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CHAPTER FOouR

Ether Models and

the Vortex Sponge

The Maxwellians were not content to confine their attention to the

purely electromagnetic aspects of Maxwell’s theory. Like a long line of

earlier British physicists, including William Thomson, G. G. Stokes, and

Maxwell himself, they regarded all physical phenomena as essentially

mechanical, and they sought to explain the electromagnetic equations in

terms of the structure and motions of an underlying ether. This me-

chanical program reached its zenith in Britain in the 1880s and 1890s,

and its adherents came to view pure matter and motion as the only truly

explanatory basis for any physical theory. The idea of direct action at a

distance struck most of them as absurd; by the last quarter of the nine-

teenth century, the electric and magnetic fluids were, in their view,

“played out” and “fast evaporating into nothingness.”! Heaviside spoke

for a generation of his colleagues when he declared, in 1888, “Concern-

ing the often-asked question, What is electricity? I can attach but little

importance to the answer by itself. But,” he said, “the question, What is

the mechanism of electrical phenomena? is quite another thing.”* The

discovery, or perhaps invention, of that mechanism became a major goal

of the Maxwellian program.

Victorian physicists’ pursuit of the mechanism of phenomena was

closely tied to their use of a characteristic tool: the mechanical model.

Some of their models were simply “illustrations,” intended as aids to the

1. Heaviside 1892, 1:295 [1883]; cf. FitzGerald to Heaviside, 26 Sept. 1892, OH-IEE,

saying that a recent French theory was a return “to the old vomit of action at a distance.”

2. Heaviside 1892, 2:486 [1888].
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learner; others, notably the vortex sponge FitzGerald devised in 1885,

were meant to be actual “likenesses” of the ether. Sull others, such as

Maxwell’s vortex model and FitzGerald’s “wheels and bands,” were used

as genuine research tools and helped lead to solid scientific advances,

particularly in the understanding of displacement currents and elec-

tromagnetic waves. Even when the more explicit mechanical models be-

gan to fade from the scene toward the end of the century, the British

preference for vivid representations continued to show itself in the de-

velopment of “mathematical models” of physical phenomena. Heaviside

in particular deliberately constructed his vector system so that it would

represent the electromagnetic field as closely as possible and used it to

display the workings of the field as clearly and almost as concretely as

could any mechanical model.

Models

Maxwell favored the use of models in part as a way to broaden the

range of acceptable paths to truth. “For the sake of persons of . . . differ-

ent types, scientific truth should be presented in different forms,” he

said in an 1870 address to the British Association, “and should be

regarded as equally scientific, whether it appears in the robust form

and the vivid colouring of a physical illustration, or in the tenuity and

paleness of a symbolic expression.” He had in mind the work of Far-

aday, whose ideas had been ignored or attacked by mathematical

physicists because they were expressed in images rather than equa-

tions. Maxwell had first elaborated his method of physical analogies in

the 1850s, as a way to bridge the gap between Faraday and the mathe-

maticians by showing that their concepts were intertranslatable. Al-

though Maxwell was himself an outstanding mathematical physicist,

he thought it a mistake to regard physics as exclusively mathematical

and to exclude those who thought in terms of physical images rather

than equations. Such men, Maxwell said, not only picture the work-

ings of phenomena to themselves; they

are not content unless they can project their whole physical energies into

the scene which they conjure up. They learn at what rate the planets rush

through space, and they experience a delightful feeling of exhilaration.

They calculate the forces with which the heavenly bodies pull at one an-
other, and they feel their own muscles straining with the effort. To such

men momentum, energy, mass, are not mere abstract expressions of the

3. Maxwell 1890, 2:220 [1870].
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results of scientific enquiry. They are words of power, which stir their souls

like the memories of childhood.

As Maxwell’s tone makes clear, he was himself one of those for whom

physics was an intensely vivid and tactile pursuit. He was far from alone;

Lodge, for one, said that on reading Maxwell’s remarks, “I remember

feeling enthusiastically that that was exactly my own case.”> It was men of

this type, with their strong physical imaginations and their reliance on

concrete models and analogies, who gave Victorian physics much of its

distinctive character.

One of the most important uses Victorian physicists made of models

was pedagogical. To help students understand an unfamiliar phe-

nomenon, such as the charging of a condenser, a physicist would devise a

mechanical “illustration” of it in which the relations of the correspond-

ing parts could more easily be traced. William Thomson often used

models in this way “to fix ideas,” and Maxwell declared that illustrative

models not only were “convenient for teaching science in a pleasant and

easy manner” but provided the best way to translate complex mathe-

matical relationships into a concrete and readily grasped form without a

loss of rigor. Indeed, he said, “If science is ever to become popular, and

yet to remain scientific,” it must be by the use of physical illustrations; for

these provided the only means by which many areas of physics could be

presented in a rigorous yet understandable way to those for whom a

bare set of equations would be wholly opaque.®

Maxwell sometimes built working versions of his models, such as the

gear-and-crank device he used at the Cavendish Laboratory to illustrate

mechanically the induction of electric currents.’ Most of his models,

however, were purely imaginary, their workings meant to be followed

only in the mind’s eye. The “Mechanical Illustration of the Properties of

a Dielectric” Maxwell described in his Treatise existed only on paper, but

this imaginary set of tubes and pistons helped him to explicate in an

easily followed way the fundamental phenomenon of Maxwellian elec-

trodynamics, the charging of a condenser.® A solid grasp of the concept

of displacement was crucial to any real understanding of Maxwell’s theo-

ry, and his model dielectric illustrated the idea more clearly and vividly

than pages of ordinary exposition could. Maxwell’s successors shared his

4. Ibid.

5. Lodge 1931b: 21.

6. Maxwell 1890, 2:219 [1870].

7. Campbell and Garnett 1882: 551-53. This device is now at the Whipple Science

Museum in Cambridge.

8. Maxwell 1873, art. 334.
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belief in the pedagogical value of models, especially in illustrating the

concept of displacement. Heaviside used a simplified piston model of a

condenser in his own writings; Lodge relied heavily on the “string and

button” and “hydraulic Leyden jar” models he devised to illustrate dis-

placement phenomena.9

These illustrative models were meant to be instructive, not explanato-

ry. They added nothing essentially new to the theoretical account of a

phenomenon but simply made it more vivid. They were certainly not

meant to be realistic: Maxwell did not think electromagnetic induction

was traceable to the turning of cranks and the meshing of gears, nor did

Heaviside and Lodge think dielectric polarization was really a matter of

movable pistons or of strings and buttons. As FitzGerald put it, il-

lustrative models were intended as analogies of phenomena, not l2ke-

nesses; they offered a similitude of relations, not of things.!°

Some models, however, were regarded as more than mere illustra-

tions. Because most Victorian physicists believed matter and ether were

fundamentally mechanical, they could hope that a carefully chosen me-

chanical model might truly depict the underlying physical reality, or at

least some aspects of it; a model might come close to being a likeness of

nature. Moreover, by the last third of the nineteenth century, they had

before them a strong example of such a successful and realistic model in

what Heaviside called “that remarkable triumph of hard-headed men,

the kinetic theory of gases.” Here, “on the ridiculously simple hypothesis

that a gas consists of an immense number of small particles in motion,”

colliding randomly with one another in accordance with the laws of

chance and mechanics, was a theory that accounted in a remarkably full

and detailed way for most of the known properties of gases and even

predicted new ones that were confirmed by experiment. This model,

Heaviside said, “was something deserving the name of explanation,” and

his colleagues agreed; by the 1870s, virtually all British physicists were

convinced that the kinetic model reflected the true nature of gases.!!

There might be imperfections in the theory and points requiring fur-

ther study, but it seemed clear that its basic features were correct and

that the image of tiny particles colliding with one another constituted a

real likeness of nature.

It ought to be possible, at least in principle, to do the same thing for

the ether: to find a mechanical model that reflected its true nature. So, at

least, many British physicists believed; and in the latter half of the nine-

9. Heaviside 1892, 1:479-—80 [1885]; Lodge 1889b: 32-62.

10. FitzGerald 1902: 167; from an unfinished essay “Foundations of Physical Theory:
Function of Models” written 1885-88 but first pub. 1902.

11. Heaviside 1892, 1:336 [1884].
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teenth century their faith in the explanatory power of mechanisms led

them to devise a profusion of mechanical ether models during what

Martin Klein has aptly called “the High Baroque phase of the mechani-

cal world view.”!? As they pushed the method of mechanical explanation

to its limits, they produced some of the most subtle and ingenious exam-

ples of physical speculation ever devised.

The most fruitful of these ether models, and the most important for

the development of electromagnetic theory, was the vortex and idle-

wheel mechanism Maxwell described in his 1861—62 paper “On Physical

Lines of Force.”!3 This model led Maxwell to some of his most important

ideas, including displacement currents and the electromagnetic theory

of light, and it had a strong and lasting influence on later students of his

theory. J. J. Thomson recalled in 1931 that on reading Maxwell’s paper

as an undergraduate, he was “raised to such a pitch of enthusi-

asm... that I copied out the whole of it long-hand, and it is a very long

paper.” Both Lodge and FitzGerald devised their own variants of Max-

well’s model, while Heaviside praised it as an example of “the highest

kind of scientific speculation” and declared that it was sure to prove

“very useful in its suggestiveness to future electrical students.” !4

Maxwell’s model functioned on several levels, and while some parts of

it were intended as no more than convenient hypotheses, others were

meant to represent the real structure of the ether. Maxwell believed the

molecular vortices to be almost certainly real; citing William Thomson’s

analysis of the Faraday effect, he declared in his Treatise that “we have

good evidence for the opinion that some phenomenon of rotation Is

going on in the magnetic field” and that “this rotation is performed by a

reat number of very small portions of matter, each rotating on its own

axis.”'!>5 The idea of idle-wheel particles rolling between the vortices, on

the other hand, he regarded as no more than acontrived and “somewhat

awkward” hypothesis. “I do not bring it forward as a mode of connexion

existing in nature,” he said in “Physical Lines,” but merely as one that was

easily investigated; and since many of his results were independent of

the details of how the vortices were connected, he thought it best to pick

a particular mechanism and follow out its consequences.!'© As he told

P. G. Tait in 1867, the purpose of the vortex and idle-wheel model was

12. Klein 1972: 73.

13. Maxwell 1890, 1:451—513 [1861-62]; see Siegel 1986 and Siegel 1991 for a thor-

ough analysis of Maxwell’s model.

14. J. J. Thomson 1931: 34; Lodge 1889b: 177-216, 263-64; Heaviside 1892, 1:333-

34 [1884].

15. Maxwell 1873, art. 831.

16. Maxwell 1890, 1:486 [1861].
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“to show that the phenomena are such as can be explained by mecha-

nism. The nature of the mechanism is to the true mechanism what an

orrery is to the Solar System.” Maxwell continued to search for the “true

mechanism” of the ether, but in the meantime he thought 1t best to put

his main results on a broader and less hypothetical basis. The “Dynam-

ical Theory of the Electromagnetic Field” he published in 1864 was, as

he told Tait, “built on Lagrange’s Dynamical equations” and was “not

wise about vortices.”'” Maxwell himself continued to be “wise about vor-

tices,” however, and when in his Treatise he returned to the Faraday effect

(a problem he had left aside in “Dynamical Theory”), he again relied

heavily on the vortex model.

Maxwell's writings, particularly “Physical Lines” and “Dynamical The-

ory,” reflect the two parallel endeavors in which he was engaged. On the

one hand, he sought to formulate the complete macroscopic laws of elec-

tromagnetism, the “field equations.” On the other, he sought “the true

mechanism” of the ether by which the laws of electromagnetism would

find a deeper, even ultimate, explanation in terms of matter and mouon.

There was sometimes a tension between these two aims, and Maxwell

oscillated between focusing on one, as in “Physical Lines,” and the other,

as in “Dynamical Theory.” But in fact the two endeavors were comple-

mentary, each serving to 1luminate and advance the other: study of the

laws and phenomena of electromagnetism helped suggest mechanisms

in the ether, as analysis of the magnetic rotation of light had suggested

the existence of vortices, while the exploration of these mechanisms

could lead in turn to new laws, such as those governing displacement

currents and electromagnetic waves.

Both the search for laws and the search for mechanisms were continu-

ing themes in the work of Maxwell’s followers. While the Maxwellians

were exploring, extending, and revising Maxwell's field equations, they

also continued to devise mechanical models, both as a step toward find-

ing the true mechanism of the ether and as a way to make the meaning of

the electromagnetic laws clearer and more vivid.

Wheels and Bands

The most important of the Maxwellians’ ether models was the “wheel

and band” model FitzGerald devised in 1885. It was similar to Maxwell’s

vortex model but mechanically much simpler. It was simple enough, in

fact, for FitzGerald to have a working version of it built— “rather pretty

17. Maxwell to Tait, 23 Dec. 1867, in Knott 1911: 215.
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4.1. FitzGerald’s wheel-and-band model

of the electromagnetic ether (un-

strained). Each wheel is connected by

rubber bands to its four neighbors;

all can spin freely together without

straining the bands. This spinning

represents a steady magnetic field.

on a mahogany board with bright brass wheels,” he told Lodge—and to

use it to illustrate Maxwellian ideas to lecture audiences.'® But the

model was not just a pedagogical aid; it also served as a research tool and

helped in important ways to guide FitzGerald’s thinking about elec-

tromagnetism.

FitzGerald hit upon his wheel-and-band model at the very end of 1884

while looking for a way to depict mechanically the flow of energy in an

electromagnetic field. J. H. Poynting’s discovery of the paths of this flow

about a year before is discussed more fully in the next chapter; it had a

profound effect on the way Maxwell’s theory was understood, not least

through the model it inspired FitzGerald to devise. FitzGerald immedi-

ately sent an account of his model to Lodge, who had already invented

several ether models of his own. “I have been constructing a model eth-

er,” he told Lodge, “and if it 1s the same as yours I want to give you credit

for it, as I want it to illustrate Poynting’s great discovery that the energy

of an electric current must come in at its sides and is not carried along

with the current.”!9

FitzGerald’s model was very simple. “I propose,” he told Lodge, “a

series of wheels of course on fixed axes all connected in pairs by india-

rubber bands” (see Figure 4. 1). The spinning of the wheels represented a

magnetic field, much as in Maxwell’s vortex model; their rotational

18. FitzGerald to Lodge, 3 Mar. 1894, OJL-UCL. E. T. S. Walton recalls having seen the

model at Trinity College Dublin as late as the 1960s, but a search of the attics and store-

rooms of the Physics Building in 1982 failed to locate it. Inquiries by Denis Weaire indicate

that it was probably thrown out during a general housecleaning in the early 1970s.

19. FitzGerald to Lodge, 1 Jan. 1885, OJL-UCL. On the workings of the model, see

FitzGerald 1902: 142-62 [1885] and Hunt 1987. FitzGerald spoke “On the Transference

of Energy in the Electro-magnetic Field, Prof. Poynting” at the Royal Dublin Society on 15

Dec. 1884, but only the title was published; see Nature 31 (1885): 330.
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inertia corresponded to self-inductance. The elastic bands served in

place of Maxwell’s idle wheels to convey motion from one wheel to the

next. If all the wheels in a region were set spinning at the same speed,

there would be no consequent strain on the bands. But if some wheels

were turned through different angles than their neighbors—if, for ex-

ample, the wheels in one region were held fixed while those in another

were turned—there would be a resultant strain on the bands. The ele-

ments of the medium would become “polarized,” FitzGerald said, with

one side of each band tightened and the other loosened. This repre-

sented an electric field, with the elasticity of the bands corresponding to

the “inductive capacity” of the medium.

The workings of FitzGerald’s model can best be grasped by examining

how it could be used to depict a particular phenomenon, such as the

charging of a condenser; this will also bring out more clearly the dis-

tinctive way in which the Maxwellians conceived of electromagnetic phe-

nomena. Imagine two regions from which the bands have been re-

moved; these represent perfect conductors. Then imagine the bands to

be removed along a line connecting the two regions; this represents a

conducting channel, or wire. If we now turn the wheels above this chan-

nel in one direction—say, clockwise—and those below it in the other, the

two conductors will become “charged” oppositely (see Figure 4.2).

Notice that this “charge” appears purely as a reflection of conditions in

the medium, a result characteristic of the Maxwellian view, which

focused on the field and regarded changes and currents as derivative

phenomena.

Because of the way the wheels are connected to one another through-

out the region around the charged conductors, the bands will be

strained and will try to turn the wheels back toward their original posi-

tions; the charge can be maintained only by continuing to pull along the

conducting channel with an “impressed force” (corresponding to a bat-

tery or dynamo). But now imagine the bands along the channel to be

replaced; this corresponds to insulating the two conductors by removing

the connecting wire. The tension in the surrounding bands will now be

partly spent in straining the replaced bands, and a self-locked system of

strain will be established throughout the region between and around the

conductors (see Figure 4.3). Each rubber band will be loose on the side

toward the first conductor and tight on the side away from it. A vector

drawn from the loose side to the tight side represents the electric “dis-

placement” within each element; the pattern of lines thus generated is

the same as that formed by the lines of force around two charged bodies.

Notice that nothing ts actually “displaced” along such a line of displace-

ment; there is only a rearrangement of tension, or a “change of struc-
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4.2. FitzGerald’s wheel-and-band model

(strained). A battery connected be-

tween two conducting plates will

charge them oppositely and set up an

electrostatic field in the intervening

space. This process can be depicted

on FitzGerald’s model by removing

the bands from two regions (the

“plates”) and along a connecting

channel (the “wire”) and then strain-

ing the surrounding bands. The

large arrow represents the “im-

pressed force” of the battery; when

applied along the connecting chan-

nel, it turns the surrounding wheels

in the directions and amounts shown

by the curved arrows. Neighboring

wheels are turned different amounts,

straining the bands connecting them;

the narrow lines represent tightened

bands and the shaded lines loosened

ones. Note that the bands around the

left plate are all loose, while those

around the right plate are all ught;

this condition corresponds to a

positive charge on the left plate and a

negative charge on the right one.

Since the strained bands will try to

turn the wheels back to their original

positions, the opposite charges of the

plates will persist only as long as the

impressed force is kept up.

ture,” in the elements along it. This was an important point, and

FitzGerald later made much of tt.

Now consider how FitzGerald’s model could depict the discharge of a

condenser and the accompanying flow of current and energy. Imagine

the bands along a line connecting the two charged regions to be partly

loosened, so that they slip slightly over the wheels and dissipate part of

their energy in friction. This represents a conducting path, but one with

some resistance; low friction corresponds to a good conductor, high fric-

tion to a bad one, and the heat generated by the rubbing of band against

wheel represents the ohmic heating of a current-carrying wire. With

such a conducting path available, the strain in the medium is no longer

self-locked; the bands along the conducting path will begin to slip, repre-

senting a conduction current, while the wheels on either side will begin

to turn in opposite directions, representing the accompanying magnetic

field in the surrounding space. The energy stored in the strained bands

will gradually be dissipated as heat in the conducting “wire” as the medi-



4.3. FitzGerald’s wheel-and-band model

(strained and locked). If the im-

OOOO pressed force in Figure 4.2 ts re-
, f moved and the missing bands along

+-%- the conducting channel replaced—

that is, if the battery wire is cut and

the two plates insulated from each

other to form a condenser—the re-

sult is the self-locked system of strain

shown here. With the impressed

force removed, the strained bands try

to return to their original unstrained

state, turning the wheels slightly and

stretching the replaced bands until

the tensions balance. The plates re-

tain their “charge” and are sur-

rounded by a pattern of strained

bands corresponding to the elec-

trostatic field around a charged con-

denser. The arrows indicate the lines

of electric displacement, running

from the loose (shaded lines) to the

tight (narrow lines) side of each band.

um returns to its original unstrained and motionless state. The energy

comes in from the surrounding medium along the length of the strained

bands and enters the “wire” at its sides, just as in the Poynting flux that

FitzGerald had originally devised his model to illustrate. In the model, as

in the electromagnetic field, energy does not flow along the line of the

current but instead in paths perpendicular both to the axes of the wheels

(the direction of the magnetic force) and to the “polarization” lines from

the loose to the tight sides of the bands (the electric displacement vector).

The model could also illustrate other characteristic Maxwellian phe-

nomena, including the generation of electromagnetic waves. If the fric-

tion along a conducting path like that described above is not very great—

if the “resistance” is low—then, when the impressed force is removed,

the inertia of the wheels will carry them past the equilibrium point and

the wheels and bands will “bounce” from one state of strain to its op-

posite in oscillations of gradually decreasing amplitude. Such an os-

cillatory discharge will cause the wheels in the surrounding field to

bounce as well; they will turn slightly from side to side while the connect-

ing rubber bands alternately tighten and loosen, and a wave of such

changing motion and strain will spread out from the discharging wire.

The motion of the wheels and the changing strain of the bands corre-

spond to oscillating magnetic and electric fields, respectively; together

they represent a train of electromagnetic waves spreading out from a

discharging condenser tn just the way FitzGerald had first described in
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1882. FitzGerald even showed how a sudden slippage of the bands

would mimic a spark discharge. “Could anything be more complete!” he

exclaimed to Lodge. “The whole thing seems a very fair representation

of the ether.”?°

Indeed, the representation was more than “very fair”; it was exact.

Early in 1885, in his first publication on the subject, FitzGerald showed

that “the equations representing the energy of the model are of the same

form as those of Maxwell representing the energy of the ether.”2! The

potential energy of the strained bands was proportional to the square of

their “displacement,” just as in Maxwell’s term for the electric energy,

while the kinetic energy of the spinning wheels was proportional to the

square of their rotational velocity, just as the magnetic energy was pro-

portional to the square of the magnetic force. The Hamiltonian function

governing the model was identical to that of the electromagnetic field, so

that mathematical reasoning could be transferred freely between Max-

well’s theory and FitzGerald’s model; the model was an accurate embodi-

ment of Maxwell’s equations.

Strictly speaking, the correspondence between theory and model was

exact only when Maxwell’s equations were restricted to two dimensions;

the wheels and bands became tangled if one tried to extend them to

three dimensions. But FitzGerald devised another model, consisting of

paddle wheels pumping fluid between elastic partitions, which, though

far too complicated actually to be built, could be shown to yield the full

three-dimensional form of Maxwell’s energy terms. From this equiv-

alence, FitzGerald pointed out, “It follows at once that all the results

deduced from this form of the energy”—including all the phenomena

of Maxwellian electrodynamics and of optics— “can be reproduced on a

model.” Indeed, he said, “It would even be possible to reproduce exter-

nal and internal conical refraction and the other peculiarities of the

wave surface.”?? FitzGerald’s point was that his paddle-wheel model

could mimic not only the gross features of the electromagnetic field but

its subtlest details as well. It thus provided a strong argument that there

was nothing in electromagnetic or optical phenomena that was intrin-

sically beyond the reach of mechanical explanation.

As seriously as FitzGerald took his models, however, he was fully

aware of their limitations. They were only analogies, he said, and had to

be carefully distinguished from likenesses. A good model might be “so far

20. FitzGerald to Lodge, 1 Jan. 1885, OJL-UCL.

21. FitzGerald 1885a.

22. Ibid., and FitzGerald 1902: 150 [1885]. In citing conical refraction, FitzGerald was

invoking an old Trinity College Dublin tradition: it had been predicted by Sir William

Rowan Hamilton and demonstrated by Humphrey Lloyd in 1832.
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analogous to [the ether] that we may in many respects reason safely from

one to the other,” but FitzGerald warned against uncritically accepting

such a model as a true depiction of reality. “The danger,” he said, “is that

we may be satisfied with an analogy, and mistake it for a likeness’ and so

be led to premature and erroneous conclusions about the nature of real-

ity.23 “I do not in the least intend to convey the impression,” he declared

in an account of his models, “that the actual structure of the aether is a

bit like what I have described.” If the ether could somehow be examined

at great magnification, it would certainly not, he said, be found to be

“actually made up of wheels and india-rubber bands, nor even of

paddle-wheels, with connecting canals.”*4 The wheel-and-band and

paddle-wheel models were far from being likenesses of the ether; their

value, which was considerable, was as analogies.

Changing Displacement

FitzGerald could reason more vividly and concretely about the work-

ings of his wheel-and-band model than about disembodied equations,

and he often used it as a guide in his studies of Maxwell’s theory.

“I ...am working more or less on my own model ether for concrete

ideas,” he told Heaviside in 1893 while puzzling over the possible inertia

of currents, and the model proved very valuable as such a testing ground

for new ideas.*° One of the strongest immediate effects the model had

on FitzGerald’s understanding of Maxwell’s theory was to reinforce his

belief that Maxwell's term electric displacement should not be taken liter-

ally and that “the word ‘displacement was unfortunately chosen.” Max-

well and his early followers had usually treated “displacement” as an

actual motion of the ether, an idea that fit with the older elastic solid

theories. But FitzGerald found that this literal interpretation led to con-

tradictions, and he thought it “much more likely that what [Maxwell]

called ‘electric displacements’ are changes in structure of the elements of

the ether, and not actual displacements of the elements.”?© He used his

wheel model to illustrate this point, showing how “electric displacement”

in the model arose from achange in the tension of aband rather than from

23. FitzGerald 1902: 166-67 [1885-88].

24. Ibid., pp. 162, 151 [1885].

25. FitzGerald to Heaviside, 21 June 1893, OH-IEE.

26. FitzGerald 1902: 173 [1885]. On Maxwell's literal interpretation of “displacement,”
see Whittaker 1951: 296n; cf. G. M. Minchin to Lodge, 30 Sept. 1885, OJL-UCL, in which

Minchin tells how FitzGerald resolved an apparent contradiction in Maxwell’s stress theory
of electrostatics by showing that it arose from interpreting “displacement” literally.
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its actual displacement. The move away from a literal interpretation of

“displacement” FitzGerald was advocating marked a major step in the

evolution of Maxwell’s theory and helped free it from some of the main

inconsistencies of its original formulation.

The question of the true nature of displacement became an especially

lively issue early in 1885 in the wake of William Thomson’s famous Bal-

timore lectures on the wave theory of light. In them he had essentially

endorsed the elastic solid or “jelly” theory of the ether, with light waves

conceived as real bodily vibrations in such a jelly. In a lecture at Phila-

delphia, he had gone so far as to state flatly that “the luminiferous ether

is an elastic solid” and to point to a bowl of jelly as “the nearest analogy

[to the ether] I can give you.”?’ But the elastic solid had serious short-

comings even as a purely optical ether, being especially plagued by un-

wanted longitudinal waves, and it failed altogether to account for elec-

tromagnetic phenomena. If an elastic solid ether were not to interfere

with the free motion of planets and other bodies, it must, Thomson said,

be a very soft substance like pitch or wax, able to sustain rapid vibrations

but giving way with little resistance before a steady force. But an ether

that gave way so easily could not be the medium by which strong and

steady electromagnetic forces were exerted; as FitzGerald noted, it was

difficult to see “how such a soft material could be the means by which

tramcars are driven by shearing stresses.”28 Nor was it easy to see how

permanent magnets or steady electric currents could exist in a jelly eth-

er. Thomson’s well-known rejection of Maxwell’s electromagnetic theory

of light in his Baltimore lectures is largely traceable to his faith in the

elastic solid ether and his realization that Maxwell’s theory was incom-

patible with it. But where Thomson took this as grounds for rejecting

Maxwell’s theory, FitzGerald saw it instead as a reason to abandon the

elastic solid ether and the literal interpretation of “displacement” that

went with It.

FitzGerald brought this new view of the ether into sharp contrast with

Thomson’s more orthodox position in two letters he wrote to Nature in

the spring of 1885. When an account of Thomson’s Baltimore lectures

had first appeared, FitzGerald had thought it must be mistaken; he

could not believe that Thomson had misunderstood Maxwell’s theory of

electromagnetic waves in the way the words quoted seemed to indi-

cate.29 But Thomson replied that he had indeed been quoted accurately,

prompting FitzGerald to draft a longer letter to Nature in which he

27. William Thomson 1889-94, 1:334 [1884].

28. FitzGerald 1902: 508 [1900].

29. Forbes 1885; FitzGerald 1885b; see also Smith and Wise 1989: 459-63.
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showed in some detail that the supposed waves mm telegraph wires that

Thomson had described were very different from the waves in the sur-

rounding ether that were the focus of Maxwell’s theory.°° FitzGerald’s real

point, however, came in his final paragraph: “I cannot conclude without

protesting strongly against Sir William Thomson's speaking of the ether

as like a jelly. Itis in some respects analogous to one, but we certainly know

a great deal too little about it to say that it is ake one.” The jelly ether was

no more than a misleading analogy, he said, and had to be given up

before Maxwell’s theory could be properly understood.

FitzGerald had great respect for Thomson. “My letter to Nature,” he

told him, “is not intended to inform you of anything as I might as well

teach my grandmother to suck eggs.”°' But he was convinced that

Thomson’s continued advocacy of the jelly theory was a serious mistake,

and he feared that the acknowledged leader of British physics was “lend-

ing his overwhelming authority to a view of the ether which is not justi-

fied by our present knowledge, and which may lead to the same unfortu-

nate results in delaying the progress of science as arose from Sir Isaac

Newton’s equally guarded advocacy of the corpuscular theory of op-

tics.”°2 FitzGerald hoped that his wheel-and-band and paddle-wheel

models would help physicists keep their minds open to alternatives. “It is

worth while considering these models,” he said,

because in them the disturbance which represents light is not the same as

the vibrations of an elastic jelly, for what represents an electric displace-

ment is a change of structure of an element, and not a displacement of the

element; and it seems almost certain that, notwithstanding the very high

authority which seems to support the view that the aether is lzke an elastic

jelly, nevertheless its vibrations are much more of the nature of alterations

in structure than of displacements.33

FitzGerald wanted the true nature of “displacement” to be left an open

question; it should, he believed, be settled by further exploration and

experiment rather than by appealing to its correlate in a possibly inap-

propriate model, such as a jelly. It is interesting that he used his own very

specific models of the ether to make this point and to show that elec-

tromagnetic and optical phenomena could be represented by mecha-

nisms quite different from those of the orthodox elastic solid theories.

30. FitzGerald 1902: 170—73 [1885].

31. FitzGerald to William Thomson, 25 Apr. 1885, WT-ULC. See Smith and Wise 1989:

459-62, 492—94 on FitzGerald’s long and mostly unsuccessful campaign to win Thomson

over to Maxwellianism.

32. FitzGerald 1902: 173 [1885).

33. Ibid., p. 162 [1885].
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FitzGerald’s models played an important part in his campaign in the

1880s to change the way “displacement” was interpreted in Maxwell’s

theory and to complete the break between the Maxwellian electromag-

netic ether and the old jelly theories.

FitzGerald’s exploration of the workings of his wheel-and-band and

paddle-wheel models marked perhaps the highest stage of the British

model-building tradition. But if in FitzGerald that tradition reached the

“High Baroque,” in the work of his friend Oliver Lodge it began to verge

on the rococo. Lodge’s enthusiasm for ingenious mechanisms some-

times led him into serious inconsistencies and unsupported assertions,

but it also helped him convey important concepts in a remarkably lively

way. He became one of the best known and most influential advocates of

Maxwellianism in the 1880s, and his work shows more clearly than any

other how closely the spread of the new theory was tied, especially at the

popular level, to the use of mechanical models.

“We Find Ourselves in a Factory”

In his well-known critique of British physicists’ reliance on mechanical

models, the French physicist and philosopher Pierre Duhem cited the

alarming example of Lodge’s Modern Views of Electricity:

Here is a book intended to expound the modern theories of electricity and

to expound a new theory. In it there are nothing but strings which move

around pulleys, which roll around drums, which go through pearl beads,

which carry weights; and tubes which pump water while others swell and

contract; toothed wheels which are geared to one another and engage

hooks. We thought we were entering the tranquil and neatly ordered

abode of reason, but we find ourselves in a factory.34

Duhem could not have chosen a better example than Modern Views with

which to illustrate the British proclivity for devising mechanical models.

Lodge’s book was the first and one of the most successful populariza-

tions of Maxwellian ideas, and it followed the characteristic British prac-

tice of teaching through models. Lodge used illustrative models freely as

a way “to fix ideas,” to describe new phenomena to his readers in terms

of ones with which they were more familiar, and to make his presenta-

tion more vivid and engaging. The book was based on a series of articles

34. Duhem 1954: 70—71 [1904]. Duhem’s book was based on articles published in

1904—5, but the passage quoted here had evidently appeared somewhat earlier; see

Thompson 1901: 18—25 for a response to it and a defense of the British model-building

tradition.
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in Nature, which had in turn grown out of a course of popular lectures

Lodge had given in the mid-1880s, and though it was greatly refined

and expanded along the way, Modern Views always retained the flavor of

a Victorian scientific lecture, complete with demonstration models and

mechanical illustrations.°°

Duhem’s remark that with Lodge one found oneself “tn a factory” was

more fitting and perhaps less derogatory than he intended. From an

early age, Lodge had been fascinated by gears and machinery. “A steam

engine,” he told John Ruskin in 1885, “is, and especially was, a thing of

beauty to me”; as a boy he had loved to watch stationary engines in oper-

ation. “I have gloated over a mathematical formula or a ptece of ma-

chinery, at times,” he told Ruskin, “almost as you rejoice in sunshine

upon grass’; for Lodge, machines were a source of aesthetic satisfac-

tion.2® This fascination with machinery was common among late Vic-

torian physicists, who like others of their age and land grew up sur-

rounded by mills and steam locomotives and other products of the

Industrial Revolution. William Thomson had an intensely mechanical

turn of mind and often treated physics problems in engineering terms,

as did Maxwell and many less prominent figures. The ubiquity of ma-

chinery in nineteenth-century Britain influenced the basic imagery Vic-

torian physicists chose when expressing their scientific ideas. As Robert

Kargon has observed, “The physical content of British theories was

drawn not from astronomical analogies as with the French molecularists,

but from engineering, from the characteristics of real materials.”37

Lodge’s delight in machinery found expression in the profusion of

mechanical models he devised to illustrate various physical principles.

His first important paper, published in 1876, was “On a Model for II-

lustrating Mechanically the Passage of Electricity through Metals, Elec-

trolytes, and Dielectrics, according to Maxwell's Theory”; he repeated

and elaborated the account in Modern Views.38 The model consisted of a

continuous loop of string running through a series of “buttons” attached

by elastic bands to an outer frame (see Figure 4.4). If the buttons were

attached firmly to the cord, so that they elastically resisted any displace-

ment, the model represented a dielectric; if they simply rubbed on the

cord, allowing it to pass through while generating heat by friction, the

model represented a conductor. The properties of the model could be

correlated directly with those of a circuit: the coefficient of friction of the

35. Lodge 1889b. The series ran in Nature from 6 Oct. 1887 to 31 Jan. 1889; the early

installments were based on Dec. 1885 lectures at the London Institution.

36. Lodge to Ruskin, 7 Apr. 1885, OJL-UB; Lodge 1931b: 343; Jolly 1974: 75.

37. Kargon 1969: 430.

38. Lodge 1876b; cf. Lodge 1889b: 32-62, 360-62.
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4.4. Lodge's string-and-button model of an electric circuit. The string runs through slots

in the buttons, which are attached by rubber bands to the wooden frame. By tightening or

loosening the screws holding the buttons to the string, the model can be made to represent

either a dielectric or a conducting circuit.

buttons corresponded to the electrical resistivity, the elasticity of the

bands to the specific inductive capacity of the dielectric, and so on.

Lodge built a working version of his cord model and used it in lectures to

illustrate on Maxwellian principles most of the basic phenomena of elec-

tricity, particularly those related to dielectric polarization, and to make

them clear to an audience for whom a mathematical treatment would

have had little meaning.

Lodge also built a “hydraulic model of a Leyden jar” with which to

illustrate the charging of a condenser.°? Borrowing Maxwell’s image of

an electric current as the flow of an incompressible fluid, Lodge pic-

tured a Leyden jar as an elastic partition (actually a balloon) in a water-

filled vessel (see Figure 4.5). By connecting a pump to the vessel, one

could distend the balloon, elastically displacing the water and storing

energy—Jjust as one could charge a condenser by connecting it to a bat-

tery, “displacing” electricity, and storing energy. By opening and closing

various stopcocks, one could use the model to imitate the charging, dis-

charging, earthing, and insulating of a condenser and to show how all of

these could be explained in Maxwellian terms by polarization of the di-

electric without recourse to any action at a distance.

Lodge never actually built a working version of his most famous

model, his “cogwheel ether.” Unlike his cord model and hydraulic

Leyden jar, this model was intended not just to illustrate macroscopic

39. Lodge 1889b: 54—62; cf. p. 315, where Lodge mentions using this model to illus-
trate a lecture in Dec. 1880.
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4.5. Lodge’s hydraulic model of a

Leyden jar. The glass globe 1s filled

with water and divided by an elastic

partition (a balloon). The pressure

; | | ; difference measured by the gauges a

Seer een Sy. yn = -== and bcorresponds to the voltage dif-

| a ~ ference across a Leyden jar.

electrical phenomena by a mechanical analogue but to represent the

ether itself. Lodge derived his model from Maxwell’s and FitzGerald’s,

but instead of using idle wheels or rubber bands to connect his vortices,

he pictured an ether built of toothed wheels directly geared together.?°

This gave his diagrams the robust industrial flavor that was to irritate

Duhem (see Figure 4.6). Direct gearing meant, however, that adjoining

wheels had to spin in opposite directions, whereas to represent a mag-

netic field, their spins should all be of the same sign. Lodge met this

difficulty by dividing the ether into alternating layers of positive and

negative wheels and taking a positive wheel spinning in one direction as

equivalent to a negative wheel spinning in the other. He thus introduced

into his model a fundamental dualism that was not reducible to a purely

mechanical difference, a step some of his colleagues found objection-

able.

Lodge drew most of the other features of his model quite directly

from Maxwell and FitzGerald. He depicted electric displacement by an

elastic yielding of the wheels along the direction of the electric force,

much as Maxwell had. For conduction, he drew on FitzGerald’s model:

40. Lodge 1889b: 178~79, 264.
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the wheels in a conductor are toothless, Lodge said, so that they partly

slip against one another while turning in place and so generate heat by

friction, just as FitzGerald’s wheels slipped along beneath their bands in

a conductor (see Figure 4.7). By combining and modifying Maxwell's

and FitzGerald’s ideas as needed, Lodge was able to make his model

illustrate the main phenomena of Maxwellian electrodynamics in a vivid

if not scrupulously consistent way.

Modern Views was widely read, both when it was serialized in Nature

and when it appeared as a book.*! Its timing was fortunate. The sections

on electromagnetic waves, for example, appeared in Nature in

mid- 1888, just as Hertz and Lodge were demonstrating the existence of

such waves experimentally. Interest in the subject ran very high for the

next several years, and as the only popularization of Maxwell’s theory

then available, Modern Views benefited. Those who turned to Lodge’s

book absorbed from it a set of characteristic Maxwellian doctrines: that

the ether is the seat of energy and the medium of electrodynamic ac-

tions; that the field should be regarded as primary and charges and

currents as derivative; and that the ether is ultimately mechanical in

nature. Lodge became the leading popularizer of Maxwellian ideas, and

his Modern Views played a key part in spreading Maxwell’s theory beyond

the narrow circle of electrical physicists and in making it the property, at

least in its main features, of a much wider audience. This popularization

was closely tied to the use of models. Nature emphasized in its review that

the models in Modern Views “must prove of the greatest assistance in

enabling the student to gain a clear and vivid idea of electrical processes,

41. The first edition was published in London and New York in Sept. 1889, a second in

1892, and a third in 1907. It was also translated into Russian (1889), French (1891), and

German (1896). See Besterman 1935, which lists nearly 1,200 of Lodge’s publications and

is fairly complete.
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4.7. Lodge’s cogwheel ether, with

slippage between toothless wheels to

represent dissipative conduction.

The toothed wheels represent a layer

of dielectric sandwiched between two

current-carrying conductors.

and ought to be largely employed by all teachers of electricity.”47 Lodge’s

readers learned Maxwell’s theory through mechanical models and thus

also learned to regard such models as the proper route to an under-

standing of electromagnetism.

The praise for Modern Views was not unmixed, and Lodge received

considerable criticism for the rather loose way he used his models. As

FitzGerald told Lodge in 1893, some of his Dublin colleagues had “ob-

jected that they get muddled by your jumping about from one theory to

another or rather from one analogy to another instead of presenting

some one continuous system that will be consistent throughout.”4° Dif-

ferent models seemed to lead to different conclusions: should an electric

current be regarded as a real flow, as in the hydraulic Leyden jar, or

simply as a line of slip between spinning bits of the ether, as in the cog-

wheel model?

FitzGerald subjected the cogwheel ether to especially sharp criticism.

“I have been considering your model ether a little this morning,” he told

Lodge in September 1889, “and the more I think of it the less I like it.”

His first objection was to Lodge’s use of positive and negative wheels:

It continues the dualistic view of electricity, making another distinction

than mere difference of displacement between pos[itive] and neg[ative]

elect[ricity] while we have no evidence of anything of the kind. ... That

there is no other known difference than one of sign in either elect{ricity] or

mag[netism] is a most important part of what I consider a sound modern

view of the phenomenon and so I dislike any bolstering up of the old view

of two kinds of electricity.44

42. Nature 41 (1889): 5-6.

43. FitzGerald to Lodge, 10 Oct. 1893, OJL-UCL.

44. FitzGerald to Lodge, n.d.; the first sheet (OJL 1/145/3) is in OJL-UB, while the

second is in OJL-UCL. Comparison with Lodge to FitzGerald, | Oct. 1889, FG-RDS, and

other letters shows this one dates from late Sept. 1889.
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A similar criticism was voiced in an anonymous review in the Electri-

cian.*° Lodge had simply defined positive and negative wheels as op-

posites, without suggesting any mechanical basis for the difference. His

dualistic ether was thus only “quasi-mechanical,” the reviewer said, and

not in accord with the ideal of mechanical explanation.

FitzGerald also complained to Lodge, “Your model does not on the

face of it and explicitly show the connection between electrical and mag-

netic phenomena.” Lodge had depicted electric polarization as a stretch-

ing and literal “displacement” of the cogwheels but had not shown how

this was connected with the spinning that represented magnetism or the

slip that represented conduction current. He had thus obscured one of

the central tenets of Maxwell’s theory, prompting FitzGerald to exclaim:

“Oh! I think your model is horrid!”4®

In aseries of articles in the Electrician in 1893, J. H. Poynting extended

FitzGerald’s critique of Lodge’s cogwheel ether and traced the main

problems to Lodge’s mixing of incompatible models. “It appears to me,”

Poynting said, “that [Lodge] has grafted on to his model the representa-

uon of current in the entirely different model of FitzGerald, and so ob-

tains something quite inconsistent with his previous ideas.”4” Lodge had

drawn his representation of dielectric polarization from Maxwell’s

model, in which the idle-wheel particles were actually displaced by elec-

tric forces. He then had to draw his representation of current from Max-

well, too, Poynting said, and admit that a current consisted of a real flow

of particles, positive wheels in one direction and negative in the other,

rather than trying to introduce FitzGerald’s idea that a current was sim-

ply a line of slip with no real displacement. To accept Lodge’s hybrid

would be to accept that there was “a difference in kind between the pro-

cess of displacing in a dielectric, the equal and opposite motions of the

two fluids which are leading to an electrostatic strain, and the current in

a conductor.” That, Poynting said, would be “rather setting back the

clock.” 48 The intimate connection between displacement and conduc-

tion was the keystone of Maxwell’s theory, and both FitzGerald and

Poynting took Lodge to task for obscuring it by his mixing of models.

Lodge accepted the correction meekly. “I was anxious to show,” he said,

“that a current need be nothing progressive on Maxwell’s theory, and

perhaps I overstrained this point and made out that it was nothing pro-

gressive, thereby making my model more difficult to grasp and less sim-

45. Elec. 23 (1889): 399-400, 423-25; the close parallel with remarks in his letter to

Lodge suggests FitzGerald may have written it.

46. FitzGerald to Lodge, [late Sept. 1889], OJL-UB/UCL (see n. 44).

47. Poynting 1920: 250-68 [1893]. These articles grew out of a request that Poynting

review Modern Views, 2d ed.; see Elec. 31 (1893): 572.

48. Poynting 1920: 262 [1893].
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ply consistent with what had gone before.”49 Lodge’s desire to make

particular points as vividly as possible had, he admitted, sometimes led

him into serious errors.

Of deeper interest than Poynting’s particular criticisms of Lodge's cog-

wheel ether were his remarks on the proper role of models in physics

and the legitimacy of the mechanical program itself. Poynting was more

skeptical about mechanical explanations than were most British phys-

icists of his day. All such explanations are “merely hypothetical,” he said,

and may at any time have to be discarded. . . . Indeed, they are solely of

value as a scaffolding enabling us to build up a permanent structure of

facts, i.e., of phenomena affecting our senses. And inasmuch as we may at

any time have to replace the old scaffolding by new, more suitable for new

parts of the building, it is a mistake to make the scaffolding too solid, and to

regard it as permanent and of equal value with the building itself. It is on

this point that I find most cause for disagreement with Prof. Lodge. He

appears to me to regard his hypothesis as inevitable and permanent, or at

least as approximating to the permanent and inevitable. The scaffolding,

in fact, is made as important as the building.®°

Poynting urged great caution in accepting hypothetical models as true

reflections of nature. However ingenious the proposed “ethereal ma-

chinery” and however closely its behavior fit with known phenomena,

there was always the possibility that a new discovery would require it “to

be taken off to the lumber-room for worn-out hypotheses” as so many

ether models had been in the past.°! Models could be useful aids to the

understanding, Poynting said, but they should not be mistaken for like-

nesses of reality.

Poynting viewed the mechanical program itself with considerable

skepticism. He was more strongly tinged with positivist and conven-

tionalist attitudes toward physical explanation than were most of his

Briush contemporaries. Mechanical explanations were the most satisfy-

ing, he said, not because of the nature of the universe but because of the

nature of our minds: “Itis, I suppose, useless to look for any other than a

mechanical hypothesis as final. Probably because we are able to picture

mechanical processes, able to think of ourselves as seeing what goes on,

seeing kinetic energy manifested in the moving parts, able to think of

ourselves as part of the connecting machinery, feeling the stresses, and

helping to make the strains, we have come to regard mechanical expla-

nations as the inevitable and ultimate ones.” But we should not conclude

49. Lodge 1893b.

50. Poynting 1920: 264 [1893].

51. Ibid., p. 255.
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that the universe really is essentially mechanical, Poynting said; “for the

ether might have properties in its action on matter quite different from

any of which we have material types.” Poynting viewed models as purely

illustrative, not explanatory. He sometimes used illustrative models him-

self, such as the excellent “turbine-spring” model of the ether he

sketched in his Electrician articles, but he regarded such models as only

very crude analogies, containing not even the shadow of a likeness. “I

believe that the time has hardly come for ultimate mechanical construc-

tion,” Poynting said; for the present, physicists ought to content them-

selves with formulating electromagnetic laws “and leave the ether out of

account.”°2

Lodge was hardly content to “leave the ether out of account” or to

defer indefinitely the search for its mechanical structure. Lodge and

Poynting stood on opposite sides of a basic conflict about the aims of

scientific explanation which went back at least to Descartes and Newton.

On one side were those who sought explanation in mechanisms; on the

other, those who sought it in laws. Both strands were present in most

nineteenth-century British physicists, but Lodge stood far toward the

side of mechanisms, Poynting toward the side of laws. ‘The stance a scien-

tist took on this question largely determined his attitude toward the use

of models. The prevalence of mechanical models in Victorian physics

and the seriousness with which they were regarded indicates that

Lodge’s was the prevailing position, 1f in an extreme form.

In his enthusiasm for mechanisms and for teaching by concrete im-

ages, Lodge was not always careful to make clear what in his models was

to be taken as a true reflection of nature and what was only imaginary. To

that extent, Poynting’s remark that Lodge confused the scaffolding with

the building was justified. But Lodge was under no illusions that his

cogwheel model was a true likeness of the ether. When FitzGerald crit-

icized his model in 1889, Lodge replied, “I am sorry you dislike my mod-

els so much but am not altogether surprised. I don’t greatly hanker after

them myself except as a step and better than nothing.”°° Lodge’s claim

that he did not “greatly hanker after” models was perhaps a bit disin-

genuous, but it was true that he regarded them as only “a step.” As ped-

agogical tools, his models were a step toward a clearer and more vivid

understanding of electromagnetism; as research tools, they offered a

step toward a true mechanical likeness of the ether. Lodge knew that

cogwheels and factory machinery could be only caricatures of the true

mechanism of the ether, but he believed that they could be useful aids in

the search for that true mechanism.

52. Ibid., p. 264. |

53. Lodge to FitzGerald, 1 Oct. 1889, FG-RDS.
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The Vortex Sponge

“What is ether?” That, Lodge declared in 1889, was “the question of

the physical world at the present time.” Believing as he did that the ether

underlay all physical phenomena, he regarded the question of its con-

stitution as the most fundamental that could be posed by science. But it

was not unanswerable; indeed, Lodge thought in 1889 that it was “not

far from being answered.” He was quite explicit about what sort of an-

swer he expected and would find acceptable:

If a continuous incompressible perfect fluid filling all space can be imag-

ined in such a state of motion that it will do all that ether is known to do; if,

simply by reason of its state of motion, it can be proved capable of convey-

ing light and of manifesting all electric and magnetic phenomena which do

not depend on the presence of matter; and if the state of motion so imag-

ined can be proved stable and such as can readily exist, the theory of free

ether is complete.54

Lodge’s ambition was to find a purely mechanical theory of the ether;

the solution he described was the vortex sponge FitzGerald had devised

in 1885. This theory was intended to be truly fundamental; it was of-

fered not as a crude mechanical illustration but as a true likeness of the

ether. It was perhaps the highest expression of the mechanical program,

and from the 1880s through the turn of the century, British physicists

expressed considerable optimism that the vortex sponge could indeed

be made to provide a purely mechanical theory of the ether and so of the

electromagnetic field.

FitzGerald first proposed his vortex sponge ether in a postscript to the

same January 1885 letter in which he told Lodge about his wheel-and-

band model. “I am just elaborating a theory of the ether,” he said, “that

requires it to be a perfect liquid chock full of vortices. I can’t see any

other way of making a liquid possess properties like the ether. It works a

long way without a hitch. The principal difficulty is an embarras de

richesses in the way of hypotheses as to what polarisation of the medium

consists in but that can hardly be any objection to the hypothesis which in

itself is simplicity itself.”°° That same day, FitzGerald sent a longer ac-

count of the sponge theory to J. J. Thomson, who had just bested him in

the competition to succeed Lord Rayleigh as Cavendish Professor at

Cambridge. Thomson was then known chiefly for his mastery of the

intricate mathematical theory of vortices, and FitzGerald asked him “to

54. Lodge 1889b: xi.

55. FitzGerald to Lodge, | Jan. 1885, OJL-UCL.
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criticise the following scheme of a theory of the ether before I publish

lucubrations on the subject.”°®

Vortex mechanics was a lively topic in British mathematical physics

toward the end of the nineteenth century, especially at Cambridge. In-

terest in the subject grew mainly out of William Thomson’s suggestion in

the 1860s that atoms might be stable vortex rings in a perfect liquid

ether, making matter itself simply a “mode of motion” of the all-pervad-

ing ether.°’ Later work by Thomson himself and by such younger phys-

icists as J. J. Thomson and W. M. Hicks eventually showed that atoms

could not be simple vortex rings, but the study of vortex motion stimu-

lated the idea that the ether might itself be an enormous tangled

“sponge” of vortex filaments with matter as closed vortex rings within It.

The vortex theories exemplified the purest and most radical form of

the mechanical program, which was especially strong in late Victorian

Britain. This “radical mechanist” school puta very strict construction on

the word mechanical: only pure matter and motion were to be allowed.

There could be no recourse to action at a distance or even to elasticity;

potential energy itself was to be reduced to the kinetic energy—that 1s,

the motion—of unseen masses.°® For the radical mechanists, only sucha

purely mechanical theory could qualify as a true and complete explana-

tion.

FitzGerald made his own radical mechanist leanings clear in his letter

to J. J. Thomson. “In the first place I have never been satisfied with

Stokes’ jelly ether,” he said, largely because of its inability to account for

electromagnetic phenomena. Moreover, he said, the elastic solid ether

left unanswered a fundamental question: “Whence comes its rigidity? It

requires internal forces to explain and a complete theory should explain

it.”>9 As FitzGerald put it elsewhere, “The hypothesis that the ether is

like a thin jelly in no way explains this property, as it is the possession of

properties analogous to rigidity that requires explanation.”©° In a com-

plete theory one could not simply posit an elastic ether but would have to

explain the apparent elasticity itself in terms of underlying motions.

“What physicists ought to look for,” FitzGerald declared, “is such a mode

of motion in space as will confer upon it the properties required in order

56. FitzGerald to J. J. Thomson, 1 Jan. 1885, JJT-ULC. On the Cavendish pro-

fessorship, see Rayleigh 1943: 21—22 and FitzGerald to Stokes, 4 Dec. 1884, GGS-ULC.
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the ether.

58. See Topper 1971 and Klein 1972: 73—75.
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that it may exhibit electromagnetic phenomena. Such a mode of motion

would be a real explanation of these phenomena”; anything less would

be no more than a “description.”®! The radical mechanists regarded

theories that gave only the laws of phenomena, such as Maxwell’s of

electromagnetism and Newton’s of gravitation, as useful but incomplete.

For such men as William Thomson, Lodge, and FitzGerald, there was a

more fundamental level of reality beneath the phenomenal laws, and

they would accept no theory as “complete,” no explanation as “real,”

unless it could trace those laws back to purely mechanical motuons in the

ether. It was an extremely ambitious program, but as Maxwell said of the

vortex atom theory, though “the difficulties of this method are enor-

mous... the glory of surmounting them would be unique.”°

FitzGerald’s support for radical mechanism was reinforced by his ad-

herence to a rather idiosyncratic version of Berkeley’s idealist philoso-

phy. It is hard to say how important this philosophy was in forming

FitzGerald’s mechanist views, especially since others who arrived at es-

sentially the same position made no reference to Berkeley's philosophy

or even were hostile to it. But it is clear from remarks in FitzGerald’s

writings that he took his interpretation of Berkeley quite seriously and

believed that it provided fundamental metaphysical support for his con-

tention that the physical world was reducible to pure motion.

Berkeley had been a Trinity College Dublin man, and his ideas re-

tained some currency there throughout the eighteenth and nineteenth

centuries. Metaphysics was among the subjects FitzGerald studied for

his fellowship examinations, and it was reportedly then that he was first

attracted to Berkeley’s philosophy. According to his brother Maurice,

FitzGerald’s “metaphysical bent came from both sides of the family”; his

father had taught moral philosophy at Trinity, and “both he and John-

stone Stoney and that family [were] given to metaphysics.”©* Stoney

wrote about his own philosophical views at some length, and FitzGerald

apparently derived his metaphysical argument for the kinetic nature of

phenomena at least in part from his uncle.

FitzGerald’s own published remarks on Berkeley and metaphysics are

scattered and brief. The longest came toward the end of his 1896

Helmholtz Lecture to the Chemical Society of London. After discussing

Helmholtz’s work on vortex mechanics, FitzGerald declared:

61. Ibid., p. 162 [1885].
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We cannot help being impressed with how far ultimate explanations of

nature lead us closer and closer to the conclusion that these phenomena of

our consciousness are all explicable as differences of motion. It is the mo-

tion which is imposed upon us. Is there not, then, reason in the suggestion

that colour and sound, nay, space, time, and substance are functions of our

consciousness, produced by it under the action of what may be called an

external stimulus, and that the only part of thephenomenon which essen-

tially corresponds to that stimulus is the always pervading motion? And

what is the inner aspect of motion? In the only place where we can hope to

answer this question, in our brains, thought is the internal aspect of mo-

tion. Is it not reasonable to hold, with the great and good Bishop Berkeley,

that thought underlies all motion?64

FitzGerald put the same point more briefly in an 1890 lecture at the

Royal Institution and made explicit its connection to the vortex sponge

theory:

This hypothesis explains the differences in Nature as differences of mo-

tion. If it be true, ether, matter, gold, air, wood, brains, are but different

motions. Where alone we can know what motion in itself is—that is, in our

own brains—we know nothing but thought. Can we resist the conclusion

that all motion is thought? Not that contradiction in terms, unconscious

thought, but living thought; that all Nature is the language of One in

whom we live, and move, and have our being.§5

That is, when we examine nature, we seem to find that everything can be

resolved into motion; even our brains, if examined as objects, would

presumably appear as nothing but very complex motions. But we also

subjectively experience this motion in our brains as thought, suggest-

ing—irresistibly, in FitzGerald’s view—that all motion is the objective

manifestation of thought: God’s thought, of course. Our sensations are

thus caused not by an external world of self-existent matter but by God’s

thoughts; apparent material objects are simply steps in the process by

which we apprehend God’s thoughts. ‘There is thus no dualism between

mind and matter, and thought appears not as a mysterious concomitant

of certain motions in our brains but as the one true reality from which all

appearances are derived.

Stoney stated this argument in some detail in 1885 and again in

1890.°° For him, as for Berkeley, regarding the phenomenal world as a

64. FitzGerald 1902: 376 [1896].

65. Ibid., p. 276 [1890].

66. Stoney 1885, 1890b.
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projection of the thoughts of God was a way to guard against mate-

rialism and atheism. Ironically, however, Stoney’s emphasis on motion as

the physical manifestation of God’s thought led him toa position that for

practical purposes was quite close to the materialists’ own. Whether our

sensations are caused by the actual motion of material bodies or by our

apprehension of the thoughts of God was irrelevant for most scientific

purposes. Our observations would be the same. But Stoney’s approach

did have one important scientific implication: since he denied the exis-

tence of material substance, he had to regard the primary phenomenon

of the physical world as the motion of portions of space itself. The “ele-

mental ether,” Stoney said, was “space itself regarded as movable.”®” In

practice, this movable space was equivalent to an all-pervading fluid eth-

er of uniform density. Stoney proposed to reconstruct the entire phys-

ical world purely from the motions of this elemental ether. His idealist

philosophy had led him to a radical mechanist position.

Stoney gave his clearest public statement of this doctrine of motion as

the basis of the physical world in February 1885, just as FitzGerald was

working out his vortex sponge theory. There can be little doubt that the

two men had discussed Stoney’s metaphysical argument before 1885,

and there is every indication that FitzGerald was convinced by it. Cer-

tainly his vortex sponge ether was entirely consistent with Stoney’s stric-

tures, and it is worth noting that in his 28 March 1885 paper at the

Physical Society in London, FitzGerald had called upon physicists to

look for “such a mode of motion in space as will confer upon it” (ie.,

upon space) electromagnetic properties, thus echoing the notion of

“movable space” that Stoney had proposed at the Royal Institution just a

few weeks before.

FitzGerald’s main argument for the vortex sponge was very general: it

was, he said, the only purely mechanical theory that could be based on a

continuous ether. Maxwell’s electromagnetic ether had to be rigid

enough to sustain strong shearing stresses. No ordinary motionless liq-

uid could do this, and as FitzGerald observed to J. J. Thomson, “It is

evident that unless we can explain the apparent rigidity of the ether by

supposing it either in irrotational or rotational motion it is all up with a

liquid ether.”°* The only alternative to a vortex sponge was some type of

elastic solid theory in which rigidity was simply assumed, and to

FitzGerald that was no explanation at all. He had strong reasons, both

physical and metaphysical, for taking a liquid plenum as the only accept-

able basis for a truly ultimate theory of the ether, and he was convinced

67. Stoney 1890a: 403.
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that “the only way in which to impart to a perfect liquid properties at all

analogous to those possessed by the ether, is by supposing it full of mo-

tion.”69 William Thomson had shown that such motion could make a

mass of liquid resist deformation and otherwise act much like a solid

body, and as FitzGerald remarked, “if vortices can make a small piece of

a strong elastic solid, we can make watches and build steam engines and

any amount of complex machinery,” so that there seemed to be no limit

to what a vortex ether might hope to explain. There were, FitzGerald

said, “almost infinite possibilities in a vortex sponge.”7°

The evident explanatory power of the vortex ether also attracted oth-

ers, notably W. M. Hicks, who proposed a vortex sponge somewhat sim-

ilar to FitzGerald’s in September 1885. At the 1887 British Association

meeting in Manchester, William Thomson took the work of FitzGerald

and Hicks further in a brief paper “On the Vortex Theory of the Lumi-

niferous Aether.”’! In this “mathematical exercitation,” as Lodge called

it, Thomson showed that a vortex sponge would be able to convey trans-

verse waves like those of light. Both Hicks and FitzGerald were present

and pronounced themselves satisfied with the proof and “conscious of

the greatness of the discovery.” Indeed, it was the apparent fulfillment of

a large part of the radical mechanist program; FitzGerald reportedly

called it “the greatest step towards the comprehension of the intrinsic

structure of the universe which had been made since the time of New-

ton.” Lodge, by then a full convert to the sponge theory, hailed Thom-

son’s paper as “the thing for which in all future times the visit of the

Association to Manchester will probably be famous.”’? FitzGerald and

Lodge were perhaps extravagant in their praise, but their remarks indi-

cate the enthusiasm the vortex sponge theory could arouse among those

who were seeking a truly ultimate mechanical theory of the universe.

This enthusiasm rose even higher in May 1889 when FitzGerald sent

Nature a letter “On an Electromagnetic Interpretation of Turbulent Liq-

uid Motion.” In this highly mathematical piece, evidently dashed off in a

burst of inspiration, FitzGerald claimed to show that the whirls and flows

of a vortex sponge could be consistently correlated with the electric and

magnetic vectors of Maxwell’s theory, thus completing the identification

of the electromagnetic and vortex sponge ethers that he had first sug-

gested four years before.’> Lodge, who was then writing the preface to

the first edition of his Modern Views, inserted an enthusiastic reference to

69. FitzGerald 1902: 156 [1885].
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FitzGerald’s letter. By devising a vortex ether “which is not only optically,

but also electrically, sufficient,” FitzGerald had made an important ad-

vance on William Thomson’s 1887 theory, Lodge declared. “If no flaw

appears,” he said, “if it stand the test of criticism and further develop-

ment, the theory of free ether is far more than begun.”’4 The spring of

1889 was an exciting time for FitzGerald and Lodge. Their radical

mechanist program had, they believed, won a great victory; “the intrin-

sic structure of the universe” was at last, it seemed, being laid bare.

This optimism was soon tempered. Errors and oversights were found

in FitzGerald’s 1889 paper, and it soon became clear that the whirls and

flows of the ether could not be identified with the electromagnetic vec-

tors as directly as he had thought and, further, that the relatively simple

sponge he had proposed was unstable and would soon lose its ability to

convey waves or exert electromagnetic forces. William Thomson point-

ed out most of these problems in letters to FitzGerald in 1889 and 1890.

At first optimistic about the scheme, Thomson found in September

1889 that FitzGerald’s sponge of ordinary vortices would be unstable

and that only vortices with vacuous cores could persist.’° FitzGerald did

not find such hollow vortices very appealing, perhaps because they con-

flicted with Stoney’s doctrine of a plenum of “movable space.” In any

case, as 1890 wore on and Thomson refuted, one by one, all of his at-

tempts to defend the original theory, FitzGerald grew discouraged

about the immediate prospects for the vortex sponge. “I heard from Sir

Wm. T.,” he told Lodge in June 1890, “and my vortex solution won’t

work. I hardly thought it would but I overlooked a rather obvious objec-

tion which is not encouraging.””6

FitzGerald tried to salvage his theory at the 1890 British Association

meeting by showing that with very thin vortices the tendency to in-

stability could be indefinitely delayed and that the breakup of the

sponge would in fact tend to become slower and slower as the vortices

spun around each other and pulled themselves thinner. But though

Thomson agreed that this would occur with two vortex filaments, he

declared “in an oracular manner that it would not be generally true. I

collapsed,” FitzGerald told Heaviside, “and have not ventured to publish

and am afraid to ask him about it.””? The combination of discourage-
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ment and hope for the future that the proponents of the vortex sponge

felt in 1890 comes across very clearly in Lodge’s remarks on FitzGerald’s

British Association paper:

At present the vortex theory of the ether labours under a great many diffi-

culties, for... it threatens to gradually change its properties with time,

containing within itself the seeds of its own entanglement. Problems like

this, however, are not to be solved in a few years; and, though present

prospects of the theory look dark, some further discovery may suddenly

change the aspect of affairs, and verify what at present can only be re-

garded as a brilliant speculation.78

FitzGerald expressed his own feelings about both the difficulties and the

promise of the vortex sponge in a revealing way in an 1893 letter to

Heaviside, who was then only vaguely familiar with the theory. It was a

pity, FitzGerald said, “that someone with a store of patience and energy

for indefinite calculation does not work on the average motion of li-

quids. There is evidently a field quite comparable to that of the average

motion of particles which 1s the kinetic theory of gases andI feel horribly

confident that it is the theory of the ether. I have a sort of feeling in my

bones that it must be so: I suppose I am a bit a crank upon it.”’9 It was

this “feeling in his bones” that underlay FitzGerald’s continued advocacy

of the vortex sponge, a feeling akin to that Lodge once expressed about

‘Thomson’s vortex atom theory. “Is it not highly beautiful?” he had said

in an 1882 lecture. “A theory about which one may almost dare to say

that it deserves to be true?”®° The vortex atom and its offspring, the

vortex sponge, were such grandly beautiful theories that even when be-

set with grave difficulties, they continued to attract the allegiance of

some of Britain’s best physicists.

The vortex sponge was a peculiarly seductive hypothesis: it offered

natural philosophers a theory of the universe that was complete, uni-

fied, and yet fundamentally very simple. There was, however, so much

room for complication in working out its consequences that the sponge

seemed capable of accommodating virtually anything, and vortex me-

chanics was so difficult and intricate a subject that no one could say with

assurance that any proposed vortex explanation was impossible. To one

committed to the mechanical program and so to an extremely strict stan-

dard of “ultimate” explanation, the vortex sponge thus held an attrac-

tion that was not easily displaced. As late as 1931, Lodge looked back on

78. Lodge 1890a: 575.
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80. Lodge 1889b: 356 [1882].



104 THE MAXWELLIANS

the vortex theories of the 1880s and 1890s and said that he still expected

“posterity will recognize some inklings of truth in these hydrodynamical

speculations.”8! FitzGerald, had he lived, would almost certainly have

agreed.

“Mathematical Machinery”

The goal of understanding electromagnetism mechanically was

eventually abandoned by most physicists, and the search for such “like-

nesses” of the ether as the vortex sponge gradually faded as Maxwell’s

equations of the electromagnetic field came to be regarded as them-

selves fundamental and self-sufficient. Einstein described the process

many years later: “One got used to operating with these fields as inde-

pendent substances,” he said, “without finding it necessary to give one’s

self an account of their mechanical nature; thus mechanics as the basis of

physics was being abandoned, almost unnoticeably, because its adapt-

ability to the facts presented itself finally as hopeless.”8? Physicists ceased

to feel a need to look for a mechanism behind the electromagnetic laws

or to believe that their understanding would be improved by finding

one.

This attitude did not prevail in Britain until well into the twentieth

century, but there were earlier signs, especially in the work of Heaviside

and Poynting. Heaviside affirmed many times that there must be a

mechanical ether; to deny it, he said, would be “thoroughly anti-

Newtonian, anti-Faradaic, and anti-Maxwellian.”®? But attempting to

find the actual structure of the ether was, he thought, too ambitious and

speculative a task to be worthwhile. “What a difficult piece of work it

would be,” he told FitzGerald, to show that Maxwell's laws could be de-

rived from the motions of a perfect liquid. “It may be so,” he said, “but J

certainly don’t see my way to it at present.”84

In his own work, Heaviside was usually content simply to use Max-

well’s equations without inquiring into a possible underlying mecha-

nism. Devising models did not attract him. “I am myself shy of models

for two reasons,” he told FitzGerald. “First because I am not mechanical

to any important extent, and next because as regards the working out of

electrical and especially electromagnetic problems it is easier to follow

the behaviour of tubes of displacement and induction than the corre-
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sponding quantities in a model.” As he put it more briefly in a letter to

Hertz, “My experience of so-called ‘models’ is that they are harder to

understand than the equations of motion!”85

The process of learning to be content with purely electromagnetic

explanations was eased by the evolution of Maxwell’s equations into a

“mathematical model” of the electromagnetic field. Heaviside in partic-

ular deliberately tailored what he called his “mathematical machinery”

to reflect as closely as possible the physical nature of electromagnetic

phenomena.®® He developed his system of vector analysis, which has

since proven of enormous value in nearly all areas of physics, mainly asa

way to give a clear and vivid representation of the electromagnetic field

and of the behavior of its “tubes of displacement and induction.”

Heaviside derived his vector system from the quaternions William

Rowan Hamilton invented in 1843. A quaternion consists of an ordinary

number, or “scalar,” combined with a “vector,” which has both magni-

tude and direction. The vector can in turn be broken down into three

perpendicular components, the total of four elements giving the quater-

nion its name. The unusual algebraic properties of quaternions were

Hamilton’s main interest, but the correspondence between their vector

parts and the three dimensions of space made them well suited to treat-

ing physical problems, as P. G. Tait showed in his 1867 Elementary Treatise

on Quaternions. Quaternions were taken up by a few other physicists,

mostly in Ireland (FitzGerald was, he said, “‘riz’ on Tait”), and Tait’s

friend Maxwell found the idea of directed quantities useful enough that

he gave the main results in his Treatise in quaternionic as well as Carte-

sian form.8”

When Heaviside read Maxwell’s Treatise in the 1870s, he was im-

pressed by the power and compactness of the quaternion notation and

turned to Tait’s Elementary Treatise for more information. He found it,

however, “without exception the hardest book to read I ever saw.”88

Even after mastering the subject, he continued to find the rules of

quaternion algebra troublesome, particularly the one requiring the

square of a vector to be negative. Moreover, he said, “on proceeding to

apply quaternionics to the development of electrical theory, I found it

very inconvenient. Quaternionics was in its vectorial aspects antiphysical

and unnatural and did not harmonise with common scalar mathematics.

So I dropped out the quaternion altogether, and kept to pure scalars and
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vectors, using a very simple vectorial algebra in my papers from 1883

onward.”89 Vectors and scalars and their products are very common in

physics, but full quaternions and quaternion products are rare. By

breaking the quaternion into its scalar and vector parts and giving

straightforward rules for the addition and multiplication of vectors,

Heaviside was able to free vectors from their quaternionic baggage and

produce a simple and flexible vectorial system that could be readily ap-

plied to physical problems—most notably, of course, in Maxwell’s elec-

tromagnetic theory. Together with J. W. Gibbs in America, who had in-

dependently followed a very similar path, Heaviside took the lead in

promoting vectors in the late 1880s and 1890s. The clarity and utility of

his vector system, especially in electromagnetic problems, soon enabled

it to prevail over both the Cartesian and quaternionic systems, and vec-

tor analysis is now taught to all beginning physics students. ‘The notation

usually used today is Gibbs’s, but the fundamental ideas are the same as

Heaviside’s.9°

With his vector tools in hand, Heaviside turned to the electromagnetic

problems for which he had fashioned them in the first place. Beginning

in the Electrician in 1882-83, he produced a long series of papers ex-

plaining how electromagnetic phenomena could be treated in terms of

“vector fields,” in particular by using the fundamental theorems of

“slope” (now called “gradient”), “divergence,” and “curl.” He followed

Maxwell’s basic physical ideas quite closely but gave them a clearer and

simpler form. He was smoothing the way, he said, for those who would

follow: “To use a simile which may be readily applied, when once a bold

explorer has reached the top of a hitherto inaccessible mountain, by

circuitous paths and with the expenditure of great labour, others can do

it after him, and easier routes may be discovered; and in course of time

people may travel up comfortably seated in railway carriages.”! By de-

fining vector quantities and operations in particular ways, Heaviside was

able, as W. E. Sumpner observed, “to develop a mathematical machine

specially suitable” for use with Maxwell’s theory.9? A mathematical inves-

tigation expressed in the new vector symbols was not simply a string of

syllogisms leading from premises to conclusions; it became, as Pierre

Duhem acutely remarked, a model by which the actions of the field

could be accurately represented at each step.?° One could almost see,

depicted in the equations, the tubes of displacement diverging from an
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electric charge, or the lines of magnetic force curling around a current-

carrying wire. With Heaviside’s vector methods, one could portray the

electric and magnetic fields and their interactions in a direct and almost

palpable way; it was no longer necessary to invoke a mechanical model to

give the electromagnetic equations physical content. Mechanical models

like Lodge’s cogwheels or FitzGerald’s wheels and bands became dis-

pensable, and in time the search for such “likenesses” as the vortex

sponge also faded, as the new mathematical machinery of Maxwell’s the-

ory came to seem as real and intelligible as any unseen mechanisms in

the ether.


