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A Classical Model for Wave-Particle Duality

A. F. Kracklauer

A modelof deBrogliewaves,basedon thehypothesisedexistenceof zero-pointelectromagneticbackground
radiation,is presented.Basedon this modela brief review of a paradigmfor quantummechanicsis presented.
Bell’s Theoremis examinedandreinterpretedsoasto precludeits negative consequences.Finally, a possibly
observableeffect suggestedby thismodelpertainingto thecoherencelengthof particlebeamsis considered.

INTRODUCTION

Wave-particleduality andits attendantphilosophicalprin-
ciple of complementarityis perhapsthe most well known,
counter intuitive concept introduced by the discipline of
physics. Unlike virtually every other basicnotion originat-
ing with thephysicalsciences,this principle is distinguished
by its ambiguityandpreternaturalcharacter. As suchit has
hada particularattractionto thoseput off by thestolid nature
of conventionalscience. Nevertheless,becauseof its vague
logic, duality is alsoa sourceof discomfortfor thoseabhor-
ring imprecisionor ‘spookiness’in physicalscience.

Thepurposeof this presentationis to describea modelus-
ing conceptsfrom classicalphysicsfor wave-particleduality.
[1] Thebasisof this modelis the electromagneticzero-point
backgroundwhoseexistenceis thefoundationof thetheoryof
StochasticElectrodynamics(SED).[2] It will bearguedbelow
that theexistenceof sucha zero-pointbackgroundengenders
thepropertiesobservedfor wavesandparticlesthatgiveseach
characteristicsof thebehaviour of theotherin certainlimiting
circumstances.

Although a unified concept,wave-particlesclearly canbe
distinguishedinto two categories: entities whoseclassical,
largescalelimit is wavelike(e.g.,photons)andentitieswhose
classicallimit is particle-like (e.g.,electrons,atoms,etc.). In
both casesthe zero-pointfield, it will be arguedherein,has
the effect of introducingthe surprisingaspectheretoforeat-
tributedto ontologicalduality.

PARTICULATE BEHAVIOUR OF ELECTROMAGNETIC
WAVES

From the viewpoint of SED, electrodynamicssignalsare
classicalwaveswhosefluctuationsobey what is often called
‘photon statistics.’ It is the contentionhereinthat the literal
conceptof a photonis superfluousbecauseobservablemani-
festationsattributedto theirexistencecanbeaccountedfor by
waveswhich obey photonstatistics.

Theessentialfeatureof zero-pointbackgroundradiationis
determinedby therequirementthatits spectralenergy density

E
�
ω � beinvariantunderLorentztransformationsin thesense

thatthetotalenergy betweentwo fixednumericalvaluesof ω,
a andb, beidenticalin all inertial frames;i.e.,� b

a
E
�
ω � d3k � � b

a
E � � ω � γ � 1 � v� c� d3k � (1)	

γ 
 � 1 � v2 � c2 ��� 1
 2 ��� As Physics,this stipulationis tanta-
mount to the requirementthat there be no distinguishable
frames;and,it is basedon the fact that,wereit not true, the
backgroundwouldengendercertainanisotropismsthatin fact
arenot observed.

Eq. (1) is satisfiedby a linear spectralenergy density
E
�
ω ��� constant� ω wherethe constantscalefactor is de-

terminedempiricallyto bePlanck’sconstant� 4π—h̄� 2. [2, 3]
Theessenceof photonstatisticsandthe Planckblackbody

spectrumcan be found by manipulationthe following four
equationsinvolving the meanenergy density Ei , the mean
squareenergy densityE2

i , andthe meansquaredeviation of
theenergy density

�
δEi � 2 of any two mutually incoherentra-

diationfields:

Esum � E1 � E2 � (2)

E1E2 � E1 E2 � (3)�
δE � 2sum � � δE1 � 2 � � δE2 � 2 (4)

and �
δEi � 2 � E2

i � Ei
2 � Ei

2
; i � 1 � 2 (5)

to obtain �
δET � 2 � E2

T � 2ET EB (6)

where, in the caseat hand,EB is the meanenergy density
solelyof the backgroundradiation,andET is thesamefor a
temperaturedependantradiationfield. This latter field coex-
istswith thebackgroundandis modifiedby it via themutual
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interferencetermswhich are includedin ET. Invoking the
Fluctuation� Theorem

∂ET � ∂µ � � δET � 2 � (7)�
µ 
�� 1� kT ��� for thethermalfield at temperatureT wherek
is Boltzmann’sconstant,yieldsthedifferentialequation

∂ET � ∂µ � ET
2 � 2EB ET � (8)

whosesolution, with EB � h̄ω � 2, is the Planckblackbody
spectralenergy distribution

ET � h̄ω
ēhω 
 kT � 1

� (9)

Eq. (6) written in theform�
δET � 2
ET

2 � 1 � 2
EB
ET

(10)

elucidatesthe sourceof the dualisticnatureof radiation. [3]
Werethefirst termon theright to standalone,Eq. (10)would
characteriseintensityfluctuationsof aclassicalradiationfield,
while the secondterm alone, being proportional to 1 � ET,
givesanequationcharacterisingdensityfluctuationsof a par-
ticle ensemble.Togetherthey capturethe essenceof photon
statisticsandthus,without assumingtheexistenceof discrete
quanta,characterisethe‘quantisedelectromagneticfield.’ [3]

The point hereis that the fluctuationstatisticsobservedat
very low densitiesin anti-correlationexperiments,andtaken
to demonstratetheparticlenatureof photons,canbeexplained
aswell asa consequenceof theexistenceof zero-pointradia-
tion.

WAVE BEHAVIOUR OF PARTICLES

All particleswith charge structureareconsideredto be in
thermodynamicequilibrium with the zero-pointbackground
via interactionwith signalsat frequenciescharacteristicof
their structure. The model for wavelike behaviour of par-
ticles is basedon the Ansatzthat, in framesin which they
aremoving, particleswill bedeflectedby diffractionpatterns
in the backgroundsignalsto which they are tuned. Back-
groundwaves,beingconventionalelectromagneticradiation,
arediffractedby physicalboundariesaccordingto the usual
principlesof optics.For example,aparticlemoving towardsa
slit would equilibratewith a signalthat is a standingwave in
its own framebut which is a travelling wavein theslit’s frame
whereit diffractsatboundariessuchasthoseof aslit. Onpas-
sagethrougha slit, a particle is subjectto the lateralenergy
flux attendantto thediffractionpatternof thebackgroundsig-
nal to which it is tuned. In otherwords,it is envisionedthat
a particlewill tendto be jostledinto theenergy nodesof the
diffractionpatternof the“standingwave” to which it is tuned
in its own inertial frame,but whichis atranslatingwavein the

frameof theslit. Thiseffect is similar to thewayfroth andde-
bris tendto trackthenodesof standingwavesin riversor sand
tendsto settleon thenodesof a vibratingmembrane.An en-
sembleof similar particlesin identicalcircumstances—e.g., a
beamof particlesimpingingon a slit—uponaccumulationat
the detectordisclosesthe diffraction patternof the compos-
ite wave comprisedof componentswith which theindividual
particlesarein equilibrium.

Consider, for example,a neutralparticleor systemconsist-
ing of adipoleof oppositechargesheldapartby someinternal
structuremodelledto first orderby a simplespringwith res-
onantfrequency ω0. Accordingto thebasicSEDassumption
of thermodynamicequilibrium with the background,the rest
energy of this systemconstitutingthe particlewill equalthe
energy in thebackgroundmodeω0, which is alsotheresonant
frequency of thesystematwhich it is exchangingenergy with
thebackground;thatis

m0c2 � h̄ω0 � (11)

wherea contribution of h̄ω0 � 2 is madeto the right side by
both polarisationstatesof the backgroundmode. (For sys-
temswith morecomplex internalstructure,ω0 standsfor the
sumof the frequenciescorrespondingto thevariouspossible
interactions.)In its restframe,with respectto eachindepen-
dentspatialdirection,on theaveragea particlewill tuneinto
andequilibratewith thosebackgroundsignalsconstitutinga
standingwave having an antinodeat its location, which, if
the particle is locatedat x � 0, hasan intensityproportional
to theexpression2cos

�
k0x� sin

�
ω0t � � Whenprojectedontoa

coordinateframetranslatingat velocity v with respectto the
particle,thatof a slit for example,this standingwave hasthe
form of themodulatedtranslatingwaveandis proportionalto

2cos
�
k0γ
�
x � cβt ��� sin

�
ω0γ

�
t � c� 1βx��� � (12)

where
�
β 
 v� c� �

Thiswaveconsistsof ashortwavelengthcarriermodulated
at a wavelengthλ � � γβk0 � � 1 inverselyproportionalto the
relative velocity of the particlewith respectto the slit. The
modulationon this wave is a relativistic kinematiceffect. It
arisesfrom thedifferencein theLorentztransformedform of
theoppositelytranslatingcomponentsof astandingwave.

The modulatedwave, uponpropagationthrougha slit, for
example,is diffractedaccordingto Huygens’Principlesuch
that themodulationdiffractionpatternis imposedon thecar-
rier’s diffraction pattern. A particlebathedin this diffracted
wave will experiencea grossenergy flux with a spatialpat-
ternproportionalto thesquareof themodulationintensityim-
posedon the fine-scalebackgroundwave driving the Zitter-
bewegung. In other words, accordingto this interpretation,
boundaryconditionson backgroundzero-pointwavesmodify
thestochasticeffectsof Zitterbewegungontheorbitsof mate-
rial particles.Theactualdetailedmotionof aparticle,while it
reflectsthe relatively largescaleeffectsof themodulation,is
very complex andjitters in consortwith spatiallymodulated
Zitterbewegung.
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Now, a Lorentz transformationinto the translatingframe
applied� to bothsidesof the statementof energy equilibrium,
Eq. (11),yieldsboth

γm0c2 � γh̄ω0 � (13)

and

p��� γm0c � h̄γβk0
� (14)

FromEq. (14), γβk0 canbeidentifiedastheDe Broglie wave
vectorfrom conventionalQM.

Within thisconceptualframework, theinterpretationalcon-
tradictionsor ambiguitiesthatarisein conventionalQM with
respectto duality aresimply precludedfrom the start. Here
particlesareparticlesandwavesarewavesalthougheachis
inducedby the zero-pointbackgroundto exhibit certainbe-
haviour in the microdomainreminiscentof the other. Parti-
clesaretheprimitiveelementsof this theorywhoseexistence
is assumedaxiomatically. Wavesaremathematicalconstructs
representingFourier componentsof a decompositionof in-
teractionsoccurringvia action-at-a-distanceon thelight cone
(i.e., freeelectromagneticfieldswithout sourcesareregarded
asartifactsof convenience).The purposeof the theoryis to
describethemotionof particlesgivena priori interactingvia
electromagnetismin thepresenceof zero-pointradiation.The
zero-pointradiationitself is assumedto originatefrom those
remainingchargesin the universeexcludedfrom immediate
interest.[1]

QUANTUM THEORY

The physicalmodel of a backgroundwave so affecting a
particle’s trajectorythat it assumesa ray-like characteralso
providesan novel understandingof the physicalsignificance
of theSchr̈odingerEquationandits solutions.Thebasicidea
hereis that the energy densityof the zero-pointwave with
whichaparticleis in equilibriumis awavewith half thewave-
lengthof its supportingzero-pointwave andthis energy den-
sity patternis effectively anagentinducingray-likecharacter-
isticsin particletrajectories.Thus,if oneconsidersaGibbsian
ensembleof similar particleswith densityρ

�
x � p � t ��� thenthe

ensemblewave will be theFourier compositeover the varia-
tion in momentumof theensemble.

Considera particle subject to a force F and for which
the densityof trajectorieson phasespaceis ρ

�
x � p � t � , where

ρ
�
x � p � t � 0� can be regardedeither as the distribution of

initial conditionsfor similarly preparedparticles,or, equiv-
alently, as the a prior probability distribution of initial con-
ditions for a single particle. Time evolution of ρ

�
x � p � t � is

governedby theLiouville Equation

∂ρ
∂t
� � ∇ρ ! p

m � � ∇pρ �"! F � # ∇p 
 ∑
i $ x % y% z ∂

∂pi & � (15)

By virtue of Eq. (14), eachvalueof p in ρ
�
x � p � t � is corre-

latedwith a particularwavelengthof kinematicalmodulation.

As proposedabove, boundariesand geometricalconstraints
on thewavesto which theparticleis tunedcausethesewaves
to diffract andinterfereso thatgradientsin their energy den-
sitiesare induced. Thesegradients,in turn, result in spatial
variationsin the magnitudeof the Zitterbewegung, the aver-
ageeffectof which is to systematicallymodify particletrajec-
tories. Becausethe energy densityof a wave is proportional
to the squareof its intensity, the wavelengthof energy den-
sity oscillationscausedby themodulationwill behalf thatof
themodulationitself. That is, thewavelengthof thephysical
agentmodifyingtrajectories,anenergygradient,is half thatof
the modulation. Further, an ensembleconsistingof multiple
particles,eitherconceptualor extant,will beguidedby anen-
sembleof energy densitywavesderivedfrom anensembleof
kinematicalmodulations.Thespatialstructureof this ensem-
blewave is foundby takingtheFouriertransformof ρ

�
x � p � t �

with respectto 2p� h̄, the wave vectorfor the physicalagent;
i.e.:

ρ̂

�
x � x� � t � � � e

i2p ' x(
h̄ ρ
�
x � p � t � dp � (16)

for which thesimilarly transformedLiouville Equationis

∂ρ̂
∂t
�*) h̄

i2m + ∇ � ∇ρ̂ �*) i2
h̄ + � x� ! F � ρ̂ � (17)

Solutionsfor equationsof this form aresoughtby first sepa-
ratingvariablesusinga transformationof theform

r � x � x� � r � � x � x� (18)

whichyields

∂ρ̂
∂t
� ) h̄

i2m +-, ∇2 � � ∇ � � 2 . ρ̂�/) i
h̄ + � r � r � � ! F ) r � r �

2 + ρ̂ � (19)

In general,for anarbitraryform of theforceF
�0�

r � r � �1� 2� , this
equationstill is not separable.However, for potentialshaving
theform of a quadraticpolynomial,theextractiontheSchr̈o-
dinger Equationfollows directly. Non quadraticpotentials,
which include the importantcaseof the coulombpotential,
maystill beincludablewith novel analysis.[1]

The logic of the extraction of the Schr̈odingerEquation
given above, requiresthat physically realizablesolutionsbe
thosefor which the resultingphasespacedensity is every-
wherepositive andsuchthat ρ

�
x � p � t � 0� is the appropriate

initial condition. The relationshipbetweensolutionssatisfy-
ing thesephysicsrequirementsandthe eigenfunctionsof the
Schr̈odingerEquationis acomplex questionandis left for fu-
turestudy. However, it seemsclearlyauspiciousin thisregard,
that thermalstates;i.e., mixedstateswith Boltzmannweight-
ing factors,andcoherentstatesgive physicallyinterpretable,
everywherepositivedensitiesaswell asotherdesirabletraits.
[4].
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BELL’S THEOREM

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 analysisis comprisedof two separateel-
ements:a theoremanda question.

The theoremcanbeput asfollows: If A
�
a � λ � and B

�
b � λ �

are dichotomicfunctionssuch that each is independentof the
other and if ρ

�
λ � is a normaliseddensityover a parameter

spacerepresentedby λ, then A and B satisfyBell-type in-
equalities,in particular

1 � P
�
b � c �3254 P � a � b �6� P

�
a � c �748� (20)

where

P
�
a � b �9
 � dλρ

�
λ � A � a � λ � B � b � λ � � (21)

So muchis mathematics.It is a rigorousresultbeyond any
contest.

However, physicsin Bell’sanalysisis embeddedin thefol-
lowing question:For spincorrelationsin theBohmversionof
Einstein-Podolsky-Rosen(EPR)experiments,areexpressions
of the sort givenby Eq. (21) identicalto the QM calculation
expressedas: :

σ1 ! a � σ2 ! b ;<�=� a ! b (22)

wherea andb aredirectionunit vectorswith respectto which
thespinmeasurementsaremade?[5]

The answeron the surfaceto this questionis clearly ‘no’
asexpression(22) doesnot satisfy the inequality (20). The
reasonbehindthis, however, is buried in thestructureof QM
ratherthanmathematics.But giventhevaguefoundationsof
QM, thesignificanceof this answeris opento any amountof
contest.

In particular, Eq. (22) is interpretedordinarily to be the
cross-correlationof the resultsof individual spin measure-
mentson the electronsin an EPRexperiment. But, by defi-
nition, this correlationrequiresspecificvaluesfrom individ-
ual repetitionsof the experimentand this information is in
principle andfact not existent in QM. That is, the resultsof
individualeventscannot bepredictedwith QM, only ‘expec-
tationvalues’canbecomputed.Thus,logic wouldseemto re-
quirethatexpression(22) canbeactuallyonly thecorrelation
of expectationvaluesratherthanthecorrelationof individual
events.

BecauseQM hasneitheran intuitive interpretationnor an
axiomaticfoundation,fixing preciselythemeaningof expres-
sion (22) becomesa matter for argument. Thosewho find
it easierto acceptthat mortalsmisconstruethings than that
natureis nonlocalmight electhereticallyto view (22)assim-
ply a variantexpressionof Malus’s Law describingtheinten-
sity of polarisedlight with respectto anarbitraryaxis. Such
an interpretationeerily conformswith the fact that virtually

all testsof Bell’s inequalitieshave beenoptical experiments
whereinpolarisationis treatedanalogouslyto spin. [6] More-
over, actualdichotomicdatafitting EPRconditions;i.e., raw
sequencesof plus- and minus-onesin equalquantities,can
not be madeto yield the sinusoidalcorrelationevidencedby
Eq. (22) even if they are creditedwith non-locality, the in-
clusionof which is generallythoughto beQM’s way around
Bell’s result. (This observation is a variationof Bell’s Theo-
rem;doubtersarechallengedto find a counterexample.)The
point is, the ‘no’ answerto Bell’s questionmight be utterly
naturalbecausetheQM sideof theequationhasbeenmisin-
terpreted.In this case,Bell’s argumentsposeno fundamental
impedimentto constructinga hiddenvariable interpretation
for QM. [7]

CONCLUSION

A new interpretationfor QM, even if it hasphilosophical
andpedagogicaladvantages,fails to meetthe contemporary
standardof scienceif it fails to predict an otherwiseunex-
pectedobservableresult. While sucha predictionhasyet to
be madefor the ‘zero-point’ interpretationof QM, perhaps
the following preliminarynotionswill lead to a suitableex-
periment.

The coherencelength of the de Broglie wavesassociated
with particlebeamsis relatedto thevelocity spread.Accord-
ing to the above model,Zitterbewegungwill inducean irre-
ducibleminimumin thevelocityspread.This,in turn, implies
that thereis an irreduciblecoherencelengthfor a given type
of particlebeam.Now, if Zitterbewegungis induced,assup-
posedabove, by a real electromagneticzero-pointfield, then
it seemsnaturalthatthezero-pointfield wouldbemoreeffec-
tive; that is, impel largerZitter excursionsfor ionisedatomic
beamsthan for neutralatomicbeamswhich coupleonly by
multipole interactionswhose impulse is smaller. In other
words,the intrinsic, irreduciblecoherencelengthfor ionised
beamsshouldbelargerthanfor neutralbeams.In someman-
ifestation,this effectoughtto beobservable.

As otherinterpretationsfor thenatureof deBroglie waves
do not imply a dependenceon the ionisationstate,theobser-
vanceof sucha dependenceshouldconstitutesupportfor the
interpretationespousedabove.
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