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On a certain expression for a spherical harmonic, with
some extensions.

By Jou~ DoveaLrr, M. A.

The object of this paper is to show how the leading properties of
Spherical Harmonic Functions may be readily deduced by employ-
ing as a typical harmonic a certain simple algebraical expression,
which obviously satisfies Laplace’s equation ; and to extend a similar
method to the case of any number of variables.

Some well-known expressions of Spherical Harmonics by means
of Definite Integrals are readily arrived at by this method.

The most important properties of Spherical Harmonics, perhaps,
are those connected with the integration of the product of two har-
monics over the surface of a sphere, and it will be seen that this
integral takes a somewhat remarkable form when the harmonics are
of the type I have referred to.

Consider the function of z, v, =

u = (ax + by + cz)"
We have iﬁ + flﬁ + fli‘ = (a®+ 0+ A)ax + by + ez 2
de*  dy*  d#?

Hence if a? + 5* + ¢*=0, w is a harmonic of degree n.

Leta=f+ o, b=g+u,c=h+d'; = J~1

The condition a*+0*+¢*=0 gives

j*z + R =g
Mgy +M =0
g, ks fyg, W being real.

Hence by transformation of rectangular axes, we may reduce « to
the form (z + )", or, in polar co-ordinates, r"sin"#(cosne + isinng) ;
so that the real and imaginary parts of » are two conjugate sectorial
harmonics. In what follows, then, we consider the general harmonic
as made up of a sum of sectorial harmonics,
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Observe that, by a well known proposition,

(1) P (ax+ by +cz)™"' is another harmonic of degree n, where
=+t +2h

Now let us consider the integral of the product of two harmonics
of the type u, taken over the surface of a sphere of radius p.

If the degrees of the two harmonics are positive, but different,
Green’s Theorem shows at once that that integral is zero.

Let then u,=(ax+by+c2)"

¥, = (@ + by + ¢,2)"

n being a positive integer.

By Green’s Theorem

IJ 2w, dS

'”'j’ du, dv du"_fdﬁ__*.i’ﬁ'dvﬂ)dlf
( dy dy dz dz

and n being a positive integer, we may take the latter integral
through the whole volume of the sphere.
But the function to be integrated through the volume being
homogeneous of degree 2n — 2, we have
- its volume integral = the product of its surface integral into

n—2 2
J‘p r "I dr

0 p2n—2 2

P

This last integral=_*
2n+1

2,
Hence jjunv,,ds =5 : :’ 1(ala2 +bib, + ¢,05) x jJun_lvn_ldS
Continuing this method of reduction, we get finally

@ j I u"v"ds"(’n’i(q)(?l,Z— Ty p e btk o)

And we may also write for reference

(3) J-ju,,v,,,dS =0 when, m, n are different.

In order to apply this result at once, let us find an expression for
a Zonal Harmonic. We see that («cosa.x + wsina.y +2)" is a case of

2% . . .
our form, and .-. I (wcos.ax + wsinay + z)*da is a harmonic,
0

By putting = ,/.c* + y°cos¢
y=J&+y’sing
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2 e
this becomes j (v J2* + yPcosa — ¢ +2)"da
0

- I ZT(L J7 +yeosf +2)"df

This function is symmetrical about Oz, and considering z, y, z as
co-ordinates of a point on a sphere of radius unity, we see that when
=0 y=02=1, the value of the integral = 2.

Hence the zonal harmonic with axis Oz,

1 (2
say P, (z)= P J'o (¢ 2 + yPcosf3 + z)df3.

Now our result (2) shows that in order to find the surface integral
of the product of this and another harmonic (ax + by + c2)", we may
substitute a, b, ¢ for «, y, 2, respectively in the expression for PxXz)
and multiply the result by a numerical coefficient which we may
call k.

We thus get —J. (¢ Ja* + bPcos + c)"dp.
k

.[0 (1 - cosB)"df3

T
4r

= .C
m+1

Lo!

Now ¢* is the value of (ax + by + cz)" at the pole of P,(z) ; and by
adding together forms like (ax + by + cz)" we may get any harmonic.
Hence the well known important result which we may write

(4 ”Pv ds_,,,,ﬁ .V,

Now, considering further the form (wcosa + tysine +2)", we see
by Fourier’s Theorem that if we expand it in cosines and sines of

. . 2 .
multiples of a, the coefficient of cossa is 1 J ’(wccosa + wsina + z)"
T
0

cossada. This is obviously a harmonic, and by putting

&= Jo* +ycosd
Y= Jx+y'sing
and reducing, we see that it is a tesseral harmonic of type s.
The other of the same type is got by writing sinsa instead of
cossa in the integral,
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Now consider the surface integral (r=1) of the product of the
2
above harmonic under the J with another J r(wccosﬂ + wsinf + 2)"'
]

coss’BdS.

If n, n' are different, (3) shows that the result is zero. If n'=n
but s and &' different, we see writing out its value from (2) that the
result is again zero. If n'=n, ¢'=s,.the result is

27 (27
k .‘.0 JO (1 - cosa — 3)"cossacossBdadf.

‘We may expand (1 - cosa — 8)" in cosines of multiples of « -3,
and the only term which contributes anything to the integral is that
containing cos s(a — B).

Expanding by ordinary trigonometry, and integrating, we get

k 2n! (2mw)yuln!
5 — (=1ym® 77 = (-1y__ P/

O) gD i = Y @i - ey

In order to obtain expansions of harmonics in polar co-ordinates,

put ;‘5] :ft‘qj} P+ +22=1).
{ax + by + cz)" becomes (a(g + ) b<$ 77) )
2
() e+ 2n - 2y sy
2 a
Now taking u,§‘+_1__77 as a single term, we may expand this by
a

the Binomial Theorem, and pick out those terms in which the
power indices of £ and 7 differ by s.

Doing this we get (u$+i7] - 2iz)"
a

n! 9, \n—1 (1)
T 3)?( - 29"
o being the function given in Thomson and Tait’s Natural Philo-
sophy, Vol. I, p. 205. Taking as a particular case the form (uccosa
+ wsina +2)", we easily find from this

21 Qn -8 n‘
(wccosa + _/Sll’l!l + 2)"cossada =

Lo ‘)*'* sl(n )

= S{(aets) + (ae'?)~7}

| Gn'cossp

Another mode of expansion leads to other well-known forms.

Observe (af + l’? - 2iz)" may be written in either of the forms
13
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1~ (24 2\n
pl )

() {-G2) )

Expanding these in powers of a by Taylor's Theorem, we get the
expressions for the harmonics in terms of differential co-efficients of
(1 -2~

The expansion of the Biaxal surface Harmonic may be deduced
at once from (4) and (5).

The definite integral expressions for the elementary harmonics
are particular cases of expressions as the sum of a finite number of
terms.

Thus let V = (wcosa + wsina +2)" = 4 H, + H,cosa + H,cos2a +....

+ K sina + K sin2a + ..

and take a,, a,...... a, a series of angles in equi-different progression,
the common difference being 2= /p.

Then V| = (wwcosa, + wsina, + 2)" = 3H, + H cosa, + Hycose, + &e.,
and it is easy to show that

V,cossa, + V,cosa, + ...... V cossa, = .%H,.

the other terms on the right hand side vanishing, provided p is not
less than 2n 4 1. '

In this way we may express any harmonic as a sum of sectorial
harmonics.

In particular,

V,+V,+..V,=3pH,
Taking p=w, we get the definite integral
1 J-h(wccosa + wsina + z)"da
R PN
as before.

We may interpret this integral in a way that will lead us natu-
rally to one or two others of similar form.

Suppose we have a function of z, y, z, the variables being con-
nected by a relation, say a*+y*+2°=p*; so that to any particular
value of z correspond in general an infinite system of values of z, y,
Say @Y, oY, &e.

Then, obviously, the sum of all the values which the function
takes for this particular value of z, say f(x,, ¥, 2) + flzn ¥» 2) + &ec.

7Vol. 8
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(multiplied by a suitable infinitesmal) is a function of z and p alone.
In particular cases, of course, it may be zero, or infinite.

To treat the matter perfectly generally, we should have to con-
sider «, v, z as complex variables, but we may get a sufficient view
under the following restrictions, viz. : we consider z as real, but 2 and
y capable of taking values either purely real or purely imaginary.

‘We may consider surface values, 7.¢., suppose 2* +3*+2*=1.

Take then the harmonics (z + wx)*, (2 + @)™, both of which by
(1) give us surface harmonics of the '™ degree, and we get the fol-
lowing cases : —

I z2<1

(i) =x= J1 —2cosa
y= AJ1 - 2sina

. 2w -
Harmonics arej (2 + ¢ T = 2%o0s0)"da
0

2r
.[0 (z+ ¢ /1 — Z*cosa)"} da
(i) x= . J1- z’cosha
y=J1- 22isinha
+ — -
Harmonic -[_:; (z+ ¢ J1 ~2*cosha)™'da

II z>1
(i) ==1,/z"~1lcosa
y =1, /7 — Isina

. 2 [
Harmonic J‘ (2~ J7*— lcosa)"da
0

2r _
o (- J2*— lcosa)™ da
(i) z=1,/7*—1cosha
y= ./2'— lsinka
+ —_
Harmonic J_: (2 - Af7* - lcosha)™'da.

These are well known expressions for Zonal Harmonics of the
first and second kinds. By similar considerations we might also
obtain integrals for the harmonics which are not zonal.
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We go on to sketch briefly the application of the preceding
methods to functions of p variables.

The function v=(a® +a,x,+ ..ax,)" satisfies the equation
Z; +(Z:;+ +ﬂ,,_0 provided a’+a’+ ... +a;=0.

The fundamental proposition about the integral of the product
of two harmonics can be extended to the general case. To avoid
circumlocution, we speak of points, lines, surfaces, volumes, by a
well understood extension of the language of Analytical Geometry.

Now we may extend Green’s Theorem to the case of p variables,
the proof following exactly the same lines as in the case of three
variables. The only difficulty is about the meaning of the element
of surface, but we may define it in this way.

Let the surface be F(x), #,...)=0, and transform the variables
linearly and orthogonally to a new set £, &, &c., of which &, ==, +
lx,+ &c., where I, L, &c., are proportional to the values of

dF dF : ;o
——, 2=, &c., at the point x, =, &c., and are such that 7242+
da, * d, ’
.=L
We have d§dg, ... df,=dx,dx,...dx, and we take df,...d¢, as
the element of surface. We have then, putting dV for dx,dxy,...dx,,
and d§ for the element of surface

du dv )dV=J du dzu )dV
Jdm, dm T M&ds J dmi

u_ggds '[ (

We may, as before, apply this to finding the surfa.ce integral of
the product of two harmonics (ax;+agxs+...)", (512 +b2y+...),
over the surface @’ + 2} + ... = p%

The only difference in the general case is that the element of
surface varies as r# instead of as #*. Unless m=mn, the integral
vanishes. If m =n, the result is

(remembering that — f J- ...... doydacy. . ., = pl():_:’{) )

T'(n+1)
6 ntp—1 T n
6) ¢ ————-——2"11("’_*_%) (2.0, + azh,...)"
Let us now find an expression for the rational integral harmonic,
which is a function of x, and 2"+ 2,* + ... + x2.
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If £, f»--f,m1 be real quantities such that the sum of their
squares =1, then (fiz,+/fm,+...... +fpi®p_y + )" is a harmonic,
and if we take the sum of functions of this form for all real values
of the f’s such that the sum of their squares =1, we shall get what
we want. This mode of derivation of the symmetrical harmonic is
somewhat different from our former method, but it is easily seen to
lead to the same result.

Consider first the integral

”( Fitst oot oy )y

with the integration extending to all real values of the /s for which
the sum of their squares is not greater than p*

Change the variables f;, f,, &c., by a linear and orthogonal sub-
stitution to a new set, ¢, ¢,, &e., of which

JEE ) d =fe +/
The integral is then

jj( ot ex i+ ) Ayl de,

and the limits are not changed.

Integrating with respect to ¢....$, , first, and disregarding
numerical factors, we get

J.——*fr(l"Z - ¢12)p:;‘:’( \/FEI‘#I + wp>"d¢1'

Now differentiate this with respect to p, and in the result put
p=1

This evidently gives us what we started to find.

If we put ¢, = cosf, the result takes the form

™ e
jo (@, + ¢ Jo + 2, + .2, 2 cosB)sin?~*0d6.

Now the surface integral of the product of this and a harmonic
(a2, + ... + a,z,)" is obtained by substituting a, for «,, a, for =, &c.
in the above expression and multiplying by a numerical factor K.

This integral is .. K(a,)" j "(1 - cosb)"sin*—6df = M(a,)", where
0

M is a numeric, easily found.

By adding any number of harmonics of the typical form, we get
a result which we may write
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(M) JQ,,V,,dS=MV,,’, where V' is the value of V, at the pole
of Q.
The surface value of the above symmetrical harmonic is
Jr:(a, + J2* = lcosf)"sin?—26d0.

We may consider this as a function of the single variable x, and
it is easy from the above results to show that

Jt%Q1lan(l - ,’1:2)%'—::{(1) =0

when m, n are different, but = a certain finite numerical quantity,
casily found, when m =n. R

The functions we have arrived at include, of course, as particular
cases, simple and zonal Harmonic Functions. They are discussed at
the end of Vol. I. of Heine’s Kugelfunctionen.

The method of this paper is not mentioned in Heine, but I have
found since I had it worked out that it is not new., In Professor
Cayley’s collected Works, Vol. 1., page 397, will be found a short
paper in which he proves (6) and (7). His proofs, however, are
quite different from those I had arrived at, and have given above.

A Method of Teaching Blectrostatics in School.
By J. T. Morrisox, M.A., B.Sc.

The object of the paper was to suggest for the teaching of electro-
statics a leading idea, which should readily co-ordinate all the facts,
introduce no misleading inferences, and guide the course of learners
in the direction of the most recent investigations—in all which
respects the notion of attraction and repulsion is at least a partial
failure. The leading idea or fact referred to is, that almost all
electrostatic distributions, however complex, can be analysed into
one or more repetitions of a certain simple system, which is called
in the paper ‘“ an electrostatic system,” and which may be described
as follows :—Two equally and oppositely electrified conducting sur-
faces, facing each other, separated by any dielectric, and insulated
from each other. A complete study of one system of this kind, and
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