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Part L—The Theorv of Moleculyr Vertices enunlied to Magnetic
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Phenomena.
IN all phenomena involving attractions or repulsions, or any
forces depending on the relative position.of bodies, we have

to detérmine the magnitude and direction of the force which

would act on u given body, if placed in a ﬁivcn position.
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162  Prof. Maxwell on the Theory of Meleculur Vortices

the Yines of force as something real, and as indicating something
more than the mere resultant of two forees, whose seat of retion
isat » distanee, and which do not exist there at all until » mag-
net is placed in that part of the field. We are dissatisfied with
the explanation founded on the hypothesis of attractive and
repellent forces directed towards the magnetic poles, even though
wemay have satisfied onrselves that the phenomenon is in strict
accordance with that hypothesis, and we cannot help thinking
that in every place where we find these lincs of foree, some phy-
sical state or action must exist in sufficient cnergy to produce the
actual phenomena. .

My object in this paper is to clear the way for speculation in
this direction, by investigating the mechanical resulta of certain
states of tension and motion 1o a medium, and comparing these
with the observed phenomena of magnetism and electrieity. DBy
pointing out the mechanical consequences of such hypotheses, 1
hope to be of some use to those who consider the phenomena as
dne to the action of a medium, but are in doubt as to the relation
of this hypothesis to the experimental laws already established,
which haye generally been expressed in the language of other
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hypot henes,

I have in a former paper* endeavoured to lay before the mind
of the geometer a elear conception of the relation of the lines of
force to the space in which they arc traced, By making use of
the conception of currents in a flmid, I showed how to draw lines
of forcs, which shonld indicate by their number the amaunt of
force, 80 that each line way be called a unit-line of force (see
Faraday’s * Researches,” 8122) ; and I have investigated the path
of ghe lines where they pass from one medium to another.
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applied to Magnetic Phenomena. 163
. The mechamcal conditions of n medium under mainet,u: u;-
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164  Prof. Maxwell on the Theory of Molecular Vortices

The necessary relations among these forces have been in-
vestigated by mathematicians; and it has been shown that the
mott general type of a stress consists of a combination of three
principal pressures or tensions, in directions at rvight angles to
each other. _

When two of the principal pressures ave equal, the third he-
comes an axin of symmetry, either of greatest or least pressure,

;
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When the three princival nressures arve eaual. the nreasure is
_ t
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equal in every direction, and there results a stress having no
determinate sxis of direction, of which we have an example in

simple hvdrostatic pressure.
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The general type of a stress is not snitable as a representation
of a magnuetic force, becausc a line of magnetic foree has direc-
tion and intensity, but has no third quality indicating any dif-
ference between the sides of the line, “hlrlil-wp_uld e analur_rqus_

- = ——

to that observed in the case of polarzed hight,
We must therefore represent the magnetic force at a point by
1 gtress havine a smele axis of vreatest or least pressore. and all
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those near two magnetic poles of the same name; but we know
that the mechanical effeet is that of attraction instcad of re-
pulsion. The lincs of force in this case do not run between the

bodies, but avoid each other, and are dispersed ovor gpace.  In
- l ¥ - -

Let us nmvralrlmsg that llifhluh{‘lwmiq of marnativyg dagand
e ————
=
" -

PR | !

C mra
T 1




166 Prof. Maxwell un the Theory of Molecular Vortices

traversing similar parts of the systems will be m ; s0 that ®mn
is the ratio of the momenta acquired by similar portions in
traversing similar parts of their paths.

The ratio of the surfaces is /2, that of the forces acting on
them is I%, and that of the times during which they act 13

;i—; 80 that the ratio of the impulse of the forces is = and we

A
have now P = E_E,
11
or
min=p;

that is, the ratio of the pressures due to the motion (p) is com-
pounded of the ratio of the densities {n) and the duplicate ratio
of the velocities (m?), and does not depend on the linear dimen-
sions of the moving systems.

In a cireular vortex, revolving with uniform angular velocity,
if the vrEasuTe Bt the axis is p,. that at the circumference will be
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applied 1o Magnetic Phenomena. 167

and its velocity to diminish in the same proportion. In order
that a medium having these inequalities of presaure in different
directions should be in equilibrium, certain conditions must be
fulfilled, which we must investigate. .

Prop. IL.—If the direction-cosines of the axes of the vortices
with respect to the axes of z, y, and 2z be /, m, and n, to find the
normal and tangential stresses on the coordinate planes.

The actual ‘stress may be resolved into a simple hydrostatic
pressure p, acting in all directions, and a simple tension p, —p,,
or — put*, acting along the axis of stress.

Hence if p,., p,,, and p,, be the normal stresses parallel to
the three axes, considered positive when they tend to inerease
those axes ; and if p,., p,., and p,, be the tangential stresses in
the three coordinate planes. eopsidersd. nositive when thev tend
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Par= B —p,

1 kg
Py= g poimE—p

1
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168  Prof. Maxwell on the Theory of Molecular Vortices

We have in general, for the force in the direction of z per unit
of volume by the law of equilibrium of stresses*,

X—dzp,,+d_.p,,+é€p,,. B €]

dﬂﬂ d}’l d(ﬂﬁ) dx
441'{ 4wa’ o dy +#ﬁdy
'/
+d)+’””da}°"""'(4)
d«y ld
Remembering that a +ﬁ ﬁ-:_ﬂ(a + /3% +-4%), thia
hecomes
l
37 (55 ) )+ L o)) + gk T (B9

o fff«.-,lgx» J—
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where & 18 the intensity of the magnetic force, and m is the
amount of wagnctic matter puinting north in unit of volume.
The physieal interpretation of this term_is. that the fores
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coming more numerous towards the right. It may be shown
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element will be urged in the direction of —z, transversely to the , .
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174 Prof. Maxwell on the Theory of Molecular Vortices

Hence the lines of foree in a part of space where u 1s uniform,
and where there are no electric carrents, must be such as would
vesult from the theory of “imaginary matter” acting at a di-
stance. The assumptions of that theory are unlike those of ours,
but the results are identical.

Let na first take.the case of a single magnetic pole. that is,

Ao . _ _
N . S rea T
*

o

one end of a long magnet, so long that its vther end 39 too far
off to baye a perceptible influence on the part of the field we are
considering. The conditions then are, that eguation (18) must
be fulfilled at the magnetic pole, and [19) everywhere else. The

only solution under thgse conditions is

~

- m ]
qb:—;;,. e o 20

where r is the distance from the pole, and m the strength of the
pole,

The repulsion at any point on a unit pole of the same kind is

d m o1
el (21)

In the standard medium p=1; o that the repulsion is simply
:—;— in that medium, as has been shown by Coulomb.

In a medium having a greater value of u (such as oxygen,
solutions of salts of iron, &ec.) the attraction, on our theory, ought
to be Zess than m air, and in diamagnetic media (such as water,
melted bismuth, &e.) the attraction between the same magnetic
poles ought to be greater than in air,

The experiments necessary to demonstrate the difference of
attraction of iwo magnets according to the magnctic or dia-
magnetic charncter of the mediem i which they are placed,
would require great precision, on account of the limited range
of magnetic cappeity in the flud media known to us, and the
small amount of the difference sought for as compared with the
whole attraction.

Let us next take the case of an electric current whose quan-
tity is C, flowing through a eylindrical conductor whose radius
is R, and whose length )s infinite as compared with the size of
the field of force considered. :

Let the axis of the cylinder be that of z, and the direction of
the current positive, then within the conductor the quantity of
ecurrent nper nnit of aren 18
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so that within the conductor

am—20y, B=20z, y=0.. . . . (3

ond the condnetor, in the space vound 1
d th dnet the sp 11t,

(}b=2CI.ﬂn"‘g,. T 27

dp .Y _dp z _dd -
a= E_ 2(/3&_'_?,.‘, B—E}—Zcxg_*_?, -y_d—z_[). (2:])

If p=s/m'3}é is the perpendicular distance of any point from
the axis of the conductor, a unit north pole will experience a

force = 8'9‘, tending to move it round the conductor in the

dircetion of the hands of a wateh, if the observer view it in the
dircetion of the current.,

Let us now consider a current running parallel to the axis of
zin the plane of &z at a distance p.  Let the quantity of the

enrrent be &, and let the Iength of the part considered be 4, and
'

its section s, 8o that % is its strength per unit of section. Put-

ting thir quantity for p in equations (12, 18, 14), we find
. 4
X=—up8 3

per unit of volume; and multiplying by /s, the volume of the
conductar considered, we find

X = — B0

-_-—2;5903, O 28]
. P
showing that the sccond conductor will be attracted towards the
first with & force inverscly as the distance.

We find in this case also that the amount of attraction depends
o the value of g, but that it varies directly instead of inversely
as & ; so that the attraction between two conducting wires will be
greater in oxygen than in air, and greater in air than in water.

We shall next consider the nature of electric eurrents and
clectromotive forces in connexion with the theory of molecular
vorLices.
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Jessor of Natural Plilosuphy in King’s College, London+t.
: [With a Plate.]
Pawr 11 —The Theory of Molecular Vartices applied {o. Electric
a —— ....i:=éj ! —

. -

Currents,

WE have already ehown that all the forces acting between

masneé&. substances capable pf magpetic indoetion. and |
. > _ 3




283  Prof. Maxwell on the Theory of Molecular Vortices

position that the surrounding medium is put into such a state
that at every point the pressures are different in different direc-
tions, the direction of least pressure being that of the observed
lines of force, and the difference of greatest and lesst pressures
being proportionsl to the square of the intensity of the force at
that point. _

Such a state of stress, if assumed to exist in the medium, and

to be amggd according to the known Jawa regulsting lines of
. — * - ‘= .

e —— A
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applied to Electric Currents. . 283
We know that the lipes of force are_affacted by alectria sne. |
- e ——

i
e .

rent ; so that from the force we can determine the amount of the
current.  Assuming that our explanation of the lincs of foree
by molecular vortices is vorrect, why does a particular distribus
tion of vortices indicate an electric current? A satisfactory
sugwer to this question wonld lead us a long way towards that
of & very important one, ** What is an electric eurrent £’

I h&ve_ifp_un(L ﬂ'rent.__difﬁcnltv_i_n cangaivine af tha_cvistenna of

P =

.
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nf8—my parallel to @,
Iy —na perallel to y,
ma—I8 parallel to 2,
i ngtine of tha_envfare hein enntast with another vortex _
i 21 T

1.
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g (ml(x_ml) + mﬂ(x_"*"e))
d
Q% (ml(y"’yl) + gy —y) ) ( (5 =2) +mg(z ""l))

Zd (% =) + ngla— "’"i!)) 2dy ( {y— ./1)'1""9./""%))

149(0 (rmr Ykm lrmmed) (311
- iy ¥

ey

: — ' |
In effecting the summation of ZupdS, we muet remember that
round any closed surface 2/dS and all similar terms vanish ; also
that terme of the form 2lydS, where ! and y are measred in
different directions, also vamsh but that terms of the form

ZlrdS, where { and x refer to the same axis of coordinates, do

not vanish, but are equal to the volume enclosed by the surface,
The result is

Vp%p(dl PY Vvt &e); .. @)

ar dividing by V=V 1+ Vet &e,

1 (dy 4B
I]-—Ep(d—'y—?; . . = - . . - . . (38)
If we make
1
P= Q;;, ] . . . . ' . . . ] . (34}

then equation (83) will he identical with the first of equations (9),
which give the relation between the quantity of an electrie eur-
rent and the intensity of the lincs of foree suwrrounding it.

It appears thercfore thal, according to our hypothesis, an
electric current is represented by the transference of the move- /
able particles interposcd between the neighbouring vortices. We
may conceive that these particles ave very sinall compared with
the size of a vortex, amd that the mass of all the particles

tazether is jg_an%recinbl? comvayed with that of the vortices. and |
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ﬁenence resistance, 80 as to waste electrical energy and generate

eat.
Now let us suppose the vortices arranged in & medinin in any

arbitrary menner, 'The guantities dy_ 23 , &e. will then in
general have values, so that there will at first be electrical cur-
* rents in the medium. These will be opposed by the electrical
resistance of the medium ; so that, unless they are kept up by a
eontinuous supply of force, they will quickly disappear, and we
shall then have 7% — 98 0, . ; that is, ade+ Bity + yds will
be a complete differential (see equations (16) and (16)) ; so that
our hypothesia accounta for the aistribution of the lines of force.
In Plate V. fig. 1, let the vertical circle E E represent an elec-
tric current flowing from copper C to zinc Z through the con-
daetor B F/, ne shown by the arrows.
" Let the horizontal circle M M' represent a line of magnetie
force embracing the electric circuit, the north and south diree-
tions being indicated by the lines SN and N 8.
" Let the vertical cireles V and V' represent the molecular vor-

. tiges of which the line of magnetic force js the 2&, Vrevolves . _

P " [~ VS N
F.I‘T ———




applied to Electric Currents. 287
in unit of volume is
E=Cu{a®+8"+9%,

where C is & constent to be determined.
Lzt us take the ease in which

p d .
ngg’ B:%, 7:%. e 4 [35)

Yet
N P=d¢,+ ¢'g:
g 3 .
f e
%q 2 = ‘-t

K :
y
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g =
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then ¢, is the potential at any point due to the magnetic system

i ooand o that dvte 0 the diat e bt imr o rvomrmad s e s bed
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have by the conservation of force,
SE+SW=0; . . . . . . 0 (43)

that is, the Joss of energy of the vortices must be made up by
work done in moving magnets, so that

;45_1{:2(2% m,dV)Sz-{-E(%" m,dV)S.r:O,

1
C=§;;; . . L [ L] . L] L] * ] (4‘4‘)

80 that the energy of the vortices in unit of volume is
_ S—L—p(a‘+ﬁ'+fy'); e e e e e . os (45)
and that of a vortex whose volume is Vis
@IV e o (48)

In order to produce or destroy this energy, work must be ex-
pended oiy, or received from, the vortex, either by the tangential
action of the layer of partitles in contact with it, or by change
of form in the vortex. We shall first investigate the tangential
action between the vortices and the layer of particles in contact
with them.

. VII.—To find the energy spent upon a vortex in unit of
time by the layer of particles which surrounds it,

Let P, Q, R be the forces acting on unity of the particles in
the three coordinate directions, these quantitics being fanections
of #, y, and 2. Since each particle touches two vortices at the
extremities of a diameter, the reaction of the particle on the vor-
tices will be equally divided, and will be

1 1 1
—EP' '—QQ: _58‘

on each vortex for unity of the particles ; but since the superficial
density of the particles is 2171_- (see equation (34)), the forces on

unit of surface of & vortex wili be

1 1 1
—‘EP’ _EQ, —?Gna

Now let dS be an element of the surface of a vortex. Let the
direction-cosines of the normal be /, m, 7. Let the coordinates
of the element be 2, y, 2. Let the component velocities of the



adE 1
=" m (Put+Qu+Ru)dS. . . . . (47)
Let us begin with the first term, PudS, P may he written

dP dp dP
Pu"l"Ecr'*‘@y"I'Ez_z’ [} a L] " » L} (48)
and
u=nf—my.
Rememhering that the surface of the vortex i3 p elosed goe. po .

S o

E b

En.rdS=EmdS=Ende=2mzdS =0,

and
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dz dy dt

Similarly, o
J_Ij_*éz_dﬁ......(f)d,)
de  dz T al’

and

S oy A la
e dha casntinns wa wan determine the_relation between

j‘__~ - _.

.

]

i

the alterations of motion %‘, %e. and the forces exerted on the

Jayers of particies between the vortices, or, in the language of
our hypothesis, the rclation between changes in the state of the
mlagnetic field and the electromotive forces thereby brought into
play.
n a memoir “On the Dynamical Theory of Diffraction”
Cambridge Philosophical Transactions, vol. ix. part 1, section 6),
rofessor Stokes has given a method by which we may solve
equations (54}, and find P, Q, and R in terms of the quantities
on the right-hand of those equations. I have pointed out* the
application of this method to questions in electricity and mag-

netism. _
Let us then find threc quantities ¥, G, H from the equations

dG  dH 1
dz - d_y=ﬂ'“:
%-—g:;zﬁ,‘- oy oor e (55)
dF dG
dy dz 'V

with the conditions

1/d 4 d '
%(ﬁpﬁaﬂmﬁm):m:o, . (56)
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We have thus determined three quantities, ¥, G, H, from which
wecan find P, @, and R by constdering these Iatter quantities
28 the rates at which the former ones vary. Inthe paper alread
referred to, I have given reasons for considering the quantities
F, G, H as the resolved parts of that which Faraday has conjec.
tured to exist, and has called the electrotonic state. In that
paper T have stated the mathematical relations between this elec.

trotonic state and the lines of magnetic. force ng evnzos ad_ju.
S Iy - — Y L
- _ - ' E— T

J

x - 7=—

#
.

! .-

1.

&

. E
H

X
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Here the near coincidence of the results in the first and third
columns chows that the relation between % and T may be ap-
proximately expressed by the formula

=14'15T",orT=(——k-;))a. ..

14-1f
Hashngs, Apr:l 1, 1861.

iy = =

LI. Oa Physzcal Lmes af Force. ByJ.C.MaxwrLL, Professor
of Natural Philosophy in King’s College, London.
[With e Plate.]
'PAM' YL.—The Theory of Molecular Vertices applied to Electric
’ Currents.
[Concluded from p. 291.]
AS an example of the action of the vortices in producing in-

ducell currents, let us take the following case: —Lct B,

T A — il S

x:u-'jw r ”




applied ta Eleciric Currents. 839

it i broken, there will be a current througl: C in the same direc-
tion as the primary current.

We may now perceive that induced currents are produced
when the eleetricity yields to the electromotive force,—this foree,
however, still existing when the formation of & sensible current,
is prevented by the resistance of the eireuit.

The elcetromotive force, of which the componentsare P, Q, R,

arises. fron’;_thc_nntinn hetween _the vortices and the internoesd i}
. .': Ll

- .

_"zr

particles, when the velocity of rotation is altered in any pztrl: of
the field. It corresponds to the pressure on the axle of a
wheel in a machine when the veloeity of the driving wheel is in-
creaged or diminished.

The electrotonie state, whose components are F, G, H, is
what the electromotive force would be if the currents, &ec. to
which the lines of force are due, instead of arriving at their actual
state by degrees, had started instantaneously from rest with their
actual values. It corresponds tothe impulse which would act on
the axle of a wheel in a marchine jf the actual velocity were sud-
denly given to the driving wlhee), the machine being previonaly
at rest,

If the machine were suddenly stopped by stopping the driving
wheel, each wheel would receive an impulse equal and opposite
to that which it received when the mac ing_was set in motion.

v er——d —_—
P : x S —

. FE' - I

. =.
L

L=,

—
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* any set of threc axes, We shall first consider the effect of three

simple extensions ot compressions. _
Prop. 1X.—To find the variations of «, 8, v in the parallelo.
nioed AN when 2_becomes z+8v i y, ¥ 4-8y; wnd 2, 24+8z;

- i 4

.

| f

11

‘ |
_
8W =p,b(xyz) — :{- (a¥yzbz + B2xby +o*ayds) ; (59)

and by Prop. VI. we find for the variation of energy,
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along three axes properly chosen, &/, ¢/, &/, the nine direction-
cosines of these axes with their six connecting equations, which
are equivalent to three independent guantitics, and the three
rotations 8,, &,, @ about the axes of 2, y, 2.

Let the direetion-cosines of 2! with respect to 2, v, z be
1, my,n,, those of ¢/, I, mg,ny, and those of 2/, fy, mg, ny; then
we find

d Y I A
E,’E' 8.’:: Zl!?- + Ige ‘:1,"' + ?39—;"]
d &' &y

52
y—|'+13m3 f:l"'\gs: - . (64)
d & B 8 .
7 Se=lmy— "rza"s—;/?, +lng 1 +6a E

Zy- 8.‘1,':111’!!1 ? + fgmg

with similar equations for quantities involving 8y and &z.
Let o, 3,  be the values of a, B, y referred to the axes of
¥, yf, 2; then
B'=la+myfS +ngy, (65)
7 =l -+ mgB -+ ngy.
We shall then bave .
i Saz=ldaf + 188+ 1Sy +vle—B0n .« + . (6O)

e e S e,

o' =latmpB +n,7,}

3z

Py

s bz
+18 _V'rf +Hgy o + 90— B0+ (67)

By substituting the values of &, A, v/, snd comparing with equa-
tions (64), we find

d d d
81:«53.'54—3@5&'-{—7};3& . . - .+ (68)

am !
=ia

as the variation of « due to the change of form and position of
the element. The variations of 8 and «y have similar expressions,
Prop. X1.—To find the electromotive forces in a moving body.

ra === R eyl lm - -

ik I

‘ﬁ‘d Hﬁj
Il_njﬂ 1
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l‘}q\m.l:mgl the two values of 8= and dividing by 3¢, and remem-
bermg t in the motion of an mcompreamhle medium
d dy ; az (71) '

wa taatEE ="
and that in the absence of fre¢ magnetism

da 48  dy
&+@+& R € 7))
we find o
(m m ddr__ddr_ d@qﬁd@ JHr
T @i “dzdl  dydt  Tdy dt _
M_M_Mﬂm@e,@ -
A Ga mutya g @
Putting '
-..ﬁ-_dH S ( 23
and
b 1/ &l
?=r(m-m, e e . . (7B

where F, G, and H are the values of theelectrotonic componenta
for a fixed pomt of rpace, our equation becomes

d G\ d @ agm
£ (0ol ) o

. The e:nremmnu f‘or the varigtions of 8 and ~ give us two other

Ty T ——

“ |

. : inl - - .
o .

F’%
.ﬁ
—
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applied to Eleciric Currents. 343

The physical mesning of the terms in the expression for the
electromotive foree depending on the motion of the body, may
be made simpler by supposing the ficld of magnetic force uni-
formly magnetized with intensity « in the direction of the axia
of g, _Then if J, m, n be the dircction-cosines of any portion of

W 1

j_h’:..'-'n.r__# jl- _i - . ~ l i
WH'L =’ i

_
E—
e o -y

L

a.

. |
_

i

[

| -
h
&7

x
r

- Y I

resolved in the direction of the conductor will be

e=SPI4+Qm+Ra), . . . . . (78)

or
dz dy '
e=Sya(mEE—-—nE§~, e e e s (79)

that. ie. the nErinjsu:t of_ux. the guentity, of_mpenetic induction
—L By ) i r— = .. =
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motion relative to it. It is evident that, from this figure, we can

trace the veriations of form of su clement of the Hluid, as the

form of the clement depends, not on the absolute motion of the
th' relative motion of ita nacts.

whole syster, but on the relati
P ——— P

= Y I -
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applied to Electric Currents, ' 845

anre to its motion. We may now recapitulate the assumptions
we have made, and the resulta we liave obtained.

(1} Magueto-electric phenomena are due to the existence of
matter under certain conditions of motion or of pressure in every
I:m't of the magnetic field, and not to divect action at a distance .

etween the magnets or currents. The substance producing

thcse_eﬂengg may he a certain nart of ardinars moaténe am it s -
) g B

=
e B B
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and no_tp shance_ their place, provided they keep within one
A [ o -
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apphied (o Eleciric Currents, 847

be moved in a direction contrary to thut of the current, so that
there will be an induced current in the opposite direction to the
primary one,

If there were no resistance to the motigr of the - nagticles: the

rrgy—— —r—




848 Mr. G, B. Jerrard’s Remarks on Mr, Cayley’s Note.

The facts of electro-magnetism are s0 complicated and various,
that the explanation of any number of them by several different
hypotheses must be intercsting, not only to physicists, but to all
who desire to understand how much evidence the explanation of
phenomena lends to the credibility of a theory, or how far we
ought to regard a coincidence in the mathematical expression of
‘two sets of phenomena as an indication that these phenomena
are of the same kind, We know that partial coincidences of this

, _'kind haye heen_digrovered: . and the fags that thev arc only
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11L. On Physicé? Lines of Force. By J. C. Maxwris, F.R.S.,
Professer of Natural Philosephy in King’s College, London*,

Pavr TIT o Tho Thagrieaf. Molarulor WWarttase anedied fa.

P

Statical Electricity.

IN the first part of this papert 1 bave shown how the forces
scting between magnets, electric currents, and matter capa-
ble of magnetic induction may be aceounted for on the hypothesis
of the magnctic field being occupied with innumerable vortices
of revolving matter, their axes coinciding with the direction of
the magnetie force st cvery point of the field, .
The rentrifugzal force of these vortices produces pressures di-



applied to Statical Electricity. S 13

" I conceived the rotating matter to be the substance of certain

eells, divided from each other by cell-walls_composed of nartieles
- - e & - -




14 Prof. Maxwell ou the Theory of Moleeular Vortices

not flow through them, electrical effects are propagated through
theE]l; and. the smount of these effects differs according to the

[ —
i

!
Y

Here then we have two independent gualities of bodies, one
by which they allow of the passage of electricity through them,
snd the other by which they allow of electrical action being
tranemitted through them without any electricity being allowed
to pass. A conducting body may be compared to a porous
membrane which onposcs more ar less resistance to the passage

i




applied to Statical Electricity. 15

These relations are independent of any thcory about the internal
mechanism of dielcetrics ; but when we find electromotive force

Droducinz*g!gctric disnlaremeant in.a. diclertiin and whan s 8.1 )
B i - Crgmy - f







The normal stress on the surface at any point is
N=p,.sin? @+ p,, cos® 04 2p,, sin 8 cos &

=2(p— tm)(e+ g)acosd 4 2macos€((s +f)sin®d -ivgcosqﬂ); {02)
or by (87) and (90), _
N=—male+2f)cosd. . . . . (93)
The tangential displacement of any point is

t=Ecos 8~Lenf=—(a*f+d)sind. . . ., (94)
The normal displacement ia

n=Fsin@+eos O=0ge+ )+ Vengd. . . (95).

-

3 o

:‘_ , —"—'WA _ i '
oy R =g _"75-

i

there will be no normal displacement, and the displacement will
be entively tangential, znd we shall have
t=a*esinf, . . . . . . . (97}
The whole work done by the superficial forces is
U=4Z(Ti)ds,
the summation being extended over the surface of the sphere.
The cnergy of eclasticity in the substance of the sphere is
at i

dE dn de | dE

=15 _= L -2 — -2 . —_

U‘“z(dm Peet gy Pt gy Dot g, ¥ g )Pt (aiz' t 3]
dn

dt
+ (@ + ) )2V,

th;:] summation being extended to the whole contents of the
sphere.
pWe find, as we ought, that these quantities have the samc
value, namely
U=—§mrdme(e+2f). . . . . (98)
We may now suppose that the tangential action on the surface
~ arises from a layer of particles in contact with it.. the particles
- R et S ——




18 Prof. Maxwell on the Theory of Molecular Vortices

whose density is p, and having its normal inclined & to the axes
of z; then the tangential force upon it will be

pRS8sin #=2T88, . . . . . (99
T being, as before, the tangential force on each side of the sur-

face, TFuttingp= 2—11; as in equation (34)%, we find

=—Qmmale+2f). . . . . . {100

The displacement of electricity duc to the distortion of the
ephere is

384 ptsin & taken over the whole surface; . (101)

and if % 1s the cleetric displacement per unit of volume, we shall
have

fwath=%ade, . . . . . . (102)
or
b= - ae; (103)
. ) _fﬂae, . . - . - . -
80 that
B.:@wemeffh, R ¢ 11 %3

or we may write
Re—dmB%, . . . . . . (105)
provided we asswma |
w2 L (00

i

Finding ¢ and [ from (87} and (90), we get
' B
Bmmm - . . . . . (107)

The ratio of m to p veries in diffevent substances; but in a
medium whose clnsticity depends entirely wpon forces ncting
between pirs of particles, this ratio is that of 6 to 5, and in this
‘case : . '

F=mm. . . . ., . . . . (108)

When the resistance to compression is infinitely greater than the
resistance to distortion, as in a liquid rendered slightly elastic

hy guip or jelly,
,l i Fi

The value of £2 must lic hetwecn these limits. It is probable
that the mbatance of_our_cells is of the former kind, and. thal
. & -

_ 5

ol ——
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applied to Statical Electricity. 19

& hypothetically “ perfect "’ solid*, in which
' . bm=Gp, . . . . . . . . (110)
so that we must use cquation (108},

Prop. XTV.—To correet the equations (2) 1 of electric currents
for the effect due to the clastieity of the medium.

We have seen that cleetromotive foree and electric displace-
ment are connected by equation (105). Differentiating this
equation with respect to {, we find '

R _ g O
E— -'4:71']—_: E‘E, » [ ] - [} [} (111)

showing that when the clectromotive foree varies, the electrig

equivalent to a current, and this current must be taken into
account it equations (9) and added to ». The three equations
then hecome,

L an

x
r .




20  Prof. Maxwell on the Theory of Molecular Vortices
ments is
T U= =330+ Qy+RHEV, . . . (116)

where P, Q, R are the forces, and £, ¢, & the displaceinents.
Now when there is no motion of the bodies or alteration of
forees, it appears from equations {77)% that

av ar av
—& Y=gy RBEogio

L
¥
and we know by (103) that
| P=—4xBY, Q=—4rEYy, R=—4nD%; . (119)

whenee _ .
U= 2(S S0 B Yav. . u20)

Integrating by parts throughout all space, and remembering that
¥ vanishos at an infinita distance, ,
1 D 0 7
gy PR P _sq (Y, FY  dVNsy . non

i

r=

(118)

ot by (115),
U=iS(FedV. . . . o . . . . (122)

Now let there be two cleetrificd bodies, and Jet e, be the distri-

_ . [ — “-ﬁ__r,.d‘ -k ) -l__l ~ 3 T .1 . . - - .
. . r ' ; , ,
i P e ——




applied to Statical Electricity. 21
or

Fdr:-cl%df, C e . .. (120)

where T is the resistance and dr the motion.
If the body ¢, be small, then if r is the distance from ey, equa-

tion (123) gives
' e
VY, =E f i
whence

. _ F ,e e, s L—)

or the force is a repulsion varying 1nversc]y as the square of the

distance,
Now let 7, and 7, be the same quantities of cleetricity mea-
sured statically, then we know by definition of clectrical quantity
F==-2%. _ ., ., ., . . (128)

T

and this will be satisfied provided

m=Fz, and 5,=Fe;; . . . . (12Y)
80 that the quantity I previously determined in Prop. XITL. is
the number by which the cleetrodynamic measure of any quan-

tity of electriclty must be multiplicd to obtain its electrostatic
measure.

That elcetric corrent which, cireulating round a ring whose

N area is unity. nrodupges the same effect o o istant masnet as a
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Prop. XVI.—Tu find the rate of propagation of transversc

_Jﬁpm ﬂ-mmw-‘n the eclastic merdinm of which the cells are
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on each surface ; then the capacity .

F
C:‘qu—:‘yg. L L (188)
Within the diclectric we have the varintion of ¥ perpendicular
to the surface '
W,
- ﬁ "
Bevord either surfyce this variation is zero,

-
e —

i

of arca is
\P ,__'\If
417:]'1;§8‘2; . s . .« =N (189)
and we deduce the wheole capacity of the apparatus,
S ,
=qopaps 0o (140)

80 that the quantity of electricity required to bring the one sur-
face to a given tension varies dircetly as the surface, inversely as
the thickness, and inversely as the square of 1.

Now the cocflicient of induction of diclectrics is deduced from
the capacity of induction-appavatus formed of them; so that 1f
D is that cocficicnt, I} varics inverscly as K2, and ig unity for
air. llence

\i -
D = 'W, . . ] . . - [14!1}

where Voand ¥, arc the veloeitics of licht it alr and in the
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axis, depends upon the velocity of light whose vibrations are
parallel to that axis, or whose plane of polarization is perpendi-
cular to that axis

In a uniaxal crystal, the axial value of B will depend on the
velocity of the extraordinary ray, and the equatorial value will
depend on that of the ordinary ray. .

In “positive ” erystals, the axial value of B will be the least
and in negative the greatest, '

The value of D.. which varies_inversely as E?, will, celeris

-! [ o 1
o - f _
A 1* x - N - .. i
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XIV. On Plysical Liner of Force. Byl. C. Maxwery, F.R.S,,
Professur of Natural Philosophy in King's College, London*.

Panr IV.—The Theory of Moleculor Vortices applied to the
Action of Magnetism on Polarized Light.

FPHE conncxion between the distribution of lines of magetje . _

J,l‘- ‘ - ) "
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86  Prof. Maxwell on the Theory of Molecular Vortices

mnrpivnglmn onetism to consist in currents of a fluid whaose direc-

f—— ‘
— 1]
= = ;Ir_-

T . "




applied to the Action of Magnetism on Polarized Light. 87

are then produced in the substanec by the action of a magnet or
of an cleetric current, the planc of polarization of the tmnamltted
r b 5.-=p, i PR L NS T, TR 1. ,

"_Ef}"_‘:“

=
=

= -
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83 Prof. Maxwell on the Theory of Molecular Vortices

the vortices accounts for induced currents, is supported by the
opinion of Professor W. Thomsen*,  In fact the whole theory of
malaanlar vngtisey develoned in this gmlas been sugeested to

-~

= T
o
| B .

‘“ﬁ :



opplied to the Action of Magnetism on Polarized Light. 82

A and B have been fully investigated by M. Verdet*, who has
— shown th'alt the rotation is strictly_propertional to the thickness

t i




90  Prof. Maxwell on the Theory of Molecular Vortices

and diamagnetism, and does not reguire us to admit either M.
Weber’s theory of the mutual action of electric particles in
motion, or our theory of cells and cell-walls.
b . i TN b - —- i=y .

ST —
in the manner of its action as well as in the intensity of 1ts mag-
netism; and I think its behaviour may be explained on our

hvoothesis of molecular vortices, by supposing that the particles

L—T—I P ——

—,355‘_‘_ T g




 applied ta the Action of Magretiom on Polarizéd Light. 91
and the energy
B=dZdmrten®=1 Aw,
= %‘m*v by Prop. VI,
whence

1
A:Epmv e e e e . (144)

for the axis of », with similar expressions for the other axes, V
being the volume, and r the radius of the vortex.
Prap. ,X.IX.—-TO determine the _eomditiona af nndulatars ven..
I 9 T o

g
-
I" .
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varicd motion ia
dg 1  da

l=kQE—Eﬂrd—t- (i‘iﬁ)
Similarly, X=k1j_: + LM§§ .
4ar t

_ The vgholp f_orcg m_:ting upon n stratum whose thickness is dz

aod aq.g_glnitvﬁis_g_dz_ in the direction of z, and g dz in di-
. - e e - ‘ln
B 4
rection of y. The mass of the stratum is pdz, so that we have |
as the equations of motion, .
d’a:_d){_kd’m a1 48

P = TN T B 146
oy _av_ oy _d1 g 0
PIR =& ThdE T kTl

N ., da dB

Now the c'hapgns of velocity - and - are produced by the

motion of the medinm containing the vortices, which distorts
and twists every clement of its mass; so that we must rcfer to
Prop. X.* to determine these quantities in terms of the motion.
We find there at equation (68),

d d d

Since 8z and 8y arc functions of z and ¢ only, we may write

this equation
“ de % |
- "Ed’
and in like manner, eoaoeoao. {147)
B d% :
&~V ddt
20 that if we now put &, =a%, k;=0%p,and % %r o =¢%, we may
write the equations of motion
d%z _ od% o d
=Tt Ty
e g . <. (188)
¥ _____.yé_g g d'z

P =)
These cquations may be satisfied by the values
x=A cos (nt—mx+a),}

y==Bsin (nf —mz +a), o o (149).
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; ) - e t '
7 .‘
provided
(n? —m%®) A = mnctB, 150
and . 4{?’: ﬂmz—m. . » . . . ] (

I 5 ¥

P-- - RE—

|

r

Multiplying the last two equations together, we find

(n*—m* )R~ mB) =mniet, . . . (151)
&n equation quadratic with respect to m?, the selution of which is
2nt
2 o

e VAT - (05)

*_These values of m® being put in the equations (150) will each

give a ratio of A and B,

'S T - I
-= D
A _a~BF V(@) i

2net ‘ !

which being substituted in equations (149), will satisfy the ori-
ginal equations (148). The most general undulation of such a
medium is therefore compounded of two elliptic undulations of
different eccentricitics travellinE with different velpgities and rp-

=

—




B4 . On the Action of Magnetism on Polarized Light.

‘_vibration whose periodic time Is ?—E‘—, snd wavc-]cngth'-gf =,
ﬁrapagafed in the direction of z with a velocity z =y, while the
.' plane of the vibration revolves about the axis of s in the positive
divection sos to complete a revolution when »= EE

Now let us suppose ¢* small, then we may write

2,9
pzi—jamdq:%;. .. .. {157

' . 1r
and remembering that ¢ = — p py, we find

_wrouy

1= 200

Here 7 is the radius of the vortices, sn unknown guantity.

ia the density of the laminiferous medium in the body, which

18 also unknown ; but if we adopt the theory of Fresnel, and
make # the density in spacc devoid of gross matter, then

p=si®, . « . . . . - (159)
where i is the index of rcfraction. .
Ou the theory of MacCullagh and Neumann,
T ¢ L)}

Y ¢ 3:3

in all bodies.
u i the cocficient of magnetic induction, which is unity in
mpty space or in &ir.
o 18 the velocity of the vortices at their circumference esti-

L ———
R LT RE A s

ANr  am

a ¥ B

r— %

mn{:_ad in the ordinarz units. Its value is unknown, but it 1

!




On the Composition, Structure, and Formation of Beekite, 9B

of refraction of that ray in the hody,
hz_-%........(162)

. Also v. the yelocite nf lirht in the substanee_is relnted tn V. the




