Orthogonal functions

Given a real variable over the interval (a,b) and a set of real or complex functions U,(€),
n =1,2,..., which are square integrable and orthonormal

b
[ UOUm(€dE = G 1)

a

if the set of of functions is complete an arbitrary square integrable function f(£) can be expanded
as

F©) =" anlUn(9) (2)
n=1
where
b
a = [ U (3)
Substituting the expressions for a, back into f we find
b o0
£6) = [ S U £¢)de (1)
a p=1
but this is the definition of the Dirac delta-function and so we have
> UNENUR() = 06— ¢ (5)
n=1
which is known as the completeness relation.

1 Fourier Series

A familiar example is Fourier series, where the function is a periodic function on the interval
(—L/2,L/2). The complete set of functions are labelled by m € Z with m # 0

\/Esm<27r£m;> | \/ECOS<2W£M) (©)

and m = 0 1/v/L. We can expand an arbitrary function as

1 - 2 2
fz) = -Ap —I—;Am cos ( WZIJ:) + By, sin( 77qu> (7)

T2

where

B, = % / o () sin (2”2”3) . (8)

—L/2

2 [L/2 2mmzx
Am:/ dxfxcos( )
L L/2 () L




If we take the interval to be infinite we require a continuum of functions. That is for f(z) defined
on the real line

1 e ;
T) = —— A(k)e™* dk 9
f@)= o= [ awm) Q
where
1 oe .
A(k) = / z)e  Frdy 10
(== | f@ (10)
and the orthonormality and completeness relations are

1 R /
/ =T g = §(k — )

21 J o
% . eHFe=) gl = §(z — 2') . (11)

2 Laplace’s Equation in two-dimensions

If we consider Laplace’s equation in two-dimensions

0’ 9%®

we can look for solutions by separation of variables i.e we take an ansatz ®(z,y) = X (z)Y (y)
and we find that

1 d*X(x) 1 d*Y(y)
X(z) dx? Y(y) dy?

=0 (13)

or equivalently

1 d*X(x) 1 d*Y(y)
X(z) da? a® Y(y) dy? =a’, (14)

for an arbitrary constant (possibly complex) «. The solutions of these equations are
X = Aetor |y = AletV (15)

Now consider the problem in Fig. 1. We want to find the potential ® for 0 <z < a and y > 0
with the boundary conditions as in the figure. We can see that the potential must oscillate in
the z-direction and fall off in the y-direction. Hence we take a to be real. We also see that we
want the solution to be of the form sin(az) as ® = 0 at z = 0. Thus & x e"“¥sinax. The
boundary condition at x = a sets a = mn/a. Hence the potential can be written as

O(x,y) = i Ay, sin (?) e nmy/a (16)
n=1

where

2 a
A, = / ®(x,0) sin (@) dx
a Jo a
2 a
= / V sin (@) dz
a Jo a
B { 4V/mn  n odd ,

0 n even .

(17)



Hence

0 o=Vv a X

Figure 1: Potential on a two-dimensional semi-infinite strip.

Z

) |

X

Figure 2: Potential on a two-dimensional semi-infinite strip.

4V 1 _nn
O(z,y) = — —e~ e sin (mr:c) .

n a
n odd

This can actually be resumed (see Jackson 2.10)

2V sin TE
@(m,y):tan_1< — > .
T smh%

3 Laplace’s Equation in Spherical coordinates

(19)

Now let us consider the three-dimensional problem however rather than using cartesian coordi-
nates we will consider the usual spherical coordinates in three-dimensions (r, 0, ¢), see Fig. 2,
in terms of which the Cartesian coordinates (z,y, z) are given as

x=rsinfcos¢p, y=rsinfsing, z=rcosh .
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In these coordinates Laplace’s equation, V2® = 0, is

10 [ ,00 1 o (. 00 1 9%
10 (202 L 9 (5990 L 9P 21
2 or <T 8r>+r251n080 <Sln089>+r2sin298¢2 0 (21)

We look for solutions of the form ®(r, 0, ¢) = @Y(G, ¢); substituting this Ansatz into (21) and
dividing by ®/r? we find

r?  d? 1
007 ar2V )+ g g VoY (0:6) =0 (22
where
VoY = ﬁ% <sin 0%?) + su112t9((992¢}; (23)
which depends only on coordinates (6, ¢). Thus we can set !
r2U"(r) = (0 + 1)U (r)
L G, Y(0.6) =t +1). (24)

Y (6,9)

We can make the further ansatz Y (0, ¢) = P(68)Q(¢) , which substituting into (24) and multi-
plying by sin? @ we find

sinf d (. d 1 d? . 9
B0) df (smHCZHP) + WdTSQQ = —{({+1)sin" 0

which in turn implies that

1 d? 5
Q@ agd =" and (25)
1 d (. d m?
7sin9P(9) 70 (smé?LwP) ~S7d +L(l+1)=0. (26)

We can immediately write down the solutions to (25): Q = e*™®. It is important to note that
because we require ®(¢ + 2m) = P(¢) this implies m € Z. In (26) we define 2z = cosf (which
is conventional and has nothing to do with the Cartesian coordinate z) and divide by sin? 6 to

find,

% <<1 _x2)$p> + <e(£+ 1) — 1”’;) P=0. (27)

Equation (27) is the associated Legendre equation.

4 Legendre Equation

When m = 0 equation (27) simplifies to the Legendre equation which we can write as

P 2x P LL+1)

(1—2?) (1—22)

P=0. (28)

Here and below we will use Lagrange’s prime notation fl(z) = ¥



This is an ODE with singular points at z = 41 as the coefficients of P’ and P diverge at these
points. They are regular singular points as they diverge as ~ (z & 1)~!. The point at z — oo
requires a little more effort (see [1] section 8.4 for example) but is also a regular singular point.
One can find a solution to such an ODE by making a series expansion about a point as long
as the behaviour is no worse than that of a regular singular point; this is also known as the
Frobenius method. We thus write
P(z) =) anz"t* (29)
n>0
with « arbitrary and ag the lowest non-vanishing coefficient of the series. Substituting into (28)
(and multiplying by (1 — 2?)) we find

Z(l - 532)%(04 +n)(a+n— 1)xa+”_2 -2 Z an (a4 n)x®™ + L0+ 1) Z apz®t =0

n>0 n>0 n>0
and we can determine the coefficients by demanding the each term in the z"™*t® expansion
vanishes. Starting with
n=0 aafa—1)=0
n=1 aala+1)=0 (30)
while for general n we find
- :an(a+n)(a+n+1)—€(€+1) (31)

(a+n+2)(a+n+1)

If we choose o = 1 we must take a; = 0 and, from the general formula (31), we find a series of
odd powers of x

Py = apz + asz® + agx® + ... . (32)
while if we take o = 0 and choose a; = 0 then we find a series with even terms only
Py = ao + asx® +agzt + ... . (33)
In both cases the coefficients ag, aq, ... are related to ag by the general formula (31). This gives
us two linearly independent solutions
Py = ao [:c FLQ w4 1)t 4 L2 — L0+ 1) (12— £(C+ 1)) + ...

Poy = ao|l—3e(+1)z® = JU(0+1)(6 - (¢ + D)a' + ...,

which as we are considering a second order differential equation gives us a complete basis of
solutions. We can naturally consider v = 0 and a; # 0 this will give us a linear combination of
the above solutions. 2

In general (i.e. for arbitrary ¢) these solutions are infinite series and it is important to
question whether they converge. In fact for |z| < 1 they do, however they will not for x = +1
unless the series terminates at some value of n; that is to say a,, = 0 for all n > N. This will be
the case if £ is some positive integer. For example, asyo = 0 (and hence all a,, = 0 for all n > /)
when @« =0 and £ =n as (o +n)(a+n+1) —£(£ + 1) = 0. Thus the even series terminates
when £ is an even integer and the odd series terminates when £ is an odd integer. For each /¢
we will call this solution Py(x). We fix the overall constant by choosing to normalise P(1) = 1.
The first few Legendre functions are

PO(:’U) =1, Pl(l‘) =T, PZ(‘T) = %(31‘2 - 1) ) PS(:E) = %(51"3 - 31‘) : (34)
Note that from the construction it is immediately apparent that Py(—xz) = (—1)*Py(x).

2Jackson allows ap = 0 and for the o = 0 case considers a; # 0. This is, by a simple relabelling, our second
solution.



Useful Properties These functions are orthogonal and normalised such that

1
2
/1 Pgl({l})Pz(fL‘)dl’ = o0 T 1(5(/@ . (35)

A compact and useful expression for the Legendre functions is given by Rodrigues equation

1 da o,

Py() = gy (" = 1) . (36)

Moreover these functions satisfy various recursion relations e.g.
(0+1)Ppy1 — (204 1)axPy+ (P41 =0. (37)

See for example [1] for a more complete discussion of their many properties.

Second solutions Finally we note that for each ¢ this gives us only one solution, the other
series does not terminate and is singular at x = £1. These solutions can be written as

Po(2) = 1Py(z)In 1 2 (38)
4.1 Generating function for Legendre functions
There is a nice way to write the Legendre functions: Consider the function
Gz, t) = (1 =2zt +¢2)~V/2 . (39)

It is easy to check that

2 2
0C 599 49wy =0 (40)

_27_ PR
(I=2) gz — 225, Tioe

Now expand G(z,t) in powers of ¢

Gz, t) =Y t'Ly(), (41)

>0

and substituting this into (40) it easy to see that it implies

D (1= @)Ly — 2Ly + £(L+1)Lg] =0 (42)
>0

i.e. that each Ly satisfies the Legendre equation i.e. Ly(z) = Py(z), and so

G(z,t) =Y t'Py(x) . (43)

>0
This relation can be explicitly checked at low orders by inspection
G(x,t):1+1:t+%(3$271)t+%(5x373x)t3+... . (44)

We in fact proved a version of this in class when considering the potential due to a point charge
in terms of Legendre functions.



5 Associated Legendre equation

We now return to the more general case of the associated Legendre equation (27). It is in
fact straightforward to solve this having already solved the Legendre equation. Let us write
P = (1 — x%)™/?y(z), this implies that (27) becomes

(1 —2* 0" =221 +m)v +v(l(l+1)—m(m+1)v=0. (45)
Now consider any solution u(z) of the Legendre equation i.e.
(1—a®)u” — 220 + (0 +1Du=0. (46)

We now differentiate this equation m times w.r.t. « and find

(1 = 22)u™*? —22(m 4+ 1)u™ 4 ™Ml +1) —m(m+1)) =0, (47)
where we have used the notation u(™ = ji—mmu(:c) This implies that v=u{" solves (45) and so
PP = (1)1~ )" Pi(a) (15)
x

solves the associated Legendre equation (27) and hence we call these associated Legendre func-
tions. P;"(x) is regular everywhere, including « = £1, as P is. This derivation also implies
m < £ as otherwise the function would be zero given that P is an ¢-fold polynomial in z. We
can now use Rodrigues formula to find

_l)m dm+€

Py = S a2y

This formula is, perhaps surprisingly, also valid for m < 0 as long as £ +m > 0 i.e. m > —/.

(2 - 1) . (49)

dxm+L

Useful Properties The associated Legendre functions also have many useful properties, here
we will mention just two: They are related under change of the sign of m by
_ (£ —m)!
m _(_1\m m

Py ) = (1) P ) (50)
Secondly, for fixed m the associated Legendre functions form an orthogonal set on the interval
—1 <z <1 and they are normalised so that

2 (L+m)!

1
m m _ )
/_1 PZI (-TJ)PZ (1')d$ = mméf’f . (51)

6 Spherical Harmonics

We had decomposed the function Y (0, ¢) = P(0)Q(¢), now recombining them we can define our
spherical harmonics (after choosing an overall constant)

Yem (0, ¢) = \/TMPZ”(COS 0)e™? . (52)

From (50) we can see that Yy_,, (6, ¢) = (=1)"Y};, (0, ¢) and, from the normalisation, that the
spherical harmonics are orthonormal

2 ™
/ do / sin 00 Y5, (0, 8)Yem (0, 8) = 60,06’ - (53)
0 0
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Furthermore the spherical harmonics form a complete set of functions and hence satisfy the
completeness relation

0 ¢
S Y50 ¢)Yun(0, ) = 6(¢ — ¢)5(cos b — cost)) . (54)

{=0 m=—¢

Some simple examples are,

1
Yo = —,
00 Var
3 . i
Yii1 = —4/—sinfe'?
81
3
Yio = Ecos@,
1 /15 . .
Yoo = 1 gsm2 ge%i?
15 :
Yoy = —y/-=sinfcosfe’®
8

[\

[D 5 o 1
Yoo = E( cos“ 0 — 3) .

Given this completeness and orthogonality we can expand an arbitrary function, g(6, ¢), in
spherical harmonics

0 l
90,8)=>_ > AwmYim(0,0) (55)
{=0 m=—/
where the coefficients are given by
A = [ 492Y;3,(6,0)906.0) (56)

Finally let us recall that an arbitrary potential which satisfies Laplace’s equation can thus be
expanded as

0o J4
O(r,0,0) = > [Awmr" + Bomr ™ Yom (6, 6) - (57)

{=0 m=—¢

Addition Theorem for Spherical Harmonics An important property of spherical harmon-
ics is encoded in the theorem (see Jackson sec. 3.6): Given two vectors x and x’ with coordinates
(r,0,¢) and (r',0',¢") with the angle between them being ~

cos~y = cosf cos @ + sinfsin @’ cos(¢p — ¢') (58)
one can write
a7 :
— * / /



Recalling the expansion of 1/|x — x/| in terms of P;(cos~y) from class notes or Jackson equation

(3.38),

’X X,’ Z Z—i—l COS’Y (60)
=0 r>
this can be used to write
00 V4
F= w3 wa @4an'¢n@4a¢>. o
=0 m=

7 Multipole Expansion

Let us consider a distribution of charge with some charge density, p(x’), localised about the
origin. The potential at a position x outside of the charge distribution is given by

B(x) = — / PX) s (62)

dmey ) |x —X/|

We can now use the expansion (61), with - =’ and r~ = r, so that

20 = X g | [ Y et G (63)

That is to say we can write the potential as an expansion, called the multipole expansion, in
spherical harmonics

1 4w Yfm<97 (b)
(x) = 4meg Z 20 + 14 rttl 7

where the coeflicients
i = [ Vi 8, ol

are called the multipole moments of the charge distribution. Note that because of the properties
of the spherical harmonics gy (_,) = (—1)™g;,,. The first few terms in the expansion are called:
¢ =0 term is called the monopole term

£ =1 term is called the dipole term

{ = 2 term is called the quadrupole term etc.

Explicitly they are given by:

= d3 I —
w00 =" / = VAt

where ¢ is the total charge. The dipole terms are

/3 . 3
q11 = — 87(]% - Zpy) ,  qi0 = E 2 (65)

where p;, . are the components of the electric dipole moment
p= /x’p(x’) Bz . (66)

9



The quadrupole terms are

1

15
—_ —_— —_— —_— 2. —
T (Q11 — 2iQ12 — Q22)

1 /15 . 1 5
21 = 3\ g(Qw —iQ23) , G20 = 5\ EQS?) (67)

where the quadrupole moments are given by
Qs = [ (aala) — 800 &% (68)

which are traceless tensors of rank two. In rectangular coordinates, by directly making a Taylor

expansion of the ﬁ potential, one can find

1 rq px 1 T;x;
o) = — [ 5> QT 4] 69
() dmeg Lr + r3 + 2 o @iy rd + (69)

where as usual = |x|. Of course one can make a similar expansion for the electric field.
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