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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 theEinstein-Podolsky-Rosen-BohmExperimentandtheAhronov-Bohm
Effect is presented.The negative consequencesfor theseclassicaldemonstrationsof nonlocalinteractionare
drawn: interactionoff thepastlight-coneis anartifact.

I. INTRODUCTION

Instantaneous‘action-at-a-distance’(IAAD — a.k.a. non-
local interaction)is, at a very intuitive level, problematic. It
defiesthe very notion that causesmustprecedetheir effects.
As such, it is very surprisingthat it hasbecomea corner-
stoneof the dogmaof modernphysics.While therearevar-
ious reasonsfor this, including somein the realmsof emo-
tion, religion andpsychology, thereare in fact only a small
groupof arguments,effects,calculationsandmythsthatcon-
stitutethecoreof rationalizationsfor IAAD. Perhapsthethree
mostwell known,partlybecauseof theiraccessibilityare:the
Aharonov-Bohmeffect, Bell’s TheoremsandDirac’s deriva-
tion of theformulafor radiationreaction.

What is muchlesswell known, is that for eachof theseef-
fects thereareequallyaccessibleobjective local models. It
is my purposein this paperto review thesesimple models.
While they arenot, in the brief form givenherein,clinchers;
they do show thatnonlocalityis in thesecasesanartifactand
certainlygivesufficientcauseto reasonablydoubttheprevail-
ing orthodoxy.

II. RADIATION REACTION

‘Action-at-a-distance’(AAD) standsin ayin-yangrelation-
ship to ‘field’ in the scienceof mechanics.Both are laden
with fundamentalfeaturesproviding fodderfor analyticalas
well asphilosophicalruminations.

As an historical matter, field theory is, apparently, now
close to its apogee. Quantumfield theory affords calcula-
tions of uncanny accuracy, and it is in part for this reason
unfashionableto researchtheadvantagesof AAD. Neverthe-
less,field theoryisafflictedwith seriousdefects.Theinfinities
somehow exorcisedby renormalizationareperhapsthe most
infamous.In addition,though,therearemoresuchgremlins
in classicalelectrodynamics,the motherof all field theories,
suchaspre-accelerationandrun-awaysolutions.

IndeedtheseverydefectsmotivatedWheelerandFeynman
to seekanAAD formulationof (special)relativistic mechan-
ics. Theirresearchesresultedin two opaquepublicationselab-
orating a line of developmentwith roots extendingback at
leastto Tetrodein 1922.[1] Themostconspicuousfeatureof

their theoryis theinclusionof AAD on boththeforwardand
backwardlight cones.

Maxwell’s electromagneticfield theoryarosein part to ad-
dressthe common-senseobjectionto Newtonian AAD, that
‘effects’ must follow their ‘causes,’ that they can not even
be coincidentwith their causewhenany distanceis between
them.Somuchseemsincontestable.As badasIAAD is, how-
ever, forwardinteractionmustbeworse.

Thereare,of course,customaryrationalizationsfor theob-
viousobjectionsto advancedinteraction.WheelerandFeyn-
mancall upona combinationof advancedandretardedinter-
actionto combinein just a way, convincing to themselvesat
least,that this formalismconformswith commonsenseand
observation. Their key assumptionhereis that certain‘ad-
sorbers’at infinity reactor pre-actpropitiously. This canbe
criticized simply by noting that even if this formalismis ac-
cepted,that it cannot beappliedto few bodysituationssoas
to yield well posedequationsof motion.[2]

The most convincing argumentfor advancedinteraction,
however, is thatit is requiredfor thederivationof theverified
form for radiationreactionascalculatedby Dirac.[3] Thus,
thisargumentin theendis pivotal supportfor advancedinter-
action.

But is all this necessarilyso? Perhapsnot. Considerthe
following: Assumethattheuniverseasa wholeis electrically
neutralso thatany particularchargeej , locatedat x j will in-
duceamongall otherchargesa coincidentalvirtual negative
imagecharge,akind of Debyesheatharounditself. Radiation
reaction,then,canbe taken asthe reactionof a charge with
its own inducedimage.Theequationsof motion,onefor the
charge,onefor theimage,with only retardedfields,F

�
ret , for

thissystemare:

mj � ẍ j � µ � ej

c � ∑
k �� j

Fk
�
ret � µν � Ẋ j � ν � j � 1 � 2; (1)

wheredots over the coordinateindicatedifferentiationwith
respectto thesystem’spropertime.

Solving this systemis madeeasierby the following: One,
to first order, x1 equalsx2 (disregardingeffects 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 thechargeasif from anoppositely
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chargedsystemof concentricsphericalshells.To anacceler-
atedchar� ge, in its own frame,this interactionis identical to
thatof a pre-counter- acceleratedshell,which in turn is iden-
tical to the sign-changed,time-reversedoutgoinginteraction
of thechargeitself; i.e.,F2

�
ret ∝ F1

�
adv. Also, e2

�	� e1. With
thesesubstitutionsinto theequationof motion for the image,
thetwo equationscanbeaddedto get:

m� ẍ1 � µ � e
2c � F1

�
ret

� F1
�
adv � µν � ẋ1 � µ 
 (2)

This equationis preciselythe startingpoint of the deriva-
tion of an explicit form of the force resultingfrom radiation
reactionandwill not be repeatedhere. This derivationgives
averyplausiblephysicalmodelfor radiationreactionwithout
grantingontologicalstatusto advancedinteraction.As such,
it underminestheclaimthatadvancedinteractionis necessary
to accountfor observedeffects.

III. BELL’S ANALYSIS OF THE
EINSTEIN-PODOLSKY-ROSEN (EPRB) EXPERIMENT

The Einstein-Podolsky-Rosenargument, as modified by
Bohm(EPRB),capturestheessenceof theargumentfor non-
locality in QuantumMechanics(QM). It proposesan exper-
iment which, in one variant, concernsthe casein which an
entity, with no net angularmomentum,emitsa pair of pho-
tonssuchthat total radiationis unpolarized;i.e., it carriesoff
nonetangularmomentum.Notethatthisspecificationapplies
in detail,thatis, for eachpairof emissionsseparately, not just
on theaverage.As eachphoton,with respectto any particular
direction,musthaveaparticularpolarization,parallelto x̂ say,
theothermusthave,with respectto thesamedirection,theop-
posite(perpendicular)polarization. However, aseitherpho-
toncanhaveparallelor perpendicularpolarization,aquantum
statedescribingthisphotonbeforeit hasbeenmeasured,must
comprisebothpossibilities.This requirement,andsomeoth-
ersnot heregermane,leadto thesocalledsingletstateasthe
properchoice.[4]

For this state,asis well known, QM givestwo resultsthat
constitutethe nub of the resultscomparableto experiment.
Thefirst is thecoincidenceintensity:

P ���
����� � 1
2

cos2 � φ ��� (3)

wherethis representsthe intensityof coincidencesfor which
measurementrevealsthatbothphotonsarefoundto havepar-
allel polarizationwhen the measurementsaremadeon each
with respectto coordinatesystemsthatmake angleφ with re-
spectto eachother. Thereare threeother similar terms to
cover all four possiblecombinationsof two outcomes.The
total correlationthenis by definition:

Corr � φ � � P ���
������� P � � � � � � P ���
� � � � P � � �����
P ���
������� P � � � � ��� P ���
� � ��� P � � ����� � (4)

which for P’s givenby Eq.(3) yields;

Corr � φ � ��� cos� 2φ � 
 (5)

Nonlocalityarisesherein thatameasurementof eitherpho-
ton, instantlyfixesthepolarizationof thetwin.

From the beginning the questionhasbeenasked: canthis
experimentbeunderstoodusinganobjective local model?A
negativegenericanswerhasbeengivenby Bell whoproposed
theoremsestablishingcertaininequalitiesthat shouldbe sat-
isfied by all objective local alternativesto QM probabilities.
ExperimentstestingBell inequalities,althoughnot rigorously
conclusive,tendto verify QM. Nevertheless,aminority holds
that QM ultimately will be shown to be inadequateandthat
objectivelocalexplanationsfor QM phenomena,includingthe
EPRBexperiment,canbe found. Theusualcandidatemodel
proposedhasbeenthefollowing:

It is assumedthatthesourceemitstwo counter-propagating
pulsesof radiationpolarizedin a particularbut randomdirec-
tion. It is takenthat this radiationis to bedirectedthrougha
polarizerandthendetectedusingaphotodetectorwhichobeys
the squarelaw; i.e., it emitsphotoelectronsin proportionto
thesquareof the intensityof theabsorbedradiation.That is,
theprobabilityof emissionof a photoelectronin eacharmof
anEPRBexperimentis ��� cos� θ ��� 2 whereθ is the anglebe-
tweenthe polarizationdirectionof the signalandthe axis of
thepolarizerusedin thedetector. A coincidencedetectionis
setthenproportionalto theproductof detectionprobabilities
in eachchannel,that is, cos2 � θ � cos2 � θ � φ � whereφ is the
anglebetweenthe axesof the measurementpolarizersif the
coordinatesystemis alignedwith oneof them.[5]

Finally, the total probability is obtainedby averagingover
many pairsof signals,eachwith its own randomlygivenpo-
larizationangleθ, thatis

1
2π

� 2π

0 � cos� θ � cos� θ � φ ��� 2dθ � 1 � 4 � 1 � 8cos� 2φ � 
 (6)

This expressionseemsperfectly rational, and as it yields
Corr � φ � � cos� 2φ � � 2, doesnot violate a Bell Inequality. It
would be a resolutionto the conundrumsevoked by Bell’s
Theoremswere it to agreewith experiment. However, this
result hasa nonzerominimum, whereasEq. (3) doesgo to
zeroandthis differencehasbeenobserved;Eq. (6) seemsnot
to conformto Nature.[5] Moreover, for this model,detailed
balanceis not possible. That is, if, for example,it is taken
that the emissionis suchthat the signal sentto stationA is
polarizedin the vertical direction,andthat to B in the hori-
zontaldirection,but themeasurementpolarizersareat � π � 4
to thevertical,theneachstationwill ‘see’a signalwith inten-
sity 1 ��� 2. That is, therewill bea finite coincidencecurrent
eventhoughthesignalsshouldcancelout; thus,Eq. (6) does
not conformto thehypothesiseither.

Thesesimpleobservationswouldsettleany dispute(at least
for idealized,gedankenexperiments)regardingtheexistence
of a local realistalternative to QM werethe above semiclas-
sicalmodelexhaustive. In fact it is not.[6] A differentresult
is obtainedif to theabove semiclassicalmodelthe following
modificationsaremade:
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a. The sourceis assumedto emit circularly polarized
signals;clockwisein onedirectionandcounter-clockin
theother. Thus,thesignalpropagatingin theẑdirection
andimpingingon photodetectorA, say, is:

A � θ � � x̂cos� θ ��� eiπ � 2ŷsin� θ � � (7)

where x̂ � ŷ are orthogonal unit vectors, the factors
cos� θ � � sin� θ � projectthe individual componentsof the
circularlypolarizedsignalontotheaxisof thepolarizer
andthefactorexp � iπ � 2��� representsthefixedphasedif-
ferencebetweenthe theorthogonalcomponentswhich
givecircularpolarization,andall other, hereirrelevant,
factorsaresuppressed.Likewise,theoppositelypolar-
izedsignalimpingingon thephotodetectorB, oriented
atangleφ with respectto A, is:

B � θ � φ � � x̂cos� θ � φ ��� ei3π � 2ŷsin� θ � φ � 
 (8)

b. Useis madenow of ageneralizedcoincidenceprob-
ability inspiredby secondordercoherencetheory:

P � a � b� ��! A " BB " A�
A
�
2 � �

B
�
2 # � (9)

wheretheanglebracketsindicateanensembleaverage
over all valuesof θ, the angleof attackof eachsepa-
ratesignal,or, on anergotic principle,over therandom
phasesof the individual atomicsources.Thedot prod-
uct is with respectto theorthogonalset $ x̂ � ŷ % . [13]

Taking all the above into account,providesthe following
expressionfor thecoincidencecountrate:

P ���
����� �'& 2π
0 � cos� θ � cos� θ � φ ��� sin� θ � sin� θ � φ �(� 2dθ

2 & 2π
0 � cos2 � θ ��� sin2 � θ ��� dθ



(10)

Evaluated,this integralequalstheQM result,Eq. (3):

P ���
����� � 1
2

cos2 � φ � 
 (11)

This fully objective local modelyields resultsidentical to
QM and thereforein accordwith thoselaboratoryobserva-
tions reportedin [5] verifying QM. Although it is, perhaps,
too simpleto realisticallydescribeanEPRBexperiment,it is
acounterexampleto theresultof Bell’sTheoremsto theeffect
thatno objective local theory(e.g.,a hiddenvariabletheory)
canduplicateQM.

The structureof Eq. (9) canbe understoodasfollows: Its
denominatoris proportionalto the total Intensityof all fields
in anEPRBexperiment,andtherefore,proportionalto theto-
tal numberof photoelectronsevoked in “squarelaw” detec-
tors. Thenumeratoris likewiseproportionalto thenumberof
coincidencecounts.Thus,theratio is by definition theprob-
ability of coincidences.The numeratoris similar to Eq. (6),
IAIB, whereIA ) B is theintensityof radiationimpingingonmea-
suring stationsA and B. It differs from Eq. (6), however,

in that it is in a form from coherencetheory involving field
strengthswhichallowsphaseto contributeto theproduct.The
verity of this form is establishedby coherencetheory.[7].

Theessentialdifferenceintroducedby this modificationis
thatin general,secondordercoherencetheorydoesnot admit
factorization;i.e., ! ABBA#+*�,! AA# ! BB# .[7] Nonfactorizability
doesnothereimply nonlocalityor any othernonclassicalphe-
nomena.Indeed,therearea numberof classicalphenomena;
e.g.,theHanbury-Brown—TwissEffect, describedusingjust
this feature.

Nonfactorizabilityof higherordercorrelationsin coherence
theoryhasan exact parallel in probability theory. A coinci-
denceprobability, P � A � B� , cannot in generalbe factoredas
P � A� P � B� . Only in the specialcasethat the eventsat A are
statisticallyindependentfrom thoseat B it this possible.Sta-
tistical independence,however, is directly contraryto theini-
tial assumptionof EPRB.

Like QM nevertheless,Eq. (9) leadsto a violation of Bell
Inequalities.Suchinequalities,however, arederivedunderthe
assumptionthat the coincidenceprobability canbe factored.
Indeed,Bell’s fundamentalassumptionwas that the coinci-
denceprobabilityis to bewrittenas

P � a � b� �
�

A � a � λ � B � b � λ � ρ � λ � dλ � (12)

whereρ � λ � is the ensembledensitywith respectto ‘hidden
variables’λ. This form presupposesthat for eachλ, the co-
incidenceprobabilityfactorizes;but this cannotbesofor cor-
relatedevents. Nonfactorizablecoincidencesalways canbe
written as: P � A � B� � P � A� P � B �

A� whereP � B �
A� is a condi-

tional probability. It is trivial to show that the derivation of
Bell inequalitiesdoesnot go throughwith conditionalproba-
bilities.

Thereis speculationin the literaturethat by ascribingthe
factorspreventing factorizationof a coincidenceprobability
to the ‘hidden’ category and to a ‘common cause,’ it be-
comesfactorizable.[8, 9] Thisanalysisis subtle,complex and
opaque.[10] All the same,at the end of the discussion,the
signal pair retainsits correlationand thereforeits statistical
dependence, so that conditionalprobabilitiesarenecessarily
involved. EPRBcoincidenceprobabilitiesarefundamentally
andirrevocablyinvolved.But, becausenonfactorizabilitycan
be attributedto a “common-cause,” namelythe balancedna-
tureof theemissionat thesource,nonlocalityis not implied,
all information is propagatedwithin the past light conesof
bothevents.

In the modified model, this commonly-causedstructure
contributesto the productforming the coincidenceprobabil-
ity as it is constitutedfrom electromagneticfields strengths,
phasesand all, directly in the general,nonfactorizedform.
Themodifiedmodelis alsoconsistentwith thehypothesisin
that it accommodatesdetailedbalancing;e.g.,completecan-
cellationfor orthogonalpolarizersregardlessof signalorien-
tation.

Remainingturbidity in this matter, this writer believes,at-
tacheslargely to thequestion:cantheneedfor superposition
statesin otherapplicationsalsobe obviatedin semiclassical
modelsof otherQM phenomena?Fromthemodifiedmodel,
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it can be seenthat EPRB correlationsare, given the vector
character- of electromagneticradiation,in factessentiallythe
angularanalogueof theHanbury-Brown—TwissEffect. Rec-
ognizingthissubtlefactmotivatesusingthesamestructureto
describetheEPRBexperimentwith anobjective localmodel,
andconsequentlywithout nonlocality.

IV. AHARONOV-BOHM EFFECT

By integratingthephase,φ, of anelectron’s wave function
arounda solenoid,Aharonov and Bohm showed that there
is a finite residualphasedifference. This differencecan be
madeobservablein a doubleslit diffraction experimentcon-
figured so that the separatepathspasson oppositesidesof
thesolenoid.Accordingto receivedwisdom,this effect is not
explicableusingonly classicalphysicsbecausethe magnetic
field outsideasolenoidvanishesandthereforethereshouldbe
no forceon achargepassingasolenoid.[11]

This conclusionis wrong, however. It is basedon an in-
completeapplicationof theprinciplesof electrodynamics.[12]
Considerthefollowing; theelectricfield in termsof potentials
is givenby

E ��� ∇V � x � t � � ∂A
∂t

� (13)

whereV, the scalarpotentialdoesnot contribute, the vector
potentialfor asolenoidis givenby

A � Φ
2π

� � yi � xj �
x2 � y2 � (14)

andΦ is themagneticflux in thesolenoid.
The equationof motion for a charge passingthe solenoid

becomes

ṗ ��� q
∂A
∂t � (15)

sothatonecanwrite

∆vx
� 1

m

� t

. ∞

dpx

dt / dt /
�0� q

m

�21 ∞

. ∞

∂Ax

∂t / dt /
�0� q

m
Ax 
 (16)

Further, therelativedisplacementresultingfrom thisveloc-
ity perturbationis then

∆x 3 � 1 ∞

. ∞
∆vxdt /

� � � 1 ∞

. ∞

qφd
2πm�(� x/ � 2 � d2 �

dx/
v0

� qφ
2mv0

� (17)

whereit is takenthat theelectron’s trajectorypassesdistance
d away from thesolenoid.If accountis now takenof counter
passageontheothersideof thesolenoidandof theDeBroglie
relationship,λ � h� � mv0 � , the final result is the celebrated
Aharonov-Bohmresult:

� ∆φ � net
� 2π

λ � ∆x� net
� qΦ

h̄ 
 (18)

Essentiallythiscalculationshowsthatthiseffectcanbeex-
plainedastheconsequenceof theapparentE field dueto the
motionof theelectronthroughthestaticvectorpotential.It is
not aneffect exclusively describedby QM whereit hasbeen
givenspecialsignificance.It hasbeenarguedthatasthepass-
ing particleis materiallyaffectedby the presenceof the flux
insidethe solenoid,althoughthe particleitself is outsidethe
solenoid,wherefieldsseenby astaticparticlearezero,akind
of IAAD is in evidence. But, sucha claim is unwarranted;
otherexplanationshavenot beenirrefutablyexcluded.

V. CONCLUSION

Thesethreealternatemodelsunderminethe classicargu-
mentsfor nonlocality. Thereare,to becertain,otherphenom-
enaandargumentsthatseemto demandnonlocalityfor clar-
ification. But, again,if imaginationis left unrestrained,they
too maywell yield to mundaneexplanations.

Extraordinaryclaimsrequireextraordinaryproof. Theexis-
tenceof nonlocalinteractionoff thepastlight coneis certainly
extraordinary. As long asmodelslike thosepresentedin this
shortreview stand—however lacking in conventionalitythey
may be—nonlocalitymust be regardedwith deepsuspicion
andcannot beacceptedasverifiedfact.
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