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Abstract. We establish the basis of a discrete function theory starting with a Fischer decom-
position for difference Dirac operators. Discrete versions of homogeneous polynomials, Euler
and Gamma operators are obtained. As a consequence we obtain a Fischer decomposition for
the discrete Laplacian.
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1 INTRODUCTION

Clifford analysis is a powerful tool to solve all kinds of problems related with vector field
analysis.

A comprehensive description of Clifford function theory was given by F. Brackx, R. Delanghe
and F. Sommen in [[1] and later by R. Delanghe, F. Sommen and V. Soucek in [2].

In [5116], K. Giirlebeck and W. Sproflig proposed strategies to solve boundary value problems
based on the study of existence, uniqueness, representation, and regularity of solutions with the
help of an operator calculus. In the same books, the authors introduce also the basic ideas to
develop a discrete counterpart to the continuous treatment of boundary value problems with the
introduction of a discrete operator calculus in order to find a well-adapted numerical approach.
An explicit discrete version of the Borel-Pompeiu formula was presented for dimension n = 3.

This was further developed in [7, 8], where K. Giirlebeck and A. Hommel developed finite
difference potential methods in lattice domains based on the concept of discrete fundamental
solutions for the difference Dirac operator which generalizes the work developed by Ryabenkij
in [10]. A numerical application of this theory was presented recently by N. Faustino, K.
Giirlebeck, A. Hommel, and U. Kihler in [3] for the incompressible stationary Navier-Stokes
equations. In this paper, the authors proposed a scheme which solves efficiently problems in un-
bounded domains and show the convergence of the numerical scheme for functions with Holder
regularity which is a better gain compared with the convergence results for classical difference
schemes.

Moreover, while all these papers claim to be based on discrete function theoretical ap-
proaches, from the concepts of the theory of monogenic functions only the Borel-Pompeiu
formula and with it Cauchys integral formula were obtained. There is no “real” development of
a discrete monogenic function theory up to now.

This paper is supposed to be a step in this direction. To this end discrete versions of a Fischer
decomposition, Euler and Gamma operators are obtained. For the sake of simplicity we consider
in the first part only Dirac operators which contain only forward or backward finite differences.
Of course, these Dirac operators do not factorize the classic discrete Laplacian. Therefore,
we will consider in the last chapter a different definition of a difference Dirac operator in the
quaternionic case (c.f. [7]) which do factorizes the discrete Laplacian.

Let us emphasize in the end a major obstacle in the discrete case. While in the continuous
case the are only one partial derivative for each coordinate x; we have two finite differences
in the discrete case. Therefore, we will have not only one Euler or Gamma operator as in the
continuous case, but several. Each one will turn out to be connected to one particular Dirac
operator.

2 PRELIMINARIES

Letey,...,e, be an orthonormal basis of R". The Clifford algebra C¥,, is the free algebra
over " generated modulo the relation

r? = —|z|e,
where e is the identity of C¥, ,,. For the algebra C¥ ,, we have the anti-commutation relation-
ship

e;e; +eje; = —20;;e,



where ¢;; is the Kronecker symbol. In the following we will identify the Euclidean space R"
with A Cly ,,, the space of all vectors of C/;,,. This means that each element x of R" may be
represented by

n
T = Z xT;€e;.
=1

From an analysis viewpoint one extremely crucial property of the algebra ¥, is that each
non-zero vector x € R"™ has a multiplicative inverse given by ﬁ Up to a sign this inverse
corresponds to the Kelvin inverse of a vector in Euclidean space. Moreover, given a general
Clifford number a = "4 e4a4, A C {1,...,n} we denote by Sca = ayp the scalar part and by
Veca = eja; + ... + e,a, the vector part.

We now introduce the Dirac operator D = 7" | eia%i' This operator is a hypercomplex
analogue to the complex Cauchy-Riemann operator. In particular we have that D? = —A,
where A is the Laplacian over R". For a domain {2 C R", a function f : Q0 — Cly,, is said
to be left-monogenic if it satisfies the equation Df = 0 . A similar definition can be given for
right-monogenic functions. Basic properties of the Dirac operator and left-monogenic functions
can be found in [l1], [2], [6], and [5].

Now, we need some more facts for our discrete setting. To discretize point-wise the partial
derivatives (%i in the equidistant lattice with mesh width A > 0, R} = {mh = (mqh, ..., myh) :
m € Z"}, we introduce forward/backward differences 9;":

u(mh) — u(mh + he;)

Oif'u(mh) = ¥ . (1)
These forward/backward differences 0hii satisfy the following product rule
(03" fg)(mh) = f(mh)(0y"g)(mh) + (9" f)(mh)g(mh £ he;), )
(03" fg)(mh) = [(mh = he;)(0;"g)(mh) + (5" ) (mh)g(mbh). 3)
The forward/backward discretizations of the Dirac operator are given by
Dir =Y 05" 4)
i=1

In the following we will also use the following multi-index abbreviations:

(mh)'® == (myh)* (mah)®2 ... (myh)*";

al = aqlag! .oyl
la| =1 +as+...ap
te; . oti.

0, % =0,

+ae; . +e; \ Y
ah 1% . (ah z) ,

n
fora = (ag,ag,...,q,) = >0 €aq;.

3 FISCHER DECOMPOSITION

The basic idea of a Fischer decomposition is to decompose any homogeneous polynomial

into monogenic homogeneous polynomials of lower degrees. In the classic case such a decom-
ox?

position is based on the fact that the powers x* are homogeneous and that - = st A first




idea would be to consider instead of x* simply the powers (mh)®, but while these powers are
still homogeneous the last condition is not true in the discrete case, unfortunately. Therefore,
we will start by introducing discrete homogeneous powers which will play the equivalent role
of x° in the discrete case.

3.1 Multi-index factorial powers

Starting from the one-dimensional factorial powers
s—1
(mih)? =1, (m;h) = [[ (msh F kh),s € N (5)
k=0
we introduce the multi-index factorial powers of degree || by
(i) = T mh)$.
i=1

The one-dimensional factorial powers (mih)g,f) have the following properties

PL. (m;h)S™) = (mih T sh)(m;h)2;
P2. G}jfj(mih)gf) = 8(mih})$il)5i,j;

P3. 8,Tj(mih);f) = s(m;h F h)(;_l)(;i,j;
P4. (m;h)) — x5 = (m;h)* for h — 0,

where 9; ; denotes the standard Kronecker symbol.
As a direct consequence of these properties, we obtain the following lemmas:

, (mh)gFo‘), satisfy

Lemma 3.1 The multi-index factorial powers of degree |«

S (mih)3iF (mh F hey)') = || (mh)L

=1

, (mh)g?), satisfy

Lemma 3.2 The multi-index factorial powers of degree |«
Ofﬁ(mh);a) = aldy .

Lemma 3.3 The multi-index factorial powers of degree || approximate the classical multi-
index powers of degree |/, that is

(mh)gf) — 2 = (mh)® for h — 0.

For all what follows, let I3 denote the space of all Clifford-valued polynomials of degree
d, P, generated by the powers (mh)gﬁ“ ) of degree |a| = d, and IT* be the countable union of
all Clifford-valued polynomials of degree d > 0. Furthermore, let MT = IIF N ker Dif be the
space of discrete monogenic polynomials of degree d. Based on Lemma and we
will show that it is possible to obtain discrete versions for the Fisher decomposition as well as
define discrete versions of the Euler and Gamma operators.
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3.2 The main theorem

For two Clifford-valued polynomials of degree d, P; and Q3 € I} given by

PEmh) = 3 (mh)@at
|a|=d

Qi(mh) = Y (mh)v}
|a|=d

we define the Fischer inner product by

[P, Quln =Y a!Sc(atby). (6)
|a|=d

Denoting P ( Di) the difference operator obtained from P; by replacing m;h by i (c.f. [2]),
we have by Lemma [3.2] the identity

[P, Qgln = Sc(Pi(Dy)Q7)(0)  Pr,Qy €11y (7)
Moreover, due to Di,jf = — Dj" the Fischer inner product has the important property:

This property combined with the inclusion property

Dl = {Dif Py : Py € 115} C 115 . )
allows us to prove the following theorem:

Theorem 3.1 We have
I = M3 + (mh)Il; .

Moreover; the subspaces M and (mh)I1E | are orthogonal with respect to the Fischer inner
product.

From this theorem we obtain the Fischer decomposition with respect to our difference Dirac
operators Dj-.

Theorem 3.2 Fischer decomposition Let P; € 115 then

PE(mh) = f(mh)SMj_s(mh). (10)

s=0

where each ]\4jjE denotes the homogeneous discrete monogenic polynomials of degree j with
respect to the Dirac operators D,jf.



3.3 Difference Euler and Gamma operators

Based on Lemma [3.T we will introduce discrete versions of the Euler and Gamma operators
presented in [2]].
First of all, we introduce the second order difference operator A,f by

Af = 50> (mih) O OF . (11)

=1

Definition 3.1 For a lattice function f;, : Rj — Cly ,,, we introduce the difference Euler oper-
ator E;F by

n

(B fu)(mh) =3 _(mih) (05" fu) (mh = he;)

i=1

and the difference Gamma operator F,jf by

(T fa)(mh) = =3 ejer(Lifu) (mh) — (Ay fu) (mh),

i<k
where L;-tk = (m;h)IEF — (myph)O;.

It looks surprising that we have in the definition of the Gamma operator a term which con-
tains second order differences, but we would like to remark that for A — 0 this term vanishes
and we will get the usual continuous Gamma operator. As a matter of fact this term arises due
to the fact that in the discrete case translations are involved in the definition of finite differences/
finite difference operators.

Using the definition of the difference Euler operator and Lemma 3.1} we obtain for polyno-
mials homogeneous of degree d, P;* € Il E;f Py = dPj, and, moreover, we can show that a
function f;, homogeneous of degree d satisfy E; f, = dfy,. This fact provides a good motivation
for calling E,“L—L Euler operator, i.e. an operator who measures the degree of homogeneity of a
homogeneous function.

It follows from the definition of the Euler and Gamma operator that

(mh)Dj fr, = => (mh)0;" fru + > ejekLﬁfh (12)
i=1 j<k
= —(By +Ti)fn (13)

Moreover, for discrete monogenic polynomials of degree d, M € M=, we have I'F M7 =
—dM7F.
For all what follows, we introduce the difference operators

By = £h>_ 0y, (14)
=1

Ry, =rl+ Ey — A, (15)
1

Vi, =Rj, + §B,f. (16)

where [ is the identity operator and r a real number.



From the identity

((mh)Dif + DE(mh)) fu = —2(Bf — Af)fi —nfi
- _2Rf:i:,n/2fh
we get
(Di(mh)) fo = (=2R;:,. 5 + Bif + Ti) o, 17)

by applying identity (I3).
Applying the product rule for finite differences (2)) and using the identity —2m;h = e;(mh)+
(mh)e;, i =1,...,n, we get the following propositions

Proposition 3.1 For a lattice function f;, : R} — Cl, ,,, we have
DifEif fi = Dif fu + EEDE £
Proposition 3.2 For a lattice function f), : R;} — Cl,,,, we have
Di((mh) fn) = =2Vi5 o fr = (mh) Dy fo (18)

The details of the proofs can be found in [4].
From proposition [3.2] and from the commutation properties Dj- Ai- = A Dif and Dif Bf =
Bjf Di follow the operator relations

Di; Ry, = Riopya Dy, (19)

D}jf th,cr - th,:r—l—lDl:zt : (20)

Combining proposition with the operator relation (20), we obtain by recursion [4], the
formula

(Di)*((mh)*M7) = (=2)°Vil iare oaVimars s VimpaMi - (21)

where M3 € M3 . From this follows also (mh)* M € ker(D;F)**'. Formula (21} gives us
a motivation to find explicit formulae for the polynomials M di. To this end we need an explicit
formula for the inverse of the iterated composite operator thfn /2 +S_2thfn o5 thfn /2 This
means that we have to find an explicit formula for the inverse of the operator V,fr. Unfortunately,

we are only able to get an explicit formula for the operator wa. ([4D).

Theorem 3.3 For a lattice function fy, : R — Cly,, and for v > 0, the difference operator
Jhi’r defined by

(Jii f)(mh) = 32 byt ((th W)™V fu((th) (mh))
thelo,1]F

satisfies
Ju R, =1=Ry Jp.
Hereby we denote [0, 1]; = [0,1)3, [0, 1], = (0, 1], and
g(th) — g(th + h)

(dfg)(th) == F . :

The main idea of the proof is based on the identity

fulmh) = 3" it ((th 5 W)E fu((th)(mh))) .

thel0,1]F

and on the application of the discrete version of the chain rule.
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4 A DISCRETE HARMONIC FISCHER DECOMPOSITION

According to the classical theory of the finite differences, the usual approximation of the
Laplacian is given by
u(mh + he;) + u(mh — he;) — 2u(mh)
B2

-

@
I
—

(Apu)(mh) =

(0505 "w) (mh). (22)

I

@
I
—

The first problem that arises now is that not all of our partial difference operators do commute
in the certain sense (c.f. [3,16]) and, moreover, we have no factorization of the discrete Laplacian
Ay, by means of our difference Dirac operators considered above, that is D D,f %+ —epAy,.

Let us restrict ourselves in this section to the case of quaternion-valued functions defined on
lattices in 3.

Let us remark that the quaternionic variable mh is identified with the 4 x 4 matrix

0 —mlh —mzh —mgh
mh — mlh 0 —mgh mgh
mgh m3h 0 mlh
msh —moh  myh 0

In [7] for a lattice function f, : R} — H given by

3
fn= Zfﬁei = fPeo + Vec f,
i=0

a finite difference approximation of our Dirac operator was defined in the form

0 =9, —8,% —0,° by

. o o o o ||
Pt =ae g o o || 7
0,° =0k 0 0 fa
- —div, Vec f,
N ( grad; f2 + curl Vec fy, > 23)
0 =0, =0 -0 h
o4 0 =97 9,7 L
Ditfo = | 5 o8 o _h1 5
d; 0 0 -0
(T 5
_ —div; Vec f,
N ( grad;f f2 + curl; Vec fy, 24)

with diviVec fi, = X3, 95 fi, grady £ = Y23 (0iF f2)e; and

€1 €2 €3
+ 1 9t2  4+3
curl; Vec f, = | 0, 0, O

o R
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In the latter form one can easily see the similarity with the usual Dirac operator

Df = —divVec f
~ \ gradSc f + curlVec f )~
and we obtain the following factorization of the discrete Laplacian

o —ALf _ _
-+ hJh _ p—+p+
Dy~ Dy fn = ( “AVec fi ) =D, "Dy~ fn (25)

Now, we are able to obtain a Fischer decomposition for the discrete Dirac operators D;
and D} .

Proving the inclusion properties D; ~II} C I} ,, D; "II; C II;_; and replacing D}~ by
Djf and D; * by D;, in the inner product , we obtain the Fischer decompositions:

Theorem 4.1 Fischer decomposition for D, © and D; ~

Let Py € 11 (respectively, PJ € 11;) then

d—1

Py = ) (mh)" M, (26)
s=0
d—1

Pf o= > (mh)*M;,. (27)
s=0

where each M j’+( respectively, M j*’ ) denotes a homogeneous discrete monogenic polynomial
of degree j, that is, ]\@*Jr € IT; Nker D; " (respectively, M;r* € H; Nker D;77).

From the factorization property (25)), we have
[(mh)* P, Qiln = ~[Pi, AnQin,
which allows us to obtain the Fischer decomposition for the discrete Laplacian:

Theorem 4.2 Fischer decomposition for A,

Let Pf € 1T then
Pt = > [mhl*Hi s,

2s<d

where each ’Hji denotes a homogeneous discrete harmonic polynomial of degree j, that is,
HT € II7 Nker Ay,

As a consequence of the theorem .1} we obtain Fischer decompositions which relate the
discrete harmonic and the discrete monogenic polynomials.

Corollary 4.1 Fischer decomposition Let H: € IIF Nker Ay, then

Hy = Mg"+ (mh)MiT, (28)
HI = M; =+ (mh)M;7. (29)

where each Mj_+( respectively, M j+_ ) denotes a homogeneous discrete monogenic polynomial
of degree j, that is, Mj_Jr € IT; Nker Dj, *(respectively, Mj+_ € H;“ Nker D} 7).
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Using the same ideas as in the subsection[3.3] we can define the Euler and Gamma operators
E;F= T} (respectively, E;, T, T, 1) for the modified Dirac operators D}~ (respectively, D; )
which satisfy the identity (mh)D; " = —E, T =T, * (respectively, (mh)D;;~ = —E} =T} ")
[4]. Moreover, the polynomials P € 1T satisfy E;, TP, = kP, , (respectively, B/~ P =
kP;) and when P, € ker D; T (respectively, P;~ € ker D7), we obtain I', " P, = —kP,,
(respectively, I}~ P = —kP;)).

Like in the proposition [3.2| we can prove the operator property D, *E, * = [ + E, D, *
(respectively, D " E}f~ = I + E;F~ D; ™). In the same way we get analogous relations to the
ones presented in subsection [3.3]
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