
 
 
 

Maxwell Reads Faraday 
Howard J. Fisher1 

People who know of James Clerk Maxwell at all, generally associate 
him with the four equations that today bear his name.2  Now, having 
an equation named after you—even better, a set of equations—is 
ordinarily a pretty good sign of mathematical expertise.  Indeed, 
Maxwell was one of the preeminent mathematicians of his time; and 
his great Treatise on Electricity and Magnetism continues, even today, to 
anchor Maxwell’s standing as the consummate mathematical physicist.  
So when we actually turn to the Treatise, we may well be astonished to 
find Maxwell making this extraordinary remark:3   

Before I began the study of electricity I resolved to read 
no mathematics on the subject till I had first read through 
Faraday’s Experimental Researches in Electricity. 

I hope you will join me in thanking our anonymous reader for the 
colorful impressions of Maxwell’s voice that we will hear throughout 
this lecture.  But to return to Maxwell’s comment; it is startling to see 
him display such caution, even suspicion, towards mathematics.  
What are the grounds of this wariness?  Maxwell offers one clue in a 
letter he had written to Faraday a dozen years earlier, in which he 

declared:   

It is because I put off reading about electricity till I could 
do it without prejudice, that I think I have been able to 
get hold of some of your ideas. 4   

A too-hasty immersion in mathematical theory, it seems, invites 
prejudice.  But what possible prejudice could mathematics instill in 
someone as mathematically accomplished as Maxwell?  And what 

 
1 A shortened version of this lecture was given as a Zoom webinar on 24 April 2020 
from St. John’s College, Santa Fe, New Mexico 
2 Maxwell, of course, actually wrote not four equations, but twenty (in 1865) and twelve 
(in 1873).  It was Oliver Heaviside who reduced Maxwell’s intentional manifold of 
formulas to the four lean and symmetrical equations commonly called “Maxwell’s” 
today. 
3 Maxwell, Treatise on Electricity and Magnetism.  Preface to the first edition (1873). 
4 Maxwell to Faraday, 19 October 1861. 
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might Maxwell have discovered in Faraday’s writings to combat such 
prejudice?  

If only we could look over Maxwell’s shoulder as he reads 
Faraday, and see what it is he finds there!  Well, to a gratifying 
extent, we can; for Maxwell conveyed much of his experience as a 
reader of Faraday in a paper he wrote some eighteen years prior to 
the Treatise: the essay titled “On Faraday’s Lines of Force.”5  Most of 
that lengthy paper is expository in character, but Maxwell wrote as a 
reader of Faraday in the first fifteen or sixteen pages; and it is to 
those initial pages that I will direct my remarks today. 

Maxwell read “On Faraday’s Lines of Force” before the 
Cambridge Philosophical Society at its meetings of December 1855 
and February 1856.  It was an unusual paper.  Then, as today, 
scientific articles were generally either experimental or theoretical in 
character.  In this paper, though, Maxwell acknowledged that he 
had—I quote—“hardly made a single experiment” in electrical 
science, nor was he—I quote again—“attempting to establish any 
physical theory.”  Instead, he set out to demonstrate the power and 
fruitfulness of an imaginative device that had been raised to splendid 
prominence by Faraday: the “line of force.” 

Faraday’s experimental researches had revealed some of the most 
remarkable phenomena in electricity and magnetism.  But because 
he presented his work using almost no formal mathematics, 
Faraday’s thinking was not generally recognized as having the 
theoretical significance it actually possessed.  In Faraday’s concept of 
lines of force Maxwell saw a powerful resource for theory.  Many of 
you will have studied these lines of force in the laboratory; and if so, 
you may have employed this technique:   

 
5 Reprinted in The Scientific Papers of James Clerk Maxwell, 2 vols., ed. W. D. Niven, 
Dover (2008)   
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Using a small magnetic compass, you would have recorded the 
successive positions of the needle, while moving the compass always 
in the direction in which the needle pointed.  Perhaps you ended up 
with a pattern like this one:   

The compass, then, traces lines of magnetic force, and we can 
follow lines of electric force with a different kind of pointer.  In this 
video clip, the demonstrator, James Lincoln, is using a pivoting 

length of soda straw to show the radial direction of electric lines of 
force as they emerge from the dome of a Van de Graaff generator.  A 
map of those radial lines would look like this:   

With a more sensitive indicator—and a lot more patience—we 
could follow the lines for longer distances.  Eventually, of course, 
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they terminate on nearby objects, or on the walls of the room; but in 
the absence of such objects, we can infer that the lines would remain 
straight and radial to infinity.   

Faraday described a similar situation in his Eleventh Series of 
experimental researches.6  In Faraday’s time, most scientific thinkers 
viewed such lines of force as mere conceptual artefacts, representing 
no physical reality.  But they soon began to bear a greater and 
greater share of Faraday’s thinking.   

Maxwell is especially drawn to two aspects of Faraday’s lines.  
First, he argues, despite their merely pictorial appearance, they are 
just as “mathematical” as any symbolic equation.  To show this, 
Maxwell devises a method for translating them into quantitative 
terms.  Second, and of even greater importance philosophically, 
Maxwell finds in Faraday’s lines the opening for a new, interpretive 
direction in science, one that Maxwell ratifies with the term 
speculation.  So let me say something about “speculation.” 

The term had been used by Faraday to characterize one of his 
most deeply interpretive essays, the 1852 paper, “On the Physical 
Character of the Lines of Magnetic Force,” which some of you may 
have read in the Junior Laboratory.7  Judging by that essay, 
“speculative” thought deals with questions so fundamental and 
consequential, yet so far exceeding our capacity to answer in a 
rigorous or determinate way as to hold no obvious place in a context 
of exact scientific results.  But Faraday’s paper showed how 
“speculative” inquiry could transcend stagnating paradigms and lead 
to new categories, capable of framing scientific phenomena more 
sensitively than did the traditional views.  Faraday’s interpretation of 
the magnet as an integral system of power, in which the surrounding 
space plays an equal role with the iron body, represents the kind of 
interpretive insight that speculative inquiry can yield.  Nevertheless, 
Maxwell opens “On Faraday’s Lines of Force” with the gloomy 
observation that   

The present state of electrical science seems peculiarly 
unfavourable to speculation.  

 
6 Experimental Researches in Electricity, para. 1303, footnote. See also his 12th series, 
para. 1378. 

7 “On the Physical Character of the Lines of Magnetic Force,” Philosophical Magazine, 
June 1852.  Reprinted in volume III of Faraday’s Experimental Researches in Electricity. 
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Now it is true that at the time Maxwell wrote, and in certain 
philosophical and scientific circles, “speculative philosophy” was held 
in low esteem, being identified with a supposedly futile and 
therefore-to-be-rejected metaphysics.  But Maxwell’s assessment has 
little to do with the contemporary climate of opinion; it concerns 
rather, as he indeed asserts, the state of the science itself.   

That state was one that abounded in results which were factually 
certain, yet systematically fragmentary—while at the same time 
demanding both universal applicability and precise mathematical 
calculability.  Particularly galling to Maxwell was the narrow view of 
mathematics he found among “the professed mathematicians” (a 
group that included many scientists), who recognized no other forms 
of mathematical thinking than symbolic algebra and calculus.  Now 
there is no doubt that mathematical formalism bestows great 
advantages of power and exactitude.  But when it is mistakenly 
regarded as definitive of the science itself, the quantitative impulse may 
actually interfere with thought—for, Maxwell notes,   

the student must make himself familiar with a 
considerable body of most intricate mathematics, the 
mere retention of which in the memory materially 
interferes with further progress.  

By no means is Maxwell disparaging mathematics with these 
remarks; but it seems clear that he regards mathematical proficiency 
as only instrumental to scientific understanding—not as its core and 
center.  He writes:  

The first process therefore in the effectual study of the 
science must be one of simplification and reduction of the 
results of previous investigation to a form in which the 
mind can grasp them.  

I want us to take special note of this phrase, “a form in which the 
mind can grasp them.”  It seems, on the one hand, to single out 
intelligibility as Maxwell’s chief concern.  At the same time, he 
evidently thinks that such intelligibility must be gained by deliberate 
effort, one involving “simplification and reduction.”  In this, I find his 
stance markedly different from Faraday’s, as I will note later on.  
Maxwell continues:  
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The results of this simplification may take the form of a 
purely mathematical formula or of a physical hypothesis. 
In the first case we entirely lose sight of the phenomena 
to be explained. 

Let us take note of Maxwell’s “first case,” the purely mathematical 
formula.  How does such a formula “lose sight of the phenomena”?  
One example to which Maxwell repeatedly returns is the force of 
attraction between opposite electrical charges; it is an inverse-square 
force, that is, inversely proportional to the square of the distance 
between the charges.  If one of the charges has value q and the other 
is unity, that force is expressed  

𝐹𝐹 =
𝑞𝑞
𝑟𝑟2

 . 

What does this expression “lose sight of”?  Maxwell might say that 
the formula is blind to the very attraction it sought to elucidate.  By 
what means, for example, does one charged body manage to “draw” 
(for that is the root meaning of “attract”) another?  For that matter, is 
“draw” even the right verb?  The formula usefully relates the 
relevant magnitudes; but it gives us scant insight into the action itself. 

As for the other alternative, Maxwell warns:   

If, on the other hand, we adopt a physical hypothesis, we 
see the phenomena only through a medium, and are 
liable to that blindness to facts and rashness in assumption 
which a partial explanation encourages.  

One traditional “physical hypothesis” in electricity is that of two 
electrical substances, each supposedly endowed with an inherent ability 
to attract distant portions of the other (or repel distant portions of 
itself).  But although that idea tries to represent attraction as the 
exercise of a power (thus attempting to correct the blindness of the 
mere formula), it burdens our thinking just as a cloudy optical 
“medium” would burden our sight.  In particular, the hypothesis 
implicitly ascribes all the action to the hypothetical substance and 
discounts any role for space.  This is the so-called “action-at-a-
distance” doctrine, which holds that the attractive or repulsive power 
acts directly upon its distant object without having to be propagated or 
transmitted by any intervening medium or agency.  But in so doing 
the hypothesis makes one whole locus of the phenomenon—the 
space between the bodies—effectively invisible to us.   

Maxwell is warning us that both these expedients, the 
mathematical formula and the physical hypothesis, can lead us astray.  
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Yet both spring from the mind’s necessary effort to find, as he stated 
earlier, “a form in which [it] can grasp” the truths that are placed 
before it.  Although the world is intelligible, we have to find that 
intelligibility for ourselves; no being or power—and certainly not 
nature itself—can find it for us.  We need to devote all our cleverness 
and imagination to the task.  But our very determination to satisfy 
the mind may lead us along paths that display only the air of 
intelligibility, not the real thing.  One such path descends into 
simplistic formalism.  Another indulges our tendency to exalt the 
merely familiar elements in our experience to the status of essential 
ones.  To escape these hazards, Maxwell believes,   

We must ... discover some method of investigation which 
allows the mind at every step to lay hold of a clear physical 
conception, without being committed to any theory 
founded on the physical science from which that 
conception is borrowed, so that it is neither drawn aside 
from the subject in pursuit of analytical subtleties, nor 
carried beyond the truth by a favourite hypothesis. 

This, I should say, does not seem like easy advice to follow.  We 
are neither to be drawn aside nor carried beyond.  It would be bad 
enough if these errors were the result of outside forces thrust upon 
us.  But our situation is the more distressing, in that both these 
menaces arise from our own felt needs.  When we cling to a 
“favourite hypothesis,” I suspect it is because we crave something 
definite to be committed to.  When we run after “analytical 
subtleties” it is perhaps because we long for the comparative safety of 
indifference and abstractness—the very opposite of commitment.  If we 
are to remedy these tendencies we shall evidently have to mend our 
habits.   

Often, when writers counsel us to change our ways, they have 
austerity and self-restraint in mind.  But Maxwell is looking for 
greater inventiveness, even playfulness!  In the opening paragraphs 
of “On Faraday’s Lines of Force” Maxwell seeks to chart a route 
between the twin perils, one he believes can protect the kind of 
imaginative freedom that Faraday cultivated and that Maxwell 
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himself deeply admires.  That route is the way of analogy and 
metaphor.8  He introduces it in this passage:  

In order to obtain physical ideas without adopting a 
physical theory we must make ourselves familiar with the 
existence of physical analogies. By a physical analogy I 
mean that partial similarity between the laws of one 
science and those of another which makes each of them 
illustrate the other. 

Examples of such analogies are easy to find.  The laws of light 
refraction, for example, resemble the laws of waves in an elastic 
medium.  They also resemble the laws of motion of a stream of 
particles, if we attend only to their paths and ignore their speed.  
Each of these similarities may tempt us to propose a physical 
hypothesis, as the first led Huygens and the second led Newton to 
offer their wave and particle theories of light, respectively.  But, for 
Maxwell, such striking similarities are not to be seen as hypotheses-
in-the-making.  So far from promoting unequivocal doctrines, 
analogies invite the mind to live in two worlds at once, activating the 
kind of vision the poet Lewis Turco called “double-angled.”9  That is 
true even for what Maxwell styles “the most universal of all 
analogies”—the analogy between the properties of nature and the 
properties of number, the very correspondence which makes 
mathematical physics possible at all.  For that, too, is still only an 
analogy.  It does not, in itself, imply that algebraic relation either is or 
should be the paradigm for physical science.   

Maxwell will construct a physical analogy of 
his own.  Consider again those radial lines of 
force that originate from the isolated 
electrified sphere I mentioned earlier.  A 
diagram like this one clearly shows the 
direction of the force at each point, yet it 

 
8 My thanks to Ryan Tweney, whose reflections in a 2014 article sent me back to look 
again at Maxwell’s analogies; see Ryan Tweney, “Metaphor and model-based 
reasoning in Maxwell’s mathematical physics,” in L. Magnani, ed., Model-based 
Reasoning in Science and Technology: Studies in Applied Philosophy, Epistemology and 
Rational Ethics.  Berlin, Heidelberg: Springer (2014), pp. 395–414.  I note with deep 
sadness Ryan’s death on February 7, 2020. 
9 Turco, Lewis. The New Book of Forms: a handbook of poetics.  Hanover, New 
Hampshire: University Press of New England (1986). 
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conveys only a vague notion of the intensity, or magnitude, of the 
force.  But, Maxwell writes,   

if we consider these curves not as mere lines, but as fine 
tubes of variable section carrying an incompressible fluid, 
then, since the velocity of the fluid is inversely as the 
section of the tube, we may make the velocity vary 
according to any given law, by regulating the section of 
the tube; and in this way we might represent the intensity 
of the force as well as its direction by the motion of the 
fluid in these tubes. 

Let us try to follow Maxwell’s advice by considering the isolated 
charged sphere (on the left) as though it were a single fluid source 
immersed in an infinite sea of fluid (on the right).  And instead of 

attending to the lines of force that arise from the charged sphere, we 
shall consider the tubes of fluid flow which arise from the source.  Let 
us then take a closer look at these tubes. 

Now the tubes of flow that emerge from a solitary source must 
necessarily fill the entire space surrounding the source.  And in order 
for this to happen, each tube must expand in cross section area as it 
advances.  In the expanding tube drawn here, for example, equal 

volumes of fluid are crossing surfaces a and b.  Since the fluid is 
incompressible, the equal volumes must cross their respective 
surfaces in equal times; but since the same volume occupies a shorter 
length where the tube is wider, and a longer stretch where the tube is 
narrower, the velocities will differ at different points along the tube, 
inversely as the cross-section varies.  Then if we conceive each line of 
force emerging from the charged sphere to coincide with the axis of a 
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tube of fluid flow, it is these fluid velocities that will represent the 
strength of the electric force at each point.  Additionally, let us 
suppose that each tube transports fluid at the rate of unit volume per 
unit time; and let each tube arise from a source, where the fluid is 
created, and terminate at a sink, where the fluid is destroyed at the 
same rate.   

But what kind of fluid is this?  Maxwell is at pains to emphasize 
that the fluid is a purely imaginary one—a fluid in thought:  

The substance here treated of must not be assumed to 
possess any of the properties of ordinary fluids except 
those of freedom of motion and resistance to compression. 
It is not even a hypothetical fluid which is introduced to 
explain actual phenomena. It is merely a collection of 
imaginary properties which may be employed for 
establishing certain theorems in pure mathematics in a 
way more intelligible to many minds ... than that in which 
algebraic symbols alone are used.   

The “fluid,” then, is a device of symbolic thought, no different in 
that respect from the symbols of analytic mathematics.  But just as the 
symbolism of geometry, for example, may sometimes prove more 
serviceable than the symbols of algebra, so too, Maxwell urges, the 
“imaginary fluid” will prove to be an especially advantageous notion 
in certain areas of thought to which, he finds, it is especially well 
adapted.   

In the case of our single fluid source, if it emits n units of fluid in 
unit time, then a total of n tubes of flow, each transmitting fluid at the 
rate of one unit per unit time, will emerge radially from the source; 
and the source will be said to have a strength of n.  Since the tubes 

have radii for their edges, each one continuously expands in cross-
section area, as I mentioned already.  Where it intersects a concentric 
spherical surface having radius r, each tube’s cross-section will occupy 
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its share of that surface—that is one nth part of the area of the 
sphere, or 4𝜋𝜋𝑟𝑟2 𝑛𝑛⁄ .  Unit volume of fluid will therefore occupy a shell 
having facial area equal to 4𝜋𝜋𝑟𝑟2 𝑛𝑛⁄  and some thickness, ∆r.  Then 
4𝜋𝜋𝑟𝑟2 𝑛𝑛⁄  times ∆r is equal to one unit volume.  We write:  

4𝜋𝜋𝑟𝑟2∆𝑟𝑟
𝑛𝑛

= 1 , or        ∆𝑟𝑟 =
1

4𝜋𝜋
∙
𝑛𝑛
𝑟𝑟2

 . 

Since the fluid would have filled up this shell in one unit of time, it 
must have advanced along the distance ∆r in that same time; its 
velocity v is therefore:   

𝑣𝑣 =   
∆𝑟𝑟

𝑢𝑢𝑛𝑛𝑢𝑢𝑢𝑢 𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡
=

1
4𝜋𝜋

∙
𝑛𝑛
𝑟𝑟2

 .                            (1) 

Look!  We have an inverse-square relation for fluid velocity, one 
that practically replicates the inverse-square force of electrical 
attraction, which was  

𝐹𝐹 =   
𝑞𝑞
𝑟𝑟2

 .                                             (2) 

This parallel, between the fluid velocity produced by a source having 
strength n and the electric force produced by a charge q, is Maxwell’s 
physical analogy.  How will it enable us to, in Maxwell’s earlier 
phrase, “obtain physical ideas without adopting a physical theory”? 

One way is by revealing the existence of shared attributes.  For 
example, there would be no flow at radius r if there were not an 
uninterrupted connection between the fluid emerging from the 
source and the fluid that already resides at radius r.  The very 
phenomenon, which the quantity v in equation (1) aims to represent, 
cannot be conceived except in relation to a surrounding continuum.  
In contrast, the force of attraction—F in equation (2)—was 
conventionally regarded as localized at the body upon which the 
force acts, altogether independent of the intervening medium.  We 
can hardly imagine a starker contrast.  “And yet,” says Maxwell, “if 
we knew nothing more than is expressed in the mathematical 
formulae, there would be nothing to distinguish between the one set 
of phenomena and the other.”10   

Evidently the mathematical representation has failed to capture 
something significant in electrical action.  If so, what will happen if 
we deliberately set out to bring the concepts of continuity and flow—
which are characteristics of fluids—into our understanding of 

 
10 Maxwell actually makes this remark in the context of heat conduction; but it 
applies equally to fluid flow. 
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electricity?  In fact, Faraday had already shown that we need to bring 
continuity into our electrical thinking.  His researches, especially those 
of the Eleventh Series, revealed that the medium which intervenes 
between two electrified bodies really does play a role in their mutual 
action.   

As we well know, electrically-charged bodies tend to attract bodies 
that are oppositely electrified.  But electrically-charged bodies attract 
unelectrified bodies as well.  For example, an inflated balloon, 
electrified by being rubbed against fabric—or, as we will soon see, 
against hair—will cling to a wall.  If you were ever enraptured by this 
marvel as a child, here is your chance to recapture that delight.  
[VIDEO CLIP] 

I hasten to say I have no idea who these delightful children are; 
but I am certainly grateful to the proud parents who posted this 
milestone accomplishment to the internet for the whole world to 
enjoy.  In any case, since what we just saw was an instance of 
attraction, it would seem that the charged balloon is somehow capable 
of producing an opposite state of electrification on the wall’s surface.  
This phenomenon is called “induction,” and it would have been 
understood by most of Maxwell’s readers as representing a 
redistribution of electricity in the body under induction.  In this 
drawing from a nineteenth-century textbook, positive and negative 

electricities, originally distributed evenly throughout body AB, have 
migrated in opposite directions under the influence of positively-
charged body F.  (F thus corresponds to the balloon in our video, 
while AB would correspond to the wall.)  This separation of 
electricities, called polarization, was thought to be perfectly consistent 
with the doctrine of action-at-a distance; and accordingly, standard 
electrical science taught that the charged body F exerted its attractive 
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or repulsive power directly upon those electrical substances.  Its 
attractive or repulsive effort was actualized at a distance; it did not 
have to be propagated or transmitted from F to AB.  But Faraday’s 
experiments, in effect, inserted a variety of materials between F (the 
electrified body) and AB (the body under induction); and he found 
that different media sustained the inductive action in different 
degrees.  This could not possibly occur if the action were direct.  
Faraday surmised that these materials differed in their ability to 
conduct lines of force: the better their conduction of the lines from F to 
AB, he reasoned, the greater would be the polarization exhibited by 
AB.   

Maxwell sees that differing abilities to conduct lines of force in the 
electrical experiment would correspond to a reciprocal property in 
the fluid analogy, that is, differing degrees of resistance to the fluid’s 
motion:   

The fluid is here supposed to have no inertia, and its 
motion is opposed by the action of a force ... due to the 
resistance of a medium through which the fluid is 
supposed to flow. 

Even as we bring over the attribute of contiguity from the fluid 
metaphor to interpret the phenomenon of induction, so too does 
Maxwell bring over the attribute of resistance, drawn from the 
phenomenon, to enrich the metaphor.  This is the way metaphors 
and images work: they do not simply stand alongside one another 
but reveal new aspects in each other and, in so doing, themselves 
evolve; think of Homer’s extended similes, or the ever-shifting image 
of light in the opening scene of Aeschylus’s Agamemnon. 

But if Maxwell’s attention is on resistance, why does he bother to 
mention that the fluid has no inertia?  After all, the “imaginary” fluid 
was from the outset supposed to have none of the properties of 
ordinary fluids except incompressibility; so it was always assumed to 
have no inertia.  I think the reason Maxwell calls attention to it here 
is that he has introduced force, which in Newtonian mechanics acts 
exclusively on quantities of matter—that is, on bodies endowed with 
inertia.  In explicitly denying inertia to the fluid, while at the same 
time declaring it susceptible to a force, Maxwell is abandoning the 
world of Newtonian physics!  Remember that the fluid is an 
“imaginary” fluid, a fluid in thought, whose properties can be 
whatever is thinkable, whether they conform to Newtonian principles or 
not.  Then since Maxwell intends the fluid analogy to apply to 
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electricity and magnetism, this seriously playful exercise is implicitly 
exploring whether the physics of electricity and magnetism may 
controvert the physics of mechanical bodies.  If so, electrical science 
will not merely be a new science; it will represent a new kind of 
science.  In 1873, Maxwell’s Treatise on Electricity and Magnetism will go 
a long way towards exhibiting what the shape of that new science 
might be.   

Now since the resistance that Maxwell has just introduced is 
opposed to the fluid’s motion, specifically, it ought to be zero when the 
motion is zero.  And the simplest relation for which two quantities 
become zero together is proportionality.  Accordingly, Maxwell invites 
us to suppose that each unit of fluid moving forward in its course 
with velocity v experiences a proportional resisting force kv, where k 
is a constant of proportionality specific to the medium; Maxwell calls 

it the coefficient of resistance of the medium.  With this in mind, 
Maxwell proves the following little theorem:11   

In any tube of flow, pressure decreases continuously  
in the direction of flow. 

For, he argues, each tube of flow is a queue of units of fluid; and 
in order to move forward against resistance, each unit of fluid must 
be driven from behind by a pressure at least equal to that resistance.  
But as freshmen know from reading Pascal, pressure in a fluid acts in 
all directions.  So the pressure acting on the rear face of any unit acts 

 
11 “On Faraday’s Lines of Force,” in The Scientific Papers of James Clerk Maxwell, vol. 1, 
page 164.  Maxwell does not distinguish this inference as a theorem, and in fact 
derives it almost in passing.  Nevertheless, it is an indispensable building block in his 
argument. 
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also on the front face of the unit immediately behind it; and so too 
for all the other units in the queue, as this drawing shows:  

Then in order for some unit, say, A, to move forward against 
resistance, the pressure on its rear face has to exceed that on its front 
face by kv, the measure of the resistance; that is,  

𝑃𝑃𝐴𝐴 − 𝑃𝑃𝐵𝐵 = 𝑘𝑘𝑣𝑣;  and similarly  𝑃𝑃𝐵𝐵 − 𝑃𝑃𝐶𝐶 = 𝑘𝑘𝑣𝑣,  and so on.  

Therefore in any tube of flow, the pressure decreases continuously in 
the direction of flow at the rate of kv for every unit volume of fluid. 
Q.E.D. 

On the basis of this theorem, we may calculate the pressure 
produced in the fluid at any distance from a source of known 
strength.  For we showed that a unit of fluid at radius r moves with 
velocity   

𝑣𝑣 =
𝑛𝑛

4𝜋𝜋𝑟𝑟2
  

and therefore must experience a pressure difference ∆𝑝𝑝 equal to k 
times the velocity, so that  

∆𝑝𝑝 = 𝑘𝑘𝑣𝑣 =
𝑘𝑘𝑛𝑛

4𝜋𝜋𝑟𝑟2
 , 

extending over the whole increment of length, ∆r, which that unit of 
fluid occupies.  Thus if we add up all the ∆𝑝𝑝’s associated with 
successive increments ∆r along any tube of flow, from radius r to 
infinite radius, this amount will be the total difference between the 
pressure at radius r and the pressure at infinite distance, which we 
may assume to be zero.   

The art of taking such infinite sums is the integral calculus.  Then 
we need only integrate the expression for ∆p from r to infinity—
which is especially easy since k, n, and 4π are all constants—and we 
obtain 
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Thus the pressure produced by a fluid source having strength n is 
inversely proportional to the distance r from the source—and 
similarly for a fluid sink, which is simply a negative source.   

Now according to standard electrical theory, the electric potential 
(commonly called voltage) in the vicinity of an electric charge is 
likewise inversely proportional to the distance from the charge.  So 
Maxwell’s physical analogy between the fluid velocity and the electrical 
force (both of which were inversely proportional to 𝑟𝑟2) implies a 
parallel analogy between fluid pressure and electric potential, both of 
which are inversely proportional to r.   

This is an extremely important development because in a fluid 
flow problem, we can deduce virtually everything about it if we know 
the distribution of pressures; and similarly, in an electrostatic 
problem, virtually all the information about it is implicitly contained 
in a mapping of the electric potential.  This means that if two fluid 
configurations display the same distribution of pressures, they will be 
equivalent hydraulically, no matter how different they may appear to be 
in other particulars.  And similarly, if two configurations of electric 
charge display the same distribution of potentials, they will be 
equivalent electrically—again, no matter how different they may be 
judged in other respects.  Maxwell is about to make dramatic use of 
this fact. 

On the left we see once again our single fluid source, now 
labeled F.  And let us suppose that it pumps fluid into a surrounding 
medium having a coefficient of resistance 𝑘𝑘 = 2.  What will happen if 
we replace a portion AB with a medium whose coefficient is 𝑘𝑘′ = 1—
that is, a medium having less resistance?  As you see in figure (a) on the 

right,12 the paths of flow tend to shift towards the region of easier 
passage, so that many more lines occupy the region AB after the 
resistance is reduced than had occupied it originally.  Now the lines 

 
12 Maxwell provided no illustrations for “On Faraday’s Lines of Force”; figures (a) 
through (d) are mine. 
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in these drawings represent tubes of fluid flow.  But at the same time, 
in accordance with what we called the “double-angled” metaphorical 
vision, we are equally to think of them as representing electric lines of 
force passing from a charged body F, through, say, air into some 
material body AB, and back to air again. 

Then imagine you are an orthodox electrical theorist.  What can 
you make of this picture?  Certainly you have to dismiss the lines of 
force, since according to standard electrical doctrine, they have no 
physical significance.  That leaves you with nothing but the charged 
body F and the unelectrified body AB.  But then you have to 

pronounce the diagram defective, since it fails to show the electrification 
which, you well know, must develop on AB through induction by the 
charged body F.  You will complain that the drawing ought to show 
little pluses and minuses clustered about the far and near faces of AB, 
as our earlier textbook diagram did.  But Maxwell continues:   

Construct the tubes of fluid motion, and wherever a unit 
tube enters either medium place a unit source, and 
wherever it leaves it place a unit sink. 

That is what we have done in figure (b).  The portions of the 
former tubes that pass through the first medium are now 

independent tubes, having their own sources and sinks.  Similarly, 
the portions occupying medium AB now arise and terminate at their 
own sources and sinks.13  But we are still thinking of the two media as 
having different degrees of resistance to the fluid flow.   

 
13 Maxwell can argue that the interrupted tubes everywhere coincide with the former 
continuous tubes, since every portion of a tube of flow can be regarded as the source 
of its downstream portions, or as the sink of its upstream portions.  So if any portion 
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Maxwell then takes a third step, which we can understand if we 
remember the expression for pressure we deduced earlier:   

𝑝𝑝 =
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You can see that the pressure produced by a source n at any distance 
r is not only inversely proportional to r, it is also directly proportional 
to kn—the product of the resistance of the medium and the strength of the 
source.  Then in any medium with resistance k, suppose that every 
source n is replaced by a new source having strength kn, while the 
medium itself is replaced with a new medium having resistance equal 
to one.  Then the numerator in this expression is unchanged: we 
merely understand it as the product of one and kn, rather than the 
product of k and n.  But that means the pressures are also unchanged. 

I have illustrated these steps in figure (c).  In the first medium, the 
source that formerly had strength 8 has now been multiplied by  

𝑘𝑘 = 2 to have strength 16; accordingly, 16 lines now arise from the 
principal source F.  Similarly, each of the four sources and sinks on 
the external surface of AB now has strength 2, so that eight lines 
terminate on the near surface, and eight lines arise from the far 
surface of AB.  Finally, we suppose that the coefficient k, formerly 
equaling 2, is now made equal to 1.  The numerator kn in the 
expression for pressure is unchanged; therefore, as Maxwell says, 
“the pressures will remain the same as before.”   

In the interior of AB, the coefficient 𝑘𝑘′ was unity to begin with; so 
the internal sources, sinks, and pressures remain unchanged.  At this 
point, with beautiful understatement, Maxwell reveals what these 
transformations have accomplished:   

We have now the original system of pressures produced 
in a uniform medium ... so that the result is, [in place of] 

 
of the tube is replaced with an actual source or sink, the remainder of the tube will 
be unaffected.   
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every external unit source on the surface, a source equal 
to (𝑘𝑘 − 𝑘𝑘′). 

This is what he means.  Recall that in figure (b), the sources and 
sinks on opposite sides of the boundary were equal.  Each pair  

represented a discontinuity that Maxwell introduced into what was 
formerly a single continuous tube of flow.  If the pair were rejoined, 
their separate segments would simply meld back together into a 
continuous tube.  But in figure (c), every external terminus is double 
its internal partner; were we to join them, one pair of segments 
would again recombine—but a third tube segment, having no 
partner, would continue to terminate on the external surface of AB.  
Thus figure (c) is numerically equivalent to figure (d):  

And then since the pressures in (d) are the same as the original 
pressures, in figure (a), the two figures (a) and (d) must be regarded 
as equivalent fluid systems:   
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But to the extent that they also represent electrostatic configurations, 
with pressures corresponding to electric potentials, we must regard both 
representations as electrically equivalent, too. 

So if, once again, you adopt the position of an orthodox 
electrician, you will once more dismiss the lines of force.  But you will 
retain the sources and sinks, since they correspond to electrical 
charges, which you most certainly regard as genuine physical entities.  
The result of this will be the picture shown on the left in this slide—  

—while that figure, in turn, is virtually identical to the standard 
depiction of induction, on the right: 

It even displays the surface charges that formerly seemed to be 
“missing” from body AB.  And therefore you will also have to admit 
that the standard textbook drawing is electrically identical to 
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figure (a), Maxwell’s original case, which recognizes no surface 
charges, but bristles with lines of force!  The concept of lines of force 
has effectively replaced the conventional notion of electric charge 
conceived as a substance. 

 

Now that we know that the two representations are electrically 
equivalent, let us compare them rhetorically.  The standard theory 
distinguishes sharply between bodies and the space between bodies; 
and it views “electrification” as the accumulation of electric substance on 
the surface of an electrified body.  In contrast, Maxwell, following 
Faraday, conceives “electrification” as consisting in a state of the 
medium, possessing both intensity and direction, which is what the lines 
of force indicate.  There is, moreover, no absolute distinction 
between bodies and space; rather, both are regarded as mediating 
substances which differ only in degree.14  Finally, both interpretations 
are equally quantitative; so it makes no sense to dismiss one of them 
as “unmathematical,” as too many of Faraday’s readers had done.   

Certainly a transformation like this one, with the equivalence it 
implies, delivers a formidable alternative to the favorite doctrine of 
the “professed mathematicians.”  But to readers of Faraday it will 
also carry a deeper significance, for such transformations of imagery 
are a Faradayan hallmark.  Those of you who have read through 
some of Faraday’s researches will have noted how self-effacing his 
narratives generally are.  When Faraday uses images like “pointing” 

 
14 Somewhat later, in the Treatise, Maxwell appears to step back from this 
interpretation and even attributes to Faraday a desire to distinguish bodies from 
space absolutely; see Volume II, art. 529, page 177. But in my opinion, Faraday 
never departed from the earlier view.   
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or “conducting” with respect to lines of force, he treats those images 
as though they were given by the phenomena themselves, not called up by 
his own poetic inventiveness.  And when one image gives way to 
another, it is not because Faraday has deliberately transformed it, as 
Maxwell has just done, but because in a new experiment the 
phenomena have revealed themselves with a new face.   

Such is Faraday’s world, a world in which things are continually 
disclosing themselves to us.  What they show of themselves is 
continually subject to transformation and replacement—for, after all, 
we live in a world of change; and that changeableness includes our 
own understanding.  But Faraday’s world is one that is always ready 
to speak to us; and the fact of that constant conversation attests that 
the world is fit for us, a place where we are intellectually and 
discursively at home.   

Maxwell’s world, I think, is more taciturn.  It is by no means an 
alien world; but as an interlocutor, it is far less responsive than is 
Faraday’s.  In Maxwell’s world the phenomena do not clothe 
themselves in their own interpretive images.  It is we who have to 
contrive the terms of expression; and, once they are devised, it is we 
who have to assess and choose among them.  Such is that process of 
“simplification and reduction” which Maxwell named in one of our 
earlier passages.  It is what Maxwell accomplished when he 
transformed the imagery of contiguous electrical induction into its 
seeming opposite, the imagery of action-at-a-distance, thereby 
showing their equivalence.   

I wonder if the mobility of Faraday’s images is one of the features 
that determined Maxwell to read Faraday before reading the 
mathematical theorists.  Perhaps Maxwell found Faraday’s expressive 
suppleness to be a potent corrective to that quantifying spirit which 
deals in fixed values and static symbols.  I wonder if Maxwell ever 
wished that his own images could transfigure themselves, the way 
Faraday’s do.  But perhaps by purposefully making those 
transformations on his own, as we have just seen him do, Maxwell 
comes as close as he can to Faraday’s world. 

But is Faraday really so artless as, it may seem, I have made him 
out to be?  Some readers might argue that Faraday’s experimental 
abilities are surpassingly artful, and that it is precisely Faraday’s 
practical expertise, not nature’s readiness to speak, that we should 
thank for his illuminating discoveries.  We need not insist upon 
either of these readings to the point of caricature; I am sure there is 
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merit in both.  But I do think it is worth noting that Faraday himself, 
in one of his annual lectures for young people,15 chose to characterize 
the world by quoting the very words in which Duke Senior 
commended the Forest of Arden:16 

—tongues in trees, books in the running brooks, sermons 
in stones, and good in everything. 

Well, you deserve to hear those lines recited by an abler voice than 
mine.  Here is Tony Church in a 1978 BBC production of As You Like 
It.  [VIDEO CLIP.] 

Tongues, books, sermons, and good.  It is features of Arden, not 
artfulness, which Faraday invited his young listeners to appreciate in 
the world.  But if Faraday thinks we are in the Forest of Arden, 
where, I wonder—in what Shakespearean forest—might Maxwell say 
we are?   

 

 
15 Course of Six Lectures on the Various Forces of Matter and their Relation to Each Other, 
ed. William Crookes (1860), Lecture 6. 
16 As You Like It, II.1 




