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a b s t r a c t

It is shown that Ford equation is not adequate in general to de-
scribe the motion of a charged particle including the reaction force
in the non relativistic limit. As in General Relativity where a post-
Newtonian method is developed in order to describe the gravita-
tional effects at low velocities and small energies, an extra term
inherited from Special Relativity must be added to the Ford equa-
tion. This is due to that the new term is greater than the reaction
force in many physical situations. The Coulombic case is analyzed
showing the necessity of including the new term. Comparisonwith
General Relativity results is analyzed. The Vlasov equation to first
order in 1/c2 is proposed for the constant electric and magnetic
fields.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The reaction force has been analyzed by many authors from the 19th century. The first attempts
were done by Lorentz, Abraham [1] and Planck [2–4] in order to deduce an expression for the self-force
in the non-relativistic case. In 1938, Dirac [5] proposed a relativistic equationwhich coincideswith the
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Abraham–Lorentz equation in the non-relativistic limit. Due to the physical inconveniences appearing
in the solutions of the Lorentz–Dirac equation as the runaway solutions and the preaccelerations,
Eliezer [6] deduced a second order differentialmotion equation for a point charged particlewhichwas
apparently free of such difficulties. The idea consists of substituting in the expression of the radiation
term the hyperacceleration by the external force. Along the years, other proposals appeared in the
literature contributing to the discussion ofwhich is the correct equation ofmotion for chargedparticle,
particularly the action at a distance theory played an important role as for example the complete
absorber assumption of Wheeler and Feynman [7,8] which permits to deduce the Lorentz–Dirac
equation. Caldirola [9] andMo and Papas [10] contributedwith interesting new approaches. Although,
Yaghjian [11] objected the unphysical solutions of the Lorentz–Dirac equation by giving a finite
structure to the charges which is compatible with General Relativity since a point charge will
represent a black hole [12], nowadays due to the mathematical approach done by Spohn [13,14]
and physical aspects exposed by Rohrlich [15–17], the Landau–Lifshitz equation [18] is considered by
many authors as the best tool in order to describe the motion of a charged point particle. Moreover,
in General Relativity, considering the point characteristic of a charge as a limit which permit to avoid
the black hole behavior of a point particle, a Landau–Lifshitz equation-like [19] has been proposed
supporting the validity of the Landau–Lifshitz equation. Recently, Ford and O´Connell [20,21] by using
quantum arguments and Langevin equation, deduced an equation of motion for non relativistic case
known as the Ford equation which can be physically generalized to Special Relativity obtaining the
Eliezer equation [22]. Even if Landau–Lifshitz equation and the Eliezer equation are mathematically
different, within the Shen zone [23] where a classical trajectory can be defined for a charged particle
and quantumeffectsmay be neglected, the solutions for both equations are similar and the differences
cannot be detected [24–26]. Same situations occurwhen the non relativistic Landau–Lifshitz equation
is compared with Ford equation [24]. However, recently Hammond [27,28] has proposed a new
equation which solves a paradox with respect to the absence of reaction force predicted by all the
cited equations when a constant electric field is applied to a charged particle [29]. Nevertheless, this
apparent paradox is denied by other authors following the idea that the radiation exits at the infinity;
the energy radiated is taken from the attached fields and consequently the absence of the reaction
force is explained [17,30–32].

Finally,most authors consider that the Eliezer equation and the Landau–Lifshitz equation represent
the most appropriate equations to describe the relativistic motion of a charged particle and the
Ford equation and the non-relativistic Landau–Lifshitz equation are best for the non relativistic case
[33,34]. However, if we analyze the Ford equation and the non-relativistic Landau–Lifshitz equation,
an extra term inherited from Special Relativity must be added for each different applied force. Indeed,
as in General Relativity in order to measure the effects at low energies and long times a post-
Newtonianmethodwas developed, in Special Relativity some termsmust be kept for low energies and
long times which are bigger than the reaction force in its non relativistic version. As a matter of fact,
when post-Newtonianmethod is used to calculate the precession of a chargedmassive particle due to
the interaction with a massive charged particle a series of terms contribute to it [35]. In particular, a
termwhich can be deduced by just using Special Relativity, can be seen as an extra force in Newtonian
physics and it results to be bigger than the reaction force in the non relativistic case. Moreover, similar
effects appear when the tail term is evaluated by using a post-Newtonian method [12,36] and must
be compared with our new term and the reaction force.

The purpose of the article consists of showing that in some cases an extra term must be added to
the Ford equation because the reaction term (τqd

−→
F /dt) is smaller than some terms which come from

the equation ofmotionwithout reaction force expanded to first order in 1/c2. That is an effective force
must substitute the regular force in the equation of motion; that is: the equation of motion must be
written as

m−→a =
−→
F eff + τq

d
−→
F
dt

+ Θ(1/c4), (1)

being τq the characteristic time of the charge. This can be applied to quasi-relativistic plasma sys-
tems where the temperature belongs to the frontier between Classical Mechanics and Relativistic
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