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We comment on and translate Gustay KirchhofP's important paper of 1857 entitled “On the mo-
tion of electricity in conductors.” The significance of this paper is that Kirchhoff proved with action
at a distance that electric disturbances travel along wires of negligible resistance with the velocity of
light. He accomplished this with the laws of Newtonian electrodynamics (Coulomb, Ampere, F.

Neumann and Weber) before Maxwell had formulated his equations.

PACS: 01.60.+; 01.65.+¢; 41.10~j

This paper presents the first English translation of

KirchhofPs important work On the motion of electricity in con-

ductors (Ueber die Bewegung der Elektricitit in Leitern). It was
first published in the Annalen der Physik (also known dur-
ing the last century as PoggendorfPs Annalen, after Johann
Christian PoggendorfY of Berlin, who was for 2 long time
its editor), Volume 102, p. 529 (1857). It then appeared in
Kirchhoff's collected works: G. Kirchhoff's Gesammelte
Abhandlungen (Barth, Leipzig, 1882), pp. 154-168, on
which we based this translation.

Gustav Kirchhoff (1824-1887) had previously pub-
lished other papers related to electromagnetism. Two of
these have already been translated into English, and here
we discuss them briefly due to their relevance to the pres-
ent paper. In the earlier of the two, first published in 1849,
“On a daducion of Ohu's laws, in connexion with the theory of
clectrostatics” (Philosophical Magazine, Volume 37, pp. 463~
468 (1850)), Kirchhoft for the first time identified Ohm's
‘clectroscopic force’ and the ‘tension’ in a voltaic cell
(battery) witle the electrostatic potential. This was concep-
tually important for establishing a link between electrostat-
ics and electrodynamics. According to him the driving
force generating the current at any point of the conductor
is duce 1o a difference of electrostatic potential between two
adjacent points along its length. This potential is generated
by the free clectricity (net charge) along the surface of the
conductor, which is maintained in a steady state by the
voltic cefl. He also corrected Ohm’s assumption that in a
stationary situation (DC current) there is a uniform distri-
bution of free clectricity throughout the body of the con-
ductor. He showed that, for stationary currents, the free
clectricity can only exist at the surface of the conductor. In
the present paper he shows that this is a special case, valid

for stationary situations, but that in general there will be
free electricity distributed throughout the substance of the
conductor.

In the second paper, “On the motion of electricity in
wires” (Philosophical Magazine, Volume 13, pp. 393412
(1857)), Kirchhoff develops the theory of propagation of
an electrical disturbance along a thin wire, taking into ac-
count the self-inductance of the wire. Wilhelm Weber had
independently performed a similar investigation shortly
before Kirchhoff, but Weber’s work was delayed in publi-
cation. The remarkable implication of their analyses was
that in a circuit of negligible resistivity, oscillating currents
could be propagated along the wire with a constant veloc-
ity numerically equal to the velocity of light. Moreover,
this velocity would be independent of the nature of the
conductors, of the cross section of the wire, and of the
density of free electricity. This result is even more impor-
tant if we remember that it came before Maxwell’s equa-
tions in their complete form (1860-1864). Kirchhoff and
Weber’s circuit theories were based entirely on the action-
at-a-distance laws of Coulomb, Ampere, F. Neumann and
Weber. This contradicts the commonly held belief that
time delays in the propagation of electrical signals can only
be explained with free energy traveling through space. In
the present paper Kirchhoff' generalizes this theory to
three-dimensional conductors of arbitrary shape, which
lends importance to the English translation of this remark-
able paper.

Before presenting the translation, we would like to
make a few comments which may help the understanding
of the paper. What Kirchhoff and Weber represent by ¢

would today be written as J2¢, where this last ¢ has the
value 3x10% ms™!. The quantity which we represent to-
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day by ¢ {or by (u,¢, )_}{i in the International System of

Units), is the ratio of electromagnetic to electrostatic units

of charge. The value J2e=42 / V.8, was first deter-
ntined experimentatly by Kohlrausch and Weber in 1856.
Moreover, Weber and Kirchhoff usually worked with
Fechner’s hypothesis (1845), according to which the cur-
rents in metallic wires consist of equal and opposite
streams of positive and negative electricity. As a result, they
customarily wrote 2 to denote the current strength. These
two facts explain the coefficients 2 and 2% 4 which appear
in equations (1), {2}, (3) and (5) of the present paper.

Equations (1) o (3) of this paper could be written in
modern vectorial notation as

- FA
J = ~k(V¢ + E]

where J is the current density, j=(_],,,]r,]z)=
(u,v,w), k is the conductivity of the conductor, ¢ is the
electrostatic potential (represented by Kirchhoff as Q),
and A is the magnetic vector potential. This is essentially
Ohm’s law generalized by Kirchhoff to three dimensional
conductors and to take into account the effects of self-
induction.

Nowadays, we usually utilize F. Neumann’s formula
(1845) for the vector potential generalized to three di-
mensions, namely

- ; -, dx'dy'dz’
A(x,y,z):f;-” J _'{_““*':

where J’ is the current density at the point (=',y',2') and
ris the distance between the points (x,y,z) and (x',y",2").

However, in this paper Kirchhoff utilizes Weber’s formula
for the vector potential, namely

el P

4 rl ’

}!.(x,y,z) =

where 7 is the vector from (x,y,z) to (x',y’,z'). Pro-
vided we have a closed circuit, both expressions agree with
one another. The u,/4x does not appear in KirchhofPs

memoir because he utilizes another system of units (the
mechanical or absolute system).

Equation (5) would be written today as

where g is the volume density of clrarge (represented by

Kirchhoff as £). This is the equation of conservation of
charge. Kirchhoff also utilizes Poisson’s equation (1813) of
the electrostatic potential, namely

Vig=—4np,

whicl he writes as
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We now present the translation.

On the Motion of Elec-
tricity in Conductors:

G. Kirchhoff

In an earlier paper? 1 developed a theory of the motion
of electricity in Linear conductors. I will now show how
the former considerations can be generalized to conduc-
tors of any form.

The Cartesian coordinates x, y, 2 locate a point in the
conductor. The current which at time ¢ flows through this
point we resolve along the three coordinate axes to give
the current density components u, v, w. These cutrent
densities have to be equal to the products of the compo-
nents of the emf and electrical conductivity at point
(%,7,2) and are assumed to involve one unit of electrical
charge. The em.f. is partly due to the presence of free
electricity, and partly due to induction which arises in all
parts of the conductor because of changes in the current. If
2 represents the potential function of the free electricity
relative to the point (x,y,z), then the components of the

farst part of the e.m.£. are

22—, -2, -2
Ix y oz

In order to derive the components of the second part, 1
denote the coordinates of a second point of the conductor
by x', ¥, 2’, while &’,v', 0" are the values of u, v, w for
this point. Let r be the distance between the points (x,y,2)

and (x',y’,2'} and write:
B[R ————
V= [[JEEE et rotr- ) te-2)
w=[] dx'?:dzl (z~ 2wl - x)+v(y-y )+ w(z~2)

where the integrations extend over all of the volume of the
conductor, According to Weber’s law of induction, the
components of the second part of the e.m.f. under con-
sideration are:

8 8N 8W
o’ oy oz

1 poge. Aunal. Bd. 102. 1857.
2 G. Kirchhoff, Gesammelie Abhandlungen (Barth, Leipzig, 1882), p.
131.



where ¢ is the constant velocity with which two electric
charges have to move toward each other so that they will
not exert a force on each other. If k is the conductivity of
-the conductor, we havc:

( .
u=-2k m+tﬂ] (€3]
\Px ¢
¢
{42 o
\Fy ¢ &
'
w =2k 5Q+ 1 EW] (3)
\Fz &

It must not be assumed that the free electricity is confined
to the surface of the conductor, as in equilibrium cases or
at constant current, In fact, it will be shown that, in gen-
eral, the opposite is true, I denote by £ the density of free
electricity at point (x,y,2), by &' the density at {x",y’,z’)
by e the density in a surface element dS, and by €' the same
for a second surface element dS’. Then we have:

Q=IM£-+ as

r

)

where the first integration is over the volume, and the sec-
ond over the surface of the conductor.

To these equations we can add two more which deal
with the time changes of the density of free electricity. For
every point inside the conductor we have therefore:

u v aw_ 10,
dx dy dz 29t

and if we denote the normal to element dS directed in-
ward by N, then further for every point of the surface:
1 &e

= (6)

®)

ucos(N,x) +vcos(N,y)+wcos(N,z) =

* * *

From these equations we can derive a remarkable rela-
tionship between £and Q. Substituting the values of u, v,
w from (1}, (2), and (3) into (5), and using:

fQ+¥Q &0

axt  oy? * 6= =i
one finds
de 1 J 8U Vv oW
28 = _16k| ne - LA AALAL |
ot e ot dy Jz

As the equation for U may be written:
t + f5} L r ’ r ’ L}
Uz—-[dxdydz E[u (x—x}+v'(y-y)+w'(z-2 )]

it foliows that:

3U dt

Bx
- j de'dy’dz’ 9_.1:;_[1"(): - xY+v(y—y)+(z— z’)].

Forming the value of &V /dy and W [z in a similar
manner, one obtains:
ou N W
-t ——+—
dx &y Oz
L 1 13
= —J.dx'dy'dz{u’i+ v'i+w' o }

LA —j dedy’dz’ Ly

ox ay oz

because of:

Fr 2L PL

(5’x2 oyt ﬁz

for all points {x',y",z') which do not coincide with point
{%,y,z) and extend through the infinitely small volume

surrounding point (x,y,z), the integrals of the second
parts of U [dx, &V [8y, 6W [Fz are infinitely small. Tt
1s easy to convince ourselves of the validity of this last as-
sertion by the method which Gauss used to prove that the
contribution to the potential at a point by masses infinitely
near to the point is negligible compared to the contribu-
tion from continuously distributed matter throughout
space If in the integral on the right side of the equation
the differential coefficients with respect to x, y, z, are re-
placed with the negative coefficients with respect to
x',y",z" and the result is divided in three partial differen-
tials with respect to x", ¥’ and z’, one obtains:
au ov W

L
ox Jy Oz

= —jﬁ[u'cos(N', x)+v'cos(N", y) +w’ cos(N', z)]
;
[asara(on o ow
4 ox' oy
where N’ is the inward directed normal of the surface

element dS’. In view of equations (6), (5) and (4), this
equation may by written:

M & W 10
ox 8y Sz 2
From this it follows that
e 1 2Q
—— =8kl 275~ — 7
a ( e ) "

This equation shows clearly that £ = 0 is a special case, and
in general we find free electricity inside of conductors. It is
probable that the so called mechanical actions of the dis-
charge current of a Leyden jar, as for example in the pul-

3 Resultate aus den Brobachtungen des magnetischens Vercins; 1839, p. 7.
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verization of a fine wire, the internal free electricity plays
an important role.

I

1 would like to apply the theory developed here to the
case considered in the initially mentioned paper, ie. the
case in which the conductor is an infinitely thin wire with
no electrical bodies in its vicinity, I will show that the the-
ory furnishes the same results which I obtained previ-
ously, and in addition it supplies answers to questions
which so far have remained unanswered.

To begin with I will simplify the general equation by
the assumption that the conductor is cylindrical of circular
cross-section, and that the current, as well the distribution
of free electricity, is symmetrical about the axis. I take the
axis as the x-direction, and for y and z I introduce the new

coordinates p and ¢, so that:
y = pcosyp, z=psing

and correspondingly:

y =p'cose’, z'=p'sing’
Furthermore, 1 denote the current density, perpendicular
to the curtent along the axis—positive for the progressive
direction of the axis—at point {x,p,¢) by o, and at point
(x',p",9") by o' . We then have:

v =CCosE, W= osing,

v =o'cose’, w=o'sing’
Hence:
20 4 o0
u= —Zk[ T ] )
where: ’

U= Jw(x— x‘}{t{(x— x’)+o-'(pcus(ga—go‘)—p')] &)

If we ignore the action of the free electricity on the end- *

faces of the cylinder, then, with & being the radius of the
cylinder, equation (4) may be written:

Q= '[Miﬁgtm Jme-_ (10)
T r

Equation (5) becomes:
1
é’u Gpo _1 de ; 1)
5x g ép 20t
and cquation (6), which refers to the surface, becomes:
1Je
G = 12
2 & (12

The expressions for Q and U are greatly simplified if it is
assumed that the cross-section of the cylinder is infinitely
snall, while the wire is of finite length. 1 call this length /,
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and the origin of the coordinates is taken to be the middle
of the cylinder. The limits of the integrations in the x'-
direction are then —If2 and+1/2. For brevity I will take:

x'—-x=¢;

for dx’ the integrand may then be written d¢. The inte-
gration along & then has the limits —{/2—x and I/2 - x, of
which the first one is always negative and the second one
is always positive. The quantity r of the integrals is deter-
mined by the equation:

r2 = (:2 + ﬂZ
where:

B =p*+p™ -2pp' cos(p~¢').

For the transformation of the second part of  in the

integral:

1w
| 7=
e ﬁ2 + 42
I will develop ¢' according to Taylor’s theorem in powers
of & that is:
e ép'e é’z

P =g —
T T 1.2

...,

the individual terms into which the integral has been split
then take the form:

j £'dé
12 ndx ) [P 2
But we have:

g'dé i 7 n=1 1 £2d¢
e s

and
[ tog(+ {77+ £)

ﬁz + §2

6dg 2, 22

- [pe

j ﬂz + 62

When #is infinitely small, which occurs when « is infi-
nitely small, the first—and only the first—term becomes

infinitely large. One may therefore neglect all following
terms compared to the first one, and write:

,[ e'dé Jr —4x2
'ﬁz +4:2

or also, by neglecting finite terms compared to the infinite
term:

=2elog



é
=2elog—.
B
Furthermore:
r -
jlogﬁdqo’ =2xlogp’, when p’ > p.
[t}

In the second part of §2 we havep’ = «. The second
pact therefore is:
o J dx'dp

r

1
e’ = dnoelog—.
ga

Similar considerations may be applied to the first part of
€2 Denoting the value of £ at the point (x,0',¢'} by £,
then these considerations lead to:

J-edx =2£:,Iog—{
r B

Furtherimore:

jlogﬁdw' =2xlogp’, when p' > p
=2xlogp,when p> p’.

For both of these expressions we may write 27loga

when ignoring finite quantities compared to infinite
quantities. Therefore:

J_dx,p,dp,d@,

r

f [
&= 4;rlog-~J.p’dp'6;.
a [t]

2roe+ 27| p'dp'el = E,
0

that is, if Ed2 is the amount of free electricity contained in
the element dx of the wire,? then we find:

Q=2Elog~ . (13)
o

The expression of U in equation (9) can be treated in
the same way. In this expression I am thinking of # and
o’ to be developed in powers of &, and the values of 1 and
a at the point {x,0",¢') to be denoted by #! and o). In
the parts into which the expression can be split we find
integrals of the form:

gdg
7 -
(5 &)
We have:
4 1is here the sae quacstity which in the former paper was denoted

by e.
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J éndé N 1 én -1 n=1 ﬁZJ’ gn—zdé
ﬁ2+§2 ﬂ 2\}52_!_{’:2 n—2 (ﬁ2+‘52)%

. —
(#+ey g

2d 3
‘[(ﬁiéi)% ‘u\/Ezi £ +log{g+yA7 +£7).

Of the specified integrals taken from a negative to a
positive finite limit, only for 1 =2 do we obtain an infin-
ity, provided £is infinitely small. All other integrals can be
neglected compared with this, and the finite part of the
infinite term can also be neglected. A factor of it is:

éa,
' _ a c PR ) N
by —— (pcos(p— o) - p')
but, because of the smallness of p and o', we can replace
this by u;. Using the same method used before for the
caleulation of (2, we obtain:

£
U=arlog [ pap'u;.
mlog- [ p'dps;

If we denote by { the quantity of electricity whicl in
unit time passes through the cross-section of the wire, ie.
the current intensity, the equation can be simplified to:

U=2flog£.
o

Substituting this value of U and the value of €2 from (13)
mto the equation (8), we obtain:

JE 4 a;}

—4lo ——k
e g (ax ¢t ot

The right-hand side of this equation is independent of p,
and since # is independent of p we have:

i=rmalu,
lience:

(14)

i=—4ratklog— [35+ 4 9‘]

dx ¢* o

A second equation between the quantities £ and { can
be derived from equations (11) and (12). If one multiplics
the first onc with pdede, then integrates it over the
cross-section of the wire, and subtracts from the result the
second equation, after having multiplied it by 27a, onc
obtains:

g _ 176E (15)
éx 26

The derivation of cquations (14} and (I5) presupposes

that the wire s straight. But since these equattons show
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that the electrical state at a point inside the wire is inde-
pendent of the elcetrical state at all other points at a finite
distance from the former, the equations will also be valid
for bent wires, The radius of curvature, however, has to be
everywhere finite, so that the distance between two points,
with a finite piece of wire between them, cannot be infi-
nitely close to each other. Equations (14) and (15) are the
very same equations which I derived for the same case in
the earlier paper. The more general theory developed here,
therefore, leads to the same results obtained before, but it
leads to further consequences, If, for example, (14) and
(15) are used to determine E and (13) to determine Q, it is
possible to calculate £ from (7), ie. the density of free
electricity inside the wire, so long as ¢ is given for zero
time. If the initial value of £ is independent of p, then &
remains independent of it, that is the density of electricity
is the same at all points of the cross-section, for according
to (13} Q is independent of p, and p does not appear in
equation (7). Afier calculating £one can find e. If the initial
value of ¢ i5 independent of p, as has been assumed, we
make use of the equation:

E =2rnae + na’e

With the same assumption it is easy to calculate o from
£because:

_1ple

o=——
2adt
That this equation is valid for p=a we leam from

equation (12), and that o is proportional to o from equa-
tion (11). If one multiplies it by pdp and integrates, re-

membering that # and £are independent of g, one finds:

P r(?}i_'_la{-.' +Cons.tant
dx 29t p

U —_——
* 2

The constant of integration has to be zero, because,
forp=0, o must not be infinite. In fact the opposite is

true; it has to disappear, because along the axis of the wire
the current has to be in the direction of the axis.

* % *

In the previous paper I discussed the solution of equa-
tions (14) and (15) for the special case which is approached
the sialler the resistance of the wire is made. I proved that
in this case the electricity in the wire progresses like a wave
1n a taught string with the velocity of light in empty space.
It 1s of interest to consider the opposite case which is ap-
proached the greater the resistance of the wire is-made. 1
will do this here on the assumption that the two ends of
the wire are connected with each other.

As in the previous paper, I let the resistance of the wire
be r, and write:

lo£ﬁ°
vt s
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then the solution of the differential equations (14) and
(15), whatever the value of r, is as follows:

E= Z(C,e"" + Cze"‘*‘)sinnx + (C{e"‘" + C{,e“l")cosnx,
i= Z—%(ll(«l E_J"‘ + 2’1 Cz E'Azt)cosnx
+§';(,1,C.'e-"-‘ +2,Cie " Jsin nx

where # is a multiple of 2a/!, and A, and A, have the
values:

r 32y )2
1+ .1- nl
32y (cr\/i

and C,, C, Cif,and Cjare arbitrary constants. The sum-~
mation is over all values of n. The C-constants are easily
determined if E and i are given for ¢ = 0. If the functions
of 2, which must transform to E and { for ¢ = 0, have the
form:

Z(E,, sinmx + E, cosnx)
and
Z(—f,, cosnx + ] sinnx)
one obtains the equations:
En = Cl + C2
. 1
= ;(;{lcl + AzCz );
and

E,=C{+C}
i =5 (Gl + 42C3);
their solutions are:
_ A4E, ~2ni,
A=A
_ —A,E, - 2xi,
T Ay
AL E; —2ni,
Ar— Ay
—ME, - 2ni!
-4y

G
C;
Ci=
Cs =

In the earlier paper we examined the case in which:

32y

2
can be treated as infinitely large. It will now be assumed
that this quantity is infinitely small. The two roots A, and
Az are then real. If A, is the greater root, so by ignoring
terms of lower order:




From this it follows:

A {16y )

—_—= nll;
Az (crx@
this expression is infinitely small, because nf is a multiple
of 2m, which is finite. The expressions of the C-
coefficients may then be written:

Gy =By~ 2%, Cf =By - 224,
2 2

l! 2”. ’ ll 2?1,
C=—FE, +—i, CG=—"FE, +—i,.
T TR T T T,

The coefficient of sinnx in the expression of E is
therefore:

. E | e _ﬂe—lzt —2—nl',, (8—39‘ __e——)l,r)
(U T

or

E, e~ M — i_: i ( e~ _ oAz ) ,
and the coefficient of —cosnx in the expression of i:
E, %(e—z,n _ e—,lz:) —i, [i’_;e—.l,e - 8-221)

By setting E, and i, for E, andi,, one obtains the coef-
ficients of cosmx in E, and of sinrx in i, Excluding the case
when the initial value of 1 is infinitely large, compared to
the value which { assumes for constant initial values of E,
the expression can be simplified when the initial value of
i=10. It can be seen that when i =0 for (=0, that is
when i, = 0, the value of i is of the order of EA,/2n . Un-
der the same circumstances i, is of the order of E,A{/2n.

The coefficients of sinfx in E and of —cosnx in { may be
written
E,, e—l,t
and .
E"-%-l-e”‘zl‘ +(i,, -E, if-)e”‘lz’_.
2n 2n

If one excludes from these considerations the values of ¢
which are so small that A,¢ becomes infinitely small, then
A.t becomes infinitely large. Hence, the second term in
the sccond expression can be neglected compared with the
first one. As the same considerations with respect to the
cocfficients of coswx and sinmx are valid in the expressions
of E and i, then, substituting for A, the previously ob-

trined value, we have:

E= Z(E,, sinnx + E! t:t:)sn.\:)qr_’"g"?f (16)

. 4}’! - Rt -
=2l -E,c +E, S (17
i p Zn( OStX sinax e a7n

>

These expressions are independent of ¢, When ¢ is in-
finitely large, the solutions of the differential equations
(14) and (15) becomne:

__MJE
T 9x
3 10E
9x 2 ot
Eliminating {, one obtains:
IE_8yE
ot r ax?’

which is an equation of the same form as the one which
determines the conduction of heat in the conductor.
Therefore, in the case considered here, the electricity
propagates through the metal like heat does.

With the assumptions made with regard to the resis-
tance r” in equations (16) and (17), it is easily proved a
posteriori that (16) and (17) are real solutions of (14} and
{15). It is possible to convince oneself without difficulty
that (4/ cz)(c?i/é' t)is infinitely small compared with
JdE/dx when i and E are taken from (17) and (16).

The case in which the ends of the wire are separated
from each other, and are subject to two potential values,
can be treated in a similar manner as the case where the
wire forms a closed loop. In the open circuit, and provided
the resistance of the wire is large enough, one finds the
same analogy between the conduction of electricity and
heat.

With Jacobi’s resistance standard, a copper wire of 7.62
m length, 0.333 mm diameter, as shown in the previous
paper, is:

' 32y

fC‘\[z—

For a wire of the same material, the same cross-section,
and a length of 1000 km this quantity is 0.034, By way of
an approximation, it can be treated as infinitely large in the
first case, and as infinitely small in the second case. In the
first case the electricity propagates like a wave in a taught
string, and in the second case it travels like heat.

Thomson has examined the motion of electricity in an
underwater telegraph  wire, He assumed—without
checking the reliability of this assumption—that induction
makes no significant contribution to the phenomena. For
this case he showed that electricity propagates like heat.
The present considerations have proved dhat this conchu-
sion is also justified in the case of a simple wire, provided it
is long enough. 1t will be all the more correct in the un-
derwater telegraph wire, in which the motion of the clee-
tricity is considerably slowed down on account of conduc-
tion in the scawater.

= 2070
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Errata of the paper by P. Graneau and A. K. T. Assis, “Kirchhoff on the mo-
tion of electricity in conductors”, Apeiron, Vol. 19, pp. 19-25 (1994), available
at https://www.ifi.unicamp.br/~assis

- Page 20, the last equation should read:
8 oU 8 IV 8 oW
“Za @a  @ar
- Page 21, the first equation on the second column should read:

oU o1 021
= —/dw'dy’dz'—Tu’—/dx’dy'dz’ L' (z —2")+ 0" (y— o) +uw'(z =2 .

o ox ox?
- Page 22, equation (12) should appear as:
10e
=—-—. 12
YT (12)
- Page 22, the fourth equation in the second column should read:
T ee!

i g /32 + €2 ’

- Page 23, the third equation on the first column should read:
dx'dy’ l
a/ T o = draeln & .
r Q@

- Page 24, the equation for Cy and C should read:

Cy — —-ME, +2ni, ,
A2 — M\
Cé _ —)\1E;l + 2712;1
A2 — A1
- Page 24, below the last line of the second column we should have:
cr 8yl o
9= —, 1= N .
161 r
- Page 25, the seventh line in the first column should read:
A1 2n . A1 2n .
Co=——E,+—in, Ch=—-"F +—i .
2 )\2 + )\2 7 2 )\2 n + )\2 2%

- Page 25, the second line in the second paragraph of the second column
should read:

tance r in equations (16) and (17), it is easily proved a

- Page 25, in the last paragraph there should be a footnote after Thomson’s
name with the following information:

Phil. Mag. Ser. IV, Vol. II, p. 157.
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