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OLIVIER DARRIGOL*

The electron theories of Larmor and Lorentz:
A comparative study

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 clectromagnetic 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 effects 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 the proposed mechanisny as fictitious and out of
harmony with the rest of his work. Maxwell's clodest heirs did not proceed
difterently. They ecither 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. | thank 1.L. Heilbron and Diara Wear
for editarial assistance,

The following abbrevistions are used: AHES, Archive for the higiovy of exact sciences; AN,
Archives néeriandaises; AP, Annalen der Phyitk, HWA. H. von Helmboltz, Wissenrchaftiiche
Abhandlungen, 3 vols. (Leipzip. 1882, 1883, 1895); LaMPP, ). Larmor, Mathemarical and phy.
sical papers (2 vols., Cambridge, 1925); LCP. HL.A. Loremz, Collected papers (9 vols., The
Hague, 1939); PLMS, London Mathematical Society, Proceedings. PM, Philasopkical maga-
sve. PRA, Royal Acsdemy of Amsterdam, Proceedings. PRS, Roysl Society of London,
Proceedingr, PT, Royal Soclety of London, Philasophical tramsactions. VKA, Koninklijke
Akademic van Wetenschappea, Amsterdam. Verslagen,

. Cf. HA. Lorentz, “*Over de theorie der terughatsing en breking vam het licht."" Acadens-
1ick Proefscheift {Leiden, 1875), trandated as, “*Sur la théaric de la réflexion et de la
réfraction de Ia lumidre," in LCP, I, 193-38). on 382.383; ), Buchwald, From Mavwell to
icropkysice: Aspects of electramagnenic theory in the lan quarter of the mineteenth centiry
(Chicago, 1985); B. Hunt, The Macwe!ions (Ithaca, 1991), 209-210.

2. JC. Maxwell, A treatise on elecericity and magretism (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 comparisen 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 Loreniz 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 &t 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 Dutchman open 1o his neigh-
bors® cultures he read indiscrimately from German, English, and Freach
sources. His heroes, Helmholiz, Maxwell, and Fresnel, belonged to quite
different, sometimes conflicting traditions. While in an average mind the
eclecticism 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 unify and
organize knowledge under a few simple principles; but the principles had
no absolute treth and could not receive a pricri justification. After listing

3T, Hiresige. "' Origins of Lorentz' theory of elecirons and ihe concept of e cleciromag-
netic field. MSES, ) (1969), 151-209; Buchwald {ref. 1) Hust {ref. 1) A. Waswick, "On the
role of the FiteGerald-Locentz contzaction hypotheshs 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 elecieleiry, 2nd ed., vol.1: The classical theories {London, 1951y R,
McCocmmach, “*H.A. Lorentz and 1he clectromagnetic view of asure,'* fris, 61 (1970, 459-
497 K F, Schaffrer, Niseteentiv-ceniury aether theories {(Oxford, 1972},

4, Cf. McCormmach, "Lorentz, Hendrik Antoon,”” DSB, 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 opirion 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 10 be highly profitable. that various investigators take
cach his own way in this matter, for only in this manner will one be able, in
due course, 1o 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 Natwurkunde™ (Leiden lecture, 1878), English
translation, **Molecular thearies in physics,’” LCP, 9, 2045, on 33,

6. Lorentz (ref. 1); H. von Helmholtz, "Uber die Theorie der Elekurodymamik, 1. Uber die
Bewegungsgielchungen der Elekiricitat filr rubende leitende Kdeper™™ (18700, #WA, [, 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 Mavwell's piclure of displacement
suggested wrong continuity conditions,
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dary conditions which are net the ones needed ,o.oxv_:: the reflection s”a
refraction of light at this limil. s0 that there remains an c_.»S...o.._ oo.:.?a c-
the theory of electric oscillations [in
reflection and refraction

!
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i i ] 1, which
is analogy is also relevant 1n another, very imporiant respeci,
.-_,.m.._o_xsa_ ..ww not touched. So far the mechanical state of 15 E&S:ﬂm&
ether in transparent media has been identified with that of solid o_wu._z bodies.
Yet, at the limit between tWo iransparent media this sasumplion gives boun-
—_—

tion in theoretical oplics. However, .
dieleclrics) gives the laws of wave propagation,

which apply 1o light.

Lorentz' dissertation was a full explication of this 3:&% ?o.:o.n. .:« first
verified Helmholtz® claim that previous optical theones n__.a not v._.n_a the
cotrect boundary conditions for the reflection and refraction of .__w_:” in
general the conditions are continuity of displacement and aos._sz_mq.o*
ctrain on the surface between the two media, and .63. cannot be satisfied
simultaneously by the reflected and refracted Bv@..... s c.mcm:w. 3232._.
there are only two such rays. As Lorentz knew, Neumann's and Fresnel's
theory gave correct formulas for the .::o:ﬁ:&.% .:.o reflected and 8:»2&.
rays, but only at the price of (unconsciously) ignoring part of the boundary
Ons. )

no;“._hw origin of the difficulty is that in reality the .332:0: E.a refraction
of an incident ray gives rise to four rays. Two of the .aaa._.w_nm.;i are
unwanted, because they correspond 10 unobserved longitudinal «..c:_.:c:m.
Yet they are necessary if all boundary conditions are to be o_w:m_ﬂm&.
Cauchy's theory, Lorentz noted, properly took into mono.c..: _vo _onm__.._a.i_
vibrations. But it gave no satisfactory account of the invisibility of the addi-
tional rays, Moreover, Lorentz could show that ._8.583. led to E_sona._z.
able predictions for refraction in anisotropic media. None of the o_:_.ow_
(heories known to Lorentz could properly explain the laws for the reflection

efraction of light”
!.a_”. the rest of %W dissertation, Loremz applied “Maxwell's theory''—he
meant Helmholtz' interpretation of it—to the problem. He relied on the
action at a distance of charges and currents, including those v_dﬁ_,_a.nn_ by
the local, invisible displacement of charges pertaining to »__m_n.o:”_ﬁ. If
vacuum was itself a highly polarizable dielectric, the physical E&._o:o:m.i
Maxwell's theory were retricved, Lorentz performed all n»_ﬁ._w:o:m c.s._..
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), 25

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, "'T do not regard actio in distans as a rigid
dogma; the true starting point of the theory is 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 to penctrate. 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 not be surprsing, 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 metheds,
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, I
contained several seeds of his later, popular electron theory.'

8 Loreniz (ref, 1), 224.

9. Ibid, 235. Oa Maxwell's comcepts of charge and current, cf. Buchwald {ref, 1), chapl. 3.
and Darrigal, ““The elecirodynamic revolution in Germany & documented by early German ex-
positions of ‘Maxwell's theory',”” AHES, 45 (199), 189180,

10, Cf. McCormmach (ref, 4),
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Through the work on his dissertation, Lorentz became convinced of the
superiority of “Maxwell's theory,’" to ‘‘the old wave theory.”” Al 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 .Ba_.u_m
and electrolytes. In each case, Loremz 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 to the
molecular structire; then about the mechanical forces which perhaps play a
role in certain light phenomena, Then let us think how external forces and the
wotion of the medivm 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 monions 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 was precisely the one that Lorentz developed

Very sirikingly, ..
except for the last subject, which other physicisls

in subsequent years,
would take on.''

Dispersion

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

suggested:'

If one whishes 1o give an absolutely 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 into 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 influeice of
molecules is very small [as verified from the fact that the optical index is

11 Lorente {ref, 13, 382; ibid,, 32383, Cf. Hirosige ref. 3), 173,
12. Lorentz (ref, 13, 275 (my emghasis).

.
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almost _va same as in vacue], this inluence can very simply be taken into
account in a 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 Poas.u, could make, had the essen-
tial =9.S=Swo of leading to unambiguous calculations in Helmholtz' frame-
work, if enly a definite polarizability x was attributed to each molecule. He
had enly 1o superpose the pelarization of the molecules on that of vacuum
according to |

—.-IN:.N.#?.?AN. (1)

where E is the electromotive force, P the total polarization, ¥ the number
of Bo_.on:_nu 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,

=u1\_+>‘.r._..n? 4

.:%:2. that, for a given gas, n° - 1 is proportional tofthe 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
Sw assumplion that the properties of ether remained unchanged in :.n.
:oumsawzdo% of a molecule would have made no sense, since the electric
properties of the molecule implied, by definition, discontinuities in the pro-
pertics of the medium. Morcover, the polarizability of vacuum and the
_..oF:su_.::w. of & molecule, which were of the same essence in Helmholtz'
view, could only be very different things in Maxwell's theory, For a
?_a.r.s.n_:u:. ether polarization was a primitive notion, and molecular polari-
zation u third-level construct: it was the moment of the charge distribution
.o_ Go molecule, charge being itsell defined as an heterogeneity in the polar-
ization of ether. .

. In ..qu Lorentz further explored the contribution of molecules o
dielectric polarization. Again he used Helmholtz' version of Maxwell's
theory and .32.:& a nearly incorruptible ether: **Whether and in whal way
the properties of ether are changed by the presence of molecules is n::B_w

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-
ties 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 clectromagnetic 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 s NK. (5)

n+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 to the same results. Among :..oma
was the picture of 2 mobile, submolecular charged particle in an unmodified
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 :8. o:am.
of heterogeneity was considerable, Loreniz found i1 to 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 themselves.” Koa
exactly, the frequency dependence had to be sought in the 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

mi+gr = ¢E, (6)

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

14. Lorentz, “‘Over het verband tusschen de voortplantings saetheid en samestelling der
middenstofen,” VKA, 18 (1878), English irassl., ‘Concerning the relation batween the velecity
of propagation of light and the densily and composilion of media,”” LCP2, 3-119, on 24.

15, Ibid., 24-27. The latier assumption departs from Helmholtz® potential theory, for which
the poliizing electric force differs from the electic force acting on a charged body. But the
difference dissppears in the limit of infinite vacuum polarizability,

16. Ibid., 79-80

ELECTRODYNAMICS 273

o2
g-mat
This implies, through the relation (5) 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 Sellmeier
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,'®

er=xE, with k= (7

Fresnel versus Stokes

Lorentz did nol return to electromagnetic molefular 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 o explain
that optical instruments on earth behaved normally, and the ether flow had
to be irrolational 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 value 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
(1587}, also in LOP, 4, 153-214, At published in Datch in VKA (1886)
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: . ) - . g
surface of he carth. The 8_‘238&3 tangential aa.w»":o”... M:%”mmo.a ;
tangential velocity, must in gencral differ from zero. From

*on i ible.?®
. d that Stokes® original theory was imposs
.—o:?—mm._a._.-.wn”.o_“w_.%gczo&:o&. Lorentz did not infer, however, that

i a3 the only possible one,
: . with its unperturbed o:.o.q. was t 1
—_,.._“M“M“ w_o.”..omw%a a modification of Stokes’ theory that accounted for stel

lar aberration and apparent optical laws. He maintained the condition of

irrotational fiow, but dropped the boundary condition at the carth’s surface.

Then the light rays from stars ...o:..us.& 90_ «.u“.”: wﬂﬂ.wr._, h-wﬁam.“.a..v .Wv. .““
s .933.. s _,M_.mm”.n.””n___.wow%nw__@”:nx latter nﬁ.na.. could .co
Wo:ﬂﬂw.w c“uﬁroﬂwwam“ on the motion of ether in vacue a partial dragging
% n.ﬂ:mmﬂ“m_“w”“_wmm”rom theory »:osma .”.”_. w_n _“ﬂ,w._" H.Mm_w._ww u_n_ nn_“ﬂ“ %M
at for the .
e s et Lo 1 s s o,
_%M“”oo—».:_sﬂw_m"_n“.,wmcﬂnﬂw_uﬂvmma Mﬁ:a m.n..woazw. nf—c_.a._w_”wzi Ho,,“.w”m ”wu “x.w_.w..
Mmz.nuo_.t%hw:“:““a._wuhq”.an&,ozqo_wn_oh _m“ow”. WWHMMM”NMWM._»_M::“MM shwonx_.m““..
ment excluded wawso_.m.z—ao&. w.: nozm—n it w:wm:u_.w st
e Tov oy i .mﬁ,wﬂ_ wibou modiesion
o<n”=.=...ocﬂ_nx=hwmwh m%mw_m..n__suh_ﬂn.:ano,”“wmn wv.w former “Mn_ .M:m _,&va_mo”w m%.
i uoaﬁsc._“u.«h”_ﬂ\u_ﬂm __M MM:MM,.._.MM“Rﬂ_ :mxw__.n_.. &:o.o. ether
Mﬁﬂq.zﬁaﬁq __M_:ﬁn .m__.ea a container (ether s_mmzﬂ.m“ -ﬂw ﬂSaM:nMa _.._o._.wm
e ...,.SE_B._.u_wm.“__w.”,_hww.a_h.wwﬁ"_.en.waw.wm_ww {heory assumed com-
w._vm:“.o_u _Mwnqw‘xwﬁmﬂﬂwﬂo which Lorentz commented:? ‘"It seems 10 me that

' pai i r oo
200 [hid. Stokes could bandly have averlooked _.2.2.; paiaL Ia ?2-., ._ﬂ _..”.“._Mnu“%h*_.:a_o e
ke sabject, he ¢id net assume incompressibility. He did so in E“. 2?_" max Doy
iher, and its condition at the surface of the earth, became Irighly :.u..x. h reigiedv
n._.r:. whether Loreniz’ criliciss applies. Cf. Larmor, Aether and marter (Cambridge,
-

ibsé : E. Ket-
13. On e gezeral listory of (e oplics of moving bodies, <f, Larmor, ibid, chapt. ; E. Ke

cler, Fronoe » ndul w1 hear 4.\\ RUTY il 'y rean s —n,?v—.w
3 ie L ¢ von Abe on des L
icler, Ainre sohe U wlations 7 W, ¢ die A

> . echanistic
745 T. Hirosige, **The ether problen, the nw e = f
ﬁw_““.n_.a “..n R::_M.Q n HSPS. 7 (1976, 3-82; A. Mayrigue, "L absmaticn .w_z ,:swmm\.ﬂ
”.MEH .xw,. Freszel,'" thdse de doclorat (Pasis 7. 1991 M. Fietrocola 3=Sqan. hw..”.n”z:m,:..anz.
Mascart el 'optique des cOmps e mowvement.'' thise de doctomat (Paris 7, 1932k
(ref. 3}
21. Loreniz (rel. 19),

21. 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 ﬁ.‘. nothing but a modification of
the state of this medium; 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 crilerion induced him
o 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 & 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 rhaterial, 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 Lorentz. the first characteristic of Maxwell's electrodynamics, as
exposed in the Treanse, was that an electric current in a conductor implied
a motion not oaly in the conductor but also in the surrounding magnelic
ficld. 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 o mechanical explanations,” ke 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 text. cf. Hirosige (ref, 3), 183-186.

24, Lorentz, “La théorie éleciromagnétique de Maxwell el son application mux conps
mouvams,”" AN (IR92), also in LOCP, 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 case 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 contirolling 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
T3 [B-Hdc @)

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-
shle 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 sirictly equivalent to the Lagrange equations for the mod:fied

Lagrangian
L=T+ [EV-Jdt, (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. Introducing, as Lorentz does, the *'accessory variahle”” A, such that

26, Anotder possibility would have been 1o use the grinciple of least action, Bat this would
have excluded impressed electromotive foroes and dissigative counter-electromalive farces,
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B=VxA, (1

the effective Lagrangian reads

: .
L=|(=]
[(53-A+&9 3y, (12)

The corresponding Lagrange equations yield the generalized inertial force

| ar ar’ (13)

where the & symbols indicate i
! a functio ivative, Eliminati
Lagrange parameter yields the equation o L

VxE = |mw..
ar’ (14)

which Lorentz regarded. followi isi
i i ing Heavis in thi
fundamental equation of the ._:o_.w. PRt L U o
The extension of the reasoni i
. sening to moving bodies requires , i
“”.c:. .q_n connection between the seat of the current ha and .”” Mww__.ﬂw:”“.
»_am__,ﬂ“”..:ﬁ_. motion. Lorentz first examined the consequences of :2.:.
i eoﬂ_ :wm.,.hnwc __-z: ::5 Iwo seats were identical or moving Smo:.&
city v (r}, In this case the effective L is still gi .
: = : agrdngian is still ]
mv mw.oﬂc. _..:_M_Mo are additional configuration varia omm that aﬁo:ﬂ“m:.”w
of the medium, and the fluxes 4 of electrici ¥ must be defined with

respect to fixed particles of the i i
bne prefnplard medium, The Lagrange equations for the 2

. D
E=-—(A-
D (A-V&), (15)
where /Dt is the convective derivative
,U = J
D " l@-|<x2xv+<?;. (16}

— W
“ W

27, The other fundamental equation,

VX(H+vXD) = j+ aDiae 4 (V-D),

results from VxH =

1.owhere Jis § 2 L ' pl
P J the conduction current) plus the convective derivative ol
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& ()
Vx(E-vxB)= S
foundation of the theory, roa._._s appears ”M
Maxwellians. It remains
' ithful to Maxwell than other b
o qoo..: “,ﬂ.”%,:o retained of the other central componenl of stsm_.__xw
cﬂgwag _Mo field-based concept of electric o—:_.no. and .aczwﬂﬁ_ =K
.ani.o: Lorentz called *‘electricity” ?o thing of which .-. is mO _.B.u. by
conduct .q he identified J with the ordinary 3..8:..”* a...:a::w il
cMM_.Zz.a he assumed the flow of “‘electricity 10 uo. N?mz _ =w
! .n:a_ and. like Maxwell, called D the n:omom of A that van m_mo_un 0 e
aw“,&..,:_a. Then Lorentz defined the electric charge of ussmu%oozsaosa
& s e g iciy” Id leave it w
3 lity of “electricity”’ that wou : <)
w:ﬂ“—“ﬂ:ﬂ”:“”uﬂ “Aw:ﬁ_:a:um wire, and proved that this charge was given
o [

by

Regarding the dynamical

g =¢D-ds, (18)
o

i L
if o is any closed surface surrounding the conductor.

The proof is straighforward. Owing to the divergence-less character of
J, during the discharging process we have

ab (19)
i’ = .dS =0,
.—.. ds + ,_.\ 3
where the first integral is 1aken over the portio
the wire, and the second integral over the rest ©

as

n of o which is 22«.2._ by
' @, This may be rewrillen

94, dip.as=o0, (20}
de o diy

which yields the desired result after integration over the duration of the pro-

cess. . N o
From this consideration Lorentz could deduce the relati

p=VD 20

] { cognized

between charge density and displacement it an S.E..Ecﬁo%o _“n“cwm.“: 3
] " i - !

that **it was impossible 10 produce 22... A Q..mqmo in .u 7_%3 ,_f. n.::S sty

entirely devoid of conductivity,” But he _a._w._:&. M_M _.” AT
av 1 of a dielectric could be ¢ Y A

have done, that a volume elemen B L
imi at giv nductor, something like & :

cess similar to that given for a co : like ke

of “‘electricity™ by means of a conducting needle of higher infinite

28. Loremz (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).»

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 net accumu
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 occupiel
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 L0 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 inwitive notionfof a flow. On such gues-
tions he is likely to have sought more light in Poifcaré'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, Ibid., 201-202. On Poiscaré, cf. Darrigo! (ref, 9), on 216

J1. Ibid,, 215-220, 251-254. See also P, Heimana. “Maxwell, Hertz, and the pature of
electricity,” lsis, 62 (1971), 149-157. and Buchwald {ref. 1) 192-192. In a footnote, Lorentz
(ref. 24, 190} referred 0 Poincard's two fluids (*'dlectrické’” and “Auide indducteur™ ).
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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,
“the distance is not great,"™*

However, the particles now had to interact via ether. The particies’
motion being the source of all electric phenomena, including the stationary
ones, Loreniz needed a precise assumplion about lhe 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/di; 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 TR (22)
where v is the velocity of matter. The borrowing was narrowly selective,
since. as Lorentz himself showed in a previous section of his memoir,
Hertz' justification was based on a fully dragged cther, Moreover, for Henz
the total current involved a third term, the curl of Dxv.
More convincingly, Lorentz refered to Rowland’s experiment and to
current views on electrolysis as supporting the existence of the convection
current.™ He also verified that his total current was divergence-less:

32, Lorentz {ref. 24), 229.

11 Loreptz (ref, 24), 230, For Hemz™ total current, see noie 27.

W Lorentz (ref. 24), 231: A L'appui de cenie hypothdse, que jai empruntée & M. Herte,
on peut rappeler 'eapérience bien conmes de M. Rowland, dans laquelle la rotaion rapide
d'an disgue chargé a prodals les mbmes offets électromagnétiques qu'un sysiéme de COUrRnis
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dbD d 2
4. —) = .IN . 3 &
(pv + o 3 Y Vp+pViy = 4 +pVy, (23)

and the last member represents the vari i
volume element, which is zero by suucsv”..ﬁ..”..*aoq e
In order to establish the dynamical equations of his system, Lorentz
appealed to d'Alembert's principle of virtual work, now u&c.:_zm that the
5.:_.8 o—. D and the positions of all charged particles controlled the
no:_._m:_.w:o: of the system. In rationalized electrostatic units,™ the el
trokinetic energy of the system is . -

= Llrp2
T=- [B%dn, (24)
. 1 aD
with VxB = —{pv+ —
| i *B q€<+ 5 (25)
Intreducing the veclor potential A, this is the same as
. I aD
T=—I[A .
na.? (pv+ Yy 'z (26)
The potential energy is
U = —[Dr
2 g ; (27

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

. i . with two Lagrange :
and 7 3.:2_5:9% to the constraints V-J=0 and mbumﬂ.nwa.ﬂﬂw RM_M :
tromagnetic contribution to the effective Lagrangian is . .

aD

L=T-U (pv + —
& +rﬂ (pv + Y ddT+ _.ibu VDid . (28)
The Lagrange equations with respect to D are
9 8L &L
dt gp 8D = @9

M““”.”M”.M*awﬁ_n:.n;a“.ﬂ”aa que _oN déplacement d'un comps chargé constitue un vral courant
mque, urs esl conforme & la théorie ! L
On electrolysis, ¢f, Whittaker (ref. 3, chap. 11, eSSk Ao

35 . ; L0
Logente limited his consideration to solid disisibutions. The maore general reasoning is

found in his Versuch einer Theorie der ;
] | elecirischen wad apiise x i
Kdrpern (Leiden, 1895), also in LCFPS. 1-115, on _an..u 6, A S I horver

36, Untll 1904 Lorente used electromagnetic unkts,
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L 9A : (30)
or D= |ﬂﬂ+<¢:+9.

tion
Eliminating the Lagrange parameters, we reach the fundamental equa

LB (31)
<xcn1q T

of the electromagnetic Lagrangian is

Ly = Ly Air) - qv VEE) + galr). (32)
C
The electromagretic force acting on g is
WL N (33)
fo==rav " or
or
(34)

1 dA ; 4 yxB
= gl-——=5 +§) ]+ *vxB.

n«lﬁ BT +Vin+§)] ¢ B

Therefore the electromagnetic force density is given by ““Lorentz’ for

ST
.

mula

f=p(D+ w,.x_c. (35)

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

tions as
VD=p, VB=0,
1 aD . :P@. 36)
V=B = M@—;ﬂ , VxD o
1

f=pD+ ﬂ<xwv.

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

e actin
17, In his calculations, Lorenlz assummed solid charged panticies. In mouﬂq:._voﬁﬂnn.q“-ns v rw
o._.s.n particle—which is obtained by integration of _r.._" —.Eean H“hem..ns_n i
) ( f ihe particle, In order to ge .
aticle—~depends on the rotation o |
w__az_ a suffciently large mechanical inertla of the particles.
3§, Loreniz (ref. 24), on 246-247.

difficulty, and litte 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 faitly sim-
ple hypothetical equations tha might be used 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
maodification 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 mSvo:E..._.

We may now measure the full distance that separated Lorentsz from
Maxwell. Lorentz omitted the aspects of Maxwell's picture of electricity
that were not necessary (e him; he felt free to contradics 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 fiel 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 baedies, Lorentz could have assumed that ether was fully dragged by
electric particles, the dragging being confined 1o the interior and the
immediate vicinily 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 appeil to & molecular
description of matter, by the complete elimination of true conduction, by
making material dielectrics quelitatively different from ether in Vacuo, 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).
40, Cf. Buchwald (ref. 1), appendix 1.
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Electromagnetic optics : oy
Once he had established his fundamental Sna_..vswmsw“mwﬁsmcﬂﬂw_
i i he elecinc :
implied, by averaging over t . "
mgim.ﬂﬂ.LWomoah. Faraday's induction law, and the %..o_o_.:..ﬂ.m__“v”s N..
o_nM,. .owinm But his main endeavor was to solve zua oplica .muvconoa e
”M :.Ma .anx_A.x_ within the 2%32..0}_ oﬂ”ﬂ%ﬂu chc__ﬂmd.moo:.mo _E:...n_o
he problem of a single i
ma..awﬂumns.m_s .—wo electromagnetic field, .Ea then wc_vo”v.wwo.ua“_ﬁ zm.o u
“,._Hﬂnavc-.&:m to all the particles of a portion of & dielectri

i i . the elec-
i d some interesting 23&3:2? |
B g :S._‘.MM._.”W v»vao_n. and the radiative damping force

rromagactic mass of an e £
_.on ..»M.v.«.. although Lorentz here missed a factor 2/3. .:.o. BM.M—M“ M_.”EN.. ’
. ..Si ?.ci of the Lorenz-Loremz formula, and, most Sp

w

’ 1 H p.: )
i Fre<ael's dragging coeflicieny - o,
aazmw__”va: M.m, (he tricks used in the laster calculation are worth m

[ B 1. Cal-
Lorentz first introduced axes for which the :eavﬁ_o.:. .””Mwo”a ”_ﬂm M._H v
iy i with respect to ether,
i the velocity of this body Al
ﬁm. -”4..5 respect to the moving axes result from the substiution

d . : a7
L o= —uV.
ar P
Accordingly, the equations for the potentials involve the operator
L udy, (38)
Ou= 8= 0% "o

. . .. _
i ing i chnique for solving a_:a«n.z..s
if the x axis lies along u. Using a standard teciniq vsleppivy bustrpiras

i i variables X, ¥, 2
ons, Lorenz tried t© find new S
M@”am”%x to 2 more familiar equatton. He found that the substinulio

Y=, ¥Ey =2, =t = puxic?, GS

where

(40)
* e

changed (he operator (38) into™
Lo @1
¢t ar’?

A -

41. Logenize (ref, 24), on 26811, 281, 319
42, Lorentz (tef. 24). on 297,

ELECTRODYNAMICS 28

There is an immediate corollary, which, however, Lorentz did not stat
The d'Alembertian

1 9%
Aw—— 4
c* ar? (
i invariant under the substitution
X =fx—-w), ' = ot -wxich, (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
invaniance 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 te prove the invariance of the laws of refraction. Much of Lorent:
later efforts aimed at simplifying this involved procedure,

J

7
Macroscopic field equations A

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

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+

As Lorentz started to do in this period, T will vse small letters fo
microscopic fields and capital letters for macroscopic fields. Calling p,, th

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

<.ﬁ = Py Q., = Q.

Vxh = ,M.HP,.:.:. Vxd = -w... (44

43, Lorentz, "On the reflection of Hight by moving bodies,”” VKA (1892), alse in LCP, 4
215-218; Verswch (rel. 35).



286 DARRIGOL

1
= —vyxh .
f=d+ a<

5“

tions
Wll..w\..sé. v = v+u, (45)
ar  or
which lead to*

<.A—“ﬁ?. 4.—\-nO.

1 a
1 L oy e Loy +d), (46
Vxid+ _ﬂcx_: = uﬂ_.. Vx(h > nxd) n? .

_
.u._+w§=+|m=x...

i i bar, over
Loreniz' next step Was an averaging, a.w:o.zuowﬂ _MM ﬂm__...nwwﬁ_n_ el
hat « i ber of mo | .
at contzin @ large num $ bu B
aoawﬁﬁw .m” infinitesimal with respect to _.snn.«owoov_o n___“un_”w...o ity
.Nw.»ng.u and Helmholiz' theory of polarization, Loren
0i8s

polarization densily

P=p.T 47)
1so introduced the vector
g D=d+P, (48)

w

tions

. 49
VD =pn+ VP =pe=pp =P (49)
that correspends 10 a pra-
and p is the remainder of

n to play the same role as

where pp is the part of the :S.o_.oanou_m o—..ﬂq%n
dient or discontinuity of 5325_.8_.531_ : mnn
this charge. The latter charge density is «ww_ y
Maxwell's p in macroscopic electrostatics.

&4. Lorentx (ref. 35), 14-21.
45. Ibid,, 35
44. Ibid,, 61-64,
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Consider now an isotropic transparent body at rest with respect 1o 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

Mu.:W:x:. 1)

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

VD= 0, V'H = 0,

VXE = -LH, VxH-LuxE) = 1, (52)
[a C c

D umml.w.zx:.

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

C :.».

Vo= - .

£

where w) is the component of u normal to the wave. The case u =0 leads
to £=n?, where n is the refractive index. Consequently, the velocity V + u
with which the wave travels with respect to the slatronary ether is the same
as if the moving dielectric partially dragged ether with a coefficient
I = 1/a%, in conformity with Fresnel's hypothesis,

Corresponding states

The Fresnel coefficient, once combined with Huygens' and Doppler’s
principles, was suflicient 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, Inid., 75, Lorenlz also treated the anisotropic case,
48. Lerentz (rel. 43), 216,
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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

e’

X'=x, y=y 2'=z (54)
¢! =t - uxict,
The corresponding differentials are

v R, (55)

Consequently. in 1he same gpproximation the system (52) may be rewritien
as

vep' =0, V'H =0, (56)
V'xE = ~oH'icor’, V'xH' = aD’'idr”,
D' =:E,
with D' =D+ ..“u..x:. and H = H- _M__xm. (51

Noling that the new system had exactly the same form as the system for
bodies at rest, Lorentz stated the following theorem: **If, for a given Sysiem
of bodies at rest, a state 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, ¥, z, 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, 4%, ibid., SO
SO. Ibld,, 85-87.
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Finally, Lorentz used the t

h e
B Pt sl : corem to simplify further the derivation of

ane wave in the system at rest with the phase
i ¢ = wi -k, (58)

e
arem connects a plane wave in the moving system with the phase

= wt’-Kkr = wr - (k+auicd)r.

The corresponding phase velocity is i

V= @

T + Sc...sﬂ_l . N

“v— b

. | 5o 61)
which agrees with Fresnel's hypothesjs,

The Lorentz contraction

' ﬂ a \

: . m the static i
equations (46) with respeet 10 maoving ..“”“_.n A iercone el

Vd=p,, Vh=0,

Vxh = L
h=—puu-uVid, Vxd = L@uvn (62)
P
, e =d+uxh,
Where e is the electric force
; i acting on a uni i
the moving axes. Then he deduced the a..»n“_.“annzwmm:on_ﬂ.uh 7 Tl

a4 =[V-Lyw
o [ i uu Qv_bi. Ah = =

L Vou. (63)

51, Iblg, 9597,
52. Loremz, “*De relative hew
transiation, *'The refat

lailad cons

eging van de aarde en o

M ( en acther,” VI, 392 i
Aeration motion of the carth and the eiher.'" in LCp u s tiFomarnd
§ are in ref. 38, 35.35, 119-124. RIS Morw dy.
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where A, =A - .nmw..,...qvn. (64)

Selecting the x-axis so that it lies along u, and setting

! (65)

£ u_ — et
we also have

Y I (66)
A i
e ax ¥ 9y az?

To any solution § of the cquation |
AG+Pn = 0, (67)

corresponds a solution of the system (63), as given by
1
d = [V - Lu¥))E, h=-uxVE. (68)
o

According to the last equation of system (62), the corresponding value of
the electric force field is

e= -y 'VE (69)

“In order to clarify the meaning of the previous formulas, rw”a_ﬁ._m
imagined a second, ficticious system S’, The _uznmnvm«mﬂa_ is .“_ﬁ Jw_.m .ws.sn
it inal system (5) and carries g
the same conslitution as the orginal s) , ries
charges, but its dimensions are dilated by a factor v in the u_.‘an:o: of _:.a
vaxis. In other words, to a poist of S with the coordinates X, ¥, I

corresponds 2 point of S° with the coordinates

Xayp, y =y =z {700

In the second system, the charge density is p'=7'py: the corresponding
potential &' is given by the Poisson equation

ANE+p' =0, (71)
and the electric force field i3
e’ = =VE. 2)
Comparing equations (67) and (71), we have
E= 1, (73)

Therefore, the force field e, which is given by (69), is related to the force
field e’ by

BLECTRODYNAMICS 2%

€y = Qa.\. N& - ‘u_ﬁu-. e, = .\.—&n‘. Qn

The simplicity of the relation between S and S°, especially the fact thy
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 between 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 siationary 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 paraliel to the earth's velocity u was contracted b

an amount \
v\._ = 4] I:Ms.n.u. (75

The contraction was small enough to have remained unnoticed in previou:
terrestrial experiments, but was theorelically conceivable. Argued Lorentz:*

What determines the size end 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, It 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 materin) 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,

53, Lorentz (ref, 35), 18,
54. Lorentz (ref, $2).
55. Ibid, 221
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molecular forces completely determine the &_mxamo:« of u,z.._”_ h“vn-. “o w__mo_m.
molecular arrangement, the dimensions c‘.,wnmm sm-_« ._wﬂmm.s.___..no«a et
if i . By definition b s
would take if it were brought to _.am._ . i Ui oy
i those of the moving S by a n__w::mo: ng u in
o %%...23%%%%2« S must contract along the direction of its 323:.:2
_uo:ro-oﬂﬁ wis well aware of some defects of :._m argument. Nol ..m
uired that molecular forces behaved like electrostatic ..Qo.am with awwmoa
”.Mn.-_o *correspondence.’” Morcover, thermodynamical o<aﬂ__w~n _u.ﬂw_ “Ma_
i t of a static nature,
that the equilibrivm of a solid was nol . : e
i 1ons as likely 10 be improved |
i opic motiens, Still the argument was Bk
M.._Hﬂﬂwmn.nc_x Lorentz contraction was not, in Lerentz’ mind, a completely ad

hoc hypothesis ¥

Improvements

Lorentz cbiained the preceding am.c_a on _swnjmmounmo.._ua_%h_wmm:“””
corresponding states, and the contraction of lengths in 2 .»: c_z_aw -
later a full, systematic account of his theory wvvmm_.on in 2.5 ..a paalins
title: Attempt at a theory of &2.3@.& and .mh:..& Ehmzwc.”;...m.m_a o
bodies. Here Loreniz vozc_manﬂ_mw.,:: ”_._oo_naw_~.4“.“m__umﬂozm a:auc M _.umvmamn-om“

i called ions in allusion to ysis. . s m
M“._Mn: *M_M_asoa“c”:o:m and the “'Loreniz ..oam.. as plausible mxm_wa.,”w,““
focussed on the consequences of these equations for magcroscopic n

H 58 .
con_m“.:ﬁ end of the century, this eozigaos to the .:napw.:m_wn v_”v%c.__“_m
ionic theory was regarded »ucaom. oEm.E“.aSm. Msau_ MMM»M..«WMMM“N Bw v

i simplicity of the basic assumptions, . .
M”.ﬂ”wo“ﬁ no,maa_.<m.~o_= the same general wscav._ozm.. _zuuu.v. a__«.”“MM“
electromagnetic and optical phenomena were 3663:&. inclu :a_w. s
electrodynamic effects, dispersion, crystal optics, Smm:o_w.ﬂu:.”n i .8 27
the optics of moving bodies, However, .sn.ﬁ:.n::n of 1 h o ﬂ.:_:_w.
connecting the basic assumptions 10 experiments appeared (o
complex, even in Lorentz’ own eyes.”

56, In his justification of the Loremz contraction, _,oqm:_n implicinly ps.uﬁ“a .__w.“_..h“” _.“
w_..a_h arrangement of the molecules of a solid At rest dhere is only ws..m_.za & | w_“.. s
compatible with the equilibrium of melecular forces, Another implicit :E:.é .L_nn .2..
Lotente lawr found 10 be problematic, was that the definltion of the corespoading &

blishing the Poisson equation was unique. ) S ¥
" :.. __..w:o...aﬁ.u 3:..;32”2_ 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). B . s
$9. Although, when it was published. the Versuck was just one ionic theory among many

otkers (cf. Buchwald, ref. 1, 198-199), after the Dusseldorf meeting of 1893 (cf. Hirosige, rel.
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The technique of "'corresponding states,”’ as exposed in the Versuel
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
(o 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 1898: "‘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, il gave no satisfactory account of aberratich. 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
was 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) and the Loresz jubilee of 1900 Lorentz’ theory becsme the center of all experts’
discussions,

60. Lorentz {ref. 35), 1943

61 Loreniz, “*Die Fragen welche dic translatorische Bewegung des Lichtithers betrefien'”
(DOsseXorf paper), Versammelung  Deutscher Naturforscher uad Acrtze, Verbandlungen
(1898, also in LCP, 2, 101115, 102

62. H. Poincaré, “*Relations entre 1a Fhysique expérimertsie et la phy sique mathématique, '
Congeds intemationn) de physique, Rapposie (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 nx_xz.ans.
concerning 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 Trouton 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 jechnique of correspond-
ing states in a way that would meet this 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 the pleasant cffect of this
change on the guadratic differentinl operators of the theory. Now he could
see that the change tumed the field equations into equations similar to the
equations refered to ether, but in terms of the new fields

d’ = (1, id + ~uxh). _..n:.é_..!w._xe. (76)
¢ ;

f) means a multiplication by & of the component parallel
he 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 ficld equations, Of course € must be a
function of « that takes the value waity when & reaches zero. The final coor-
dinate and field transformations read:

=gex, Y=gy, =6, 1'= ely 't = yuxic?), i)

if the symbol {«,
to u and a multiplication by fof t

d =g (1, ydd + ”. uxhl, h’ =£7(1, M(h- W:x& : (78)

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-

Hons in vacus™

63, Cf. Hiresige (ref. 20), 3341,
64. Lofentz. “Théoale simplifife des phénomdnes flectriques et optiques dans des corps en
** Dutch in VKA (1899), French in AN (1902) and LCPS, 139-155, As we will see,

mouvement,
in 1897 Larmor had already given the same field traasfeemation, except for 3 global scale fac-
f the recond-order invariance of the

101 (. However. at that time Larmor was only aware 0
fiekd equations in vacuo. He asserted the exact invariance only in Aether and manter (1900}
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. :as..oqoq. Lorentz” exploitation of this invariance was impeded by t
difficulties. First, he did not introduce transformed expressions nw”. ,ﬂ.“
charge density p and the current pv, so that the inhomogeneous terms in "_.
field equations and the expression for the Lorentz force f remained com ,a
cated. For this reasen, the benefit of the new transformation was :.ouv_o.
and the technique of corresponding states worked only for the cases zmw”
Lorentz had already been able to treat, clectrostatics and first order optics

The other difficulty had to do with the interpretation of 8..8%2::.:
states. Were they only states of an imaginary system, or were the z.m
states that the moving system would really take if brought to rest? ro-wosﬁ.
treaiments of electrostatics and first-order optics required only the first con
ception. But his derivation of the Lorentz contraction umvnn_oa to _so.
m.nﬁo_.x_. more realistic conception, Now a difficulty with the latter concep-
tion is .:m.. the correspondence defining the '“corresponding states’” is E:wm-
guous owing to the factor & in the transformation formulae, Although this
mﬂ.gzs&_um ?22 had to have u definite value in the realistic nozamov:o:
”: MM”.-_.M_S:Q.E states, the theory in its present stage was unable to deter-
S.,__uoacazn_w. the E:Em::w did not impede the explanation of the
Mic 5_3.:-7_3:3. experiment, because what determines the absence of
?_n.mo.a:: is the relative length of the two arms of the interferometer. The
realistic conception of corresponding states was not endangered :.d his
msu.o_. of 1899 Lorentz generalized it to all second-order optical 2@53«2.

#.» shall admit that, when a translatory motion is imparted 1o a system mh
orginally at rest, this system goes of irseif to the state S."" This implied
Lorentz showed, the invariance of a large class of .Sno:a.oam_, cw 1..
ments, expecially a variant of the Michelson-Morley experiment in i_m_.on:

”.._mmoﬁwm»m.& by Liénard, the air was replaced by a solid or liquid dielec-
.ﬁﬁ ultimate improvement of Lorentz” electromagneti i
WMH”._MW._. H._"_.,:M_ﬁc“ in _oﬂ.r rested on nearly the same .:s.m:a-””_om_., ._ﬂﬂumm_%_.m.

s had been used ir ' di
v ool _..Mm”*mcc. The only difference was a new transfor-

vi=(¥ v, (79)

ﬂ:m transformation gave V'xh’ the same form as for a system ar rest, but
oV TH e £, ‘A’ .

_-co....p?n&.—o:v for V*d" and for the velocity-dependent part of the Lorentz
ree remained complicated. The wansformation is not consistent with the

63. Ibid, 154
66, [bid., 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 to
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 fields 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 I7e; 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 lo 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 res.”

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 clectromagnetic forces and thal all inertia behaved as if it
were of purely electromagnetic origin, Then he had only to examine the
transformation of the equation of motion of & purely electromagnetic elec-
tron, He first eslablished this equation in the following manner,”

The electromagnetic momentum of an electron moving at the constant
velocity u 1s, by definition,

|
= ~[dxhdr, 80
p ﬁ_.X T, Au

where d and h represent the electromagnetic field of the electron, 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,”" FEA (1904), also in LCPS, 172-197. Lotentz refers to Poincaré’s criticism,
ikid., 173

68. Ibid., 182183,

69, Ibid., 184-185,

ELECTRODYNAMICS 297

1
p= ﬁl».ﬁ‘..—a\m&\. (81)

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

. < ¥ charged spheri-
cal shell 4.:: the total charge ¢ and the radius R, and noting that d” is the
electrostatic field created by this charge distribution, we get

* 2 2 o d 2
d'ide = = [d%dv = S [& - £
Jai 3] 6y 6mR’ 2
and p = mgyeu with e
= my I My = .
®" 6nciR &3

Following Abraham, Lorentz wrote for the equation of motion of a
moderately accelerated electron

&
au Uw- = Mm@ tma, (84)
where f represents the force acting on the electron, and the a’s denote the
components of the accelerations parallel and perpendicular to the trajectory.
The given expression for p yields

&
my = E:u%.bnm. my = mop. f (85)

The result was in itself interesting, because it chall nged the predictions
of wyca_z_a 's previous theory of the rigid electron (190%), which Kaufmann
claimed 1o have confirmed by clectromagnetic deflection experiments
_rQa:.N un_._.ﬂq_-zaa leng calculations to verily that Ksufmann's data were =m
ess compatible with his own theory, i i , i
determination of the scale factor m.:.w. et b main putpose. remiined the

For sz purpose. Lorentz assumed that the velocity of all electrons in
the moving system S remained close to the global velocity u of the system
.Ocm_mn.acg._v.. the equation of motion of an electron of S has the form a&.
Just given, with constant longitudinal and transverse masses given by (85)
Lorentz then reexpressed this equation in terms of transformed f.uauc_omu
m..: the one hand, a double differentiation of the coordinate transformation
{(77) connects the transformed and the true accelerations according to

a'y=e¢'ray, ¢, =e"a,, (86)

...5. .O: x,.c.ﬁau::.m .oxnn..muz._.: il Abeaham's theory, see A, Miller, Atberr Einsrein’s

”.mu..:w. theory of relanivity, Emergence (1995) and carly interpreiation (1905-5911 ) (Reading.
_v.. :. Cushing, “*Electromagneiic mass, reltivity, and the Kaufmara experiments,'’

Anserican jowenal of physics. 49 (1981), 1133-1149. .
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ting on the eleciron transforms, by assump-
d +{u+ v)xh] (n which d and h are
essed in terms of the transformed
ives, for a negligible relative velo-

On the other hand, the force f ac
tion, like the electromotive force el
external fields), This force can X.sﬁ
fields through the relations (78), which g
city,

ﬂ__ = Nmmn—\.... ﬂr = .\V_NNQQ‘F. or Am.:

fi = ef . L= v\._%ﬂk. (83)

! i tron
since ed’ is identical to the force f that acls en the aomwmv“mn__wmoa“_e%g_
.& S Then, combining the equations :Sw. nnw@, »:A Afw. e

. 3 jon [ §, f'=mea’. W .
ion of motion for electrons in S, . . g
MMM__HMS_ of the equation of motion (84) for the corresponding electr

S if and only if

depi 3 (59)
dit -
. seseR ety s ialuriy g0
A results from the expression (40) of 7 this condition 1s 2..“2”:«9,. e
e=constant. The constant must be wnity since for w=0 no conla )
] i .
i n of lengths is expected 10 _:.v._x . )
: _m%_”wo scope nw, Lorentz' method ot corresponding stales f_.«_ :oﬂ. M,w“”.
i i ive resull © -
widely increased by these considerations. Even the negative ..m,..“_ .NM b
ton and Noble, which contradicted other electron Maﬂﬁ“? i
i critici ader of Lorentz cou y ha
lanation. Yet, a critical re ! . ey
M”mmnﬁ_. The invariznce proof of 1904 still reguired s_ﬁqcx.ﬂ_w:m it
.&vo_m- approximation for the microscopic sources of m&;.:”ﬁ :Eﬂwos g
mation of small relative velocities, and the :nm_nﬁ 0 “«_“__z c._u m::r:.n e
i if this inconvenicnce oo ted,
lectrons and other fons. Even i . e
MBQ:& of the very notion of corresponding staies 49__&_,2:_5,_”_9. e
i il
states were in a sensc fictitious, since they were o_us,_snn_ ron b
Lm.om of the moving system S by a mathematical :»sno::um_c”_. i
were discussed as real states of the sysiem that would be obtained by 2
ing S to rest. . . . )
mroasﬁ was prudent in his own judgment: *lt need hardly maomn_m_ s
wrote. **thal the present theory is put forward with all due _.Ga_“n _,so:c: g
not ﬁ.a_ﬁo {hat future terrestrial oxvo:BnEw s_o=~a .ﬂwﬂhh.wn eines
[ J ¢ invariance ol electro
o earth. In his theory, the inva ot 7
”“.a_.n.a& on the behavior of the ultimate entitics of matter, the mmn.n:cn...w 2
é:ﬁ: very litlle was known: “Our assemption about the no_ma.wsmﬂ s
: i “eannot in itself be pronounce
electrons.’” he commented, "‘canno . e
i i issible,"” a8 cerainly pleased that his
lausible or inadmissidle,”” He was ¢ 2 Aot
wo:m:ua.sm_ and transversal masses »@.oaﬁ with _nw:..mzw_:._,_wna
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 phenomenological 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 ease 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 Auid 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), 141-142

TL Lasmor, “On least action as the fundamental formulation in dynamics and physics.''
PLMS. 15 (1884), 158-194, also in LaMPP/, 31, 55-56. CI. Bachwald (ref. 1), 135-136, and

Hune (ref 11, 202, Larmor was not aware that forces belween currents amd forces between vor-
1nes have oppasite signs
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Later, while in scarch of a universal medium no...o_onio and ovn...a-m
phenomena, Larmor acknowledged the more #bstract virtue of _“ovww .nﬂ_wo“m
“its allowing us to ignore or leave out of 38.:2 .o_.omn._..o.. the m::%..
the mechanism, whatever it is, (hat is in Opération In the w.ﬁ:.w..ﬂ_a:w.:o:.w
discussion.”” Maxwell had brilliantly demonstmted this power o_. _as._o .__,o
principle in his dynamical theory of the o_nn:.aasw:n_"m _05,, ey
applause of Poincaré and Helmboltz. But Larmor did not believe that a pay

sical theory could do without pictures. He explained:™

The problem of the correlation of the physical .,.863 is,..divisible 5_..“ M.H.
parls, (1) the determination of the analytical E:o:o:.s_:nw. nmvamn.:._a [l o
wibution of energy [more exactly, the Lagrangian) in the E_Boa_.m __sun _n"_
which is assumed 1o be the uitimate seat of g:_-.sﬂ_o.sgu. !&. c:. ¢ ..:-
cussion of what properties may be most convenieatly .:..a narsv_.v nwm_,_m%_n w0
ihat medium, in order to describe the play of energy In It most vividiy, =“.
terms of the stock of notions which we have aﬁ.?ou from _s.n ocmoq.ﬁ:n_.: ..u
that past of the interaction of natural forces which presents itself directly io
our senses, and is formulated under the name of natwral law.

Larmor admitted that the first part involved in itself the solution of ___w
whole problem. But he still demanded the sccond part, for the purpose o
i explanation.” .
___m“_hwnwo_”mﬁ Ew:é wrole electromagnelic and optical theory %_.w%,.._._.
the principle of least action, Instead, he developed models .ﬂ.& cther in ,..,
liam Thomson's style. For example, in 1850 he generalized ._”-.o:ao: _xv"
model of a gyrostatically loaded ether which m____m_.a_oa the .35:0:..3 M
plane of pelarization of light in a magnetized medium, .:x._ is, the Fara =M
cffect. The model involved an elastic solid amamm:::m pure ether an
small spherical cavities in this solid supporiing noa.;:n.:._w. 3~_.=o_‘__=m
fywheels. The resistance of Ihe axis of the lywheels to rolation 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 ER_EB.
_rccmu...: first sight astificial, is @ correct realization of the current views of
the influence of ponderable matter on the undulations of the aether. Any

74, Lormee, A dymamical theory of he electric axd Tntisiferous mecdium’’ (abstract),
PRS. 54 (189), 43846), also in LaMPP!, 389413, on wm.oaue..c. . .
75. Larmor, “Rotary polarization, illustzated by the vidbrations of a nv.S:n_,V.-_& _ﬂaa
chain,”” PLMS 27 (1890), 423-432, also in LaMFP L. *Ihe equations of «,_ov—mz.muswﬂn%mzdw
bances n gyrostatically lcaded medis, and the circulir polarization of lighs, ; .s.. -
(1891}, 127138, also in LaMPPI. On Thomson's modil. ¢f. C. Smith and z..«imo. ey

and empire; A bographical smdy of Lord Kelvin (Cambridge, 1589), 429, 473474,
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exhaustive optical investigation must take cogrizance of the mutan) influence
of the two interpenctrating media, the aether and the oedinary 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 theories, there was only one medium, with
variable charateristics  (permittivity, permeability; density, clasticity)
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 wok atoms to be small voriex rings in this Nuid.
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
feture improvements.”

To sum up, by 1890 Larmor’s picture of the physi¢al world involved an
optical ether with molecular loading. the molecules ing themselves per-
manent structures in a primitive, continuous 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 Treatise 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 eritical comrelation of 1he
various theories of light-propagation,”” British Asscciation, Report [1893), LaMPPI, 210-55,
on 314, Maswell, A trearise on elecenicity and magaerism (2 vols., Oxford, 1873), sec, 831;
See also 0. Koudsen, *“The Faraday effect and physical theory,"" ANES, 15(1976), 235-281.

17, See Larmor (ref, 74), LaMPP I, 190, Smith and Wise {ref. 751, 417425,

T8, Larmor, “'On the molecular iheory of galvanic polarization,”’ PAM (1885), 422-435, also
n LaMppy,






