


S0 Arndrew Warwick

Sir Joseph Larmaor, FR.5.

and served as Secretary of the Society from 1901 undl 1912,
Drespite the fact that the too mest distinguished theoreticians of mathematical
electromagnetic theory in Britain, William Thomson and James Clerk Maxwell,
were graduates of the Cambridge Mathematical Tripos, electromagnetic theory was
completely excluded from the Trpes und] the late 1860s.° However, following
Maxwell’s appointment as Professor of Experimental Physics in 1871 and the
publication of his Treariss on Eleerricity and Magnetism in 1873, Maxwell's
electrodynamics was taught to undergraduates.” By the carly 1880s, Maxwell’s work
had become an appropriate wpic of research for the maost able graduares of the
Mathematical Tripos. One of 1. Thamsaon®s first publications, for example, was a
smdy of the electromagnetic effects produced by the steady motion of a charged
sonductor according to the principles set down by Maxwell in the Trearise.”
Following his success in the Mathematical Tripes, Larmor was elected to a
Fellowship at St John’s and appointed Professor of Natural Philosophy at Queen's
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College, Galway. In Galway he was cut off from the research community in
Cambridge, but continued to study the Trearise and took Maxwell's account of
electromagnetic induction as the starting point for hiz first major piece of research.?
In 1885 Larmor retumed to Cambridge to take up one of five new|y-created
University Lectureships in rrla[hc:'r‘!:ali-:;:.'_!n He contineed o contribute oceasional
papers on the development of Mavwellian electrodynamics throughaut the 1380s,
but contined the bulk of his research during this period to more traditional wranglar
problems in dynamics and analytical geomelry, " Some time during the early 1890z,
however, Larmaor prepared a review article on magneto-optic retation and recent
theories of light propagation. The article was extremely comprehensive and was
eventually published as a Report by the British Association, |2 While preparing this
Report, Larmaor’s interest in electromagnetic theory, optical theory and dynamics,
was piqued by a paper written by the Trish physicist George FitaGerald.

3. A DYNAMICAL THEORY OF THE ETHER

FitzGerald was one of a small group of non-Cambridge trained men - including
Oliver Lodge and Oliver Heaviside - who had discovered the Treatize for them
selves and who were attempting to articulate Maxwell’s electromagnetic theory
more fully.” FitzGerald had noticed that a remarkable formal similarity existed
between the expressions siven by James MacCullagh in 1839 for the mechanical
emergy stored in his refationally elastic ether, and those given by Maxwell for the
energy stared in the electromammeric field.™ By replacing the mechanical symbals
n MacCullagh's theory with appropriate electromaznetic symbols, and applying
Hamilton’s principle of least action to the resulting Lagrangian, FitzGerald was ahle
to follow MacCullagh's analysis to obeain an clectromagnetic theory of the propa-
gation, refraction and reflection of light.

Larmor aligned himself closely with the distinguished school of mathematical
Physics associated with Trinity College Dublin - including James heCullagh,
William Rowan Hamilton and George Fitzterald - and considered himself to be
developing the tradition that they had begun. Furthermore, Larmer ascribed special
importance to the principle of leasr action believing it to represent the most
fundamental formulation of mechanics snd to be applicable in every branch of
physies. Through his work on the analytical dynamies of magnelo-optic rotation
ind through reading FitzGerald's paper, Larmar became convinced that MacCul-
lagh'sether could provide 2 commen dynamical foundation for Maxwell's synthesis
of electromagnetic and luminiferous phenomena. Larmar’s goal at this point was to
find the mechanical properties’ that had to be ascribed to the ether such that the
Application of the principle of least action 1o the resulting Lagrangian would sencrate
Maxwell’s equations.
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4, THE ELECTRONIC THEORY OF MATTER

The fruits of Larmor’s research were published by the Royal Society as *4
Dvnamical Theory of the Electric and Luminiferous Medium ' (referred to hereafics
as Dynamical Theory), in three instalments (with various appendices) between 1804
and 1397; but during this pericd his theory changed n:n:rnSid-:rabI}'.m The first
instalment came in for some powerful eriticism from FiteGerald himself, who acted
as a referee for the Bovyal Society. FilzGerald oblained permission to correspaond
direetly with Larmor concerning his paper and, during the spring and summer of
1894, FitzGerald encouraged Larmor to introduce the concept of “discrete eleciric
nucled”, or "electrons”, into his :hn:n:u:y.'T But the introduction of the electron did far
more than solve the immediate problems that troubled Larmor’s theory; over the
following three years it also had a profound effect upon his understanding of the
relationship between the electromagnetic ether and gross matter.

According to Maxwellian electromagnetic theory, all electromagnetic effecrs
were attributable to processes taking place in the ether. Consider, for example, the
Maxwell interpretation of an electrie current in a wire, The current was not thoughe
of as a material flow of one or more electrical fluids, but rather as a sponfaneons
*breaking down’ of the electric tension, or “displacement’, in the ether in the vicinity
of the wire, By some unexplaned mechamsm, the friatesial presence af the comduct-
ing wire cauzed the electrostatic ENeTgy stoped in the ether to be converted info heat,
This conversion was accompanied - also via an unexplained mechanism = by the
Appearance ofa Mag netic ficld around the wire. The contimeons nature of the electrie
current was accounted for by postulating that the discontinuous process of build-up
and breakdown of displacement cecured many thousands of times every second.
Prior to the introduction of the electron, the electromagnetic ether and real matter
were thus distinet concepts whose mechanism of inleraction was seldom discussed.
With the introdection of the electron, however, the simation changed dramatically.

f electric conduction and associated electromagnetic effects were due solely to
the motion of electrons, and if, as Larmor postulated, matter was itsslf composed
exclusively of positive and negative electrons, then virtually every problem, both in
electrodynamics and matter theory, became a problem in the electrodynamics of
moving bodies. Indeed, these two previously distinct realms of physical theory -
electrical theory and martter theory - became inseparable. Such well-known effecs
a= the electric polarization and magnetization of matter (which previcusly had been
aseribed 1 changes in the dynamical properties of the ether somehow broaght about
by the presence of mater) could now be explained in terms of the electronic
micro-structure of malter. Polarization, for example, was pow attrbuted to the
micro-separation of the electrons of which matter wis sompoesed, while the magnetis
properties of materials were attributed to the micro-cireulations of their electrons,
By 1897 Larmor had constructed a eomprehensive Electronic Theory of Matter
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(hercafter ETM) that rendered redundant much of the Maxwellian physics of the
16805 and early 1890s." Aceording to the ETM, the universe consisted of a seq of
ether papulated solely by positive and negative electrons. These electrons could be
thought of mechanically as point centres of radial strain in the ether, They wers,
moreover, the sole constituents of ponderable matter. This view of the universe
diffused the problem of the relationship between ether and matter by reducing all
matter to movable discontinuities in the ether.

The ETM also led Larmor to a new undersiznding of the noll result obtained by
Michelzon and Morley in their cther-drift experiment of 1387, Maxwell’s followers
in Brilain preferred to associate electromagnetic effects with the concept of a
nor-canvecied ether; that iz, an ether that 3= not dragged along by the motion of the
earth. According to non-convected ether theory, however, Michelson and Morley
cught to have obtained a positive result.'® In order o square the null result with the
non-convected cther, FitzGerald suppested, in 1289, that moving matter must
contact minuely in the direction of s mation through the ether.™ FitzGerald's
contraction hypothesis was not initially taken very seriously by the ather Maxwel-
lians because it lacked any theoretical foundation. In 1EST, however, Larmer showed
that the ETM predicred that moving matter would contract precisely in the way
proposed by FitzGerald. This led Larmor to argue that, far from being problematic,
the null result obtained in the famous Michelsen-Morley ether drift experiment
provided powerful evidence in support of the ETM.?!

A further important aspect of Larmor’s ETM Wit ils Inesrporation of new
space-time transformations to explain the electromagnelic measurements made in
the rest frames of moving electrieal systems. Larmor believed that Maxwell s ficld
equations were only truly applicable in the stationary ether frame of referenes, The
felds measured in this frame, he claimed, reprezented real physical states of the
ether. He knew perfectly well, however, that Maxwell's equalions wers also applic-
able on the surface of the Earth, which was, he believed, moving through the ether
with a velociry of several miles 4 second. In order to explain this puzzling fact, he
developed new electromagnetic and space-time transformations thar correlated the
fields measured by a moving ohserver with the rea fields that would be measured
by an observer who was Stationary in the ether, By 1900, when he published his
book Aether and Marter, these new space-time transformations had become precise-
ly those that would be given by Lorentz in 1904 and Einstein in 1905,

3. LARMOR. PRECESSION AND THE ZEEMAN EFFECT

It was Larmor’s interest in the electron and transformation theory that led him, in
1897, to derive the formulae and theorem that now bearhis name. Scon after Larmaor
introduced electrons inta his electromagnetic theory as the fundamental and unigue
carriers of electric charge, he postulated that molecules might be composed of groups
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of arbiting positive and negative electrons. This led him to speculate that orbiting
eleetrons might be responzible for the chars cteristie line-spectra emitted by individ-
ual elements. Coupling this speculation with his interest in magneto-optic motation,
Larmor ealeulated what effiect 5 powerful magnetic field would have on the periods
of two clectrons, one positive and one negative, orbiting under mutual electronje
attraction = He foursd that their peniods would be altered ina well ~defimed way b,
assurming the charge to mass ratio tefrt) of the electron to be approximately that of
the hydrogen jon, concluded that the “spectral effect would be inappreciahle’

In 1894, however, the Duteh experimentalist, Pieter Zeeman, sueceeded in
producing a new magneto-optic effect very like the onc postulated by Larmor.
Zeeman showed that a very powerful ma gmetic field was capable of broadening each
of the D-lines in the sodium spectrum. This effect bacame known as the Feeman
effect™ Zeeman's theoretically minded colleague, H_A. Lorentz, soon shawed that
the effect could be explained by attdibuting the sodium D-lines 1o the caciilations of
charged jons within the sodium atom. Lorentz's analysis also made it possible 1o
use Zeeman's results o calculate the cha rge-10-mass ratio (afm) of the jons.®® The
value obtained by this methad was 1000 times larger than for the then lightest known
charged particle, the hydromen ion,

Larmer leamed of Zeeman's results early in 1897 and quickly modificd his awn
electron theory.” He now assumed that the oscillating clectrons responsible for the
sodium D-lines carried the same charge as the hydrogen jon and had, therefore, to
be 1000 tHmes lighter than the hydrogen ion. This ass umption meant that the
electromagnetic mass of ‘anideal single molecule consisting of one positive and one
negative electren revolving arcund sach other’ would be considerably less than the
chemical masses of actual molecules.*® In order to maintain consistency between
the ETM and matter theary, Larmer sugzested that molecules contained many
electrons and that line spectra probably arcse *from one of the numerons epicyeies
superposed on the main orbits of the various electrons in the molecule [rather] than
from a main orbit jiself >

The announcement of the Zeeman effect tius led Larmar to conchude that atoms
were built up from large numbers of arbiting electrons. This conclusion was further
substantiated at the end of April 1897, when 11, Thomson anmounced his COFpE-
cular theory of cathade rays.* Thomson claimed that the corpuscles were small
negatively-charged particles that were sub-alomic comstituents of the atom, Farther-
mare, Thomson's experimental determination of the charge-to-mass ratio of the
corpuscles sccorded well with Feeman's determination of the charge-to-mase ratio
of Lorentz’s jons. In a paper published in the December issue of the Philosophical
Magazine, Larmor clsimed that Lorentz's “jong’ and Thomson’s *corpuscles® were
simply his own *electrons’ '

This paper of Larmor was directed primarily at providing a clear explanation of
the Zeeman effect in terms of orbiting atomic electrons. It was upon the work
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contained in this short paper that Larmor’s repatation would come to rest. During
the summer of 1897, Zeeman published the results of further expedments on atomic
epectra. In these experiments he confirmed 2 number of predictions made by
Lorentz’s ion theory, including the claim that a powerful magnetic ficld would not
merely broaden the speetral lines (when viewed perpendicular to the magnetic field
lines), but split them into definite, polarized, triplets.™ Larmor began his paper by
acknowledging that Lorentz had given a *theoretica | analysis of a somewhar general
character” of Zeeman's results, and then explained that he proposed o * peneralize”
Lorentz’s analysis in order to reveal the physical ‘canse’ of the effect.™ Larmor
eonsidered the effect of a magnetic ffeld of strength B on an electron describing an
elliptic orbit around an atiracting central charge, He drew upon his familiarity with
transformation theory to show that for an ohserver moving with a frame of referenee
that rofated with angular velocity w={g/2m)B, lhe effect of the magnetic field on the
electron would, to a pood approximation, be :w.gah‘.d.jq

This result cnabled Larmor to give a simple physical explanation of the Zeeman
effect. He argued that the magnelic [teld caused the orhits of the electrons to precess
with angular velocity @. The sense of the precession depended on the senze of the
electron’s orbit with respect to the applied magnetic field, A dreulsr orbit deseribed
one way round the axis of the magnetic field would be aceelerated; an orbit the other
way round would be retarded; a linear component of acceleration along the axis of
the magnetic feld would remain unaffected. With this analysis Larmor gave a
straightforward physical explanation of the triplication and polarization of the
spectral lines in terms of his ETM. The frequency o has since been known as the
LARMOR FREQUENCY, while the phenomenon 1tself 15 known as LARMOR PRECES-
."TI'I:.'-'T‘\L3j

Larmor concluded this section of his paper by noting that his analysis applied
whatever the mumber of electrons revolving in the melecule and however they
interacted with each other and the fixed central charge. Tn fact, for any charged
particle — or group of charged particles, each with the same (g/m) ratio - subject to
clectric (E) and magnetic (B) fields, the effect of the magnetic field can be negated
to a first-order approximation by transforming into a frame of reference that rotates
with angular velocity o= -{ef2Zm)B. This important result is now known as LAR-
MOR'S THEOREM.

G, LaRMOR S FORMULA

Having shown that the Zeeman effect could be attributed to the orbital motions
of sub-atomic electrons, Larmér continued his paper by deriving a general express-
ion for the rate at which energy is emitted by an accelerating electron. By considering
the path of an accelerating electron as composed of a series of infinitesimal virtual
electric dipoles, he denved the following cxpression for the power (P) radizied by
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an accelerating electron in terms of ils charge, the velocity of light (<) and the
aoceleration (a):
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This expression, now qualified as nom-relativistic, has since been known as LAR-
MOR"S FORMULA.

Larmer’s reason for deriving the above formula sprang directly from the ETM.
In order to make plausible his claim that atoms were compased solely of orbiting
electrons, Larmor had to counter the abjection that the electrons would quickly lose
their orbital energy through radiation. Larmer produced two Arguinents to counter
this ahjection. First, it was well known that the electromagnetie energy of & moving
electron was inversely propoertional 1o the cube of the velocity of [ighr.“‘ Larmor's
Formula above showed, however, that the encrgy emimed by an electron was
inversely proportional o the mguare of the velocity of light. The enerey radiated per
second by an aceelerating electron would therefore be smaller than its wotal eneray
by a factor of ¢, Sccond, Larmor inferred from his calculation of the Larmor
Formula that the amount of radiation actually lost from an atom would depend vpon
the vector sum of the electromagnetic waves emitted by all of the eleetrens in the
atom. If the phases of a large number of orbiting electrons were arranged in an
appropriate fashion, he argued, the amount of energy radiated could be made
arbitranly small. By these two arguments Larmor reckoned that the problem of the
toss of internal energy from the atom by rdiation conld be surmounted.,

Larmor wrote the above paper for the Philosophical Magazine during the few
months that elapsed between the completion of his monumental paper, Dynamical
Theory, and the commencement of his Adams-Prize winning essay *On the Theory
of the Aberration of Light'; the latter being published in 1900 as Aether and Marter.
Thus all of the expressions that bear Larmor's name, and by which he is now
remembered, wers given in a single short paper that he published whilst working om
much more ambitious projects. The issues raised in the paper were, nevertheless,
highly relevant to his attermnpt to construct an elecronic theory of matter.

7. THE LARMOR FREQUENCY AND QUANTUM MECHANICS

It is the Larmor Frequency for which Larmor is now most widely remembered,
largely because of its fundamental importance to modern research in nuclear
magnetic resonance.”’ Mowadays, however, the expression is derived from the
quantum mechanical description of sub-atomic particles. Quantum mechanical
analysis of the effects produced on atomic electrons by an external magnetic field
follows a very different course from Larmors anzlysis and relies upon physical
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principles quite alien o the ETM. The modern theary nevertheless predicts that the
expectation values of the components of the magnetic dipole moment (perpendicular
to the applied magnetic field) of the electrons will change cyelically with procisely
the Larmor Fn:u:[Lu:-m::,'.Js It might seem surprising that an expression derived in 1897
has survived the fundamentsa) changes in physical theory wrought by guantam
mechanics, but this is not quite the extraordinary coincidence that it first appears,

As we have seen, Larmor did not derive his exprezsion directly from his elassi-
cal-clectrodynamical model of the stom. Rather the expression emerged as a special
case of Larmor's Theorem which states that the cffects of a magnetic field on a
moving charged particle are negated (toa gond approximation) by transforming into
a reference frame thai rotates with the Larmor Frequency. In this sense Larmor’s
explanation of the Zeeman effect was based upon & straightforward marhematieal
property of the Lorentz force to which any theory that recognized macroscopic
clectric and magnetic fislds would have to correspond, It was to be expected,
therefore, that the quantum mechanical deseription of the Zeeman effeet would be
such that the effect of the external magnetic field on the stomie electrons would be
negated by transforming into a frame of reference that rotated with the Larmor
Frequency,

8. CONCLUSION

Ihat Larmor’s more fundamental contributions to electroma gnetic theary — the
electron and the Lorentz transformations — have now been forgotten is symptomatic
of the way late-pineteenth -century British physics has, until recently, been portrayed
by historians of science. Relativity theory and quantum theory have become defini-
tive: of theoretical physics in the twenticth century, and much of the work done by
historians during the last thirty yearshas been directed towards explaining the origins
of these theories. In the case of relativity, it is Lorentz's work on *ion® physics, rather
than Larmor's work on “eloctmon” physics, that is understood as the direct precursor
of Einstein’s relativistic electrodynamics, Indeed. many of Einstein’s contempo-
rarics conflated his work with Larentz’s by referring to the *Lorentz-Eimnstein®
principle of relativity.

Bntish mathemarical phvsics of this pericd has more typically been cast as the
villain of the piece, with British physicists too obsessed by fanciful theories of the
ether and ad koe hypotheses to moke any real contribution to electrodynamics, But
as one of Larmor’s students, 1.W. Nichalson, reminded his readers in 1912, the
principle of relativity could be regarded from two points of view: it eould either be
‘postulated, as by Einstein and others® or alse “derived, as originally by Larmor,
from the result of an analytical transformation® Nicholson was pointing to an
impartant difference between the interpretations of the princi pleafrelativity adopted
by Larmor and Einstein, bat he might equally have contrasted Lorentz and Einstein,
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Unlike Lorentz, however, Larmor and his studenls contineed to work explicitly on - p%
the construction of a purely electronic theory of the world and flatly rejected i
Einstein's interpretation of the principle of relativity as empincally unfounded. By
emphasizing the differences, rather than the similarities, between their work and
what was to become a cornerstone of twentieth-century physics, Larmeor’s group
became increasingly isolated. When their enterprise collapsed at the end of World
War I, the foundational work undertaken by Larmor during the 1890s was quickly
forgotien.
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