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ABSTRACT. Complete orthogonal systems of monogenic polynomials over 3D
prolate spheroids have recently experienced an upsurge of interest due to their
many remarkable properties. These generalized polynomials and their appli-
cations to the theory of quasiconformal mappings and approximation theory
have played a major role in this development. In particular, the underly-
ing functions are of three real variables and take on values in the reduced
quaternions (identified, respectively, with R3), and are generally assumed to
be null-solutions of the well-known Riesz system in R3. This paper introduces
and explores a new complete orthogonal system of monogenic functions as so-
lutions to this system for the space exterior of a 3D prolate spheroid. This will
be done in the linear spaces of square integrable functions over R. The repre-
sentations of these functions are explicitly given. Some important properties
of the system are briefly discussed, from which several recurrence formulae for
fast computer implementations can be derived.

1. INTRODUCTION

A prolate spheroid is a quadric surface generated by rotating an ellipse about its
major axis. In general, the boundary value problems involving prolate spheroidal
bodies (including their limiting configurations — the sphere, and thin circular disk)
are treated in prolate spheroidal coordinates (u, 6, ). Here p is the radial term
with p > 0, § € [0,7) is the asymptotic angle with respect to the major axis, and
¢ € [0,2m) is the rotation term.

In prolate spheroidal coordinates (cf. E. Hobson [13], N. Lebedev [16]), the
Cartesian coordinates may be parameterized by x = x(u, 0, p) so that

(1.1) To = cacosf, x1 = cbsinfcosp, x5 = chsinfsinp

where ¢ > 0 is the eccentricity of the generating ellipse, and a = cosh p, b = sinh p,
are respectively, the semimajor and semiminor axis of this ellipse. For simplicity
we choose ¢ = 1. Using these transformation relations the surfaces of revolution for
which p is the parameter consist of the confocal prolate spheroids
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(1.2) S:

Equation (1.2) represents a prolate spheroid in Cartesian coordinates. Accordingly,
the surface of S is matched with the surface of the supporting spheroid p = pyg if
we put cosh? 19 = a2 and sinh? o = b2.
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The Laplace equation in prolate spheroidal coordinates (1.1) is given by

AU = 1 (62[] + U + coth 8—U + cot 08U>
T in2e +sinh?p \ Op? 062 " ou 00
1 ’U 0

sin? @ sinh? pu 02
The previous equation is separable in prolate spheroidal coordinates. The corre-
sponding solutions are the well-known prolate spheroidal harmonics [7, 13], which

are a combination of products of spherical functions: U := Z(u) ©(6) ®(¢), where
Z(w), ©(0) and P(p) satisfy the differential equations

=) d=(p) I? L
a2 + coth i - Linh2 P +n(n+ 1)} E(u)sinhpy = 0,
d*e(0) de(9) 12 .
7 cot QW + {n(n +1)— i } ©(f)sinfd = 0,
P2(p)
1. ‘I) =

where n is a constant and [ is a parameter introduced during the separation of
variables method. The periodicity of ® requires that [ is a positive integer or zero.
Hence solutions to the equation (1.3) are either cos(lp) or sin(lp). The solutions
() and =(u) are given, respectively, by P! (cosf) or Q! (cosf), and P! (cosh p)
or Q! (coshp). Here P! and Q!, are the Ferrer’s associated Legendre functions of
the first and second kinds of n-th degree and [-th order. In this assignment, the
sign convention of including the Condon-Shortley phase is adopted (even though
the reader should pay attention that in the topic of associated Legendre functions
different authors may employ different conventions). When the argument is greater
than unity, we define the Ferrer functions as

P! (cosh p) p db P(t)
Q! (cosh 1) dit | Qu(t)

because these definitions avoid imaginary values when [ is odd. The general theory
and background on associated Legendre functions is contained in the monograph
by W.W. Bell [1] (cf. [13]).

The original impetus of the investigation of sets of orthogonal harmonic polyno-
mials over prolate and oblate spheroids has been developed by P. Garabedian [7].
The orthogonality was taken in several different norms, each of which lead to the
discussion of a partial differential equation by means of the kernel of the orthogo-
nal system corresponding to that norm. Spheroidal functions usually appear in the
solutions of Dirichlet problems in spheroidal domains arising in hydrodynamics,
elasticity and electromagnetism. For the solvability of boundary value problems
of radiation, scattering, and propagation of acoustic signals and electromagnetism
waves radiated by sources with spheroidal shapes, spheroidal functions are fre-
quently encountered. These applications have stimulated a surge of new ideas and
methods, both theoretical and applied, and have reawakened an interest in spectral
analysis, signal processing, optical system analysis, approximation theory, potential
theory, the theory of partial differential equations, and so forth.

:= (—1)!(sinh p)

t=cosh p
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Recently, multidimensional extensions of prolate spheroidal harmonics to the
quaternionic analysis setting have been introduced in [21, 23], which have provided
many of their properties and have subsequently attracted special attention. In [24]
it has been shown that the underlying prolate spheroidal monogenics play an impor-
tant role in defining the monogenic Szego kernel function for 3D (prolate) spheroids.
These results have been used to investigate a particular class of approximation prop-
erties for monogenic functions over (prolate) spheroids in terms of special systems
[26]. Extensions of the prolate spheroidal functions and their connections with the
finite quaternionic and Clifford Fourier transform setting were introduced in [27]
and [14]. These generalized spheroidal functions have been successfully applied
to analyse the energy concentration problem introduced in the early-sixties by D.
Slepian and H.O. Pollak [32]. In this line of research, in [29] the authors have ex-
ploited a complete orthogonal system of 3D oblate spheroidal monogenics by means
of harmonic functions and some recurrence formulae have been found. We honestly
expect that the rising popularity of the spheroidal functions is still on the rise and
will likely see even more growth in the future, due to their promising applications
in many fields.

Regarding the organization of the paper, in the next section we summarize some
definitions and basic properties of quaternionic analysis. Section 3 recalls a com-
plete orthogonal system of monogenic polynomials over 3D prolate spheroids. The
former were introduced in the papers [21, 23] which could be explicitly expressed in
terms of products of Ferrer’s associated Legendre functions multiplied by Chebyshev
polynomial factors (see expressions (3.1)-(3.3) below). In particular, the underly-
ing functions are of three real variables and take values in the reduced quaternions
(identified with R?), and are generally assumed to be null-solutions of the Riesz
system in R?. With the help of these polynomials, in Section 4 we construct a new
complete orthogonal system of monogenic functions as solutions to the Riesz system
for the space exterior of 3D (prolate) spheroids. This will be done in the spaces
of square integrable functions over R. Some important properties, and efficient
recurrence formulae for the basis functions are discussed. This helps to reduce the
amount of calculations in practice. The final section shows the concluding remarks
and discusses how the used methods can be extended within this context. Most
relevant to our study are the intimate connections between monogenic functions
and spheroidal structures [3, 10, 11, 19, 22, 25, 28], and the potential flexibility
afforded by a spheroid’s non-spherical canonical geometry. We will not consider
concrete applications of the (prolate) spheroidal monogenics in this paper.

The motivation for writing the present paper is to develop further general nu-
merical methods to solve both basic initial-boundary value and conformal mapping
problems. The topic here is the prolate functions, but the principles can be extended
to oblate spheroids as well (see Remark 3.1 below). Besides its obvious importance
this case will not be discussed in the present article. Further investigations will be
reported in a forthcoming paper.

2. PRELIMINARIES

2.1. The Riesz system revisited. As is well-known, a holomorphic function
f(z) = u(z,y) + iv(z,y) of a complex variable z = = + iy (i = /—1) defined
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in an open domain of the complex plane, satisfies the Cauchy-Riemann system

ou  Ov
dr oy
ou ov
ay Oz

As in the case of two variables, we may now characterize a possible analogue of
the Cauchy-Riemann system in an open domain of the Euclidean space R3. More
precisely, consider the pair f = (fo, f*) where fo is a real-valued continuously
differentiable function defined on an open domain  C R? and f* = (f1, fo, f3) is
a continuously differentiable vector-field in €2 for which

01 R div f* = 0
21) ®) rot f* = 0

Recall that the 3-tuple f* is said to be an M. Riesz system of conjugate harmonic
functions in the sense of E.M. Stein and G. Weif [33, 34], and system (R) is called
the Riesz system [31]. The Riesz system has a physical relevance as it describes the
velocity field of a stationary flow of a non-compressible fluid without sources nor
sinks.

2.2. Quaternionic analysis. The (R)-system can be obtained by using a quater-
nion framework. Throughout the paper, let

H:={z=2+2i+zj+zk: 2R 1=0,123}

be the Hamiltonian skew field of quaternions, where the imaginary units i, j, and
k obey the laws of multiplication: i’ = j% = k? = —1; ij = k = —ji, jk = i = —kj,
and ki = j = —ik.

In the sequel, let A := spang{l,i,j} C H be the space of reduced quaternion
elements of the form x := zg + 211 + z9j, emphasizing that A is a real vectorial
subspace, but not a subalgebra, of H. The real vector space R? is embedded in A
via the identification

x = (xg,21,%2) € R® & x:=ux¢+x1i+a2jc A

As a matter of fact, throughout the text we will often use the symbol x to represent

a point in R3 and x to represent the corresponding reduced quaternion. The scalar

and vector parts of x, Sc(x) and Vec(x), are defined as the xg and x1i+ x2j terms,

respectively. Like in the complex case, the conjugate of x is the reduced quaternion

X = x9—x1i—73j, and the norm |x| of x is defined by |x|? = xX = Xx = 22+ 2?7 +23.
Now, let Q be an open subset of R3. We say that

(2.2) f:Q— A, f(x) :=Sc(f(x)) + [£(x)]1i + [f(2)]2]

is a reduced quaternion-valued function or, briefly, an A-valued function, where
the components Sc(f) and [f],, (m = 1,2) are scalar-valued functions defined in
Q. Continuity, differentiability, integrability, and so on, which are ascribed to f are
defined componentwise.

We will work with the real linear Hilbert space of all A-valued functions in )
that we denote by L?(Q; A;R), for which [, [f(2)]?dV < oo, where dV denotes
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the Lebesgue measure on ) normalized so that V(€2) = 1. In this assignment, the
scalar inner product is defined by

(23) <f.g > L2(QAR) = SC(?g) dv.

Q
To simplify matters further we shall remark that using the embedding of R in A
the inner product of two scalar-valued functions f, g : @ — R can also be written by
using the scalar inner product (2.3), and it will be denoted simply by < f,g >12(q)-
The reader should note that the norm induced by the scalar inner product (2.3),

11172 eamy =< £.f >r2(0uam) = /Qlf(x)lde

coincides with the L2-norm for f, considered as a vector-valued function.
For a real-differentiable A-valued function f that has continuous first partial
derivatives, the (reduced) quaternionic operators

= 0 .0 . 0
(24) 8_87l‘o+187m +J871‘2’
and
(2.5) g2 ;2 0

= —_— — ii —j—
0xo 0x1 J Oxy’
are called, respectively, generalized and conjugate generalized Cauchy-Riemann op-

erators on R3. They correspond to the 3D extensions of the classical Cauchy-

1(0 9

: _1(0 ;0 ; ‘ —1(o _;0
Riemann operator 0z = 3 (61‘ + Zay) and its conjugate 0, = 5 | 7, i5y )

In prolate spheroidal coordinates, 0 has the form

_ 1 _ o . 9

0 :m (cos 0 sinh ,ua—ﬂ — sin € cosh pae)
- (cos ¢i + sin ¢j) | sin @ cosh 9 + cos 0 sinh 9
sin® § 4 sinh? p ) Mau Y

1

+ sin @ sinh p (=sin i+ cos ¢

)5 >
We further assume the reader to be familiar with the fact that the operators (2.4)
and (2.5) factorize the Laplace operator in R?® in the sense that Az = 99 = 90.
It is of interest to remark at this point that the operator d in (prolate) spheroidal
coordinates reduces to the operator d in spherical coordinates if cosh p ~ sinh y,
which occurs as u appoaches infinity, and in which case the two foci coincide at the
origin.

A continuously real-differentiable A-valued function f is said to be two-sided
monogenic (or simply monogenic) in Q if

Of =0=f0

in 2, which is equivalent to the Riesz system
osc(f) _ Olfl _ olfls

8£E0 Bxl 6$2

oSc(f) | Olfly _ 08c(f)  Olfl _,  Olfh Olf»

=0,
(R)

=0.

81‘1 8$0 ’ 8332 81‘0 ’ 8332 B 81‘1
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This system can also be written in abbreviated form:
divf = 0
rotf = 0.

Following [17], the solutions of the system (R) are customary called (R)-solutions.
Denote by M(€2, A) the space of all square integrable .A-valued monogenic functions
in Q. The following notation Q= := R\ Q is also used where Q means the closure of
Q. From now on, we always consider €2 as a domain bounded by a prolate spheroid,
particularly € := {(11,0,0) |0 < p < pp, 0< <7, 0< ¢ <2r} CR

3. 3D INNER SOLID PROLATE SPHEROIDAL MONOGENICS REVISITED

In this section we recall an explicit complete system of inner solid prolate spher-
oidal monogenics in 3D required for subsequent derivations. Unless stated other-
wise, all these facts can be found in [21, 23].

By virtue of [7] (cf. [13]), scalar-valued harmonic functions in prolate spheroidal
coordinates (1.1) are given by

Un,i(p,0) cos(lp),  Una(p,0)sin(ly)

where U, (i, 0) := P! (cosh u)P!(cosf) (I =0,...,n).

In all that follows, we denote by &€, (1,6, ¢) = £0[Uns1,(p,0) cos(lyp)] and
Fng (1,0,9) = 20[Upn41,(p, 0) sin(lp)]. Having in mind the mentioned Laplacian
factorization, it is easily seen that &, ; and F,; are monogenic (more specifically,
they are a total of 2n + 3 (R)-non-homogeneous polynomial solutions with values
in A). These inner solid (prolate) spheroidal monogenics are of the form

(31) 8n,l (u, 9, (p) = w An,l (/.L, 0) COb(hp)
b Ty A (.0) eos((L+ D)+ sin((1+ D)
+ i m+1+Dn+Dn—1+2)An1-1(n,0) [—cos((Il — 1)p)i
+sin((1 - )il
and
(32 Fulwoe) = "D A G 0)singy)
+ m A1 (11,0) [sin((1 + 1))i — cos(1 + 1)p)]]

L LD (0 1 2) Ang (1,0) (- 1))

+cos((l = 1)p)]]

forl=0,...,n+1(n=0,1,...), with the notation
22!
(3.3) Anu(p,0) = Z

k=0

(2n+1—4k) (n+1— 2k + 1)g
(n7l72k+1)2k+1

Un—2k7l (/J/a 9)
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such that

e A () n=12,.
Ap—1(p,0) :{ n(n+1)2(n+2) *

0 n =0.

As usual, for b € R, (b), =b(b+1)(b+2)---(b+r — 1) the Pochhammer symbol
with (b)g := 1.

Because of properties of the Ferrer and sine functions, it is easy to see that
Api(p,0) =0 for I >n and F,, o = 0 for all n.

For the usual applications we define the previous polynomials in a spheroid which
has an unbounded boundary, because P. ., (cosh 1) becomes infinite with .

In particular, in [21, 23] it is proved that the system

{gn,la fnyltl:(),..wn-i-].; ’17,:0,17...}

forms a complete orthogonal system for the interior of the prolate spheroid (1.2) in
the sense of the scalar inner product (2.3). This system can be seen as a refinement
and extension of the harmonic polynomial systems exploited by P. Garabedian in
[7], and correspondingly it constitutes an extension of the role of the Chebyshev
polynomials and Ferrer’s associated Legendre functions. The principal point of
interest is that the orthogonality of the polynomials does not depend on the shape
of the spheroids, but only on the location of the foci of the ellipse generating
the spheroid. It is shown a corresponding orthogonality over the surface of these
spheroids with respect to a suitable weight function. Properties and applications
of these polynomials can be found in [21], [24] and [26].

Remark 3.1. A complete orthogonal system of 3D inner solid spheroidal monogenics
for an oblate spheroid have been exploited in [29]. Symbolically, inner solid oblate
spheroidal monogenics can be given in a similar way as (3.1)-(3.2) by making the
change of "variables” P™,, (coshp) — "~2k=mpPm . (isinhp) in the subscript
coefficient function (3.3).

Remark 3.2. The corresponding results for the important limiting case, the sphere
(of radius cosh p ~ sinh ), can be obtained by a simple transformation.

4. HOMOGENEOUS MONOGENIC FUNCTIONS ON R3\{0}

Before going further, we take a look at a complete system of the monogenic
function space on R3*\{0}. In [2], Bock used the Kelvin transformation directly
on the Appell system inside the unit ball to construct a complete system on the
exterior domain which consists of homogeneous functions. Since it requires full
quaternions, this idea is not applicable in the case of reduced quaternions. Thus
we shall apply again the harmonic function approach to obtain a complete system
of homogeneous monogenic functions on R3\{0}.

Definition 4.1. Given a function u defined on R?, then the function K[u] defined

on R3\{0} by
1 T

is called the the Kelvin transformation of u.
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The Kelvin transformation preserves harmonicity, thus we have a complete sys-
tem of harmonic functions on R3\{0}

1 1 . . .
{ mPn (cosd), mPH (cos 0) cos(myp), mPn (cos ) sm(mgp)}

with n = 0,1,...;m = 1,...,n. Applying the hypercomplex derivative %8 in
spherical coordinates as in [2], we obtain a complete orthogonal system of monogenic
functions defined on R?\{0}:

X0 ~ n+1P,y1(cosh)

—(n+2) B 2 ,r.n+2
1P (cost) o
— 5% [cos ¢l + sin ¢j]
m n—m-+1P" (cos0)
Xn42) = — D) +Tln+2 cos(myp)
1 P (cos ) o .
-1 2 [cos((m + 1)p)i+ sin((m + 1)p)j]
n—m+1)(n—m+2) P (cos) L .
i X Vne 10 cos(m — 1)) — sin((m — 1))
m n—m+1P] (cosh) .
T ny = — g IR in(im)
1P (cos) . .
B R [sin((m + 1)p)i — cos((m + 1)p)j]
(n—m+1)(n—m~+2) P (cosb) . . .
+ 1 +;n+2 [sin((m — 1)¢)i+ cos((m — 1)p)j]
forn =0,1,...;m = 1,...,n. These functions are homogeneous with degree of

homogenuity —(n+2). The point is that these functions form an orthogonal system
with the inner product (2.3) only if 2 is the exterior domain of a ball centering at
origin, but this is not the case. Therefore, we will construct a new one and then
compare it with the complete system of homogeneous functions in the next section.

5. 3D OUTER SOLID PROLATE SPHEROIDAL MONOGENICS

5.1. A system of outer solid prolate spheroidal monogenics. This subsec-
tion introduces an orthogonal system of 3D prolate spheroidal monogenics as solu-
tions to the (R) system for the space exterior of a (prolate) spheroid.

We here borrow from the techniques used in the earlier works [9, 27], and extend
those results.

Definition 5.1. Let pg be the value of p on a fixed prolate spheroidal surface. For
the space exterior to the prescribed prolate spheroid p = g we define

— — sinh p cos 8 + cosh w1 sin 6 (cos i + sin @j
(1) E oo (ubyp) = S psind (co6 o1 + oin o)

sinh 1 (sin? 6 + sinh? p1) 7
o 1 coshp +1 1 cosh pt
5.2 Eoo(u,0,0) == Sln )
(5.2) 0,0 (11,6, ) 4 (COShM — 1> 2 sin? 6 + sinh? W
1 sin @ cos 6

cos i + sin ©j) ,
2 sinh 1 (sin” @ + sinh? p1) (cosep #l)
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63 Emnte) = " B00) costiy)
+ m By, 41 (1, 0) [cos((I + 1)p)i + sin((I + 1)¢)j]

£ 30 LD+ )~ 142) B (4, 0) [ cos(— 1))
Tsin((l — 1))l

(54) Foa(ubg) = PTTD B 0)sin(ip)

2
N 1
4

T =T D) B (5,0) Sn((+ 19— cos(1 + 1)

L L D4 D 1+ 2) B (. 6) fsin(( - 1)g)i
T cos((l — 1))l
(forl=0,...,n; n=1,2,...5)

(55) Enmit (150,9) = (n+1)Bpni1(,0) cos((n + 1))

cosh ngig (cos H)QZI% (cosh p) o '
_ 5 )
12+ D20 smn?p) 20+ sin((n 4 2)2)]

n (2n + 21(271 +1)

By, 0 (1, 0) [— cos(np)i + sin(ne)j]

(5.6) Frnts (1:0.9) == (n+1)Bp s (1. 0)sin((n + 1))

cosh uP" 13 (cos 0) Q113 (cosh p)

4(2n + 3)(sin? A 4 sinh? 1)
(2n+2)(2n+1)

_ 0 B (11, 0) [sin(nep)i + cos(ne)j]

[sin((n + 2)@)i — cos((n + 2))j]

(forn=0,1,...)
The subscript coefficient function

1
5.7) Bni(u,0 ——  cosh u P! (cosf) Q cosh
( ) ,l(,U/ ) sin2 0 + Sinh2 1 [ H n( )Qn+1( IU/)
—cosf P (cos0) Q! (cosh )] -
where
1
B, —1(p,0) := B, 1(p,0) for n=1,2,...

T n(n+1)2(n+2)

We underline that the functions (5.1)—(5.6) is obtained by applying the hyper-
complex derivative (30) to harmonic functions V;,41, cos(lp) and V41, sin(ly),
where V11, = Q! (cosh p) P! | (cos6), then they are monogenic functions. More-
over these are not well-defined at the origin since @', (cosh i) becomes logarithmi-
cally infinite when p = 0. The asymptotic behavior of these functions when p tends

to infinity will be discussed later.
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It is easily seen that .’fn\ o = 0 for all n as 3D inner spheroidal monogenics.

Differently, 57,;1 and .’F/m;l still have scalar part since By, n41(p, 0) # 0. Indeed,
we have

_cos oPrH (Cos 0)Q" ! (cosh ,u)
sin? § + sinh?

Bn,n+1
It is noted that B!, = 0 for [ > n + 2. In other cases, B, (11, 0) can be explicitly
described using a similar recurrence formula as in [21]

(n+D(n+1-1)
(n—1+1)(n—1)

ant 1 P! (cos 0)Q! (cosh p) +

Bp(p,0) = n—lt+1 "

BTL—Q,Z(/IJa 0);

with initial values (cf. [37])

cosh 1P} (cos 0)Q}_ (cosh )

Byi(u,0) = (20 + 1)P}(cos 0)Q! (cosh p) — 21
101, 0) ( )P} (cos 0)Q;(cosh p) sin20+sinh2p

)

20+ 3 cos 0P} (cos 0)Q}_ (cosh )

Bl+1,l<u7 9) = 2 f)ll+1<COS 9)Q§+1<C08h /J) - 1(21 + 1) sin2 0+ sinh2 0

for I >0 and for [ =0

cosh
sin @ + sinh? i
1 cos 6

3
Lol ) = GPaleos b (eosh i) = 5

By ,o(p,0) = Po(cos8)Qo(cosh p) —

Solving the inductive formula for B,, ; leads to

[n;z]71
2n+1—4k)(n+1—-2k+1
By(p,0) ( — 2(214; e )2k Pl (cos0)Q"._, (cosh )
k=0
204+ 1), .
((n—l—i)—l)l La(p, 0) if n — 1 even
5.8
( ) (21 + 2)n—l—l .
=i+ 1y Peealw®) e —lodd.

These functions B,, ;(,6) play an important role in discovering properties of our
monogenic function system. Step by step, we will discuss more about their charac-
teristics.

5.2. Asymptotic behavior. Our aim is constructing an orthogonal complete sys-
tem of the Ly-monogenic function space in the exterior domain of a prolate spheroid.
Therefore at least these functions must tend to zero at infinity. Theoretically, a
basis of monogenic functions can be constructed by using Kelvin transformation as
presented in [2]. The obtained functions are homogeneous of degree —k (in Cartesian
coordinates) with k& > 2, which defines their asymptotic behaviors. Unfortunately,
such a basis is only orthogonal in spherical cases. In the next section, we will prove
the orthogonality. Now, it would be nice to know how our functions behave at
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infinity. In order to find the answer, we look back to Legendre functions of the
second kind. For |z| > 1

, T D(z2=1)5 /2 1 2 1
R O
2n+1]_"(n+§) Zn+l+1 2 2 2 22

where I'(¢t) and F(«, 8,7;t) are the gamma and hypergeometric functions, respec-
tively (see also [30]). When z tends to infinity

(n+0! 1
Qn(2) = (2n + 1)l 20+

Now let z = cosh p ~ sinh y ~ r when p is large enough (with 7 = \/22 + 2% + 3),
it leads to

(n+1+1)! 1

(2n 4 3)I1 yn+2

(n—1+2)(n+1)! Pl s(cosb)
(2n 4 3)! pntd

(m+0)! 1
(2n + DN prtl

1
Bpi(u,0) =~ ) P! (cos ) —cosOP! | (cosb)

As aresult, we obtain the asymptotic behaviors of :.‘,/'—n\l and ]/:'n\J forl =0,...,n+
1;n=0,1,...
7 _ (+l+1)!

Ent = an g Xl

F o~ (n+1+1)_,
i (2n + 3)Il ~ ~(n+3)

One can see that at infinity E;L\l and .7/:: ; behave like homogeneous monogenic

functions of degree —(n + 3). A special case corresponding to 8/_-5 when p — 00

— 1 x

E_10~——]cosf —sinf (cos pi + sin pj)| = ——.

Lo~ =51 (cos i + sin ¢j)] P

It means that 8/_1\,0 has the asymptotic property similar to the Cauchy kernel in
a neighborhood of infinity. This is very important not only to ensure that those
functions are well defined on the exterior domain of a prolate spheroid, but also it
gives us an evidence of the completeness of such a system.

5.3. Orthogonality. In order to make a concise proof about the orthogonality of
the system, we formulate at first some supplementary results.

Proposition 5.2. Let 6{,17\,”, .’fk\,l be functions as described in (5.1)-(5.6). Each
following pair of functions are orthogonal with respect to the inner product (2.3)
whenever [y # [y:

* Tt Fosio}
° {gnl,lla .7:712712}
We skip the proof here. In fact, the 3D outer monogenic functions (5.1)—(5.6)

share the same structure with the 3D inner monogenic functions (3.1)-(3.2) which
have been studied in several articles by J. Morais, among other mathematicians.
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Therefore, the orthogonality in cases of different orders 1 # [ can be done similarly.
We refer readers to [21, 23, 29] for a detail proof.

The difference between the 3D inner and outer monogenics comes from the sup-
plementary functions A4, ;(u,0) in (3.3) and B, ;(x,0) in (5.7). As we can see,
Api(1,0) is decomposed into summands of the form

P. . (coshp)P!_,, (cos®).

n n

Consequently, the remaining proof for cases of different degrees ny # nsy is done
due to the orthogonality of associated Legendre polynomials of the first kind

/ Pl (cosf) Pl(cosf) sinfdf = 0,
0

/ P! (cosf) cos@ Pl(cosf)sinfdf = 0
0

where s < n. However, By, (1, 0) includes not only summands

Qp—ar(cosh (1) Py oy (cos 0)
but also one extra-term
cosh 1P} (cos 0)Q}_ (cosh ) cos P} (cos 0)Q!_ (cosh )
sin? 0 + sinh? p o sin? 0 4 sinh? p '
For this reason, it is necessary to improve our techniques to overcome such a differ-

ence. We express an orthogonal property for the ansatz function B, ;(u,8) by the
underline proposition:

Proposition 5.3. Let B, ;(p,8) be functions as in the Definition 5.1, then with
1=0,1,... the following equalities hold for each pair of (n, k) : k,n € {l, I + 1}

/ Bi.i(p1,0) Pl(cos®) sinfdf = 0.
0

Proof. In fact, there are 4 equalities corresponding to 4 choices of (n, k). We put a
parameter x taking values in the set {(0,0), (0,1), (1,0), (1,1)} to express choices
of (n, k). For example, x = (1,0) corresponds to n =+ 1 and k = I. We denote
left hand sides of the equalities by Iic. Note that we always have

Tio,1) = Tio) = 0-

Indeed, let us consider for example

Il(l,o) :/ Byy1.(p,0) P (cos6) sin6 do
0

12143
- / {Pf+1<cose>@§+1<coshu> 1
0

Pll-',-l (cos H)Qé_l (cosh ) }
2

sin @ + sinh? p
x P}(cosf) sin 6 do.

The first term has zero—integral because of the orthogonality of associated Legendre
polynomials. The second term has also vanishing integral because this is an odd
function with respect to variable ¢ := cos 6.

Now we consider the two remaining integrals IZ(O)O) and 11(171). Basically, there is
no difference between them. Thus now we prove for Il(0 0)- The other can be derived
analogously.
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First of all, let us calculate 11(070) for some initial values [ = 0,1
I?o,o) :/0 By, o(p, ) Py(cos ) sinf do
= /7r {Q (cosh ) — COShM} sin 6 df
N 0 0 a sin? § + sinh? W

h 1
cosh p + ):O,

=2 hp) — 1
Qo(cosh ) . (Cosh,u -1

Ito.0) :/ Bi.1(p,0) P} (cos ) sin6 do
0

cosh 1P (cos 0)Q} (cosh )
sin? 0 + sinh?

= / {3P11 (cos 0)Q1 (cosh ) — 2 } P} (cos ) sinf df
0

)
sin” 6 5— sin 6 df)

= 4Q*(cosh u) — 2 cosh L(cosh / _—
@1 (cosh p) pQq(cosh 1) ) Sn?0 1 s

= 0.

For arbitrary [ > 1, one has

Ito0) = / Byi(p,0) Pl(cosb) sinfdo
0

= /W {(2[ + 1) P} (cos 8)Q! (cosh ) — 21 cosh MPlZ(COS Q)Qé—l(COSh ) }
0

sin? @ + sinh? p
x P}(cos#) sin @ df
™ Pl 0 2
= 2(20)!Q}(cosh ) — 21 cosh @}, (cosh 1) / M sin 0 d#.
o sin“ 6+ sinh” p
Now we rewrite the integral part in the above formula
™ [p} 0)]2 ™ sin? 0[P~} (cos §)]?
/ B (s gag — (a1 - 1)2/ , 2[ 1 : I inoao
o sin“# 4+ sinh” p 0 sin“ @ + sinh”
™ [P/} (cos0)]?
=2(20 — 1)l - (20 — 1)2sinh2u/ [;ﬂ%smede.
o sin® 6 + sinh” p

Moreover from properties of associated Legendre functions of the second kind
(see [37]), one gets

sinh 1 Q}_; (cosh p1) = 2(1 — 1)Q}~3(cosh p).

Subtitute all these stuffs into the calculation of Il(0,0)7 we find that
Lo,0) = —20(20 = 1)* sinh T o
+2(21)! [Q}(cosh p) — cosh Q! _; (cosh ) + (21 — 1) sinh 1 @}~ (cosh )]

=0
= —21(2 - 1)*sinh pI{
This is an inductive formula and associated with initial values I?O 0 = I%o 0 = 0,

it yields that Il(0 0 = 0 for every [ =0,1,... It completes the proof. (]
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To end this section, we conclude by a theorem of the orthogonality of the function
system (5.1)—(5.6)

Theorem 5.4. The constructed functions (5.1)-(5.6) form an orthogonal system
with respect to the inner product (2.3).

Proof. As we discussed in the proposition 5.2, two functions in (5.1)—(5.6) are or-
thogonal if they have different orders I # lo. It is now to prove the orthogonality
in cases of the same order [. Look back to the form of functions (5.1)—(5.6), we see

that E;L\l and .’f’k\ ; are always orthogonal because of the orthogonality of following
pairs

{sin(lp), cos(lp)}, {sin[(I+ 1)), cos[(l = 1)¢]}, {sin[(l —1)¢], cos[(l + 1)}

when ¢ runs from 0 to 27. It is enough to prove such a property inside each subset
of {&€,,} and {Fy,} functions. Remark that in the special cases of £_1,9, Ennt1
and F,, n+1 the following arguments still hold. Thus we just prove for the general

form of £,,; and ]/:'k\ ;- Now, if we calculate the inner product of these functions
and cancel vanishing—terms, the remains are integrals of the forms

/ Boy . (1,0) Bpy (11, 0) sin 6(sin? 6 4 sinh? 11)d6
0

where m =1 —1, 1, I + 1. Suppose that ny > ng. Present By, (11, 60) as (5.7) and
By, m (1, 6) as (5.8) and omit vanishing-integrals, what left are

/ Buy.m (1, 0) P}(cos 0) sin 6df
0

if ng —m even, or
/ Bnl,m(,u, 9) Pll+1 (COS 0) Sin 0d9
0

if ng —m odd. Using again (5.8) for By, m(u,0), it leads to integrals of the form as
stated in the proposition 5.3 and so remaining integrals vanish. Hence the theorem
follows. .

5.4. Completeness. Now we claim the main theorem of this paper.

Theorem 5.5. The functions (5.1)-(5.6) form an orthogonal complete system in
the space M(Q2~, A).

Proof. We have already proved the orthogonality. To prove the completeness,

we only need to prove that every function in {Xg(n+2)v XT(7L+2), Yfzn-s—Z) n =

0,1,...;m = 1,...,n} can be expressed by our function system. Indeed, let us

consider XT(n 42) @S an example. We have

Ztnt2) = 58 r"TP” (cosB) cos(myp) | .
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The term inside the square brackets [-] is a harmonic function defined on Q.
Thus it can be expressed in terms of outer solid spheroidal harmonic functions

Z (a%Qn (cosh p) P, (cos 0) + Z Q7 (cosh ) P (cos 6)
n=0 m=1

X [amt cos(mep) + b sin(m)] )

This series expansion converges in Lo (7). Differentiate summand by summand,
one finally gets

. - oo n+1l o oo n+l .
XT(n+2) = a8£71,0 + b}j:O,l + Z Z anglgn,m + Z Z b:«bn+1-7:n,m'
n=0m=0 n=1m=1

Apply the same arguments to other homogeneous monogenic functions, the theorem
then follows. O

5.5. General properties. We begin this subsection by summarizing some basic
properties of the basis functions.

Theorem 5.6. Let py be the value of p on a fized prolate spheroidal surface. The
outer solid prolate spheroidal monogenics (5.1)—(5.6) satisfy the following proper-
ties:

(1) gn\l and .7?,; are the zero functions for l,m > n+ 2;

(2) En, and F, m, are 2m-periodic with respect to the variable ¢;

(3) For each n € N, the inhomogeneous harmonic functions SC(E/n\J) (I =
0,...,n) and Sc(Fpm) (m = 1,...,n) form an orthogonal system over
the space exterior to ug in the sense of the product (2.3);

(4) For each n € N, each of the two sets

Sc(Ena)s [Endlts [Enilo s 1=0,...,n+1},

{ — — —

and
{Se(Fum)s Funlts Fumlz: m=1,...,n+1}

forms an orthogonal system over the space exterior to ug in the sense of
the scalar product (2.3).

Proof. Statements 1. and 2. follow from the properties of the Ferrer’s functions
and Chebyshev polynomials. The proofs of Statements 3. and 4. are a consequence

of Theorem 5.4, and having in mind that Sc(éf,n\_,rl) = Sc(ml) =0. O

In view of the practical applicability of the aforementioned spheroidal monogen-
ics, next we illustrate explicit recurrence rules between them that are plain to be
integrated in a computational framework.
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Proposition 5.7. For each n € N, the outer solid prolate spheroidal monogenics
(5.1)-(5.6) satisfy the recurrence formulae:

— n+l+1)(n—-1+2) j0—. ——.
Eny = _{ )2( )(Sn,lql—?:n,zq.])
(14 d0,1) (/\ —
’ Envii+ Forrnd)
3(n 1t 2)n 1) Tt E Il
and
. 1N (n — 2) , S
fn,m = _(n+m+ )Q(n mt )(fn,mfli"_gn,mflj)
1 — —
-’F'nm -_gnm )
+2(n+m+2)(n—m—|—1)( mLl m+1d
foril =0,...,n+1and m = 1,...,n+ 1, with starting value (5.2). For a more

unified formulation we remind the reader that S/njn =F,m=0form>n+2,
and ;o is the Kronecker symbol.

Proof. For simplicity we just present the calculations for 517” (m > 1). By direct
inspection of previous expressions one has

n+m+1)(n—m-+2 — . _—
*( )( ) (gn,m—llfj:'n,m—l.])

2
i 2(n+m+21)(n—m+ 1) (g:’”jl”fmlj)
= EED B (1.6) cos(me)
i Bt (.0) cos((m + Do)
_ i (n+1+m)(n+m)(n—m+2) Bum1(1,60) cos(m — 1))
£t L m)nt m)(n = m42) B, 0)sin((m — 1)6);
Ty oot (.0) sin((m+ 1)

= c‘/'/m\m, m=1,...,n+ 1.
The proofs for E/n:) and .fn\m (m > 1) follow the same principle and are therefore
straightforward. O

As a direct consequence, we obtain the following recurrence relation.

Corollary 5.8. For each n € N, the outer solid prolate spheroidal monogenics
satisfy the two-term type recurrence formula:

— —

(n+2)(n+1)Epo—Epri— Fnij = 0,

—_—

(n+m+1)(n—m+2) (sn/,m\,l . }f,m\,lk) —Emi—Fnmi =0

form=1,...,n+ 1, with the starting value (5.2).
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6. PERSPECTIVES AND CONCLUDING REMARKS

In the presented study we constructed an explicit complete orthogonal system
of (R)-solutions for the space exterior of a 3D prolate spheroid. The system is
composed by piecewise monogenic functions, and is capable of describing exactly the
general information expressed by the commonly used Ferrer’s associated Legendre
functions of the first and second kinds, which seems to be suitable for the treatment
of monogenic functions by the use of power series expansions. Recurrence formulae
for fast computer implementations were also given. We honestly expect that the
rising popularity of these generalized spheroidal functions is still on the rise and
will likely see even more growth in the future, due to their promising applications
in many fields.

Recent studies have shown that our approach is connected, in a systematic fash-
ion, with the problem of scattering for both Dirichlet and Neumann boundary
conditions in the case in which the boundary is the prolate spheroid py. We are
convinced that such problems can be handled with Fourier techniques by expansion
into the above spheroidal monogenics. With the help of the constructed system,
we also hope to contribute to questions related to an (orthogonal) type Laurent
series expansion and its interplay with the classical Cauchy’s integral formula, and
a number of underlying applications. Further investigations on this topic are now
under investigation and will be reported in a forthcoming paper.
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