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A brief review of little known objective local modelsto be found in the literature for Dirac’s Radiation
ReactionFormula,Bell’s Analysisof the Einstein-Podolsk-Rosen-BohnExperimentandthe Ahronos-Bohm
Effectis presented.The negative consequence®r theseclassicaldemonstrationef nonlocalinteractionare

drawn: interactionoff the pastlight-coneis anartifact.

I. INTRODUCTION

Instantaneou&action-at-a-distance(IAAD — a.k.a. non-
local interaction)is, at a very intuitive level, problematic. It
defiesthe very notion that causeanustprecedeheir effects.
As such, it is very surprisingthat it hasbecomea corner
stoneof the dogmaof modernphysics. While therearevar
ious reasondor this, including somein the realmsof emo-
tion, religion and psychology therearein fact only a small
groupof argumentsgffects,calculationsand mythsthat con-
stitutethecoreof rationalizationgor IAAD. Perhapshethree
mostwell known, partly becausef their accessibilityare:the
Aharonos-Bohmeffect, Bell's Theoremsand Dirac’s deriva-
tion of theformulafor radiationreaction.

Whatis muchlesswell known, is thatfor eachof theseef-
fectsthereare equally accessibleobjective local models. It
is my purposein this paperto review thesesimple models.
While they arenot, in the brief form givenherein,clinchers;
they do shaw thatnonlocalityis in thesecasesan artifactand
certainlygive suflicient causeto reasonablyloubtthe prevail-
ing orthodoxy

I1.  RADIATION REACTION

‘Action-at-a-distance{AAD) standsn ayin-yangrelation-
ship to ‘field’ in the scienceof mechanics. Both are laden
with fundamentafeaturesproviding fodderfor analyticalas
well asphilosophicaruminations.

As an historical matter field theory is, apparently now
closeto its apogee. Quantumfield theory affords calcula-
tions of uncanty accuray, andit is in part for this reason
unfashionabldo researchthe advantagesf AAD. Neverthe-
less field theoryis afflicted with seriousdefects.Theinfinities
somehw exorcisedby renormalizatiorare perhapshe most
infamous.In addition,though,therearemore suchgremlins
in classicalelectrodynamicsthe motherof all field theories,
suchaspre-acceleratioandrun-avay solutions.

Indeedthesevery defectamotivatedWheelerandFeynman
to seekan AAD formulationof (special)relativistic mechan-
ics. Theirresearchesesultedn two opaquepublicationslab-
orating a line of developmentwith roots extending back at
leastto Tetrodein 1922.[1 The mostconspicuougeatureof

their theoryis theinclusionof AAD on boththe forwardand
backwardlight cones.

Maxwell’s electromagnetifield theoryarosein partto ad-
dressthe common-sensebjectionto Newtonian AAD, that
‘effects’ must follow their ‘causes, that they can not even
be coincidentwith their causewhenary distanceis between
them.SomuchseemsncontestableAs badaslAAD is, how-
ever, forwardinteractionmustbeworse.

Thereare,of course customaryrationalizationdor the ob-
vious objectionsto advancedinteraction.Wheelerand Feyn-
mancall upona combinationof advancedandretardednter-
actionto combinein just a way, corvincing to themselesat
least, that this formalism conformswith commonsenseand
obsenation. Their key assumptiorhereis that certain‘ad-
sorbers’at infinity reactor pre-actpropitiously This canbe
criticized simply by noting thatevenif this formalismis ac-
ceptedthatit cannot be appliedto few body situationssoas
to yield well posedequationf motion.[J

The most corvincing argumentfor advancedinteraction,
however, is thatit is requiredfor thederivationof the verified
form for radiationreactionas calculatedby Dirac.[3 Thus,
thisargumentin theendis pivotal supportfor advancednter-
action.

But is all this necessarilyso? Perhapsot. Considerthe
following: Assumethatthe universeasawholeis electrically
neutralsothatary particularchagee;, locatedat x; will in-
duceamongall otherchagesa coincidentalvirtual negative
imagechage,akind of Debyesheatharounditself. Radiation
reaction,then, can be taken asthe reactionof a chage with
its own inducedimage. The equationf motion, onefor the
chage,onefor theimage,with only retardedields, F |« for
this systemare:
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wheredots over the coordinateindicate differentiationwith
respecto the systems propertime.

Solving this systemis madeeasierby the following: One,
to first order x; equalsxy (disregarding effects due to re-
action lag causedby the finite speedof light—indeed, this
approximationis the sourceof certain artifacts of the the-
ory of electromagnetism)Two, the interactionfrom the in-
ducedimageimplodeson the chaige asif from anoppositely



chagedsystemof concentricsphericalshells. To anacceler
atedchage, in its own frame, this interactionis identicalto
thatof a pre-counteraccelerateghell,whichin turnis iden-
tical to the sign-changedtime-reversedoutgoinginteraction
of thechageitself; i.e., Fo|re O F1|agy- AlSO, &2 = —ey. With
thesesubstitutionsnto the equationof motionfor theimage,
thetwo equationcanbeaddedo get:
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This equationis preciselythe startingpoint of the deriva-
tion of anexplicit form of the force resultingfrom radiation
reactionandwill not berepeatedere. This derivationgives
avery plausiblephysicalmodelfor radiationreactionwithout
grantingontologicalstatusto advancedinteraction. As such,
it undermineghe claimthatadvancednteractionis necessary
to accountfor obsenedeffects.
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I11. BELL'SANALYSISOF THE
EINSTEIN-PODOL SKY-ROSEN (EPRB) EXPERIMENT

The Einstein-Podolsi-Rosenargument, as modified by
Bohm (EPRB),captureghe essencef theargumentfor non-
locality in QuantumMechanics(QM). It proposesan exper
iment which, in one variant, concernsthe casein which an
entity, with no netangularmomentumemits a pair of pho-
tonssuchthattotal radiationis unpolarizedj.e., it carriesoff
no netangulaTmomentum Notethatthis specificatiorapplies
in detail, thatis, for eachpair of emissionseparatelynotjust
ontheaverage As eachphoton,with respecto ary particular
direction,musthave a particularpolarization parallelto X say
theothermusthave,with respecto thesamedirection,theop-
posite(perpendicularpolarization. However, as either pho-
toncanhave parallelor perpendiculapolarizationaquantum
statedescribinghis photonbeforeit hasbeenmeasurednust
compriseboth possibilities. This requirementandsomeoth-
ersnot heregermaneleadto the socalledsingletstateasthe
properchoice.[4

For this state,asis well known, QM givestwo resultsthat
constitutethe nub of the resultscomparableto experiment.
Thefirst is the coincidencentensity:
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wherethis representshe intensityof coincidencegor which
measuremenmnevealsthatboth photonsarefoundto have par
allel polarizationwhenthe measurementare madeon each
with respecto coordinatesystemghat make angle with re-
spectto eachother There are three other similar termsto
cover all four possiblecombinationsof two outcomes. The
total correlationthenis by definition:
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whichfor P's givenby Eq. (3) yields;

Corr (@) = —cog2¢). (5)

Nonlocalityarisesherein thatameasuremerdf eitherpho-
ton, instantlyfixesthe polarizationof the twin.

From the beginning the questionhasbeenasled: canthis
experimentbe understoodisingan objective local model? A
negative genericanswethasbeengivenby Bell who proposed
theoremsestablishingcertaininequalitiesthat shouldbe sat-
isfied by all objectve local alternatvesto QM probabilities.
ExperimentgestingBell inequalities althoughnot rigorously
conclusve,tendto verify QM. Neverthelessa minority holds
that QM ultimately will be shovn to be inadequateandthat
objectivelocalexplanationgor QM phenomenancludingthe
EPRBexperiment,canbe found. The usualcandidatemodel
proposedcasbeenthefollowing:

It is assumedhatthe sourceemitstwo counterpropagating
pulsesof radiationpolarizedin a particularbut randomdirec-
tion. It is takenthatthis radiationis to be directedthrougha
polarizerandthendetectedisinga photodetectowhich obeys
the squarelaw; i.e., it emits photoelectronsn proportionto
the squareof the intensity of the absorbedadiation. Thatis,
the probability of emissionof a photoelectronn eacharm of
an EPRBexperimentis (£ cog0))? where is the anglebe-
tweenthe polarizationdirection of the signalandthe axis of
the polarizerusedin the detector A coincidenceletectionis
setthenproportionalto the productof detectionprobabilities
in eachchannel,that is, cog(8) cog(8 — @) whereq is the
anglebetweenthe axesof the measuremenpolarizersif the
coordinatesystemis alignedwith oneof them.[§

Finally, the total probability is obtainedby averagingover
mary pairsof signals,eachwith its own randomlygiven po-
larizationangle®, thatis
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This expressionseemsperfectly rational, and asit yields
Corr (@) = coq29)/2, doesnot violate a Bell Inequality It
would be a resolutionto the conundrumsavoked by Bell's
Theoremswere it to agreewith experiment. However, this
result hasa nonzerominimum, whereaskq. (3) doesgo to
zeroandthis differencehasbeenobsened;Eqg. (6) seemsot
to conformto Nature.[§ Moreover, for this model, detailed
balanceis not possible. Thatis, if, for example,it is taken
that the emissionis suchthat the signal sentto stationA is
polarizedin the vertical direction,andthatto B in the hori-
zontaldirection,but the measuremengolarizersareat +1/4
to thevertical,theneachstationwill ‘see’a signalwith inten-
sity 1/4/2. Thatis, therewill be a finite coincidencecurrent
eventhoughthe signalsshouldcancelout; thus,Eq. (6) does
not conformto the hypothesiither

Thesesimpleobsenationswould settleary dispute(atleast
for idealized,gedanlen experimentsyegardingthe existence
of alocal realistalternatve to QM werethe above semiclas-
sicalmodelexhaustie. In factit is not.[6] A differentresult
is obtainedif to the above semiclassicainodelthe following
modificationsaremade:



a. The sourceis assumedo emit circularly polarized
signals;clockwisein onedirectionandcounterclockin
theother Thus,thesignalpropagatingn the z direction
andimpingingon photodetectoA, say is:

A(8) = %cog8) + €ysin(8), @)

where X,y are orthogonal unit vectors, the factors
cog0),sin(B) projectthe individual component®f the
circularly polarizedsignalontothe axis of the polarizer
andthefactorexp(it/2), representthefixedphasedif-

ferencebetweerthe the orthogonalcomponentsvhich
give circularpolarization,andall other, hereirrelevant,
factorsaresuppressedLik ewise, the oppositelypolar

ized signalimpinging on the photodetectoB, oriented
atangle@ with respecto A, is:

B(6,) = %cog6 — @) + €*7*sin(6 — ¢). ®)

b. Useis madenow of ageneralizeatoincidenceprob-
ability inspiredby secondrdercoherenceheory:

A-BB-A

P(a,b) = (m);
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wherethe anglebracletsindicatean ensembleverage
over all valuesof 0, the angleof attackof eachsepa-
ratesignal,or, on anergotic principle, over therandom
phase®f the individual atomicsources.The dot prod-
uctis with respecto the orthogonaket{X,y}. [13]

Taking all the above into account,providesthe following
expressiorfor the coincidencecountrate:
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Evaluatedthis integral equalsthe QM result,Eqg. (3):
P(+,+) = %cosz((p). (11)

This fully objective local modelyields resultsidenticalto
QM andthereforein accordwith thoselaboratoryobsena-
tions reportedin [5] verifying QM. Althoughiit is, perhaps,
too simpleto realisticallydescribean EPRBexperiment,it is
acountergampleto theresultof Bell's Theoremgo theeffect
thatno objective local theory(e.g.,a hiddenvariabletheory)
canduplicateQM.

The structureof Eqg. (9) canbe understoodasfollows: Its
denominatoiis proportionalto the total Intensityof all fields
in anEPRBexperiment,andtherefore proportionalto theto-
tal numberof photoelectrongvokedin “squarelaw” detec-
tors. Thenumeratoiis lik ewise proportionalto the numberof
coincidencecounts. Thus,theratio is by definition the prob-
ability of coincidences.The numeratoris similar to Eqg. (6),
Ialg, Wherel g is theintensityof radiationimpingingonmea-
suring stationsA and B. It differs from Eq. (6), however,
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in thatit is in a form from coherenceheoryinvolving field
strengthsvhich allows phaseo contributeto theproduct. The
verity of this form is establishedy coherenceheory[7].

The essentiabifferenceintroducedby this modificationis
thatin general secondrdercoherenceéheorydoesnotadmit
factorizationj.e., (ABBA) # (AA)(BB).[7] Nonfactorizability
doesnothereimply nonlocalityor ary othernonclassicaphe-
nomena.lndeed,therearea numberof classicalphenomena;
e.g.,the Hanhury-Brown—Twiss Effect, describedusingjust
thisfeature.

Nonfactorizabilityof higherordercorrelationsn coherence
theoryhasan exact parallelin probability theory A coinci-
denceprobability, P(A,B), cannotin generalbe factoredas
P(A)P(B). Only in the specialcasethat the eventsat A are
statisticallyindependenfrom thoseat B it this possible.Sta-
tistical independencehyowever, is directly contraryto theini-
tial assumptiorof EPRB.

Like QM neverthelessEq. (9) leadsto a violation of Bell
Inequalities.Suchinequalitieshowever, arederivedunderthe
assumptiorthat the coincidenceprobability canbe factored.
Indeed,Bell's fundamentalassumptionwas that the coinci-
denceprobabilityis to bewritten as

P(a,b) = [ A@NB(BA P, (12)
wherep(A) is the ensembledensitywith respectto ‘hidden
variables’A. This form presupposethat for eachA, the co-
incidenceprobabilityfactorizesput this cannotbe sofor cor-
relatedevents. Nonfactorizablecoincidencesalways can be
written as: P(A,B) = P(A)P(B|A) whereP(BJA) is a condi-
tional probability. It is trivial to shav that the derivation of
Bell inequalitiesdoesnot go throughwith conditionalproba-
bilities.

Thereis speculationn the literaturethat by ascribingthe
factorspreventing factorizationof a coincidenceprobability
to the ‘hidden’ category and to a ‘common causg, it be-
comesfactorizable.[89] This analysids subtle,complex and
opaque.[1D All the same,at the end of the discussionthe
signal pair retainsits correlationand thereforeits statistical
dependenceso that conditional probabilitiesare necessarily
involved. EPRB coincidenceprobabilitiesarefundamentally
andirrevocablyinvolved. But, becauseonfactorizabilitycan
be attributedto a “common-causé,namelythe balancecha-
ture of the emissionat the source nhonlocalityis notimplied,
all informationis propagatedwithin the pastlight conesof
bothevents.

In the modified model, this commonly-causedstructure
contributesto the productforming the coincidenceprobabil-
ity asit is constitutedfrom electromagnetidields strengths,
phasesand all, directly in the general,nonfactorizedform.
The modifiedmodelis alsoconsistentwvith the hypothesisn
thatit accommodatedetailedbalancing;e.g.,completecan-
cellationfor orthogonalpolarizersregardlessof signalorien-
tation.

Remainingturbidity in this matter this writer believes, at-
tachedargely to the question:canthe needfor superposition
statesin otherapplicationsalsobe obviatedin semiclassical
modelsof otherQM phenomenaFrom the modifiedmodel,
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it can be seenthat EPRB correlationsare, given the vector
characterof electromagneticadiation,in factessentiallythe
angularanalogueof the Hantury-Brown—TwissEffect. Rec-
ognizingthis subtlefactmotivatesusingthe samestructureto
describethe EPRBexperimentwith anobjective local model,
andconsequentlyvithout nonlocality

IV. AHARONOV-BOHM EFFECT

By integratingthe phasep, of anelectrons wave function
arounda solenoid, Aharonos and Bohm showed that there
is a finite residualphasedifference. This differencecan be
madeobsenablein a doubleslit diffraction experimentcon-
figured so that the separatepathspasson oppositesidesof
thesolenoid.Accordingto recevedwisdom,this effectis not
explicableusingonly classicalphysicsbecausghe magnetic
field outsidea solenoidvanishesaindthereforehereshouldbe
no forceon achagepassingasolenoid.[1]

This conclusionis wrong, however. It is basedon anin-
completeapplicationof theprinciplesof electrodynamics.[1]2
Considethefollowing; theelectricfield in termsof potentials
is givenby

0A
ot’

whereV, the scalarpotentialdoesnot contribute, the vector
potentialfor a solenoidis givenby

E=—0OV(x,t)— (13)

P (-yi+X)

= 14
2m X2 +y2 (14)

and® is themagnetidlux in the solenoid.
The equationof motion for a chaige passingthe solenoid
becomes

) 0A
=—0— 1
p=-05, (15)
sothatonecanwrite
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Further therelative displacementesultingfrom this veloc-
ity perturbatioris then
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whereit is takenthatthe electrons trajectorypasseslistance

d away from the solenoid.If accountis now taken of counter
passagentheothersideof thesolenoidandof the De Broglie

relationship,A = h/(mw), the final resultis the celebrated
Aharono/-Bohmresult:

qP
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Essentiallythis calculationshaws thatthis effect canbe ex-
plainedasthe consequencef the apparen€ field dueto the
motionof the electronthroughthe staticvectorpotential.lt is
not an effect exclusively describecby QM whereit hasbeen
givenspeciakignificancelt hasbeenarguedthatasthepass-
ing particleis materially affectedby the presencef the flux
insidethe solenoid,althoughthe particleitself is outsidethe
solenoid wherefields seerby a staticparticlearezero,akind
of IAAD is in evidence. But, sucha claim is unwarranted;
otherexplanationshave not beenirrefutably excluded.

V. CONCLUSION

Thesethree alternatemodelsunderminethe classicargu-
mentsfor nonlocality Thereare,to becertain,otherphenom-
enaandargumentghat seemto demandnonlocalityfor clar-
ification. But, again,if imaginationis left unrestrainedthey
too maywell yield to mundaneexplanations.

Extraordinaryclaimsrequireextraordinaryproof. Theexis-
tenceof nonlocalinteractionoff thepastlight coneis certainly
extraordinary As long asmodelslik e thosepresentedn this
shortreview stand—havever lackingin cornventionalitythey
may be—nonlocalitymust be regardedwith deepsuspicion
andcannotbeacceptedisverifiedfact.
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