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Il 4 Dynamical Theory of the Electromagnetic Field. ByJ. CLrx MaxweLL, FL.B.S.
Receivéa Dctobéré?,—'Read December 8, 1864.
| PART IL—INTRODUCTORY.
1) TuE most obvious mechanical phenomenon in electrical_.and ‘magnetical experiments
;s the mutual action by which bodies in certain states set each other in motion while
gill ot a sensible distance from each other. - The first step, therefore, in reducing these
mena into scientific form,:is to ascertain the magnitude and. direction of the force

- pheno ,
g -Ectlng between the ‘bodies, and ~when it is found that -this force depends in a certain
way upon the relative position of the bodies and on their electric or magnetic condition,
it seems at first sight natural to explain the facts by assuming the existence of some-
: thiﬁg cither at rest orin motion in each body, constituting its electric or magnetic state,
_and capable of acting at a distance according to mathematical laws.
- In this way mathematical theories of statical electricity, of magnetism, of the mecha-
“nical action between conductors carrying currents, and of the induction of currents have
“been formed. In these theories the force acting between the two bodies is treated with
* peference only to the condition.of . the bodies and their relative position, and without
any express consideratidii of the surrounding mediam. et
_ These theories assume, more. Or less explicitly, the existence of substances the parti-
des [of which have the property of acting on one another at a distance by attraction
or repulsion. The most complete development of .a theory of this kind is that of
© M.W. Wesgr*, who has made the same theory include electrostatic and electromagnetic
- phenomena. W o AL T e ‘ : S

In doing so, however, he has found it necessary to assume that the force between
two electric particles depends on their re_la.tivew're‘l_ocity, as well as on their distance.

This theory, as developed by MM. W:. Weser and C. NevManyt, is exceedingly
_ ingenious, and wonderfully comprehensive in its application to .the. phenomena of

statical electricity, elec;t;:omagneﬁc attractions, induction of currents and diamagnetic
phenomena ; and it comes to us with the more authority, as it has served to guide the
speculations of one who has made so great an advance in the practical part of electric
wience, both by introducing a consistent system of units in electrical measurement, and

by actually determining electrical quantities with an accuracy hitherto unknown.

5 Electrodynamische Maassbestimmungen. Leipiic Trans. vol. i. 1849, and Tayzor’s Scientific Memoirs, vol.v.

ut. xiv, - ; n

: 1 “Explicare tentatur quomodo flut ut lucis planum polarizationis per vires electricas vel magneticas decli-
“ar."—Halis Saxonum, 1858.
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460 PROFESSOR CLERK MAXWELL ON THE ELECTROMAGNETIC FIELD,

(2) The mechanical difﬁcultles however, which are involved in the assumption of -
particles acting at a distance with forces which depend on their velocities are such as
to prevent me from considering this theory as an ultimate one, though 1t may have been,
and may yet be useful in leading to the coordination of phenomena. 5

I have therefore preferred to seek an explanation of the fact i in another d.u'ectmn by
supposing them to be produced by actions which go on in the surroundmg medium .ag
well as in the excited bodies, and endeavouring to explain the action between d.lstant
bodies without assuming the emstence of forces capable of acting directly at sensible
distances.

(3) The theory I propose may therefore be called a theory of the Electromagnetzc erla
because it has to do with the space in the neighbourhood of the electric or magnetic¢ bodies;
and it may be called a Dynamical Theory, because it assumes that in that space there'is.
matter in motion, by which the observed electromagnetlc phenomena are produced

(4) The electromagnetic field is that part of space which contains and surrounds
bodies in electric or magnetic conditions. i E

It may be filled with any kind of matter, or we may endeavour to render it empty of
all gross matter, as in the case of GEISSLER’S tubes and other so-called vacua.

There is always, however, enough of matter left to receive and transmit the undulatior
of light and heat, and it is because the transmission of these radiations is not greatl
altered when transparent bodies of measurable density are substituted for the so-calle
vacuum, that we are obliged to admit that the undulations are those of an aethereal‘
- substance, and not of . the gross matter, the presence of which merely modlﬁes in someé
way the motion of the wther. :

We have therefore some reason to believe, from the phenomena of light and- heat"
that there is an @thereal medium filling space and permeating bodies, capable of being
set in motion and of transmitting that motion from one part to another, and of - com?
municating that motion to gross matter so as to heat it and affect it in various ways.’

(5) Now the energy communicated to the body in heating it must have formerk
existed in the moving medium, for the undulations had left the source of heat.some-tlme_
before they reached the body, and during that time the energy must have been half'is .
the form of motion of the medium and half in -the form of elastic resilience. From*
these considerations Professor W. THouMSON has argued *, that the medium must havea.
density capable of comparison with that of gross matter, and has even assigned an mfe-
rior limit to that density. St

(6) We may therefore receive, as a datum derived from a branch of science inde- -
pendent of that with which we have to deal, the existence of a pervading medium;- of
small but real density, capable of being set in motion, and of transmitting motion from
one part to another with great, but not infinite, velocity. -

Hence the parts of this medium must be so connected that the motion of one part

# «QOn the Possible Density of the Luminiferous Medium, and on the Mechamcal Value of a Cubic Mile of
Sunlight,” Transactions of the Royal Society of Edinburgh (1854), p. 57.
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depends’in some way on the motion of the rest; and at the same time these connexions
must be capable of a certain kind of elastic yielding, since the- commumcatlon of motion
is not instantaneous, but occupies time. : ;

The medium is therefore capable of receiving and stonng up two kinds of energy,
namely, the “actual” energy depending on the motions of its parts, and “ potential”
energy, consisting of the work which the medium will do in rf.-c:overmcr from displace-
ment in virtue of its €lasticity.

The propagation of undulations consists in the- contmual transformation of one of
these forms of energy into the other alternately, and at any instant the amount of
energy in the whole medium is equally divided, so that half i 1s energy of motion, and
half is elastic resilience.

- (7) A medium having such a constitution may be capable of other kinds of motion
and-displacement than those which produce the phenomena of light and heat, and some
of these may be of such a kind that they may be evidenced to our senses by the pheno-
mena they produce. =

(8) Now we know that the lummlferous medium is in certain cases acted on by
magnetism ; for Farapay* discovered that when a plane polarized ray traverses a trans-
parent diamagnetic medium in the direction of the lines of magnetic force produced by
magnets or currents in the neighbourhood, the plane of polarization is caused to rotate.

This rotation is always in the direction in which positive electricity must be carried’

round the diamagnetic body in order to produce the actual magnetization of the field.

M. VErDETT has since discovered that if a paramagnetic body, such as solution of
perchloride of iron in ether, be substituted for the dlamagnetm body, the rotation is in
the opposite direction.

Now Professor W. THoMsON] has pointed out that no distribution of forces acting
between the parts of a medinm whose only motion is that of the luminous vibrations, is
sufficient to account for the phenomena, but that we must admit the existence of a
motion in the medium depending on the magnetization, in addition to the vibratory
motion which constitutes light.

It is ‘true that the rotation by magnetism of the plane of polanzatmn has been
observed only in media of considerable density; but the properties of the magnetic field
are not so much altered by the substitution of one medium for another, or for a vacunm,
as to allow us to suppose that the dense medium does anything more than merely modify
the motion of the ether.  'We have therefore warrantable grounds for inguiring whether
there ‘may not be a motion of the ethereal medium going on wherever magnetic effects
are observed, and we have some reason to suppose that this motion is one of rotatlon,
hayving the direction.of the magnetic force as its axs.

(9) We may now consider :another phenomenon ‘observed in the electromagnetic

# ExpenmentuI.Researches, Series 19.
+ Comptes Rendus (1856, second half year, p. 529, and 1857, first half year, p. 1"09)
t Proceedings of the Royal Society, June 1856 and June 1861.
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field. When a body is moved across the lines of magnetic force it experiences ‘what i
called an electromotive force; the two extremities of .the body tend to beCOme:bﬁﬁo,
sitely electrified, and an electric current tends to flow through the body.: When:the
electromotive force is sufficiently powerful, and is made to act on ‘Tertain’ compound
bodies, it decomposes them, and causes one of their components to pass towards one.
extremity of the body, and the other in ‘the opposite direction. ; e o n
Here we have evidence of a force causing an electric current in-spite of.resi t-;
‘ance; electrifying the extremities of a body in opposite ways, a condition which" i
sustained only by the action of the electromotive force, and which, as soon as that —forc—-é,
is removed, tends, with an equal and opposite force, to produce a counter current throug;
the body and to restore the original electrical state of the body; and finally, if strong:
enough, tearing  to pieces chemical compounds and carrying their components in oppo=
site directions, while their natural tendency is to combine, and to combine ‘with &
which can generate an electromotive force in the reverse direction. . ;

This, then, is a force acting on a body caused by its motion through the electro-
magnetic field, or by changes occurring in that field itself; and the effect of the force i
either to produce a current and heat the body, or to decompose the body, or, whe
can do neither, to put the body in a state of electric polarization,—a state of cOnstr.&m
in which opposite extremities are oppositely electrified, and from which the body tends
to relieve itself as soon as the disturbing force is removed. ; : :

(10) According to the theory which I propose. to explain, this “electromotive force
is the force called into play during the-communication of motion from one part ‘of:the
medium to another, and it is by means of this force that the motion of one part causes
motion in another part. When electromotive force acts on a conducting circuit, it pr
duces a current, which, as it meets with resistance, occasions a continual transfornia];ibh
of electrical energy into heat, which is incapable of being restored again to the form f
electrical energy by any reversal of the process. : . :

(11) But when electromotive force acts on a dielectric it produces a:state of polari
zation of its parts similar in distribution to the polarity of the parts of a mass of iron.
under the influence of a magnet, and like the magnetic. polarization, capable of: be’in}g"
described as a state in which every particle has its o s
ditions*.

pposite poles in opposite - cof

In a dielectric under. the action of electromotive force, we may conceive. that:-zthé%.
electricity in-each molecule is so displaced that one side is rendered positively and the.
other negatively electrical, but that the electricity remains éntirely,connected_ 'W]'thiﬁhLC:
molecule, and does not pass from one molecule to another, The effect of this action’on::
the whole dielectric mass is to produce a:general displacement: of electricity in-a cer:
tain’direction.. This displacement does not amount to a current, because when it “has
attained to a certain value it remains constant, but it is the commencement of a_curre_ﬁt,
and its variations constitute currents in the positive or the negative direction accbrt.ii!'l,'g?: <

* Faruvax, Exp. Res. Series XI. ;. Mossorrr, Mem, della Soc. Italiana (Modena), : ,

vol. xxiv. part 2, p- 49
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as the displacement is increasing or decreasing. In the interior of the dielectric there.
:s no indication of electrification, because the electrification of the surface of any molecule: .
is neutralized by the opposite electrification of the surface of the molecules in contact
with it; but at thié bounding surface of the dielectric, where the electrification is not
neutralized, we find the phenomena which indicate posit_ivé'or negative electrification.

The relation between the electromotive force and the amount of electric displacemeht
it produces depends on the nature of the dielectric, the same. electromotive force pro-
ducing generally a greater electric displacement in solid dielectrics, such as glass or '
sulphur, than in air. i i PR

(12) Here, then, we perceive another effect of electromotive force, namely, electric
displacement, which according to our theory is a kind of elastic yielding to the action
of the force, similar to that which takes place in structures and machines owing to the
want of perfect rigidity of the connexions. ) St

(13) The practical investigation of the inductive capacity of dielectrics is rendered
difficult ofi account of two disturbing phenomena. The first is the conductivity of the
dielectric, which, though in many cases exceedingly small, is not altogether insensible.
The second is the phenomenon called electric absorption®, in virtue of which, when the
dielectric is exposed to electromotive force, the electric displacement gradually increases,
and when the electromotive force is removed, the dielectric does not instantly return to
its primitive state, but only discharges a portion of its electrification, and when left to
itself gradually acquires electrification on its surface, as the interior gradually becomes
depolarized. Almost all solid dielectrics exhibit this phenomenon, which. gives rise to
the residual charge in the Leyden jar, and to several phenomena of electric cables
described by Mr. F. JENEIN T. et e e =

(14) We have here two other kinds of yielding besides the yielding of the. perfect
dielectric, which we have compared to a perfectly elastic body. The yielding due to
conductivity may be compared to that of a viscous fluid (that is to say, a fluid -having
great internal friction), or a soft solid on which the smallest force produces a permanent
alteration of figure increasing with the time during which the force acts. The yielding
due to electric absorption may be compared to that of a cellular elastic body containing
a thick fluid in its cavities. - Such a body, when subjected to pressure, is compressed by
degrees on account of the gradual yielding of the thick fluid; and when the pressure is
removed it does 1ot at once recover. its figure, because the elasticity of the substance of
the body has gradually to overcome the tenacity of the fluid before it can regain com-
plete equilibrium. _ . :

Several solid bodies in which no such structure as we have supposed can be found,
seem to possess a mechanical property of this kind ; and it seems probable that the

# Fipapay, Exp. Res. 1233-1250. -
+ Reports of British Association, 1859, p. 248; ond Report of Committee of Board of Trade on Submarine

Cables, pp. 136 & 464.
% As, for instance, the composition of glue, treacle, &c., of which small plastie figures are made, which after

being distorted gradually recover their shape.
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same substances, if dielectrics, may possess the analogous electrical proi)erty', and if
agnetic, may have corresponding properties relating to the acquisition, retention, angd.
loss of magnetic polarity. o ot
(16) It appears therefore that certain phenomena in electricity and magnetism lead:
to -the same conclusion as those of optics, namely, that there is an @thereal medinm’
pervading all bodies, and modified only in degree by their presence; that the parts.of’

electric currents andrmagnets; ‘that"
this motion is communicated from one part of the medium to another by forces arising -

from the connexions of those parts; that under the action of these forces there .ig a0
certain yielding depending on the elasticity of these connexions; and that th
‘energy in two different forms may exist in the medium i e
energy of motion of its parts, and the other being
connexions, in virtue of their elasticity. :
(16) Thus, then, we are led to the concepti
of a vast variety of motion, but at the same time so connected that the motion of.one
part depends, according to definite relations, on the motion of other parts :
being communicated by forces arising fr
parts, in virtue of their elasticity. Such a mechanism must be
laws of Dynamics, and we ought to be able to work out al] t
motion, ‘provided we know the form of the relation between the motions of the parts
(17) We know that when an electric current is established

and the two currents are put in connexion with each other in virtue of their con
nexion with the magnetization of the field.

Propose to examine, is the induction of one
conductors in the field.

The second result, which is deduced from this, is the mechanijcal action between con-
ductors carrying currents. Tle Phenomenon of the induction of currents has been
deduced from their mechanical action by HELMROLTZ * and Troysox T. I have followed
the reverse order, and deduced the mechanical action from the laws of induction.:: .1
have then described experimental methods of determining the quantities L, M, N, on -
which these phenomena depend. - SRR

(18) I then apply the phenomena of induction and attraction of currents to the.
exploration of the electromagnetic field, and the laying down systems of lines of mag-
netic force which indicate its magnetic properties. By exploring the same field with:a -

magnet, I show the distribution of its equipotential magnetic surfaces, cutting the lines '-
of force at right angles. i .

* «Conservation of Foree,” Physical Society of Berlin, 1847;
p. 114,

T Reports of the British Associaﬁon, 1848; Philosophical Magazine, Dec. 1851,

and Ta¥ror's Scientific Memoirs, 1853,
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In order to bring these results within the power of symbolical calculation, I then
express them in the form of the General Equations of the Flectromagnetic Fleld
These equations express— :

(A) The relation between electric displacement, true conduction, and the total

current, compounded of both. :
(B) The relation between the lines of magnetic force and the inductive coefficients of
a circuit, as already deduced from the laws of induction.

(C) The relation between the strength of a current and its magnetic effects, according
to the electromagnetic system of measurement. i

(D) The value of the electromotive force in a body, as arising from the motion of the
body in the field, the alteration of the-field itself, and the variation of electnc
potential from one part of the field to another. .

(E) The relation between electric displacement, and the electlomotwe force Whlch

produces it.

(F) The relation between an electric current, and the eleotmmotwe force which pro-

duces it. ALl '

(G) The relation between the amount of free electricity at .any point, and the electric

displacements in the neighbourhood. -

(H) The relation between the increase or diminution of free electrlclty and the elec—

tric currents in the neighbourhood.

There are twenty of these equations in all; involving twenty variable quantities.

(19) T then express in terms of ‘these quantities the intrinsic energy of the Electro-
magnetic Field as depending partly on its mabne’rlc and partly on its electric polariza-
tion-at every point. ’

From this I determine the mechanical force acting, lst, on a moveable conductor
carrying an electric current; 2ndly, on a magnetic pole; 3rdly, on an electrified body.

The last result, namely, the mechanical force acting on an electrified body, gives rise
to an independent method of electrical measurement founded on its electrostatic effects.
The relation between the units employed in the two methods is shown to depend on
what I have called the “electric elasticity” of the medium, and to be a velocity, which
has been experimentally determined by MM. WEBER and KOHLRAUSCE.

I then show how to calculate the electrostatic capacity of a condenser, and the
specific inductive capacity of a dielectric.

The case of a condenser composed of parallel layers of substances of different electric
resistances and inductive capacities is next examined, and it is shown that the pheno-
menon called electric absorptlon will generally occur, that is, the condenser, When
suddenly discharged, will after a short time show signs of a residual charge.

(20) The general equations are next applied to the case of a magnetic disturbance
propagated through a non-conducting field, and it is shown that the only disturbances
which can be so propagated are those which are transverse to the direction of propaga-
tion, and that the velocity of propagation is the velocity v, found from experiments such




b

T

as those of WEBER, which expresses: the number of electrostatic units of electncxty

‘clude that light itself (including radiant heat, and other radiations if any) is an electro-

‘according to electromagnetic laws. If so, the agreement between the elasticity of the

shown to absorb such radiations rapidly, and therefore to be generally opaque.

the commencement of the current is investigated, I believe for the first time, and the
‘consequent correction of the coefficient of self-induction is found.
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which are contained in one electromagnetic unit. , '
This velocity is so nearly that of light, that it seems we have strong reason to-con:

magnetic disturbance in the form of waves propagated through the electromagnetic field

medium as calculated from the rapid alternations of Iuminous vibrations, and as found
by the slow processes of electrical experiments, shows how perfect and regular ‘the
elastic properties of the medium must be when not encumbered with any matter denser :
than air. If the same character of the elasticity is retained in dense transparent bodles,
it appears that the square of the index of refraction is equal to the product of the
specific dlelectnc capacity and the specific magnetic capacity. Conducting medla are

The conception of the propagation of transverse magnetic disturbances to the exclu-
sion of normal ones is distinctly set forth by Professor FARADAY* in his “Thoughts on
Ray Vibrations.” The electromagnetic theory of light, as proposed by him, is the same
in substance as that which I have begun to develope in this papel except that in” 1846
there were no data to calculate the velocity of propagation.

(21) The general equations are then applied tothe calculation of the coefficients of -
mutual induction of two circular currents and the coefficient of self-induction in a coil.
The want of uniformity of the current in the different parts of the section of a wire at

These results are applied to the calculation of the self-induction of the coil used in
the experiments of the Committee of the British Association on Standards of Electrie
Resistance, and the value compared with that deduced from the experiments.

PART II.—ON ELECTROMAGNETIC INDUCTION.
Electromagnetic Momentum of a Current.

(22) We may begin by considering the state of the field in the neighbourhood of an
electric current. 'We know that magnetic forces are excited in the field, their direction
and magnitude depending according to known laws upon the form of the conductor _
carrying the current. 'When the strength of the current is increased, all the magnetic
effects are increased in the same proportion. Now, if the magnetic state ‘of the field
depends on motions of the medium, a certain force must be exerted in order to increase
or diminish these motions, dnd when the motions are excited they continue, so that the
effect of the connexion between the current and the electromagnetic field surrounding
it, is to endow the cmrrent with a kind of momentum, just as the connexion between
the driving-point of a machine and a fly-wheel endows the driving-point with an addi-

* Philosophical Magazine, May 1846, or Experimental Researches, iii. p. 447.
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tional momentum, which may be called the momentum of the fly-wheel reduced to
the driving-point. The unbalanced force acting on the driving-point increases this
momentum, and is measured by the rate of its increase. °

In the case of electric currents, the resistance to sudden increase or diminution of-

strength produces effects exactly like those of momentum, but the amount of this mo-

mentum depends on the shape of the conductor and the relative position of its different

parts.
Mutual Action of two Currents.

(28) If there are two electric curents in the field, the magnetic force at any point is
that compounded of the forces due to each current separately, and since the two currents

are in connexion with every point of the field, they will be in connexion with each other,
so that any increase or diminution of the one will produce a force acting with or con-

trary to the other.

Dynamical Illustration of Reduced Momentum.

(24) As a dynamical illustration, let us suppose a body C so connected with two
independent driving-points A and B that its velocity is p times that of A together with
g times that of B. Let % be the velocity of A, v that of B, and w that of C, and let 8z,
3y, 5z be their simultaneous displacements, then by the general equation of dynamics¥,

ti h
C d—j’ de=Xdz+ Yy,

where X and Y are the forces acting at A and B.

i d d d
w u v
a=Patia
and
dz=pdz-+¢dy.

Substituting, and remembering that 8z and dy are independent,

X;%(Cpﬁ&—}- Cpgv),l
3 " b (1)
Y= 2(Cpqu-+Cy). j

We may call Cp*u+Cpgv the momentum of C referred to A, and Cpgu+Cqv its

momentum referred to B; then we may say that the effect of the force X is to increase the

momentum of C referred to A, and that of Y to increase its momentum referred to B.
If there are many bodies connected with A and B in a similar way but with different

values of p and ¢, we may treat the question in the same way by assuming
L=3(Cp?), M=3(Cpg), and N=3(C¢’),
# TagraweE, Méc. Anal. 1l 2. § 5.
MDCCCLXY. 3s
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where the summation is extended to all the bodies with their proper values of C, p,andqg.
Then the momentum of the system referred to A is SR

. Lu 4-Moy,
and referred to B,

M- N,
and we shall have

)
X =3 (Lu+Ma), |

¥ :,EE(BI’M—FN’U), |
where X and Y are the external forces acting on A and B. ,
(25) To make the illustration more complete we have only to suppose that the
motion of A is resisted by a force proportional to its velocity, which we may call Ry
and that of B bya similar force, which we may call Sy, R and S being coefficients o
resistance. Then if £ and # are the forces on A and B

#=X -+ Ru=Ru+=(Lu-+M),
1=Y 480 =Sv 42 (Mu+No)
T j - 2

If the velocity of A be increased at the rate %s then in order to prevent B from moving
d ; -
a force, 7= —(Mu) must be applied to it.

This effect on B, due to an increase of the velocity of A, corresponds to the electre-
motive force on one circuit arising from an increase in the strength of a ﬂeighboﬁring
circult. £l

This dynamical illustration is to be considered merely as assisting the reader to under-
stand what is meant in mechanics by Reduced Momentum. The facts of the induction
of currents as depending on the variations of the quantity called Electromagnetic Mo-
mentum, or Electrotonic State, rest on the eﬁcpeﬂmeﬁts of FARADAY ™, Putiory: &oi 5%

Coefficients of Induction Jor Two Circuits.

(26) In the electromagnetic field the values of L, M, N depend on the distribution
of the magnetic effects due to the two circuits, and this distribution depends only on .
the form and relative position of the circuits. Hence L, M, N are quantities depending
on the form and relative position of the circuits, and are subject to variation with the -
motion of the conductors. It will be presently seen that L, M, N are geometrical
quantities of the nature of lines, that 18, of one dimension in space; L depends on ‘the
form of the first conductor, which we shall call A, N on that of the second, which we.
shall call B, and M on the relative position of A and B.

(27) Let & be the electromotive force acting on A, @ the strength of the current, and

* Experimental Rescarches, Series O . T Annales de Chimie, sér. 3. xxxiv, (1852) p. 64,




