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Preface

Electrodynamics, as Ampeére defined it in the early 1820s, is the science of the forces
exerted by electricity in motion.' It emerged as an important field of study soon after
Oersted’s discovery of electromagnetism. The present book follows the evolution of
the subject from its beginnings to Einstein’s theory of relativity. This is not, however,
a purely internal history. Proper understanding of some central episodes requires
excursions into other domains of physics, and even beyond physics: into chemistry
in Faraday’s case, engineering in Thomson’s, and physiology in Helmholtz’s. Con-
versely, the history of electrodynamics illuminates the general history of nineteenth
century physics and its relations with other disciplines.

In 1910, Edmund Whittaker published the first volume of his great History of
Aether and Electricity, which includes a remarkably clear account of nineteenth
century electrodynamic theories. Whittaker is most insightful when dealing with the
British tradition in which he himself was trained. By contrast, his descriptions of
continental electrodynamics are often modernized; pay little attention to broader
methodological issues; and largely ignore experimental activity. These flaws have
been partly corrected by more recent historiography on the subject, yet the newer
studies tend to be local and confined to one actor, to a narrow period of time, or to
a given tradition.

There is then clearly a need for an up-to-date synthetic history of electrodynam-
ics. Studies limited to a short time period inevitably lose sight of long-term resources
and constraints that shape the physicists’ activity. This is particularly true when the
time span of the historical account is shorter than the memory of the main actors.
For example, the available histories of relativity generally ignore crucial aspects of
nineteenth century electrodynamics of which Einstein was himself aware. Longer-
term history can correct such defects. It also helps perceive large-scale changes in
methods and disciplinary boundaries. For example, the present study documents the
increasing quantification of physics. the evolution of the relationship between theo-
retical and experimental practices, and the merging of theoretical optics and elec-
tromagnetism. Taking a bird’s eye view. we can better appreciate the continuities,
variations, and interplay of various activities and traditions.

For an explicit definition. see Ampere 1826b: 97.



viii Preface

The sheer number and variety of nineteenth century publications on electrody-
namics makes impossible an exhaustive history of the kind given in John Heilbron’s
admirable Electricity in the 17th and 18th Centuries. To narrow my task, I have
confined myself to works on the forefront of fundamental electrodynamics. I have
focused on concept formation and methodological innovation, and have neglected
the more conservative, derivative, or isolated contributions. In particular, I have left
aside technological applications of electricity, unless there was a feedback effect on
the conceptual and instrumental equipment of fundamental electrodynamics. As a
consequence of these choices, the present work ascribes a prominent role to the few
actors who transformed the foundations of electrodynamics by their experimental,
conceptual, and institutional efforts. I have nonetheless described the spread and sta-
bilization of the main innovations, with a special emphasis on those which had
broader significance in the evolution of nineteenth century physics.

Three epistemological themes underly my narrative. The first is the relation
between experimental and theoretical practice. Until the 1860s, the chief electrody-
namicists were as much experimenters as they were theorists. Their conceptual inno-
vations depended on harmonious blends of experimental and theoretical procedures.
In order to show how the kind of blend depended on local or individual circum-
stances, 1 have adopted a comparative approach, opposing for instance Faraday to
Ampere, or Weber to Neumann. The second theme is electrodynamics as a testing
ground for various forms of mechanical reductionism. Essential innovations in elec-
trodynamic theory depended on attempted reductions to mechanical systems.
Conversely, the mechanistic ideal evolved according to the specific needs of elec-
trodynamics. The third theme is the communication between different traditions.
A well-known characteristic of the history of electrodynamics is the long coexis-
tence of field-based and distance-action approaches. Less known are the various
strategies that physicists of these two traditions developed in order to communicate
with one another. For example, Maxwell distinguished a more phenomenological
level of electrodynamic theory that could be shared by continental physicists; and
Helmholtz reinterpreted Maxwell’s theory in terms of the continental concept of
polarization.

This thematic structuring reveals new aspects of the history of electrodynamics,
and of nineteenth century physics more generally. First, it is shown that the
coordination of experimental and theoretical practice by the same actor invoived
methodological principles that guided both experiment and theory. For example,
Faraday followed a principle of contiguity according to which both the exploration
and the representation of phenomena were about ‘placing facts closely together’;
Ampére based both his theory and his experiments on the decomposition of elec-
trodynamic systems into current elements. When such transverse principles operate,
historians can no longer separate the experimental and theoretical activities of a
given actor; and philosophers can no longer regard one activity as simply control-
ling the other.?

? For a general discussion of transverse methodological principles, cf. Darrigol 1999.
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The theme of mechanical reductionism would bring little historiographical
novelty if mechanical reduction was regarded as a pure ideal referring to the actors’
metaphysics. In this book, however, the emphasis is on the illustrative or algorith-
mic procedures that concretize this ideal. These procedures are more variable, more
context-dependent, and less personal than the idealistic view would imply. Pro-
ponents of the mechanical world-view, like Thomson, Maxwell, and Helmholtz,
adjusted their reductionist practices according to the evolving needs of theory con-
struction and communication. Later opponents of the mechanistic ideal questioned
not only its Kantian underpinning, but also its effectiveness for building and express-
ing theories.

My third theme, the communication between different traditions, is the most likely
to disturb historiographical and epistemological habits. Previous studies of nineteenth
century physics have oscillated between two extremes. In the more traditional studies,
differences between traditions are meant to be decorative, and communication
unproblematic. In the more recent, post-Kuhnian, studies, differences between tradi-
tions are often taken to be so radical that communication is nearly impossible among
them; knowledge becomes essentially local. An intermediate picture emerges from
the present study. Several pairs of traditions are identified (British/Continental,
Weberian/Neumannian, Thomsonian/Maxwellian, etc.) in which deep differences
existed at various levels, ranging from ontological commitments to socio-
institutional, experimental, and theoretical practices. Yet representatives of these
antagonistic traditions communicated in ways that permitted comparisons, adapta-
tions, and cross-fertilizations. In fact, the most creative actors desired and planned
this interaction. The variety of communication devices described in this study should
inform discussions of the objectifying and uniformizing goals of science.

The main text of this book is organized as follows. Chapter ! recounts Ampeére’s
and Faraday’s reactions to Oersted’s discovery of electromagnetism in the 1820s,
and how they founded a new science of electrodynamics. Chapter 2 shows how in
the 1840s two important research traditions emerged in Germany from quantitative
studies of magnetism and electrodynamics, the leaders being Gauss and Weber on
the one hand, and Neumann and Kirchhoff on the other. Chapter 3 is devoted to two
systematic ways of introducing entities in the space between electric and magnetic
sources: Faraday’s in the 1830/40s and William Thomson’s in the 1840s. Chapter
4 describes the formation of Maxwell’s theory until the Treatise of 1873, while
Chapter 5 recounts the British elaborations of this theory in the 1880s. Chapter 6
shows how Helmbholtz provided a general framework for comparing the predictions
of the existing theories of electrodynamics; how Hertz, working in this framework,
produced and detected electromagnetic waves; and how German physicists then read
Maxwell. Chapters 7 and 8 recount two ways in which ions or electrons were injected
into Maxwell’s theory: in connection with empirical studies of electric conduction
through solutions and gases, and in connection with the difficulties of electromag-
netic optics. Lastly, Chapter 9 deals with various approaches to the electrodynam-
ics of moving bodies at the beginning of the twentieth century, including Einstein’s
relativity theory.
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In the more theoretical sections, I show how in some cases the available mathe-
matics constrained the conceptual developments, while in some others new physi-
cal pictures called for new mathematics. In the main text, however, I have kept
formalism to a minimum. A series of appendices provide more of the mathematical
apparatus. There I freely use anachronistic methods and notations, because my only
point is to show briefly the consistency, completeness, and interrelations of the cor-
responding theories. In the main text, [ have carefully respected the original styles
of demonstration. My only liberty has been to replace Cartesian coordinate notation
with modern vector notation, for the latter can be to a large extent regarded as an
abbreviation of the former. Sections devoted to the origins of the vector notation
should correct any resulting misconception.

My study of the vast primary literature over the past few years has been greatly
aided by the abundance and excellence of more focused histories of electrodynam-
ics. On Ampere, I have often followed Christine Blondel’s elegant, authoritative
account. On Faraday, I owe much to Friedrich Steinle’s deep and systematic studies,
and to earlier works by Pearce Williams, David Gooding, and Manuel Doncel. On
Gauss and Weber, and their geomagnetic program, my guides have been Christa
Jungnickel and Russel McCormmach. Their monumental history of the rise of theo-
retical physics in Germany has provided much of the background for the German
side of my story. On Franz Neumann, both his experimental style and his institu-
tional role, I have relied on Kathryn Olesko’s impressively thorough study. On
William Thomson (Lord Kelvin), I owe much to the important biography by Crosbie
Smith and Norton Wise. These scholars highlight the role of Thomson as a cultural
mediator and bring out major shifts of British physics in the nineteenth century. On
Maxwell, my main sources have been Peter Harman’s excellent edition of his letters
and papers, Norton Wise’s incisive commentary of the earliest steps to field theory,
Daniel Siegel’s lucid account of the vortex model, and the descriptions that Jed
Buchwald and Peter Harman provide of the basic concepts and program of the Trea-
tise. On the spread and evolution of Maxwell’s theory in Britain, I have used Bruce
Hunt’s admirably rich and well-written book, as well as Buchwald’s earlier insights
into the phenomenological and dynamical aspects of Maxwellianism. On the crucial
role of the Faraday effect through the history of British field theory, I have frequently
referred to Ole Knudsen’s illuminating study. On Helmholtz’s and Hertz’s physics,
I profited greatly from Buchwald’s latest book, with its acute scrutiny of laboratory
work and the connections he reveals between experimental and theoretical styles.
For some aspects of the history of conduction in gases, I have relied on valuable
studies by John Heilbron, Isobel Falconer, Stuart Feffer, and Benoit Lelong. On elec-
tron theories, my main sources have been again Buchwald and Hunt, but also the
earlier, insightful studies by Hirosige Tetu. To which I must add, for the later evo-
lution of the electrodynamics of moving bodies, the competer. edition of Einstein’s
papers under John Stachel’s lead (for the two first volumes), and the authoritative
studies by Gerald Holton, Arthur Miller, Michel Paty, and Jiirgen Renn.

No matter how rich these sources and how strong my efforts to synthetize and
complement them, I do not pretend to have closed a chapter of the history of science.
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On the contrary, I hope to stimulate further studies and reflections beyond the self-
imposed limitations of my own work and into the gaps of which I am still uncon-
scious. The lofty summits of the history of electrodynamics will no doubt attract
new climbers. I shall be happy if I have marked out a few convenient trails in this
magnificent scenery.

The research on which this book is based required access to well-equipped insti-
tutes, libraries, and archives. I was fortunate to belong to the REHSEIS group of the
Centre National de la Recherche Scientifique and to receive the warm support and
competent advice of its director, Michel Paty. Most of my reading and writing was
done in wonderful Berkeley, thanks to John Heilbron’s and Roger Hahn’s hospital-
ity at the Office for History of Science and Technology. Even after his retirement
from Berkeley, John’s help and advice have been instrumental in bringing this
project to completion. I also remember a fruitful year spent at UCLA, in the inspir-
ing company of Mario Biagioli. Most recently, I have benefitted from the excep-
tional facilities of the Max Planck Institut fiir Wissenschaftsgeschichte in Berlin,
thanks to Jiirgen Renn’s regard for in my work.

When I came to the history of electrodynamics, I contacted Jed Buchwald, to
whose penetrating studies I owed much of my interest in this subject. At every stage
of my project, he offered generously of his time to discuss historical puzzles and to
help sharpen my results and methods. Another leading historian of electrodynamics,
Bruce Hunt, has patiently read the whole manuscript of this book and provided much
incisive commentary. This exchange has been exceptionally fruitful and pleasurable.
I have also received valuable suggestions from two anonymous reviewers, and tech-
nical advice from a prominent physicist, Jean-Michel Raimond. My highly compe-
tent editor at Oxford University Press, Sonke Adlung, is partly responsible for these
fruitful exchanges.

Some friends and scholars have personally contributed to improve individual
chapters of this book. Friedrich Steinle offered valuable comments on the first
chapter. Matthias Dorries clarified obscurities of the second. Francoise Balibar
helped me reshape the three first chapters. Norton Wise discussed with me some
mysterious aspects of Thomson’s fluid analogies in Chapter 3. Bruce Hunt helped
me refine some of the arguments in Chapters 4 and 5. Andy Warwick showed me a
chapter of his forthcoming book that illuminates the reception of Maxwell’s theory
in Cambridge. Jed Buchwald recommended alterations in Chapter 6. Edward
Jurkowitz suggested the characterization of Helmholtz’s approach in terms of frame-
works. He and Jordi Cat helped me formulate the arguments of Chapter 9.

To these colleagues and friends, I express my deepest gratitude, and my apolo-
gies for having sometimes failed to follow their suggestions. I am of course respon-
sible for any remaining imperfections.

Paris O. D.
May 1999
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Conventions and notations

For two vectors A and B, A - B denotes their scalar product, and A X B their vector
product.

The symbol V (*nabla’) denotes the gradient operator. Hence, for a vector field A,
V x A denotes the curl of this field, and V- A its divergence.

The symbol A denotes the Laplacian operator.

The symbol dl denotes an element of length, ds an element of curvilinear
abcissae, dS a surface element, d7 a volume element, § a variation, d/dx or 9,
the partial derivative with respect to x, D/Dr a convective derivative (see
Appendix 5).

The notations of the various electric quantities have been made uniform through
the book (exceptions will be clear from the context), as follows:

A
B :

<

RN oI )

STe ™

PRGSO

vector potential

magnetic induction

[electromagnetic unit of charge]/[electrostatic unit of charge] (which
equals the velocity of light in Maxwell’s theory)

relative velocity for which the Weber force between two uniformly moving
electric particles vanishes (C = ¢V2)

electric displacement

electrolytic quantum of charge

electric force (on a unit point charge)

dielectric permittivity {except in Chapter 2, where it denotes Neumann’s
constant for electromagnetic induction)

mechanical force

electric potential

magnetic force (on a unit point charge)

Hall’s constant

intensity of an electric current

density of the electric conduction current

basic constant of Helmholtz’s electrodynamics

XVii



X viii Conventions and notations

electric polarizability
magnetic polarizability
density of the total electric current (including Maxwell’s displacement
current)

Lagrangian

mass

magnetic moment
optical index

magnetic permeability
Neumann’s potential
dielectric polarization
Poynting’s vector
electric charge

position vector

charge density
conductivity

Maxwell’s stress system
time

kinetic energy

velocity of the Earth
velocity

energy

. potential or potential energy
, y. 7 : Cartesian coordinates

LR

HwvR = 23~

<O e e NT g QO RN

o]

* Four systems of units are used: electrostatic, electrodynamic, electromagnetic, and
rationalized electromagnetic units. The first three systems are defined in Appen-
dix 2. The fourth derives from the third by eliminating the 47 factor in the source
terms of the field equations. Applied to Maxwell’s theory, the rationalization gives
V.(eE)=pand V x H = J. The corresponding potentials and the resulting expres-
sions of Coulomb’s and Ampéere’s force laws involve a divisor 47 (the mathe-
matical cause of the 47 being the identity A(1/r) + 47&Xr) = 0). In general, for a
given theory the unit system is used for which the fundamental equations are sim-
plest: electrodynamic system for Ampere’s theory, electrostatic for Weber; elec-
tromagnetic for Neumann’s and Helmholtz’s, rationalized electromagnetic for
Maxwell’s, Heaviside’s, and Hertz’s. This usage sometimes contradicts the inven-
tor’s choice: Helmholtz preferred electrostatic units, and Maxwell used partially
rationalized units.

+ Citations of sources are in the author—date format and refer to works listed in one
of the two bibliographies (primary or secondary literature). Abbreviations used in
citations and in the bibliographies are explained on pp. 443—-4 below. When a
reprint is mentioned (by ‘Also in...") for a bibliographical item, page numbers
refer to it. Square brackets enclosing a date indicate that the work in question is
an unpublished manuscript. The symbol # indicates a paragraph number.
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* When a given bibliographical entry indicates several publications of the
same text, page numbers in a citation of this entry refer to the last of these
publications.

+ Translations are mine, unless I am quoting from a source which is, or includes a
translation.

» Figures from Faraday’s diary are reproduced by permission of the Royal
Institution.






1

Foundations

1.1 Introduction

In the early nineteenth century electricity was already a wide research field, with
diverse methods and multiple disciplinary connections. The oldest and best under-
stood part of the subject was frictional electricity, especially its distribution over
conductors and its mechanical effects. In his celebrated memoirs of the 1780s,
Charles Coulomb, a military engineer, had founded quantitative electrostatics (later
named so by Ampere). He posited two electric fluids, positive and negative, asserted
the inverse square law by means of his celebrated torsion balance, and developed
its consequences for the equilibrium of conductors in simple configurations. In 1812
Siméon Denis Poisson, one of the first polytechniciens, completed the mathemati-
cal apparatus of Coulomb’s theory. He borrowed from Lagrange’s and Laplace’s
works on gravitation what we now call the potential (V), wrote the corresponding
differential equation (AV + 4zp = 0, where p is the charge density), solved it in
simple cases, and improved the agreement of the theory with Coulomb’s experi-
mental results.’

Coulomb and Poisson’s electrostatics fitted excellently the Laplacian scheme
which then dominated French physics. Laplace and his disciples sought to reduce
every physical phenomenon to central forces acting between the particles of
ponderable and imponderable fluids, in analogy with gravitation theory. In other
countries, the number, function, and reality of the electric fluids were controversial
issues. The British and the Italians preferred Benjamin Franklin’s single-fluid
hypothesis, which lent itself equally well to quantitative analysis, as Henry
Cavendish had shown before Coulomb. Some of them preferred no fluid at all, or
at least avoided direct action at a distance with notions reminiscent of eighteenth
century electric ‘atmospheres.’?

' Coulomb 1784-1788; Poisson 1811, 1813. Cf. Whittaker 1951: 57-9, 60~2; Heilbron 1979, 1982:
225-8, 236-40; Blondel 1982: 13-16; Gillmor 1971 (on Coulomb); Blondel and Dérries 1994 (on
Coulomb’s balance); Grattan-Guinness 1990, Vol. 1: 496-513 (on Poisson).

? On Laplacian physics, cf. Crosland 1967; Fox 1974; Heilbron 1993; Grattan-Guinness 1990, Vol. 1:
436-517. On singlism/dualism, cf. Heilbron 1982: 213-18, 228-34 (Cavendish); Blondel 1982: 14-15.
On alternative views, cf. Heilbron 1981.
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In Germany. the few marginal followers of Friedrich von Schelling’s Natur-
philosophie criticized the general notion of fluids acting at a distance, and sought a
deeper unity of nature that would relate apparently disconnected phenomena. They
favored a dynamistic, anti-Newtonian view of physical interactions in which matter
and force were not to be distinguished: matter was only a balance of two opposite
forces, and every action at a distance was to be reduced to a propagating distur-
bance, or polarity. of this balance. Although these romantic speculations at times
bore fruit, they contradicted the basic empiricism of contemporary German physics.
For quantitative studies of electricity, the Newtonian fluid theories were the only
suitable basis.?

The same can be said of magnetism. The chief quantitative theory of this subject
was again Coulomb’s, based on the assumption of two fluids (austral and boreal)
obeying the inverse square law. Most ingeniously, Coulomb explained the impossi-
bility of isolating a magnetic pole by assuming that the magnetic fluids were per-
manently imprisoned within the molecules of magnetic bodies. His magnetic
measurements, however, seemed less reliable than his electric ones, and the argu-
mants in favor of the magnetic fluids were less direct than in the electric case. Hence
Coulomb’s magnetic theory met more skepticism than his theory of electricity. Yet
the analogy between the two theories appealed to Laplace’s disciples. Well after
Ampére had proposed a contradictory view of magnetism, Poisson applied his math-
ematical arsenal to Coulomb’s view of magnets.*

The most popular electric topic was galvanism. It suddenly blossomed in 1800,
with Alessandro Volta’s discovery of the electric pile. Volta himself regarded the
tension and discharge of the pile as an electric phenomenon, therefore belonging
to physics. However, other disciplines capitalized on this astonishing device. Its
physiological effects and medical applications were intensively pursued, in line with
the frog’s contribution to Luigi Galvani’s discovery. The British discovery of elec-
trolysis attracted the chemists’ attention. so that electricity was commonly regarded
as a part of chemistry.’

In conformity with Volta’s original intuition, the electrical, thermal, physiologi-
cal, and chemical effects of the pile turned out to be the same as those of frictional
electricity. It was usually agreed that Volta’s device behaved like a battery of
Leyden jars that had the mysterious ability to spontaneously recharge itself. When
the poles of the pile were connected by a conductor, the discharge unceasingly
repeated itself, so that its effects were permanent. In this picture only the state or
the pile before discharge seemed amenable to quantitative studies. This may in part
explain why quantitative studies of the galvanic current were so scarce before the
1820s.°

* On Naturphilosophie. cf. Caneva 1978; Blondel 1982: 29-30; and Jungnickel and McCormmach
1986, Vol. 1: 27-8 for German rejection.

* Coulomb 1785; Poisson 1826. Cf. Whittaker 1951: 59-60, 62-5; Blondel 1982: 16~18; Heilbron
1982: 87-8; Grattan-Guinness 1990, Vol. 2: 948-53 (on Poisson).

° Cf. Whittaker 1951: 67-75; Heilbron 1982: 233-6; Blondel 1982: 19-22.

" Ci. Brown 1969: 64; Blondel 1982:; 21-2; Heilbron 1982: 196.
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Beyond the Leyden jar analogy, there were deep disagreements on the cause and
nature of the pile’s activity. Volta proposed that the electric tension originated
in the contact between two different metals. In a series Cu/Zn/mp/Cu/Zn/mp/Cu/Zn
...(Cu = copper, Zn = zinc, mp = moist paper), the role of the moist paper
was simply to avoid the contact Zn/Cu—which would cancel the effect of the
previous Cu/Zn contact—without preventing the passage of electricity. Volta veri-
fied this assumption by showing that two insulated disks of copper and zinc
exhibited opposite electric charges after having been brought in temporary
contact. French mathematicians approved Volta’s view, in which they saw an oppor-
tunity to reduce galvanism to electrostatics. The Swedish chemist Jons Jacob
Berzelius founded his popular doctrine of chemical combination on intramolecular
Volta-forces.’

The contact theory was less fortunate in England. The leading chemist Humphry
Davy found many reasons to assume that chemical changes were responsible for the
electric power of the pile. Not only were the pile’s effects always accompanied by
chemical processes, but the force of the pile appeared to be related to the affinities
of the involved chemicals. Davy exploited the latter finding to construct new kinds
of pile. He also proposed a mechanism for electrolysis, and suggested, before
Berzelius, that chemical forces were of electrical origin.*

Altogether, the new science of galvanism offered a striking contrast with electro-
statics and magnetism. The latter subjects had reached a state of perfection and
were proudly displayed by the French as major achievements of their mathematical
physics. On the contrary, galvanism was a rich, disorganized field, growing in
multiple directions (physical, chemical, physiological, and medical), but mostly
escaping mathematical analysis. In 1820 a radical change occurred: the discovery
of electromagnetism suddenly brought galvanism and magnetism in contact, and
blurred the methodological and socio-professional borders that separated the two
topics. After a summary of Oersted’s discovery, the present chapter offers an analy-
sis of Ampere’s and Faraday’s resulting works that founded electrodynamics.

1.1.1 Electromagnetism

Despite the mathematical analogy of their fundamental laws of equilibrium,
electricity and magnetism were generally thought of as completely disconnected
phenomena. Their causes and their effects were utterly different: electrification
required a violent action and implied violent effects such as sparks and thunder,
whereas magnetism seemed a very quiet force. The magnetizing effect of thunder,
which had long been known, was regarded as a secondary effect of mechanical
or thermal origin. Yet in 1804 an illuminated Naturphilosopher, Johann Ritter,
believed that he had found an action of the open pile on the magnet, and even

7 Cf. Whittaker 1951: 7i-2; Brown 1969: 76-82 (on the French theory); Blondel 1982: 22-3;
Whittaker 1951: 78-9 (on Berzelius).
8 Cf. Whittaker 1951: 74-6; Blondel 1982: 25-7.
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announced the electrolysis of water by magnets. He was soon ridiculed by the French
demolition of his claims. Anyone who knew of this episode and assumed distinct
fluids for electricity and magnetism was naturally predisposed against similar
attempts.”

In July 1820, Hans Christian Oersted, a Danish Professor and a friend of Ritter,
sent to the leading European physicists a Latin manuscript with the stunning title:
Experimenta circa effectum conflictus electrici in acum magneticam. Immersed in
the depths of German Naturphilosophie, he had long expected a connection between
electricity and magnetism. He understood the galvanic current as a propagating alter-
nation of decompositions and recompositions of the two electricities, and made this
‘electric contlict’ the source of heat, light. and possibly magnetism. No more needs
1o be said of Oersted’s philosophy, given that the leading explorers of clectromag-
netism did not bother to investigate it further.!”

Most of Oersted’s fundamental text was a precise description of a number of
experiments performed with a galvanic source, a connecting wire, and a rotating
magnetic needle. For the galvanic apparatus, he followed a recipe by Berzelius: 20
copper—zinc cells filled with a sulfo-nitric mixture. He made sure that the wire turned
red when connected to the apparatus. as a test of strong electric conflict. He sus-
pended the magnetic needle as is usually done in a compass, let it assume its equi-
librium position along the magnetic meridian, approached the wire and connected it
to the pile."

In the first of Oersted’s experiments, the wire is above the needle and parallel to
it. If the Northern extremity of the wire 1s connected to the negative pole of the pile,
the North pole of the needle moves toward the West.

Next. Oersted displaced the wire toward the East or the West, and observed the
same action. though a little weaker. He commented: ‘The observed effect cannot be
attributed to an attraction. because if the deviation of the needle depended on attrac-
tions or repulsions. the same pole should move toward the wire whether the latter
be on the East side or on the West side.”"?

Oersted then varied the respective orientations of needle, wire, and magnetic
meridian. Two of the resulting experiments deserve special mention, because
of their resemblance to later observations by Ampere and Faraday. In the first,
the wire is vertical with its lower extremity connected to the positive pole of the
pile. and 1t faces the North pole of the needle. Then this pole moves toward the
East. If instead the wire. being still vertical, faces one side of the needle (East
or West), between the North pole and the center of the needle, the North pole
moves toward the West. In the other interesting experiment, the wire is bent
to a vertical U-shape. Then each face of the U attracts or repels the poles of the
needle.”

From his observations Oersted drew three essential conclusions:

* Cf. Blondel 1982: 27-30.

* QOersted 1820; 1812, 1813 for the electric conflict. Cf. Meyer 1920; Stauffer 1957; Caneva 1980;
Heilbron 1981: 198-9.

* Oersted 1820: 215. "2 Qersted 1820: 216. * Qersted 1820: 217.
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—

. The electric conflict acts on magnetic poles.

. The electric conflict is not confined within the conductor, but also acts in the
vicinity of the conductor.

3. “‘The electric conflict forms a vortex around the wire.’

S

To justify the third point, Oersted argued:"

Otherwise one could not understand how the same portion of the wire drives the magnetic
pole toward the East when placed above it and drives it toward the West when placed
under it. An opposite action at the ends of the same diameter is the distinctive feature of
vortices.

Finally, Oersied proposed to complete the picture of the electric conflict in accor-
dance with the vorticity of the magnetic action:

All the effects we have observed and described on a North pole are easily explained by assum-
ing that the negative electric force or matter follows a dextrorsum spiral and acts on the North
pole without acting on the South pole. The effects on a South pole are explained in a similat
manner by assuming that the positive electric matter moves in the opposite direction and acts
on the South pole without acting on the North pole.

The botanic term dextrorsum (defining the helicity of climbing plants) did not
survive the competition of Ampere’s bonhomme or Maxwell’s cork-screw. But it was
the first of the mnemonic devices that physicists proposed for the polarity of the
electromagnetic action. From the beginning, Oersted placed the circle—axis duality
at the heart of electromagnetism.’*

In retrospect, Oersted’s observations were accurate and his conclusions insight-
ful. He understood the mmpossibility of reducing electromagnetism to magnetic
attractions or repulsions, and yet saw how to mimic such interactions by curving the
conjunctive wire. Most important. he perceived that the action of a rectilinear wire
on a magnetic pole was a circular one, centered on the wire. Some features of his
memoir, however. hindered a full grasp of its contents. He did not provide any figures
or diagrams. He operated in conditions for which the electromagnetic effect is com-
parable to the magnetic action of the Earth, and therefore reached his general con-
clusions indirectly. by mentally subtracting the effect of the Earth. He formulated
these conclusions in terms of a specific picture of galvanic currents, although his
descripuon of individual experiments was purely operational. The essential idea of
a circular action appeared only in the context of the electric conflict, an alien notion
for most of Oersted’s readers.

Despite these obscurities, the astonishing claim of an action between a galvanic
current and a magnet was easy to confirm. Within a few weeks, the world’s
best philosophers entered the attractive lands of electromagnetism. Most of
them tried to reduce the new phenomenon to a temporary magnetism of the wire. In
this way. they could ignore Oersted’s dubious speculations on the electric conflict

" Qersted 1820: 218.

'* Qersted 1820: 218. For a philosophical analysis of the role of axis—loop duality, cf Chatelcs
1993.
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and apply their previous knowledge of magnetic forces. Yet the two men who most

influenced the subsequent history of electromagnetism did not follow this natural
16

course.

1.2 Ampere’s attractions

The first exception was André-Marie Ampere, a mathematician with an interest in
theoretical chemistry and a passion for philosophy. For physics he had done little,
save his early unpublished questioning of the principles of electricity and magnet-
1sm. The news of Oersted’s discovery changed his fate at age 45. In the Summer of
1820 he launched himself into frenetical researches that would make him, accord-
ing to Clerk Maxwell’s judgment, ‘the Newton of electricity.”"”

1.2.1 Undoing the magnet

Ampere first noted the complication of Oersted’s experiments due to the magnetic
action of the Earth. He conceived what is now called an astatic needle, that is,
a magnetic needle whose rotation plane can be made perpendicular to the action
of the Earth. In this configuration the orientation of the needle depends only on
the action of the wire. Ampere found the needle to be at a right angle to the
shortest line joining the center of the needle to the wire. Here was a simple fact of
electromagnetism from which Oersted’s more complex observations could be
derived.'

Then Ampeére looked for a similar effect produced by the voltaic battery itself.
The experiment was by no means superfluous, because of the lack of consensus on
the workings of the battery: the existence of a current within the battery was an open
question. Ampére thus formed the concept of a ‘circuit’ in which ‘the electric current’
was closed. At the same time, he turned the suspended magnetic needle into a uni-
versal current detector, which he soon named a ‘galvanometer.” '

At that stage Ampere reflected:

Granted that the order in which two facts have been discovered does not make any difference
in the available analogies, we could suppose that before we knew about the South—-North
orientation of a magnetic needle, we already knew the needle’s property of taking a per-
pendicular position to an electric current [...J. Then, for one who tries to explain the
South—North orientation, would not it be the simplest idea to assume in the Earth an electric
current?

In this view the Earth’s magnetic property was reduced to an electric current
circulating along the parallels of the Earth. Ampére further imagined that the

'* For the early reception of Oersted’s discovery, cf. Meyer 1920: 101-8; Heilbron 1981: 199-204;
Blonde] 1982: 44-8.

17 Maxwell 1873a: #528. On Ampére’s biography, and for an accurate bibliography, cf. Hofmann 1995.

" Ampere 1820a, 1820b. Cf. Blondel 1982: 69-70; Hofmann 1995: 236-8; Steinle 1998: note 20.

' Ampere, 1820a, 1820b. Cf. Blondel 1982: 72-3.
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heterogenous composition of the Earth along a parallel made a natural electric pile
closed on itself, a device of which he had just proved the magnetic activity.

Ampere then reverted to the analogy between the Earth and a magnet to deduce
that every magnet owed its properties to the existence of closed currents in its mass.
As a corollary, electric currents had to possess all the properties of a magnet. In par-
ticular, an electric current had to attract or repel a magnetic needle. Presumably, a
current running in a flat spiral or in a helix would present a North pole and a South
pole. Ampere reported these reflections to the French Academy on 18 September,
only a few days after Oersted’s effect had been demonstrated there, and before he
had proven anything but the magnetic action of the current in a battery and the power
of an electric current to attract a magnetic needle hung by a thread.”

Ampere’s new theory of magnetism matched the philosophy of his early unpub-
lished attempts at reforming electricity and magnetism.”? He believed that a theory
based on different kinds of fluids lacked the unity that should be found in God’s
plans of the universe. There had to be a single fundamental force, preferably one
excluding direct action at a distance. The new concept of the magnet was a first step
in the right direction, since it eliminated the magnetic fluids. This opinion contra-
dicted Laplacian orthodoxy. Ampere strove, however, to meet other criteria of
French mathematical physics. He wished to establish his theory on firm experimen-
tal grounds and to cast it in an irreproachable mathematical form.

On 25 September, Ampéere showed to the skeptical Academicians that flat helical
currents attracted each other and responded to a bar magnet. He had ordered the
rather sophisticated apparatus from a competent mechanician. The essential diffi-
culty was to feed the current into the helix without impeding its mobility. Ampere’s
universal expedient consisted of small mercury cups, in which the extremities of
the mobile part of the circuit could rotate and the contact with the battery wires was
simultaneously made. With his rotating helices, Ampere believed he had given a
‘definitive proof” of the equivalence between magnets and current. Later in the
month, he obtained a better imitation of a bar magnet with a helix of current sus-
pended in its middle (Fig. 1.1).2

1.2.2 The physical current elements

Ampere’s investigations then took a more analytical turn. From the beginning of his
researches he expected the interaction between two currents to be analyzable in
terms of current elements. Experimentally, this involved the attraction (repulsion)
between two portions of parallel (antiparallel), rectilinear currents, demonstrated in
October 1820. His device is represented in Fig. 1.2. Except for the mercury cups (R,
S. T, U, X, Y) and the surrounding glass box, the construction of the device was
entirely dictated by the necessity of isolating the interaction of two current elements,
here AB and CD, from the action of the rest of the circuit to which they belong. The

* Ampére. 1820b: 238. 2 Ampere 1820a, 1820b. 2 Cf. Ampere [1801].
* Ampere 1820a, 1820b. Cf. Blondel 1982: 75-6; Hofmann 1995: 242-4.
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Fi1G. 1.1. Apparatus for showing the equivalence between a helical current and a bar magnet
(Ampere 1820b).
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FiG. 1.2. Apparatus for showing the action between two parallel rectilinear currents
(Ampere 1820b).
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F1G. 1.3. Angles determining the relative orientation of two current elements.

segment AB is fonger than CD. and the counterweight H is adjusted so that at the
equilibrium position (without currents) CD is very close to AB. Then the action of
AB on CD dominates all other electrical actions. and determines the rotation of
CDEF around the (non-conducting) axis EF.?*

In conformity with this concrete possibility of isolating two portions of current,
Ampere ascribed a separate physical existence to the force between two current ele-
ments. Consequently, he made this force comply with the equality of action and reac-
tion, and he had it lie on the line joining the elements.® For information on the
angular dependence. he used a device in which the two rectilinear current were free
to rotate in planes perpendicular to the line joining their centers. In October he
guessed that in the most general configuration the force between two current ele-
ments was proportional to

cosyslnzocsmﬁ’ (LD
r
the three angles being defined in Fig. 1.3. Analogy with gravitational forces dictated
the dependence on the distance r of the two elements, the central character of
the forces, and the exclusion of elementary torques. Simplicity, the need to retrieve
the properties of magnets, and the two experiments on rectilinear currents suggested
the angular dependence.

In the same month, Ampere designed a torsion balance that could measure the force
b