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Abstract

:

This article reviews the electrodynamic force law of Wilhelm Weber and its importance in electromagnetic theory. An introduction is given to Weber’s force and it is shown how it has been utilised in the literature to explain electromagnetism as well as phenomena in other disciplines of physics, where the force law has connections to the nuclear force, gravity, cosmology, inertia and quantum mechanics. Further, criticism of Weber’s force is reviewed and common misconceptions addressed and rectified. It is found that, while the theory is not without criticism and has much room for improvement, within the limitations of its validity, it is equally as successful as Maxwell’s theory in predicting certain phenomena. Moreover, it is discussed how Weber offers a valid alternative explanation of electromagnetic phenomena which can enrich and complement the field perspective of electromagnetism through a particle based approach.
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1. Introduction


Wilhelm E. Weber formulated a generalised electrodynamic force law that was first published in 1846, only a few years prior to Maxwell’s first works on electromagnetism. However, Weber’s direct-action-at-a-distance theory is little known today and often dismissed a priori and without further thought in the scientific community, on the basis that it is old and superseded or taken as disproven. Whilst there are historic reasons that led to the dismissal of Weber’s theory and the success of Maxwell-Lorentz field theory, there seems to be some common misconceptions surrounding the theories and the existing criticism.



This manuscript aims to give a balanced and comprehensive review about Weber’s theory and show that it’s dismissal is premature. Criticism will be reviewed and refuted where appropriate, and for the sake of context it will be shown that field theory is not without criticism either. After analysing the achievements of Weber’s electrodynamics through its use in the literature and how it has been applied not only to electromagnetism, but several branches of physics, it will eventually be shown that both electromagnetic theories have great commonalities and they can be regarded as complementary rather than competing. Weber is shown to provide a viable alternative description of electrodynamics, and whilst it is not without limitations and has bounds of validity, as will be discussed, it is argued that neither theory is perfect and that their similarities far outweigh their differences.



Some have commented that the current state of physics is in a crisis, and that “new physics” is required to resolve current puzzles in particle physics and supersymmetry [1,2,3,4]. However, it may be possible that a re-examination of the foundations (i.e., electrodynamics in this case) can lead to new perspectives and insight which may guide and inform new solutions. It is argued that further pursuit and research of Weber electrodynamics can offer epistemological, physical and practical value.




2. Fundamentals of Weber’s Theory


Weber’s electrodynamic force is introduced to provide a mathematical overview and to familiarise the reader with Weber’s direct-action approach as an explanation for electricity and magnetism. Weber’s force describes the interaction of two point charges and was postulated before the electron was even discovered. Hence, it was originally based on Fechner’s hypothesis that a current consists of equal amounts of positive and negative charges moving in opposite directions, which was the conventional wisdom at the time, as scientists imagined so called “electrical fluidae” moving through wires and circuits when subjected to electromotive forces. Fechner’s hypothesis will be addressed separately (see Section 3.3) and it shall be noted that Weber’s theory can still be used when we assume that only electrons are charge carriers in motion responsible for conduction currents in circuits. With this restriction lifted we can now explain the general workings of Weber’s theory.



First, let us consider two charged particles,   q 1   and   q 2  , in a Cartesian coordinate system   ( x , y , z )  , at their respective positions    r →  1   and    r →  2   (see Figure 1).



The position of these particles, which are time dependent spatial coordinates, can be expressed by


    r →  1  =  x 1   ( t )   x ^  +  y 1   ( t )   y ^  +  z 1   ( t )   z ^  ,    r →  2  =  x 2   ( t )   x ^  +  y 2   ( t )   y ^  +  z 2   ( t )   z ^  ,  



(1)




where we have the unit vectors:


   x ^  =     1     0     0     ,   y ^  =     0     1     0     ,   z ^  =     0     0     1     .   



(2)




Their relative position is the difference between    r →  1   and    r →  2  :


    r →  12  =   r →  1  −   r →  2   



(3)




and a distance   r 12   given by the magnitude of    r →  12  


   r 12  =  |   r →  1  −   r →  2  |  =     (  x 1   ( t )  −  x 2   ( t )  )  2  +   (  y 1   ( t )  −  y 2   ( t )  )  2  +   (  z 1   ( t )  −  z 2   ( t )  )  2    .  



(4)




With this, the unit vector along    r →  12   can be defined as


    r ^  12  =    r →  12   r 12    



(5)




and both    r →  12   as well as    r ^  12   are pointing from   q 2   to   q 1  . The relative velocity    v →  12   and relative acceleration    a →  12   between the two charges can be calculated as first and second time derivatives of the relative position, Equations (6) and (7), respectively:


    d   r →  12    d t   =   v →  12  ,  



(6)






     d 2    r →  12    d  t 2    =   d   v →  12    d t   =   a →  12  .  



(7)




To arrive at the time derivative    r ˙  12   of   r 12   the chain rule is utilised:


       r ˙  12  =       d  r 12    d t   =  d  d t     [   (  x 1   ( t )  −  x 2   ( t )  )  2  +   (  y 1   ( t )  −  y 2   ( t )  )  2  +   (  z 1   ( t )  −  z 2   ( t )  )  2  ]   1 2        =    [ 2  x 1   ( t )    x ˙  1  − 2  (   x ˙  1   x 2   ( t )  +   x ˙  2   x 1   ( t )  )  + 2  x 2   ( t )    x ˙  2  + 2  y 1   ( t )    y ˙  1  − 2  (   y ˙  1   y 2   ( t )  +   y ˙  2   y 1   ( t )  )  + 2  y 2   ( t )    y ˙  2           + 2  z 1   ( t )    z ˙  1  − 2  (   z ˙  1   z 2   ( t )  +   z ˙  2   z 1   ( t )  )  + 2  z 2   ( t )    z ˙  2   ]            ·   1  2     (  x 1   ( t )  −  x 2   ( t )  )  2  +   (  y 1   ( t )  −  y 2   ( t )  )  2  +   (  z 1   ( t )  −  z 2   ( t )  )  2           =      r ^  12   ·    v →  12  .     



(8)




By analogy, the same procedure can be applied to arrive at the second time derivative, or the quotient and product rule along with the substitutions   u =   r →  12   ,   v =   v →  12   ,   w =  r 12    can be used:


      u  ·  v  w   ′  =    (  u ′  v +  v ′  u )  w −  w ′  u v   w 2   ,  



(9)






    r ¨  12  =    d 2   r 12    d  t 2    =   d   r ˙  12    d t   =   [   v →  12   ·    v →  12  −   (   r ^  12   ·    v →  12  )  2  +   r →  12   ·    a →  12  ]   r 12   .  



(10)




With the help of these definitions, we can now examine Weber’s potential between the charges in question which will eventually lead us to Weber’s force. It was two years after Weber introduced his force law that he succeeded in showing that it could be derived from a potential, and this takes the form:


  U =    q 1   q 2    4 π  ε 0     1  r 12    1 −    r ˙   12  2   2  c 2     .  



(11)




To arrive at the force, the principle of virtual work is invoked which states


      F →  21     = −   r ^  12    d U   d  r 12          or    v →  12   ·    F →  21      = −   d U   d t   .     



(12)




(Note that the principle of virtual work by definition depends on a time dependent trajectory.) Now applying Equation (12) to (11) gives Weber’s force law in the following way:


      F →  21     = −   r ^  12    d U   d  r 12             =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2    1 −    r ˙   12  2   2  c 2    +   2  r 12    r ¨  12    2  c 2              =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2    1 −    r ˙   12  2   2  c 2    +    r 12    r ¨  12    c 2             =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2    1 +  1  c 2      v →  12   ·    v →  12  −  3 2    (   r ^  12   ·    v →  12  )  2  +   r →  12   ·    a →  12    ,     



(13)




where again the chain rule is necessary to derive the expression    d   r ˙  2    d r    correctly,


    d   r ˙  2    d r   =   d    r ˙   ( t )   2    d t     d t   d r   = 2  r ˙    d  r ˙    d t     d t   d r   = 2  r ¨  .  



(14)




We can see in (13) different notations of Weber’s force, for example, we can simply write the time derivatives indicated as dots, noting


    F →  21  =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2    1 −    r ˙   12  2   2  c 2    +    r 12    r ¨  12    c 2    .  



(15)




Similarly, the following form can more readily be used to substitute quantities, which is especially handy when investigating the interaction between charge carriers for a given experiment or apparatus, for example:


    F →  21  =    q 1   q 2    4 π  ε 0       r →  12   r  12  3    1 −  3  2  c 2          r →  12   ·    v →  12    r 12    2  +  1  c 2      v →  12   ·    v →  12  +   r →  12   ·    a →  12    .  



(16)







We can see from these derivations that the force depends on the relative position, velocity and acceleration of the particles involved. The force is along the line joining them and follows Newton’s third law in the strong form, that is every action has an equal and opposite reaction. Furthermore, conservation of energy as well as conservation of linear and angular momentum are followed by this law. Additionally the principle of superposition applies to this force law, similar to the superposition principle with electric and magnetic fields of Maxwellian field theory.



Other formulations of Weber’s force formula exist in the literature, as will be discussed in Section 3.2.1, it has been shown that Weber can be formulated to incorporate electromagnetic fields [5,6,7,8,9] and especially in [8] the field-based Weber force is formulated with focus on the relation between source and test charges and how they define current elements and densities. Further, Hamiltonian and Lagrangian formulations of the force law have been obtained [6,10] and expressions like this have occasionally been used in the literature [11,12,13].




3. Literature Review


3.1. Two Different Theories of Electrodynamics


Historically, many scientists have worked on electrodynamics and electromagnetic phenomena, performing a wide range of experiments to investigate the nature of electricity and magnetism. From these experiments researchers have developed a multitude of hypotheses, laws and eventually attempted to merge them into cohesive theories, leading to several attempts to explain electrodynamics, some of them more successful than others. Many alternative theories have been proposed over the years with important contributions from several scientists. Some examples include Gauss, Neumann, Lorentz, Riemann, Weber, Helmholtz, Hertz, Ritz, Moon & Spencer, and Wheeler-Feynman direct-action theory, amongst others (see Appendix B of [6], also [14,15,16,17,18,19,20,21]).



In this section, some brief comments will be first given on the established theory of fields and ether by Maxwell, which forms the foundation of modern science and technological inventions, from particle accelerators to modern medical instrumentation. Following this, we will introduce Weber’s force law in the context of its development before engaging with the wider literature relating to its development and application.



3.1.1. Maxwell’s Equations and Field Theory


When James Clerk Maxwell presented his magnum opus on electromagnetic theory [22] in 1873, he formulated his ideas about the action of electric and magnetic fields partly in prose and partly as mathematical descriptions and equations he introduced. These can be summarised in the concise form of only four equations as widely disseminated in modern times [23]. The differential forms of Maxwell’s equations in a vacuum and in SI-units are commonly given as:


  ∇  ·   E →  =  ρ  ε 0   ,  



(17)






  ∇  ·   B →  = 0 ,  



(18)






  ∇ ×  E →  = −   ∂  B →    ∂ t   ,  



(19)






  ∇ ×  B →  =  μ 0    J →  +  ε 0    ∂  E →    ∂ t    .  



(20)




Here,  ρ  is the local charge density,   ε 0   and   μ 0   are the vacuum permittivity and permeability and   J →   is the current density.   E →   and   B →   are the electric and magnetic field, respectively, through which charged particles interact, meaning contact-action where a particle always interacts with the field as a medium and the fields themselves can interact, as for example in the transmission of electromagnetic waves.



Equation (17) is Gauss’s law, which relates the electric field with the charge density, (18) is the law of non-existence of magnetic monopoles, (19) is the Maxwell-Faraday equation that expresses induction, and (20) is the Maxwell-Ampère equation that correlates currents and time-varying electric fields to magnetic fields, which is also a form of induction. Due to the time-dependent nature of (19) and (20) electromagnetic waves can be predicted, while Maxwell’s approach is originally based on the ether through which electromotive forces and waves would propagate, from today’s point of view the fields themselves have effectively replaced the ether as the dominant medium and are now considered to be responsible for interaction transmission. The ether as an original construct is largely and effectively ignored.



Further to the field equations, the Biot-Savart law is formulated to obtain the magnetic field for a current element integrated along a closed circuit path


    B →   B S   =   μ 0   4 π   ∫   I d  l →  ×  r ^    r 2   ,  



(21)




where   I d  l →    is a current element and r is the distance from   d  l →    to the point where the field is evaluated and   r ^   is the corresponding unit vector. For forces between two current elements, Grassmann’s force is normally utilised based on the Biot-Savart law,


      d 2   F  G r a s s m a n n       =  I 1  d   l →  1  × d   B →   B S   =  I 1  d   l →  1  ×    μ 0   4 π      I 2  d   l →  2  ×  r ^    r 2             = −   μ 0   4 π      I 1   I 2    r 2     ( d   l →  1   ·  d   l →  2  )   r ^  −  ( d   l →  1   ·   r ^  )  d   l →  2   .     



(22)




For any charged particle q in more general situations moving in the presence of electric and magnetic fields the interaction is usually given by the Lorentz force:


    F →  L  = q   E →  +  v →  ×  B →   .  



(23)







In general, field theory and Maxwell’s equations are a ‘macroscopic’ approach as they were developed from a continuous medium model (the ether). However, as we will see in the following section, Weber’s force is ‘microscopic’ in that sense as it describes the interaction between two charged particles in its standard form. For a better comparison between Maxwell’s and Weber’s theory, Assis shows the derived force between two point charges from field theory [24] up to second order in   v / c   based on the work of Liénard, Wiechert and Schwarzschild, which was first obtained by O’Rahilly [25] as


       F →  21  =      q 1    E →  2   (   r →  1  )  +  q 1    v →  1  ×   B →  2   (   r →  1  )  =  q 1     q 2   4 π  ε 0     1  r 2     r ^   1 +     v →  2   ·    v →  2    2  c 2            −        3 2     (  r ^   ·    v →  2  )  2   c 2   −    r →   ·    a →  2    2  c 2     −   r   a →  2    2  c 2      +  q 1    v →  1  ×    q 2   4 π  ε 0     1  r 2       v →  2  ×  r ^    c 2    .     



(24)




In this formula   q 1   is the test charge and   q 2   is the source charge generating the fields    E →  2   and    B →  2  , where according to Assis time retardation, radiation and relativistic effects have been included. The constant c is the speed of light and    a →  2   denotes the acceleration of the point charge. It is apparent that the expression depends on the square of the source charge velocity and on its acceleration, whereas Weber’s force depends on the relative velocity and acceleration, as will be seen in Section 3.1.2. Assis also shows how this expression can be obtained from the Darwin Lagrangian ([6], Section 6.8), as the Darwin Lagrangian is more widely used in the literature to describe systems of point charges [26,27,28]. Both the Schwarzschild force (24) and Lorentz force (23) have been criticised as violating conservation of linear and angular momentum. To restore conservation it is usually argued that the energy is lost or gained by the electromagnetic field generated by the charges or that self force needs to be taken into account [29,30]. However, a system of two point charges seems extremely difficult to test. The general applicability (or non-applicability) of Newton’s third law to the Lorentz force and generally in electrodynamics has been discussed in [31,32,33]. Cornille [32] also claims that if the electrodynamic force laws indeed violate Newton’s third law, then it inevitably leads to the conclusion that energy can be extracted from the ether, as the ether exerts a force that is responsible for the violation.



It has further been criticised that the velocity   v →   in the Lorentz force formula (23) is not clearly defined, that is what it is defined with respect to, was not even given by Lorentz himself [6,34]. It thus remains ambiguous if the definition is w.r.t a coordinate system or a source charge, which might itself be moving, although there seems to be support to the idea that Lorentz viewed the velocity as relative to the ether [6,34]. However, in relativistic treatments this is usually resolved by a chosen inertial frame of reference and regarding the velocity relative to the measuring device or observer.



In an interesting review about Maxwell’s equations and the field approach Tran [35] concludes that there are only few experiments supporting the Maxwell-Ampère and Maxwell-Faraday equation, at least not to the same degree of accuracy that the continuity equation and the magnetic law are supported. There is further discussion about conceptual problems in classic electromagnetism and modern particle-field theories in the literature [36,37]. This mainly focuses on the problem of point charges and their diverging self-energy, as the calculated energy of an electron with its own field tends to infinity based on classic electromagnetism. One solution is the renormalisation approach in the quantum theory of Dirac where the point charge is treated as a singularity and the infinite energy is subtracted as a constant from the problem to renormalise the energy content. The other solution is the extended particle model, where elementary charges are not treated as point-like anymore and consequently the divergence in the singularity disappears. Pietsch [36] discusses both approaches and the associated cost of the proposed solutions, and for an interesting discussion of these approaches including a mathematical perspective, see [38], on which Pietsch bases their arguments. Pietsch then argues that both approaches are incompatible at a fundamental level and a better solution is needed, in which direct-action theories are proposed. Lazarovici [37] also discusses the self-energy problem and the Lorentz-Dirac as well as the extended particle solutions as unsatisfactory, but also involves free fields, among other philosophical, mathematical and physical arguments, and proposes the Wheeler-Feynman direct-action theory in particular as a solution to those problems. The renormalisation approach has also been criticised by other authors [39], including Feynman [40] and Dirac [41]. A similar argument has been made by Kastner about the Wheeler-Feynman direct-action theory, not only does it avoid self-energy problems, it is also not subject to Haag’s theorem and the consequent problems of free and interacting fields in quantum field theory (QFT) [42].



This concludes the brief overview of field theory and Maxwell’s equations and further reading where fields, waves, radiation and relativity are treated can be found in the works of other authors [26,43,44,45,46].




3.1.2. Weber’s Theory of Electrodynamics


Wilhelm Eduard Weber first published his force law to describe the interaction of charged particles in 1846, some 15 years before Maxwell published his first work on electromagnetism, ‘On physical lines of force’ [47], a concept which would only tangentially relate to the field concept later introduced in Maxwell’s Treatise [23]. Maxwell, as a contemporary of Weber, was well aware of his work and Maxwell positively mentions Weber in his Treatise, expressing admiration for Weber’s work. As a 19th century scientist, Weber engaged with several physical disciplines, but a collection of his original work on electrodynamics can be found in [48,49] and English translations of his eight major memoirs on electromagnetism can be found in [50,51,52,53,54,55,56,57].



The main difference between Weber’s theory and Maxwell’s field equations is that Weber’s is a direct-action-at-a-distance theory, such as Newton’s law of gravity or Coulomb’s force of electrostatic interaction, and the fields themselves are not conceptualised as a primary part of the mathematical description. Instead, Weber’s force depends on the direct interaction and force transmission between charges themselves, as opposed to contact action in field theory, where the charges give rise to fields so a source charge and a test charge only interact with the field of the other. Some aspects of how fields can still be conceived with Weber will be discussed later in Section 3.2.



In modern vector notation and SI units, Weber’s force can be expressed as


    F →  21  =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2    1 −    r ˙   12  2   2  c 2    +    r 12    r ¨  12    c 2    .  



((15) revisited)







When Weber developed his force, the aim was to connect Coulomb’s force and Ampère’s force, arriving at a more general interaction law. Weber’s force acts along the line joining two interacting point charges, following Newton’s third law in the strong form with equal action and reaction, conserving linear and angular momentum. It depends only on the relative distance, relative velocity and relative acceleration of the interacting charges.



As this force is electrodynamic in nature, it contains electrostatic (i.e., Coulomb’s force) and magnetic (i.e., Ampère’s force) interactions, which is comparable with the Lorentz force (23) where a static (i.e., the electric field term) and a moving component (i.e., the magnetic field term) of the force are considered. The speed of light c in (15) was introduced as the ratio between electrostatic and electromagnetic units of charge, whose value was first determined experimentally in 1856 (10 years later) by Weber and Kohlrausch based on Weber’s force. In 1848, two years after the presentation of the force law, Weber also showed that the force can be derived from a velocity dependent potential, as shown in Section 2.



A further analysis of the capabilities of Weber’s theory will follow in Section 3.2 and the theory has undergone more development in recent decades. It is noteworthy that predominantly in the low velocity limit, Weber and Maxwell theory predict very similar results, if not the same results for a given phenomenon. Weber has also been shown to be consistent with field equations by a number of authors and the matter will be further addressed in Section 3.2.1.



However, it must be stressed, Weber’s electrodynamic theory has not yet been developed to anywhere near the same degree that other theories have, which includes the high velocity regime near the speed of light where the theory has problems. When quantum interactions are considered, the Wheeler-Feynmann approach to direct-action has undergone development by Davies who introduced a quantum theory based on Wheeler-Feynman electrodynamics [58]. In the case of Weber, only some initial connections between Weber’s theory and quantum mechanics have been made, as will be seen in Section 3.2.2, however, a rigorous treatment is yet to be developed. This is considered a work in progress and further research is needed before any conclusions can be drawn about Weber’s theory in the quantum realm.





3.2. Weber Electrodynamics in the Literature


After Maxwell’s success in the late 19th and early 20th century, Weber’s electrodynamic force law has not received a lot of attention except from a few, with important contributions from O’Rahilly [25], Wesley [9,59,60], Assis [6] and others. Over the years, many connections have been made from Weber’s theory of electrodynamics to different topics within physics, while Weber’s force is electromagnetic in nature and has been used to describe phenomena in that field, it is also shown to interconnect with mechanics, the structure of the atom, gravity, quantum mechanics and even some effects of general relativity theory (GRT) and topics that are usually referred to as “breakthrough physics”. A visual overview of the relations Weber has with electromagnetics and other disciplines can be seen in Figure 2.



3.2.1. Electromagnetic Phenomena


As Weber is essentially a theory of electrodynamics, it has been shown to explain many pure and applied phenomena in electricity and magnetism. From its basic form (15), it is easy to see that Weber’s force reduces to the Coulomb force for stationary charges. That means for static charges where their velocities are zero, the formula can be simplified to


   F  C o u l o m b   =    q 1   q 2    4 π  ε 0       r ^  12   r  12  2   .  



(25)




Thus, Weber can be readily seen to describe purely electrostatic interactions. When interacting charges start moving, the force then changes, and for two current elements in a circuit Ampère’s force can be derived from Weber’s force as shown by Assis [61]. For two steady current elements    I 1  d   l →  1    and    I 2  d   l →  2    this takes the form:


   d 2   F  A m p e r e   = −   μ 0   4 π    I 1   I 2    r ^   r 2    2  ( d   l →  1   ·  d   l →  2  )  − 3  (  r ^  d   l →  1   ·   r ^  d   l →  2  )    



(26)







Grassmann’s force (22) from Section 3.1.1, for comparison, is slightly different in its interaction. Assis’ extensive analysis indicates the similarities and differences between Ampère’s and Grassmann’s forces [6] and most notably shows, that Grassmann’s force violates Newton’s third law. However, it has been claimed that, when the respective force expressions are applied to any closed circuit, they are equivalent and lead to the same result [62]. There has been a discussion in the literature about which force is the correct one. For example, a paper by Cavalleri [63] claims that Grassmann’s force gives the correct result for any given circuit and Ampère’s does not; but as Assis commented in response [64], they did not consider all contributions of Ampère’s force in their deductions and when carried out, both models predict the same force values [62,65]. This inevitably leads to the conclusion that it is impossible to distinguish between the two forces for any closed circuit, which has been verified for several configurations [66,67].



In this context, it seems adequate to briefly discuss the Ampère force and note its importance, as even Maxwell himself stated that it must remain the cornerstone of electrodynamics. The divide in the literature between Ampère’s vs. Grassmann’s force seems to stem from the nature of the Ampère force, which includes a longitudinal force component along the wire in the direction of movement of the current elements. This feature complies with Newton’s third law but appears to be incompatible with the Lorentz force, whereas Grassmann’s force for current elements does not include a longitudinal component and is in turn compatible with the Lorentz force, but violates Newton’s third law. When Ampère conducted his original experiments, investigating the force between two wires [68,69,70,71], he found his force law as a result of these experiments and made sure to include the longitudinal component according to his observations. Further to the discussions about the general applicability of Newton’s third law in electrodynamics [31,32], Chaib and Lima [72] have re-iterated that Ampère did not find any evidence in his experiments that would contradict Newton’s third law and that it remains applicable in electrodynamics. They also clarify that Ampère regarded the third law as a consequence of his experiments, rather than an assumption he tried to conform to, and explain his philosophical reasoning in arriving at that conclusion. The authors of [72] also give a review of some of Ampère’s main work in the manuscript and show that Ampère was the first to obtain an expression similar to the Biot-Savart law from his experiments.



This special quality of the Ampère force to incorporate longitudinal forces has sparked the interest of researchers and in modern times more experiments have been performed to investigate it, where the force has also been connected to a variety of effects and applications. In particular Graneau et al. have investigated Ampère’s force [73,74,75,76,77,78,79,80,81,82], including water jet propulsion, exploding wires, fusion and railguns, as well as the electromagnetic impulse pendulum, liquid mercury experiments (e.g., Ampère’s bridge) and homopolar motors [83,84,85,86,87,88,89,90,91,92]. Even though the exploding wire phenomenon has been investigated further [93,94] and the longitudinal Ampère force component does not seem responsible for the bursting of wires, it is still important in other situations. For example, the importance of Ampère’s force to induction in general has been discussed along with the ability of the force to explain EM-waves in the near field [95]. A classical approach to derive longitudinal forces has been taken by Rambaut and Vigier [96], where they find longitudinal forces as an average effect of conduction electrons and lattice charges of a current element. In a follow-up paper [97] the authors then derive longitudinal forces with a different approach based on the Liénard-Wiechert potentials and discuss their influence on conductors in all phases, including plasmas and fusion applications. Recently Moyssides also succeeded in deriving longitudinal forces with the help of the Biot-Savart-Grassmann-Lorentz force law acting on a submarine projectile in mercury, showing that both forces are equivalent and both agree with experimental results presented in the paper [98]. Further experiments to detect longitudinal forces have been performed by Saumont [99], where difficulties in measurements of these forces due to thermal effects and rapid spurious forces are also addressed and the compatibility of longitudinal tensile forces with relativity theory and the Lorentz force is considered. An experiment by Graneau et al. [100] has investigated longitudinal forces utilising spark gaps in a circuit and found them consistent with Ampère’s force, which has been interpreted as a direct proof of the existence of longitudinal forces. A new experiment has recently investigated how the charges in a neon glow lamp are influenced in the near field of a capacitor dependent on the signal frequency [101]. It was found that there is a longitudinal force component on the charges moving in the plasma that agrees with predictions of a Weber-Ampère model calculated in the paper. We can deduce from this brief analysis that longitudinal forces appear in both classic and Weber approaches which shows the similarity of the two theories.



Moving on from current elements, Weber’s force in the general form (15) is a force between point charges and depends on the relative velocity between them, it is intrinsically electromagnetic in nature and so incorporates magnetic interaction by design. The magnetic force naturally arises from the movement of the charges, whereas the Lorentz force (23) is usually derived by considering special relativity theory (SRT) or Lorentz transformation of the Coulomb Force or electric field [46,102,103,104] and magnetism is considered to arise as a relativistic effect in this context. However, recently it has also been suggested that it may not be necessary to treat magnetism as a consequence of SRT and instead Maxwell’s equations can be derived from Coulomb’s force and time retardation without any further assumptions [105]. In Weber electrodynamics however, the intrinsic velocity dependence of the force can be used in combination with the concept of current elements to calculate magnetic interaction forces, such as has been applied to the fields of solenoids [106,107,108,109]. Specifically in the case of the magnetic field of a long straight wire [107] the Lorentz and Weber force on a charged particle have been found to be identical in the low velocity limit.



Further to the similarities between Ampère’s and Grassmann’s force as well as the Weber and the Lorentz force, Weber has been shown to be consistent with Maxwell’s field equations by a number of authors [5,6,8,9,110,111], even though it does not conceptually depend on them. For example, Wesley [9] derives field equations from Weber by introducing charge densities and current densities into Weber’s equation and integrates over a fixed volume. He arrives at the form
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with


    Φ    = ∫  d 3   r ′   ρ ′   (   r →  ′  , t )   1 R  ,     
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     A →     = ∫  d 3   r ′    J →  ′   (   r →  ′  , t )   1  c R   ,     
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    Γ    = ∫  d 3   r ′   R →   ·    J →  ′   (   r →  ′  , t )   1  c R   ,     



(30)






     G →     = ∫  d 3   r ′   R →   ρ ′   (   r →  ′  , t )   1 R  .     



(31)




The primed quantities in this formula are sources acting on the unprimed test currents and charges separated by distance R. It is especially interesting that in addition to the usual electric potential  Φ  and magnetic potential   A →   two new potentials,  Γ  and   G →   appear and Wesley points out that the Lorentz force and Maxwell’s equations are a special case where only the first three terms on the left hand side of (27) appear. Wesley further argues that the representations through a force equation and field expression are mathematically isomorphic as long as the fields are intermediate without time retardation. However, when time retardation is introduced into (27), the field expressions then contain wave equations with velocity c.



While Assis [6] and Kinzer [5] have taken a similar approach to Wesley, starting from Weber’s formula and deriving the field equations from it, the opposite approach, starting from Maxwell’s equation and arriving at a Weber-type formulation, does also exist [8]. With extensive mathematical work the author of [8] shows that there are two implicit restrictions in Maxwell’s field equations and without these restrictions a set of Weber equations can be obtained. One limitation is the condition that the charge density function  ρ  is a constant in time and the other is that the test charge velocity is required to be zero for mathematical consistency according to the author of [8]. The procedure of removing the restrictions from Maxwell’s field theory is then to allow for moving test charges and time varying charge densities, which emphasises Wesley’s argument that Maxwell’s equations are a special case of Weber’s law. Another important opposite approach has also been discussed where Weber’s and Ampère’s forces are obtained as a non-relativistic limit from the Liénard-Wichert potentials [97] and from a Fermi distribution of accelerated charges [112]. In the recent approach of Li [110] a field representation of Weber’s force is developed with the help of Einstein notation, where the velocity and acceleration dependent terms in Weber’s force can then each be identified with a respective Tensor field. Li states that this approach has the advantage of simplifying the necessary calculations in systems of many particles, reducing the number of required force calculations.



One of the strengths that is usually ascribed to Maxwell’s field equations is that the velocity of light appears from the wave equations as does the relation between permittivity  ε  and  μ . However, it was not Maxwell who first discovered the relation between the speed of light c and electromagnetic waves, in fact it was Weber and Kohlrausch who first predicted the value of c from Weber’s equation and confirmed it experimentally [113,114]. Following this, Weber and Kirchhoff derived the telegraph equation for the propagation of electromagnetic signals through a wire independently of each other, and Assis has provided a modern derivation and analysis of the telegraph equation in this context [115,116,117]. This equation also reduces to a regular wave equation when the resistance of the wire goes to zero. Fukai [118] has further argued that modern views of the vacuum can be assumed, where the vacuum behaves as a medium with inductance and capacitance, similar to a coaxial cable or transmission line problem, Weber’s theory predicts a signal propagation at light velocity in vacuum and thus should be able to predict radiation as well.



In relation to circuit theory, Assis [119] has analysed the self inductance of circuits with the help of Weber’s force and Newton’s second law and compared them to similar derivations based on the Lorentz force and the Liénard-Schwarzschild force for circuits. He manages to derive the self inductance from Weber’s force by examining the acceleration that conductor charges will be subjected to. The result can be interpreted as an effective mass of the conduction electrons in the circuit, with the positive lattice ions opposing the motion of the accelerated electrons. In a further study [120] Assis and Bueno also show that the self inductance formulae for a single circuit of Weber and Maxwell are equivalent. This has added to the previously known fact that the mutual inductance formulae were the same, however when a single circuit is considered, the equivalence can be obtained by considering surface charge or volume charge elements instead of line charge elements. Weber himself also worked on circuit resistances [49], conducting many experiments to investigate their resistive behaviour and considered the derivation of an absolute unit of resistance based on his force law.



A possible derivation of the Hall effect from Weber’s force has been investigated by McDonald [121] and it is deduced that, under the condition that only negative charges are assumed to be charge carriers in Weber’s theory, and disregarding the original Fechner hypothesis, Weber does predict the Hall effect consistent with the Lorentz force derivation. Based on this assumption the Hall effect cannot distinguish between the two forces, as they are equivalent in this particular case. The Fechner hypothesis itself will be further discussed in Section 3.3.



In addition to self inductance and the generation of a Hall voltage, Weber’s theory has also been applied to voltages arising through induction. Smith et al. [122,123] have developed a model for transformer induction with the assumption of conduction electrons following accelerated motion. They arrive at an expression identical to Faraday’s law and predict voltages in receiver coils correctly. Maxwell even pointed out in his Treatise [22] that it is possible to derive Faraday’s law from Weber’s law, as Weber derived it himself from his force, and Wesley has also indicated the connection between Faraday’s law and Weber’s, besides consideration of induction in general [9,59].



Unipolar induction (also called homopolar induction), as another example, has been analysed by Assis [124] on the basis of Weber electrodynamics. He arrives at the conclusion that the phenomenon can only be predicted correctly if the closing wire is included in the analysis, thus considering the whole circuit that is influenced by the presence of a magnet in a Faraday generator setup. Recently, unipolar induction experiments have been found to be consistent with Weber electrodynamics [125,126] There are also recent claims in the literature [127] that not all observed induction effects can be explained by Faraday’s law or the flux cutting rule, mentioning Weber as a possible fuller explanation. Assis has even presented an analysis [128] where he explores beyond the regular scope of unipolar induction and describes a situation where an additional voltage is induced due to the presence of an electrostatic potential, calling it Weberian induction. In this scenario a spinning disk is placed inside a charged spherical shell, with or without the magnet. From the perspective of field theory and the Lorentz force, the charge on the shell cannot induce a voltage in the disk due to the absence of a field inside the shell, but in Weber’s electrodynamics the charge on the shell would still exert a force on the disk charges and an additional voltage should be induced. However, such an effect would be many orders of magnitude smaller than regular unipolar induction. This field-free electrostatic force is closely related to a criticism of Weber’s theory and will be further discussed in Section 3.2.3 and Section 3.3.



Related to unipolar induction is the so-called Feynman disk paradox [129], where metal spheres are mounted on a plastic disk free to rotate and a current carrying coil is situated on the same axis. Initially, the apparatus is at rest, but when the current is switched off, the paradox arises. Analysing the problem in terms of the change in magnetic flux one would expect the disk to rotate as an electric field is induced and seen by the spheres, however, analysing from the perspective of angular momentum would mean that the disk does not start to rotate, as the momentum is initially zero and since it must be conserved, the disk should remain stationary. The apparent contradiction in field theory is resolved by taking into account the electromagnetic angular momentum stored in the fields, so that initially the angular momentum was not zero [130]. Fukai argues that the problem is equally well explained by Weber’s theory [118] and considers the force on the sphere exerted by the change of current in the solenoid, which turns out to be non-zero, so the disk will move accordingly.



It was also shown recently that superconductivity can be derived from Weber’s theory according to two independent authors in two different ways. One approach by Prytz [131] considers a magnet or solenoid with a DC current at rest and the centripetal acceleration of the conductor charges. This acceleration causes the Meissner effect to appear in conduction materials according to their deductions. Assis and Tajmar [132] instead follow a more general treatment where AC currents are considered, and in turn the acceleration of the charges causes the Meissner effect and the London moment to appear from Weber’s force.



The so called Aharonov-Bohm effect (AB-effect) that describes a phase shift experienced by electrons when they are scattered around a finite solenoid is usually explained through the quantum mechanical influence of the vector potential   A →  . Wesley [133] managed to establish a connection between Weber’s force and the existence of the AB-effect. First, he takes a more classical approach and considers the force due to motional induction on the electron beam, which leads them to find a phase shift depending on the electron path due to this force component. Then, he shows that the same force is present when considering Weber’s potential and force, causing the appearance of the phase shift and thus the AB-effect. Unfortunately in the digital version there seems to be a misprint and large parts of the paper are missing, but his essential deductions can still be found in the first and last sections of the manuscript [133].



An initial connection between Weber’s force and antenna theory has been made by Prytz [134]. In this approach the concept of retarded time is considered to account for far distance effects and utilised with the acceleration dependent induction of Weber’s force. This can describe loop antennae by itself and also contributes to dipole antennae, and simultaneously relates back to the transmission of radio waves. This is, of course, similar to the approach taken by Moon and Spencer [19] who had derived the behaviour of the loop and dipole antenna about 60 years prior, and also arrived at Neumann’s inductance formula for circuits based on the acceleration dependent force in the process.



Weber also considered early forms of diamagnetism in his work, based on the molecular currents introduced by Ampère, where diamagnetism occurs when molecular currents are induced by an external field in a diamagnetic material that has otherwise no molecular currents. While the general idea of molecular currents remains to this day, present explanations necessitate quantum mechanical considerations to fully account for the existence of diamagnetism, due to the Bohr-Van Leeuwen theorem.




3.2.2. Relevance of Weber’s Force Beyond Electromagnetism


There are several aspects of Weber’s force that are not immediately obvious when just regarding it as an electrodynamic force law between charged particles. It holds wider consequences in its action and has been connected to a variety of topics in the literature. The first connection of note is the structure of the atom. Weber himself used his theory to devise a planetary model of the atom [135,136], where negative charges orbit around a positively charged centre, even before the electron was discovered. He realised a special feature of his force law by which an atomic structure emerges as a consequence, that is, a certain critical distance exists in the force law. It is most remarkable that below this critical distance like charges will start to attract instead of repel and opposite charges will still attract regardless. Furthermore, when two or more charges interact with only each other (no external forces are present in that scenario) they cannot transition to the inside or outside of that critical distance. If the interaction started below the critical radius, it would remain inside the radius, and if it began outside it would remain outside. Interestingly, the critical distance can be calculated to be of the order of the known diameter of the atomic nucleus when electron or positron interaction is considered. Thus, it seems possible to interpret Weber’s force as relating to the strong nuclear force that is responsible for the attraction inside the nucleus, even though it is not yet known how it would work for protons. Additionally, for two charges of opposite sign orbiting each other in this model a confinement to elliptical orbits is found which would experience a precession of the elliptical axis [135,136,137,138] and remain within an upper and lower bound of the orbit radius [135,137,139,140,141].



Weber also speculated based on his model of the atom on the mechanism of heat conduction and a possible connection between light and electricity. He related the orbital frequency of charged particles in his model to the wavelength of excited heat- and light-waves. Zöllner [142] even considered that from Weber’s model it would be possible to derive the spectral lines of chemical elements. Upon considering the possibility of multiple orbits in a molecule and that each orbit could be populated with a number of charges, Weber also deduced a classification system characterising the possible combinations of positive and negative charges in a table that has similarities to the periodic table of elements. He further concluded that these molecular configurations could attract other molecules and combine to form stable systems. Eventually he was led to the hypothesis that chemical bonds might have an electrical origin and arrived at a bond that is similar to a covalent bond between two atoms sharing an electron pair [135].



Unfortunately, Weber passed away before he could finish his planetary model of the atom, nevertheless it shows some very interesting properties, while Weber speculated about spectral lines emerging from their model, the fine structure of the atom was still in an early stage of discovery. There are relatively recent works in the literature [11,12] analysing the connections between Weber’s theory and quantised energy levels, they generally tend to show slightly different splittings for the fine structure of the atom. In 2015, Torres-Silva et al. [11] used the Hamiltonian formalism of Weber’s theory and also considered spin–orbit corrections, whereas Frauenfelder and J. Weber [12] used a Bohr-Sommerfeld quantisation on Weber’s Hamiltonian for a hydrogen atom. Wesley obtained a similar result in [143] where he considered the perturbation energy on the electron orbit in the hydrogen atom by utilising the Schrödinger perturbation method, which leads to energy levels different from the experimentally known splittings. It is also reviewed by Post [144] that Phipps’ modification to Weber’s potential leads to twice the number of observed splittings. As the experimental determinations of quantum electrodynamics (QED), such as the fine structure, lamb shift, Rydberg constant and anomalous dipole moments are among the most well tested predictions derived from field theory, this will remain the greatest challenge for Weber-type theories as it seems that it cannot make the necessary predictions in its current form. However, it seems worth noting that Feynman has directly utilised ideas of direct-action and retarded time in his approach to develop QED [40].



The Weber force has also been shown to be similar to velocity dependent forces in nuclear physics, such as nucleon-nucleon forces [145]. These are central forces and obey Newton’s third law, and in [145] the authors show that the momentum dependent inter-nucleon forces in the interaction potential and Hamiltonian are generalised Weber forces, pointing out that Weber’s force can be considered a special case of the forces appearing in nuclear physics. They state further that a similarity to Ampères force exists in nuclear physics as well for scattering processes of spinless projectiles and that it cannot be understood on the basis of only the Lorentz force analogy, but is consistent with a Weber force analogy.



Another interesting similarity with the forces of nature exists between Weber’s force and gravity, and Weber had already speculated about such a connection based on his atomic model. One of the underlying ideas is that the attractive force between charged particle assemblies is slightly larger than the repulsive force. Based on this idea, Assis [146,147] has developed a model to derive gravitational effects as a fourth order effect from the electromagnetic interaction through an extension of Weber’s formula. He considers a series expansion of Weber’s force law:
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with numerical constants   α , β   and  γ  and omitting any higher order terms of the series expansion. Equation (32) is then used to study the interaction of two neutral dipoles that consist of a positive charge in the centre and an oscillating negative charge. After an extensive analysis, Assis arrives at a non-zero force of attraction between the two dipoles which he proceeds to interpret as a gravitational interaction force. These derivations later led Tajmar [148] to analyse a minimum energy requirement between two neutral dipoles that is similar in nature to Planck’s constant. The approach used by Assis is then further investigated by Baumgärtel and Tajmar [149] yielding a slightly different result to that originally obtained by Assis. The authors of [149] interpret the resulting force to contain the Casimir force and inertial effects as well. Further analysis of this result in regards to a minimum energy requirement is pursued and the study finds a connection to Planck’s constant and the origin of mass establishing a general relation between Weber’s theory and Planck’s constant solely on electrodynamic properties of particles. One can generally see with the appearance of the Casimir force, Planck’s constant and the fine structure of the atom that Weber’s theory ties to certain quantum mechanical effects, however it still requires significant development on quantum theoretical aspects in the future.



There are other considerations about Weber’s force and gravitational interaction. A common approach in the literature is to utilise a gravitational force of the Weber type, such as has been investigated by Tisserand [150], Gerber [151], Schrödinger [152] and others. Utilising such a gravitational form of Weber’s law, Assis and Wesley [60,153] have shown that it is also possible to arrive at the origin of inertia in combination with Mach’s principle. Their derivations generally follow the form
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where it is easy to see that the usual charges   q 1   and   q 2   have been replaced by masses   m 1  ,   m 2   and gravitational constant G. As a consequence of this approach however, Newtons second law,   F = m a  , follows naturally from this formulation, so that the interaction with the distant masses is responsible for the existence of inertia. In essence, Assis calculates the force on a body by investigating its interaction with what is more or less a celestial sphere and the cosmic microwave background, while Wesley uses a gravitational field in his derivations. Additionally, in Assis’ model the resulting force contains terms that represent centrifugal and Coriolis forces.



Because there are many possible variations of Weber-type gravitational forces of similar nature, e.g., [60,150,151,152,154], their form has been further generalised by Bunchaft and Carneiro [155] as
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Here, k is a parameter depending on the nature of the interacting bodies (like charges or masses) and the parameters  μ  and  γ  are positive constants of the velocity and acceleration terms usually of the order   1 /  c 2   . Further aspects of these approaches, with regards to cosmology and conservation of energy, will be discussed in the next section.



Weber’s force law in its basic form (15), is a ’microscopic’ force law which obeys certain general principles of mechanics. It intrinsically follows Newton’s third law of action and reaction. Any action arising from Weber’s force has an opposing force of equal magnitude and inverse sign, making it consistent with linear momentum conservation. It can also be shown that Weber’s theory follows energy and angular momentum conservation [6,8], and Weber himself only succeeded in 1871 to show that conservation of energy is obeyed.



It is even possible to derive a virial theorem from Weber’s force as has been shown by Mendes and Assis [156]. The virial theorem states that the time average of kinetic energy in a system of discrete particles is related to the potential energy of the particles. For Weber’s formula this takes the form


  2  〈 T 〉  = −  〈  U w  〉  ,  
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with the potential energy   U w   being Weber’s potential (see Section 2). As a consequence, this offers the possibility for statistical treatments of problems with Weber, such as the formations of galaxies on an astronomical scale or plasma physics, although limitations have been indicated regarding the applicability to cold plasmas [157].



Weber’s force has also been used with a modified version of mechanics [158]. The idea is based on the relational nature of Weber’s force, making mechanics relational as well. In essence, Newton’s mechanical principles are extended with Mach’s principle and a Weber-type force for interacting masses is implemented. This has consequences for cosmology, affecting the interpretation of Hubble’s law and the cosmological redshift as light interacting on its journey. The cosmic microwave radiation background would then indicate an equilibrium state and the precession of mercury’s perihelion is due to the interaction with distant fixed stars. Although the idea is intricate and intriguing, this would of course be less compatible with the standard cosmological interpretation of an expanding universe.




3.2.3. Cosmology and Breakthrough Physics


From the previous section it was shown that Weber has ties to other forces of nature, like nuclear forces and gravity, and it was suggested that Weber’s force has significant links to cosmological theories and related phenomena. Based on the possibility of gravitational modifications to Weber’s force, there have been many investigations about planetary motion and in particular the precession of mercury’s perihelion [13,150,151,152,159,160,161,162,163,164]. In addition, some of these also investigate the bending of light in a gravitational field and the two effects are usually explained from GRT. From these investigations it can be seen that Weber generally offers a possible explanation for both observations, but the applicability has been shown to have limits.



The general form of Weber-type forces of the order   1 /  c 2    (34), is further investigated by Bunchaft and Carneiro [155] with specific attention to energy conservation. The authors of [155] show that such a force is only conservative under a special condition when the parameters  μ  and  γ  of (34) obey the form   2 μ = γ  . They deduce from this analysis that a Weber-type gravitational force cannot predict the correct values for the precession of mercury’s perihelion and the gravitational bending of light at the same time under the condition of being conservative. However, more generalised formulations of higher order might still be able to predict both effects whilst remaining conservative, and it is still evident from this that Weber’s force offers an alternative approach to phenomena that are usually attributed to GRT. A somewhat more general discussion about how GRT and Weber-type theories are related on a fundamental level can be found by Giné [165], although that approach has been challenged [166] in not having a proper Einsteinian approach. A further analysis by Tiandho [167] came to the conclusion that Weber-type gravitational forces are a weak field approximation of GRT and thus a special case, nonetheless, it shows some similarity and connection between the two theories.



Recently, Weber-like gravitational interactions in combination with Mach’s principle have been investigated with regards to their implications in cosmology [168]. The advantage of such an approach is that inertia arises naturally from the interaction with a celestial sphere and avoids the incompatibility of inertia in GRT with Mach’s principle; and additionally maintains the equivalence of gravitational and inertial mass and the equivalence of kinematic and dynamic rotation rates of the Earth. On the other hand, the resulting universe is non-expanding and the redshift arises from energy loss of light on its journey. Another cosmology model based on Mach’s principle has recently been developed and investigated by Das [169], where the universe is governed by Machian gravity. According to Das it is able to explain rotational curves and mass distribution of galaxies without dark matter or dark energy and when comparing the model to observed cosmological data it fits well with the measurements. Previous to these approaches, the general idea of a Machian cosmology had been suggested in the literature [158,170,171,172,173], where P. and N. Graneau [173] have even found a connection to the expanding universe, but Das seems to be the first to apply the concept to available data of galactic rotation curves.



Beyond the general connection of Weber’s theory and GRT, some works have analysed more specific effects arising from gravitational perturbations, for example spacecraft flyby anomalies [154,174]. These approaches also utilise gravitational formulations of Weber’s force, similar to the previously discussed modifications. The first of such gravitational-influenced effects is called frame dragging, also known as the Lense-Thirring-effect, which has its usual explanation in GRT. This effect adds a precession to a gyroscope or orbiting satellite in the presence of a large rotating mass. It is possible to arrive at a similar effect by utilising Weber’s theory [174] for gravitational interactions. The authors of [174] present the formula for the action of a large spinning shell with mass M, radius R and angular velocity   Ω →   on a test body, mass m, at position   r →  , velocity   v →   and acceleration   a →   to be
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where G and c are the gravitational constant and speed of light, respectively. As can be seen it is similar to the previously presented gravitational-type Weber forces, with terms resulting from the rotation and acceleration, for example the second and third term in square brackets of (36) represent centrifugal and Coriolis’ force, which appear due to the implementation of Mach’s principle. After analysing the problem with the help of Newton’s second law, they arrive at a gravitationally induced azimuthal acceleration that will be experienced by the test body, similar to a frame dragging effect.



The gravitomagnetism arising from this principle has also led Tajmar and Assis to investigate flyby anomalies with a similar implementation of gravity-like Weber forces [154]. They found that flyby anomalies due to Weber-based interactions are several magnitudes smaller than currently measurable. They relate this to data of Rosetta flyby manoeuvres where expected anomalies have not been measured, even though the standard approach would have predicted them. However, if the effect is, according to the Weber-interaction, below the threshold of current detectability, this result would not be surprising.



Apart from the general and specific connections to GRT, an interesting possibility seems to exist in Weber’s theory that pushes the boundaries of known physics. A situation can be created according to Assis, where the mass of charged particles can be manipulated under the influence of a field-free electrostatic force [6,175]. If it is indeed possible to change the inertial mass of a charged particle through electrodynamic means, it can possibly be applied to breakthrough propulsion physics technologies, such as the warp drive, anti-gravity or even cold fusion [176,177,178] which could revolutionise space travel, energy production and transportation in general.



The approach taken by Assis shows the influence of a charged spherical shell on a point charge according to Weber’s force, whereby the force on the point charge can be interpreted as an inertial mass change of the particle. Assis considers a hollow spherical shell made of a dielectric with charge Q of radius R, with an angular velocity   ω →  . This approach is similar in nature to the gravitational model of gravitomagnetism with Weber for a massive spherical shell producing a frame dragging effect. Here, the charged sphere acts on a point charge q at position   r →  , velocity   v →   and acceleration   a →  . For the point charge inside of the spherical shell, he arrives at the expression
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which can further be simplified with the restriction    ω →  = 0  , meaning the sphere being stationary, to:


   F →  =    μ 0  q Q   12 π R    a →  .  
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With the help of Newton’s second law this can then be interpreted as a change in effective inertial mass of the particle due to the potential on the surrounding shell.



This is an especially interesting prediction of Weber’s theory, because in standard theory, the field inside a charged spherical shell is zero and such an effect is not intuitively expected. Assis also estimates an order of magnitude for the effect, which entails a sphere of radius   0.5    m  and a potential on the shell of   1.5    M  V  to double the mass of an electron, which is generally in the realm of the possible to obtain in the laboratory. However, from these values compared with the size and charge of the electron it can be seen that the effect is still considerably small in nature. However, as a logical conclusion, in theory a particle can be made to have an effective negative mass through the influence of an electrostatic potential at the cost of sufficient energy expenditure. This behaviour might then be applied to future breakthrough propulsion applications [176,177,178].



As this is an interesting prediction and experiment to determine boundaries of the validity of Weber’s force law, several experimental efforts have tried to investigate this predicted phenomenon, with recent evidence suggesting the non-existence of this effect. Mikhailov had first reported an experiment in 1999 [179] where he claims to have successfully observed the effect in question, with two follow-up experiments in 2001 and 2003 [180,181], which he reported to be equally successful. However, the attempts of independent researchers to repeat and, respectively, improve their experiments have not yielded positive results [182,183,184]. Since all of the re-evaluated experiments feature a refined methodology and uncover flaws in the settings of Mikhailov (e.g., coupling and detection methods), one inevitably concludes that the effect in question was not observed by Mikhailov. An important point is discussed by Lörincz and Tajmar [183] as to what degree a glow discharge is suited to produce and measure a possible mass change of charge carriers, because the discharge is always made up of a neutral plasma and hence probably not suited to show the effect, and Weikert and Tajmar also speculated that the oscillatory motion of electrons in a Barkhausen-Kurz configuration could mask the effect in question [184].



There is new evidence [185] that the sought after mass change effect does not seem to exist. Tajmar and Weikert tested electron beam deflections in a Perrin tube where under a certain magnetic field the beam would be deflected precisely into a Faraday cup measuring the beam current. The arrangement was located in an aluminium sphere that was charged up to ±20  k  V  and they simultaneously observed the current feeding a set of Helmholtz coils generating the magnetic field and the measured beam current of the Faraday cup. By observing the necessary current to keep the beam consistently in the Faraday cup they concluded that the sought after effect can be ruled out by two orders of magnitude. This makes this topic a valid point of criticism against Weber electrodynamics which will be discussed further in the following Section 3.3.



These many investigations of Weber’s force in the literature demonstrate the strength of the theory and how it links to many fields across physics, and therefore it is an interesting alternative model to standard electrodynamics. Weber’s force law has even been suggested in the literature as a unified theory of nature [146,186], especially as it includes the electromagnetic force, a form of nuclear or strong force, a gravitational-type force and additionally an explanation of the origin of inertia. We can see from this that Weber offers an elegant path towards the unification of theories and, to quote O’Rahilly ([25], Volume II, p. 535): ‘If any one man deserves credit for the synthetic idea which unifies the various branches of magnetic and electrical science, that man is Wilhelm Weber’. Weber’s theory connecting so many disciplines is of course not an accident, since it is an electromagnetic theory. Field theory and relativity which the standard model of modern physics is based on also show these properties and strive for a unified theory of physics. It is well known that three out of the four forces of nature can be unified in the standard model (magnetic force, strong nuclear force and electroweak force) and attempts are made through quantum gravity to connect the remaining force to those three. So in general, any theory attempting to explain the natural phenomena on a larger scale is likely to show the characteristics of a unified theory. However, Weber’s theory, despite the time that has elapsed since its inception, is still very much in an early stage of development and has not been researched to the same degree as conventional models. Nevertheless this should not be taken as discouraging, quite the opposite in fact, it gives motivation for further investigation of Weber’s force to explore its capabilities to describe and predict the universe. Needless to say, Weber’s theory is not without criticism.





3.3. Criticism of Weber’s Theory


Weber’s force is not pursued by mainstream physics as it was superseded by Maxwell’s theory of fields and ether, and so we must question just why the theory was largely abandoned in favour of another. Historically there were three main points of criticism leading to the neglect of Weber’s theory and a fourth factor of experimental nature. The points of criticism of Weber’s force were: (i) It is based on the Fechner hypothesis, i.e., currents being comprised of equal amounts of moving positive and negative charges, (ii) Helmholtz first criticised Weber’s force as violating energy conservation, and (iii) then criticised the theory for exhibiting unphysical behaviour in the form of negative mass and infinite acceleration. Finally, what was claimed as decisive evidence in favour of the field model were the successful experiments of Hertz, demonstrating electromagnetic waves and therefore taken as direct proof supporting Maxwell’s theory as opposed to Weber’s. We will now re-investigate these historical factors to see how they have aged and after that look at more modern criticisms or limitations of the theory. Another review of historic criticisms from a philosophical perspective of action-at-a-distance theories in general can be found in [187] with a strong focus on epistemologic aspects.



We will first consider the criticism that Weber’s force is originally based on Fechner’s hypothesis. In the middle of the 19th century it was assumed that a current in a circuit consisted of equal amounts of positive and negative charge (or electric “fluidae”) moving in opposite directions. While it is true that Weber designed his force based on this assumption to derive Ampère’s force, he himself moved away from the idea of a double current consisting of moving positive and negative charges towards a simple current where the positive charges remain fixed in the lattice and only the negative charges are considered to be moving in his later works. Despite this change in perspective, he did not alter the formulation of his force law because it would still remain valid in predicting observable effects. Assis showed [61] that it is possible to derive Ampère’s force regardless of the Fechner hypothesis from Weber’s force. The only assumptions made are the charge neutrality of current elements and the independence of velocities of positive and negative charge carriers therein. This means that it holds true for moving electrons and stationary lattice charges as well as oppositely moving positive and negative charges as, for example, in plasma states. Further the Hall effect can be explained with Weber’s theory when the Fechner hypothesis is abandoned, as reviewed in the previous section.



When discussing this matter it should be mentioned that Clausius was the first to claim in 1877 that Weber’s force would lead to unphysical situations when only one kind of charge is moving and the other kind is fixed in a conductor [188]. This criticism seems to have been taken as a decisive argument against the theory as reviewed by Woodruff [189] and persisted in the more recent literature when Pearson and Kilambi analysed the similarity with nuclear forces [145]. The argument is that in the situation where Weber’s force is not balanced by oppositely moving charge carriers, so called electrostatic induction occurs outside of a conductor and this has been considered an exclusion criterion of Weber’s theory as an explanation for electrodynamics in [145]. However, it must be said that an early extensive refutation of this argument has been given by Zöllner as early as 1877 [190] in response to Clausius, arguing that these electrostatic effects have been known since 1801 through experiments by Erman [191] and others, and Weber’s theory is erroneously criticised. Assis and Hernandes [192,193,194] have given a modern review of electrostatic induction effects in theory and experiment, showing that these effects do indeed exist on different orders of magnitude and that it is too early to dismiss Weber’s force law on such a basis. In fact, the existence of such effects could even provide experimental support for Weber’s theory. In conclusion we can say that at present there is no requirement for Fechner’s hypothesis in Weber’s theory and the criticism is not valid.



Helmholtz originally criticised the theory by saying it did not obey conservation of energy. He considered the potential and kinetic energy, especially with particles in circular motion and came to the conclusion that there are possible situations in Weber’s theory where energy can be lost or gained and thus objected to the theory. At the time, Maxwell was familiar with Weber’s theory and knew of Helmholtz’s argument, supporting the objection stated by him. It was only in 1869 and 1871 that Weber succeeded in showing that energy is conserved in his force law. After this proof Maxwell even acknowledged in his Treatise that Weber’s theory was mistakenly criticised in that regard [22] and reconsidered it as a possible theory of electrodynamics. Helmholtz erroneously came to the conclusion that energy conservation is violated as he only included the velocities between interacting charges and did not consider the complete form of Weber’s force which also depends on the acceleration of charges, leading him to an incomplete deduction [24].



Furthermore, Helmholtz issued a second major criticism of Weber’s theory, where he describes a situation that leads a particle to exert behaviour of negative mass and upon movement it could accelerate infinitely in the presence of an external force, such as friction, and an infinite amount of work would be done. He describes a particle inside a charged spherical shell that experiences friction from a fluid and as it is infinitely accelerating, it would continue to heat the fluid due to friction and thus perform an infinite amount of work. An argument ensued between the two parties with Weber trying to defend against the criticism, but Helmholtz again countered his arguments and the criticism prevailed [189] and to this day remains an open question in Weber electrodynamics.



This is indeed a similar situation to the suggested inertial mass change of Assis due to a field-free electrostatic force and the criticism has been further analysed by Assis and Caluzi [195]. They have suggested three possible ways to resolve the problem: (1) If instead of using Weber’s force and Newton’s mechanics, a modification of mechanics to a relativistic type kinetic energy is assumed, then the particle will not accelerate ad infinitum. The modified expression for mechanics has also been obtained by Schrödinger [152] and Wesley [60] by considering Weber-type forces. (2) It is also possible to avoid the problem by a modification of Weber’s potential energy, e.g., Phipps [196], which leads to a force expression where infinite acceleration does not occur. (3) It is still possible (though highly unlikely) that nature behaves this way, it just has not been sufficiently tested.



However, with the new experiment of Tajmar and Weikert [185] it seems very unlikely that nature behaves in a way where this change of mass or energy is involved. Especially when according to Helmholtz an infinite amount of work can be gained if a particle experiencing friction forces from a fluid would continue to increase the fluid’s temperature due to the friction. By implication this would violate the first law of thermodynamics and allow for a perpetual motion machine under the condition that the energy can be extracted from the closed system formed by the charged shell, fluid and point charge. It could theoretically still be possible that in order for the effect to manifest, a friction force is needed, as this is what Helmholtz originally considered and was also included in the analysis of Assis and Caluzi [195]. However, this seems unlikely as Assis also made the prediction for a mass change without the consideration of friction forces at first [175] and further a situation like this seems very unlikely to manifest in practice. As far as we know, a similar system has never been observed in nature and the proposed scenario seems unlikely to occur naturally.



If we now consider resolutions (1) and (2) suggested by Assis and Caluzi, we can say for point (1) that the infinite acceleration of a particle can be avoided through the assumption of modified mechanics, but this would change the behaviour mainly for velocities near the speed of light, as pointed out by Weikert and Tajmar [185]. Additionally, in this case Assis and Caluzi still speak of an effective inertial mass influenced by the electrodynamics, so an apparent mass change would still occur in this instance. As for point (2), the modification of Weber’s potential energy to Phipp’s potential, this can generally present a solution to the problem, however Phipp’s potential turns out to have other shortcomings [197]. Nevertheless, there might still be a more fundamental, more general Weber-type potential where the change in mass is avoided and the problem is resolved, such as suggested by Li [198]. So this criticism is a valid point, however, there might well be other ways not yet known to avoid the problem like a more general potential and here more research is needed. It must also be added to this discussion that due to the self-energy divergence in field theory, the Lorentz-Dirac renormalisation solution also leads to runaway behaviour with infinite self-acceleration of a particle [37]. Albeit a different situation where the particle interacts with its own field, as opposed to Weber’s theory where the particle interacts with a field-free charge distribution, this shows that we can find the same unphysical behaviour through infinite acceleration exhibited in the framework of field theory as well. It would seem inadequate to use this singular behaviour as a decisive argument against Weber’s theory when field theory is not rid of such a problem itself.



The fourth factor that was historically held against Weber’s theory are Hertz’s experiments that showed a finite propagation velocity of electromagnetic signals, and were taken as a direct verification of Maxwell’s field theory. However, we have seen in the previous sections that Weber’s theory has been shown to be consistent with fields and can indeed predict wave equations propagating with the speed of light and is related to radiation phenomena when the right physical methods and constraints are applied. So it remains questionable if Hertz’s experiments should only be taken as a direct proof of Maxwell’s equations. For example, the experiments are also consistent with Ritz’s theory (as pointed out by O’Rahilly [25]), and it would be premature to exclude Weber’s theory on that basis.



Additionally, it should be mentioned that Weber believed in a form of ether, i.e., the luminiferous ether, which nowadays has been effectively replaced by the electromagnetic field model. So one could argue that Weber’s theory is based on the same ethereal premise as Maxwell’s, as he tried to model the interactions of charges within the fluid of ether that was general scientific consensus at the time. Although it should be noted that Weber’s force does not conceptually depend on the ether due to only involving relative velocities. Furthermore when invoking the principle of Ockham’s razor, that is, entities should not be multiplied beyond necessity, it becomes apparent that Weber’s theory is considered to be preferable over Maxwell’s as it makes fewer assumptions. Weber being based only on the interaction of charges without invoking the concept of field entities conforms to minimal assumptions as only the charges and their motion is relevant. Additionally, there is an argument in the literature, when discussing contact-action through fields or emitted virtual particles, that entities like the ether or the field which cannot be observed directly should be avoided [199]. At its core this issue relates to a more general criticism of Weber’s theory being a direct-action-at-a-distance theory with apparent instantaneous transmission unlike a field theory. The instantaneous nature of force laws like this is usually argued to be a problem since it violates causality and since the propagation of electromagnetic effects are clearly of finite velocity, hence there is an apparent problem with the theory. Take, for example, Newton’s gravitational force law: if one body experiences a change in position, body two will immediately feel this change in force, no matter the distance between them. However, there exists a claim in the literature that Newtonian gravity actually propagates at the speed of light [200]. Although the analysis is based on dimensional, empirical and observational arguments, this is a remarkable postulate, and even though Newtonian gravity is formulated mathematically as instantaneous-action-at-a-distance, a finite propagation speed is implicitly contained within the formula, suggesting that the same could be true for other so called “instantaneous” force laws.



So the real question is how propagation velocities behave in Weber’s theory or how they can be limited. There are multiple factors to consider here. First, Weber’s force itself models a delay in propagation intrinsically with the constant c in the formula, and as argued by Brown [201], c should be viewed as a retardation constant at which cause and effect occur. Related to this Sokol’skii and Sadovnikov [13] have studied planetary orbits with a gravitational form of Weber and find that gravitational interaction propagates at the speed of light c in their model. In the previous Section 3.2.1 we have seen different considerations showing how Weber is able to predict wave propagation of electromagnetic signals at the speed of light, for example in combination with the principle of retarded time applied by Moon and Spencer, and Wesley who derived wave equations based on this premise. Additionally, Weber and Kohlrausch first obtained experimentally the value of c with Weber’s force and Kirchhoff and Weber both arrived at the telegraph equation for propagation of signals in a circuit independently from each other based on Weber’s force. From these considerations, we can see that Weber indeed expresses a delay in propagation and a finite propagation velocity despite it’s action-at-a-distance origin, meaning causality is not violated.



The overall concept of action-at-a-distance theories on a more philosophical basis has been discussed by Pietsch [36]. The discussion is on a more general level about energy conservation, necessity of contact for transmission of energy, locality criteria and metaphysical considerations and does not favour Weber’s theory over the Wheeler-Feynman type or other action-at-a-distance theories [21]. First the problem of divergent self energy of a point charge in classic electromagnetism is discussed, with the existing resolutions of renormalisation versus extension approaches. It is argued that both solutions come at a cost and that action-at-a-distance can offer an alternative to resolve either problem that arises in one approach or the other. Similarities of pure particle action and pure field theories are explored in the analysis [36] and then Pietsch continues to point out similarities of action-at-a-distance theories with modern particle-field theories of electrodynamics widely established today. Lentze [202] has argued that direct-action between charges as a general concept can provide deeper insight into explaining the origin of electromagnetic forces and the light speed principle, thus improving our understanding of nature. Further discussion of direct-action theories, also more focussed on the quantum version of the Wheeler-Feynman approach with respect to Haag’s inconsistency theorem and how direct-action can overcome the mathematical inconsistencies and problems arising from QED and QFT can be found in [42], but are beyond the scope of this review.



From a modern perspective, Weber’s force has been critiqued as it does not account for relativistic corrections of deflected electron beams, such as the Kaufmann-Bucherer or Bertozzi experiments [203,204] in its basic form. Additionally, Weber’s force does not impose the same relativistic speed limit of c on a particle [205] as is expected from SRT, and it does not seem to be compatible with SRT and the Lorentz transformation based on these shortcomings. In its standard form Weber is only an approximation in    v 2  /  c 2    for high speed particles compared with relativistic corrections, as shown by [107,203]. There are, however, some approaches in the literature to address and solve these inconsistencies of Weber’s force. For example, this could suggest that the regular form of Weber’s force (15) might still be an incomplete theory and only modified forms may be able to overcome this problem. Attempts on limiting the velocity have been made by Montes [206], Wesley [204] and Phipps [196] which manage to include relativistic corrections to varying degrees. Assis [207] investigated Phipp’s potential and the inclusion of higher order terms similar to [146,147] in relation to their relativistic compatibility. He finds that these types of Weber theories either hold the speed limit c for an individual charge or their relative speed, but not both at the same time. In general these approaches consider some form of modification of Weber’s theory, which might involve other costs as analysed for the gravitational type forces and their energy conservation [155], and even if a suitable modification is discovered, its properties should be studied further on this basis. In a recent study, Li [198] utilises an extension of Weber’s potential and the additional assumption of modified mechanics and arrives at high velocity particle behaviour that is identical to the predictions made from SRT. This has certain similarities to Wesley’s approach [143] of modified mechanics in conjunction with a Weber-type force and indicates that further research is necessary in relation to the high velocity regime.



Another interesting approach to potentially resolve the problem was suggested by Bush [137]. Bush investigated a direct-action force of the Weber-Ampère type and instead of a variation of mass with velocity assumes a variation of charge with velocity. He deduces from these investigations that the   e / m   ratio obtained with their approach is consistent with the Kaufmann-Bucherer experiments. Further, with this approach it is the force which tends to zero for a relative velocity between charges close or equal to the speed of light, rather than the mass tending to infinity. The reason why no superluminal particles are observed experimentally is then the lack of force transmission at the speed of light. From these different suggestions to reconcile Weber’s force with relativistic corrections it can thus be concluded that the theory has not been fully developed for high speed interactions yet, and more research is needed if Weber can be correctly used in that sense.



Recently, a new study by Kühn found that it is also possible to resolve the problem with wave equations derived from Weber electrodynamics [111], where the wave solutions are obtained in the reference frame of the receiver. The article first shows how Maxwell’s equations lead to Weber’s force within the low velocity limit and then further investigates how the wave propagation in the far field can be limited to the velocity of light. Interestingly, the Lorentz transformation is not a necessity in that approach and rather than viewing the propagation velocity as constant w.r.t. the transmitter, it is perceived as constant by the receiver. The physical mechanism responsible for this behaviour is discussed with regard to a newly developed emission theory by Kühn [208] and its implications for electrodynamics and SRT. Concluding from these different approaches, while in its standard form Weber’s force seems incompatible with SRT, we see that solutions have been suggested and further research is needed to investigate how Weber’s theory and relativistic physics are related.



Other modern criticisms have been issued where Weber’s force was shown to lead to unphysical results [157,209]. In the case of the investigation carried out by Clemente et al. Weber’s force is applied to cold plasmas and analysed for the resulting propagation of waves in the plasma oscillations. The authors of [157] find that Weber predicts a type of longitudinal wave propagation that is unphysical and contradicts the well established experimental evidence [210] about dispersion relations in cold plasmas. On this basis it is also concluded that only the existence of electromagnetic fields can account for this effect and that Weber’s force leads to erroneous results in this case because it strictly follows Newton’s third law. This is, of course, an important point of criticism and it shows that Weber’s theory has not yet been developed in relation to plasma physics at all. It might be interesting to see if Weber still leads to unphysical results if retarded action is taken into account (as it was discussed in Section 3.2.1 whereby Weber is consistent with fields in that case). It might be possible to arrive at the correct result by modification of Weber’s equation or potentially Ritz’s formula could account for the discrepancy, while this is a shortcoming of Weber’s force it would be of interest to further develop a plasma physics approach based on Weber’s force.



An analysis by Sherwin [209] compares the transmission and detection of an idealised radar system between Weber’s force and the Liénard-Wiechert force in the standard theory. While the magnitude is found to be the same for both approaches, the angular dependence, direction of signal transmission and propagation delay is different between the two. Sherwin states that the standard result through the Liénard-Wiechert equation is well supported by experiments in radar technology and disagrees with the Weber prediction. On the other hand, the field-model result cannot easily account for longitudinal forces, which the Weber force can, and at least the propagation delay can be introduced through a retarded time approach, such as Wesley’s [9,211]. From this, Sherwin concludes that neither theory agrees sufficiently well with observable phenomena yet. This seems to be a peculiar situation that neither theory fully agrees with expectations yet, as it is likely that the inclusion of longitudinal forces in the Liénard-Wiechert model would also change the angular dependence and transmission direction closer towards the Weber force result. Certainly, more research is needed to arrive at an answer to the problem and it would be advantageous to give Weber’s theory a further rigorous development for signal transmission and radar applications, also on the basis of the approaches reviewed herein [9,19,134,211].



We have outlined how Weber’s theory offers particular value in explaining phenomena arising in various areas of physics. Most of the original objections to the theory have been answered and the criticisms that remain are not yet completely resolved. Neither the Maxwellian field approach nor Weber’s electrodynamics are free of criticism and problems, each theory has its own advantages and disadvantages and unreconciled inconsistencies. In the same way that established theories are continually researched and developed further and eventually amended, we would make the argument that the same is necessary for direct-action theories, especially considering that there are significant parallels between both theories and many connections have been established between the two. Several authors have presented the view point that direct-action theories are a valid alternative to be considered in physics and can help overcome problems associated with field theory. None of the theories are perfect, so it is not wise to dismiss direct-action too early and it should be further developed to inform research and to investigate what explanations it can offer. Another useful approach might be to regard the two theories as complementary, and depending on the application to employ whichever theory is most suitable.





4. Perspective and Future Prospects


The present article has given a comprehensive review about an underrated contribution to the foundations of electrodynamics, namely the electrodynamic theory of Wilhelm Weber, and pointed out its many capabilities. However, even with the several strengths of Weber’s formula presented, the current limitations of the theory have also been explored and criticism of the theory addressed. Overall, it is found that Weber’s force in its standard form is only valid within certain limitations and further research is needed, but it can still complement Maxwell’s field equations within those bounds.



In the literature analysis both Maxwell’s theory of fields and Weber’s electrodynamics have been introduced, and it was then reviewed how Weber is capable of explaining several electromagnetic phenomena, including Coulomb’s force, Ampère’s force, field equations, induction and the telegraph and wave equations. Moreover, the importance of longitudinal forces and their role in Weber electrodynamics was emphasised, as well as their analogy in field theory, as they have been shown to exist in both approaches.



Further to just explaining electricity and magnetism, Weber’s theory provides a basis for other physics disciplines and has a unifying character connecting several branches of physics. It has been shown how Weber’s force connects to gravity and the strong nuclear force, Newton’s second law and Mach’s principle and relativistic phenomena such as the bending of light or frame dragging, however it is not yet known how the weak force relates to Weber’s force. For standard field theory it is well known that strong force and weak force can be related to the electromagnetic force but it is still unknown how gravity can be unified with the other forces in that approach, although it is being actively researched (e.g., quantum gravity). Lastly, field theory is compatible with SRT as well as quantum mechanics, but there is no extensive research yet how Weber’s theory can be related to these topics, if at all. We can see from this juxtaposition that both theories are similar, yet different, and a table is given below summarising some of the similarities and differences of both theories (Table 1).



One can conclude that Weber’s theory is not without limitations and is only valid within the low velocity regime, with standing problems in relativistic physics (special as well as general), radiation and plasma applications as well as quantum electrodynamics. However, if the force law is considered as an addition to Maxwellian field theory, it can enrich one’s perspective on electromagnetic phenomena and beyond. It offers an explanation of observed phenomena from a particle perspective, as well as the prediction thereof. In this sense Weber’s theory can be regarded as an important component of electrodynamic theory, even though it has not been developed anywhere near to the same level as field theory. While experimental evidence in relativistic electrodynamics and QED supports Maxwell’s field theory, it has been found that Weber agrees with experiments in the near field and low velocity limit. This suggests, along with recent studies, that Weber’s force is a low velocity approximation up to second order in   v / c   of a more fundamental underlying force, and needs further development. Several modifications are conceivable, with possible generalisations of the Ritz-type or corrections to the Weber potential as suggested by Li [198] and it will be subject to future work to investigate the full capabilities and boundaries of the theory and its modifications.



A benefit of Weber’s force is that it follows Newton’s third law of motion, thus conserving linear momentum, and additionally conserving angular momentum as well as energy, so it does not violate conservation laws. In the field approach it is usually argued that conservation laws are not violated when the energy content of the field is taken into account, i.e., the field can obtain energy or momentum from a system and store it as well as release energy and momentum. Further, Weber’s force accounts for longitudinal forces intrinsically, however, the absence of longitudinal forces seems to be desired in radar and plasma applications where the field approach benefits from this quality instead and Weber seems to fail to predict the expected results. However, Weber’s force can be calculated directly from the movement of the charges involved in an interaction and does not necessitate the calculation of one or more fields of those charges from which the force is calculated, which offers clear force and particle-based explanations, which avoids problems such as the self-energy divergence. Another benefit in Weber’s theory is that charge velocities are clearly defined, whereas in field theory there may be some ambiguity left as to what velocities are to be used in the Lorentz force equation. Lastly, Weber’s force offers the possibility to unify gravitational forces with those of electromagnetism. It is thus considered constructive to use both theories in cooperation with each other, as each can compensate for the other’s weakness and regarding a specific problem in question from both perspectives can potentially lead to new insight. Examples for this can be found not only in the flux cutting analogy of unipolar induction, but also transformer induction where the particle perspective considers the acceleration of the current electrons whereas the field perspective links the magnetic flux of either side of the transformer. Similarly, magnetic fields (e.g., of a solenoid) can be regarded from a particle perspective, where it is again the movement of the charges exerting an influence on the test body rather than the field mediating the force.



On the basis of the present review, one can identify certain aspects of Weber’s electrodynamics that would be especially interesting to research further. Firstly, the importance of Ampère longitudinal forces to determine how they influence specific applications, for example the present limitations surrounding the radar equation and cold plasmas, and further development of Weber’s force for signal transmission and radar applications would be of interest. Further, the general relevance of longitudinal forces to nuclear fusion applications has been suggested [82,97,212], and it remains to be determined how longitudinal forces could be applicable to plasma physics on a wider scale, especially as plasmas typically have a positive ion charge density and a negative electron charge density. There is not yet extensive experimental work giving a quantitative estimate of the influence of the longitudinal forces on plasmas of which the authors are aware. Some recent experiments [101] suggest that the influence is frequency dependent but relatively small. Further research into longitudinal forces would certainly be of general interest to clarify their overall role in electrodynamics.



Another aspect that should be further investigated is charged particle optics based on Weber’s electrodynamics, in particular the deflection of high-speed electrons as in the Bertozzi experiment and further exploring how Weber relates to mass change with velocity and SRT. In order to advance the simulation in the high velocity regime, Weber’s force will likely need modifications, such as suggested by Wesley, Assis, Montes and Li, along with other types of modification and generalisation still to be explored.



It could also be valuable to research further electrostatic induction and its connection to Weber’s force, Assis notably mentions the experiments performed by Jefimenko and Edwards et al. [213,214,215]. Nowadays, there are more modern experiments that have been performed and extended the work of Edwards et al. with superconductors and electrostatic induction in general, but it seems like they have not yet been analysed from a Weber-perspective and similar experiments could help to further investigate the boundaries and validity of Weber’s and field theory in these cases. Next to electrostatic induction, of course, investigating other induction experiments further and how Weber’s force can predict them seems logical as Weber has been successfully applied to transformer and unipolar induction already.



There have been some initial connections between Weber’s force and quantum mechanics (see Section 3.2.2), and it could be extremely valuable to extend Weber’s force to the quantum realm, as this could resolve existing problems with Weber’s force and might allow for new insight into particle physics from a Weber perspective relating to the nature and behaviour of the particles themselves. Similar to Weber’s model of the atom, it might be conceivable that a Weber-type theory leads to a quantum wave equation which resembles Schrödinger’s equation. Interestingly, a recent study by Zhao [216] has derived a wave equation similar to Schrödinger’s, that shows interesting similarities to Weber, as both Weber’s planetary model of the atom and Zhao’s approach can account for precessing electron orbits. So it might be worth investigating what quantum mechanical capabilities Weber-type forces might have. It may well offer yet unknown solutions and insight regarding present problems surrounding supersymmetric expectations in particle physics.



In conclusion, Weber’s force is an electrodynamic force law with limited validity that can complement Maxwell’s field equations, and particularly in the low velocity and near field limit it is indistinguishable from field theory. It can offer explanations not only for electromagnetic phenomena but also general physics, with many connections yet to be explored, holding great potential for further development.
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Figure 1. Two charged particles   q 1   and   q 2   in a Cartesian coordinate system   ( x , y , z )   at positions    r →  1   and    r →  2  . Their relative position    r →  12   is a vector pointing from   q 2   to   q 1  . 
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Figure 2. A visual map providing an overview of the different subsidiary fields and phenomena that Weber’s theory has been shown to provide a basis for and connects with throughout the branches of physics and engineering. 
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Table 1. A comparison between field and Weber theory in selected categories.
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	Category
	Field Theory
	Weber Electrodynamics





	Point Particle Interaction
	Liénard-Wiechert-Schwarzschild force
	Weber force



	Current Element Interaction
	Grassmann’s force
	Ampère force



	Longitudinal Forces
	Can be obtained in various ways [96,97,112]
	Intrinsic



	Magnetic Force
	Lorentz force
	Weber-Ampère force



	Conservation laws
	Energy is stored or dissipated by the field to restore conservation laws
	Follows linear momentum, angular momentum and energy conservation



	Field Equations
	Maxwell equations
	Can be obtained in various ways [5,6,8,9,110]



	Induction
	Through changing electric and magnetic fields and flux
	Through particle movement (velocity and acceleration)



	Wave Equations
	Arise from moving fields
	Can be obtained through retarded time and also predicts telegraph equation



	Compatibility with other forces of nature
	Weak force, strong force, gravity not yet known
	Gravity, strong force, weak force not yet known



	Compatibility with SRT
	Compatible through Lorentz transformation
	Incompatible with Lorentz transformation



	Extension to Quantum Mechanics
	QED, QFT
	Initial connections and some problems exist, but not yet fully known
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