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As it is well known, the approximation theory of complex valued functions is one
of the main fields in function theory. In general, several aspects of approximation
and interpolation are only well understood by using methods of complex analysis.
It seems to be natural to extend these techniques to higher dimensions by using
Clifford Analysis methods or, more specific, in lower dimensions 3 or 4, by using
tools of quaternionic analysis.

One starting point for such attempts has to be the suitable choice of complete or-
thonormal function systems that should replace the holomorphic function systems
used in the complex case. The aim of our contribution is the construction of a
complete orthonormal system of monogenic polynomials derived from a harmonic
function system by using systematically the generalized quaternionic derivative.
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1 Introduction

An important tool in approximation theory in Hilbert spaces is the use of series
expansions of functions with respect to a complete orthonormal system. In partic-
ular, complete sets of orthonormal polynomials play a crucial role.

In the space of complex functions, the variable z = x+i y and its powers 2™, n € Ny,
are the simplest polynomials in z and y that can be used to approximate holomor-
phic functions. For bounded domains 2 C C, the system of functions

{1,2,2%...,2", .. Jnen, (1)
belong to Ly(f2). As it is well known, equipped with the inner product
<f,g>=/Q?ng, (2)

where d€2 is the Lebesgue measure, Ly(2) is a Hilbert space.
Each finite subset of (1) consists of linear independent functions, which can be
orthonormalized and lead to polynomials of the form

Pu(2) = Con +Cinz+ -+ cnpz",

with ¢, €C,1=0,1,...,n—-1and ¢, >0,n=0,1,2,... .

In particular, if Q@ = {z € C : |z| < 1}, the powers z", n € Ny are automatically
orthogonal with respect to the inner product (2) and can be easily normalized to
get an orthonormal system (ONS) of polynomials.



Another advantage of the simple basis system (1) is that the derivative is a poly-
nomial with the same structure and one degree lower, i. e,

d

dzz
In the case of generalizations to higher dimensions, it seems to be natural to look
for systems of polynomials that keep the referred properties, namely, an easy or-
thonormalization process and a similar behaviour with respect to a derivative. The
topic of this paper is to construct a quaternion-valued system, for approximating
monogenic functions in the unit ball, that fulfills those properties.

n :nzn—l

2 Basic definitions and notation

We work in the skew field of quaternions
H:={z:2=x+z1e, + x5 + z3e3,2; € R, i =0,1,2,3},

where eg = 1, e; = i, e = j, e3 = k = e eo are the standard basis elements of
IH, with the multiplication law e;e; + eje; = —20;5, 4,7 = 1,2,3 , where d;; is the
Kronecker symbol.

We identify each element © = (xg,x1,22) € R? with the reduced quaternion z =
o+ T1e1 + Toes (sometiI{les called paravector) and denote by Re z = 1 (z + %) the

real part and by I'm z = 5(z — %) the imaginary part of z. The conjugate is defined

by Z = 29 — x1€1 — x2e9 and the corresponding norm of z is given by |z| = V2 Z.
Let © ¢ IR® be a bounded simply connected domain with a sufficiently smooth
boundary and the generalized Cauchy-Riemann operator

0 0

D=_—+4 —e€ —&—ie
_810 81’11 85622

with its conjugate

p-92 9 9

8x0 — 8733161 — 673;‘262 . (3)

A Cl-function f is said to be left (resp. right) monogenic if Df = 0 in € (resp.
fD=0in Q).

Here, we work only with left monogenic functions that we call briefly, monogenic.
From now on, let us consider Q := B := B;(0) the unit ball in R* and denote by
S = 0B the boundary of B and by do its surface-element.

3 A system of polynomials based on a permutational product

For a basis of monogenic polynomials in H, the expected candidate would be the
function f(z) = z = xg + e1x1 + eaxo and its powers 2", n € INy. Unfortunately,
these functions are neither left nor right monogenic. Instead of them, the left and
right monogenic hypercomplex variables z, = x; —epxo = —%(zek +erz) k=12,
can be used (c.f [5], [2], [7] and [8]). However, their usual product z1z5 is not



monogenic.
Following [8], one considers the functions (often called generalized powers )

TV =t X282 =20 X 21 X oot X 21 X2Zg X Zg X e+ X 29
v times vo times
DY
= Ziy "t 2 .
TR
(1 5eenst|])
. .. N .
where v = (v1,1v2) is a multi-index, |v| = v; + 12, Z = (z1,22) and the sum is
taken over all permutations of (iy,...,,|) .

Taking into account that all functions of the form Z'¥ are monogenic, they were

used in [8] to construct Taylor series of monogenic functions in a way similar to
the case of several complex variables.

Note that for each n € WNp, with || = n, the polynomials
span{l, e, ez} and are homogeneous of degree n.

71/

belong to

The importance of the generalized powers is reflected by

Theorem 3.1 [2], [8] For each n € Ny and |v| = n, the n + 1 polynomials Z"
form a basis in H.

Using the H-valued inner product

<fvg>L2(S):/SngdUa

we can establish the following result:

Theorem 3.2 [3] Let v = (v1,10) and i = (11, p2), n = |v| = |u| be the degree of
homogeneity and

<t x ozt At X 2t > s)=a,
where a = ag + a1 €1 + as eo + az ez € H.
Then, it holds
1) ap = a1 = a2 =0 and ag # 0 if |11 — p1| and |va — ps| are both odd numbers;
i) a1 =az =a3 =0 and ap # 0 if |v1 — 1| and |v2 — po| are both even numbers.

Examples
For n = 5, we have

4 3 2 64
< 21 X 22,27 X 2y >L2(S): _mﬂ'eg y
illustrating ¢) and
128
< Z? X 23721 X Zg >L2(S): @’ﬂ' ,



illustrating 7).

As a consequence of ), the use of the real-valued inner product

< fvg >0,L2(S): A’Re(f g) dO’, (4)

implies a large number of automatically orthogonal polynomials, for the same
degree of homogeneity.

However, the second property of the basis system that we want to keep is lost. In
fact, the hypercomplex derivative (3)D (c.f [6]) of the generalized powers Z', |v| =
n, for a fixed n € IN, given by [8],

(D) x 257) = = (1 x 2 )er — va(a)t x 25 es

is now a linear combination of two polynomials of degree n — 1.

4 A special system of homogeneous monogenic polynomials

It is possible to construct, by another approach, basis systems of homogeneous
monogenic polynomials that keep both desired properties.

The main idea of such a construction is based on the decomposition of the Laplace
operator A = DD = DD. This property allow us to obtain homogeneous
monogenic polynomials as a result of the application of D to real homogeneous
harmonic polynomials.

An H-valued function is harmonic in € if and only if each of its components is
harmonic in 2.

Evidently, any monogenic function is a harmonic function in all its components.
The natural way to deal with homogeneous harmonic polynomials on the sphere is
the use of spherical coordinates

xg =rcosf, x1 =rsinfcosp, xo = rsinfsinp,

where 0 < r < 00,0 <60 <7, 0<¢ <27 Each z = (xg,z1,22) € R?, can be
written as

r=rw, lw =1
where
W = wo +wie + waey

. T . _ _ _
with w; = —, ¢ =0,1,2. Of course, T = rw, where @ = wy — wie; — waes.
r

Consider H,, as an H-valued homogeneous polynomial of degree n, i.e, an H-valued
polynomial such that

H,(tz) =t"H,(z), t € R, = € R



From this formulation, it is clear that a homogeneous polynomial is determined by
its restriction to S.

Now we can rewrite the homogeneous harmonic polynomial H,, in spherical coor-
dinates as

H,(z) =r"Hp(w)

and its restriction to the boundary of the ball is called spherical harmonic of order
n. Spherical harmonics play an important role in several fields of mathematics and
physics, namely, in celestial mechanics, terrestrial magnetism, earthquakes and in
a general way in all fields of geosciences. Indeed, spherical harmonics are essential
for the analysis of any phenomena with spherical symmetry. For a detailed study
on spherical harmonics, we refer [1] and [9], for example.

Analogously, denote by H,' a homogeneous monogenic polynomial of degree n €
N, |v| = n. In spherical coordinates,

HE(;U) = T”Hﬁ(w)

and the restriction to the boundary of the ball is called spherical monogenic of
order n.

For each n € INy, we take the 2n 4 3 linearly independent functions in the space of
real-valued spherical harmonics of order n + 1,

US4 1(6,0) = Pasi(cos)
UM 1(0,9) = P (cos ) cos my (5)

n n

Viii(0,¢) = P (cosf)sinmyp, m=1,...,n+1,

n n

where P, ;1 is the Legendre polynomial of degree n + 1,

(23]
Pn+1(t) _ Z i1k tn+1—2k
k=0
Py(t)y=1
(the upper bound [s] in the sum denote, as usual, the largest integer contained in
seR),
with
B r 1 (2n + 2 — 2k)!
An41,k = (71) 1 5
27+l El(n4+1— k) (n+ 1 —2k)!
and
m d™
;rfkl(t) = (1_1‘;2>7 dthn+1(t)? m:177n+1
are the associated Legendre functions ', associated to Legendre polynomials of
degree n + 1.

1These functions are also called Ferrers functions by some authors because they were introduced
in 1877 by N. Ferrers. Sometimes they are defined with the factor (—1)™ as, for example, Olver
[10]. Here, we follow Sansone in [11].



Taking n = 0,1,2,... the system (5) is complete in Ly(S) (c.f. [11]).

The main idea of the construction of a system of desired monogenic polynomials is
the application of the hypercomplex derivative (%)D to the harmonic homogeneous
polynomials

n+1 770 n+1 yrm n+1 yrm o
{T Un-‘,—lvr Un+17T Vn+1}? m—l,,nJrl

Their restriction to the boundary of the ball give us the spherical monogenics

1= n
X = 5D " Ul
= A%" 4 B%" cospe; + B sinpes,
where
0,n 0,n 1 202 d
AV = ADM(G) = 7 (sin 0 %[Pnﬂ(t)]t:ms(g) + (n+1)cosOP,1(cosb) |,
0,n 0,n 1 : d :
B>" =B>"(§) = 3 sinf cos 6 %[Pnﬂ(t)}t:cos(g) —(n+1)sinf P,11(cosh) |,
and

1—
Xy = D U

= A"™" cosmep +
+(B™" cos p cosmp — C™" sin p sinmey) eg +
+(B™" sin p cosme + C™" cos p sin myp) e,

ym = %ﬁ(r"“ i) lr—1
= A™"sinmyp +
+(B™" cos psinmep + C™" sin p cos mep) €1 +
+(B™" sinpsinme — C™" cos p cos mep) ez,

with the notations

1 d
A™n =A™ (g) = 3 <sin2 0 %[P»,ﬁl(t)]t:cose + (n+1)cosf P | (cos 9))
B™™ = B™"(0) = 3 sinf cos § E[PnJrl(t)]t:COS@ — (n+1)sin@ P, (cosf)
cmn = () = T P (cos0)
B =2 Mg Tt
m=1...n+1.
Examples:

For n = 3, some of the 9 homogeneous monogenic polynomials are

3 3 3
X9 = 223 — 3wga? — 3woas + (—lesc% + 3231 — ~ad)ey + (—oaday — Sad 4 3x220)en

4 4 4



105 4 315, 315, 315

X3 = 5 1~ 5w+ (—Txoxl + 7x0x2)el + 315z0x2x1 €0
X4 = (630x,23 — 21023 )e; + (—21023 + 62023 x5)ey
15 15 15 15 45
Yy = 15232, — Zl’%(bg - ng + - L0T2T1€1 + (=53 + Zxox% + Zxoxg)eg
315 105 315 315
Y3 = 733%952 — ng — 315z0z0101 + (—7960&5% + 73’;01’%)62

An important fact is that the derivatives of these polynomials are related to the
original ones, like n 2" ! to 2" in the complex case:

Theorem 4.1 [3] For the polynomials X, m =0,...,n and Y™, m =1,...,n,
the following identities are true:

1—
(§D)XZL" =n+m+1)X",, m=0,...,n
1—

(§D)YT:” =n+m+1)Y", m=1,...,n.

Considering the set of 2n + 3 polynomials constructed above and the set of these
polynomials multiplied by e3 (the polynomials X"t e3 and Y,"*!e3 are linearly
dependent of Y"1 and X1, respectively, so we remove them), for each n € Ny,
we have the set of 4n + 4 spherical monogenics

(X0 0, X0, Yo, Xo g, Xb g, Vg, m=1,...,n+1,1=1,...,n}. (6)
Here, we use the notation X}, := X} and X]'5 := XJ"e3,m = 0,...,n+1

(analogously, Yy := X" and Y, := X" e3).
Based on the set (6), we construct an orthonormal basis for the space of quaternion-
valued polynomials with real coefficients, with respect to the inner product consid-
ered in (4). First, we observe that for the same degree of homogeneity, we have
a very large number of automatically orthogonal polynomials. In fact, within the
group of 2n + 3 polynomials {Xg,m X0 Yoo ,om=1,...,n+ 1} we have orthog-
onality, as well as within the group of 2n 4+ 1 polynomials {X273, X,ll’g,Y,ﬁ,g, l =
1,...,n}

The norms of these polynomials are

HXrOL,OHO,Lz(S) = HXg,s

lo,22(8) = V7T(n+1)

1Xollo,228) = I¥allo,Lacs) = [1X0 sllo,Lacs) = 1Yo sllo,La(s) =
™ (n+14m)!
=4/= 1) ———= =1,... 1.

Considering the normalized set



v O vm  yvm 0 vl vl
{Xn,O’ Xn,O’ Yn707 Xn,3’ Xn,3’Yn737 m = 1,...,7’L+ 1; l= 1a-- -7”} )

resulting from (6), after taking normalization, we easily arrive to the following
result:

Theorem 4.2 [3] Forn=0,1,2,... ,
i) The system

XS,O, ngo, }77:6, m=1,...,n+1 (7)
is an orthonormal system.
ii) The same is true for
K0 K ¥ =1, ®

ii1) Between the two groups of orthonormal polynomials (7) and (8), we have or-
thogonality, except

0, m#1
o >l > ol
< X0y Yoz >0,0.9= — < Y0, X5 3 >0,04(5)=

l _
— g m=1

For each n € Ny, the system (6) is a linearly independent set and can be easily
orthonormalized to get the ONS

0,%* m,* m,* L,* 0,%* lx o _
{ X0 Xno s Yoo s Vg Xos Xps,m=1,...,n+1,1=1,...,n}, (9)

where
0,% it
Xn,o = Xg,o
XrTé* - XTTLnO
Y5 =Y
Yi:‘; = VSnyl ((”+1) Vis—1 Xrllo)
0,% oy
Xn,S = Xg 3
X5 = \/on ((n +1) Xj 5 +1 ffri,o)
with

1
m+1+Dn+1-1)"

Sn,l =
m=1,....,n+1,l=1,...,n.

Let {¢*,;:j=1,...,4n + 4},en, be the ONS of spherical monogenics of degree
n in Ly(S), constructed in (9).



Denoting by ¢y, ; =" ¢*, ;, j =1,...,4n+ 4, the extensions of these polynomials
into the ball, we know from [4] that

1 * *
< Onyjs Pl >0,L2(B)= TR S O s P ket >0,L0(5)
and, consequently, {¢, ; : j =1,...,4n+4},cn, is an orthogonal system of homo-
geneous monogenic polynomials in Ly(B). As
1

bnill5 .5y = 2n+3”¢*n,j||g,L2(S)
the system
{V2n+3 ¢pj:j=1,...,4n+4}en, (10)

forms a ONS of homogeneous monogenic polynomials in Lo (B).
It is possible to prove that

Theorem 4.3 [3] The system of homogeneous monogenic polynomials (10) form a
complete ONS of homogeneous monogenic polynomials in Lo(B).
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