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A Classical Model for Wave-Particle Duality

A. FE Kracklauer

A modelof de Broglie waves,basedn thehypothesisedxistenceof zero-pointelectromagnetibackground
radiation,is presentedBasedon this modela brief review of a paradigmfor quantummechanicsgs presented.
Bell's Theoremis examinedandreinterpretedso asto precludeits negative consequencedrinally, a possibly
obsenrableeffect suggestetby this modelpertainingto the coherencdengthof particlebeamss considered.

INTRODUCTION

Wave-particleduality andits attendanphilosophicalprin-
ciple of complementarityis perhapsthe most well known,
counter intuitive conceptintroduced by the discipline of
physics. Unlike virtually every other basicnotion originat-
ing with the physicalsciencesthis principleis distinguished
by its ambiguity and preternaturatharacter As suchit has
hada particularattractionto thoseput off by the stolid nature
of corventionalscience. Neverthelesshecauseof its vague
logic, duality is alsoa sourceof discomfortfor thoseabhor
ring imprecisionor ‘spookinessin physicalscience.

The purposeof this presentatioris to describea modelus-
ing conceptdrom classicalphysicsfor wave-particleduality.
[1] The basisof this modelis the electromagnetizero-point
backgroundvhoseexistences thefoundationof thetheoryof
Stochasti&lectrodynamic$¢SED).[2] It will bearguedbelov
thatthe existenceof sucha zero-pointbackgroundengenders
thepropertieobsenedfor wavesandparticlesthatgiveseach
characteristicef thebehaviour of the otherin certainlimiting
circumstances.

Although a unified concept,wave-particlesclearly canbe
distinguishedinto two cateyories: entities whose classical,
large scalelimit is wavelike (e.g.,photons)andentitieswhose
classicalimit is particle-like (e.g.,electronsatoms,etc.). In
both caseghe zero-pointfield, it will be arguedherein,has
the effect of introducingthe surprisingaspectheretoforeat-
tributedto ontologicalduality.

PARTICULATE BEHAVIOUR OF ELECTROMAGNETIC
WAVES

From the viewpoint of SED, electrodynamicsignalsare
classicalwaveswhosefluctuationsobey whatis often called
‘photon statistics. It is the contentionhereinthat the literal
conceptof a photonis superfluoudecausebsenable mani-
festationsattributedto their existencecanbeaccountedor by
waveswhich obey photonstatistics.

The essentiafeatureof zero-pointbackgroundadiationis
determinedy therequirementhatits spectrakenegy density

E(w) beinvariantunderLorentztransformationsn the sense
thatthetotal enegy betweerntwo fixednumericalvaluesof w,
aandb, beidenticalin all inertial frames;i.e.,

b b
/ E(0) d% = / E'(w)y(1—v/c)dk, N

[y = (1—v2/c?)~1/2] . As Physics,this stipulationis tanta-
mount to the requirementthat there be no distinguishable
frames;and, it is basedon the factthat, wereit not true, the
backgroundvould engendecertainanisotropismshatin fact
arenotobsened.

Eq. (1) is satisfiedby a linear spectralenegy density
E(w) = constantx w wherethe constantscalefactoris de-
terminedempiricallyto be Plancks constant4r—h/2. [2, 3]

The essencef photonstatisticsandthe Planckblackbody
spectrumcan be found by manipulationthe following four
equationsinvolving the meanenegy density E;, the mean
squareenegy densityE?, and the meansquaredeviation of
the enegy density(3E;)?2 of ary two mutuallyincoherenta-
diationfields:

Esum=E; + B, (2)
ElEZ = E_l E_Z; (3)
(3E)3um= (3E1)” + (3E2)° 4)
and
BE)VZ=E-E =5 =12 )
to obtain
(6E7)*=Ef +2ETEp (6)

where, in the caseat hand,Eg is the meanenegy density
solely of the backgroundradiation,andEt is the samefor a
temperaturaependantadiationfield. This latterfield coex-
istswith the backgroundandis modifiedby it via the mutual



interferencetermswhich areincludedin Et. Invoking the
FluctuationTheorem

JET/0u= (3ET)?, ()

[L = —1/KT], for thethermalfield attemperaturd wherek
is Boltzmanns constantyieldsthedifferentialequation

0ET/op=ET + 2Eg ET, ®)

whosesolution, with Eg = hw/2, is the Planck blackbody
spectraknegy distribution

_ hw
Br =g 1 ©)

Eq. (6) writtenin theform

2 _
(6E|—2) =1+ 2E_—B (10)
ET ET
elucidateghe sourceof the dualistic natureof radiation. [3]
Werethefirst termon theright to standalone,Eq. (10) would
characterisentensityfluctuationsof aclassicatadiationfield,
while the secondterm alone, being proportionalto 1/E,
givesanequationcharacterisinglensityfluctuationsof a par
ticle ensemble.Togetherthey capturethe essencef photon
statisticsandthus,without assuminghe existenceof discrete
guantacharacteris¢he ‘quantisedelectromagnetifield. [3]

The point hereis that the fluctuationstatisticsobsened at
very low densitiesin anti-correlationexperiments andtaken
to demonstratéheparticlenatureof photonscanbeexplained
aswell asa consequencef the existenceof zero-pointradia-
tion.

WAVE BEHAVIOUR OF PARTICLES

All particleswith chage structureare consideredo be in
thermodynamicequilibrium with the zero-pointbackground
via interactionwith signalsat frequenciescharacteristicof
their structure. The model for wavelike behaiour of par
ticles is basedon the Ansatzthat, in framesin which they
aremoving, particleswill be deflectedby diffractionpatterns
in the backgroundsignalsto which they are tuned. Back-
groundwaves, being corventionalelectromagneticadiation,
arediffractedby physicalboundariesaccordingto the usual
principlesof optics. For example,a particlemoving towardsa
slit would equilibratewith a signalthatis a standingwave in
its own framebut whichis atravelling wavein theslit's frame
whereit diffractsatboundariesuchasthoseof aslit. Onpas-
sagethrougha slit, a particleis subjectto the lateralenegy
flux attendanto thediffractionpatternof the backgroundsig-
nal to which it is tuned. In otherwords, it is ervisionedthat
a particlewill tendto bejostledinto the enegy nodesof the
diffractionpatternof the “standingwave” to whichit is tuned
in its own inertial frame,but whichis atranslatingvave in the

frameof theslit. Thiseffectis similarto theway froth andde-

bristendto trackthe nodesof standingwavesin riversor sand
tendsto settleon the nodesof a vibratingmembrane An en-

sembleof similar particlesin identicalcircumstances-eg., a

beamof particlesimpinging on a slit—uponaccumulatiorat

the detectordiscloseshe diffraction patternof the compos-
ite wave comprisedof componentsvith which theindividual

particlesarein equilibrium.

Considerfor example,a neutralparticleor systemconsist-
ing of adipoleof oppositechagesheldapartby someinternal
structuremodelledto first orderby a simple springwith res-
onantfrequeng wy. Accordingto the basicSED assumption
of thermodynamicequilibriumwith the backgroundthe rest
enepy of this systemconstitutingthe particlewill equalthe
enegy in thebackgroundnodewy, whichis alsotheresonant
frequeng of thesystematwhichit is exchangingenegy with
thebackgroundthatis

moc? =ho, (11)

wherea contritution of hay/2 is madeto the right side by
both polarisationstatesof the backgroundmode. (For sys-
temswith more complec internalstructure wy standsfor the
sumof the frequenciesorrespondindo the variouspossible
interactions.)In its restframe,with respecto eachindepen-
dentspatialdirection,on the averagea particlewill tuneinto
andequilibratewith thosebackgroundsignalsconstitutinga
standingwave having an antinodeat its location, which, if
the particleis locatedat x = 0, hasan intensity proportional
to the expressior2cos kox) sin(wot) . Whenprojectedontoa
coordinateframe translatingat velocity v with respecto the
particle,thatof a slit for example,this standingwave hasthe
form of the modulatedranslatingwave andis proportionalto

2cos(koy(x — cft)) sin(woy (t — ¢ 'px)), (12)

where[ = v/c].

This wave consistof ashortwavelengthcarriermodulated
at a wavelengthA = (yBko)_l inversely proportionalto the
relative velocity of the particle with respectto the slit. The
modulationon this wave is a relatiistic kinematiceffect. It
arisesfrom thedifferencein the Lorentztransformedorm of
the oppositelytranslatingcomponent®f a standingwave.

The modulatedwave, uponpropagatiorthrougha slit, for
example,is diffractedaccordingto Huygens’Principle such
thatthe modulationdiffraction patternis imposedon the car
rier's diffraction pattern. A particle bathedin this diffracted
wave will experiencea grossenegy flux with a spatialpat-
ternproportionalto the squareof the modulationintensityim-
posedon the fine-scalebackgroundwave driving the Zitter-
bevegung In otherwords, accordingto this interpretation,
boundaryconditionson backgroundzero-pointwavesmodify
the stochastieffectsof Zitterbevegungonthe orbitsof mate-
rial particles.Theactualdetailedmotionof aparticle,while it
reflectsthe relatively large scaleeffectsof the modulation,is
very complex andjitters in consortwith spatiallymodulated
Zitterbavegung



Now, a Lorentz transformationinto the translatingframe
appliedto both sidesof the statemenbf enegy equilibrium,
Eq.(11),yieldsboth

ymoc? = yito, (13)

and

p' = ymoc =hyBko.

FromEq. (14), yBko canbeidentifiedasthe De Broglie wave
vectorfrom corventionalQM.

Within this conceptuaframework, theinterpretationaton-
tradictionsor ambiguitiesthatarisein corventionalQM with
respectto duality are simply precludedfrom the start. Here
particlesare particlesand waves are waves althougheachis
inducedby the zero-pointbackgroundo exhibit certainbe-
haviour in the microdomainreminiscentof the other Parti-
clesarethe primitive elementof this theorywhoseexistence
is assumedwiomatically Wavesaremathematicatonstructs
representing-ourier componentf a decompositiorof in-
teractionsoccurringvia action-at-a-distancen the light cone
(i.e.,free electromagnetifields without sourcesareregarded
asartifactsof corvenience).The purposeof the theoryis to
describethe motion of particlesgivena priori interactingvia
electromagnetisrim the presencef zero-pointradiation. The
zero-pointradiationitself is assumedo originatefrom those
remainingchagesin the universeexcludedfrom immediate
interest.[1]

(14)

QUANTUM THEORY

The physicalmodel of a backgroundwave so affecting a
particle’s trajectorythat it assumes ray-like characteralso
providesan novel understandingf the physicalsignificance
of the SchibdingerEquationandits solutions.The basicidea
hereis that the enegy density of the zero-pointwave with
whichaparticleis in equilibriumis awave with half thewave-
lengthof its supportingzero-pointwave andthis enegy den-
sity patternis effectively anagentinducingray-like character
isticsin particletrajectories.Thus,if oneconsidersa Gibbsian
ensembleof similar particleswith densityp(x, p,t), thenthe
ensemblevave will be the Fourier compositeover the varia-
tion in momentunof theensemble.

Considera particle subjectto a force F and for which
the densityof trajectorieson phasespaceis p(x, p,t), where
p(x, p,t = 0) can be regardedeither as the distribution of
initial conditionsfor similarly preparedparticles,or, equi-
alently, asthe a prior probability distribution of initial con-
ditions for a single particle. Time evolution of p(x, p,t) is
governedby the Liouville Equation

p

0 0
—p_—DP'E"‘(DpP)'F: leE.Z 6_] - (19)
1=X,Y,Z
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By virtue of Eq. (14), eachvalueof p in p(x, p,t) is corre-
latedwith a particularwavelengthof kinematicalmodulation.
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As proposedabove, boundariesand geometricalconstraints
onthewavesto which the particleis tunedcausehesewaves
to diffract andinterferesothatgradientsn their enegy den-
sitiesareinduced. Thesegradients,in turn, resultin spatial
variationsin the magnitudeof the Zitterbevegung the aver-
ageeffectof whichis to systematicallymodify particletrajec-
tories. Becausdhe enepgy densityof a wave is proportional
to the squareof its intensity the wavelengthof enegy den-
sity oscillationscauseddy the modulationwill be half thatof
the modulationitself. Thatis, the wavelengthof the physical
agentmodifyingtrajectoriesanenepgy gradientjs half thatof
the modulation. Further an ensembleconsistingof multiple
particles eitherconceptuabr extant,will beguidedby anen-
sembleof enegy densitywavesderived from anensemblef
kinematicalmodulations.The spatialstructureof thisensem-
ble wave is found by takingthe Fouriertransformof p(x, p,t)
with respecto 2p/h, the wave vectorfor the physicalagent;
ie.:

P (x,X,t) =/e%'3lp(x, p,t) dp, (16)

for which the similarly transformed.iouville Equationis

Solutionsfor equationof this form are soughtby first sepa-
ratingvariablesusinga transformatiorof theform

(17)

r=x+x, r'=x—-x (18)
whichyields
op h N2\ A
% = (@m) (-
[ , r+r\ .
—(ﬁ>(r—r)-F( > )p. (19)

In generalfor anarbitraryform of theforceF((r +r')/2), this
equationstill is not separableHowever, for potentialshaving
the form of a quadraticpolynomial,the extractionthe Schib-
dinger Equationfollows directly. Non quadraticpotentials,
which include the importantcaseof the coulomb potential,
maystill beincludablewith novel analysis[1]

The logic of the extraction of the Schibdinger Equation
given above, requiresthat physically realizablesolutionsbe
thosefor which the resulting phasespacedensityis every-
wherepositive and suchthat p(x, p,t = 0) is the appropriate
initial condition. The relationshipbetweensolutionssatisfy-
ing thesephysicsrequirementandthe eigenfunctionf the
SchibdingerEquationis acomplex questiornandis left for fu-
turestudy However, it seemglearlyauspiciousn thisregard,
thatthermalstatesj.e., mixedstateswith Boltzmannweight-
ing factors,andcoherentstatesgive physicallyinterpretable,
everywherepositive densitiesaswell asotherdesirableraits.
[4].



BELL'STHEOREM

The above interpretationseemsto achieve exactly what
Bell's Theoremis believed to preclude,namelyan interpre-
tationof QM with aclassicalunderpinningwith implied ‘hid-
denvariables. [5] Thus,a reconciliationis needed.To this
end,notethatBell's analysiss comprisedf two separatel-
ementsatheoremanda question.

Thetheoremcanbe put asfollows: If A(a,A) andB(b,})
are dichotomicfunctionssud that ead is independenof the
otherand if p(A) is a normaliseddensityover a parameter
spacerepresentedby A, then A and B satisfy Bell-typein-
equalities,in particular

1+ P(b,C) Z' P(a7 b) - P(a7 C) |7 (20)

whee

P(a,b) = / dAP(MA(a,A)B(b, ). 21)
Somuchis mathematicslt is a rigorousresultbeyond ary
contest.

However, physicsin Bell's analysiss embeddedn thefol-
lowing question:For spincorrelationdn the Bohmversionof
Einstein-Podolsi-RosenEPR)experimentsareexpressions
of the sortgivenby Eq. (21) identicalto the QM calculation
expressea@s:

<01-8,02-b>=-a-b (22)
wherea andb aredirectionunit vectorswith respecto which
the spinmeasuremen@remade 5]

The answeron the surfaceto this questionis clearly ‘no’
as expression(22) doesnot satisfy the inequality (20). The
reasorbehindthis, however, is buriedin the structureof QM
ratherthanmathematicsBut giventhe vaguefoundationsof
QM, the significanceof this answetris opento any amountof
contest.

In particular Eq. (22) is interpretedordinarily to be the
cross-correlatiorof the resultsof individual spin measure-
mentson the electronsin an EPR experiment. But, by defi-
nition, this correlationrequiresspecificvaluesfrom individ-
ual repetitionsof the experimentand this informationis in
principle andfact not existentin QM. Thatis, the resultsof
individual eventscannot be predictedwith QM, only ‘expec-
tationvalues’canbecomputed.Thus,logic would seento re-
quirethatexpression22) canbeactuallyonly the correlation
of expectationvaluesratherthanthe correlationof individual
events.

BecauséQM hasneitheran intuitive interpretationnor an
axiomaticfoundation fixing preciselythe meaningof expres-
sion (22) becomesa matterfor argument. Thosewho find
it easierto acceptthat mortals misconstruehings than that
natureis nonlocalmight electhereticallyto view (22) assim-
ply avariantexpressiorof Malus’s Law describingtheinten-
sity of polarisedlight with respecto an arbitraryaxis. Such
an interpretationeerily conformswith the fact that virtually
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all testsof Bell's inequalitieshave beenoptical experiments
whereinpolarisationis treatedanalogousiyto spin. [6] More-
over, actualdichotomicdatafitting EPR conditions;i.e., raw
sequencesf plus- and minus-onesn equalquantities,can
not be madeto yield the sinusoidalcorrelationevidencedby
Eq. (22) evenif they are creditedwith non-locality the in-
clusionof whichis generallythoughto be QM’s way around
Bell's result. (This obsenationis a variationof Bell’s Theo-
rem; doubtersarechallengedo find a counterexample.)The
pointis, the ‘no’ answerto Bell’s questionmight be utterly
naturalbecausehe QM side of the equationhasbeenmisin-
terpreted.In this case Bell's agumentgposeno fundamental
impedimentto constructinga hiddenvariableinterpretation
for QM. [7]

CONCLUSION

A new interpretationfor QM, evenif it hasphilosophical
and pedagogicahdwantagesfails to meetthe contemporary
standardof scienceif it fails to predictan otherwiseunex-
pectedobsenableresult. While sucha predictionhasyet to
be madefor the ‘zero-point’ interpretationof QM, perhaps
the following preliminary notionswill leadto a suitableex-
periment.

The coherencdength of the de Broglie waves associated
with particlebeamds relatedto the velocity spread.Accord-
ing to the above model, Zitterbevegungwill inducean irre-
ducibleminimumin thevelocity spread This, in turn,implies
thatthereis anirreduciblecoherencéengthfor a giventype
of particlebeam.Now, if Zitterbevegungis induced,assup-
posedabove, by a real electromagnetizero-pointfield, then
it seemsaturalthatthe zero-pointfield would be moreeffec-
tive; thatis, impel larger Zitter excursionsfor ionisedatomic
beamsthan for neutralatomic beamswhich coupleonly by
multipole interactionswhose impulse is smaller In other
words, theintrinsic, irreduciblecoherencdengthfor ionised
beamsshouldbelargerthanfor neutralbeams.In someman-
ifestation,this effect oughtto be obserable.

As otherinterpretationgor the natureof de Broglie waves
do notimply a dependencen theionisationstate the obser
vanceof sucha dependencehouldconstitutesupportfor the
interpretatiorespousedbove.
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