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OLIVIER DARRIGOL*

The electron theories of Larmor and Lorentz:
A comparative study

i

DURING THE LAST quarter of the 19th century physicists became aware of
the necessity of combining Maxwell's theory with the atomic hypothesis.
Originally, Maxwell dealt with a single continuous medium, and absorbed
in & few parameters of this medium the electromagnetic effects of matter,
But at least four kinds of phenomena seemed to require a more detailed
consideration of the structure of matter in relation to ether: optical disper-
sion, which obviously contradicted Maxwell’s relation between optical
index and dielectric permittivity; the magneto-optical effecis discovered by
Faraday and Kerr; the unexpectedly high transparency of metal sheets to
light: and electrolysis.!

In his own limited discussions of such anomalies, Maxwell tended to
avoid detailed microscopic analysis, and when helid not, in the case of
electrolysis, he regarded 1he proposed mechanisny as fictitious and out of
harmony with the rest of his work. Maxwell's clodest heirs did not proceed
difterently. They either ignored the anomalies or tried to explain them away
by macroscopic modifications of Maxwell's theory. The main initiators of
atomistic electrodynamics (Helmholtz, Lorentz, Larmor, and Wiechert) were
more distant admirers of Maxwell.?

“CNRS; REMSEIS, 83 rue Broca, 75013 Parls, Framce. 1 thank 1.L. Heilbron and Diara Wear
for edliorial assistance,

The following abbrevistions are used: AHES, Archive for the hisiovy of exact sciences; AN,
Arckives néeriandaises; AP, Annalen der Physsk, HWA. H. von Helmboltz, Wissenrchaftiiche
Abkandlungen, 3 vols. (Leipzig. 1882, 1883, 1895); LaM PP, ). Larmor, Mathemarical and phy.
sical papers (2 vels., Cambridge, 1929); LCP. H.A. Lorentz. Collected papers (9 vels., The
Hague, 1939); PLMS, London Mathematical Society, Proceediags PM, Philasopkical maga-
sve. PRA, Royal Acsdemy of Amsterdam, Proceedings. PRS, Roysl Society of London,
Proceedingr, PT, Royal Soclety of London, Fhilasophical iransactions; VKA, Koninklijke
Akademic van Wetenschappea, Amsterdam. Verslagen,

. Cf. HA. Lorentz, “*Over de theorie der terugkastsing en breking van het licht,"" Acadens-
1ick Proefscheift {Leiden, 1875), trandated as, “*Sur la théaric de la réflexion et de |a
réfraction de Ia lumidre," in LCP, I, 193-38). on 382383, J, Buchwald, From Marvwell to
micropkysics: Aspects of electramagnenic theory in the fan quarter of the nineteenth centiry
(Chicago, 1985); B. Humt, The Marwelions (Ithaca, 1991), 209-210.

2. JC, Maxwell, A treatise on elecericity and magnetism (Oxford, 1873), chapt. 4. Cf.
Buchwald (ref. 1},
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At the end of the century. two extensive theories by Loreniz and Larmor
emerged as the most complete and successful combinations of elec-
tromagnetism and atomism. Both theories involved a stationary ether and
new subatomic particles, the electrons, that were held entirely responsible
of the electromagnetic properties of matter. ‘Both theories removed the ear-
lier anomalies and solved another outstanding problem of the 1890s, the
electrodynamic reduction of the optics of moving bodies,

The present study is devoted to a comparison of Lorentz’ and Larmor’s
electzon theories. They will first be presented separately in their ewn con-
texts, then compared. Some overlap is to be expected with previous studies
by Tetu Hirosige, Jed Buchwald, Bruce Hunt, and Andy Warwick.” But |
hope to provide more complete answers (0 the following questions: How
did Larmor and Lorentz depart from Maxwell's original system? What kind
of unification of physics did they seek? To what extent did Larmor's theory
depend on Lorentz’? How did the two theorists arrive at the Loreniz
transformation? Did they interpret it similarly?

1. LORENTZ

Unlike most of his British and German colleagues, Hendrik Lorentz had
no mentor and belonged to no school. As a Dulchman open to his neigh-
bors® cultures he read indiscrimately from German, English, and French
sources. His heroes, Helmholiz, Maxwell, and Fresnel, belonged to quite
different, sometimes conflicting traditions. While in an average mind the
cclecticism could have created confusion, Lorentz profited from it. He
selected elements from each system and made his own syntheses.®

In his inaugural lecture for the Leyden chair in theoretical physics, the
twenty-five year old Lorentz developed the epistemological correlate of his
eclecticism. The aim of physical theories, he argued, was to unily and
organize knowledge under a few simple principles; but the principles had
no absolute truth and could not receive a pricri justification. After listing

3T, Hirssige. "' Origins of Lorentz' theory of elecirons and ihe concept of e cleciromag-
netic fiedd,” HSES, ) (1969), 151-208; Buchwald {ref. 1) Hust {ref. 1) A. Waswick, *On the
role of the FiteGerald-Locentz contzaction hygotheshs in the development of Joseph Larmor's
elecironic theory of manier,'” AMES. 42 [1991), 29-41, See also E. Whittaker, A bisrary of the
theories of aether and elecrelciry, 2nd ed., vol.1: The classica! theories {London, 1951 R,
McCormeach, “*H.A. Lorente and 1he clectromagnetic view of nature,'” [ris, 61 (1970), 459~
497 K F, Schaffrer, Nizeteentiv-ceniury aether theories {(Oxford, 1972},

4, Cf McCormmach, "Lorentz, Hendrik Antoon,”” DSE, 8, 487-500
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foundational principles tried by previous physicists—Newton's invisible
forces, Faraday's contiguous actions, and William Thomson’s vortex
rings—Lorentz concluded:*

\

[ have row given you an idea of a few directions in which one has iried to
find an explanation to natral phenomena. All of these led 10 a principle
which is not capable of further explanation. This being the case, one can in
my opinion not be considered exempt of thoughtlessness when, as sometimes
happens, one considers one of these directions as the only true one. On the
contrary [ believe it 1o be highly profitable, that various investigalors lake
each his own way in this matter, for only in this manner will one be able, in
due course, to decide, not which way entirely discloses the secrels of nature,
but which one leads to the simplest fundamental principle.

The pluralistic stand is typical of physicists who have proposed new sys-
tems and fear or experience intolerance, For instance, a plea for developing
different theories in parallel is found in the foreword of Maxwell's Treatise
and in Boltzmann's popular lectures. In 1878 Loreniz had no new principle
of his own to defend, but. as an unpartial witness of the muliiplicity of
competing systems in his own time, he was wise before being old.

Openness and pluralism do not exclude personal preferences, Loreniz'
Leiden address, on ““melecular theories in physics,”” forcefully asserted the
superiority of the principle of stomism, The assertign was natwral in van der
Waals® country, and it had, &t that time, no stghng opponent anywhere.
Much of Lorentz' later research was concerned with the kinetic theory of
matter, In his most influential works he brought afomic structure to bear in
domains in which it had previeusly been neglected, like eptics and electro-
dynamics.

A Helmholtzian thesis

Lorentz” first major work, his dissertation of 1875, was not concerned
with the molecular hypothesis, but with a footnote found in Helmholtz' fun-
damental memoir of 1870 on the equations of motion of electricity, Afler
noting Maxwell's analogy beiween electric motions in a dielectric and
motions in the optical ether, Helmholtz had written:®

5. Loreniz, “'De moleculaire theorlén in de Natuwurkunde ™ (Leiden lecture, 1878), Englsh
translation, **Molecular theories in physics,”" LOP, 9, 2045, on 33,

6. Lorentz (ref. 1); H. von Helmhoitz, "Uber die Theorie der Elekurodynamak, | Uber die
Bewegungsgielchungen der Elekiricitat filr rubende leitende Kdeper™™ 118700, #HWA, [, 545
628, One may wonder why Maxwell did not himself provide a derivation of Fresnel's rela-
tions. A plausible answer (Whittaker, ref, 3, on 266) s that Maxwell's piclure of displacemen
suggested wroang continuity conditions,



dary conditions which are net the ones needed 1o_cxphin the reflection .;:“‘
refraction of light at this limil. so that there remains an ut.wol\'cd ccfmr c-
tion in theoretical oplics. However, the theoc:y of clecu.'lc oscillations .lm
dieleclrics) gives the laws of wave propagation, reflection and refraction

which apply to light.
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i ' 1, which
is analogy is also relevant 1n another, very imporfant respect,
Lha‘xwell hﬁf not touched, So far the mechanical state of ghc Iurxjmiferpus
ether in transparent media has been identified with that of solid elas-uc bodies.
Yet, at the limit between two lransparent media this sssumption gives boun-
—_—

Lorentz' dissertation was a full explication of this con;ise f?otnotc. .He first
verified Helmholtz' claim that previous optical theonies du.d not )'u.eld the
correct houndary conditions for the reflection and refraction of .llg!u: in
general the conditions are continuity of displacement and commul!y.of
ctrain on the surface between the two media, and -t!mc)' cannot be satisfied
simultaneously by the reflected and refracted rays if, as u'sually assumeﬁi.
there are only two such rays. As Lorentz knew. Neumann's and Fresnel's
theory gave correct formulas for the intcnsitics-o[‘ (h.c reflected and rcfractcd'
rays, but only at the price of (unconsciously) ignoring part of the boundary
conditions. s ‘

The origin of the difficulty is that in reality the ‘reﬂccllon ar}d refraction
of an incident ray gives rise to four rays. Two of the cmgrgmg_rayﬁ are
unwanted, because they correspond 10 unobserved longitudinal \'xbm.uons.
Yet they are necessary if all boundary conditions are to be Si.illsficd.
Cauchy's theory, Lorentz noted, properly took into acco.ut.u 1!)e lnnguudmgl
vibrations. But it gave no satisfactory account of the invisibility of the addi-
tional rays, Moreover, Lorentz could show that thc'theor)' led to unaccgpt-
able predictions for refraction in anisotropic media. None of the opuf:al
(heories known to Lorentz could properly explain the laws for the reflection
and refraction of light.” B

In the rest of his dissertation, Loreniz applied “Maxwell's theory —he
meant Helmholtz' interpretation of it—1o the problem. He relied on the
action at a distance of charges and currents, including those produc.cd by
e local, invisible displacement of charges pernaining to dielcgu:ucs. If
vacuum was itself a highly polarizable dielectric, the physical prcd.ncnons.of
Maxwell's theory were retricved, Lorentz performed all calcu!auons v.mh
the full set of Helmheliz' equations and took the limit of infinite polariza-
bility only at the end. -

Lorentz justified his preference for Helmholtz' system: **1 shall start
with instantaneous action at a distance: thus we will be able to found the

7. MacCullagh's theory cosld, but Loreniz was not aware of it Cf. Buchwald {ref. 1), 29

pendix 2,
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theory on the most direct interpretation of observed facts."” Here Lorentz
probably meant that previously observed electric actions were instantane-
ous, “‘However,”" he went on, "I do not regard actio in distans as a rigid
dogma; the true starting point of the theory i§ the initial differential equa-
tions, not action at a distance.” The position was in harmony with Lorentz’
general disbelief in ultimate foundations. But, we may ask, if the initial
differential equations are the true starting point, why not start from
Maxwell's equations, which are much simpler than Helmholtz™?*

Lorentz' unstated rationale is not difficult 10 guess. Maxwell's system
was difficult 1o penetrate. The very original field-based notions of charge
and current were obscured by ambiguous wording. As a consequence,
Lorentz did not find them compelling: **Whatever be our understanding of
the nature of electricity,”” he wrote, “‘we will always find it difficult not to
conceive a current as the motion of a certain substance which is contained
by all good conductors of electricity."™

After exposing Helmholiz' theory in great detail, Lorentz gave the con-
tinuity conditions at the surface separating two different media. As in
modern reasoning based on Maxwell's equation, he required that no observ-
able quantity become infinite on the surface. He found formulas for the
orientation and intensity of reflected and refracted rays in agreement with
experiment—Fresnel’s laws in the isotropic case, Ngumann's laws in the
anisotropic case—if he took the dielectric permittifity of vacuum to be
extremely large. The agreement should net be surprfsing, since in this limit
Helmholtz' theory is phenomenologically equivalent to Maxwell's. How-
ever, Lorentz’ calculations were far more complex than the modem ones,
because, as mentioned, he maintained a finite value of vacuum polarization
10 the end of the calculations,

For Lorentz, complexity did not imply confusion. His discussion of opti-
cal theories, as well as his account and application of Helmholtz® theory,
were unusually clear and precise. In his command of mathematical methods,
his virtuosity in calculation, and his style of exposition he already equalled
the best theorists of his time. Although he was one the first few physicists
who almost never performed experiments, he explored every possible con-
tact of his theory with experiment. His qualities were prompltly recognized
by Dutch authorities, who offered him a chair for theoretical physics at
Leyden three years after he completed his dectorate. Unfortunately, Lorentz
lacked personal connections abroad and few noticed his dissertation, It
contained several seeds of his later, popular electron theory.'

8 Loreniz {ref, 1), 224.

9. Ibid, 235. Oa Maxwell's concepts of charge and current, of. Buchwald {ref, 1), chapt. 3.
and Darrigal, ““The elecirodynamic revolution in Germany & documented by early German ex-
positions of ‘Maxwell's theory','” AHES, 45 (1951), 189-280,

10, Cf. McCormmach (ref, 4),
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ssertation, Lorentz became convinced of the
superiority of ‘Maxwell's theory,”’ to ‘‘the old wave theory.” At. the same
time, he emphasized the limitations of his and Maxwell's considerations.
For instance, neither could account for dispersion phenomena or obtain a
value anywhere near the empirical one for the absorption of light by .mel.als
and electrolytes. In each case, Lorentz expected that a fulure combination
of Maxwell's theory with the molecular hypothesis would remove the

anomalies. He formulated a precise program:

Let us think about the dispersion phenomenon, the rotation of the plane of
polarization, and the manner in which these phenomena are related t© the
molecular structure: thea about the mechanical forces which perhaps play a
role in certain light phenomena, Then let us think how extemal forces and the
wotion of the medium influence light; and let us think about the emission and
absorption phenomena and the radiating heat,. . Finally the theory of light
should reveal the link belween [molecular] electric motions and the physical
and chemical state of matter, a link that lies at the basis of speciral analysis,

witls its wealth of surprising results,

this program wis precisely the one that Lorentz developed
which other physicisis

Through the work on his di

Very sirikingly,
in subsequent years, except for the last subject,

would take on."

Dispersion

Most of Lorentz' dissertation treated dielectrics in Helmbeltz' economi-

cal manner. Polarizability was assumed without microscopic mechanism,
and vacuum differed from other dielectrics only by the value of the constant
y in the relation P = yE between polarization and electromotive force.
However, Lorentz sketched how molecular structure could be taken inlo
account. Assuming that all bodies were made of ether and melecules, he

suggested:'
If one whishes 1o give an absolulely complete description of electric motions
in such bodies one will have to fake into account ether first. then the inbed.
ded molecules, The distance, the magnitude, and the shape of the latier then
come inte play, which very probably entails the possibility of explaining
dispersion and the rotation of the polarization plane. Here 1 will leave these
questions aside, 1 shall only remark that in gases, for which the influence of
molecules is very small [as verified from the fact that the optical index is

11 Lorente {ref, 11, 382; ibid,, 32-383, Cf. Hirosige (ref. 3), 173,
12. Lorentz (ref. 1}, 275 (my emghasis).

.
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almost t!\c same as in vacue], this inluence can very simply be taken into
account in & lirsl approximation. For this purpose, we shall suppose thar ether
has absolutely the same properties in gases as 1N @ vacuwm.

] The latter assumption, the simplest Loremz\ could make, had the essen-
tinl advantage of leading to unambiguous calculations in Helmholtz' frame-
work, if enly a definite polarizability & was attributed to each molecule. He
had enly 1o superpose the polarization of the melecules on that of vacuum
according to .

P=¢E + NxE, (1)

where E is the electromotive force, P the total pelarization, ¥ the number
of mol.cculcs per unit volume, and x5 is the polarizability of vacuum,
Accordingly, the effective polanzability x is

X=Xo+ Nk, (2)

and the propagation velocity of transverse vibrations is

cLo Xt = G+ No™ ()
The cerresponding optical index,

pt:AJI+Nmz°, 4

in?plics that, for a given gas. n° ~ 1 is proportional tofhe density, in confor-
mily with the law established by Arage and Biot,"

The possibility of such simple reasoning depended on Lorentz® rein-
terpretation of Maxwell in Helmhohiz® terms, In Maxwell's genvine theory
lh(? assumplion that the properties of ether remained unchanged in thc.
ncxghbqrhood of a molecule would have made no sense, since the electric
properties of the molecule implied, by definition, discontinuities in the pro-
perties of the medium. Morcover, the polarizability of vacuum and the
p.o]anzahilil)' of & molecule, which were of the same essence in Helmholtz'
view, could only be very different things in Maxwell's theory. For a
Malchllian. ether polarization was a primitive notion, and molecular polari-
zation u third-level construct: it was the moment of the charge distribution
pl t!\c molecule, charge being itsell defined as an heterogeneity in the polar-
ization of ether. )

_ In 1878 Loreniz further explored the contribution of molecules 1o
dielectric polarization. Again he used Helmholtz' version of Maxwell's
theory and .assumcd a nearly incorruptible ether: “*Whether and in what way
the properties of ether are changed by the presence of molecules is cnliml;'

11 Ibid.. 280.
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unknown to us. We shall here make the very simple supposition that—
excepl perhaps in the immediate neighborhood of the particles—the proper-
lies of ether are the same as in a vacuum.”” In his calculations, Lorentz no
longer reasoned in terms of an effective, large-scale polarizability, presum-
ably because he realized that such reasoning would only apply to gases,
Instead he discussed the electromagnetic actions of individual molecules on
the basis of the retarded potentials satisfying Helmholiz' equations. The
highly complex calculations led to the **Lorenz- Lorentz™' law:"

ni-1
2

To direct his reasoning, Loreniz first represented a molecule by a point-
like electric and magnetic moment within a spherical cavity in ether, He
then verified that other representations led 1o the same reselts. Among l)_yose
was the picture of 2 mobile, submolecular charged particle in an unmod.lﬁcd
ether. Here the electric moment of the charged particle was identified with a
polarization in Helmholtz® sense, '

Lorentz tried to explain optical dispersion in this framework. As was
known since Fresnel and Cauchy, a microscopic heterogeneity in the consti-
tution of the propagating medium implied a dependence of propagation on
frequency. But whereas in molecular theories of the elastic ether !tlxc. cffcf:t
of heterogeneity was considerable, Loreniz found il 1 be quite negligible in
his theory. He thercfore concluded: ''If we accept the clectromagnelic
theory of light, there is nothing left, in my opinion, but to look for the
cause of dispersion in the molecules of the medivm thcmselves."_Morc
exactly, the frequency dependence had to be sought in he polarizability ¥
of the molecule.™

Lorentz identified the molecular polarization with the moment er of an
elastically bound charged particle, and, for this particle, assumed the equa-
tion of motion

« NK. (5)

mi+gr = ¢E, (6)

where mt is the mass of the particle, ¢ its charge, £ the elastic constant, and
E the local electromotive force. If the latter is a periodic function of tme
with the pulsation o, the forced oscillations satisfy

14. Lorentz, “‘Over het verband tusschen de voortplantings saetheid en samestelling der
middenstofen,” VKA, I8 (1878}, English trassl.. *‘Concerning the relation batween the velecity
of propagation of light and the dersity and composilion of media,”” LCP2, 3-119, on 24.

15, Ibid., 24-27. The latier assumption departs from Helmholtz! poteatial theory, for which
the polasizing elestric force differs from the electrc force adting on 3 charged body. But the
difference dissppears in the limit of infinite vacuum polarizability,

16. Ibid., 79-80
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E, wi _____e’
er = xE, th k= b T
3 8- mot 7

This implies, through the relation (S) between optical index and molecular
polarizability, a dispersion formula that Lorentz found to agree well with
experiments, A footnote in Lorentz” paper indicated that a force propor-
tional to the velocity could be inserted in equation (6) to account for the
absorption of light."”

This was the first electromagnetic theory of dispersion, but not the first
to imply a molecular resonance phenomenon. In the context of the theory of
the elastic ether, such a resonance had already been imagined by Selimeier
in 1872 and perfected by Helmholtz in 1875, Their principal aim was to
account for anomalous dispersion, an occasional decrease of index with
increasing frequency. Unlike these theories and Helmholtz® later elec-
tromagnetic theory (1893), Lorentz' paper remained practically unknown, if
only because it appeared in Dutch. But it already contained essential
features of the later electron theory, namely, the divorce of ether from
matter, the idea of an eleclromagnetic coupling between the (wo, and some
calculation techniques,'®

Fresnel versus Stokes

Lorentz did nol return to electromagnetic molegular theory during the
1880's. Most of his work dealt with thermodynanlics and kinetic theory,
and when he did deal with optics and electrodynamics he adopted & macros-
copic outlook. However, in a memoir of 1886 on the optics of moving
bodies, Lorentz drew conclusions that pointed to his later work in electron
theory.'*

First of all, Lorentz convinced himself that Stokes' theory of aberration
could no longer be held, despite Michelson’s then recent support. Accord-
ing to Stokes, ether had to be completely dragged by the earth to explain
that optical instruments on earth behaved normally, and the ether flow had
to be irrolationzl to give light rays emitted from stars the same apparent
direction as if ether was at rest. But Lorentz found the two assumplions to
be incompatible with the idea of an incompressible ether, Indeed, the velo-
city potential of an incompressible fluid must be a harmenic function,
which is, according to a well-known theorem of Green's, completely deter-
mined by its value at infinity and the valve of its normal derivative at the

17, Ibid,, 80

18, On carly theories of dispaesion, <f Buchwald ref. 1), 233-237

19, Lorentz, *De I'influence du mouvement de la tere sur les phinomines luminesx,”” AN
(LE87), also in LOP, 4. 153-214, first published in Datch in VKA (1886)
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; ivati i the
surface of the carth. The corrcspoudir_\g tangential dm;:a::rc:l.h i:’h;:s:jen-
tangential velocity, must in general dn??er from zcro.‘s rlt:n o
tion. Lorentz concluded that Stokes’ original theory ws e

{Nith his usual cautiousness, Lorentz did not h;n er; sible' e
Fresnel's theory, with its unperturbed etbc.r. was th on go J::sed iy
Instead he provided a modification of Stokes" theory that ach e
lar aberration and apparent optical laws. He m.a!malned the i
.a‘ot:ﬁonal flow, but dropped the boundary condition at the cart c‘z - i';
!:hcn the light rays from stars followed the s.amc straight u:u::‘ 0 )0 st
Fresnel's theory, but the refraction in optical instruments n:; fo ‘g i
Dc.v;cmcs' law., Just as in Fresnel's theory, lhe latter  defec el

emedied by superposing on the motion of ether in vacue a partia I
r <

rent matter, . _
% t'!I-"h':s'::wdiﬁcd Stokes theory allowed for a pan‘wl draglgmg &f. ceh‘:ﬁ; :z
the earth and therefore could account for the negative result o = c’;pe'i-

double-arm interference experiment. But Lorer'xtz did n‘ot bellcv? e o
ment of 1881 to be decisive. He found that Michelson’s thcoreuc; :y s

i i i f a stationary ether) was wron

of the fringe shift (by assumpiion © . oy Higr el

and that the true theoretical shi t was ! : :

::n‘czol:oqmmz had 1wo reasons lo reject Michelson’s c'laim th;l hl:ccxh;:.;;;

ment excluded Fresnel’s theory and confirmed Sl?:dces Fri);:‘ et": ::‘e e o.;

- ] 10 exc § >
rements were not sufficently accurate xclu . Foae

::za«s):lh:r Siokes' theory could not be retained w:lhfout m:dllf?ircei::"; _—

. i i Lorentz favore § .
bsence of a crucial experiment, . 1
ovc:nthi medified Stokes' theory, because the former led toﬂa sn::;plsc‘:, )‘:::i
abili 1o ether. For a supporter :
ture of the permeability of 'mnucr kg il hisat
, matter in small quantity had o be transparent b '
::'::mly not be pumped from 2 coptainer (ether was yu'si as den;;d u:oll';z
baremetric ‘vacuum'’ as anywhere else); but thc,eanlh s ma‘:tsc{:l i
ely i Fresnel's (heory i -
Iy impermeable to ether. Instead, theor
;?:5 l:::er:seabi‘l)it)-. To which Lorentz commented:™ ‘"It seems 10 me that

Y opal i ron
200 Thid. Stokes could handly have averlooked Lorgma paiat Ia fucl'; .u:, “l:.:hfeu::rszruc’c -
e sabject, he ¢id net assume incompressibility. He did so in lmlr yes'e' iex iyt
her, and its condition =t the surface of the earth, became highly -.» ’yp C ireligtes
c: .whclhcr Lorentz’ criticism applies. Cf. Larmor, Aeiher avd matler ( nx:. \s}.F s
:: ‘:)ﬂ e gezeral lustory of I oplics of maoving pod-cs. <f, Lum:‘-r. ;:,.‘i.wc‘:’. :,,P‘;k; 1',.,"—);‘:,-;
lc";h T I l""dula"‘au-'l"mr“(i’lz’;‘: ,th‘tcr'i:::ic:i?w.:t;d;k-rx. m;d the crighns of
‘5-? r;: ~I¢87 :\I{ :h?.:‘ri:;!‘it.u;l’;t c;':cll;)z;c: 3-!\'2: A. Mayrwgue, L abemration d‘es ,ﬂu'ff:ﬂ::
:‘th;: :}: Freseel,'* thdse de doctorat (Pasis 7. 1991 M Fictrocola Pinto de Oliveira,

1992); Whittaker

Mascart el optique des Comps en mogvement.” thise de dociomat (Paris 7, 1992); Whittake
(ref. 3}

21. Loreniz (ref. 19), 212

22, Ibid.. 203,
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the latter view is at least as simple as the former, if not simpler. It may be
that what we call an atom can perfectly well occupy the same place as a
portion of ether, that for example an atom {s nothing but a modification of
the state of this medivm; then one could understand that an atom could
move without dragging ether around it.”' Lorentz had another reason to find
the stationary ether more attractive: he knew from his previous work that
the electromagnetic version of this assumption was most useful in linking
the optical properties of matter to molecular structure.

Perusing Maxwell

As mentioned, Lorentz was not dogmatically committed to action at a
distance, and his onginal reason for prefering Helmholiz' theory over
Maxwell's was that it was ““founded on the most direct interpretation of
observed facts.”" After Hertz’ experiments, the same criterion induced him
0 adopt Maxwell’s theory, and to judge Helmholtz' theory '‘artificial.””
However, he quickly conceived a possibility of *'bringing together old and
new theory, at least with regard to form.”" One just had to imagine the
existence of small "“charged particles," the accumulation of which would
represent an electric charge, and the flow of which would constitute a con-
duction current, as was already recognized in the cgse of electrolysis. This
resembled Weber's theory, except for two things. For Weber's immaterial
particles of electricity, Lorentz had to substitute rbaterial, electrified parti-
cles; and the interaction between the particles was ho longer an action at a
distance, but a derived interaction propagated through ether.”

In a long memoir published in 1892, Lorentz developed what he meant
by Maxwell's theory and started working out his corpuscularist program. [
will first examine the extent of his conversion to Maxwell’s views. ™

For Lerentz, the first characteristic of Maxwell's clectredynamics, as
exposed in the Treatise, was that an electric current in a conductor implied
a motion not oaly in the conductor but also in the surrounding magnelic
field. Like Poincaré, Lorentz praised Maxwell's use of the Lagrangian
method, which allowed deriving the fundamental dynamical equations of
the field without detailed knowledge of the mechanism in the field. He also
recognized the advantages of Hertz' conception, which instead took the
field equations as axioms, Judging, however, that *‘one is always tempted to

return to mechanical explanations,” he proceeded 1o improve the dynamical
foundation of Maxwell's theory,’

2). Lorentz, “'Electriciteit en ether’™ (1891), LCP. 9, 83-101, oa 99, For s more detailed
analysis of ihis wext. cf. Hirosige (ref, 3), 183-186.

24, Lorentz, “La ih&orle éleciromagnétique de Maxwell el son application mux conps
mouvamts,”” AN LIR92), also in LCP, 2, 164-22]

25. Ibid., 165
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Maxwell's dynamical considerations, Lorentz noted, had three defects.
They were limited 10 the case of linear conductors; they were based on
quanlities, the potentials, which Heaviside and Hertz had advantageously
eliminated from the theory: and they did not completely cover the casc of
moving bodies. To correct these defects, Lorentz first had to generalize an
essential assumption of Maxwell’s dynamics of linear currents, that the
quantity of electricity that had crossed a given section of each conductor
since the origin of time controlled the configuration of an unspecified
mechanical system representing the magnetic field. For the electrodynamics
of bodies at rest, this was readily done by taking, for the controlling vari-
ables, a vector field A of which the current J is the time derivative,

Following Maxwell, Lorentz expressed the Kinetic energy of the system

as
1
Tw= -—2—*JB'H(lf. {8)

with B=pH and VxH=1J. (9}

The latter equation implies that every current is closed, a central assump-
tion of Maxwell's theory. At that point, it would seem natural 1o write the
Lagrange equations of the sysiem a3 Maxwell had done for linear currents.
Lorentz used instead d'Alembert’s principle of virtual work. He had several
good reasons to do so. First, the Lagrange equations for a continuum cannol
be written without the notion of funclional derivative, which was not avail-
able at Lorentz® time. Second, the variables 2 are not independent, since
they are constrained by the divergence-less character of the current. Third
and last, the Lagrange equations boost the vector-petential to the forefront
of the theory. as the generalized momentum conjugated with A: whereas
Lorentz. like Hertz and Heaviside, wished to eliminate the potentials.®™
However, for the relevant holonomous constrained system, d"Alembert’s
principle is strictly equivalent to the Lagrange equations for the modified

Lagrangian
L=T+[EV-Jdr, (10
where & is a Lagrange parameter. For the convenience of the modern

reader, 1 will here substitute the Lagrangian method for d’Alembert’s prin-
ciple. Intreducing, as Loreniz does, the *'accessory variable’™ A, such that

26, Another possibility would have been to use the grinciple of least action, Bat this would
have excluded impressed electromative forces and dissipative counter-clectromotive forces,
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B=VxA, (11)
the effective Lagrangian reads

l :
L = [(5-A+&V -Jydr, (12)
The corresponding Lagrange equations yield the generalized inertial force

d 6L dA
Emere—a -4V éi
X . CYg T e T ar’ (13)
where the & symbols indicate a functi ivativ iminati
S e equmoncmm' derivative, Eliminating the

VXE = _B_B
x TR (14)

which Lorentz regarded. followi isi
i ng Heavisid i i
fundamentzl equation of the lhcori'. RS TRCRIG SE I
The extension of the reasoni i
. sening to moving bodies requires an as i
:::;oul t!1c connection between the seat of the current Jq and the ::il:n;?[:oh:
andgl;;:;:; ;fxcc:: mo'non.hLorcntz first examined the consequences of Hertz'
iside’s view that the lwo seals were identical i :
with a velocity v (r), In this ca i i b et
. s case the effective La is still gi
. = 2rangian is still y
'():, s:;iol:]ut rth;.;e are additional configuration varia cs8 that detcnfl:':znl:;‘:
of the medium, and the fluxes A of electrici ¥ must be defined with

respect to fixed particles of the i i
o e medium, The Lagrange equations for the 2

N D
E=-—(A-
D (A-V&), (15)
where D/Dt is the convective derivative
oo i)
Pk -—a’—vx(Vx Y+ Vive ) (16}

After eliminating the Lagr
elim grange parameler, we reach one I
equations of Hertz" electrodynamics of moving bodic:'.)'?’ PR

27, The other fundamental equation,

VX(H+vXD) = j+ a0l 4 (vD),

results from VxH = J, where J is

(the o L ypl
el J onduction current) plus 1he convective derivative of
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JB
Vx(E-va)=—T'-. (17)
1o
Regarding the dynamical foundation of the theory, ,ljorent:; :m?;ss o
v . ore faithful to Maxwell than other Maxwellians. s
B hor h he retained of the other central component of Max e
ey h:w l:li::l‘:'l-tmscd concept of electric chargc. and .currem.‘ Il c:
lhcory'u‘ forcml called “‘electricity’” the thing of which J_ is a :0\?. ]:w
oo .h identified J with the ordinary current j entering Ohm s B :
COﬂdUC(‘Of.-‘e.l he assumed the flow of ‘‘electricity™ o be clast'u:a hZ
4 i8 dlel“;r'fike Mn:.&well. called D the choice of A that var-\lshcs in t
m:;ilec:ii 'q:‘;e. Then Lorentz defined the electric chalugc o-f anh;s:?;zcrl‘;?;
& s the ity of " jcity"' that would leave it w .
f:'c;:rnl:iil::)cu::a:‘llgng\ic!i:l;c\:frilcm.yand proved that this charge was given

by
g =4D-ds, (18)
o

i ductor.
if o is any closed surface surrounding the con ' ‘
’ o'lllica:))mcnll") is straighforward, Owing to the divergence-less character of

J, during the discharging process we have
IS ab f (19)
.' | ~ s — O' g
l’ ' L ar

on of o which is crossed by

. orti :
where the first integral is taken over the p [ o. This may be rewritten

the wire, and the second integral over the rest o

as
dg , A p.as =0, (20}
de o diy
which yields the desired result after integration over the duration ot the pro-
cess. ‘ .
From this consideration Lorentz could deduce the relation

p:V-D l_zl’

] { cognized
between charge density and displacement i an insufator, H_c rccohg;:“ <
; ac i e which

that **it was impossible 1o produce such. a dlxargc in 'a hl;l:;tl ct;;m gty

entirely devoid of conductivity,'" But he lmng.med. as e i

have done, that a volume element of a dielectric co_u)d Ib; < m:g e i{]j.cclioq

imi at giv onductor, something like a loc tior

cess similar to that given for a © : like kel saee
of *‘electricity™ by means of a conducting needle of higher infinite

28. Lorenz (ref. 24), on 189,
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order. Then the relation (18) applies to a surface o surrounding the volum
element, which implies the relation (21).2

These arguments were in harmony with Maxwell's ideas, They mad
conduction a precondition of electric charge and they did not confuse a cor
duction current with a flow of electric charge. What flowed was an ima
ginary fluid, which, despite being called “electricity,"” could not accumy
late anywhere since it was incompressible, However, Lorentz said nothin
more precise about charge and current in Maxwells' theory. He gave n
rule for determining the precise distribution of charge in the space occupie
by a conductor. Also, he could not decide how media displaying both con
ductivity and dielectric capacity should behave. He believed. like Poincaré
that Maxwell's prediction, which simply added the conduction current an
the displacement current was not the only possible one, ™

In order to be more specific, Lorentz would have needed Maxwell’:
more precise definition of electric charge as a discontinuity of displacement
and also some definition of displacement within a conductor. But he gave
none of this, thereby omitting essential elements of Maxwell's views, There
is a plausible explanation of this silence. Lorentz must have had difficulties
with Maxwell's concept of polarization, which could not be made [0 agree
with Helmholtz'. Also, he could hardly have been receplive to the Maxwel-
lian picture of electric conduction as a continua decay of displacement,
which seemed so remote from the intitive notion/of a flow. On such gues-
tions he is likely to have sought more light in Poificaré's and Hertz' clearer
writings. But this could only have led him furthe astray, since, as | have
shown elsewhere, Poincaré crudely misrepresented, and Hertz completely
rejected, Maxwell's pictures.”

In brief, Lorentz' presentation of Maxwell’s theory did not contradict
Maxwell’s views, but it was essentially incomplete,  Fortunately, the
incompleteness did not impede Lorentz’ progress with the corpuscular
approach, for a simple reason: conductors in Maxwell's sense did not occur

in the new microscopic theory; every current was reduced to convection and
displacement.

29, Ibid., 200,

30, Ihid., 201-202, On Poincaré, cf. Darrigo! (ref, 9), on 216

J1. Ibid,, 215-220, 251-254. See also P, Heimana. “Maxwell, Hertz, and the mature of
electricity,” feis, 62 (1971}, 149-157. and Buchwald {ref. 1), 192-192, In a foomote, Locentz
(ref. 24, 190} referred 10 Poincard's two fuids (' Electric #E" and Auide inducteur™ ).
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Charged particles

In the rest of his memoir, Lorentz developed *‘the theory of a system of
charged particles which move across ether without dragging this medium.”
As in Weber's theory, an electric charge had to be conceived as an accumu-
jation of particles, a conduction current as a flow of particles, and a
material dielectric polarization as local shifts of elastically bound particles.
“From the atoms of electric fluids to charged corpuscles,” Lorentz wrote,
“(he distance is not great.' ™

However, the particles now had to interact via ether. The particies’
motion being the source of all clectric phenomena, including the stationary
ones, Loreniz needed a precise assumplion about Ihe effect of this motion
on ether. As in his dissertation, he assumed a perfect transparency of matter
10 ether. The assumption was the simplest, it was compatible with Fresnel’s
theory of aberration, and Lorentz had already obtzined some results with it
within the framework of Helmholtz” theory.

A perfectly stationary ether is absurd from a Maxwellian point of view.
The assumption implies that in absence of true conduction the total current
is always given by aD/dr; then the charge density VD cannot vary in time,
and moving charged particles cannot exist. The only truly Maxwellian
assymption is that ether is fully dragged by matier, because for Maxwell
matter modifies not only the state of ether, but alse its constitution, by
altering constitutive parameters of permittivity, permeability, and conduc-
Hvity.
Lorentz circumvented the difficulty by avoiding any further reference ©
the picture of displacement as the shift of an incompressible fluid within
cther and simply *‘borrowed from Heriz'' the following expression for the

total current:

aD
J=pv 3 (22)
where v is the velocity of matter. The borrowing was narrowly selective,
since, as Lorentz himself showed in a previous section of his memeoir,
Hertz' justification was based on a fully dragged cther, Moreover, for Herz
tke total current involved a third term, the curl of Dxv.?
More convincingly, Lorentz refered to Rowland’s experiment and t0
current views on electrolysis as supporting the existende of the convection
current.™ He also verified that his total current was divergence-less:

32, Lorentz {ref. 24), 229.

13 Lorepsz (rof, 24), 230, For Herz™ totsl current, see note 2.

U Lorentz (ref. 24), 211: “*A 'appui de cesic hypothdse, que jai empruntée & M. Herte,
on peut rappeler 'expéricnce bien conpes de M. Rowland, dans laquelle la rotsion rapide
d'an disgue chargé a prodals les mEmes offets électromagnétques qu'an sysiéme de COUrRnis
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dab d dp
V- LU =%p “Vo+pViy = +pVy 2
(pv + a’) al+‘ prpVey B Lt (23)

and the last member represents the varia
s tien of the ch i

voh;mc clement, which is zero by assumption.** g s

n order to establish the dynamical e i

: h the quations of his system, Lorentz

aprcalcd to d'Alembert's pfmciple of virtual work, now assuming that the
:oanu;s of. D afmlim the positions of all charged particles controlled the

iguration o system. In rationalized electrostati its,*
trokinetic energy of the system is il 7 i

o i
T=[Bn, (24)
. 1 abD
with VB = —~{py+ —
| *B c(pv-r 3 (25)
Intreducing the veclor potential A, this is the same as
. I aD
T —[A L
2(IA (pv + 3 Jdz. (26)
The potential energy is
‘= L[p2
U= 2 ID dr, ; (27)

As before, I use Lagrange's method, wi '

' f . with two Lagrange
and 7 co'nespondmg to the constraints V-J=0 and gngv.ll))ar;l:: 'cerli ;
tromagnetic contribution to the effective Lagrangian is ' .

L=T-U “ v 91).
U+ [§Vipy + =T+ [nip-VDydx. (28)
The Lagrange equations with respect to I are
9 8L &l
%3p D% (29)

;;:::;:L:s:l;u;x;:mzmu que lc{ déplacement d'un comps chargé conslitue un vral courant

1 v urs esl conforme & la théorie ' e

On‘clcmol)m. <l Whittaker (ref. 31, chap. 11 EaaRAsR [

s i 2 .

(..\;;,d i:t:i‘:(:rlzml:d his c;nulcra:lon to solil disiributions. The mare generzl reasoning is
: uch einer Theorle der electrischen wad opiise x i . .

A’r\mfn-"(lxzacn. 1895), also in LCFS. 1-115, cm 15-16, R e e horepen
35, Untll 1904 Lorente used electromagnetic unhts,
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1 9A . (30)
By e oL v + )_
or D= 2 i (n+§

tion
Eliminating the Lagrange parameters, we reach the fundamental equa

(3|)
g Xl) - - a .
g g

of the electromagnetic Lagrangian is

Ly = LvAir) - qv VEE) + galr). (32)
C

The electromagretic force acting on g is
ouat 0L, B8 (33)
*T dtav ar

or
L oA b1+ 4 (34)
f, = q[--‘—;y +Vin+&l+ (_va.

ity is gi s ntz' for-
Therefore the electromagnetic force density is given by “‘Lore

ar

mula™';

v (“')

At the end of his reasoning, Lorentz recapitulated his fundamental equa-

tions as
VD=p, VB=0,
L LB, (36)
VB = %(pv+~5‘*). VxD = -5,

f=pD+ —:"va).

IR
He summed up his attitude toward these equations as follows:
On the way to these cqualions we have encountered more than one scrious
n

actin
37, In hs calculations, Lorentz assuemed solid charged panicles. In se::'ra‘l;':h:ulrumm: e ¢
m srticle—which is obtained by integration of the Loreniz rprcc.cr-ms enibhgees o
on’t:iepdtpmds on the rotation of the particle, In order to get rid of .
T - ! ‘ .
fumed a suffciently large mechanical inertla of the particles.
15, Lorentz (ref. 24), on 246-247.

difficulty, and little satisfaction is likely to be drawn from a theory which, far
from unveiling the mechanism of phenomena, leaves us, at the best, the hope
of discovering it someday. Physicists who wauld feel this way, can neverthe.-
less admit the fundamental idea which was the basis of Faradsy’s and
Maxwell's researches, and they can regard the above cquations as faily sim-
ple  hypothetical equations that might be wsed in the description of
phenomena,

Lorentz thus recognized that his equalions were simpler than their
dynamical foundation, In subsequent writings, he omitted the complex
dynamical arguments, and presented  his equations as a consistent
modification of Hertz' equations compatible with the energy principle. The
changes were dictated by empirical considerations: Rowland's phenomenon
suggested the py term: Ampére's law for the magnetic force acting on a
current element, once interpreted in microscopic terms, suggested the
p{vic)xB term in the force formula. In this view the dynamical method was
not even heuristically imporlnqt."

We may now measure the full distance that separated Lorentz from
Maxwell. Lorentz omitted the aspects of Maxwell's picture of electricity
that were not necessary (o him; he felt free to contradict this picture when-
ever he had practical reasons to do so; despite hororahle and largely suc-
cessful efforts at a dynamical foundation of the theory fhe ended up prefer-
ring Hertz' axiomatic presentation. Yel some i portant  features of
Maxwell's theory survived: the field concept, the field equations in vacuo,
and the requirement that all curents should be closed.

Lorentz could have remained closer 1o Maxwell without impeding the
progress of the microphysical approach. Without conflict with his oplics of
moving badies, Lorentz could have assumed that ether was fully dragged by
electric particles, the dragging being confined 1o the interior and the
immediate vicinity of the particles. In this case the field between and the
forces acting on the particles, as calculated by Heaviside and other Max wel-
lians, are the same as in Lorentz" theory, as long as the particles’ velocity
remains small compared to ¢,

Lorentz did not proceed in this ‘way, presumably because his equations
were simpler. Had he done so, his theory would still have differed from
Maxwell's in important respects; by the systematic appeal to @ molecular
description of matter, by the complete eliminstion of true conduction, by
making material dielectrics qualitatively different from ether in vVacuo, and,
mare generally, by dropping the implicit assumption of a complete similar-
ity between microscopic and macroscapic electrodynamics,

39, For example in the Versuch (red, 35).
20, Cf. Buchwald (ref. 1), appendix 1.



284 DARRICOL

Eleciromagnetic optics

i ] Lorentz quickly
‘ched his fundamental equauons, LA
O e esmb:;s‘:y averaging over the electric particles, the usual

O e . v ¢

‘ ; before, he

he had tackled within the fr;mc\h"ork] ofcﬁ::m;lz b;ﬂf‘zryd eAc:ric il

the problem of a single i
?nr:e‘"\ic::::dwith tlfe electromagnetic field, land ;;\cndz;lﬁ:g;senc‘le::: :,o

i 11 the particles of a portion ¢f & : :

co"';:\‘?on:t:':b::s:nw m?:thod had some interesting S\fh?l'odl(licls. l:e F(l:se
'romugl:\ctic mass of an electric particle, and the radiative damping

0 gave

24 5cc)v, although Lorentz here missed a faclor 2/3. The.(m:uexg:ja :j;;mgy o
. r‘\cw pr.oof of the Lorenz-Loremz formula, and, most sp

v i H 41

i cel's dragging cocflicient. ' .

dcrl;ahon :tl: Il:hp:’:"u'icks usscgd in the later calculation are syonh m::ntéc;llx-

:::cﬁrst introduced axes for which the transpareni body lsu ::i :'-;ss 'of ;.he
:;g::u the velocity of this body with respect to ether, the eq

field with respect to the moving axes result from the substitution
- v an
e 3 A
ar ]
Accordingly, the equations for the potentials invoive the operator
L. Wy, (38)
z i o ‘.2 at dx

i ing differential
if the x axis lies along u. Using a standard techr:xqu'c fc')r :'o::::gwcz‘?lz s
i { variables X', ¥, 2,
ns, Lorentz tried 1o find new it w
;?;a‘l:(a)ck to 2 more familiar equation. He found that the substitetion

e I'=l"'})“x’(}' 139)

b4
“ o

v

."=Yxc .‘" =y' z

where
1 (40)
F & (1)

41. Logentz (ref, 24), ca 26811, 281, 319
42, Lorentz (tef. 24). on 297,
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There is an immediate corellary, which, however, Lorentz did not stat
The d'Alembertian

1 9%
A —r—— 4.
c* ar? (
is invariant under the substitution
X =fx=-wt), ' = Kt -uxic?), (4.

which is obtained by combining, in this order, the change of axes, 1}
transformation (39), and the division of the time variable by 7.

Lorentz” first derivation of the Fresnel coefficient linked a mathematic.
invariance property, the Loreniz invariance of the d'Alembertian, to tf
physical invariance property that makes the laws of refraction independe:
of the earth's motion. But the connection was highly indirect: the Loren:
invanance helped in calculating the retarded potential for a moving sourc
the potentials corresponding to the various vibrating electrical particle
were superposed; the velocity of a wave in the moving medium ws
derived, leading to Fresnel’s formula; finally Fresnel’s formula could b
used to prove the invariance of the laws of refraction. Much of Lorent;
later efforts aimed at simplifying this invelved procedure,

»

4
Macroscopic field equations

Very soon Lorentz introduced a first improverhent in his optics of moy

ing bodies. Through a proper averaging procedure, he derived equations fc
the fields that were accessible to macroscopic measurement. The equation

were published for the first time in 1892, but the proof appeared later, i
the Versuch of 1895.4

As Lorentz started to do in this peried, I will use small letters fo
microscopic felds and capital letters for macroscopic fields. Calling p,, th

microscopic charge density, and v the microscopic charge velocity, Lorentz
microscopic field equations read:

Vd=p,, Vh=0,

Vxh = %(p,.,v*-&). Vxd = --:jh. (44

43, Lorentz, "On the reflection of light by moving bodies,”” VKA (1892), alse in LCP, 4
215-218; Verswch (rel. 35).
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1
= —yxh .
f=d+ Cv

i it charge moving
In the last equation, Fis defined as the force acting on & unit charg
n )
AR .
" A pations with respect 10 axes moving with

rote these eq 3 . icke
heLoTo?ifyﬁ:ls t'Il:f: necessary modifications are obtained by the sub
the ve i

fions
—@-—>—a—--—u-v. v = VHu, (45)
ar o1
which lead w0*
V.d=pu V:-h=0,
(46)

1 .
Ly - "!_ |- lO“+d)t
Vxid+ —:_—uxh) = —?h. Vx(h 2 uxd) c(p .

1
f=d+—:7vxh+—c»uxh.

denoted by an horizontal bax: over
f molecules but could still l?c
opic dimensions, As in
Lorentz introduced the

Loreniz’ next step Wwas an averaging,
domains that contain 2 larg: numl;:rt : i
itesimal with respe
regarded as infinitesima : mac:
Pcnsisson's and Helmholiz' theory of polarization,

polarization densily

! pﬂl a ( | ] )
| y Q b P 'ela'

VD =pn+ VP =pe—pp =P

i sponds 1o a gra-
opic charge that corresponds 1€
I?uization. and p is the remainder of
is easily seen to play the same role as

where pp is the part of the macrose
dient or discontinuity of mntenal.po
this charge. The laiter chaf.gc density L Sax
Maxwell's p in macroscopic electrostatics.

&4. Lorentx (ref. 35), 14-21.
45. Ibid,, 35
44. Ibid,, 6164,
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Consider now an isolropic transparent body at rest with respect lo the
moving axes of coordinates. Afler a careful inspection of the microscopic
precess of polarization, Lorentz found that for monochromatic waves pro-
pagating in the body, one could reasonably assume the relation®

P = yE, (50)
where x is a function of the frequency of the waves, and

E=d+%uxh. 51

Averaging the field equations in (44) and neglecting second order terms
in /e, Lorentz arrived at the system

VD= 0, V'H = 0.

VXE = -LH, Vx(H-LuxE) = 1. (52)
[ C c

D =CE-LuxH,
«

where e=1+ x. For a plane-wave solution with the velocity V, the equa-
tions lead to the relation

'S iy

Vo= - =

&

where i is the component of u normal to the wave. The case u=0 leads
lo £=n?, where n is the refractive index. Consequently, the velocity V + u
with which the wave travels with respect te the stationary ether is the same
s if the moving dielectric partially dragged ether with a coefficient
I = Iin, in conformity with Fresnel's hypothesis,®

Corresponding states

The Fresnel coefficient, once combined with Huygens' and Doppler’s
principles, was sufficient to explain most known experiments in the optics
of moving bodies, In particular, the coefficient explained why an optical
experiment performed on earth should give, 1o first order in u'c, the same
result as if earth did not move. But Loreniz wanted to show this directly

from the system (52), which govems the macroscopic fields in reference 1o
moving axes

47, Ivid., 75, Lorentz also treated the anisotropic case,
48. Lerentz (rel. 43), 216,



288 DARRIGCL

For this purpose he thought of using the change of variables (39), which
had the virtue of wming the wave operator for moving dielectrics into that
for dielectrics at rest, the d'Alembertian. To first order in u/c the new vari-
ables are

x'=x, y=y =z (54)
¢’ =t - uxict,
The corresponding differentials are

u @ é d

‘= —_—, = 55
% v+c28r' o’ o Gl
Consequently. in 1he same gpproximation the system (52) may be rewritten
a3

v’ =0, V'H =0, (36)
V'xE = -oH'icor’, V'x<H' = aD'/rdr’,
D' =c:E,
with D' = D+ —‘C-uxH. and H = H- —lc-uxE. (57)

Noling that the new system had exactly the same form as the system for
bodies at rest, Lorentz stated the following theoren: “If, for a given system
of bodies at rest, a sate of motion is knevin for which D, E, and H are cer-
tain functions of x. ¥, 2, and 1, then in the same system drifting with the
velocity u, there exists a state of motion for whick D!, E’, and H' are the
ame functlons of x, ¥, 7, and ¢ Lorentz called ¢’ the “‘local time"
(Ortszeif) because it could be regarded as ‘'the time reckened from an
instant that depends on the position of the relevant point [of space],”” and
he called states connected by the theorem ' ‘corresponding states.'

Since. according to the relations (57). D and H vanish together if and
only if D’ and H' do so. the surface delimiting a light beam is the same for
iwo corresponding states. Consequently, the laws of reflection and refrac-
tion, which control the shape of a light beam, are the same in the drifting
system. A similar invariance holds for interference experiments, since the
position of dark fringes is the same for corresponding states.*

49. Lorentz (ref. 351, 5, ibid., 50
SO. Ibld,, 85-87.
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’

S i o= ai—kr, (58)
el

arem connects a plane wave in the moving system with the phase
O=wt’'-Kkr = wr - (k+auicd)r.

The corresponding phase velocity is "

Vom @
’k+m’r’| - "

p b
M) s ' { sl

. | " a2 i61)
which agrees with Fresnel's hypothesis,

The Lorentz contraction

Lorentz applied a simi /
Ry imilar fechni
bodies.** There he started fro e Ckc'fmlatics o o

: m th ic i
equations (46) with respect 10 movin: :;Z‘;'L A OSSR

V'd =ﬂ~. v'h = 00

Vxh=1
xh = —pu-wVid, Vxd = v, (62)
P
e =d+uxh,
where e is the electric force actin

: on i i
i s i £ & unit charge ar rest with respect to

d the quadratic equations

A = (V- Ly '
o 5 uiuVp, Ah = -("_'“x Vou: (63)

51. Ibig, 95-97.

%1 .

52 _Lomm. De relstive howe
tiransiation, "*The refat
laidad cons

' ' Zing van de aarde en d "V '
Ive motion of the earth and the c'b"t;n b 054 oo oz

derations are in ref. 35, 35.35, 119124 S LE A B0L2 Bacw .
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: 4
where A, =A - —C-;(u-V)’. (64)
Selecting the x-axis so that it lies along u, and setting
= . . (65)
7 N1 — e
we also have
3 ? & (66)
ST 1 T NI, S
e £ e 9y a2t
To any solution § of the cquation
AG+Pn = 0, (67)
corresponds a solution of the system (63), as given by
|
d = [V - Lu?))E, h=-uxVE. (68)
Z

According 1o the last equation of system (62), the corresponding value of

the electric force ficld is
e= -y VE (69)

i -

“In order to clarify the meaning of the previous formulas, 'Lc::v:;i
imagined a second, ficticious system S’, The lawer system is a ni; c e
the same conslitution a&s the orginal system (S) ?nd"ca;:’esllon 6{ i
charges, but its dimensions are dilated by a factor 7 in the directi

v

vaxis. In other words, to a poiat of § with the coordinates X, ¥ %
corresponds 2 point of §° with the coordinates

‘my 2'=3 {7

X' =y, Y
In the second system, the charge density is p'=7"py: the corresponding
potential £ is given by the Poisson equation
Afal+pl=0' (7')
and the electric force field s
e’ = =-VE. 72)
Comparing equations (67) and (71), we have
F = rﬁ' (73)
& £
Therefore, the force field e, which is given by (69), is related to the force
field e’ by

BLECTRODYNAMICS %

ames o =7'e emyley (7

The simplicity of the relation between S and S°, especially the fact th:
e vanishes if and only if e’ vanishes, wafrants that the qualitative appea
ance of electrostatic phenomena is not moedified by the earth’s motion: the:
is no electric force within conductors, and there are only surface charges fc
@ system of conductors in equilibrium. Lorentz also noted that the predicte
influence of motion on electrostatic forces and charge distribution was ¢
the second order in w/c, which left lile hope for an experiment:
confirmation,

However, Lorentz imagined a connection betwesn the electrostatics ¢
moving bodies and the Michelson-Morley experiment, In 1887 the tw
American experimenters had repeated the experiment of 1881 with a muc
larger interferometer floating on a mercury bath, and had found no fring
shift of the order of magnitde implied by a stationary ether. Despite thi
fact, Lorentz maintained his faith in the slationary ether. In 1992, a lint]
after his memoir on Maxwell's theory and the optics of moving bodies, b
suggested a way out of the contradiction,™

There would be no shift of the interference fringes, he noted, if the am
of the interferometeter paralicl to the earth's velocity u was contracted b
an amount /

—
v = AN1-u¥et &( (75
The contraction was small enough to have remaired unnoticed in previou:
terrestrial experiments, but was theorelically conceivable. Argued Lorentz:*

What determines the size snd shape of a solid body? Evidently the intensity
of the molecular forces, .. Nowadays we may safely assume that the electric
and magnelic forces act by means of the interveation of the ether, Tt is no
far-fetched 10 suppese the same to be true of molecular forces. But then i
may make all the difference whether the line jolning two materia) particles
shifting together through the cther, lies parallel or crosswise to the direction
of that shift,

If, Lorentz went on, molecular forces in moving bodies behaved exacly as
clectrostatic forces, the theory impifed the contraction. He reasoned as fol-
lows,

If the correspondence theorem applies to molecular forces, the relation
{74) between the forces in “‘corresponding states' implies that a state of
equilibrium in S” is also a state of equilibrium of S. Since, by assumption,

33, Locentz (ref, 35), 38,

54. Lorentz (ref, $2).
55. Ibid, 221
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molecular forces completely determine the dirftensions of a.sf)l:]d l;:)cr :o ?::icrs;
molecular arrangement, the dimem;ionsB ot;:ﬁ a;rlvc “:;'s;’“:;:se ld el
if i nition s L
would take if it were brought to rest. By e oo
i m those of the moving S by a dn' atatio ng u in
o (i):r:a;m?tg:cfm S must contract along the direction of its mouon.”m
ponLorcn.tz was well aware of some defects of (h? argument. Not n?
ired that molecular forces behaved like electrostatic forcgs with rcs;l)f:c;
::q':hc *‘correspondence.’” Morcover, thermodynamical CVldc‘:lC: ui:‘:l \::d
i t of a static nature, bu
that the equilibrivm of a solid was nol . : Sty
i ons as likely 10 be improved |
i opic motiens, Still the argument was Bk
'f‘:lltfnl;':sche Lorentz contraction was not, in Lorentz’ mind, a completely ad

hoc hypothesis ¥

Improvements

Lorentz cbiained the preceding rcs.ulzs on lnacr?s?op:gqflzelc:lr;lgt;atlgr:;
corresponding states, and the conu.acuon of lengths |‘n - .a" undcj; -
later a full, systematic account of his theory appgarod in c::m ,.n palis
title: Attempt at a theory of cIc('rrlfal and qpm'ai p.';enlon.:'rri::alt s
bodies. Here Lorentz postulatct:lagnnn tthcelcetlts::‘r‘):?qo"z etcoo : h;spnmicms:

i w called ions in allusion to ysis. { is mi
Z)':::ch t?:k;mequalions and the "'Loreniz forcf," as plausible ax;:n::;vainn:
focussed on the consequences of these equations for macroscopic n

1oy S8 .
bOdg:'lthc end of the century, this contribqtion to the increasmglyg p:gutl::
ionic theory was regarded as most outstan_dmg. for at least twofrf:;c: m v
clarity and simplicity of the basic assumptions, and lh.e extent ol e kn;;wn
cal ground covered. From the same generil a?ssumptlogs._ m:;u;j ;n s
electromagnetic and optical phenomena were }merprete » inclu cfr i
electrodynamic effects, dispersion, crystal optics, magncl;)-;pn;c e .w 2%
the optics of moving bodies, However, the_structurc of 1 ; i zx:)du&
connecting the basic assumptions 10 experiments appeared (o
complex, even in Lorentz’ own eyes.”

$6, In his justification of the Loremz contractios, Lorentz implicitly u;{n'n,:ds ‘:l':;l(;:: |:
n ' li tiere is only one slale o
o arrangement of the molecules of a solid At rest OBe 6138 9 3

g:r;puiblcgu;m the equilidrium of melecular forces, Another implicit Juun:xpllo:l;m\:l"a;'
Lorente laer found o be problematic, was that the defialtion of the correspoading &

blishing the Poisson equation was unique. ) s .
N 5?‘ lr'is(chmH'! cmll‘ndion hypothesis (cf which Lorenlz was not yet aware in 1852} was
naos purely ad hoc either. CIL Hant (ref. 1), 189-197.

58, Lorentz (ref, 35). sy ‘ 7
59, Although, when it was published, the Versuck was just one ionic theory among m::‘,\
Ml‘.m.s (cf. Buchwald, ref. 1, 198-199), after the Disseldorf meeting of 1893 (cf. Hirosige, rel.
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The technique of "'corresponding states,” as exposed in the Versuc
led to very different kinds of considerations, according to the problem ¢
which it was applied. In the optical case, \it led to the cancellation of firs
order effects of motion, whereas in the electrostatic case, it led to the pred
iction of observable second order effects, like the Lorentz contractior
Even at the purely calculational level, Lorentz’ procedure was incon
veniently heterogeneous. In some cases (Fresnel coefhicient, reflexion an:
refraction, interference), the technique of corresponding states was applies
at the macrosopic level, while in some others (Doppler effect, aberration
electrostatics) it was applied at the microscopic level. Moreover, the tech
nique was not well adapted to some simple electrodynamic systems, like ar
clectric charge and a current-carrier travelling together, which Lorentz hac
(0 discuss separately,®

The complexity was the more embarrassing because it occurred in the
proof of a very simple result: that the motion of the carth could not be
detected by the terrestrial devices used so far by physicists, Lorentz wrote
in 18B98: "‘Although this very simple fact can be derived from the Fresne!
theory [or from the correspending jonic theory], it appears—one could
almost say—as a forwitous consequence of rather complicated considera-
lions. Wouldn't it be much simpler to have cther follow the motion of the
carth, which would immediately explain the negafive results of the men-
lioned experiments?”’ Lorentz rejected the alternagve, because, in his opin-
ion, it gave no satisfactery account of aberratic. But he was certainly
aware of the necessity of simplifying his own scheme.

Another defect of Lorentz theory was incompleteness. The basic
assumptions concerned only ether and the electromagnetic properties of
ions. But some experiments on the optics of moving bodies could not be
explained without further assumptions. For example, the Michelson-Morley
experiment required that molecular forces behaved like electrostatic forces.
For Poincaré, who insisted that the relativity principle held generally, this
Wwas a major defect of Lorentz’ theory. Would a new kind of explanation be
needed for every order in w/c?*

Lorentz could not have been much disturbed by the objection initially,
because he believed that future refined terrestrial experiments would detect

22, on 33} andl the Loremtz jubilee of 1900 Lorentz’ theory became the center of all experts’
discussions,

80, Lorentz {ref. 35), 19.43

61 Loremiz, *Die Fragen welche dic translatorische Bewegung des Lichtithers betreffen'”
(D0sseMorf paper), Versammelung Deutscher Naturforscher usd Aertze, Verhandlumpen
(I898), also in LCP, 7, 101115, 102

62. H. Poincaré, **Relations entre 12 Fhysique expérimertsie et la phy sique mathématique, '
Congeds intemationa) de physique, Rappasie (4 vols., Paris, 1900), J, 22-23.
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the carth's motion. However, in subsequent years he found more and more
reasons to accept Poincaré’s criticism. It was not out of concern for third-
order effects, but because he found that he had to be ever more subtle in
explaining all available second-order experiments. Mascart's old experiment
concemning the rotation of polarization of light was the subject of a highly
technical controversy between Larmor and Lorentz. New experiments, like
the ones by Rayleigh and Brace and by Trouten and Noble, failed to detect
effects that seemed to result from Lorentz" theory. Their explanation chal-
lenged every experl including Lorentz.®

Fortunately, Loreniz managed to improve the technique of correspond-
ing states in a way that would meet 1his challenge as well as Poincaré's cri-
ticism. In 1899 he took a first step in this direction by applying directly to
the microscopic field equations (refersd to moving axes) the change of
coordinate (39). Since 1892 Lorentz knew (he pleasant effect of his
change on the guadratic differentinl operators of the theory. Now he could
see that the change turmed the field equations into equations similar to the
equations refered to ether, but in terms of the new fields

d'=(l.;ﬁ(d+~:juxh)‘ h’=(l.7}(h—-1—_uxd). (76)

if the symbol (¢, ) means a multiplication by & of the component parallel
to u and a multiplication by 3 of the component perpendicular to u. Lorentz
also noticed that the similarity was improved by introducing a third time
coordinate, ¢’ =y 't" and that a common dilatation of space and time coor-
dinates by a factor e, together with 2 proper rescaling of the fields and
forces, maintained the form of the field equations, Of course £ must be a
function of « that takes the value wnity when 4 reaches zero. The final coor-
dinate and field transformations read:

=ex, Y=gy, =6, 1'= ely 't = yuxic?), (77

d = e 2(1,yHd + : uxh). b’ =&X(1,9h- lcuxd';. (18)

The transformation obtained by combining, in order, the Galilean transfor-
matien of velocity u, and the given change of coordinates for £=1, is the
so-called Lorentz transformation, Together with the field transformation,
the Lorentz transformation restablishes the original form of the field equa-

vons in vacuo™

63, Cf. Hiresige (ref. 20), 3341,
54. Lofentz. "Théotle simplifiée des phénosdnes &lectriques el optiques dans des corps en
* Dutch in VKA (1899), French in AN (1902} and LOCPS, 139-155, As we will see,

mouvement,’
in 1897 Larmor had alzeady given the same field transfoomation, except for a global scale fac-
f the recond-order invariance of the

101 (p. However, at that time Larmor was only aware O
fleld cquations in vacuo. He asserted the exact invariance only in Asther and mater (1900}
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. How.'cvcr. Lorenlz‘ exploitation of this invariance was impeded b
difficulties, .Flrst. he did not introduce transformed expressions ry “:»:
charge dcn.suy 2 and the current py, so that thg inhomogeneous tcnmoir :h
field equations and the expression for the Lor;\\lz force f remainéd (v ol
cated. For this reasen, the benefit of the new transformation was l::;pleir
aland the technique of corresponding states worked only for the cases tﬁat
orentz had alrgady been able to treat, electrostatics and first order optic

The other difficulty had to do with the interpretation of corrvesopt on;"
states. Were they only states of an imaginary system, or were lll)tc ::g
states that the moving system would really take if brought to rest? Lo:y ?
treatments of electrostatics and first-order optics required only the ﬁmenlz
ception. But his lderivnlion of the Lorentz contraction a;;pcaled toC?:;
s'ccm}d. more realistic conception, Now a difficulty with the latter concep-
tion is tha} the correspondence defining the '“corresponding states’” is ambe
guous owing to the factor & in the transformation formulae. Although th'l-
(e)ttfm‘l:»:';rrassnngd{actor had w0 have o definite value in the rcali.stic concgepﬂ;:
L zzgpo.. ing states, the theory in its present stage was unable to deter-
M.‘l:o:tunately. x?x: umt.nguily did not impede the explanation of the
) 'nue.so'n-bflorlc) experiment, because what determines the absence of
frm'gc'shlﬂ is the relative length of the two arms of the interferometer 'n?
realistic conception of corresponding states was not endangered Ir.1 h'c
?'ap'cr of 1899 yomnlz generalized it to all second-order optical phe;lomc :s'

\\.e shall admit lha't. when a translatory motion is imparted 1o a systcmn;;

orginally at rest, this system goes of irseif to the state S." This implied
Lorentz sho“'red. the invariance of a large class of sccond-ord;cr c: i-
:;etsus. expecially a variant of the Michelson-Morley experiment in wfl:iccrfll.
il ;ggested by Lié¢nard, the air was replaced by a solid or liquid dielec-
hodgcp:::;:;::fl i;mf;?):m:::s':::dof l.orelnlz'h electromagnetics of moving

el » on nearly the s
mation as had been used in 1899, The on)l’y dm:::;(:“::’:‘:‘:‘l::? :fa"SYOT-
mation for velocities, that read g

 § =h}s Y)V . (79)

This transformar e V'xh'
mation gave V'xh’ the same form as for a system at rest, but

the ex ssi0ns I ‘d’ :
fofc:\fc’ess'lon(; for V*d" and for the velocity-dependent part of the Lorentz
mained complicated. The transformation is not consistent with the

6. Ibid, 154
66, Ibid., 153,
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coordinate transformation (77), a point that Lorentz seems to have over-
looked. Nevertheless, Lorentz managed to counter Poincaré’s criticism by
extending the technigue of corresponding states to any order in ufc and 0
nearly all conceivable experiments in the electrodynamics and optics of
moving bodies.”

Lorentz first circumvented the complexity of the source lerms in his
transformed equations by showing that, for a variable dipole, the form of
the emitted felds was invariant. Then he made sure thal every object in 8’
would look the same as in S brought to rest by introducing two additional
assumplions: that the longitudinal dimension of an electron wis altered by
translation in the proportion 1/ey. and the transversal dimensions in the pro-
portion I/e; and that the forces between uncharged particles, as well as those
between such particles and electrons, were influenced by translation in quite
the same way as the clectric forces in an electrostatic system. The former
assumplion warrants that an electron in §” would have the same shape and
size as an electron at rest. Accerding 1o the second assumption, and by the
reasoning Lorentz had used for the Michelson-Morley experiment, the
dimensions of a solid, macroscopic body in S’ are the same as if §* were S
brought 1o rest.*

What remained to be checked was whether a possible evolution in 8§’
corresponded to a possible evelution in S. For this, not only the expression
of the fields in terms of their sources, but also the equations of metion of
microscopic charges had 1o be invariant, Lorentz assumed that all forces
behaved like electromagnetic forces and thal all inertia hehaved as if it
were of purely electromagnetic origin, Then he had only to examine the
transformation of the equation of motion of a purely electromagnetic elec-
tron, He first established this equation in the following manner,”

The electremagnetic momentum of an electron meving at the constant
velocity u is, by definition,

p =~ jdxhdr, @0)

where d and h represent the clectromagnetic field of the clectron, Using the
field (78) and coordinate (77) transformations, and noting thal h” is zero,
we have

67, Lorentz, “Eleciromagnetic phenomenn in @ system moving with any selocily smatler
than that of light,”" FRA (1904), also in LCPS, 172-197. Lotentz refers to Poincaré’s criticism,
ikid., 173

68. lbid., 182-183.

69, Ibid., 184185,
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!
p= —rerufdide. (81)

Taking with Lorentz the electron (at rest) to be a uniform) i

. S ¥ charged spheri-
cal shell \fnh the total charge e and the radius R, and noting that d’ ‘i):“:he
electrostatic field created by this charge distribution, we get

» 2 2°°d 2
didv = =[d%dy = S [& - £
Jai 3] 6y 2 6mR’ 2

2

6rc'R
Following Abraham, Lorentz wrote for the equation of motion of a
moderately accelerated electron

and p = mgyeu with my = (83

d
f= Ldf- = Mm@, +ma,, (84)

where f represents the force acting on the electron, and the a’s dencte the
components of the accelerations parallel and perpendicular to the trajectory.
The given expression for p yields

d
my = mu-—;‘a. my = mgw. f (85)

The result was in itself interesting, because it chall nged the predictions
of {&braham 's previous theory of the rigid electron (190%), which Kaufmann
claimed 1o have confirmed by clectromagnetic deflection experiments
Lorentz performed long calculations to verily that Ksufmann's data were n6
less compatible with his own theory., Yet his main purpose remained the
determination of the scale factor "

For this purpose, Lorentz assumed that the velocity of all electrons in
the moving system S remained close to the global velocity u of the system.
.Consc.qucml)'. the equation of motion of an electron of S has the form {84)
Just given, with constant longitudinal and transverse masses given by (85).
Lorentz then reexpressed this cquation in terms of transformed variables.
(1n the one hand, a double differentiation of the coordinate transformation
{(77) connects the transformed and the true accelerations according to

a’'y = e ay,, &', = ea,, (86)

70, 'On Knn.’mann'f .cxpc.-imenu il Abeaham's theory, see A, Miller, Atberr Einsrein’s

.;,:;ﬂ(?. theory of relativity. Emecgence (1995) and eariy interpretation (1905-5911) (Reading.

I>.. IT Cushing, “*Electromagneiic mass, reltivity, and the Kaufmara experiments,'’
Arserican jowena! of physics. 49 (1981), 1133-1149. :
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On the other hand, the force f acting on the eleciron l.ransfo.nns.d by Zss:n;;:';

tion, like the electromotive force e[d+(u+\')?<h] (in wl;u::c |[::5fofmcd
' 1 fields). This force can be expressed in terms of T

:’l:(lf;::hmugh l.he relations (78), which gives, for a negligible rela

city,
f,, = ed’yy, T = y'eted L, or (87)

f, =t =760 (88)

! i tron
since ed’ is identical to the force f’ that acts on the co;t:sp:g:u:'g‘ce:‘c: :
;Jf S’ Then, combining the equations (86), (188). ame (“:. s Obmnmmmc

. ) ion [ 3, f'=mea’. W .
ion of metion for electrons in S f'=m \ ; P
‘;::T:l:l:m of the equation of motion (84) for the corresponding electrons 1

S if and only if
@—l-‘— = ¢
dit

40) of 7 this condition is equivalent to
for w =0 no conltaction cr

v (89)
As results from the expression { Fr
e=constant. The constant must he ity since

| i .

i 1 of lengths is expected 1o happe ' )
: la"lfl‘xico scope ogf Lorentz' method of corresponding stales wn.s“n:f ﬁ?::l
widely increased by these considerations, Even the negative resucccaved %
ton and Noble, which contradicted other electron :();c(:‘rz::dsivr'mw s

i writical reader of Loreniz cou y ha

xplanation. Yer, a critical ¥ _ . 2o
:Agsﬂed The invariznce proof of 1904 still reguired approxu:;lncu: sl
.dipolar approximation for the microscopic sources of r{adu.uopq. nmt?m g
mation of small relative velocities, and the ncglect 0 spln:nc. gum“; i
electrons and other fons, Even if this inconvenience coulk e ; - 'Thc
d;mcult;v of the very notion of corresponding staies \_»o\gdrr:):;? (.h;- T

i Ll

rates were in a sense fictitious, since they were obtaine l.r s
gates of the moving system S by a mathematical uansfom\a'w :]. gl
were discussed as real states of the sysiem that would be obtained by
ing S to rest. . ) ‘ s

gLorentz was prudent in his own judgment: “lt need hardly t:ccs:u;l1 B
wrote, ““that the present theory is put forward with all due rcse‘:c ;“Otio“ o
not e;&cludc {hat future terrestrial cxpcrimcm; wloulld :;::;;:c e
[ J ¢ invariance ol electrol
o earth. In his theory, the inva o 57
::lepcndcd on the behavior of the ultimate entilics of malner. th:: e!lc.c(;o:;.mc
; i vas K C ' Opr assumption about the contracty J

which very litile was known: sum i

= “cannot in itself be pronounce

electrons.’” he commented, "cannd ' i

i i issible,"” s cerainly pleased that his

lausible or inadmissidle,”” He was © 2 : e

rongi'.udinal and transversal masses as;ced with Kauf!nama“s"data.

did not prejudge the outcome of future, improved experiments.
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2. LARMOR

In the period I1894-1897 Larmor brewed a theory of electrodynamics
that, in its final stage, was in several respects’ similar to Lorentz'. It
involved electrons, a stationary ether, and derivations of the optical proper-
ties of bodies al rest and in motion. Before analyzing the contents, some-
thing must be said about appearance and style. Whereas Lorentz was known
for his clarity and direciness, Larmor's writings were notoriously difficult to
read. The complexity and opacity of his memoirs on “'a dynamical theory
of the electric and luminiferous medium,'” which led to the electron theory,
have several sources. These texts represent a complex of evolving ideas, not
a defnitive, synthetic system, A more fundamental difficulty is that essen-
tial elements of Larmor’s theory, even in its final stage, were only
expressed in words and pictures, Precise mathematization only occurred at
the more phenomenclogical level. Larmor seems to have been unable to
express himself concisely, even on straightforward matters. This verbal gen-
erosity reflected in good part his way of thinking, which involved much his-
torical and philosophical digression. In brief, Larmor was neither a practical
man nor a rigorous thinker, He was a natural philosopher,™

Background

As a Cambridge graduate, Larmor was taught to revefe the principle of
least action ‘“as the fundamental formulation in dynamcs and physics.”
Early in his career, in 1884, he praised the method of minima for conveying
"“a clearer and more compact mode of representation. ..and an easier grasp
of mathematical relations as a whole, than any other.”" He did not think,
however, that the action principle freed one from the duty of illustrating
physical theories, Instead, he emphasized that the principle could case the
finding of dynamical analogies. He referred to Clausius' and Boltzmann's
dynamical analogies for the second principle of thermodynamics and to
Helmholtz' analogy between vortices in an ideal fluid and electric currents,

In cach case the analogy appears most directly by examining the action of
the compared systems.™

72. On Larmor's siyle, see Buchwald (ref. 1), 141042
TL Lasmor, “On least action as the fundamental formulstion in dynamics and physics.''
PLMS. 15 (1884), 158-194, also in LaMPPY, 31, 55-56. Cf. Buchwald (ref. 1), 135136, and

Hune (ref, 11, 202, Larmor was not aware that forces belween currents amd forces between vor-
1kes have oppasite signs
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Later, while in search of a universal medium for'clccm'c and oplt.nca!
phenomena, Larmor acknowledged the more #bstract virtue of ':ea‘s;c ta:i‘l;oz%
“its allowing us to ignore or leave out of acco_um lallogcther the aund“
the mechanism, whatever it is, that is in operation in the ;Thcn?n}\’ena'“on'g
discussion.”” Maxwell had brilliantly demonstmted this power or ldamt‘o (hé
principle in his dynamical theory of the elccu.omanncl;c.: Ieth;x ke
applause of Poincaré and Helmholtz. But Larmor did not believe phy

sical theory could do without pictures. He explained:™

correlation of the physical forces is, . divisible into two
::rels?:?)b:;rcn;tolr‘;n‘inutim of the analytical tunction_which t?prc.sc'mls lhcdfjt:;
wibution of energy [more exactly, the Lagrmgian) in the pnmordu: Thc ndu
which is assumed 1o be the ultimate seat of allvphenomcnn. md. {i ). ¢ dl:-
cussion of what properties may be most conveniently m'wd :eimpl) aﬁsl.'g:le 0
ihat medium, in order to describe the play of energy in It most vividiy, u;
jerms of the stock of notions which we have dcn:ivcd from |hu_t ob.ser.vahc;n ?
that past of the interaction of natural forces which presents stself directly 1o
our senses, and is formulated under the name of nateral law.

Larmor admitted that the first part involved in itself the solution of tlu:
whole problem. But he still demanded the second part, for the purpose o
i explanation.” -
I"l‘;i'fr::;or:i;l‘;}dl L:ﬁ'mor wrole electromagnelic and optical theory \'mi‘\?'.‘;t
the principle of least action, Instead, he developed models ?f ether in :'-'
liam Thomson's style. For example, in 1850 he generalized Thomson hz
model of a gyrostatically loaded ether which illuslfaled the _rolauon:of ‘;
plane of pelarization of light in & magnetized medium, .lhal is, the Faraday
cffect. The model involved an elastic solid mgresentmg pure ether gnd
small spherical cavities in this solid supporiing pemlangnlly. ro;f'::(ljng
fywheels. The resistance of Ihe axis of the ﬁywbecls to rotation implicd a
modification of the elastic properties of the medium, which was to explain

its rotary power.” . : 2
Concerning this baroque but expedient picure, Larmor commented:

The hypothesis of gyrostatic cells interspersed throughout  the |f.ucd:um.
lhough'al first sight amtificial, is @ correct realization of the current views of
the influence of ponderable matter on the undulations of the aether. Any

74, Larmee, A dysamical theory of the electric axd lantisiferous medium® (abstract),
PRS. 54 C189), 43846), also in LaMPP!, 389413, on 38‘9—3?0. iy o
75. Larmor, “Rotary polarization, illustzated by the vidbrations of & gyms!nl;uhy qa ¢
chain,”” PLMS. 27 (1890), 423-432, also in LaMFP L. *Ihe eguations of propagm.’.:anpif‘;};su:';
Bances In gyrostatically loaded medis, and the circulir polarization of lighs, ' .F. e
(1891), 127138, also in LaMPPI. On Thomson's modl. <f. C. Smith and N, Wise, Fuergy

and empire; A bographical smdy of Lord Kelvin (Cambridge, 1589), 429, 473474,
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exhaustive optical investigation must take cognizance of the mutan) influence
of the two interpenctrating medis, the sether and the ordinary matter.

More exacily, the two media had to be regarded as two linked dynamical
systems, This view was not self-evident, because in most of Maxwell's
Treatise and also in old optical theorics, there was only one medium, with
variable charateristics (permittivity, permeability; density, eclasticity)
depending on the presence of matter. But Thomson's old analysis of the
Faraday effect, as interpreted by Maxwell and Larmor, left no other possi-
bility: in this case the circular motion induced by the external magnetic
field had to pertain to matter, while the motion implied in the light waves
belonged to ether,™

Gyrostatic loading could not be a general representation of matter. For
this, Thomson had something better to offer, his theory of vortex atoms, for
which Larmor had much sympathy. Since Helmholtz' influential memoir on
fluid motion, vortices in an ideal, incompressible fluid were known to be
permanent siructures that could start or end only at the surface of the liquid.
In his theory of matter Thomson assumed a primitive medium similar to
Helmholtz® ideal fluid and ok atoms to be small voriex rings in this Muid.
The picture did not explain much more than the permanence of atoms and
their ability to combine. But Thomson, Larmor, and many others heped for
future improvements.”

To sum up, by 1890 Larmor’s picture of the physifal world involved an
optical ether with molecular loading. the molecules ing themselves per-
manent structures in a primitive, continucus medium, molecules could
eventually carry electric charge in discrete amounts, as Helmholtz had
argued in his discussion of electrolysis. Larmor was fully aware of the
strength of Helmholiz' arguments, since he had derived an estimate of
molecular sizes from Helmboltz® interpretation of electrode polarization.™
What the picture Jacked was an account of electrodynamic phenomena,

As appears from his work on electromagnetic induction in rotating
bodies, published in 1884, Larmor studied Maxwell's Treavise early in his
career. After a period of confusion. he came to grasp the essentials of
Maxwell’s conception of charge and current. For instance, in 1893 he
wrote: "“The electric current is in a dielectric the rate of change of the

76, Lammor, “The equations™ (ref. 73), LaMPPL. 248. On Thomson's analysis of the Fara-
day effect, see Larmor, *“The action of magnelism on light: with a critical comrelation of 1he
various theories of light-propagation,”” British Asscciation, Report [1893), LaMPPI, 210-355,
on 314; Maswell, A reatise on electricity and magrerism (2 vols.. Oxford, 1873), sec, 831
See also 0. Koudsen, *“The Faraday effect and physical theory."" AHES, I5(1976), 235-281.

17, See Larmor (ref, 74), LaMPP I, 190, Smith and Wise {ref. 751, 41725,

8. Larmor, "'On the molecular iheory of galvanic polarization,'” PA (1885), 422-435, also
n LaMppy,
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electric displacement, which is of an elastic character; in a conducting
medium part of the current is due to the continual damping of electric dis-
placement in frictional modes."” However, Larmor was never completely
satisfied with Maxwell's theory. In 1891, well after Hertz" experiments, he
provided a very detailed study of Helmholtz' polarization theory, which, he
wrote, offered ‘*a more gencral view of the nature of dielectric polariza-
tion'' and represented, in the limit of infinite polarizability, "'a concrete
illustration of the general statements of Maxwell with respect to electric
displacement.”’ Larmor had ne taste for Maxwell's picture of the imaginary
incompressible fluid and had difficulties with the notion of a primitive,
irreducible polarization. Nor did Larmor uncritically espouse Helmholtz®
theory. Within a few months Larmor found that the theory gave a wrong
vitlue for the electrostatic pressure al the boundary between two dielectrics,
This result, incorrect as we know it was, prompted him to reject Helmholtz®
theory.™

Afier this brief episode, Larmor remained dissatisfied with Maxwell's
theory, us appears in an extract of 1893 “Maxwell’s views involve
difficulties, not ta say contradictions, and in place present obstacles which
are te be surmounted, not by logical argument or any clear representation,
but by the physical intuition of a mind satwrated with this aspect of the
phenomena.”’ Most fundamentally, Larmor reproached Maxwell with not
giving @ complete model of the electremagnetice field, so that ““the nature
of electric displacement, of electric and magnetic forces on matter, of what
Maxwell calls the electrostatic and magnetic stress in the medium, of elec-
trochemical phenomena, are all left obscure.”" Indeed, for electric dispace-
ment Maxwell did not pretend te give more than a suggestive illustration;
for stresses he offered no mechanism at all. and on electrolysis he could
only offer ‘& method by which we may remember a good many facts."
Morcover, Maxwell's theory was pot an “‘ultimate dynamical theory™ in
Larmor’s sense, for it renounced any picture of the hidden mofion in mag-
netic fields ®

By contamination Maxwell's electromagnetic theory of light suffered
similar defects. In Larmor's eyes, the old, nonelectromagnetic theories of
light were more atlraclive, because they usuzlly rested on a clear, definite
model. Consequently, a proper unifying foundation of physics could

. Lamor, “‘Ekciromagnetic indection in conducdng sheets and solid bodies,” PM
(18240, alse in LaMPPL, 8-18; ref, 76, in LaMPPY, 339, °On a genenalized iheory of eleciro-
dymamics,’” PRS. 42 (IB91), 521-536, in LaMPF{, 233; “On 1he theoey of clecirodyaamics, as
affected by 1he nature of the mechanical stresses in excilad dielectrics,” PRS, 52 (1892), 55~
65, also in LaMPPi on Larmor's error, see Buchwald (ref, 1), 1392140, 320

80, Larmor (ref, 74), LaMPP I, 397 Maxwell {ref, 7€), sec, 260, Lamor, **The equations'’
(ref. 78), LaMpps, 14
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pc.rhaps be found among these theories, By 1894 Larmor had no doubt in
this regard: “Many of these obstacles [encountered in Maxwell's the |
may be removed by explaining eleciric actions on the basis of a mcchanc:zl
theory of radiation, instead of radiation on the basis of electric actions.'™™

MacCullagh's ether

What 'triggercd this reverse reduction, from optical ether to clec-
tromagnelism, was Larmor's discovery of MacCullagh's optical theory of
I_839. The theory was the only one that had given correct continuity condi-
tions at the surface between different media, But because of criticism by
Stokes, to which I will return, MacCullagh's theory was little cultivated I:
1880 FitzGerald resurrected it and showed its close connection v;ith
Maxwgll's clectromagnetic theory of light, He applied it to a study of th
rcﬂect!on anq refraction of light with and without a magnetic ﬁclc)i( In uj
:‘a:i(:;sn'efrc;:lcw of magfxelo-op(ical effects written in 1893, Larmor !;ccame
imerprc;'ion.s::cCullagh s theory through FitzGerald's clectromagnetic

Mac(‘u!lagh ‘s ether had the peculiar property of elastic resistance to the
rotation, kot the translation, of its particles. To Larmor's satisfaction, M
Cullagh had cast his theory in Lagrangian form, with ﬂ}g Lagrangian o

R ¢ ak | N
L= 3 _[p( 5) dt—jz-(Vxé)-dg {90}

'\At'herc &is .lhc position of a particle of ether, # is the density of ether, and ¢
is the elastic constant. Varying the corresponding action gives : :

% _x X
pafz = -Vx fo (51)

which, according 0 FitzGerald, can be interpreted electromagnetically as

B :

5, = ~VxE, (92)
. h
if B=yu=2, and D= eE = Vg, (93)

8L Lammer (ref. 4), LaMPPS. 397,

82, J. MacCu . ay low. ;
ru,;;imJ ‘f‘:tdf?h"i.‘ch- An essay towand a dynamtical theory of crysialline reflexion and re-
i oyal Itish Academy. Transactions, 21 (1839), 17-50; GF. FitzGerald. **On the
eieciromagnetic theory of the reflexion and relraction of light,”" PT, 175 (lﬁ-"{l.l 601:‘.'1 l'll a-

mot. “'The #tica of magnetism'* (ref. 7 “ullagh
Becka 283-2;& (rel. 761, LaMPPS, 360043, On MacC ullagh's theary, see
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Conversely, the magnetic induction B becomes a momentum. and
Maxwell's displacement D becomes twice the local rotation ¢f the
medium,*

At the interface between two portions of this medium with different
elastic constants, Hamilton's principle implies that £ and the tangential
component of (VxENe are continuous. These conditions lead to Fresnel's
formula for the intensity and direction of reflected and refracted rays;
they are equivalent to those deduced by Helmholtz and Lorentz from
"Maxwell's theory.”'® .

A serious defect of MacCullagh's ether is that it cannot be illustrated by
any realistic clastic solid. Larmor supplicd the defect by showing that
Kelvin's gyrostatically loaded medium provided a model of this ether if the
elasticity originated entirely in the gyrostatic effect. Such a medium had no
resistance to local translation whatsoever, but resisted elastically local rota-
tions. The first property explained the perfect fuidity of'ether with respect
10 irrotational motion, and the second its optical properties.® .

One of Stokes's objections remained: the net torque acting on a volume
clement of MacCullagh's ether is not zero, so that the medium cannot be in
internal equilibrium. From his gyrostatic model, Larmor argued that
Newton's netion of absolute space saved the situation. When a spinning
gyrostal resists rotation, it does so with respect to absolute space, not with
respect to nearby maiter, As Larmor put it, *‘the gyrostat may be considered
15 a kind of connection binding that system to absolute immovable space by
means of the forcive which it opposes to rotation; and this is the reason
why the clement of mass in a gyrostatic medium remains in equilibrium
with its translational kinetic reactions, although the tractions in the sur-
rounding parts on its surface are unbalanced and result in a couple. '

Another difficulty is that a gyrostat, when moved, loses par of its
kinetic energy. Larmor assumed that the initial spinning energy was very

§3. The e.m. inwepretation of MacCullagh's equation implies that ¥ can take ablranly
large velues, in constant magnetic fields. In this case, equation (91) is mo longer exact and Ihe
gardal derivative in {92) must be replaced by a convective derivative, However, for the kighly
dense ather of Larmer {after Lodge's experiment), the correction is neghigidle,

$4. The latter conditicas are the continuity of the tangential components of E and H, nnd
e continulty of the narmal companents of D and B; for = 1, this will hold if and only if B,
@ tangentinl component of E, and ihe normal component of D are continuous: 1hasks o 1he
selations {93), ™e first condition corresponds to the contingity of §, the second 1o the continui-
ty of the Langenia) componest of {VxENe, and the Jast to the continsity of @e normal com-
ponent of ¥x&. which is an immediate consequence of the continuity of §

85. W. Thomson, *'On a gyrostaic sdynamic constiteson for ‘ether’,”” Royal Soclety of
Edinburgh, Procecdings, 17 (1890), 127-132; Larmor (ref, T6) LaMPPI, 354; rel. 74,
Layerl. 290-391

86, Larmor (rel. 745, 408
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high 50 that its damping on a human time scale would igi

gether the modcl had no resemblance to any known m?cr:::::g;: l:;.:lto;
matter and Its properties could be pictured anly for limited stretches of
time, Accordlpg to Larmor, this difficulty merely signaled the ideal char ;
ter of the ultimate medium, For the proper unifying basis of physics alf;
demanded a cl?u picture, but not necessarily a familiar, palpable on’; ”

.A last difficulty pertained to the dynamics of MacCullagh's el'hcr in
\v."hnch there could be no dissipation, since its motion derived frm:n the i
c-lplc. of least action, which excluded dissipative forces.® This want ofp:llin-
sipation created a problem even in optics: propagation in or reflection bs.
metals re?uired empirical viscous terms in the equations. Referin t();
.Hc!mhollz then recent study of least action in electrodynamics Lafmor
Jud.gcd the absence of dissipation to be nermal at the foundational l‘evel- "It
is, in fafcl..clcar that the scientific method, in forming & dynamical theo v |
10 tesmc'l it in the first instance to systems in which the interaction of s?r;sl:
and motion has free play, without the interference with its resulls that s
produng by frictional agencies.”'® In clectrodynamics, it was also smndarld
to specify first actions in pure diclectrics, then to discuss conductivity, As
Larmor knew, Maxwell's theory did not proceed differently, since it 'ﬁrst

introduced the clastic properties of a di i
. electic, then defi i
continual breakdown of these properties. el

Vortices in ether

5z By the fall of 1893, Larmor believed that MacCullagh's ether was a leg-
mmalc' departure for a new, unified theory of optics and eleclromag.nctivﬁ
But .thls was not all. Larmor soon realized that permanent vortices w .
possible in this medium, so that Kelvin's vortex atoms could be sod"c
explore the connection between ether and matter, In Larmor's own w:nis-’[“o

The considerations. . .amount to an altempt t [ o

between three ultimate theories which hav‘:: a; ;::fwnin:;lecl)r:iilxot;;p::i u:::ﬂ;:

;I'Nh a w'.a?' as not to have .much connection to one another. These lheo;lcs are
‘nwcll § theory of electric phenomena. . ., Lord Kelvin's vortex atom theory

:; matter, and the Pulcly dynamical theories of light and radiation that have
en proposed by Green, MacCullagh, and other authors.

87. Larmor, “'A dynamical theo ]
) i ry of 12 electric and luminif i 4
ttons with material media,"* PT {1897), also in LaMPP2, | 1-|l;2 ¢;‘:u|x7m¢dmm. datss

88. Mareaver, Heaviside had showa in 1891 that no additional dissipative lenms in 1he

equations of the rotational ether could wtivi
S Gl represent conductivity, See Buchwald (ref. 1), 68-70,

8?. Larmor (ref, 76}, LaMPPJ, 123-324.
90, Larmor (ref. 74), 411. See Hum {ref, 1), 212-213, and Buchwald (ref. 1) chap. 16
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By the end of the year Larmor had a ﬁr§t ske.tch of _the new thct;ryt; wl::ecch
he published as a summary of a forthcoming *‘dynamical theory of the ¢
i ini s medium."’
5 mr::l::::iﬁcr)zufor developing the theory was that permgncnt ]mlc‘es.
should be able to exist in the rotational gthcr. as they do_m ll;l‘(e : ﬂfc
ideal fluid. Around a vortex, the circula_uon of the w;locny o :
medium is not zero. This implies, in electrical terms, a d:splace:\'cnt curr:::‘zl
in every section of the vortex, so that the elastic state of the medium c(a:.nl -
be stationary, and the vortex cannot be permanent, In ordm;l u‘). :vc;: o
difficulty, Larmor assumed (hat permanent vortices forme a:’u s .
ether. The vortices had to be hollow, or, if they were not, the me nm:1 s
to lose its rotational clasticity along their axes. !n t?rlef. permanent voT:cn
could exist if there were a proper lincar discoptmuuy. u’i the mccqi:um. e
atoms could be represented by vortex rings as in Kelv.m s model, L
Larmor used the vortex atoms to discuss the relation between clt f .anl
matter in optics. For optical refraction he offered the t’ollowing.c:q:1 anat:z:;
*“The presence of verlex atoms. forming. faults, s0 to speak in the ::c e
will clearly diminish its effective mtam?ml elasncnt.y; !!ms it lf :O %
expected that the specific inductive capacity of malfa'na! drclccm.c; ] l'l:a-
be greater than the inductive capacity of a vacuum. Beyond lhls- quali
tive picture Larmor had no detailed microscop_nc theory. The same lm;nau:n
is found in his theory of dispersion. In this casc_he: accounted [or the
relevant effect of molecular vortices by simply r.nodlfyn.ng the n\a;ro:c:alpxc
expression of the potential encrgy of the mcdlum: wnth.u.:rms including
higher derivatives of & Unlike Sellmeir’s or Lorenlfz lhcor_ne;s of dxs?crsloiqd.
Larmor’s did not treat the atoms as separate dynam_lcal entities, and it cou
not explain resonant absorption nor anomalous dnspcrsxon'. La.rm'?r .mc?‘g_-‘
nized the superiority of theories ;‘of :\hc zoung-Scllmcxr type'” in this
i1 made no attempt to emulate them. ' .
rcs,alr‘:il._l::: ranlso discusscdplhe optics of moving bodif:s. In his opinion, the:
vortex-atom theory implied that ether should be slauoqary. as assumedl by
Fresnel. [ndeed, it was known that a vortex ring in an ndca! mconfpn:ssnb!e
fluid, if not too small, could move freely in the sunound}ng fluid, If the
ether also has rotational elasticity, the fluid moliox? oumdc' the vortices
remains the same since it is irrotational. By itself this reasoning suggested
that ether would freely flow between the atoms _of matter. Larmor also
argued that a global dragging of ether would imply a yel undetected

91, Larmor (ref, 74), LaMPPJ, 400, 406, It scems likely that Larmor first in(.:-.\i-.occd the
hollow vortices i Irying 10 represent an elecirlc cumrent and thea thought of using them to

build vortex atoms vrnn i
92 Larmor (ref. M), LaMFPI, 406-407; VA dynamical theory of the electric and lumini

ferows medium. Part 1 PT, 185 (1894), 715-822, also in LaMPPI, 414-535, on 438443,
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magnetic field, since in his theory magnetic induction was the momentum
of the medium. The only escape from absurdity was to assume a very low
ether density. But in that case, the vclocitieﬁ of ether implied by ordinary
magaetic fields would be very high, which raised difficulty: the magnetic
field of magnets would deviate the path of light rays; also the velocity of
ether in a magnetized piece of matter would be high, which would seem to
imply a strong dependence of the magnetic permeablility u on chemical
composition, at variance with the fact that the permezbility of most sub-
stances is nearly the same as for vacuum.”

In the following menths, Oliver Lodge verified that a strong magnetic
field had no effect on the propagation of light, which implied, in Larmor’s
theory, that material bedies could not drag ether. As a more direct conse-
quence, the density of ether had to be comparable to that of ordinary
matter, which did not bother Larmor more than other sirange properties of
ether, because, he repeated, “‘ether is an intangible medium and is not
apparently amenable in any way to direct perception.”"*

Having proved the stationarity of ether, Larmor addressed the
justification of Fresnel's ccefficient. Here again the vortex ring was too
vague or too complex (o provide guidance. **The nature of the further slight
alteration of., .elasticity produced by a motion of the matter as a whole,"
Larmor deplored, “'there appears to be no means of, xactly determining.”'
The best he could do was to show by questionabl reasoning that a viola-
tion of Fresnel's formula, and the corresponding diolation of the ordinary
laws of reflexion and refraction in moving bodies, Would imply a violation
of the second law of thermodynamics, Larmer offered a similar thermo-
dynamical argument about Michelson's experiment and also suggested a
special alteration of wave-length, other than the normal Doppler effect, in
the reflection of light by a moving mirror. He did not mention the contrac-
tion hypothesis, although he was in contact with FitzGerald, who reviewed
his manuscript. In short, the best Larmor could do for the optics of moving
bodies was (0 show that his microscopic theory, as far as it was definite,
did not contradict standard experiments, and that general macroscopic prin-
ciples, especially the second law of thermodynamics, perhaps implied the
results of these experiments.”

93. Larmor (ref. T4), LaMPPI, 391; Larmor {ref. 92}, LaMPP!, 476-478. Larmor also rsen-
tioned Lorestz’ argument against Stokes' theary (Ibld,, 478476}, but did nol regard it as
definitive, because Stokes's concept of the fully dragged ether was more complex than Lorentz
assemed

94. On Lodge's experiments see Hunt (ref. 1), 214-215; Larmor's reactions are in ref 74,
LaMPPI, 413, and rof. 92, LaMPPi, 483-484.

95. Larmor (ref. 92). LaMPP), 476; for the thermodynamic arguments see (hid,, 479480,
432, Cf. Warwick (ref. 3), 27-40,
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In order to deduce electromagnetic phenomena from the rotational ether,
Larmor had to face the difficulty that, according to Maxwell, the electric
charge of a conductor is equal to the flux of D across a surface surrovnding
the conductor, But if D is the curl of the linear displacement of the
medium, its flux accross any closed surface must be zero, even if the linear
displacement is not everywhere defined within the surface. Larmor did not
let such mathematical paradoxes discourage him. He argued: '“The legiti-
mate inference is that the electric displacement (D] in the medium which
corresponds to an actual charge cannot be sel without some kind of discon-
tinuity or slip in the linear displacement [£] of the medium; nor can it lose
a charge once received without a similar repture.’’ This way of thinking
was in harmony with Maxwell's view, according to which a conductor
could not sustain electric displacement, and the charging or discharging of
the conductor required a conducting path, that is, a breakdown of the elastic
property of the surrounding dielectric.”

Some obscurity remained regarding the definitions of & and D after the
charging and the corresponding rupture of eter have ended, To clarify this
point, | will define §(r.0) globally, as the position occupied at time £ by the
particle of the medium that, in a previous relaxed reference state of the
medium, was in the position r. This implies that around a charged conduc-
tor ¢ is only defined through the charging process and is therefore ambigu-
ous. Suppose that the charging occurs through a filamentary currenl along
the line I Then the function & will have a singularity on {. When the
filament is withdrawn, this singularity remains, but becomes a mathematical
artifact: it results from our reckoning lincar displacement from a relaxed
state that the system can no longer take, From a more physical point of
view, the repaired medium must have homogeneous properties, and its phy-
sical state should not depend on the choice of the line & In fact, what
characterizes the physical state is D, the curl of &, which is continuous
despite the singularity of & Consequently, the elastic energy D¢ is unam-
biguous.

The more mathematically inclined reader might prefer to see the mean-
ing of £ independent of any ether surgery. In the space around the charge,
the displacement D is divergenceless. Therefore, it can locally be written &s
the curl of a certain quantity &. This property, by itself, allows the interpre-
tation of D as & rotational strain, The definition of the linear elastic distor-
gion & needs only 1o be local, and the flux of I across a surface surround-

ing the charge does not have 1o vanish,

06. Larmor (rel. 74, LaMPPI, 398-399 (insection daed 7 Dec 1893, See Buchwald (ref
1), 143-150.
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Having thus defined an electric ch
' . arge, Larmor proceeded t i
tc:m‘ents. A.vortex in the r.otauonal ether, he observed, would be s:rrgl:::in:
: : closcd' lines of magnetic induction, since the induction is proportional eto
w:svit:;lil:go{; ut:re Auid, This gonnoclion suggested that an electric current
: a macroscopic vortex. In absence of any fault i
ult
:)t:::tdmt;l‘;l the vortex a'nd the corresponding current could onl; be trsnls?to?;'e
i channel of elastic breakdown along the axis of the vortex could :
4 permanent current, as earlier discussed,” 1o
ucc?i ;a:l;):rs:rr:‘e:-ﬂf)rom Hcl:\hollz. the kinetic energy of a system of vor-
oen Tigm rm as the energy of a system of linear curre
ig,:\et; by Neumann's formula. This equivalence is casily seen by inl::)tsdu:f
g for each vorlex a tbular surface S to which B is tangent, and the
potential A such that B= V<A, The kinetic energy of the mcdium. is

v o [ 962
Iw [(53de= [B2dr= [B(VxA)ds (94)
or, after integration by parts,

T=[AqV :
J (VxH)dt 4 Zg[(;\xH)dS. (95)

W i : i

m::;e ‘X. is t:mc \olx.zmc o!‘ the medium outside the wbegs S, and the sum is

s c; the various linear currents. For stationag) or quasi-smionar.'
ents the volume integral vanishes since the di placement "

o current is
The remaining surface integrals may be rewritten as

J(AxH)-dS = !(deSrA = [1a-dn, (96)

:: i :(e)p::sc?ls the circplalion of H around a section of the tube S. Accord-

Cuﬁm 2 wcllhallt';:r 'dcﬁmt.ion of I, A is just the vector potential of a linear

S Sl e'e: n:!cns}ty /, 50 that the kinetic energy T is identical with
) rokinetic energy for a system of i

e : . . a sys of linear currents. On this

vox C;"::::t l;i pdym?mncafl reasoning similar to Maxwell's, Larmor deduced
. ressions for the electromotive and /

ing in and on electric circuits.” ponderometive forces act
For iv

Wi l:;p?i(:(\’de';(;m:me forcn:!s between two electrically charged bodies

he energy principle. When one of th s

moved slowly, the elastic e i ol sl

' Y, $ nergy of the medium varies wi i

ke, ; 2y my s without any addi-

(orccl' :meuc energy. If no fm?nonul dissipation is involved, a Cgulomb

ust act on the conductor in order to compensate this variation.

92, Larmor irel, 74), LaMFF1. 39
. 74), LaMPF{, 399; ref, 92, LaMPP}, 454455
98, Larmor (ref. 74), LaMPPJ, 400 ref, 92, LaMPP 45?423'



310 DARRIGOL

Larmor made a considerable effort to give an intuitive understanding of
the origin of electrostatic forces. The stress in the rotational ether could not
be used to this end, for it is a linear function of D and is responsible only
for the linear displacement & of the medium. There cannot be any direct
connection between this stress system and the motion of matter, which is
represented by an agglomerate of atomic faults in the medium. Hence
Larmor’s theory had no room for Faraday's stresses. The origin of electros-
tatic forces had to be dynamical, Larmor imagined that the motion of a con-
ductor implied an encroechement of the sarrounding medium, that is, that
the superficial molecules of the conductor dissolved the strain of the por-
tions of ether they crossed. During this dissolution, wavelets of elastic rear-
rangement had to be emitted; the mechanical force was nothing but the
dynamical reection to this emission process. In short, Larmor's theory
rested neither on action at a distance, nor on contact action. It was a theory

of dynamically propagated action.”

Troubles and electrons

Very soon Larmor encountered serious difficulties with his theory, His
worsies, which in good measure reflected FitzGerald's criticism, appeared
between added parentheses, first in the summary of December 1893, then in
the memoir of June 1894, The common source of all troubles was the con-
cept of a vortex in the rotational ether.'®

First, Larmor’s theory inherited the preblems of Kelvin's theory of vor-
tex atoms. Thermal agitation within the medium implied & continuous spec-
trum of sizes for the molecular vertices, which made it difficult to under-
stand why the emission spectrum of a given element was strictly indepen-
dent of temperature. Larmor proposed that molecules could be designed in
such @ way that the rotation frequency of stomic charges would be indepen-
dent of the energy of the molecule. A proper combination of charged vor-
tices would explain the known properties of molecules, including chemical
binding. This was a loose speculation even for Larmor, the more 0
because, as he feared by December 1893, charged vortices could well be
unstable.”!

A more general anomaly sppeared to Larmor. According to a well-
known theorem by Helmholtz, the strength of a vortex ring in an ideal
incompressible fluid is invariable. Consequently, all closed currents should

99, Léarmor (ref. 62), LaMPPl, 451-453 Other Maxwellians could nol make sense of

Larmor"s dissodution picture: Hunt {ref. 1), 217218
100. On FiteGerald's role, see Hant (ref. 1), 216, and Buchwald (ref. 1), part 3.

101, Larmor (rel. 74), LaMPPI, 406-407.
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be invariable in Larmor's theory, The property nicely represented Amperean
melecular currents in magnets, but made a problem for macrogeccopic
currents, as Larmor realized by December 1893. He proposed the followin
escape: “Ordinary currents must. , .be held to Aow in incomplete conductlng
circuits, and to be completed either by convection across an electrolyte oi
by electric displacement or discharge across the interval betwco{l the
molcculcs.". A generator, sliding contacts, or a voltameter could make the
::::s:ary d;;iominuilyi in & macroscopic cirewit. The medium’s strain could
urchase on an ircui
induc‘ign l)hermmma.mncomplt:u: circuit and, perhaps, produce the expected
For fnicroscopic currents, strict permanence was also problematic
because it contradicted a popular explanation of diamagnetism. Accordin
1o VTVe‘ber. negative magnetic susceptibility could be explained as a micro:
copic induction phenomenon affecting molecular currents. There were, how-
ever, alternative explanations of diamagnetism so Larmor was not e't €O
strained to give up the molecular vortices, : iz
Kelvin struck the most damaging blow 1o the idea of vortex currents
sf'hen he reminded Larmor that the analogy between vortex filaments and
lincar current was imperfect: two parallel vortices with the same sign repel
each other, while the corresponding currents attract each other. By June
1894 Larfnor realized that general dynamical considesations made the sign
problem inescapable. Being invariable, the strength &‘ a vortex had to :c
treated as a generalized momentum, not as a Welocity, Consequently
Maxwell's dynamical method for linear currents #id not applyqln' Ilic'
propes modified method, the kinetic energy T, not -7, acted as the , tential
tor ponderomotive forces, ™ ' —
In the case of macroscopic currents, Larmor's previous i i
breaches, which the elasticity of the medium cou}!,d g::::: l:':l:!odc:’t? "x:? ::
solve the difficulty, But there remained a crude contradiction for tht; forgcs
between magnets, to which the hypothesis of microscopic vortex currents
gave the wrong sign. Here Lammor noted that Kelvin's objection onl&
applied to vortices containing a sclid core, on which the fluid pmssur;z
:oozl'd. act, Klf ll::c‘vorlex rings representing Amperean currents were h<;l‘l0vr
;\pp]|i::s_;'” elvin’s expression of the force between vortices no longer

102, Larmor (ref. 74), LaMPP!, 400-401.

103, Larmor (ref. 92), LaMPPi, 468 Lammo

: el 92), La ' . r referred 1o Thomson's explanation of ding-
manetism in analogy with the percolation of a Muid through o porous mcdmmﬁ:bi; ‘04‘1;_47;8

104 Larmor {ref, 92), LaMPPI. $05, o '

108, 1kad., 5086,
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Larmor went on to imagine a complex slatistical mechanism involving
thermal rotary fluctuations of the Amperean vortices, by which the average,
measurable force between magnets would take the right sign. This mechan-
ism, according to Larmor, had another virtue: it provided a microscopic pic-
wre for the induction in a conductor moving in the field of a permancat
magnet. [t would overcome the difficulty thatin a strictly constant magnetic
field no electric force existed to produce the induction.'™®

The complexity and opacily of these arguments turmed Larmor's theery
into a baroque monster. As Buchwald puts it in the elaboration of his vor-
tex theory Larmor “‘replaced contradictions with mysteries.” Under
FitzGerald's pressure, Larmor grew more and more hesitant, and fermulated
the Jatest “improvements'' of his theory in the conditional mode.'”

In two months Larmor solved all difficulties by giving up the vortices
and introducing a new subatomic particle, the electron. He had alrcady
mads a first step in this direction in the discassion of electric charging and
discharging in an addendum of June 1894 to the memoir published that
year, There Larmor judged his previous introduction of a disraption in the
clasticity of ether as ‘‘the most unnatural feature of the present scheme™
and proposed to regard electric flow, whenever possible, as a convection of
charged atoms.'™ In other words, he supposed that nearly all macroscopic
currents might be similar to the jonic currents within an electrolyte. The
exception was the current occurring at the electrodes of the voltameter,
which involved a charge or discharge of molecular ions. Earlier, Larmor
had tried to explain the electrode current, and the discretencss of the
involved charges, by imagining special paths of disruptive charge between
two atoms.'” He now proposed '"a more fundamental view."" All atoms
and molecules had to be made of an elementary “monad.'’ A monad was a
point singlarity in ether that carried a unit charge, with positive or nega-
tive sign. The idea of a primordial atom or prolyle was not original, and
had often been proposed as an explanation for the limited number of ele-
ments existing in the universe. In Larmor’s eyes it had ancther virtue: it
made the charge or discharge of an icn a transfer of monads.”*

In another addendum of June 1894, Larmor replaced atomic vortices
with circular, rotating chains of *‘small charged bodies,”” The resulting con-
vection currents were no longer invariable and could be influenced by
induction, as necessary in Weber's explanition of diamagnetism. A mere

106, Ibid., 506-508, Cf. Buchwald (ref. 1), 155159

107, Buchwald (ref, 1), 160 Lanmor {ref. 92), LaMPFE] on S08: “*This explansion, if valid,

woild carry withit...."'
106 Thid, 475,
109, Larmos, LaMPP! (ref, 74), 406,
110, 1bid,, 475,
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important remark appeared at the beginning of a later addendum, of 13
August 1894: microscopic convection currents interacted like t;rdinary
'c‘:::itl\:s. so that they could play the role of Amperean currents in mag-
By that date, Larmor had given up the idea of vortex currents and vor-
E?x atoms. He now tried to build matter out of monads, which he renamed
c'lcct'rons" after Stoney, The electrons were centers of intrinsic radial
Iwist in the medium. They could be mentally constructed by the kind of
ether surgery earlier practiced for the charge of a conductor: remove a
filament of the medium ending at the position of the future electron; rotate
the _walls of the resulting cylindrical cavity; refill the cavity homogen;ousl
As in J:J. Thomson's and Heaviside’s treatments of electric convection ufc
energetic properties of the field around a moving electron implied an i.ner-
tial mass. Larmor took this mass to be the whole mass of an electron, in
conformity with the primacy of ether,'? '

The electron theory: first sketch

In the new picture, all clectromotive and electrodynamic actions had to
!:c understood as interactions between electrons mediated via ether .Accord-
ingly, Larmor first determined the forces acting betwegn two mov'in clec-
trons. Hc worked in the quasi-stalionary approximatigh, for which thi ela
tic strain around an electron travels together with thejelectron, The vclocits).'

o 1 I
5 B = z;—evxv = (97)
and the kinetic energy of the medium around two electrons has the form
1 RS
= 3 miv+ Zm'v e+ Meve'y’, (98)
where m = e*/6na, m" = ¢'Ybra’. (99)
1 i A
and M = ——cos(V,¥') # —— ——
45 Siilhs 8x dsds’ (100)

:.ljrlhese fomulac a represents the radius of the first electron, and s the cur-
) ll) lmmr abscissa zlong the trajectory of the first electron; the accented vari-
ables refer to the second clectron; and r denotes the distance between the

111, 1bid., 468, 515,
112. 1bid., S16, 520,
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two electrons. To obtain the forces between 1we electrons, Larmor applied
i "
's equations to the Lagrangian T.
hs{.?::or‘:q electrodynamics of macroscopic currer:;: rest.ed lo‘q ll;els‘
1 i #s nothing but a dense circulation
assumption that a conduction curfent was n . :
iti did not sum the forces acting o
electrons (positive or negative). Larmor _ Lo
i ' tural; instead he derive
isdividual clectrons, which would have beea na i ins ved
lMa:twcll‘s Lagrangian for & system of currents by summing the :o:hmn::-
tions of all relevant electrons to the kinetic energy of the medium. c; e
tribution of the kinetic energy to the coupling between a current j an

external closed current jg tums out to be
0

1
L= [jAds, with Ag= Il;j,," (101)

ibute, '™
énce the second term of (100} does not _conm .
According to Maxwell, this Lagrangian gives the force density

f = jx(VxAg, {102}
and the electromotive force
dAy
- = Vy, (103)
i Jr Y

Larmor retained the latter formula, but contested Max.wcll's expression for
electrodynamic forces. In his opinion jd T wis & "pl_\yslcal current el;l:en;cr:;w
Mmat followed the current carrier during deformations and 'conuo :
energy j'Agdr. Consequently, for a displacement 8¢ of this element, he

wrole the relation
&J'J‘c,df) '=jdf'(8r‘V)Ao = fdz.dr, (104]

which implies
F = jx(VxAg) +(§V)iAg. (105)

The second term, a tension along the electric circuit.' was unknow? 10

Maxwell's theory, and prompted reactions from more faithful Maxwellians,
. ill SCC.”" .

= “[;tx;l)l for this new tension, the new cl-cclmnfc conception secemed ;o :c

able to reproduce standan] electrodynamics without any rupture © (: e

medium other than the original creation of e!cctrons._lt also l‘umlsh;. n

microscopic explanation of diamagnetism, ferromagnetism, the Hall effect

113, Ibid., 521-523,
114, Ibld., 528-529
115, Ibid,, 526
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and, possibly, for the constitution of atoms. Larmor hoped to find in J.J.
Thomson's researches on cathode rays a confirmation of the existence of
electrons. However, the characteristics of the electrons remained vague. To
play the role of ““monads’’ they could not exist 'with many different masses
and their mass had to be a small fraction of a typical atomic mass. But Lar-
mor said nothing precise in this regard,''*

More urgently, Larmor had to show that the new conception accounted
for optical phenomena at least as well as MacCullagh's original theory did.
His discussion of refraction and dispersion was purely verbal and obscure.
Electrons, being centers of pure strain, altered the effective elasticity of the
medium withoul changing its inertia, as the vortex atoms had done before.
MacCullagh's theory of reflection and refraction was thus retrieved at the
macroscopic level. Also Larmor's previous formal theory of dispersion
could be maintained, since it did not depend on the precise entity, vortex or
electron, that altered the elasticity of the medium. Again, Larmor pointed to
the necessity of a theory of Sellmeir's type for explaining absorption and
anomalous dispersion, of which he vaguely foresaw an electric formula-
tion. 7

Larmor was slightly more specific about the optics of moving bodies.
He distinguished between the rotational strain D,, “*which belongs to the
waves and provides the stress by which they are propagated,”™ and the rota-
tional strain Dy “‘due to orientation of the molcculci " Between the two

strains he assumed the relation

Al
Dl"‘Dz = EDl. (106)

which retrieves Maxwell's electrostatics if D, plays the role of Maxwell's E
and Dy + D, plays the role of Maxwell's D. For a transparent body moving

with the velecity « along the x axis, and for a wave propagating along the
same axis, he wrote

azl)) o a aIDI

— +( +u=—)D; = ¢ —r,

ad Vo ui).r) . dat
Clearly, he supposed that the convective derivative in front of D; would
take into account the fact that the corresponding strain was bound to the
melecules of the transparent body. To first order in w/c the resulting propa-
gation velocity is

(107)

L16. Ibid., 256 (Hall effect), 516 (stoms). 523, 524n (cathode rays)
117, 1bid., S3-533, 5330,
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th n=~e (108)
V= -C-+u(l - -;12-). with n = ~g,
"

’ 1 formull'"’ .

; ity with Fresnel's dragging Tormeid. rentz’ and
e c{._nf-::\r::“lsyr\:;soning was almost certainly m(-’epen?etl‘; (c,cf:nl;:mi1y with
R 'ﬁ? vious derivations of Fresnel's m{ﬁclc!]‘-l in terms of ether
hi:‘ ,:dl'::iwm endeavor, Larmor r«’;nson(eg) e:lt:;": the same rele as
ally, Loreniz’ polam,?t on PR g
Lusis. : Fgmbmy in terms of electronic shifis, not of °m°mal.d:)sfpl1892 was
=g ;(}\cr differences. Larmor’s proef, unlike Loyet:it_zd i prov'idc .
n?::l dr:nacroscopic and therefore much simpler. Bfu‘ l: ofl D,. For this he
i ia.ey justification of the convective dcmat';.ehm(-::: derivaiivcs entering

precis s al b retation of the 1 .
_ ded a physical interp : logy with
:;::m:::cc:f:aﬁon. thosl probably, L:"“‘:; f;iecl::?\:‘el: a‘?oamdcad ,ﬁzchani-
' lier derivation of Fresne s coel ' o _ Larmor's
Glaubroot;;:f‘: presented in parallel with his own deriv :‘:)':ML(:OOSCM-

fi:l‘f‘a‘::;\ of the Fresnel coefficient was the shortest, but als
ny

available.

Drawing on Lorentz

'S volved independently of olh?r ienic
89 3 Ll:‘cm:v(;:ni-,r‘:: 0139':};(;. ;cobecame aware of Hclmhol‘lzr s;:z:m:!
Ilfcone‘s. ln‘: ory and of Reiff's subsequent derivation of Fresnel's oof A
dlSpcr§lon ‘rl:n:y he read Lorentz’ Vermch."’f _In a secom? pan &
:1;:;1;::‘50 thco.ry of the electric nx l;m::‘llfi:it;: vr::)etc‘l‘;ux:“hough %
“‘Theory of electroqs,'j Larmor drew heay ):nher . e
maima_ined th:: b:“;mlidf: b:fb:ilrtl?m]r‘s claim that his work r:mai:::‘(:
Sy s :;2“.[ should not be accepled. As we wll! see, tl}c rzrer;vw
!arscly |M¢‘:‘O[ his' theary, from a rough and pamally' 'm|'sc|::: oy
i ise deductive theory, owed much to Lorentz’ Insights. -
e e Larmor gave up the idea of a Macroscopic Lagrang e
e Chl‘:)\g‘:tz‘ rocedure, according to which macroscopic forccs a.ic
. ‘dwm'd ﬁc‘:d e‘qfations had to be derived by averaging mlc‘r‘(::co;:c-
:7:32?: pcl)ftcr a macroscopic volume element. Schematically, P

. Ibid,, $34. :
llllg Lorentz (ref. 24) R. Relff, *‘Die Foripfisncung des Li

o y 67,
der eleiarischen Lichithearie,”” AP, 1 (1893), 361-34

o (;f‘ \\'ntwlltil:\(r:;;':'l';::l theory of the ekeiric and Jussiniferouss medium, Part L
121, lLarmor,

$97.
Theory of electrons,” PT, 185 (1895), 695-T4% also in LaMFPPI, 543~

hies in bewegten Medien nach
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Lorentz Larmor used the scheme

Micro-Lagrangian — Macro-Lagrangian — Macroscopic actions.
The new Larmor preferred ;

Micro—Lagrangian — Microscopic actions —» Macroscopic actions.

A first aspect of this change concerned “‘physical current elements."
Having leamed form Lodge and Fitzgerald that the predicted tension in
current-carrying conductors did not exist,'” Larmor condemned macros-
copic dynamical considerations and derived all forces by averaging elemen-
tary clectronic actions. Like Lorentz, he took for the force acting on the
carrier of a conduction current j, the sum of the magnetic forces evxB act-
ing on the electrons of a velume element. That gave jxB, since j is the
algebraic average of all ey's,'™

Another of Lorentz' ideas was to write macroscopic field equations. Pre-
viously Larmor had written field equations only for the ether between elec-
trons, because electrons were faults in ether; his calculation of the magnetic
field or ether velocity around a moving electron was based on the picture of
& traveling center of radial rotational strain. Larmor now found that the
magnetic field around a moving electron was the field generated by the
“total current’” obtained by adding to the displacengent current outside the
electron the “‘convection current,” that is, the product of the charge of the
electron by its velocity. For Larmer, the convectibn current was only “'a
kinematic fiction™ because it occurred at a fault in the medium, This view
differed from Lorentz'. according to which the convection current Was nei-
ther more nor less real than the displacement current, and also from
Maxwell's, which dealt only with continuous media and made the convec-

tion current part of the displacement current. Nevertheless, the formal pur-
pose was the same: to complete the first circuital equation in a consistent
manner.'?*

Thanks to the convection current, Larmor could average over volume

elements containing a large number of electrons and obtain the MACrOSCopic
circuital equation,

VxH =], (109}

wherein H is the average magnetic force and J is the average totl current.
In general, the average convection current is made of three parts: the first
represents the convection of the total charge p - VP at the global velocity

122. Cf. Hunt (red, 1), 223-228.
121, Lasmor (ref, 1210, LaMPPL, §77-578.
124, [bid., 556,
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the conduction current; and the third,

w; the second, j, represents Altogether, Larmor had

(X1 +u-V)P, represents the polarization current.
g 110)
— . P. (
w0 ;‘—Qlfw(p— V-P)u+j+(a' +u'V)
is the average of the microscopic electric  displacement.

where  Eic? :
Between E, P, and p, the relation
= ~ ¥4 (11
V':; = p-VP

oblains so that at the macroscopic level the veclor

D=L 4P (112)

c

plays the role of Maxwell's displacement,”

i ic polarization,
‘hen there is no magnelic po ' ! . g
\(’:izc?ield strength directly reflects ils microscopic counterp

the macroscopic formula for the
ince the

;l:ccmging procedure is trivial in this case, Larmor wrote
oL (113
e NN
. 3 . 14
with B = uH = VxA. (114)

g condector with the velocity v is not
Its value results from averaging the
which yiclds:*

The electromotive force F in a mo;ln
y i strengti.
uzl to the average field
::)lrcc acting on the electrons of the conductor,

F = E+vxB.

i elation
In order to complete the system of equations, Larmor :ﬁctlc:fah;s ar
controling the evelution of the polarizgllon P. _As a :et:xw sl oo
approach, he first wrote a Macroscopic form, in Helm

manner

(115)

125. Ibid., 572 The general expression for the pelarization current i
=GP+ W(V'P = Vxlux r),

as Larmor noted in red. 87, ‘

lations of the aether 10 materia!

{Cambridge, 1900), 102-104.
126. Lanwor {ref, 122), $72-572

) Pl TS
systems on the hails of the aromic constitidion of mane

310, and i Aether and matter: A development of the dysamical re-
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2]
D'GE'“%T?' (116)

In the static case, this yields Maxwell's linéar relalion between displace-
ment and electromotive force, In the dynamic case and for non-conducting
bodies at rest, Larmor's system of equations is nearly the same as that in
Helmholtz' theory of dispersion; Larmor had no difficulty recovering the
Sellmeir-Helmholiz dispersion formula apart from the damping term,'??
With the same kind of macroscopic reasoning, Larmor tried to derive

the Fresnel formula. For the first circuital equation in a moving transparent
body, he wrote;

VxH = — = 4+(=— +u-V)P, {117)
c

in conformity with the expression (110) of the total current. Then; 3

From the mode in which the other circuital relation appears in the dynamical
theory of the medium, dB/df must mean the 1012l accelerstion of the velocity
of the ether, due in part to change of time and in part 10 movement of the
material dielectric; thus this d/dr also, when it operates on P, must be
replaced by 9/9r + udfdx.

Based on this dubious argument, he wrote the wave eduation:

B 3 @
2 o e— e Sl
c*AB = ¥ +(e l)(a'+uax)B. (118)

which has the same form as equation (107), and therefore leads 1o Fresnel's
coefficient,

Larmor alse made & more rigorous derivation similir to Loreniz', except
for the choice of the coordinate system. He now considered the microscopic
mechanism by which polarization appeared in a dielectric. In the quasistatic
approximation (dispersion neglected), he reached the expression

P = (e= I }E + uxB), (119)

where the magnetic term is a consequence of the magnetic force acting on
the polarization electrons, which move nearly at the velocity u. The plane-

Wave solutions of equations (113), (114), (117), and (119) led to the Fresnel
coefficient.'®?

127. Ibld ., $57-558,
128, [bid.. 565,

129, Ibid., §75-577. The equations are the same as those used by Reiff w derive the Presnel
coeflicient (ref, 119).
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Larmor also dealt with (he general insensitivity of optical phenomena to
global motion and with the Michelson-Morley cxperiment. From Lorentz'

memoir he borrowed the local time, the coniraction of lengths, and the

notion of corresponding states. The only difference concerned the

justification of the Lerentz contraction. Lorentz had to suppose that melecu-
lar forces transformed like electromagnetic ones. Te Larmor the supposition
was a consequence and a proof of the faci that all matter was made out of
singularities in the same ether,'™

From a British point of view, Larmer's theory had two other major
advantages, it was based on an explicit picture of ether and it was
thoroughly dynamical. No doubt, Larmer had had to give up the idea of a
macroscopic dynamical approach based on current elements. But the
dynamical foundation of MacCullagh’s ether remained, and that of the elec-
ons' motion could be improved. Larmor offered a derivation of the
Lorentz force which formally resembled Heaviside's carlier treatment of
charge convection and, more closely, the dynamical foundation that Lorentz
gave to his own theory in 1892 However, Loreniz and Larmor used the
dynamical method for different purposes. For Lorentz, the methed provided
a mechanical foundation for the coupling between ether and electrons
without specification of the structure of ether or the coupling mechanism.
For Larmor, the method was a means (o constrain a preexisting picture and
to extract from it more precise mathematical relations.

Larmor's new dynamical method improved on his previous derivation of
the forces between two electrons, which was limited to low velocity. The
starting point was still the expression for the kinetic energy of the medium,

1¢0 !
_ E—I(—a%):dt= EIBI‘“' (120}

Introducing the auxiliary vector A, such that B = VA, an iniegration by

parts yields

1 |
T = E]A-(VxB)dr = -fjA-Jdr. (121)

130, Larmoe {ref. 121}, LaMPPI, 566. That Larmor relied on Lorentz is clearly stated in
Larmor o Lodge, 29 May 1895, quoted in Warek (raf. 3), 56 *'1 have jost found, develop-
ing a suggestion by Lozentz, that i there is nothing ¢lse than clectrons, .., then movement of a
body.. Ahrough the ether does actually change s dimensions,”* | believe thal Larmor's and
Lorentz’ ipterpretations of the “corresponding siwes'' were identical. For 2 different view, <f

Warwick, i, 63,
121. O Heaviside, "'On the electropnagnetic effects due o the motion of electrification

through a dielectric,” PM LIS, also in Heaviside, Electrical papers (New Yook, 1892). 2,
S04—518; Lotemz (rel, 24).

LaMPPI, 615618, on 6138

125), chape. 6,
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I S
n an anachronistic notation, the microscopic total current J is

ab
J - "57 v ;e,\"ﬁ(r-ir,‘). (122)

he ; s
where the term i of the sum indicates the contribution of the charge e; with
i

the position r; and the vel or
; ocity v,. For the he ene
the motion of a given elecu-on.y L;rmor stavepm of fhe suneay dependentivn

|
T, = 5 M v+ e v Alr), (123)

where my, the electroma i
; , gnetic mass,
o s depended on the structure of the singu-
In the se
s o:h::q;ilél;‘mm regard'cd A as the potential of the magnetic field
PR § and considered no self-interaction effect other th
awmxima“ong ;c mass. As he later acknowledged, this could be & v l‘f:
e o.hm;(:; y' }:f !hcl clcc}tron under consideration emitted no ra;i::
5 jise, the value i :
o o o ef 7, in equation (123) proved sufficient for

To derive the equation i
ations of
the effective Lagrangian motion of electrons and ether Larmor used

e T- LI
LeT 2]EDdr+va-Ddr—z wr,). (124)
1

The second term s the i

| potential encrgy of th i

b ¢ medium; the tw s

e (l;agl;;a:gc p:ram.ctcr v, allow D and the position ofonll:“v;;mg'
eated as independent variables despite the constraint o

VD=3 edr-r). (125)
’Ih y - r . . :
¢ variation with respect to D yields the equation of electromotive force:
dA |
E=-—-
> V. (126)

n Spﬂ' " L ]
. . - “

132. Larmor (ref. 121), 563

33 Lﬂll r, On the " cofy of moy i"‘ ek"“o"“ and c“"l‘“‘ Ch”‘ef\. M (l 4 !
896’ also in

134, Larmor {ref ] i
( 121), 568-570. For an improved argument, see Aether and marer (rof.
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(127)
mr = c(-%?'—VVO'VXB). ]
Larmor’s theory were now closely related ::i n:

i ame, as Lorentz’. A first diﬁcmnqe was tt}at Lmn:: ul-amcd

E liokcate i r;lials A and w, whose dynamical snmt@came sl
e A pl::e jmportant difference concerned the self-mtelrac io pLye
e o Lo tz' approach, the charge density of the electron i
iy Loren( and permitied an exact calculation of electror?‘aixz e

{nem}lngful ic:::tel?m damping force, In Larmor's view, the Cklc~‘:1°e i
Pl i tional ether and its self-interaction was not clearly i l{ad
e mt:l:'su:ax:amical method, Larmor could isclate lh? sc!f—mﬂa:; T
:"“ct :acce);s to the radiation damping force. He did notof o
ikl f this force in his memoir of 1895;.and some T
s s ic electrons suggest that he initially overlooke osing
rcm.arks o :ll‘ortr':on damping. He wrote: "A sysiem of clcclmnls I::j pi
erallt?' ol 1‘lhe medium, or rotating steadily round o cemrf: \:\-ouwm -
steadily ac' :s,sconﬁs.uration of strain along with it nnd. no .radl'a.uo:;c A
carry & 5-;" y ay except when this steady state of motion is dzs('\:{ ex. -
pr0pagale‘ IanW tyo a criticism by Merton, he acknowledged (lhat a:-:d ‘ l?a; :
:i?;ﬁ,o;'cfhi l'(gncc acting on an clcctro;: cti:!cdc::)cl":‘ 2(‘::\‘;‘)';:: by
i i when

e bc:v::l;:ﬂax::‘:gi:: expression of the damping. fc:ncc.be.v:::

g\u!u;.:n]:\:r“:s the firsl to determine exactly the rate of radiation by &

O A

accelerated electron '™

The basic equations of

Vindication

his theory
atrgiits telni mor struggled o make :

: nticipating criticism, Lar g ction
Facmsccr);s;y Ff)r this purpose he offered an historical reconsir
appear 1 . ,

; S g ad
%l tradicted by experiment; and this f:'ulurc h
dﬁ;!t:(;:c“;e lilm:t::i’u?lci::: :: ':he mobile electron. "' Hcr'e Larmc:: nlf-'::g:r::,'yi
jsed the empiricist scheme of theory change. His rcco&;h“» i el
b2 did not jibe with the true sequence of events. i hp e
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138, Larmor (ref, 92) (Aug. 1894), LaMPP 1. 517, ref, '?3' m!fP{L:,lg. P (1397), also
; ic influence on specira; and on the radisticn from moving Remembering Joseph
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conception of atomic currents; the idea of the dynamical current element
developed only Jater, '

Morcover, Larmor's assertion that M well's theory implied the
unwanted electrodynamic (ension in conductors ciannot be maintained.
Maxwell's dynamical method, if correctly extended to three-dimensional
currents, leads to Ampére's electrodynamic forces without the Larmor ten-
sion. Larmor's conclusion followed from a mathematical error concerning
the variation of a flux during a deformation of the medium. Although the
mistake does not seem ever to have been noticed, Larmor's “*proof'" that
Maxwell's theory was incompatible with Ampere's electrodynamics
sounded suspicious and did not convince Maxwellians, '

Similar comments can be made zbout another of Larmor's “‘preofs’” of
the failure of Maxweli's theory. He argued that Rowland’s experiment, if
performed with a uniformly charged rotating disk, as well as Riintgen's
experiment of the rotating polarized dielectric, eluded Maxwell's theory,
whereas the new electron theory offered a satisfactory explanation,'* In
fact, in his memoir of 1894, Larmor did not regard Rowland’s and
Rontgen's experiments as a threat to Maxwell's theory, nor to his own
theory in its pre-electronic stage. Instead, he believed that Rowland’s effect
had only been established for disks with radial lines of division and that
Rontgen’s experiment was not conclusive, ' Only aftgr the introduction of
electrons did Larmor present these experiments as a proof of the necessity
of electrons,

As in the case of the Larmor tension, Larmor's a ument was not only
historically wrong byl logically flawed. He took for granted that in the
experiments with uniformly charged or uniformly polarized rotating disks
the displacement field was unaltered by the rotation, so that there was no
displacement current and no magnetic field. But it is not true in Maxwell's
elecirodynamics of moving bodies as completed by Hertz and Heaviside.
Helmholiz and Hertz had shown that the motion of the medium in the tran-
sitory layer between the rotating disk and the unmoved part of ether implicd
displacement currents and therefore magnetic effects,"' The presumable

136, Lasmor, "'A dynamical theory of the electric and luminiferous medbom. Part TII: rela-
lions with material media'* (ghstract), PRS. 47 (1897, 272.285; also in LaMPPl, 624-639, on
627,

137, Larmor assumed (see aquation 104) that Jdz was Invasiant during  deformation of the
medivm, while the true invaniant i3 Jus.

138, Cr. Hunt (ref, 1), 226,

139, Larmor (ref. 121), LaMFPI. 583, As Larmor later notad (ref. &7, 31p). the explapation
of Rinigen's experiment fequires a correction in the expression (110) of the polarization
current,

140, Larmor (ref. 92), LaMPPJ, 466467,

141, Helmholiz, **Bericht belreffend Versucke Uber die electrodynamische Wirkuag elek-
Irischer Convection, aesgefiist von Hra, Henzy Rowlaad™ (1876}, in Helmholiz, Wissenschafr-
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of frictionless solid spheres studded by a number of frictionless spikes.
Such an aggregation behaved as a perfect fluid, the only effect of the spikes
being to coordinate the rotations of contigum{s spheres. Now, suppose that
cach sphere contains a gyrostat pivoted on'a ring whose perpendicular
diameter is itself pivoted on the inner walls of the sphere. Owing to the
gyrostatic effect, the rolation of each sphere is elastically resisted. The rota-
tion of a volume element of the fluid, containing a large number of such
spheres, is also elastically resisted because, thanks to the studding, each
sphere participates in this rotation, A medium thus constituted is perfectly
fluid with respect to local translatory motion, but elastic with respect to
lacal rotation, as befits a rotational ether, '«

[n this model, an electron pair is created by the carving of a thin chan-
nel AB in the medium. A rotation of a given angle around the axis of the
channel is imparted to the channel's walls and the channel is filled again
with studded spheres. In the new equilibrium configuration of the medium,
the points A and B are permanent centers of radial twist representing a
positive and a negative electron.'*

As ingenious as it was, the model suffered from several defects. It could
only represent ether during a finite stretch of time since the gyrostatic resis-
tance to rotation implied a loss of energy of the iywheels, More embarrass-
ingly, the model provided no intuitive explanation of the forces between
electrons. These could only be derived by the abstraft principle of station-
ary action. In order to explain how clectric forcek could be propagated
through a medium without deriving from contact ackion, Larmor had noth-
ing better to offer than a crude analogy with the forces between vortices in
a perfect fluid. Yet, in his opinion, all these limitations of the models were
natural, because ether, being the ultimate, unpalpable thing, could not be
expected to behave like a macroscopic mechanism, '

As Larmor himself noted, an instructive comparison can be made with
Maxwell's early cellular model of the electromagnetic field.' Maxwell's
model was more literally mechanistic, for it invelved a system of magnetic
stresses (and, implicitly, a system of electric stresses). Nevertheless,
Maxwell found his combination of elastic rotating cells and idle wheels top

awkward and gave it up in favor of the more abstract Lagrangian method.
Larmor's own model was hardly simpler than Maxwell's and offered no
stress mechanism for the ponderomotive forces. Larmor regarded his handi-
work as a compromise in which some fundamental physical relations

144, Larmor (ref, 87), 15-17.

145. Ibid,, 17-19.
146, [bid., 18, 20-23
147, Ibid,, 16,
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148, Lamor (ref. 87), LaMFF2, 14,
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branches of physics and concluded with a Kantian aphorism: **The mind
sees in all things that which it brings with it the faculty of seeing, '

In his own theory, he wished to present the concept of ether with point
singularities as almost necessary. For example, he regarded, post factum,
the introduction of electrons as a logical necessity commanded by the
redefinition of space as ether: **As soon as we...cease to regard space as
mere empty geomeltrical continuity, the atomic constitution of matter. , .is
raised 10 a natural and necessary consequence of the new standpoint.'” In
the same vein, he referred to his failed concept of dynamical current ele-
menls as a proof *‘that no other conception of electricity than the atomic
one js logically self-consistent.” Larmor intended to offer no less than a
new transcendental aesthetics: It might be held that this conception of
discrete atoms and continuous aether really stands, like those of space and
time, in inlimate relation with our modes of mental apprehension, into

which any consistent picture of the external world must of necessity be
fitted."' "1

Improvements

Once Larmor had in hand the fundamental picture and equations of the
electron theory, he bent his efforts ro developing the consequences for
forces acting on polarized matter, for the thermodyngmics of electromag-
netic systems, and for magneto-optical effects. Maxwell's account of the
clectromagnetic stresses in material media could not be maintained since
they depended on the rejected picture of a single, continuous medium with
variable permittivity and permeability. The electron hypothesis reduced all
clectromagnetic forces, including stresses within matter, to forces acting on
the electrons, Thermodynamic effects naturally entered the picture, since a
finite temperature involved a thermal agitation of the electrons. Many of
Larmor's considerations about thermodynamics were innovative, bul they
have no place here,'s!

In his memoir of 1897 and in his Aether and matier of 1900, Larmor
improved Lorentz’ technique of corresponding states, He found that his
conception of electrons as singularities in ether allowed 3 great
simplification. In establishing the correspondeace, neither the equation of
motion of the electrons nor the source terms in the microscopic field

149, Larmos, Aether and matter (ref, 125), 70,
150. 1bid., 75; “'On e ascertained shsence of effects of motion through the aciher, in rela.
ton to the constitution of matter. 3nd on the FitzGernld-Lorentz hypothesis,” FRS, 79 (1904),

also in LaMPP2, 274-230, on 278: “'The mettads of mathematical physics™™ (British Associa-
liom address, 1900), LaMPP2, 192-216. on 20,

L51. Larmor (ref. 87)
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"

1,9 L@ _Lwvip. (128)
VxD=—?(E—U'V)B, VxB c[ar vy

Suppose that a linear transformation
(r.t) = (1),

E(r,0). B(r, 1) = E'(r', 1), B'(r',1") (129}

H 1ag19?
Larmor observed that the system cnjoyed three properties:

1 g o LI 30
@) The equations  V'xE' = T V=B T {

hold whenever equations (128} hold for the corresponding
fdelds E and B, . . »
: B) Wherever V-D vanishes, so does VD" at the corres.pond.mg ;:o::‘\:cs
7) For any two surfaces closely surrounding corresponding singuli )

$D-dS = §D"dS’ (131)

The properties a} and f3) imply that D’ and B’ salisfy the usu;i gqx:;:ncosn:hc;l;
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s ref. B7), 4L,
152, Larmor, Aether and matter (ref. 125). 165, 171-172; ¢f also (‘c.‘ SI?’I“ -
l'ﬂ Tae conditions 1 and 3 are found only in Aether and matter (ref. 125),
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Like Lorentz, Larmor regarded the two corresponding systems of elec-
trons as identical except for their different velocity with respect to ether,
For the stationary system of elecirons constituting a solid body, the identity
implied that the dimensions of the body and the period of oscillation of
atomic electrons were altered by motion at the rates given by the transfor-
mation (r’, 1')=>(r,r}). Accordingly, Larmor approved Lorentz’ contraction

of lengths and, more originally, predicted the dilatation of atomic periods,
that is, the second-order Doppler effect. '™

From 1897 on, Larmor’s transformations of the coordinates of space and
time, with the x-axis lying along u, were

=y, y=y, 2'=z (132)

= }r'l - Wﬁ'('z.
where

I
y=(-u¥ct) 2, (133)
This transformation is the same as the one applied by Lorentz in 1892 to

the d'Alembertian operator save for a rescaling of time by the factor ¥,
Once combined with the transformation from axes ap rest to the moving
axes, it gives the modern Lorentz transformation,'s

For the fields, in 1897 Larmor replaced the transfdrmation

D'=D+%uxB. B’ = B-%uxD. (134)
which Lorentz had given in 1892 and 1895, by

D" = (', 1)D + ~uxB), B’ = (", 1B Tuxp).  (135)

As shown by Lorentz in 1899 and by Larmor himself in 1900, the latler
transformation satisfied the condition @) exactly, although Larmor initially
restricted his attention to the sccond order in w/c'%

But the condition %) is not met. Larmor mended this in 1900 by globally
rescaling the feld transformation according to

154, Larmor (ref, 87), LaMPP2, 41; Avcther and matter (ref. 125), 179,
155, Larmor (ref, 87), 39-40; Aether and matter {ref. 125, 172-173,
156, Lamor {ref. 87). LaMPP2, 39.
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‘ L 136)
D'=(l.ﬂ(D+%uxB),B ={1, 7B~ cuxD). {
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transformation {136), we therefore have

D, = D/’ Dy = TD_y'c D, - ;" (137)
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dydz = dy‘ds’, dxdz=y'dx’dz’, dxdy=y'dx'dy’, (138)
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157, Larmor, Aerher and maiter (red. 125), 175-176,
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disagreement with Lorentz concemed Mascart’s result, the independence of
the rotatory power of quantz from the earth's motion. In the Versuch,
Lorentz had investigated this problem on the basis of macrosopic field
equations with a modified relation between electric force and polarization:

E=2"P+ jVxP+kPxu. (140)

He found that a first-order modification of the rotatory power was to be
expecled, unless a relation existed between the coefficients J and &, for
which he saw no ground. However, Larmor expected no modification, on
the basis of his version of the correspondence theorem, In Aether and
maiter he also proposed a macroscopic calculation similar to Lerentz', but
leading to the null-result. As Lorentz showed in 1902, Larmor's calculation
was defective and, once corrected, implied a modification of the rolatory
power: the fundamental equations were the same as Lorentz', with k =0,
Nevertheless, by that time Lorentz agreed with Larmor that molecular
forces behaved like electronic forces with respect 1o the correspondence
theorem, so that the absence of first-order effects of the earth's motion on
optical experiments had to be quite general, 62

Larmor did not expect @i terrestrial experiments to be insensitive to the
earth's motion, Aether and maiter proposed several first and second order
cffects. One of them dealt with the interaction betyfeen an electrically
charged body and a magnet sharing the earth's tion. According to
Lorentz, there could be no net force acting on the chifrged body because a
compensatory induced charge appeared at the surface of the magnet, Lar-
moer speculated that the compensation would not occur for a non-conducting
magnet, il such a thing could exist.’**

Another effect predicted by Larmor was a second-order increase of the
electric conductivity in a moving conductor. According to the theorem of
corresponding states, Larmor reasoned, the value of d’/dr’ for an jon mov-
ing in & moving conductor had to be the same as the migration velocity w
of an ion in a conductor at rest exposed to the same electromotive force.
Conscquently, the velocity dx/dr of the ion with respect to the moving con.
ductor (which, for Larmor, was the velocity with respect to ether minus )
is

dt |+ uwic? '

162, Loremiz (ref. 35), LCPS, 114-118; Larmor, Aether amd maner (ref. 125), 211-218
Locentz, **The rotation of the plane of polarization in meving media,"" PRA (1902}, also in
LOPS, 156-166,

163 Latmor, Aether and marier frel. 125}, 66,
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which follows from the expression (132) of the coordinate transformation.
If only one kind of ion exists, or if ions with opposite signs do not move
with the same velocity, this alteration of velocity implies a second-order
modification of the conductivity.'

These examples show the great distance between the correspondence
theorem and Relativity. For Lorentz and Larmor, the transformed (accented)
coordinates and fields had no direct physical meaning. Most crucially, they
¢id not refer 1o the properties of the moving bodies themselves, but only to
these bodies once brought to rest. Therefore, further reasoning was required
10 deduce the physical properties of moving bodies from the propertics of
the transformed states, And this reasoning could easily be mistaken.
Larmor's case of altered conductivity is especially instructive, He took for

granted that the velocity dv/dr determined the measured flux of ions in the

moving conductor, that is, the electric current. In fact, as we know from

relativity theory, the velocity dx"ide’ plays this role.

Larmor's error here should be imputed to his attitude toward the rela-
tivity principle. Like Lorentz and nearly all physicists, he believed that the
principle applied to matter and ether, not to matier by itself. He therefore
expected that motion with respect 10 ether ought to be detectable, even
though previous attempts had failed. He was as blind as Lorentz te the fact
that **corresponding states'’ were the measurable states in the moving body.
Also, he and Loreniz failed to see that their correspondence theorem held
exactly at any order in /¢, the former by simple neglect, the latter because
of a misconceived transformation for velocities and currents.

Larmor's theory came slightly closer to the future relativity theery than
Lorentz' in that it did not require any assumpiion about the internal struc-
wure of electrons or about the behavior of molecular forces. To determine
corresponding states, Larmor had only to consider the ether field and the
corresponding equations. However, his dynamical method for deriving the
motion of electrons from the free-field equations was only approximate,
and, in this respect, inferior to Lorentz® and other models of a finite elec-
tron. Moreover, Larmor's conception rested on the conjecture that all pro-
perties of matter, including stability and homogeneily, could be explained
on the basis of ether structures only, :

Larmor's own doubts in this regard obtrade in Aether and matier, He
noted there that his theory was scale-invariant, and inferred that the meas-
ure of the electrons' charge was arbitrary. He also recognized that atoms
made of rotating positive and negative electrons would lose energy by radi-
ation, and therefore be unstable, unless their configuration was 50 symmetri-
cal that the total electric moment vanished. Last but not least, Larmor

164, [bid., 184
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deplored that his theory had done nothing 1o explain forces of cohesion. He

did not believe, how 5
theory: 16 owever, that these shortcomings were fatal to his

1

The aim of thecretical physics is not a complet

the WM: operandi of natural phenomena; tlu,:t wm:db:mhle?u?n:nu;ﬁior
able if only for the reason that the mental apparatus with which :-c cond: i
the scarch is itself in one of its aspects & part of the scheme of Nature wh;’:l:
it attempts to unravel..,.The object of scientilic explanation is in fact to

coordinate mentally, but not i
e g ¥ to exhaust, the interlaced maze of natural

3. CONCLUSION

” Log:wz and Larmor. shared the ambition of integrating optics, electro-
)f:a:jm;s. and the atomic structure of mateer (also gravitation!) in .the same
:.lh!: oe;. r:n;cwork. 'From @ practical point of view, the resulling electron
ies had much in common: the basic electrodynamical equations as well
as the means t.o derive macroscopic laws from these equations I.lowcvcr
the two thgoncs differed in several respects that reveal lhc'ir auth 'S
methodological and cullural orientations and throw into relief the ¢h e
of mathematical physics at the turn of the last century, e
In _tlxe first place, Lorentz and Larmor disagreed abofit the relative rol
of ‘optics and electrodynamics. Lorentz shared Maxw:‘.'s and Hclmhn; z
opinion thal optics had to be derived from electrodynamics; his pref it
appeafed as early as his dissentation, where he dcducczi lhepl e{cm?
:?kﬂcx‘:\?'z;]?nd refraction of light from **Maxwell's theory."" Instead la:r:noor
np:.;cs ;nxz?;cm;:‘::;c:cme?h ctit:a: .Max\;cll ihad succeeded in founding
¢ nics, iew, theories of the optical cther were
more satisfactory than Maxwell's theory of electrom i
!nkely to provide a basis for a unified physical 1 agthlsrrl. omlani
Judgement conditioned the manner in a'hjifch thch::'g .lhrgrl?st‘:lf?::ezce 0;'
clectrons as the universal, sub-atomic carriers of electricity M
eruI;c:iro:I.o;:r::;‘,i:;em:ns (or_x‘ons) were & negcssily of the electromagnetic
sk m);e“ en oplical phenom.enn involving the atomic structure
ity l::; l|r'no account, He _!udged that anomalous dispersion
Rrntinea ‘;:‘ c.l & between lhc propagation of light and atomic vibrators;
gl :j buc ;‘mctpremnon of this f:oupling suggested that the atomic
v Son e thought of as an elastically bound charged particle. The
Was even more natural for one who, like the young Lorentz, used

165, Lammor, Aether and mats 3
hag and matter {ref. 125), 189190 (scale), 223 (radistion drainl, 166 (quo-
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Helmholtz® version of Maxwell's theory and therefore conceived electric
polarization as a Jocal displacement of charge.

Larmor's first theory, based on MacCullagh’s optical ether and vortex
rings, had no organic necessity for subatomic charged particles. Ions were
required to explain electrolysis and perhaps chemical bonding, but only as
secondary entities, obtained by straining ether vortices, In general, ions did
not figure in polarization and conduction, which derived from intrinsic pro-
perties of ether—its rotational elasticity and ability to sustain vortical
motion. What convinced Larmor to introduce electrons was the ultimate
failure of the vortex explanation of macroscopic and microscopic currents,
Hence. his program could integrate electrons only after & major internal
crisis. Larmor thenceforth judged the electrons to be an a priori necessily,
while for Lorentz they were just the most natural link in the electromag-
netic interpretation of some optical phenomena. What one wins against one-
self one is likely to regard as transcendental truth,

Larmor’s starting from an optical ether had other consequences. Con-
trary to Lorentz’, Larmor's electrons were not independent entities, but
specific ether constructs. Larmor's theory was essentially monistic, Lorentz’
clearly cualistic. The stationarity of ether had different justifications in the
wo theories. For Larmor, ether was stationary because it could net be oth-
erwise, Singularities in MacCullagh's medium moved without dragging the
medium. Moreover, a velocity of the medium would have meant a magnetic
field much too strong to have remained undetected, For Lorentz, the sta-
tionarity of ether was nothing but the simplest ‘hypothesis, and the most
directly compatible with the optics of maoving bodies.

Larmor's reluctance to found optics on Maxwell's theory followed from
his dissatisfaction with Maxwell's dynamical considerations. [n his epinion,
Maxwell's Lagrangian treatment of a system of currents did not provide a
sufficient dynamical foundation because it lacked any picture of the hidden
motion occurring in the magnetic field. In this regard, previous optical
theories fared belter, since they were usually based on the analogy belween
the ether and an elastic solid. In his own theory Larmor wished 1o maintain
the essence of MacCullagh’s ether and evea to provide a dynamical illustra-
tion for its rotational elasticity. It did not matter that ether differed alto-
gether from any known substance. In Lamor’s eyes, its strangeness was
just one more sign of its ullimate character,

Hamilton's principle still played an essential role in Larmor’s derivation
of the dynamical equations of the system made oul of MacCullagh's ether
and singularities; but it did not act as a substitute for a definite picture,
Lorentz was more open to the abstract dynamical foundation found in
Maxwell's Trearise. He made a great effort to generalize it and to adapt il
to the new electron theory, However, he finally agreed with Larmor that the
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mere possibility of a mechanical picture was hardly satisfactory. But there
ll}ey part;d ways, In subsequent work Lorentz was tempted to dr;>p the idea
:)heaLr:::mazn:g:icf'oundauon and to starf dnect{y from the field equations and
The electron theories of Larmor and Lorentz both represented a radical
departure from Maxwell's original conceptions of charge and current, How-
ever, the history and the final form of the break differed in eacl; case
Lor.emz initially used Helmholtz' reformulation of Maxwell's theor in'
wh}ch charge and current were primitive concepts defined through );ireir
actions at a distance, In this context, polarization was a second-level con-
cept, a microscopic displacement of charge, whereas in Maxwell's theo
(or in Faraday's conception), polarization was a primitive concept froz
which the concepits of charge and current derived. Since Lorentz' ﬁrs; ionic
theory of dispersion belonged to this framework, his venturing beyond
Maxwell's conceptions of charge and current cssentially rcﬂz:tcd
Helmholtz® earlier betrayal of Maxwell. Only the atomistic conception of
charge needed to be supplemented, : %
. After Heriz' experiments, Lorentz paid more attention to Maxwell's
ldcas.' and grasped important aspects of it. He understood that for Maxwell
eIect.ncny was an incompressible fluid; that electric displacement was tﬁe
clastically resisted fAlow of this fluid in a dielectric; that an electrification
could not be created without conferring conduclivi v on the medium; and
!hat .thc pou’on of electric charge derived from the ngion of field How'ever
in his view this conception could only apply at t microscop;c level ot"
t:lcctrons and free ether. Macroscopic displacement in material dielectrics
mvo'lveq microscopic shifts of elastically bound electrons; MaCroscopic con-
duction involved a nearly free circulation of electrons. In the end there was
no advama_gc in maintaining two different intuitions of charge and cum:r;c
a Machllmn? one that applied to purely imaginary sub-electronic proccsces'
and a che.nan one that applied at the macroscopic level, In later wrixi;x
z_lgamr;l;zd::u;.nnlt.ainzd <:;1I)' Weber's concept. As a result, the theory wfs:
¢ duzalistic, based o j ic i
e o consm:- ‘!sl?e Field and on microscopic charges no longer
. !..am_tor initially agreed with Maxwell that electric charge was a discon-
tinuity in displacement, and electric conduction a relaxation of dls.lacc-
ment. His first theory, with the vortex interpretation of eleciric ct;rgcnts
confirmed this view. It shared with Maxwell's the idea that displacemen;
was a state of elastic constraint and that condiction currents and charges
could only result from a breakdown of the elastic property of the mcdilﬁl;
Ilo“'e\'gt. Larmor did not adopt Maxwell's interpretation of displacement ai'
an elastically resisted shift of imaginary fluid, presumably bcc;lusc this ic‘-
lure could only be an illustration of the form of the total current and 'C(:)uld
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not provide a basis for a dynamical lhl:ory of tl;“e :el&dl.:::o;d l:::.;');)sr:nlog;

d Helmholtz' polarization theory, Wiic : :
::?:;demrf)rc definite though even less dynamnc'al. In the en;,e :ihc mxeorfrﬁ:h
tion of displacement as a twist in MacCullagh's ether prov Larm

{he desired dynamical picture,

Afier the elimination of vortices and the introduction of electrons,

Fmor t much of their Maxwellian

s concepts of charge and current los .

k:vm Hsc tracecf all conduction currents back to the «;om_fecuo:e c:‘t‘i::ez;rc:::
j i i i tures of the elastic proj

and did away with the m'evcrsxblf: up A el e
wum. However, Larmor remained in a sense ¢ .

rl'.‘;:‘cl:t:‘ his electron theory was still a monistc, ether-based theory, in

which electric charge emerged from ether surgery.

Regarding the electrodynamics and optics of moving bodies, Larmor’s

theory was still rudimentary when he read Lorentz' Versuch. As a conse-

Lorentz' averaging methods ant{ the toch.nique of
gx:r:i;on}:ieingads?r::: The two theorists sl.me‘d the same mtc:rpre(aluor;< eodf :::
corresponding states, with the same limitations. They boll? an:‘rh::omoving
essential point that those states were the measured ones r:::.ld Flert>:
frame of reference and that the corrcsponder')cc thcorem. B
every order in ufc. At the root of their oversight was their |cb e
principle of relativity applied to matier and ether, not to n:lat:etwg sdmc-'
Both expected that motion with respect to ether would be detec
daylllowc:vc:r. Lorentz and Larmor did rot 'appl)- the «:orrt::.v,.pl:)nc;d‘::ln:::’cf
theorem in the same way. Since Larmor conc.cwed matter a's u:um o
point singularities in ether, he could do without Lorcnitz oafss:n o|£culm
regarding the intemal structure of electrons and the behav or.'d iamired
forces. To determine corresponding states, he had' only 10 Qonsller e
field and the corresponding field equations. The mmphﬂcagon ua;;, ot
zhle, but not likely to impress cominemalfclui:::n theorists, w

i nor had proved his concept of matter.
mml‘ii:\t:l‘l‘yl.‘agre waspa glaring difference i!'n form and‘o}:flo'okf :c':v:le::\
Lorentz' and Larmor’s theories, Lorc(tinz de.m:’do::; 3:5(3::; 1& s(i)c us.sump-
ion of physical theory and require :

:1:;2 L?:ga:;z\nple :nd clear as possible, Larmor tended to regard thcar'ctngt:
ticnal ether s the ultimate thing and the Fnsulng electron theory as. psl s
a new transcendental aesthetics. This phnk'asophy of cther ra.r'\‘ aﬁmvmdc
methodologica! scberness of previous leading N!a.xwellians ll.c ela t. .
and Hertz and increased the contrast between British and continental styles
in theoretical physics at the tm of the century.
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Artificial eclipses: Bernard Lyot and the coronagraph, 1929-1939

A}

EVEN THOUGH EUROPE was in turmoeil, the early months of 1939 must have
been satisfying to Bernard Lyot (1897-1952). In January the Royal Astro-
nomical Society of London, despite its bias against instrumentalists,
announced the choice of the forty-1wo-year-old Parisian astrophysicist as its
Gold Medallist.' And in March the Académie des Sciences of Paris. despite

*Depanment of History, University of Callforaia st Irvine, Irvine, CA 92717, 1 began thiak-
g aboul this study when Ron Doel informed me that there might well be salfcient msterials
in Paris 1o write an archivally based account of Lyet's coromagraphic research. For farther in-
formation, documents, research keads, and insights concerning Bernard Lyot and the Parishan
astrosanyical, phiysics, and optical communilies between the Workd Wars, T am especially in-
debied 10 his son Gérard Lyot, and his former collaborators Audouin Dolifus, Maurice
Frangon. and Jean Rosch, 1 also acknowledpe the help of the follo@ing: Bacharm Becker, Clau.
dine Billoax, Andrew Butrica, Andeé Chenevez, Emmanuel voust, Suzssne Debarbay,
Michael Dennis, David DeVorkin, Clark Elliott, Jack Evans. Uharles Fehrenbach, Roland
Grelss, L. Heilbroa, Kiaus Hemtschel, Michael Hoskin, Sally Hufbauer, Peggy Kidwell, Henri
Meyer, Mary Jo Nye, Jean Lue Olivid, Donald Osterbrock, Alex Soojung-Kim Pang, Dom.
Migue Pestre, Jean Rite. Dorcthy Schawmberg, Paul Simon, Tom Williams, Jacques Vulmidre,
and Masina Zaccoli

The following abbreviations are used: AN, Archives Nationales, Paris: CR, Académie des
Sciences. Paris, Campres remdar: DM, Donald Menzel General Correspondence, Harvard
University Archives. Cambridge, MA: DSH. Dictiovary of seleatific biography, EPA, Ecole
Polylechnique Archives, Bibliothéque, Palsiseas: MUT. Internstional Assronomical Union,
Transactions; JBAA, British Astronomical Association, fourmal; PR, Jowrne! de physigue et le
radiame. LOA, Lowell Observatory Archives, Flagstall. AZ: MNRAS, Royal Astronomical So-
cwety, Momthly morices; MWOC, Mount Wilson Observatory Collection, Hentington Librasy,
San Marino. CA; OPA, Observatoire de Paris Archives, Paris; PAAS. American Astronemical
Sociely, Pabtlcarions; RRM, Robzrt R, MeMath Papers. Bentley Nistarical Lidrary. University
of Michigan, Asn Arbor, MI; SHMA, Sources for the History of Modern Astrophysics. Ameri-
can Institue of Physics, College Park. MD. VAG, Astronomische Gesellschafl. Viewre!-
Sahoscherf, ZEA. Zeicsohifi fie Asseophysid,

o H.H. Plasken and DI Sadler, “Meeting of the Royal Astrosomical Soclery Friday,
1939 January 13, Observatory. 62 (1939), 29-43, on 20, Seven of the ten olher medaliiss
chosen from Jan 1930 through Jon 1940 were orlented primarily to ohservation—J.S. Plaske,
R.G. Aitken, VM. Slipher, H. Shapley, H. Kimwura, W Wright, and E.P. Hubble—and three
1o Iheory—W. de, Sitier. EA. Milne, and H. JefTreys. Cf. A.S. Eddinglon, *Physical and opti-
ol socielies qwenly-first anoual exhibition of apparates Opening address delivered by 1he
Peesident,” Physical Society, Proceedings, 41 (1931), 119-122.



