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Abstract 

We make a case for the extension of classical electrodynamics to the domain of superluminal and time-

reversing motion of charges. A key ingredient is the absence of mechanical mass-action 

( )= − −∫ 21mechI m dt v t  which usually prohibits superluminal motion. Using the direct-action version of EM 

we argue for an action wherein all inertia is derived from electromagnetic interactions. A novel action is 

proposed in which self-action is present for (superluminal) tachyons but absent for (sub-luminal) tardyons. 

Consequently, in this model, electrons must acquire their mass from interaction with other charges, whilst 

superluminal charges acquire their mass from self-action. There is some discussion of a possible 

correspondence between tachyons and quarks. 
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1. Introduction - Maxwell versus Direct-Action 

In place of the traditional Maxwell theory this paper advocates the time-symmetric direct action version of 

classical electromagnetism of Schwarzschild [1], Tetrode [2], and Fokker [3]. The principal difference between 

the Maxwell and direct-action theories is in the status of the EM fields. In the direct action theory the fields 

exist only to convey energy and momentum between particles; they exist only along lines of electromagnetic 

contact (i.e. along the light cone) between particle pairs. In the Maxwell theory the fields exist everywhere, 

throughout all space. Consequently, therein one may speak of a ‘vacuum field’, which conveys energy and 

momentum to and from the vacuum. These exchanges are in addition to energy and momentum that exists as 

a result of the direct interaction, such as Coulomb repulsion between static charges, for example. The QED 

vacuum of the second-quantized Maxwell theory has an infinite number of degrees of freedom, and so is an 

infinite sink for radiation from excited states.  

 In the Maxwell theory the existence of the vacuum explains why radiation is predominantly retarded: 

delivery of energy and momentum from the vacuum to a source is overwhelmingly improbable due to the 

mismatch between the number of degrees of freedom of vacuum and matter. In the direct-action theory by 

contrast, there are no vacuum fields and is therefore no a priori reason to suppose that energy exchanges 

should be preferentially retarded, as opposed to the time-symmetric combination of ½ retarded plus ½ 

advanced. A challenge for the theory then is to provide an (alternative) explanation for the apparently 

exclusive predominance of retarded radiation (i.e., absence of advanced radiation) in the emission of energy 

during scattering and decay processes.  

 Wheeler and Feynman [4,5] improved the status of the direct-action theory with an explanation for 

retarded radiation that depended on complete absorption of radiation on the future light cone. Davies [6,7] has 

since shown that currently-favored cosmological models are insufficiently opaque to guarantee future 

absorption. Discussion of the points for and against the absorber theory can be found in [6,8,9]. An alternative 

realization of the Wheeler-Feynman complete absorption condition is in preparation and will be submitted 

elsewhere. Here it will be sufficient if an explanation exists, without regard for the details. The absorber 

mechanism will not affect what follows because the subsequent analysis of classical point charges is deemed to 

be applicable at zero Kelvin when all exchanges are time-symmetric. This approach is at variance with 

commonly accepted application of classical EM theory. Traditionally, classical matter at zero Kelvin is 

stationary. Here however, we argue that at 0K classical matter may be in a state of agitation, including for 

example zitterbewegung-type motion, which is maintained through time-symmetric direct-action interactions. 

 

2. Self-action or No self-action? 
Traditional direct-action versus relativistic direct-action 

 In the Maxwell theory electromagnetic self-action is the cause of an infinite electromagnetic self-

energy for a point charge. Finite charge sizes are excluded by experimental observations. Where one must be 

explicit, in the classical Maxwell theory this infinity is absorbed into the mechanical mass so that the sum is 
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the observed, finite, mass. The mechanical mass must therefore be negative infinite, and the two must cancel 

almost – but not quite – perfectly. Though further complicated by the EM ZPF, basically the same problem 

arises in QED, which is again treated by absorption of the infinities into the mechanical mass, referred to as 

mass renormalization. An attraction of the direct-action theory is the possibility of exclusion of self-action and 

therefore no need to balance infinities: the mechanical mass in now the (finite) observed mass. In this 

traditional formulation of classical direct-action EM, the action for a collection of charged particles with rest 

mass { }jm  is  

  ( ) ( )( ) ( ) ( ) ( )( )( ) ( )22 2

,

1
1 1

2 j k j k j k j j
j k j
j k

I e e dt dt t t t t t t m dtδ

≠

′ ′ ′ ′= − − − − − − −∑ ∑∫ ∫ ∫v .v x x v t  (1) 

Here and throughout we work in units where 1=c  and 0 0 1/ 4ε µ π= = . Notice that self-action has been 

excluded by excluding the diagonal terms j k=  from the double sum. This is the action used by Wheeler and 

Feynman in [4,5]. It is important that in those works the charges were treated non-relativistically. 

Subsequently however, Feynman changed his mind [10]. He realized that in the scattering of relativistic 

electrons, interaction between intermediate virtual pairs makes a (non-negligible) contribution to the final 

amplitudes, and that such interactions are a form of self-action. A good discussion of this point has been given 

by Pegg [8]. Indirect support comes from other works by the author [11,12]. Feynman’s view was later justified 

by the application of the direct-action paradigm to relativistic quantum theory by Hoyle and Narlikar [13,14] 

and Davies [15,16]. With self-action restored, an advantage of the direct-action theory over the Maxwell 

theory, namely the elimination of infinities, was lost. As a result, in the relativistic treatment by Hoyle, 

Narlikar and Davies, it is necessary to absorb the infinities into the mechanical mass and re-introduce the 

unattractive delicate balance of infinities, required to arrive at a finite observed value for the mass. In a 

classical implementation of this version of direct action, Eq. (1) would be replaced with an action in which the 

diagonal terms are retained: 

  ( ) ( )( ) ( ) ( ) ( )( )( ) ( )22 2

,

1
1 1

2 j k j k j k j j
j k j

I e e dt dt t t t t t t m dtδ′ ′ ′ ′= − − − − − − −∑ ∑∫ ∫ ∫v .v x x v t  (2) 

In practice, some regularization scheme is necessary in order to extract analytic behavior near the singular 

point t  when j = k. t′→

 

Un-renormalized EM 

 In this paper we consider another possibility. We dispense with the mechanical mass altogether, 

retain self-action, and try to deal with the consequences. A delicate balance of infinities is no longer required, 

but the total mass (the electromagnetic part is all that remains) is now infinite. This last statement requires 

some qualification. In an earlier work by the author [9], it was proposed that (2) be replaced by 

  ( ) ( )( ) ( ) ( ) ( )( )( )22 2

1 ,

1
1

2 j k j k j k
j k

I e e dt dt t t t t t t
σ

δ
=±

′ ′ ′ ′= − − − − − + ∆∑ ∑ ∫ ∫ v .v x x σ  (3) 
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where ∆ is a small regularizing parameter that one lets tend to zero after the Euler equations have been 

found. Notice that the mechanical mass action is now absent. The role of ∆ is simply to permit one to obtain 

the Euler equations near the point t  when j = k. Of particular interest is the case when j = k, where the 

delta function determines the action of a particle upon itself – if any. The contribution  of one such 

particle to the whole action is  

t′→

selfI

  ( ) ( )( ) ( ) ( ) ( )( )( )2
22 2

1

1
2self
eI dt dt t t t t t t

σ
δ

=±

′ ′ ′ ′= − − − − − + ∆∑ ∫ ∫ v .v x x σ . (4) 

Clearly, self-action takes place when 

  ( ) ( ) ( )( )22 2 0t t t t′ ′− − − ± ∆ =x x . (5) 

Let us arrange the coordinate origin to coincide with the particle position at time t . Then (5) becomes the 

pair of equations 

′

  
2 2 2 0t − ± ∆ =x . (6) 

These are both quadric surfaces. The + and - signs give, respectively, hyperboloids of one and two sheets. 

When both are present, as in (4), in a 1+1D section one obtains the situation depicted in Figure 1. The present 

( ) location of the charge is the black dot at the origin. As a result of the regularizing parameter ∆, this 

point no long acts on itself, but on the four points that are shown as empty circles. As ∆ tends to zero, these 

four points converge on the origin, the self-action becomes instantaneous, and the energy becomes infinite. For 

a sub-luminal particle the ‘∆−delayed’ points of self-interaction are the two interactions with the two-sheeted 

hyperboloid , one interaction with each sheet. For a superluminal particle the ‘∆−delayed’ points of 

self-interaction are the two interactions with the one-sheeted hyperboloid 

0t′ =

2 2t − = ∆x 2

22 2t − = −∆x .  

 

Superluminal motion of charged pair 

 In [9] was presented a self-consistent solution to the Euler equations for the action (4) for a pair of 

oppositely-charged particles undergoing superluminal circular motion. The goal of that work was to show that 

non-trivial behavior was possible even as 0∆ → , where the self-action becomes singular and self-energy 

infinite. It was shown that, though the electromagnetic inertia of each particle becomes infinite, there are 

infinite forces present that can bring about a finite acceleration. In brief, this is achieved as follows. The Euler 

equation involves implicit functions of ∆ , and can be solved by expanding the implicit functions for small 

∆..  One thereby obtains a series of coupled equations, each equation associated with a (common) factor 

, where n ranges over zero and the positive integers. It turns out that each of these equations can be 

solved exactly, so that, as , the original Euler equation with the implicit functions of ∆ is solved exactly. 

The interpretation is that, despite being singular, the mass is driven by an ‘adequate’ singular force, 

producing a finite acceleration.  

1 / 3n− +∆

0∆ →

 These infinite forces can be regarded as resulting from delocalization of the source charge due to its 

superluminal motion. It is as if, for each point in time, a superluminal charge ceases to be a point in space, but 
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instead becomes a 2-surface. This surface is the intersection of the Cerenkov cone with the light cone 

emanating from each space-time point. That is, one can regard the infinite forces between superluminal 

particles as resulting from ‘collision’ between these surfaces. To an extent this result can be anticipated from 

the standard expression for the electric and magnetic fields in terms of source motion. For example, from 

Jackson [17], the electric field is  

  ( )
( )( )

3 2 2

ˆ ˆˆ
,

ˆ1

et
rrγ

⎛ ⎞× − ×−
⎜= +
⎜− ⎝ ⎠

n n v an vE x
v.n

⎟
⎟ . (7) 

where  is a unit vector in the direction n̂ ( )rett−x r . Traditionally, the source position, velocity and 

acceleration,  are to be evaluated at the retarded time (satisfying ( ) ( ) (, ,ret ret rett t= =r v v a a )t

( )ret rett t− = −r x t

0

. (The modulus in the denominator, not present in the Jackson expression, is necessary in 

the event that speeds are superluminal [9].) Notice that the denominator is zero and the field singular when 

, which is just the condition that the field point x lies on the Cerenkov cone of the source. ˆ1 − =v.n

 In the solution for the motion of the circulating particle pair, the condition that each particle lies 

simultaneously on the light cone and the Cernekov cone of the other particle leads to the equation for the 

speed 

  
2 21 tan 1 1− − = −v v . (8) 

The solution is an infinite series of discrete values for v , the first few values of which are given in Table 1. 

The energy is a function of v  and so is quantized also. If the solutions are indexed by mode number n, then 

for large n the energy is 

  
22H e nπ→ − ∆ . (9) 

The energy is negative because the orbits are binding. Full details of the calculations leading to these results 

are given in [9]. Figure 2 shows the first two modes. The red and blue space-time helixes are the world lines of 

positive and negative superluminal charges. In the geometry of Figure 2, the speeds that solve (8) determine 

the allowed pitches for the helix. The bright red and blue spheres show their current positions ‘now’. The dark 

red spheres show the past and future positions of the positive charge as it crosses the light-cone of the present 

position of the negative charge. The allowed pitches are such that the dark red spheres, in addition to lying on 

the light cone, also lie on the Cerenkov cone of the present position of the negative charge. The black rods 

indicate this line of electromagnetic contact. As a result of the vanishing of the denominator in (7), these rods 

are the locus of an infinite force of attraction, sufficient to keep the positive charge of infinite mass bound in 

circular orbits. Similarly, the dark blue spheres show the past and future positions of the negative charge as it 

crosses the light-cone of the present position of the positive charge, and the black rods connecting them to the 

red sphere indicate the locus of the infinite binding force. 
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3. Self-action And no self-action 
Tachyons 

The behavior of the superluminal charged pair is suggestive of quark-quark binding in baryons, in accord with 

a speculation by Mignani and Recami [18] on a possible connection between tachyons and hadrons. In 

particular, Figure 2 is suggestive of the binding of a proton and anti-proton. In that correspondence, the 

quarks are interpreted as the past, present, and future locations of a single superluminal charge. These 

‘quarks’ are inseparable because they are three views of the same particle; they cannot be separated any more 

than a reflected image can be separated from its source. One would hope to find a corresponding 

interpretation for the emergence of fractional charge. Let us suppose that the frequency of the circular motion 

should be related to a Compton frequency for the pair. Then in a static frame, at a distance large compared to 

the Compton radius of the orbit, the past, present, and future locations taken together must retain the 

appearance of a single unit of electric charge, +|e|. That is, a stationary electron of charge – |e| should feel a 

force of attraction as if due to a charge +|e|. When the electron is sufficient close, that it can resolve the 

circular motion, i.e. at the order of the Compton distance of the pair, then it will see each charge as if in 3 

locations, and therefore feel three forces emanating from three different positions. To each of these one can 

assign a charge. By symmetry, the past and future locations must have the same charge,  say.  Denoting 

the present location as having charge  one must have 

ue

de

  2 u de e e+ = +  (10) 

This is not enough to determine the quark charges – we are missing another equation. But (10) is enough to 

show that the apparent future, past and present charges will not, in general, look like unit charges to a lone 

electron. Obviously 

  2 /3, /3u de e e e= + = −  (11) 

is a solution of (10). 

  

Tardyons 

 Though this may be an interesting line of investigation, there may be a problem with the action (4). 

The resulting self-action confers an infinite electromagnetic mass on both tardyons  and tachyons alike. 

The tachyons, as we have seen, generate infinite forces due, effectively, to delocalization of their charge along 

the Cerenkov cone. Tardyons however can generate only finite forces. Only if a tardyon were to attain or 

surpass light speed (and therefore, at least temporarily, be converted to a tachyon) could it interact 

electromagnetically. Though this is a possibility perhaps worthy of investigation, an alternative is presented 

here which looks more promising.  

<(v c)

 Consider, in place of (4), the action 

  ( ) ( )( ) ( ) ( ) ( )( )( )22 2

,

1
1

2 j k j k j k
j k

I e e dt dt t t t t t tδ′ ′ ′ ′= − − − − − + ∆∑ ∫ ∫ v .v x x . (12) 

This generates, in place of (6), the modified light cone condition for self-interaction 
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2 2 2 0t − + ∆ =x , (13) 

which is the single-sheeted hyperboloid shown in Figure 3. Notice that sub-luminal particles never intersect 

their own light cone, even as . Because superluminal particles continue to self-interact, the analysis 

and results of [9] are unaffected by this change. Also, because intermediate virtual pairs that are loops in the 

Feynman diagrams necessarily involve superluminal motion, Feynman’s requirement that virtual pairs 

interact remains satisfied. With (12), tardyons, because they do not self-interact, have zero electromagnetic 

mass. One could, of course, now restore the mechanical mass to the action in keeping with one of the original 

motivations for exploring the direct-action version of EM. But this would be rather ugly; it would introduce a 

mass scale for tardyons but none for tachyons (and perhaps, therefore, baryons). Eschewing that possibility, 

without an additional mechanical mass, the tardyon is completely massless. (This possibility was dismissed in 

[9].) In summary, this approach has the multiple benefits that:  

0∆ →

i) The bare mass may possibly be dispensed with entirely; 

ii) The diagonal term in the double-sum can be retained without incurring self-action and therefore 

without infinite self energy; 

iii) Self action is present in the (possibly intermediate) pair creation processes identified by Feynman as 

crucial for the correctness of QED scattering calculations [10]. 

A massless electric charge with position ( )tr  and velocity ( ) ( )t ≡v r t  must satisfy the Lorentz force law 

[11,12] 

  ( )( ) ( ) ( )( ),t t t t t,+ ×E r v B r 0= . (14) 

Except at time-reversals, Eq. (14) can be solved for the velocity, 

  ( )
( )( ) ( )( )

( )( )
, ,

,

t t t t t
t

t t
ψ ψ

ψ

× ∇ − ∂ ∂
=

∇

E r B r
v

B r . , (15) 

where 

  ( )( ) ( )( ),t t t tψ ≡ E r .B r , . (16) 

In principle, one can compute the trajectory from an initial position ( )0r  by integrating (15). Some care is 

required in its application however. The fields  and B  can be regarded as given continuous functions of 

space and time, (even in the direct-action theory), for as long as the charge in question is not moving 

superluminally. In that case, though the charge is at all times generating new fields of its own, these fields 

are never intersected by the world line of the charge in question. By virtue of the action (12), this remains true 

even as . In this case of sub-luminal motion the fields E  and B  in (15) are those of other charges, 

which, in a first iteration, can possibly be regarded as independent of the charge in question.  

E

0∆ →

At superluminal speeds however, the particle’s own fields become visible to itself (emanating from 

future and past positions). Correspondingly, the fields in (15) will then contain a contribution from the 

particle’s own path, including the fields from a point infinitesimally nearby, as shown in Figure 3. This self-

action generates infinite self-fields. They will appear on the right had side of (15) and can be analyzed, using 
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(7), in terms of the particle’s own acceleration, evaluated as ,r 0∆ → . The self-action will result in Eq. (15) 

acquiring an additional term which will be interpretable as mass times acceleration, where the mass is 

proportional to 1/  [9]. ∆

 

Classical Zitterbewegung 

Several authors, including Barut and Zanghi [19], Hestenes [20-22], Rodrigues, Vaz, Recami, and Salesi 

[23,24] have championed a literal interpretation of zitterbewegung of the Dirac electron. The Dirac ‘charge 

point’ moves at light speed, though, as Hestenes points out, its center of mass does not. If interpreted 

classically, one infers that the charge point must be massless, in accord with the presentation above, and the 

favored action (12). If so, the observed mass must come from interactions with other charges. Taking into 

account that the mean free path of a photon is of the order of the Hubble radius, there would appear to be no 

opportunity for emergence of a universal common value for the electron mass from mutual electromagnetic 

interactions. That conclusion is predicated on the correctness of the Maxwell theory, however. In the direct 

action version of EM there is an opportunity for an equilibrium background field maintained through time-

symmetric fields. Supposing these fields exist and maintain the electron mass, then at 0K, they should be 

consistent with purely zitterbewegung motion.  

 Equation (15) does not obviously demand solutions have speed c, though such a possibility cannot be 

ruled out once time-symmetric far-field expressions for the fields are inserted. If zitterbewegung motion is 

demanded and (15) does not deliver (very near) light speed motion for tardyons, one might consider 

augmenting the action (12) with a small mechanical mass: 

  ( ) ( )( ) ( ) ( ) ( )( )( ) ( )22 2 2

,

1
1 1

2 j k j k j k bare j
j k j

I e e dt dt t t t t t t m dtδ′ ′ ′ ′= − − − − − + ∆ − −∑ ∑∫ ∫ ∫v .v x x v t . (17) 

and let . This would restore the Newton-Lorentz equation to its familiar form: 0barem →

  
( )( ) ( )( ) ( ) ( )(( ,bare

d t
m e t t t

dt
γ

= + ×
v

E r v B r )),t t . (18) 

As  one would expect 0barem → ( ) 1t →v  as required, though this would have to be proved. A problem with 

(17) however is that it destroys the promising superluminal / quark-like behavior; speeds ( ) 1t >v  cause the 

action to become imaginary. In the event that (15) does not deliver near light speed motion, other possibilities, 

such as ‘softening’ the delta function, using for example, the Lorentzian 

  ( ) ( )
2 20

lim x
x

δ
πΓ→

Γ
=

+ Γ
, (19) 

may have to be considered. 
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4. Summary 
We have presented some arguments in favor of the time-symmetric direct-action version of classical 

electromagnetism. A novel property of the model presented here is the absence of mechanical mass in the total 

action. Charged particles must instead acquire their inertial mass from electromagnetic interactions only. In 

the case of sub-luminal and near-light-speed particles, an action has been presented wherein self-action is 

absent, and therefore the bare electromagnetic mass is zero. For such particles inertial mass must arise from 

electromagnetic interaction with distant charges, meditated in this case by direct-action fields. In the case of 

super-luminal and time-reversing particles, the same action generates infinite self-action, and then the bare 

electromagnetic mass becomes infinite. These particles can continue to effectively interact however, due to the 

presence of infinite forces on the Cerenkov cone. The possibility was discussed that these two classes of 

classical particles may correspond to leptons and quarks. 
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Table 1 
Title: Solutions of the equation 2 21 tan 1 1− −v v = −  

mode number v  

      1     2.972  

      2     6.202  

      3     9.371  

      4    12.526  

      5    15.676  

large n  nπ 
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Figure Captions 
 
Figure 1 

Regularized self-action. Ordinarily, the sub-luminal and superluminal charges self-interact by self-
intersecting their own light cones at their present location. This can be treated analytically by replacing the 
light cone with hyperboloids, whereupon the self-action becomes finite. Later, one lets  and the 
hyperboloids becomes light cones once again. 

0∆ →

 

 

Figure 2 

Self-consistent motion of two superluminal charges in orbit about a common origin. The orbits are quantized 
due to the requirement that EM interaction also take place on the Cerenkov cone. Shown here are the first 
two ‘modes’. 
 

 

Figure 3 

Regularized self-action for superluminal charges, and zero self-action for sub-luminal charges. The latter have 
no electromagnetic mass. As , the hyperbola becomes the light cone. 0∆ →
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