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Abstract

In this Note we present an algebraic analysis of the system of differential equations described by the Hermitian Dirac operators,
which are two linear first order operators invariant with respect to the action of the unitary group, both in the case of one and several
variables. To cite this article: A. Damiano et al., C. R. Acad. Sci. Paris, Ser. I 346 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

L’analyse algébrique des fonctions monogènes Hermitiennes. Nous présentons l’analyse algébrique du système associé aux
opérateurs de Dirac Hermitiens. Ceux-ci sont deux opérateurs linéaires du premier ordre, invariant sous l’action du groupe unitaire.
Nous étudions le cas d’une et des plusieurs variables. Pour citer cet article : A. Damiano et al., C. R. Acad. Sci. Paris, Ser. I 346
(2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Recently, there has been an increasing interest in the notion of monogenicity in the Hermitian setting. Monogenic
functions are defined as Clifford algebra valued (or spinor valued) functions belonging to the kernel of the Dirac op-
erator, which is a first order elliptic differential operator invariant with respect to the induced action of the orthogonal
Lie algebra so(m) on spinor fields. This setting can be extended to the case of arbitrary Riemannian spin manifolds on
which the Dirac operator arises as a conformally invariant operator acting on sections of a spinor bundle. By introduc-
ing a complex structure, the underlying symmetry can be reduced from so(2n) to u(n) (or its complexified semisimple
part sl(n)). This leads to two new differential operators ∂z and ∂

†
z , called Hermitian Dirac operators, defined on suit-

able bundles over complex Kähler manifolds, which are locally homeomorphic to C
n. The kernel of these operators

defines the Hermitian monogenic functions. In view of the fact that the so(2n)-irreducible spinor spaces decompose
into the so-called homogeneous spinor spaces carrying the fundamental representations for sl(n), it is important to
note that by restricting the values of the functions to these homogeneous spinor spaces, the system defining Hermitian
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monogenic functions splits into several systems of equations in several complex variables, among which the system
defining holomorphic or anti-holomorphic functions. In this Note we announce the algebraic analysis of the system
associated to Hermitian monogenic functions and we study the resolution in the one variable case as well as some
consequences. We also further generalize the theory to the setting of quaternionic Hermitian monogenic functions.
The proofs of the results in this Note will be presented elsewhere (see [4,5]).

2. Hermitian monogenic functions: the complex case

Let R
2n = spanR(e1, . . . , e2n) be the real orthogonal space endowed with the symmetric real-bilinear form

BR(ei, ej ) = −δij , its complexification C
2n and its associated Clifford algebra C2n, where eiej + ej ei = −2δij .

We can select a so-called complex structure J on R
2n, by choosing a specific automorphism J ∈ SO(2n) such that

J 2 = −1R2n : we define J [ej ] = −ej+n, J [ej+n] = ej , for j = 1, . . . , n. Using the relation 12n = 1
2 (12n + iJ ) +

1
2 (12n − iJ ) = π+ + π−, the complex vector space C

2n can be written as the direct sum of two maximally isotropic
subspaces W± = π±(C2n).

Definition 2.1. The Witt basis for C
2n is defined by fj = +π+[ej ] = 1

2 (ej − iej+n) and f
†
j = −π−[ej ] = 1

2 (ej +
iej+n), for 1 � j � n.

Remark 1. In terms of the Witt basis, the multiplication rules for C2n become fj fi + fifj = f
†
j f

†
i + f

†
i f

†
j = 0 and

fj f
†
k + f

†
kfj = δjk .

Definition 2.2. Given the vector variable X = ∑2n
j=1 ejXj ∈ R

2n and the Dirac operator ∂X = ∑2n
j=1 ej ∂Xj

, we define

two complex vector variables z = +π+[X] = ∑n
j=1 fj zj , z† = −π−[X] = ∑n

j=1 f
†
j z

c
j , with zj = Xj + iXj+n, zc

j =
Xj − iXj+n, j = 1, . . . , n, and two complex Hermitian Dirac operators

2∂†
z = +π+[∂X] = 2

n∑
j=1

fj ∂zc
j
, 2∂z = −π−[∂X] = 2

n∑
j=1

f
†
j ∂zj

,

where ∂zc
j

and ∂zj
denote the Cauchy–Riemann operator and its conjugate, in the variables zj .

Definition 2.3. Let f (z, z†) be a smooth function on R
2n with values in the complex Clifford algebra C2n. Then f

is called Hermitian monogenic (in short, h-monogenic) if it satisfies the system ∂zf = ∂
†
z f = 0. Let z

i
= ∑

j fj zij

and z
†
i = ∑

j f
†
j z

c
ij , i = 1, . . . , k, and let ∂

†
z i

, ∂zi
be the corresponding operators. A function f (z1, z

†
1, . . . , zk

, z
†
k) with

values in C2n is said to be h-monogenic if it is in the kernel of ∂
†
z i

and ∂zi
for all i = 1, . . . , k.

For the basic results on h-monogenic functions we refer the reader to [1,2,8]. Defining Ij = fj f
†
j and I = I1 · · · In

we have that C2nI is a model for the standard complex spinor space S. If we denote by Λ
†
j the span of j -vectors

f
†
k ∈ W− and by Sj = Λ

†
j I , then we have the decomposition S = ⊕n

j=0 Sj . With respect to S = ⊕n
j=0 Sj we can

represent the Dirac operators as the following block matrices with entries in C[z, z†] (with an abuse we will indicate
the matrices with the same symbol as the operators)

∂z =

⎡
⎢⎢⎢⎢⎢⎣

0 0 · · · 0 0
d1 0 · · · 0 0

0 d2
. . . 0 0

...
...

. . .
. . .

...

0 0 · · · dn 0

⎤
⎥⎥⎥⎥⎥⎦ and ∂†

z =

⎡
⎢⎢⎢⎢⎢⎣

0 δ0 0 · · · 0
0 0 δ1 · · · 0
...

...
. . .

. . .
...

0 0 0
. . . δn−1

0 0 0 · · · 0

⎤
⎥⎥⎥⎥⎥⎦ (1)

where the i, j -th block in ∂z is either a
(
n
i

)
times

(
n
j

)
matrix of zeroes or the restriction of the Dirac operator di :=

πSi
◦ [∂z]|Si−1

: Si−1 → Si , and similarly for ∂
†
z with δi := πSi

◦ [∂†
z ]|Si+1

: Si+1 → Si . In the sequel, we will consider
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the symbols of the operators ∂z, ∂
†
z . Their entries are in the ring of polynomials R = C[y1, . . . , ym] for a suitable set

of variables y1, . . . , ym. Let us denote by P the Fourier transform of the matrix P(D) made by the two blocks ∂z, ∂
†
z

in a column. LetMP be the cokernel of P . We say thatMP is the module associated to the Hermitian Dirac system.
The description above allows to prove, using Gröbner basis techniques, the following result:

Theorem 2.4. The free resolution of the moduleMP associated to the Hermitian Dirac system{
∂zf = a,

∂
†
z f = b

(2)

in dimension m = 2n is linear of length n. All the maps in the resolutions can be explicitly described. In particular:
the first syzygies are described by the relations{

dia|Si−1 = 0, 2 � i � n,

δib|Si+1 = 0, 0 � i � n − 2,
(3)

which form 2n −n−1 complex relations among the scalar components of a and b. The Betti numbers in the resolution
are given by β0 = 2n and βi = 2

(∑n
j=i

(
n
j

))
, 1 � i � n.

Remark 2. It is possible to completely describe the first syzygies in the case of the Hermitian system in several
variables (see [4]). It is interesting to note that the radial relations (see [8]) are never enough to describe the syzygies.
We recall that in the orthogonal case the radial relations are enough in the case in which the number k of Dirac
operators and the dimension m of the Clifford algebra satisfy the constraint m � 2k − 1 (see [3]).

Remark 3. Relations (3) imply some restrictions on the scalar values of a and b (in general, for the system in k

variables, we have constraints on the data ai and bi ), namely a|S0 = b|Sn
= 0 (resp. ai |S0 = bi |Sn

= 0 for all i).

Remark 4. In the orthogonal case, when dealing with only one vector variable X ∈ R2n, the matrix associated to the
operator is square and the complex ends after one step while in the Hermitian case the system corresponds to a matrix
which is not square and the complex has length depending on the dimension of the algebra in which it is embedded.
When the complex associated to a differential operator has length greater than 1, like the case of systems of several
orthogonal Dirac operators, Hartogs’ type phenomena occur. However, this is not the case for the Hermitian system
in one variable, as the following result shows (see [4]):

Theorem 2.5. Let K be a compact convex subset of an open set U ⊆ R
2n, and let f be a Hermitian monogenic

function on U \ K . Then f cannot, in general, be extended to a Hermitian monogenic function on U .

Remark 5. In the several variable case, the Hartogs’ phenomenon occurs (see [4]).

A remarkable consequence of the constraints on the data ai , bi is the following: while in the orthogonal case the
study of the Dirac equation ∂Xf = g is equivalent to the analysis of one of the two reductions into even and odd
parts ∂X[f ]+ = [g]−, ∂X[f ]− = [g]+, according to the splitting Cm = C

even
m ⊕ C

odd
m which allows a reduction of the

complexity of the problem, in this case we have:

Theorem 2.6. The Hermitian system is equivalent to the reduction to its even or odd part only when m ≡ 2 mod(4).

3. Hermitian monogenic functions: the quaternionic case

Let us now consider the quaternionic version of the Hermitian system. To this end, we will consider H4m :=
H ⊗R R4m endowed with the so called Witt basis now defined:

Definition 3.1. The quaternionic Witt basis of H4m, is given by {f�, f
α
� , f

β
� , f

γ

� }, � = 1, . . . ,m, where
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f� = e1+4(�−1) − ie2+4(�−1) − je3+4(�−1) − ke4�, f α
� = e1+4(�−1) + ie2+4(�−1) − je3+4(�−1) − ke4�,

f
β
� = e1+4(�−1) − ie2+4(�−1) + je3+4(�−1) − ke4�, f

γ

� = e1+4(�−1) − ie2+4(�−1) − je3+4(�−1) + ke4�.

We can give the notion of monogenic Hermitian functions by introducing the operators ∂q = ∑n
�=1 f�∂q�

where
∂q�

= ∂x1+4(�−1)
+ i∂x2+4(�−1)

+ j∂x3+4(�−1)
+ k∂x4�

, � = 1, . . . ,m, is a Cauchy–Fueter type operator and its variations

∂α
q = ∑n

�=1 f α
� ∂α

q�
and similarly for ∂

β
q , ∂

γ
q , where α, β , γ are suitable involutions acting on q (see [7]).

Definition 3.2. Let U be an open set in R
4m. A function f :U ⊆ R

4m → H4m is called quaternionic Hermitian (in
short q-Hermitian) monogenic it satisfies all the four equations

∂qf = ∂q
αf = ∂q

βf = ∂q
γ f = 0.

There are different, but equivalent, definitions of q-Hermitian functions (see [6,5,7]). In particular, see [6], it is
possible to adopt an equivalent definition in which the four operators involved are sp2n(C)-invariant.

Remark 6. The resolution associated to the q-Hermitian system is of length n (see [5]); in the low dimensional cases
it is linear (see [7]) and in [5] we are using the methods used in the complex case, to show that it is linear for any value
of the dimension. If we denote byMP the module associated to the q-Hermitian system, we have the following:

Theorem 3.3. Ext1(MP ,R) 	= 0.

Corollary 3.4. Let K be a compact convex subset of an open set U ⊆ R
4n, and let f be a q-Hermitian monogenic

function on U \ K . Then f cannot, in general, be extended to a q-Hermitian monogenic function on U .
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[2] F. Brackx, J. Bureš, H. De Schepper, D. Eelbode, F. Sommen, V. Souček, Fundaments of Hermitian Clifford analysis – Part II: Splitting of
h-monogenic equations, Compl. Var. Ell. Equa., in press.

[3] F. Colombo, I. Sabadini, F. Sommen, D.C. Struppa, Analysis of Dirac Systems and Computational Algebra, Progress in Mathematical Physics,
vol. 39, Birkhäuser, Boston, 2004.

[4] A. Damiano, D. Eelbode, I. Sabadini, Invariant syzygies for the Hermitian Dirac operator, preprint, 2007.
[5] A. Damiano, D. Eelbode, I. Sabadini, Quaternionic Hermitian spinor systems and compatibility conditions, in preparation.
[6] D. Eelbode, Quaternionic monogenic function systems, preprint, 2007.
[7] D. Peña-Peña, I. Sabadini, F. Sommen, Quaternionic Clifford analysis: The Hermitian setting, Complex Anal. Oper. Theory 1 (1) (2007)

97–113.
[8] I. Sabadini, F. Sommen, Hermitian Clifford analysis and resolutions, Math. Methods Appl. Sci. 25 (16–18) (2002) 1395–1413.


