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the electrodes. Floats may bo put in all the compartments, except
those containing'the platinum plates, in which the liquid is too much
agitated by gaseous bubblos tllua to eleetrolysation; and on viewing
these floats with a gluss, the displicenents | have described become
sensible much ewrlicv.  In the intermedinte conpartments the liquid
remains stutionnry for severnd hours; but after a certain time the
Liquid begins to ring in the compartments towards the positive pole,
and to fﬂﬁ in those Lowards the negative pole. I shall mention but
one procaution which must not be neglected in these experinents,
namely, that the diaphragms must be as equal as possible.

In a sccond series of experiments I closed one end of each of two

glass tubes with a porcelain diaphragm fixed with mastic. Fach

of these tubes was then placed in a glass vessel, and both vessels
and tubes were filled to the same height with well-water. The same
currentpassed through both tubes, in each case'passing from the water
in the vessel to that in the tube, the only difference being in the
position of the platinum electrodes, which in the one case were very
near the diaphragm, while in the other they were placed at the
greatest possible distance from it. Under these circumstances I in-
variably found that the electric endosmose made its appearance much
sooner, aud with much greater intensity in the fiest case than in the
second, |

I shall not stop to discuss the consequences of these experiments,
since they appear to me to be obvious, and to prove that the phenome-
non in question is no other than that mentioned above, that 1s to say, a
case of endosmose produced by changes in the composition of the liquid
in contact with the two electrodes. I should mention here that the
liquid round the positive electrode always acquires an acid reaction,
while that round the negative electrode becomes alkaline, and that
these effects are produced even when distilled water is employed. I
did not content myself with the ancient experiments of Dutrochet,
which prove that there isa current of endosmose from an acid liquid
to water, from water to an alkaline liquid, aud from an acid to an
alkalime liquid. I repeated the cxperiment with the two liquids
which had been in contact with the electrodes ns described above,
sometimes making use of both of the liquids, sometimes testing each
of them separately with pure water. I invariably found that there
was endosmose from the liquid that had ‘been in contact with the
positive electrode to pure water, and from pure water to the liquid
that had been in contact with the negative electrode. It appears
therefore that the conditions for the production of ordinary endosmose
are undoubtedly present in the phenomenon called electric endos-
mose. I should, however, observe that the amount of displacement
by endosmose 18 much less when the liquids which have been in
contact with the clectrodes are experimented on simply without
any electric current, and that it is hardly perceptible in the case of
electrolysed distilled water. Without attempting to explain all the
phenomena of electric endosmose, it scoms natursl to suppose that
the presence of electricity, and the peculiur wtnate in which the ele-
ments of electrolysation are produced, give to tliese products pro-
perties which influence the effect of cndosmose, and which cease
with the cessation of the current.—Compics Kendus, Dec. 1860,

THE
LONDON, EDINBURGH axp DUBLIN

PHILOSOPHICAL MAGAZINE

AND
JOURNAL OF SCIENCE.

[FOURTH SERIES.]

MARCH 1861,

XXV. On Physical Lines of Force. By J. C. MaxweLr, Pro-
Jessor of Natural Philosophy in King’s College, London¥*.

Parr L—The Theory of Molecular Vortices applied to Magnatie
Phenomena, .
IN all phenomena involving attractions or repulsions, or any
forces depending on the relative position of bodies, we have
to determine the magnitude and direction of the force which
would act on a given body, if placed in a given position.

In the case of & body acted on by the gravitation of a sphere,
this foree in inversely ns the square of the distanee, um{ 1 a
straght line to the centre of the sphere.  In the case of two
attructing spheres, or of a body not spherical, the magnitude
and direction of the force vary according to more complicated
laws. In electric and magnetic phenomena, the magnitude and
direction of the resultant force at any point is the main subject
of nvestigation. Suppose that the direction of the force at any
point is known, then, if we draw a line so that in every part of
1ts course it coincides in direction with the force at that point,
this line may be called a line of force, since it indicates the
direction of the force in every part of its course.

By drawing a sufficient number of lines of force, we may
indicate the direction of the force in every part of the space in
which it acts.

Thus if we strew iron filings on paper near a magnet, each
fillng will be magnetized by induction, and the consecutive
filings will unite by their opposite poles, so as to form fibres,
and these fibres will indicate the direction of the lines of force,
The beautiful illastration of the presence of magnetic force
ufforded by this experiment, naturally tends to make us think of

* Communicated by the Author.
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the lines of force as something rcal, and as mndicating something
more than the mere resultant of two forces, whose seat of action
1sat a distance, and which do not ¢xist there at all until a mag-
net is placed in that part of the ficld. We are dissatisfied with
the explanation founded on the hypothesis of attractive and
repellent forces directed towards the magnetic poles, even though
we may have satisfied ourselves that the phenomenon 1s in striet
accordance with that hypothesis, and we cannot help thinking
that in every place where we find these lines of force, some phy-
sical state or action must exist in sufficient energy to produce the
actual phenomena. o
"My object in this paper is to clear the way for speculation 1n
this direction, by investigating the mechanical results of certain
states of tension and motion 1n a2 medium, and comparing these
with the observed phenomena of magnetism and electricity. By
pointing out the mechanical consequences of such hypotheses, 1
hope to be of some use to those who consider the phenomena as
due to the action of a medium, but are in doubt as to the relation
of this hypothesis to the experimental laws already established,
which have gencrally been expressed m the language of other
hypotheses. |
I have in a fbrmer paper* endeavoured to lay before the mind
of the geometer a clear conception of the relation of the hnes of
foree to the ‘space in which they are traced. By making use of
the conception of currents in a flmid, I showed how to draw lines
of force, which should indicate by their number the amount of

force, so that each line mnay be called a umi-line of force (see

Faraday’s ¢ Researches,’ 3122) ; and I have investigated the path
of the ﬁnes where they pass from one medium to another.

In the same paper I have found the geometrical sigmficance
of the ““ Electrotonic State,” und huve shown how to deduce the
mathematical relations between the electrotonic state, magnetism,
electric curreunts, and the clectromotive force, using mechanical
ilustrations to assist the imagination, but not to account for the
phenomena. _ -

I propose now to examine magnetic phenomena irom a mecha-
nical point of view, and to determine what tensions in, or motions
of, a medium are capable of producing the mechanical pheno-
mena ohserved. If, by the same hypothesis, we can conneet the
phenomena of magnetic attraction with electromagnetic phe-
nomena and with thosc of induced currents, we shuall have found a
theory which, if not true, can only be proved to be crronecous by

expermuents which will greatly enlarge our knowledge of this
part of physics.

* Seea paper “ On Farnday’s Lines of Foree,” Cambridge Philosophical

Transactions, vol. x. part 1.
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The moechanical conditions of a medium under magnetic in-
fluenen have been variously conceived of, as currents, undulu-
tionn, or states of displacement or strain, or of pressure or stress.

Currents, 1ssuing from the north pole and entering the south
pole of a magnet, or circulating round an electric current, have
the advantage of representing correctly the geometrical arrange-
ment of the lines of force, if we could account on mechanical
principles for the phenomena of attraction, or for the currents
themselves, or explain their continued existence. _

Undulations issuing from a centre would, according to the eal-
culations of Professor Challis, produce an effect similar to attrac-
tion n the direction of the centre; but admitting this to be true,
weo know that two serics of undulations traversing the same space
do not eombine into one resultant as two attractions do, but pro-
duce un effeet depending on relations of plase as well as intensity,
and 1f allowed to proceed, they diverge from each other without
any mutual action. In fact the mathematical laws of attractions
iwre not analogous in any respeot to those of undulations, while
they have remarkable analogies with those of currents, of the
conduction of heat and electricity, and of elastic bodies.

In the Cambridge and Duglin Mathematical Journal for
Junuary 1847, Professor William Thomson has given a  Mecha-
mical Representation of Electric, Magnetie, and Galvanic Forces,”
hy means of the displaccments of the particles of an clastic solid
o wtate of steain,  In this representation we must make the
nwigulne displueement ot every point of the solid proportional to
the mguetie foree at the corresponding point of the magnetie
ficld, the direetion of the axis of rotation of the displacement
corresponding to the direction of the magnetic force. The abso-
lutc displacement of any particle will then correspond in magni-
tude and direction to that which I have identified with the elec-
trotonic state; and the relative displacement of any particle,
considered with reference to the particle in its immediate neigh-
bourhood, will correspond in magnitude and direction to the
(uantity of electric current passing through the corresponding
pomt of the magneto-electric field. The author of this method
ol representation does not attempt to explain the origin of the
observed forces by the effects due to these strains in the elastic
solid, but makes use of the mathematical analogies of the two
problems to assist the imagination in the study of both.

We come now to consider the magnetic influence as existing
i the form of some kind of pressure or tension, or, more gene-
vully, of stress in the medium,

Stress 18 action and reaction between the eonsecutive parts of
n hody, and consists in general of pressures or tensions diflerent
in dificrent directions at the same point of the medinn.

M2
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'he necessary relations among these forces have been in-
estigated by mathematicians; and it has been shown that the
most general type of a stress consists of a combination of three
principal pressures or tensions, in directions at right angles to
each other. S

When two of the principal pressures are equal, the third be-
comes an axis of symmeﬁfr{, either of greatest or lcast pressure,
the pressures at right angles to this axis being all cqual.

When the three principal pressures are equal, the pressure 1is
equal m every direction, and there results a stress having no
determinate axis of direction, of which we have an example n
gimple hydrostatic pressure. |

- The general type of a stress is not suitable as a representation
of a magnetic force, because a line of magnetic force has direc~
tion and mtensity, but has no third quality indicating -any dif-
ference between the sides of the line, which would be analogous
to that observed in the case of polarized light*.

We must therefore represent the magnetic force at a point bfr
a stress having a single axis of greatest or lenst pressure, and all
the pressures at right anglex to this axi equal. It may be
objected that 1t is inconsistent to represent a line of foree, wﬂich
i3 easentlally dipolar, by an axis of stress, which is neccessarily
1sotropic ; but we know that every phenomenon of action and re-
action 18 isotropic in its resulfs, because the effects of the force
on the bodies between which it acts are equal:and opposite,
while the nature .and origin of the force may be dipolar, as in
the attraction between a north and a south pole. S

Let us next consider the mechanical effeet of a state of stress
symmetrical about an axis. We may resolve it, in all cases, into
a simple.hydrostatic pressure, combined with a simple pressure
or tension along the axis. When the axis is that of greatest

pressure, the force along the axis will be a pressure. When the

axis is that of least pressure, the force along the axis will be a
[fwaabwe the lines of force between two mag

'] .

mots, 88 1n-

dicated by iron filings, wé shall see that whenever the lines of

force pass from one pole to another, there is aétraction between
those poles; and where the lines of force from the poles avoid
each other and ave dispersed into space, the poles repel each

.other, so that in both cases they are drawn in the dircetion of

the resultant of the lines of force.

It appears therefore that the stress in the axis of a line of

magnetic force is a fension, like that of & rope.

. 1f we ealeulate the lines of force in tho neighbourhood of two
gravitating bodies, we shall find them the snme in direction as
.. % Bee Faraday’s * Rowearches,” 3252.. S R R
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aﬂi near two magnetic poles of the same name ; but we know
6 the mechanical effect is that of attraction instead of re-
ntﬂllml. The lines of force in this case do not run between the

twliew, but nvoid each other, and are dispersed over space. In
prder to produce the effect of attraction, the stress along the
linew of gravitating force must be a pressure. |

Lt un now suppose that the phenomena of magnetism depend
on the existence of a tension in the direction of the lines of force,
ovmbined with a hydrostatic pressure ; or in other words, a pres-
sure greater in the equatorial than in the axial direction: the
next guestion 1s, what mechanical explanation ean we give of
this inequality of pressures in a fluid or mobile medium ¥ The
explanation which most readily occurs to the mitid is that the
excons of Prmullrn n the equatorial direction arises from the
ocontelfugal foren of vortices or eddies in the medium having their
nxes in direetions parallel to the lines of force. W

This explanation of the cause of the inequality of pressures
at once suggests the means of representing the dipolar character
of the line of force. Every vortex is essentially dipolar, the two
extremitics of its axis being distinguished by the direction of its
rovolution as observed from those points.

We ulso know that when electricity circulates in a conductor,
iL produces lines of magnctic force passing through the cireuit,
tho diveotion of the lines depending on the direction of the cir-
oulation, Tt um muppone that the direction of revolution of our
vortioew e that in which vitreouw electricity must revolve in order
Lo produee lines of foree whose direction within the circuit is the
matno s that of the given lines of foree.

We shall suppose at present that all the vortices in any one
part of the field are revolving in the same direction about axes
nearly paralle], but that in passing from one part of the field to
nnother, the direetion of the axes, the velocity of rotation, and
the density of the substance of the vortices are subject to change.
We shall mvestigate the resultant mechanical effect upon an
clement of the medium, and from the mathematical expression
of’ this resultant we shall deduce the physical character of its
thiferent component parts.

Prop. 1—If in two fluid systems geometrically similar the
velocities and densities at corresponding points are proportional,
(hen the differences of pressure at corresponding points duc to
the motion will vary in the duplicate ratio of the velocities and
the mumple ratio of the densities.

~ Liet { be the ratio of the linear dimensions, m that of the velo-
oition, n that of the densities, and p that of the prossures due to
the motion.  Then the ratio of the masses of corresponding por-
tious will be /3n, and the ratio of the velocities acquiretf 1
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traversing similar parts of the aystems will be m ; so that Bmn
is the ratio of the momenta nequived by similar portions 1n
traversing similar parta of the paths, )

The ratio of the surfnces i3 /2, that of the forces acting on

them is %, and that of the times during which they act 18
[ . P

=} HO that the ratio of the impulse of the forces v = and we
have now 2

F’mn:: —;]-12,
or

mn=p;

that is, the ratio of the pressures due to the motion (p) 1s com-
pounded of the ratio of the densities (n) and the dupheate ratio
of the velocities (m?), and does not depend on the lmear dimen-
sions of the moving systems.

In a circular vortex, revolving with uniform angular veloaity,
if the pressure at the axis is py, that at the eireumicerence will be
py=po+ tpv®, where pois the denaity ad » the veloeity at the
cirewnfercuce.  'The meun pressure pnrallel to the axis will be

Po 1 [+

If 2 number of such vortices were placed together side by side
with their axes parallel, they would form a medium which
there would be a pressurc p, parallel to the axes, and a pressure
p, in any perpendicular direction. If the vortices are circular,
and have uniform angular velocity and density throughout, then

=P 3P
If the vortices are not civeular, and if the angular veloeity and
the density arc not uniform, but vary according to the same law
for all the vortices,

)
AN L

[y ke CP"’Q:

where p 1s the mcan density, and C 1s a numerical quantity de-
pending on the distribution of angular velocity and density In

the vortex. In future we shall write {—- instead of Cp, so that

-
1

pl——pgzlﬁpﬁ, v e e s (l)

where p is a quantity bearing a constant ratio to the denaity, and
» is the lincar velocity at the circumference of ench vortex.

A medium of this kind, filled with moleculur vortices having
their axes parallel, differs from an ordinary flind in baving dif-
ferent pressures in diffevent directions, It not prevented by
properly arranged pressures, it would tend to expand laterally.
In so doing, it would allow the diameter of cach vortex to expand
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and it velocity to diminish in the same proportion. In order
that w medium having these inequalities of pressure i different
directions should be 1 equilibrium, certain conditions must be
fullilled, which we must investigate.

A’rop. I1L—If the direction-cosines of the axes of the vortices
with respect to the azes of 2, y, and z be /, m, and =, to find the
normal and tangential stresses on the coordinate planes.

'The actual stress may be resolved into a simple hydrostatie

pressure p, acting in all directions, and a simple tension p; —p,,

1

or —— uv?, acting along the axis of stress.

Henee if py., pyy, and p,e be the normal stresses parallel to
the threo axes, considered positive when they tend to increase,
thono uxen; and if gy, Peey 1nd p, be the tangential stresses n
the three coordinate planes, eonsidered positive when they tend

to increase simultaneously the symbols subscribed, then by the
resolution of stresses,

1
pn: ‘1_7; I‘UDQF-PI
1 2.7 D
Pyy= g p V"M =P
]' 102,52
Pan= 4 pUH— )
Pyy= ! wolinn
= dar
1 2
L= a:,';rl-"v nl

1

Pu= 7" uvtim.

If we write
a=vl, [B=vm, and y=1uvn,

then
1 1
puw= - pat=p, D= By |
1 1
Pyy= 4 w3 —p Pza= 7 - 74 (2)

1. 1
Pzz= 7" —P Pay= 1 Ko ]

Prop. II1.-=To find the resultant force on an elcment of the
medium, arising from the variation of internal stress.

* Rankine’s ¢ Applied Mechanics,” art. 106.
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We have m general, for the foree in the direction of z per unit
of volume by the law of equilibrinm of stresses*,

o of (
X= ;’{Ii']"#‘l Py | f/:mi,.. T €5

In this case the expression may be written

1 f dipeer) da dp,  d(pf3) o
xm/lm' i ke 4Wd::r: +“dy a—l—pﬁ@

4 )y d"‘}. R

dz “THY gz
Remembering that o j—z +3 i—f + oy % = %% («® + 324 o2), this
1

Ay

becomes
-1 (d d d d . . 0
X_aé—w(@(pa)+ @(PB)+E(HY))+%#@(a + 3%+ ?)

1 (dB de 1 (da dy dp, _

MR ar\te o) VM 0\ ~ ) - - O

The expressions for the forees parallel 1o the nxes of 4 and = may
be written down from anulogy.

We have now to interpret the meaning of cach term of this
expression.

We suppose %, 3, y to be the components of the force which
would act upon that end of a unit magnetic bar which points to
the north.

p represents the magnetic induetive capacity of the medium
at any pomnt referred to air as a standard, pa, uB, wy represent
the quantity of magnetic induction through unit of area perpen-
dicular to the three axes of z, ¥, z respeetively.

The total amount of magnetic induction through a closed sur-
face surroundig the pole of a mugnet, depends entirely on the
strength of that pole; so that if de dy dz he un clement, then

d d

(ot L upr L) iedy demtrm dedy s, . (@

which represents the total amount of magnetic induction out-
wards through the surface of the element dz dy dz, represents

the amount of “1maginary magnetic matter ” within the clement,
of the kind which points north.

The first term of the value of X, therefore,
1 -.. d d )
o et pesr ) . o @
may be written
R £ =)

* Rankine’s * Applicd Mechmes,” nrt. 116,
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whero m i the intensity of the magnetic foree, and m is the
simount ol magnetic matter pointing north in unit of volume.

Tho physieal interpretation of this term 1is, that the foree
weping wonorth pole m the positive direction of z is the product
of the intensity of the magnetic force resolved in that direction,
mul the strength of the north pole of the magnet.

Liet the parallel Imes from left to right in fig. 1 represent a
licld of magnetic force such as that of the earth, sn being the
iveetion from south to north. The vortices, according to our
hypothesis, will be 1n the direction shown by the arrows in fig. 3,
thut 1s, 1n a plane perpendicular to the lines of force, and revoly-
g 1n the direetion of the hands of a watch when observed from
s looking towards n. The parts of the vortices above the plane
of the paper will be moving towards ¢, and the parts below that
phne towards w.

We shall always mark by an arrow-head the direction in which
we must look 1n order to see the vortices rotating in the direc-
Lion of the hands of a watch, The arrow-head will then indicate
the northward direction in the magnetic field, that is, the direc-

tion 1n which that end of a magnet which points to the north
would set itself in the field.,

Now let A be the end

of o magnet which points Fig. 1.

north, Sinee it repels the — N —>
north ends of other mag- B S T AT R,
netw, Che Tivew of foree will !\-x/ e
bhe dweeted from A out- 8§ v ISP 2
wirds 1 all  direetions. yd \\

On the north side the line g J{ N -
AD will be in the same - — >
dircetion with the lines of

the ll}agnetic ﬁeld,.and t].JB Fig. 2.

velocity of the vortices will .
be ncreased. On the south \ / -
wide the line A C will be in Ny L .
Lhc opposite direction, and ¢ e — @{: . &
Lthe veloaity of the vortices /ﬂ (AN .
will be diminished, so that A -

the limes of foree are more
powerful on the north side
of Athan on the southside.

We have seen that the
mechanical effect of the
vortices 18 to produce a
lenistion along their axes,
sy Lhat the resultant effect
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on A will be to pull it wnore powerfully towards D than towards
C; that is, A will tend to move to the north.

Let B in fig. 2 ropresent a south pole. The lines of force
belonging to B will tend fowards B, and we shall find that the
lines of force ave rendered stronger towards E than towards F,
80 that the effect in this case is to urge B towards the south.

It appears thercfore that, on the hypothesis of molecular vor-
tices, our first term gives a mechanical explanation of the foree
actmg on & north or south pole in the magnetic field.

We now proceed to examine the second term,

1 d
gt (@ + B8+ o),

Here a®+ 8% 44 is the square of the intensity at any part of
the field, and @ is the magnetic inductive capacity at the same
place. Any body therefore placed in the field will be urged
towards places of stronger magnetic intensity with a force depend-
Ing partly on 1ts own capacity for magnetic induction, and partly
on the rate at which the square of the intensity inereases.

If the body be plueed in a fluid medium, then the medium, as
well as the body, will be urged towards places of greater intcnsity,
80 that its hydrostatic pressure will be increased in that direc-
tion. The resultant effect on a body placed in the medium will
be the difference of the actions on the body and on the portion
of the medium which it displaces, so that the body will tend to
or from places of greatest magnetic intensity, according as it has
a greater or less capacity for magnetic induction than the sur-
rounding medinm.

In fig. 4 the lines of force are represented as converging and
becoming more powerful towards the right, so that the magnetic
tension at I3 18 stronger than at A, and the body A B will be
urged to the right, If the capacity for magnetic induction is

greater 1 the body than in the surrounding medium, it will move
to the right, but if less it will move to the left.

Fig. 4. Fig. 3.

We may suppose in this casc that the lines of force are con-

;ea_rg‘ing to a magnetic pole, cither north or kouth, on the right
n 2

In fig. 5 the lines of force are represented as vertical, and be-
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COBOHE IMOPD BIMErous towards the right. It may be shown
thet of the foree increases towards the right, the lines of force
will o evrved towards the right. The effect of the magnetie
v aonn will then be to draw any body towards the right with a
Lo ee depending on the excess of its inductive capacity over that
o the siprounding medium.

Wae mny suppose that in this figure the lines of force are
ihowe wurrounding an electric current perpendicular to the plane
«f the paper and on the right hand of the figure.

"hene two 1llustrations will show the mechanical effect on a
pormmgenetic or diamagnetic body placed in a field of varying
wgnotie force, whether the increase of foree takes place along
1o linen ov transverse to them. The form of the second term
ol owr equation indicates the general law, which 1s quite inde-
emdlent of the direetion of the hines of force, and depends solely
oit the manner in which the force veries from one part of the
Held ta another. .

Wa come now to the third term of the value of X,

oL (40 _da
HEam\dz ~ dy)°
Ll e in, us before, the quantity of magnetic induetion through
. : a3 da .

el ol wren |u‘|'|u'mllt'.'lllll.t’ to the axis of Y, and g—@ 1S d
et by whieh would i“lﬂrllt"l‘ll‘ i adw 4 f3dy+ ydz were a com-
ph e itcccedind, thal il of the foree neting on aanit north pole
wire cnlgot o the eondition that no work ean be done upon
(he pode i psning rosnd any elosed eurve,  The quantity repre-
mertn the work done on a north pole m travelling round umt of
nwren i the direction from -+ to -y parallel to the plane of zy.
Now if' an eleetric current whose strength 1s 7 1s traversing the
wvis of z, which, we may suppose, points vertically upwards, then,
i’ the uxin of z 1s cast and that of y north, a unit north pole will
he urged round the axis of z in the direction from z to ¥, so
(lint i one revolution the work done will be = 4mr. Hence
Il f;[ b % represents the strength of an electric current
b N\
pnrullel to z through unit of area ; and if we write

| (,/fy df 1 (dac dfy) 1 (dB d“) =r, (9)

dw\dy — dz =P 4 \dz T de) TV dm\dz " dy
thew p, ¢, 7 will be the quantity of electric current per umt of
wren porpendicular to the axes of z, y, and z respectively.

‘Il physical interpretation of the third term of X, —ufBr, 18
that o) jufd is the quantity of magnetic induction parallel to ¥, and
o tln quuntity of electricity flowing i the direction of z, the
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element will be urged in the direction of —, transversely to the
direction of the current and of the lines of force; that 18, an
ascending current in a field of force magnetized towards the nort
would tend to move west.

To 1llustrate the action of the molecular vor- Fig. 6.
tices, let s be the direction of magnetic force
in the field, and let C be the section of an
ascending magnetic current perpendicular to
the paper. The lines of force due to this current
will be circles drawn in the opposite direction
from that of the hands of a watch ; that is, in the
direction nwse. At e the lines of force will be
the sum of those of the field and of the current,
and at w they will be the difference of the two |
sets of lines; so that the vortices on the east side of the current
will be more powerful than those on the west side. Both sets
of vortices have their equatorial parts turned towards C, so that
they tend to expand towards C, but thosc on the east side have
the greatest effect, so that the resultant effeet on the current is to

urge 1t towards the west,
The fourth term,

1 fde  dy
+P’Y4j—,,;(£—35),01' +uyq, - o« (10

may be interpreted in the same way, and indicates that a current
g i the direction of y, that is, to the north, placed in a magnetic
field in which the lines are vertically upwards in the direction of
z, will be urged towards the east.

The fifth term,
- g'z")_l » . » " . . . (1 l)

dv’
merely implics that the element will be urged in the direction in
which the hydrostatic pressure p, diminishes.
We may now write down the expressions for the components
of the resultant force on an element of the medium per unit of

volume, thus: *
1l d dp,

- 1 d dp,
Y=pm+ 87t dy (%) ~pyp+ par — @’ .. (13)

1l 4 il)
L=ym+- 8 7 ('vg)-—paq+p.ﬁp - jj .« (14)

The first term of cach exprossion refers to the foree acting on
magnetic poles. .
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Tha ancand term to the action on bodies capable of magnetism

'ﬁ Industion,

The third and fourth terms to the force acting on electric

COTTGHLEY

Aud the (ifth to the cffeet of simple pressure.

Heluro goiig further in the general investigation, we shall
tnnlder equations (T2, 13, 14,) in particular cases, corresponding
fo thowe ximplified cases of the actual phenomena which we seek
to obtmn in order to determine their laws by experiment.

Wa have found that the quantities p, ¢, and » represent the
pemolvadl purta of e eleetrie enrrent 1n the three coordinate

direotions, Lol us nuppose in the f'irs‘t instance that there 1s no
wlogtrle oureent, ov that 1, ¢, nnd » vanish,  We have then by (9),

lf'r _ it () iy 0, @3 de . (15)

- el . f— — —— ey "

dy s dr daT de dy 7’
wheneo we lewrn Lhat,
arlle 4 Bdy+rnyde=ddp . . . . . ., (16)
la i exnet differential of ¢, so that
dp _dp 17
o f{“:, [3-—-— ;Zy, f){._ dz . . . . . ’ a ( )

i b proportional to the dennity of the vortices, and represents the

H eapnwhv for mngnetie idoetion ™ in the medinm, 1t 18 equal
to b b owiv, o b whitever nedinm the experiments were made
which deternned the powers ol the magnets, the strengths of

Lhe elecivie earerents, Ke.
it un nuppose o constant, then

r - d
= (G ) + 3 () + 7, (o)
1 (B &2 P

— . —— e Py & . 18
2w P\ 22 dy* = dz* (18) |
i presents the amount of imaginary magnetic matter in unit of
volime,  That there may be no resultant force on that unit of

volne arising from the action represented by the first term of
mluul.il_lllﬂ (12_, 13, 145), we must have m=0, or
B Po P _ ,
?&T + dyQ + dzg i L 4 L » - ( 9)
Now it. may be shown that equation (19), if true within a given

spmer, implics that the forces acting within that space are such
4s would result from a distribution of centres of force beyond

that mpnee, nttracting or repelling inversely as the square of the
dinbinee, |
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Hence the lincs of forec in n part of space where g 1s uniform,
and where there are no clecteie eurrents, must be such as would
result from the theory of  nnaginnry matter” acting at a di-
stance. The ussumptions of that theory arc unlike those of ours,
but the results nre identical.

Let us first take the case of a single magnctic pole, that 1s,
one cnd of u long magnet, so long that its other end is too far
off to have a pereeptible influence on the part of the ficld we are
considering.  The conditions then are, that equation (18) must
be fulfilled at the magnetic pole, and (19) everywhere clse.  The
only solution under these conditions is

p=—T e o e - (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 1s

dp _m 12 T 1)
o i r

In the standard medium w=1; so that the repulsion s simply

m

-3 in that medium, as has been shown by Coulqmb.

In a medinm having a greater value of g (such as oxygen,
solutions of salts of iron, &c.) the attraction, on our theory, ought
to be less than in air, and in diamagnetic media (such as water,
melted bismuth, &c.) the attraction between the same magnetic
poles ought to be greater than 1n air.

The experiments nccessary to demonstrate the difference of
attraction of two magnets according to the magnetie or dia-
waguctic character of the medim i which they are placed,
would require great precision, ou account of the lumted range
of magnetic capacity in the fluid 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 1s C, flowing threugh a cylindrecal conductor whose radius
is R, and whose length is infinite as compared with the size of
the field of force considered.

Let the axis of the cylinder be that of 2, and the direction of
the current positive, then within the conductor the quantity of
current per unit of arca 18

C 1 dﬁ_d«)'

__—-H—-r

= TR T Am\de dyl’

22)
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w) Hhint within the conductor

C , G
o= -—2E§y, ;5’:21-{——?&:, y=0. . SO (23)

IBeyond the canductor, in the space round it,

¢ — 20 tan—] EJ_, . . . . . . P . ’ . (M)

A
dé _ Y _dd_ = A o
== T P =l veg =0 @0)

Il p =g/ 0+ 4% in the perpendicular distance of any point from
Lhet nxin of the conduetor, n unit north pole will experience a
R0
? |
direetion of the hands of a watceh, if the observer view it in the
direetion of the current.
Lt us now consider a current running parallel to the axis of
+ in the plane of = at a distance p, Let the quantity of the
current be ¢, and let c}.he length of the part considered be Z, and

ity section s, so that " 18 its strength per unit of section. Put-

Ling this quantity for p in equations (12, 13, 14), we find

¢!
x . -—ﬂ.-'(j ::

foree = = ) tending to move 1t round the conductor in the

per umit of volwme; and multiplying by /s, the volume of the
conductor considered, we find

X=—ufBc!

=—2u—, . . . . . . (26

e (26)

nhowing that the second conductor will be attracted towards the
first with a force inversely as the distance.

We find in this case also that the amount of attraction depends
on the value of u, but that it varies directly instead of inversely
us ;8o that the attraction between two conducting wires will be
preater in oxygen than in air, and greater in air than in water.

We shall next consider the nature of electric currents and

cleetromotive forces 1n connexion with the theory of molecular
vortiees,



