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How Maxwell’s equations 
came to light
Basil Mahon

The nineteenth-century Scottish physicist James Clerk Maxwell made groundbreaking contributions to 
many areas of science including thermodynamics and colour vision. However, he is best known for his 
equations that unified electricity, magnetism and light.

The famous American physicist 
Richard Feynman predicted that 
“from a long view of the history of 

mankind — seen from, say, ten thousand 
years from now — there can be little 
doubt that the most significant event of 
the nineteenth century will be judged 
as Maxwell’s discovery of the laws of 
electrodynamics.” This may well turn out 
to be correct, but Feynman knew that 
Maxwell’s discovery of the laws of the 
electrodynamics didn’t happen all at once1. 
If pressed to name a single occasion, he 
would probably have chosen Maxwell’s 
presentation of his paper ‘A Dynamical 
Theory of the Electromagnetic Field’ to 
the Royal Society on 27 October 18642. 
Maxwell’s radical new theory, formally 
published the following year, was expansive 
and was only later condensed into the 
four now-famous equations by one of his 
followers. Nevertheless, it is right that these 
are called Maxwell’s equations, and it is 
right that we should now celebrate their 
150th anniversary. 

Before 1820, scientists had believed 
electricity and magnetism to be distinct 
phenomena. Then Hans Christian Oersted 
reported a remarkable result: when he 
placed a magnetized compass needle near 
a current-carrying wire, the needle moved, 
aligning itself at right angles to the wire. 
Astounded scientists everywhere began 
to investigate the connection between 
electricity and magnetism. Among them was 
Michael Faraday.

The self-taught son of a London 
blacksmith, 29 year-old Faraday was 
working at the Royal Institution under 
Humphry Davy, and building a reputation as 
a resourceful and reliable analytical chemist. 
As soon as he could free himself from 
other duties, he began to experiment with 
electric currents and magnets. Knowing no 
mathematics, he was ostensibly less well-
equipped than his more formally educated 
contemporaries but, paradoxically, this 

handicap may have worked to his advantage 
by freeing his thinking. He asked questions 
that had not occurred to others, devised 
experiments that no one else had thought of, 
and saw possibilities that others had missed.

One of his contemporaries, André 
Marie Ampère, had latched on to Oersted’s 
discovery with amazing speed and, 
within a few months, had produced a full 
mathematical theory. Any loop of current, 
he said, creates a magnetic force that acts 
through the loop. Ampère’s theory, like that 
of Coulomb before him, was modelled on 
Newton’s law of gravitation. According to 
Coulomb, electric and magnetic forces acted 
instantaneously in straight lines between 
point charges and magnetic poles, and 
were inversely proportional to the square 
of the distance between them. To extend 
the theory to electric circuits, Ampère 
calculated the magnetic force exerted by 
a current-carrying wire by regarding it as 

a string of infinitesimal current segments, 
each of which could be treated as a point 
source. To work out the total magnetic force 
exerted by the wire he simply summed the 
effects from all segments mathematically.

To Faraday, the idea that Oersted’s 
compass needle had been propelled by a set 
of straight-line attractions and repulsions 
between it and the wire seemed wrong. 
What happened, he felt, was that the 
current-carrying wire induced a circular 
force in the space around itself, and he 
devised a brilliantly simple experiment to 
test the idea. Faraday fixed a bar magnet 
in a vertical position in the middle of a 
small basin and poured mercury into the 
basin until only the top end of the magnet 
showed above the surface. Then he dangled 
a wire into the pool. The wire and the 
mercury formed part of an electric circuit 
and, when he passed a current through it, 
the end of the wire that was in contact with 
the mercury moved in rapid circles around 
the magnet. He had made the world’s first 
electric motor.

Ampère had shown how to make 
magnetism from electricity — surely it 
should be possible to make electricity from 
magnetism. For a decade, scientists tried 
and failed. Then, in 1831, Faraday found 
why the goal had been so elusive: to make 
a current flow in a wire you had to change 
the magnetic state of the space around the 
wire. All you needed to do was to move 
a magnet in the neighbourhood of an 
electric circuit (or vice versa) and a current 
would flow in the circuit. But exactly what 
was this magnetic state in space? Faraday 
remembered the familiar pattern that iron 
filings make when scattered on paper over 
a magnet and became convinced that a 
magnet was not just a piece of iron with 
interesting properties, it was the centre of 
a system of curved magnetic lines of force 
that spread out through space and had a 
physical presence there. And this didn’t 
happen just with iron magnets: similar 

James Clerk Maxwell was one of the most 
influential figures of nineteenth-century physics.
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magnetic lines of force spread out from 
every current-carrying electric circuit.

Faraday went further. Experimenting 
with electrically charged objects, he 
concluded that each was the source of 
electric lines of force, which also curved 
through space. Unlike magnetic lines of 
force, which formed continuous loops (they 
didn’t stop at the poles of an iron magnet 
but ran all the way through it), electric 
ones always ran from a positively charged 
object to a negatively charged one; so every 
positive charge was balanced by a negative 
charge somewhere else. He also observed 
that both magnetic and electric effects were 
not instantaneous but took time to act; in his 
view, this was the time taken for the systems 
of lines of force to establish themselves.

Faraday’s thoughts were running along 
lines quite different from those of everyone 
else. The general scientific opinion was still 
that electric and magnetic forces resulted 
from material bodies acting on one another 
at a distance with the intervening space 
playing only a passive role. The Astronomer 
Royal, Sir George Biddell Airy, spoke for 
many when he described Faraday’s lines 
of force as “vague and varying”. One can 
understand this view. Action-at-a-distance 
gave exact formulae, whereas Faraday 
supplied none. While they respected 
Faraday as a superb experimenter, most 
scientists thought him ill-equipped to 
theorize as he knew no mathematics.

Conscious of such views, Faraday was 
circumspect when publishing his thoughts 
on lines of force. Only once, in 1846, did 
he venture into speculation. A colleague, 
Charles Wheatstone, was due to speak at the 
Royal Institution about one of his inventions 
but took fright at the last minute. Faraday 
decided to give the talk himself but ran out 
of things to say on the advertised topic well 
before the allotted hour was up. Caught off-
guard he let his private thoughts escape and 
gave the audience an astonishingly prescient 
outline of the electromagnetic theory of 
light. All space, he surmised, was filled 
with electric and magnetic lines of force 
which vibrated laterally when disturbed, 
and sent waves of energy along their lengths 
at a rapid but finite speed. Light, he said, 
was probably one manifestation of these 
‘ray-vibrations’. 

We now know he was close to the truth, 
but to most of Faraday’s fellow scientists the 
ray-vibrations seemed like an absurd fantasy. 
Even his supporters were embarrassed, and 
Faraday regretted letting his guard slip. He 
had left his contemporaries behind, and it 
would take someone forty years his junior, 
a man of equal stature and complementary 
talents, to reveal Faraday’s true greatness. 
The man was James Clerk Maxwell. 

In an astonishing and short career (he 
died aged 48) Maxwell made fundamental 
discoveries in every branch of physics that 
he turned his hand to, but, like Faraday, his 
greatest work was in the field of electricity 
and magnetism. Born into a distinguished 
Scottish family, he went to a top school 
in Edinburgh before studying at both 
Edinburgh University and Cambridge 
University. After taking his bachelor’s degree 
at Cambridge, where he came second in the 
famous Mathematical Tripos exam, he began 
to read Faraday’s Experimental Researches 
in Electricity3 and was at once struck by 
the great man’s openness in publishing his 
failures as well as his successes, and his 
crude ideas as well as his developed ones. 
Reading further, he came to see the power 
of the work: the great leaps of thought that 
Faraday had made before subjecting them 
to the most searching interrogation. To him, 
the notion of lines of force in space rang 
true, and it seemed to be mathematical at 
root even though Faraday had expressed 
everything in words. He set out to bring the 
power of mathematics to bear on Faraday’s 
ideas, and, in three awe-inspiring stages 
spread over nine years, succeeded.

Maxwell was a master at spotting 
analogies in different branches of the natural 
world, and, in 1856, he began by using the 
steady flow of an imaginary incompressible 
fluid as an analogy for both electric and 
magnetic lines of force: the speed and 
direction of fluid flow in any small region 
of space represented the density and 
direction of the lines of force there. This 

way, he showed that all the known formulae 
for electric and magnetic forces in static 
conditions could be derived equally well 
from the conventional action-at-a-distance 
theories or from Faraday’s lines of force. A 
stupendous achievement but, at the time, 
Maxwell couldn’t think how to deal with 
changing lines of force. As was his way, he 
got on with other work while ideas brewed 
at the back of his mind.

Six years later he came up with a new 
model. He filled all space with imaginary 
tiny spherical cells that could rotate and 
were interspaced with even smaller particles 
that acted like ball-bearings. By giving the 
cells a small but finite mass and a degree of 
elasticity, Maxwell constructed a mechanical 
analogy for magnetic and electric lines 
of force, and showed that any change in 
one induced a change in the other. This 
extraordinary model yielded not only all 
the known formulae of electricity and 
magnetism, it predicted electromagnetic 
waves that travelled at a speed determined 
solely by the basic properties of electricity 
and magnetism. This speed turned out to 
be within 1.5 per cent of the experimentally 
measured speed of light. An astounding 
result, but the response of fellow-scientists 
was muted. The goal in any branch of 
physics, they believed, was to identify 
nature’s true mechanism, and they regarded 
Maxwell’s model as an ingenious but flawed 
attempt to do this for electromagnetism 
and light. Everyone expected that Maxwell’s 
next step would be to refine the model but, 
instead, he put the model on one side and set 
out to build the whole theory from scratch, 
using only the laws of dynamics.

The result, two years later, was the paper 
‘A Dynamical Theory of the Electromagnetic 
Field’. Here, the spinning cells were replaced 
by an all-pervading medium that had inertia 
and elasticity but no specified mechanism. 
In what seemed like a conjuring trick, he 
used Joseph Louis Lagrange’s method, 
which treated a dynamic system like a ‘black 
box’: by specifying the system’s general 
characteristics it was possible to derive the 
outputs from the inputs without knowing 
the detailed mechanism. This way, he 
produced what he called the equations of the 
electromagnetic field; there were twenty of 
them. When he presented the paper to the 
Royal Society in October 1864, the audience 
simply didn’t know what to make of it. A 
theory based on a bizarre model was bad 
enough, but one based on no model at all 
was incomprehensible.

Up to the time Maxwell died, in 1879, 
and for several years afterwards, no one 
else really understood his theory. It sat like 
an exhibit in a glass case, admired by some 
but out of reach. The man who made it 

The experiments performed by the English 
scientist Michael Faraday (pictured) were 
instrumental in leading Maxwell to his unified 
theory of electromagnetism.
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accessible was a self-taught former telegraph 
operator called Oliver Heaviside. In 1885 he 
summed up the theory in what we now call 
the four Maxwell’s equations4

div E = ρ/ε
div H = 0
curl E = –μ∂H/∂t
curl H = ε∂E/∂t + J

where E and H are the electric and magnetic 
field force vectors at any point in space, 
ε and μ are the fundamental constants of 
electricity and magnetism, respectively, ρ 
is the charge density and J is the current 
density vector. The first two equations are 
compact expressions of the inverse-square 
law for electricity and magnetism. The third 
and fourth define the relationship between 
electricity and magnetism, and imply the 
existence of electromagnetic waves that 
travel with speed 1/√(με).

Heaviside had greatly simplified things 
by using his new system of vector analysis, 
in which three-dimensional vectors were 
represented by single letters, and by pushing 
the electric and magnetic potentials to 

the background. When Heinrich Hertz’s 
discovery of electromagnetic waves in 
1888 prompted a surge of interest in 
electromagnetism, people turned not to 
Maxwell’s original expression of his theory 
but to Heaviside’s compact version.

Three points need to be added to 
complete the story. First, Maxwell could 
easily have condensed the theory himself 
but thought it best to keep options open. 
Many years later his wisdom was borne 
out: when Richard Feynman and others 
used the theory in the development of 
quantum electrodynamics, they used as 
primary quantities the very potentials that 
Heaviside had discarded. Second, it was 
Maxwell himself who coined the terms 
divergence and curl for the now-familiar 
vector operators. Third, Maxwell did actually 
use a form of vector representation in his 
A Treatise on Electricity and Magnetism, 
published in 1873, but presented it as a kind 
of optional extra. His vectors there were 
derived from William Rowan Hamilton’s 
fearsomely complicated quaternions, 
which most people wanted nothing to 
do with. Vector notation only caught on 

when Heaviside came along with his much 
simpler system.

Finally, consider this: although Maxwell 
never pursued the point, his equations imply 
that the speed of light is 1/√(με) regardless of 
the relative velocity of observer and source. 
This fact necessarily leads to Einstein’s 
special theory of relativity, which gives us 
E = mc². So perhaps the world’s most famous 
equation should be written as E = m/με and 
credited jointly to Einstein and Maxwell. ❐

Basil Mahon is the author of several books on 
James Clerk Maxwell, Michael Faraday and 
Oliver Heaviside. His latest book, co-authored with 
Nancy Forbes, is entitled Faraday, Maxwell, and 
the Electromagnetic Field and is available from 
Prometheus Books (ISBN 978-1-61614-942-0). 
e-mail basil.mahon@tiscali.co.uk

References
1. Feynman, R. P., Leighton, R. B. & Matthew, S. The Feynman 

Lectures on Physics Vol. 2, Ch. 1, 11 (Basic Books, 2011).
2. Maxwell, J. C. A Dynamical Theory of the Electromagnetic Field 

(ed. Torrance, T. F.) (Scottish Academic Press, 1982).
3. Faraday, M. Experimental Researches in Electricity 

(Dover Publications, 1965).
4. Heaviside, O. Electrical Papers 2nd edn, Vol. 1, 447–451 

(Chelsea Publishing Company, 1970).

© 2014 Macmillan Publishers Limited. All rights reserved

mailto:basil.mahon@tiscali.co.uk

	How Maxwell’s equations came to light
	References



