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Abstract

The theory of ellipsoidal harmonics was introduced by Lamé as early as
1837 and was further developed mainly in the nineteenth and much less in the
twentieth century. The actual structure of the ellipsoidal system is quiet involved
and its analysis creates many problems both at the mathematical as well as at
the computational level. Perhaps this is the reason why biharmonic functions
in ellipsoidal coordinates are not present in the literature. In this work, we
utilize the Almansi representation theorem to introduce ellipsoidal biharmonic
functions in a natural way. Completeness of the these eigensolutions are justified
in a straightforward manner. Nevertheless, the main difficulty comes with the
orthogonality properties over the surface of any confocal ellipsoidal boundary. A
cumbersome analysis is included, that results in an algebraic system, the solution
of which expresses any intrinsically biharmonic eigensolution in terms of the
complete set of orthogonal surface ellipsoidal harmonics. Explicit calculations
for harmonics up to the fourth degree are also given.

1. Introduction

A function is called biharmonic if it is annihilated by the two successive applications of
the Laplacian. Perhaps the most important contribution in the theory of biharmonic
functions is the Almansi representation theorem [1], which states that any biharmonic
function can be written as the sum of a harmonic function plus the square of the
Euclidean distance multiplied by another harmonic function. This theorem is tailor
made for the spherical coordinate system, since the Euclidean distance is a spherical
coordinate. Nevertheless, it is still the best approach for any other coordinate system.
Therefore, we consider here the case of the ellipsoidal coordinate system, which is the
system with the appropriate fine structure that fits the needs of anisotropic behavior.
As it will be demonstrated, the main difficulty of such a program is associated with
the construction of an effective algorithm to express the second term of the Almansi
representation in terms of surface ellipsoidal harmonics. This is necessary for the
development of a useful spectral method to solve actual boundary value problems
with the biharmonic equation. This is a complicated procedure which is accomplished
through the following steps. We choose a particular ellipsoidal harmonic of degree n.
When this harmonic is multiplied by the ellipsoidal expression of the square of the
Euclidean distance we obtain an eigensolution of the biharmonic equation of degree
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n—+2, which has to be represented in terms of surface harmonics of degree less or equal
to n + 2. We assume such an expansion and we develop the algebraic system that
determines the coefficients of the expansion. During this analysis we prove that, if
an ellipsoidal harmonic is generated by a Lamé function that belongs to a particular
class, then its product with the square of the distance is representable only with
harmonics that came from Lamé functions of the same class. Finally, we obtain exact
representation formulae for biharmonic functions of degree zero to four.

2. Eigensolutions of the Ellipsoidal Biharmonic Equation

The Almansi representation states that, if the function w is such that
Au(r) = AAu(r)=0,7r€Q (1)

where A is the Laplacian and Q domain in R?, then there exist two functions u; and
us such that

Aui(r) = Auz(r)=0,re€ (2)
for which the following representation holds
u(r) = wui(r)+rius(r),r € Q. (3)

Using the definition of the ellipsoidal system (p, u, v) [3]

2.2 2
2 p RV
22 = EL (4)
T
2 _ h2 2 _ h2 h2 _ 4,2
x% _ (P 3)(” > 23)( 3 V) (5)
hihs
.’17% — (pQ_h%)(h%_ug)(hg _V2). (6)
hih3
where
2 2 2
€y [ Ty | T3
<+ =+—= = 1,0 7
a%+a%+a§ ,0< a3 <ag <ay <oo (7

is the reference ellipsoid and
2 _ 2 2 2 _ 2 2 732 _ 2 2
hi =a3 — a3, h3=ay—a3,h3=a7— a3 (8)

are the semi-focal distances of the system, we obtain the ellipsoidal representation of
the Euclidean distance

2 = p 4+t —h3—hi (9)

The interior harmonic eigensolutions in ellipsoidal coordinates [3], [5], [6], [2] are given
by

Ex(ppv) = E(p)EL (WE (v) = EX (p) Sy (1, v) (10)
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where S)7"(u, v) are the orthogonal surface ellipsoidal harmonics, introduced by Lamé
in 1837 [4]. The functions E" are the well known Lamé functions, where n = 0,1,2,. ..
denotes the degree and m = 1,2,...,2n + 1 denotes the order of E]*. Since the set
of harmonics E] forms a complete set for the space ker A in a bounded domain £,
it follows that the two harmonics w1, us of the Almansi representation (3) can be
expanded as

co 2n+1

ul(T) = Z Z AZEg(p,uJ/) (11)
e a1

u2(T) = Z Z BTTEZL(va’ V) (12)

n=0 m=1

where
o= # wi(r)S™ (u, v v
A= g, ST 13
mo_ 1 ug(r) S (1, v v
BY = o S n)a.y) (14

al

Sa, denotes the boundary of the reference ellipsoid and d2(u,v) is the ellipsoidal
form of the differential solid angle element. Inserting formulae (11) and (12) in the
representation (3) we obtain

oo 2n+1
u(r) = DD (AT + (0P + P+ V7 — b3 — h3)BYIER (p, p, v)
n=0 m=1
oo 2n+1
= DD ATET(p) + (07 + 4 + v = h3 — h3) B ET (p))Sy (1, v)
n=0 m=1
oo 2n+1
= > D [AV+ B — hi = B3)E(p)S) (1, v)
n=0 m=1
oo 2n+1
+ D> BIENM(p) (i +v7)S (). (15)
n=0 m=1

The last sum on the right hand side of (15) involves the surface functions (u? +
v2)S™ (11, v) which are not orthogonal. Therefore, expression (15), as it stands, can
not be used to apply boundary conditions and calculate the coefficients. In order to
be able to do that we need to express each one of the functions (u? + v2)S™(u,v) in
terms of surface ellipsoidal harmonics of degree less or equal to n + 1. This program
will be followed in the next section.

3. Re-Orthogonalization of Surface Harmonics

If S7* is a surface ellipsoidal harmonic generated by the Lamé function E]", that
belongs in a certain class, then the function (u?+v2)S™(u,v) is expandable in surface



164 G. Dassios and F. Kariotou

harmonics S™', with n’ < n + 2, that are generated by Lamé function of the same
class. Indeed, this is obvious for Lamé functions of class K. For the other classes L,
M and N, the same square root has to be a factor of every term of the expansion,
which then is canceled out, and we actually work identically as with the class K.
Let us assume that E]* belongs to class K and that the degree n is even. We know
[3] that for n even, there are (n/2)+1 Lamé functions of class K. Therefore, all we

need to do is to calculate the coefficients C." ’QZk of the expansion

22

(12 +v)S0 () = DD Oy Sh(pv). (16)

k=0 =1

In order to keep the symbols as simple as possible we introduce the number r = n/2,
and we eliminate the indices n and m from the coefficients. Hence, equation (16) is
written in the following expanded form

r+2
(1 + V)8 (,v) = > ChiaShio(u,v)

=1
r+1

+ ) CLSh(pw)
=1

+ Z Cr_aSh_a(p,v)
1=1

2
+ > O3Sy v)
=1
+ C3Sh (). (17)

The plan we are going to follow next is to rewrite both sides of equation (17) as
polynomials in the variables 1 and v and then to equate the coefficients of the same
powers of i and v. That will give us a system for the determination of the unknown

coefficients C!. To this end, we write for every k = 0,1,2,...,7+1and1=1,2,..., k+1
Ey(x) = 2*+ Al2k,1x2k72 + Al%,zﬂf%f4 +.o+ Al%,k—ﬂQ + Al2k,k

k
= YAl (18)
=0

with the understanding that we always have Al%’O = 1. In view of (18) the left hand
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side of (17) gives

r+1
(,LLZ +V2)SZI(IU‘7V) = ZAn Zun+2 2Z ZA ,]—1 n+272j)

r+1
n+2— 21 n+2— 2]
+ ZAnz 1M ZAn,j

_ ZZAm Am n+2—2iVn—2j +un—2iyn+2—2j)

=0 j=0

i K
S AT A A e

i=1 j=1

+ ZA;TzA;n n+2—24 + Vn+272i)

+ ZAnO m._ 1 M"+2_2il/"+2+ﬂn+2yn+2_2i> (19)

and finally ‘ ‘
(,u2 + V2)Sr7ln(/~’“u V) - 9 Z Am Am2 1un+2—2zyn+2—21

r—1 r
+ O3S (AT AT AR AT

i=0 j=i+1

.(un+2721Vn+272j 4 lun+272] Vn+2721)

+ ZAmzAm n+2-—24 _~_Vn+2—2i). (20)

Next we focus on the right hand side of equation (17), which in view of the notation
(18) can be written as

r+1 k+1 r+2 r+1 r+1

l 1 _ E n+2— 2z n+2—2j
ZZC%S%(M,V) - n+2 ZAn+2 i ZAn+2,j
k=0 1=1 =1

r+1

+ ch ZATL z:un 21][i Aln,jyn72j
3=0
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r—1

T r—1
+ Z Chs [Z Al o [Z A,y TR
=1 =0

3

=1

+ Cp.

2 2
+ Z Czl; [Z Ai,i/ﬁ_m] [Z Ai,jy4_2j
i=0 =0

1 1
+ Z ch [Z Al2,ili272i] [Z Al2,jV272j
i=0 §=0

=0

(21)

Through some algebraic manipulations, guided by the form (20), we can rewrite
formula (21) in the following form

r+1k+1

Z Z Céksék(/h v) =

k=0 Il=1

+

and finally in the form

r+2

[Z CL+2(A;+2,0)2]MH+2VR+2
=1

r+1 [r+2

l l l n+2. n+2-—21 n+2—2i n+2
E E Cri2An 1204042, (W +p v"Te)
i=1 LI=1

r+1r+1 r+2

Z Z [Z C7ll+2A£1+2,iA§n+2,j

i=1j=1 (=1
r+1

I 7l l n+2—2i. n+2—-2j
E CnAn,iflA j 1]# v

n,j—

T

=1
r+1r+1

l l l n+2-2i n+2—2j5
E E [E Cn72Anf2,i72An72,jf2]:u v
i=2

j=2 I=1

r+1r4+1 2

Z Z[Z CéAl?,i—rAlz,j_r],u”+2*2il,n+272j

i=r j=r l=1

o (22)
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1k

<
+

1

Oék‘sék(,ua V)
1

+

~
Il

0

—1 r 1 r+2—k

= Z [Z( Z C£L+272kA£1+272k,ikaiL+272k,jfk)]'

i=0 j=i+1 k=0 [=1

3

.(‘un+272zyn+272j + un+272j Vn+272z)

r i r+2—j

+ Z[Z( Z C£L+272jA51+272j,i7jAln+272j,r+1fj)](/u‘n+272i+Vn+272i)

i=0 j=0 I=1

r+1 4 r42—j

+ ZZ[ Z Chyo—oj(Al oo ;) ) (u 2720272,

i=0j=0 =1

(23)

By equation (16) the left-hand sides of equations (20) and (23) are equal. There-
fore, the right-hand sides of these equations are also equal. Then, equating the co-
efficients of the same powers of y and v we arrive at the following system for the

calculation of the unknown constants C.. For n = 0,2,4,6,... we obtain the equa-
tions
42
1 l
ch+2(An+2,0)2 = 0 (24)
=1
r+1 r4+2—1
1 1 2
Z[ Z Cn+272i(An+272i,r+17i)] =0 (25)
i=0 =1
7 r+2—i
Z[ Z 01%7,-‘1-2—21'A’f’L-‘rQ—Qi,j—iA’f’L-‘rQ—Qi,T-‘rl—i] = A£1+2—2i,rA§n+2—2i,j (26)
i=0 I=1

forj=0,1,2,...,r

while for n = 2,4,6,... we obtain the additional equations
Jj r+2—i
l l 2 1 l
[ Z Cryo—2i(Anta—2ij—i)] = 24549 5 ;0221
i=0 =1

forj=1,2,...,r
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r+2—1i

7

J
! ! l _ l !
[E On+2—2z’An+2—2z’,j—z'An+2—2z',k—z'] = An+2—2i,kAn+2—2i,j—1
=0 =1

+ Aln+2—2i,k—1AiL+2—2i,j (28)

forj=0,1,2,...,r—1
andk=j5+1,7+2,...,7.

In the above equations we accept that AL ; = 0. For a fixed even degree n, we have to

solve the system (24)-(28) to determine the constants C',. Then expression (17) will
provide the purely biharmonic part of the solution (15) expressed in terms of surface
ellipsoidal harmonics.

A similar system for surface ellipsoidal harmonics of odd degree can be obtained
the same way. Ellipsoidal harmonics generated by Lamé functions of the other classes
are also handled identically.

4. The Leading Biharmonics

In order to illustrate the above analysis, as well as for the purpose of obtaining ready to
use ellipsoidal biharmonic eigensolutions, we implement the algorithm in this section
and the biharmonic eigenfunctions of degree less or equal to four. In order to do that
we need the explicit form of the Lamé functions of degree 0,1,2,3 and 4, which are
given in the Appendix. The notation has been simplified as much as it can be.

For n = 0, we have the expansion

(12 + V) Sh(u,v) = CoSh(nv) + CrSh(u,v) + CaSE(u,) (29)
or
vt = Co+O01(>+A—ad)(V? + A —af) +Co(p? + N — )+ N —af)
= Cy+ (CL+ Co)p®v? + [CL(A — a2) + Co (N — ad)|(® + 1v2)
+ [Ci(A - a%) + Co(A — a%)]. (30)
Equating the coefficients of identical monomials we obtain the system
Ci+Cy = 0 (31)
Ci(A—a})+Co(AN —a?) = 1 (32)
Co+Ci(A—a})+Ca(AN —af) = 0 (33)
which has the solution
Co = —(A+AN)+2d3 (34)
1
G o= (35)
1

Therefore,

(W + ") S (mv) = 25183 (1 v) — 83 (. v))
+[20% — (A + A)]S5 (. v) (37)
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For n =1, m = 1, using only Lamé functions of the same class, we have
(12 +2)SHv) = CoSLwv)+CiShuv) + CoS3(mv)  (38)
and working as before we obtain the expression

1

(u* +v*)Si (p,v) = m[sé(/h v) — 83 (p,v)]
1 1
+[2af — (A1 + A)]ST (1, v). (39)
Similarly, for n = 1, m = 2, we obtain
1
(1 +v*)S (n,v) = m[sg(% v) = S5 (p,v)]
2 2
+[2a] — (Az + A5)]S7 (1, v) (40)
and for n = 1, m = 3, we obtain
1
(0 + )83 (p,v) = m[sg(ﬂ, v) = S5(p,v)]
3 3
+[2a7 — (A3 + A3)]SF (1, v). (41)

Note that, since we use only functions of the same class, which imply that all functions
have a common square root factor that cancels out, the relative system for all cases
above is of the same form. Only the parameters are changed. That explains the
similarity of the expansions (39)-(41) with the expansion (37).

For n =2, m =1, we have

(12 +1)Sh(v) = CoSh(mv) + CrShiu,v) + CaS3 (1, v)
+ CaShv) + CuS3,v) + CsSi (. v) (42)

or

(12 + ) (1 + A —af) (1 + A — af) =C

+ O (i + A = a)(v® + A —af)

+Cy(p? + N —a?)(V? + N —a?)

+C3(p* + Tp? + R)(v* + Tv? + R)

+ O (pt + T + R + TV + R)

+ C5(M4 +T”U2 4 R//)(V4 +T//V2 +R//)

(43)

where the constants A, A, T, T, 7", R, R’ and R" are specific parameters explained in
the Appendix.

Rearranging both sides of equation (43) in monomials of the same degree in y and
v, and equating the corresponding coefficients, we arrive at the following system for
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the unknown constants C;,i =0,1,...,5
C3+C,+Cs = 0 (44)
TC;+T'Cy +T'Cs = 1 (45)
RC3+RCy+R'Cs = A—a} (46)
Ci+Co+T2C3 + T?Cy + T"™Cs = 2(A —a?) (47)
(A —a})C; + (AN —a3)Co +TRC3 +T'R'Cy + T"R"'Cs = (A —af)?* (48)
Co+ (A —a?)*Cy + (N —a?)®Cy + R*C3 + R*C, + R"*C5s = 0. (49)

The above system is decomposable in three subsystems. Equations (44)-(46) can be
solved to determine the constants Cs, Cy, (5. Then we substitute the values of Cj,
C4, Cs in equations (47) and (48) and we solve the resulting system with respect to
Cy, Cy. Finally, substituting Cy to C5 in equation (49) we obtain the constant Cj.
This way we obtain the following values of the constants

OO = —(A — CL?)QCH — (A/ — CL%)QCQ — R203 — R/204 — R//QCs (50)
7(/\/ — a%)Kl + K2
= 1
e, Y (51)
o (A — a%)Kl — KQ
Cy = AN\ (52)
where
K1 = 2(A — a%) — T203 — T/204 — TN205 (53)
Ky = (A—a?)?—-TRCs—-T'R'C,—T"R"C;s (54)
and
D, .
C, = 51,2:3,4,5 (55)
with
1 1 1
D = |T T T (56)
R R/ R//
0 1 1
D; = R K (57)
A—a® R R’
1 0 1
D, = |T 1 1" (58)
R A-d® R
1 1 0
Ds = | T T 1 (59)
R R A-da?
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For n = 2, m = 2, we have the same representation as in (42), that is

(u* +v*)S3(u,v) = CoSp(p,v) + CiS3 (1, v) + CaS3 (1, v)
+ C3S8i(u,v) + CaS3(p,v) + C55% (1, v) (60)
with the only difference that in the expressions of the constants C;,i = 0,1,...,5,

given by the formulae (50)-(59), the values of A and A’ are interchanged.

For the cases n = 2 and m = 3,4,5, the situation is simpler, since there are
cancellations of factors that are second degree in the variables p and v, and the
process is similar to the case n = 0. Hence, it is straightforward to deduce the
representations

(12 40258 0) = —(V + V)83 0) + s [SH ) — SEu)] - (61)
88— ST )] (62)

(02 +v)S3(nv) = —(W+W)S3(nv) + ﬁ[&?(u» v) = 83 (u,v)].(63)

(1> + )85 (pv) = —(U+U)S5(u,v) +

It is obvious that we can keep developing expansions of this form, but the calcu-
lations become eventually very cumbersome.

5. Appendix

The variable x represents one of the ellipsoidal coordinates, p € [ha,c0), p € [hs, ha],
v € [0, h3]. There are 2n + 1 Lamé functions of degree n. For n = 0,1, 2, 3,4, these
functions are :

Ei(x) = 1

Ei(z) = =z

Ei(z) = y/|l2? = hj]

Ei(z) = y/|2? = hj]

Ey(x) = 2*+A-al

Eiz) = 24+ AN —af

B = wyfle? 1)

Ey(z) = |22 — R3]

Ej(x) = W B3l le2 — 3|

where the constants A and A’ are the roots of the equation

e

:w
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where the constants Ay and A},

>

n=1

z(x® + Ay — af)
z(z? + A —a?)

\/ |22 = h3](@® + Ag — af)
\/ |22 = B3] (@® + Ay — af)
V122 = h3|(a? + Az — a})
= /|22 = B3|(«® + A; — ai)
N

are the roots of the equation

1+ 20

v 0,k=1,2,3
k— Up

Biw) = oty BEBIO0 10, ML 10
Ba) = oty U5F h%)l(LLM{ —16) 2 _ h:%h%(;\]ﬁ{— 16)
B@) — ot + 87 h%)l(i”{' —16) > _ hghé(jﬁ’{/— 16)
Ei(x) = a\/|a? - n2|[a® + (h3 + h%)(f\iz1 —9) - 7h§]
Ej(x) = x\/|22 - h2|[2® + (h3 + h%)(]\fi ~9) - T,
E@) = ayie? - hlla? + B5F h%)(]\ﬁ i}
El(x) = xy/|z?— h3|[z® + (h + h%)(ﬂﬁ —9)— 7h§]
Ei(z) = \/\mz - h§|\/|x2 — R2|[z? + (h3 + hgl)iM4 -9)
Bi(x) = \/\xQ - h§|\/|g;2 — h3|[z? + (h3 + hi)i -9)

where the constants M, M7, M{" are the roots of the equation

10

4 o

(h3 + h3)*

i L

—4 M, -16 h2h2

]
]
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the constants M, M} are the roots of the equation

5h§+12h§+75h§—4h§ _ 8(h§+h§)2

M, —1 M;—9 h2

the constants M3z, M4 are the roots of the equation

5h3 1203 _5HE—4h3 (W34 h3)’
Ms—1 Ms—9 h2

and the constants My, M} are the roots of the equation

1 2 (h3 + h3)?
My—1 My—9 7 h3h3

In order to facilitate the notation we rewrite the functions of degree 4 in the following
form, where the constants 7,7, 7", R, R',R",V,V' U, U",W,W’ are obtained from
the above formulae by inspection

Ej(x z* + T2 + R

Ei(x) = 2*4+T2*+ R
Ei’(ﬂ;‘ 1‘4+T”.’[J2—|—RN
Ei(x) = x\/|22 - h3|[z* + V]

zy/|22 — h3|[z* + V]

&
8

= oyl -3l +U)
= xy/|22 — h3|[2? + U]
= Jla? = 13\ /la2 — 32 + W]
= Jla2 — B3yl — h3lla? + W)

Ef(x

el
—

~— ~— ~— ~— \% ~—  ~— ~— ~—
I

Ef(x
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