SPHERICAL HARMONICS

CHUNYAN LI

ABSTRACT. In this report, we develop the basic theory of spherical harmonics including orthogonality, Legendre
polynomials, the decomposition of LQ(Sd_l) and the applications. We start from the homogeneous polynomials
which is the foundation of spherical harmonics to develop the orthogonality of spherical harmonics. Then we
develop the relationship between spherical harmonics and Legendre polynomials. Meanwhile, we conclude that
the kernel F(§,n) can be represented in terms of the Legendre polynomials which is very useful for explicit
expansion of f € L? (Sd_l). When we focus on the applications of spherical harmonics on the unit ball, we show
that all spherical harmonics form a complete basis of the Hilbert space L2(Sd’1). That is we could decompose
L?(S9~1) into the direct sum of all J%,. We also discuss the the application of spherical harmonics on the
Dirichlet problem for the Laplace equation on the ball based on the decomposition of L2(S%~1).

1. INTRODUCTION

The harmonic functions are solutions of the Laplace equation. They play a fundamental role in Analysis and
other areas of mathematics and in applications. The spherical harmonics are the traces of harmonic polynomials
on the sphere and are the analogue of the trigonometric system on the system. They play an equally important
role. In this paper, we develop the basic theory of spherical harmonics including orthogonality, Legendre
polynomials and the decomposition of L?(S%~1). We first introduce important definitions and theorems of
Hilbert space which will be used in the last section. In the following section, we focus on the polynomial
solution of Laplace equation in 2 and 3 dimensions which will motivate discussion of the spherical harmonics
in high dimensions. Then we are ready to develop the main theory of spherical harmonics. We show that
all spherical harmonics form a complete basis of Hilbert space L?(S%~!). Then we focus on the expansion of
f € L%(S471) which based on the decomposition of L?(S9~!). For the convenience of application, we expansion
f in terms of kernel F(£,n) instead of the explicit expression of spherical harmonics. Much of the theory
developed of this paper references Hochstadt [1]. To find the development of the spherical harmonics that arise
in R?, one can look in almost any text on mathematical methods, electrodynamics, or quantum mechanics,
physical geodesy (see [3], [4]) The classical work by Miiller [2] is also recommended for the readers who are
eager for extensive content on spherical harmonics.

2. BACKGROUND
In this chapter, we will begin with important definitions and Theorems which will be used later.
2.1. Hilbert Space.

Definition 2.1. (1) In a normed space, a sequence {x,}>2, is a Cauchy sequence if Ve > 0, 3 an integer
N > 0 such that ||z, — x| < € for alln,m > N.
(2) A normed space is complete if every Cauchy sequence converges to an element in the space.
(3) A complete inner product space is a Hilbert space.
(4) An orthonormal set {¢n}52, C H is complete if Vf € H, there exist scalars c1, ca, ... such that

(1) dim [|If = crdn] =0.
k=0

Theorem 2.2. An orthonormal set {$,}5°, C H is complete if and only if Parseval’s equality | f|* =
STI(f, n)|? holds for each f € H.

Definition 2.3. A set {¢,}22, is closed if (f,Pn) =0 Vn implies f = 0.
Theorem 2.4. The orthonormal set {¢,}5L, C H is complete if and only if it is closed.
Proof. (Sufficient) Let {¢,,}>2, C H be a closed orthonormal set and f € H. We need to show that

n

Jim ([P = D00 | =0

k=0
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by theorem 2.2.
Define g, = f — > p_o(f, dr) b, first show that {g,}72 is a Cauchy sequence. If n > m,

n

lgn = gmll> =1 > (f éx)ol
k=m+1
- Z (fs %) (f5 P1)(Dk, D1)
k,J=m+1
= Y (fn?
k=m+1

since the series 7 (f, ¢x) converges, > 7_ . (f, ¢r)* can be arbitrarily small for large enough n,m, then,
{gn}22, is a Cauchy sequence. Hence, there exist g € H such that

(2) Jim_{|gn — 9] =0

by the completeness of H. Now fix j and taken m € N such that for any n > j, By the Cauchy-Schwartz
inequality
(9,61 = 1(gn = 9,95)] < llgn = glllld;ll = llgn — gll-

Hence, we get
(9, ¢5) < lim_{lgn —g[l = 0
which implies that for any j, (g, ¢;) = 0. Since {¢,};2 is closed, then, we have g = 0. Therefore,

lim <||f|2 Z<f7¢k>2>—n1;n;o lgnl® = Tim [lg, — gl1* =

k=0

(Necessary) Suppose {¢,}°2, is complete but not closed. Then there exists a nonzero function f such that
(f, én) = 0 for every n. Then,

. 2 2\ — 2
lim <||f|| kZ_g(f, ) ) ILFI2 # 0
Hence, by 2.2, {¢,,}22, is not complete which is a contradiction.

2.2. surface area of unit sphere in d dimension. We shall find the surface area of a unit sphere in d
dimension which will be used later. Let f(r) be any function of r = \/a% + ... + x2 for which the integral

(3) Iy = / / f(r)dzydes...dg

exists.
To perform the above integration we shall make use of the spherical symmetry of the function f(r). Let wq
denote the surface area of a unit sphere. Then we can evaluate I; by integrating over spherical shells, so that

I, = /000 /S(T) f(r)dwdr
(W — [ ferstrrar
= wy /000 f(r)yri=tdr

since the surface area of a sphere or radius r is wqr® !. It follows that

fjo foo f dl‘l dmd
fo r)rd=1dr

wq =
Since wy—1 is independent with the choice of f(r), in particular, we could choose f(r) = e = e~ @i+ tad)
we get
2
o Vs o

KT S e pd1gy — I0(df2) | T(d/2)

3. SPHERICAL HARMONIC IN 3—DIMENSION

In this chapter, we will find the solutions of Laplace equation in 2 and 3 dimensions to motivate the set up
of spherical harmonics.
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3.1. 2-D Laplace equation. The Laplace operator in 2—dimension is given by
0? 0?
022 " oy

The relationship between Cartesian coordinate and polar coordinate is given by

Ay =

T = rcoso, Y = r8ing.

Now we derive the Laplace operator in polar coordinate.
o _oro W
oxr  Oxor 0rd
Finally, we get the Laplace operator in polar coordinate as follows:
0? 10 1 02
5 Ayg= — 42 4 = =
(5) 2 8r2+7“8r+r28¢2

Thus, we get the Laplace equation

0’ 109 1 020
oz Tror Tag
We assume the solution of this equation has the form ®(r,¢) = X (r)Y (¢). Inserting this solution to the above
equation we get:

Ap® = =0

82X+Y187X 1 0%y

Yoo TV T aae

=0

Multiplying by 72/ XY and rearranging,

7‘282X+ r0X = 19%

X or2 X or Y 0¢?
Observe that the left hand side is the function of r alone and the right hand side is the function of ¢ alone, in
order to make the above equality holds, both sides of the equation are the same constant. Denote —\, we get:

10%Y
Y 9¢%
r2 92X r@X_
Xo2 "X

The linearly independent solutions of the second order ODE Y" = \Y are

eﬁ‘ﬁ, e Ve if A >0,
Y(gp)=<1,¢ if A\=0,

sin(y/|A|@), cos(v/|A[¢) EA<O

Since (rg, ¢o) represents the same point as (rg, ¢pg + 2kw) for any k € Z, Y(¢) is a periodic function with
period 27 in this problem. Thus, the linearly independent solutions of this problem are

1,sin(vVA@), cos(VAg)
where ) is a non-negative integers. Then, we could replace A with —m? then, the solutions are
1,Y1,, = cos(ng), Y, = sin(me)
3.2. 3-D Laplace equation. The Laplace operator in 3 — dimension is given by
0? 0? 0?
92 "o T o2

Let us first derive the Laplace operator in spherical coordinates.
Since

Az =

x = rsinf cos ¢, y = rsinfsin ¢, z=rcosf.

Using chain rule,we get

19,0\ 1[1 a(.,0 1 92
(©) As=T3g, ( ar) tz Lineao (Sm%a) + smzeaﬂ

We could derive the spherical harmonics in 3 — D through solving Laplace equation A3® = 0 in spherical
coordinates via separating variables.
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Assume the solution has the form ®(r,0,¢) = X(r)Y (0, ). Then, we insert this solution into the Laplace
equation (6), we get

B 19 [ ,0X(r) 171 8/, Ye) 1 0%Y(0,4)]

Multiplying by WZ)(OM and rearranging,

10 (,0X0)\ 11 0/ V(o) 1 82Y(0,0)
Xar<7" or )_ Lmoae(sme 90 ) T snZo 062

Y

Notice that the right hand side is a function of r and the left hand side is a function of # and ¢, in order to let
this equality holds, both sides of the above equation must be the same constant, denote —\.It follows that

Lo (. 0Y(0,0) 1 2Y(6,0)
[sin& 26 <Sm0 00 >+sin29 962

(®) } AV (0, 9)

It turns out that the Y’s which satisfy this equation are actually spherical harmonics. Observe the above
equation, we see that the Y's are eigenfunctions of the angular part of the Laplace operator. In the following
sections we will prove that the functions Y”’s form a complete set over the unit sphere, each Y is a homogeneous
polynomial restricted to the unit sphere, and these polynomials satisfy the Laplace equation.

4. SPHERICAL HARMONIC IN d — dimension

Definition 4.1. A polynomial H, (1,22, ...,x4) is homogeneous of degree n in d variables x1,xa, ..., xq if
(9) Hn(t$1,t£2,...,t$d) :thn(Z‘l,...,.Td)

Definition 4.2. A polynomial H,, of degree n in d wvariables x1,xo,...,xq is harmonic if AH, = 0, where
A= Z?:l aaT;

Definition 4.3. A spherical harmonic of degree n, denoted S, (£), is a harmonic homogeneous polynomial of
degree n in d variables restricted to the unit (d — 1) — Sphere. That is, S, = Hy|ga-1, Sp : S 1 — R, given
by Sp(€) = H,(€) for every &€ € S~ for some harmonic homogeneous polynomial H,,.

4.1. The number of spherical harmonics. We first find the number of linearly independent homogeneous
polynomials.

Lemma 4.4. If K(d,n) denotes the number of linearly independent homogeneous polynomials of degree n in d
variables, then
(d+n—1)!
10 K(d =
Proof. We can expand H,(x1,x2,...,24) as a polynomial in variable x4, so that

n

(11) H,(z1,z9,...,24) = ZxéAn,j(xl,xQ, ey Td—1)
§=0

where A,,_;(z1, 2, ...,24—1) denotes the corresponding homogeneous polynomial of degree n —j in d — 1
variables. By the assumption, we know for each A,,_; there are K(d — 1,n — j) linearly independent choices so
that K(d,n) satisfies

(12) K(d,n):ZK(d—l,n—j):ZK(d—l,j)

n
J=0 =0

We shall solve it by the method of generating functions. Let

(13) M(d) := Y r"K(d,n)
n=0
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If we substitute from (12) in (13) and interchange the n and j summations, we obtain

M(d)=>"3 r"K(d-1,5)

n=0 j=0
=D K(d-1,5)) "
(14) J=0 n=j
1 = ,
=1 erK(df 1,9)
7=0
_ M(d—-1)
To1l—r
From the recursion formula above, we deduce that
M(1)
M) = ————
(@) = =y

For d = 1, clearly, K(1,n) = 1, since Hy(z1) = cz?, so that M(1) = 1=— and

w0 = 0=t = 3 S
n=0 ° .

Comparing these two expressions of M(d), since 7, r2,....r",... are linearly independent, we obtain
(d4+n—-1)!
nl(d—1)!
Now, Let’s find the number of linearly independent homogeneous harmonic polynomials which is the number
of linearly independent spherical harmonics.

K(d,n) =

Theorem 4.5. If N(d,n) denotes the number of linearly independent homogeneous harmonic polynomials of
degree n in d variables, then

2 -2 —
N(d,n) = n+d (n+d 3)

n n—1
Proof. We can decompose the operator Ay into two operators.
82
Aj= 55 +As1
ox;

where Ag_1 denotes the d — 1 dimensional Laplace operator acting on functions of x1, xs, ...,xq_1. Then,

Adlyn = Ad(z xiAn,j(xl.xQ, ...,.Z‘d)>

j=0
Zj(j — a2 A, i+ inAd—lAn—j
2 j=0

(15)

<.
||

PG+ DG +2)Anjo+ Ag14n_j]

I

I
o

J

o

In the above A_; = A_5 = 0. Since 1,24, z3%,...,z" are linearly independent, we require that
Ag_1A4, +2A,_ =0
Ag_ 1A, 1+64,_35=0
Ag_1A,_o+124, 4,=0

Ad_lAQ + n(n — 1)A0 =0
Ag_1A1 =0
Ag_140=0

From the above we see that once A, and A, _; are selected all remaining A,,_; are determined recursively.
From 4.4 we know that A, can be written as the linear combination of K (d — 1,n) polynomials, hence, we need
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K(d — 1,n) coeflicients to determine A,, Similarly, we need K(d — 1,n — 1) coefficients to determine A,,_;.
Hence, we can select 4,, and A, _; in K(d —1,n) + K(d — 1,n — 1) ways so that

N(d,n)=K(d—-1,n)+K(d—-1,n-1)

_ <n+d—2>+<n—|—d—3>
n n—1

(16) n+d—2<n+d—3> (n+d—3)
= — +
n n—1 n—1
_2n+d—-2(n+d-3
B n n—1

For example, for d = 3, we find that
N@3,n)=2n+1
Using spherical coordinates, these (2n + 1) functions are given by
" P (cos0)e™ m = —n,—n +1,...,n—1,n

In general, we write
Hn(X) = Hn(rg) = TnSn(g)

where X = (21,29, ...24) and & is the unit vector £ = (&1, &, ..., &4), we refer to S, (£) as a spherical harmonic.

Theorem 4.6. (Orthogonality of Spherical Harmonics) Let S,,(£),5m(§) be two spherical harmonics,
then,

a7) [ $n(OSu@dua=0if n#m
That is, spherical harmonics of different degrees are orthogonal over the sphere.
Proof. Let H,(X) denote the homogeneous polynomial of degree n corresponding to S, (£). Then,
H,(tX)=t"H,(X)

Differentiation of the above with respect to ¢ yields
d

(18) aHn(tX) =nt"" 1 H,(X)

But
d
d O0H, (tX) dtx;

1 —H,tX)=) ———2
(19) dt (tX) ; ox; dt
In particular for ¢t = 1 we find

OH,(X)

2 ———x; =nH, (X
(20) > s = n, (X)
Now let X be such that |X| =1 so that X = ¢, and the above equation reduces to

d
95n(8) . _
(21) ; B & =nSn(§)

Let v denote the exterior normal to the unit sphere £ = 1. It follows that

95n(§)

d
(22) e NCAOEDY V5 (8)

9&i

& = nSn(§)

Using divergence theorem in d dimensions we have

IX|<1

(2 = [ 5075 - s P,

ov v
— (k—n) /|e|—1 S (€)S4(€)duva

and for n # k the result follows.
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By the theorem above 4.5 and 4.6, we could conclude that {Sn,j(g)}jv:(f’");?zo forms an orthonormal set.
Suppose {S,(£)} is a set of N(d,n) linearly independent real spherical harmonics of degree n. By the Gram-
Schmidt process we can construct an orthonormal set

Sn,l(f)’ Sn,Q (6)7 ceey Sn,N(d,n) (5)

By 4.6, we know all spherical harmonics with different degrees are orthogonal over the sphere. Combine these

two results, we get that {Sn,j(«f)};v:(f’n)

{Sn,j(g)};y:(f’")ffzo is closed. But, before that, we first show that under the coordinate rotation, spherical
harmonic of degree n is still a spherical harmonic. Suppose {S,(§)} is a set of N(d,n) orthonormal real

spherical harmonics of degree n. Then we have,

> o forms an orthonormal set. In the following, we will prove that

(24) /IEI—l S0, () Sk (§)dwa = 0j

Let A denote an orthogonal matrix that represents a rotation of the coordinate system. Since the integration
is taken over the entire sphere, the orthonormal set of spherical harmonics remains orthonormal in a rotated
coordinate frame. It follows that

(25) /lgl_l Snyj (Af)Snvk(Af)dwd = (5ij

for all orthogonal matrices(AT A = I).

Proposition 4.7. If S,(£) is a spherical harmonic of degree n, then S, (€) = Sn(A£) is also a spherical
harmonic of degree n, for any rotation matriz A.

Proof. Let S,(§) be a spherical harmonic o degree n. Then there exists a harmonic homogeneous polynomial
H,(X) of degree n such that S,, = H,|ga—1. Denote H, (X) = H,(AX). We claim that S, = H, |gi—1. Too see
this, first notice that H;L(X) is a polynomial in 1, ..., x4. Indeed, H;L(X) = H,(AX) is a linear combination
of powers of the ijl Ajjz; and thus a linear combination of powers of the z;. Then, notice that H;L is
homogeneous of degree n,

H,(tX)=H,(tAX) = t"H,(AX) = t"H, (X)

Finally, notice that H; is harmonic.Restricting H;L to the unit sphere thus gives a spherical harmonic of degree
n, that is S, (£).

Remark 4.8. If let 5, denote the vector space of all spherical harmonics of degree n in d dimension. The
above result says that 7%, is invariant under the coordinate rotation.

We now show the function F'(£,n) which is known as the kernel of the orthogonal projector

N(d,n)

(26) FEm = 3 50y

is invariant under the coordinate rotation. As we shall see later this function has similar properties and plays a

similar role as does K, (z, y), defined by the Christoffel-Darboux formula in the theory of orthogonal polynomials.
Since the set {S, ;(§ )};4\’:(‘11’71)7 is a maximal linearly independent set of spherical harmonics of degree n, it forms
a basis for all such functions. From the above proposition, we know S, ;(A¢) is a spherical harmonic of degree
n, It follows that

N(d,n)

(27) Sni(A8) = Y C1iSni(9)
=1

By inserting (27) in (25) and using (24) we find that

N(d,n)
(28) > CriCa =0
=1
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(28) expresses the fact that the matrix C' = (c¢; ;) defined in (27) is also orthogonal.
Using (27) and (28) we have

N(d,n) [N(dn) N(d,n)
F(AGAn) = >0 [ D CiSun© | | D ComiSum()
j=1 =1 m=1
(29) N(d.n)
= Z S, (€)Sn,;(n)
j=1
=F(&n)

This result expresses the fact that F'(§,n) is invariant under rotations of the coordinate system. By using this
property, we will prove that F'(£,n) is a function of the inner product of £ and 7. Let’s denote the inner product
between two vectors by

d
=1

and clearly for a rotation A, the inner product is invariant,
(A, An) = (&, AT An) = (&,1)
where AT is the transpose of A. For a rotation ATA =1

Lemma 4.9. The function F(&,n) defined by F(&,m) = S N0™ S, ;(€)Sn;(n) is a function of (€,m) only.
That is

(&) = o((&n)

Proof. From the above, we know the inner product is invariant under coordinate rotation and F(&,n) is
invariant, too. We shall select our coordinate system in a special way. This can be done without loss of
generality by a suitable rotation. There is a rotation A; such that

Amm=m, L1{=&
where
m = (1,0,0,...,0), & = (¢, v1—12,0,...,0)
so that (£1,71) = t. Since F(&,n) is invariant under rotations, F(§,n) = F(&1,m,). Hence, F(&,n) will be a
polynomial in the two variables t and v/1 — ¢2, that is

F(&n) = P(t,V1—1t?)
But there is certainly a rotation A such that
Am o =m, A& = (t,—V/1—1t2,0,...,0)

so that
F(A&, Am) = F(&,n)
then, F(&,n) will be a polynomial in the two variables ¢ and —v/1 — ¢2, that is

F(&n) =P, —Vv1-1?)
P(t,—/1—2) = P(t, /1 - 2)

Then P is a polynomial in ¢ and 1 — ¢2, which is a polynomial in ¢ so that

F(&n) = o(t) = ¢((&;m))

5. LEGENDRE POLYNOMIALS

which means that

In this chapter, we will develop the relationship between spherical harmonics and Legendre polynomials
as well as the kernel F(£,n) of the orthogonal projector onto %, can be represented in terms of nth degree
Legendre polynomial.

Theorem 5.1. Consider the homogeneous and harmonic polynomial L,(X) characterized by the following
properties.
(1) Without loss of generality we let n = (1,0,...,0). Then L,(n) =1
(2) Let A’ be any rotation leaving n fized, that is A'n = 1. Then L,(A'X) = L,(X).
The corresponding spherical harmonic Ly, (§) is uniquely defined by these properties and is a polynomial
int=(&n)



SPHERICAL HARMONICS 9

Proof. For any £ € S9!, let r = /2% + 22 + ... + 22, and ¢’ be a unit vector orthogonal to n that is (¢/,7) = 0.

We can express £ in the form
{=tn+v1-t3¢

for suitable t and £’. Note that ¢t = (§,7). We now expand L, (X) in the form

Ln(X) = szlAn*j(xthv ...,ZL'dfl)
7=0

Let A’ be a rotation matrix as described in property (2) in the statement of the theorem. Then, A’ is a linear
mapping:

/

/. !
Az, 20,0 = T1, Ty, -, Xy

In view of the fact that the transformation A’ leaves L, (X) invariant, we get
0= Ly(x) — Lp(Rz) = Z%An—j(fl,mz, ey Tg—1)
3=0

By the linear independence of {xﬁ}?zm it must leave all A,_;(x1,...,£4—1) invariant. In other words, the A, _;
are invariant under all such rotations and it follows that A,_; depends only on the radius r, that is,

Ap_ i1, xqo1) = Cn,j(m% + x% + .+ x?lfl)n;j

so that C,,—; = 0 for all odd n — j. Otherwise these would not be polynomials. Hence either A, = 0 if n is
odd or A,_1 = 0if n is even. We had seen earlier that the specifications of A, and A,_; uniquely determines
L,(X) in theorem 4.5. In this case the specification of a single constant, either C,, or C,,_1 depending on the
parity of n, determines L,,(X). We have now

n—j

Pl Cn—j

La() =) "Y1 -t

j=0
where 3’ denotes that we sum only over such values of j for which n — j is even. By property 1 with ¢t =1
Ln (7’]) = Co =1

Thus, the single remaining constant is specified, and L, (X) uniquely determined as in theorem 4.5. Hence, the
corresponding L, (£) is uniquely determined.

Remark 5.2. The polynomial defined in the preceding theorem will be defined as the Legendre polynomial of
degree n in d dimensions. We also could get the following properties of Legendre polynomials.

(1) L= Ln(n) = Pa((n,n)) = Pa(1)
(2) From the homogeneity of Legendre polynomial and (1), we get P,(—1) = (=1)"P,(1) = (=1)"

Now we are equipped to prove the Addition Theorem for Legendre Polynomials which basically says that
every Legendre polynomial can be represented in terms of spherical harmonics.

Theorem 5.3. (Addition Theorem for Legendre Polynomial)

Let {Snyj};vz(f’") be the orthonormal set of spherical harmonics of degree n. Then the Legendre polynomial of

degree n, P, can be written as

N(d,n)
Wd—1
30 P,((&n) = Sn.i (§)Sn.j(n).
Proof. We now need the function F(§,n) defined in (26). Consider the normalized function 5557737 we could

check that this function satisfies the properties in theoremb.1: If A’ is any rotation leaving 7 fixed we have

F(A'¢, A'n) = F(A'¢,n) = F(&,n)

F(&m)

Hence, by the theorem5.1, the normalized function Flom)

P,,ie.

(31) F(&n) = F(n,n)P.((€n))

is a uniquely determined Legendre polynomial denote



10 CHUNYAN LI

To evaluate F'(n,n), we integrate F'(n,n) over the surface of the unit sphere in d dimensions.

N(d,n)
[ Fondee = [ 382 e
[n|=1 In|=1

J=1
N(d,n)
> [ st
j=1 [n]=1

= N(d,n)

The last equality holds since {S,, ;} is orthonormal set. Then, we get

N(d,n
F(n,n) = i, n)
Wd—1
Hence, we get

P7L((§777)) = F(fﬂ?)

N(d,n)
The result follows.

Remark 5.4. From the equation (31), we see that the kernel F(&,m) of the orthogonal projector onto J, can
be represented in terms of nth degree Legendre polynomial.

In the above theorem, we showed that a given Legendre polynomial with degree n can be expressed in terms
of spherical harmonics. In the following, we will show that every spherical harmonic can be represented in terms
of Legendre polynomial.

Lemma 5.5. Let {S,, jo} be a set of k < N(d,n) linearly independent spherical harmonics. Then there exists
a set of k unit vectors {n;} such that the following k x k determinant does not vanish.

|Sn.; (i) # 0
Proof. We can certainly find 7 so that Sy, 1(71) # 0. Then we consider the spherical harmonic defined by
Sn,l(nl) Sn,l(g)
Sn2(m)  Sna2(8)]
Since S, 1 and S, 2 are linearly independent, the above does not vanish identically and we select 72 so that it
does not vanish. In a similar fashion we can select 73, 14,...,7k, by going on to higher determinants

Sn,l(nl) Sn,Q(f) Sn,n(g)
Sn,2(771) Sn,2(§) Sn,n(g)

Sn,n(nl) Sn,2(£) Sn,n(f)
Then, the result follows.

By means of the above lemma we can prove the following theorem. The key point of the theorem is that
every spherical harmonic can be represented in terms of the basic Legendre polynomials.

Theorem 5.6. Every spherical harmonic S, (§) can be represented in the form

N(d,n)

Su©) = D ArPu((&m))

k=1
where P, (t) is the Legendre polynomial of degree n in d dimensions and the ny, are a set of suitable unit vectors.

Proof. According to the previous lemma we can select {n;} so that |S, ;(n;)| # 0 Then the linear equation
system

N(d,n)
Wd—
(32) Pall&:m0) = Figyy 2o Sno(©Snsm) k=1.2,..., N(d,n)
b j:1
is invertible and
N(d,n)
Sni(©) = > APu((&m)), j=1,2,...,N(d,n).
k=1

But every spherical harmonic of degree n can be expressed as a linear combination of S,, ;, j =1,2,..., N(d, n).
Hence,
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where b; = flflzl Sn(&)Sn,j(§)dwa.

Proposition 5.7. For every spherical harmonic Sy, (§) of degree n, we have
N(d,n
(33) 5= N [ SuPu( myiey
n|=1

Wd

Proof. Let
N(d,n)

Z b;Sn (€

Using (32), the right hand side of (33) can be wrltten as
N(d,n) N(d,n) N(d,n)

ZSJ Zb/ Sy i (1)Sn dwd_stJ S, (€).

In|=1

Up to now, we know that the spherical harmonics and Legendre polynomials could be expressed by each
other.

6. APPLICATIONS TO BOUNDARY VALUE PROBLEMS

In this section, we will first prove that all spherical harmonics {S, ;(§)} where j = 1,2,...,N(d,n), and
n =0,1,2,... form a complete basis for the Hilbert space L?(S%~1). Then, We can develop certain expansion
theorems in connection with the orthonormal set. In the end, we will see an application of spherical harmonics
to the Dirichlet boundary condition problems of Laplace equation on a ball.

Definition 6.1. we let 2, denote the vector space of all spherical harmonics of degree n in d dimension. i.e.
H, is the collection of all homogeneous harmonic polynomials of degree n restricted to the sphere ST,

Definition 6.2. L2(S?71) := {f(£) : S*™! — R such that [g, | f(£)|*dwy < o0}
Theorem 6.3. L2(S?1) is a Hilbert space with inner product defined by (f,g) flE\ L f(€)g(€)dwq.

we omit the proof of this theorem.

In the following, we will show that L2(S?!) = 74 ® /A © D ... ® H, @ ... which we based on to develop
the expansion.

Theorem 6.4. Let f(&) be a real continuous function on |&| = 1. If (f(€),Sn;(&)) = 0 for all spherical
harmonics in {S, ;(§)} then f(§) vanishes identically.

Proof. Without loss of generality we can assume that there exists an n such that f(n) > 0. By the continuity
of f(§) there exists a neighborhood of ¢ defined by T < (§,1) < 1 such that f(§) > a > 0 for all £ in that
neighborhood.
Consider the function
p(t)=1— (-t T<t<1

I

Pt)=0, -1<t<rt
There exists then a positive constant b such that

[ F@eE ez >0

Using the Weierstrass approximation theorem we can construct a polynomial p(¢) so that
6(t) —=p(t)] <e, ~1<t <1
It follows that if | f(£)] < M, then

| F©Ie((€,m) = p((&m))]dwa| < Mwye

[€1<1
and

[ SO m)den 2 b= M >0

for sufficiently small e. But using the completeness properties of the Legendre polynomials we have

t) = Z Ay Py(t)
k=0
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so that

/|£|1 f(f) Z Akpk((§7 T]))dwd =0

k=0
by hypothesis. But (1) and (2) contradict one another. Hence f(§) = 0.

From the definition 4.3, we know {5, ; (f)};v(f oo

that {Sn,j(@}md’n);’fzo forms a closed orthonormal set. In the following, I will briefly state the idea to extend

Jj=1
the conclusion in 6.4 to L2(S971), then, we could say that {S, ; (f)}é\f:(tli,n)%ozo forms a complete orthonormal

basis of Hilbert space L?(S?~1) or we could say that L2(S? 1) =4 @ /4 0 5D ... H, D ...

2o is a closed set, and by the theorem 2.4, we get the conclusion

Let f(&) € L?(99°1), {S’n’j(f)}N(d n)n o be the complete orthonormal set of L2(S9~1), then, we have the

Jj=1
following expansion
oo N(dn)

6) = Z Z Cn,jsn,j(g)

n=0 j=1
with certain coefficients C,, ; that we will derive later. Now extending the above theorem to all functions

f(€) € LA (597,
First, let me state a certain fact about square-integrable functions without proof. For every € one can find a
continuous function g(&) so that

[ 15© - g@Pdua < e
l€l=1

With this and the theorem 6.4 one can show that

K N(d,n)
Iggo/ ) =3 S Cos S (€)Pdg = 0
l€1=1 n=0 j=1

then the same conclusion for all such functions f(¢) € L2(S471) follows.
Now, let’s To obtain the coefficient C, ;,

oo N(d,m)
S, (& _ kS S, (£)d
[RGERGINED Db S I CERET
oo N(d,m)
-> ; Co /€| 1 al€)S05(O) s
)

since {Sn,j(g)}j.v:(f’");?zo is orthormonal.
Using the conclusion we get above, now we can develop expansions. by the addition theorem of Legendre

polynomial 5.3, we could write the expansion of f as:
o0 N dn)

=2 2 CniSnil®)

=Z/ f(n) Z S, (1) (€) | dwa

Now, we see that when we compute the expansion of f, we only need the kernel F(£,7) instead of the explicit
expression of basis. Hence, we see that the function F(£,7) defined in (26) has similar properties and plays a
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similar role as does K, (z, y), defined by the Christoffel-Darboux formula in the theory of orthogonal polynomials.
Now let’s see the application on boundary value problems of Laplace equation on a ball.
We seek a harmonic function V satisfying a boundary condition on the unit sphere. That is

(34) AV =0

with the boundary condition V' = f(§) on {|r| = 1}.
Using the above conclusion, we see that

(35) V= 1"Cp;Sn;(&)

n,j

must satisfy the boundary condition and by construction must also be harmonic. Hence (35) is the solution of
(34).
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