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Mechanical explanations

I remember beingasked inthe school playground“what is
electricity?” | promptly, and smuglyreplied, “electricity is the
accumulation and flow of electrons”. “What are electrons?” was the
next question from my inquisitofNegatively chargedparticles” |
replied. “Charged with what?” was the triumphantesponse from

my adversary, who knew he had me, and didn’t wait for a reply.

Had | hadthe experience then thathave now, Icould have
responded by saying that the charge on the electroprimiive not
to be explainedjust like its mass. | doubthat this would have
satisfied my schoolmate. There is a widesprdeposition to the
effect that theonly kinds of explanation acceptable are mechanical
explanations, explanations that appegbiishesand pulls of a kind
that are operative in thevorkings of a clock. My explanation of
electricity wasnot acceptable because it wast mechanical.This
predilectionfor mechanical explanations, widespread as ivithin
common-sense discourse, stretches far beybat domain. The
mechanicalphilosophers ofthe seventeenth century formulated a
strict, philosophical version of the view that adequate explanations are
to be identifiedwith mechanicalexplanations, and many scientists
havebeen attracted to the sawiew. Maxwell wasone ofthem, as
we shall see.

The conditions to be satisfied byechanical explanations
according to seventeenth- century mecharptalosophers such as
Robert Boyle werevery strict indeed. Thenly quantitiesallowed to
figure in fundamentamechanicakxplanationsvere shape, size, and
motion, togetherwith some propertythat served todistinguish
portions ofmatterfrom empty space. (Boylehoseimpenetrability.)

It is doubtfulthatany significantmechanical explanation meets the
strict requirements of thenechanical philosophers. Clocks and
watches donot qualify because theywvolve such things as the
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weight of the pendulum bob andhe elasticity of thespring’ to mechanics omere in afair state of preparatiofior such a
Subsequent tothe seventeenth century, thdemands of the reduction’

mechanicalphilosopherwere typically weakened tdroaden the
scope of what was to count as asteptable mechanical explanation.
The list of primitives was extended to incluslechitems as mass,
weight,and elasticity After Newton, a mechanical explanation of a
systemcame to beunderstood as aexplanation that characterised
the system in terms of #&&w mechanical primitives governed by
Newton’slaws of motion.Force itselfwas admitted by many as an
acceptable primitive. To the extent that largembers of forcesvere
freely admitted into mechanical explanatiortepse explanations
became extremely flexibland the demandhat explanations be
mechanicatorrespondinglyweak. This is not to sayhat the search
for mechanical explanations in the stseinsewas completelygiven
up. When Heinrich Hertz formulated hisrsion of the principles of
mechanics irl894 he reverted tsomethingike the strictsense of
mechanical explanatiomsofar as hdried to reduceforces to the
contact action between hidden masses.

None of the mechanisms that Maxwell appealed to qualified as
mechanical in the strickense ofseventeenth-century mechanical
philosophers such as Boyle. Hiectromagnetic ether was elastic as
were the colliding molecules imis first version ofhis kinetic theory
of gases,while in later versions of the kinetidheory molecular
collisions were attributed to short-rangerepulsive forces. While
Maxwell was relaxed about just which primitives were to figure in his
mechanical reductions, ltkd insist that those primitives be few in
number and not subject &l hocadjustment to adapt to tivariety
of observable phenomena. He was attracted to Willidmomson’s
theory of the vortex atom because of its moRoccharacter. Irthat
theory the properties of atoms and of substances compogsieenof
were to beexplained in terms ofvortex rings in an ether that
possessed the properties of constant density and/iseasity only,
as comparedpr example, taBoscovich’s theory of point atoms in
which one was free to addhateverforcesproved appropriate to the

James Clerkviaxwell sought toexplain physical phenomena atoms. It is worth quoting Maxwell on this matter in full:
mechanically. Inhis view “when a physical phenomenon can be But the greatestrecommendation ofthis theory, from a
completely described as a change in the configuration and motion of  philosophical point of view, is that itsuccess in explaining
a material system, the dynamical explanation of phanomenon is phenomenadoes not depend onthe ingenuity with which its

) . contrivers “save appearances,” by introducing first one hypothetical
said to becomplete® and he expresseitie view that most of the force andthen anotherWhen the vortex atom isonce set in

scienceghat deal withsystemswithout life had either been reduced motion, all its propertiesare absolutelyfixed and determined by
the laws of motion of the primitive fluid, whickare fully
expressed inthe fundamental equation$he disciple of Lucretius
may cut and carvhis solid atoms in the hope of getting them to
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2 Heinrich Hertz,The Principles oMechanics (reprinted NewYork: Dover, primitive fluid has no other properties thanertia, invariable
1956). density, and perfect mobility, and the method by whichntiotion
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of the fluid is to betraced ispure mathematicahnalysis. The
difficulties of this method are enormous, but the glory of
surmounting them would be uniqﬁe.

Maxwell sought to explain electromagnetic phenomena
mechanically, in terms of the states aihachanical ethgnossessing
density and elasticityHere there is anrony. For it was in
electromagnetism that itfirst became clear that mechanical
explanations could not bachieveduniversally. The charge on the
electron is a non-mechanigadimitive on apar with its masswhilst
the electromagnetidields are not themechanical states of an

Maxwell, Mechanism and the Nature of Electricity

In Maxwell’s model, lines of magnetic fieldvere identified
with the axes ofvortices in the ether. The vorticegre made up of
innumerable small ether cells separated fremch other by small
particles on their surface. These particiested as idle wheels
enabling neighboringvortices to rotate in the samsense. In
conductors these idle wheels were able to move from vorteortex
through the conductingmaterial, thus constituting a conduction
current. In insulator¢he particles could ndeavethe surface of the
ether cells so that any movement on their part resulted in a distortion
of the cells to which theyere attachedThese elastidistortions

underlying ether. The energy associated with the magnetic field is nqlyresnonded to an electric field. This differebegweenconductors

the kinetic energy of matter in motion. Maxwell's undoubted
successes in electromagnetism were achieved in sgite gliest for
mechanicalexplanations in thatlomain, whilehis approached to

and insulators opened the way fMaxwell to accommodate charged
bodies, anclectrostatics, inthis model. In thebody of insulators
and conductors there would be no accumulatiopaaticles, because

mistakes and dead-ends that needed to be overcome by those taking, & ih cases just as many particlesuld enter avolume element

different approach. Afeast, that is what khall argue. In the
remainder of this paper | document the naturefatedof Maxwell’s
attempt to explain electricity mechanically.

Maxwell's Mechanical Model of Electromagnetism

In the study of electromagnetism, Maxwellook his lead from
Michael Faraday. Haimed to interpreFaraday’slines of force as
representing the mechanical states of an ethed @2 he hadnade
substantiaprogress irthat direction byconstructing amechanical-
ether model of electromagnetism that was able to acdounthe
major known electromagnetic phenomena and also containdidsthe
hints of anelectromagnetitheory of light® This is notthe place to
considerthe details ofMaxwell’s construction of hisnodel. Our
main concern is the conception of electricity contained within it.

®> Ibid., pp. 471 - 2.
® Ibid., Vol. 1, pp. 451-513.

from one side akeave itfrom the other. The exception this takes
place at theboundarybetweeninsulators, in which ether cells are
distorted in arelectric field,and conductors, imvhich they arenot.
The surplus of particles ahe surface of an insulator bounded by a
conductor constituted the charge on the conductoMaxwell’s
model.

The details of Maxwell's modetere able to accommodate the
major electromagnetic phenomena known attithe, the magnetic
field accompanying conduction currents, the interaction of currents
and magnets, electromagnetic inductiand electrostatics. Taking
Maxwell's modelseriously anditerally for the moment, it is worth
stressingthe extent to whichhis model did indeed constitute a
mechanical explanation or reduction of electromagnetism in a fairly
substantial sensdhe ether is a medium characterized in terms of
two basic properties, its density and its elasticityslibuld beadded
that both of these characteristics were modified when the ether was in
the presence afrdinary matter in a way that waassumed buleft
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unspecified in Maxwell’'s model.) Magnetic field is identifiedvith
rotating cells in that etheand anelectric field with the elastic
distortion of those cells. In addition to the ether celldvaethe idle
wheels that separate them. It is these thd¥larwell’'s words, “play
the part ofelectricity.” “Their motion of translation” Maxwell
continued,“constitutes anelectric current, their rotation serves to
transmit the motion of the vorticdsom one part ofthe field to
another,and the tangentigressures thusalled into play constitute
electromotiveforce.” A conduction currentinvolves the bodily
motion of the particlethrough conductorsayhile the charge on the

surface of a conductor is identified with the excess of particles on the

surface of the adjoining insulator. It is importantealize that these
particles that“constitute the matter ofelectricity” are material
particles that serve purely mechanicafunction in the model. They
are not chargedlhat twocharged bodieattract or repel each other
according taCoulomb’slaw is somethingthat Maxwellhadto, and
did, derive withinhis model. Those attractions amédpulsions arise
from the distortions ofthe ether cells betweerharged bodies and
not from any force exerted bthe particles on one another. In
Maxwell's model the electridield, in the form of distortedether
cells, leads to the accumulation of particles rather than al
accumulation of particles givingse to the field. Charge and the
fields aremechanicalstates in Maxwell’'smodel. It would be a
mistake to think ofhis idle-wheel particles aanything resembling
electrons.

We must not leave Maxwell's model hdvecause, aftedll, its
main claim to fame is that, in tl@urse of itddevelopment. Maxwell
hit on the first hints of a displacement current anctlantromagnetic
theory of light. If it were thecase thaMaxwell’'s model played a

" Ibid., p.486.

8 Ibid., p.490.

Maxwell, Mechanism and the Nature of Electricity

strong heuristic role in leading to thannovation,then thiswould

have been a vindication of his attempt to offer a mechanical reduction
of electromagnetism. However, there are stn@agons to doulihat
mechanism played a productive rdiere, for two major reasons.
First, I claim that the key move that ledN@axwell’'s innovation was
made for electrical, rather than mechanical reasons. Sewsbitelhis
model led to a hint of an electromagnetieory of light, it did not

yield that theory itself. The displacement current needed to be
drastically modified beforg¢hat could beachieved,and that move
involved Maxwell abandoning the details of his model.

The terms inMaxwell’'s mathematicalformulation of his
model weresubject to a doubl@terpretation, a mechanicahd an
electromagnetione. The links between the twasets of quantities
opened up the opportunity to draw a link betweerelgstromagnetic
ether and the luminiferous ethisat waspresumed to béhe seat of

light waves. We have seen that a body was charged because the ether

surrounding it was subject to elastic distortion. The linésveen the
mechanicaland electrical interpretation of thatlistortion enabled
Maxwell to relate the elasticity diis electromagnetic ether to the
ratio between the electromagnetiad electrostatic unit of charge.
NSince that ratio could beneasuredexperimentally, this enabled
Maxwell to evaluatethe elasticity of the medium, which iturn
enabled him to calculate the velocity at which transvesseeswould
be transmitted in that mediunfhis turned out to be equal to the
velocity of light. As Maxwell remarked;we can scarcelyavoid the
inference thatlight consists inthe transverse undulations of the
same mediumwhich is the cause of electric and magnetic
phenomena,where the italics are Maxwell’s own.

A first step in getting thischievement in perspective is to note
that the numericalaluefor the elasticity of the ether iMaxwell’s

° Ibid., p.500.
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model depended on fine details thlat model,details over which hypothesis.”” Afterall, Maxwell had made it clear that hdid not
there wassome flexibility. The best that can besaid is that propose hignodelseriously“as amode of connection existing in
Maxwell's model yields avalue for transversewaves in his  nature, or even asne [he]Jwould willingly assent to as aglectrical
electromagnetic medium that is within a factortwb or so of the  hypothesis.*

velocity of light. As Daniel Siegehas shown!® Maxwell made a
choice of detail which he thought would give him the simple result of
a velocityequal to the ratio of the electromagnedind electrostatic
units of charge.

Within a couple of yearMaxwell had incorporated a form of
displacement current inthis electromagneti¢heory in away that
had the consequentigat all currents, conductioplus displacement
currents, flow inclosed circuits andhat enabled him talerive an

A second step is to notbat Maxwell’s model fell short of electromagnetitheory of light independent of mechanical model.
giving an electromagnetitheory of light, as Joan Bromberg has In “A Dynamical Theory otthe Electromagneti€ield” in which he
observed! There is no demonstration in the model of how published thisdevelopment, héntroduced the displacement current
transversewavescan arise electromagnetically. Inde@asofar as  as follows:

Maxwell's modelinvolves adisplacement current, that curresftes In a dielectric undethe action of electromotivdorce, we may

not give rise to amagnetic field in theway that it must to yield conceivethat the electricity ineachmolecule is sodisplacedthat
one side isrenderedoositively andthe other negativelglectrical,

electromagnetic waves. but that the electricity remains entirelgonnected with the

The paucity ofwhat Maxwell owed tdis model is supported molecule,and doesiot pass from one molecule to another. The

. . . . . effect of this action on the wholdielectricmass is toproduce a
by his promptly droppingall of its details and endeavouring to general displacement of electricity in a certain directi®his
develop an electromagnetiteorythat wouldencompass optics in a displacement doesot amount to a currenhecausevhen it has
way thatbypassed thoseetails.Already, inDecember 1861, before attained to a certaivalue it remains constant, but it is the

: ) ) commencement of a curremndits variations constituteurrents
the final half of the paper tharesented hisnechanical model had in the positive or negativeirection according athe displacement
even been published, viied him writing to his friend H. R.Droop is increasing or decreasiffy.

at Cambridge, “I am trying to form an exact mathematical expression These arevirtually the same wordsthat Maxwell used to
for all that is known about electromagnetism without the aid of jntroduce displacement intis mechanical model in a way that he
there described a$ndependent ofany theory about thénternal
mechanism of dielectrics®® and where he acknowledged the

0 paniel M. Siegellnnovation in Maxwell's Electromagnetis(@ambridge:

Cambridge University Press, 1991), Chapter 5. 127 ewis Campbelland William Garnett, The Life ofJamesClerk Maxwell

As a matter of fact, Maxwell made a slip of a factor of the square root of 2, as  (reprinted New York: Johnson Reprint Corporation, 1969), p. 330.
Pierre Duhem was the first to point out in his baels TheorieElectrique 13 C
Niven, Scientific Papers of Maxwe(tef. 3),Vol.1, p.486.

de J. C. Maxwel(p.62).

11 : , 1 Ibid., p. 531
Joan Bromberg, “Maxwell's Displacement Currentithe Theory ofLight,” v '
Archive for History of Exact Sciende(1967 - 68), 218-234. 5 Ibid., p. 491.
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electrical theories of Michael Faraday adtfavianoMossotti as his
source of inspirationThat is, thekey idea of a displacement current
that Maxwelltook from hismechanical model isomething he had
fed into that modelfor electrical rather thanmechanical,reasons.
Maxwell’'s model did not play theositive heuristic role in leading
Maxwell to his innovations that it is typicallyassumed tohave,
although Daniel Siegel does not agtee.

The Lagrangian Formulation of Electromagnetism

Following the abandonment ofhis mechanical model of
electromagnetism, Maxwell took a new tackfasas hismechanical

Maxwell, Mechanism and the Nature of Electricity

coordinates onvhich theenergy of thesystem does not depend are
ignored. Maxwell himself illustrated the ideavith characteristic
clarity.*’

We imagine abelfry containing acomplicated interconnected
piece of machineryMotion can be imparted to the variopsirts of
the machinery by means of ropes that pass through halles finor
to the bellringers’ roombelow. Weassumehe number of degrees
of freedom of the system to be equal to the number of rd{wes. if
the bell ringers know thealues of the kinetiand potential energies
as a function of thgosition andvelocity of theropes, which they
could deduce from experiments performed on the ropesfribiena

reduction of electromagnetism is concerned, a tack that was alread§owledge of theposition andvelocity of theropes at anynstant

in evidence in his 1864 paper. Maxwaiined to cashis theory in a
mechanical form that wouldvoid commitment to mechanical details

they could deduce thpositions andvelocities atany other instant
using Lagrange’s equations. This is possiklighout knowing

by exploiting the Lagrangian formulation of mechanics. A number ofanything about the details of the mechanism in the belfry.

Maxwell's followerspursued this approach forcauple of decades
after his death. | argue thaall of these effortswere relatively
unproductive.

The Lagrangian formulation of mechaniéscuses on the
energy of systemsather than the details of ttierces at work in

Maxwell aimed to develop a Lagrangidgormulation of
electromagnetism in which the ether mechanism would be the
analogue of the mechanism in the belfmhile the positions and
velocities of theropeswould have their analogues in measurable
charge and current distributions serving tetermine the

them. The Lagrangian equations of motion of a system, aglectromagneticenergy. Maxwell's mostdetailed efforts in this

alternatives taNewton’s laws of motion, are differentiatquations
involving the Lagrangian functioh, which is the differencbetween
the kinetic and potential energies of #ystem. These equations can
be specified provided. is known as a function of a set of
independent coordinates of a system sufficient to fix the statebf
system, the so-called generalized coordinates, togettietheir time
derivatives, the generalized velocitied-orces that constrain the

regard appeared ihis Treatise onElectricity and Magnetismof
1873.

There are a number @easonswvhy the extent oMaxwell’s
achievement inthis context must beseriously qualified. In his
Treatise, Maxwell gave a detailed Lagrangian treatment for
interacting closed conduction currergsly. When, later in his
Treatise he came tobuild on his Lagrangian formulation to

16 Siegel, Innovation (ref. 10) and Alan Chalmersand Daniel M. Siegel,
“Maxwell's Electromagnetism,” New Series 4 (1993), 17-33.

17" Niven, Scientific Papers of Maxweftef. 3), Vol. 2, pp. 783-784.
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simply added the displacement to the conduction curregit¢othe
total current. The justification hegave for this involved
electromagnetic rather than mechanical reasoning.

We have venylittle experimentalevidencerelating to thedirect
electromagnetic action of currerdae to the variation ofelectric
displacement in dielectricsbut the extreme difficulty of
reconciling the laws of electromagnetism with tleistence of
electric currentsvhich arenot closed isone reasoramong many
why we mustadmit the existence of transientirrentsdue to
variations of displacement. Their importance will be seen when we
come to the electromagnetic theory of ligt.

Maxwell, Mechanism and the Nature of Electricity

A quite different mode of application of the Lagrangian, or the
related Hamiltonian formulation of mechanics was initiated by
George FrancigitzGerald, drawing on the work dfis compatriot,
James MacCullagi. The latter had devised a Hamiltonian
formulation of wave optics in839that yieldedequations describing
the main optical phenomena, including reflection, refraction, and
double refraction. FitzGerald, by drawimgrrespondencelsetween
the terms inMacCullagh’s theory anctlectromagnetic terms, was
able, in 1879, to translate MacCullagh’s theory into an
electromagneti¢heory of lightthat was able to include reflection,

This move by Maxwell in fact undermined the major attraction refraction, and double refraction in a way that had eluded Maxwell. It

of his Lagrangian method that he illustratetth his analogy of the
belfry. Whereas the conduction currents were measurable

should benoted,however,that MacCullagh’s theory suffered from
seriousmechanical difficulties, pointedut by George Stokes.

generalized velocities analogous to the velocities of the bell ropes, thaccullagh’s theoryimplied attributing elasticproperties to the

displacement currentsere not,for Maxwell, observable. (The first
direct experimental evidencéor the existence of displacement
currents, by their magnetic effects, emergaay with Hertz's

experiments culminating in the production of radio waves in 1888.) lt,omentum. FitzGerald’s translation

is as if Maxwell’'s belfry now included undetectableopes
influencing the energy of the mechanism in the belfgxwell's

ether that were quite unlikbose of any known substances dmat,
since they impliedrestoring torques proportional to absolute
rotations of the ether, entailed non-conservation of angular
of the theory into
electromagnetic termdid nothing toovercomethose difficulties. It
could even besaid that this mode of theorizingnade headway in

introduction of the hypothetical displacement current undermined th%pite of mechanical difficulties rather than becausenadchanical
major epistemological attraction of the Lagrangian method asytyes of the approach.

Maxwell had presented it, the extent to which it enablegl toavoid
hypotheses about hidden mechanisms. Maxwetlssatment of
interacting closed conduction currentserely reproduced known
results, allowing them to beéewed from a freshangle. Thenovel
results were due to the displacement currefithat current was
postulated forelectromagnetic rather than mechanregsons, as we
haveseen, whileits introduction ran counter to the epistemological
attraction of the Lagrangian method.

8 James Clerk MaxwellA Treatise on Electricityand Magnetism Vol. 2
(reprinted New York: Dover, 1954), p. 252.

FitzGerald’s Lagrangian formulation of the electromagnetic
theory of light, rather thanMaxwell's treatment of conduction
currents, formed the modfr furtherwork by Maxwellians in the

19 George Francis FitzGerald, “On the Electromagnetic Theory of the Reflection
and Refraction ofight,” PhilosophicalTransactionsl71 (1880), 691-711,
and James MacCullagh, “An Essayowards a Dynamical Theory of
Crystalline Reflectionand Refraction,” Transactions of the Royal Irish
Academy 21 (1839), 17-50.

20 G. G. Stokes, “Report on DoubRefraction,” British AssociationReport
(1862), 253-82.
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decade or twafter Maxwell's death.However,FitzGerald’'stheory containing thenew term topredict the Faraday anderr effects.
andlater extensions of it differed icharacterfrom what Maxwell Alternatively, we use the Faraday effecsteggesthe addition to the
had illustrated with his belfry analogy. They applied to kinetic energy (as FitzGerald hadtially done) and thepredict the
electromagnetidields in source-free regionsyith changingelectric Hall and Kerr effects in a similar way.

fields causing magnetic fields and vice versa There were no
empirically accessibldevers, as it werecontrolling the system
analogous tdhe bellringers’ ropes. Insofaas, with theanalysis of
Maxwell and FitzGerald takentogether, we have Lagrangian
formulations for closed currents and for source-fieggons, we still
lack a Lagrangian formulatioior the distinctively Maxwelliancase,
the case ofunclosed conduction currents rendereidcuital by

Such afavorable interpretation of the Lagrangian method in
this context is unjustifiedor a range ofreasonsEdwin Hall had
detected the effect thbears hismamefor conduction currents. We
have already seen that the Lagrangian formulation of
electromagnetism in source-freegions could notaccommodate
conduction currentdVhat the Maxwellians did was tassumethat
the Hall effect applies to displacemerurrents also. This

dlsplg cgmenﬁ curren.t sT.h'e profblem q of .unltlngd tg'ewlo treatments hypothetical Hall effect they then incorporated into their Lagrangian
required a characterization of conduction and displacemengnts analysis. Glazebrook's assertitirat the extra term in the kinetic

in terms of some common generalised coordinates. This prOble'Hnergy“was adirect consequence dfiall's experiments® is a

was to prove intractable, as Jed Buchwald has disctissed. grossdistortion of the situation. Quite apdrom this theoretical
Subsequent extensions die Lagrangian formulation of difficulty, as a matter of historical fact tlmeute to the discovery of
electromagnetic optics appear, on the surface, tcshe@esdor, and the three effects iquestion did not result neither from Lagrangian
vindication of the Lagrangian method. R. T. Glazebrook, building onnor from any other mechanical considerations.The Lagrangian
earlierefforts by FitzGerald anéienry Rowland,showed how the  formulations were retroactive attempts to accommodagsults
Faradayeffect, togetherwith the newly discovered Hall an&Kerr obtained by other means. It is appropriate, at this point, to review how
effects, could be accommodated into the Lagrangian treatment bghe Faraday, Kerr and Hall effects were indeed discovered.
adding a suitabléerm to the kineti@nergy?* Onecan see how this

L , ) Faraday wasonvinced that all thdorces of naturehave a
apparent unification might be employed as an exemplar of/dlgen

hich the L _ hod d bear fruit. Stanih the Hall common source and are therefore interrelated. vVidgsenotion was
which the Lagrangian method could bear fruit. Starwith the Ha transformed into something precise in various waysxperimental

effect, say, we use it to construct the necessary additithe tkinetic situations. On three separate occasions, in 1822, 1833184
energy. We then trace the consequences of the Lagrangian equatiq_ngraday attempted to detect aelationship between light and

electricity?* In 1822 he passagblarized light in various directions
through solutions carryingelectrolytic currentsbut detected no

2l Jed Z. Buchwald, From Maxwell to Microphysics: Aspects of

Electromagnetic Theory in the Last Quarter of the NineteeDéntury

(Chicago: University of Chicago Press, 1985), pp. 65-70. %3 Ibid., p. 413.
22 R. T. Glazebrook, “On the Molecular VorteModel of Electromagnetic 24 J. Brookes Spencer, “Othe Varieties of Nineteenth-Centuiylagneto-
Action,” Philosophical Magazind1 (1881), 397-413. Optical Discovery,’sis 61 (1970), 34-51.
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change in the light. In 1833 he repeated similar experimentgintieis
extendinghis investigation to electrified solids, agawith negative
results. Heried againduring a four-day period in Septemldd45,
and then, a week later, decided to try applyimgagnetic rather than
an electric fieldand, ofcourse, the result was positive. A rotation in

Maxwell, Mechanism and the Nature of Electricity

magnetic fieldwith the position of the conductor. AsBuchwald
suggest$! when Hall first read this passage he had meally
assimilated Maxwell’s theory, and thought of the force on a current-
carrying conductor in anagnetic fielddue to a second current-
carrying conductor in terms of the action of one currerdrather, a

the plane of polarization of the light was detected. No Lagrangian nonatural consequence for the Continental electrical-thugbristswith

any other mechanical considerations are in evidence here.

On the opening page of the paperwhich hereported the
discovery that the plane of polarization of light is affected by
reflection from the pole of amagnet, John Kerr, Mathematical
Lecturer of theFree Church Trainingollege, Glasgow, listed the
“known facts on which [his] expectation” ofthe effect was
founded® They included the Faradagffect, theinterconnection
between the reflectiveand refractive properties of bodies, the
“enormous differencesbetween the magnetic behavioriadn and
steel, on the one hand, and transparent diamagnetics, on the other,
reversal of the direction of tHearaday rotation irsolutions ofsalt
andiron, and the knownlaws of metallicreflection. No trace of
mechanical considerations here either.

One of the factors that p&dwin Hall on the path towards his
discovery that a transversdectromotiveforce is generated when a
magnetic field is appliedacross aconduction current was his
puzzlement at a claim hencountered in Maxwell’'sTreatise.
According to Maxwell, “the mechanical force which urges a
conductor carrying a curreacrossthe lines of magnetitorce, acts,
not on theelectric currentput on the conductawhich carriesit.”°
From Maxwell’sfield point of view the force on the conductor was
understood in terms ahe variation of theenergy stored in the

2> John Kerr, “On the Rotation of the Plane of Polarisation by Reflefroom
the Pole of a MagnetPhilosophical Magazin8 (1877), 321-343.

26 Niven, Scientific Papers of Maxwe(tef. 3), Vol. 2, p. 157.

whom Hall was familiar. The experiment that Hall carrmat to
settle thematter, whichled eventually tohis famousdiscovery, in
effect refuted Maxwell’s claim that in a current-carrying conductor in
a magnetic fieldthe distribution of the currenuill be found to be

the same as if no magnetic field were in action.” Cegan,there is

no scope for any suggestidhat the Maxwellian formulation of
electromagnetism in a Lagrangian framework in some way
contributed to the discovery of the Hall effect.

the Beyond Mechanism

Maxwell’'s electromagnetism was the mechanics of an ether in a
strong senseMatter, asopposed teether,entered into the theory in
an indirectway, its presence modifying the properties of the ether.
Some mechanical interaction between etmermatter ,for example,
accountedfor some dielectric mediabeing more polarizable than
others and for somematerials beinginsulators and others
conductors. Maxwell’'s theorgave nohints whatsoeveraboutwhat

the details of that interaction migbe. Consequentlythat theory
offeredlittle by way of anunderstanding ofthe electrical, magnetic
and optical properties ofgross matter. The Continental approach
understoodelectricity as the accumulatioand flow of an electric
fluid, the theory to which Maxwelbffered hisown as an alternative.

It was that theory thathowed thevay to opening up a patthat led

to the electron theory by the end of the century.

27 Buchwald,Maxwell to Microphysicgref. 21), pp. 78-79.
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Before Maxwell embarked on his researchesAndre-
MarieAmpere had already postulatédat permanent magnetism
might be due to moleculaurrents.The laws of electrolysis pointed
strongly inthe direction of a unit of charge associateth the
molecules transmittedhrough electrolytes, a fact that Maxwell
acknowledged, although he insisted that the pHi@se molecule of
electricity” was“out of harmony”with thetheory presented in his
own Treatise’® In 1878 we find H. ALorentz attributing optical
dispersion tathe vibrations of particles that aleth massive and
charged, while the idea thatscillating charged particlesvithin
molecules are thesources ofmolecular spectrabecame highly
persuasive once Hertz had demonstratedl®§8 that oscillating
charges do indeed radiate. By the eatl§90s experiments in
magneto-optics lefittle option but to acknowledge the existence of
charged particles at the molecukarel?® while experimentaork in
this area paved the wadypr the detection of the Zeeman effect in
1896. Aroundthe sametime, experiments on cathodeays had
established those rays to kmeams of sub-molecular charged
particles. The electron theory was to find an anchoragé# of these
developments during the 1890s.

By the end of the century, the electron, with a chargeellsas
a mass, was here siay. In anothedecade or so, the mechanical
ether becameobsolete in light of speciatelativity, leaving the
electromagnetic field as a primary entityot to be explained
mechanically at all. While conduction currents inmetals were
understood as #ow of electrons, the displacement current in a
vacuum washot aflow of anything,but simply avarying electric
field. Maxwell’s assertion, thatwhatever electricity maybe, and
whatever wemay understand bythe movement of electricity, the

28 Maxwell, Treatise(ref. 18), Vol. 1, p. 380.
29 Buchwald,Maxwell to Microphysicgref. 21), Part V.
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phenomenonwhich we have called electric displacement is a
movement of electricity in theamesense ashe transference of a
definite quantity of electricitthrough awire is a movement of
electricity” turned out to beplain false. This major ontological
revolution, which sawMaxwell’s fields, minusthe ethergrafted on
to charged electrons, amounting todafinitive rejection of the
mechanical philosophy, took place somewhat surreptitiouskych

a degree that Alfred North Whitehead was able to describe the period
in which it occurred as'an age ofsuccessfukcientific orthodoxy
undisturbed by much thought beyond the conventiamsl“one of
the dullest stages of thought since the time offitse crusade® To
some extent, this vindicated Ernst Mach’s expressed opihairthe
“view that makes mechanics thasis ofthe remainingoranches of
physics, and explainall physical phenomena byechanical ideas

is—a prejudice

| havearguedthat the attempts to reduce electromagnetism to
mechanics by Maxwelbnd his followers were, as amatter of
historicalfact, not particularly productive. It would be a mistake to
regard this as somethirigat could, orshouldhavebeen anticipated
at the time. There is @ery good reasorwhy we should resist a
generalization of the case have made with respect to
electromagnetism to conclude thaearching for mechanical
explanations is necessarily a methodological mistake. The réason
in the nature of Maxwell’s other major achievement on awiidr his
major innovations in electromagnetism. By adding statistics to the
mechanics of colliding molecules, Maxwelave us a mechanical
theory of heat.Indeed, thekey quotation lused toexemplify

30 Alfred North Whitehead, Science and the Modern World (reprinted

Harmondsworth, Middlesex: Penguin, 1938), p. 123.

31 Ernst Mach,The Science oMechanics(La Salle, Illinois: Open Court,

1960), p. 596.
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Maxwell extolling the virtues of mechanicakplanations was taken
from one of Maxwell’'smajor papers onthe kinetic theory. This
successful reduction of one field aoother, which was a mechanical
reduction, parallelled another major reduction tieatk place round
about the same time, also pioneered by Maxwell. That reduction was
not amechanical reduction at all. It was the reductioropfics to
electromagnetism.
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