.
cal concepts are ascribed fundamental stdf2)sThe process fBut in practice we know that we always observe only one

of measurement is not describable within the framework of”. . : s : i
single result in a single experiment; linear superpositions

the theory;(3) The subject-object distinction is blurret) -
The observed system is required to be isolated in order to b%omehow rgsolvg themselves before they become sufficiently
defined, yet interacting to be observed.” macroscopic to involve measurement apparatuses and our-
’ B selves. It therefore seems obvibtishat a proper theory
A. Von Neumann'’s infinite regress should break the Von Neumann chain, and stop the regress
In this section, we introduce the notion of the Von Neu-when (or maybe beforeit reaches the macroscopic world.
mann regress, or Von Neumann chain, a process that is at tiBut when exactly and how precisely?
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B. Wigner’s friend tion to become conscious of their own observations, and to

reduce the wave function? In that case, when the wave func-

The question can also be asked differently: In a theor3{ion includes a cat component, the animal could remain si-

vyhere the ob.serve.r plays' such an essential role,.who IS erﬂﬁultaneously dead and alive for an arbitrarily long period of
titled to play it? Wigner discusses the role of a friend, Whot.Hne a paradoxical situation indeed

has been asked to perform an experiment, a Stern-Gerlac Another view on the paradox is obtained if one just con-

measurement for instan¢BRef. 37; the friend may be work- . ) e
ing in a closed laboratory so that an outside observer will no?'Iders the cat as a symbol of any macroscopic object; such

be aware of the result before he/she opens the door. Whgpjects can obviously never be in a “blurred” state contain-

- - g possibilities that are obviously contradictoiypen and
happens just after the particle has emerged from the analyz osed bottle, dead and alive cat, gt&chralinger considers

and when its position has been observed inside the Iabori—w.S as a “quite ridiculous case.” which emeraes from the
tory, but is not yet known outside? For the outside observer: 'S @S & "quité riaicuiou - whi 9
dinearlty of his equation, but should clearly be excluded from

it is natural to consider the whole ensemble of the close ble th t best idered as th It of
laboratory, containing the experiment as well as his friend, a&"NY reasonabie theory—or at best considered as ne rv’asu 0
some incomplete physical description. In Sdinger’s

he “ m” ri ig wave function. A . ! L : .
the "system” to be described by a big wave functio > ords: “an indeterminacy originally restricted to the atomic

long as the door of the laboratory remains closed and th . . C :
result of the measurement unknown, this wave function willdomain becomes transformed into a macroscopic indetermi-
continue to contain a superposition of the two possible recy-” The message is simple: Standard quantum mechanics
sults; it is only later, when the result becomes known out!S Not only incapable of avoiding these ridiculous cases, it
side, that the wave packet reduction should be applied. Buectually provides a recipe for creating them; one obviously
clearly, for Wigner's friend who is inside the laboratory, this 1€€ds some additional ingredients in the theory in order to
reasoning is just absurd! He/she will much prefer to considef€Solve the Von Neumann regress, select one of its branches,
that the wave function is reduced as soon as the result of tHgd @void stupid macroscopic superpositions. It is amusing
experiment is observed inside the laboratory. We are thefP Note in passing that Schiimger’s name is associated with
back to a point that we already discussed, the absolutd/V0 contradictory concepts that are actually mutually exclu-
relative character of the wave function: Does this contradicSIVe, & continuous equation of evolution and the symbolic
tion mean that we should consider two state vectors, ongat: @ limit that the equation should never reach! Needless to
reduced, one not reduced, during the intermediate period ¢y, the limit of validity of the linear equation does not have
the experiment? For a discussion by Wigner of the problerﬁo be related to the cat itself: The branc_:h selection process
of the measurement, see Ref. 38. may perfectly take place before the linear superposition
An unconventional interpretation, sometimes associatefaches the animal. But the real question is that the reduction
with Wigner's namé; assumes that the reduction of the Process has to take place somewhere, and where exactly?
wave packet is a real effect which takes place when a human !S this paradox related to decoherence? Not really. Coher-
mind interacts with the surrounding physical world and ac-ence is completely irrelevant for Sclaioger, since the cat is
quires some consciousness of its state; in other words, trctually just a symbol of a macroscopic object that is in an
electrical currents in the human brain may be associated wittinpossible blurred state, encompassing two possibilities that
a reduction of the state vector of measured objects, by somRf® incompatible in ordinary life; the state in question is not
yet unknown physical process. Of course, in this view, thehecessarily a pure statenly pure states are sensitive to de-
reduction takes place under the influence of the experimerfoherencebut can also be a statistical mixture. Actually, in
talist inside the laboratory and the question of the precedinge story, the cat is never in a coherent superposition, since
paragraph is settled. But, even if one accepts the somewh#$ blurred state is precisely created by correlation with some
provocative idea of possible action of the miridr con-  parts of the environmerithe bottle of poison for instange
sciousnesson the environment, this point of view does not the cat is just another part of the environment of the radio-
suppress all logical difficulties: What is a human mind, whatactive atom. In other words, the cat is not the seed of a Von

level of consciousness is necessary to reduce the wawdeumann chain; it is actually trapped into téar more of
packet, etc.? its branches, in a tree that has already expanded into the

macroscopic world after decoherence has already taken place
at a microscopic levelradioactive atom and radiation detec-
tor), and will continue to expand after it has captured the cat.
The famous story of the Schiimger cat(Refs. 39 and 40  Decoherence is irrelevant for Schlinger since his point is
illustrates the problem in a different way; it is probably too not to discuss the features of the Von Neumann chain, but to
well known to be described once more in detail here. Let u¢mphasize the necessity to break it: The question is not to
then just summarize it: The story illustrates how a living have a coherent or a statistical superposition of macroscopi-
creature could be put into a very strange state, containing liféally different states, it is to have no superposition at'all!
and death, by correlation with a decaying radioactive atom, So the cat is the symbol of an impossibility, an animal that
and through a Von Neumann chain; the chain includes &an never exista Schralinger gargoylef? and a tool for a
gamma ray detector, electronic amplification, and finally a‘reductio ad absurdum” reasoning that puts into light the
mechanical system that automatically opens a bottle of poilimitations of the description of a physical system by a
sonous gas if the atomic decay takes place. The resultingchralinger wave function only. Nevertheless, in the recent
paradox may be seen as an illustration of the following quesliterature in quantum electronics, it has become more and
tion: Does an animal such as a cat have the intellectual abilimore frequent to weaken the concept, and to call “Sehro
ties that are necessary to perform a measurement and resoldimger cat(SC)” any coherent superposition of states that
all Von Neumann branches into one? Can it perceive its owrgan be distinguished macroscopically, independently of the
state, projecting itself onto one of the alive or dead states? Qrumbers of degree of freedom of the system. SC states can
do humans only have access to a sufficient level of introspedhen be observefor instance an ion located in two different

C. Schradinger’s cat
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places in a trap but often undergo rapid decoherencetrarily impose conditions that may be relevant to quantum
through correlation to the environment. Moreover, the Schromechanicglinearity), but not to the theories that they aim to
dinger equation can be used to calculate how the initiaismiss—any theory with additional variables such as the
stages of the Von Neumann chain take place, and how rajBohm theory, for instance. Because of the exceptional stat-
idly the solution of the equation tends to ramify into ure of the authors of the impossibility theorems, it took a
branches containing the environment. Since this use of thiong time for the physics community to realize that they
words SC has now become rather common in a subfield ofvere irrelevant; now, this is more widely recognized so that
physics, one has to accept it; it is, after all, just a matter othe plurality of interpretations is more easily accepted.
convention to associate them with microscopic systems—

any convention is acceptable as long as it does not creatdl. EINSTEIN, PODOLSKY, AND ROSEN

confusion. But it would be an insult to Scliinger to be- ) ) ) ) ) )

lieve that decoherence can be invoked as the solution of his It is sometimes said that the article by Einstein, Podolsky,
initial cat paradox: Schidinger was indeed aware of the and Roser(EPR in Ref. 41 is, by far, that which has col-
properties of entanglement in quantum mechanics, a wortgcted the largest number of quotations in the literature; the
that he introducedand uses explicitly in the article on the Statement sounds very likely to be true. There is some irony
cab, and he was not sufficiently naive to believe that stanJn this situation since, so often, the EPR reasoning has been
dard quantum mechanics would predict possible interfermisinterpreted, even by prominent physicists! A striking ex-
ences between dead and alive cats! ample is given in the Einstein—Born correspondefieef.

To summarize, the crux of most of our difficulties with 42) where Born, even in comments that he wrote after Ein-
guantum mechanics is the following question: What is ex-stein’s death, still clearly §h0\_Ns tha’g he never really under-
actly the process that forces Nature to break the regress afée0od the nature of the objections raised by EPR. Born went
to make its choice among the various possibilities for thePn thinking that the point of Einstein was anpriori rejec-
results of experiments? Indeed, the emergence of a singfon of indeterminism(*look, Einstein, indeterminism is not
result in a single experiment, in other words the disappears® bad’), while actually the major concern of EPR was lo-
ance of macroscopic superpositions, is a major issue; the faéglity and/or separabilitjwe come back later to these terms,
that such superpositions cannot be resolved at any sta%léh'Ch are related to the notion of space—tjmégiants like
within the linear Schidinger equation may be seen as theBorn could be misled in this way, no surprise that, later on,
major difficulty of quantum mechanics. As Pearle nicely ex-many others made similar mistakes! This is why, in what
presses it, Ref. 12, the problem is to “explain why eventsfollows, we will take an approach that may look elementary,

occur!” but at least has the advantage of putting the emphasis on the
logical structure of the arguments.
D. Unconvincing arguments A. A theorem

We have already emphasized that the invention of the One often speaks of the “EPR paradox,” but the word
Copenhagen interpretation of quantum mechanics has beefparadox” is not really appropriate in this case. For Ein-
and remains, one of the big achievements of physics. Onstein, the basic motivation was not to invent paradoxes or to
can admire even more, in retrospect, how early its founderentertain colleagues inclined to philosophy; it was to build a
conceived it, at a time when experimental data were relastrong logical reasoning which, starting from well-defined
tively scarce. Since that time, numerous ingenious experiassumptiongroughly speaking: locality and some form of
ments have been performed, precisely with the hope of segealisn), would lead ineluctably to a clear conclusi@uan-
ing the limits of this interpretation but, until now, not a tum mechanics is incomplete, and even: physics is
single fact has disproved the theory. It is really a wonder ofdeterministig.'® To emphasize this logical structure, we will
pure logic that has allowed the early emergence of such aspeak here of the “EPR theorem,” which formally could be
intellectual construction. stated as follows:

This being said, one has to admit that, in some cases, the Theorem:If the predictions of quantum mechanics are
brilliant authors of this construction may sometimes havecorrect (even for systems made of remote correlated par-
gone too far, pushed by their great desire to convince. Faticles) and if physical reality can be described in a local (or
instance, authoritative statements have been made conceseparable) way, then quantum mechanics is necessarily in-
ing the absolute necessity of the orthodox interpretatiorcomplete: some “elements of realit*’exist in Nature that
which now, in retrospect, seem exaggerated—to say thare ignored by this theory
least. According to these statements, the orthodox interpreta- The theorem is valid, and has been scrutinized by many
tion would give the only ultimate description of physical scientists who have found no flaw in its derivation; indeed,
reality; no finer description would ever become possible. Inthe logic which leads from the assumptions to the conclusion
this line of thought, the fundamental probabilistic characteris perfectly sound. It would therefore be an error to regaat
of microscopic phenomena should be considered as a provefassical mistakg!“the theorem was shown by Bohr to be
fact, a rule that should be carved into marble and accepteihcorrect” or, even worse, “the theorem is incorrect since
forever by scientists. But, now, we know that this is notexperimental results are in contradiction with #”Bohr
proven to be true: Yes, one may prefer the orthodox interhimself, of course, did not make the error: In his reply to
pretation if one wishes, but this is only a matter of taste;EPR (Ref. 43, he explains why he thinks that the assump-
other interpretations are still perfectly possible; determinisntions on which the theorem is based are not relevant to the
in itself is not disproved at all. As discussed for instance inquantum world, which makes it inapplicable to a discussion
Ref. 6, and initially clarified by BellRefs. 3 and Yas well on quantum mechanics; more precisely, he uses the word
as by Bohm(Refs. 4 and § the “impossibility proofs” put  “ambiguous” to characterize these assumptions, but he
forward by the proponents of the Copenhagen interpretationever claims that the reasoning is faulfgr more details,
are logically unsatisfactory for a simple reason: They arbisee Sec. IlIB3 A theorem which is not applicable in a
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perimental settings’a andb, which determine the nature of
Detection with Source § Detection with the measureme)]tThe basic purpose is to infer t_he intrinsic

setting a setting b properties of the peaghe EPR “element of reality) from
these observations.

Fig. 1.
1. Simple experiments; no conclusion yet

particular case is not necessarily incorrect: Theorems of Eu- Itis clear that many external parameters such as tempera-
clidean geometry are not wrong, or even useless, becaugére, humidity, amount of light, etc., may influence the
one can also build a consistent non-Euclidean geometry}]I’OWth of vegetables and, therefore, the color of a flower; it
Concerning possible contradictions with experimental resultseems very difficult in a practical experiment to be sure that
we will see that, in a sense, they make a theorem even mo®l the relevant parameters have been identified and con-
interesting, mostly because it can then be used within a “retrolled with a sufficient accuracy. Consequently, if one ob-
ductio ad absurdum” reasoning. serves that the flowers which grow in a series of experiments
Good texts on the EPR argument are abundant; for inare sometimes blue, sometimes red, it is impossible to iden-
stance, a classic is the wonderful little article by B@tlef.  tify the reason behind these fluctuations; it may reflect some
33); another excellent introductory text is, for instance, Ref.trivial irreproducibility of the conditions of the experiment,
44, which contains a complete description of the schéme or something more fundamental. In more abstract terms, a
the particular case where two settings only are usewl  completely random character of the result of the experiments
provides an excellent general discussion of many aspects #fay originate either from the fluctuations of uncontrolled
the problem; for a detailed source of references, see for inexternal perturbations, or from some intrinsic property that
stance Ref. 45. Most readers are probably already familiaihe measured systefthe pea initially possesses, or even
with the basic scheme considered, which is summarized iffom the fact that the growth of a flowgor, more generally,
Fig_ 1: A sourceS emits two correlated particles, which Iife?) is fundamentally an indeterministic process—needless
propagate toward two remote regions of space where thel say, all three reasons can be combined in any complicated
undergo measurements; the type of these measurements aay. Transposing the issue to quantum physics leads to the
defined by “settings,” or “parameters® (typically orienta-  following formulation of the following question: Are the re-
tions of Stern—Gerlach analyzers, often denodednd b), sults of the experiments random because of the fluctuation of
which are at the choice of the experimentalists; in each resome uncontrolled influence taking place in the macroscopic
gion, a result is obtained, which can take only two valuesapparatus, of some microscopic property of the measured
symbolized by=1 in the usual notation; finally, we will particles, or of some more fundamental process?
assume that, every time both settings are chosen to be theThe scientist may repeat the “experiment” a thousand
same value, the results of both measurements are always tligies and even more: If the results are always totally ran-
same. dom, there is no way to decide which interpretation should
Here, rather than trying to paraphrase the good texts oRe selected; it is just a matter of personal taste. Of course,
EPR with more or less success, we will purposefully take ghilosophical arguments might be built to favor or reject one
different presentation, based on a comparison, a sort of @f them, but from a pure scientific point of view, at this
parable. Our purpose is to emphasize a feature of the reasostage, there is no compelling argument for a choice or an-
ing: The essence of the EPR reasoning is actually nothingther. Such was the situation of quantum physics before the
but what is usually called “the scientific method” in the EPR argument.
sense discussed by Francis Bacon and Claude Bernard. For
this purpose, we will leave pure physics for botany! Indeed o .
in both disciplines, one needs rigorous scientific procedureg: Correlations; causes unveiled
in order to prove the existence of relations and causes, which The stroke of genius of EPR was to realize that correla-

is precisely what we want to do. tions could allow a big step further in the discussion. They
exploit the fact that, when the settings chosen are the same,
the observed results turn out to be always identical; in our
When a physicist attempts to infer the properties of micro-botanical analogy, we will assume that our botanist observes
scopic objects from macroscopic observations, inger(irity correlations between colors of flowers. Peas come together in
order to design meaningful experimentsust be combined pods, so that it is possible to grow peas taken from the same
with a good deal of logidin order to deduce these micro- pod and observe their flowers in remote places. It is then
scopic properties from the macroscopic resul@bviously,  natural to expect that, when no special care is taken to give
some abstract reasoning is indispensable, merely becauseeijual values to the experimental parametgesnperature,
is impossible to observe with the naked eye, or to take iretc,), nothing special is observed in this new experiment. But
one’s hand, an electron or even a macromolecule for inassume that, every time the parameters are chosen to the
stance. The scientist of past centuries who, like Mendel, wasame values, the colors are systematically the same; what can
trying to determine the genetic properties of plants, had exwe then conclude? Since the peas grow in remote places,
actly the same problem: He did not have access to any direthere is no way that they can be influenced by any single
observation of the DNA molecules, so that he had to base higncontrolled fluctuating phenomenon, or that they can some-
reasoning on adequate experiments and on the observationludw influence each other in the determination of the colors.
their macroscopic outcome. In our parable, the scientist willf we believe that causes always act locally, we are led to the
observe the color of flowerghe “result” of the measure- following conclusion: The only possible explanation of the
ment, +1 for red,—1 for blug as a function of the condition common color is the existence of some common property of
in which the peas are growmthese conditions are the “ex- both peas, which determines the color; the property in ques-

B. Of peas, pods, and genes
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tion may be very difficult to detect directly, since it is pre- do, we must ensure that, somehow, the memory of each com-
sumably encoded inside some tiny part of a biological molputer contains the encoded information concerning all the
ecule, but it is sufficient to determine the results of theresults that it might have to provide in the futufer any
experiments. type of measurement that might be made

Since this is the essence of the argument, let us make To summarize this section, we have shown that each result
every step of the EPR reasoning completely explicit, wherof a measurement may be a function of two kinds of
transposed to botany. The key idea is that the nature and thriables®
number of “elements of reality” associated with each pea i)
cannot vary under the influence of some remote experimen{,
performed on the other pea. For clarity, let us first assume;;
that the two experiments are performed at different times:
One week, the experimenter grows a pea, then only next
week another pea from the same pod; we assume that perfect
correlations of the colors are always observed, without anyy;a m
special influence of the delay between the experiments. J”?ﬁi)

intrinsic properties of the peas, which they carry along
with them,

the local setting of the experimeftemperature, hu-
midity, etc); clearly, a given pair that turned out to
provide two blue flowers could have provided red
flowers in other experimental conditions.

ay also add the following.

The results are well-defined functions; in other words

after completion of the first experimefdbservation of the no fundamentally indeterministic process takes place
first colon, but still before the second experiment, the result in the experiments.

of that future experiment has a perfectly determined valuegy  \when taken from its pod, a pea cannot “know in
therefore, there must already exist one element of reality advance” to which sort of experiment it will be sub-
attached to the second pea that corresponds to this fact— mitted, since the decision may not yet have been
clearly, it cannot be attached to any other object than the pea, made by the experimenters; when separated, the two
for instance one of the measurement apparatuses, since the  yeag therefore have to take with them all the informa-
observation of perfect correlations only arises when making tion necessary to determine the color of flowers for
measurements with peas taken from the same pod. Sym-  any kind of experimental conditions. What we have
metrically, the first pod also had an element of reality at- shown actually is that each pea carries with it as many
tached to it which ensured that its measurement would al- elements of reality as necessary to provide “the cor-
ways prOVide a result that coincides with that of the future rect answer'22 to all pOSSible questions it m|ght be

measurement. The simplest idea that comes to mind is to submitted to.
assume that the elements of reality associated with both peas

are coded in some genetic information, and that the values of - )
the codes are exactly the same for all peas coming from thd- Transposition to physics

same pod; but other possibilities exist and the precise nature The starting point of EPR is to assume that quantum me-
and mechanism involved in the elements of reality do nothanics provides correct predictions for all results of experi-
really matter here. The important point is that, since thesgnents: this is why we have built the parable of the peas in a
elements of reality cannot appear by any action at a distancgay that exactly mimics the quantum predictions for mea-
they necessarily also existed before any measurement Wagrements performed on two spin 1/2 particles for some ini-
performed—presumably even before the two peas were sepfia| quantum state: The red/blue color is obviously the analog
rated. ) ) to the result that can be obtained for a spin in a Stern—
Finally, let us consider any pair of peas, when they arezerlach apparatus, and the parametersettings are analo-
already spatially separated, but before the experimentalist dgpus to the orientation of these apparatugetation around
cides what type of measurements they will undefgalues  the axis of propagation of the particleQuantum mechanics
of the parameters, delay or not, @tdVe know that, if the predicts that the distance and times at which the spin mea-
decision turns out to favor time separated measurements wikrements are performed are completely irrelevant, so that
exactly the same parameter, perfect correlations will alwayshe correlations will remain the same if they take place in
be observed. Since elements of reality cannot appear, @ery remote places.
change their values, depending on experiments that are per- Another ingredient of the EPR reasoning is the notion of
formed in a remote place, the two peas necessarily carryelements of reality;” EPR first remark that these elements
some elements of reality with them which completely detercannot be found b priori philosophical considerations, but
mine the color of the flowers; any theory which ignores thesenust be found by an appeal to results of experiments and
elements of reality is incomplete. This completes the proof. measurements. They then propose the following criterion:
It seems difficult not to agree that the method which led toif, without in any way disturbing a system, we can predict
these conclusions is indeed the scientific method; no tribunakith certainty the value of a physical quantity, then there
or detective would believe that, in any circumstance, perfecéxists an element of physical reality corresponding to this
correlations could be observed in remote places without bephysical quantity.” In other words, certainty cannot emerge
ing the consequence of some common characteristics sharé@m nothing: An experimental result that is known in ad-
by both objects. Such perfect correlations can then only revance is necessarily the consequence of some pre-existing
veal the initial common value of some variable attached tghysical property. In our botanical analogy, we implicitly
them, which is in turn a consequence of some fluctuatingnade use of this idea in the reasoning of Sec. IlI B 2.
common cause in the past random choice of pods in a bag, A last, but essential, ingredient of the EPR reasoning is the
for instance. To express things in technical terms, let us fornotion of space—time and locality: The elements of reality in
instance assume that we use the most elaborate technologyestion are attached to the region of space where the ex-
available to build elaborate automata, containing powerfuperiment takes place, and they cannot vary sudd@mlgven
modern computefS if necessary, for the purpose of repro- less appearunder the influence of events taking place in
ducing the results of the remote experiments: Whatever weery distant regions of space. The peas of the parable were in
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fact not so much the symbol of some microscopic object, fine the possible types of predictions regarding
electrons, or spin 1/2 atoms for instance. Rather, they sym- the future behavior of the system... the quantum

bolize regions of space where we just know that “something description may be characterized as a rational
is propagating;” it can be a particle, a field, or anything else, utilization of all possibilities of unambiguous in-

with absolutely no assumption on its structure or physical terpretation of measurements, compatible with
description. Actually, in the EPR quotation of the preceding the finite and uncontrollable interactions between
paragraph, one may replace the word “system” by “region the objects and the measuring instruments in the

of space,” without altering the rest of the reasoning. One
may summarize the situation by saying that the basic belief ) ) ) ]
of EPR is that regions of space can contain elements of re- Indeed, in Bohr’s view, physical reality cannot be properly
ality attached to thenfattaching distinct elements of reality defined without reference to a complete and well-defined ex-
to separate regions of space is sometimes called “separabiperiment. This includes not only the systems to be measured
ity” ) and that they evolve locally. From these assumptions(the microscopic particl¢sbut also all the measurement ap-
EPR prove that the results of the measurements are functiomgratuses: “theséexperimental conditions must be consid-

field of quantum theory.”

of ered as an inherent element of any phenomenon to which the
(i) intrinsic properties of the spins that they carry with term physical reality can be unambiguously applied.” There-
them (the EPR elements of realityand fore EPR’s attempt to assign elements of reality to one of the
(ll) of course, also of the orientations of the Stern—GerlaC%pins 0n|y, orto a region of space Containing |t' is incompat_
analyzers. . ible with orthodox quantum mechantés-even if the region
In addition, they show the following. in question is very large and isolated from the rest of the

(iii) The functions giving the results are well-defined func-\, o rd. Expressed differently, a physical system that is ex-

tions, which implies that no indeterministic process is takingtended over a large region of space is to be considered as a
place; in other words, a particle with spin carries along with ingle entity, within which no attempt should be made to

it all the information necessary to provide the result to anys. S . o
possible measurement. distinguish physical subsystems or any substructure; trying

(iv) Since it is possible to envisage future measurement¥ attach physical reality to regions of space is then automati-
of observables that are called “incompatible” in quantum Cally bound to failure. In terms of our Leitmotiv of Sec.
mechanics, as a matter of fact, incompatible observables cdr 3. the difference between ordinary space and configura-
simultaneously have a perfectly well-defined value. tion space, we could say the following: The system has a

Item (i) may be called the EPR-1 result: Quantum me-single wave function for both particles that propagates in a
chanics is incompletéEPR require from a complete theory configuration space with more than three dimensions, and
that “every element of physical reality must have a counter-this should be taken very seriously; no attempt should be
part in the physical theory); in other words, the state vector made to come back to three dimensions and implement lo-
may be a sufficient description for a statistical ensemble otality arguments in a smaller space.
pairs, but for one single pair of spins, it should be completed Bohr's point of view is, of course, not contradictory with
by some additional information; in other words, inside therg|ativity, but since it minimizes the impact of basic notions
ensemble pf aI_I pairs, one can dlstlngwsh b_gtween subens,ch as space—time, or everfts measurement process in
sembles with different physical properties. Iteiin) may be  o,antum mechanics is not local; therefore it is not an event

called EPR-2, and establishes the validity of determ'msr%tricto sens) it does not fit very well with it. One could add

from a locality assumption. Itentiv), the EPR-3 result, ) L ] .
shows that the notion of incompatible observables is not fun'Ehat _Bohr S artlclg is difficult to.un(_jerstanq, many thS'C'StS
gmlt that a precise characterization of his attitude, in terms

damental, but just a consequence of the incomplete charactgr " o .
of the theory: it actually provides a reason to reject complelo" instance of exactly what traditional principles of physics

mentarity. Curiously, EPR-3 is often presented as the majofhould be given up, is delicatsee, for example, the discus-
EPR result, sometimes even with no mention of the two othsion of Ref. 8. In Pearle’s words: “Bohr’s rebuttal was es-
ers; actually, the rejection of complementarity is almost marsentially that Einstein’s opinion disagreed with his own”
ginal or, at least, less important for EPR than the proof of(Ref. 4. It is true that, when scrutinizing Bohr’s texts, one
incompleteness. In fact, in all that follows in this article, we is never completely sure to what extent he fully realized all
will only need EPR-1,2. the consequences of his position. Actually, in most of his
Niels Bohr, in his reply to the EPR artici®ef. 43, stated  reply to EPR inPhysical ReviewWRef. 43, he just repeats the
that their criterion for physical reality contains an essentialorthodox point of view in the case of a single particle sub-
ambiguity when it is applied to quantum phenomena. A morenitted to incompatible measurements, and even goes through
extensive quotation of Bohr’s reply is the following: considerations that are not obviously related to the EPR ar-
gument, as if he did not appreciate how interesting the dis-
cussion becomes for two remote correlated particles; the re-
lation to locality is not explicitly discussed, as if this was an
unimportant issuéwhile it was the starting point of further

“The wording of the above mentioned crite-
rion (the EPR criterion for elements of reality
contains an ambiguity as regards the expression
‘without in any way disturbing a system.’” Of

course there is in a case like that consideftey important work, the Bell theorem for instarfée The precise
EPR no question of a mechanical disturbance of reply to EPR is actually contained in only a short paragraph
the system under investigation during the last of this article, from which the quotations given above have
critical stage of the measuring procedure. But been taken. Even Bell confessed that he had strong difficul-
even at this stage there is essentially the question ties understanding Boh(‘l have very little idea what this

of an influence of the very conditions which de- means...."” See the appendix of Ref.)33
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IV. QUANTITATIVE THEOREMS: BELL, that the probability for a double detection of resuitg, +1
GREENBERGER—-HORNE-ZEILINGER, HARDY, (orof -1, -1) is
BELL —KOCHEN —-SPECKER ”P+’+=73_’_=Sin2 0, )

The Bell theorem, Ref. 47, may be seen in many differentyhile the probability of two opposite results is
ways. In fact, Bell initially invented it as a logical continua-
tion of the EPR theorem: The idea is to take completely =~ P+,—=P_ =c0S 6. 3

seriously the existence of the EPR elements of reality, angys js 4l that we want to know, for the moment, of quantum
introduce them into the mathematics with the notalioone  machanics: probability of the results of measurements. We
thenbpro%ee_ds éofstudyhallﬂpossm!e kmdfsﬂ;)f corri!anorkl‘s thalote in passing that, i8=0 (when the orientations of the
e ition o Iocality oxplicit ilrjwcttﬁgt;r?gtshgmat?é&zliltngwtag measurement apparatuses are pajaflaé formulas predict
already useful in )t/he FI)EPR theorem. but not usedy in equ that one of the probabilities \(gnlshes, while the other_ is equal
tions). As a continuation of EPR thé reasoning necessarily0 one, therefore the conqun of _perfect correlations re-
develnops from a deterministic f’ramework and deals withqUIred by th_e EPR reasoning is fulfilléth _fact, the results
classical probabilities; it studies in a completely general WayOf _the experiments are always oppose_d, instead of equal, but
; > : It is easy to convince oneself that this does not have any
all kinds of correlation that can be predicted from the fluc-; :
X . . ..~ impact on the reasoning

tuations in the past of some classical common cause—if one
prefers, from some uncertainty concerning the initial state of
the system. This leads to the famous inequalities. But subse-
guent studies have shown that the scope of the Bell theorem prgof
is not limited to determinism; for instance, thés may in-
fluence the results of future experiments by fixing the values We now come back to the line of the EPR theorem. In the
of probabilities of the results, instead of these results themframework of strict deterministic theories, the proof of the
selves(see Appendix A We postpone the discussion of the Bell theorem is the matter of a few lines; the longest part is
various possible generalizations to Sec. IV A4 and, for theactually the definition of the notation. Following Bell, we
moment, we just emphasize that the essential condition forssume thax represents all “elements of reality” associated
the validity of the Bell theorem is locality: All kinds of fluc- Wwith the spins; it should be understood thais only a con-
tuations can be assumed, but their effect must affect physiggise notation which may summarize a vector with many
only locally. If we assume that throwing dice in Paris may components, so that we are not introducing any limitation
influence physical events taking place in Tokyo, or even inhere. In fact, one can even include X\ncomponents which
other galaxies, the proof of the theorem is no longer possibleRlay no special role in the problem; the only thing which
For nonspecialized discussions of the Bell theorem, see fonatters is thak does contain all the information concerning
instance Refs. 33, 44, 48, and 49. the results of possible measurements performed on the spins.
We use another classical notatighandB, for these results,
and small lettera andb for the settinggparametersof the

The Bell inequalities are relations satisfied by the averag€orresponding apparatuses. CleaklgndB may depend, not
values of product of random variables that are correlate@nly on \, but also on the settinga and b; nevertheless
classically (their correlations arise from the fluctuations of locality requests that has no influence on the reswit(since
some common cause in the past, as above for the).paas the distance between the locations of the measurements can
we will see, the inequalities are especially interesting inbe arbitrarily largg¢ converselya has no influence on result
cases where they are contradictory with quantum mechanic8. We therefore calA(a,\) andB(b,\) the corresponding
one of these situations occurs in the EP@or Bohm, Ref.  functions(their values are eithe#1 or —1).
50) version of the EPR argument, where two spin 1/2 par- In what follows, it is sufficient to consider two directions
ticles undergo measurements. This is why we begin this se®nly for each separate measurement; we then use the simpler
tion by briefly recalling the predictions of quantum mechan-notation:
ics for such a physical system—but the only ingredient we _ N
need from quantum mechanics at this stage is the predictions A@M=A,  Ala’,M)=A )
concerning the probabilities of results. Then we again leavand
standard quantum mechanics and come back to the EPR- , ,
Bell argument, discuss its contradictions with quantum me- B(b.A)=B, B(b’.\)=B". ®)
chanics, and finally emphasize the generality of the theorenkor each pair of particles is fixed, and the four numbers
1. Two spins in a quantum singlet state have well-defined valuegwhich can only be=*1). With

_ . . Eberhard, Ref. 51, we notice that the product
We assume that two spin 1/2 particles propagate in oppo- L S ) o,
site directions after leaving a source which has emitted them M=AB+AB'-A'B+A'B’'=(A-A")B+(A+A")B

A. Bell inequalities

in a singlet spin state. Their spin state is then described by (6)
1 is always equal to eithet 2, or to —2; this is because one of
W)= =[|+,—>—|—,+>]. (1 the brackets on the right-hand side of this equation always
V2 vanishes, while the other is2. Now, if we take the average

. . . I fM | f emi i
When they reach distant locations, they are then submitted t\éseure)\)o Singgeée?chairgsetannucrgbg ic; ﬁrr::ilttézdtg iﬁgr?\?\g

spin measurements, with Stern—Gerlach apparatuses Oriem@glues we necessarily have
along angles andb around the direction of propagation. If '
0 is the angle betweea andb, quantum mechanics predicts -2=<=(M)=<+2. )
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This is the so-called BCHSH fornRef. 52 of the Bell abandoned. Maybe, after all, the Bell theorem is nothing but

theorem: The average values of all possible kinds of meaan accurate pointer toward exotic situations where the pre-

surements that provide random results, whatever the mechdictions of quantum mechanics are so paradoxical that they
nism behind them may b@s long as the randomness is local are actually wrong? Such was the hope of some theorists, as
and arises from the effect of some common fluctuating causevell as the exciting challenge to experimentalists.

in the pask, necessarily obey this strict inequality. Experiments were performed in the seventies, initially
with photons(Refs. 56 and 5Si7/where they already gave very
3. Contradiction with quantum mechanics and with clear results, as well as with protofRef. 58; in the eight-

ies, they were made more and more precise and convincing
(Ref. 59—see also Ref. lever since, they have been con-
The generality of the proof is such that one could reasonstantly improved(see for instance Ref. 61, but the list of
ably expect that any sensible physical theory will automatiteferences is too long to be given herall these results have
cally give predictions that also obey this inequality; the bigclearly shown that, in this conflict between local realism and
surprise was to realize that quantum mechanics does not: dfuantum mechanics, the latter wins completely. A fair sum-
turns out that, for some appropriate choices of the four dimary of the situation is that, even in these most intricate
rectionsa,a’,b,b’ (the precise values do not matter for the situations invented and tested by the experimentalists, no one
discussion hepe the inequality is violated by a factor2, has been able to disprove quantum mechanics. In this sense,
which is more than 40%. Therefore, the EPR—Bell reasoningve can say that Nature obeys laws which are nonlocal, or
leads to a quantitative contradiction with quantum mechannonrealist, or both. It goes without saying that no experiment
ics; indeed, the latter is not a local realistic theory in the EPRn physics is perfect, and it is always possible to invent ad
sense. How is this contradiction possible, and how can &oc scenarios where some physical processes, for the mo-
reasoning that is so simple be incorrect within quantum mement totally unknown, “conspire” in order to give us the
chanics? The answer is the following: What is wrong, if weillusion of correct predictions of quantum mechanics—we
believe quantum mechanics, is to attribute well-defined valeome back to this point in Sec. V A—but the quality and the
uesA,A’,B,B’ to each emitted pair; because only two of number of the experimental results does not make this atti-
them at maximum can be measured in any experiment, wtide very attractive intellectually.
cannot speak of these four quantities, or reason on them,
even as unknown quantities. As nicely emphasized by Peres Generality of the theorem

in an excellent short articléRef. 53, “unperformed experi- We have already mentioned that several generalizations of

ments have no result,” that is all! the Bell theorem are possible; they are at the same time
Wheeler expresses a similar idea when he writes: “No possible, Y !

elementary quantum phenomenon is a phenomenon until it ilgnathematically simple and conceptua_llly int.er_esting. For in-
a recorded phenomenor(Ref. 54. As for Wigner, he em- Stance, in some of these generalizations, it is assumed that
phasizes in Ref. 55 that the proof of the Bell inequalitiest® ésult of an experiment becomes a function of several
relies on a very simple notion: the number of categories intd Uctuating causes: the fluctuations taking place in the source
which one can classify all pairs of particlér'sEach category as usual, but also fluctuations takmg. place in the measuring
is associated with well-defined results of measurements, fdgPParatusetRet. 62, and/or perturbations acting on the par-
the various choices of the settingsand b that are consid- ticles during their motion toward the apparatuses; actually,

ered; in any sequence of repeated experiments, each categ(?r ni;#Sgr?(l:zemslI?/eslgl?set?lfrgr][:;g(?g:mffgg szrsogfzsgfnost
will contribute with some given weight, its probability of Y '

occurrence, which it has to positive or zero. Wigner thentr_|V|aI since they just require the addition of more dimen-

notes that, if one introduces the notion of locality, each catSions to the vector variable the latter requires replacing the

egory becomes the intersection of a subensemble that dggtermmlstm function®A and B by probabilities, but this is

pends ora only, by another subensemble that depend$ on glso relatively straightforward, Ref. 48ee also the footnote

only. This operation immediately reduces the number of cat!" Ref. 62 and Appendix A Moreover, one should realize

egories: In a specific example, he shows that their numbetlhat the role of theA and B functions is just to relate the

i - ditions of production of a pair of particléer of their
reduces from % to (2%)2=2°. The mathematical origin of O . : :
the Bell inequalities lies precisely in the possibility of dis- propagation to their behavior when they reach the measure-

o A ; . -, ment apparatuse@nd to the effects that they produce on
tributing all pairs into this smaller number of categories, Withy, oy they are, so to say, solutions of the equation of motion
positive probabilities.

A general way to express the Bell theorem in logical term whatever_ these are. The important point Is that they may

is to state that the following system of three assumption%erfe-Ctly include, in a condense_d notation, a Iarge variety of

(which could be called the EPR assumptipris self- hysmal phenomena: propagation of point particles, propa-

contradictory: gation of one or several f|eIQS from thg source to the detec-
: tors (see for instance the discussion in Sec. 4 of Ref, 33

experiments

(1) validity of their notion of “elements of reality,” particles, and fields in interaction, or whatever process one

(2) locality, may have in mind(even random propagations can be

(3) the predictions of quantum mechanics are always corincluded—as long as they do not depend on the other setting
rect. (A is supposed to be a function af not of b). The exact

mathematical form of the equations of propagation is irrel-
The Bell theorem then becomes a useful tool to build a “re-evant; the essential thing is that the functions exist.
ductio ad absurdum” reasoning: It shows that, among all Indeed, what really matters for the proof of the Bell theo-
three assumptions, on@t least has to be given up. The rem is the dependence with respect to the settangsd b:
motivation of the experimental tests of the Bell inequalitiesThe functionA must depend oa only, while B must depend
was precisely to check if it was not the third which should beon b only. Locality expressed mathematically in termsaof
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andb is the crucial ingredient. For instance we could, if we Sometimes
wished, assume that the resAlbf one measurement is also
a function of fluctuating random variables attached to the A=1 < > B=1
other apparatus, which introduces a nonlocal process; but
this does not create any mathematical problem for the proof
(as long as these variables are not affected by seffin@n

the other hand, iA becomes a function od and b (and/or

the same foB), it is easy to see that the situation is radically
changed: In the reasoning of Sec. IV A2 we must now asso- , * >

ciate eight numbers to each pésince there are two results A=-1 < > B=-1

to specify for each of the four different combinations of set- Never

tings), instead of four, so that the proof miserably collapses.

Appendix A gives another concrete illustration showing that Fig. 2.

it is locality, not determinism, which is at stake; see also the

appendix of Ref. 49.

Needless to say, the independencéaff b does not mean the law of energy conservation allows us to know at once
that the result observed on one sidejs independent of the that they cannot. In the same way, some of these statistical
outcome at the other sidB; One should not confuse setting “Bell beating schemes” may be extremely clever, but we
and outcome dependencies! It is actually clear that, in anynow that the theorem is a very general theorem in statistics:
theory, the correlations would disappear if outcome depenl.n all situations that can be accommodated by the mathemat-
dence was totally excluded. We should also mention that thi€s of the \’s and theA and B functions (and there are
setting dependence is subject to some constraints, if th@any), it is impossible to escape the inequalities. No, non-
theory is to remain compatible with relativity. If, for in- local correlations cannot be explained cheaply; yes, a viola-
stance, the probability of observation of the results on ondion of the inequalities is therefore a very, very, rare situa-
side, which is a sum of probabilities over the various posdion. In fact, until now, it has never been observed, except of
sible outcomes on the other side, was still a function of thecourse in experiments designed precisely for this purpose. In
other setting, one would run into incompatibility; this is be- other words, if we wanted to build automata including arbi-
cause one could use the device to send signals without arf{arily complex mechanical systems and computers, we
fundamental delay, thus violating the constraints of relativ-could never mimic the results predicted by quantum mechan-
ity. See Refs. 63 and 64 for a discussion in terms of “strongCS (at least for remote measurementhis will remain im-
locality” and “predictive completeness'or “parameter in- possible for_ever, or at least until completely different com-
dependence” and of “outcome independence” in Ref).65 Puters working on purely quantum principles are bfilt.
Appendix D discusses how the general formalism of quan-
fc;lm mechanics manages to ensure compatibility with relativg Hardy's impossibilities
ity.

An interesting generalization of the Bell theorem, where Another scheme of the same conceptual type was intro-
time replaces the settings, has been proposed by Fransondtced recently by HardyRef. 70; it also considers two
Ref. 66 and implemented in experiments for an observatiofarticles but it is nevertheless completely different since it
of a violation of the Bell inequalitiegsee for instance Ref. involves, instead of mathematical constraints on correlation
67); another generalization shows that a violation of the Bellrates, the very possibility of occurrence for some type of
inequalities is not limited to a few quantum statsiglet for ~ events—see also Ref. 71 for a general discussion of this
instanceg, but includes all states that are not products, Refsinteresting contradiction. As in Sec. VA2, we assume that
68 and 69. For a general discussion of the conceptual impa#fe first particle may undergo two kinds of measurements,
of a violation of the inequalities, we refer to the book col- characterized by two valuesanda’ of the first setting; if
lecting Bell’s articles(Ref. 7). we reason as in the second half of Sec. IV A2, within the

We wish to conclude this section by emphasizing that thdrame of local realism, we can caélandA’ the correspond-
Bell theorem is much more general than many people thinking results. Similar measurements can be performed on the
All potential authors on the subject should think twice andsecond particle, and we cdl andB’ the results.
remember this carefully before taking their pen and sending Let us now consider three types of situations:

a manuscript to a physics journal: Every year a large numbe{_
of them is submitted, with the purpose of introducing “new” )

Always Always

settings without prime—we assume that the result

ways to escape the constraints of the Bell theorem, and to. =1,B=1 is sometimes obtained, _
“explain” why the experiments have provided results that (i) ~ one prime only—we assume that the “double one™ is
are in contradiction with the inequalities. According to them, impossible, in other words that one never gats1,
the nonlocal correlations would originate from some new '=1, and neveA’=1,B=1 either,

sort of statistics, or from perturbations created by cosmidiii) double prime settings—we assume that “double mi-
rays, gas collisions with fluctuating impact parameters, etc. nus one” is impossible, in other words tha'’
The imagination is the only limit of the variety of the pro- =—1,B’'=—1 is never observed.

cesses that can be invoked, but we know from the beginning

that all these attempts are doomed to failure. The situation is A closer inspection shows that these three assumptions are
analogous to the attempts of past centuries to invent “perin fact incompatible. To see why, let us for instance consider
petuum mobile” devices: Even if some of these inventionsthe logical scheme of Fig. 2, where the upper part corre-
were extremely clever, and if it is sometimes difficult to find sponds to the possibility opened by statem@nhtstatement

the exact reason why they cannot work, it remains true thatii) then implies that, ifA=1, one necessarily hd&' = —1,
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which explains the first diagonal in the figure; the second Sometimes
diagonal follows by symmetry. Then we see that all events A=1 < > B=1
corresponding to the resulls=B=1 also necessarily corre-
spond toA’ =B’ = —1, so that a contradiction with statement
(iii ) appears: The three propositions are in fact incompatible.
A way to express it is to say that the “sometimes” @f is Always Always
contradictory with the “never” of propositioriii ).

But it turns out that quantum mechanics does allow a si- | »
multaneous realization of all three propositions! To see how, A=-1 & > B=-1
let us for instance consider a two-spin state vector of the
form:

[®)=al+,=)+ Bl =, +)+ v+, +) ®

where thd+, =) refer to eigenstates &’ andB’ (Note: axis A”_ 1 < > B”_ 1
Ozis chosen as the direction of measurement associated witt* — 7 T
primed operatons From the beginning, the absence of any
|¥) component of—,—) ensures that propositidiii ) is true.

As for the measurements without prime, we assume that they
are both performed along a direction in the plat@z that
makes an angle @with Oz, the eigenstate with eigenvalue A”’: -1 < > B =-1
+1 associated in the single-spin state is then merely

cosf|+)+sing|—). 9

The first state excluded by propositidin) (diagonal in Fig.
2) is then the two-spin state:

cosf|+,+)+sing|—,+) (10
while the second is:
cosf|+,+)+sing|—,+) (11 Always Always

so that the two exclusion conditions are equivalent to the
following conditions: A(n): -1 < > B(n): -1
a sin@+ ycosf= B sinf+ycosf=0 (12

Always Always

Always Always

Fig. 3.
or, within a proportionality coefficient:

a=p=-ycoté. (13 (iii ) for measurements of the typa’(b”) or (a”,b’), one
This arbitrary coefficient may be used to writ) in the  never gets opposite resufts,
form: (iv) for measurements of the typa’(b™) or (a”,b"),
W)= —cosb(|+,—)+|—,+))+sind|+,+). (14) ~ One never gets opposite results, etc.,

. _ . (n) finally, for measurement of the typea{,b"), one
The last thing to do is to get the scalar product of this ket byhever gets-1 and —1.

that where the two spins are in the std; we get the The incompatibility proof is very similar to that given
following result: above; it is summarized in Fig. 3. In both cases, the way to
—singco g. (15)  resolve the contradiction is the same as for the Bell theorem:

. . o ] In quantum mechanics, it is not correct to reason on all four
The final step is to divide this result by the square of theqyantitiesA, A’, B, andB’, even as quantities that are un-

norm of ket(14) in order to obtain the probability of the nown and that could be determined in a future experiment.
process considered ffii); this is a straightforward calcula- Thjs is simply because, with a given pair of spins, it is ob-

tion (see Appendix B but here we just need to point out that joysly impossible to design an experiment that will measure
the probability is not zero; the precise value of fisnaxi-  gj| of them: They are incompatible. If we insisted on intro-

mum found in Appendix B is about 9%. This proves that theqycing similar quantities to reproduce the results of quantum
pair of results considered in propositidn can sometimes be  achanics, since four experimental combinations of settings
obtained together withii) and (iii): Indeed, in 9% of the 4re considered, we would have to consider eight numbers
cases, the predictions of quantum mechanics are in comple{gsiead of four, as already discussed in Sec. IVA4. For a

contradiction with those of a local realist reasoning. discussion of nonlocal effects with other states, see Ref. 73.
An interesting aspect of the above propositions is that they

can be generalized to an arbitrary number of measuremen ;

(Ref. 72; it turns out that this allows a significant increase of E§ GHZ equality
the percentage of “impossible eventgimpossible within For many years, everyone thought that Bell had basically
local realism predicted by quantum mechanics—from 9% to exhausted the subject by considering all really interesting
almost 50%! The generalization involves a chain, whichsituations, in other words that two-spin systems provided the
keeps the two first line§) and (i) unchanged, and iterates most spectacular quantum violations of local realism. It

the second in a recurrent way, by assuming that: therefore came as a surprise to many when in 1989 Green-
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berger, Horne, and ZeilingdGHZ) showed that this is not can be used again for the experiment where the tiee
true: As soon as one considers systems containing more th@omponents are measured: The result is merely the product
two correlated particles, even more dramatic violations ofa,B,C, . But, since the square‘%, etc., are always equal to
local realism become possible in quantum mechanics, and 1, we can obtain this result by multiplying all three parts of
even without involving inequalities. Here, we limit ourselves Eq. (19), which provides

to the discussion of three particle systems, as in the original

articles(Refs. 74 and 76 but generalization tdl particles is ABCy=+1. (20)
possible; see for instance Sec. VC 1 or Ref. 76. While Ref
75 discussed the properties of three correlated photons, ea
emitted through two pinholes and impinging beam splitters
we will follow Ref. 77 and consider a system of three 1/2
spins(external variables play no role hg¢reve assume that
the system is described by the quantum state:

gﬁjt equality(18) predicts the opposite sign!

Here we obtain a contradiction that looks even more dra-
matic than for the Bell inequalities: The two predictions do
not differ by some significant fractiotabout 40%, they are
just completely opposite. In addition, all fluctuations are
eliminated since all of the resultshe products of the three

1 componentsare perfectly known before measurement: The

|Uy=—[|+,+,+)—|—,—, )], (16)  100% contradiction is obtained with 100% certainty! Unfor-

V2 tunately, this does not mean that, experimentally, tests of the
where the+) states are the eigenstates of the spins along the€HZ equality are easy. Three particles are involved, which
Ozaxis of an orthonormal fram@xyz We now calculate the Must be put in statel6), surely a nontrivial task; moreover
quantum probabilities of measurements of the spips;of ~ ON€ has_to design apparatuses that measure the progluct of
the three particles, either along directi®, or along direc- thrée spin components. To our knowledge, no experiment
tion Oy, which is perpendicular. More precisely, we assumedn@logous to the Bell inequality experiments has been per-
that what is measured is not individual spin components, buormed on the GHZ equality yet, at least with macroscopic
only the product of three of these components, for instancglstances; only microscopic analogues have been observed,

X X 0. A straightforward calculatioisee Appen- N Nuclear magnetic resonance experimefief. 78—for
gi;y C)O-SZ%OVf/rS?)Xth at 9 1 PP recent proposals, see for instance Refs. 79 and 80. Neverthe-

less, constant progress in the techniques of quantum elec-

PloyX oy Xogy=1)=+1, tronics is taking place, and GHZ entanglement has already
N been observe(Refs. 81 and 8 so that one gets the impres-

PlopX oy X ogy=1)=+1, (17 sjon that a full experiment is not too far away in the future.

Ployy X oy X 0gy=1)=+1. In a GHZ situation, how precisely is the conflict between

) ) the reasoning above and quantum mechanics resolved? There
In fact, the state vector written ifil6) turns out to be a are different stages at which this reasoning can be put into
common eigenstate to all three operator products, so thafyestion. First, we have assumed locality, which here takes
each of them takes a valuel that is known before the the form of noncontextualitysee Sec. IVIX Each of the
measuremerit. Now, if we consider the product of three results is supposed to be independent of the nature of the
spin components alon@x, it is easy to checkAppendix Q  measurements that are performed on the others, because they
that the same state vector is also an eigenstate of the produgke place in remote regions of space. Clearly, there is no
operatora X o2, X a3, but now with eigenvalue-1, so  special reason why this should necessarily be true within
that guantum mechanics. Second, we have also made assump-
tions concerning the nature of the “elements of reality” at-
PlonXopXog=—1)=1. (18 iached to the ngrticles. In this respect, it is interesting ¥o note
This time the result is-1, with probability 1, that is with that the situation is very different from the EPR-Bell or
certainty. Hardy cases: Bohr could not have replied that different ele-
Let us now investigate the predictions of a local realistments of reality should be attached to different experimental
EPR type point of view in this kind of situation. Since the setups! In the GHZ argument, it turns out that all four quan-
quantum calculation is so straightforward, it may seem usetum operators corresponding to the measurements commute,
less: Indeed, no one before GHZ suspected that anythingo that there is in principle no impossibility of measuring all
interesting could occur in such a simple case, where the inief them with a single setup. But the local realist reasoning
tial state is an eigenstate of all observables considered, stiso assumes that a measurement of the product of three
that the results are perfectly certain. But, actually, we willoperators is equivalent to a separate measurement of each of
see that a complete contradiction emerges from this analysighem, which attributes to them separate elements of reality.
The local realist reasoning is a simple generalization of thain the formalism of quantum mechanics, the question is more
given in Sec. IVA2; we call, , the results that the first subtle. It turns out that the measurement of a single product
spin will give for a measurement, either alo@x or Oy; of commuting operators is indeed equivalent to the measure-
similar lettersB and C are used for the measurement on thement of each of them; but this is no longer the case for
two other spins. From the three equalities writter{id) we  several product operators, as precisely illustrated by those
then get: introduced above: Clearly, all six spin component operators
B B B appearing in the formulas do not commute with each other. It
ABCx=1, AB,Cy=1 ABCy=1. (19 is therefore impossible to design a single experimental setup
Now, if we assume that the observations of the three spin® have access to all six quantitiés ,, B, ,, andC, , that
are performed in three remote regions of space, locality imwe have used in the local realist prddf.
plies that the values measured for each spin should be inde- When the measurements are imperfect, the GHZ equality
pendent of the type of observation performed on the twacan give rise to inequalitie@s in the BCHSH theoremas
other spins. This means that the same value&,d, andC  discussed in Refs. 75 and 83; the latter reference also pre-
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sents a generalization to an arbitrary numiBeof particles; they makes them impossible to distinguish. Generally speak-
in the same line, Ref. 76 provides a discussion of thdng, in quantum mechanics, measuring the square of an op-
N-particle correlation function with varying angles for the erator is certainly not the same physical process as measur-
analyzers, which we partially reproduce in Sec. VC 1. ing the operator itself!
Now, suppose that we try to attach to each individual spin
i an EPR element of reality/additional variable that corre-
D. Bell-Kochen-Specker; contextuality sponds to the result of measuremenspf by symmetry, we

Another theorem was introduced also by Bell, Ref. 3, agwill do the same for the two other components, so that each
Specker(Ref. 84, hence the name “BKS theorem” that is attribute values that determine the possible results: 1 or 0.
often used for it. This theorem is not particularly related toThe results are described by functions of these variables,
locality, as opposed to those that we have already discussahich we denoteh, , ,:
in the preceding subsections. It is actually related to another
notion, called “contextuality:” An additional variable at- Ax=0 or 1, A=0 or 1, A,=0 or 1 (22)
tached to a physical system is called “contextual” if its
value depends not only on the physical quantity that it deAt first sight, this seems to provide a total of eight possibili-
scribes, but also on the other physical quantities that can biées; but, if we want to preserve relatid21), we have to
measured at the same time on the same syéiemuantum  S€lect among these eight possibilities only those three for
mechanics they correspond to commuting observables — Wwhich two A's are one, one is zero. As traditional, for this
on the other hand, its value is completely independent of alparticular spin we then attribute colors to the three orthogo-
the other observables that the experimenter may decide feal directionsOx, Oy andOz The two directions that get an
measure at the same time, the additional variable is called=1 are painted in red, the last in blue, Ref. 85.
“noncontextual;” one can then say that it describes a prop- The same operation can obviously be made for all possible
erty of the physical system only, and not a combined prop<hoices of the triplet of direction®xyz A question which
erty of the system and the measurement apparatus; it mahen naturally arises is: For an arbitrary direction, can one
have pre-existed in the system before any measurement. Tladtribute a given colofa given value forA,) that remains
notion of distance is no longer relevant in this context; forindependent of the context in which it was defined? Indeed,
instance, the theorem applies to a single system with no exwe did not define the value as a property of@xdirection
tension in space. only, but in the context of two other directiol®y and Oz

Let us first consider a spin 1 particle in quantum mechanthe possibility of a context independent coloring is therefore
ics, with three quantum statés 1)|0) and|+1) as a basis of not obvious. Can we for instance fBzand rotateDx andOy
a state space of the dimension three. The three componerdsound it, and still keep the same color foZ? We are now
S¢. Sy, andS, do not commutethey obey the usual com- facing an amusing little problem of geometry that we might
mutation relation for the angular momentyrbut it is easy call “ternary coloring of all space directions.” Bell as well
to show that all the squares of all these three operators das Kochen and Specker showed that this is actually impos-
commute; this is a specific property of angular momentum 1sible; for a proof see either the original articles, or the excel-
and can be seen by an elementary matrix calculation with thtent review(Ref. 6 given by Mermin.
usual operator§. . Moreover, the sum of these squares is a_ In the same article, this author shows how the complica-

constant(a c numbej since tions of the geometrical problem may be entirely avoided by
5 2. ) going to a space of states of dimension four instead of three.
S+S§+S;=2h". (2)  He considers two spin 1/2 particles and the following table

It is not against any fundamental principle of quantum me-0f niné quantum variablegve use the same notation as in
chanics, therefore, to imagine a triple measurement of théec. IVO:
observabless, S, andS;; we know that the sum of the

1 2 1 2
three results will always be 2rom now on we drop the Ox Ox  OxOx
factor42, which plays no role in the discussiomNeedless to o5 o, 0,05
say, the choice of the three orthogonal directions is com- 1 2 1 2 1 2 23
pletely arbitrary, and the compatibility is ensured for any  9x%y 9y%x 920 (23

choice of this triad, but not more than one: The measure- I h . | . hv all
ments for different choices remain totally incompatible. A\l Operators have eigenvaluesl. It is easy to see why a

; three operators belonging to the same line, or to the same
In passing, we note that the measurement of the scfﬁfare column, always commutéhe products of twa’s that anti-

of one component cannqt merely be. Seen as a measuremellfy . te are commuting operators, since the commutation
of S, followed by a squaring calculation made afterwards byintroduces two—1 signs, with canceling effedtsMoreover,

the experimentalist! Ignoring information is not equivalent to 4 product of all three operators is alwayd, except the

not measuring itwe come to this point in more detail, in |55t column for which it is—1.3° Here, instead of an infinite
terms of interferences and decoherence, at the end of S&¢mper of triplet of directions in space, we have six groups
VIA). There is indeed less information i than inS,  of three operators, but the same question as above arises:
itself, since the former has only two eigenvaluésand 0,  Can we attribute a color to each of the nine elements of
while the latter has three-1 is also a possible resultWhat  matrix (23), red for result+1 and yellow for result-1, in a

is needed to measu is, for instance, a modified Stern— way that is consistent with the results of quantum mechan-
Gerlach system where the components of the wave functioits? For this consistency to be satisfied, all lines and columns
corresponding to results1 are not separated, or where they should either contain three red cases, or one red and two
are separated but subsequently grouped together in a wagllow, except the last column, which will contain one or
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three yellow casegin order to correspond te-1 instead of  viously correlated with another particle. So, a trivial effect
+1). such as a classical recoil effect in a photon—electron collision
This little matrix coloring problem is much simpler than cannot be the real explanation of the nature of the wave
the geometrical coloring problem mentioned above: It is obpacket reduction! It is much more fundamentally quantum
viously impossible to find nine numbers with a product thatand may involve nonlocal effects.
is at the same time equal to 1, condition on rows, afd Another lesson is that, even if quantum mechanics and
condition on columngwe note in passing that Mermin’s relativity are not incompatible, they do not fit very well to-
reasoning is very close to that of Sec. IV C, which illustratesgether: The notion of events in relativity, which are supposed
how similar the GHZ theorem and this form of the BKS to be point-like in space—time, or the idea of causality, are
theorem arg Here, as in the three direction problem, non-still basic notions, but not as universal as one could have
contextuality leads us to an impossible coloring problem. Fothought before the Bell theorem. Indeed, quantum mechanics
another illustration of the impossibility, see also Sec. VI ofteaches us to take these notions “with a little grain of salt.”
Ref. 6 which deals with three 1/2 spins instead of two. Still another aspect is related to the incredible progress that
What can we conclude from this contradiction? Certainlyexperiments have made in the 20th century, whether or not
that the predictions of quantum mechanics are incompatiblstimulated by fundamental quantum mechanics. One gets the
with a noncontextual view on the EPR elements of reality/impression that this progress is such that it will allow us to
additional variables, where the result of the measuremertiave access to objects at all kinds of scale, ranging from the
should depend solely on the system measured—see for imracroscopic to the microscopic. Therefore, while at Bohr's
stance the discussion given in Ref. 86. But is this a goodime one could argue that the precise definition of the border
argument against these elements of reality, or at least adime between the macroscopic world of measurement appara-
indication that, if they exist, their properties are completelytuses was not crucial, or even academic, the question may
unexpected? Not really. As Bell noted in Ref. 3, “the resultbecome of real importance; it may, perhaps, even give rise to
of an observation may reasonably depend not only on thexperiments one day. All these changes, together, give the
state of the systenfincluding hidden/additional variables impression that the final stage of the theory is not necessarily
but also on the complete disposition of the apparatus.” Thereeached and that conceptual revolutions are still possible.
is for instance no special conceptual difficulty in building a In this section, we give a brief discussion of some issues
theory where additional variables are attributed to the appahat are related to quantum nonlocality and entanglement,
ratuses, and where both kinds of additional variables collabowith some emphasis on those that are presently, or may soon
rate in order to determine the observed result. Violations obe, the motivation of experimen{Sec. V B is an exception,
the Bell theorem by quantum mechanics are therefore genesince it is purely theoretical Going into details would cer-
ally considered as much more significant quantum manifestainly bring us beyond the scope of this article, so that we
tations than violations of the BKS theorem. For a generalvill limit ourselves to a few subjects, which we see as par-
discussion of the status of the various “impossibility theo-ticularly relevant, even if our choice may be somewhat arbi-
rems” with emphasis on the BKS theorems, see Ref. 6.  trary. Our main purpose is just to show that, even if theoreti-
cally it is really difficult to add anything to what the
founding fathers of quantum mechanics have already said
V. NONLOCALITY AND ENTANGLEMENT: long ago, it still remains possible to do interesting physics in
WHERE ARE WE NOW? the field of fundamental quantum mechanics! Even if we
treat the subject somewhat superficially, the hope is that the

In view of the locality theorems as well as their violation reaqer will be motivated to get more precise information
by the modern experimental results, which were not availsg ., the references

able when the orthodox interpretation of quantum mechanics

was invented, some physic!sts cpnclqde triumphantly: “thrA_ Loopholes, conspiracies

was right!,” while others will claim with the same enthusi-

asm, “Bohr was wrong!” Both these opinions make sense, One sometimes hears that the experiments that have been
depending on what aspect of the debate one wishes to favguerformed so far are not perfectly convincing, and that no
We have already touched the question at the end of Seone should claim that local realismla Bell has been dis-

11 B 3; here, we will just add that, whether one personally proved. Strictly speaking, this is true: There are indeed logi-
feels closer to the orthodox camp or to local realism, it re-cal possibilities, traditionally called “loopholes,” which are
mains clear that the line initiated by Einstein and Bell hadstill open for those who wish to restore local realism. One
the decisive role in the last 50 years. In fact, they are thean for instance deny the existence of any real conflict be-
ones who pointed out the inadequate character of some intween the experimental results and the Bell inequalities. First
possibility theorems, as well as the crucial importance of theof all, of course, one can always invoke trivial errors, such as
notion of locality in all these discussions. This resulted invery unlikely statistical fluctuations, to explain why all ex-
much more progress and understanding than the simple r@eriments seem to “mimic” quantum mechanics so well; for
statement of the orthodox position. For instance, even nowinstance, some authors have introduced ad hoc fluctuations
the introduction of the reduction of the state vector is someof the background noise of photomultipliers, which would
times “explained” by invoking the “unavoidable perturba- magically correct the results in a way that would give the
tions that the measurement apparatus brings to the measuriapression of exact agreement with quantum mechanics. But
system”—see for instance the traditional discussion of thehe number and variety of Bell-type experiments supporting
Heisenberg microscope which still appears in textbookshuantum mechanics with excellent accuracy is now large; in
But, precisely, the EPR—-Bell argument shows us that this isiew of the results, very few physicists seem to take this
only a cheap explanation: In fact, the quantum description oéxplanation very seriously.

a particle can be modified without any mechanical perturba- Then one could also think of more complicated scenarios:
tion acting on it, provided the particle in question was pre-For instance, some local unknown physical variables may
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couple together in a way that will give tligalse impression b dependent measurement apparatusgstsé idea was that
of nonlocal results, while the mechanism behind them rethe preliminary detectors should signal the presence of pairs
mains local. One possibility is that the polarization analyzersand that, later, the corresponding pairs would always be de-
might, somehow, select a subclass of pairs which depend alected at both ends. The role of these cylinders was therefore
their settings; then, for each choit b), only a small frac- to make the definition of the sample perfectly precise, even if
tion of all emitted pairs would be detected; one could thennitially the pairs were emitted by the source in all directions.
assume that, when the orientation of the analyzers is change&lich classes of systems, which allow a definition of an en-
by a few degrees, all the pairs that were detected before asemble that is indeed totally independentafind b, are
eliminated, and replaced with a completely different cat-sometimes called “event ready detectors.” See also Ref. 88
egory of physical systems with arbitrary properties. In thiswhere Bell imagines a combination of veto and go detectors
situation, everything becomes possible: One can ascribe tassociated with the first detected particles in a ternary emis-
each category of pairs whatever ad hoc physical propertiesion, precisely for the purpose of better sample definition.
are needed to reproduce any result, including those of quan- Needless to say, in practice, the situation is very different.
tum mechanics, while remaining in a perfectly local context.First, one should realize that, in all experiments performed
Indeed, in the derivation of the Bell inequalities, one as-until now, most pairs are simply missed by the detectors.
sumes the existence of ensemble averages over a nonbias@tiere are several reasons for this situation: In photon experi-
well-defined, ensemble of pairs, which are completely indements, the particles are emitted in all directions, while the
pendent of the settinga andb. Various proofs of the Bell analyzers collect only a small solid angle and, therefore, only
inequalities are possible, but in many of them one explicitlya tiny fraction of the pairgthis was especially true in the
writes the averages with an integral containing a probabilityinitial experiments using photon cascagdés more modern
distribution o (\); this function mathematically defines the experimentgRef. 61), the use of parametric photon conver-
ensemble on which these averages are taken. The nonbiasisign processes introduces a strong correlation between the
assumption is equivalent to assuming thé independent of  direction of propagation of the photons and a much better
a andb; on the other hand, it is easy to convince oneself thatollection efficiency, but it still remains low. Moreover, the
the proof of the Bell inequalities is no longer possiblepif transmission of the analyzers is less than fihés actually
becomes a function cf andb. In terms of the reasoning of less than 1/2 if ordinary photon polarization filters are used,
Sec. IVA2, where no functiop was introduced, what we but experiments have also been performed with birefringent
have assumed is that the four numbArA’, B, andB’ are  two-channel analyzeréRef. 59, which are not limited to
all attached to the same pair;Nf was built from more num- 50% efficiency. Finally, the quantum efficiency of particle
bers, such as numbers associated to different pairs, the algéetectors(photomultipliers for photonsis not 100% either,
bra would clearly no longer hold, and the rest of the proof ofS0 that pairs of particles are lost at the last stage too. There is
the inequality would immediately collapse. no independent way to determine the sample of detected
Of course, no problem occurs if every emitted pair is de-pairs, except of course the detection process itself, which is
tected and provides two resultsl, one on each side, what- obviouslya andb dependent; as a consequence, all experi-
ever the choice o andb (and even if this choice is made mental results become useful only if they are interpreted
after the emission of the pairlt then makes sense to obtain within a “no-biasing” assumption, considering that the set-
the ensemble averag®) from successive measurements of ting of the analyzers does not bias the statistics of events. On
four average valueg\B), (AB'), etc. But, if many pairs are the other hand, we should also ment_ion that there is no
undetected, one cannot be completely sure that the detectidiown reason why such a sample biasing should take place
efficiency remains independent of the settiagandb; ifitis N the experiments, and that the possibility remains specula-
not, the four averages may in principle correspond to differdive. For proposals of “loophole free” experimentssee
ent subensembles, and there is no special reason why thé¥efs. 89 and 90; actually, there now seems to be a reasonable
combination by sum and difference should not exceed th&ope that this loophole will be closed by the experiments
limit of 2 given by the Bell theorem* The important pointis ~ Within the next few years.
not necessarily to capture all pairs, since one could in theory Other loopholes are also possible: Even if experiments
redefine the ensemble in relation with detection; but what igvere done with 100% efficiency, one could also invoke some
essential, for any perfectly convincing experiment on thepossibilities for local processes to artificially reproduce
violation of the Bell inequalities, is to make sure that thequantum mechanics. One of them is usually called the “con-
sample of counted events is completely independent of thegpiracy of the polarizers'{actually, “conspiracy of the ana-
settingsa andb (unbiased sampleThis, in practice, implies lyzers” would be more appropriate; the word polarizer refers
some sort of selectiofor detection that is completely inde- to the experiments performed with photons, where the spin
pendent of the settings, which is certainly not the case in angrientation of the particles is measured with polarizing fil-
experiment that detects only the particles that have crossders; but there is nothing specific of photons in the scenario,
the analyzers. which can easily be transposed to massive spin 1/2
An ideal situation would be provided by a device with a particle3—or also “communication loophole.” The idea is
triggering button that could be used by an experimentalistihe following: Assume that, by some unknown process, each
who could at will launch a pair of particlgsvith certainty;  analyzer could become sensitive to the orientation of the
if the pair in question was always analyzed and detectedyther analyzer; it would then acquire a response function
with 100% efficiency, the loophole would definitely be which depends on the other setting and the funcfiarould
closed! When discussing thought experiments, Bell intro-acquire a dependence on beatlandb. The only way to beat
duced in some of his talks the notion of “preliminary detec- this process would be to choose the settingand b at the
tors” (Ref. 87, devices which he sketched as cylindersvery last moment, and to build an experiment with a large
through which any pair of particles would have to propagatelistance between the two analyzers so that no information
before reaching both ends of the experimvitere theaand  can propagatdat the speed of lightbetween the two of
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them. A first step in this direction was done by Aspect andtion rates will progressively deviate from those of quantum
co-workers in 1982Ref. 91), but more recent experiments mechanics to reach values compatible with local realism.
have beautifully succeeded in excluding this possibility in anWho knows?

especially convincing wayRef. 92. So there no longer ex-

ists a real conspiracy loophole; quantum mechanics seems to . .

still work well under these more severe time dependent conB- Locality, contrafactuality

ditions.

L . . . One can find in the literature various attitudes concerning
Along a similar line is what is sometimes called the “fa-

the exact relation between quantum mechanics and locality.
. Some authors consider that the nonlocal character of quan-
%um mechanics is a well-known fact, while for others quan-

that leads to the Bell theorem: the completely arbitraryy . nonjocality is an artifact created by the introduction into

choice of the settinga andb by the experimenters. Usually,

took place in the past, but those of a free human choice. Ofgniocal have taken place and are still actiRefs. 9498
the other hand, it is true that there is always some overlagge giso Refs. 21, 97, and 98. Delicate problems of logic are
between the past cones of two events, in this case the choige,olved and we will not discuss the question in more detail
of the settings. It is therefore always possible in theory togre.
assume that they have a common caasendb are then N0 \yhat is easier to grasp for the majority of physicists is the
longer free parameters, but variables that can fluctdate notion of “contrafactuality” (Ref. 95. A counterfactual rea-
particular, if this cause itself fluctuatesith all kinds of  soning consists in introducing the results of possible experi-
correlations. In this case, it is easy to see that the proof of thgents  that can be envisaged for the future as well-defined
Bell theorem is no longer possibfé so that any contradic-  quantities, and valid mathematical functions to use in equa-
tion with locality is avoided. What is then denied is the no-tions, even if they are still unknown—in algebra one writes
tion of free will of the experimenters, whose decisions are nknown quantities in equations all the time. This is very
actually predetermined, without them being aware of thisnatural: As remarked by d’Espagn@efs. 99 and 100and
fact; expressed more technically, one excludes from thgy Griffiths (Ref. 101, “counterfactuals seem a necessary
theory the notion of arbitrary external parameters, whichpart of any realistic version of quantum theory in which
Usua”y define the eXperimental conditions. This price belnq:)roperties of microscopic systems are not created by the
paid, one could in theory build an interpretation of quantummeasurements.” One can also see the EPR reasoning as a
mechanics that would remain at the same time realistic, I0jystification of the existence of counterfactuals. But it also
cal, and(supej deterministic, and would include a sort of remains true that, in practice, it is never possible to realize
physical theory of human decision. This is, of course, a verymore than one of these experiments: For a given pair, one
unusual point of view, and the notion of arbitrary externalhas to choose a single orientation of the analyzers, so that all
parameters is generally accepted; in the words of BR#f.  other orientations will remain forever in the domain of
93): “A respectable class of theories, including quantumspeculation. For instance, in the reasoning of Sec. IVA2, at
theory as it is practised, have free external variables in addieast some of the numbess A’, B, andB’ are counterfac-
tion to those internal to and conditioned by the theory... yyals, and we saw that using them led us to a contradiction
They are invoked to represent the experimental conditionsyjth quantum mechanics through the Bell inequalities. One
They also provide a point of leverage for free willed experi-could conclude that contrafactuality should be put into ques-
menters...."” Needless to say, the fatalist attitude in science ifon in quantum mechanics; alternatively, one could maintain
even more subject to the difficulties of orthodox quantumcounterfactual reasoning, but then the price to pay is the
mechanics concerning the impossibility to develop a theonexplicit appearance of nonlocality. We have already quoted a
without observers, etc. sentence by PerdRef. 53 which wonderfully summarizes
We could not honestly conclude this section on loopholeghe situation as seen within orthodoxy: “unperformed ex-
without mentioning that, while most specialists acknowledgeperiments have no results;” as Bell once regretfully re-
their existence, they do not take them too seriously becaus@arked(Ref. 93: “It is a great inconvenience that the real
of their “ad hoc” character. Indeed, one should keep in mindworld is given to us once only!”
that the explanations in question remain artificial, inasmuch But, after all, one can also accept contrafactuality as well
they do not rest on any precise theory: No-one has the slightas explicit nonlocality together, and obtain a perfectly con-
est idea of the physical processes involved in the conspiracyistent point of view; it would be a real misunderstanding to
or of how pair selection would occur in a way that is suffi- consider the Bell theorem as an impossibility theorem, either
ciently complex to perfectly reproduce quantum mechanicsfor contrafactuality, or for hidden variables. In other words,
By what kind of mysterious process would experimentsand despite the fact that the idea is still often expressed, it is
mimic quantum mechanics so perfectly at low collection ef-not true that the Bell theorem is a new sort of Von Neumann
ficiencies, and cease to do so at some threshold of efficiencytReorem. The reason is simple: Why require that theories
Bell himself was probably the one who should have mostwith contrafactuality/additional variables should be explicitly
liked to see that his inequalities could indeed be used as lacal at all stages, while it is not required from standard
logical tool to find the limits of quantum mechanics; never-quantum mechanics? Indeed, neither the wave packet reduc-
theless, he found these explanations too unaesthetic to li@n postulate, nor the calculation of correlation of experi-
really plausible. But in any case logic remains logic: Yes,mental results in the correlation point of viel8ec. VI A),
there still remains a slight possibility that, when the experi-nor again the expression of the state vector itself, correspond
ments reach a level of efficiency in pair collection where theto mathematically local calculations. In other words, even if
loophole becomes closed, the results concerning the correlane can discuss whether or not quantum mechanics is local
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or not at a fundamental level, it is perfectly clear that itsstate—for instance two states located on either sides of a
formalism is not; it would therefore be just absurd to requespotential barrier as in the Josephson effect. By contrast, in
a local formalism from a nonorthodox theory—especially (24) all spins, or none, are flipped from one component to the
when the theory in question is built in order to reproduce allothef* so that the coherence is essentiallyNsbody coher-
results of quantum mechanics! As an illustration of thisence only; it involves entanglement and is much more subtle
point, as seen from theories with additional variables, wehan in(25). For instance, one can shoiRef. 79 that the
quote Goldsteir{Ref. 16: “in recent years it has been com- coherence in question appears only “at the last moment,”
mon to find physicists... failing to appreciate that what Bellwhen all particles are taken into account: As long as one
demonstrated with his theorem was not the impossibility ofconsiders any subsystem of particles, eien1, it exhibits
Bohmian mechanics, but rather a more radical implication—no special property and the spins are correlated in an elemen-
namely non-locality—that is intrinsic to quantum theory it- tary way (as they would be in a classical magnét is only

self.” when the last particle is included that quantum coherence
appears and introduces effects which are completely nonclas-
C. “All-or-nothing coherent states;” decoherence sical.

. . o ) Assume for instance that
In this section, we first introduce many particle quantum

states which have particularly remarkable correlation proper- a=1WV2, B=¢'¢/V2 (26)

ties; then we discuss more precisely a phenomenon that we

have already introduced above, decoherence, which tends ?@.d tr;]at e;)l"ﬁ]easuremr%wt is ;lnerformgq Oé af.cor:;pt))on.ent of Ieach
reduce their lifetime very efficiently, especially if the number SPIN that belongs to thexyplane and is defined by its angle
of correlated particles is large. 0, with Ox for the first particle,d, for the second,.6y for

the last. It is an easy exercise of standard quantum mechanics

1. Definition and properties of the states to show that the product of all results has the following av-
The states that we will call “all-or-nothing coherent €rage value:
states” (or all-or-nothing states for shgricould also be E(0, 6 Oe) =
: . : 05,...,00)=COg 01+ O+ . Oy+ 2
called “many-particle GHZ states” since they are generali- (01,62 N) =cOos b, + 0 N ) @
zations of(16) to an arbitrary numbeN of particles: (we take the usual convention where the results of each mea-
W)= a|l:+:2:4 . N )+ BlLi—:2:— 5. N =) surement is=1). For instance, each time the sufq+ 6,

(24) +---Oyt ¢ is equal to an integer even multiple af the
. .. . average is 1, indicating that the result is certain and free from
where « and B are arbitrary complex numbers satisfying apy flyctuation(in the same way, an odd multiple efwould
|a|?+]B|?=1. In fact, the most interesting situations gener-gjve a certain value-1). Indeed, the result of the quantum
ally occur whenx and have comparable modulus, meaning calculation may look extremely simple and trivial; but it
that there are comparable probabilities to find the system ifyms out that, once more, it is totally impossible to repro-
states where all, or none, of the spins is flipgeence the  gyce the oscillations contained {87) within local realism.
name we use for these stateshen« and g are both equal | the caseu=2, this is of course merely the consequence of
to 102, these states are sometimes called “states of maxihe ysual Bell theorem: as soon sbecomes 3 or takes a
mum entanglement” in the literature, but since the measurgarger value, the contradiction becomes even more dramatic.
of entanglement for more than two particles is not trivial actually, if one assumes that a local probabilistic theory re-
(several different definitions have actually been proposed ibroduces(27) only for some sets of particular value of the
the literature, here we will use the words “all-or-nothing anglesg (those for which the result is certajrone can show
states” even in this case. _ (Ref. 76 that the theory in question necessarily predicts that
In order to avoid a frequent cause of confusion, and tcg s independent of alf's. The average keeps a perfectly
better emphasize the peculiarities of these entangled stategnstant valuer 1! Indeed, the very existence of the oscilla-
|et us fIrSt deSCI‘Ibe a preparatlon procedure that W(Dldd tion predicted b}(27) can be seen as a pure'y quantum non-
lead to such a state. Suppose thaspin 1/2 particles ori- |gcg] effect(as soon ad=2).
ented along directio®x enter a Stern—Gerlach magnet ori-  Thjg is, py far, not the only remarkable property of all-or-
ented along directio®z or more generally thall particles — othing coherent states. For instance, it can be shown that
cross a filter(polarization dependent beam splitter, Stem—,oy jead to exponential violations of the limits put by local
Gerlach analyzer, efcwhile they are initially in a state o5jistic theoriestRef. 83; it has also been pointed o(Ref.
which is a coherent superposition of the eigenstates of th|§02) that these states, when relati@6) is fulfilled (they are
filter, with coefficientse; and ;. The effect of the filter on  tnen called “maximally correlated states” in Ref. J0Rave
the group of particles is to put them into a state which is gnteresting properties in terms of spectroscopic measure-
product of coherent superpositions of the two outputs of thenents: The frequency uncertainty of measurements decreases

filter, namely: as 1N for a given measurement time, and not agNl/as a
[WY=[a|l:+)+B|1:=)]®[a|2:+)+8]2:-)] naive reasoning would suggest. This is of course a more
favorable situation, and the quantum correlation of these
®...0[aN:+)+BIN:—)]. (25 states may turn out to be, one day, the source of improved

The point we wish to make is that this state is totally differ-2ccuracy on frequency measurements. How to create such

ent from(24), since it contains many components of the statestates with massive particles such as atoms, and not with
vector where some of the spins are up, some dowii2%5n photons as usual, was demonstrated experimentally by Hag-

each particle is in a coherent superposition of the two spidey et al. in 1997 (Ref. 103 in the caseN=2. We have
states, a situation somewhat analogous to a Bose—Einstedready mentioned in Sec. IV C that entanglement vith
condensate where all particles are in the same coherent3 was reported in Refs. 81 and 82. Proposals for methods
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to generalize to larger values df with ions in a trap were destroys the coherence between atomic states, as soon as
put forward by Molmeret al. (Ref. 104; the idea exploits they are located at different places.

the motion dependence of resonance frequencies for a systemThe situation becomes even worse when more and more
of several ions in the same trap, as well as on some partiallghotons(assumed to be all in the same initial stHtg)) are
destructive interference effects. The scheme was successfuligattered, since one then has to replé® by the state:

put into practice in a very recent experiment by Sacketl.

(Ref. 105 where “all-or-nothing states” were created for Wy=all:+;2:+;... N +H) @]k )k KD, ..
N=2 as well asN=4 ions in a trap. +BILi—2:— . Ni =)@ K KK ... (30)
2. Decoherence with obvious notatiorithe states witm primes correspond to

. . L {he n— 1th scattered photonthe same calculation as above
We have defined in Sec. Il A decoherence as the initia hen provides the following value fgr.

part of the phenomenon associated with the Von Neumann
infinite regress: Coherent superpositions tend to constantly |a|? aB* (k_|k WKk, ). ..
propagate toward the environment, they involve more and ( . C 5

more complex correlations with it, so that they become rap- o Bk [k )(KL[KE)... Bl

idly completely impossible to detect in practice. To see more @31

precisely how this happens, let us for_ instance _consider agaigince we now have, in the off-diagonal elements, the product
state(24); we now assume that the single particle states ot 5| single scalar productk_|k. ), it is clear that these
and|—) are convenient notations for two states where a pargjoments are even more negligible than when a single photon
ticle has different locations in spad@stead of referring is scattered. Actually, as soon as the two stdles) and

only to opposite spin directionsThis will happen for in- o ) .
stance if the particles cross a Stern—Gerlach analyzer Whiclljfi> are not strictly |dent|c§\I, they tend exponentially to zero
ith the number of scattering events.

correlates the spin directions to the positions of the partlcle§’." This is a completely general property: Objetgspecially

Under these conditions, it is easy to see that the coherence ic oblectd ; tond o h
contained in the state vector becomes extremely fragile t§12CrOSCOPIC objecidiave a strong tendency to leave a trace
the environment by correlating themselves with any el-

any interaction with environment. To see why, let us assum icle which by: in th hev |
that an elementary particighoton for instance initially in ~~ €mentary particle which passes by, n the process, they lose
their own coherence, which regresses into a coherence in-

state|ko), interacts with the particles. It will then scatter into |¥olving the environment and more and more complex corre-
\?vk?eurzntt#g]sg;?tt:riahgate\llser?totgwglie;?;%ed'n:;etLeengcg(tatFexraigglggt;o?nl tions with it (the scattered photon, in turn, may correlate
are in the first staté+), the photon is scattered by the atoms ith other particles soon it becomes practically impossible ]
) ) Iy . to detect. The phenomenon is unavoidable, unless the scat
into state|k+_>,_ on the othe_r hand, if it w;‘geracts with atoms tering properties of both states symbolized by and |—)

in state|—), it is scattered into statgk_).* As soon as the  5e exactly the same, which excludes any significant spatial
new particle becomes correlated with the atoms, the onlgenaration between the states. In particular, it is impossible
state vector that can be used to describe the system mugf imagine that a cat, whether dead or alive, will scatter

incorporate this new particle as well, and becomes photons exactly in the same way, otherwise we could not
W Yy=a|l:+;2:+;....N: )|k, ) even see the difference! This shows how fragile coherent
superpositions of macroscopic objects are, as soon as they
+B|1:—;2:—;.. . N:—)®lk_). (28)  involve states that can be seen as distinct.

Assume now that we are interested only in the systent of W€ aré now in a position where we can come back in
atoms; the reason might be, for instance, that the scatterd§Ore detail to some questions that we already discussed in

photon is impossibléor very difficult) to detect(e.g., it may passing in this text, and which are relate_zd to decoherence
be a far-infrared photon It is then useful to calculate the and/or the Schmlinger cat. The first question relates to the

partial trace over this photon in order to obtain the density°oNceptual status of the phenomenon of decoherence. Some
operator which describes the atoms only. A straightforwarc?uthors invoke this phenomenon as a kind of “explanation
calculation shows that this partial trace can be written, in thef the postulate of wave packet reduction: When the super-

basis of the two statds-,+,+,..) and|—,—,—,..: position of the initial system becomes incoherent, are we not
in presence of a statistical mixture that resembles the de-

|al? aB*(k_|ky) scription of a classical object with well-definéolut ignored
p= o Bk, k) Kk (29) properties? On this point, we do not have much to add to

what was already said in Sec. II: This explanation is unsat-
(for the sake of simplicity we assume that the stgkes are isfactory because the purpose of the postulate of wave packet
normalized. We see in this formula that, if the scalar product reduction is not to explain decoherence, which can already
(k_|k,) was equal to one, the density matrix of the atomsbe understood from the Schfinger equation, but the
would not be affected at all by the scattering of the singleuniqueness of the result of the measurement—in fact, the
photon. But this would assume that the photon is scatteredffect of the wave packet reduction is sometimes to put back
exactly into the same state, independent of the spatial locahe measured subsystem into a pure state, which is the per-
tion of the scatterers! This cannot be true if the distancdect opposite of a statistical mixture, so that the real question
between the locations is much larger than the photon waves to understand how thee)emergence of a pure state should
length. Actually, it is much more realistic to assume that thisbe possiblgRef. 133. Indeed, in common life, as well as in
scalar product is close to zero, which means that the offlaboratories, one never observes superposition of results; we
diagonal element of29), in turn, becomes almost zero. We observe that Nature seems to operate in such a way that a
then conclude that the scattering of even a single particlsingle result always emerges from a single experiment; this
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will never be explained by the Schiimger equation, since the coupling Hamiltonian, as well as the characteristic time

all that it can do is to endlessly extend its ramifications intoconstants that are associated. One can reasonably expect that

the environment, without ever selecting one of them only. more experiments on decoherence will follow this initial
Another way to say the same thing is to emphasize thdreakthrough and provide a more detailed understanding of

logical structure of the question. The starting point is themany aspects of the phenomenon. Nevertheless, decoherence

necessity for some kind of limit of the validity of the linear is not to be confused with the measurement process itself; it

Schralinger equation, the initial reason being that a linearis just the process which takes place just before: During de-

equation can never predict the emergence of a single result gpherence, the off-diagonal elements of the density nftrix

an experiment. The difficulty is where and how to create thisvanish (decoherenge while in a second step all diagonal

border. Logically, it is then clear that this problem will never elements but one should vanisemergence of a single re-

be solved by invoking any process that is entirely containecult).

in the linear Schrdinger equation, such as decoherence or

any other similar linear process; common sense says that . Quantum cryptography, teleportation

one stays in the middle of a country one never reaches its

borders. Actually, no one seriously doubts that a typical meaF1

surement process will involve decoherence at some initiatl.

stage, but the real question is what happens after. :
Pressed to this point, some physicists reply that one caf. Sharing cryptographic keys by quantum measurements

always assume thatz at some later s-tag.e,.the superposmonA subject that is relatively new and related to the EPR
resolves into one of its branches only; this is of course true

but this would amount to first throwing a problem out by thec:orrelatmns 's quantum cryptograpiRefs. 106 and 107

S . The basic idea is to design a perfectly safe system for the
door,.and th_en letting it come back through the wind¢@ee ransmission at a distance of a cryptographic key—the word
the discussions above, for instance, on the status of the st

) : . ers to a random series of numbers 0 or 1, which are used
vector and the hecessity to resol\_/e the Wigner fnend_parat—o code, and subsequently decode, a message. In a first step,
dox) A more logical attitude, which is indeed SOMEtMeS w0 16 remote correspondents(#aditionally called Alice

proposed as a solution to the problem, is to consider that th&_nd B(traditionally called Bobshare this key; they then use

In Secs. VD1 and VD2, we discuss two concepts that
ave some similarity, quantum cryptography and teleporta-
on.

tion of quantum mechanidsee Sec. VIE indeed, this pro- it jhe ey is perfectly random, it becomes completely impos-
vides a consistent interpretation of quantum mechanicsyq for anyone who does not know it to decode any mes-
where the emergence of a single result does not have 10 h& e ‘even if it is sent publicly. But if, during the initial stage
explained, since it is assumed never to take pl#we Schre ot ey exchange, someone can eavesdrop the mestage
dinger equation then has no limit of valld)j[)But, of course,  aetor in question is traditionally called Eyen the future
in this point of view, one has do deal with all the intrinsic pe/she will be able to decode all messages sent with this key.
difficulties of the Everett interpretation, which we will dis- Exchanging keys is therefore a really crucial step in cryptog-
cuss later.. _ _ . raphy. The usual strategy is to take classical methods to keep
Concerning terminology, we have already mentioned inhe secret: storage in a safe, transport of the keys by secure
Sec. IIC that, during the last few years, it has become rathéeans, etc.; it is always difficult to assess its safety, which
frequent to read the words “Schiimger cat” (SC) used in  genends on many human factors.
the context of states such &4) for small values ol (ac- On the other hand, quantum sharing of keys relies on fun-
tually even for a single ion, wheN=1). This is a redefini-  gamental physical laws, which are impossible to break:
tion of the words, since the essential property of the originaHowever clever and inventive spies may be, they will not be
cat was to have a macroscopic number of degree of freedoraple to violate the laws of quantum mechanics! The basic
which is not the case for a few atoms, ions, or photons. Bufdea is that Alice and Bob will create their common key by
let us now assume that someone succeeded in preparing gfaking quantum measurements on particles in an EPR cor-
all-or-nothing state with a very large value Nf Would that  related state; in this way they can generate series of random
be a much better realization of the Sotlirmyer cat as meant numbers that can be subsequently used as a secret commu-
by its inventor? To some extent, yes, since the cat can bgication. What happens if Eve tries to intercept the photons,
seen as a symbol of a system of many particles that changer example by coupling some elaborate optical device to the
their state, when one goes from one component of the statgptical fiber where the photons propagate between Alice and
vector to the other. Indeed, it is likely that many of the atomsBob, and then making measurements?
of a cat take part in different chemical bonds if the cat is If she wants to operate unnoticed, she clearly cannot just
alive or dead, which puts them in a different quantum stateabsorb the photons in the measurement; this would change
But it seems rather hard to invent a reason why every atonthe correlation properties observed by Alice and Bob. The
every degree of freedom, should necessarily be in an omext idea is to try to “clone” photons, in order to make
thogonal state in each case, while this is the essential progeveral identical copies of the initial photon; she could then
erty of “all-or-nothing states.” In a sense they do too muchuse a few of them to measure their properties, and resend the
for realizing a standard Schiimger cat, and the concepts last of them on the line so that no-one will notice anything.
remain somewhat different, even for large valueNof But, it turns out that “quantum cloning” is fundamentally
From an experimental point of view, decoherence is arimpossible: Within the rules of quantum mechanics, there is
interesting physical phenomenon that is certainly worthabsolutely no way in which several particles can be put into
studying in itself, as recent experiments have illustrdief.  the same arbitrary and unknown sta® as one given par-
36); a result of these studies and of the related calculationgijcle, Refs. 108 and 109—see also Ref. 110 for a discussion
among others, is to specify the basis in the space of statesf multiple cloning. In Appendix D we discuss why, if state
that is relevant to the decoherence process, as a function ofoning were possible, it would be possible to apply it to
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each particle of an EPR pair of correlated particles; then that a distance a state from classical information is not in itself
multiple realization of the states could be used to transmit big surprise. Suppose for instance that Alice decided to
information on the orientationa andb used by the experi- choose what the teleported state should be, and filtered the
menters. Since such a scheme would not be subject to argpin (she sends particles through a Stern—Gerlach system
minimum time delay, it could also transmit messages at suuntil she gets a+1 resulf’); she could then ask Bob by
perluminal velocities, and be in contradiction with relativity. telephone to align his Stern—Gerlach filter in the same direc-
Fortunately for the consistency of physics, the contradictionion, and to repeat the experiment until he also observes a
is avoided by the fact that cloning of single systems is im-+1 result. This might be called a trivial scenario, based only
possible in guantum mechanics! on the transmission of classical information. But teleporta-

So, whatever Eve does to get some information will autotion does much more than this! First, the state that is trans-
matically change the properties of the photons at both endgorted is not necessarily chosen by Alice, but can be com-
of the optical fiber, and thus be detectable by Alice and Bobpletely arbitrary. Second, a message with only binary
if they carefully compare their data and their correlationclassical information, such as the result of the combined ex-
rates. Of course, they do not necessarily have a way to preyeriment made by Alice in the teleportation scheme, is cer-
vent Eve’s eavesdropping, but at least they know what datginly not sufficient information to reconstruct a quantum
can be used as a perfectly safe key. There is actually a wholgate; in fact a quantum state depends on continuous param-
variety of schemes for quantum cryptography, some baseghers, while results of experiments correspond to discrete in-
on the use of EPR correlated particles, others(Ref. 107;  formation only. Somehow, in the teleportation process, bi-
but this subject is beyond our scope here. nary information has turned into continuous information!

The latter, in classical information theory, would correspond
. to an infinite number of bitgin the trivial scenario above,

2. Teleporting a quantum state sending the complete information on the state with perfect

The notion of quantum teleportatiofRef. 113 is also ~ accuracy would require an infinite tine _
related to quantum nonlocality; the idea is to take advantage Let us come back in more detail to these two differences
initially are for instance in staté4) (for N=2), in order to Concerning the arbitrary character of the state, of course Al-

reproduce at a distance any arbitrary spin state of a thirdf® Mmay aiso, if she wishes, teleport a known state. For this,
particle. The scenario is the following: Initially, two en- P€forehand, she could for instance perform a Stern—Gerlach
tangled particles propagate toward two remote regions ogxperiment on the third part|cle in order tq filter its spin
space: one of them reaches the laboratory of the first actoptate. The remarkable point, nevertheless, is that teleporta-
Alice, while the second reaches that of the second actofion works exactly as well if she is given a spin in a com-
Bob; a third particle in quantum stalte) is then provided to pletely unknown state, by a third partner for instance; in this
Alice in her laboratory; the final purpose of the scenario is to¢@se, it would be totally impossible for her to know what
put Bob’s particle into exactly the same sth whatever it ~duantum state has been sent just from the result of the com-
is (without, of course, transporting the particle it3elbne  bined experiment. A natural question then arises: If she
then says that stafe) has been teleported. knows nothing about the state, is it not possible to improve
More precisely, what procedure is followed in teleporta-the transmission efficiency by asking her to try and deter-
tion? Alice has to resist the temptation of performing anymine the state in a first step, making some trivial single-
measurement on the particle in stag® to be teleported; ~particle measurement? The answer to the question is no, and
instead, she performs a “combined measurement” that infor a very general reason: It is impossible to determine the
volves at the same time this particle as well as her particléinknown quantum state of a single partiééven if one ac-
from the entangled pair. In fact, for the teleportation proces§epts only ara posterioridetermination of a perturbed state
to work, an essential feature of this measurement is that n@ne quantum measurement clearly does not provide suffi-
distinction between the two particles involved must be estabcient information to reconstruct the whole state; but several
lished. With photons one may for instance, as in Ref. 112measurements do not provide more information, since the
direct the particles onto opposite sides of the same opticdirst measurement has already changed the spin state of the
beam splitter, and measure on each side how many photoiegrticle. In fact, acquiring the complete information on an
are either reflected or transmitted; this device does not allownknown spin-1/2 state would require Alice to start from an
one to decide from which initial direction the detected pho-infinite number of particles that have been initially prepared
tons came, so that the condition is fulfilled. Then, Alice com-into this same state, and to perform measurements on them;
municates the result of the measurement to Bob; this is don#is is, once more, because the information given by each
by some classical method such as telephone, e-mail, etc., thaxeasurement is discrete while the quantum state has continu-
is by a method that is not instantaneous but submitted to theus complex coefficients. Alice cannot either clone the state
limitations related to the finite velocity of light. Finally, Bob of the single particle that she is given, in order to make
applies to his particle a unitary transformation that dependseveral copies of it and measure thésee the preceding
on the classical information he has received; this operatiosection and Appendix D So, whatever attempt Alice makes
puts it exactly into the same stdtg as the initial state of the to determine the state before teleportation will not help the
third particle, and realizes the “teleportation” of the state.process.
The whole scenario is “mixed” because it involves a com- Concerning the amount of transmitted information, what
bination of transmission of quantum informatigthrough  Bob receives has two components: classical information sent
the entangled statend classical informatiofthe phone call by Alice, with a content that is completely “uncontrolled,”
from Alice to Bob. since it is not decided by her, but just describes the random
Teleportation may look trivial, or magical, depending how result of an experiment; quantum information contained in
one looks at it. Trivial because the possibility of reproducingthe teleported state itselivhat we will call a “q bit” in Sec.
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V E) and can possible be controlled. We know that neithewuct of spaces; for instance, for thrgebits the dimension of
Bob nor Alice can determine the teleported state from aspace is 3=8). If one assumes that a significant number of
single occurrence, but also that Alice can prepare the state @ bits is available, one gets access to a space state with an
be teleported by a spin filtering operation in a direction thatenormous “size,” where many kinds of interference effects
she decides arbitrarily; Bob then receives some controlledan take place. Now, if one could somehow make all
information as well. For instance, if the teleportation is re-pranches of the state vector “work in parallel” to perform
peated many times, by successive measurements on the teledependent calculations, it is clear that one could perform
ported particles, Bob will be able to determine its quantummuch faster calculations, at least in theory. This “quantum
state with arbitrary accuracy, including the direction that wasparallelism” opens up many possibilities; for instance, the
chosen by Alice; he therefore receives a real message frofiotion of unique computational complexity of a given math-
her (for a discussion of the optimum strategy that Bob shouldematical problem, which puts limits on the efficiency of clas-
apply, see Ref. 113 . _ o sical computers, no longer applies in the same way. Indeed,
_ If one wishes to describe teleportation things in a sens&jt has been pointed out in Ref. 121 that the factorization of
tional way, one could explain that, even before Bob receivegarge numbers into prime factors may become faster than by
any classical information, he has already received “almost|assical methods, and by enormous factors. Similar en-
all the information” on the quantum state, in fact all the hancements of the speed of computation are expected in the
controlle_able information since the classical message does n@{mulation of many-particle quantum syste(Ref. 123. For
have this property; this “information” has come to him in- some other problems the gain in speed is only polynomial in
stante_meously, exactly at _the time when Alice performed hefheory, still for some others there is no gain at all.
combined experiment, without any minimum delay that is  Fyngamentally, there are many differences between clas-
proportional to the distance covered. The rest of the informasjcal and quantum bits. While classical bits have two refer-
tion, which is the "difference” between a continuous “in- ence states that are fixed once and forglsjts can use any
formation” and a discrete one, comes only later and is, ofyrthogonal basis in their space of states. Classical bits can be
course, subject to the minimum delay associated with relagopied at will and ad infinitum, while the no-cloning theorem
tivity. But this is based on an intuitive notion of “difference mentioned in the preceding secti¢see also Appendix D
between quantum/controllable and cIassicaI/noncontroIIabIgpp|ieS toq bits. On the other hand, classical bits can be
information” that we have not precisely defined; needless tqyansmitted only into the forward direction of light cones,
say, this should not be taken as a real violation of the basighije the use of entanglement and teleportation removes this
principles of relativity! _ limitation for q bits. But we have to remember that there is
Finally, has something really been transported in the télep,re gistance between quantunbits and information than
portation scheme, or just information? Not everyone agreegqre s for their classical bits: In order to transmit and re-

sion on words, so that we will not dwell further on the sub- ind of measurements are made with théhis is related to
ject. What is perfectly cIear_ in any case is t_hat the essence #e flexibility on space state basis mentioned abowetu-
the teleportation process is completely different from any,

0 of classical ication betw h bei ally, as with all human beings, Alice and Bob can commu-
scenario of classical communication between numan beiNgg;cate only at a classical level, by adjusting the macroscopic
The relation between quantum teleportation and Bell-typ

nonlocality experiments is discussed in Ref. 114; see alsesettings of their measurement apparatuses and observing the
Ref. 115 as well as Ref. 116 for a review of .recen't results Ped and green light flas_hes associated with the results of mea-
: : "surements. Paraphrasing Bdisee the end of Sec. Bwe
. . _ could say that “there is no such concept as quantum infor-
E. Quantum computing and information mation; information is inherently classical, but may be trans-

Another recent development is quantum computiRgfs. ~ Mitted through quantuny bits;” nevertheless, the whole
117-119. Since this is still a rather new field of research, field is now sometimes called “quantum information
our purpose here cannot be to give a general overview, whilgheory.” For an early proposal of a practical scheme of a
new results are constantly appearing in the literature. We wilfjuantum computer with cold trapped ions, see Ref. 123.
therefore slightly change our style in the present section, and Decoherence is the big enemy of quantum computation,
limit ourselves to an introduction of the major ideas, at thefor a simple reason: It constantly tends to destroy the useful
level of general quantum mechanics and without any detailgoherent superpositions; this sadly reduces the full quantum
we will provide references for the interested reader whonformation to its classical, Boolean, component made of
wishes to learn more. diagonal matrix elements only. It is now actually perfectly

The general idea of quantum computifRef. 120 is to  clear that a “crude” quantum computer based on the naive
base numerical calculations, not on classical “bits,” which use of nonredundarg bits will never work, at least with
can be only in two discrete statésorresponding to 0 and 1 more than a very small number of them; it has been re-
in usual binary notation but on quantum bits, or ¢ bits,” marked that this kind of quantum computer would simply be
that is on quantum systems that have access to a twa sort of resurgence of the old analog computersors in
dimensional space of states; this means thdlits cannot quantum information form a continuymin an especially
only be in one of the two statd®) and|1), but also in any fragile version! But it has also been pointed out that an ap-
linear superposition of them. It is clear that a continuum ofpropriate use of quantum redundancy may allow one to de-
states is a much “larger” ensemble than two discrete statesign efficient error correcting schem@gefs. 124 and 125
only; in fact, for classical bits, the dimension of the statedecoherence can be corrected by using a system containing
space increases linearly with the number of tits instance, moreq bits, and by projecting its state into some subspaces
the state of three classical bits defines a vector with three which the correct information about the significanpbit
components, each equal to 0 or for q bits, the dimension survives without errorRef. 126; the theoretical schemes
increases exponentiallyhis is a property of the tensor prod- involve collective measurements of sevetplbits, which
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give access to some combined information on all them, buby the faculty of introspection of conscious observers. Others
none on a singley bit. It turns out that it is theoretically prefer to invoke “special properties” of the electrical cur-
possible to “purify” quantum states by combining several rents which correspond to perception in a human brain, but
systems in perturbed entangled states and applying to thehow seriously this explanation is put forward is not always
local operations, in order to extract a smaller number of sysentirely clear. In fact, Wigner may have seen the introduction
tems in nonperturbed stat€Ref. 127; one sometimes also of an influence of consciousness just as an extreme(ease
speaks of “guantum distillation” in this context. This actly as the Schinger cat was introduced by Schiingey,
scheme applies in various situations, including quantunjust for illustrating the necessity of a nonlinear step in order
computation as well as communication or cryptograffRgf.  to predict definite results. In any event, the merit of the idea
128). Similarly the notion of “quantum repeaters{Ref. is also to show how the logic of the notion of measurement
129 has been introduced recently in order to correct for than the Copenhagen interpretation can be pushed to its limits:
effect of imperfections and noise in quantum communicadindeed, how is it possible to ascribe such special properties
tion. Another very different approach to quantum computa-+to the operation of measurement without considering that the
tion has been proposed, based on a semiclassical concdpiman mind also has very special properties?
where q bits are still used, but communicate only through For obvious reasons of space, here we limit ourselves to a
classical macroscopic signals, which are used to determingketchy description of the major families of interpretations.
the type of measurement performed on the rgkit (Ref.  We actually start with what we might call a “minimal inter-
130); this kind of computer should be much less sensitive tgpretation,” a sort of common ground that the vast majority
decoherence. of physicists will consider as a safe starting point. We will
Generally speaking, whether or not it will be possible onethen proceed to discuss various families of interpretations:
day to beat decoherence in a sufficiently large system foadditional variables, nonlinear evolution of the state vector,
practical quantum computing still remains to be seen. Moreeonsistent histories, Everett interpretation. All of them tend
over, although the factorization into prime numbers is anto change the status of the postulate of the wave packet re-
important questior(in particular for cryptography as well  duction; some interpretations incorporate it into the normal
as the many-body quantum problem, it would be nice toSchralinger evolution, others make it a consequence of an-
apply the principles of quantum computation to a broadeiother physical process that is considered as more fundamen-
scope of problems! The question as to whether or not quartal, still others use a formalism where the reduction is hidden
tum computation will become a practical tool one day re-or even never takes place. But the general purpose always
mains open to debat@Refs. 131 and 119 but in any case remains the same: to solve the problems and questions that

this is an exciting new field of research. are associated with the coexistence of two postulates for the
evolution of the state vector.
V1. VARIOUS INTERPRETATIONS A. Common ground; “correlation interpretation”

The method of calculation that we discuss in this section
elongs to standard mechanics; it is actually common to al-
most all interpretations of quantum mechanics and, as a cal-

lation, very few physicists would probably put it into ques-

In Sec. | we have already mentioned some of the otherb
“unorthodox” interpretations of quantum mechanics that
have been proposed, some of them long ago and almost

parallel with the “orthodox” Copenhagen interpretation. ., “on the other hand, when the calculation is seen as an

t?12ryp:rrepOnsoewwg:rfgfaﬂliotglifecﬁsri’o irré ‘:2i?éﬂgfyalbiogf;;icﬁrgéterpretation, it may be considered by some as too technical,
than they were in the middle of the 20th century, but not to nd not sufficiently complete conceptually, to be really

. detail- this articl Id be | lete without tcalled an interpretation. But others may feel differently, and
give any detall, this article would beé incomplete without, aty, o \jj| nevertheless call it this way; we will actually use the
least, some introduction to the major alternative interpreta,

i f ¢ hanics that h b q words “correlation interpretation,” since all the emphasis is
lons OF quantum mechanics that have been propose va)'ht on the correlations between successive results of experi-
the years, and this is the content of Sec. VI.

4 X : . ments.
It is clearly out of the question to give here an exhaustive The point of view in question starts from a simple remark:

discussion of a_II possi_ble interpretations. T_his Would_even]-he Schidinger equation alone, more precisely its transpo-
probably be an impossible task! The reason is that, while ONEition to the “Heisenberg point of view," allows a relatively

can certainly distinguish big families among the interpreta g »iqhitorward calculation of the probability associated with

tions, it is also possible to combine them in many ways, Wlthany sequence of measurements, performed at different times.

an almost infinite number of nuances. Even the Copenhagef"caa how let us assume that a measurefheha physical

interpretation itself is certainly not a monolithic construction; . . . . .
it caﬁ be seen from differenty points of view and can be de_quantlty associated .W'th operatr IS p_erformed attime,,
clined in various forms. An extreme case was already menf—de callm the possible results; this is followed by another

tioned in Sec. Il B: what is sometimes called the “Wigner measurement .Of observadiéat timet,, with pos_3|ble re-
interpretation” of quantum mechanics, probably because o ultsn, etc. Initially, we assume that the sys.tem is descnped
the title and conclusion of Ref. 37—but views along similar PY @ pure stat¢¥ (to)), but below we generalize to a density
lines were already discussed by London and Bauer in 1939Peratorp(to). According to the Schainger equation, the
(Ref. 132. In this interpretation, the origin of the state vector state vector evolves between timg and timet; from
reduction should be related to consciousness. For instanciV (to)) to |¥(t4)); let us then expand this new state into its
London and Bauer emphasize that state vector reduction reomponents corresponding to the various results that can be
stores a pure state from a statistical mixture of the measuregbtained at time; :

subsystentsee Sec. V CR and “the essential role played by

thg consciousness of t.ryl'e observer in thi;s tra_nsition.from a |\If(t1)>=2 W (1), (32)
mixture to a pure state;” they then explain this special role m
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where| W (t,)) is obtained by applying t¢¥ (t,)) the pro-  just uses formuld37), no conflict of postulates takes place,

jector Py,(m) on the subspace corresponding to result no discontinuous jump of any mathematical quantity; why
B not then give up entirely the other postulates and just use this
[Win(t1))=Pu(m)| ¥ (ty)). (33 single formula for all predictions of results?

Now, just after the first measurement, we can “chop” the This is indeed the best solution for some physicists: If one
state vector into different “slices,” which are each of the accepts the idea that the purpose of physics is only to corre-
terms contained in the sum (82). In the future, these terms late the preparation of a physical system, contained math-
will never give rise to interference effects, since they correematically inp(ty), with all possible sequence of results of
spond to different measurement results; actually, each conmeasurementgby providing their probabilities it is true
ponent becomes correlated to an orthogonal state of the eghat nothing more tha(87) is needed. Why then worry about
vironment (the pointer of the measurement apparatus foivhich sequence is realized in a particular experiment? It is
instancg and a full decoherence will ensure that any inter-sufficient to assume that the behavior of physical systems is
ference effect is canceled. fundamentally indeterministic, and that there is no need in
Each “slice” | W (t;)) of |[W(t;)) can then be considered physics to do more than just giving rules for the calculation
as independent from the others, and taken as a new initi@f probabilities. The “correlation interpretation” is therefore
state of the system under study. From titpéo timet,, the  a perfectly consistent attitude; on the other hand, it is com-
state in question will then evolve under the effect of thepletely opposed to the line of the EPR reasoning, since it
Schralinger equation and become a stgig, (t,)). For the  shows no interest whatsoever in questions related to physical
second measurement, the procedure repeats itself, weality as something “in itself.” Questions such as: “how

“slice” again this new state according to should the physical system be described when one first mea-
surement has already been performed, but before the second
|\Ifm(t2)>=2 | nn(t2)), (34  measurement is decided” should be dismissed as meaning-

n

less. Needless to say, the notion of the EPR elements of

where| W, (t,)) is obtained by the action of the projector reajity bepomes completely irrele_vant, at least to physic§, a
Py(n) on the subspace corresponding to result logical situation which automatically solves all potential
problems related to Bell, GHZ, and Hardy type consider-

| ¥ mn(t2)) = Pn(n)|[ W n(t2)). (35  ations. The same is true of the emergence of a single result in
a single experiment; in a sense, the Sdimger cat paradox

The evolution of each¥ ,(t,)) will now be considered in- & > 'Y" B . :
dependently and, if a third measurement is performed at g eliminated by putting it outside of the scope of physics,

later timet5, generate one more decomposition, and so on. | ecause no paradox can be expressed in terms of correla-

is easy to checR that the probability of any given sequence b|ons. dAn |lr)1t<irest|n?hfeature of tg's p(t)lnt of \é'?xv is that the ;
of measurements, n, p, etc., is nothing but by the square of ounadary between e measured system and Ine environmen

the norm of the final state vector: of t_he__me_asunng devices is _erX|bIe; an advantage of _thls
flexibility is that the method is well suited for successive

P(m,tyntip,tar )= Wnno ot Pmnp,.. q(te)]? approximations in the treatment of a measurement process,

€ for instance the tracks left by a particle in a bubble chamber

Let us now describe the initial state of the system througtps discussed by Be{Ref. 34. o
a density operatas(ty); it turns out that the same result can N pPractice, most physicists who favor the correlation in-
be written in a compact way, according to a formula that isterpretation do n_ot_feel the need for making it very explicit.
sometimes called the Wigner formu(®efs. 38 and 133 Ne_vertheless, th_|s is not always fche case; see for instance the
For this purpose, we consider the time-dependent version, ifticle by Mermin(Ref. 134, which starts from the state-
the Heisenberg point of vied?, of all projectors:ﬁ’M(m;t) ment: “_'_rhroughogt t_hls essay, | shall treat _correlatlons and
corresponds tdPy(m), ﬁ’N(n;t), to Py(n), etc. One can probabilities as primitive concepts.” In a similar context, see

- 2 i also a recent “opinion” in Physics Today by Fuchs and
fgfvgdsggvye;ﬁ% tigegii)/re%bﬁgllhty for obtaining resuit fol Peres(Ref. 31) who emphasize “the internal consistency of

the theory without interpretation.” On the other hand, the
P(m,t1;n,t,) correlation interpretation is seen by some physicists as mini-
R . . . malistic because it leaves aside, as irrelevant, a few questions
=Tr{Pn(n;t2) Pu(mity) p(to) Pm(mity) Pn(nit2)} (37)  that they find important; an example is the notion of physical
(generalizing this formula to more than two measurementgieality, seen as an entity that should be independent of mea-
with additional projectors, is straightforward surements performed by human beings. Nevertheless, as we
Equation(37) can be seen as a consequence of the wavBave already mentioned, the interpretation can easily be
packet reduction postulate of quantum mechanics, since weupplemented by others that are more specific. In fact, expe-
obtained it in this way. But it is also possible to take it as arience shows that defenders of the correlation point of view,
starting point, as a postulate in itself: It then provides thewhen pressed hard in a discussion to describe their point of
probability of any sequence of measurements, in a perfectlyiew with more accuracy, often express themselves in terms
unambiguous way, without resorting either to the wavethat come very close to the Everett interpretatisae Sec.
packet reduction or even to the ScHimger equation itself. VIE); in fact, they may sometimes be proponents of this
The latter is actually contained in the Heisenberg evolutiorinterpretation without realizing it!
of projection operators, but it remains true that a direct cal- Let us finally mention in passing that formuld7) may be
culation of the evolution of¥) is not really necessary. As the starting point for many interesting discussions, whether
for the wave packet reduction, it is also contained in a way iror not it is considered as basic in the interpretation, or just as
the trace operation of37), but even less explicitly. If one a convenient formula. Suppose for instance that the first
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measurement is associated with a degenerate eigenvalue if General framework
an operator, in other words th&f,(m;t;) is a projector over ) .
a subspace of more than one dimension: None of the usual ingredients of orthodox quantum me-
N chanics disappears in theories with additional variables. In a
- sense, they are even reinforced, since the wave function loses
Pu(mity) :Z’l lei)(eil (38 jts subtle statugsee Sec. | B and becomes an ordinary field
with two componentsthe real part and the imaginary part of
(for the sake of simplicity we assume that=t,, so that no the wave function—for simplicity, we assume here that the
time dependence appears in this expregsibrserting this  particle is spinless these components are for instance simi-
expression into37) immediately shows the appearance oflar to the electric and magnetic components of the electro-
interference termsor crossed terms #j between the con- magnetic field? The Schrdinger equation itself remains
tribution of the varioug¢;). Assume, on the other hand, that strictly unchanged. But a completely new ingredient is also
more information was actually obtained in the first measureintroduced: In addition to its wave function field, each par-
ment, so that the value ofwvas also determined, but that this ticle gets an additional variable, which evolves in time
information was lost, or forgotten; the experimenter ignoresaccording to a new equation. The evolution)ofs actually
which of two or morei results was obtained. Then, what coupled to the real field, through a sort of “quantum velocity
should be calculated is the sum of the probabilities associterm”“® that depends on the wave function; but, conversely,
ated with each possible result, that is a single sum a@ver there is no retroaction of the additional variables onto the
from which all crossed termis#j have disappeared. In the wave function. From the beginning, the theory therefore in-
first case, interference terms arise because one has to atfi@duces a marked asymmetry between the two mathematical
probability amplitudes; in the second, they do not becaus@bjects that are used to describe a particle; we will see later
one has to add the probabilities themselv@exclusive that they also have very different physical properties.
events. The contrast between these two situations may be For anyone who is not familiar with the concept, addi-
understood in terms of decoherence: In the first case, ational variables may look somewhat mysterious; this may
states of the system correlate to the same state of the meexplain why they are often called “hidden,” but this is only
suring apparatus, which here plays the role of the environa consequence of our much better familiarity with ordinary
ment; they do not in the second case, so that by partial tracguantum mechanics! In fact, these variables are less abstract
all interference effects vanish. This remark is useful in thethan the wave functions, which in these theories becomes a
discussion of the close relation between the so-called “Zensort of auxiliary field, even if perfectly real. The additional
paradox in quantum mechanicgRef. 135 and decoher- variables are directly “seen” in a measurement, while the
ence; it is also basic in the definition of consistency condi-state vector remains invisible; it actually plays a rather indi-
tions in the point of view of decoherent histories, to whichrect role, through its effect on the additional variables. Let us
we will come back latefSec. VID). take the example of a particle creating a track in a bubble
chamber: On the photograph we directly see the recording of
. i the successive values of an additional variable, which is ac-
B. Additional variables tually nothing but...the position of the particle! Who has ever

We now leave the range of considerations that are more Jaken a photograph of a wave function?
less common to all interpretations; from now on, we will FOr a single particle, the additional variablemay there-
introduce in the discussion some elements that clearly do ndpre also be denoted &since it describes its position; for a
belong to the orthodox interpretation. We begin with themMany particle system is nothing but a symbol for the set of
theories with additional variables, as the de Broglie theory of0sitionsR;,R;, etc., of all the particles. The theory postu-
the pilot wave(Ref. 136; the work of Bohm is also known lates an initial random distribution of these variables that
as a major reference on the subjéRefs. 9 and 137 see  depends on the initial wave functiol(r,,r,,...) andrepro-
also the almost contemporary work of Wiener and Siegebluces exactly the initial distribution of probability for posi-
(Ref. 10. More generally, with or without explicit reference tion measurements; using hydrodynamic versions of the
to additional variables, one can find a number of authors wh&chralinger equationRef. 139, one can easily show that
support the idea that the quantum state vector should be us#ite evolution under the effect of the “quantum velocity
only for the description of statistical ensembles, not of singleerm” ensures that this property continues to be true for any
events, see for instance Refs. 138 and 46. time. This provides a close contact with all the predictions of

We have already emphasized that the EPR theorem itsetfuantum mechanics; it ensures, for instance, that under the
can be seen as an argument in favor of the existence dffect of the quantum velocity term the position of particles
additional variable$we will come back later to the impact of will not move independently of the wave function, but al-
the Bell and BKS theoremsTheories with such variables ways remains inside it.
can be built mathematically in order to reproduce exactly all At this point, it becomes natural to restore determinism,
predictions of orthodox quantum mechanics; if they give ex-and to assume that the results of measurements merely reveal
actly the same probabilities for all possible measurements, the initial pre-existing value of, chosen among all possible
is clear that there is no hope to disprove experimentally orvalues in the initial probability distribution. This assumption
thodox quantum mechanics in favor of these theories, or theolves many difficulties, all those related to the Sclimger
opposite. In this sense they are not completely new theoriesat paradox for instance: Depending on the exact initial po-
but rather variations on a known theory. They neverthelessition of a many-dimension variable which belongs to an
have a real conceptual interest: They can restore not onlgnormous configuration spac¢ecluding the variables asso-
realism, but also determinisiithis is a possibility but not a ciated with the radioactive nucleus as well as all variables
necessity—one can also build theories with additional vari-associated with the catthe cat remains alive or dies. But
ables that remain fundamentally nondeterminjstic restoring determinism is not compulsory, and nondetermin-
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istic versions of additional variables can easily be designedeffects of nonlocality become especially apparent through
In any case, the theory will be equivalent to ordinary quan-the “quantum velocity term,” since the velocity has to be
tum mechanics; for instance, decoherence will act exactly irvaluated at a point of configuration space that depends on
the same way, and make it impossible in practice to observéhe positions of both particles; the result for the velocity of
interferences with macroscopic objects in very differentparticle 1 may then depend explicitly on the position of par-

states. ticle 2. Consider for instance an EPRB experiment of the
To summarize, we have in this context a description oftype described in Sec. IVA2 and the evolution of the posi-
physical reality at two different levels: tions of the two particles when they are far apart. If particle

(i)  one corresponding to the elements associated with thé. is sent through a Stern—Gerlach analyzer oriented along
irectiona, the evolution of its Bohmian position will obvi-

state vector, which can be influenced directly in ex- .
periments, since its evolution depends on eleamiI—OUSIy be affected in a way that dependsa(we remarked

tonian that can be controlled, for instance by applyingabov.e that the positions have to follow the quantum wave
fields: this level alone is not ,sufficient to give a com- functions; in this case, it has the choice between two sepa-

plete description of a physical system rating wave packejs But this will also change the position

(i) another corresponding to the additional variables{R1,R2) Of the point representing the system in the six-
which cannot be manipulated directlyee Appendix dimensional configuration space, and therefore change the

E), but obey evolution equations containing the statedUantum velocity term for particle 2, in a way that depends
vector. explicitly on a. No wonder if such a theory has no difficulty

in reproducing the nonlocal features of quantum mechanics!

The two levels together are necessary and sufficient for 2he advantage of introducing additional variables is, in a
complete description of reality. There is no retroaction of thesense, to emphasize the effects of nonlocality, which often
additional variables onto the state vector, which creates afémain relatively hidden in the orthodox formalistone
unusual situation in physicéusually, when two physical more reason not to call these variables “hidden!Bell for
quantities are coupled, they mutually influence each atherinstance wrote “it is a merit of the Broglie—Bohm interpre-
Amusingly, we are now contemplating another sort of dual{ation to bring this(non-locality out so explicitly that it can
ity, which distinguishes between direct action on physicalnot be ignored”—in fact, historically, he came to his famous
systems(or preparation and results of observations per- inequalities precisely through this channel.
formed on then(results of measurements An interesting illustration of this fact can be found in the

A similar line of thought has been developed by Nelsonstudy of Bohmian trajectories in a two-particle interference
(Ref. 140, who introduces stochastic motions of point par-experiment, or in a similar case studied in Ref. 144. The
ticles in such a way that their statistical behavior reproduceguthors of this reference study a situation which involves an
exactly the predictions of the Sclioger equation. The dif- interference experiment supplemented by electromagnetic
ference is that the evolution of the wave function is not givencavities, which can store the energy of photons and be used
by a postulate, but is actually derived from other postulatesis a “Welcher Weg” devicda device that tells the experi-
that are considered more fundamental. This leads to a naturadenter which hole the particle went through in an interfer-
derivation of the Schdinger equation; the formalism is built ence experimeht A second particle probes the state of the
to lead exactly to the same predictions as orthodox quanturfield inside the cavity, and when leaving it takes a trajectory
mechanics, so that its interest is mostly conceptual. For ththat depends on this field. These authors show that, in some
discussion of statistical mixtures in this context, see Refevents, a particle can leave a photon in a cavity and influence
141. a second particle, while the trajectory of the latter never
crosses the cavity; from this they conclude that the Bohmian
trajectories are ‘“surrealistic.” Of course, considering that
trajectories are surrealistic or not is somewhat a matter of

As soon as particles regain a position, they also get &ste. What is clear, however, is that a firm believer in the
trajectory, so that it becomes natural to study their propertieBohmian interpretation will not consider this thought experi-
in various situations; actually one then gets a variety of uniment as a valid argument against this interpretation—at best
expected results. Even for a single particle in free spacéd)e/she will see it as a valid attack against some truncated
because of the effects of its wave function on the evolutiorform of Bohmian theory. One should not mix up orthodox
of its position, it turns out that the trajectories are not necesand Bohmian theories, but always keep in mind that, in the
sarily simple straight linegRef. 142; in interference experi- latter theory, the wave function has a totally different char-
ments, particles may actually follow curved trajectories everficter: It becomes a real classical field, as real as a laser field
in regions of space where they are free, an unusual effedor instance. As expressed by BéRef. 145: “No one can
indeed™ But this feature is in fact indispensable for the sta-understand this theory until he is willing to think 8f as a
tistics of the positions to reproduce the usual predictions ofeal objective field rather than just a probability amplitude.”
quantum mechanicsinterference fringes Ref. 143. Bell Therefore, a “particle” always involves a combination of
studied these questioriRef. 39 and showed, for instance, both a position and the associated field, which cannot be
that the observation of successive positions of a particle aldissociated; there is no reason whatsoever why the latter
lows one to reconstruct a trajectory that remains physicallycould not also influence its surrounding. It would thus be a

2. Bohmian trajectories

acceptable. mistake to assume that influences should take place in the
For systems of two particles or more, the situation be-icinity of the trajectory only.
comes even more interesting. Since the Sdimger equation In this context, the way out of the paradox is then simple:

remains unchanged, the wave functions continue to propgust to say that the real field associated with the first
gate in the configuration space, while on the other hand thparticlé” interacted with the electromagnetic field in the cav-
positions propagate in ordinary three-dimensional space. Thigy, leaving a photon in it; later this photon acted on the
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trajectory of the second particle. In other words, the effect imo longer appears as an independent postulate, but as a con-
a crossed field-trajectory effect, and in these terms it is evesequence of the “normal” evolution of the wave function.
perfectly local'! One could even add that, even if for some

reason one decided to just consider the trajectories of the twg, Vvarious forms of the theory

particles, the fact that they can influence each other, even if . . . : .
they never come close to each other creates no problem | There are actually various versions of theories with modi-

itself; it is just an illustration of the explicit character of ll€d Schralinger dynamics. Some versions request the intro-

nonlocality in the Bohm theory—see the quotation by Be|duction of additional variables into the theory, while others

above, as well as the discussion of this thought experimerﬂg not. The approach proposed in 1966 by Bohm and Bub

by Griffiths in Ref. 146. So, we simply have one more ex-( ef. 4 belongs to the first category, since these authors

ample of the fact that quantum phenomena are indeed locdjcorporate in their theory additional variables previously

in configuration space, but not necessarily in ordinary spacéonsidered by Wiener and Siegétef. 10; these variables

This thought experiment nevertheless raises interestingre eltctually contained in a “dual vec_torl,” s_fifmilar to the
questions, such as: if in this example a particle can influencHSual State vectd), but obeying an entirely different equa-

events outside of its own Bohmian trajectory, what is thert!on Of motion—in fact, both vectors evolve with coupled

the physical meaning of this trajectory in general? Supposgduations. What is then obtained is a sort of combination of
that, in a cloud chamber for instance, a particle could leave J1€0ries with addllt’lyon_al Ya“?‘b'esf arr:d modified dlynamrllcs.
track that does not coincide at all with the trajectory of the " Some “normal” distribution of the new variables, the

Bohmian position; in what sense then could this variable bérediction of usual guantum mechanics is recovered; but it is
called “position”? For the moment, that this strange situa-2iso possible to assume the existence of “dispersion free

tion can indeed occur has not been shoitime example distributions that lead to nonorthodox predictions. An ex-

treated in Ref. 144 is very special and presumably not a gooEmple of models that are free of additional variables is given

model for a cloud chambgrbut the question clearly requests Y the work of PearléRef. 13, published ten years later, in
more precise investigation. Another difficulty of theories Which nothing is added to the usual conceptual frame of

with additional variables is also illustrated by this thoughts.tandard quantum mechanics. The theory is based on a modi-
experiment: the necessity for including fields this case the fied dynamics for the modulus and phases of the quantum
photons in the cavitiés Quantum mechanics is used to de- @MPlitudes, which get appropriate equations of evolution; the
scribe a large variety of fields, from the usual electromag-resun is that, depending on the initial values of the phases

netic field(quantum electrodynamir# quarks, for instance, before a measurement, all probability amplitudes bl.Jt one go
and this is truly essential for a physical description of thel© Z€ro during a measurement. Because, when a microscopic
world; at least for the moment, the complete description offYStem is sent toward a macroscopic apparatus, the initial

; itphases are impossible to control with perfect mathematical

additional variables, although attempts in this direction havélcCuracy, an apparent randomness in the results of experi-
been made. ments is predicted; the equations are designed so that this
randomness exactly matches the usual quantum predictions.
In both theories, the reduction of the state vector becomes a
dynamical process which, as any dynamical process, has a
Another way to resolve the coexistence problem betweefinite time duration; for a discussion of this question, see
the two postulates of quantum mechanics is to change thBef. 149, which remarks that the theory of Ref. 4 introduces
Schralinger equation itself: One assumes that the equatioan infinite time for complete reduction.
of evolution of the wave function contains, in addition to the Another line of thought was developed from consider-
usual Hamiltonian terms, nonlineéand possibly stochasjic ations that were initially not directly related to wave function
terms, which will also affect the state vectdtefs. 4, 11, 13, collapse, but to continuous observations and measurements
147, and 148 These terms may be designed so that theiin quantum mechanicéRefs. 150 and 151 This was the
effects remain extremely small in all situations involving mi- starting point for the work of Ghirardét al. (Ref. 13, who
croscopic objects onlyatoms, molecules, el¢.this will im- introduce a random and sudden process of “spontaneous lo-
mediately ensure that all the enormous amount of successfahlization” with an arbitrary frequencycoupling constant
predictions of quantum mechanics is capitalized. On thevhich resembles the effect of approximate measurements in
other hand, for macroscopic superpositions involving, for in-quantum mechanics. The constant is adjusted so that, for
stance, pointers of measurement apparatuses, the new termscroscopic systemand for them only, the occurrence of
may mimic the effects of wave packet reduction, by selectingsuperposition of far-away states is destroyed by the addi-
one branch of the superposition and canceling all the othersional process; the compatibility between the dynamics of
Clearly, one should avoid both extremes: either perturb thenicroscopic and macroscopic systems is ensured, as well as
Schralinger equation too much, and make interference efthe disappearance of macroscopic coherent superpositions
fects disappear while they are still needéat instance, pos- (transformation of coherent superpositions into statistical
sible recombination of the two beams at the exit of a Stern-mixture9. This approach solves problems that were identi-
Gerlach magnet or too little, and not ensure the complete fied in previous work(Ref. 11, for instance the “preferred
disappearance of Schtimger cats! This result is obtained if basis problem,” since the basis is that of localized states; the
the perturbation term becomes efficient whiut not be- relation to the quantum theory of measurement is examined
fore) any microscopic system becomes strongly correlated tin detail in Ref. 152. In this model, for individual systeths
a macroscopic environment, which ensures that significarthe localization processes are suddémey are sometimes
decoherence has already taken place; we then know that tlealled “hitting processes); which makes them completely
recovery of interference effects is impossible in practice anydifferent from the usual Schdinger dynamics. Neverthe-
way. If carefully designed, the process then reproduces thkess, later workRef. 153 showed that it is possible to de-
effect of the postulate of the wave function collapse, whichsign theories involving only continuous evolution that retain

C. Modified (nonlinear) Schrodinger dynamics
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the attractive features of the model. For instance, the discordiction of superluminal communicatidithe proof is specific
tinuous Markov processes in Hilbert space reduce, in an age the Weinberg form of the nonlinear theory and does not
propriate limit, to a continuous spontaneous localizationapply to the other forms mentioned abpve

which may result in a new version of nonlinear Salirger

dynamics(Ref. 154 called continuous spontaneous localiza-

tion (CSL); another achievement of Ref. 154 is a full com- ) o

patibility with the usual notion of identical particles in quan- 2. Physical predictions

tum mechanics. See also Ref. 147 for an earlier version of

modified Schrdinger dynamics with very similar equations physical descriptions are obtained. For instance, when a par-

of evolution. ticle crosses a bubble chamber, the new terms create the

A similar line was followed by Dios{Ref. 148, who also : . . .
started initially from the treatment of continuous measure_appearancéat a macroscopic levebf a particle trajectory;

ments(Ref. 155 by the introduction of stochastic processesthey also select one of the wave packets at the measurement
(“quantum Wiener processes,” Ref. lthat are added to the output of a Stern—Gerlach analyZend eliminate the othgr

L S ; . but not before these packets become correlated to orthogonal
usual deterministic Schdinger dynamics. This author then states of the environmerie.g., detectojs Of course, any
introduced a treatment of the collapse of the wave function, ,.oss of |ocalization of the wave function tends to operate
from a universal law of density localizatigRef. 156, with

. . o in the space of positions rather than in the space of momenta,
a strength that is proportional to the gravitational constan P b P

95 o . which reduces to some extent the usual symmetry between
resulting in a parameter free unification of micro- and mac-

. . ositions and momenta in quantum mechanics. This is actu-
rodynamics. Nevertheless, this approach was found to Crea%

bl hort di bv th h f R ly not a problem, but a convenient feature: One can easily
severe problems at short distances by the authors of Relypyince oneself that, in practice, what is measured in all
157, who then proposed a modification of the theory that,
solves them, but at the price of reintroducing a constant witq

dimension(a length.

Whatever specific form of the theory is preferred, similar

xperiments is basically the positions of particles or objects
pointers, etg, while momenta are only indirectly measured.

: . Generally speaking, it is a different spatial localization that
Generally speaking, beyond their fundamental purgase produces wave packet collapse.

unification of all kinds of physical evolution, including wave = o is an EPRB experiment described in this point of
function reductiop, two general features of these theories,ie\y7 |n the case of Bohmian trajectories, we emphasized
should be emphasized. The first is that new constants appegke role of the “quantum velocity term,” which has a value
which may in a sense look like ad hoc constants, but actuallyjefined in configuration space and not in ordinary space;
have an important conceptual role: They define the limit benere, what is essential is the role of the added nonlinear
tween the microscopic and macroscopic waftd between  |ocalization term in the Schdinger equation, which also
reversible and irreversible evolutiprihe corresponding bor- - ats in the six-dimensional configuration space. This term is
der is no longer ill-defined, as opposed to the situation, fofjesigned so that, when correlation with the environment
instance, in the Copenhagen interpretation. The set@d takes place, one of the components in the corresponding ba-
lated feature is that these theories are more predictive. Theyjs (“pasis of decoherence’is selected. Nothing special
are actually the only ones which propose a real physicajhen occurs as long as particle 1 propagates within a Stern—
mechanism for the emergence of a single result in a singlgserlach analyzer, since it is microscopic and can perfectly
experiment, which is of course attractive from a physicalwe|| go through superpositions of far-away states; but as
point of view. At the same time, and precisely because thexoon as it hits a detector at the output of the magnet, the
are more predictive, these theories become more vulnerablg/stem develops correlations with the particles contained in
to falsification, and one has to carefully design the mechathe detector, the amplifier, etc., so that a macroscopic level is
nism in a way that satisfies many constraints. For instancgeached and the localization term becomes effective. Here,
we have already mentioned that, in the initial Bohm—Bubye see that it is the dependence of the spatial localization
theory, a complete collapse of the wave function is neve(in other words, the basis of decoherenttat introduces an
obtained in any finite time. The same feature actually existgyerall effect on the two-particle state vector; it provides
in CSL: There is always what is called a “tail” and, even particle 2 with, not only a privileged spin-state basis, but also
when most of the wave function goes to the component cora reduction of its spin state to one single compor(arten
responding to one single outcome of an experiment, thergarticle 1 hits the detectprSince this point of view empha-
always remains a tiny component on the oth@stremely  sizes the role of the detectors and not of the analyzers, it is
small and continuously going down in sjz&he existence of clearly closer to the usual interpretation, in terms of wave
this component is not considered as problematic by the propacket reduction, than the Bohmian interpretation. Neverthe-
ponents of the CSL theory, as illustrated by the contributiongess, it also puts into light the role of nonlocality in an ex-
of Pearle and Ghirardi in Ref. 158. In the context of possibleplicit way, as this interpretation does.

conflicts with experiments, see also the discussion of Ref. What about the Schdinger cat and similar paradoxes? If
157 concerning incompatibilities of another form of the the added nonlinear term has all the required properties and
theory with the well-known properties of microscopic ob- mimics the wave packet reduction, they are easily solved.
jects, as well as Ref. 159 for a critical discussion of anotheFor instance, a broken poison bottle must have at least some
version of nonlinear dynamics. A similar case is provided byparts that have a different spatial localization configura-

the generalization of quantum mechanics proposed by Weirtion spacé than an unbroken bottle; otherwise it would have
berg (Ref. 160, which this author introduced as an illustra- all the same physical properties. It is then clear that the
tion of a nonlinearity that is incompatible with available ex- modified dynamics will resolve the components long before
perimental data; see also Ref. 161 for an application of thé reaches the cat, so that the emergence of a single possibil-
same theory to quantum optics and Ref. 162 for a proof ofty is ensured. For a recent discussion of the effects of the
the incompatibility of this theory relativity, due to the pre- modified dynamics on “all or nothing coherent statgSec.
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V C1) in the context of quantum optics, and of the effects onl. Histories, families of histories
perception in terms of the “relative state of the braifSec.
VIE), see Ref. 163.

The program can be seen as a sort of revival of the initia
hopes of Schidinger, where all relevant physics was con-
tained in the wave function and its progressive evolufsse
the end of Sec. | AR this is especially true, of course, of the
versions of nonlinear dynamics that are continuGagen if

Consider any orthogonal projectBron a subspacé of

he space of states of a system; it has two eigenvatués,
orresponding to all the states belongingApand O corre-
sponding to all states that are orthogonaft@hey belong to
the supplementary subspace, which is associated with the
projectorQ=1—P). One can associate a measurement pro-
fluctuating extra quantities may be introdugednd not so cess withP: If the result o'f.the. measurement1sl, the state
much of versions including “hits” that are too reminiscent of the system belongs B, if it is zero, '.t IS orthogon_al .
of the wave packet reduction. Here, the state vector directlf*SSUme now that this measurement is made at timen a
describes the physical reality, in contrast with our discussiosystem that is initially(at time ty) described by a density
of Sec. I1B; we have a new sort of wave mechanics, wher@peratorp(to); the probability for finding the state of the
the notion of point particles is given up in favor of tiny wave system inF at timet, is then given by formulg37), which
packets. The theory is different from theories with additionalin this case simplifies to
variables, because the notion of precise position in configu- R N
ration space never appears. As we have seen, another impor- P(F:t1) =Tr{P(t1)p(to) P(t1)}. (39
tant difference is that these theories with modified dynamicsrhis result can obviously be generalized to several subspaces
are really new theories: They may, in some circumstancesr, r, 7, etc., and several measurement tinteg,,ts,
lead to predictions that differ from those of orthodox quan-gic (we assume,<t,<ts<---). The probability that the

tum mechanics, so that experimental tests might be possibl :
We should emphasize that, in this point of view, the wave’gtalte of the system belongs & at timet,, then to 7, at

function can still not be considered as an ordinary field: Ittm.]e tz,fthenlto Fs at ime ty, efc., is, according to the
continues to propagate in a high dimension configurationy//9ner formula,

space instead of the usual three dimension space. P(Frt1; Fo ot Fatger)
A mild version of these theories is found in a variant . . .
where the Schidinger equation remains exactly the same,  =Tr{---P3(t3)Po(t2)P1(t1)p(to)
but where stochastic terms are introduced as a purely com- . . .
putational tool, and without any fundamental purpose, for the X Py(ty) Pa(ta) Pa(ta) -}, (40)

calculation of the evolution of a partial trace density matrixWh ; bove. tha (t.) are the proiectors over sub
describing a subsysteifiRefs. 164—168 in other words, a ere, as above, .'( ) are € projectors over subspaces
master equation for a density operator is replaced by an av-1:72./3 in the Heisenberg point of view. We can now
erage over several state vectors submitted to a random peiSsociate a “history” of the system with this equation: A
turbation, which may in some circumstances turn out to sav8istory  is defined by a series of arbitrary timgs each of
computing time very efficiently. Another line of thought that them associated with an orthogonal projeckyrover any
can be related to some extent to modified Sdhrger dy-  subspace; its probability is given #0) which, for simplic-
namics is the “transactional interpretation” of quantum me-ity, we will write as (). In other words, a history is the
chanics(Ref. 167, where a quantum event is described byselection of a particular path, or branch, for the state vector
the exchange of advanced and retarded waves; as in modifiéda Von Neumann chain, defined mathematically by a series
nonlinear Schidinger dynamics, these waves are then inter-Of projectors. Needless to say, there is an enormous number
preted as real, and nonlocality is made explicit. of different histories, which can have all sorts of properties;
some of them are accurate because they contain a large num-
ber of times associated with projectors over small subspace
F's; others remain very vague because they contain a few
) ] ] times only with projectors over large subspa€s (one can
D. History interpretation even decide thaf is the entire states of spaces, so that no
) ) ) o ) information at all is contained in the history at the corre-
_ The interpretation of “consistent k_ustorles” is also some- sponding time
times called “decoherent history interpretation,” or just " There are in fact so many histories that it is useful to
“history interpretation” as we prefer to call it hef®@ecause group them into families, or sets, of histories. A family is
the notion of consistency is essential at the level of familiesjefined again by an arbitrary series of tintgs,,ts,..., but
of histories, rather than at the level of individual histoyids ow we associate with each of these tiniean ensemble of

proposes a logical framework that allows the discussion OErthogonaI projector®, ; that, when summed, restore the
- . i, 1 1
the evolution of a closed quantum system, without reference hole initial space of States. For each time we then have,

to measurements. The general idea was introduced and dln'stead of one single projector, a series of orthogonal projec-
veloped by Griffiths(Ref. 19 but it has also been used, and tors that provide zgde?:orjn osiiion of the unit ogeratoF;' !
sometimes adapted, by other auth@Refs. 168—170 Since P P Y 0P :

this interpretation is the most recent among those that we

discuss in this article, we will examine it in somewhat more 2 Pij=1 (41)
detail than the others. We will nevertheless remain within the

limits of a nonspecialized introduction; the reader interested his gives the system a choice, so to say, among many pro-
in more precise information on the subject should go to thgectors for each timé;, and therefore a choice among many
references that are provided—see also a recent article inistories of the same family. It is actually easy to see from
Physics Today(Ref. 172 and the references contained (41) and(40) that the sum of probabilities of all histories of
therein. a given family is equal to one:
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associated with the parents, but may also be any linear com-

o > P(H)=1, (42 pination of such states. As a consequence, a linearity condi-
histories of a family tion for probabilities is not trivial.
which we interpret as the fact that the system will always One way to restore the additivity of probabilities is to
follow one, and only one, of them. impose the condition:

A family can actually also be built from a single history, A N - -
the simplgst way to inc%:rporate the history into a?family isytoTr{' P (ta)Paj,(t2) Py (1) p(to) Py ji (t1)
associate, at each time (i=1,2,...N), in addition to the - A _
projector P;, the supplementary project@®;=1—P;; the X szié(tZ) P3vié(t3)"'}°‘5j1,1'1x 5j2vj|2>< 5J'3viéx"' '
family then contains ¥ individual histories. Needless to say, (43)

there are many other ways to complement to single family .
with “more accurate” histories than those containing the S€cause of the presence of the producisfon the right-

Q's: this can be done by decomposing ea@hinto many hand side, the left-hand side ¢43) vanishes as soon as at
individual projectors, the only limit being the dimension of l€ast one pair of the indicesj(,j1),(j2.j2).(is.J3). etc.,
the total space of states. contains different values; if they are all equal, the trace
merely gives the probabilityP(7) associated with the par-
ticular history of the family. What is important for the rest of
the discussion is the notion of consistent family: If condition
(43) is fulfilled for all projectors of a given family of histo-

All this looks very simple, but in general it is actually too ries, we will say that this family is logically consistent, or
simple to ensure a satisfactory logical consistency in the regconsistent for short. Conditio43) is basic in the history
sonings. Having chosen a given family, it is very natural tointerpretation of quantum mechanics; it is sometimes ex-
also enclose in the family all those histories that can be builPressed in a weaker form, as the cancellation of the real part
by replacing any pair of projectors, or actually any group ofonly of the left-hand side; this, as well as other points related
projectors, by their sum; this is because the sum of two ort0 this condition, is briefly discussed in Appendix F. We now
thogonal projectors is again a projecfonto a subspace that discuss how consistent families can be used as an interpreta-
is the direct sum of the initial subspageShe difference tion of quantum mechanics.
introduced by this operation is that, now, at each time, the
events are no longer necessarily excludiV¢he histories 3. Quantum evolution of an isolated system
incorporate a hierarchy in their descriptive accuracy, even

including cases where the projector at a given time is just the, Izet tufs co_lnsuiehr_ atn |_solar;ced Systemhand stjpgose ?Eat.? con-
projector over the whole space of statee information atall ~ SISt€Nt family of histories has been chosen 1o describe 1t, any
on the system at this time consistent family may be selected but, as soon as the choice

Consider the simplest case where two projectors only oc's made, it cannot be modified and all the other families are

. - : : . _excluded(we discuss later what happens if one attempts to
fcl:rrrtlg gbsitl élrge:],e,v\? ?]\i/set czeer}ﬁéotl:,\?oeq ":r%r?p'eh?gggrliigrféef describe the same system with more than one familis
respond to two exclli/éive ossil?ilities{the contain unigue choice provides us with a well-defined logical frame,
ortr?ogonal projectols so that tr?eir probabilitie); add inde- and with a series <_)f p(_)ssible histories th_at are aqcessi_ble to
pendently in the sur42). What about the daughter history? the system and give information at all intermediate times

It is exclusive of neither of its parents and, in terms of the't2:- - Which history will actually occur in a given real-

physical properties of the system, it contains less informatior?ation of the physical system is not known in advance: We
at time t,: The system may have either of the propertiesposwlate the existence of some fundamentally random pro-

associated with the parents. But a general theorem in pro cess of Nature that selects one single history among all those

o i : f the family. The corresponding probabili®() is given
ability theory states that the probability associated to a . : o :
event than can be realized by either of two exclusive event y the right-hand side of 0).' since this formula belongs to
is the sum of the individual probabilities; one then expectsotandard quantum mechanics, this postulate ensures that the

that the probability of the daughter history should be the sun‘?tagda':rd pred|hct|on? O';. the ttrr]\eory ?re au_ﬁ?rtr;]atlcally recov-t
of the parent probabilities. On the other hand, inspection ofT€d. For each reaiization, the System will then possess &
(40) shows that this is not necessarily the case; since an?aCh timet; all physical properties associated with the par-

rojector, B,(t,) for instance, appears twice in the formula icular projectorsP; ; that occur in the selected history. This
projector, Fa(t; €, appe . ’Oprovides a description of the evolution of its physical prop-
replacing it by a sum of projectors introduces four terms: tw

terms that give the sum of probabilities. as expected. but aISerties that can be significantly more accurate than that given
9 P ’ P ’ By its state vector; in fact, the smaller the subspaces associ-
two crossed termsor “interference terms) between the

parent histories, so that the probability of the daughter hisff’lted with the projector®; s, the more accuracy is gained

tory is in general different from the sums of the parent prob-(Obviously, no information is gained if af; ;'s are projec-
abilities. These crossed terms are actually very similar to th&°rS over the whole space of states, but this corresponds to a

right-hand side of40), but the trace always contains at sometlrivial case of little interest For instance, if the system is a
time t actorP. (t the left of o(t d particle and if the projector is a projector over some region
ime t; one projectorP; ;(t;) on the left ofp(to) and an space, we will say that the particle is in this region at the

orthogonal projectoP; \(t;) on the right. This difficulty was corresponding time, even if the whole Sctiimger wave

to be expected: We know that quantum mechanics is linear dtinction extends over a much larger region. Or, if a photon
the level of probability amplitudes, not probabilities them- strikes a beam splitter, or enters a Mach—Zehnder interfer-
selves; interferences occur because the state vector at tinagneter, some histories of the system may include informa-
t;, in the daughter story, may belong to one of the subspacefon on which trajectory is chosen by the photon, while stan-

2. Consistent families
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dard quantum mechanics considers that the particle takes dHatures, and seems to be particularly clear and easy to use,
of them at the same time. Since histories contain severat least as long as one limits oneself to one single consistent
different times, one may even attempt to reconstruct an agamily of histories.

proximate trajectory for the particle, even in cases where this How does the history interpretation deal with the existence
is completely out of the question in standard quantum meof several consistent families? They are alpriori equally
chanics(for instance, for a wave function that is a sphericalvalid, but they will obviously lead to totally different de-
wave; but of course one must always check that the projecscriptions of the evolution of the same physical system; this
tors that are introduced for this purpose remain compatibléS actually the delicate aspect of the interpretatio wil

with the consistency of a family. come back to it in the next sectipriThe answer of the his-

In general, the physical information contained in the his-tory interpretation to the question is perfectly clear: Different
tories is not necessarily about position only: A projector carconsistent families are to be considered as mutually exclu-
also project over a range of eigenstates of the momenturpiV€ (EXCEPL, of course, in very particular cases where the
operator, include mixed information on position and momen- O families can be embedded into a single large consistent

tum (subject, of course, to Heisenberg relations, as always iﬁzn\:g?)égmg?r?ggetsonﬁ%e?e Iﬁsi(tjhg]r E\ilvlé)%g_al.rrﬁssoﬁ'g%istiufs
guantum mechanigsinformation on spin, etc. There is ac- 9 ' : phy

tually a huge flexibility on the choice of projectors; for each free to choose any point of view in order to describe the
choiZe theg hvsical yro erties that map bJe ascribed o thevolution of the system and to ascribe properties to the sys-

’ Py prop y m; in a second independent step, another consistent family
system are all those that are shared by all states of the pr%W

ot b but not b h | state. A f nay also be chosen in order to develop other logical consid-
jection subspace, but not by any orthogonal state. A IreqUeNg 4tions within this different frame; but it would be totally

choice is to assume that, at a particular titeall P; j's aré meaningless(logically inconsistent to combine consider-
the projectors over the eigenstates of some Hermitian operggions arising from the two frames. This a very important
tor H: the first operatolP; ;_; is the projector over all the fundamental rule that must be constantly kept in mind when
eigenstates oH corresponding to the eigenvaldg, the one uses this interpretation. We refer the reader to Ref. 173
secondP; -, the corresponding projector for the eigenvaluefor a detailed and systematic discussion of how to reason
h,, etc. In this case, all histories of the family will include consistently in the presence of disparate families, and to Ref.
exact information about the value of the physical quantityl74 for simple examples of incompatible families of histo-
associated at timg to H (for instance the energy H is the €S (photon hitting a beam splitter, Sec) Bind the discus-
Hamiltonian. Let us nevertheless caution the reader once'on of quantum incompatibilitySec. ); various classical

more that we are not free to choose anv operbtoat an analogies are offered for this incompatibility, including a
. . Y OPeraloRt any v o-dimensional representation of a three-dimensional object
time t;: In general, there is no reason why the consistenc

L S ) e Yy a draftsman, who can choose many points of view to
conditions should be satisfied by a family built in this way. nake a drawing, but can certainly not take several at the

Using histories, we obtain a description of the propertiessame time—otherwise the projection would become incon-
of the system in itself, without any reference to measuresjstent.

ments, conscious observers, etc. This does not mean that

measurements are excluded; they can be treated merely as

particular cases, by incorporating the corresponding physicaj. Comparison with other interpretations

devices in the system under study. Moreover, one attributes ) ) .

properties to the system at different times; this is in contrast " the history interpretation, as we have already seen, there
with the orthodox interpretation; where a measurement dog§ N© need to invoke conscious observers, measurement ap-
not necessarily reveal any pre-existing property of the physiparatuses, etc.; the system has properties in itself, as in the

cal system, and projects it into a new state that may be totall %r;cr)irrt]ho?r% Itnr;[g”c);:)eriﬂ:t?:nt?r?tte:v?e?alfigﬁsiss?%r?ﬁggg_
independent of the initial state. It is easy to show that th 9 P

whole formalism of consistent families is invariant underStrlklng feature of the history interpretation, when compared

time reversal, in other words that it makes no differenceto the others, is the enormous flexibility that exists for the

between the past and the futdiestead of the initial density selection of the point of viewfamily) that can be chosen for

: . describing the system, since all the tintgst,,... arearbi-
operatorp(tg), one may use the final density operapdty) ; : :
and sill use the same quantum formalism of Ref. i trary (actually their number is also arbitrargind, for each of

; S S ; them, many different projector® may be introduced. One
more details, and even an intrinsic definition of con5|stenc3fnay even wonder if the interpretation is sufficiently specific,
that involves no density operator at all, see Sec. Il of Ref,nq if this very large number of families of histories is not a
173. In addition, one can develop a relation between consissyoplem. This question will come naturally in a comparison
tent families and semiclassical descriptions of a physical syssyetween the history interpretation and the other interpreta-
tem; see Ref. 169 for a discussion of how classical equationgons that we have already discussed.

can be recovered for a quantum system provided sufficient First, what is the exact relation between the history inter-
coarse graining is includedn order to ensure, not only de- pretation and the orthodox theory? The relation is certainly
coherence between the various histories of the famlly, bU{lery C|OS€, but several Concepts are expressed in a more
also what these authors call “inertia” to recover classicalprecise way. For instance, complementarity stands in the
predictability). See also Chap. 16 of Ref. 170 for a discus-Copenhagen interpretation as a general, almost philosophi-
sion of how classical determinism is restored, in a weak vereal, principle. In the history interpretation, it is related to
sion that ensures perfect correlations between the values afathematical conditions, such as consistency conditions;
quasiclassical observables at different ti@fscourse, there also, every projector cannot be more precise than the projec-
is no question of fundamental determinism in this context tor over a single quantum stafig), which is itself obviously
The history point of view undoubtedly has many attractivesubject to the uncertainty relations because of the very struc-
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ture of the space of states. Of course, considerations on irevolution and, for each history, we have seen that more in-
compatible measurement devices may still be made but, grmation on the evolution of physical reality is available
the Bohrian distinction between the macroscopic and microthan through the state vect@r wave function only. Under
scopic worlds, they lose some of their fundamental charactethese conditions, the state vector can be seen as a noncom-
In the same vein, the history interpretation allows a quantunplete description of reality, and one may even argue that the
theory of the universgcompare for instance with quotation histories themselves constitute additional varialfleg they

(v) at the end of Sec. ]Jj we do not have to worry about would then be family dependent, and therefore not EPR ele-
dividing the universe into observed systems and observersnents of reality, as we discuss Igtein a sense, histories
The bigger difference between the orthodox and the historyprovide a kind of intermediate view between an infinitely
interpretations is probably in the way they describe the timegorecise Bohmian trajectory for a position and a very delocal-
evolution of a physical system. In the usual interpretationjzed wave function. In the Bohm theory, the wave function
we have two different postulates for the evolution of a singlepilots the position of the particles; in the decoherent history
entity, the state vector, which may sometimes create connterpretation, the propagation of the wave function pilots
flicts; in the history interpretation, the continuous Sechro rather the definition of historieg@hrough a consistency con-
dinger evolution and the random evolution of the systendition) as well as a calculation of probabilities, but not the
among histories are put at very different levels, so that thevolution between timets andt; . ;, which is supposed to be
conflict is much less violent. Actually, in the history point of fundamentally random. Now, of course, if one wished, one
view, the Schrdinger evolution plays a role only at the level could make the two sorts of theories even more similar by
of the initial definition of consistent familieghrough the assuming the existence of a well-defined point in the space
evolution operators that appear in the Heisenberg opejatorsf histories; this point would then be defined as moving in a
and in the calculation of the probabilij(#); the real time —completely different space from the Bohm theory—instead
evolution takes place between the tintesandt;,, and is  Of the configuration space, it would move in the space de-
purely stochastic. In a sense, there is a kind of inversion ofined by the family, and thus be defined as family dependent.

priorities, since it is now the nondeterminist evolution that!n this way, the history interpretation could be made deter-
becomes the major source of evolution, while in the ortho Ministic if, for some reason, this was considered useful. On

dox point of view it is rather the deterministic evolution of Many other aspects, the theories with additional variables are

an isolated system. Nevertheless, and despite these diffefery different from the history interpretation and we can
ences, the decoherent history interpretation remains verjroPably conclude this comparison by stating that they be-

much in the spirit of the orthodox interpretation; indeed, itf0nd to rather different point of view on quantum mechanics.
has been described as an “extension of the Copenhagen in- Finally, what is the comparison with theories incorporat-
terpretation,” or as “a way to emphasize the internal logical"9 additional nonlinear terms in the ScHinger evolut|_on?
consistency of the notion of complementarity.” On the other!N & S€nse, they correspond to a completely opposite strat-

hand, Gell-Mann takes a more general point of view on the€dy: They introduce into one single equation the continuous

history interpretation which makes the Copenhagen imerpregvolutlon of the state vector as well as a nonlinear determin-

tation just “a special case of a more general interpretation ifistic mechanism simulating the wave packet reduction when

terms of the decoherent histories of the universe. The Copefle€ded; the history interpretation puts on different levels the

hagen interpretation is too special to be fundamental...”continuous Schidinger evolution and a fundamentally ran-
(Ref. 175 dom selection of history selection by the system. One might

venture to say that the modified nonlinear dynamics ap-

What about the “correlation interpretation?” In a sense, hi tensi fth | fSch
this minimal interpretation is contained in both the orthodoxPrOach IS an extension of Ihe purely wave program o o
dinger, while the history interpretation is a modern version

interpretation(from which some elements such as the reduc- . . .
tion of the state vector have been removadd in the history  ©' (€ |de;]as puthforwarq Ey B%hr.' g\r:jother important d|ffer|-
interpretation. Physicists favoring the correlation interpretac® ISI that a t eolry with mo |f|eh ynamlcsd|s ncifj sltnc(tjy
tion would probably argue that adding a physical discussiorfd"/Va/ent tcl) usua q#?ntﬁmhr_nec anics, and cou be'? to
in terms of histories to their mathematical calculation of SXPerimental tests, while the history interpretation is built to
probabilities does not add much to their point of view: They_reproduce exactly the same pred|ct|qns n a.II cases—even i
are happy with the calculation of correlations and do Hot fee|t”Can som(tanmes p.rtowdeta ;:onvement point Off VEW that
the need for making statements on the evolution of the prop"21 ows one to grasp its content more convenie®gf. 130.
erties of the system itself. Moreover, they might add that
they wish to insert \_Nhatever projectors correspond toa serie§_ A profusion of points of view; discussion
of measurements i637), and not worry about consistency
conditions: In the history interpretation, for arbitrary se- We finally come back to a discussion of the impact of the
guences of measurements, one would get inconsistent famprofusion of possible points of view, which are provided by
lies for the isolated physical system, and one has to includell the families that satisfy the consistency condition. We
the measurement apparatuses to restore consistency. Wave already remarked that there is, by far, no single way in
have already remarked in Sec. VI A that the correlation in-this interpretation to describe the evolution of properties of a
terpretation allows a large flexibility concerning the bound-physical system—for instance, all the complementary de-
ary between the measured system and the environment. Fecriptions of the Copenhagen interpretation appear at the
these physicists, the history description appears probablgame level. This is indeed a large flexibility, much larger
more as an interesting possibility than as a necessity; buhan in classical physics, and much larger than in the Bohm-
there is no contradiction either. ian theory for instance. Is the “no combination of points of
Are there also similarities with theories with additional view” fundamental rule really sufficient to ensure that the
variables? To some extent, yes. Within a given family, theragheory is completely satisfactory? The answer to this ques-
are many histories corresponding to the same Sfihger tion is not so clear for several reasons. First, for macroscopic
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systems, one would like an ideal theory to naturally intro-exactly the same reason that Bohr invoked already long ago:
duce a restriction to sets corresponding to quasiclassical hi$t introduces the EPR notion of “elements of reality,” or
tories; unfortunately, the number of consistent sets is in factounterfactual arguments, that are not more valid within the
much too large to have this property, Ref. 176. This is thehistory interpretation than in the Copenhagen interpretation
reason why more restrictive criteria for mathematically iden-(see for instance Sec. V of Ref. 177 or the first letter in Ref.
tifying the relevant sets ar@r have beenproposed, but no 175. We are then brought back to almost the same old de-
complete solution or consensus has yet been found; the déate, with no fundamentally new element. We have never-
tailed physical consequences of consistency conditions afé@eless already remarked that, like the correlation interpreta-
still being explored, and actually provide an interesting subtion, the history interpretation may be supplemented by other
ject of research. Moreover, the paradoxes that we have diéagredients, such as the Everett interpretdfioor, at the
cussed above are not all solved by the history interpretatiorpther extreme, EPR or deterministic ingredients, a case in
Some of them are, for instance the Wigner friend paradox, tgvhich the discussion would of course become different.

the extent where no reference to observers is made in this For a more detailed discussion of this interpretation, see
interpretation. But some others are not really solved, and ththe references given at the beginning of this section; for a
interpretation just leads to a reformulation in a different for-discussion of the relation with decoherence, the notion of
malism and vocabulary. Let us for instance take the Schro preferred (pointe) bases,” and classical predictability, see
dinger cat paradox, which initially arose from the absence oRRef. 176; for a critique of the decoherent history interpreta-
any ingredient in the Schdinger equation for the emergence tion, see for instance Ref. 178, where it is argued among
of single macroscopic result—in other words, for excludingothers that consistency conditions are not sufficient to predict
impossible macroscopic superpositions of an isolated, norfhe persistence of quasiclassicality, even at large scales in the
observed, system. In the history interpretation, the parado¥niverse; see also Ref. 179, which claims that they are not
transposes in terms of choice of families of histories: TheSufficient either for a derivation of the validity of the Copen-
problem is that there is no way to eliminate the families ofhagen interpretation in the future; but see also the reply to
histories where the cat is at the same time dead and alivé?is critique by Griffiths in Ref. 174. Finally, another refer-
actually, most families that are mathematically acceptabl&nce is a recent article in Physics Tod&ef. 16 that con-
through the consistency condition contain projectors on mad@ins a discussion of the history interpretation in terms that
roscopic superpositions, and nevertheless have exactly ﬂ%lmulated_ interesting reactions from the proponents of the
same status as the families that do not. One would mucHterpretation(Ref. 175.

prefer to have a “superconsistency” rule that would elimi- ) )

nate these superpositions; this would really solve the probE. Everett interpretation

lem, but such a rule does not exist for the moment. At this A now famous point of view is that proposed by Everett,
stage, one can then do two things: either consider that thgho named it “relative state interpretation”—but in its vari-
choice of sensible histories and reasonable points of view i§ s forms it is sometimes also called “many-worlds inter-
a matter of good sense—a case in which one returns to thgetation,” or “branching universe interpretatior{the word
usual situation in the traditional interpretation, where the ap+pranching” refers actually to the state vector of the uni-
plication of the postulate of wave packet is also left to theyersg. In this interpretation, any possible contradiction be-
good taste of the physicist; or invoke decoherence and coygeen the two evolution postulates is canceled by a simple
pling to the external world in order to eliminate all these pyt efficient method: The second postulate is merely sup-
unwanted families—a case in which one returns to the USU&Bressed!
situation where, conceptually, it is impossible to ascribe rea- | the Everett interpretatiofRef. 180, the Schrdinger
sonable physical properties to a closed system without refegquation is taken even more seriously than in the orthodox
ring to the external world and interactions with*itwhich  interpretation. Instead of trying to explain how successive
again opens the door to the Wigner friend paradox, etc.  sequences of well-defined measurement results are obtained,
Finally one may note that, in the decoherent history interone merely considers that single results never emerge: All
pretation, there is no attempt to follow “in real time” the possibilities are in fact realized at the same time! The Von
evolution of the physical system; one speaks only of historiefleumann chain is never broken, and its tree is left free to
that are seen as complete, “closed in time,” almost as hisdevelop its branch ad infinitum. The basic remark of this
tories of the past in a sense. Basic questions that were ininterpretation is that, for a composite system of correlated
tially at the origin of the introduction of the wave packet subsystemgobserved system, measurement apparatus, and
postulate, such as “how to describe the physical reality of abserver, all considered after a measureméithere does
spin that has already undergone a first measurement but nabt exist anything like a single state for one subsystem...one
yet a second,” are not easily answered. In fact, the consisean arbitrarily choose a state for one subsystem and be led to
tency condition of the whole history depends on the futurethe relative state for the remainder”—this is actually just a
choice of the observable that will be measured, which doedescription of quantum entanglement, a well-known concept.
not make the discussion simpler than in the traditional interBut, now, the novelty is that the observer is considered as a
pretation, but maybe even more complicated since its verpurely physical system, to be treated within the theory ex-
logical frame is now under discussion. What about a series ddctly on the same footing as the rest of the environment. It
measurements which may be, or may not be, continued in thean then be modeled by an automatically functioning ma-
future, depending on a future decision? As for the EPR corehine, coupled to the recording devices and registering past
relation experiments, they can be reanalyzed within the hissensory data, as well as its own machine configurations. This
tory interpretation formalism, Ref. 118ee also Ref. 101 for leads Everett to the idea that “current sensory data, as well
a discussion of the Hardy impossibilities and the notion ofas machine configuration, is immediately recorded in the
“consistent contrafactuality); nevertheless, at a fundamen- memory, so that all the actions of the machine at a given
tal level, the EPR reasoning still has to be dismissed foinstant can be considered as functions of the memory con-
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tents only... .” Similarly, all relevant experience that the ob-time without even knowing it, should we see the state vector
server keeps from the past is also contained in this memoryf the universe as constantly branching at a really fantastic
From this Everett concludes that “there is no single state ofate?

the observer;...with each succeeding observdinnterac-

tion), the observer state branches into a number of different

states.... All branches exist simultaneously in the superpos}‘—/”' CONCLUSION

tion after any sequence of observations.” Under these con- antum mechanics is, with relativity, the essence of the
ditions, the emergence of well-defined results from experiyig conceptual revolution of the physics of the 20th century.
ments is not considered as a reality, but just as a delusion gfow, do we really understand quantum mechanics? It is
the mind of the observer. What the physical system doesyrobably safe to say that we understand its machinery pretty
together with the environment, is to constantly ramify itSwell; in other words, we know how to use its formalism to
state vector into all branches corresponding to all measurgnake predictions in an extremely large number of situations,
ment results, without ever selecting one of these branchegven in cases that may be very intricate. Heinrich Hertz, who
The observer is also part of this ramification process, thaplayed such a crucial role in the understanding of electro-
nevertheless has properties which prevent him/her to bring t;magnetic waves in the 19th centutiertzian waveg re-
his/her mind the perception of several of them at the samenarked that, sometimes, the equations in physics are “more
time. Indeed, each “component of the observer”’ remainsintelligent than the person who invented thertRef. 183.
completely unaware of all the others, as well as of the statdhe remark certainly applies to the equations of quantum
vectors that are associated with thémence the name “rela- mechanics, in particular to the Schifoger equation, or to
tive state interpretation). The delusion of the emergence of the superposition principle: They contain probably much
a single result in any experiment then appears as a consBlore s_ubstance that any of their inventors th_ought, for in-
quence of the limitations of the human mind: In fact, theStance in terms of unexpected types of correlations, entangle-

process that we call “quantum measurement” never takednent, etc. Itis astonishing to see that, in all known cases, the
place! equations have always predicted exactly the correct results,

How is an EPRB experiment seen in this point of view? inéven when they looked completely counterintuitive. Concep-

the Bohmian interpretation we emphasized the role of Sternlua"y’ the situation is less clear. One major issue is whether

Gerlach analyzers, in the nonlinear evolution interpretatior, not the present form theory of guantum mechanics is com-
y ' P lete. If it is, it will never be possible in the future to give a
that of the detectors and decoherence; here we have to e

) . i ore precise description of the physical properties of a
phasize the role of the correlations with the external Worldsingle particle than its wave functidor of two particles, for

on the mind of the two human observers. The state vectofgiance, in an EPR-type experimgrthis is the position of
will actually develop its Von Neumann chain through the the proponents of the' Copenhagen interpretation. If it is not,
analyzers and the detectors and, at some point, include theg@ure generations may be able to do better and to introduce
observers whose brain will become part of the superpositionsome kind of description that is more accurate.
For each choice of the settingsandb, four branches of the We have shown why the EPR argument is similar to Gre-
state vector will coexist, containing observers whose mindgjor Mendel's reasoning, which led him from observations
are aware of the result associated with each branch. So, tiperformed between 1854 and 1863 to the discovery of spe-
choice ofa has a distant influence on the mind of the seconctific factors, the genesthe word appeared only later, in
observer, through the definition of the relevant basis for thel909, which turned out to be associated with microscopic
Von Neumann chain, and nonlocality is obtained as a resulobjects hidden inside the plants that he studied. In both

It is sometimes said that “what is most difficult in the cases, one infers the existence of microscopic “elements of
Everett interpretation is to understand exactly what one doeigality” from the results of macroscopic observations. Men-
not understand.” Indeed, it may look simple and attractive agde! could derive rules obeyed by the genes, when they com-
first sight, but turns out to be as difficult to defend as tobine in a new generation of plants, but at his time it was
attack(see nevertheless Sec. 3 of Ref. 181, where the authdptally impossible to have any precise idea of what they re-
considers the theory as ambiguous because dynamical statilly could be at a microscopic levedr actually even if they
ity conditions are not consideredThe question is, to some WEre microscopic objects, or macroscopic but too small to be
extent, what one should expect from a physical theory, angeen with the techniques available at that fimetook al-
what it should explain. Does it have to explain in detail howr’nOSt a century bef_ore O T. Avery and coIIeagujﬂa@M)

. . ! showed that the objects in question were contained in DNA

we perceive results of experiments, and if so of what natur

. . : ?nolecules; late(1953, F. Crick and J. Watson illustrated
should such an explanatpn be? What is clt_aar, anyway, IS th?ltow subtle the microscopic structure of the object actually
the whole point of view is exactly opposite to that of the

o . ! o was, since genes corresponded to subtle arrangement of
proponents of the additional variables: The emphasis is puf, ,cleic bases hidden inside the double helix of DNA mol-

not on the physical properties of the systems themselves, bujes. We now know that, in a sense, rather than simple
on the effects that they produce on our minds. Notions suckyicroscopic objects, the genes are arrangements of objects,
as perceptioriRef. 180 speaks of “trajectory of the memory and that all the biological machinery that reads them is cer-
configuration’) and psychology become part of the debate.tainly far beyond anything that couid be conceived at Men-
But it remains true that the Everett interpretation solvesgel's time. Similarly, if quantum mechanics is one day
beautifully all difficulties related to Bohrian dichotomies, supplemented with additional variables, these variables will
and makes the theory at the same time simpler and moreot be some trivial extension of the other variables that we
pleasant aesthetically. Since the human population of earth iready have in physics, but variables of a very different
made of billions of individuals, and presumably since eachmature. But, of course, this is only a possibility, since the
of them is busy making quantum measurements all of théiistories of biology and physics are not necessarily parallel!
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Anyway, the discussion of additional variables leads to in-APPENDIX A: AN ATTEMPT TO CONSTRUCT A

teresting questions, which we have tried to illustrate in this‘SEPARABLE” QUANTUM THEORY

article by a brief description of several possible interpreta{NONDETERMINISTIC BUT LOCAL THEORY )

tions of quantum mechanics that have been or are still pro-

posed; some introduce additional variables that indeed have We come back to the discussion of Sec. Il B but now give

very special properties, others do not, but in any case thep botany; in this Appendix we consider a physicist who has

theory, at some stage, contains features that are reminiscegfmpletely assimilated the rules of quantum mechanics con-

of these difficulties. cerning nondeterminism, but who is skeptical about the es-
A natural comparison is with special relativity, since nei- S€ntial character of nonlocality in this thealgr nonsepara-

ther quantum mechanics nor relativity is intuitive; indeed,Pility; for a detailed discussion of the meaning of these

experience shows that both, initially, require a lot of thought!€MS, see, for instance, Refs. 21 and. Bb, this physicist

from each of us before they become intellectually acceptabldlinks that, if measurements are performed in remote regions

But the similarity stops here: While it is true that, the moreOf space, It Is more n_atural to apply 'the rules of quantum

one thinks about relativity, the more understandable it beM€chanics separately in these two regions. In other words, in

comes(at some point, one even gets the feeling that relativity2rde" {0 calculate the probability of any measurement result,

is actually a logical necessity!one can hardly say the same he/she will apply the rules of quantum mechanics in a way

thing about auantum mechanics. Nevertheless. amon a”.tpat is perfectly correct locally; the method assumes that it is
Ing ut quantu Ics. Nev ' 9 Irbossible to reason separately in the two regions of space, and

tﬂlegtual cons;rucﬂons of the hum?r: n;'n?l’ ﬂuanltum MCtherefore ignores the nonseparable character of quantum
chanics may be the most successful of all theories SinC&yentg(quantum events may actually involve both space re-
despite all efforts of physicists to find its limits of validitss gions at the same timeLet us take an extreme case, where
they do for all physical theori¢sand many sorts of specu- the two measurements take place in two different galaxies:
lation, no one for the moment h_as yet been abI_e to obtay@ur physicist would be prepared to apply quantum mechan-
clear evidence that they even exist. The future will tell us IfiCS to the scale of a ga|axy’ but not at an interga|actic scale!
this is the case; surprises are always possible! How will he/she then treat the measurement process that
takes place in the first galaxy? It is very natural to assume
that the spin that it contains is described by a state véotor
by a density operator, it makes no difference for our reason-
ing herg that may be used to apply the orthodox formula for
ACKNOWLEDGMENTS obtgining the probabilitigs Qf each poss!ble re_sult. If our ex-
perimenter is a good scientist, he/she will realize at once that
The first version of this text was written during a visit to It Is not & good idea to assume that the two-spin system Is
described by a tensor product of states of density opera-

the Institute of Theoretical Physics of the University of Cali- r9: this would never lead to any correlation between the
fornia at Santa Barbara, as a side activity during a session dgrs; y

Bose—Einstein condensation, making profit of the resencresur[S of measurements performed in the two galaxies.
; » maxing p .p ?herefore, in order to introduce correlations, he/she will as-
of A. Leggett and sharing an office with W. Zurek; the re-

. . ; sume that the states in questi@r the density operatorare
search was supported in part by the National Science Fou 9 ian y op d

. . . Yandom mathematical objects, which fluctuate under the ef-
dation under Grant No. PHY94-07194. The final version ofsot of the conditions of emission of the particlésr in-

the text was made during a visit to the Lorentz Center of th&ance The method is clear: For any possible condition of
University of Leiden, as a side activity during another seshe emission, one performs an orthodox quantum calculation
sion on Bose-Einstein condensation, two years later; Stigh each region of space, and then takes an average value over
Stenholm was kind enough to read the whole article and tgnhe conditions in question. After all, this is nothing but the
provide useful advice and comments. The intellectual stimuyniversal method for calculating correlations in all the rest of
lation of these two visits was wonderful! The author is a|SOphysics! We note in passing that this approach takes into
very grateful to William Mullin, Philippe Grangier, Jean account the indeterministic character of quantum mechanics,
Dalibard, S. Goldstein, Serge Reynaud, and Olivier Darrigobut introduces a notion of space separability in the line of the
for useful comment and advice; they stimulated the rewritingEPR reasoning. Our physicist may for instance assume that
of various parts of this text, sometimes of whole sections, fothe two measurement events are separated by a space-like
better clarity. Abner Shimony was kind enough to carefullyinterval in the sense of relativity, so that no causal relation
read several versions of this manuscript; the author is vergan relate them in any circumstance; this seems to fully jus-
grateful for all useful suggestions that he made at every stejify an independent calculation of both phenomena.

Many thanks are also due to Robert Griffiths for his com- Even if this is elementary, and for the sake of clarity, let
ments on the section on the history interpretation, as well ags give the details of this calculation. The fluctuating random
to P. Pearle and G. Ghirardi concerning the section on nonariable that introduces the correlations is callecand the
linear Schrdinger dynamics. It is hoped, but not necessarilydensity operator of the first spip;(\); for a direction of

true, that all these colleagues will agree with the present texfneasurement defined by the unit vectoithe eigenstate of

or at least most of it; if not, the scientific responsibility the measurement corresponding to restilt is denoted
should be considered as entirely that of the present author!/@). The probability for obtaining result- if the first
Finally, an anonymous referee made two long, carefumeasurementis made along directirs then written as:

and interesting reports containing several especially useful

suggestions, which were taken with gratitude. ) Pe(ad)=(+/alps(M)[+/a). (44)
LKB (Laboratoire Kastler Brosselis a “Unite Mixte In the same way, one writes the probability for the resut
CNRS,” UMR 8552. in the form:
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P_(a,\)=(—/a|pi(\)|—/a). (45)  From this, one can obtain the probability of obtaining two
results+1 along directions andb as:
If, instead of directiona, another different directiom’ is

chosen, the cr,;llculations remain the same and lead to two p (5 p)=> Cn p( +/a|pp| +/a)(+/b|py| +/b) (50)
functionsP..(a’,\). As for measurements performed in the n.p

second region of space, they provide two functidhdb,\)  (propabilities corresponding to the other combinations of re-
andP.(b,\). _ _ sults are obtained in the same wayhe right-hand side of
We now calculate the number which appears in the Belthis equation is not completely different from the sum over
theorem(BCHSH inequality, namely the linear combina- that was used above; actually it is very similar, since the sum
tion, as in(6), of four average values of products of results gyer the indices andp plays the same role as the sum over
associated with the couples of orientatiors k), (a,b’),  the different values ok. In fact, if all ¢, ,'s were real posi-
(a’,b),(a’,b’). Since we have assumed that results are altive numbers, and if all operatopg, andp,, were positive(or
ways*1, the average value depends only on the differencessemipositive operators, nothing would prevent us from do-

_ _ ing exactly the same reasoning again and deriving the Bell
AN =P (&N =P-(aN) (46) inequality; in other words, any combined system that is a
or statistical mixture(which implies positive coefficientsof
) , ) uncorrelated states satisfies the Bell inequalities. But, in gen-
A'(N) =Py (@’ \)=P_(a’',\) (47)  eral, the positivity conditions are not fulfilled, and this is
(with similar notation for the measurements performed in theoremsely why the quantum mechanical results can violate the

other region of spageand can be written as the average'nequal't'es'

value over\ of

, , . APPENDIX B: MAXIMAL PROBABILITY FOR A
A(N)B(V)+A(N)B/ (M) —A'(\)B(N)+A'(A)B (xz. | HARDY STATE
48

We are now almost back to the calculation of Sec. IVA2
with a little difference nevertheless: Tlés andB'’s are now
defined as probability differences so that their values are ndi
necessarily+1. It is nonetheless easy to see that they are all
betweent+1 and—1, whatever the value ofis. Letus fora  co¢ 6|+ ,+)+sin@cos[|+,—)+|—,+)] +sir? ] —,—),
moment considek, A, andA’ as fixed, keeping onl8 and (51)

B’ as variables; in the space of these variables, expressiQhich has the following scalar product with kitd):
(48) corresponds to a plane surface which, at the four corners ) ) ]
of the squar8=+1, B’ = + 1, takes values- 2A or +=2A’, cos’ fsinf—2 sing cos’ 6= —sin 6 cos 6. (52

which are betweert-2; at the center of the square, the planeThe requested probability is obtained by dividing the square

goes through the origin. By linear interpolation, it is clearof this expression by the square of the norm of the state
that, within the inside of the square, the function given byyector:

(48) also remains bounded betweer?; finally, its average ) ) ) )

value has the same property. Once more we find that the Bell ., sif fcos' 6 sin? 6(1—sir? )

theorem holds in a large variety of contexts! - 2cog O+sit o 2—sirf 0
Since we know that quantum mechanics as well as experix

ments violate the Bell inequality, one may wonder what wen

wrong in the approach of our physicist; after all, his/her rea-

soning is based on the use of the usual formalism of quantum

mechanics. What caused the error was the insistence of tres&PPENDIX C: PROOF OF RELATIONS (17) AND

ing the measurements as separable events, while orthodgx8)

guantum mechanics requires us to consider the whole two- )

spin system as a single, nonseparable, system; in this system L€t us start with the ket:

no attempt should be made to distinguish subsystems. The TY=|+,+,+)+7]—,—.,—), (54)

only correct reasoning uses only state vectors/density opera-

tors that describe this whole system in one mathematicavrhere

In this Appendix we give more details on the calculations
‘of Sec. IV B; the two-particle state corresponding to the mea-
urement considered i) is the tensor product of ké®) by
s correspondent for the second spin:

(53

plot of this function shows that it has a maximum of about
.09.

object. This example illustrates how it is really separability n=*1. (55)
and/or locality which are at stake in a violation of the Bell .
inequalities, not determinism. We wish to calculate the effect of the product operator

It is actually instructive, as a point of comparison, to makecd1xo2y03y 0N this ket. Since every operator in the product
the calculation of standard quantum mechanics as similar egommutes with the two others, the order in which they are
possible to the reasoning that led to the inequdl§). For  applied is irrelevant; let us then begin with the operator as-
this purpose, we notice that any density operatasf the  sociated with the first spin:

whole system belongs to a space that is the tensor product of Wy=2g]+ )
the corresponding spaces for individual systems; thergfore 1+ 7T )
can always be expanded as: oo )=t 1), 5
> [pn(1)®pp(2)] 49) which provides
p= Cnplp ®p _ |
e p o W)=V )=7[+,—,—)+]|—,+,+). (57)
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of a single particle! Applying the cloning process to the
second particle of an EPR pair, one could then make a large
number of perfect copies of its state; in a second step, one

For the second spin,
0'2+|\I">=277|+,+,—>,

oy |UY=2|—,—,+), (58)  could perform a series of measurements on each of these
copies, and progressively determine the state in question
so that X ; ) o
with arbitrary accuracy. In this way, the possibility for su-
1 erluminal communication would be restored! But, in reality,
oo W) =[V")= i_(”| oo ml=mt). (69 guantum mechanics does not allow either for such a perf)éct
. . o reproduction of quantum statéRefs. 108 and 109 for in-
Finally, the third spin gives stance, if one envisages using stimulated emission in order to
o3, |W"y==2ig|+,+,+), clone the state of polarization of one single photon into many
MW el (60) copies, the presence of spontaneous emission introduces
o3 [W")=+2i[—,—,—), noise in the process and prevents perfect copying. A discus-
which leads to sion of multiparticle cloning is given in Ref. 110.
ooy | W)= — |+, +)—| =, =, =)= — 7| ¥) 61) This, nevertheless, does not completely solve the general

question: Even without cloning quantum states, that is only

(sincen?=1). Indeed, we find that¥) is an eigenstate of the with the information that is available in one single measure-

product of the three spin operatasg, o, 03, , with eigen-

ment in each region of space, it is not so obvious that the

value — . By symmetry, it is obvious that the same is true instantaneous reduction of the wave packet cannot be used

for the product operators,,o,,03, and o1y oo oy
Let us now calculate the effect of operawy, o073, ON
|W); from (58) we get

o) =[¥")=(g[+,+,—)+|—,—,+)) (62)
so that

o3| P"y=29|+,+,+),

0'3,|\I’W>:2|_,_,_>, (63)
and, finally,

ou W) =g+, +,+)+ |-, -, ) =7[P). (64)

The change of sign betwegiBl) and (64) may easily be

for superluminal communication. After all, it is possible to
repeat the experiment many times, with many independent
pairs of correlated particles, and to try to extract some infor-
mation from the statistical properties of the results of all
measurements. The EPR correlations are very special and
exhibit such completely unexpected propertiesy., viola-
tions of the Bell inequalities Why not imagine that, by
using or generalizing EPR schem@sore than two systems,
delocalized systems, etcone could invent schemes where
superluminal communication becomes possible? Here we
show why such schemes do not exist; we will sketch the
general impossibility proof in the case of two particles

two regions of spagebut the generalization to more systems

understood in terms of simple properties of the Pauli spirin several different regions of space is straightforward.

operatorganticommutation and square equal to pne

APPENDIX D: IMPOSSIBILITY OF SUPERLUMINAL
COMMUNICATION AND OF CLONING
QUANTUM STATES

Suppose that, initially, the two remote observers already
possess a collection of pairs of correlated particles, which
have propagated to their remote galaxies before the experi-
ment starts. Each pair is in an arbitrary state of quantum
entanglement, and we describe it with a density opejator
a completely general way. The first observer then chooses a

In EPR schemes, applying the reduction postulate projectsettinga or, more generally, any local observakig to mea-
the second particle instantaneously onto an eigenstate corgyre; the second observer is equally free to choose any local
sponding to the same quantization axis as the first MeasUrphservabledy,, and may use as many particles as necessary

ment. If it were possible to determine this state complet_elyto measure the frequency of occurrence of each résalt
superluminal communication would become accessible;

From this state, the second experimenter could calculate th%mbab'“t'es' the qgesﬂon IS whether the second ppserver
direction of the quantization axis to which it corresponds,Can €xtract some information 0@, from any statistical
and rapidly know what direction was chosen by the firstP"OPerty of the observed results. The impossibility pro_of re-
experimentef® without any special effect of the distance, for lies on the fact that all operatofsbservablescorresponding
instance even if the experimenters are in two different rel0 one of the two subsystems always commute with all op-
mote galaxies. This, obviously, could be used as a sort ogrators corresponding to the other; consequently, for any
telegraph, completely free of any relativistic minimum delaychoice of the operators, it is always possible to construct a
(proportional to the distance covejedhe impossibility for ~ common eigenbasif ¢, 6;)} in the space of states of the
superluminal communications therefore relies on the impostwo-particle system, where the,)’s are the eigenstates of
sibi!ity of a C(_)mp_lete detgrmination of a quantum state fromoA and the|0j)’s are the eigenstates @g. We can then

a single realization of this state. Such a realization allowsg|cy|ate the probability of sequences of measurement where

only one single measurement, whicaimost alwayk per- e first operator obtains resuty, (corresponding, if this
turbs the state, so that a second measurement on the Same . v alue is degenerate. to some rabgefor the indexk)
state is not feasible; there is not, and by far, sufficient infor- 9 9 ’ .
mation in the first measurement for a full determination ofand the second resu, (corresponding to rang®, for
the quantum state—see the discussion in Sec. V D. indexj). But, what we are interested in is slightly different:

NOW, Suppose for a moment that a perfect “C|Oning” Of The probablllty that the Second Obsel’ver W|" Obtain eaCh
quantum states could be performed—more precisely the muresult B,, after a measurement performed by the other ob-
tiple reproductior{with many particlesof the unknown state server, independent of the resAlt,, since there is no way to
F. Laloe 694
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have access to this result in the second galaxy; our purposetisey act in the space of states of the same particle. We are
to prove that this probability is independent of the choice ofnow dealing with a generalization of the notion of partial

the operatoO, . trace, which is no longer related to the existence of different

Mathematically, extracting the probabilities concerningsubsystemsit may actually apply to one particle onlybut

the second observer only amounts to summing over all pogo two different sets of operators acting in the same space of
sible resultsA,, with the appropriate weightprobabilities; states. If all operators of one set commute with all operators
this is a classical problem, which leads to the notion of “par-Of the second set, the notion of partial trace can indeed be
tial trace” pg over the variables of the subsystefn This  transposed, and it turns out that the final result is independent

operator acts only in the space of states of syseand is  Of the operator that was chosen in the first set in order to
defined by its matrix elements: calculate the trace. This allows one to prove that the infor-

mation available in one region of space is completely inde-
pendent of the kind of measurement performed in the other.
(61l pgl 9i>:§k: (@, bilplex. 0;). (65) Indeed, quantum mechanics is not contradictory with relativ-

ity!

It contains all information that the second experimenter

needs for making predictions, exactly as from any ordinary

density operator for an isolated system; for instance, th&PPENDIX E: MANIPULATING AND PREPARING

probability of observing resuB,, is simply ADDITIONAL VARIABLES

P(Bn>=Tr[ > 1661 ps

] Using the hydrodynamic equations associated with the
ieD, '

(66)  evolution of the wave function, in order to guide the evolu-
tion of the additional variable§ositiong, may look like a
Equations(65) and (66) can be derived in different ways. Vvery natural idea. In other fields of physics, it is known that
One can for instance use formula?), if it has been proved the hydrodynamic equations can be obtained by taking aver-
before. Otherwise, one can proceed in steps: One first exdges of microscopic quantities over positions and velocities
pandsp in terms of projectors onto its own eigenstajdg), ~ of point-like particles; there is some analogy between the
with positive eigenvalues; one then applies the wave packetuiding term and the force term in Landau-type kinetic equa-
reduction postulate to ea¢#,) separately in order to get the tions, where each particle is subject to an average force pro-
probability of any sequence of results; one finally performsPortional to the gradient of the density for instance. Never-
the sum ovel as well as the appropriate sum over indikes (h€less, here we are dealing with a single particle, so that the
(unknown resultandj (if the observed eigenvalue is degen- 9iding term cannot be associated with interactions between
erate in order to obtain the “reduced probabilities”—by Particles. Moreover, we also know from the beginning that
these words we mean the probabilities relevant to the secorf@ther unusual properties must be contained in the guiding
observer, just after the other has performed a measurement fuations, at least if the idea is to exactly reproduce the

O,, but before it has been possible to communicate the reredictions of usual quantum mechanics: The Bell theorem

sult to the second by some classical channel. This calculatiopiat€S that the additional variables have to evolve nonlocally
in ordinary three-dimensional spa¢en the other hand, in

provides the above expressions. h f i f1h t th ve |
From formula(65), one might get the impression that the € contiguration space of the system, (n€y may evolve fo-
cally, exactly as for the state vectoin other words, the

fhartt'?rl] trac_e depengs on éhe ChO]I‘Ce of the bﬁﬁﬁﬂr’] S0 additional variables must be able to influence each other at
at there Is some dependence of operapbn the choice o, arbitrary distance in real space. Indeed, in the Bohmian

of Ox. This is a false impression: In fact, a simple algebragqyation of motion of the additional variables, the velocity of
shows that the sum contained in the partial trace is comy particle contains an explicit dependence on its own posi-
pletely independent of the basis chosen in the traced space gfn as expected, but also a dependence on the positions of
states; it does not even matter if the first experimenter hagy| the other particlefassuming that the particles are en-
performed any experiment or not. Therefore, the second eXzngleq. This is not a problem in itself: As mentioned in the
perimenter receives exactly the same information, commain text, one can consider that making nonlocality com-
pletely independent of the decisions made by the first experigjetely explicit in the equations is actually an advantage of
menter; no superluminal communication is possible. Bohmian mechanics.

Finally, one could object that it is not indispensable to Byt one also has to be careful when this nonlocal term is
have one system located in one region of space, the other |Rcjyded in the equations of motion: Since relativity is based
the second region, as we have assumed until now; each gf, the idea that it is totally impossible to send a message at
them could perfectly well be delocalized in a superpositiong velocity exceeding the velocity of light, one must avoid

of states in different locations. Does the proof hold in thisteatyres in the theory that would create conflicts with this
case? Yes, it does, after some modification. In this case, onginciple. We must distinguish two cases, depending on

should now associate the lettékandB, as well as operators \hether we consider influences on the additional variables
O and Og, not to subsystems as before, but to measurethat are direct(one modifies them “by hand,” in a com-
ments performed in each region of space. Each relevant opletely arbitrary way, as for instance the position of a billiard
erator can then be put between two projectors onto states thgll), or indirect(applying external fields changes the Hamil-
are localized either in the firgprojectorP,), or the second tonian of the system, and therefore modifies the evolution of
(projector Pg), region of space. Sinc@, and Pg are or-  the wave function so that, in turn, the evolution of the addi-
thogonal, it is then simple to show that all operators withtional variables is affectgdin the latter case, one can check
index A commute with all operators with inde® (this is  that the nonlocal Bohmian term creates no problem: It cannot
similar, in field theory, to the commutation of field operatorsbe used to transmit instantaneous information through the
that are outside mutual light coneghis remains true even if additional variables. This is a general result, which holds
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simply because the statistical predictions of Bohmian theonactually, it has been proposed by Gell-Mann and Hartle to
are equivalent to usual quantum mechanics, which itself doegive a fundamental role to families that satisfy consistency
not allow superluminal communication. But assume for in-conditions in only an approximate wdRef. 169, but here
stance that we could manipulate directly the additional variwe leave aside this possibility and consider only exact con-
able attached to a particle belonging to an EPR correlatedistency conditions. Let us assume for instance that the sys-
pair, in a completely arbitrary wageven at a microscopic tem under study is a particle propagating in free space; the
scalg, and without changing the wave function; then, thevarious projectors may then define ranges of positions for the
“quantum velocity term” acting on the additional variables particle, playing a role similar to diaphragms or spatial filters
of the other particle would instantaneously be affected, anih optics that confine an optical beam in the transverse direc-
so would its subsequent position in space; since that particléon. Then the consistency condition will appear as similar to
may be in principle at an arbitrary distance, one could us& noninterference condition for the Huyghens wavelets that
this property to send messages at a velocity exceeding there radiated by the inner surface of each diaphragm. But we
velocity of light. The conclusion is that such manipulationsknow that diffraction is unavoidable in the propagation of
should be considered as impossible: The only possibléight; even if it can be a very small effect when the wave-
source of evolution of the additional variables has to be théength is sufficiently short and the diaphragms sufficiently
wave function dependent term. broad, it is never strictly zero. Can we then satisfy the non-
If the additional variables cannot be directly manipulatedinterference conditions exactly? The answer is not obvious.
at a microscopic scale, can we then somehow filter them in & turns out to be yes, but it is necessary to exploit the enor-
range of values, as one does for the state vector whe®zhe mous flexibility that we have in the choice of subspaces and
component is filtered in a Stern—Gerlach apparatus? Supposgeojectors in a large space of states, and not to limit our-
for instance that we could, for a particle in an eigenstate ofelves to projectors over well-defined positions only. To un-
the Oz component of its spin, select the values of the addi-derstand why, we now briefly sketch one possible systematic
tional variable that will correspond to a resultl in a future  method to construct consistent families of histories.
measurement of th©x component; were such a selection The simplest method is to guide the construction on the
possible with the help of any physical device, the theory withstructure of(43), and to introduce the eigenstates,) of the
addltlonal VarlableS Would 0bV|OUSIy no |Onger be Com'density operatop(to) (a Hermitian Operator can a|Ways be

pletely equivalent to standard quantum mecharitbss is . . . ~ ]
because, within orthodox theory, if a spin 1/2 particle is ini-912g0nalizedt let us then define the operatdeg,, (t;) as:

tially selected into the+1 spin state by arOz oriented A o0, 0
i i ible  P1n(t)=len) eyl (67)
Stern—Gerlach apparatus, it becomes completely impossible " 1n\'1 n/\®nl»

to make any prediction on the deviation observed later in afyhich is equivalent to assuming that their Sakirger coun-
Ox oriented Stern—Gerlach appargtuBheories such as that terparts P;; are the projectors over the states that have

developed in Ref. 4 include this as a possibility; indeed, if it o\ . .

is everpdemonstrated experimentally, Ft)here willybe very gooaeVOIVed from the|9°”_> S from “T“e to 10 tm1_e tl'. Becagse
reasons to abandon standard quantum theory in favor df(to) iS Of course diagonal in its own basis, this choice al-
theories with additional variables! Of course, we cannot pref€ady ensures the presence of a faefgr; , on the right-

dict the future and conceptual revolutions are always poshand side 0f43). Now, we can also assume that tﬁgjz’s

sible, but for the moment it may seem safer to provide theye defined as the projectors over the states that have evolved
additional variable theories with features that make then}rom the |¢0)’s from time t, to time t,, so that a relation
equivalent to orthodox theory. In this perspective, it becomesimilar to (6‘7) is acain obtained: this will ensure. not onl
necessary to assume that the additional variables can neither 9 C S y
be manipulated directly nor filtered, as opposed to the stat e presence of factor&‘,z'jz, on the right-hand side d#3),
vector. In other words, the additional variables describe aput actually also the appearance of a delta funcipn;..
objective reality, but at a different level from the reality of The procedure can be repeated as many times as needed, and
the field of the wave function, since only the latter can bejn this way a consistent family is built.

influenced directly by human decisions. It is nevertheless a very special family, for several reasons.
The first is that each projector corresponds to a subspace of
dimension one only, which corresponds to histories that are
“maximally accurate;” the second is that most histories of
the family have zero probability: In fact, only those with

This Appendix provides a discussion of the consistency™12=13=:-- aré possible, which means that the only ran-
condition (43). First, we should mention that other condi- domness occurs at timg, and that all subspaces at later
tions have been proposed and used in the literature; in thémes are then perfectly determined. The description that we
initial article on historiesRef. 15, a weaker condition in- obtain is, in a sense, trivial: Initially, the system is in one of
volving only the cancellation of the real part of the left-handthe eigenstates that are containegi(i), and then evolves
side of (43) was introduced. For simplicity, here we limit deterministically from this initial state.
ourselves to the stronger conditi¢d), which is a sufficient But it is possible to make the family less singular by
but not necessary condition to the weaker form; it turns ougrouping together, for each tinte, several projectors into
that, as noted in Ref. 178, it seems more useful in this conene single projector; different associations of projectors may
text to introduce selectivity than generality in the definition be used at different times. In this way, the description of the
of consistent histories. evolution of the state within this family becomes less accu-

At first sight, a natural question that comes to mind israte, but also less trivial since projectors at different times
whether or not it is easy, or even possible at all, to fulfill are no longer associated pair by pair. On the other hand, it is
exactly the large number of conditions contained(43); possible to see that this grouping of projectors has not de-

APPENDIX F: CONSTRUCTING CONSISTENT
FAMILIES OF HISTORIES
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stroyed the consistent character of the family; of course,

other methods for constructing consistent families are also,

possible.

NOTES (indicated in the text by superscript9

!n this article, we will not make any distinction between the words “wave
function” and “state vector.”

2As we discuss in more detail in Sec. VIB, we prefer to use the words
“additional variables” since they are not hidden, but actually appear di-
rectly in the results of measurements; what is actually hidden in these;
theories is rather the wave function itself, since it evolves independently of
these variables and can never be measured directly.

3It is amusing to contrast the titles of Refs. 8 and 16.

“For instance, the nonlocality effects occurring with two correlated particles
can be seen as a consequence of the fact that the wave function propagat
locally, but in a six-dimension space, while the usual definition of locality
refers to ordinary space which has three dimensions.

50One should probably mention at this point that quantum mechanics can

indeed be formulated in a way which does not involve the configuration
space, but just the ordinary space: the formalism of field operé&orse-
times called second quantization for historical reagohke price to pay,
however, is that the wave functidga complex numbeiis then replaced by

an operator, so that any analogy with a classical field is even less valid.

%Here we just give a simplified discussion; in a more elaborate context, one

would introduce, for instance, the notion of intersubjectivity, etc., Refs. 8,
21.

2lin Bell's notation, theA functions depend on the settingandb as well

as on\.

2Schradinger used to remark that, if all students of a group always give the
right answer to a question chosen randomly by the professor among two,
they all necessarily knew the answer to both questiansl not only the

one they actually answer

Z0ne could add that the EPR disproval of the notion of incompatible
observables implies that, at least, two different settings are considered for
one of the measurement apparatuses; this should correspond, in Bohr’s
view, to two different physical realitieevery different couple,b actu-

ally corresponds to a different physical realjtgnd not to a single one as
assumed in the EPR reasoning.

“If Bohr had known the Bell theorem, he could merely have replied to EPR
that their logical system was inconsistésee Sec. IVA #

%I this reference, Wigner actually reasons explicitly in terms of hidden
variables; he considers domains for these variables, which correspond to
given results for several possible choices of the settings. But these do-
mains also correspond to categories of pairs of particles, which is why,
here, we use the notion of categories.

%n terms of the Mendel parable: an observation of a violation of the Bell
inequalities would imply that something inside both péaaybe a pair of
DNA molecules? remains in a coherent quantum superposition, without
decoherence, even if the distance between the peas is large.

?IIn fact, the reasoning just requires that the pair,+1 is never obtained,

and does not require any statement abedt—1.

®But, if the product is fixed, each of the individual components still fluc-
tuates with a 100% amplitude, between restits and —1.

2

e

2

2The ideal GHZ experiment would therefore involve only measurements

"We implicitly assume that the two observers use the same space—time of commuting observables, i.e., products measured directly without mea-
referential; otherwise, one should apply simple mathematical transforma- suring each factor separately. In practice, it is probably easier to measure
tions to go from one state vector to the other. But this has no more con- each factor in the product; if all four products are needed, this necessarily
ceptual impact than the transformations which allow us, in classical me- implies successive measurements of incompatible observables with dif-
chanics, to transform positions and conjugate momenta. We should add ferent experimental setups; the price to pay, then, is that loopholes such as

that there is also room in quantum mechanics for classical uncertainties the “biased sample loophole(Sec. VA may be opened again in the

arising from an imperfect knowledge of the system; the formalism of the

interpretation of the results.

density operator is a convenient way to treat these uncertainties. Here, wé°This can easily be checked from the well-known properties of the Pauli

intentionally limit ourselves to the discussion of wave functidpsre
states.

8Normally, in physics, informatiorfor probabilitie$ is about something!
(Meaning about something which has an independent reality, see for in-
stance Sec. VIl of Ref. 28.

SProponents of the orthodox interpretation often remark that one is led to
the same experimental predictions, independently of the exact position of
this border, so that any conflict with the experiments can be avoided.
with, of course, the usual proviso: short quotations taken out of their

matrices; the minus sign for the third column comes from the product of
the twoi’s, arising from the relatiow,oy=io,; on the other hand, in the
third line one gets X(—i)=1 because of the change of order of the
operators.

3Another intuitive way to understand why experiments where most pairs

go undetected are useless for a violation of the inequality is the following:
If one associates zero with the absence of result, the occurrence of many
zeros in the results will bring the correlations rates closer to zero and the
combination will never exceed 2.

context may, sometimes, give a superficial view on the position of their s2p perfect correlation between the detections on each Gidan ideal

authors.

1) ater, Heisenberg took a more moderate attitude and no longer com-
pletely rejected the idea of wave functions describing some physical re-
ality.

20ne could add “and of external observers.”

Maybe not so obvious after all? There is an interpretation of quantum

mechanics that precisely rests on the idea of never breaking this chain: the

Everett interpretation, which will be discussed in Sec. VI E.

The title of Ref. 37 is indeed suggestive of this sort of interpretation;
moreover, Wigner writes in this reference that “it followfrom the
Wigner friend argumentthat the quantum description of objects is influ-
enced by impressions entering my consciousness.” At the end of the
article, he also discusses the influence of nonlinearities which would put
a limit on the validity of the Schidinger equation, and be indications of
life.

5This is for instance the purpose of theories with a modified nonlinear
Schralinger dynamics: providing equations of motion where during mea-

surements all probabilities dynamically go to zero, except one that goes to,

1.
18Born’s mistake, therefore, was to confuse assumptions and conclusions.

experiment with parametric generation of photons for instamesuld
provide another possible scheme for a loophole free experiment—this, of
course, implies that two channel detectors with a 100% efficiency are
used on both ends of the experiment. In itself, the fact that any click at
one side is always correlated with a click at the other, independent of the
settingsa andb, is not sufficient to exclude a setting dependence of the
ensemble of detected pairs. But, if one assumes locality at this stage also,
a simple reasoning shows that a perfect detection correlation is sufficient
to ensure the independence: How could a particle on one side “know”
that it belongs to the right subensemble for the other particle to be de-
tected, without knowing the other setting? In other words, locality argu-
ments may be used, not only for the results of the apparattlses$unc-
tionsA andB), but also in order to specify the ensemble of observed pairs
(the distribution functiorp). Under these conditions, the observatiam
some future experimenbf a violation of the Bell inequalities with a
perfect detection correlation would be sufficient to exclude local theories,
and therefore to close the loophole.

SFor instance, in the proof that makes uses of a probability dep§ky,

if one assumes tha and b become two functiong(\) and b()\), it

"These words are carefully defined by the authors of the theorem; see the makes no sense to compare the average values for different fixed values

beginning of Sec. Il B 3.

®The contradiction in question occurs through the Bell theofetrich is
therefore sometimes criticized for the same reaswhich was intro-
duced as a continuation of the EPR theorem.

®Here we will use the words “settings” and “parameters” indifferently.

20We are assuming here that the computers are not quantum comiiters
qguantum computers can ever be built, which is another quegstion
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of aandb.

34n an all-or-nothing coherent state, all spins are not necessarily up in the

first component of the state vector, while they are down in the second;
what matters is that every spin changes component from one component
to the other and reaches an orthogonal stite quantization axis of
every spin is not even necessarily the same

3We could also have assumed that the photon is focused so that it can
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interact only with one sort of atoms, but is not scattered by the other, etc., the usefulness of completing it with the history interpretation is not
without changing the conclusion of this discussion. obvious.

36The formalism of the density operator, or matrix, is elegant and compact,*Note that what is envisaged here is communication through the choice of
but precisely because it is compact it sometimes partially hides the physi- the settings of the measurement apparatuses; this makes sense since the
cal origin of the mathematical terms. The density matrix allows one to settings are chosen at will by the experimenters; on the other hand, the
treat in the same way classical probabilities, arising from nonfundamental results of the experiments are not controlled, but random, so that they
uncertainties and imperfect knowledge of a physical system, and purely cannot be directly used as signals.
guantum probabilities which are more fundamental and have nothing to®*The “cloning” operation is not to be confused with the preparation of a
do with any particular observer. But mathematical analogies should not series of particles into the same known quantum state: This operation can
obscure conceptual difficulties! be performed by sending many spin 1/2 half particles through the same

"For filtering a spin state, one obviously needs to use a nondestructive Stern—Gerlach magnet, or many photons through the same polarizing
method for detection after the Stern—Gerlach magnet. One could for in- filter. What is theoretically impossible is to perfectly duplicate an initially
stance imagine a laser detection scheme, designed in such a way that theunknown(and arbitrary state.
atom goes through an excited state, and then emits a photon by returning
to thg same internal ground s_ta(tdoseq'optlcal pumping cyclg—thls 'S REFERENCES (indicated in the text by “Ref.” )
possible for well-chosen atomic transition and laser polarization

%Here, we assume that all measurements are ideal; if nonideal measure-
ments are considered, a more elaborate treatment is needed. Electronic mail: franck.laloe@Ikb.ens.fr

This can be done for instance by successive applications of the postulate'N. Bohr, “The Solvay meetings and the development of quantum me-
of the wave packet reduction and the evaluation of conditional probabili- chanics,” Essays 195862 on Atomic Physics and Human Knowledge
ties. Note that we have not restored the norm of any intermediate state (Vintage, New York, 1968 Atomic Physics and the Description of Na-
vector to 1, as opposed to what one usually does with the wave packet _ture (Cambridge U.P., Cambridge, 1930
reduction; this takes care of intermediate probabilities and explains the 2J- von NeumannMathematical Foundations of Quantum Mechanics

simplicity of result(36). 3(Princeton U.P., Princeton, 19}55 _ _ '
“%Let U(t,to) be the unitary operator associated with the evolution of the “J- S. Bell, “On the problem of hidden variables in quantum mechanics,”
state vector between timig and timet,, in the Schrdinger point of Rev. Mod. Phys38, 447-452(1966); reprinted inQuantum Theory of

Measurementedited by J. A. Wheeler and W. H. ZuréRrinceton U.P.,

view. If P is any operator, one can obtain its transfoRft) in the Princeton, 1988 pp. 396—402.

“Heisenberg point of view”T by the unitary transformatior®(t) “D. Bohm and J. Bub, “A proposed solution of the measurement problem
=U'(L,to)PU(t,tg), where U'(t,to) is the Hermitian conjugate of i guantum mechanics by a hidden variable theory,” Rev. Mod. P38s.
U(t,to); the new operator depends in general on tigreven if this is not 453-469(1966.
the case for the initial operator. 5D. Bohm and J. Bub, “A refutation of the proof by Jauch and Piron that
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