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1. THE PHYSICS OF MODELS

In the secondhalf of the nineteenttcenturyan Ideal of the exactdescriptionof nature
wasachievedthatis thefruit of hundredf yearsof researctandanaspirationfor eons.
Built on the kinetic theory of gasesandthe mechanicatheoryof heat,it is describedas
‘classical, andhasthefollowing characteristics.

For thosenaturalobjectsfor which onewould like to comprehendheir obsened be-
havior, oneconstructsanimage,basedn experimentbut without excludingintuition, that
is accuraten all details,actually in view of practicallimits, more exactthanobtainable
by ary possibleempiricallymeans.The precisionof thisimageshouldcomparewith that
of a mathematicatonstructionor a geometricafigure, which, from a limited numberof
specificationsallows the calculationof all otherdetails. For example,knowing oneside
andtwo anglesof a triangleis suficient to calculatethe remainingsidesand angle,the
inscribedcirclesandtheir radii, etc. Suchanimagewould differ from geometricfigures
only in thatit existsin time andmustbe configuredn four dimensionakpace-timespre-
ciselyasageometricafigurein three.Thatis, thedifferences (asis obvious)thatsuchan
imageevolvesin time andcantake on variousstates;and,if a statein all detailsis given
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at a particlartime, thennot only areall otherdetailsfor this momentto be calculable(as
for atriangle),but alsoall detailsfor latertimesaswell. An integral partof suchanimage
is its intrinsic ability to evolve in a particularway; thatis, if left alone,it will evolve in

time continuouslythrougha particularprogressiorof statesThisis its essentiahaturejts

hypotheticabasisthe existenceof which, asnotedabore, onepresupposesn intuition.

Naturally, no oneis so simple mindedasto think that a totally faithful imagecanbe
achieved for anything in the realworld. This implicit resenationis revealedalreadyby
thefactthatsuchafabricatedmageis calleda picture or model With theuncompromised
clarity not obtainablewithout certainarbitrarysimplifications,oneseekgo show only that
a particularhypothesiscanbe verified in detail without introducingeven more arbitrary
input into the tediouscalculationsexploring its variousconsequenceddowever, because
of practicalconstraintspneactuallyachiezesonly whata clever fellow could interpolate
directly from empiricaldata. In ary case,t shouldbe clearwhatinputin the hypotheses
of the modelis arbitraryandis, therefore to be revisedif calculationdoesnot conform
to obsenation—aneventualitythat one mustbe forever preparedo accept. Whenmary
experimentsconfirm the model, it is consideredo faithfully representhe reality of the
objectin all importantaspectsOn the otherhand,if disagreemerit found, it is not taken
asa setbackratherasthe fortuitousidentificationof aninadequayg just wherethe model
is to beimprovedtherebyfosteringcorvergenceto anever moreaccuratenodel.

This classicalmethodof achieving precisionof a modelaimsat isolatingthe unavoid-
ablekernelof arbitrarinessn the hypotheseset,lik e nucleiin cells,readyfor modification
in the courseof the developmentsspurredon by new empiricaldata. One might saythat
this methodis basedon the belief that somehowthe initial conditionsactually determine
uniquelytime evolution, or thata completemodelwould agreeexactlywith reality thereby
permitting calculationof outcomedor all experiments.Perhapsven,it's the otherway
around,this beliefis basedon the model. Neverthelessit is mostlikely thatthis process
of modeldevelopmentconsistsof an endlessseries,andthat, the notion of a “complete
model”is oxymoronic,similar to the phrase‘largestwhole number’

The foundationfor all thatfollows s a clearconceptiorof whatis meantby the speci-
ficationsof a statein themodel It is especiallyimportantto distinguishthe differencebe-
tweena particularmodelanda particularstatewithin thatmodel. For example,RUTHER-
FORD's modelof the hydrogenatom consistsof two point massesAs specificationone
could selectthe six coordinatesand six momentumcomponent®f the two masses—that
malkestwelve itemsaltogether On the otherhand,one could alternatelytake the coordi-
natesof thelocationandthevelocity of the centerof massandalsothevectorseparatiorof
thetwo massesndits angularorientationwith time derivatives;againthis makestwelve
items. It is not partof RUTHERFORD's modelthatthesetwelve itemshave particularval-
ues,which do, however, specify a particular state A clearoverview of the totality of
possiblestates—withourelationshipsto one another—constituents'the model” or “the
modelin anarbitrarystate’. However, amodelis notcompletegivenjusta particularstate,
but mustalsoencompassvhateser is neededo specifythe time evolution from stateto
statewheneer thereareno externalinfluences.(For half of the specificationsthe other
half providessomeinformation,but that half mustbe declared.)This knowledgeis latent
in thestatementThetwo point particleshave massm, andM, andchages+eand—e, and
are therefore attractedogetherby theforcee?/r? if r is their separation.

Theseparametersi.e., particularvaluesfor m,M and e (but naturally not r) belong
to the specificationof the model(not a particularstate),andthey cannotbe called state
specificationsOntheotherhand,thevalueof r is exactly sucha statespecificationin the
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secondsetof specificationgivenabove,however, r doesin factappeaseventhonthelist;
but still in thefirst setr is notanindependeni3thspecificationasit canbededucedrom
theothersusing

r= \/(Xl —X2)%+ (y1—¥2)? + (21— 22)°.

The numberof specificationitems (usually called variablesin distinctionto model pa-

rametes, e.g.,m M, e) is unlimited. Twelve appropriatevaluesare suffiicient to specify
all othersat arny givenmoment,thatis, the completestateat that moment. No particular
twelve values,however, areprivilegedto be the specification Examplesof other, particu-
larly importantvariablesnclude: enegy, thethreecomponentef momentunwith respect
tothecenterof massandthekineticenepgy of thecenterof mass.Thislatterchoicehasthe

particularcharacteristichat they arevariablesthatcanhave differentvaluesfor different
statesput retaintheir valuesfor thatsequencef statesactuallyseerundertime evolution,

andareknown, therefore asconstant®of the motion.

2. THE STATISTICS OF VARIABLES IN QUANTUM MODELS

At the crux of the currentformulation of QuantumMechanics(QM) thereis certain
dogma,which may still suffer somemadification,but which, | sensewill remaindogma.
It consistsin the belief that modelswith specificationsapableof preciselydetermining
reality, aswerepresupposeih classicalphysics,do not exist.

Onemight think, thatfor thoseacceptinghis dogma,classicaimodelshave exhausted
their potential. But this is not so. Rather they are usedstill, not only to criticize nega-
tive aspect®of the new dogma,but alsoto describethe reducedmutualdeterminatiorthat
remainsin the new theoryamongthe samevariablesof just thoseclassicalmodelsused
earlier Thistranspiresasfollows:

A. The classicalconceptof a stateis abandonedinsofar asa well choserhalf of the
former set of variablesallows full statedetermination. For the RUTHERFORD model,
for example,the six positionvariables,or the momentumcomponentgotherchoicesare
possible)suffice. The otherhalf thenremainsundeterminedi.e., thesenewly redundant
specificationcan exhibit variousdegreesof uncertainty In generalin a full set(for the
RUTHERFORD model,twelve in number)all canbe known only with uncertainty The de-
greeof uncertaintycanbebestdeterminedwith guidancdrom HAMILTONian mechanics,
whencareis takenin the choiceof variablesso thatthey areorderedpairwiseascanon-
ical conjugatesfor which the mostelementaryexampleis onein which the coordinatex
is matchedwith the momentumin the samedirection py (i.e., masstime velocity). Such
pairsmutually limit eachother’s precisionwith which they canbe determinedn thatthe
productof their tolerancer variations(symbolizedwith A) cannotbe lessthana given
constantie.:

(1) AXApy > h.

(The HEISENBERG uncertaintyrelationship.)

B. If all the variablesat a given momentare not determined then naturally at later
timesthey cannotbe determinedirom former values. One could call this the Principle
of Causality but in view of 8A, it is nothingreally new. If at no time a classicalstate
canbe specified this situationcannotbe changeddy force. Whatdoeschange andthen
by compulsion,arethe statisticsor probabilities Individual variablescanbe precise but

Ih = 1.041x 10-?"erg-sec.andin theliteratureis denotedusuallyby the symbol#, whereh itself is then2m
timesthis value.
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othersthen madeimprecise. All in all it is so, however, that the overall precisionof a
descriptiondoesnot changethroughtime, which is a consequencef the fact that the
limits explicatedin A areatall timesthesame.

But now, what exactly do the terms: “imprecise, statistics,and probability” actually
mean? QM respondsas follows. It commandeersrny concevable measurablevariable
or specificatiorfrom classicaimodelsasdirectly measurablegvenacceptingts unlimited
precision,with the proviso thatonly oneis selected If useof awell selectecandlimited
numberof measurementmaximally determinedan object’s state,as per A is possible,
thenthe new theory hasthe mathematicamachineryto specify a statistical distribution
at the samemomentor for ary othertime for any variable. Thatis, it is ableto give
the percentag®f casedalling within specificrangesof all variables(i.e., probabilities).
The generalopinionis that theseprobabilitiesin fact arethosefor the relevant variable
giving the likely valueto be obtainedby a measurementWith a singlemeasuremerthe
accurag of suchaprobabilityforecasttannoteverified,exceptpartiallyif thedistribution
is sharplypealedin a smallinterval. In orderto fully verify thesedistributions,thewhole
experiment,including orientationand preparatiormeasurementsnustbe fully repeated
very often, and then consideronly thosecaseswherethe orientationmeasurementare
identical.In thosecasesfor aspecificvariablegiventhesameorientatiorresults statistical
predictionswill beverifiedby measurement—sudh the popularopinion.

Onemusttake speciakarein criticizing thisopinion,becausé is verydifficult to parse;
a situationwhich is a consequencef our language.Thereis, however, anothercriticism
thatarisesnaturally No physicistin the classicalepochhaving conceveda model,would
have beensorashasto believe thatspecificationgor objectsin naturearemeasurableli-
rectly in fact. Usually only derived consequencesom suchmodelsactually turnedout
to be amenablgo experiment. Moreover, it would have beenanticipatedon the basisof
much experience that long before adequatesxperimentaltechniquesare developed,the
modelwould have beenalreadysubstantiallymodifiedto accommodateenly foundem-
pirical facts.— While thenew theorydeclaredhe classicamodelincompetento regulate
the interrelationshipsamongspecificationgfor which its originatorshasintendedit), it
doesanointitself competento certify which measuementsf the objectarein principle
doable;this, its foundersshouldhave consideredaninsolentusurpatiorof possiblefuture
developments.Now, is it not presumptuou$antasyto think thatresearcherfrom earlier
times,who one hearsnowadaysdid not evenknow what measuementactuallyis, never
thelesshave bequeathedtb us unintentionallythe instrumentto judgewhatis measurable
on hydrogentoday?

| hopeto shav below thatthis reigningopinionwasborn of necessity But first | con-
tinuewith its description.

3. PROBABILISTIC FORECASTS: EXAMPLES

Nowadaysas before, all predictionsrelateto the specificationsof a classicalmodel,
i.e., to thelocationsandvelocitiesof masspoints,or enegy andmomentumandthelike.
The nonclassicahspecits that only probabilitiescanbe predicted.Ideally with QM, it is
consideredhat the task always involves projectingthe maximally accurateprobabilities
thatnatureallowsfor resultsof measurement® be mademomentarilyor atanotherfuture
time basedon currentmeasurementBut now, whatis the actualsituation?In important
andin typical casesit is asfollows:

If onemeasuretheenegy of a PLANCK oscillator, the probabilityof findinganenegy
valuebetweerE andE’ canbedifferentfrom zeroif betweerE andE’ thereis oneof the
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values
3rthv, 5mhv, 7tthv, 9tthy, ...

For all internvalsnotincludingoneof thesevalues the probabilityis zero;i.e., othervalues
areexcluded. The acceptablevaluesare odd multiples of the model parametemthv (h =

PLANCK’s constanty =oscillatorfrequeng). Two thingsstandout here.One,thereis no
relationto previous measurements—tlg@areunnecessaryTwo, the valuedoesnot suffer

uncertaintyin factit is moreprecisethanary possiblemeasurement.

Anothertypical exampleis measuremendf angulamomentumin Fig. 1 letM bebea
mobile masspoint, wherethe arrow depictsboththe measureanddirectionof its momen-
tum (massxvelocity), O is an arbitrary pivot point in spacethe origin of the coordinate
system,say thatis not a point of ary physicalsignificancejust a geometricalandmark.
Theangulamomentunwith respecto O in classicamechanicss givenby the productof
themomentumvectorandthelengthof the perpendiculato its ‘line-of-flight’ OF.

In QM, analogougo the enepgy of anoscillator, angularmomentumis quantizedithe
probability of its valuesfalling in intervalsnotincludingthevalues

) 0, V2, V2 x 3, W3 x4, hW4ax5, ...,

is zeroagain;in otherwords,only oneof thesevaluescanresultfrom measuremenOnce
again, it is not dependanbn previous measurementsOne can well imaginejust how

substantiathis precisepredictionis, mud more so than knowledge of which value or

the probability for eachpermissablevaluein ary particularcase. It is also notablethat
thereis no mentionof the orientationpoint O; wherever it is put, the seriesof admissible
values,(2), is the same. Thus, in a model, this point is irrelevant, sincethe lever arm

OF changesontinuouslyasthe point O is displacedwvhile the momentumvectorremains
constant.This exampleillustrateshow QM usesa modelto readoff which variablescan
be measuredwhile it still mustdesignatevhich interrelationship@mongthesevariables
thatarevalid simultaneously

Doesonenot getthe feeling in both caseshat the essential

contentof whatis to be said,canbe shoe-hornednly with great N /
effort into a predictionof the probabilityto encountethis or that /M
measurementesultof a variableof the classicalmodel? Does Y
onenothavetheimpressiorthattheissuehereis thefundamental L
characteristiof new groupsof indicationshaving no morethan o

anamein commonwith classicalkcounterpartsThis uneaseoncernsot just exceptional
caseseventruly importantpredictionshave this character While thereareactuallysome
tasksapproachinghe sortfor which this meansof expressionis tailor made,they do not
have nearlythesamemportance All themorethosethatonenaively fabricatesasdidactic
examplesthathave absolutelyno importancereally. “Giventhelocationof anelectronin
hydrogerattimet = O; oneconstruesvhattheprobabilityof its locationis atalatertime”
Who cares?

Literally taken, suchpredictionsdo concernthe model. But the usefulconclusionsare
notimaginable;and,whatis imaginablejs virtually useless.

4. |S AN ENSEMBLE INTERPRETATION TENABLE?

In QM a classicalmodel plays a proteanrole. Eachof its specificationscanbe, de-
pendingon circumstancesan item of interestandacquirea certainreality. But never all
together—now it isthesethenit is those andalwaysonly half of afull complimentheeded
for a cleardeterminatiorof the momentarystate. What happenedo the restof them?Do
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they not have ary reality? Maybe (seebelaw) in just a vague,fuzzy way? Or, do all of
themhave uniquemeaningsbut suchthatknowledg of only half is possible?

This secondsuppositioris commodioudor statisticatheoryof thesortdevelopedn the
latter half of the previous century;especiallyso while the new theorywasbornfromit in
analysisby PLANCK from Decembefl8990nthetheoryof heatradiation. The essencef
this modeof thoughtis foundin thefactthatonepracticallyneverknows all specifications
for asystemput only afew. For the descriptionof arealisticbody ata givenmomentone
doesnot call on a stateof the model,rathera so-calledGieBBsian ensemblewhich is an
ideal,merelyimaginedcollectionof statescorrespondingo theactualknowledgein hand.
The body is thenconsideredo executejust oneof the statescontainedin the ensembile.
This viewpoint hasenjoyed greatsuccesslts greatestriumphswerethere, whereeachof
theoptionscannotbefoundpertainingto a singlememberof theensembleThebodythen
really doesbehave erratically exactly correspondindo probabilisticexpectationgthink:
thermodynamidluctuations).Thus,oneis temptedo attribute quantumuncertaintyto the
plurality of suchpossibilities—lit suchthatjustwhich oneis realizedremainsunknown.

Unfortunately the examplegiven above involving angularmomentumshows that this
surmiseis not tenable. Consideran ensembldn which eachmemberis relatedto a dif-
ferentpoint O andwith differentlinear momenta. Thenone canchosethe length of the
momentunvectorwith respecto ary pivot point suchthatary of the admissiblevalues,
(2), is obtained. But thenfor arny other pivot point, O/, the valuesarising might not be
amongthe admissibleones. Transplantinghe issueto an ensemblaloesnot resole this
discrepang. Anotherexampleis thatof the enegy of anoscillator Considerthe casein
which its enegy hasa sharpvalue,e.g.,the lowestone,3mhv, say The separatiorof the
two masspoints(that constitutethe oscillator)is thenvery imprecise In orderto beable
to transferthesefactsto an ensemblethe statisticsof the separationshouldbe limited
from above sothatthe potentialenegy never exceeds3nhv. But thisis notwhathappens
in fact, arbitrarily large separationsirealsoincluded,albeitwith diminishingprobability.
Moreover, this defectis not anancillary calculationaluirk to be correctedwithout affect-
ing the essentiakernelof thetheory Among mary othereffects, this featureis the basis
of GAMoV's quantumexplanationfor radioactve decay Suchexamplesareto be found
withoutlimit. Notethatin all of thisthereis no mentionof ‘time.” Nor wouldit helpatall
to accepmodelsincorporating'nonclassical'featuressayinstantaneou§umping.” Even
atasingleinstant,thatwould notwork; theredoesnot exist a collectionof classicaimodel
momentarystatesnvhich would adequatelyover thetotality of quantumpredictions.This
canalsobeexpressedsfollows: if | for ary instantattributea particular(but unknovn to
me)stateto amodelsystemor equivalentlyfix all values(again justnotknown to me)for
the model’s specificationstherestill is no conceivablepredictionwhich is notin conflict
with a portionof the quantumconclusions.

This is not entirelywhatoneexpectswhenonehearsthatthe resultsof the new theory
in comparisono classicakheory arenever sharp.

5. ARE VARIABLES REALLY INDISTINCT?

Thealternatve would beto ascribeseality to whatever variablesaredistinctandsharp;
or. moregenerallyput: to attributeto variablesexactly thatdegreeof reality corresponding
to the sharpneswhich quantumtheoryallows them.

Thatit is notimpossibleto expressin just onecompletelyclear constructthe degree
andsort of indistinctnesf all variables,is manifestedoy the factthat QM hasanduses
justsuchaninstrumentnhamelythe so-calledwave or -function,or sometimesalledthe
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systemvector We shall have much moreto say aboutit belon. Suchfunctions,being
abstractmathematicakntitieswithout visualizablecontent,asis oft notedwith respect
to the new mode of thoughtin general,is devoid of consequenceln ary caseit is a
conceptuakntity encompassinghe indistinctnesof all variablesat ary giveninstantas
clearly andexactly asa classicaimodeldoestheir exactitudewith numbers.In addition,
its law of time evolution is in no way lessclearand precise,for isolatedsystemsthan
thatfor a classicaimodel. Consequentlyp-functionsareappropriatefor situationswhere
indistinctnesds limited to the scaleof urverifiable atomic dimensions.In fact, one has
extractedfrom suchfunctionsquiteimaginableandcommodiousiotions,for example,the
“negative chage cloud” surroundingan atomic nucleusetc. Seriousresenationsarise,
however, wheneerthis indistinctnesshouldpertainto macroscopiobjectsfor which the

is simply misplaced.The stateof a radioactie nucleushaspresumablyjust sucha degree
andtype of indistinctnessn that neitherthetime nor directionof a decayof ana-particle
arefixed. Confinedto the interior of a nucleus,this doesnot disturb us. The ejected
particlecanbedescribedif oneseeksanimage,asa sphericalwave expandingaway from

the nucleussuchthatit would impacta sphericaldetectorcenteredon the nucleusover

is whole surface. Suchdetectorshowever, do not respondhis way, but flashesat single
spots,or, to fully respectruth, flashesoccurarbitrarily hereandthereasit is not possible
to carry out this exercisewith a singleradioactve atom. If insteadof a sphericaldetector
a spacefilling ionizablegasis used,the tracksseendepictlinear trajectorie$, departing
from the a-emitting nucleus(i.e., WiLsoN cloud chambettracksof condensatiomnions
engenderedy the expelledparticles).

Onemightevenconsidera burlesquéllustration. Suppose catis confinedin aboxto-
getherwith, but isolatedfrom, a devilish gadgetconsistingof a GEIGER-counterto trigger
ahammerto smashavile of lethalprussicacid. Furthersupposéhe counteris setbeforea
minisculeamountof radioactve materialwhich within anhourhasanequallik elihoodof,
or of not, onea-decay Now, a Y-functionfor thetotal system catandgadgetaccording
QM principles,afteronehouris amix of live anddeadcat!

Thesignificantpoint hereis thatwhatoriginally waslimited to the microscopicatomic
domain,is transferedo a macroscopi@renaavailableto directobsenation. Thisillustra-
tion stronglythrottlesa naive understandingf ary “indistinct model” asa representation
of reality. In andof itself, thereis nothingunclearor contradictoryhere. It simply illus-
tratesthe differencebetweeran out-of-focusphotograptandoneof a cloud or fog bank.

6. EPISTEMOLOGICAL REFORM

In 84 we saw thatit is not possiblesimply to adaptthe classicalmodel and ascribe
precisevaluesto indistinct or unknown variables. In 85 we sav that indeterminag is
not just indistinctnessasthereare casesvherean easily madeobsenation compensates
ary indeterminag. So, what remains? To escapethis dilemma, epistemologyis called
to therescue.Oftenwe areassuredhatthereis no real differencebetweenhe stateof a
naturalobjectandwhat one knows aboutthis object,or ratherwhat onecould know with
sufficient effort. Reality— it is posited—isactuallyjust that,whatoneperceves,obsenes
or measures.Thus,if | have at any momentthe bestpossibleinformationon an object
allowedby natureslaws, thenl amentitledto rejectall furtherquestionsaboutthatobject
asvacuousatleastinsofarasl amcorvincedthatno additionalobsenationcouldincrease

2Fore»(ampleson the pagesof this journal,seeFigs. 5 & 6, p. 3750f theyear1927andp. 734 of lastyear
1934,wherehowever, thetracksweremadeby hydrogemuclei.
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my knowledge—withouthowever, destrying alreadyheldinformation,e.g.,by changing
its state.

This throws somelight on the genesisof the remarkmadeat the endof §2, that! de-
scribedas ratherfar reaching: namelythat all of a models quantitiesin principle are
measurable.This, asan article of faith with universaldominion, simply cannotbe dis-
regardedif one finds oneselfcompelledto call upona rescuingomnipotenceor aid in
physicsmethodology

Reality resistsmentalimitation via models.Soonegrantsnaive realismfreereignand
falls backdirectly on theindubitablethesisthatin the endreality (for a physicist)is only
obsenationor measurementn which caseall ruminationson physicsproblemsarebased
on andpertainto the resultsof feasiblemeasurementssthoughall othersortsof reality
andmodelsthereofareimpotent.All numericalquantitieghatarisein physicscalculations
thenmustbe designatedneasurementesults. But, aswe were not born yesterdayso as
to be startingafreshtodayto do science,and alreadypossesa well developedquantum
calculus,which now, after substantiasuccessesye do not wish to abandonwe seemto
feel obligedto “dictate from the desk” just which measurementare possiblein princi-
ple, i..e, which mustexist so asto verify our calculus. Sincethis allows a sharpvalue
for every variableof the modelseparatelyif for only a “half set”), eachseparatelynust
be preciselymeasurable We mustallow ourselesno less,having lost our naive realist
innocence We have nothingbetterthanour calculusto shav us whereNaturehasdrawvn
theignoramus-bordetthatis, what constituteshe bestpossibleknowledgeof an object.
Shouldour calculusbe inadequatethen our measurement-realitwould dependon the
conscientiousnessf experimentergo garnerinformation. We mustinstructthemon just
how farthey maygo, if clever enough.Otherwise,t is to be fearedthatjust there,where
furtherquestionings forbidden,somethingusefulmightturn up.

7. WAVE FUNCTIONS AS EXPECTATION CATALOGUES

In the continuationof the explication of orthodoxy let us turn againto the y or wave
function. It is theinstrumenbf predictionfor probabilitiesof measuremenesults.Within
it is to be foundthetotality of valid future expectationsa catalogueasit were. It provides
thebridgeof relationshipsandconditionsbetweermeasurementndsubsequemnneasure-
ments,similar to the modelandits currentstatein classicaltheory, which is somethingt
hasin commonwith wave functions.It canbe,in principle,uniquelydeterminedy a suit-
ableselectionof measurementsn the object, half asmary aswould be necessaryn the
classicakase.In thisway, the catalogueof expectationss compiled.Thereafteit changes
with time, just lik e the statein a modelin classicaltheory, inevitably andunambiguously
(“causally”)—theevolution of a Y-functionis governedby a partial differentialequation
(first orderin time andsolved from dy/adt). This correspondso an unperturbednotion
in classicaltheory But this proceedonly solong asno measuremerns made. At each
measuremengneis requiredto attributeto a Y-functionanabruptmodificationdepending
onthenumericalresultsof themeasuementhatitself is not predictable All of whichsays
thatthis secondansort of changehasabsolutelynothingto do with the orderly evolution
of a Y-function betweenmeasurementsThe abruptchangeoccasionedy measurement
relatescloselyto themattersconsideredn 8§85, which arethe mostinterestingaspect®f the
theory It constitutesexactly the point thatrequiresa breakwith naive realism,andwhich
precludessquatinga Y-functionwith a statein classicatheory notbecauseinpredictable
abruptalterationscannotbe attributedto ontologicalobjectsor encompassenh a model,
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but becausen obsenation of a naturalprocesdss asmucha part of natureasthe object
itself.

8. MEASUREMENT THEORY-I

Rejectingrealismhaslogical consequencesA variablehasin generalno particular
valuepreceedingts measurementhatis, measuringt doesnotjustrevealthevaluethatit
hadapriori. Whatdoesit meanyeally? Theremustexist a criterionfor whetherameasure-
mentis right or wrong,a methodgoodor bad,accurateor inaccurate—whethet deseres
thetitle ‘measurementor not. Every machinatiorwith a meterin thevicinity of anobject,
from which one at somepoint takesa reading,cannotreally constitutea measurementf
this object. Thus, it is ratherclear if reality doesnot determinemeasuredsalues,then
measuredaluesatleastdeterminaeality, which mustbe availableafter ameasuremerih
thesenseertifiedby ourepistemologyi.e.,asmeasuredalues.In otherwords,thesought
criterion canbe only: reiterationof a measuremennustyield the samemeasuredalue.
With suchserialmeasurememtepetitionthen,the accurag of the measuringorocesscan
be checled andtherebydemonstratedhatit is not just emptytheatrics.It is comforting,
thatthisinstructioncoincideswith theexperimentalist procedurdor whoma“true value”
is unknovn in advance.We capturethe essencef this pointasfollows:

The intentionalinteraction of two systemgmeasued objectand measuementinstru-
ment)is calleda measuemenbf thefirst systenif somediagnosticindicator of thesecond
system(measuementinstrumentreading)for an immediaterepetitionof this interaction
(whee no interveninginfluenceon the measued systenis allowed)alwaysyields,within
giventolerancesjdenticalresults.

This definition surelyneedsrefinement,t is not without defects. The ontic is always
more complex thanits mathematicatepresentatiomnd difficult to formulatein smooth
prose.

Befoe thefirst measuremerdary quantumtheoreticaforecasttanbevalid. After such
ameasuremen all cases further measurementesultsmustfall within relevanttoler-
ances.Thatis, the catalogueof predictions(the -function)is alteredwith respecto the
measurediariableby measurementWhenthe measurememtrocedurdas known to bere-
liable, thenthefirst measurememneduceshetheoreticapalletof expectationgo bewithin
the tolerancesregardlessof its previous extent. This constituteshe abruptalterationof
Y-functionsmentionedabove. But the factis thatnot only the measured/ariables cata-
logueof expectationss unpredictablyaltered but alsothatfor othervariablesjn particular
for ‘conjugatevariables. If arathersharppredictionfor a particle’s momentumprevails
beforeits locationis measuredeyond that allowed by Eq. (1), thenthe forecastfor the
momentummustalso have beenaltered. The quantumcalculusautomaticallytakesthis
effect into account;thereexists no Y-function from which with appropriatemethodsan
expectationmotin accordwith Eq. (1) canbe obtained.

In that the expectationcatalogueis alteredby measurementhe objectitself thenbe-
comesno longerusefulfor checkingthe completecatalogueof probabilitiesof theincom-
ing state,in particularfor the measuredrariablewhich retainsits first revealedvalue. In
orderto checkthewhole palette,in otherwordsto checkthe experimentthat is theratio-
nalbehindthe prescriptionin §2, namelyto checkthe probability cataloguegncompassed
in a wave function, the measuremerproceduremustbe faithfully repeatecab ovo. One
mustpreparddenticalobjectswith -functionsidenticalto theonevalid for thefirst mea-
surement. (Note, this repetition, being of the experimentnot just of a measuremenis
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fundamentallydifferentfrom thatmentionedabove!) This mustbe donenotjusttwice, but
very often. Thusly, forecaststatisticscanbe verified—percurrentopinion.

Thedifferencebetweererrorlimits andstatisticalscatterof measuement®nonehand,
andtheoreticakxpectatiorstatisticson theothermustbekeptin mind. They areunrelated,
they engagdwo typesof repetition aswasjustemphasized.

At this point notionsregardingconstraintson measuementcanbe refined. Thereare
measuremerdpparatusvhich hold their readingsafter use;or, what's worse,the pointer
might getstuckaccidentally Rerunsthenyield the sameresultrepeatedlyand,the exper
imentermight conclude following the above principle, thathis measuremeris somehav
specialandparticularlyaccurate But this is a resultpertainingnot to the object,but to the
instrument. In fact, therefore the above principle is incompletein animportantrespect,
onethatearliercould not be considerectasily namelyby neglectingthe essentiabiffer-
encebetweenthe objectandmeasuringnstrument(that only the latter deliversreadings,
is a superficiality).For example,oftenaninstrumentmustbereset,aswe have just noted,
toits initial conditionbeforereuse—ass well known to experimentersTheoreticallythis
matteris dealtwith bestby proscribingthatall instrumentderecalibratedsothatfor each
repetitionthesamap-functionpertainavhenre-exposedo theinstrument.In addition,ary
deliberateperturbinginteractionwith the objectitself mustbe preventedduring “control
measurementd’e., “repetition of thefirst sort” (leadingto measuremergrror statistics).
Thatis a characteristidifferencebetweembjectandinstrument.For a “repetition of the
secondsort” (to checkquantumforecasts}the object-instrumentlistinctionvanishesij.e.,
it is really quiteinsignificant.

From this we learnthat for a secondmeasuremerdn identically constructedand pre-
paredinstrumentmay be used,it neednot be theidenticalinstrument;in fact,sometimes
instrumentexchangesremadejust to checkthe original one. Eventotally differenttypes
of instrumentganbe usedfor sequentiameasurementgepetitionof thefirst sort)if they
yield compatibleresults,i.e., they measureessentialljthe samevariableandaremutually
calibrated.

9. Y-FUNCTIONS AS STATE DESCRIPTIONS

Rejectingrealismengendergertainresponsibilities. From a point of view basedon
classicamodels p-functionsare,in termsof theircontentjncompletethey include,seem-
ingly, only 50% of a total description.Fromthe QM standpoint, however, they mustbe
completefor reasonghatwerementionecdattheendof §6. It mustbeimpossibleto attach
still morevalid forecastdo themor elseonelosestheright to disregardall furtherdemands
for morespecificity aspointless.

Therefromit follows thattwo differentcataloguegor the samesystemunderdifferent
conditionsor at differenttimes, canoverlappatrtially, but never sothatoneis completely
containedn the other Wereit otherwise,it would be possibleto enlage onewith addi-
tional information,namelythe differenceof the overlap. The theorytakesthis automati-
cally into account;thereexists no -functionyielding all the sameexpectationsassome
other, but alsoadditionalones.

Therefore whenever a Q-functionis altered,beit from within by itself, or from with-
out by measurementherevampedunctionalwaysyields somedifferentexpectationsot
extractablefrom the unalteredversion. Thatis, the cataloguewill have not only new pre-
dictions, but will alsohave lost someprevious ones. Now, informationcanbe obtained,
but notthereaftedost Thelossof expectationsanonly meanthenthatwhatwascorrect
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to begin with, becomedalsethereafter A correctpronouncementanbecomefalse,if its
essencehangesl find thefollowing conclusionin this regardfaultless:

THEOREM I: If there are differenty-functionsfor a givensystemthenthe systemis in
differentstates.

If the matterconcernssystemsfor which thereexists only one y-function, thenthe
inverseobtains:

THEOREM l|I: Givenidentical J-functions the systemnis in the samestate

This inversedoesnot follow directly from thefirst without alsoassumingcompletion.
Wereoneto hold thata differencefor the samecataloguess possible this would admit
thatit still doesnot give answergo all questionsThelanguageausedby nearlyall authors
reflectsthis point, in thatthey areessentiallyfabricatinga new sortof reality, andl believe
fully legitimately. Suchlanguages, moreoer, not tautological,not simply a definition
for the word “state” Without the assumptiorof cataloguecompletenessalterationsto
Y-functionswould be effectedsimply by acquisitionof new information.

Thereis still oneotherobjectionto THEOREM | thatmustbe assessedt couldbesaid,
that eachindividual statemenbdf corviction involved here,the actualobjectof concern,
is really no morethana probability statemenivhich in the cataloguerightly or wrongly
doesnot concernan individual item but only the collective, that arisesin that one has
preparedhe samesystema thousandimes (so asto carry out identical measurements;
see8§8). Thatis true, but still all memberf this collective mustbe verified asabsolutely
identical, becausdor eachthe identical ¢-function obtains,i.e., they have the identical
cataloguef expectationsanddifferencesotalreadyin the cataloguareinadmissiblgsee
thereasoningor THEOREM I1). This collective consiststhen,of identicalsingleitems. If
anexpectationfor it is false,theneachsingleitem musthave beenaltered,otherwisethe
collective would befalsetoo.

10. MEASUREMENT THEORY-II

Discussior(87)andclarification(88) aboveledto thenotionthatmeasuemensuspends
thelaw of continuousy-function time evolution, interruptingit with a lawlessalteration
dictatedby the measurementesult. However, during measuremerdomeotherunnatural
law cannotreign; measuremeris asnaturala procesasary other, andthereforeunableto
violatenaturallaw. As y-functionsarein factinterruptedthey (aswasnotedin §7) cannot
be considereccandidatedepictionsof objective eventsaswith classicalmodels. Exactly
thisis theideacrystallizedin the previoussection.

Let'stry, in outline,to draw contrasts:1. The collapseof the expectationcatalogués
unavoidableif measuremeris to make senséhena goodmeasurementsultmustbeno
lessthanits numericaloutcome. 2. The abruptchangecannotbe regulatedby the time
evolution law, asit dependson the numericalresult, which arisesfirst at the momentof
measurement3. This changencludes(becausef completenesdpssof knowledge,and
asknowledgeassuchis indestructible this meangshatthe item itself haschanged—also
abruptlyandunpredictablyin contrasto normalevolution.

Doesthis make senseThesituationis notatall simple;andconcernghe mostdifficult
andinterestingaspecbf the theory To begin, we mustattemptto capturethe essencef
theinteractionof objectandinstrument.To do so, first someabstractechnicalitiesneed
beexplicated.

Thecruxis this. If onehastwo fully separatetbodies or bettersaid,for eachaseparate
expectationcatalogue(i.e., maximal knowledge), then naturally one also hascomplete
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knowledgefor the pair togetherthatis, consideringhemasa totality, not separateinits,
whosecombinedfutureis of interest.

But now, theinverseis not true. Maximalknowled@ of the pair doesnot includemax-
imal knowledg of the parts, evenwhenthey at the momentare widely sepaatedand do
notinteract. It canbe, however, thata portion of whatoneknows pertainsto the interre-
lationshipor conditionalitybetweerthe pair (we limit ourseheshereto two items)thusly:
if a particularmeasuremergivesa particular resultfor one,thentherewill be particular
expectationstatisticsfor the other; but if the first resultwere somethingelse,thenother,
different expectationstatisticsobtain for the second. Or further, if a third resultis ob-
tainedon thefirst, thenstill otherexpectationstatisticsobtainfor the other, andsoforth.
This structureresembles completedisjunctionof all numericalresultsthattheconsidered
measurementf the first variablecan deliver. In this way the measuremenprocess(or
whatis the same,a variableof the secondsystem)is coupledto an asyet undetermined
valueof thefirst variable,andof courseyisaversa.Whenthatis thecasej.e.,whensuch
conditionalprobabilitiesarein the total systemcataloguethenit cannotbe maximalfor
the componensystemsThus,whenthe contentof two maximalsinglecatalogueshould
suffice by itself asatotal cataloguetheseconditionalprobabilitiesareinadmissible.

Suchqualifiedpredictionsare,moreorer, notsomethingiew poppingup here.They ex-
istin every expectationcataloguelf oneknowsthe -functionandmakesa measurement
giving a particularresult,thenonestill knowsthe Y-function,voila tout. Butin thecaseat
hand,asthewholesystemconsistof two fully separategarts,thesituationis quitediffer-
ent. Hereit makessenseo differentiatebetweerameasuremerdn onepartor ontheother
This in turn justifiesthe desirefor a completecatalogudor eachindividually; otherwise,
it could be possiblethata portion of thatinformationon the mutualconditionalaspectss
wasted,so-to-speakand leavesthe wish for separateataloguesuinfulfilled—despitethe
factthatthe catalogudor thewholeis completethatis, its Q-functionis known.

Letusdwell herefor amoment.Thejustmaderemarkin all its abstractioractuallysays
everything. The bestpossibleknowledgefor atotal systemdoesnot includednecessarily
the samefor its parts. Translatedinto the terminologyof §9: The total systemis in a
particularstate but the partsby themselesnot so.

-How so?Any systemmustbein somestate.

=No! Stateequalsy-function, andis maximal knowledge—thisdoesnot imply that
actuallyl have gainedpossessionf suchknowledge. Maybel'm lazy, in which casethe
systemwould bein no stateatall!

-Fine, thenthe agnosticquestion-prohibitioris not yet ratifiedand| canconsiderthat
for eachpartthereis a state(i.e., Y-function), and,just don’t know which.

=Not so! Saying“l justdon’t know” is unacceptableAfter all, maximalinformation
for thetotal systemis indeedat hand.

Theinsuficienceof a Y-functionas an ersatzfor a model,resultsexclusivelyfromthe
fact,thatonedoesnot alwayshaveit. Onceonedoeshaveit, it surelyis agoodandtrusty
descriptionof the state.But, actuallyonedoesnt really have it in somecasesvhereone
expectsto haveit. In which caseonemay not asserthat“actually thereis one,but | just
don't know it;” the chosenunderlyingepistemologyforbidsthat. “It” is namelya sumof
knowledge,andknowledgeknown to nobodyis no knowledgeat all.

3Naturally informationontherelationshipof thetwo to eachothercannotbemissing.If it were,thenit could
enterinto oneor the otherof the Y-functions;andthatis precludedy definition.
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We continue. Thata portion of the knowledgein the form of disjoint conditionalities
betweerthe partshangsin the blue, cannotbe true for the casewherethe partsare as-
sembledrom oppositeendsof the universeandhave hadno interaction,so muchso that
the partswould betotally ‘unaware’ of eachother Measuringonecannotreveal anything
abouttheother its future, its fateor whateser. Wheneverin factthereis an“entanglement
of predictions) obviouslyit canariseonly if the partsatsometime in the pastconstituteca
singlesystemthatis, interactedsoasto leave traceshereof.If two separatdodieswhich
separatehyare maximally knawn cometo a situationin which they affect eachother, and
thenmove apartagain,a conditionalpredictablyarriseshat| have calledentanglementf
our knowledgeof the parts. The commonexpectationcatalogudogically consistsorigi-
nally outof thesumof the cataloguesf theparts;but duringinteraction cataloguegvolve
or developaccordingto well known laws (of course heremeasuremeris not involved).
Knowledgeremainsmaximal,but in the end,asthe partsmove apartthe catalogués not
restoredo thesumof thosefor theparts.Whatremaingherefrom, is, maybeevenseverely,
lessthanmaximal. Notice the contrasthereto classicaimodeltheory wherenaturallythe
initial stateandthe known outcomeor final statesareall individually known.

The measuremerrocesslescribedn 88 falls directly underthis schemeif we apply
it to the total object complex and instruments. In constructingan objective picture of
this processaswould be donefor ary otherprocesswe might hopeto clarify the weird
jumping associatedvith -functions, maybeeven banishit altogether Moreover, one
bodyis now the object,while the otheris theinstrument.In orderto precludeall external
influences the setupshouldbe so imaginedthat the measuringnstrumenthasbuilt into
it an automaticcontrol mechanisnso it cansneakup on the object, measureand later
sheakaway. The actualreadingof the metershall be postponedecausdirst we wish to
determingust what“objectively” transpired;but we have arrangedhatthe measurement
resultitself berecordedandreadout later, asis oftendonein factnowadays.

So,whatdoesthis automaticmeasuremeramountto? Again, we startwith a maximal
expectationcatalogue;but, the read-outis, of course,notin it. With respectto the in-
strumentthe cataloguds quite incomplete anddoesnot eventell uswheretherecording
pendid its writing. (Recallthe poisonedcat.) So onegetsthe ideathat our knowledge
hassublimatedcertainconditionalities:if the penreachediler mark 1, thenfor the ob-
ject probability is this or that, if filer mark 2, thenanothermprobability, if 3, thena third,
etc. Hasthe Y-function of the objectmadea jump? Or hasit, on the otherhand,evolved
accordingto the appropriatdaw (the differentialequation)?Neither, actually; it ceased
to exist. It has,accordingto inviolable law for the total -function, gottentangledwith
thatof theinstrument.Theexpectationcataloguefor the objecthassplit into a conditional
disjunctionof expectationcatalogues ik e anartful folding map. In eachfold onefindsthe
probability of its own occurrence—transferefdom the original cataloguefor the object.
But theissuenow is: which fold of the mapis relevant? The answeris given by thefiler
mark.

Whathappensf it is notread?Say it is recordedn photographigaperthatis acciden-
tally over-exposedbeforedevelopment,or just lost. Thenthis unfortunatemeasurement
notonly teachesisnothingnew, but actuallyhasreducecbur knowledge.Knowledgethat
onealmosthadearlier, is lost forever. Onehasto now carefully reomganizeeverythingso
asto regainwhatwentastray

So, what hasthis analysisbroughtus? First, insightinto the disjunctive split of ex-
pectationcataloguesywhich transpiregjuite continuouslyia embeddingnto the common
cataloguefor objectandinstrument. From suchmultiplicity the objectcanbe liberated
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finally only whena mortal experimenterfinally readsthe instrument. At sometime that
musthappenif the enterprisds really to constitutea measurement—sinamortalscon-
scientiouslyalwayswork with maximalobjectvity. Thatis the secondbit of insight: only
after readingthe meter which resohesthe multiplicity, doessomethingdiscontinuousor
jump-like, occur Oneis temptedto perceve it asa mentalact, sincethe objectitself has
in fact alreadymoved on andis no longer physically involved, whatever else happens.
But still it would not be totally correctto saythata -function for the object, otherwise
alwaysevolving accordingto a differentialequationindependenbf an obsenrer, changes
now jumpwiseasa consequencef a mentalact. Therefor aninstant,it existedno more.
Whatisn't, cant change Thensuddenlyit is resurrectedresuscitatedut of theentangled
knowledgeheldby anobsenerby aprocesghathasno physicaleffectontheobject.From
theformer -functionto the new one,thereis no continuougpathasit passeshroughan-
nihilation. But by fore-and-afteicontrastsit appeargump-like. In factthereis important
developmentsn betweennamelytheeffect of thetwo partson oneanotherduringwhich
the objectpossessedo privatecatalogueandhadnoright to one,becausét did not exist
independently

11. ENTANGLEMENT RESOLUTION, AN INTERVENTION OF CONSCIOUSNESS

Let usreturnto the generalssueof “entanglementivithout focusingon measurement.
Considerthe expectationcataloguedor two objects,A andB, entangledby causeof tem-
poraryinteraction. Now let the two be separated.Thenone canselectone, B say and
his undermaximalknowledgeof it andboostit by meansof measurementsp to maximal
knowledge. It canbe said,thatassoonasthatis accomplishedbut not soonerfirst of all
theentanglemenill have beenresohed,andsecondly by exploitation of the condition-
alities,the bestmaximalknowledgeof A will have beengainedalso.

In the first place knowledgeof the whole systemremainsmaximal always, because
goodandaccurataneasurementsever would expungeknowledge.Secondlyconditional
statementsf theform: “if atA---, thenatB---,” cannolongbevalid assoonasamaximal
cataloguefor B is compiled,which would not be conditionedand so, no moreinforma-
tion concerningB canbe investedinto it. Third, conditionalstatementsn the opposite
direction(“if atB---, thenat A---") canbe corvertedinto statement®nly on A, because
all probabilitiesfor B arecompletelyknown in advance.The entanglemenis therebyto-
tally resolhed,andasknowledgeof the whole systemremains,t mustbe attributedto the
maximalcatalogudor B, aswell asanotheronefor A.

It cannothappenthat A indirectly through measurementen B, becomesnaximally
known, beforeeven B does. If it did, thenall agumentswould work in reverse,thatis,
for B also. The systemshecomemaximally known mutually. Incidentally we notethat,
thatwould be so alsoif measuremenwerenot focusedon just oneof the two parts. The
curiousfactorhereis, thatfocuscan be limited to one partandstill permitgettinggood
results.

Which measurementandin which orderthey are madeis up to the discretionof the
experimenter He neednot selecta particularvariablein orderto exploit the conditionali-
ties. He may confidentlymalke a plan bringing him maximalknowledgeof B, evenwhen
he knew nothingof B. No damages therebydone;evenif he,wonderingaftereachstep
whetherheis finished just checkssoasto spareuselessurthereffort.

Which A-catalogueof this type indirectly arises,dependsaturally on the numerical
measuremenmnesultsderivedfrom B (beforethe entanglemenis completelyresolhed, but
notby latermeasurements casefurthersuperfluou®nesaremade).Supposeow, | had
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foundthis sort of A-catalogudn a particularcase.Then| cancontemplateand consider
whetherl would have found a different A-cataloguehas!| usedanotherplanto measure
B. Becausd have nothadcontactwith the systemA really, norwould | have hadit in the
contemplatedlternatve, sothe predictionsof the othercataloguewhatererit could have
been,areall alsocorrect. They mustall bein thefirst cataloguealso,asit wasmaximal.
Thatwastruetoo for the secondsothey mustbeidentical.

Peculiarlythe mathematicaformalismdoesnot automaticallysatisfythis requirement.
Evenfurther, examplescanbe constructedvherethis requirements violatednecessarily
While for eachattemptonly oneschemeof measurement&@lwayson B) canbe executed
in thatassoonasit is, the entanglemenis resolved and onefinds, via further measure-
mentson B, no moreknowledgeover A. But therearecaseof entanglemenin which for
measurementsn B, therearetwo distinct programs,for which 1.) the entanglementnust
beresohed,and?2.) thatleadto anA-catalogugo whichtheotherabsolutelycannotead—
whateverthenumericalmeasuremenesultin this or thatexperiment.It is simplythecase,
thattwo rowsof A-cataloguesthatfor oneor the otherprogramcould be employed, are
perfectlydistinctandhave no elementsn common.

Thereareparticularlycritical casesin which this situationarisesoften. In generalone
mustconsidemattersmorecarefully. If two programdor the measuremerdf B arethen
available,andalsotwo rows of A-catalogue$o whichthey couldlead,thenit is notenough
thatthetwo rows have oneor morecommonelementsn orderto beableto say: ‘well, one
or theothercanalwaysbe used, andtherebyput asidethe above requirementis“presum-
ably fulfilled.” Thatis not enoughsinceoneknowsthe probability of every measurement
on B, seenasa measurementn thetotal systemandby multiple ab-ovo-repetitionseach
must enterwith its attributed frequeng. The two rows of A-cataloguesnusttherefore
agreeelementor elementandfurtherthe probabilitiesin eachmustbethesame.And that
notonly for thetwo programsratherfor eachof endlesslymary concevablevariants.But
thisis by no meangheissuehere.The demandhatthe A-cataloguewhich onegets,must
be the sameregardlesof which measurementareexpectedto be madeon B, is neverin
ary way accomplished.

Let usconsidemow a“peculiar” example.

12. AN EXAMPLE-I*

For thesale of simplicity, let usconsidettwo systemsawith only onedegreeof freedom.
Thatis, eachshall be characterizedby only onevariableq andits canonicallyconjugate
partnerp. Theclassicaimageis thatof a masspoint confinedto onedimensionaimotion
like abeadin anabacus p is the productof massandvelocity. For the secondsystemwe
usethe uselarge Q andP. Althoughwe do notinsiston having themmountedon a wire,
if they arewe neverthelesslo not insistthat the origin for both variablesis the same,so
thatq = Q doesnotimply thatthey are coincident. The two systemscanbe completely
separated.

In the cited paperthetwo possiblyentangledsystemsfor which at a particular instant,
all thatfollowsrelates aresuccinctlydescribedy the equations

g=Q and p=-P.
Thatis: | knowif ameasuremerdf q anthefirst systenyieldsaparticularvalue,thesame
valuewill resultfor Q-measurementn the secondandvisaversa;and| knowthatif a

A, EINSTEIN, B. PoDOLSKY andN. ROSEN, Phys. Rev. 47, 777 (1935). Their paperstimulatedme to
write this—should call it screedr testimory?
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p-measuremennadeon thefirst givesa particularvalue,a P-measurgyieldsthe opposite
value,andvisa-\ersa.

A singlemeasuremenf g or p or Q or P resolesthe entanglemenandrendersboth
systemsknown. A secondmeasuremenin the samesystemmodifiesthena forecaston
it, but saysnothing aboutthe other Thatis, both equationscan not be verified in one
experiment.But onecanendlesgepeatt ab ovo; duplicatingthe entanglementandthen
asonewishes testoneor the otherequationto find it confirmed.We considerthis herein
to have beendone.

If aftermary runsonedecideso measurel onthefirst systemandP onthesecondand
gets:

q=4, P=7;
mayonedoubtthat
a=4, p=—7,
would bea correctpredictionfor thefirst system;or
Q=4, P=7,

correctfor the secondsystem? Quantumpredictionsare never fully testablein a single
experiment,but correctneverthelesdecausavhoever hasthemin handis in no dangerof
later disappointmenho matterwhich half hedoesin facttest.

Thisis beyonddoubt: Eachandevery measuremertan asystenis thefirst measurement
onit. Therecanbe nodirectinfluencedrom othermeasurementsn separatedystemsa
phenomenomvhich it existedwould be puremagic. Neithercanit be justrandomcoinci-
denceasthousand®f measurementsn virginal systemslo coincide.

Theforecastcatalogueg = 4 andp = —7 would be, naturally maximal.

13. EXAMPLE-Il: ALL POSSIBLE MEASUREMENTS ARE ENTANGLED

Actually aforecastwith this degreeof comprehensienessaccordingtlo QM principles
examinedhereinto their last consequences not even possible.Many of my friendsare
therebycomfortedand assertthat what a systemwould have told an experimenteiif ---
—hasnothingto do with real measurementandis not derived from our epistemological
standpoint.

Let usagainbe completelyclear Focusingon the systemwith variablesp, q (let uscall
it the ‘'small’ one),| canposevia directmeasurementgneof two questionsgitherwhat
is q or p. Beforel doso,if | like | could have measureda fully separatesystem(to be
consideredan ancilla) to answereitherof thesequestionspr | might justintendto do so
later My small system Jik e an examinedstudent,can knowneitherwhetherl have done
sonor which| have done;or intendto dolater Frommary previousrunsl know, that,asit
were, this studentalwaysgetsthefirst questionright. Thatimpliesthathe mustknow the
answetrto both Thatthevery procesof questingsoupsetghe studenthatall subsequent
guestionshe doesnt getright, changesothingon this conclusion.No responsibleschool
principlewould concludeotherwise no matterhow muchhewouldwonderwhatthecause
of thisstrangebehavior is. In ary casejt would notoccurto him thatbecaus¢heexaminer
checled his notebookthat the studentanswerectorrectly or eventhatthe notebookwas
alteredafterthe-factsoasto conformto the givenanswer

Thus,thesmallsystermkeepshandyanansweifor whichever questioncomedfirst. This
answefin-resere cannotbe ‘fix ed’ by measuringQ on the ancillary system(in the anal-
ogy: thattheteacherchecksoneof the questionsn his notebookandtherebythe page on
which the answerto the otherquestionis found, is renderillegible). The QM practitioner



THE CURRENTSITUATION IN QUANTUM MECHANICS 17

assertdhat after a Q measurementn the ancilla, my small systemgetsa -function in
which “qis fully sharp,but p is completelydiffuse” But still no ‘fix’ changedny small
systemsothatfor it the p questionholdsa preciseanswerready andthatit is justthatone
foundearliet

The situationis really worse. The studenthasan answernot only for the g- and p-
guestionput alsofor athousandthersalthoughl have noideahow hedoesit. pandq are
notthe only variableghatcanbe measuredarny combinationg.g.,

PP+
correspondsaccordingto QM principles, to a particularmeasuremerslso. It turnsout®
thatfor this combinationalsothereexistsa measurementn the ancillato be madeto get

the“small” answernamelyon P2 — Q?, andhereagaintheanswerss identical. According
to generalQM rulestheresultmustbe oneof

h, 3h, 5h, 7h, 9h,

The answerfor the (p? 4+ ¢?)-question(when this is the first measuremento which it
is subject)that the small systemhasready mustbe from this series. Likewise for the
measuremerdf
p*+ 8%,
wherea is anarbitrarypositive constantin this case perQM, theresultmustbe oneof
ah, 3ah, 5ah, 7ah,

For eachvalueof a thereis a new question,andfor eachthe small systemhasan answer
from theabove seriesready(with the appropriatevalueof a).

Now, the astoundindactis: theseanswersanbeinconsistentvith eachother! As, let
g betheanswerwhich for theg-question,p’ the answeywhich for the p-questionis held
ready thenit is not possiblethat

p/2+a2q/2
ah

holdsfor any valuestf andp’ andfor anypositivenumbera’. Thisis notjustamachination
with dreamedup humbershaving only formal meaning.Two of the measuredesultsone
canget,e.g.,d andp’, theoneby direct,theotherindirectmeasuremen#nd thenonecan
cornvinceoneself(seebelow), thatthe above expressiorwith ¢ andp’ andthe arbitrarya,
is notanoddnumber

The deficit of insightinto the interrelationshipsamongthe alreadyheld answergqus-
ing the students memorytechnique)is quite extensie; the gapsdo not arisefrom a new
QM algebra.The deficitis even more strangein thatone canprove: the entanglemenis
alreadyuniquely specifiedby the requirementdy q = Q and p = —P. If we know that
the coordinatesare equalandthe momentumopposedthenthereexists a particular and
unambiguousjuantumattributionfor all possiblemeasurements-or anymeasuremeran
the small system,onecangeta correspondingne on the “large” system,andeachsuch
latter measuremertrientssimultaneouslyn resultsthata particularmeasuremenin the
smallyielded.(Naturallyin thesamesensesabove: only avirginalmeasuremeran each
systemis valid.) As soonaswe have broughtthe two systemsogethey suchthat (briefly
said)thentheirpositionandmomentuntake onacorrespondencanddoall othervariables
also.

= anoddwholenumber

5E. ScHROD!I NGER, Proc. Camb Phil. Soc.(in press).



18 ERWIN SCHRODINGER (1887-1961)

But just how the valuesamongthemseles of all thesevariableinterrelate,we know
nothing,althoughthe systemfor eachmusthave ananswerready asit canbe determined
by directmeasurementsn theancilla.

Should one think, that becausave know nothing aboutthe relationshipsamongthe
variablesof onesystemthatnosuchrelationshipsxist, or thatevenarbitrarycombinations
canarise? Thatwould meanthat sucha systemwith onedegreeof freedomusesnot just
two variables,asdoesclassicalmechanicsfor its specificationbut mary more,perhaps
infinity mary. But thenit would be remarkablethat two systemsagreealways over all
variables|f they agreeon ary two. Onemight think thatthis is so becausef our lack of
finessethatwe areunableto bring two systemgogetherasa singleonewith agreement
regardingtwo variableswithout nolensvolensgetting agreemenfor the othervariables,
althoughit would notin itself be necessaryThesetwo assumptionsnustbe madein order
notto experienceembarrassmerfior thedeficitoninsightinto theinterrelationshipamong
thevariableswithin a system.

14. TIME VARIATION OF ENTANGLEMENT; STATUS OF TIME

It is perhapsnotidle to recallthatall in §12 and §13 pertainto a single instant. But
entanglemenis nottime constantlt persistauniquelyasanentanglemenof all variables,
but its attribution amongthem changes.Thatis to say at a later time t one cansurely
learnby measuremendn theancillathe momentaryalueof q or p, but themeasurements
to do so on the ancilla aredifferent. Whatthey shouldbeis easilyseenin simple cases.
It dependsaturallyon whatever forcesarein play betweenthe systems.Let usassume
thatthereareno suchforces. The massesfor simplicity’s sake, aresetequalanddenoted
m. Thusin a classicaimodelthe momentap andP remainconstantasthey arejust mass
timesvelocity; and,the coordinatesttimet (distinguishedwith subscript't”) (g, Q) can
befoundfrom theinitial onesby

G =g+ pt/m,
Q =Q+Pt/m.

Considerindirstthesmallsystemthe mostnaturalwayto describeclassicallyit attimet is
by giving coordinatesndmomentaat thistimeby g; andp. But, therearealsoalternatves.
Insteadof g; one,in analogyto personabata,cangive g correspondindo age(48in my
case)por g correspondingo birth date(1887in my case).Now, from above onegets:

—a_ Pt
q_qt mty

andlikewisefor thelargesystem.Thus,for specificationsve maytake

for smallsystem ¢ — pt/m and p
for largesystem Q; — Pt/m and P.

Theadwantagss thatbetweerthese entanglementemainsnvariant, namely:
Gt — pt/m=Q —Pt/m,

p=—P;
or
G =Q—2P/m,
p=—P

What changeawith time thenis thatthe coordinatedor the small systemcannot be ob-
tainedasa coordinatemeasurementn the large system but ratherby a measuremenf
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theaggreyate
2t
Q—-P
Oneshouldnotimaginethatonemeasure) andP separatelythatdoesnotwork. Rather
onemust,asis alwaysthe casein QM, recall thatthereis a direct measuremerfor the
aggreyate. Otherwise all thatwassaidin §12and813still holds,for eachmomentthere
is theoneuniqueentanglemendf all variableswith theirusualconsequences.

It is preciselythe samewhenforcesbetweerthe systemsarein play, but thenq and p
areentangledvith variablesmorecomplicatedhatjust sumsof Q; andP.

This by way of preparatiorfor the following. Time variationof entanglemenis cause
for pause Mustall consideredneasurementsanspireinstantaneouslto procuretheirin-
evitableconsequencesRanthe exotic conclusionse precludeddy calling on thefinitude
of the durationof measurementNot at all. One needsfor eachsingle experimentonly
onemeasuremenpnly the virginal oneis admissible pthersare simply besidethe point.
Measuremendurationcanbeignoredbecauseo follow-onmeasuremeris intended.The
two virginal measurementsiustbe so executablehatthey give valuesfor the samepres-
electednstant known in advancebecauseve mustmeasure pair known to be entangled
atthechoserinstant.

-Is it alwayspossibleto do so?

=Maybenot. | suspectot in fact. Still, at presentQM mustrequireit; QM is so
formulatedthatits forecastsaremadefor a particularinstant. As theseforecastsconcern
numericakesults they wouldbepointlessverethemeasurementsotdoableataparticular
instantregardlesof how long or shortthe proceduratself takes.

Justwhentheexperimentefinally learnsconcretelywhattheresultis, makesno differ-
ence however. Theoreticallyit is asimmaterialasthefactthatit takesamonthto integrate
theequationgpredictingtheweatheffor asingleday Thefarfetchedexampleof theexam-
inationactually while relevantin spirit, in factis not faultlesslygermane The expression
“the systemknows$ maynot meanthattheresultdervedfrom aninstantaneousvent, but
actuallycamefrom a successiomspreadover an extendedinterval. But this neednot con-
cernus solong asthe systemsomehav revealedthe resultwithout externalintervention,
exceptthat (via experimentalprocedures}t is told which questionis to be answeredand
whentheresultcanbe attributedto a particularinstant,which per QM, for betteror worse
mustbe assumear theforecastrenderecempty

Herein thisdiscussiorwe stumbleon a new possibility namely if it makessensdhata
guantunforecastelatesnever or seldomto a sharpinstant,thenit neednot berequiredof
thenumericalresultseither This, astheentangledrariablesexchangeplacesin thecourse
of time, would substantiallimpedeemepgenceof anantinomy

That a temporallysharpforecastis a mistale, is probablefor otherreasonsalso. Any
numericaltime readingis alsoan obsenationalresult. May one admit exceptionalstatus
for aclock reading?Shouldit not, aswith all others relateto a variable having in general
nosharpvalueand,in any case simultaneouslgannothave onewith everyothervariable?
If forecastof the valuefor someothervariableat a particularinstant,needone not fear
thatneithercanbe known sharply?Within QM, thisissuecannotbeinvestigatedbecause
time is considereda priori aspreciselyknown, althoughit mustbe keptin mind thatary
sortof clock-readingdisturbsthe clockitself to someuncontrollabledegree.

I emphasizewe do not now have a formulation of QM from which forecastsdo not
pertainto a particularinstant. It seemsto me that this deficit is mademanifestby the
antinomy notedabove. By which | do not wantto say however, that this is the only
manifestedieficit.
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15. A LAW OF NATURE OR JUST AN ALGORITHM

That “sharptime” is aninconsisteng within QM, andindependentlthat the special
statusof time encumberghe applicationof the principle of relativity to QM, are pointsl
have emphasizedepeatedlyin recenttimes, regrettablywithout beingableto suggesthe
shadev of aremedy? The overview of the whole situation,asattemptecherein,leadsto
aremarkof anothersort pertainingto the voraciouslysought,but still nottruly achieved,
“relativization” of QM.

The contrived theory of measurementhe apparenjumpsof a y-function andfinally
the “antinomy of entanglementall originateby causeof the simplicity of the meansby
which the quantumcalculusallows two separatesystemso meld into a unity, for which
it seemasartificially tailored. Whentwo systemsenterinto interaction,it is not their -
functionsthatenterinto interaction,ratherthesefunctionsimmediatelyceaseo exist and
a new onefor the combinedsystemreified. It consistspriefly put, to begin simply asthe
productof thetwo individualfunctions;for whichonedepend®n quitedifferentvariations
thandoesthe other, andit is afunction of all thesevariations®in aregion of muchhigher
dimensionality"thanfor theindividual functions.As soonasthe systemstartto influence
eachother thetotal functionceases$o beaproduct;andlaterwhenthesubsystemseparate
it doesnotsplit upinto thefactorsthatcanbeattributedto theindividual subsystemsThus,
asprecursor(until the entanglements resohed by obsenation) one hasonly a common
descriptionof the two in the higherdimensionalzone. Thatis the reasonknowledgeof
theindividual systemss reducedo a minimum,eventotally destryed,while thecommon
knowledgeremainsmaximal. The bestpossibleknowledgeof the combinedsystemdoes
notincludethe bestpossibleknowledgeof the parts—andhatis thewhole mystery

Whoever reflectson it, mustthoughtfully cogitateover the following fact. The con-
ceptualmelding of two or more systemsnto one encountergreatdifficulties assoonas
oneseekdo introduceSpecialRelatvity in QM. The singleelectronproblemwassolved
sevenyearsagoby P. A. M. DIRAC’ in anastoundinglsimplemannerA seriesof exper
imentalverificationsornamenteavith thetechnicaljargon“electronspin, pair production,
positron etc.,leave no roomfor doubtin the rectitudeof his solution. But still it steps
smartly away from the paradigmaticschemeof QM (which | tried to describeherein¥;
moreover, one encounterserer problemsas soonas an attemptis made,following the
exampleof classicaltheory to develop a relativistic mary-body electrontheory (Thata
solutionto this problemmustbe outsidethe corventionalschemejs revealedby the fact
thatthis problemexists alreadyfor the combinationof the simplestsort of subsystems.)
In this effort | presumeo make no evaluationof attemptsn this directionthathave been
madé. Thatthey have hadthelastword | doubt,however, becaus@venthey themseles
do notmake sucha claim.

Thesituationwith respecto theelectromagnetifield is justasproblematic Its laws are
indeed‘the veryembodimenbf relatiity;” anonrelatvistic treatments simplyimpossible

6g, SCHRODINGER, Berl. Ber (16 Ap 1931);Ann.del'Institue H. POINCARE, p. 269(1931);‘Cursosdela
universidadinternationalde veranoen Santandet’ (Signo,Madrid, 1935)p. 60.

P AL M. DiIRAC, Proc. Roy Soc.Lond.A 117, 610(1928).

8p M. A. DiIRAC, ‘ Theprinciplesof quantummechanics,(ClarendorPressOxford, 1930)p. 239;and2nd
Ed. (1935),p. 252.

9Someof the more importantcitations: G. BREIT, Phys. Rev. 34, 553 (1929)and 37, 616 (1932); C.
M@LLER, Z. Phys. 70, 786 (1931); P. M. A. DIRAC, Proc. Roy Soc. Lond. A 136 453 (1932) and Proc.
Cambridg Phil. Soc, 30, 150(1934);R. PEIERLS, Proc. Roy Soc.Lond.,146 420(1934); W. HEISENBERG,
Z.Phys.90, 209(1934).
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in spiteof thehistoricalfactthatthisfield, in its classicabvatarasheatradiation,provided
theimpetusfor QM, i.e., it wasthefirst systemto be “quantized’ This wasachievedwith
simplemeansbecausghotons,as“light atoms; do notinteractwith eachother'®, rather
only with theintermediaryof electricchage. Thus,we still do not have a really faultless
quantumtheoryof the electromagnetifield'* Onegetquite far with the constructionof a
compositesystem(DIRAC’s theoryof light'?), but notto thegoal.

Perhapdhe elementarymethodsoffered by the nonrelatvistic quantumtheoryare no
morethan convenientalgorithms,which having deepinfluence,have strongly prejudiced
ourwholeapproacho nature.
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OXFORD
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