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The nature of Einstein's objections
to the Copenhagen interpretation
of quantum mechanics
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SUMMARY .

In whatfollows, | examinethreemain points which may help us to understandhe
deepnatureof Einstein'sobjectionsto quantummechanicsAfter having played a fundamental
pioneerrole in the birth of gquantumphysics, Einstein was, as it is well known, far less
enthusiasti@boutits constitutionas a quantummechanicsand,since 1927, he constantlyargued
againstthe pretentionof its foundersand proponentsto have settleda definitive and complete
theory.l emphasizéirst the importanceof the philosophicalclimate,which was dominatedby the
Copenhagenrthodoxyard Bohr'sideaof complementarity whatEinstein was primarily reluctant
to wasto accepthe fundamentatharacteiof quantunmechanicas such,andto modify for it the
basicprinciplesof knowledgel thus stresghe main lines of Einstein'sown progranme in respect
to quantumphysics,which is to be consideredn relationwith his other contemporaryattempts
andachievementsFinally, | show how Einstein‘'sargumentswhendealingwith his objections,
havebeenfruitful andsomeof them still worthy, with regardto recentdevelopmentgoncerning
local non-separabilitaswell asconcerninghe problemsof completenesandaccomplishmenbf
quantuntheory.
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INTRODUCTION

The true natureof Einstein'swell-known oppositionto the standard
interpretation of quantummechanicshas most often been underestimatedor
misunderstoodMost of the quantumphysicists, i.e. physicistsworking in the
domainof quantumphenomengcondensednatter, atomic, nuclear and particle
physics)seemto admit thatin the Einsten-Bohr dialogueit was indeedBohr who
was right and that Einstein's positionwas, as he himself expressedn his own
terms,"an effectof fossilisationl. Max Born'scommentarieso the edition of his
correspondenceith Einsteinwitnessthis incomprehensn which haslastedsince
the actual establishmentf quantummechanicsj.e. the years 1925-1927."The
Einsteinof to-dayis changed"Bornwrote in the Schilppvolume,andhe opposed
Einsteinlate sayingin 1944that, contraryto Born believingin a God playingdices,
he (Einstein)tried "to graspin a wildly speculativeway" the "perfectlaws in the
world of things existing as real objects2, to the young Einstein who "used
probability asa tool for dealingwith naturejust like any scientific device'3, and
who was an empirist as much as Born and his quantumcolleagueswere now.
Obviouslytherewas herea deep misunderstandingthe natureof which | have
discussed elsewhere, about the true nature of Einstein's "constructive"
contributionsto quantuntheory4. Otheroutstandingphysicistswho contributedto
the edification of quantummechanics,such as Heisenberg,for example, had
similar conceptions(Pauli, althoughhe adheredo the orthodox position, had a
more nuanced understandingof Einstein's dissadisfaction with quantum
mechanics)At best, they did not understandwvhy one of the most prominent
pioneerof quantunphysicsdid not acceptthe theorywhenit establishedtself on
what they thoughtwere firm basesand manifesteditself as the most poweful
theoryin thehistoryof physics.Amongthe physicistsof the nextgenerationwho
sharedthis conviction,receivedfrom their mastersPais'accountof the subjectis
typical. His book, Subtleis the Lord, which is probablythe most completeand
authoritativescientificbiographyof Einstein,andwhich dealswith greatdetail with
Einstein's contributions to early quantumtheory, is rather succinct when he
considersthe caseof Einstein'sdiseasewith quantummechanicsand, in my
opinion,diminishestheinterestof Einstein’'sobjectionsasregardamprovementsn
our comprehensiorof quantummechanics.Speakingof the Einstein-Podolsky-
Rosenpaperof 1935, Pais concludeghatit "containsneithera paradoxnor any
flaw of logic” (I agreewith thatpat of thestatementandthat: "it simply concludes
thatobjectivereality is incompatiblewith theassumptiorthatquantummechanicgs
complete.This conclusionhas not affectedsubsequentievelopementn physics,
andit is doubtfulthatit everwill." And Paisaddsthefollowing : "He (Bohr) did
not believe that the Einstein-Podolsky-Rosepapercalled for any changein the
interpretatiorof quantummechanicsMost physicists(myselfincluded)agreewith
thisopinion.'s

1 |etterto Max Born, 7.11.1944jn Einstein,Born, 1969.
2 | etterto Max Born, 7.11.1944in Einstein,Born, 1969.
3 Born(1949),in Schilpp1949,p. 176.

4 Paty,to bepublishedchap.3.

S Pais1982, p.456.



Theaim of the presenparer is, contraryto these'dominant” conceptionsto
proposea different understandingf Einstein'sobjectionsto quantummechanics,
in giving Einsteinthecreditthathis positioncanbedifferent from a mereadherence
to a conservativeand obsoleteview on physics. This aimis twofold. It hasfirst a
historical dimension,becausewve need,in order to graspthe very essenceof
Einstein's objections, to place them in the context in which they have been
formulated which canbe characterizedyrossly as the "complementaritycontext";
we needalsoto regardEinstein'sargumentatioron quantummechanicsn thelight
of his own researctprogrammein physicsat the sametime. The otheraim of this
paperis moreepistemologicalpr evenphysical,althoughit is comectedalsowith
historicalmatters: contraryto Pais'opinion, the objectionsof Einsteindid havean
effect on our understandingof quantum mechanics,and | will essentially
concentrateon thatpoint. This "positive" effect consistsof makingus realize the
natureof a specificquantumconceptwhich had not beenfully perceivedas such
beforeEinstein'sargumentatiomndthedevelopmentpermittedby it : this concept
is non-separabilitypr, morepreciselyJocal non-separability.

THE CONTEXT OF COMPLEMENTARITY

I will not enterinto many details about the context of complementarity,to
which Einstein reacted by his objections to quantum mechanics and its
interpretationas| havedealtelsewherevith thattopic. | will merelysummarizea
few elementof theanalysis.

The edification of quantum(or wave) mechanicsasa formal theory has been
very fast, in the years1924-1927 .Its startingpoint was Einstein's 1917 semi-
classicaltheory,andit keptthetwo featuresEinsteinwas dissatisfie with, as he
expresseth thatpaper. the wave-particleduality of light, andthe probabilisticor,
equivalentlyfor him, thestatistical characteof the predictions Einsteinhadhoped
that, in this lastrespectthetheoryin progresswould provide a causalprediction
for theamplitudesof emissionandabsorptionthis was not really the case at least
from a fundamentajpoint of view, asthe quantumtheoryof radiation,which was
being developpedat the sametime, baseditself on the quantum mechanial
formalism. Now, the theory, presentedn a formal way, was consideredby its
proponentso bedefinitive andcomplete;'not subjectto any further modification”,
in thetermsof Born andHeisenber§ It includedthetwo previous"weak points”
as cornersones of the formal building, which Bohr's conception of
complementarity,presentedat the 1927 Solvay Conference,justified from a
fundamentalpoint of view, calling for a new philosophyof knowledge.At this
stage,we meetalso with the problemof "intempretation”,which appears,in the
view of the Copenhagen-Géttingeschool, as physically necessaryo complement
an abstractmathematicaformalism,but which was, in fact, a mixture of physical
intepretation of axiomatic statements and mathematical symbos and of
philosophicalbropositionsuchasthe principle of complementarityitself (andalso
theconsideratiorthatphysicalreality, in Heisenberg'®wn words, is only defined
"atthevery momentof observatior?).

Onecanthenfollow the seriesof objectionsput forward by Einstein,which

6 pPaty 1985, etto be published.
7 BornandHeisenberd.928.
8 Heisenbergin thediscussionjn Electronset photons 1927.



seemto evolveaccordingto the periodisationsuggestedy Pai¢ : from 1927 to

1931, Einsteintried to show someinconsistencyin quantummechanicstaking
uncertaintyrelationsin orderto demonstratdyy physicalexamplesthatthey cannot
be asabsoluteas claimedby quantummechanicsthe, from 1931 up to his death,
Einsteindid not look any morefor inconsistenciesut tried to show that quantum
mechanicsvasincomplete.In fact, throughoutall theseyears,it is the problemof

completenessf thetheorythatEinsteinhadessentiallyin his mind, and one can
say that, even when he was looking for inconsistenciesjt was above all

inconsistencies view of theclaim of completenesthathecontemplated.

These argumentgulminatewith the famous EPR paper, supposedly
refutedshortly afterwardsby Bohrl0. By completenesshe authorsof the paper
meantthatanyelemeniwf the physicalreality which canbe predictedwith certainty
canbeputin correspondenceith anelementof thephysicalheory. Whatthey had
in mindwasthepretentionof quantunmechanicgo dealthoroughlywith the object
it aimedat. We shallcomebackto the EPRreasoningshowingthat Einsteinand
his collaboratorspy arisingin that mamer the questionof completenesgjid in
fact, rightly and explicitly, put their finger on the non-local, or locally non-
separablecharacterof quantummechanicsActually, it is Einstein alone who
himself, in his own and later writings, fully explicited this concept. The EPR
collaboration, as well as Einstein later on, demandedlocal separability as a
requirementfor interaction-independarglementsof physicalreality, or physical
systems,although,as we know now, the recentdevelopmentdave shown that
physicalreality is, indeed,not locally separable andquantummechanicsijn this
respect, does not contain the defect of incompleteness(The question of
completenessf quantunmechanicasyetis notresolved dueto the persistencef

the problemof quantummeasureme#t.) But therefusalof any propertyof non-
locality or non separabilitydoesnot precludeEinstein'spriority in having clearly
pointedout quanturocal non-separabilitytheimportancgandnovelty, althoughit
wasalreadycontainedn thequantunformalism) of which | shallunderlinefurther

ont2,

EINSTEIN'S PROGRAMME FOR THE QUANTUM THEORY
Pais quotesin his book a sentenceof Einstein praisingin 1926 two

Schradinger'paperson quantumrules, and he adds: "It was the last time he
would write approvinglyaboutquantummechanics13 Actually this is not true,
for Einstein wrote on many occasions positive statementsabout quantum
mechanicsk-or examplejn "Physicsandreality” (1936): "Probablyneverbefore
has a theory been evolved which has given a key to the interpretation and
calculationof sucha heterogeneougroup of phenomenaf experienceas hasthe
guantumtheory.” In many other texts he gave similar appreciationson the
heuristicimportanceof quantunmmechanicsandits forceasa physicatheory.In his
"Autobiographicahotes”,writtenin 1946, publishedn 1949, herefersto it as"the
mostsuccessfuphysicaltheoryof our period, viz., the statistical quantumtheory
which, about twenty-five years ago, took on a consstent logical form

9 Pais1982.

10 Ejnstein,Podolsky,Rosen,1935; Bohr1935.

11 see for instance Paty 1982, 1986,1988.

12 seealsoPaty 1986.

13 pais1982, p. 442 (Cf. Letterof Einsteinto M. Besso0,1.05.1926jn Einstein,Besso,1972).



(SchrodingerHeisenbergDirac, Born). This is the only theory at presentwhich

permitsa unitary graspof experiencesoncerningthe quantumcharacterof micro-

mechanical events". And he adds, significatively (becauseit sets quantum
mechanicon a par with thetheoryof relativity) : "This theory, on the one hand,

andthetheoryof relativity, on the other, are both considerectorrectin a certain
sensealthoughtheircombinationhasresistedll effortsup to now."14

In 1948, in his article "QuantenMechanilund Wirklichkeit" published
in the philosophicaljournal Dialectica, he statesthat this theory constitutesan
important progress,which can be said in a certain sense definitive, in the
knowledgeof the physicalworld15. And in his "Reply to criticisms”, in the
Schilppvolume(1949): "I fully recognizethe very important progresswhich the
statisticalquantumtheory has broughtto theoretical physics. In the mechanical
problems(...), (this theory) even now presentsa systemwhich, in its closed
charactercorrectly describeghe empirical relationsbetweenstablephenomenaas
theyweretheoreticallyto beexpectedThis theoryis until now the only onewhich
unites the corpuscularand ondulatory dual characterof matter in a logically
satisfactoryfashion;and the (testable)relations, which are containedin it, are,
within thenaturallimits fixed by theindeterminacyrelations,complete The formal
relationswhich aregivenin this theory- i.e., its entire mathematicaformalism -
will probablyhaveto becontainedin theform of logical inferencesin everyfuture
theory.”16 And again,in 1953: "I haveno doubtthatthe presenguantumtheory
(or better, "quantum mechanics")is the most perfect theory compatible with
experiencein sofar asonebaseghe descriptionon the conceptof materialpoint
andpotentialenergyaselementaryconcept$7".

All theseautterancegone could add otherones,takenfor examplefrom
his correspondencejearly statethatquantummechanicgs a powerful tool, which
containgmportantelementsf the ultimatetruth : it is thus obviouslyunfair to say
repeatediythathe did not acceptthe theory. He did not acceptit, indeed,as the
definitive answemwnhichits proponentglaimedit was;thatis why it is importantto
situatehis views on quantummechanicsn relation with his own programmeof
research.

For thepositiveappreciationgust quotedwere indeedalwaysmitigated
with arestrictivecommentalwaysthesame aboutthe fundamenthincompleteness
of quantummechanicsywhichis mostof thetimes expresseds a feature,not at all
of invalidation(quantuntonditionsmustbetakeninto accountin any future theory
of atomicprocesseshut of theimpossibility of takingit (its systemof concepts
andpropositions)as a startingpoint for further developmentsf a theory which
would unify the microcospicandthe macroscopiavorlds. The quotationwe have
takenfrom "Physicsandreality” is, for instancefollowed by this consideration:
"In spiteof this, however,| believethatthe theoryis aptto beguileus into errorin
our searchfor a uniform basis for physics, because,in my belief, it is an
incompleterepresentatiof realthings, althoughit is the only onewhich we can
build out of the fundamentalconceptsof force and material points (quantum

14 Einstein 1946, p. 81.

15 Einstein1948.

16 Einstein1949,p. 666-667.
17 Einstein1953, p. 6-7.



correctiongdo classicalmechanics)Theincompletenessf the representations the
outcomeof the statistical nature (incompletenesspf the laws."18 This type of
considerationis constah through the texts from the EPR time up to the last
writings. Einstein'sworriesaboutquantunmmechanicglo not concernits validation
asgeneralaw relationswith respecto phenomendyutthe fundamentaproblemof
principles.

We shouldhavehereto recall what were Einstein's conceptionsabout
the fundamentalcharactersof a physical theory (theories of principles, and
constructivetheories)9. We would thenmeetwith the mostimportanttrait of his
own programmeregardingphysical theory in generaland of his concernwith
progressem thequantundomainin particularHe consideredhis taskto be one of
investigationin thefundamentamattersJetting asideanyotheraspect®f research
notbecauséeconsideredhemasdevad of value.His concerrwas notto find a
theorywhich"works", butto find atheorydeeplyrootedin fundamentaprinciples,
andthis definition of his own researclprogrammedoesnot precludeothertypesof
researclwork. Already in 1924, in aletterto Maurice Solovine,Einstein said the
following abouthiswork : "I hadalwaysan interesttowardsphilosophy,but only
asaseconcdoncernMy interesttowardssciencehasin factalwaysbeenlimited to
thestudyof principles,andthis providesthe bestexplanationof all my behaviour.
The samereasorexplainswhy | publishedso little, for the strongdesireto grasp
principlesresultedasaneffectin fruitlessefforts”.20

In his "Preliminary remarkson the fondamentalconcepts21 (a rather
significanttitle) in the book of hommageto Louis de Broglie publishedin 1953,
Einsteingivesthefollowing precisiorto showhow his own approachs atvariance
with thatof de Broglie : "I neverthelesainceasinglylookedfor anotherway of
solvingthequantaiddleor atleastto help preparingthe solution. Theseresearches
were basedon a deepdiscomfort, of a principle nature ("prinzipieller Natur"),
whichthebaseof thestatisticalquantuntheoryinspiredme..."”

Dealing essentiallywith principles, Einstein'sconcernwas not to be
satisfiedwith existingtheories,i.e. quantumtheory and generalrelativity, but to
proceedurthertowardsanintegratedheoryof principles.Quantummechanicsaand
relativity theory, althoughthey representeachfor its side, somethingof the truth
aboutnature cannobecombine@2: herelays, in fact, the essencef the problem,
andbeginsthevariety of approacheandbeliefsamongphysicists.Einsteinaddsto
his constatation "This is probablythereasorwhy amomy contemporarytheoretical
physicistghereexistentirely differing opinionsconcerningthe questionasto how
thetheoreticafoundationf thephysicsof thefuturewill appearWill it be a field
theory;will it bein essenca statisticatheory?"

Thus, his disatisfactionwith quantummechanicsEinsteinexpressedt
in functionof aprogrammewhich hadto be performedHe was not looking for the

18 But this doesnot meanthat incompletenesss to be identified merely with indeterminism
(moreon this later)

19 See,in particular, Einstein 1936, p. 96-97, and other texts (“The foundationof physical
theory", Einstein1940, for instance).

20 |_etterto Maurice Solovine,30.10.1924in Einstein,Solovine 1956; p. 48-49.
21 "Grundbegriff. Einstein1953,p. 5.
22 Einstein1946, p. 80-81:seeabove.



pastbutto afurtherstageof our physicaknowledge."What doesnot satisfymein
thattheory" (quantummechanics)he wrote in his "Reply to criticisms", "is its
attitude towards that which appearsto me to be the programmativeaim of all
physics: thecompletedescriptionof any (individual) realsituation(asit supposedly
existsirrespectiveof anyactof observatioror substantiation)23

Here comesthe questionof the natureof Einstein'sprogrammelt is,
generallyspeaking,a realisticand unifying one. "Thereis somethinglike the 'real
state' of a physical system, which exists objecively, independentlyif any
observatioror measuremengndwhich canin principle be describedy the means
of expressiofwhatevettheybe: thisis discussed afterwards. My remark,M.P.]
of physics.24 This, for the epistemologicalkide. More precisey, Einsteinhada
physical programmein mind, which he referredto in the following terms:
"Continuoudunctionsin thefour-dimensiona({continuum)asbasicconceptof the
theory". "Rigid adherencéo this programmecanrightfully be assertedo me", he
addsas an answerto the accusationof Bohr and Pauli of a "rigid adherenceo
classicakheory”,andafterhavingnoticedthat"thereis, strictly speakingtodayno
such a thing as a classical-fieldtheory" (i.e., a field theory which would be
"complete”in aspecificsensej.e. atheoryof thefield-creatingmass,which was,
for thephysicsof fields, Einstein'sproblen25).

Einstein'sprogrammefor quantumphysicswas thus stronglylinked with his
programmefor the field : for him, quantumas wel as field physics were
unachievedand his problemwasto achievethem, or better,to accomplishthem
together. Such an aspectof "completeness"which appearsas completeness
endowedwith a different meaningfrom the one which is strictly involvedin the
EPRargumentis neverthelesso be keptin mind whenwe dealwith therestricted
sensat hasin theEPRpaperand, morewidely, in consideratiorof the problemof
completenesef quanturmmechanics butit is notto besuperimposetb it (contrary
to what Popper statesin the 3rd volume of his Postcript, on The quantum
schisn26). Thereareearlyindications,from Einstein himself, that he was partly
motivatedin his unitaryfield researclprogrammeby thepreoccupatiorof resolving
thequantunriddle27 (see,in thisrespectits "Autobiographicahotes™).

Since 1920, Einsteinwas looking for an overdeterminedield theory, i.e. a
theory in which the field variables would be overdeterminatedoy appropriate
equationsvhosenumbemwould be largerthanthe numberof field variable28. He
proposedhe following reasoning take generalcovariance;requireagreemenbof
the equationswith Maxwell's and gravitation theories;requirethat the equations
which overdeterminghefields havesymmetricaltaticsdutions which describethe
proton and electron : it then should be so that one obtains conditions of
overdeterminationwhich restrict the choice of the initial conditionsof the fields.
Insteadof an under-causalitypne would obtainin sucha way an over@usality

23 Einstein1949,p.667.

24 Einstein1953,p.7.

25 Einstein1949,p. 675.

26 popper19?7?.

27 Einstein1923.Cf. Pais1982, p. 464, Stachel1986.

28 |etterto M. Besso0,5.1.1924,in Einstein,Besso,19?7?. John Stachelhasgiven a profound
analysisof this Einstein'sexpectatior{Stachel, 1986).



("Uberkausalitat"39. Sucha programmewas praisedup to 1925 by Born and
others.

TorecallhereEinstein'sviews aboutthe relationsbetweemuantummechanics
andthetheoryof relativity exceedshelimits of this article.Let us merely mention
thathe consideredhattheywereforeign to eachotherand were not to be fused
together,due to the strong difference of their epistemologicalfeatures.He had
manyworriesaboutthe problemsrelatedwith quantunitfield theory(hesawin it a
kind of amonsterjmporting (special-)relativistideatureanto quantummechanics,
andexhibiting infinities). Whatinterestechim, however,in this respect,was not
thespecialbutthegenerarelativity theory,asthe problemhe eventuallyconsidered
wastha of aunificationof thedynamicsof the atomic matterwith the dynamicsof
gravitation.

Whatis certainis that, evenwhen dealing with the apparentlyquite different
problemof the continuousfield theory, Einstein had in mind the problem of
guantunphysics,andthiswasoneof his motivationsfor pursuinghis researcB0.
Up to theendof his life, his programmewas "to find the equationsof the total
field". Interestingly enough, he never mixed, however, in his scientific
contributionsconsiderions on quantumtheoryandon the continuoudfield. This
is anattitudehe hadsincehis first articleson both gestions,in 1905, andit appears
acharacteristideatureof his scientificmethodor stylein physicalresearcBi.

It is only recentlythatsucha programmenamelylooking for a total field of
matter, has becomethe main concernof quantumphysicists;indeedthey are
looking for a quantumfield, but they encounteralthoughon the othersideof the
hill (quantumfield, not continuousong, the problemwith which Einsteinhad an
endlesstruggle: theunificationof thequantundomainandof generalrelativity, or
gravitation.

THE ROLE OFEINSTEIN'S OBJECTIONS
IN THE CLARIFICATION OF QUANTUM CONCEPTS

Einstein's argumentation corcerning the deficiencies of quantum
mechanics, throughout the years, is centered around two problems : the
probabilistic-statisticatharacterof quantumtheory and its inherent non-locality.
Suchwere,in hisview, theessentiafeaturesof its incomplet&ess.This view was
attainedby Einsteinvery soon,althoughhis formulation of the mainargument$as
somewhatevolvedwith thetime : | would like to show, in particular,in what
follows, what has beenthe evolution of Einstein's argumentation,which has
sometimedeen,in my opinion, misinterpreted.

| said that Einstein attainedvery soon the essentialfeaturesof his
criticism against quantum mechanicsor, better, againstthe interpretation of
guantunmechanicsvhich considered asafundamentabhnd completetheory. It is
obviousfor probabilities,or "statistical character"- a feature of quantumtheory
which he notedin 1917 andwhich further elaborationdoy the quantumphysicists
did not modify, althoughhe himself had seenin it a weaknesscontary to a
fundamentalachievement.Quantum mechanicsdid only changethe status of

29 Einstein1936,1940. He stated "Field theoryprogrammebut not yet performed".

30 pais rightly noticesin his book (Pais 1982, p. 465-466), founding himself in Einstein's
correspondancethat the problems of the unified field theory and of quantumphysics were
simultaneouslypresento his mind.

31 On this questionseePaty,1993, andto be published.



probability, raisingit from a meretool to a principle, throughtheinterpretationof

the state function. When he introduced probability in quantum physics, first

through a reinterpretationof Boltzmann entropy formula, then through his

fluctuation calculationswhich led him from his 1905 paperon radiation energy
guantizationto his 1916 synthesis,with radiation momentum,and to his 1925
calculationof monoatomicgas ("BoseEinstein) statistics, Einstein consideredt

throughits frequencyinterpretation,as a useful (and powerful) tool to point out
somecharacteristideaturesof quantumphenomenathat could be attainedin that
indirectway. He always had the ideathat a fundamentalquantumtheory should
overcomethis probabilistic characterwhich was, in his view, so to speak,only

prrovisional.

But his demandfor determinism,or, better, for a non-statistical
charactenof thetheory,is moresubtk thanwhatis generallythought, as one can
seeby lookingathis argumenbf incompletenesg:or he did not rejecta priori the
probabilistic characterof the descriptionof physical statesas fundamental.He
wantedto show (suchis theargumenin essene)thatthis descriptioncannotin any
casebereferredto individual systemgqto demonstratét he usedthe assertiorof a

local separabilityprinciple). Thenon-localcharacteof they-function, which was a
consequencef the non-separabilityof the correlatedsub-systemsn a EPR-type

situation ,whichitselfresultedrom thenon-factorizabilityof the Q-functionsin the
mathematicaformalism of quantummechanicsentailedthe statisical characterof

thedescription: for only in this way non-locality for individual systemscould be
avoided,accordingto him. As a matterof fact he demonstratedyith his EPR
argument,that the probabilistic wave-function could only led to a statistia@l

descriptionjeavingopentheproblemof therepresentatiof anindividual system:
in his demonstrationhe made use of a separability or locality principle for

individual systemawhich, herecognizedyasnot presentn quantunmechanics.

Thus non{ocality playsarolein Einstein'srejectionof the fundamental
characteof quantunmmechanicaprobabilisticassertionsyhich he expressedn the
famoussentencéGod doesnotplaydice”. Letus now cometo this conceptwhich
hasrequiredssomdelaybeforebeingcompletelyevidencecandunderstood.

It is only recently, indeed, that the concept of non-locality as a
fundamental feature of quantum mechanicshas been fully appreciated,and
commentatordave seldomrealizedthat this was one of Einstein'sman points.
Even Bohr did not understandhat non-locality was at the root of Einstein's
argumentationanddid not properlyrealizethatis was alsoan inherentfeature of
guantummechanicsilt is usuallythoughtthatit was Bohr who pointedout non-
separability- or, aswe now understandt, local non-separability in his answerto
the EPR objections.But in fact it was not so, strictly speaking,andit is in the
Einstein-Podolsky-Rosen’paper itself that non-locality is describedand that
emphasiss put onit. | shalltry to clarify thatpointin whatfollows. | saidthatvery
earlyEinsteinpaidattentionto it : we cantraceit backup to aremarkhe madeabout
indistinguishibility of quantumparticlesand the exclusionprinciple. Answeringa
criticism madeby Ehrenfesandothersto hisandBose's papersof 1924-1925 he
emphasizedhe fact thatparticlesare not dealt with, in thesepapers,as mutually
independent&andthattheirtreatmentj.e. the Bose-Einsteircountingof particlesas
indistinguishable,"express(asylirectly a certainhypothesison a mutualinfluence
of themoleculeswvhichfor thetime beingis of aquitemysterioushatures2.

But non-locality as suchis pointedat when macrocospiadistancesare
involved.Hencet would manifestitselfin EPR-typesituations(in the formalism or
in phenomenayould we saytoday;asfor Einstein,aswe shallsee,it wasonly in
theformalism- if onewould extendts interpretatiorto thedescriptionof individual

32 Einstein1925, p.3 (asquotedin Pais1982, p. 428).



systems)Beforethe EPR pgoer, however,andas earlyas the Solvay Conference
of 1927,somethingwvhichlookslike whatwill laterbecallednon-localityis present
in Einstein'sobjections.On that occasion,in the generaldiscussionopenedby

Bohr who presentedis idea(soonto becomea "principle”, of a philosophical
nature,indeed)of complementarityEinsteinexpressedhis dissatisfactiorwith the
fundamentakcharacterof quantummechanicspy taking the exampleof electrons
beingdiffracted by a slit andhitting on a screerncoveredby a photographicplate.
He arguedhata purelystatisticaltheorywas incomplete becaus@achelectronhas
atrajectorywhich couldbedetectecht leastapproximately andthatif oneadmitted
suchanindividual descriptionof eachelectronthenonehadto facea problem: if

|w |2 is relatedto anindividual particle,expressing'the probability thatthis particle
is locatedat a given place”, that interpretationof the function "implies a quite
peculiarmechanisnmof actionat-a-distancewhich forbids the wave, continuously
distributedin space to producean action in two placesof the screen”.This last
sentenceefersto anon-localitywhich seemedo Einsteinnot acceptablebecausét

would involve an action-at-a-distancesontraryto specialréativity33. In this first

thoughtaboutnon-locality,which comesfrom the wave characterof the physical
objectunderconsiderationEinsteinsaw it ascontradictoryto the particle concept
which guantunmechanicaitilizestogethemwith thewaveconcept.

Once again(such contradictorycharacterhe pointed out as early as 1909)
stating that it would demandan approachtowards quantumphenomenawhich
would breakwith classicaltheories,Einsteinfound himself with a featurewhich
wasnotto besolvedsimply by assertinghatwe candeal,from afundamentapoint
of view, only with the wave and/orwith the particle concepts: thereis still
somethingmore fundamentatto find. We deal provisionally with those classical
conceptsat the cost of using a theory of a purely statistical nature. With the

statisticalinterpretationof the Q-functiononeis free from any action-at-a-distance
belonginginherentlyto particle non-locality. Such was Einstein'sview in 1927,
andthe essenc®f his furtherreasonings presenin this simple argumentwhich
was already aimed at refuting the pretention of quantummechanicsto be a
fundamentacompletetheory. He would eventry to do more for sometime, and
show thatquantummechanicshaslogical inconsistenciesn giving absolutecredit
to Heisenbergrelations. Such is his radiation-in-a-box experiment of 1930,

reportecby Bohr34, which refutedit by invoking Generakelativity; let us mention
enpassanthat,althoughBohr'sanswerhasunanimouslybeenconsideredo be the
right one, it hasrecently beenshown inexact, the argumentto keep the fourth
indeterminacyrelation owing nothingto generalrelativity, and being of a much
morefundamentakharacte?®. Suchis alsohis article with Tolman and Podolsky

of 1931about’'K nowledgeof pastandfuturein guantummechanics®, wherehe
presentsfor the first time, without insisting, the idea of correlation of distant
particles.

Later on, he would consider that quantum mechanicsis free of inner
contradictionsbut is incamplete.lIt is in trying to show this incompletenessy
physicalargumentshathemadeexplicit thenon-localcharacteof physicalsystems
as described by quantum mechanics We notice, in such attempts, that
incompletenesan Einsteins'sview, is not merdy to be identified a priori with
indeterminismandthe statistical characterof the description.We shall emphasize
furtherthatEinstein'smotivationwas not primarily to restoredeterminismagainst

33 Einstein'snterventionin Electronset photons1928, p. 255-256.
34 Bohr1949.

35 SeeTrederetc.

36 Einstein,TolmanandPodolsky,1931.



probabilisticdescription but to point out non-localiy asa defectof the formalism
whichletsuswith only a statisticaldescription.

Before the EPR paper, Einstein put forward an argument(unpublishedand
presenteanly privately) alreadyin 1933, reportedater by Léon Rosenfeld.This
early consideation, interestinglyenough,shows itself as a close prefiguration of
theEPRargument’.

Rosenfeldellsthat,at thattime, he thoughtEinsteinmeantmerelyto illustrate
by this argumentunfamiliar featuresof quantumphenomenaln fact, emphasiss
givenin it to thenon-localcharacteof quantumphenomendprobability beingonly
presentn thebackgroundf we keepin mindthe1927 Solvayargument).

Thenextobjectionis theEPRreasoningf 1935. Theexampleof two quantum
particleshaving interactedn thepastis fully developpedn thearticle asregardsts
quanturmechanicatescription.The caseis well- known and! will notinsist on
it, restricting myself to show that, definitely, emphasigs given to the non-local
charactenf the guantummechanicadescription,if we considerit as applyingto
individual events.

To helpunderstandnoreclearelywhatis at stakehere,| would like to remind
thattheEPRargumentis basedn theideaof particlecorrelationandon thefact that
thenatureof thesecorrelationss quitedifferentin the classicalandin the quantum
cases.

CLASSICAL AND QUANTUM CORRELATIONS BETWEEN DISTANT SUBSYSTEMS
Thedifferenceis shown,in the EPR pape#8, throughthe questionof

thedeterminaibn of conjugatephysicalquantitiessuchas coordinatesand momenta

(it becomeseventually immediately clearer if we considerthe EPR argument

reformulatedoy David Bohmin his bookof 1951 QuantumTheory39, by takingas
conjugateor incompatiblequantites two component®f the angularmomentum:
spin conservationholds as in the classical case (J(1)=-J«(2), Jy(D)=-3y(2),

J,(1)=-J,(2)), butthecorrelationtakesa different form in thatit is not possibleto
havea simultaneousleterminatiorof thevariouscomponentsf auniquespin.

At this stage the specificity of quantumcorrelationscomesfrom (and
shows itself in) the probabilistic definition of the wave function, the non-
commutationof the operatorswhich representhe physicalquantitiesconsidered,
thechoicemadeby the actof measuremendf onespin componeni(if we consider
this case) attheexclusiorof the otherones,i.e., thereductionof the wave packet
or reductionprocessin summaryi,it is the fundamentaktatementgor axioms)of
guantummechanicghatmakethe difference,andtheir argumenttook in effect as
their target these statements or axioms, when they confronted their
consequenceswiththe requirementsof "local realism”, which in fact would
correspondo classicaltype correlations(Let us notice,however, thatit appeared
explicitly as"local realism"only afterwards.Thislocal charactemwas implicit in the
requirementdor "elementsof the physicalreality”.) For the EPR authors, the
impossibility for quantumtheoryto predict correlatedphysicalquantitieswas an
evidencefor the incompletenes®f that theory. Such was the function of the
thoughtexperimenivhich theyinvoked: to investigatethe deepnessindtherange
of thefundamentaktatement®f quantuntheory. But this inquiry was donefrom
outside,asthe criterion consideredlocal realism)was foreignto thesestatements
andcould not be determinanif oneconsiderewnly thesestatementss pertinent.

37 Rosenfeldl967. Cf. Paty1985.
38 Einstein,Podolsky,Rosen1935.
39 Bohm1951.



Bohr did not expresst clearly, but Einsteinhimselfdid, for instancein his 1948
article of Dialectica; emphasizehathis "separability”principle is not comprehended
in theformalismof quantuntheory, statingthatsucha requiremenis nevertheless
reasonablevhenonedealswith individual physicalsystemsonsideredh space.
Bohr'sanswerto the EPR argumentdid not speakexplicitly of non-
separabilityasit hasbeenunderstoodafterwards,andit did not go furtherthanthe
EPR descriptionof the phenomenorwhich exhibited non-separabilityas a non-
locality. Bohr's answer was so mud impregnated with his philosophical
preconceptiorof complementarityand his philosophyof observationthat he did
notactuallystateexplicitly thequantunconcepthereat stake,non-separabilitylt is
againkinsteinwho "translated'in suchtermsBohr's answerto the EPR argument.
Hedid it in avery explicit way sometimdater,whenreplyingto Bohr'scriticism in
the Schilpp'svolume Albert Einstein philosopher-scientiéf. "Of the ‘orthodox’
quantuntheoreticiansvhosepositionl know", did he write, " Niels Bohr'sseems
to meto comenearesto doingjusticeto the problem.Translatedinto my own way
of puttingit (my emphasisM.P.), he arguesasfollows : "If the partial systemsA

andB form atotal systemwhichis describedy its -function (AB), thereis no
reasonwhy anymutuallyindependangxistencgstateof reality) shouldbe ascribed
to thepartialsystemsA andB viewedseparatelynotevenif the partial systemsre
spatially separatedfrom each other at the particular time under consderation
(Einstein'semphasis).The assertiorthat, in this latter case,the realsituationof B
couldnot be (directly) influencedby any measurementakenon A is, therefore,
within the frameworkof quantumtheory, unfoundedand(as the paradoxshows)
unacceptable.(By this lastsentencekinsteinmakesexplicit that non-separability
Is anon-locality).

Returningto the original Einstein-Bohrdialogue (or controversy)of
1935, we cansaythatwhat Bohr addedto Einstein'spreviousdescriptionin the
EPRpaper,is merelythatthereis no reasonfor any mutualindependengxistence
of substatesBut is is only muchlater on thatthe acceptationas a fact of these
specific quantum correlationsjustified by the formalism has led to the full
acceptationof the specific quantum concept of non-separability (local non-
separability). Nevertheless,the presenceof non-separabilityin the quantum
formalism, beforeany experimentshowing it directly, explains,in my opinion,
why many physicistshave- wrongly - underestimatedhe importanceof Bell's
theorem.And the fact that separabilityis alien to quantumconceptsas a whole
explains but, thistime, with goodreasons why mostof thephysicistdid believe
that quantumcorrelation would win agains locality beore the realization of
convincing experiments: they favouredthe overall evidencegiven to quantum
theoryby so manyphenomenaStrictly speaking,however, one could admit that
thedomainof mostof thesgphenomenas justdumbaboutiocality.

It is indeedhis non-separabilityhatexpressethequantumcharacterof
the correlationunder considerationComparedwith it, the classicalcorrelationis
ratherlight or weak : despitethe relation betweenphysicalquantitiesdue to the
conservatiortaw, thetwo subsystemsf aclassicakystemaretotally separableone
from theother: amodificationof oneof themhasno effect on the otherassoonas
theyaresufficiently far from eachother(local separation}o be free of any mutual
interaction.Thedescriptionof the quantumcorrelationis not so simple andcannot
be doneby usingimagesof thatkind (billiard balls... ), becaus®f the difficulty
we meetwhenwe wantto describewith simple words the definition of physical
guantitiesin termsof spectraandfrequencieslit is only whenwe think quantum
correlationsin imaged or intuitive terms of the above classical type, that we
eventuallyconsider as manypeopledo - the quantunsituationas beingthe exact

40 Einstein1949, p. 681-682.



opposite of the classical situation : in such a view it would express the
(instantaneous)modification of one of the subsystemsas the effect of a
modificationof theotherdespiteof theirremotenessOnecould say,in a way, that

Einsteinmadesuchatranslatiofl. Thatis why hesentbackquantummechanicgo
purelystatisticalinterpretationBut sucha statements only atranslation asthereis
nothingphysicalthatinteractsconsideringhequantunguantitiesnvolved.

Strictly speaking,the quantumecorrelation is nothing but what is
expressedy the formalism of the quantumtheory: it is describedby quantum
mechanicsandis entailedby its fundamentaktatementdlt is, precisely,the non-
separabilityof thestatevectorwhich describesheoverallsystemwith respecto the
statevectorswhich representghe subsystems from the point of view of the
formalism,this propertyof the statevectorsis their non-factorizability.Unlesswe
modify theinitial conditions(which is not possiblein a causalway), we cannot
separate(split) the wave fonctions of the subsystemsinto independenteigen-
functions - if we restrict ourselvesto the descriptionof systemsby quantum
mechanicsWhenone of the subsystemgelectron,photon... ) is submittedto a
measuremenwhich determinests spinstate this correspondso a changeof initial
condition (and subsequentlyo a changeof the problem): the initial condition, is
hencefortitheelectron(photon... ) singledout, with the exactly determinedvalue
of its measuregpin.

It is usefu to clarify hereatrait of Einstein'sreasoningvith the EPR-
typethoughtexperimenwhich haslargely beenmisunderstoodlt hasto dealwith
a difference in the expressionof the argumentbetweenthe "three-men" EPR
redactionand Einstein'sown way of putting it. Einsteinexpressedn a letter to
Schrédingehis dissatisfactiorwith the writing-up of the EPR paper- donrin fact
doneby Podolsly,becausef his betterfamiliarity with English-, which he thought
clumsy in some respect, saying that "the main point has been buried under
erudition"2. Althoughsomecommentatordhiavetakenprofit from this avowalthat
EPRargumentwas not of Einstein,it seemstlear thatits essences of his own,
from theideaof quantumparticlescorrelationto avoid the peturbation argument
generallyinvoked to justify uncertaintyrelations,up to the conclusionaboutthe

incompletenessf thequantumdescriptiort3. But thereis a differencebetweerthe
emphasis given in the two expositions to the fundamental reason for
incompleteness.

The EPR paperinsistson the determinationof the quantumvariables,
such as coordinateand momentum,which ultimately provide the state vector.
Without measuringhem, one can afford them"reality”, by makinguse of the
measuremendn the othertogetherwith therelation of conservationentailedfrom
the initial state. Thus, EPR stated, quantum mechanicssays nothing of such
elementsof reality, andis thereforeincomplete- from which many peoplehave
thought, afterwards, that hidden variables were implicit in such a resoningto

recoverthoselostelementf reality?4.

WhenEinsteinexplainedtheargumenin his own terms,he emphasized
not what happenedo the variablesbut what was the descriptionof the state-
supposedo representherealsystem.This considerationwas presentalsoin the
EPRpaper,butdid notseem buriedundererudition- so centralasit is in Einstein’
truethought.A completemeasuremertaf acompletecommutingsetA of quantities

of thefirst subsystemhe staed, definesnot only the -function of it (qJIA), but

41 Cf. Einstein1949,p. 682.

42 Einstein letterto E. Schrodingeraug. 1935 (Einstein'sArchives).
43 f. Howard1986.

44 SeePaty 1993.



also, throughthe correlationcomingfrom the initial state,the Y-function of the
second(y, ﬁ), without any measuremenhaving beenperformedon this last one.

Butthesamecanbesaidwith asetB, differentfrom andincompatible(in the sense
of g.m., that is through anticommution relations and thereof Heisenberg
inequalitieswith A, leadingto anotherdeterminationwithout direct measurement,

of thestateof thesecondsystem(,, ﬁ). As thesawo statedhavenoreasono bethe

same,thereis no unique, non-ambiguougorrespondencéetweenthe stateof a
systemand its theoreticaldescription,unlessone admits an (inacceptable,for
Einstein) instantaneousnfluence at-a-distanceof what happennedo the first
systemon to the secmd, i.e. Einstein's transcription of non-locality. As this
reasonoingvas donefor the consideratiorof individual systems,one mustadmit,

accordingto Einstein thatthe-functiondoesnot describean individual systemiit
is only relatedto ensemblesf systems.lt is for thatreasorthat, to him, quantum
mechanicsis incomplete. Separability and locality (independenceof systems
differently locatedin space)are essentialin such a statementThatis to say,
apparennon-separabilitypr non-localityis, for him, the reasonof incompleteness:

notindeterminismwhichis merelyaconsequendé.

NON-LOCALITY AS A CRITERION AND AS A PHYSICAL FACT

The quantumdefinition of non-separability,already presentin the
formalism of quantummechanicsbecane explicit as an effect of the discussion
betweerEinstein,Podolsky,Rosen,and Bohr. But it remainedoptional : it was
possibleto imaginein principlea modification of the theorywhich would eliminate
it. As such,it was,for thosewho werenotcontemwith thistheory(becausein the
caseof Einstein,of its non-local property), a manifestationof its incompleteness

(becauset obligedto refer the Y-function not to a single eventbut only to a
statisticalensemble)But this consideratioron non-separabilityor non-locality, if

oneacceptedasthe standardquantummechanicsdid, thattrough y-function the
theory describedndividual systemsaswell asensembleswas,in the context of

the time, hidden under the apparently more general problem of causal
determinationalsoin debate.

The possibility to restoredeterminismhad beenconsideredar before
theconceptof non-separabilitgamein the forefront. And it still wastheaim of all
attemptsat alternativedescription®f microsystem&venafter the EPR argument,
until recently;indeedthe EPR "paradox" strengthenedhe motivation for those
attemptsbut the very essenceof the problemremained unperceived,up to the
outstandingvork of J.S.Bell in 1964.

At this point, we should evoke the various attemptsat showing an
incompatibility betweenquantummechanicsand deterministic hidden variables
which hadbeentried, sinceVon Neumann.l will skip all thatpartof the story, and
arriveto Bell'swork around1964.

When looking for the proof of incompatibility betweensuch theories
and quantummechanicsBell realized that there was an entire classof hidden
variableswhichwasincompatiblewith quantummechanics thelocal class.He had
beenput on theway by the considerationby David Bohm in 1952 of a possible
modelwhich would be causallydeterministicandnon-local,and had beenable to
showthatall thepreviouslypropcsedproofs of incompatibility were unconclusive,
beingbasedon restrictive hypothesgin his 1966 paper,written beforethe 1964

45 For all this descriptiorandanalysisof Einstein'sargumentationseePaty (to be published).



oné*). His own criterion of locality, which he intendedto demarcatequantum
mechanicgrom deterministicsupplementarparameerst’, was discoveredyy him
while he meditatedon the EPR thought-experimenas reformulatedby Bohm and
by Bohm andAharonov, and particularly on the following sentenceby Einstein,
commentatingin his "Autobiographicalnotes” the EPR situation : "But on one
suppositionwe should, in my opinion, absolutelyhold fast : the real factual
situationof thesystems, is independentf whatis donewith thesystems;, which

is spatially separatedfrom the former."*8 We have to notice also that the
measuremerproblemis indeedoresentn thesegormulationsof locality.

When we consider retrospectively the very content of Einstein's
argumentationwe cannotomit taking into accountthat, nowadays(and very
recently),non-localityin quantumphysicshasbeengiven a fundamentalandwell

probablydefinitive,status it hasbeerraisedo thestateof aphysicaffact49, andit
Is foundedon a conceptualground which is more generalthan the questionof
determinismand hiddensupplementaryariables.And the origin of the conceptis
to befoundnowhereelsethanin Einstein'sargumentationvhenhe objectedagainst
guantummechanics.True, Einstein disliked such a conceptand saw in it an

evidencefor theincompletecharactef thetheory?. But this doesnot predudein
anyway thathehasindeedpointedouttheconcept.

To conclude Jet us stateherethat non-locality is partif the quantum
theory. Thereremains,however,a questionwhich is by now unsolved,andit is
thatof thecompletenessf quantummechanicsinsofaraslocal non-separabilityis
a physicalfact, it cannotbe seenany moreasa weakpoint in a theory;but there
seemdo remain,indeed,still a weak point in quantummechanicswhich is the
problemof measuremer(@ndthis problemshowsitself in our formulationof non-
local phenomena)WethuscandissociateEinstein'sconsideration®n non-locality
andon the completenessf thetheory: thefirst one hasbeenuseful as we have

seen,for the explicitation of this quantumconceptl, andthe lastoneis still of

46 Bell 1966.0n thesecircumstanceseelammer974.

47 Bell 1964.

48 Einstein1949, p. 84-85.

49 SeePaty 1982,1986and1988, for argumentatiomndbibliography.

50 seefor exemplethe continuationof Einstein'sremarkon non-locality which we have quoted
above("Autobiographicahotes",Einstein1949, p. 682): "By this way of looking at the matterit
becomegvidenthatthe paradoxforcesus to relinquishone of the following two assertions 1)
the descriptiorby meansof the y-functionis complete;2) the real statesof spatially separated
objectsareindependanof eachother."

51 |t has beenarguedby Don Howard (1986) that Einstein'sposition has evolved towardsan
acceptatioron "non-separability'althoughhe alwaysmaintanedhis oppositionto "non-locality".
| agreeon onepoint, whichis thatthe useof eachof the two termscanbe characterizedlifferently
(I myself statedit in Paty 1982), but non-separabilityand non-locality are one andthe same
conceptof quantum physics, which can be called unambiguously "local non-separability".
Althoughit shouldbearguedn moredetails,which | haveno placeto do here,| maintainthat a
sharpdistinction like Howard'sonecannotbefoundin Einstein'swritings, evenin Einstén 1948
which givesthe clearestdefinition of his understandingf theseconceptsClearly - in my opinion
-, Einsteinconsiderghat non-separabilitytandnon-locality areone andthe sameconcept,because
quantunmechanicslealsjn its statementswhenthey referto physicalsituations,alsowith the
problemof measurementon-locality, asit standsin the definition usedby Howard, corresponds
to the criterion of non-locality proposedby Bell following Einstein'sconsiderationslt seemsto
me that the conceptin itself is more generalthan the criterion, which refers specifically to
observationakituations,and that non-locality is a quantum-mechanicatonceptwhich is now
raisedto the statusof a physicalfact(seePaty 1986),without any referenceto a transmissionof a
physicalinfluencebetweenwo spatially separategubsystemsOn the contrary,Howard definition
seemdo equatenon-localityto suchan action-at-a-distanceyhich leadsto an oversimplification



actuality.
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