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FISCHER DECOMPOSITIONS
IN EUCLIDEAN AND HERMITEAN CLIFFORD ANALYSIS

FRED BRACKX*, HENNIE DE SCHEPPER*, AND VLADIMIR SOUCEK?

ABSTRACT. Euclidean Clifford analysis is a higher dimensional function theory
studying so—called monogenic functions, i.e. null solutions of the rotation in-
variant, vector valued, first order Dirac operator 9. In the more recent branch
Hermitean Clifford analysis, this rotational invariance has been broken by
introducing a complex structure J on Euclidean space and a corresponding
second Dirac operator 0 ;, leading to the system of equations 9f =0 =0 ;f
expressing so-called Hermitean monogenicity. The invariance of this system is
reduced to the unitary group U(n). In this paper we decompose the spaces
of homogeneous monogenic polynomials into U(n)-irrucibles involving homo-
geneous Hermitean monogenic polynomials and we carry out a dimensional
analysis of those spaces. Meanwhile an overview is given of so-called Fischer
decompositions in Euclidean and Hermitean Clifford analysis.

1. INTRODUCTION

In 1917 Ernst Fischer proved (see [19]) that, given a homogeneous polynomial
q(X), X € R™, every homogeneous polynomial Py(X) of degree k can be uniquely
decomposed as P(X) = Q(X) + ¢(X)R(X), where Q(X) is a homogeneous
polynomial of degree k satisfying ¢(D)Qx = 0, D being the differential operator
corresponding to X through Fourier identification (X; < 0,,,j =1,...,m) and
R(X) is a homogeneous polynomial of suitable degree. If in particular ¢(X) = || X||?,
then ¢(D) is the Laplacian A,, and Qy, is harmonic, leading to the decomposition

o0 oo
(1) PR™C) =P P r* Hiu(®R™;C)

k=0 p=0
of the space P(R™; C) of complex valued polynomials into the spaces Hy(R™; C)
of complex valued harmonic homogeneous polynomials of degree k.

Clifford analysis (see e.g. [3} [15] 20, [22]), in its most basic form being a generali-
zation to higher dimension of holomorphic function theory in the complex plane,
offers the possibility for a refinement of this decomposition . Indeed, denoting by
(e1,...,em) an orthonormal basis of R™ the polynomial ¢(X) may be chosen to be
q(X) =X, where X = ZZ:I ea X4 is a real vector in the complex Clifford algebra
C,,, constructed over R™; the differential operator ¢(D) then is the Dirac operator
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d= 221:1 ea Ox, and Qg is a k-homogeneous polynomial null solution of 9, a
so—called spherical monogenic. This leads to the well-known Fischer decomposition
in Euclidean Clifford analysis of the space P(R™;S) of homogeneous polynomials
taking their values in an irreducible representation S of C,,,. Such a representation
S is called a spinor space and usually realized inside the Clifford algebra using a
primitive idempotent (see Section [5]). This Fischer decomposition reads:

(2) PR™;S) = P EP X Mi(R™;S),

k=0 p=0

where M (R™;S) denotes the space of spinor valued monogenic homogeneous
polynomials of degree k. In particular each harmonic k-homogeneous polynomial
Hj, be it real, complex or spinor valued, may be split as

(3) Hy = My + XMy

My, and Mj_1 being monogenic homogeneous polynomials of the indicated degree.

In the books [23] [12] and the series of papers [24] [T0} 11, [2} [7} [16] [T7], 18] so-called
Hermitean Clifford analysis has emerged as a refinement of Euclidean Clifford
analysis. Hermitean Clifford analysis is based on the introduction of an additional
datum, a so-called complex structure J, intended to bring the notion of monogenicity
closer to complex analysis. This complex structure induces an associated Dirac
operator 0 ;, whence Hermitean Clifford analysis then focusses on the simultaneous
null solutions of both operators 0 and 9, called Hermitean monogenic functions.
The resulting function theory is still in full development, see [8] [25] 9] [6] [5].

It is clear that the traditional approach sketched above cannot be used to obtain a
Fischer decomposition of harmonic homogeneous polynomials in terms of Hermitean
monogenic homogeneous polynomials. However, a Hermitean monogenic Fischer
decomposition was realized in [7] by means of a representation theoretical approach
which will be explained further on. This implies however that it is possible to
split any monogenic homogeneous polynomial in terms of homogeneous Hermitean
monogenic ones, which was established in [I3]. The aim of the underlying paper
is threefold: (i) to give an alternative proof of the latter splitting, revealing the
match between the monogenic and the Hermitean monogenic decompositions of a
given harmonic polynomial; (ii) to use the Fischer decomposition formulae for a
dimensional analysis of spaces of monogenic and Hermitean monogenic homogeneous
polynomials, and meanwhile (iii) to give an overview of all Fischer decompositions
in Euclidean and Hermitean Clifford analysis.

2. CLIFFORD ALGEBRA: THE BASICS

Consider a real vector space F of dimension m, equipped with a real symmetric
and positive definite bilinear form B(X,Y"), X,Y € E, with associated quadratic
form Q(X) = B(X, X). The orthogonal group O(F) and the special orthogonal
group SO(E) are defined as the groups of automorphisms, respectively orientation
preserving automorphisms g, leaving the bilinear form B invariant:

B(gX,gY)=B(X,Y), VX,Y € E.
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Now, let (e1,...,en) be a basis of E, which we assume to be orthonormal w.r.t.
the bilinear form B, i.e. B(ej,ex) = d;i, j,k = 1,...,m. The introduction of
this basis leads to the identification O(E) ~ O(m), through representation by
(m x m)-matrices g = [gjx], naturally satisfying the condition g¢g” = g7g = 1,,
with 1,, the unit matrix of order m, while in the case of SO(E) ~ SO(m), the
additional condition det(g) = 1 holds.

Turning to the complexification E¢ of F and the complexification B¢ of B, let
us now consider the Clifford algebras C{(E, —Q) over E and C{(Eg, —Qc) over Eg.
When identifying £ with R™ these Clifford algebras are often denoted R,,, and C,,
respectively. The Clifford or geometric product is associative but non—commutative.
With respect to the chosen basis, it is governed by the rules

€2 = —Bleaea)=—1, a=1,....,m, eqeg+esea=0, a#B=1,....,m.

(e

In standard Euclidean Clifford analysis, each vector X € FE with components
(X1,...,Xm) € R™, is identified with the real Clifford vector X = 7" | X,e,.
Its Fischer dual is the first order Clifford vector valued differential operator 9 =
Z;nzl eo0x,,, called the Dirac operator, which may also be obtained in a co-ordinate
free way as a generalized gradient, see e.g. [I} 2]. It is precisely this Dirac operator
which underlies the notion of monogenicity, a notion which is the higher dimensional
counterpart of holomorphy in the complex plane. A smooth function f, defined on
FE or on E¢ and taking values in either the real or the complex Clifford algebra, is
called left monogenic if and only if it fulfills the Dirac equation 9[f] = 0.

The groups O(E) and SO(FE) are doubly covered by the so-called pin group
Pin(F) and spin group Spin(E) of the Clifford algebra, respectively, realized inside
C,, as

Pin(E) ={s €CUE,—Q): Ik eN, s =w, ... wp, w; €S™ 1 i=1,...,k}
Spin(E) ={s €CUE,~-Q): Tk eEN, s =w; ... wop, w; € S™ L i=1,...,2k}
where S™~! is the unit sphere in E; through co-ordinatization it holds that
Pin(E) ~ Pin(m) and Spin(E) ~ Spin(m). Taking g € SO(FE), with corresponding
pin element s, € Spin(E), the action of g on a vector in E translates to Clifford

language as
X' =g[X] — X' =s,Xs,".
Considering its induced action on a function F', which is given for a Clifford algebra
valued function by the so-called H-representation
H(s)[F(X)] = sF(s™ Xs)s™"
and for a spinor valued function F' by the so-called L-representation
L(s)[P(X)] = sF(s™' Xs)

one has the commutation relations [0, H(s)] = 0 and [0, L(s)] = 0, whence it
follows that the Dirac operator is invariant under this action, and so is the notion
of monogenicity. A similar observation applies to Pin(E).

We now introduce the building blocks of the Hermitean Clifford setting. To this
end, we endow the space (F, B) with a so-called complex structure by choosing an
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SO(E) element J for which J? = —1, creating in this way the Hermitean space
(E, B, J). Clearly (det J)? = (—1)™, forcing the dimension m of E to be even: in
the Hermitean context we thus have to put m = 2n.

In (Eg¢, Bc) the projection operators %(1 +4J) create two isotropic subspaces

1
wﬂz{zie%:ziziuiuu;XeE}
which constitute the direct sum decomposition Fc = W+ @ W~. Extending the
action of g € SO(E) to vectors in Ec by Z+ € W — ¢[Z%] = L (g[X] £ ig[J X]),

the subspaces W+ will remain invariant if and only if ¢ commutes with the complex
structure J, or in other words, if g belongs to

SO (E)={g€SO(E) : gJ =Jg}.

Similarly O ;(E) C O(E) is defined. Note that the orthonormal basis (eq, . .., e2y) of
FE may always be chosen in such a way that the complex structure J is represented
by the matrix

1, 0

For an arbitrary O (E) element the commutation relation with J then is reflected
in the specific form of the corresponding matrix:

A B
=154
with AAT + BBT = 1,, and ABT — BAT =0, implying that A 4 iB both belong
to the unitary group U(n). In other words:
0,(2n)={G € 0(2n) : GJ=JG}

is isomorphic with U(n), and so is O ;(E).
By means of the projection operators 3(1+1i.J), the basis (e1,...,e,) gives rise
to an alternative basis for E¢, called the Witt basis:

1 , 1 . .
fi= sA+id)le]= Slej—ienty), j=1...,n
1 . 1 . .
f;':*i(l*%])[ej] = —5 (e +ieny), j=1...,n.

It splits into separate bases (f1,. .., f,) and (ﬂ, <o, fb) for W+ and W, respectively.
The Witt basis elements satisfy the Grassmann relations

e+ iufi =0, fifi +ifi=0,  jk=1....n
including their isotropy: f? =0= f} 2 j=1,...,n, and the duality relations
fifh 4+ L =0k, G k=1,...,n.

Each of the sets (f1,...,f,) and (ﬂ, ...,f) thus generates a Grassmann algebra,
respectively denoted by CA,, and CA!. The {-notation corresponds to a Hermitean
conjugation in C4(E¢, —Qc), defined as follows: take p € C4(E¢, —Qc) arbitrarily,
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i.e. p = a+ib, with a,b € C{(E,—Q). Then u' = @ — ib where @ and b are the
traditional Clifford conjugates of a and b in C4(E, —Q).

The components of the real vector X are now denoted as (z1,...,Zn, Y1, -, Yn),
and the corresponding Clifford vector X may thus be rewritten in terms of the
Witt basis as

n

X = (xje; +yjens;) = Y (2 — #F)

j=1 j=1
where we have introduced the complex variables z; = x; + 4y; and their complex
conjugates z§, j = 1,...,n. For vectors in the isotropic subspaces W of Ec a

similar 1dent1ﬁcat10n results into

1 n
Z+:§(1+ZJ)X<—> z = Zijj

Z*:;(I—ZJ)X<—>—Z szT

whence the relation X = ZT + Z~ may be rewritten in Clifford language as
X =z — z'. Similarly we arrive at the definition of the Hermitean Dirac operators

i 0., and 8ZT—ZTJ c—éﬁ

j=1

which are the Fischer duals of z and z', and may be seen as refinements of the
Euclidean Dirac operator since § = 2(91 — 9.,).

As a side remark, observe that the above operators may also be obtained in
another way, making explicit use of the complex structure J. Indeed, let

X|=J(X ZJ ej)x; + J(entj)y Z €;Yj — entjT;)

j=1

then there arises a second, associated (or "twisted") Dirac operator

2n n
0;,=J(0) = Z J(ea)0a = Z(ejayj - enJrjan)
a=1 j=1

corresponding to X|. We then have that
1 1 i
T ; - - e
20, = S(A+i)dl= 59+39,
1 . 1 i
2Q£——§(1—ZJ)[Q} = —§Q+ §QJ

A smooth function F' taking its values in the complex Clifford algebra or in
spinor space S is called Hermitean monogenic (or h-monogenic for short) if it is a
simultaneous null solution of both Euclidean Dirac operators, i.e. if it fulfills the
system

O[F] = 0= 9,[F]
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or, equivalently, if it is a simultaneous null solution of both Hermitean Dirac
operators, i.e. if it fulfills the system

9,[F) =0=2al[F].

Also the two Hermitean Dirac operators 9, and Qi may be generated (as was the
case for the Euclidean Dirac operator §) as generalized gradients, see [26] through
projection on the appropriate invariant subspaces, which moreover guarantees the
invariance of the considered system under the group action of O(2n) ~ U(n), see
[1, 2.

For further use, observe that the Hermitean vector variables and Dirac operators
are isotropic on account of the properties of the Witt basis elements, i.e.

(2)?=(")?=0 and (9,)°=(3)*=0
whence the Laplacian A = —9? allows for the decomposition and factorization
A=4(0.0L +010.) = 4(0] +0.)* = ~4(2! - 9.)°
while also

(-2 =+ =z r = 2P = 1P = X =

3. HARMONIC ANALYSIS

We start with the space P(R™;C) of complex valued polynomials defined on
R™, considered as a module over the full orthogonal group O(m). The action of
the group O(m) on polynomials in P(R™;C) is the regular representation:

[g-PI(X)=P(g" - X), geO(m), PePR™C), XeR™.
Denoting by Hy(R™; C) the space of complex valued harmonic k~homogeneous
polynomials, each of the spaces

r? Hi(R™;C), peNg:=NuU{0}, keNg

is a subspace of P(R™;C) which is invariant under the O(m) action. In addition,
they form the constituents of the Fischer decomposition of P(R™;C):

(4) PR™;C) = ééﬁp Hi(R™; C).

k=0 p=0
In (), all O(m)-modules Hy(R™;C) are irreducible and mutually inequivalent. In
particular the space P (R™; C) of k-homogeneous polynomials decomposes as
L5)
Pr(R™;C) = @ r* Hi_2p(R™;C).
p=0
Next we consider the space P(R?";C) of complex valued polynomials defi-

ned on Euclidean space of even dimension, however considered as an O;(2n) =
U(n)-module. The action of O;(2n) on polynomials in P(R?"; C) is given by

[u-Pl(X)=Pu"' X), uwcO;(2n), PcPR™C), XecR™".
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Since each complex valued polynomial in (x1,...,%n,y1,...,Yyn) may be written
also as a polynomial in the variables (z1,...,zn,2§,...,25), i.e.

P(X):P(xlv"'7znay17"'7yn):ﬁ(zla"'vznazf%" ZC)

1 n

we have to determine the polynomials P which are invariant under the action of
U(n). As is well-known the space of U(n)-invariant polynomials in P(R?"; End(C))
is the space with basis (1, 2ot e ) where

n n n
_ 2 2 L LC 2
=) @AY= zH=) 3l
=1 i=1 =1

The operator corresponding to the generator r2 is the Laplacian

A= Z ey O, =4 Zn: 02,0z
j=1

whence we are lead to consider the space of harmonic polynomials in the complex
variables (z1,...,2n, 25, ...,25). Its subspace HE of harmonic k—homogeneous
polynomials may be decomposed as

k
Hi = P Hax—alR?";C)
a=0

where H, ,(R?";C) is the space of harmonic polynomials of bidegree (a,b), i.e
a—homogeneous in the variables z; and b-homogeneous in the variables z7, i.e.

b
Hopv(Nz, ooy Az, 2l oo pizn) = A Ho p(21, -0y 20, 255 -0y 20 ) -

rn

This leads to the Fischer decomposition

(5) RQn @ @ @ T2p Ha o a RZn (C)

k=0 p=0 a=0

where the constituents 7% H, x—o(R?*";C), p € No, k € No, a = 0,...,k, are
irreducible invariant subspaces under the action of U(n). In particular the space
Py (R?7; C) of k-homogeneous polynomials decomposes as

L%J k—2p

= @ @ 7,2p Ha,k—Qp—a(Rm; (C) .
p=0 a=0

Comparing the Fischer decompositions and , it is clear that changing the
symmetry group from O(2n) to its subgroup O;(2n) ~ U(n) results in considering
the polynomials as functions of the complex variables (z1,...,2,, 2¢,...,25) and
splitting the spaces of harmonic homogeneous polynomials according to bidegrees

of homogeneity:

K(R?": C @HukaR :C).
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4. EUCLIDEAN CLIFFORD ANALYSIS

As mentioned in the introduction, the Fischer decompositions in terms of
spherical harmonics may be refined by considering the spherical monogenics of
Clifford analysis. To that end we consider the space P(R™;S) of spinor valued
polynomials and the L—action of the group Pin(m) on it, given by

[L(s) - P|(X)=sP(3 'Xs), PePR™S), secPin(m), XeR™.

We also need the action of Pin(m) on the space P(R™;End(S)), where End(S) is
isomorphic as a vector space with the complex Clifford algebra C,,, when m is even,
or with its even part when m is odd. Let s — 3 denote the main involution on C,,
for which e; — —ej;; it has eigenvalues £1, the corresponding eigenspaces being the
even and odd part of the Clifford algebra. The action of Pin(m) on P(R™; End(S))
then is

[s-f](X)=5sf(37'Xs)]57", feP@R™En(S)), scPin(m), XecR™.

The space of Pin(m)-invariant polynomials inside P(R™; End(S)) has the basis
(1,X,X? X3 ..., XP .., generating a unital superalgebra or Zy-graded algebra

spanc(1, X% X*,...) @ spanc(X, X* X°,..)

which reflects the natural grading of the Clifford algebra by its decomposition into
the even subalgebra and the odd subspace.

The Pin(m)-invariant differential operator corresponding, under natural duality,
with the generator X of this graded algebra, is the Dirac operator 9. Its polynomial
null solutions are called spherical monogenics; we denote by My (R™;S) the space
of spinor valued k-homogeneous spherical monogenics. Then each of the spaces
XP Mi(R™;S), p € No, k € Ny, is an irreducible invariant subspace of P(R™;S)
under the action of Pin(m), leading to the Fischer decomposition of P(R™;S):

(6) PR™;S) = P P X" My(R™S).

k=0 p=0

In (6)), all Pin(m)-modules My, (R™;S) are irreducible and mutually inequivalent.
To see @ as a refinement of just take into account the Fischer decomposition
of spherical harmonics in terms of spherical monogenics (see also (3))

(7) Hy(R™;S) = Hp(R™;C) @ S = My (R™;S) & XMj_1(R™;S)

meaning that inside Hy(R™;S) an isomorphic copy of both Pin(m)-irreducible
modules M (R™;S) and Mj,_1(R™;S) is realized by the trivial embedding and by
the embedding factor X respectively; explicitly for Hy € Hi(R™;S) one has

X0 ) . X0

H.=(14+ —7 — Hy .
k (+m+2k—2 k

C m+2k—2
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5. HERMITEAN CLIFFORD ANALYSIS

In this section we further explore the space P(R?";S) of S valued polynomials
on Euclidean space of even dimension R?"?. Here, we further decompose S as

S = é s
v=0

into its so-called homogeneous parts S(), v = 0,...,n, i.e. eigenspaces with
eigenvalue v for the left multiplication operator 3¢ = Z?zl fjf; (see [II]).

We want to obtain a decomposition of the space P(R?";S) into irreducible
subspaces under the action of the group Pinj(2n), which is a double cover of
O;(2n) inside the Clifford algebra; this group can be defined as

Piny(2n) = {s € Pin(2n) : ss; = s s}

where s; = s152...5,, with s; = g (1—ejentj), 5 = 1,...,n, is a Spin(2n)
element corresponding to the complex structure J € SO(2n) under the double

covering of SO(2n) by Spin(2n). The action of Pin;(2n) on P(R?*™;S) is given by
sf(gz )—sf( les, 57 1205), fe P(R*%S), s & Piny(2n)

whereas its action on P(R?*"; End(S)) = P(R?"; Cy,) is given by
s flz,2") = sf(3 zs, 5 2Ts)5 !

Observe the use of the Hermitean vector variables z and z', which are Pin ;(2n)-in-
variant elements in P(R?"; End(S)). In fact it may be proven by invariance theory
(see e.g. [21]) that the space of all Pin;(2n)-invariant polynomials is spanned by
all possible words in z and 2t

]
ko]
®
=
A
—
=
1SS
[
N
[
T
t\z
h
[
IS
Y
X
IS
S
h
[
[
L
[
IS
X
[
[
L
[
h
[
[
X
e
SN—

with

wi (z,21) = (f2)" = |2* %Mz w1 (z,27) = |2 2f

and w(() ) = w(()Q) = 1. This space becomes a unital graded superalgebra, inheriting
its grading from the Zs-grading on C,,

As a first step towards the decomposition aimed at, we will split P(R?";S)
according to bidegree of homogeneity and to the homogeneous parts of spinor

space:
R2n @ @ P(U)

a,b=0 v=0
with Pévb) = Pup(R*™;C) ® S(*). Under the natural duality the generators z and zf
of the above superalgebra correspond to the Hermitean Dirac operators 9, and Q;.

So we consider the spaces M((fg of S valued Hermitean monogenic homogeneous
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polynomials of bidegree (a,b) in the variables (z1,...,zn, 2§,...,25), the latter
denoted as (z,z'). This leads to the Fischer decomposition of the space of spinor
valued polynomials according to the action of Pin(2n) (see [7]):

P - @ D (Mo @ s ).

a,b=0 v=0 p=1 i=1,2

In particular, for the space H((fl), of S valued harmonic homogeneous polynomials
of bidegree (a,b), this Fischer decomposition reduces to

H) = MY @2 MU @ 2t MU

2zt 2tz
: (5 i)
(8) @ b—14v a—14+n-—v M“_l’b_l

where we put ./\/la » = 10} whenever a < 0, b < 0, v < 0 or v > n and moreover,
when b — 1 + v = 0 the last summand reduces to QTMEI_)l »—1, while, when

a—14+mn—v=0 it reduces to sz/\/l b1

Special attention should be paid to the cases where v = 0 and v = n. Indeed,
for v = 0, Hermitean monogenicity means holomorphy (see [2]), so in this case the
spaces of spherical Hermitean monogenics are simply the spaces of scalar valued
holomorphic homogeneous polynomials in the variables (21, ..., 2,), which implies
that b must be zero. For v = n Hermitean monogenicity means anti-holomorphy,
so in that case we end up with anti-holomorphic homogeneous polynomials in the
variables (z,...,z¢), implying that a must be zero. This leads to the following
special Fischer decompositions: for v = 0 one has

o« M= M

o ) =2t M) @22t M,

o M) = zTM“> 1,whenb7é0 b1,
while for v = n one has

o = M

o HY =2 My Y @2tz MG s
oHn) ./\/(((1 1b),whena7é0 a#1.

Note that the dimensional analysis carried out in Section [7] confirms these results.

In the next section we will show how the decompositions and fit together,
more precisely we will determine the U(n)-irreducible parts of constituting each
of the terms in (@
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6. DECOMPOSITION OF M}, INTO U(n)-IRREDUCIBLES

Let us first decompose the space Py (R?";S) of spinor valued k-homogeneous
polynomials in the variables (z1, ..., zn, 2§, ..., 2%) according to bidegree of homo-

rn

geneity and to the homogeneous parts of spinor space:
2
PRS- @ 7L
a+b=k v=0

in this way inducing on a spherical monogenic My € My (R?"*;S) the splitting

k n
(9) Me=3 3" B,
a=0 v=0

()

It is important to note that the components P,/ are no longer monogenic

since
0, P — P s
al: P, — P
whence

. p) (v=-1) (v+1)
Q‘ Paq,}kfa - Pav l,k—a @ 7Daf)kfafl

with ’Pfg = {0} whenever a <0 or b <0 or v <0 or v > n.In other words: the
action of the Dirac operator 0 mixes up the homogeneous parts of spinor space.

Introducing the spaces Ma iy = ME(R?S)N nPY

aka

QB @ /\/lak . C My (R?™;S)

a=0 v=0

we clearly have that

satisfy aM(U) =0= 5”LM(U) -9, M)

a,k—a a,k—a a,k—a’

where 3TM(U) P(U+1a L and 9, M ) pl 11,2 .- This means that at the

a,k—a a,k—a a—
same t1me8 M%) —0and 8TM(U =0, or: M)

a,k—a a,k—a a,k—a

Moreover the polynomials in M a, k a
is Hermitean monogenic,
which justifies the notation ./\/la 4_q for the corresponding space. We thus have
Lemma 1. On each of the spaces ’Pavb) the notions of monogenicity and Hermitean
monogenicity coincide.
Introducing the space of spherical Hermitean monogenics of degree k:
HMp = {Qk € Pr(R*™S) : 0,Qk = 0 =91Qx }
we thus have obtained that
n

(10) D P ML), c HMi © Mp(R*™;S).

a=0 v=0
However, there is more. Denoting the restrictions to My, of the Hermitean Dirac

operators by é\; and Q; we have the following result.
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Proposition 1. One has

__ k
HM;. = Ker ,Q; = Ker Q; = @ M((;jl)ﬁ—a :

a=0 v=0

Proof. In view of we still need to prove that

P P ML, >HM,.

a=0 v=0

3

So take ¢ € HMy, then

k n
b = Z Z ¢((11,]l)§—a

a=0 v=0
with (bf:%_a IS P((lf},z_a. As Qiqﬁ((:,)c_a S 77((1”__1,1,2_(1 it follows from qubk = 0 that
ngﬁ((:,)c_a =0fora=1,...,kand v = 1,...,n, while for a = 0 or v = 0 this
equation is trivially satisfied. Similarly it follows from Q;bk =0 that Q;gbf;j,)c_a =0
fora=0,....,k—1and v=0,...,n — 1, which now is trivial for a = k or v = n.
We may thus conclude that qﬁ((lf,)cﬂl € ./\/ls’),)cfa fora=0,....,kand v =0,...,n,
which proves the statement. ([l

Remark 1. Both for the spherical harmonics and for the spherical Hermitean
monogenics, the decomposition according to bidegree of homogeneity and to spinor
homogeneity leads to harmonic, respectively Hermitean monogenic components.
For spherical monogenics however this is not the case, as already mentioned, since
the action of the Dirac operator, in fact a combined action of both Hermitean Dirac
operators, mixes up the homogeneous spinor subspaces. We can only say that the
corresponding components of a spherical monogenic are in Ker QZQE = Ker QZQZ.

Our aim now is to decompose My, into irreducible subspaces which are invariant
under Pinj(2n) 2 U(n). To that end we start from the orthogonal decomposition

M = Keré;@ (Ker i)l

for which we have already shown in Proposition 1 that

_ k n
Ker,Q;: Ker ng @ @ M@

a,k—a *
a=0 v=0

We also know that (Ker Q;)L =~ TIm é; whence it suffices to determine Im é;

Lemma 2. One has

(11) Im 9, C MO
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Proof. Using @ and invoking that QiMk = Q;Mk since M}, is monogenic we have

k—1 n—1 k—1 n—1
v+1
ZZza(Jrlkal ZZ—zaka
a=0 v=1 a=0 v=1
and hence
a, P =0
2" a+1l,k—a—1 ’
(n—1)
QLPa,kJ—a - O’
(v+1) v—1)
82Pa+1ka1 al akaeMakal
from which the desired result follows. O

To show that equality holds in we prove the following version of the Poincaré
Lemma.

Lemma 3. Given ¢( k—a-1 € /\/lak u_1, the polynomial
T
Z zZ
v= (a+n7’u + k'faflqtv)(bak a=l
enjoys the following properties:
(i) ¥ € My
(i) 0. =0lw =9 s
Proof. To prove (ii) it suffices invoke the well-known anti-commutation relations
(see [7]):

{0..2} =K. +n—p%
{0..2"} =0;
{0,2} =0;
{01,271} = E.e + ¢
the Hermitean Euler operators E, and E.+ having the spaces 77( 1 as eigenspaces
with respective eigenvalues a and b. Next, (i) follows from (ii). O

Proposition 2. One has

_ k—1 n—1
Im 9, =1 9l =P P Mo
a=0 v=1
Proof. In view of we still have to prove that
k—1 n—1
mad, >P P M.
a=0 v=1
To that end take
k—1 n—1 k—1 n—1
_ (v) (v)
6= bt us € Mai—a1
a=0 v=1 a=0 v=1
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and define the polynomial

n—1

i
£ (v)
(a—I—n—v +k—a_1+v>¢a,k—a—1'

Then ¥ will belong to M, and satisfy 9,V = 9T¥ = ¢. O

||M

Combining the above results we obtain the following Fischer decomposition,
which, as mentioned in the introduction, was already obtained in [I3] on the basis
of group representation theory.

Theorem 1. The space My, (R?*™;S) of spinor valued spherical monogenics of
degree k may be decomposed into U(n)-irreducibles as follows:

k n
(12) My = (@ B Mff,%fa)
a=0 v=0
k—1 n—1

(B L)
a—l—n—v k—a—l—l—v ak—a=1/"

a=0 v=1

This last result means that, given a spinor valued spherical monogenic My, @D,

there exist spinor valued spherical Hermitean monogenics f

- aandgak o1 such
that

) n-2 (v+1)

k n ( - k—1 n—
(U) a—1,k Ya,k—a—1
M=y YA Y Sk ZZ P
a=0 v=0 a=1 v=2 a=0 v=0
where the polynomials occuring in the respective projections from M;j onto the
U(n)-irreducibles involving spherical Hermitean monogenics, may be calculated as

Tof
f _( B ﬁg B %QE )P(U)
a,k—a a+n—v k—a+v/ vka

v—1 v
g((lfl,llfa - Qgng,k?fa

Now we are able to show explicitly how the Fischer decomposition in terms
of spherical Hermitean monogenics originates from the Fischer decomposition @
in terms of standard spherical monogenics, by using the decomposition of
Theorem 1. First we have, according to :

Hi(R*™;S) = My (R*™;S) @ (z — 2") M1 (R*";S)
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which, by means of , takes the form

r9) = (@ @ MU),)
a=0 v=0
k—1 n—1 P gT )

@ (a—O et (a+n—v + k—a— 1+v>M“7k_“_1>

o -2 (D D ML)
a=0 v=0
k—2 n—1

N (Z*Zr) (ae—ao UQ:? (a—l—i—v + k—ai[2+v>M‘(lij])€_a_2) '

This means that for each spherical harmonic Hy € Hj;(R?";S) there exist
spherical Hermitean monogenics

féfz_aéngj,)c_a (a=0,...,k;v=0,...,n)
9 e €M (@=0,.. k-1 v=1,...,n—1)
h((:,l_a_le./\/lgj,l_a_l (a=0,....,k—1; v=0,...,n)
u((:j,)%a726./\/l((:l)via72 (a=0,....,k—2,v=1,....,n—1)
such that
k n ) k—1 n—1 5 ZT )
= ( )+ s ) 9a)
y sza’kf" + a+nfv+kfa71+v Jak-a-1
a=0 v=0 a=0 v=1
k—1 n
H(E S )
a=0 v=0
2 221 2tz (v)
+ <az—(:) —~ (k—a—2+v B a—i—n—v)ua’k*a”)'

Fixing a bidegree and a spinor-homogeneity degree the above decomposition yields

() () [y (v-1) Gunae1 (o4
v _ v a—1,k—a v— t a,k—a—-1 v
Ha,kfa a,kfa+g(a+n7,u +ha71, 711) +z (k7a+’U ha,kf 71)
N ( 22! I 1 )u@)
k—a—1+v a—1+4n—v/ o-bkel

meaning that

HY o =M, @ 2 MU0 @ 2 MO
o ( 2z B 2iz ) (v)
k—a—14+v a—1+n-—w a—lk—a—1
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which is precisely . Moreover we may now also determine the projection operators

from H((lv,l_ . onto the U(n)-irreducibles involving spherical Hermitean monogenics.
With the notations from above we successively obtain:

v 1 v
Ul e = mﬁl/\ﬁg[fﬁ,gw]
g(v]:»l) L (041) 1 ) »
Jak—a=1 _ 4 L g2 gt g
k—a+wv a,k—a—l) k—a—|—ru(*5 a—14n—ov 2 7£)[ a,k—a]
a+n—v a=lk-a a+n—ov\% k—a—140v2% % a,k—a
and
taf
() 20, 2'9; )
favk_“ ( a+n—v k—a—l—v)[ a’k_a]
z'2(9] 1 0,) 22101 7 0,) )
- <(k—a+v)(k+n— 1) (a+n—v)(k+n—1)) [Hoka]

7. DIMENSIONAL ANALYSIS

Fischer decompositions of spaces of polynomials allow for dimension counting,
which we will do in a systematic way in this section, first confirming well-known
formulae for the spaces of spherical harmonics and spherical monogenics, and then
establishing a dimension result for spaces of spherical Hermitean monogenics.

First recall that

dim(p () =D = (")

DF denoting the number of k-combinations of an m-element set, repetition being
allowed. It follows that dim(Py(R?*";S)) = 2" D5, | since dim(S) = 2". In the same
order of ideas we have

dim(P)) = D2D! dim(S™) = (Z) DeDb

and observe that indeed
3 ﬁ:dim(P;”g) = (Z (”)) (Xk: D;D,’j—a) = 2" Db, = dim (P(R2";S)).

a+b=k v=0 7 v=0 \Y a=0

Next, from the Fischer decomposition it follows that

Pr(R?™;S) = Hi(R*™;S) @ r* Pr_a(R*™;S)

which yields for £ > 2

hi, = dim (Hy(R*";S)) = dim (Px(R*";S)) — dim (P_2(R*";S))
n2n+2k2(2n+k2>

=2"(Dg, = D3, ") = 2" 5 N
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while hg = 2", h; = 2""1n. In the same order of ideas we find for a > 0 and b > 0

1) = dim (M) =2738) = () D20k - Dy D)

_(n\(n+a-2 n+b—1\n+a+b-—-1
T \w a b n+b—1

k
33 dim (W) (R8) = 2 3 (DEDE — i Dk

a=0v=0

yielding

a=0
=2"(D§, — D%-%) = dim (H;,(R?™;S))
as it should.
Now, from the Fischer decomposition it follows that
Pr(R?™;S) = Mp(R*™;S) @ X Pr_1(R*™S)
yielding for k£ > 0
my, = dim (Mg (R?";S)) = dim Py (R?";S) — dim Pj,_, (R*";S)

2 k—2
=2 (0, - D) =2 D, =2 ()

k
while mg = hgy = 2"™. Note that

dim(My,) + dim(My_1) = 2" (D5 — D5-2) = dim(H,,)

which is in accordance With .
Finally, putting ma b = dlm(./\/l(v)) with m( 5 =0 whenever a <0 or b <0 or
v<0orv>n, we deduce from the Fischer decompomtlon 8) that

(v) (v) (v=1) (v+1) (v)
(13) h‘a k—a — ma,kfa + mafl,kfa + ma,kfafl + mafl,lcfafl
This means that the dimension of the spaces MS’; of spherical Hermitean monoge-
nics may be calculated recursively from the dimensions of the spaces of spherical
harmonics:

mGp = his

v v v+1
({_h” By
v (v—1
h’gO hOO)

(v)

mo ) = h(()v2) . h(v+1) + h(v+2)

il = Y )



318 F. BRACKX, H. DE SCHEPPER AND V. SOUCEK

v v v—1 v—2
)= 1) - 5 415
mév% _ hév% . h(v-i—l) + h(v+2) B hév+3)
mgv% _ hgv% . hg'ulJrl) h(v 1) + h('u+2 hgvl hov(;rl)
métjl) _ hézjl) . hg_vfl) . h(v+1) + h(v) + h(v 2) h((f(;l)
m:(svg _ h(v) h(v 1) +h(v 2) hgj()_g)

etc. According to , these dimensions should satisfy

k—1 n—1
(v) (v)
ZZ ak G+ZZ akal
a=0 v=0 a=0 v=1

by means of which the correctness of the obtained results may be checked.

However, solving the recurrence relations explicitly in order to obtain a

closed form for mé ,)c ., turns out to be too complicated. Fortunately, the dimension

of the spaces of sphencal Hermitean monogenics may also be calculated in an
alternative way. To this end we consider the Weyl dimension formula (see [21], p.301])
for the dimension of an irreducible finite dimensional representation of a simple Lie
algebra g. This formula contains products over all positive roots of g, the number
of which is increasing quickly, whence the formula is difficult to use in explicit
calculations. Yet, in some cases significant simplifications occur. In particular in
the present case, for representations of the algebra su(n), a simplified formula may
be used involving the so—called hook numbers, see |21, p.382]. Characterizing an
irreducible representation by its highest weight A, a Young (or Ferrers) diagram
may be associated to it, which consists of left justified rows of boxes, each row
containing as many boxes as indicated by the corresponding component of A. Each
box then has a hook number associated to its position in the diagram, which can be
calculated following a simple rule: if there are x boxes in the diagram to the right
of the considered one and y boxes below, then the hook number is = + y + 1. The
Weyl dimension formula for the module with highest weight A = [A1, Aa, ..., An_1]
then takes the form
()\1+n—1)!()\2+n—2)!”.()\n,l—kl)! 1
(n— 1)' (7’?,—2)' 1! Hi,je)\hi,j

where the product is taken over all hook numbers h; ; associated to all boxes in
the diagram.
Now, the space /\/l( bisa su(n)-module with highest weight

A=la+b+1,b+1,...,04+1,b,...,0

where the last b+ 1 appears at the (n — v)-th place, see [I3]. The corresponding
Young diagram, with the hook numbers written in the corresponding boxes, is
shown above, leading for 0 < v < n to the following expression for dim/\/l((fg:

w _a+b+nb+v—-1\/b+n—-1\/la+n-1
Mebp =
’ a+n—v b n—v—1 a
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a+b a+n+1 a+n |la+n—1 a 2 1
+n—1
b+n—2 n n—1 [n—v—1

b+v+1 v+ 3 v+ 2 2

b+w v+ 2 v+1 1

b+v—2 v v—1

b+1 3 2

b 2 1

Fic. 1: Ferrer diagram with hook numbers for Mflvg

which has been checked to be in accordance with the recurrence relations .
As already mentioned above for v = 0 the spaces of spherical Hermitean

monogenics are nothing else but the spaces of scalar valued holomorphic homo-

geneous polynomials in the variables (z1,...,2,), implying that b = 0. Hence

mg’)()) = dim sz(,)(% = D2 = (“""71), which is confirmed by the Weyl dimension
formula for the highest weight [a,0,...,0]. Similarly, for v = n we end up with
anti-holomorphic homogeneous polynomials in the variables (z§,...,z2¢), implying
that a = 0. Hence mgfb) = dim Péf;) =Dl = (H’Z*l)7 which is confirmed by the
Weyl dimension formula for the highest weight [b, b, ..., b].
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