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Summary

Classical Electromagnetic Theory (CET) attempts at unifying (static and dynamic) electric and magnetic phenomena interpreted before Einstein’s Special Relativity and Light Quantum theories (1905). Standard textbooks, both at school and at the first years of university, usually present it after Mechanics and Thermodynamics in a “normalized” way. Students present specific learning difficulties in achieving conceptual clarity on CET’s main concepts: e.g. fields, charges, potentials. An effort is made here to contribute with a non-standard approach to CET learning. 

A first step of this approach asserts that advanced textbooks for the later University years, written by Nobel prize winners in the 20th century, offer a non-normalized picture. They differ in that underline one or another of the main concepts and one or another of the main principles: e.g. energy conservation or least action. In so doing they relate to 19th century CET foundational debates. 

A second step thus asserts that extraordinary pre-paradigmatic science with its competing historical research programmes is unavoidable for an understanding of CET. 

As a third step, an effort is made to present a Nature of Science (NoS) image, based on a four-component scheme, which might overcome Kuhn’s separation between normal and extraordinary science. 

A fourth step asserts that even if a historical framework is needed, not all the historical intricacies have to be covered in education. Thus a case studies approach is adopted: it underlines a small number of principal conceptual and experimental turning-points. For educational purposes, and in agreement with a growing educational literature, “history” is then transformed into “conceptual stories”. In turn, some of these stories have been transformed into screenplays for short, introductory ten-minute movies than can be downloaded from the web. 

But in a fifth and final step, history makes a comeback, through the use of Web 2.0 technologies, specifically a Wiki software which allows users to actively interact with primary and secondary historical sources and with educational materials through tags, threads, and personal contributions (in a Wikipedia style). Movies and 3D animations and simulations now appear only as introductory. In this way a number of web communities can be formed, each at the preferred depth of historic-critical scientific understanding.

1. What do we mean by “Classical Electromagnetic Theory"?

Electrical and magnetic phenomena have aroused interest for quite a long while in many cultures (Needham, 1962). “Electron” is the ancient Greek word for “amber” and “magnetic” derives from the Aegean region “Magnesia”. In Western culture, the systematic study of electrical and magnetic phenomena started in 1600 with Gilbert’s De Magnete. (Gilbert, 1600). At the beginning of the 20th century, continuous efforts of analysis and synthesis of these phenomena resulted in Lorentz’s Electron Theory (Lorentz, 1909), the archetypical Classical Electromagnetic Theory (CET). The term “classical” indicates that these results conceptually predate Einstein’s Special Relativity (Einstein, 1905a) and Light Quantum (Einstein, 1905b) theories of 1905.

CET is important for various reasons. From a scientific point of view, it is at the root not only of Special Relativity Theory but also of the General one (1916) (Einstein, 1916), which utilised the electromagnetic model of contiguous action to overcome Newtonian action at a distance gravitational theory; after the success of Quantum Mechanics, it has acquired new life as Quantum Electrodynamics (Feynman, 1998; Schwinger 1958); in today’s Standard Model (Cottingham, Greenwood, 2007) the electroweak is, with the strong, one of the basic physical interactions waiting for a further unification with gravitation. From a historical point of view, it is the result of numerous important scientific debates between conflicting research programmes. From an educational point of view, it is supposed to be an example of “normal science” (Kuhn, 1962), still taught today all over the world in schools and in undergraduate courses in physics, mathematics, chemistry, natural sciences, engineering, biology, medicine, etc.

Standard CET


Usually placed after mechanics and thermodynamics, the standard textbooks’ presentation of CET (Giancoli, 2000) starts with electrostatics (Volta’s relation between quantity of charge, tension and capacity, and Coulomb’s Newtonian inverse square action at a distance law). In turn, attention is paid to magnetostatics (stationary currents that according to Oersted’s results produce magnetic effects, described by the laws of Biot-Savart and Ampère), and circuits (Ohm’s, Joule’s and Kirchhoff’s laws). Faraday’s electromagnetic induction follows (electromotive force is produced  according to the flux rule). The introduction of the so-called displacement current leads to the four basic equations of Maxwell-Lorentz that establish the relations between sources (charges and currents) and fields, and eventually Lorentz’s force, that establishes the effects of fields on charges.

Basic components of CET are thus corpuscular charges and currents on one side and electromagnetic fields (waves) on the other. The former are the sources of the latter, the fields are autonomous entities that propagate with a finite velocity, the velocity of light, and then interact with other charges and currents. Fields are linked to potentials, usually presented as mathematical quantities, through specific equations.

It is not surprising that teachers and students believe that CET is a difficult subject! (Viard & Khantine-Langlois, 2001; Guisasola et al., 2002; Silva, 2007). Having studied Newtonian mechanics based on action at a distance with infinite speed, students are rapidly introduced to a theoretical framework that in its electrostatics part resembles mechanics (Coulomb’s law is analogous to Newton’s law), while in its magnetostatics part (stationary currents) is based on an interaction between two points that does not act along the line joining them but perpendicularly to it. Moreover, this interaction is interpreted through a contiguous action theory and (in dynamics) is propagated with the velocity of light, a finite one. Thus the concept of “field” is basically different from the one of “force”, but charges and currents still play a relevant role as sources of the fields, despite the fact that classical electromagnetism is usually seen as a wave and not a particle theory. In addition, the principle of energy conservation takes a third form, after the mechanical and thermodynamical ones: in electromagnetism’s dynamical part, the basic mechanical distinction between potential and kinetic energy disappears and the principle assumes the form of a continuity equation (Poynting’s theorem). Last but not least appears Lorentz’s force to express the effects of electrical and magnetic fields on charges, and this force, at variance with Newton’s and Coulomb’s, depends on velocity and not only on distance. Also the role of the potentials is rather disconcerting: are they physical or mathematical quantities?

Feynman’s table

A vivid and explicit presentation of these conflicting conceptual elements of CET, usually hidden in standard textbooks, can be found in the famous text: “Feynman’s Lectures on Physics” (Feynman, Leighton, & Sands, 1963), usually studied at an advanced university level. A table summarizes a number of results. 

The operators divergence, gradient, laplacian, dalambertian utilised in this table are explained by Feynman in the first chapters of the text.
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The equations that summarise CET are divided in two columns: in the first the ones that are valid only in the static case, in the second the “true” ones, that is the ones that are valid in general. There is a clear-cut distinction between fields (electric and magnetic) and potentials (scalar and vector). The relations that connect the fields to the potentials are outlined clearly both in the static and dynamic cases.

In the static column we find Coulomb’s law; the laws of the electric static field E both in the elementary form and in the vector one (the rotor of E equals 0), the relation that connects the field E with the gradient of the scalar electric potential; then the laws of the conductors are recalled and with them Volta’s law (Q=CV); in turn there is the law of the production of the magnetic field B through stationary electric currents both in the formulation of Ampère’s elementary law and in the vector form through the relation of the rotor of B and the density of electric current. Next is the expression of Poisson’s equation through the laplacian operator that connect electrostatic potential with charge density, and the similar one that connects vector potential with current density. Finally, the elementary formulations of these two potentials are recalled. In the last line we find the expressions of electrostatic and magnetostatic energy as the products of the density of charge by the scalar potential and of the density of current by the vector potential. In the static case these expressions are equivalent to those of the scalar product of the electric field by itself and of the magnetic field by itself. The first one is identified as potential energy and the second as kinetic.

In the second column of the table, the one dedicated to the “true” laws, we find Lorentz’s law (force depends on the velocity of charges) and Gauss’s law (the divergence of the electric field equals the density of charge). The last one is identified as the first of the four “Maxwell’s equations”. Faraday’s induction law, in the form: the rotor of the electric field equals the derivative of the magnetic field, follows as the second of Maxwell’s equations; and then the link between the electric field and the scalar and vector potentials is outlined. The third of Maxwell’s equations follows: there are no isolated magnetic poles, in the form: the divergence of the magnetic field equals zero; and the fourth, that sees the addition of the “displacement” current to Ampère’s law. Then we have the relation between the magnetic field and the rotor of the vector potential.

Feynman underlines that the equations of the electrical and magnetic fields, E and B, are linked to the sources, density of charge and density of current, but not to the potentials. The fields are here connected to the potentials through other separate equations. This is a main departure from Maxwell’s original equations (Maxwell, 1873; Everitt 1974).

Analysing the potentials, Feynman shows that in the dynamic case both electric and vector potential are now retarded potentials. Thus the potentials too are propagated with a finite velocity, the velocity of light, like the fields. Feynman writes the equations defining the potentials both in the dalambertian and in the elementary form. In a way at this stage both fields and retarded potentials can be considered primary physical quantities: the secondary quantities of choice can be derived through the connecting equations. Coming now to the expression of electromagnetic energy in the general, dynamic case, the distinction between potential and kinetic energy does not hold any more, nor does the equivalence between the expressions with the potentials and those with the fields. The energy is now given by Poynting’s theorem and a global principle of conservation (static case) is transformed into a local one.

CET is not a simple synthesis, it is in fact based on both discontinuous (charges) and continuous (fields) concepts, on action at a distance (statics) and contiguous action (dynamics), on instantaneous interactions (statics) and finite speed (dynamics), on forces depending only on distance (statics) but also on forces depending on velocity (dynamics), on global conservation of energy with a sharp distinction between potential and kinetic energy (statics) and on local conservation which, through the so-called Poynting vector, blurs this distinction (dynamics), and on the role of potentials as mediators between forces and fields.

Feynman’s wonderful synthesis tells us that science cannot really be understood through standard textbooks which offer only a “normalized” view of a scientific theory and avoid the most significant part: research on foundational aspects. “Conservative” teaching, based on the technical solution of pre-defined problems ought to be complemented by “innovative” teaching, which shows how to define problems (Botkin, Elmandjra & Malitza, 1979). In our case: how and why important physicists have conceptualised such antagonistic concepts in electromagnetism and how it happened that these antagonistic concepts have been joined together.

Is the path from history to textbooks univocal?

By CET we usually mean the body of scientific knowledge first synthesized by Lorentz and subsequently less and less well reproduced in standard textbooks. But we will see shortly that this body of knowledge has not been interpreted and presented by the principal 20th century physicists in a standard way in their advanced textbooks, written well after Lorentz’s synthesis. These physicists were well aware of the importance of their own alternative conceptualization and definition of CET: an indication of the fact that “normal” (Kuhn, 1962) science is not that normal after all, and that the (static) presentation of scientific theories is strongly connected to their (dynamic) evolution. 

2. Advanced textbooks: is CET really “normal”?

Theoretical physics, doctoral studies and advanced series of textbooks

At the end of the 19th century, Kirchhoff (1891-7); Helmholtz (1897-1907); Poynting and Thomson(1899-1914) established an important tradition: they wrote a series of advanced textbooks trying to offer to advanced students and researchers a personal interpretation of the growing body of physical knowledge.

Five relevant CET advanced textbooks

In the 20th century, after the development of Relativity Theory and Quantum Mechanics, this commitment of late 19th century great physicists was continued by, among others, Planck, Sommerfeld, Pauli, Landau and Feynman, all of them (except for Sommerfeld) Nobel Prize winners (Max Planck in 1918, Wolfgang Pauli in 1945, Lev Landau in 1962, Richard P. Feynman in 1965). Comparing their interpretation and exposition of Classical Electromagnetism (Planck, 1932; Sommerfeld, 1952; Landau & Lifchitz, 1970; Feynman, Leighton & Sands, 1963) relevant conceptual differences emerge, even if the quantitative results are the same.

Planck based his text on the principle of energy conservation in Poynting’s version, and asserted that Maxwell’s theory owes its sovereign position not to its greater correctness, but to the way contact action simplifies the interpretation of nature (Planck, 1932, p.V and 1-3). Moreover, he did not believe in a special meaning of physical dimensions (Planck, 1932, p.19). Many years after the birth of relativity theory (1905), very little room is dedicated to it in his text, an indication of the long delay needed to introduce the results of research papers in textbooks (Planck, being the editor of the Annalen der Physik in 1905, was among the first to be well aware of Einstein’s revolution).

Sommerfeld openly criticised Planck’s approach, re-evaluated the role of dimensions and asserted their “reality”. In addition, he identified an essential role for energy factorisation (energy as the product of an intensive (non-additive) and an extensive (additive) quantity) in the expression of energy terms (Sommerfeld, 1952, pp. VI-VIII and p. 11) and openly agreed on the “purification” of Maxwell’s original equations from potentials performed by Hertz and Heaviside (Sommerfeld, 1952, p. 2 and p.4). Maxwell’s “new” equations are for him the axiomatic foundations of CET (Sommerfeld, 1952, p. 2).

Pauli’s approach was based on “induction” from basic experiments and on the duality between particles and fields, a duality which has a “philosophical” implication (Pauli 1973, pp. 2-3).

Landau (with Lifchitz) chose a different principle for his derivation of electromagnetism: the principle of least action; the specific interpretation of “action” is considered an “experimental” matter (Landau, 1970, p. 65 and 94). The whole exposition is based on Special Relativity Theory.

Finally Feynman stresses the relevance of potentials as basic entities, and the equivalence of a delayed action at a distance theory based on retarded potentials with Maxwell’s equations (Feynman, 1963, I, 28, p.3). Feynman thus turns on its head Sommerfeld’s “purification” of Maxwell’s equations from the potentials, asserting the physical priority of the potentials relative to the fields (Feynman 1963, II, 15, p.19). Moreover in his textbook Feynman revives an important 19th century tradition (Weber’s one) formulating an elementary force law based not only on distances but also on velocities and accelerations (Feynman, 1963, I, 28 p.2 and II, 21, p.1).

According to Feynman (1963, I, 28, p.3), Coulomb’s law “is wrong” (there are no infinite velocities). The apparently instantaneous action at a distance is the result of the sum of the first two of the three terms of his delayed action at a distance law. Feynman’s unusual research project under his young professor Wheeler started in 1941 when he was a promising graduate student. They aimed to abandon Maxwellian classical electromagnetic theory in favour of a theory of delayed [and anticipated (Feynman, 1963, 2, 28, p.11)] action at a distance based on an elementary force law between charges. The reason can be found in an attempt to overcome some difficulties of classical electrodynamics (Feynman, 1963, 1, 28, p.4), difficulties arising “because we have allowed what is perhaps a silly thing, the possibility of the ‘point’ electron acting on itself” (Feynman, 1963, 2, 28, p.8). In one of their first papers, they refer to a text of O’Rahilly (1938), a staunch Irish defendant of the action at a distance approach. Thus a precise historical trace connects Feynman to Weber’s theory (discussed at length in the O’Rahilly book). In 1963 Feynman published in two chapters (1963, I, 28, p.2 and II, 21, p.1) of his Lectures a law that he claims mathematically equivalent but conceptually antagonist to Maxwell’s equations. As mentioned above, this law shows that the force between charges depends not only on distance (Newton and Coulomb), nor only on position and velocity (Lorentz), but also on acceleration. Feynman also revives the 19th century tradition of delayed action at a distance (how could he do otherwise after Special Relativity Theory?) and, at variance with Weber, introduces delayed potentials. All the same the similarities between Feynman’s and Weber’s laws are impressive.

Great scientists, advanced textbooks and history

This episode demonstrates the deep understanding that great scientists have of the evolution of their own discipline and of the debates between competing research programmes. For instance, Maxwell edited and commented on Cavendish’s collected (and unpublished) works; Mach wrote numerous treatises on the history of mechanics, thermodynamics and energy (Mach, 1911, 1960, 1986); Duhem (1913-59, 1954) left a mark both on history and on philosophy of science; Planck (1887) and Haas (1909) wrote important works on the history of the energy principle; Einstein (with Infeld) wrote a historical-conceptual popular book on the evolution of Physics that is still considered a classic (Einstein & Infeld, 1938).

We can thus see that an analysis of advanced textbooks reveals that CET is not that “normal”, and suggests that the different approaches of these 20th century textbooks are still embedded in competing 19th century research programmes. Planck underlines the role of a local energy conservation principle, in agreement with Poynting’s 1885 contribution (and with his own 1887 treatise on energy conservation); Sommerfeld refers back to Hertz’s equations and to the factorisation of energy; Pauli underlines the duality in Lorentz’s synthesis; Landau rather than energy conservation stresses the role of variational principles, following Helmholtz’s and Hertz’s shift towards a least action principle; finally Feynman gives new life to Weber’s theory based on forces depending on distances, velocities and accelerations (Bevilacqua, 1985).

Is textbook science “normal”? Against the dichotomy normal/extraordinary science

Could it be that students’ (and teachers’) difficulties in learning CET be due to a lack of conceptual clarity in standard textbooks? The Kuhnian concept of “normal science” should be questioned and an analysis of extraordinary science, with its historical debates, is needed. In our view this analysis would not only offer a better understanding of the principles and concepts of CET, but might also offer an example of how a specific scientific discipline develops (there is no final theory, but temporary synthesis between research programmes which often are antagonistic), to show intrinsic links between various academically divided disciplines (e.g.: physics, mathematics, history, philosophy), to present the personal side of scientists’ lives and the historical context in which they operated.

3. A four-component approach to the “Nature of Science”

Despite being a useful first approximation, the Kuhnian image of science, as divided into a fluid, multidisciplinary activity (extraordinary science) which questions its own foundational beliefs and a stable, specialised aspect which develops new results from shared assumptions (normal science), shows its limitations. The two parts are in fact strongly intertwined and usually coexistent. The numerous scientific debates and continuous scientific revolutions show that “scientific truth” is historically contingent and not final. Scientific debates are an essential component of cultural wealth and not an indication of “truth” overcoming “error”. But the large majority of citizens at best only approach science through standard textbooks. The most interesting aspect of science, multidisciplinary research with its deep underlying cultural values, scientific debates, the scientists’ worldviews, their lives, the historic-social-cultural context of their research are usually kept at bay. Moreover, at university level, History of Science is often a subject for the humanities, for students with very limited scientific knowledge, and science students are strictly oriented towards specialised sub-disciplines of “normal” science, another instance of the everlasting ‘two cultures’ dichotomy (Snow, 1959).

We need a new image of science, aimed at a better understanding of both the content and the process through which science evolves. The general public comes into contact with science only through standard textbooks or through media coverage of the latest technological or scientific results. Both are limited, inadequate to understand the development of scientific knowledge and its strong links with culture and society.  In fact in modern democracies scientific knowledge is also a factor of productivity, it plays an ideological role, and is related to ethical and social problems. Thus there is an urgent need to improve the public understanding of science in a “knowledge-based society”. Even if textbooks might be useful for the technical preparation of the minority who will develop the “normal” activities of big science, something different should be offered both to this minority and to the majority of our citizens who will not deal professionally with scientific technicalities but need to be aware of science’s cultural aspects. In the last sixty years all over the world, a renewed interest in a better understanding of science has promoted new academic disciplines like history and philosophy of science, Science Education, scientific museology. New digital technologies have produced a new social model, the network society (Castells, 2000).

Interestingly many of these developments have been related to the birth and development of “big science”, an indication that society at large needs to balance technical progress with cultural values. Two examples: the first courses in History of Science were launched at Harvard after the Manhattan project; after the Sputnik a wave of attempts at improving Science Education began and these included both Feynman’s Lectures at Caltech and Holton’s Project Physics Course at Harvard (Rutherford, Holton & Watson, 1970).

All this, plus the university students’ rebellion of 1968, also influenced our historical and educational activities at Pavia University, which began in 1975 and developed through local, national and international projects. One of the results is a specific view of the “Nature of Science” (NoS) (Bell R. et al., 2001; Guisasola, Almudí & Furió, 2005;) that we summarise below and subsequently apply. 

A beginning: Conant and Bush.

We take 1945 as a starting point: the Manhattan project reaches its conclusion, the first atomic bomb explodes (Trinity test at Alamogordo) on the 16th of July 1945. A short and little-known archival movie (1949) The March of Time (Barazzetti & Branca, 1996) vividly reveals the role of two main players: James Conant and Vannevar Bush. The first, a chemist, is a scientific and military advisor to president Roosevelt, chairman of the National Defense Research Committee (1941-6) and president of Harvard University from 1933 to 1953. The second, an engineer, is President of the Carnegie Institution, chairman of the National Defense Research Committee (1940-1941), director of the Office of Scientific Research and Development (1941-47) and worked towards the establishment of the National Science Foundation.

After the atom bomb James Conant feels the need to improve scientific education of laymen and starts History of Science courses at Harvard, based on a case-study approach (Conant, 1957). Among his first assistants is Thomas Kuhn, who was to become the most famous historian of science of the second half of last century.
 Conant’s influence is also relevant for Gerald Holton (1999), then at Harvard as assistant of the Nobel Prize winner in Physics Percy Bridgman, the founder of the operationalist approach in philosophy of science (Bridgman, 1927).

Vannevar Bush in those years feels the need to improve the management of scientific information and in a paper which is now a classic (Bush, 1945) introduces the “Memex machine” a prototype of all subsequent hypertext approaches and also of the concept of a World Wide Web. Bush’s influence is openly acknowledged by pioneers like Douglas Engelbart (1962), Theodor Nelson and Tim Berners Lee (1999).

Einstein’s letter to Maurice Solovine 

In 1952 Einstein (1879-1955) is at Princeton, old and tired. Despite his great fame during McCarthyism he is the object of open criticism for his campaigns against the hydrogen bomb and for civil rights (Renn, 2005; Bevilacqua & Renn 2005). It is a time for reflection, already begun with his autobiography (Einstein, 1949). In a letter to Maurice Solovine, a friend since the youthful days of the “Olympia Academy”, he summarises in a wonderfully simple scheme his ideas on what science is (Holton, 1978). Einstein discusses the immediate sense experiences, the axioms and the logico-mathematical structure of theories, the relation between the simplest theoretical statements and sense experiences. He introduces two basic innovations to offset the dominant neopositivist paradigm. First: the scientist interprets a specific set of sense experiences through his own worldview and in this way elaborates a system of axioms. Second: the scientist introduces a subjective component in the experimental corroboration, that is, in the comparison between observational (but still theoretical) propositions and sense experiences. In this way scientists with alternative world views can arrive at different theories, and while these theories might be able to give alternative scientific explanations of a given set of data, they will not have the same predictive power. Theory and experience are thus intertwined (data are “theory-laden”) and not clearly divided as in the safety-net scheme of Hempel (Hempel,1952), one of the logical empiricists who emigrated to the USA after the advent of Nazism. In addition, Einstein’s scheme enables handling both aspects of science, the fluid one with its temporal evolution and the static one connected to quantitative logical-mathematic methods.

Other schemes 

Many philosophers, historians and educators have developed this idea of the fluid and static aspects of science.

The most famous is certainly Thomas Kuhn, with his abovementioned and criticised distinction between normal and extraordinary science. Kuhn asserts that textbooks only deal with normal science, and ironically criticises them, likening them to a mechanical coffee-grinding machine (Kuhn, 1961).

Gerald Holton (1979) develops and improves Einstein’s scheme and, in his descriptive philosophy of science (Losee, 2001), asserts that there are three basic components of scientific theories: the empirical, the analytical and the thematic (Holton, 1973). The last represents the scientist’s worldview, his “filter” in analyzing the data. Thus the evolution of a scientific theory should be seen as a trajectory in three-dimensional space.

At the same time at the University of Cambridge, Gerd Buchdahl (1983, 1993, 1995) develops a different three-dimensional approach, more explicitly connected to a Neo-Kantian philosophy of science. According to this approach the components are: the systemic, that is, regulative principles with justificative and heuristic power that give the architectonic of the theory; the explicative, that deals with the understanding of the basic concepts, and the physical one that deals with the probability of external events and their logical and mathematical aspects.

Our four component scheme

In our view, the thematic component of Holton can be better understood through the two components of Buchdahl that deal with principles and concepts, while the probative component of Buchdahl can be better understood through the two components of Holton that deal with the analytical and empirical realms.

We thus obtain a four-component scheme that has been fruitful in a number of historical analyses (Bevilacqua & Ianniello, 1982; Bevilacqua, 1983 ). This scheme can be applied to theories at a specific state of development, that is, when considered in a static way, and to their evolution and comparison, following the modification of one component or another. To summarise our four components: the explicative, that covers the intelligibility of conceptual models (e.g. contiguous action or action at a distance, waves and particles, local and global); the systemic, that covers the general principles (e.g.. conservation (causality), least action (teleology), symmetries); the analytical, that covers the specific kind of logical and mathematical quantification adopted (e.g.: partial or total derivatives, quaternions or vectors) and finally the empirical, one that covers all sorts of observations and experiments.

These four components are also useful tools for the analysis of advanced textbooks, like the ones referred to above, written by great scientists. For the “standard” textbooks a sort of ‘deconstruction’ is necessary: to dig into the layers of the results, now mainly quantitative, to outline the original meaning and the history of specific relevant contributions (Bevilacqua & Bordoni, 1998). This difficult task can be carried developed through a series of case studies, adapting a narrative style to the tradition launched by Conant.

4. Historical debates: conflicting worldviews

Historians have dedicated a great deal of attention to CET since Whittaker’s (1951) classical two volumes. Mary Hesse’s (1961) Forces and Fields has left a mark, and more recently John Heilbron (1979) at length covered the 17th and 18th century electrical theories and Olivier Darrigol (2000) the 19th and early 20th century.

Here we will confine ourselves to interpret and summarize a small number of historical turning-points, useful for our purposes. Each turning-point will then be presented through a “story” (Don Metz et al., 2007), which in turn will be developed in a screenplay for a ten-minute educational introduction to the historical issues.

Conflicting quantifications of Volta (1784) and Coulomb (1785) of 18th century electrical phenomena.

Having worked at length on Alessandro Volta (Bevilacqua 1999; Bellodi & al. 2002; Bevilacqua & Falomo 2002; Bevilacqua & Fregonese 2000-3; Bevilacqua 2003; Bevilacqua & Falomo, 2004 b; Bevilacqua, Falomo & Fregonese, 2004; Bevilacqua & Giannetto 2003), founder of our Institute at Pavia University, we came to believe that he followed a tradition, starting from Oresme of Paris, according to which a quantity can result from the product of an intensive (non-additive) and an extensive (additive) component (factorisation) (Murdoch & Sylla, 1978). 

Historical examples of this factorisation approach are easily found. For Oresme, space equals velocity by time; in pneumatics for Boyle, pressure by volume equals a constant (at constant temperature); in mechanics the Cartesian quantity of motion equals velocity by mass, in Carnot’s (1824) thermology, work equals temperature by heat, in mechanics work equals force by displacement, in electrostatics energy equals scalar potential by density of charge. This tradition plays a non-minor role in the development of energy studies and, as mentioned above, finds its place also in Sommerfeld’s (1952) Electrodynamics.

For Volta (1782), quantity of charge equals tension by capacity. The in-tensive quantity is a “tension” that tends to re-establish an equilibrium that for some reasons has been perturbed. According to our interpretation, this tradition might have reached Volta at the Jesuits’ school he attended, or through the influence of the Jesuit R.Boscovich (1759), who was a professor at Pavia University a few years before Volta. Volta thus adopted a principle of equilibrium and a proto-energetic principle of conservation. Moreover, he believed in the concept of electrical atmospheres (a pioneering approach to contiguous action and to the concept of field) and that metals play an active role: they are “motors” and not only conductors of electricity (Volta, 1794).

Volta’s approach conflicted with the French research programme of Laplace, based on forces that act at a distance on inert matter (Fox, 1997). More precisely, Volta’s 1784 tension law was challenged by Coulomb’s (1785, Galdabini & Rossi 1985) inverse square Newtonian force acting at a distance. Despite some difficulties in reproducing Coulomb’s torsion balance experiments, the analogy with Newtonian force gave Coulomb and the French school widespread success. If Volta can be framed in the “energy” tradition, Coulomb certainly belongs to the “force” tradition. The conflict became evident when Volta was invited by Napoleon to Paris (1801) to receive a prize for the construction of the battery (Brugnatelli, 1977).

Here we see our four components at work: principles of equilibrium, concepts of action at a distance and contiguous action, a number of experimental devices (e.g.: electrometers and torsion balance), a quantification based on a simple factorisation (Volta) and on refined calculus (Coulomb).

Our first story thus starts with Volta and his friend Brugnatelli’s trip to Paris in 1801. In Paris, the scientific capital of the time, Volta’s results are praised, but not his theories (Biot, 1801). Volta leaves Paris and on the return trip explains to Brugnatelli the differences between his own quantification and Coulomb’s.

The story, as told by a “narrator”:

“December 1801: only 12 years have passed since the start of the French Revolution.  Alessandro Volta reaches Paris together with his friend and colleague the chemist Luigi Brugnatelli to present to the Institut de France his sensational discovery, the battery, and to elaborate on his theories. At the time Alessandro Volta is a tall, energetic, imposing man, fifty-five, and surely at his intellectual prime. Since the age of sixteen, without attending University, he enters the international debate, eventually winning fame and fortune and at only thirty-three, the chair in Experimental Physics at Pavia University. 

The Institut de France is at the time the most important scientific institution in Europe and Napoleon himself, the First Consul, is a member. Napoleon wishes to be at the presentation and proposes a gold medal for Volta. So a commission nominated by the Institut prepares a report on the experiments and theories Volta demonstrates. The commission is formed mainly of colleagues of Laplace the great scientist and ex-Interior minister. The commission members appreciate Volta’s experimental results but do not agree with his theoretical interpretation. Volta is extremely resentful and leaves Paris immediately together with Brugnatelli without accepting the medal: they head for Lyon in their carriage.

Also Brugnatelli’s theories have been poorly received, perhaps because they are in partial contrast with Lavoisier’s. While his carriage travels the rough road towards Lyon Volta wonders aloud about what has happened. Brugnatelli listens. 

Volta remembers having been the first, in ’84, to present the law that links tension, capacity and electric charge, after his own electroscope experiments. Coulomb instead came out the following year with his torsion balance and formulated the law that links force with electric charge. Brugnatelli is a chemist, but understands that his friend’s theory challenges the Newtonian basis of the French approach. Volta in fact confirms that the French concept of instantaneous force at a distance has little relationship to his idea of tension, which is instead a “tendency” of the electrical fluid. When the electrical fluid is disturbed, it tends to return to the preceding state of equilibrium, to the normal, neutral condition of rest. 

Volta notices that Brugnatelli is perplexed so he clarifies his ideas with an example. He asks his friend to imagine a balloon being filled with gas. The gas is compressed to be contained inside the balloon: it acquires “pressure”, an “effort to push out”, that is, a tendency to return towards a state of equilibrium; likewise a spring, stretched to its limit possesses an elastic “tension” to return to its state of rest; or a heated body has a tendency to lose the heat acquired and this tendency is called temperature.  In the same way a body, electrified by rubbing, acquires electrical tension. So pressure, elastic tension, temperature and electric tension are all ‘tendencies’ to restore the state of equilibrium that has been disturbed. 

Today it is quite natural to refer all these phenomena to the principle of conservation of energy, inspired by Leibniz, in contrast with Newton.

Volta goes on: he has never accepted Coulomb’s approach which based the phenomena of electrical repulsions and attractions on a Newtonian analogy according to which forces act instantaneously at a distance, they depend only on the inverse square of the distance, and on the product of the charges. Volta underlines the differences between the concepts of force and energy: Newton and Coulomb’s force is a cause which acts continuously but does not diminish, like the gravitational attraction of the Sun on the Earth. From the point of view of energy, as the effect happens, the cause diminishes. For example, work is used, or spent, to lift or heat a body. 

To return to Volta’s journey: the two scientists arrive in Lyon to take part in a meeting of the parliament of the Repubblica Cisalpina organized and headed by Napoleon. Napoleon stresses again his appreciation of Volta. Volta’s sudden departure from Paris and his resentment have not influenced the Institut de France’s decision: at Lyon the medal and the prize-money are presented to him at last.

In 1801 the debate between force and energy has only just begun, but that is another story!”

Frogs and metals, the Galvani-Volta debate 

Galvani does not accept Haller’s physiological theory based on the irritability of muscles and the sensibility of nerves. He interprets the nerves as the carriers of an electrical fluid and assumes a specific animal electricity, produced in the brain. According to Galvani this electricity flows through the nerves towards the muscles, which become charged like Leyden jars (Bernardi, 1992, 2000). His famous discovery of the contractions of the legs of beheaded frogs is thus explained as the discharge of a condenser. Galvani relies on the electrical theory of his time to fight a battle in physiology. But Volta modifies the electrical theory, asserting that there is no specific animal electricity, that the contact of metals generates electricity and that the contractions of the frogs are due to the bimetallic rod that connects nerves and muscles. For Volta frogs are not essential, and through the condenser electrometer he shows the effect of the contact between two metals. Galvani in turn believes that the metals are not essential and manages to show that the frogs’ leg contractions are produced also through direct contact between nerves and muscles (no metals involved). The situation seems evenly balanced. Volta enlarges his contact theory to include wet conductors (fluids). Galvani starts experimenting with electric rays, still convinced of a specific animal electricity. Volta tries again to reduce the supposed animal electricity to a bimetallic contact. In so doing he piles up bimetallic pairs, in imitation of the anatomy of rays. Nothing happens, but inserting a wet layer between the pairs one of the greatest scientific findings is produced: the pile (battery). Volta names his device “the artificial electric organ” and at the same time denies any chemical role for the intermediate layer. 

The story:

“In 1798 Luigi Galvani, professor of anatomy at Bologna University, is a broken man. His life’s work, his great Commentary on ‘animal electricity’, the fruit of ten years of painstaking research, is being constantly challenged both by the physiologists of the school of Haller and by a physicist from Pavia University, Alessandro Volta. Volta, an extroverted, self-taught, outspoken man who claims to possess the “genius of electricity” is a ladies’ man who shows signs of the agnosticism typical of the Enlightenment, despite his family’s strongly religious background.

Galvani is a methodical and introverted man who recently lost his beloved wife and collaborator and in 1797 also lost his university chair for refusing, for religious and moral reasons, to swear allegiance to the Repubblica Cisalpina,. Napoleon had just conquered his native city of Bologna. The times are turbulent: the French Revolution has altered Europe’s political compass forever and Napoleon Bonaparte has emerged, both leader and tyrant. The whole of Europe is a battle-field.

In the second half of the 18th century electricity was ‘in the air’. Educated people, or at least those who could afford the time and money, gathered together to carry out scientific experiments as a social pastime: amongst the most popular experiments were those involving electrical phenomena. The intellectual climate of the day is influenced by the Enlightenment’s promotion of science and rational knowledge.

In this context, in 1791, Galvani publishes his results in his Commentary. He has made a sensational discovery: the flayed and dismembered legs of frogs produce perceivable movements for some time if certain muscles and nerves are connected. Galvani claims that the frogs’ brains produce ‘animal’ electricity which, running through the nerves, accumulates in the muscles. The frog legs, or the system of nerves and muscles, behave like Leyden jars. Leyden jars were familiar instruments of the day; they were condensers used to store electricity ready for discharge.

Galvani’s experiments have the advantage that they are easily reproduced, so one has only to pity the European frog population at the time, as the various salons across Europe, eager to impress, hasten to witness this ‘animal electricity’ for themselves. Heated debates arise regarding the differences between life and death, between organic, ‘animated’ behaviour and inorganic ‘inanimate’ matter and so forth.

In 1792 Volta is fascinated by his older colleague’s research. He wants to duplicate the experiments. Soon he is convinced that the electricity that makes the frog legs move is not animal electricity but ordinary electricity generated by the contact between two different conductors which link nerves and muscles. He reaches another fundamental result: the metals are motors and not just conductors of electricity. The concept of “electromotive force” is born. According to Volta the frog legs are detectors of electricity, they resemble very sensitive electroscopes rather than Leyden jars as Galvani claims. The ensuing debate is fierce and full of drama; it will be compared to the lively political battles of the time. Galvani continues his experiments and succeeds in showing how frogs move even without metal contacts, while Volta demonstrates that contact between metals produces electric tension without frogs. The score seems to be even.

But Galvani by now is physically weakened by his personal and professional trials. His chair is restored to him in 1798 but he dies the same year, embittered and disillusioned. Volta instead goes ahead, making piles of different conductors, in particular two metals and a wet layer and in 1799 manages to build the battery. He calls it the artificial electric organ, an imitation of the electric ray. The success of Volta’s battery sweeps away Galvani’s approach for some time, but Galvani’s ideas, revisited and developed, will give rise to the birth of electrophysiology. If Galvani could see how many technologies today originate in his research, particularly in the field of medicine, he might feel vindicated. In fact, the goal declared in his Commentarius has been attained: to provide material for other learned men to understand the properties of muscles and nerves and help treat diseases. Volta instead would be proud of the incredible transformations brought about by the invention of the battery, in practically every field of scientific and human enterprise. But he would be annoyed by the success of the electrochemical interpretation of the workings of his battery, a reading he had always denied.”

Laplacian reductionism and romantic Naturphilosophie. Ampère and Faraday

At the beginning of the 19th century in Paris, a new scientific revolution occurs: the mathematization of the so-called Baconian sciences, the experimental disciplines like electricity, magnetism, thermology and optics, which in the second half of the 18th century had gone through a process of quantification through new instruments like electrometers, torsion balances, calorimeters and thermometers. This new approach happens within and around the Laplacian school, which provided the standard model of the time: for electricity thanks to Laplace, Poisson, Biot and Savart and then Ampère, for optics thanks to Fresnel, for thermology thanks to Doulong and Petit, Poisson and then Fourier.

Instead in Germany an anti-Laplacian movement develops, the romantic Naturphilosophie, also as a result of the theoretical and experimental work of Volta which has a deep influence on Schelling (Moiso, 2002). Even if often seen as an anti-scientific movement, the scientific results of its assumption of the unity of natural phenomena, already proposed by Boscovich with his famous unitary force, are impressive. While we see the progressive fall of the Laplacian programme, a new set of connections between formerly separate domains appears:  between electricity and chemistry (Davy and Faraday), electricity and magnetism (Oersted and Faraday), electricity and heat (Seebeck), magnetism and optics (Faraday), heat and work (S.Carnot and Mayer), electricity, heat and work (Joule). 

The French school tries to fight back, for instance in the case of Oersted’s 1820 results (Galdabini & Rossi, 1988), which are rapidly translated into the inverse square approach by Biot and Savart and then through the reduction of magnetism to electricity by Ampère, a non Laplacian (Blondel, 1982). Important too is the circuital theory of the German Ohm (1826-7), partly based on Volta’s ideas and partly on Fourier’s, and the basic contributions to the physico-mathematical potential theory of the self-taught Englishman Green.

The identification of electromagnetic induction (electric effects produced by magnetism) by Faraday (Williams, 1965; Cantor 1991), another self-taught Englishman, is remarkable. It refers to Boscovich and is probably influenced by Naturphilosophie. It is noteworthy that Faraday with his lines of force approach offers a relativistic interpretation of electromagnetic induction.

The story:

“June 1814: a troubled period. Europe is at war, but two scientists travel from London to the Continent without problems, notwithstanding their luggage is filled with a large number of scientific instruments. One is Humphry Davy, director of the Royal Institution, the other is his young assistant Michael Faraday. In Milan they meet Alessandro Volta. What is the topic of their conversation? We do not know, but interestingly, Faraday's subsequent research has much in common with Volta's. Both are against the "standard" model of the time, the Laplacian-Coulombian physics of action at a distance; both propose alternative theories; both are inspired by Boscovich  a predecessor of Volta at Pavia University, and by the unity of physical forces; both are successful experimenters; and both are capable of precise quantifications despite a limited knowledge of mathematics. 

Volta's theories have a deep impact on Schelling, one of the main Naturphilosophen, a group that stresses the interconnections between natural phenomena. Naturphilosophie is against the Laplacian "standard" model based on particles and imponderable fluids, and inspires the work of numerous scientists like Ritter and Seebeck, Davy himself and the Danish Oersted. In 1820 Oersted, after a long series of researches based on the rather obscure concept of "electrical conflict" shows in a very clearly that electrical current produces a magnetic effect, the so-called electromagnetic action. At variance with gravitational action, this "new" interaction is perpendicular to the line connecting the sources. A new discipline is born: "electromagnetism". Oersted's essay, written in Latin, is immediately translated into many languages.

Paris, home to the "standard" model, is greatly disconcerted. Biot and Savart try to refer Oersted's results back to the traditional theory, while Ampère, a mathematical physicist, member of the Institut but not a Laplacian, is able, in a very short time, to establish a fruitful research programme based on the reduction of magnetism to electricity. Between 1820 and 1827 Ampère shows that there are attractions and repulsions between conductors that transport currents and formulates his law of the interaction between elements of currents. In that same period noteworthy contributions to mathematical potential theory are given by a self-taught Englishman, George Green, and to the theory of circuits by the German Georg Ohm.

But it is time to return to Faraday. In his youth he receives a very limited school education, becomes a self-taught bookbinder and his first job at the Royal Institution is as Davy's assistant. Later he will become his successor. The Christian sect of the Sandemanians, a small group with very definite worldviews, plays a relevant role in Faraday's life and in shaping his research programme. 

In explaining the interaction between two bodies, Faraday underlines the role of the interposed medium and asserts the idea of contiguous action both in electricity and in magnetism. He manages to express it qualitatively and quantitatively through his lines and tubes of force, perhaps a development of Volta's ideas of electrical atmospheres. He establishes a quantitative equivalence with Coulomb's electrostatics. In the case of magnetism the representation with iron filings is familiar. 

In 1821 Faraday, following Oersted but with a very different approach from Ampère's, publishes his first important paper, demonstrating the so-called electromagnetic rotations. In 1831 he produces his most important achievement: electromagnetic induction. The interconnection between electricity and magnetism already shown by Oersted with his "electrical conflict" (electricity in motion produces magnetic effects) is now completed (an electrical current is generated in a conductor in motion in proximity of a magnet). The idea of the unity and convertibility of natural phenomena attains another victory. Faraday explains electromagnetic induction with a principle of relativity of motion: the effects depend on the amount of the number of magnetic lines "cut", independently from our seeing the magnet or the conductor in motion.

Electromagnetism has reached maturity and electro-technology follows, with the diffusion of motors and generators. Faraday's achievements are numerous, the public lectures at the Royal Institution are crowded, even if the continuous efforts almost overcome his mental and physical health. His "Experimental researches in Electricity", the volumes where Faraday collects his own research, rapidly become a classic and the starting-point for Maxwell. The relativistic interpretation of induction is instead the starting point for Einstein's special relativity.

Faraday is faithful to his own origins: he receives but declines a knighthood and is buried in London in the Sandemanian cemetery.”

Action at a distance or contiguous action? The Maxwell - Weber debate. 

Weber’s action at a distance theory (1846) achieves a difficult task, the synthesis of Ampère’s and Faraday’s laws, and becomes, by mid-century the most famous electrodynamical approach. It is an elementary force law that relies on forces at a distance between charges, depending not only on distances but also on velocities and accelerations, a major departure from the Newtonian-Coulombian model (Bevilacqua, 1994 b). Weber, who had been an assistant of Gauss at Göttingen, builds the ballistic galvanometer and introduces into electrodynamics a limiting factor (the rate of electrostatics to electrodynamic forces) that dimensionally is a velocity and numerically is similar to the velocity of light. Weber is influenced by his friend and collaborator, Fechner, a follower of Naturphilosophie. 

On the opposite front Maxwell, educated in the framework of the Scottish enlightenment and a reformer of studies at Cambridge University, reassesses but modifies Faraday’s contiguous action theory. He derives his famous equations (1864) that unify electromagnetism and optics, introducing the ether (and thus denying the relativity principle), the velocity of light as the velocity of electromagnetic waves, the displacement current, and a preliminary concept of field based on the ether. Maxwell utilizes in his equations both the fields and the potentials, but also deals in his famous Treatise (1873) with the factorisation of energy in intensive and extensive quantities (Maxwell, 1873).

The story:

“In the second half of the 19th century Ampère's ideas are developed and modified by Wilhelm Weber, a German scientist, and those of Faraday by James Clerk Maxwell, a Scottish scientist who studied at Cambridge University. A new chapter takes place in the debate between action at a distance and contiguous action, interaction with infinite or finite speed, global and local interpretations of electromagnetic phenomena. 

Weber, a skilled mathematician, starts his research working with his two brothers, both well known scientists, and becomes the assistant of Gauss at Göttingen. Already in 1845 he manages to generalise Ampère's approach, encompassing in his new law  Faraday's induction law. Weber's law assumes that the interaction between elementary charges is based on three different contributions: the first depends on the inverse square of the distance between the charges and is characteristically Coulombian; the second depends on the relative velocity of the charges and the third on their acceleration. Coulomb's approach (forces depend only on the distance) is thus modified and expanded by Weber. This is also thanks to the influence of his friend Fechner, an eclectic German scientist and follower of Naturphilosophie. Weber's law enjoys extraordinary success and becomes the international reference for electrodynamical studies. Measuring the relations between the effects of charges at rest and in motion, Weber introduces a term named "c" that dimensionally is a velocity and numerically is close to the velocity of light. This term will acquire greater and greater significance. 

In the first half of the 19th century the famous universities of Cambridge and Oxford are no longer international leaders in the scientific disciplines. In Britain the best scientists, people like Faraday, Green and Joule, have no formal academic background. The Scottish Enlightenment gives an important contribution to change this situation. William Thomson (later Lord Kelvin), Gabriel Stokes and James Clerk Maxwell introduce ideas and methodologies developed at Glasgow and Edinburgh universities and succeed in restoring the glory of Newton’s times to Cambridge University. 

Maxwell, a few years younger than his friend Thomson, is born into an aristocratic Scottish family. Extraordinarily gifted in mathematics, he decides to "translate" the German action at a distance, electromagnetic theories of Weber into Faraday's language and concepts of contiguous action. In 1873 he summarises a series of publications in a very complex "Treatise", soon to become a classic in the History of Science. Maxwell too, like Volta, makes use of the product of intensive and extensive  quantities, so-called "factorisation". In the Treatise the intensities are the forces and the extensive factors the fluxes. In a scheme Maxwell explains how various forms of energy can be considered the product of a series of these factors.

Maxwell, who also writes a booklet on "Matter and Motion", introduces a major change in translating Faraday's ideas into mathematical form. He rejects the relativity principle in favour of a privileged reference frame, a rather mysterious and non- empirical entity called the "ether". Maxwell also attempts, without success, a mechanical explanation of the characteristics of this ether. He adds to the conduction current (in conductors) the displacement current (in dielectrics), and he also introduces the concept of "field", initially only that part of the ether in which electromagnetic phenomena take place. Both these innovations enjoy great success.

With Maxwell's work the unification of physical disciplines takes a step forward: optics is now part of electromagnetism and the velocity of light c, already part of Weber's theory, assumes special prominence. 

The theoretical foundations for Helmholtz's comparison of the theories of action at a distance (Weber) and contiguous action (Maxwell) are now established. Hertz's experiences will later identify electromagnetic waves. Maxwell is trying to define a continuity equation able to express a "local" conservation of energy, a concept now based on contiguous action. Success will be achieved in 1885 by the Maxwellian Poynting, whose solution is especially praised by Planck. The ether theory requires two differing explanations of the induction phenomena between a magnet and a conductor in relative movement: a first explanation for the motion of the conductor and a second for the movement of the magnet. This theoretical asymmetry is at the root of Einstein's Special Theory of Relativity.

Maxwell dies at a relatively young age in 1879, after having made important contributions to kinetic theory and introduced improvements to the science students' curriculum (the Tripos) at Cambridge University.

The debates between global and local worldviews, the relativity principle and the privileged reference frame, contiguous action and action at a distance of course do not stop here.”

The “envy of the gods”: The short life of H.Hertz 

A role of special relevance in the solution of the long debate between competing electromagnetic programmes is played by the principle of energy conservation (Bevilacqua, 1983). In 1847, after some important contributions from Mayer and Joule, the young physiologist Helmholtz formulates a mechanical interpretation of the principle that synthesizes the ideas of Leibniz (living and dead forces, conservation of a cause-effect relation) with those of Newton [force at a distance depending only on distance] (Bevilacqua, 1993). Initially the potentials play only a minor role. The mechanical interpretation of the principle with its separation of potential (positional) and kinetic energy rapidly comes to the forefront of scientific research. Helmholtz correctly predicted that from now on all physical laws have not only to explain experimental results but also agree with the principle. The principle in turn takes its proper expression from the choice of a specific conceptual model. Theoretical physics is born, with its interplay of principles and models, mathematical expressions and experimental results (Bevilacqua, 1995). Helmholtz, the young physiologist, does not believe in the correctness of the law of Weber, the great physicist. It is the beginning of a long controversy between Helmholtz, W.Thomson and Maxwell on one side and Weber and Clausius on the other (Bevilacqua, 1994 c). The point is that Weber’s law, because of its dependence also on velocities and accelerations, does not allow the separation of potential and kinetic energy. Weber’s potentials are electrodynamic, that is they depend on both distance and velocities, while Helmholtz’s potentials are Newtonian, depending only on distance. Weber’s law is also criticised for its supposed contrast with the principle of impossibility of perpetual motion, but Weber succeeds in showing that this is not the case, as Maxwell finally acknowledges, and formulates a conservation principle that differs from Helmholtz’s. 

After the Franco-Prussian war of 1870, Helmholtz becomes the physics professor at Berlin University and he simplifies, through a unitary law, the comparison of the competing electrical theories. When Hertz becomes his student Helmholtz hopes he might tackle the difficult task of an experimental “decision”. At the end of the eighties Hertz feels ready, and one of the most important series of experimental research takes place. The main result, in Hertz’s (1893) words, is the corroboration of the time delay of electromagnetic interactions. Instantaneous action at a distance disappears, but Hertz’s shift towards Maxwell’s theory and against delayed action at a distance is a theoretical one (Bevilacqua, 1984). 

In 1884-5, just before Hertz’s experiments, Poynting proposes a new formulation of the principle of energy conservation, in agreement with Maxwell’s contiguous action theory: it is now a local principle of conservation, a sort of continuity equation (Bevilacqua, 1994 a). This is a major step, as confirmed by Planck, again a former student of Helmholtz, in 1887. Planck (1887) too is against Weber’s theory and the contiguous action approach, the finite speed of interactions and local conservation gather momentum. Here begins the myth of the “discovery” of electromagnetic waves. Hertz keeps fighting against distance action at a distance and global potential energy: he eliminates the potentials from Maxwell’s equations and in 1894, just before dying at only thirty-six, makes an extraordinary attempt to rewrite Mechanics without the concept of force (Hertz 1899).

But the victory of the Faraday-Maxwell approach through Helmholtz’s and Hertz’s reinterpretations was never completed. Lorentz’s synthesis (Theory of Electrons 1909) takes elements from both sides: charge and currents as sources and the force that depends on velocity from the research programme of Weber and Clausius; the contiguous propagation of fields with the velocity of light from Maxwell’s equations (Bevilacqua, 1991). But also this synthesis, based on an ether theory, was temporary. The birth of Einstein’s Special Relativity Theory, while based on electromagnetic theory, will deeply modify its framework and initiate a new scientific revolution.

The story:

“In Bonn, Germany, in 1893, Heinrich Hertz, a young, already world-famous scientist, is fighting against a terrible and unknown illness. In moving letters to his parents he shows great courage and awareness. Despite his illness Hertz hopes to finish a book he believes important and in many aspects revolutionary, a new and very original interpretation of Mechanics. The book, Principles of Mechanics, written in enforced solitude, is finished and sent to the publisher at the end of 1893: on the first of January 1894, Hertz dies, aged only thirty-six.

But who was Hertz, why was he famous, why did he believe this book was so important? Hertz was the son of a senator of the Hanseatic city of Hamburg. A very brilliant student, he decides to study Physics. He starts at Munich University, but moves to Berlin in 1878, to get a doctoral degree in the Institute of Hermann Helmholtz. Helmholtz is possibly the greatest scientist of the second half of the nineteenth century, as well as Rector of the University. In those years another student who will become famous is studying with Helmholtz: Max Planck. In the seventies in the field of electrodynamics, two research programs compete with one another: that of the German, Weber, more famous and widespread, which developed Newton and Coulomb’s action at a distance, and Maxwell’s more innovative British one which developed Faraday’s contiguous action.

In 1877 Maxwell writes a booklet, Matter and Motion, which links contiguous action with a Cartesian view of Nature. In the early seventies Helmholtz develops a theory that allows a mathematical comparison between the two competing approaches of electrodynamics. In 1879 Helmholtz proposes an experimental comparison, through a competition sponsored by the Berlin Academy of Sciences. Helmholtz wants to convince Hertz to accept this difficult challenge. Hertz considers it, but initially believes it impossible to solve the issue. But in the middle of the eighties, in Karlsruhe, he decides instead to tackle it. He assembles a new kind of apparatus and, using very rapid electric discharges, through an extraordinary series of experiments, succeeds in determining that electromagnetic interactions are waves that travel in the “ether” at a finite speed, the speed of light. Hertz, who started his research from the point of view of Helmholtz’s theory, decides at this stage to wholeheartedly adopt Maxwell’s contiguous action theory.

Contiguous action is triumphant in electrodynamics, and Hertz’s experiments start a scientific-technical revolution that is still alive today: wireless telegraphy and telephony, radio, television and telecommunications. During his research Hertz also identifies the photoelectric effect. He wins the Berlin Academy prize.

In the early nineties Hertz gathers his electrodynamics papers in one volume and compares the competing conceptual models in the introduction. For Hertz the idea that bodies can attract each other at a distance, without contact, is unconceivable; he defines it a “spiritual attraction” that should not take part in scientific theories. Planck too, in 1887, had written something similar, underlining the value of contiguous action in Electrodynamics and hoping that it would become possible to apply it to Mechanics as well. But what to do then in Mechanics, where action at a distance held a sovereign position? In the early nineties in Bonn a radical modification of Mechanics and the abandonment of the concepts of action at a distance and potential energy become Hertz’s primary goals. These are the very years of his terrible illness.

How to achieve this great change? Hertz makes creative use of many aspects of Helmholtz’s works. Helmholtz, the first proponent of neo-Kantism, in 1847 had formulated the principle of energy conservation, based on a mechanical worldview. In so doing he managed to unify the Newtonian tradition of instantaneous action at a distance and the Leibnizian one of the constant relation between cause and effect. 

The resulting formula finds its place in every physics textbook to this day. Hertz, once again, developing Helmholtz’s work and explicitly quoting Kant, expresses many revolutionary ideas: “hidden” masses, non-Euclidean geometry, the axiomatic method and also a minimum principle.

The Principles of Mechanics is published posthumously in 1894, together with a brilliant but sorrowful preface by Hertz’s old teacher Helmholtz. This book was too revolutionary to enjoy immediate success, but only a few years later Einstein was to utilize many of Hertz’s contributions: Hertz’s Electrodynamics of bodies in motion and the identification of the photoelectric effect will be fundamental for the 1905 papers, and the Mechanics will have an impact on the genesis of the General Relativity Theory. Hertz will also have a great influence on Wittgenstein, on the development of logical empiricism, on causal and determinist conceptions of twentieth century physics. Helmholtz in 1894 was aware of the innovative character and of the extraordinary importance of Hertz’s works. In his Preface to the Mechanics in fact, he asserts that his young but famous pupil, a gifted theoretical physicist and expert experimentalist, had died precociously, victim of the “envy of the gods”. 

5. New tools for Science Education: Web 2.0 and wikis

In our historical and educational research we have used a number of technological resources to improve physics learning, especially on the topic of electromagnetism. We started with teachers’ guides ( Galdabini & Rossi, 1988; Cassani & Raccanelli, 1988, Bevilacqua & Gandolfi, 1988; Bordoni, 1995), hypertexts (Bevilacqua & Falomo, 1992; Bevilacqua, 1992, Borghi et al., 1993), then web sites (Bevilacqua & Bordoni, 1995; Bevilacqua & Bordoni, 1996; Bevilacqua & Bordoni, 1998), 3D animations and simulations (Bevilacqua & Falomo, 1999; Falomo, 2002), CD-Roms (Bevilacqua & Falomo, 2004a), a collection of primary (Bevilacqua & Bonera, 1999; Bevilacqua  et al., 2002) and secondary sources (Bevilacqua & Fregonese, 2000-2003; Bevilacqua & Giannetto,  2003), DVDs (Bevilacqua & Falomo, 2005; Bevilacqua & Falomo, 2007a; Bevilacqua & Falomo, 2007b), exhibitions(Bellodi et al., 1990; Bevilacqua & Renn, 2005), blogs for our courses in History of Electromagnetism and Educational Technologies for university students and prospective teachers
, communities
 and now Wikis
. 

In our view the most interesting aspect of the recent Web 2.0 wave of innovations is the possibility of greater interaction between providers and users of information. Actually with Wiki software this distinction tends to be blurred. According to the rules set by the Wiki administrators, the users can not only access the Wiki, search through the keywords and tags and download materials at will, but can also become authors, inserting comments, and original contributions. All this leads to the establishment of an active community of users, who can share and improve specific subject-matter.

Our Wiki is organised through a specific distinction between primary historical sources, secondary sources, and educational materials. Despite being based on free, commercial software, it is advertisement-free. At variance with Wikipedia and related Wiki software, ours permits a full use of tags and building a community of users. Moreover the Wiki is fully integrated with well-known sharing sites, like YouTube and Flickr: thus movies, animations and pictures can be uploaded onto these sites and seen inside the Wiki.
 To avoid losses and for security reasons, the Wiki, which is based on the company’s server, can be mirrored on our own server. The movies that present the stories above are thus meant as an introduction to the sources accessible through the Wiki. The goal of our historical and educational attempt is to let each user interact with the media of choice at the desired level, and eventually become an author. 
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