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AN INTUITIVE PARADIGM FOR QUANTUM MECHANICS

A. F. KRACKLAUER

ABSTRACT. Useis madeof a relativistic kinematicmodulationeffect to complimentim-
ageryfrom StochasticElectrodynamicsto provide intuitive paradigmsfor QuantumMe-
chanics.Basedon theseparadigms,resolutionsfor epistemologicalproblemsvexing con-
ventionalinterpretationsof QuantumMechanicsareproposedanddiscussed.

1. INTRODUCTION

For lackof anintuitiveparadigmor physicalmodel,QuantumMechanics(QM) remains
anabstrusetheory. Thusfar all attemptsto find underlyingmotivationfor its fundamental
preceptswhich is somehow compatiblewith intuition, have beenfound wanting. More-
over, someefforts to “understand”QM have led to resultsindicatingthatit hasconceptual
featureswhicharefundamentallyirreconcilablewith macroscopicexperienceandclassical
physics.

Bell’s Theorem,for example,is understoodnowadaysto meanthat certainaspectsof
naturalphenomenadescribedby QM, are “nonlocal.”[1] That is, eventsat a particular
point with space-timecoordinatesxµ, accordingto the principlesof QM, dependon the
valuesof functionsevaluatedat pointsoutsidethepastlight conecenteredon xµ. Because
the classicaltheoriesof fundamentalphysical interactionsare all “local” in this sense,
this theoremappearsto precludethe possibility that QM could be explainedat a deeper
level with principlesfrom classicalphysics,for exampleby insinuating“hiddenvariables”
whichareimplicitly averagedoutat thelevel of QM ascurrentlyformulated.

This implies in particular, that in spite of the probabilisticinterpretationgiven wave
functionsψ

�
x� , QM cannotbejustanelaborationonclassicalStatisticalMechanicsquan-

tifying effectsattributableto the accumulationof finer-grained,fundamentalinteractions
which aresomehow governedby principlesfrom classicalphysics.Moreover, certainfor-
malistic similarities to equationsfrom statisticalphysicsnotwithstanding,several argu-
mentsshow that time evolution in QM cannot be describedby a Markov processof the
sortusedin StochasticMechanics.Markov processesarethosefor which time evolution
hasno long termmemory, asit were; i.e., trajectoriescannot be retrodicted.QM, to the
contrary, is time-reversible—atleastup to the point of measurement,an event which, in
any case,is notencompassedby theQM formalismfor timeevolution. Thus,despiteparal-
lels with StatisticalMechanics,QM mustencompasssomethingessentiallydifferentfrom
irreversible(Markovian)Brownianmotion,or similar phenomena.

Thepurposeof thisarticleis to proposeanew conceptualparadigmwhich,nevertheless,
doesprovide intuitive imageryfrom classicalphysicsto motivate the basicpreceptsof
QM. From the viewpoint of this new model, the apparentnonlocalaspectsof QM are
not objectionablebecauseQM is reinterpreted,not asa fundamentaltheoryof elementary
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interactions,but asa theoryof “many-body effects” attributablein a certainway to the
accumulationof local, two-body, classicalelectromagneticinteractionswith therestof the
universe.

2. FUNDAMENTAL CONCEPTS

QM is formulatedon two levels. The basictheory, or “First Quantization,” wascon-
ceivedoriginally to describetheemissionandabsorptionspectraof atomsandmolecules,
andcertainotherphenomena,all having featuressuggestingresonancesin oscillatorysys-
temsor wave propagation. Thereafter, “SecondQuantization”was devised to describe
refinementsto the basictheorysuchasthe Lamb shift, the line width of atomicspectra,
stimulatedemissionand the anomalousmagneticmomentof the electron,etc. Later it
wasseenthat effectsdescribedby SecondQuantizationoften canbe given imaginable,
physicalmotivationin termsof aZitterbewegung, or afine-scalejitter similar to Brownian
motion and attributableto what often is called the “quantizedvacuum.” This observa-
tion, in turn, motivatedvariousattemptsto derive thefundamentalequationsof QM or to
describequantumphenomenastrictly on the basisof statisticalphysics. Someof these
attempts,underthe rubric of StochasticElectrodynamics(SED),have successfullyquan-
tified certainphenomenausuallydescribedusingSecondQuantizationtechniques.These
phenomenaincludethe Van Der WaalsForces,the behavior of a chargednonrelativistic
harmonicoscillator, andothers,where,not coincidently, the imageryof Zitterbewegung
appearsgermane.[2]However, themaincorpusof QM, includingatomicstructure,spec-
tral linesandmoststrikingly, thewave-likediffractionof particlebeams,continuesto elude
all clarificationin theseterms.

Thebasic,axiomaticpremiseunderlyingSEDis thattheuniverseis permeatedwith ran-
domelectromagneticbackgroundradiationin thermodynamicequilibriumwith all charged
particles.(For presentpurposes,aparticleneednotcarryanetcharge,any multipolealone
is sufficient.)1The energy in this backgroundradiationis envisionedto be a residuede-
volving from pastinteractionsor emissionsfrom all chargedparticlesin theuniverse.For
mostderivationsin classicalphysicsthis residueandits sourceareignored;for example,
the derivationsof the Thermodynamicformulaefor an ideal gasignoreradiationcaused
by accelerationincidentalto collisions. Regardlessof the physicalmodelascribedto the
generationof this background,however, for the purposesof the formal theoryor logical
foundationof SED,its existenceis assertedasanaxiomaticproposition.[2]

Theessentialfeatureof backgroundradiationis determinedby therequirementthat its
spectralenergy densityE

�
ω � beinvariantunderLorentztransformationsin thesensethat

thetotalenergybetweentwo fixednumericalvaluesof ω, a andb, beidenticalin all inertial
frames;it i.e.,

(1)
� b

a
E
�
ω � d3k � � b

a
E � � ω � γ � 1 � v� c� d3k �	� γ 
 � 1 � v2 � c2 ��� 1
 2 �

As Physics,this stipulationis tantamountto the requirementthat therebeno distinguish-
ableframes;and,it is basedon the fact that,wereit not true, the backgroundwould en-
gendercertainanisotropismsthat in factarenot observed. Eq. (1) is satisfiedby a linear
spectralenergy densityE

�
ω ��� constant � ω wheretheconstantscalefactoris determined

empiricallyto bePlanck’sconstant/4π— ��� 2. [2, 3]

1On theotherhand,particleswith no chargestructure,includingno netcharge,no multipolemoments,etc.,
are“invisible” to all formsof electromagneticradiationandarelargely unmanipulatableby interactionwith the
materiallaboratoryworld comprisedof atomsand,assuch,areinaccessibleto directexperiment.Theirbehavior
remains,at best,amatterfor indirectinferenceandis notgovernedby theconsiderationspresentedherein.
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Taking this Lorentz invariantbackgroundradiationinto accountleadsdirectly to the
Planckblackbodyspectrumandanunderstandingof “photonstatistics.”[3] This hasbeen
shown mostsimply by manipulationthefollowing four equationsinvolving themeanen-
ergy densityEi � themeansquareenergy densityE2

i , andthemeansquaredeviation of the
energy density

�
δEi � 2 of any two mutuallyincoherentradiationfields:

(2) Esum � E1 � E2 �
(3) E1E2 � E1 E2 �
(4)

�
δE � 2 � � δE1 � 2 � � δE2 � 2 �

and

(5)
�
δEi � 2 � E2

i � Ei
2 � Ei

2
; i � 1 � 2

to obtain

(6)
�
δET � 2 � E2

T � 2ET EB �
where,in the caseat hand,EB is the meanenergy densitysolely of the backgroundra-
diation,andET is the samefor a temperaturedependantradiationfield. This latter field
coexistswith thebackgroundandis modifiedby it via themutualinterferencetermswhich
areincludedin ET � Invoking theFluctuationTheorem:

(7)
∂ET

∂µ
� � δET � 2 ��� µ 
�� 1� κT �

for the thermalfield at temperatureT whereκ is Boltzmann’s constant,yields thediffer-
entialequation:

(8)
∂ET

∂µ
� ET

2 � 2ET EB �
whosesolution,with EB ��� ω � 2 � is thePlanckblackbodyspectralenergy distribution

(9) ET � � ω
e� ω 
 κT � 1

�
TheFluctuationtheoremis applicableif thethermalfield exchangesonly energy with the
background—astipulationmethereab initio.

Furthermore,Eq. (6) written in theform:

(10)

�
δET � 2
ET

2 � 1 � 2
EB

ET

elucidatesthesourceof thedualisticnatureof radiation.[3]Werethefirst termon theright
to standalone,Eq. (10) would characterizeintensityfluctuationsof a classicalradiation
field while the secondtermalone,beingproportionalto 1 � ET , givesan equationcharac-
terizingdensityfluctuationsof a particleensemble.Togetherthey capturethe essenceof
“photonstatistics”andthus,without assumingtheexistenceof discreetquanta,character-
ize the“quantizedelectromagneticfield.”[3]

Zitterbewegung, in this theory, is interpretedas a manifestationof the interactionof
particleswith therandom,Lorentz-invariantbackground.
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First Quantization,however, pertainsto resonanceandwave-likephenomenafor which
physicalintuition admitsno suggestionof Zitterbewegung. However, following SED,all
particleswith chargestructureareconsideredto bein thermodynamicequilibriumwith the
backgroundvia interactionwith signalsat frequenciescharacteristicof theirstructure.The
intuitiveparadigmproposedhereinto modelFirstQuantizationis basedontheAnsatzthat,
in framesin which they aremoving, particleswill be deflectedby diffraction patternsin
the backgroundsignalsto which they aretuned. Backgroundwaves,beingconventional
electromagneticradiation,are diffractedby physicalboundariesaccordingto the usual
principlesof optics.2 For example,a particlemoving towardsa slit would equilibratewith
a signal that is a standingwave in its own frame but which is a traveling wave in the
slit’s framewhereit diffractsat boundariessuchasthoseof theslit. On passagethrough
theslit, the particleis subjectto the lateralenergy flux attendantto the diffractionof the
backgroundsignalto which it is tuned.In otherwords,it is envisionedthata particlewill
tendto bejostledinto theenergy nodesof thediffractionpatternof the“standingwave” to
which it is tunedin its own inertial framebut which is a translatingwave in theframeof
theslit. Thiseffect is similar to thewayfroth anddebristendto trackthenodesof standing
wavesin riversor sandtendsto settleon thenodesof a vibratingmembrane.An ensemble
of similar particlesin identicalcircumstances—e.g.,a beamof particlesimpinging on a
slit—uponaccumulationat thedetectordisclosesthediffractionpatternof thecomposite
wavecomprisedof componentswith which theindividualparticlesarein equilibrium.

Consider, for example,a neutralparticleor systemconsistingof a dipole of opposite
chargesheld apartby someinternal structuremodeledto first orderby a simple spring
with resonantfrequency ω0. Accordingto the basicSED assumptionof thermodynamic
equilibrium with the background,the restenergy of this systemconstitutingthe particle
will equaltheenergy in thebackgroundmodeω0 which is alsotheresonantfrequency of
thesystemat which it is exchangingenergy with thebackground;thatis

(11) m0c2 ��� ω0 �
wherea contribution of � ω0 � 2 is madeto theright sideby bothpolarizationstatesof the
backgroundmode.(In thecaseof systemswith morecomplex internalstructure,ω0 stands
for thesumof the frequenciescorrespondingto thevariouspossibleinteractions.)3 In its
rest frame,with respectto eachindependentspatialdirection,a particlewill equilibrate
with a standingwave having anantinodeat its location,which, if theparticleis locatedat
x � 0, hasanintensityproportionalto theexpression2cos

�
k0x� sin

�
ω0 � � 4 Whenprojected

ontoa coordinateframetranslatingat velocity v with respectto theparticle,thatof a slit
for example,this standingwave hasthe form of the modulatedtranslatingwave and is

2Resultsfrom experimentsin Cavity QuantumElectrodynamics[4] substantiatethe conceptof the back-
groundas ordinary electromagneticradiation. Were backgroundradiationan immutablegroundstateor the
“quantizedvacuum”asconventionallycharacterizedby QM, then,contraryto observation, it might beexpected
to resemblethevacuum(viz., anabsolutespace-timevoid) by beinguniformly ubiquitousandby permeatingthe
intersticesof materialsdown to thescaleof atomsandeven“elementaryparticles”(essentially)withoutalteration,
in particularat macroscopiccavity boundaries.

3Also, m0 is to bethesumof themassesof thesystemconstituents“renormalized”to accountfor relativistic
massincreaseswhich are due to internal motion. For presentpurposes,however, the detailsof the internal
structureof theparticleareimmaterial.

4Tautologically, a chargedparticledoesnot interactwith thosesignalsthat interferedestructively so as to
haveanodeat its spaciallocation.
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proportionalto

(12) 2cos
�
k0γ
�
x � cβt ��� sin

�
ω0γ

�
t � c� 1βx��� ; � β 
 v� c�

Thiswaveconsistsof ashortwavelength“carrier” modulatedatawavelengthλ � � γβk0 � � 1

inverselyproportionalto the relative velocity of the particlewith respectto the slit. The
modulationon this wave is a relativistic kinematiceffect. It arisesfrom thedifferencein
theLorentztransformationsof theoppositelytranslatingcomponentsof astandingwave.

Themodulatedwave,uponpropagationthroughaslit, for example,is diffractedaccord-
ing to Huygens’principle suchthat the modulationdiffraction patternis imposedon the
carrier’s diffractionpattern.[5]A particlebathedin this diffractedwave will experiencea
grossenergy flux with a spatialpatternproportionalto the squareof the modulationin-
tensityimposedon the fine-scalebackgroundwave driving the Zitterbewegung. In other
words,accordingto this interpretation,boundaryconditionson wavesin thebackground
modify the stochasticeffectsof Zitterbewegungon the orbits of materialparticles. The
actualdetailedmotionof a particle,while it reflectstherelatively largescaleeffectsof the
modulation,is very complex and jitters in consortwith spatiallymodulatedZitterbewe-
gung.

Now, a Lorentz transformationinto the translatingframeappliedto both sidesof the
statementof energy equilibrium,Eq.(11),yieldsboth

(13) γm0c2 � γ � ω0

and

(14) p��� γm0c ��� γβk0 �
From Eq. (14), γβk0 � canbe identifiedasthe De Broglie wave vectorfrom conventional
QM. Notethatin expression(12), thecarrierpropagateswith the“phasevelocity” v while
the modulationhasthe “group velocity” Vgroup � c2 � v. In the usualQM interpretation,
on theotherhand,v is identifiedasa groupvelocity for a localizedwave packet intended
to representthe local characterof a particle. In that casethe dispersionrelationVgroup �
v � ∂ω � ∂k � whenintegrated,yieldstheequationEkinetic � m0v2 � 2 ��� ωD, whichrelatesthe
particle’skineticenergyE to afrequency ωD, whichis identifiedasthetemporalfrequency
of theparticle’s De Broglie wave. A De Broglie wave packet is not required,however, to
accountfor thewave-likebehavior of alocalizedparticle,if wave-likepropertiescanjustas
well beascribedto modulatedZitterbewegung. More importantly, this new interpretation
suggestsdirectresolutionsfor many of thesemanticandepistemologicalproblemsvexing
otherinterpretationsof QM asdiscussedbelow in SectionIV.

3. TIME EVOLUTION IN QUANTUM MECHANICS

Timeevolutionin QM is governedby theSchr̈odingerEquation.Beingahyperbolicdif-
ferentialequation,theSchr̈odingerEquationhassolutionswhicharetimereversible,andin
this respect,inter alia, arestructurallydistinctfrom thosefor theparabolicdiffusionequa-
tion. This fact,which arisesin variousandnot alwaysobviously relatedmanifestations,
precludesinterpretingthatpartof QM connectedwith theSchr̈odingerEquationin terms
of StochasticMechanics,wherediffusionprocessesgovernthetime evolution of physical
phenomena.5 Theconceptualmodeldevelopedabove,viz. of theDeBrogliewavelengthas
amanifestationof kinematicallyderivedmodulationonZitterbewegungdrivenby Lorentz

5This point is obfuscatedby the fact that propagationformulaepertainingto deterministicprocessesalso
canbecastto have theapparentstructureof Fokker-Planckequationsdescribingthetime evolution of stochastic
processes.In thesecases,however, if fundamentalassumptionsreintroducingthe epistemologicalproblemsof
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invariantbackgroundradiation,however, supportsan interpretationfor the Schr̈odinger
Equationwith anew andcoherentintuitivephysicalmotivationbasedonclassicalphysics.
Thisnew physicalinterpretationrespectsthefundamentaldifferencebetweeneffectsattrib-
utableto Zitterbewegunganddescribedby SecondQuantizationandeffectsdescribedby
basicQM or FirstQuantization,including“hyperbolic” timeevolution. Consideraparticle
subjectto a forceF andfor which thedensityof trajectorieson phasespaceis ρ

�
x � p � t � ,

whereρ
�
x � p � t � 0� canberegardedeitherasthedistributionof initial conditionsfor sim-

ilarly preparedparticles,or, equivalently, asthea priori probabilitydistribution of initial
conditionsfor a singleparticle. Time evolution of ρ

�
x � p � t � , is governedby theLiouville

Equation

(15)
∂ρ
∂t
��� ∇ρ � p

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

∂pi $ �
By virtueof Eq.(14),eachvalueof p in ρ

�
x � p � t � is correlatedwith aparticularwavelength

of kinematicalmodulation.As proposedabove,boundariesandgeometricalconstraintson
thewavesto which theparticleis tunedcausethesewavesto diffract andinterferesothat
gradientsin their energy densitiesare induced. Thesegradients,in turn, result in spa-
tial variationsin the magnitudeof the Zitterbewegung, the averagedeffect of which is to
systematicallymodify particletrajectories.Becausethe energy densityof a wave is pro-
portionalto thesquareof its intensity, thewavelengthof energy densityoscillationscaused
by themodulationwill behalf thatof themodulationitself. Thatis, thewavelengthof the
physicalagentmodifying trajectories,an energy gradient,is half that of the modulation.
Further, an ensembleconsistingof multiple particles,eitherconceptualor extant,will be
guidedby anensembleof energy densitywavesderivedfrom anensembleof kinematical
modulations.The spatialstructureof this ensemblewave is found by taking the Fourier
transformof ρ

�
x � p � t � with respectto 2p ��� , thewavevectorfor thephysicalagent;i.e.:

(16) %ρ � x � x �&� t ��� � e
i 2p ' x () ρ

�
x � p � t � dp �

for which thesimilarly transformedLiouville Eq. is

(17)
∂%ρ
∂t
�+* �

i 2m , ∇ � ∇%ρ ��* i 2�-, � x � � F �.%ρ �
Solutionsfor equationsof this form are soughtby first separatingvariablesusing a

transformationof theform

(18) r � x � x � � r � � x � x � �
whichyields

(19)
∂%ρ
∂t
� * �

i 2m , � ∇2 � � ∇ � � 2 �/%ρ � * i� , � r � r � ��� F * r � r �
2 , %ρ �

In general,for anarbitraryform of theforceF
�
r � r � � , thisequationstill is notseparable.

However, for thepurposeof calculatingexpectationvalues,solutionsto Eq.(19)areneeded
only on theline in ther � r � planefor which r � r � . For example,theexpectationof x is

(20) 0 x 12� ��� xρ
�
x � p � dxdp �

QM in new formsareeschewed,thephysical“dif fusionconstant”canbeshown on thebasisof kinematicsalone
to equalzero.
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which,with theinverseFouriertransformof Eq.(16),becomes

(21) 0 x 12� ���3� e 4 i 2p ' x () x %ρ � x � x � � dxdpdx� �
sothatthetransformationsof variables,Eqs.(18),give

(22) 0 x 12� �5� δ
�
r � r �6� * r � r �

2 , %ρ � r � r �7� drdr �
whereδ

�
r � r � � is aDiracdeltafunctionthatrestrictsthesolutionsof Eq.(19) to contribut-

ing only alongtheline r � r � to theintegral for calculating 0 x 1 . Similar resultsareob-
tainedfor 0 p 1 andfunctionsof x andp; e.g.,theexpectationof theenergy, 0 p2 18� 2m� 6
Thus,techniquesyieldingseparablesolutionsto Eq. (19)which coincidewith solutionsto
thenonseparableequationon this line, maybeusedfor this limited purpose.

Thesespecialsolutionson the line r � r � can be found by exploiting the symmetry
of Eq. (19) in the variablesr andr � andthe fact that %ρ � r � r � � is real to write it the form
ψ 9 � r � � ψ � r � . Thus,with theusualmanipulationsto separatevariables,Eq. (19)yields

(23)
∂ψ
∂t
� * �

i 2m , ∇2ψ
�
r � � * i� , r � F * r � r �

2 , ψ
�
r �:� * i� ,<; � r � r � � ψ � r �

andits complex conjugate,wherei ; � r � r � ����� , whichplaystheroleof whatcouldbecalled
a“function of separation,” hasageneralform determinedby symmetryanddimensionality
considerations.

If ψ
�
x � satisfiesEq.(23)whenr = r � , thenψ 9 � r � � ψ � r � will satisfy

(24) > ∂
∂t
�?* �

i 2m , � ∇2 � � ∇ �@� 2 ����* i�A, � r � r �@��� F * r � r �
2 ,CB %ρ 
EDGFIHJ%ρ � 0

on the line r � r � . This is seenby writing ρ
�
r � r � � asψ 9 � r � � ψ � r � in Eq. (24), addingzero

in theform
� ; � ; � ψ 9 � r � � ψ � r � andrearrangingto obtain

(25) ψ 9 > FC� * i�A,I;EB ψ � ψ > F 9 � * i�A,I;EB ψ 9 �
from which theconclusionfollowsby lettingr = r � . Thespecificform of ; � r � necessary
to preserve thephysicalcontentof theLiouville canbedeterminedby requiring

(26)
d 0 p 1

dt
�K0 F 1

to hold. This stipulation(which,asphysics,addsnothingnew but asmathematicsextracts
structureobscuredby theseparationtechnique)leadsto

(27)
�

ψ 9 � r � ∇F � ∇ ; � ψdr � 0

which,with thevectoridentityr � ∇F � ∇ ; � ∇
�
r � F � ; �L� F impliesthat ; mustsatisfy

(28) r � F � ; ��� V ��� F 
3� ∇V � �
Finally, with this result,on theline r � r � , Eq. (23)becomestheSchr̈odingerEquation

(29) i � ∂ψ
∂t
� � 2

2m
∇2ψ � Vψ �

6The manipulationsusedhere to computeexpectationvaluescan be shown to lead naturally to unique,
symmetric“operator” expressions,therebyobviating ad hoc “Hermitezation” rules for the primitive operator
equivalents.[6]
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Consistency with the assumptionsleadingto the extraction7 of the Schr̈odingerEqua-
tion above, requiresthat its interpretablesolutionsbe thosefor which the resultingphase
spacedensityis everywherepositive andsuchthatρ

�
x � p � t � 0� is theappropriateinitial

condition. The relationshipbetweensolutionssatisfyingthesephysicsrequirementsand
theeigenfunctionsof theSchr̈odingerEquationis a complex matter. Althoughcrucial to
anultimatejudgmentof thecoherenceof theinterpretationespousedherein,it is left for fu-
turestudy. However, it seemshighly portentin thisregard,that“thermalstates;”i.e.,mixed
stateswith Boltzmannweightingfactors,andcoherentstates,givephysicallyinterpretable,
everywherepositivedensitiesamongotherdesirabletraits.[7]

For potentialshaving the form of a quadraticpolynomial,theextractionof theSchr̈o-
dingerEquationgivenaboverequiresno unusualseparationtechnique.Sincesuchpoten-
tial includethat the harmonicoscillator, a substantialfraction of all analyticallysoluble
problemsarecovered;but, unfortunatelythemostimportantcaseof all, theCoulombpo-
tential,is not included.Themanipulationsusedaboveto obtaintheSchr̈odingerEquation
areessentiallythereverseof thosesuggestedlongagoin astudyof QM phasespacedensi-
ties.[8]Theprincipledifferencewith thereasoningherein,is thatformerly it wasassumed
thatQM is the fundamentaltheoryandthat thesolutionsof theSchr̈odingerEquationall
representrealizablestatesalthoughsomeyield nonsensicalphasespacedensities.(Also,
nonquadraticpotentialscomplicatecorrespondencewith theLiouville Equation.)Here,the
Liouville Equationis given logical primacy andonly thosesolutionsof the Schr̈odinger
Equationareadmittedwhichyield meaningfulLiouville densities.

In summary, theconsiderationsabove suggestthatat the level of “First Quantization,”
QM can be given a formal or mathematicalstructurein termsof what might be called
a theory of ‘Eikonal Mechanics.’8The dynamicallaws embodiedin Eikonal Mechanics
aredeterministic;statisticalaspectsof the theoryareconceptualin natureandpertainto
probabilitiesimplicit in a densityon phasespace.At its foundation,therefore,Eikonal
Mechanicsis incompletebecauseprobabilitiesareanartifactof thetheory, not of nature.
UnderlyingEikonalMechanicsarethestochasticeffectsof Zitterbewegung; at this deeper
level probabilitiesareconceptuallythesameasthosein thestudyof Brownianmotion in
statisticalphysics,so thatherealsothe theoryis incomplete.Thus,QM in this rendition
is interpretedasa statisticaltheorywith built-in structureto accountfor alterationsto the
classicalmotion of particlesthatendows their averagedtrajectorieswith ray-like proper-
ties. Thesealterationsarea particularmanifestationof the influenceof all othercharged
particlesin theuniversevia themediationof a residueof electromagneticbackgroundra-
diation.

7Theword “extraction” is usedheredeliberatelyin thebelief thatexpositoryphysicsshouldeschew mathe-
maticalterminology(e. g., THEOREM , PROOF, evenDERIVATION, etc.) asit invitestheinferenceof adegreeof
logical rigor, which in the faceof thevastcomplexity of natureis oftenunobtainableor yields resultsidealized
into irrelevancy. Moreover, it is probablywise not to readphysicalsignificanceinto theseor similar symbolic
manipulationsthathasnotbeeninvesteddeliberatelyandexplicitly; indeed,conceiving mathematicalmodelsfor
naturalphenomenamaybelessanexplorationof Nature(theprivilegeof theexperimentalist)thananexploration
of justone’s own imagination.

8‘Wave Mechanics’would be as good a namewere it not alreadyvirtually synonymouswith all of QM,
including SecondQuantization. The usehereof either term is meantto emphasizethe fact that althoughthe
Schr̈odingerEquationcontainsessentiallythe samedynamicallaws asthe Liouville Equation,it is formulated
especiallyto accountfor theray-likenatureof particletrajectoriesinducedby relativistic, kinematicalmodulation.
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4. COMMENTS ON INTERPRETATIONAL PARADOXES

Kinematicalmodulationasembodiedin EikonalMechanicsprovidesa physicalmodel
for thephenomenadescribedby FirstQuantizationwhichoffersnew perspectivesonphilo-
sophicalproblemsintrinsic to mostwidely consideredinterpretationsof QM. Many of the
seeminglynovel featuresof this new interpretationalreadyhave beenfoundheuristically
to beimplicit in thestructureof QM if thesamedegreeof logical consistency is enforced
for thesemanticsof theterminologyappliedto its symbolsasis requiredmathematically
of therelationshipsamongthesymbolsthemselves.Thesefeatures,therefore,areexplicit
elementsin certainnonstandardinterpretations,andipsofacto, implicit in themostwidely
endorsed,“Copenhagen,” interpretation.

Although muchhasbeensaidconcerningparadoxesandambiguitiesin the orthodox
interpretationof QM andthe attendantmeasurementprocess,perhapsoneof Einstein’s
Gedanken experimentsstill capturesthe kernelof the problemin the most conciseand
revealingfashion.[9]Following Einstein,considera beamof particlesimpingingon a vir-
tually infinitesimalhole in a barrier. According to the principlesof QM, uponpassage
throughtheholethe(planewave)beamdiffractsto becomeahemisphericalwave. Now, if
a hemisphericaldetector, centeredon thehole,wereusedto detectthediffractedbeam,in
timetheobservedresultwouldbeauniformdistributionof distinct,point-impactsoverthe
surfaceof thedetector. If, asEinsteinobserved,a QM wave functionconstitutestheonto-
logical essenceof individual particles,then,althoughimmediatelyprecedingeachimpact
the wave function for eachparticleis finite over the whole surfaceof the detector, at the
instantof theimpactit must“collapse”to a deltafunctionat theimpactpoint. A collapse
or focusingof wave functions,occurringeveninstantaneously, is unobjectionableif wave
functionsare only mathematicalartifactsfor calculatingexpectationvaluesandnot the
embodimentof thematerialessenceof particles.However, purely formal, nonphysicalor
“mathematical”interpretationsof wavefunctionsseemto beprecludedby thefactthatQM
wave functions,like electromagneticradiationandwavesin physicalmedia,interactwith
materialboundaries.In Einstein’s Gedankenexperiment,for example,thewave function
diffractsuponpassagethroughthehole,implying thatit hassubstantiveexistence.

Eikonal Mechanicsresolvesthis conflict by identifying wave functionsasindeedjust
mathematicalexpressionsfor computingexpectationvalueson phasespace;but, with the
differencethat,theseexpectationvaluespertainto specialtrajectories,namelythosewhich
areray-likein responseto spatialpatternsin theenergydensityof kinematicallymodulated
backgroundwaves. Thephysicalwork of diffractingthetrajectoriesof localizedmaterial
particlesis accomplishedby the external agentof modulatedZitterbewegung acting on
themlike a guiding hand. The whole effect is embeddedin the mathematicalstructure
of QM, specificallythe Schr̈odingerEquation,for which the solutionsgive phasespace
densitiesof thephysicallyfeasiblesetof ray-like trajectoriesavailableto particlesor sys-
tems.Thus,measurementis not anontologicalissuefor EikonalMechanicsbecauseit is
only a “recalibration”of phasespacedensities,essentiallyrevising the initial conditions.
Measurementhasthesamerole hereasis hasin classicalstatisticalphysics,whereit only
reducesthedegreeof ignorancebut doesnot purportto revamprealitiesinstantaneously.

Theimageryof EikonalMechanicshasa certainresemblanceto propositionsindepen-
dently derived in otherstudieswhich strive to renderthe interpretationof QM semanti-
cally consistent.In particular, theconceptof modulationwaveswasanticipatedby theDe
Broglie-Bohmtheoryof the “pilot wave.”[10, 11] The conceptualdifferencebetweenthe
pilot wave theoryandEikonalMechanicsis that,whereasthepilot wave is envisionedas
partof thephysicalessenceof a particle—emanatingfrom it in themannerof anethereal
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scout,or converselyasthecarrierof theparticleasa confinedhigh densityregion, mod-
ulationwavesareconsideredto be in existencein theparticle’s environmenta priori and
emanate,soto speak,from all otherparticlesin theuniverse.

Anotheraspectof modulationwaveswasanticipatedin the “many worlds” interpreta-
tion of QM.[12] In this interpretationwave functioncollapseis obviatedby positing9that
eachpossibletrajectoryfor theuniverse(andindividualparticlesin particular)existssuch
that at eachjuncturewheretherearediversepotentialoutcomes,the universe(including
everyparticleindividually) replicateswith one“daughter”fulfilling eachpotentiality.10The
interpretationbasedonEikonalMechanicssuggeststhatwhile thegeometryof aparticular
situationaccommodatesthe existenceof a bundleof possibleray-like orbits availableto
particulatesystems,individual systemsin effectarebumpedstochasticallyby background
radiationfrom orbit to orbit while maintainingtheir individual identity. In otherwords,the
multiplicity implicit in QM is locatedin thepotentialityimplicit in thebackgroundandnot
theactualityof materialparticles.

In thecontemporaryliteratureon the interpretationof QM, thefocusis oftenon Bell’s
Theoremwhich hasbeencreditedwith showing thatthereis

“. . .acontradictionbetweenseveralprincipleswehadwishedcouldall be
true,includingthevalidity of quantumtheory, Einstein’s relativity princi-
ple,causalityactingforwardin time, localobjectivereality andthestruc-
ture of space[;but,] experimentssupportsomeof theseprinciplesto a
certaindegreeof accuracy only. The contradictioncan be resolved by
abandoningoneor severalof theseprinciples.”[13]

In view of this statement,thequestionimmediatelyarrises:within themodelbasedon
EikonalMechanics,which of theseprincipleshasbeenabandoned?

Theanswerprovidedby EikonalMechanicsis: noneat a fundamentallevel, although
themathematicalor formal structureof QM abandonslocalobjectivereality; i.e., thelocal
identity of particlesin favor of extendeddensitiesconditionedinstantaneouslyby distant
boundaries.This canbeunderstoodasfollows. Considera particlein a box. Accordingto
EikonalMechanics,aparticleis a localizedentitywhichis in equilibriumwith background
wavesstandingin thebox. This meansthatthebehavior of a particleat a particularspace-
timepoint in aboxis affectedby waveswhosestructureis determined,in part,by boundary
conditions;i.e., the sidesof the box, locatedat space-like separationsfrom the particle.
Here is the sourceof the nonlocalaspectof QM which seemsto violate local reality or
time-like causality. In the imageryof Eikonal Mechanics,however, the standingwaves
in the box result from backgroundradiationemittedin the pastby othersourcesat null
or light-like separations.Thenonlocalfeaturein QM, accordingto this interpretation,is
thesameasthatin any steadystatesolutionto waveequationswhereboundaryconditions
determinethesolutionin a region of interest.Therefore,accordingto this interpretation,
althoughparticledensitiesonphasespacedomanifestnonlocaleffects,sucheffectsdonot
constituteanontologicalproblembecausetheradiationinducingtheseeffectspropagated
alonglight-likeseparationsin Minkowski Spacefrom thepast.Phenomenapeculiarto QM
canbeconsideredto be“multibody effects”causedby classicalinteractionsfrom all other

9Actually, themany-worlds interpretationis mandatedby logic if QM asformulatedis assumedto befunda-
mentalandcomplete,becausethen,in principle,theremustbea wave functionfor thewholeuniversefor which
noexternalagentexiststo causecollapse.

10Specifically, in this interpretationeach‘measurementact’ hasto bea junctureat which replicationoccurs;
but,presumablythenonlyaninsignificantminority of suchjuncturesactuallycouldinvolveconscienceobservers,
i.e.,all interactionis ‘measurement.’
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chargedparticlesin theuniverse,ratherthanmanifestationsof the fundamentalnatureof
particleinteractionsexclusively.

Underlyingtherelatively grossbehavior of particlesasdescribedby EikonalMechanics
is thefine-grainedZitterbewegung. All phenomenadescribedby EikonalMechanics,that
is “First Quantization,” invite deeperanalysisto understandthe “anomalies”and“shifts”
causedby Zitterbewegung. And, at leastin concept,this canbeaccomplishedusingSED
for which thereis noproblemwith interpretation.

5. SPIN AND EXTERNAL FIELDS

To includeexternalelectromagneticfields in this formalism,let the total energy of the
radiationto which theparticleis exposedincludethatof thebackgroundplusthepotential
energy from additionalfields;i.e., let

(30) m0c2 ��� ω � eφ

wheree is the chargeon the particleandφ
�
x � is the potentialfunction for the additional

field. Thegaugefor theexternalfield hasbeenchosensothat thefour-vectorpotentialin
therestframeof theparticleis purelyscalaror time-like. This is tantamountto assuming
that thepotentialenergy of theadditionalfieldscontributeto therestmassof theparticle
suchthat

�
m0 � total � m0 � eφ � c2.[14]

While clearasformalism,theseconsiderationsdependontheunderlyingtheoryof elec-
tromagneticinteraction,in particulartheuseof potentialfunctionsto take full relativistic
accountof interaction.Reference13 providesreasonto suspectthat thereis considerable
roomfor deeperunderstandingof theuseof potentialfunctionsconsistentwith specialrel-
ativity. Nevertheless,therole of Eq. (30) asanaxiomaticpropositionprecedingthe logic
andmanipulationsusedto extract the Schr̈odingerEquation,elucidatesthe structureof
QM by indicatingthatobscuritiesin thephysicalmeaningof electromagneticpotentialsin
QM arenot wholly intrinsic to QM per se, but substantiallyto relativistic kinematicsand
dynamics.

Intuitive motivation for spin consistentwith conceptsof Eikonal Mechanicscan be
foundasa manifestationof theexistenceof two independentpolarizationstatesfor elec-
tromagneticradiation. This canbe seenby conceptuallydecomposingeachbackground
modeinto its two polarizationstatesandconsideringthata givendensityon phasespace
ρ
�
x � p � t � consistsof two parts,ρ1 andρ2, eachpertainingto thatportionof anensemble

in equilibriumwith onepolarizationstate.Time evolution of a tandemsetof densitiesis
governedby a tandemform of theLiouville Equation

(31)
�=
1  ∂ρ1 � ∂t

∂ρ2 � ∂t $ �  � σ � dx
dt
� � σ � ∇ � � � σ � F � $  ρ1

ρ2 $
whereσ and

�=
1 arethePauli spinmatricesandthe2 � 2 identity matrix respectively. By

usingthe3-vectoridentity
�
σ � V � ��� σ � W �M� V � W � iσ � � V � W � togetherwith theequa-

tion for energy equilibriumin thepresenceof additionalfields,Eq. (30), andthemethods
of Fourierdecompositionof modulationwavesaspresentedin SectionIII above,straight-
forward but somewhat tediousmanipulationsyield the Pauli versionof the Schr̈odinger
Equationfor Fermions

(32) i � ∂ψ
∂t
� 1

2m
* σ � � i � ∇ � eA

c
� , 2

ψ � φψ �
whereA is theelectromagneticvectorpotentialassociatedwith φ Eq.(30).
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Except for anomaliesto be taken into accountby SecondQuantizationor SED and
causedby Zitterbewegung, asis well known, Eq. (32) givesthecorrectmagneticmoment
for theelectron.(In spiteof prejudicialnomenclature,hereinspinmatricesareactuallyjust
thevehiclesfor attachingthealgebraicstructureimplicit in what, in the languageof Dif-
ferentialGeometry, is atwo dimensionalbundleattachedto eachindependenttangentfiber
at every point of a threedimensionalmanifold. A two-dimensionalstructureis neededto
take accountof the two polarizationstates.)Bosons,asusual,arecomprisedof multiple
Fermions.Theimagerysuggestedby thesemanipulationsimpliesthatspinmagneticmo-
mentsresultfrom currentsattendantto Zitterbewegungmotion. In theabsenceof magnetic
fields,particlesequilibraterandomlywith bothpolarizationmodesin thebackground.An
externalmagneticfield, however, will lift thedegeneracy by causingthoseparticleswhose
instantaneousrandommotionis, whenprojectedontheorientedplaneperpendicularto the
axisof themagneticfield, positiverotation,to precesssoasto tendto couplepreferentially
to,andthereaftermaintainenergeticequilibriumwith aparticularcircularpolarizationstate
of thatbackgroundmodepropagatingparallelto theaxisof themagneticfield. Thosepar-
ticleswith theoppositesenseof rotationwill likewisecouplewith theoppositepolarization
state.Thus,thebinaryresultof SternGerlachexperimentswith respectto anarbitraryaxis
canbeunderstoodasa consequenceof thefactthatthemagneticfield itself is responsible
for inducingtheaxisof precessionwith respectto which thebackgroundmodeis decom-
posableasthesumof two circularpolarizationstates,eachof which is thenindependently
availablefor energeticequilibrium.

6. BELL’ S THEOREM

In analysisof the foundationsof QM, Bell’s Theoremhastakena centralpositionbe-
causeit providesanexperimentallytestabledistinctionbetweenQM andpossiblealternate
formulationsinvolving hiddenvariables. Thus, it is essentialto analyzeits significance
from thevantageof EikonalMechanics.

Recallthat theproof of Bell’s Theoremis formulatedin termsof thedisintegrationof
a spinfreebosoninto two fermionsof oppositespin. This eventis particularlysignificant
becauseit is alsoa realizabledemonstrationof asituationoriginally analyzedby Einstein,
PadolskiandRosen(EPR)to demonstratetheincompletecharacterof QM. They noted,in
effect,thataccordingto conventionalQM, prior to observation,thewavefunctionfor each
derivative particleor “daughter”comprisesanambiguousmixedstatewhich is collapsed
uponmeasurementto aspecific,observedvalue.Thus,whenonedaughteris measured,by
virtue of spin conservation,the wave function for her sibling is fixed instantly. If QM is
completeandfundamental,thentheobjectivestateof eachdaughtermustalsobeambigu-
ousprior to a measurementof eitherdaughterandthis, in turn, implies that theobjective
statesof bothdaughters,atspace-likeseparationfrom eachother, arealtered;i.e.,rendered
specific,by aspinmeasurementmadeon only one.

EPRthenargued,asis well known, thatQM mustbeincompletebecause,by admitting
ambiguousmixed statesthat require instantaneoustransmittalof information from one
particleto its twin whenameasurementis madeononly one,it violatesSpecialRelativity.
In concept,the problemwith the EPRevent is exactly the sameas that illustratedby a
particlebeamdiffractingthroughanorifice asdiscussedabovein SectionIV.

The proof of Bell’s Theoremconsistsin showing that QM expectationvaluesfor the
correlationof spin measurements,P, madewith respectto arbitraryaxis denotedby a � b
andc in therealizationof thedecayversionof theEPReventcannotsatisfytheinequality

(33) 1 � P
�
b � c �ANEOP � a � b ��� P

�
a � c �PO@�
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which, as Bell found, shouldobtain for all suchcorrelationsof local, dichotomicvari-
ables.[1]Theconnectionto thephysicsof the EPRevent in the proof of this Theoremis
establishedby constraintsimposedon theexplicit form of thecorrelationsP, to wit:

(34) P
�
a � b ��
 � dλρ

�
λ � A � a � λ � B � b � λ �J�

whereλ representspossiblehiddenvariables,ρ
�
λ � a probabilitydistributionover thevari-

ablesλ, andA andB aretheresultsof measurementsof thespinof thedaughters.Now, to
duplicateQM results,A andB mustbe dichotomic;i.e., A ��Q 1 � B ��Q 1. As the mea-
suring instruments;e.g.,Stern-Gerlachmagnets,arecapableof registeringa continuum
of values,this constraintfixesA andB asexpressionsof the propertiesof the derivative
particles. To be “local” requiresthat A doesnot dependon b andB doesnot dependon
a. Given theseconstraints,Eq. (33) follows directly. The fact that the QM expectations
calculatedfor the EPRevent do not satisfyEq. (33) is taken to meanthat theorieswith
hiddenvariablescannotduplicatethestructureof QM. Furthermore,experimentsseemto
verify QM ratherthanEq.(33).

However, the relevanceof the assumptionthat a spin measurementof eitherdaughter
is independentof the othercanbe questioned.This assumptionis reasonableif it is as-
sumedthateachdaughterdepartsthesceneof thedisintegrationin anambiguousstateso
thateitherdichotomicoutcomeis possiblebeforetheactof measurementitself breaksthe
ambiguityandprecipitatesa distinct value. If, on the otherhand,eachdaughterin fact
departsthe sceneof the disintegrationwith propertiesthat unambiguouslydeterminethe
valueof the spin which will be subsequentlymeasuredwith respectto an arbitraryaxis,
theninstantaneousinformationtransmissionacrossspace-like separationsis not required
to accountfor the result. This is exactly the situationasenvisionedfrom the vantageof
EikonalMechanicsfor whichwavefunctionsdonotconstitutetheessenceof materialexis-
tence,ratherthey arejust symbolicexpressionsfor computingdensitiesin thephasespace
of ray-like trajectoriesfor whataredistinctmaterialparticlesin theclassicalsense.

Moreover, theproof of Bell’s Theoremexplicitly exploits theassumptionthatspincor-
relationsareto becomputedwith thedichotomicdataresultingfrom measurements.While
seeminglyreasonable,thisappearsnot to beconsistentwith thecalculationcarriedout us-
ing QM rules.TheQM result,

(35) 0 σ1 � a � σ2 � b 12�3� a � b �
is obtainedif A andB aretaken asprojectionson the axesof the measuringdevicesand
dichotomicityimposed,soto speak,to interpretresultsonly after (if at all) thecorrelation
is computed.This mayreflectthefact thatin orthodoxQM, measurementis subordinated
to anappendixof theformalism.11

7. CONCLUSION

Besidestheir obviousutility for philosophicalanalysisandpedagogicalaids,interpre-
tationsfor physicstheoriesideally serve to provide coherentmentalimagesandmutually

11A recentpublication,[16], criticized the interpretationof experimentsexploiting atomiccascadeevents
to generateoppositelypolarizedphotonsto testBell’s Theorem. The essenceof the criticism is that properly
accountingfor thesphericalsymmetryof photonssogeneratedinvalidatestheconclusionthatsuchexperiments
supportQM vicepossiblehiddenvariabletheories.Evenwithoutthiscriticism,however, asubstantiationof Bell’s
resultderivedfrom experimentson“photons”wouldbelesssatisfyingthatanexperimentwith entitiesclassically
regardedasparticles. Becauseof the existenceof phenomenasuchaswave packets,needles,andsolitonsfor
waves,particle-like behavior by waves(especiallyinteractingwith particulatedetectors)is lesscounterintuitive
thanwave-like behavior, in particulardiffraction,by Gibbsianensemblesof individual particles.
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consistentvocabularyin orderto facilitatethinkingaboutanddescribingphysicalphenom-
ena.Although they arenot unequivocally requiredto formulateor useoperationallycor-
rect,quantitative physicstheories—asthehistoryof QM hasdemonstratedabundantly—
imagesandevocativevocabularyneverthelessoftenprovideguidancefor modelingparticu-
lar phenomenaandinspirationfor new experimental,theoreticalor calculationtechniques.
Theacceptanceof a particularinterpretation,therefore,is determinedin part by the suc-
cessof specificmodelsandcalculationswhich it prompted.Nevertheless,moreis usually
desired;a physicalmodelshouldhave universalityandrenderall phenomenawithin its
presumeddomainintuitively comprehensible.

Perhapsthe central challengein this regard for an interpretationfor QM basedon
Eikonal Mechanicsis to provide visualizationor intuitive justification for the Pauli ex-
clusionprinciple, in particularasappliedto atomicstructure.For a start,considera pair
of electronsin orbit aboutanucleuswhereeachelectronassumesaspinmagneticmoment
by virtue of exposureto theapparentmagneticfield generatedby its orbital motion. The
imageof suchaninteractingcoupletseekinganenergy minimumin antialignment,seems
natural.Hencetherule thatelectronstendto form pairswith spin“up anddown” for each
setof orbital quantumnumbers.For increasingnumbersof electrons,which repeleach
otherandshield the nucleus,the increasein total energy for the electroncollectionand
decreaseof individualbindingenergiesalsoseemintuitively natural.

The imageof electronssegregatedandstacked by energy eigenvalueasneatlyasim-
plied by the exclusionprinciple, even if only into zones,is, however, lessnatural. But,
literal compliancewith this principlemaynot benecessary. All thatis requiredto account
for observed spectra,is that emissionandabsorptionoccuras if electronorbits wereon
theaverageneatlyorderedandsingly populatedby eigenvalue. This couldwell occurin
a macroscopicsampleif thecombinedeffect of thebackgroundandboundaryconditions
is that the only radiationto escapefrom the sample(or to fail to penetratethroughit in
thecaseof absorption)is thatwhich doesnot fit theequilibriuminterplaybetweenback-
groundandatom.Forelectronsorbitingapointcharge,sphericalsymmetryis theboundary
conditionwhich determinestheeigenfunctionspaceandeigenvalues;i.e., it structuresthe
energy levelsof nonequilibriumemissionandadsorption.Thus,in thesteadystate,individ-
ual electronsmight be envisionedto be constantlymigratingthroughvariouseigenzones
or exchangingorbitsamongthemselvessuchthatontheaverage,energy is exchangedonly
with thebackground.Thus,in this imagery, statisticalcharacteristicsarevestedin themo-
tion of individual particlesratherthanin thepopulationdistribution amongstateseachof
which is envisionedto compriseensemblesof fixedenergy level systemslockedinto spe-
cific orbits.This imagery, in fact,seemsuniquelyconsistentwith thepreviousobservation
thatphysicallyinterpretabledensitiesseemto resultonly from mixedstateswith all eigen-
functionspresent.Still, the questionof just how to determinespecificweightingfactors
for eigenfunctionscomprisingphysicallyrealizablemixedstatesis openbut notobviously
unresolvable.

Theproblemswith fundamentalQM addressedhereinareoverwhelminglyverbal.QM
asa quantitative codificationof physicalphenomenahasbeenverified virtually beyond
question.Whatis saidaboutreality basedonQM, however, is at leastsemanticallyincon-
sistent;oneconsequenceof which is thatQM defiesvisualization.EikonalMechanics,as
outlinedabove,proposesvocabulary with intuitive imagesto portrayreality in a new way
on the basisof QM without changesin its currentmathematical(symbolic)formulation.
New or reformulatedcalculationssimply to replacecustomaryQM techniques,arein gen-
eralnot required;theprimaryvalueof any new paradigmat this level is philosophicaland
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pedagogical.Hopefully, however, the intuitive conceptsunderlyingEikonal Mechanics,
whetheror not they ultimatelywithstandcritical analysisof their useto interpretQM, can
be exploited or extendedin order to contribute to the explanationof still ill understood
physicalphenomenaor thediscoveryof utterly new ones.
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