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1. INTRODUCTION

Electrodynamics,asis well known,specifiesthatthe[electrodynamic]forceonanelec-
tron1 (i.e.,achargedpointmass)is proportionalto its chargeandtheelectromagneticfields
to which it is exposed,aswell asto its own velocity. On the otherhand,the LORENTZ-
MAXWELL differentialequationsalonearenot sufficient to unambiguouslydeterminethe
motionof electronsfrom field strengths,or alternatelyfrom potentials.Generalsolutions
for the potentialscan be found quite simply, they consistof retardedintegralsover the
chargeswithin a volume,or over thepotentialsandtheir differentialquotientson thesur-
faceenclosingthis volume. Likewise, in steadof retardedexpressions,that is: potentials
dependanton thesourcechargesat pasttimesequalto r

�
c, wherer is thedistanceto the

sourcecharge,onecouldconsider“advanced”expressionsdependantonsourcechargesas
they will bea time r

�
c in thefuture.Thesetwo possibilitiesbasically, mustbemathemati-

cally equivalent.Only whenthesurfaceintegrals[i.e., boundaryconditions]areneglected
will they differ in general.

Thefact thatelectronmotion—orthealterationsthereof—isgovernedby fields,which
in turnarenotuniquelydeterminedby electronsthemselves,makesit clearwhy onemight
prefer to considerfields as ‘primary,’ in which electronsare high intensity singularity-
deviationsfrom solutions(eitherasfieldsor potentials)of theLORENTZ-MAXWELL equa-
tions.In fact,however, thereis noreasonfieldsshouldbedeterminedfully by singlepoints;
it couldwell bethat thereexist fieldsderivedfrom no chargeat all, but ratherthatsimply
emerge from infinity. Sucha theory for matterwas proffered by M IE; it is subjectto
HAMILTON’s principleandfails to explain quantumeffects,however. In fact,suchquan-
tum effectsappearincompatiblealtogetherwith field concepts.

For thesereasonsI electto take theoppositeviewpointby consideringthosefeaturesas
primary for which thereis direct empiricalevidence,namely, positive andnegative elec-
trons[charges],ascountableitemswith individualtrajectories.I takeit thatdetailedtrajec-
tory changes(i.e., accelerations)for individual chargesarecausedonly by othercharges
andconsiderfields as just mathematicalconstructionswhich, wherever quantumeffects
canbeneglected,assistin describingmutualinteractions,but otherwiseareimmaterial.

Date: 14June1922.
1Translator’s note: A thetime of writing, ‘electron’ appearsto have beenvirtually a synonym for ‘charged,

massive particle.’
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2. CLASSICAL INTERACTION

Following this basicpremisewe musttake it, that thepotentialsmentionedabove give
correctvalueswheneverwe take thespaceintegralssoasto includeall chargesbut ignore
thesurfaceintegrals.Furthermore,weshalltentatively takebothpositiveandnegativetime
directionsasbeingof equalsignificance.Thus,theeffectivepotentialshallbethemeanof
advancedandretardedpotentials:

(2.1) Φ � 1
2
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whereP is the4-current.
This expressioncanalsobewritten in theform:

(2.2) Φ � � cdt � ���
� f � σ2 �
σ2 P � dx � dy � dz � 


whereσ is 4-distance:� � x � x � � 2 � � y � y � � 2 � � z � z � � 2 � c2 � t � t � � � � r2 � c2 � t � t � � 2 

from eachsourcepoint (primed)to eachpoint of application.Thefunction f is to satisfy
thefollowing conditionsfor eachpositive,nonnull � :

f ����� � � 0 and
� 	����� f � x �

x
dx � 1

(for negative � , the integral equals � 1 naturally). From this it follows that only over
an infinitesimalregion of the “light cone” (i.e., whereσ � 0) doesthe integrandmake a
contribution.

Thecontributionof a singleelectronwith chargee � andvelocityv � , giventhat

e ��� � P �l
i

dS � 
 and e � v �
c
� � PdS � 


whenever thedimensionsof anelectroncanberegardedasbeingverysmall,would be:

(2.3) Φ1 � � 	 ∞� ∞ � ie � 
 e � v �c � f � σ2 �
σ2 cdt � � e � � f � σ2 �

σ2 dρ � 

wheredρ � is the vector line elementof the world-line of this electronwith components
dρl � icdt � 
 dρx � dx 
 etc. Integrationof thesecondintegralalsois to becarriedoutover
the whole world-line. For evaluationof the first integral, it is to be kept in mind that a
spacedistancer thatgoesinto σ2, in this casevarieswith t � . So,onegets:
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accordingto well known formulas.

The HAMILTONian for motion of an electronwith massm1 andcharge e1 immersed
in an electromagneticfield is known to be (with signsreversedwith respectto the usual
mechanics):

H1 � m1

� � �%� d &ρ1 ' d &ρ1
� � e1

c

� � &Φ1 ' d &ρ1
� � m1

�
ds1 � e1

c

� � &Φ1 ' d &ρ1
� 


where &ρ1 are the space-timecoordinatesof the electron,andds1 is the infinitesimalar-
clengthalongits world-line. Integrationsareunderstoodto extendover thewhole length
of world-lines.
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Whenthefield is engenderedby a secondelectron,Eq. (2.3)gives:

Φ1 � e2

� f � σ2
1 ( 2 �

σ2
1 ( 2 dρ2 


sothat

H1 � m1

�
ds1 � e1e2

c

�
� f � σ2
1 ( 2 �

σ2
1 ( 2 � dρ1 ' dρ2

�*)
For infinitesimal variation of the world-line of the first electron,which vanishesfor

t �+� ∞, andprovidesthestipulation:δH1 � 0, onegetsanequationof motionof thefirst
chargein thefield of thesecond.Here,H1 canreplacedby

(2.4) H12 � m1

�
ds1 � m2

�
ds2 � e1e2

c

��� f � σ2
1 ( 2 �

σ2
1 ( 2 � dρ1 ' dρ2

� 

as variation of the first world-line is carriedout ignoring the second. This expression,
however, is symmetricsuchthatfor avariationof thesecondworld-lineit givesanequation
of motion for the secondcharge underinfluenceof the first. Thus, Hi ( j constitutesthe
mutual‘influencefunction’ of eachchargeon theother. It is, however, no longera valid
HAMILTONian,asit is not anintegralovera single,uniquelydefinedtime parameter.

Theexpression

(2.5) � e1e2

c

�
� f � σ2
1 ( 2 �

σ2
1 ( 2 � dρ1 ' dρ2

� 

is, exceptfor thefactor f , the4-spaceanalogto a NEWTONian,or 3-space,electrodynamic
interactionpotentialof two electriccurrentcircuits,namely:� i1i2

�,� � d &l1 ' d &l2 �
r

)
The‘influencefunction’ for theuniversewould be:

(2.6) H � ∑
i

mi

�
dsi � ∑
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eie j

c
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i ( j �

σ2
i ( j � dρi ' dρ j

�*)
3. QUANTUM INTERACTION

We now wish to extendthis structure,which we extractedfrom classicalequationsfor
electromagneticinteractions,soasto admitthepossibilityof coveringquantumeffects.In
placeof the function f � σ2 � , consideranother, for thetime beingundetermined,function,
w, of the4-velocityandrelativecoordinatesof interactingpairsof charges.Thatis, write:

(3.1) H � ∑
i

mi

�
dsi � ∑

j -. i

eie j

c

���
wi ( j � dsids j

� 

wherewi ( j � w j ( i, which is to be a function of threevariablesvi 
 v j andρi � ρ j � σi ( j �� σ j ( i, andwhich for the threepermutations,���/
 ��� and � � , of chargegender, canbe
distinct,e.g.,for electronsandprotons,say.

TheconditionδH � 0 yields,whenever thevariationof thecoordinatesat infinity van-
ish, theequationsof motionfor eachindex i

(3.2)
dπi

dsi
�0� ∑

j -. I

� ∂wi ( j
∂ρi

ds j 
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where

πi : � mivi � ∑
j -. i 1 ∂wi ( j

∂vi � vi � ∂wi ( j
∂vi

' vi � viwi ( j � ds j 2 )
Hered

�
dsi indicatesdifferentiationalongtheworld-line. Quantitieswith subscripti per-

tainto particlarpointsalongtheworld-lineof thei-th particle,whereasthosewith subscript
j arecoveredby anintegrationalongtheentirelengthof the j-th particle.

For eachparticletherearefour equationscorrespondingto thefour componentsof Eq.
(3.2). Amongthem,however, interdependenciesmustobtain,in sofarasthereis a certain
arbitrariness,within limits, of the correlationof pointson variedtrajectoriesto thoseon
un-variedtrajectories,andbecausethis correlationcanhave no significanceastheworld-
line is mappedontoitself. In fact,by scalarmultiplicationof Eq. (3.2)with vi, anidentical
equationis obtained,whenaccountis takenof boththefactthatvi ' vi � v2

i �+� 1, andthat:

dwi ( j
∂si

� � ∂wi ( j
∂ρi

' vi �3� � ∂wi ( j
∂vi

' dvi

dsi � )
Oneobserves,that in casethe constantv2

i explicitly appearsin wi ( j (which canbe ar-
bitrarily introducedin fact), that this hasno effect on theequations,assuchalterationsin
∂wi 4 j
∂vi

andin vi � ∂wi 4 j
∂vi

' vi ! , mutuallycompensateeachother.

Eq. (3.2) links motionof anelectronto thatof all otherelectronsfor all times,although
somelimited time segmentshave greaterinfluence,which is similar to the situationin
classicalmechanicsin which motionof otherelectronsonly at aspecifictimematters.

Thefunctionswi ( j, naturally, will haveto havecertainconvergenceproperties,otherwise
divergencieswill occurin calculatingEq. (3.2).Weshalltakeit, thatthequantity 5 wi ( jds j

for large distancesbetweenelectroni and the world-line of charge j fall off as 1
�
r in

general,except,perhapsfor a few exceptionalpoints;theaverageof 5 wi ( jds j overasmall
segmentof the i-th world-line should,however, closelyapproach1

�
r. Exceptionsfrom

thispattern,we shall interpretebelow asquantumenergy transfers.
Perhapsthe simple integral in Eq. (3.1) shouldbe generalizedto a doubleintegral,

traversingthesameworld-line twice. Thiswould leadto:

(3.3) H � 1
2 ∑

i
∑

j

�,�
wi ( jdsids j

)
Whenindicesareidentical,it is necessaryto makeadistinction,however, aseachpertains
to differentpositionsalongtheworld-line;sothatit might bebetterto write:

1
2

�,�
wi ( i  dsidsi  )

For straightworld-lines and for longer straightsegments,this must reduceto mi 5 dsi.
Whenever, wi ( i exhibits certainuniformity andconvergencecharacteristics,mayonewrite5 midsi for it, asmi is in generalvariableanddependson accelerationandhigheraccel-
erationsof evenorder. We shallnot make useof this generalizationherein,aswe further
consideronly motionsfor which they havenoeffect.

Let usconsidernow electrontrajectoriesthatcomein from infinity, mutually influence
oneanother, andthenescapeto infinity again.Herewe shall take it thatall othercharges
in the universehave insignificantinfluenceduring the mutual interaction. Let us denote
this asanhyperbolicinteraction,so thatbeforeandafter interaction,theabove discussed
integralswith wi ( j , maybewritten: πi � mivi.
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By multiplying Eq. (3.2) with dsi, then integratingover interactionfrom � ∞ to � ∞
andsummingfor n electrons,givesfor thechangein thetotal momentumandtotalenergy
∑n mivi, asumof doubleintegralsoverdsids j thatcancelpairwisebecause:

∂wi ( j
∂ρi

�6� ∂wi ( j
∂ρ j

)
Thisshowsthatafterahyperbolicinteraction,momentumandenergy areunchanged.That
is, in this extendedsense,the laws of conservation of momentumandenergy arevalid,
althoughthey donotholdasthey do in classicalmechanicsfor eachinfinitesimalmoment.

A distinctfeatureof this formulationsis, thatnot only thatretardedpotentialsfrom the
pastaffectany particularelectron,but alsoadvancedpotentialsfrom thefuture.Neverthe-
less,thetwo time directionsarenot fully equivalent.For reasonsderivedfrom thetheory
of invariance,the interactionswi ( j dependonly on the scalarsσ2

i ( j 
 � vi ' v j
� 
 � v j ' σi ( j � and� v j ' σ j ( i � . In thosecaseswhenthechargesinvolvedin aninteractionaredifferenttypes,the

termsin � vi ' σi ( j � and � v j ' σ j ( i � in wi ( j canbenon-symmetrical.In sofar astheimaginary
time componentof vi andvj arealwayspositive (imaginary),andic � ti � t j

� in σi ( j hasthe
oppositesign,i.e., � ic � t j � ti � , in σ j ( i, while thespacecomponentsdonotchangesign,this
asymmetrydistinguishestimedirections,suchthatnegativechargesareinfluencedlargely,
or evenexclusively, by thepastof positive charges,while the latterareinfluencedmostly
by thefutureof theformer.. Thisaccordswith thefactthatthetransformationt 78� t is not
in theLORENTZ groupsothatit mustnot leave theof lawsof natureinvariant.Thediffer-
encein themassesof thetwo chargegenderscouldbe,togetherwith this timeasymmetry,
very significantfor the irreversibility of somephenomena.This contrastswith the usual
assumptionthatanasymmetryin time arises,in spiteof time symmetryof thebasiclaws
of mechanics,becauseof a statisticalprincipleof essentialdisorderat themolecularlevel.
Thatsucha principlefollows from theclassicallaws of mechanicssomehow, is, however,
unprovenandpresumablyfalse.

Let usexaminethequestionregardingconservationof angularmomentumin this for-
mulation. It is easyto show, aswe have for momentumandenergy above, that if angular
momentumis definedasa sumof crossproductsof theform πi 9 ρi, andconsidersthatall
termswith vi 9 v j vanish,onegetsfor thechangein angularmomentuma doubleintegral
with integrand

σi ( j 9 ∂wi ( j
∂σi ( j � vi 9 ∂wi ( j

∂vi � v j 9 ∂wi ( j
∂v j

)
The sumof thesethreecrossproductsvanishidentically, ascanbe easilyseenby direct
calculationif onetakeswi ( j asfunction of the four scalarsasgiven above. Angular mo-
mentumis usuallydefinedas∑i ρi 9 mivi suchthatalthoughat largedistancesup to terms
of theorder1

�
r, onemaywrite: mivi � πi, only thefactorsρi increaseproportionalto r,

sothattheidentityof ∑ρi 9 πi with ∑ρi 9 mivi is not assured.AlthoughI have foundthat
asufficientcondition,is thesymmetryof wi ( j in vi ' σi ( k andv j ' σ j ( i, asfarasI cansee,it is
notnecessary.

4. SPECULATIONS AND CONCLUSIONS

Thusfar I havenotbeenableto determinethefunctionswi ( j (norevento provetheirex-
istence)thatleadto theactuallawsof nature,namelythosecoveringquantumphenomena.
Neverthelessoverarchingconsiderationsbasedontheseideasseemto supporttheirgeneral
rectitude.Moreover, thereis considerablelatitudefor thepossiblegeneralizationof wi ( j as
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functionalrelationshipsof averygeneralnaturebetweenworld-lines,sothatthefollowing
considerationsseemsecure.Perhapseven,sucha generalizationwill beunnecessary.

In classicaldynamicsonegetsoneandonly onepossiblemotion for a systemgiven
coordinatesandmomentaasinitial conditionsataspecifictime,which is aconsequenceof
thefactthattime differentialsin HAMILTON’s equationsof motionaredependanton each
othersimultaneously. Accordingto Eq. (3.2) in this formulations,therearecontributions
to eachpoint on eachtrajectoryfrom earlierandlater timesandso it is not at all clearif
ateachpoint thereis auniqueorbit in phasespacesatisfyingthisequation.For hyperbolic
orbits this may well be the caseas the orbits comein from infinity and it would seen
that thereis sufficient latitudethereto allow accommodations.For quasiperiodicmotion,
however, it seemspossiblethatthefunctionswi ( j mayaccommodateasolutionto Eq. (3.2)
only at a limited numberof pointsof phasespace;for example,at pointscorrespondingto
stableBOHR orbits,whereSOMMERFELD’s quantizationconditionsaresatisfied.If this is
thecase,it mightbethattheconfluenceof orbitsfor two negativechargesandonepositive
chargeorbit structurallycanaccommodatejust a hydrogenatomanda freeelectron.

Supposetwo atomsin differentstatesof excitationarelocatedneareachother, normally
it is to be expectedthat they would have little influenceon eachother; however, under
specialconditionswith respectto positionsandvelocities,possiblyalsoin thevicinity of
a third atom, it might be that stronginteractionsoccur, similar to the way in which the
averageof cos� nt � cos� mt � is zeroexceptwhenn � m. Sucha situationcouldwell leadto
anenergy transferbetweenatomssuchthattheir excitedstatesareexchanged.Theenergy
lossof oneandthegainof theothercouldoccurin a time interval correspondingto their
separation;thatis,wewouldhaveaninstanceof emissionfrom oneatomandabsorptionby
theother. While accordingto classicalunderstanding,emissionis a randomeventleading
to radiationthat alsorandomlymight somewhereat sometimebe adsorbed;herein this
theory, the sourceandsink of a radiative interactionarevirtually predeterminedpaired
events.

That is, in effect, the sunwould not shineat all were thereno other chargedbodies
in the universeto adsorbits radiation. Betweenheatradiationandheatconductionthere
is no principle differencein this theory, becauseatomson the surfaceof a warm body
arecontinuouslyin interactionwith thoseof theabsorbingbody, theonly differencewith
radiationis thattheseparationdistancefor thelatteris muchlarger.

The fundamentalequationseven permit absorptionto preceedemission,however, it
seemsvery improbablethatthisoccurs.Absorptioncanalsonaturallyoccurwhenanatom
undergoeschanges,for example,via ionizationor otherreactions.

It is alsopossiblethatbetweensourceandsink,additionalcomplex systemsof charges
couldget involvedin the interactionandcauserefraction,reflectionor similar deviations.
Light thatis emittedasa quantum,is alsoabsorbedasa quantum,althoughin theinterim,
it mayexhibit thecharacterof anextendedobject,asseemsto beindicatedby interference
effects.Accordingto conventionaltheory, whichoverlookstheessentialpairwiseunitarity
of theemission:absorptionprocess,this is a logical contradiction.

Thisnew formulationelucidatesanothermystery. To date,it is consideredthatemission
of a quantumof light is oftena radomevent,with no identifiablecause.Accordingto this
new conception,however, emissionoccurswhenconditionsfor subsequentabsorptionat
a later time aresuitable.Onemight temptedto imaginethat the largequantityof massin
the universewould accommodateexcessive emission.However, this is not inevitable,as
two absorbingcentersneednot reinforceeachother, ratherthey mightsuppresseachother.
Werethemassof theuniverselargeenoughanddistributedevenly, its sizewould thenlose
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all effect. At the moment,however, failing mathematicaldevelopmentfor theseissues,
furtherdiscussionis pointless.

If I, for example,usinga telescopeobserveastar100light yearsaway, not I aloneshall
have known that light seenat that momentwasemitted100 yearsago; asbeforeI even
existedat leastatomson the starmusthave beenpredestinedandinformedof my future
existenceto includeeventhedesignandconstructionof my telescope,andsoon. Suchan
ideasoundsquiteparadoxical,asit is at oddswith normalunderstanding.Contemporary
scienceteachestheprimacy of proximatecausesandthedominanceof aunidirectional,but
possiblystatisticallymodified,causalityprinciple. It is known, however, thatsuchnotions
werenot theoriginal spiritual inclinationof mankind;in earliertimesthey werenot uni-
versallyconsideredvalid, andtheexistenceof other, now exotic, realitieswasconjectured,
althoughoftenin a rathernaivemanner.

Thus,purely on the basisof logic, therecanbe, in my view, no objectionto this new
formulation. It is actuallyno morethanan extentionof classicaldynamicsto relativistic
interactionof point masses,asmadenecessaryby LORENTZ transformations.

Moreover, thereseemsto benocontraryempiricalevidence,asleastasfarasthis initial
analysisindicates.Whensolarradiationis emittedandtheneightminuteslaterabsorbedon
Earth,in theinterveningtime interval, accordingto classicalphysics,it is to befoundeach
momentatadistinctlocationasfield energy. Thisnew theory, however, doesnot recognize
fields,so in its termsin theinterval theenergy is nonexistent,althoughit will reappearat
themomentof absorption.This leadsto noobservabledifferences.Of course,athird body
couldbeplacedbetweentheSunandEarththatitself absorbedaportionof theradiationso
asto substantiateexistenceandrealityof theinteractionin theinterval,but this intervening
matteris unrelatedto thesurfaceof theEarth,leaving theissueof theSun-Earthinteraction
still openin principle. A diffractingobjectcouldalsobeinsertedin thepathof Sun-Earth
interaction,but againwithout absorptionat someplaceandtime, this exercisetoo, would
beempty. Althoughclassicalconceptionsof interactionseemmorenaturalandsatisfying
to our ontologicalunderstanding,quantumphenomenaforce us, in my view, to abandon
classicalprinciples,evenwhile they, for purposesof settingup calculationsin many cases
(diffraction, dispersion,etc.), practicallyare indispensable,especiallyaswave optics in
thisnew formulationwould be,presumably, quiteintractable.

Thespeculationsin this sectionhave exceededrathergrosslythemathematicalresults
that we have obtained. Our dynamicscontains,asdoesclassicaldynamics,an undeter-
minedforce function. Sincedeterminingthe preciseform of this function will be in all
probability very difficult, andthereforerequireconsiderabletime, it seemedappropriate
to speculateon furtherdevelopmentsevenwhile having aneye on thefact that thesevery
developmentsmight necessitatemathematicalmodifications.However, all this seemsthe
only way to suggestthepossibility that this new formulationcanexplicatequantumphe-
nomenaandresolveconflictsbetweenthemandclassicalphysics.

Translator:A. F. KRACKLAUER c
:

2005


