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Preface

This volume contains some papers written by the participants to the Session
“Quaternionic and Clifford Analysis” of the 6th ISAAC Conference (held in
Ankara, Turkey, in August 2007) and some invited contributions. The contents
cover several different aspects of the hypercomplex analysis. All contributed pa-
pers represent the most recent achievements in the area as well as “state-of-the
art” expositions.

The Editors are grateful to the contributors to this volume, as their works
show how the topic of hypercomplex analysis is lively and fertile, and to the ref-
erees, for their painstaking and careful work. The Editors also thank professor
M.W. Wong, President of the ISAAC, for his support which made this volume
possible.

October 2008, Irene Sabadini
Michael Shapiro
Frank Sommen
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An Extension Theorem for Biregular
Functions in Clifford Analysis

Ricardo Abreu Blaya and Juan Bory Reyes

Abstract. In this contribution we are interested in finding necessary and suf-
ficient conditions for the two-sided biregular extendibility of functions defined
on a surface of R?™, but the latter without imposing any smoothness require-
ment.

Mathematics Subject Classification (2000). Primary 30E20, 30E25; Secondary
30G20.

Keywords. Clifford analysis, biregular functions, Bochner-Martinelli formulae,
extension theorems.

1. Introduction and preliminary facts

The study of two-sided biregular Clifford-valued functions goes back to [14]. These
functions, which are of two higher-dimensional variables in Euclidean spaces, are
a non trivial generalization of monogenic functions of one Clifford variable, i.e.,
nullsolutions of the Dirac operator in Euclidean space. The latter being called
Clifford analysis, see [4].

It is proved that many important properties of holomorphic functions of
one complex variable may be extended for the class of biregular functions in the
framework of Clifford analysis, see [10] for more details.

In a classical formulation, the characterization of the two-sided biregular
extension of functions defined on the boundary of a domain of R2", n > 2, is
tied up with certain a priori smoothness restrictions on the boundary in order to
ensure the existence of a pointwise normal vector on it. However, these restrictions
may be entirely avoided, if the normal vector is replaced by the exterior normal
in Federer’s sense, see [9], p. 477.

The natural question arises whether it is possible to extend two-sided biregu-
larly a merely continuous function defined on the boundary of a domain, after mak-
ing the assumption that the boundary is an Ahlfors David regular and rectifiable
surface. New results in this direction to be described in this paper is our purpose.
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We stress that the class of surfaces satisfying both Ahlfors David regular and
rectifiable restrictions is very general and contains all classes of those classically
considered in the literature, in particular the Lipschitz graphs.

Essential to our proofs is the effective use of the isotonic Clifford analysis,
applying the simple connection between the two-sided biregular functions and the
isotonic ones. In particular, the isotonic Cauchy transform tool will be used and
some more sophisticated arguments given in [1] in relation with the existence of
its continuous limit values on Ahlfors David regular and rectifiable surfaces.

We shall freely use the well-known properties of complex Clifford algebras
which the reader can find in many sources such as for instance [4] but in many
others as well.

We'll denote by ey, ..., e, an orthonormal basis of the Euclidean space R™.
Let C,, be the complex Clifford algebra constructed over R™.

The non-commutative multiplication in C,, is governed by the rules

e2=-1

; , J=1,2,...,n and ejep+ere; =0, 1<j#k<n.

The Clifford algebra C,, is generated as a vector space by elements of the form
€A = €5, ... €5,
where A = {j1,...,5k} C {1,...,n} is such that j; < --- < jg. For the empty

set (), we put ey = 1, the latter being the identity element. Any Clifford number
a € C,, may thus be written as

a= ZaAeA, as = Raa+iSay € C,
A
or still as a = Ra + iSa, where Ra = ), Raseqs and Ja = ), Sase, are the
Ro,»-valued real and imaginary parts of a. Here R ,, denotes the universal Clifford
algebra over R".
The conjugation a — @ and the main involution a — a are respectively
given by

k(k+1)

a:ZdAEA, EAZ(—l) 2 ey, |A|=k7
A

s}

= ZaAéA, éA = (—1)k€A, |A| = k.
A

It is easy to check that

ab="ba, ab=ab, a,be C,.

In this paper we continue the study of isotonic functions of two higher-
dimensional variables, started in [1, 3], while the results on Bochner-Martinelli
formulae are motivated by the original paper [16].

The isotonic Clifford analysis is a natural generalization of both holomorphic
functions of several complex variables and two-sided biregular ones.
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2. Isotonic functions theory

Generally speaking, we shall consider functions f on a domain € of R?" with values
in C,.

If we identify the R™-vector (x1,...,x,) with the real Clifford vector z =
Z;;l e;jx;, then R™ may be considered as a subspace of C,,. Next, we introduce
the following higher-dimensional variables

n n
T, = E e;jx; and xy, = E €jTnij-
=1 =1

Definition 2.1. [13, 16] A function f : Q C R?>" — C,, is said to be isotonic in
Q if and only if f is continuously differentiable in € and moreover satisfies the
equation

Ou, [ +if0s, =0,
with

n n
8% = E ej0;; and 6% = E €0, ;-
Jj=1 Jj=1

It is worth pointing out that if in particular f takes values in the space of
scalars C, then
(Op; +190p,,;)f =0, j=1,...,n,
which means that f is a holomorphic function with respect to the n complex
variables x; +iTp4+j,7 =1,...,n.
On the other hand, if f, isotonic function, takes values in the real Clifford

algebra Ry ,, then
8~§1f = Oa
JO., =0.

or, equivalently, by the action of the main involution on the second equation we
arrive to the overdetermined system:

azlf =0,
JOz, =0.

Thus, the definition of the two-sided biregular functions runs as follows.

Definition 2.2. A function f : Q C R?" — R, is said to be two-sided biregular in
Q iff it is of class C! and satisfies the above last system.

Due to
Do, =82 +0;,
where Ay, is the Laplacian in R?", the two-sided biregular functions are harmonic.
We shall consider isotonic functions in the form f = f; 4+ if2, where f; and

f2 are Rg ,-valued functions. Obviously any two-sided biregular mapping (f1, f2)
in  defines an isotonic function f = f; +if2. Furthermore, if one of the functions
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(say f1) is two-sided biregular in , then f = f1 + ify is isotonic in Q if fy is
two-sided biregular in 2.

The theory of two-sided biregular functions may be regarded as a generaliza-
tion of holomorphic functions in domains of C* =2 R?™. Several properties of the
holomorphic functions, such as Hartogs theorem and Bochner Martinelli formula,
may be generalized for two-sided biregular functions, see [5, 6, 7, 15].

Let us finish the section with one fact expressing the analogy of the two-sided
biregular functions with those holomorphic of several complex variables.

Likewise in complex analysis of several variables the following surprising
statement for two-sided biregular functions is an easy consequence of the pres-
ence of a sufficiently overdeterminated setting. For this reason, we borrow the
proof from those of [12].

Lemma 2.3. Suppose that K is a compact subset of R®", with n > 2, R*" \ K
is connected. Then every bounded two-sided bireqular function f in R?*"\ K is
constant, hence admits a two-sided bireqular extension to R?™.

Proof. Choose R so large that K lies in {z € R?" : |z| < R}. Then for fixed
5 € R™ with |z4| > R, the subspace {(z;,2,) : 2; € R"} does not meet K.

By the Liouville theorem in the Clifford analysis framework, see [4], Theorem
12.3.11, f(z;,x5) is constant as a function of ;. Interchanging variables, one sees
that f is constant in the variable z, as well, provided the variable z is fixed with
sufficiently large modulus. It follows that f is constant outside a large ball. Taking
into account that f is harmonic in R?" \ K the proof is completed by using the
uniqueness theorem for such functions. ([

3. Bochner-Martinelli formula for two-sided biregular functions

Let Q be a bounded domain in R?”, n > 2, with a boundary I' such that
H*~HT) < 400, where H?"~1 denotes the (2n — 1)-dimensional Hausdorff mea-
sure in R*", see [11].

The same reasoning applied in [16] allows us to prove that for any C,,-valued
function f of class C' in € the following Borel-Pompeiu type integral representa-
tion holds

1 [(gl —2) (/@) +if 1)
won Jr ly — z[*"
(FWwa(y) =iy F W) Wy = 22)T 0y
+ o } dH™ " (y)
1 {(yl —21)(9y, f(y) +if(y)Dy,)
wan Jo ly —z|>"

(3.1)
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where
n n
vi(y) =Y evi(), va(y) =D evnri(y):
j=1 j=1
Hereby v4(y) for s = 1,...,2n denote the real components of the outward unit

normal vector v(y) = Eiil esvs(y) at a point y € I', the latter being taking in
Federer’s sense, and wa,, is the area of the unit sphere in R?".

A Bochner-Martinelli formula for two-sided biregular functions will be derived
from the formula (3.1).

First we introduce the following Cauchy kernels, defined in R?" by

bi) = —— 2 e RT\{0), k(o) = — 2

 wap |z|? wap |z[?"

z € R\ {0}.

Clearly k; and k, are not two-sided biregular in R?".
We now come to the Bochner-Martinelli formula for two-sided biregular func-
tions.

Theorem 3.1. Let f : Q C R?" — Ry, be a function of class C' in Q. Then the
formula

/F by (y — 2)va (W) f(y) + f(@)ra(y)ks (y — 2)]dH? " (y) (3.2)

- [t - 000, 1) + U0, oty - iy = { T 22, o
holds.

Proof. Tt is sufficient to take the real part of (3.1) O

Remark 3.2. By using different methods the formula (3.2) for a sufficiently smooth
boundary was already proved by Brackx and Pincket in [5], Theorem 2.3.

3.1. The Bochner-Martinelli type integrals

From now on, ) stands for a bounded domain in R?", n > 2 with an Ahlfors David
regular (AD-regular) boundary T, i.e., it satisfies

6717‘2”71 S H2n71(1-w ) {|g_£| S T}) S C’I‘2n717

for all z € " and all 0 < r < diam I, the constant ¢ being independent of both
and 7. The best general reference here is [8, 11].

We follow [9] in assuming that a boundary I is said to be rectifiable if it is
the Lipschitz image of some bounded subset of R2" 1,

A rectifiable and AD-regular boundary I' besides satisfying H?"~(T") < +oo,
has still better geometric properties.

When necessary we shall use the temporary notation Q+ = Q, Q~ = R?*\Q+,
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Let f be a C,-valued continuous function on I'. The isotonic Cauchy trans-
form of f will be denoted by C*°t f and defined by

CiSOtf(Q) — / (El(g — @) (Zl( )f(y) + ZJE(Q)Z2(Q))

[ Wiy
(o) — iy ) F @) ka(y @) aH 1 (y), xR\ T

A trivial verification shows that C'°! f is an isotonic function in R?" \ T, which
vanishes at infinity.

On the other hand, the isotonic singular integral operator of f, denoted by
Sisot f is given by

St f(2)=21lim / (El(g—z) (i) (f(y) — F(2)+i(f(y) — F(2)ra(y))
I\ {Jy~zl<e}
+((f () = F(2)a(y) — iy () (F(y) — f(z)))kz(y—z))den’l(g) +f(2), z€T.

The following results will be needed in the paper. For the proof we refer the reader
to [1, 3].

Theorem 3.3. Let f be a C,-valued continuous function on U, which moreover is
isotonic in 2. Then

CiSOtf(g) :{ gfﬁ)ﬂ igﬂ%;n\ﬁ

Theorem 3.4. Let f be a Hélder continuous function on T'. Then C*°f has Hélder
continuous limit values on I' and the following Sokhotski-Plemelj formulae hold:

CEf(2) = Jim ™ f(a) = (8™ () £ /(). zeT.

Qfoz—z

In what follows, we regard f as being an Rg ,-valued function. Thus CI°t f
splits into its real and imaginary parts as follows,

C*'f(z) = My f(z) +iMaof(z), z¢T, (3.3)
where
M f(z) = /F ko (y — 2)vy () fF(y) + F(@)va(y)ke(y — 2)JdH " (y).
and

Mo f(z) = /[El(g —2)f(y)va(y) — va () f(y)ky(y — )] dH>(

r

)

The equality (3.3) shows the main idea of the application of the isotonic Clifford
analysis to two-sided biregular functions of two higher-dimensional variables.

Probably, the boundary integral in (3.2) reminds the reader of the standard
Bochner-Martinelli integral occurring in several complex variables. Based on this
analogy, here we shall also refer M; as the Bochner-Martinelli integral.

RS
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Note that M; is precisely the real Ry ,-coordinate of the isotonic Cauchy
transform, i.e., M; = R Cisot,

3.1.1. Basic remarks.

(I) Combining (3.3) with Theorem 3.4 we can deduce that for any Rg ,-valued
Holder continuous function f on I', denoted f € C**(I', Ry ), 0 < o < 1,
the following limit values:

MFfDE) =, lim (Mif]) ().
MF[f)() = lim _ (Molf])(z).

exist and become continuous functions on I'.
(ITI) Moreover, the following Plemelj-Sokhotski formulae

(M) (2) = 5N + S (34)
(M1~ [)() = 3Gl - F2), (35)
(M [1])(2) = 5AGIAI(2). (36)

hold. Hereby the integrals
Nif(z) =2 / by (5 — 202 (0) (f () — F(2)dH>" 1 (y)
+2 / @) — F(2)wa)ks(y — DdH1(y) + £(2).

and

Nof(z) =2 / by (y — 2)(F(y) — F(2)wa(w)dH? (y)

-2 / v () (f(y) = F(2)ka(y — 2)dH*" (y)
I

are understood in the sense of the Cauchy principal value.
(III) As usual one may conclude immediately that the following jump relations
hold

M) =Ml = f, MaT[f]+ MiT[f] = Milf),
M3 [f] = M3 [f]. (3.7)

4. Main extension theorems

In this section we shall study the problem to determine necessary and sufficient
conditions, in order to a continuous function defined on the boundary of a domain
Q C R?” may have a two-sided biregular extension on 2.
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Theorem 4.1. Assume that Q C R?" with AD-reqular boundary T and that f €
CY%*(T,Ro,), 0 < a < 1. Then, the following conditions are equivalent:

(i) f has two-sided biregular extension on )
(ii) S#tf = f on T.

Proof. Tt follows from (i) that there exists a Ry ,-valued function F on Q which is
two-sided biregular on €, continuous in Q, with F|pr = f.
Theorem 3.3 now leads to

isot _ ‘F(E)’ T S Qv
C f@)_{ 0, z € R\ Q.

Therefore, C'*°' f = 0 on I' and, in consequence, S*°* f = f.

Conversely, suppose that (ii) holds. We claim that the function C'*°tf is a
two-sided biregular extension of f to Q. Indeed, from (ii) we conclude that Cis°t f
is an isotonic extension of f, then we are left with the task of proving that Cs°tf
is Ro,p-valued.

In order to get this, we can use the Plemelj-Sokhotski formulae to conclude
that the boundary limit values M¥ f(z) = 0 for all z € T. Since Myf is real
harmonic off I', we have by the classical Dirichlet problem that My f = 0 in R?".
Then, C*°tf = M f and the proof is complete. O

If only the continuity of f is assumed, the proof of (i)<(ii) more strongly
depends on the assumption that S'°* f = f. but now uniformly, since the isotonic
Cauchy transform of a continuous function has not in general continuous boundary
limit values even for C''-smooth boundary.

Theorem 4.2. Suppose that in R?" we are given a domain 2 with AD-reqular and
rectifiable boundary T, and let f be a continuous function on I'. Then, f has two-
sided bireqular extension to Q if and only if S*°'f = f uniformly on T".

Proof. The proof follows very closely that of Theorem 4.1, but it strongly depends
on the uniform existence of S*°! f and the conclusion of Theorem 4 in [1], see also
Theorem 6 in [2]. O
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The Hilbert Transform on the
Unit Sphere in R™

F. Brackx and H. De Schepper

Abstract. As an intrinsically multidimensional function theory, Clifford analy-
sis offers a framework which is particularly suited for the integrated treatment
of higher-dimensional phenomena. In this paper a detailed account is given
of results connected to the Hilbert transform on the unit sphere in Euclidean
space and some of its related concepts, such as Hardy spaces and the Cauchy
integral, in a Clifford analysis context.

Mathematics Subject Classification (2000). Primary 30G35; Secondary 44A15.
Keywords. Hilbert transform, Hardy space, Cauchy integral.

1. Introduction

In one-dimensional signal processing the Hilbert transform is an indispensable
tool for global as well as local signal analysis, yielding information on various
independent signal properties. The instantaneous amplitude, phase and frequency
are estimated by means of so-called quadrature filters. Such filters are essentially
based on the notion of analytic signal, which consists of the linear combination
of a bandpass filter, selecting a small part of the spectral information, and its
Hilbert transform, the latter basically being the result of a phase shift by 5 on
the original filter (see, e.g., [18]). More strictly, if f(x) € La(R) is a real-valued
signal of finite energy, and H[f] denotes its Hilbert transform given by the Cauchy

Principal Value

1 +oo f y

Hifw =2 ey [ L g,

s e T—Y
then the corresponding analytic signal is the function % f+ %H[ /], which belongs
to the Hardy space H2(R) and arises as the Ly non-tangential boundary value
(NTBV) for y — 0+ of the holomorphic Cauchy integral of f in the upper half of
the complex plane. Though discovered by Hilbert, the concept of a conjugated pair

(f,H[f]), nowadays called a Hilbert pair, was developed mainly by Titchmarch
and Hardy.
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The multidimensional approach to the Hilbert transform usually is a ten-
sorial one, considering the so-called Riesz transforms in each of the Cartesian
variables separately. As opposed to these tensorial approaches Clifford analysis is
particularly suited for a treatment of multidimensional phenomena encompassing
all dimensions at once as an intrinsic feature. In its most simple but still useful
setting, flat m-dimensional Euclidean space, Clifford analysis focusses on so-called
monogenic functions, i.e., null solutions of the Clifford vector-valued Dirac operator
= Z;nzl e;0.; where (e1,...,en) forms an orthogonal basis for the quadratic
space R underlying the construction of the Clifford algebra Rg . Monogenic
functions have a special relationship with harmonic functions of several variables
in that they are refining their properties. The reason is that, as does the Cauchy—
Riemann operator in the complex plane, the rotation-invariant Dirac operator
factorizes the m-dimensional Laplace operator. This has, a.o., allowed for a nice
study of Hardy spaces of monogenic functions, see [7, 25, 8, 9, 1, 11]. In this con-
text the Hilbert transform, as well as more general singular integral operators,
have been studied in Euclidean space (see [14, 25, 32, 20, 10, 12]), on Lipschitz
hypersurfaces (see [26, 22, 21, 23]) and also on smooth closed hypersurfaces, in
particular the unit sphere (see [11, 3, 6]).

In a recent paper [5] an account was given of the Hilbert transform, within
the Clifford analysis context, on the smooth boundary of a bounded domain in
Euclidean space of dimension at least three. It goes without saying that the study
of the triptych Hilbert transform — Hardy space — Dirichlet problem in the par-
ticular case of the unit sphere, which is the subject of the underlying paper, has
much more concrete results to offer, in particular w.r.t. this last issue. However,
on the unit sphere, some interesting features and insights from the general setting
are inevitably lost, since the Hilbert transform becomes a self-adjoint operator.
We have gathered the relevant results spread over the literature and have moulded
them together with some new insights into a comprehensive text. Particular at-
tention is paid to the similarities with the case of the unit circle in the complex
plane. For a detailed study of the aforementioned triptych in the complex plane
we refer the reader to the inspiring book [2].

2. Clifford analysis: the basics

In this section we present the basic definitions and results of Clifford analysis which
are necessary for our purpose. For an in-depth study of this higher-dimensional
function theory and its applications we refer to [4, 13, 14, 15, 16, 17, 27, 28, 29,
30, 31].

Let R%™ be the real vector space R™, endowed with a non-degenerate qua-
dratic form of signature (0,m), let (e1,...,em) be an orthonormal basis for R%™,
and let Ry ,,, be the universal Clifford algebra constructed over R%™.

The non-commutative multiplication in Ry ., is governed by the rules

eie; +eje; = —20; 5 1,] € {1,...,m}.
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For a set A = {i1,...,in} C {1,...,m} with 1 < i; < iz < -+ < ip < m, let
€A = €;,€i,...€;, . Moreover, put ey = 1, the latter being the identity element.
Then (e4 : A C {1,...,m}) is a basis for the Clifford algebra Rq ,. Any a € Rq
may thus be written asa =Y , aaea withas € Rorstillas a =Y ;" ,[a]x where
[a]x = ElAlzk aa ey is the so-called k-vector part of a (kK = 0,1,...,m). If we
denote the space of k-vectors by R’g)m, then the Clifford algebra Ry ,,, decomposes
as @ RE .- We will identify an element z = (1,...,%,) € R™ with the one-
vector (or vector) x = E;":I x; e;. The multiplication of any two vectors z and y
is given by

with

&
o
|
Il

_ijyj = %(£y+ z) = —(z,y)

[
>

I
|

~

1
Zelj TilYj; — x]yz) = 2(23/ yx
1<j

being a scalar and a 2-vector (also called bivector), respectively. In particular one

has that 22 = —(z,2) = —|z|*> = — 21]11 x? Conjugation in R ., is defined as
the anti-involution for which e; = —e;, j = 1,...,m. In particular for a vector z

we have T = —z.
The Dirac operator in R™ is the first-order vector-valued differential operator

m

0= Z eja"?j

its fundamental solution being given by

B =+ 2

am |z™

where a,, denotes the area of the unit sphere in R™*!. We consider functions
f defined in R™ and taking values in Ry ,,. Such a function may be written as
flx) = >°4 fa(z) ea and each time we assign a property such as continuity,
differentiability, etc. to f it is meant that all components f4 share this property.
We say that the function f is left (resp. right) monogenic in the open region Q of
R™ iff f is continuously differentiable in €2 and satisfies in € the equation 0 f = 0,
resp. fO=0.As 0 f = f 9 = —f0, a function f is left monogenic in Q iff f is right
monogenic in . As moreover the Dirac operator factorizes the Laplace operator
A, —9*=909=99=A,a monogenic function in 2 is harmonic (and hence Cy,)
in 2, and so are its components.
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3. The Hilbert transform on S™ !
Let u be a Cu-smooth function on the unit sphere S™~1 of R™. Its Cauchy

integral is defined in the interior of the unit ball B+ = B(O;1) and in its exterior
B~ =coB(0;1) by

QM@%:AMAE@—QMMCMQ 1/' z—¢

- - am Jgm-1 |5'3_C|m

where the Clifford vector-valued oriented surface element do¢ has been rewritten
as () dS(¢), with v(¢) denoting the outward pointing unit normal vector at
¢ € S 1. However, as on S™~ ! it holds that v/(¢) = ¢, this Cauchy integral takes
the form

v(Q) u(¢) dS(¢)

1 z—C 1 1+z¢
@ = [ g Cu©as© = - [ w0 as©).
Introducing the Cauchy kernel for x € BT UB™ and ( € Sm=1 by
1 T-¢C 1 T-¢ 1 l+¢z
e T e A e

the Cauchy integral may be rewritten in terms of the Lo(S™ 1) inner product as

Chle) = (Cle.o)u@) = [ CCw) u(©) ds(e).

The Cauchy kernel C(¢,z) is right-monogenic in z € BT U B™, yielding the left-
monogenicity of the Cauchy integral C[u](z) in the same region. Moreover one has
that lim, o Clu](z) = 0. The Cauchy integral operator C is sometimes called the
Cauchy—Bitsadze operator.

Following the general theory, the non-tangential boundary values [NTBVs]
of the Cauchy integral are given by

plm Cll@) = Fu(©) + FHRE (32)
,lm Clla) = () + SHI(©) (3.3)

where we have put for £ € S™L:
AU = v [ (@ as© (3.4)
-2 e MO asQ e [ as (0

This singular integral transform is mostly called the Hilbert transform. The first
integral in (3.4) is, up to constants, the so-called direct value of the double-layer
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potential with density u(¢) on ™1

— 1+&0(
M=oy [ LS
(&) =—( ) o E=
which is a continuous function on S™~! (see [24, p. 360]). The singularity in the
Hilbert kernel
1+&¢

[L+E¢m
clearly is due to the bivector part, where the integral has to be taken as a Cauchy
Principal Value. The Plemelj-Sokhotzki formulae (3.2)-(3.3) lead to the Cauchy
transforms C* defined on Coo (S™~1) by
1 1 1 1

C+[u]=§u+ iH[u]7 C™[u] :—§u+§H[u].

u(¢) dS(¢), £esmt

It follows that
u=C%[u] —C [u], Hlu) = CT[u] +C [u]
expressing the function u € O (S™71) as the jump of its Cauchy integral over the

boundary S™1.
In the next section the operators H and C* will be extended to Lo(S™1).

4. The Hardy spaces H;(S™ ')

We call M., (B%) the space of left-monogenic functions in B*, also vanishing at
infinity in the case of B~, which are moreover Cy (B%). The Cauchy integral
operator C maps Coo (S™ 1) into My (BT), while the operators H and C* map
Coo(S™~1) into itself. We call ME(S™~1) the spaces of functions on S™~! which
are the NTBVs of the functions in M (B*) respectively, and we define the Hardy
spaces Hi (S™1) as the closure in Ly(S™ 1) of MZE(S™1). Note that the usual
notation for Hy (S™~!) is H2(S™~1), and that H, (S™1) is mostly not consid-
ered. Our notation however reflects the symmetry in the properties of both Hardy
spaces.

The operators C, H and C* may be extended, through a density argument, to
operators on Ly(S™~1). Introducing the Hardy spaces Ho(B*) of left-monogenic
functions in BT, also vanishing at infinity in the case of B~, which have NTBVs
in Ly(S™~1), the following properties of those operators are obtained.

Theorem 4.1.
(i) The Cauchy integral operator C maps Lo(S™™') into Ho(B*) and the NTBVs
of C[f], f € La(S™™1), are given by
C*[f] = %47 + S HIf]

(ii) The Cauchy transforms CT are bounded linear operators from Lo (S™~1) into
HE(S™ 1.
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(iii) The Hilbert transform H is a bounded linear operator from Lo(S™™1) onto
LQ(Smil).

(iv) H2=1 or H-! = H on Ly(S™1).

(v) Hzi(Smfl) are eigenspaces of H with respective eigenvalues 1.

The adjoint H* of the Hilbert operator H is given in general by H* = vHv.
However in the case of the unit sphere it reduces to

) 9 1+£¢
H [f]@—a/sm_f@

since £(1 + £¢)¢ = £¢ + 1. This means that for the specific case of the unit
sphere the Hilbert operator is self-adjoint: H* = H, which also implies that H* =
H~' and hence HH* = H*H = 1, i.e., the Hilbert operator is unitary. It thus
follows that the Cauchy transforms C* are self-adjoint and that the Kerzman—
Stein operator A = H — H*, which, in the general setting, measures the “degree
of non-selfadjointness” of the Hilbert operator defined on the smooth boundary
of a bounded domain, here equals the null operator. It is a known result that
the unit ball is the only bounded domain with smooth boundary for which the
Hilbert transform is unitary (see, e.g., [34]); for the interplay between the unitary
character of the Hilbert transform and the geometry of bounded and unbounded
domains with more general boundary, we refer to the detailed study contained in
[19].

¢ f(©) dS(Q) = H[fI(§)

By means of the operators H and C* the Hardy spaces H2i (S™~1) may now
be characterized as follows.

Lemma 4.2. A function g € La(S™™1) belongs to the Hardy space Hy (S™71) if
and only if one of the following conditions is satisfied:

(i) C*lgl=g; (i) C7[g] =0; (iii) H[g] = g.

A function g € HF (S™~1) may be identified with its left-monogenic extension
Clg] € Ha(B™); note that, due to Cauchy’s Theorem, then C[g] = 0 in B~. The
constant function 1 is a typical example of a function in H; (S™~1); in fact one has
C[1] =11in BT, while C[1] = 0 in B™, yielding H[1] =C*[1] =1 and C~[1] = 0.

Lemma 4.3. A function h € Ly(S™™1') belongs to the Hardy space Hy (S™1) if
and only if one of the following conditions is satisfied:

(i) C7[h] = —h; (i) C*[h] =0; (iii) H[h] = —h.

A function h € H, (S™7!) may thus be identified with its left-monogenic
extension C[—h] € Hy(B™), while here C[h] vanishes in B™.

The Cauchy transforms C* are sometimes called the Hardy projections, since
they indeed are projection operators of Lo(S™ 1), leading to the direct sum de-
composition

Ly(S™™) = Hy (S™ ™) & Hy (S™71) (4.1)
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which for a function f € Ly(S™1) explicitly reads:
o= Cf-Cl] = S+ H+ 5 A
HIf] = Cil+elf] = 50+l - (- H)f]

For the Cso-smooth boundary 9 of a general bounded domain 2 one has that C*
are skew projections. For the specific case of the unit sphere, however, they are
orthogonal projections.

Proposition 4.4. The direct sum decomposition (4.1) is an orthogonal decomposi-
tion: HY (S™~HL = Hy (S™~1), or equivalently Hy (S™~ 1)t = HFf (S™~1).

In order to prove this, we proceed as follows. First, as the Hardy space
H(S™71) is a closed subspace of Ly(S™~!), we may indeed write down the or-
thogonal direct sum decomposition Ly(S™71) = HS (S™ 1) @ HS (S™ 1)+, The
orthogonal projections P and P+ on H, (S™~!) and H, (S™~ 1)+ respectively are
called the Szegi projections. Also, the Hilbert space H, (S™~!) possesses a repro-
ducing kernel S({,z), ¢ € S™ !, x € B*, the so-called Szegd kernel, for which

<S(§v$)7g(£)> = C[Q](Z)y S Bt

for all g € Hy (S™~1). Strictly speaking the reproducing character is only obtained
by identifying the function g € H; (S™~!) with its left-monogenic extension C|g]
to B*. Note that the Szeg6 kernel S(¢, ) is only defined for 2 € B*. It is also the
kernel function of the integral transform expressing the projection P of Ly(S™~1)
on Hy (S™1):

(S(¢.2), f(Q)) =PLfl(z), f€La(S™7), ze€BY.

It is well known, for a general domain 2 with C-smooth boundary 0f2, that the
Szego-kernel is the orthogonal (or Szegd-)projection of the Cauchy kernel C(¢, )
on H; (05), see [5, Proposition 6.1]. However, in the case of the unit sphere,
we have an even more intimate relationship. Indeed, from the general theory it is
known that the Cauchy kernel C(¢, z), (3.1), belongs to Hy (S™ 1)+ forallz € B~
and hence does not admit, w.r.t. the variable ¢, a left-monogenic extension to BT.
So we restrict ourselves to € BT for which it automatically holds that B ‘2 € B™.

We also know that, for z € B*, the Cauchy kernel C((, z) belongs to Hy (8™~ L
and thus has, w.r.t the variable ¢, no left-monogenic extension to B~ vanishing at
infinity. Now we observe that

C(C,£)=i( ‘ o ‘C '5'
> z?

-
|z|?

- Am, x
(=2

) 1 (e x
)z
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As the function

is left-monogenic in y € BT with

lim C(y,z)=C(&z), e85!

Btsy—§
it becomes clear that the Cauchy kernel for the unit sphere has a left-monogenic
extension to B. It thus follows that, as long as z € B*, the Cauchy kernel C(¢, )
belongs to the Hardy space H;r (S™~1), whence the Szegd-kernel in this case has
to coincide with C(¢, z), i.e.,

1 1+¢z

)= — T~ 1, ESm_l7$6B+

with left-monogenic extension to BT given by

1 14yz
S(y,z) = =

- 2= € B, z € B*.

The Hermitian symmetry of this extended Szego-kernel (see [5, Proposition 6.2])
is now readily obtained:

1+2zy
S(y,z) = ——— = S(z,
since |1 +zy| = |1 + y 2|, and moreover
1 1

) T

indeed is positive for all z € Bt (see [5, Proposition 6.3]). Finally observe that
the extended Szegé-kernel S(y, z), while being left-monogenic in y € B, at the
same time is right-monogenic in x € B*.

Now we can show that the Cauchy transforms (or Hardy projections) £C*
coincide with the orthogonal Szegd projections P and P+ on H (S™~!) and
H (8™~ 1)L, respectively. Indeed, for a function f € Ly(S™7!), and still with
z € BT, we consecutively have

Clfll@) = (C(Gx), f(Q) = (5(¢z), F(O)

= (S(¢,2),PIAIQ) = (C(¢a),PIAIQ) = CIPIf))()

and so for { € S™1

and
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The fact that the direct sum decomposition (4.1) of La(S™~1) is orthogonal
entails a number of consequences, listed below.

(i) In the case of a general bounded domain Q with Cu-smooth boundary
00 we only know for a function h € H(S™ 1)+ that it has no left-monogenic
extension to Q7. In the case of the unit sphere however, such a function will belong
to H, (S™~!) and thus has a left-monogenic extension to B~ vanishing at infinity,
which is nothing else but C[—h]. Moreover for each x € B* we have, by Cauchy’s
Theorem in B~, that

1 z—¢
Clhl(z) = — T do¢c h(C) = C[h](0)
mo1 |z — (]
since % is right-monogenic in B~, while the extension of h is left-monogenic
in B~. As C[h](c0) = 0 it follows that C[h](z) = 0 for all z € B*, confirming a
property stated above concerning the Cauchy integral of functions in H, (S™™1).
(ii) For € B~ we know that the Cauchy kernel C(¢, z), ¢ € ™!, belongs
to Hy (S™~ 1)+ = H, (S™~ ') and thus must have a left-monogenic extension to

B~ vanishing at infinity. If x € B~ then %5 € BT, making the function

|z|?

xT
1 Y= pp oz 1 yz+1
™ am lyz+ 1"

lim C(y,z) = — =C(, ), e smt
B-3y—¢ (v, 2) am |E2z + 1™ &), £
This means that the left-monogenic extension to B~ , vanishing at infinity, of the
Cauchy kernel C((,z), x € B™, is precisely that particular function C(y,x):

Cl-CD)(y) = Cly.z) = ~ 22T

— 2=1-  reB .
> < am, |g£_~_l|m

Moreover the Cauchy kernel C(¢,z) with x € B~ is, up to a minus sign, the
reproducing kernel of H, (S™~1) = HS (™~ 1)L, Indeed, take h € Hy (S™~!) and
identify it with its left-monogenic extension C[—h] € Ha(B™). Then for z € B~ it
holds that

Cl=hl(z) = {C(G z), =h(Q)) = (=C(C ), ~(Q))-

(iii) Also the unit normal vector function v(¢) = ¢, ¢ € S™ !, belongs to
Hy(Sm=HL (or Hy (S™~1)), and must have a left-monogenic extension to B~
vanishing at infinity. Clearly this extension is given by

Cl=d(=z) =

x € B™

z
|z’
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while C[—(](z) = 0 for z € BT. It follows that C*[—¢] = 0, C~[-¢] = ¢ and

H[—(] = § his result may also be written as
1 / z—C x _
- - = dS C — ;’ E 6 B R
an Jsns T g7 OO T T

(iv) The Hardy space H, (S™~1) and its orthogonal complement
Hy (8™ = CHY (8™ = Hy (™71
are eigenspaces of the unitary operator H with respective eigenvalues +1 and —1.

(v) For a general domain  with C.-smooth boundary 99 the Garabedian
kernel, i.e., the reproducing kernel for the Hilbert space H, (0Q)*, is given for

QEQJ”:(OZby

L(@g):u(g)S(g,@:Pl[l = }

am ¢ —z|m

where E(z —¢) = v({) C(¢,z) belongs to H, (952). For the specific

D S
am |£_§‘m - - =
case of the unit sphere we obtain for z € B™ that
LG z) = ¢S(Cz) = (CG )
1 1+Cz 1 (—z

T i anoam | PeTY

since now E(z — ¢) belongs to Hy (S™~ 1)+ = H; (S™~!). It follows that a left-
monogenic extension to BT of the Garabedian kernel is impossible. In fact we
observe that the Garabedian kernel does have an extension to BT, namely

1 y—z
L(y,z) = TW

however showing a pointwise singularity at y = z. Moreover, this extension is both
left- and right-monogenic in 2 € B* \ {y} and shows the anti-symmetry property

L(y,z) = —L(z,y).

5. The Dirichlet problem for S™~!

According to the orthogonal direct sum decomposition (4.1) of Ly(S™1), a func-
tion f € Ly(S™~1) may be written as

f=Plf]+ P [f] = P[f] = (P f] = —CPH[C f] + PH[f]
from which it follows that

H[f] = HIP[f]] + H[P*[f]] = P[f] = P*[f] = ~CP[¢ f] = PL[f] = P[f] + CPIC f]
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confirming that
CHIf]=P[f] = —CPHC ] € Hy (S™7Y) = Hy (S™ Yt

CTUfI=CPfl=-PHf] € Hf (8" )" =Hy (")
(see also Figure 1).
\ H =
<1 ;
e
/ AN
/ \
/ \
I \
/ \\ H2+=H2'J‘
] —
a1sfl \ clfl
\
\\
o HIf]
FIGURE 1.

Both P[f] and P[] have left-monogenic extensions to BT, viz the functions

C[P[f]] and C[P[¢ f]], respectively, which are both zero in B~. Also P*[f] and
P+[¢ f]] have left-monogenic extensions to B~ vanishing at infinity, viz the func-
tions C[~P*[f]] and C[—P*[¢ f]] respectively, which moreover are zero in BT. It

follows that both f and H[f] have harmonic extensions to BT, viz the functions
(@) C[P[f]] — zC[P[C f]]
H[f["(@) = C[PIf]]+zC[P[ f]

which are zero in B~. They also have harmonic extensions to B~ vanishing at
infinity, viz the functions

=
—~
18

) = zC[P[¢
) = zaC

HIf](

which are zero in BT.

18
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By considering the appropriate linear combinations it is confirmed that:
(i) 1 (f*(z)+ H[f]"(2z)) = C[P[f]] is a left-monogenic extension to B of the
function C*[f], which is zero in B™;
(i) 3 (f~(z) — H[f]"(z)) = C[P*[f]] is a left-monogenic extension to B~ of the
function (—C7)[f], which is zero in Bt;
and it is found that
(i) § (—f*(z) + H[f]"(z)) = zC[P[C f]] is a harmonic extension to BT of the
function C~[f], which is zero in B™;
(iv) 3 (f~(z) + H[f]"(z)) = zC[P+[¢ f] is a harmonic extension to B~ of the
function C*[f], vanishing at infinity and being zero in B™.

For those reasons the pairs (f*, H[f]") and (f~,—H[f]") may be called
pairs of harmonic conjugates in BT and B~ respectively. This is nicely reflected
in the fact that the Szeg6 and Garabedian kernels are the building blocks for the
Poisson kernel and its conjugate in the unit ball. Indeed, as f*(z) is the harmonic
extension of f to BT, it may be obtained by the Poisson integral

@) = (P(z,Q), f(¢)), xzeB"
where P(z,() denotes the Poisson kernel for the unit ball given by
1 1+42?
am [ —z™
On the other hand we consecutively have

f(@) = CP[f]](z) — zCP[C fll(z) = (C(¢x),Pf1(Q)) — z(C(C =), P[C FI(O)

=(S(¢z), £(Q) —z(S(¢,2), ¢ f(C))

= (S5(¢ ), F(O) +2(CS(G2), F(O) = (S(Gz) — LG z) 2, £(C))
where the kernel function appearing is explicitly given by

1 [ 1+¢z (—z 1 1+2?
sea) -1z = o (T op ~ T ®) “an e
in which the Poisson kernel for the unit ball is indeed recognized, or in other words:
P(z,{) =S(¢,z) - L({,z)z, (€S™ " zeB*

In a similar way we obtain, still for x € B™:

H(f]"(z) = C[P[f]}(z) + zC[P[¢ fll(z) = (S(¢, z) + L(C ) 2, £(C))

P(z,¢) =

with ,
1 14+2(z—2z
G+ LG = =80
where the conjugate Poisson kernel is given by
1 1—2>+2z
Q(LQZ*ig, ¢eS™ ! ze Bt

A | — 2™
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Summarizing we obtain, via the Szegé and Garabedian kernels, that for z € BT
ANED) (P(z,0), f(Q)) = Plfl(z)
H[f" (z) (Q(z, ), f(Q) = Qlfl(z)
confirming that f* = P[f] and H[f]* = Q[f] are harmonic extensions to BT of

f and H|[f] respectively, for which moreover

1 1+§£ _ m—1 +
a@—0(£7£), QGS ,QEB

or, in terms of the Cauchy and the Poisson integrals:

SPUI@ + 3@ =Clfl@,  zeB*

P(z,0) + 5Q(z,0) =

(see Figure 2).

xeB
Au=ny Aw'=H
o §) e C({w L(¢x)x 0x )
L(gx)=E(x- So-~_
// \\
/ \
/ \
! \
' Hf=H; * | H=H*
{ely o c(&)=5(5x)
—P(x,{) ~C(¢x) - LUGx P& ¢)
FIGURE 2.

In the same order of ideas we have for x € B~ that
[~ @ = zCP fll(z) — CPH[f]](2)
= z(C(¢x), P fI(Q) — (C(¢ ), BHfI(O)
= z(C(Cx),C f(Q) —(C(G ), f(Q) = (CC(¢z)z—C(C ), f(Q))-
The kernel function appearing here is found to be

1( 1+¢z 1+gg)_ 1 1+2?

St calm T 1+ Calm = —P(z,Q)

_ﬁ|1+gg|m =
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(see Figure 2) and hence

(@) = (=P(z,Q), f(O), zeB.

Similarly we obtain, still for z € B™, that

H[f](z) = zC[PH[Cf]] + CIPH[f]] = (C OC ) & + C(¢, 2), £())

with
1 1+2¢x—2?

CCGz)z+ O z) = an W =Q(z,()

and hence

H[f]"(z) =(Q(z,0), f({)), z€B”

(see also Figure 2).

Note that the above-mentioned concept of harmonic conjugate is built on the
concept of the Hilbert transform H. Both concepts indeed are intimately related
in the sense that either one of both implies the other notion. In fact we will give
in Section 7 an alternative definition of harmonic conjugation which will lead to
an alternative Hilbert transform on the unit sphere.

6. Fourier expansion

We will now characterize the Hardy spaces Hy (S™~1) and the Hilbert transform
H in terms of the Fourier expansion of a function f € Ly(S™~1). Initially one can
expand such a function in spherical harmonics, but one of the strengths of Clifford
analysis is that a refined series expansion in so-called spherical monogenics is
possible.

A (solid) spherical monogenic of degree k is a (left-)monogenic homogeneous
polynomial of degree k. An important result in Clifford analysis states that any
(solid) spherical harmonic Sk(x), i.e., any harmonic homogeneous polynomial of
degree k > 0, may be decomposed as

Sk(z) = Pi(2) + z Rp—1(2) (6.1)
where P, and Rj_; both are spherical monogenics of degree k and k — 1 respec-
tively. In fact, given Si(x) (k > 0), those components may be calculated via

1
m+ 2k —2

When restricting the decomposition (6.1) to the unit sphere we obtain the corre-
sponding decomposition of a (surface) spherical harmonic:

Sk(¢) = Pr(¢) + ¢ Re—1(¢), ¢esm i, (6.2)

Invoking the polar form of the Dirac operator

Ri-1(z) = — 0Sk(z).

1 1 1
9=C0, =~ = ~C (10, = CO) = ~ C(B+T)



The Hilbert Transform on the Unit Sphere in R™ 25

where E and T' are the scalar Euler operator and the bivector-valued spherical
Dirac operator, respectively:

E =10, :ijaww I'=—-C0c=-CNO= —Zejek (20r), — Tk Ox,)
j=1

- i<k
the components of the decomposition (6.2) may be calculated as

1

Pe(Q) = YR (m+k—2-T)[S(C)]

Qr-1(¢) = (Rr-1(¢) = (k +)[Sk(O)]-

m+ 2k —2

The first component Py (¢) is an eigenfunction of I' with eigenvalue —£. It trivially
has a left-monogenic extension Py(z) to BT obtained through multiplication by
®; this extension thus clearly is a homogeneous polynomial of degree k. In terms
of the Hardy spaces this observation is simply stated as Py(¢) € Hy (S™71), and

thus Py (¢) = P[Sk(¢)]. The function Py (¢) is called an inner spherical monogenic
of degree k > 0. The space of inner spherical monogenics of degree k > 0 is
denoted by M. The second component Qj_1(¢) = ¢ Rx—1(¢) is an eigenfunction
of T' with eigenvalue m + k& — 2. It is obtained by multiplication of the inner
spherical monogenic Ri—1(¢) € Hy (S™~!) by the unit normal vector {, in other

words: Qx_1(¢) € Hy (S™™1) = H, (S™ 1)+, and thus it holds that Qs_1(¢) =

P+[S5(¢)]. Hence Qi—1({) does not admit a left-monogenic extension to BT, but
instead can be extended left-monogenically to B~ with limit zero at infinity. For
that reason Qr_1 = (Ri_1(C) is called an outer spherical monogenic of degree
k — 1. Its left-monogenic extension to B~ is given by
1 z R—1(z)
i S e-1(0) = |22

which clearly is a homogeneous function of degree —(m + k — 2), which is left-
monogenic in R™\{0} and vanishes at infinity, as it should. The space of outer
spherical monogenics of degree k—1 is denoted by Mj_,, where M;_; = (M}_;.
This means that the space Hy, of (surface) spherical harmonics of degree k > 0 may
be decomposed as the direct sum Hy, = M} & M;_; = M} & ( M]_,. Naturally
for k = 0 one has that Hyo = M} =R.

Now, given a function f € Lo(S™1), it can be developed into its Fourier
series of spherical harmonics

O =D Sklfl©), ¢esmt (6.3)
k=0

where Sj, denotes the projection operator from Ly (S™~1) onto Hy given by

SO = dim(t) [ PL(€0) £(© dS(©)

am
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with Py, (t) the Legendre polynomials of degree k in dimension m. Subsequently
f can be developed into spherical monogenics:

oo

FQ = Plfl+ Y BelfIQ) + QralfIQ) (6.4)
k=1
= sl e "2 Do+ D s
k=1

For all f € Ly(S™1) it holds that So[f](¢) = Po[f](¢) = constant, while P and
Q-1 stand for the projections of Lo(S™~!) onto M} and M, _,, respectively:

FeBle = —=¢ [ {eFoc-cE 0} rwasw
F=Quln© = —=¢ [ {Ginc-cEwefurease

with ¢ = ({,w) and Ck% (t) the Gegenbauer polynomials of degree k in dimension m.
The Hardy spaces H2i (S™~1) may thus be characterized by

ME ="M = Hf (5™

k=0
M~ ZMk L= @qu L= CHS (8™ = Hy (S™ Y = Hy (S™7Y).
Moreover the Hilbert transform of the function f € Lo(S™~1) is then given by

HIFI(C) = Rolf] + Z Plf1O) — Qua 1) (6.5)

since for all k we have Py[f] € H (S™™!) and Qx_1[f] € Hy (S™1). Note that
this formula nicely illustrates the fact that H? = 1, as well as the particular
examples H[1] = 1 and H[(] = —(. For the Szegd and Hardy projections of the
function f € Ly(S™ 1) with the expansion (6.4):

+ZPk O+ ¢ Realf1Q) (6.6)
we thus obtain
ctifl = Pl = P+ BlfI©
k=1
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and

P = = RealflQ)

P[¢ f]

CR+ Y ¢RI
k=1

Each P;[f](¢) belongs to Hy (S™71), so its left-monogenic extension to B results
from the action of the Szegd kernel which is reproducing for H, (S™1):

(S(¢,2), PeLf1(Q) =" RilfI(¢) = Plfl(2),  zeB?

pe = o f mlulfﬁ RIAQISQ),  ze Bt
A
S MR T

which, naturally, is in accordance with Cauchy’s Formula for the left-monogenic
function P [f](z). Each ¢ Ri—1(¢) belongs to Hy (S™ ') which has the negative
Cauchy kernel —C(¢,z), € B™, as its reproducing kernel. So

1 _
(=C(¢,z),C Rp—1(Q)) = mﬁde(Q, z€B
where at the right-hand side the left-monogenic extension of ( Ry_1(¢) to B~
appears. It follows that for z € B~

1 Ry
ai G z <C| Ry 1(<)dS(g)=ngk_l(9:%_

Note that in particular for Ry(¢) = 1 we obtain

1 z—C
— ——dS(() = —, xz € B”
gm-1 |z —¢|™ ©) rm

confirming a result already mentioned in Section 4.

Remark 6.1. As mentioned above the function f € Ly(S™~1) with Fourier expan-
sion (6.4) or alternatively (6.6) admits a harmonic extension to B; it is now seen
that this extension is given by

) = +Zr‘ka O+ ¢ Re 1 [£1(0)

+Zpk -‘rl‘Rk 1[f]( )
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Moreover f also admits a harmonic extension to B~ vanishing at infinity which
clearly is given by

fw = DS B R0

Tm—2 pot Tm+

= S B s BU@ 4 g Rilf)
k=1

Its Hilbert transform H|[f] with Fourier expansion (6.5) or alternatively
HIf1(Q) = Polf] + Z Pilf1(©) = ¢ Ria Q) (6.7)
in its turn admits a harmonic extension to BT given by

HIfIN@) = Plfl+ ) r*PlfIQ) —r* ¢ Ria[f1(C)
k=1

A1+ Pelfl(@) — z R [f)()
k=1

as well as a harmonic extension to B~ vanishing at infinity given by

Af@ - Py IO e R

k=1

T

= S R s AA@) - s Realf)
k=1

It is now readily confirmed that (f*, H[f]T) and (f~,—H[f]") are conjugate
harmonic pairs in BT and B~ respectively, since

(fT@) +H @) = BRlfl+ Y r*AlfIQ)

N =

S@ - HUT@) = Y g CRQ
k=1

are left-monogenic in B* and B~ respectively, the latter also vanishing at infinity.
Note that

Plf] = (f + H[f f1+ Z Pulf

while being left-monogenically extendable to BT, only shows inner spherical mono-
genics in its Fourier expansion, or in other words: its outer spherical monogenic
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part is zero. Similarly

P = 5 (F— HI) = Qealf]
k=1

while being left-monogenically extendable to B~, only shows outer spherical mono-
genics in its Fourier expansion, or in other words: its inner spherical monogenic part
is zero. For these reasons we may call P[f] € Hy (S™~!) and P+[f] € Hy (S™1)
the analytic signal, respectively anti-analytic signal, associated to the original finite
energy signal f € Ly(S™~1). As already mentioned in the introduction (Section 1)
the concept of analytic signal is an important tool in signal analysis.

7. An alternative Hilbert transform

The Fourier series expansions (6.4) and (6.6) provide us with a transparent formal-
ism to obtain the Hilbert transform H|[f] of a function f € Ly(S™~1). In the same
order of ideas one could think of an alternative definition for a Hilbert transform
by putting

HY£)(Q) = a0 Rolf1Q) + 3 arPul 1) + beQu-11£1(Q)
k=1

where the coefficients (ag, ax, br) have to be chosen in a meaningful way.

The approach followed in this section to devise a meaningful alternative
Hilbert transform relies upon an alternative concept of harmonic conjugate, as
was already announced at the end of Section 5. To this end, start with the decom-
position (6.3) of a real-valued function f € Lo(S™~!) into spherical harmonics
and observe that its unique harmonic extension to BT is given by

@) =P f@) =Y Skl =D Selfl(@).
k=0 k=0

The function

_ @)
Q*[f)(z) = —ij

also is harmonic in B, and moreover P*[f]+ Q*[f] is left-monogenic in BT since

1 m+k—2-T m—+2k—2

_mr(sk[ﬂ): —— 5 Sklfl = k2

Sielf] m+k—2

Py[f]-

The function Q*[f](z) may thus be qualified as an alternative harmonic conjugate
to P*[f](z) in BT; in the terminology of [6, 3] the function QF[f](z) is the so-
called angular harmonic conjugate to PT[f](z) in BT. The Ly(S™ 1) NTBV of
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O™ [f](z) is then given by

= T'(Sk[
Q0 =~ Y- LG —ka Pelf)+ Qualf) (©

k=1

--y m (k) Pe[f1+ (m+ &k — 2)Qr-1[f]) ({)
k=1

=3 L A - Q).
k=1

This leads to the following definition.

Definition 7.1. The interior Hilbert transform H™T[f] of an Lo function f on the
unit sphere S™~1! is given in terms of the spherical monogenic decomposition of f
by

PL[f1(Q) = Qr-1[f1(©)- (7.1)

The main properties of HT are summarized as follows.

Proposition 7.2.

(i) The interior Hilbert transform HY : Lo(S™~ 1) — Lo(S™1) is a self-adjoint
bounded linear operator.

(ii) The unique harmonic extensions to BY of f € Lo(S™™ ') and of HY[f] are
angular harmonic conjugates in BT, adding up to a left-monogenic function
in BT.

(iii) The interior Hilbert transform of a constant function on S™~! is zero.

In a similar way we are able to construct an exterior Hilbert transform H~
on S™~! based on the same concept of angular harmonic conjugate, however now
in B™. Starting point then is the unique harmonic function in B~, vanishing at
infinity, whose NTBYV is the given function f € Ly(S™!); this harmonic extension
P~ [f](z) is easily obtained by the so-called Kelvin inversion, given by

1 z
Klu(z)] = K~ u(z)] = 2 u(—5)

|z

which transforms harmonic functions on Bt into harmonic functions on B~ and
vice versa. We readily obtain

Pl = D _KISkfl] = D r* S

- 7””%2 Solf1O+ w% Sk[f1(C)
k=1

= S RO+ Y s PO + g Q71O
k=1
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Its angular harmonic conjugate in B~ is then given by (see [6])

O )(@) =~ g P +Z e RO

k—2 1
e e s @A)

and indeed

Po@ O =3 T eln©

k=1
=3 M2 @
k=1

is left-monogenic in B~ and vanishes at infinity. For » — 1+ the angular harmonic
conjugate Q[f](z) tends to

0 11)Q) = ~RlAQ+ Y Al + " E 2 Qi
k=1

which inspires the following definition.

Definition 7.3. The exterior Hilbert transform H~[f] of an Lo function f on the
unit sphere S™~! is given in terms of the spherical monogenic decomposition of f
by

m +

H(1)(Q) = ~Polf +z RO+ 200 (1)

The main properties of H~ are summarized as follows.

Proposition 7.4.

(i) The exterior Hilbert transform H~ : Ly(S™™1) — La(S™™1) is a self-adjoint
bounded linear operator.

(ii) The unique harmonic extensions to B~ , vanishing at infinity, of f € Lo(S™1)
and of H™[f] are angular harmonic conjugates in B~, adding up to a left-
monogenic function in B~.

(iii) The exterior Hilbert transform of the constant function 1 on S™1 is —1.

However note that, unlike the Hilbert transform H from the previous section,
the interior and exterior Hilbert transforms do not square to the identity operator.

Also note that the Fourier expansion of F'* = f + H*[f] only contains inner,
respectively outer spherical monogenics:

U = Y Al
S = Y320y

2
k_
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which implies that F'* belong to H2i (S™~1) and may be extended left-monogen-
ically to B*. In this way they may be considered as alternative analytic signals
associated to the finite energy signal f € Lo(S™1).

8. The complex plane

It is a known fact in Clifford analysis that simply putting the dimension m equal to
2 does, in general, not yield the corresponding result in the complex plane. In some
cases the result from Clifford analysis even has no meaning for m = 2, in others
it has to be reinterpreted in terms of the imaginary unit ¢, the Cauchy-Riemann
operator, the notion of holomorphy, etc.

As is well known in the complex plane a (solid) spherical harmonic of degree
k may be decomposed as

Sk(z,y) = Py(2) + Z Rp—1(2) (8.1)

where Pj(z) is a holomorphic homogeneous polynomial of degree k and Ry_1(Z)
is an anti-holomorphic homogeneous polynomial of degree k — 1, explicitly given
by Ri—1(Z) = 3 (05 +i0,)[Sk]. A spherical harmonic of degree k on the unit circle
S1 is then obtained by taking restriction in (8.1), yielding

Sk(Q) = Pu(Q) +CRe—1(C), ¢ €S,

or, more explicitly

Sk(€) = M CF + T e, pire € C.

For a function f € L2(S') we then obtain

G 1
f(C)Z/\o+Z/\ka+ukC7

k=1

from which it easily follows that its harmonic extensions to BT and B~ are re-
spectively given by

[Tz, y) 0+I§:1 K25+ ez, f(2,y) 0+I§:1 kR + e

According to (6.5) its Hilbert transform H[f] is then given by
1
¢k

which has harmonic extensions to B* and B~ respectively given by

HIF(Q) =Xo+ Y A CF —
k=1

H[fT =\ e 2F — upzF, HIf]™ =\ Ao — — lp —.
GMERY o+; e — w7, HIf) (2,y) o+; =
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In particular we obtain
1 1
=
confirming that ¢¥, k = 0,1,2,... belong to Hy (S'), while & =", k=1,2,...

belong to H, (S') = HJ (S')*. As expected we observe that (fT, H[f]*) and
(f~,—HJ[f]") are harmonic conjugate pairs in BT and B~ respectively, since

k=1,2,...

S (P4 HIA) (9) = do+ D Ash,
k=1

1, _ S|
5 (f — HI[f] ) (z,y) = Zﬂkz—k
k=1
are holomorphic in respectively B and B™.

Similarly, according to (7.1) and (7.2) the interior and exterior Hilbert trans-
forms of f € Ly(S!) are given by

HTf(C) = ZPk[f](C) — Qr-1[f1(¢)
k=1
= Z /\ka — ,ukCLk
k=1
H[f1(¢) = =Polf] + > _ —Blf1(¢) + Qe-1[£1(0)
k=1
= o+ 2 (A g
k=1
Observe that
H[1]=0; H'[¢" =", H+[<ik] = _Ci’“’ k=1,2,...

which means that, up to the imaginary unit z, the interior Hilbert transform H +
on St coincides with the Hilbert transform H defined in [33, p. 225]:

~ - 1

H[1] =0; Hlexp(ikf)] = =sgn(k) exp(ikf), k=1,2,....
i

Also note that

1 1

NG

and that (H* 4+ H7)[f] = 0 if and only if f shows a vanishing constant compo-

nent Ag.

H [1]=-1; H[(*]=-¢" H k=1,2,...
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9. Conclusions

In this paper we have presented an in-depth study of the Hilbert transform on the
unit sphere S™~! in Euclidean space R™. At the same time we have illustrated
that there is an intimate relationship between the Hilbert transform on the one
side and the concept of conjugate harmonic functions on the other. In Sections
3-6 we have treated the Hilbert transform defined as a part of the NTBVs of the
Cauchy integral of an L, function on S™!. It was then shown that the Poisson
transform of both the function and its Hilbert transform add up to a left-monogenic
function in the unit ball, giving rise to a specific notion of harmonic conjugate. In
Section 7 we have proceeded the other way around. Starting from an alternative
concept of conjugate harmonicity, the so-called angular conjugate harmonicity, we
have defined an inner and an outer Hilbert transform on S™~! as the NTBVs of
the angular harmonic conjugate to the Poisson transform of the given Lo(S™™1)
function. Both approaches illustrate that neither the Hilbert transform on the unit
sphere, nor conjugate harmonicity in the unit ball or its exterior, are uniquely
defined concepts, but the definition of either of both entails the other.
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Discrete Clifford Analysis:
A Germ of Function Theory
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Abstract. We develop a discrete version of Clifford analysis, i.e., a higher-
dimensional discrete function theory in a Clifford algebra context. On the
simplest of all graphs, the rectangular Z™ grid, the concept of a discrete
monogenic function is introduced. To this end new Clifford bases are consid-
ered, involving so-called forward and backward basis vectors, controlling the
support of the involved operators. Following a proper definition of a discrete
Dirac operator and of some topological concepts, function theoretic results
amongst which Stokes’ theorem, Cauchy’s theorem and a Cauchy integral
formula are established.
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1. Elements of continuous Clifford analysis

Clifford analysis (see, e.g., [3, 6, 13, 16, 17]) is a higher-dimensional function theory
centred around the notion of monogenic functions, which are usually considered as
higher-dimensional analogues of holomorphic functions in the complex plane. The
underlying framework is introduced by endowing m-dimensional Euclidean space
R%™ with a non-degenerate quadratic form of signature (0, m), and considering the

corresponding orthonormal basis (e, .. ., €, ). Then Ry ,,, denotes the real Clifford
algebra constructed over R%™ see, e.g., [21]. The non-commutative multiplication
in Rg,, is governed by ejer + ere; = =261, j,k = 1,...,m. A basis for Ro

is then obtained by considering for each set A = {j1,...,5n} C {1,...,m} the
element e4 = e, ...€j,, with 1 < j; < jo < .-+ < jp < m. For the empty set
one puts ey = 1, the identity element. Any Clifford number a in Ry ,,, may thus be
written as a = ) , eaaa, aa € R. When allowing for complex constants, the same
set of generators (eq,...,e.) also produces the complex Clifford algebra C,,, as
well as all real Clifford algebras R, , of any signature (p + ¢ = m).
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The Euclidean space R%™ is embedded in Ry, by identifying (x1,...,7m)
with the Clifford vector z = Z;nzl ejz;. The multiplication of two vectors z and
y is givenbyggzgog—i—g/\ywith

“ 1
zey = _ijyj = §(£y+7£)
j=1
1
zhy = Y eijlvy; — ) = 5(zy —yz)

1<j
being the scalar-valued dot product (equalling the Euclidean inner product up to
a minus sign) and the bivector-valued wedge product, respectively. The square
of a vector z is scalar valued and equals the norm squared up to a minus sign:
2?2 = —(z,2) = —|z|%. Conjugation in Ry, is defined as the anti-involution for
which €; = —e;, 7 =1,...,m. In particular for a vector z we have z = —z.

The Fourier dual of the vector z is the vector-valued first-order differen-
tial operator 0, = Z;nzl €0z, called Dirac operator. A function f defined and
differentiable in an open region © of R™ and taking values in Ry, is called left-
monogenic in Q if 9;[f] = 0. Since the Dirac operator factorizes the Laplacian,
A = —9?2, monogenicity may be regarded as a refinement of harmonicity. The fun-

damental group leaving the Dirac operator d, invariant is the special orthogonal
group SO(m), doubly covered by the Spin(m) group of the Clifford algebra Rg ,
leading to the Dirac operator being called a rotation invariant operator. In the
present context, we will refer to this setting as the continuous case, as opposed to

the discrete framework treated in this paper.

Recently, several authors have shown interest in developing an appropriate
framework for discrete counterparts of the basic notions and concepts of Clifford
analysis, see a.o. [14, 15, 8, 9, 10, 11], this interest being triggered by the need
for an adequate numerical treatment of problems from potential theory and of
boundary value problems, see also [16, 17]. This paper aims at contributing to
the further development of the corresponding discrete function theory and its
fundamental results, centred around a suitably defined discrete Dirac operator. In
view of the above-mentioned connection between continuous Clifford analysis and
complex analysis in the plane, special attention should be paid to the important
property of the discrete Dirac operator factorizing a discrete Laplacian. This also
was the case in the study of holomorphic functions on Z2, see, e.g., [12, 18, 7] and,
more recently [19, 20].

2. Definition of a discrete Dirac operator

As the basis for the development of our theory, we will consider the natural graph
corresponding to the equidistant grid Z™; thus a Clifford vector z as introduced
above will now only show integer co-ordinates. For the pointwise discretization of
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the partial derivatives % we then introduce the traditional one-sided forward and
J
backward differences, respectively given by

AT[fl(z ):f( A1) = g,
=flz+e;)—flx), j=1,...,m
AT @) = Flortyr ) = Fonay — 1,
fl)—flz—ej), j=1,....m

With respect to the Z™ neighbourhood of x, the usual definition of the dis-
crete Laplacian explicitly reads

m

A*[fl) =Y [AF[fl(@) — AT [fl@)] =D [f@+e;) + flz—e;)] — 2mf(z)

Jj=1 Jj=1

the notation A* referring to this operator being called the “star Laplacian”; it
involves the values of the considered function at the midpoints of the faces of the
unit cube centred at z. Note that it can also be written as

=D AT [)@) = AT AT ]()

When passing to the Dirac operator, we will combine each difference forward
or backward, with corresponding forward or backward basis vectors e] and e},
7 =1,...,m, carrying an orientation as well. To this end, we need to embed the
Clifford algebra Ry ,, into a bigger one, with an underlying vector space of the
double dimension, e.g., the complex Clifford algebra Cs,,, where we consider those
2m basis vectors, submitting to the following three assumptions.

Assumption 2.1. The forward and the backward basis vector in each particular
cartesian direction add up to the traditional basis vector in that direction, i.e.,
ej‘—!—ej_ =e,7=1,....,m

Assumption 2.2. There are no preferential cartesian directions, or: all cartesian
directions play the same role in the metric. This assumption may be seen as a
rotational invariance.

Assumption 2.3. The positive and negative orientations of any cartesian direction
play an equivalent role. This assumption may be seen as a reflection invariance.

Starting from these assumptions, direct calculations lead to the following
multiplication rules, see, e.g., [11]:

e cfel tefel =eje fepe; =29, #k

ejek+e;ej=2g7j¢k
()2 =(e)==-Nj=1....m
ef =22 -1,j=1,....m

[ ]
)
)
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The definition of a discrete Dirac operator in this setting may now be given.

Definition 2.4. The discrete Dirac operator 0 is the first-order, Clifford vector-
valued difference operator given by & = 97 + 8~ where the forward and backward
discrete Dirac operators 97 and 9~ are respectively given by 9+ = > +A+

j=1%;
and 8*22] KIEAYE

If, in addition, we require the support of & to remain contained in at most
the unit cube centred at z, the isotropy of the forward and backward basis vectors
needs to be imposed, i.e., we have to put A = (e;’)2 = (e;)? = 0, whence it follows
in addition that 2\ — 1 = —1. One thus finally arrives at

o clef +ef j—e e tepe; =29, j#k
) e]ek—i—ek : T =29, j#k
(ej)2:(-*>2=0j=1

oejej —|—e]e] —-1,5=1,.

These relations completely determlne the metric of the underlying 2m-dimensional
space in terms of one free scalar parameter g. Note that this is the direct con-
sequence of the above assumptions that no cartesian direction or orientation is
preferential above the others. This immediately reduces the number of degrees of
freedom and eventually implies in a natural way the use of a constant metric, thus
simplifying the framework considerably. Clearly, one may also consider other pos-
sibilities for the metric, such as the anisotropic or metrodynamical case, see, e.g.,
[4] for an extensive treatment in the continuous setting. However, such a frame-
work is not under consideration at the moment, as it would make the derivation
of the desired function theoretic results more cumbersome.

Returning to the present setting, if we require the metric to be non-degener-
ate, ie its determinant to be non-zero, we will need to impose in addition that
g# — Z and g # Am=1) With the above multiplication rules, 9 takes the form

0% = (4m —1)g—1)A" =29 " Ay (2.1)
i<k
where, for j < k, we have denoted

Ajlf] = fla+ej+er)+ flte;—en) + fla—e;+er) + flz—ej—er) — 4f ()

each &jk thus being interpretable as a “cross Laplacian” on the corresponding
(ej,ex) plane, see also [11]. Note however that the grid points involved in these
additional terms do not respect the neighbourhood of the vertex x in the originally
chosen Z™ graph, but involve the vertices of the unit cube centred at z.

Note that, in the special case where g = 0, the additional terms in (2.1) drop,
whence we are left with a true factorization of the star Laplacian, i.e., 9% = —A*,
the support of the involved operators now respecting the Z™ neighbourhood of .
As has been remarked in [10], there is a well-known model for these particular for-
ward and backward vectors, namely the so-called Witt basis of the Clifford algebra
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Cam, see, e.g., [1, 2, 5, 22, 23] for the continuous setting, nowadays called Hermit-
ian Clifford analysis. The corresponding discrete setting was already mentioned in
[20], however without any function theoretic aims.

Also in the general case where the metric scalar g does not equal zero, a
feasible model for the forward and backward Clifford vectors can be given, in

terms of so-called curvature vectors B;, j = 1,...,m. We put
1 _ 1 .
ejzi(ej—&—Bj) and e zi(ej_Bj)’ j=1,...,m
ensuring that e;' +e; =e¢;,j=1,...,m. In order to satisfy the above multipli-

cation relations, we moreover have to require that

B]2-=—|—1,j:1,...,m;

{e;,Bj} =2(e;®B;)=0,j=1,...,m;

{ex,Bj} =2(ex @ B;j) =0, j,k=1,...,m, j #k;

{B,Bj} =2(By,eB;) =—8¢, j,k=1,...,m, j # k.

Note that the space spanned by the curvature vectors and the original m-dimen-

sional space with basis (eq,. .., ;) are mutually orthogonal. The set (B1,...,Bn)
may be interpreted as an “umbrella” of vectors on the unit sphere S™~1 of R™,
containing two by two the same fixed angle «, with cos(a) = —4g. However, in

order for this to be possible, the metric scalar g needs to be restricted to the interval
] — £, 1], while still the value m needs to be excluded. In particular, if g = 0

then a = 7, in agreement with the Witt case above. Still observe that, if (2.1)
is to be interpreted as a genuinely similar result to the continuous factorization
02 = —A, then we should in fact further restrict g to the range [0, m[

z

It is our aim to extend this first model in a forthcoming paper, introducing
generalized curvature tensors which control the support of all involved operators,
in particular of alternative Dirac operators.

3. Discrete monogenic functions

In order to define discrete monogenicity, we first need some notions of topology
in the discrete setting. To this end, we consider a bounded set B C Z™ and its

characteristic function
(=] 1 ifzeB
XBWEI =0 ifz¢B

as well as the discrete operator
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is then called the oriented boundary of B. Observe that supp(x Bé) always con-
tains points which do not belong to B. In fact, it consists of all vertices, the Z™
neighbourhood of which contains both points of B and points of B¢ = Z™ \ B. In
addition to this definition of the boundary, one may then also define the interior
of B (respectively the exterior of B) to be the set of all points of B (respectively
of B®) which do not belong to supp(xpd). The interior of a set B consists of all
points of B, the Z™ neighbourhood of which contains only points of B, while the
exterior of B is the interior of B¢. An example of a two-dimensional set B, its
oriented boundary supp(xpd) and its interior is given in the picture below. Note
that the exact position of the point set within the considered grid is unimportant.
The picture only illustrates how, starting from a given point set, its interior and
its boundary may be visually determined.

-

& @
# @ ¢
A
# & @
& &

=
.
E

.
.
p

o

&

¢ @
@

@
< &

points of B: e

@
interior:
boundarﬂHr b N %

FI1GURE 1. Illustration of topological notions
Each bounded set B C Z™ thus gives rise to a partition of Z™ into its interior,
its exterior and the support of its oriented boundary.

The above concepts now allow for defining the notion of discrete monogenic
function.
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Definition 3.1. Let B be a bounded set in Z™ and let the Clifford algebra-valued
function f be defined on BUsupp(xp0). Then f is called discrete (left) monogenic
in B if and only if 9[f](z) =0 for all z € B.

Defined in this way, discrete monogenicity constitutes a proper generalization
to higher dimension of discrete holomorphy, and in particular of the notion of so-
called monodiffric functions of the second kind, investigated by Isaacs (see [18]),
Ferrand (see [12]) and more recently also by Kiselman (see [19]). Moreover, it
may be seen as a refinement of discrete harmonicity, since the right-hand side of
(2.1) can be interpreted as a generalized discrete Laplacian, also called “mixed
Laplacian”, see [11], which even coincides with the star Laplacian when g = 0.

Example 3.2. To illustrate the definition of discrete monogenicity, consider the
polynomial on Z2, given by

PGk =ef 2+ D +ef (=2k—1)+er (2 1) +ey (2k+1), (k) €Z°
It can be checked by direct calculation that p* is monogenic in all points of Z?2, viz
I[p*1(j, k) = 2e1 e + (—2)ey ed +2ef el +(—2)es e; = 0. However, there is more.
The given function values are nothing but the restriction to Z? of the polynomial
p, given by

plz,y) =ef Qe+ 1) +ej(2y—1)+ef (20— 1) +e5 (—2y+1),  (z,y) €R?

which is monogenic in the whole of R?: 9, [p](z,y) = 2e1e] + (—2)ezeg + 2ere] +
(—2)ege; = 0. In fact, we do not have to distinguish between p and p*, as they
determine each other uniquely. Moreover, the discrete monogenicity of p* on Z?2
is a consequence of the monogenicity of p, since the operator 0 — 0, turns a
homogeneous polynomial of degree k into a polynomial of degree k — 2, whence it
turns any polynomial of the first degree into zero.

4. Some function theoretic results
We consider Clifford algebra-valued functions defined on Z™.

Then, first of all, a discrete version of Leibniz’s rule is obtained by direct
calculation. Observe that, as compared to its continuous counterpart, it contains
an extra term, which fortunately will turn out to become small when considering
finer grids.

Lemma 4.1 (Leibniz’s rule). Let f and g be Clifford algebra-valued functions defined
on Z™. Then the following results hold.

(i) AF[fgl = AF[flg+ f AT [g] = AF[f] A [g].
(ii) If f is scalar valued, then

[f9l0=g(fO)+[(90)+>_(AFI1AT[gle; — AT [f1A[gle])-

Jj=1
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Proof. (i) For the case of the forward differences, calculation of the right-hand side
gives

AT [flg+ fAT[g] = [f(z +ej)gla) — f()g(z)]
+ [f(@)g(z +e;) — f(z)g(z)]
ATIIAT[9) = fz +ej)g(z +ej) — f(2)g(z +¢j)
— flz+ej)g(x) + flz)g(z)

whence

AT[flg+ fAT gl + ATIf1A] 9] = flz+ej)g(z +e;) — fz)g(z)
= AT [fg]-
A similar calculation gives the result for the backward differences.

(ii) We subsequently obtain

[fg)0 = i[A»[fg] 5+ AT faley }
_ i{( flo+ 1871~ 5711471 ef

= (87Ulg+ r a7l - A7 18T
- g[i(Ajmej*Mﬂf] )}f[i( Jlle; + A7l )]

_ +Z(A+ - 871147 e} )

which exactly is the desired result, in view of the fact that f is scalar valued. O

Next, the integral of a discrete function f is quite naturally defined as
=% fa
xEL™

where, in order to ensure integrability, integrands are required to have compact
(= bounded) supports. The following results are then directly obtained.

Lemma 4.2 (partial integration). Let f and g be Clifford algebra-valued functions
defined on Z™, where at least one of them has compact support, then

[rssi=- [t
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Proof. Direct calculation yields

[rae = X f@otate)- X @l

xEL™ TEL™

= D flu—eaw) - Y fla
yezm zezZ™

= Y (fla-e) - f@)gla) = - / A (]9
xEL™

with the substitution y = x +e¢; in the first summand. The other result is obtained
similarly. O

Lemma 4.3 (Stokes’ theorem). Let f and g be Clifford algebra-valued functions
defined on Z™, where at least one of them has compact support, then

[109=- [ty wd [169-- [t0)a

Proof. Invoking partial integration we have

/ f(99) = / f fj(efAﬂgl +€jAj[g]>
—/i(ﬁj[f]e?ﬂﬂf]ej)g = —/(fém

and similarly for the second result. O

Pay attention to the fact that, in such kind of discrete integrals as in the
above lemmata, the domains of integration on both sides of the formulae need not
to be the same.

We now arrive at a first fundamental result.

Theorem 4.4 (Cauchy’s theorem). Let f be a Clifford algebra-valued function de-
fined on Z™, which is discrete left monogenic in the bounded set B, then

/ (xpd)f=0
Proof. On account of Stokes’ theorem we have

[owdyg=- [xnois -

since the last integral only involves points of B, where f is left discrete monogenic.
O

Corollary 4.5. If B is a bounded set in Z™, then /XB d=0.

Proof. Take f =1 in Cauchy’s theorem. O
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As an illustration of Corollary 4.5, again the same two-dimensional set B as
in Figure 1 is considered in the picture below. As opposed to what was mentioned
in Section 3, at this moment, the exact position of the grid points does become
important. To that end we have indicated the co-ordinate axes in the picture and
we recall that the grid length is 1; in this way the co-ordinates of all grid points
are determined. For each point of supp(xpd) the value of xpd is shown in the
picture, whence it may easily be checked that the sum of all values indeed equals
Zero.

€1-€2
- - [ ] - -
'92@91 6%2 '6%2 -eg-}eg
- - (] [ ° E _
6%1 eﬁz 'efﬁz o]
e1 efie) es-e] -ef
- - L4 - -
eﬁ}ez eﬁ‘g %1 -el¥es
L. & @ D
points of B: e €1+€2 €1+8p €3°€y "€y
boundary: -
"
€2 2

F1GURE 2. Hlustration of Corollary 4.5

Furthermore, combination of Figure 2 with the polynomial values of Example
3.2 also provides an illustration of Cauchy’s theorem.

Clearly, it is essential for the further development of this function theory
to establish a Cauchy integral formula. To this end, let us assume that E is the
fundamental solution of operator 0 defined by

p@o=iw)={ ' 220} =T, (1)
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and

E(g—y)ézé(g—y):{(l)’ iiz}:n%w. (4.2)
z=y f - U

Next, consider once more a bounded set B, its characteristic function x g and
put f(z) = xp(z)E(x — y). Then, by Leibniz’s rule, we have

F(2)d = Bz~ y)(x5(2)d) + x5(x)d(z — y) + GT(z,y)

where we have put

T(z,y) = Z (AFxs@)AT[E@—y)le; — A7 x@)]A] [E(z—y)le)).

(4.3)
Since f has compact support, we may apply Stokes’ theorem, obtaining, for an
arbitrary Clifford algebra-valued function g defined on B Usupp(xp ), that

/ Bz —y) (xa(@)d) 9(x) + / v5(@) 5z — 1) g(z) + / GT(e,y) g(x)
_ / x5 () E(z — ) 0lg) (x)

or still

/E(z—y) (x5(2)9) 9(z) + x5y /GT
- [xn@) B - oo

In fact, we have proved the following result.

Theorem 4.6 (Cauchy—Pompeiu formula). Let B be a bounded set in Z™ and let g
be a Clifford algebra-valued function defined on BUsupp (xp 0), then for all points
y € B we have

—gly) = / vu(@) Bz — 9)dg(a) + / (x80) Bz — ) g(z) + / GT(e,y) g(z)

while for all points y € B€:

0= [ xale) Bla - og(e) + [(xud) B o+ [ 6T
where GT'(z,y) is given by (4.3).

Observe that the first and the second term at the right-hand side in the above
formulae are ‘traditional’ terms, representing a volume integral over the bounded
set B and a surface integral over the oriented boundary of B, respectively. On the
contrary, the third term is an additional one, arising due to the grid (and more
precisely: it originates from the additional term already arising in Leibniz’s rule).
We call this term the ‘grid tension’ term, which explains the notation GT'(z,y),
introduced above. -
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Cauchy’s integral formula now immediately follows.

Theorem 4.7 (Cauchy’s integral formula). Let B be a bounded set in Z™ and let
the function f be discrete monogenic on B, then for all points y € B we have

—fly) = /(XBa) y /GT (. y) f

while for all points y € B:

where GT'(z,y) is given by (4.3).

Obviously, in the above results, an essential role is played by the so-called fun-
damental solution E(z), defined by (4.1)—(4.2). In order to obtain E(x) explicitly,
we will pass to frequency space by means of the discrete-time Fourier transform,
being defined for a discrete Clifford algebra-valued function f(x) with compact
support as follows (see also [14, 15]):

z)|(§) = /f(z) exp(—il€,z)) = Y exp(—i6,z)) fl@), EER™ (4.4)

xEL™

and yielding a continuous and bounded multiperiodic function of £ with period 27
in each of the m variables ;. Elementary properties of this discrete-time Fourier
transform are listed in the following lemma.

Lemma 4.8. Let f(x) be a Clifford algebra-valued function defined on Z™ with
compact support and let its discrete-time Fourier transform be given by (4.4), then
we have

(i) FIf ( +¢;)|(§) = exp(+ig;) FIf (2)](§);
(i) FIATf(@)](©) = (1—exp(i253)) Flf@)]E):
(iif) Ff ( ) A)(&) = FIf(@))(§) G(€), where

m

[(1 — exp(—i&;)) ej' + (exp(i&;) — 1) ej_} (4.5)

(iv) Fo(@)](E) =

Proof. (i) Direct calculation yields

Flf @+ e)))( / f(z % e;) exp(—i(€, z))

/f y)exp(—i(€,y T e;)) = exp(£i&;) /f y) exp(—i(&, y))
= exp(%i&;) F[f(2)](§)

where we have used the substitution y = z + e;.
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(ii) The results immediately follow on account of (i), using the definitions of the
forward and backward differences.
(i) Starting from the definition of the operator 9, and invoking (i), we obtain

A a0 = 73 (87 1w + 8711w )|©

7j=1

Z[ (1 = exp(=&)) FIf @)](€) e] + (exp(&) — 1) F[f(@)](&) 6}}

Jj=1

DG - () ¢f +(exn(e) - e |

(iv) We have

DI(©) = [ 8(a)exp(-ilg, ) = [exp<—z-<g, x>>} Y -

z=0

We will now use the above calculus rules to determine the fundamental so-
lution E defined by (4.1)-(4.2) in frequency space, following similar lines as de-
veloped, e.g., in [14, 15] in the quaternionic case and in [19] in the complex case.
Starting from the relation E(z)d = 6(z), we directly obtain, combining (iii) and
(iv), that

E@©GE) =1
where E(é) = F[E(2)](§) and G(&) is given by (4.5). Since G(§) is vector valued,
it is possible to solve this equation for E; this yields

G
(G(©)*

In the concrete model given above for the forward and backward Clifford
bases, one has

(g) wherever G(§) # 0. (4.6)

Bj) + (exp(i&;) — 1)(2e; — = ;)

GO = Z[ﬂ —exp(~iE)) (e + 5 L

2

j=1

yielding

Q
&
I

[(1 —cos&;) Bj +1i sing; ej]

<
Il
Ja

sin? 53 32gz sin? gj sin? g—k

1 i<k

Q
&
=
I
=~
M 3

<.
Il
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whence the fundamental solution E(é) in frequency space, (4.6), explicitly reads

Z [(1—cos&;)Bj+ising;e;)

- 1 4=

B =7 0
j

! (4.7)
sin? 22 — 8¢ Z sin? gj n? gk

=1 i<k

This explicit expression also allows us to investigate where the denominator of E(€)
will be zero, i.e., where G(£) = 0. Of course, in view of the inherent periodicity of
the discrete-time Fourier transform, we may restrict ourselves to one basic interval
([0, 27[)™. Let us start with some low-dimensional examples.

First, take m = 2. Here, we have £ = (£1,§2), and the equation under inves-

tigation reads
sin? (62 ) + sin (§2> = 8¢ sin? (%) sin (%)

which can be rewritten as

(1 — élgsin2 (%)) sin? %1 + (1 — 4gsin2 (%)) sin? %2 =0.

It is clear that this equation will never have any solution, apart from £ = 0, as long
as g < i. In the picture below, for some values of g exceeding i, the corresponding
curves of solutions are shown.

FIGURE 3. Curves in the plane where G(§) =
for different values of g > i

Fortunately, the latter situation will never be encountered in practice, since
we have already argued in Section 2 that the metric scalar g should be restricted
to the interval [0, 5 om 1)[ which here equals [0, 1[.
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Next, take m = 3 and § = ({1,&2,3). Here the equation reads
e (5] () e ()
o () o (o (5) () (5

or still
3 3
S 149 sin? Sk S _
‘ 1—4g sm<2> sin (2> 0.

Again, we may directly see that the only solution of this equation will be £ =
provided that

1—4g (sm (%) + sin? (g)) >0, forall k, £ =1,2,3, k #/

which will be fulfilled whenever g < 4(m 0=

The general case now easily follows.

Proposition 4.9. The expression (4.7) for the fundamental solution in frequency
space, restricted to its basic period ([0,27[)™, holds for all £ # 0, provided that the

metric scalar g is smaller then the critical value m.

Proof. 1t suffices to investigate the zeroes of the denominator of (4.7), i.e., the
equation

2351112 & 8gz sin? 53 sin? g—k =0

i<k

which can be rewritten as
Z 1— 4gZSin2 (%) sin? (%) =

This equation cannot have a solution different from § = 0, whenever

1—4g;sin2 (%‘“) >0, forallj=1,...,m
k#j

Since for any j = 1,...,m, the sum at the left-hand side of the above inequality
consists of m — 1 terms, which all are smaller than 1, the statement follows. [
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5. Conclusions

We have laid the foundations of a function theory for a discrete Dirac operator,
centred around the notion of discrete monogenic functions, a generalization of the
discrete holomorphic functions grounded by Isaacs and Ferrand in the previous
century. The present theory may also be interpreted as a refinement of discrete
harmonic analysis, since the discrete Dirac operator factorizes a mixed discrete
Laplacian or even the star Laplacian, according to the chosen model. Important
results such as Cauchy’s theorem and Cauchy’s integral representation formula
were established using the fundamental solution of an associated discrete Dirac
operator, explicitly obtained in frequency space.
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On Factorization of Bicomplex
Meromorphic Functions

K.S. Charak and D. Rochon

Abstract. In this paper the factorization theory of meromorphic functions
of one complex variable is promoted to bicomplex meromorphic functions.
Many results of one complex variable case are seen to hold in bicomplex
case, and it is found that there are results for meromorphic functions of one
complex variable which are not true for bicomplex meromorphic functions.
In particular, we show that for any bicomplex transcendental meromorphic
function F', there exists a bicomplex meromorphic function G such that GF
is prime even if the set:

{a € T: F(w) + ap(w) is not prime}
is empty or of cardinality N; for any non-constant fractional linear bicomplex
function ¢. Moreover, as specific application, we obtain six additional possible
forms of factorization of the complex cosine cos z in the bicomplex space.
Mathematics Subject Classification (2000). 30G, 30D30, 30G35, 32A, 32A30.

Keywords. Bicomplex Numbers, Factorization, Meromorphic Functions.

1. Introduction

The factorization theory of meromorphic functions of one complex variable is to
study how a given meromorphic function can be factorized into other simpler mero-
morphic functions in the sense of composition. In number theory, every natural
number can be factorized as a product of prime numbers. Therefore, prime num-
bers serve as building blocks of natural numbers and the theory of prime numbers
is one of the main subarea of number theory. In our situation, we also have the
so-called prime functions which play a similar role in the factorization theory of
meromorphic functions as prime numbers do in number theory. More specifically,
factorization theory of meromorphic functions essentially deals with the primeness,

The research of D.R. is partly supported by grants from CRSNG of Canada and FQRNT of
Québec.
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pseudo-primeness and unique factorizability of a meromorphic function. We start
with the following concepts.

Definition 1.1. Let F’ be a meromorphic function. Then an expression

F(z) = f(9(2)) (1.1)
where f is meromorphic and g is entire (g may be meromorphic when f is a rational
function) is called a factorization of F' with f and ¢ as its left and right factors
respectively. F' is said to be non-factorizable or prime if for every representation
of F of the form (1.1) we have that either f or g is linear. If every representation
of F of the form (1.1) implies that f is rational or g is a polynomial (f is linear
whenever ¢ is transcendental, g is linear whenever f is transcendental), we say
that F is pseudo-prime (left-prime, right-prime). If the factors are restricted to
entire functions, the factorization is said to be in entire sense and we have the
corresponding concepts of primeness in entire sense (called E-primeness), pseudo-
primeness in entire sense (called E-pseudo-primeness) etc.

The first example of prime function is F'(z) = exp(z)+ z given by Rosenbloom
[23] who gave the definition of prime transcendental entire function by considering
entire factors only, and asserted without proof that the function F(z) = z+exp(z)
is prime. In 1968, F. Gross [7] gave a complete proof of this assertion and ex-
tended the study of primeness to meromorphic functions and gave Definition 1.1.
No systematic theory has actually been developed to handle the problems of fac-
torization of transcendental meromorphic functions. However, recently, T.W. Ng
[9, 10, 11, 12] proved some results which of course can solve some factorization
problems in a systematic way. He introduced the methods from the Theory of
Complex Analytic Sets and local holomorphic dynamics to solve some factoriza-
tion problems. Classical function theory and the Nevanlinna Value Distribution
theory are the main tools used in factorization theory of meromorphic functions.
Most of the classes of functions which have been studied are concerned with the
following one for several factors: (1) Growth of the function, (2) Distribution of
zeros, (3) Periodicity, (4) Fixed-points, (5) Solutions of linear differential equa-
tions. For complete details on factorization theory of meromorphic functions one
can refer to the books of C.T. Chuang and C.C. Yang [3], and F. Gross [5].

The main purpose of the present paper is to try to extend and promote
the research on Factorization theory of meromorphic functions in one complex
variable to two complex variables via Bicomplex Function Theory [14, 15, 16,
18]. In our study of factorization theory of bicomplex meromorphic functions,
the idempotent representation of bicomplex meromorphic functions plays a vital
role since the parallel definitions of factorization of meromorphic functions of one
complex variable do not work. It is found that many results from one variable
theory hold in bicomplex situation whereas some fail to hold, and this is the point
of difference between the two situations and so makes sense to investigate. In
particular, we show that for any bicomplex transcendental meromorphic function
F', there exists a bicomplex meromorphic function G such that GF' is prime even
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if the set:

{a € T: F(w) + a¢(w) is not prime}
is empty or of cardinality N; for any non-constant fractional linear bicomplex
function ¢. Moreover, as specific application, we obtain six additional possible
forms of factorization of the complex cosine cos z in the bicomplex space.

2. Preliminaries

2.1. Bicomplex numbers

Bicomplex numbers are defined as

T := {21 + 22i2 | 21,22 € C(i1)} (2.1)
where the imaginary units i,i2 and j are governed by the rules: i3 = i3 = —1,
02 _
j=1and
iz = i2ii = ]
iy = jih = i (2.2)
i2j = jiz = —i1.

Note that we define C(ix) := {z +yij | i} = —1 and z,y € R} for k = 1,2. Hence,
it is easy to see that the multiplication of two bicomplex numbers is commutative.
In fact, the bicomplex numbers

T = Cl¢(1,0) = Cle(0,1)
are unique among the complex Clifford algebras in that they are commutative but
not division algebra. It is also convenient to write the set of bicomplex numbers as
T := {wo+w1i1+w2i2+w3j | wop, W1, W, W3 ER}. (23)

In particular, in equation (2.1), if we put z; = z and 23 = yi; with z,y € R,
then we obtain the following subalgebra of hyperbolic numbers, also called duplex
numbers (see, e.g., [20, 26)):

D:={x+yjlj* =1, z,y € R} = Clg(0,1).

Complex conjugation plays an important role both for algebraic and geomet-
ric properties of C. For bicomplex numbers, there are three possible conjugations.
Let w € T and 21, 29 € C(i1) such that w = 21 + 22i2. Then we define the three
conjugations as:

wht = (21 + 2002)"t =71 + Zaia, (2.4a)
whz = (21 4 2012)"2 := 21 — 29, (2.4Db)
w's = (21 + ZQiz)T?’ =721 — Z2ig, (2.4¢)

where Zj is the standard complex conjugate of complex numbers z; € C(iy). If
we say that the bicomplex number w = 21 + 29i2 = wo + wiiy + weiz + w3j
has the “signature” (+ 4 ++), then the conjugations of type 1,2 or 3 of w have,
respectively, the signatures (+ — +—), (+ + ——) and (+ — —+). We can verify
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easily that the composition of the conjugates gives the four-dimensional abelian
Klein group:

© ‘To‘Tl‘Tz‘TS‘
fo || fo | t1 | f2 | T3
fo |l 1| to | fa | T2 (2:5)

fa || o | T3 | To | T1
ta | Ta | T2 | 11| To

where wfo :=w Vw € T.
The three kinds of conjugation all have some of the standard properties of
conjugations, such as:

(s+t)fe = sfe 4 ¢le, (2.6)
(Stk)fk — (2.7)
(s-t)r = sheothe (2.8)

for s,t e Tand £ =0,1,2,3.

We know that the product of a standard complex number with its conjugate
gives the square of the Euclidean metric in R2. The analogs of this, for bicomplex
numbers, are the following. Let 21, z0 € C(i1) and w = 21 + 2212 € T, then we have
that [20]:

lwlf, == w- w2 = 22 + 22 € C(iy), (2.9a)
|w|122 =w-wh = (|21|2 — |22|2) + 2Re(2z122)i2 € C(iz), (2.9b)
|w|J2 =w-w's = (2> + |22]%) — 2Im(21%2)j € D, (2.9¢)

where the subscript of the square modulus refers to the subalgebra C(iy), C(iz) or
D of T in which w is projected. Note that for 21, 29 € C(i1) and w = 21 + 20i2 € T,
we can define the usual (Euclidean in R*) norm of w as |w| = /|z1]2 + |22]2 =

Re(uw?).

Ta
w
It is easy to verify that w - |—2 = 1. Hence, the inverse of w is given by
11
T2
12 (2.10)
lwif,
From this, we find that the set NC of zero divisors of T, called the null-cone, is
given by {z1 + 20i2 | 27 + 23 = 0}, which can be rewritten as

NC ={z(i1 +i2)| 2 € C(i1)}. (2.11)
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2.2. Bicomplex holomorphic functions

It is also possible to define differentiability of a function at a point of T:

Definition 2.1. Let U be an open set of T and wg € U. Then, f: U CT — T is
said to be T-differentiable at wo with derivative equal to f'(wg) € T if

w—wo w — Wo

(w—wqg inv.)

We also say that the function f is T-holomorphic on an open set U if and
only if f is T-differentiable at each point of U.

Using w = 21 + 22i2, a bicomplex number w can be seen as an element (21, z2)
of C?, so a function f(z1 + 22i2) = f1(21,22) + f2(21, 22)iz2 of T can be seen as a
mapping f(21,22) = (f1(21,22), f2(21, 22)) of C2. Here we have a characterization
of such mappings:

Theorem 2.2. Let U be an open set and f : U C T — T such that f € C*(U),
and let f(z1 + z2i2) = f1(21, 22) + f2(21,22)ia. Then f is T-holomorphic on U if
and only if

f1 and fo are holomorphic in z1 and zo,

and

oh _oh , 0h R
62’1 822 821 822 .

Moreover, ' = g_ﬁ g_ﬁiZ and f'(w) is invertible if and only if det J¢(w) # 0.

This theorem can be obtained from results in [14] and [19]. Moreover, by the
Hartogs theorem [25], it is possible to show that “f € C1(U)” can be dropped from
the hypotheses. Hence, it is natural to define the corresponding class of mappings
for C2:

Definition 2.3. The class of T-holomorphic mappings on a open set U C C? is
defined as follows:

Ofi _ 0f2 0fs o1
THU) :={fUCC* —C’feHU) and -— = ==, == = -
(U) =V S — Cf € HU) mnd 7t = 22, 22 =20
It is the subclass of holomorphic mappings of C? satisfying the complexified
Cauchy-Riemann equations.

nU}.

We remark that f € TH(U) in terms of C? if and only if f is T-differentiable
on U. It is also important to know that every bicomplex number z; 4 z2iz has the
following unique idempotent representation:

21 + 22l = (Zl — Zgil)el + (2’1 + Zgil)ez. (212)

where e; = 12ﬂ and eg = % This representation is very useful because: addition,
multiplication and division can be done term-by-term. It is also easy to verify the
following characterization of the non-invertible elements.
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Proposition 2.4. An element w = z1 + z2iz will be in the null-cone if and only if
z1 — 2901 =0 or z1 + 2211 = 0.

The notion of holomorphicity can also be seen with this kind of notation.
For this we need to define the projections Py, Py : T — C(i1) as P (21 + 22i2) =
z1 — 2211 and PQ(Zl + Zgiz) = 21 + 29i7.

Definition 2.5. We say that X C T is a T-cartesian set determined by X; and Xs
X =X x. X9 := {21+22i2 €T : z1+ 20l = wye1 +waes, (wl,wg) e X x XQ}.
Now, it is possible to state the following striking theorems [14]:

Theorem 2.6. Let X7 and Xo be open sets in C(iy). If fer : X1 — C(i1) and
fe2 : Xo — C(i1) are holomorphic functions of C(i1) on X1 and Xs respectively,
then the function f : X1 X Xo — T defined as
f(21 + 22i2) = fe1(21 — z2i1)er + fea(21 + 22i1)e2 V 21 + 2202 € Xy X Xo
is T-holomorphic on the open set X1 X. X2 and
J'(21 + 22d2) = fl1(21 — 2z2i1)e1 + flo(z1 + 2011)e2

V 21 + 2912 € X1 X Xo.

Theorem 2.7. Let X be an open set in T, and let f: X — T be a T-holomorphic

function on X. Then there exist holomorphic functions fo1 : X1 — C(i1) and
fe2 : Xo — C(iy) with X1 = P1(X) and X9 = Py(X), such that:

(21 + 22i2) = fe1(21 — z2i1)eq + fea(21 + 22i1)e2 V 21 + 2202 € X

3. Bicomplex meromorphic functions

3.1. Basic definitions

In the complex plane, it is well known (see [24]) that a function f is meromorphic
in an open set U if and only if f is a quotient g/h of two functions which are
holomorphic in U where & is not identically zero in any component of U. Based
on this definition we define a bicomplex meromorphic function as follows.

Definition 3.1. A function f is said to be bicomplex meromorphic in an open set
X C Tif fis a quotient g/h of two functions which are bicomplex holomorphic in
X where h is not identically in the null-cone in any component of X.

Theorem 3.2. Let f: X — T be a bicomplex meromorphic function on the open
set X C T. Then there exist meromorphic functions fo1 : X1 — C(i1) and
fe2 : Xo — C(i1) with X1 = P1(X) and Xo = Py(X), such that:

f(Zl + ZQiz) = fgl(zl — Zgil)el + ng(Zl + ZQil)ez YV 21 + 2212 € X.
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Proof. Let f: X — T be a bicomplex meromorphic function on X. Then f is a
quotient g/h of two functions which are bicomplex holomorphic in X where h is
not identically in the null-cone in any component of X. Therefore, from Theorem
2.7 and Proposition 2.4, there exist holomorphic functions ge1, he1 : X1 — C(ig)
and ge2, heg : X2 — C(il) with X1 = Pl(X) and X2 = PQ(X)7 such that:

g(z1 + 22i2) = ge1(21 — 22i1)€1 + ge2(21 + 2011 )e2
and
h(z1 + z2i2) = he1(21 — 22i1)e1 + hea(21 + 2211)es
YV z1 + z2i5 € X where he; is not identically zero in any component of X; for
1 =1,2. Hence,
ge1(z1 — z2i1)e1 + gea (21 + 22i1)e2
hea( Je1 + hea(z1 + 22i1)ez
Ge1(z1 — 2211) ge2(z1 + 22i1) e
hei(z1 — 2211) hea(z1 + 2i1)
= fer(z1 — zi1)er + fea(z1 + 22i1)e2

f(z1 + 22i2) =
z1 — 22i1

where f; is meromorphic in X; for i=1,2. O

Definition 3.3. Let f : X — T be a bicomplex meromorphic function on the open
set X C T. We will say that w = (21 — z2i1)e1 + (21 + 22i1)e2 € X is a (strong)
pole for the bicomplex meromorphic function

F(w) = Fe1(z1 — z2i1)e1 + Fe1(z1 + 22i1)e2
if 21 — 2011 € P1(X) (and) or 21 + 2211 € P»(X) are poles for Fo1 : P1(X) — C(i1)
and Feo : Po(X) — C(i1) respectively.
Remark 3.4. Poles of bicomplex meromorphic functions are not isolated singular-
ities.
It is also easy to obtain the following characterization of poles.

Proposition 3.5. Let f : X — T be a bicomplex meromorphic function on the
open set X C T. If wy € X then wy is a pole of f if and only if

lim |f(w)| = o0
w—wo
Definition 3.6. The order of a bicomplex meromorphic function
F(w) = Fe1(z1 — z2i1)e1 + Fea(z1 + 22i1)e2
is defined as
p(F) = maz{p(Fe1), p(Fe2)}.

Finally, to avoid any confusion, we will say that a function f : T — T is a
transcendental bicomplex meromorphic function on T if f.; : C(i;) — C(iy) is a
transcendental meromorphic function for ¢ = 1, 2.
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3.2. Factorization of bicomplex meromorphic functions

In this subsection we introduce the bicomplex version of the factorization of mero-
morphic functions in the plane.

Definition 3.7. Let F' be a bicomplex meromorphic function on T. Then F is said
to have f and g as left and right factors respectively if Fe; has f.; and ge; as left
and right factors respectively for i = 1,2, i.e., fe; is meromorphic and ge; is entire
(ge; may be meromorphic when f,; is rational) for i = 1, 2.

Remark 3.8. If F has f and g as left and right factors respectively then we always
have the following factorization: F(w) = f(g(w)).

Proof. Let Fe; = fei(gei(2)) on C(iy) for i = 1,2. Then

flg(w)) = f(ge1(z1 — z2i1)e1 + gea(z1 + 22i1)e2)
= fe1(ge1(21 — 22i1))e1 + fea(ge2(21 + 22i1))e2)
= Fe1(z1 — z2i1)e1 + Fea(21 + 22i1)e2
= F(w). O

Theorem 3.9. Let F(w) be a bicomplex meromorphic function on T. If F(w) =
f(g(w)) where f is bicomplex meromorphic and g is bicomplex entire (g may be
bicomplex meromorphic when f is bicomplex rational) then F has f and g as left
and right factors respectively.

Proof. From Theorem 3.2,
F(Zl + Zziz) =F, (Zl — Zgil)el + Fez(zl + Zzil)ez onT
where F,; is meromorphic on C(iy) for ¢ = 1,2. Moreover, Yw € T
Fw) = f(g(w))
= f(ger(21 — 22i1)e1 + ge2(21 + 22i1)e2)
= fe1(ge1(21 — 22i1))e1 + fea(ge2(21 + 22i1))e2.
Hence, Fo; = fei(gei(2)) on C(i1) where fe; is meromorphic and g; is entire (ge;

may be meromorphic when f; is rational) for i = 1, 2. |

Proposition 3.10. The converse of Theorem 3.9 is false.

Proof. Supposed that Fi; has f.; and g.; as left and right factors respectively. In
that case, the functions F' = f(g(w)). However, in the situation where you have
a rational function (with poles) for fe; with a meromorphic function (with poles)
for g1 and an entire function for f.s and geo then the complete function g will be
bicomplex meromorphic (with poles) where f is not bicomplex rational. O

It is now possible to define the concept of prime (pseudo-prime) function in
terms of the idempotent representation.
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Definition 3.11. A bicomplex meromorphic function
F(Zl + Zgiz) =F. (Zl — Zgil)el + FeQ(Zl + Zzil)ez on T

is said prime (pseudo-prime), if the meromorphic functions F,q and Fs are prime
(pseudo-prime).

Remark 3.12. All bicomplex polynomials are pseudo-prime, and bicomplex poly-
nomials of prime degree are prime.

Theorem 3.13. If every factorization of a bicomplex meromorphic function F(w) =
f(g(w)) into left and right factors implies that f or g is bicomplez linear (bicomplex
polynomial or f is rational) then F is prime (pseudo-prime).

Proof. First, we note that a bicomplex meromorphic function h(z; + 22i2) =
he1(z1 — 2z2i1)e1 + hea(21 + 22i1)ez is bicomplex linear (bicomplex polynomial)
if and only if h.; is linear (polynomial) for ¢ = 1, 2. Now, since every factorization
of F(w) of the form f(g(w)) implies that either f or g is bicomplex linear (bicom-
plex polynomial or f is bicomplex rational), then f.; or g.; is linear (polynomial or
fei is rational) for ¢ = 1,2. This further implies that F.; is prime (pseudo-prime)
fori =1,2. 0

Proposition 3.14. The converse of Theorem 3.13 is false.

Proof. Supposed that every factorization of Fe;(w) = fei(gei(w)) into left and right
factors implies that fe; or ge; is polynomial or f.; is rational for ¢ = 1,2. In that
case, the function F' is supposed to be pseudo-prime but in the situation where
you have a polynomial for f.; and a rational function for f.o then the complete
function f in the bicomplex space will be neither a bicomplexe polynomial nor a
bicomplex rational function. O

In 1973, Gross, Osgoods and Yang posed the following problem (see [6]):
Given any transcendental entire function f, does there exist a meromorphic func-
tion g such that fg is prime? In [13], Noda gave an affirmative answer to the above
problem and in [8] Qiao and Yongxing extended this to meromorphic functions.
The next theorem will show that the same result is also true in the bicomplex case.

Theorem 3.15. Let F' be any bicomplex transcendental meromorphic function, then
there exists a bicomplex meromorphic function G such that GF is prime.

Proof. Let F(w) = Fe1(21 — 20i1)e1 + Fe1(z1 + 2211)ea be any bicomplex tran-
scendental meromorphic function. Therefore, Fg; is a transcendental meromorphic
function for i = 1,2. Hence, there exists a meromorphic function G¢; such that
F.;G; is prime for i = 1,2 (see Qiao and Yongxing [8]). Now, from Definition
3.11, F'G is prime when G is defined as follows:

G(w) = Gel(zl — Zzil)el + Gea1 (21 + 22i1)e2. O

Theorem 3.16. A bicomplex transcendental entire function of finite order such that
F(T) C T~! is pseudo-prime.
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Proof. Let F be a bicomplex transcendental entire function such that F(T) c T~!.
Since p(F') is finite, p(Fe;) is also finite for ¢ = 1, 2. Moreover, since F'(T) is always
invertible, it follows from Proposition 2.4 that the entire function F.; has no zeros
for i = 1,2. Thus by a result of Gross (see [5], p. 215, Theorem 1) it follows that
each F; is pseudo-prime. Hence by Definition 3.11, F' is pseudo-prime. O

Ezample. exp(z1 + 292i2) is pseudo-prime.

In [5] Fred Gross conjectured that if f and g are non-linear entire functions,
at least one of them transcendental, then the composite function fog has infinitely
many fix-points. Its factorization version is: if P is a polynomial and if « is a non-
constant entire function, then the function F'(z) = P(z)exp(a(z)) + z is prime.
Bergweiler [2] proved this long pending conjecture in its general form as: if P
and ) are polynomials and « is an entire function such that @ and « are non-
constant, and P, ) and « do not have a non-linear common right factor, then
P(z)exp(a(z)) + Q(z) is prime, and conversely also. The bicomplex analogue of
Bergweiler’s result also holds with stronger hypotheses.

Definition 3.17. Let F(w) = Fe1(z1 — 22i1)e1 + Fe1(z1 + 22i1)e2 : D — T be any
bicomplex function. The function F is said to be strongly non-constant (non-linear)
on D if F,; is non-constant (non-linear) on P;(D) for i = 1,2.

Theorem 3.18. Let P and @ be bicomplex polynomials and o be a bicomplex entire
function. Suppose that Q and « are strongly non-constant for i = 1,2 and let
F(w) = P(w)exp(a(w)) + Q(w). Then F is prime if and only if P, Q, and « do
not have strongly non-linear bicomplex common right factor.

Proof. Let

P(z1 + 22i2) = Pe1(21 — 22i1)e1 + Pea(21 + 22i1)e2
Q(z1 + 22i2) = Qe1(21 — 22i1)e1 + Qea(21 + 22i1)e2
a(z1 + z2i2) = qe1(21 — 22i1)e1 + e (21 + 22i1)es.
Then it follows that
g(z1 + 22i2) = ge1(21 — 22i1)€1 + ge2(21 + 22i1)

is a strongly non-linear bicomplex common right factor of P, @), and « if and only
if ge; is a non-linear common right factor of P,;, Q.;, and «.; for i =1, 2.
Now since

fog=(fe10ge1)e1 + (fe2 0 ge2)e2
and

f+9=(fe1 + ger1)e1r + (fez + ge2)e2,
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we have
Flw) = Plw) expla(w)) + Q)
= (Pei(w1)eq + Pea(wg)eg) (e (Wey + e2(v2)ey)
+ (Qer(wr)er + Qez(w2)e2)
= (Pa (wl)ea"‘l(wl) + Qe1(wr))er + (Pez(w2)€a62(w2) + Qe2(w2))e2

where w = 21 + 292, w1 = 21 — 2001 and wo = 21 + 29i1. Writing F(w) =
Fe1(wy)er + Fea(we)ez we find from above that

Foi(wi) = Poi(w;)e® () 4 Qe (w;)

which by Bergweiler’s result (see [2]) is prime if and only if P.;, Q.;, and a,; do not
have a non-linear common right factor for i = 1,2. Therefore, since an arbitrary
bicomplex function f(w) is strongly non-constant if and only if P;(f(w)) and
P5(f(w)) is non-constant, we obtain from our hypotheses and Theorem 3.13 that
F(w) = P(w) exp(a(w)) + Q(w) is prime if and only if P, @), and « do not have
strongly non-linear bicomplex common right factor. U

Remark 3.19. As for one complex variable, the Theorem 3.18 implies that if f
and g are strongly non-linear bicomplex entire functions, at least one of them
transcendental, then the composite function f o g has infinitely many fix-points.

In [1], Baoqin and Guodong proved the following: if f is any transcendental
meromorphic function, then for any non-constant fractional linear function ¢, the
set

{a € C: f(z) + ap(z) is not prime}
is at most countable. We will now show that bicomplex version of this result is
false.

Theorem 3.20. Let f be any bicomplex transcendental meromorphic function, then
for any non-constant fractional linear bicomplex function ¢, the set

{a € T: f(w) + ap(w) is not prime}
is empty or of cardinality N .
Proof. For w = z1 + 29i2, w1 = 21 — 2211, and we = 21 + 22i1 writing
f(w) = fer(wi)er + fea(wz)ez
d(w) = pe1(wr)er + gea(we)es,
where fe; is transcendental meromorphic and ¢.; is fractional linear for i = 1,2

where ¢.; is non-constant for ¢ = 1 or ¢ = 2. Without loss of generality, let ¢.; be
non-constant. Then, the set

{a € C(i1) : fe1(2) + ade1(z) is not prime}

is at most countable.
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Now by taking a = ae1€1 + ae2€2 and since

fw) + ad(w) = (fer(wr) + ae1de1(wi))er + (fea(w2) + aeade(w2))e2,
it follows from Definition 3.11 that:

fw) + ag(w) is not prime < fe1(2) + ae1¢e1(2) is not prime

or fea(2) + ae2tpe2(z) is not prime.

Since |[{a € C(i1) : fe2(2) + ape2(z) is prime or not}| = |C(iz)| = Ny then
{a € T: f(w) + ap(w) is not prime}

is also of cardinality N; except if the set is empty. (|

Finally, by using idempotent representations of bicomplex numbers and bi-
complex functions, and by using Definition 3.11 and Theorem 4.11 in [3] we have
the following result.

Theorem 3.21. FEvery bicomplex meromorphic solution of an nth-order ordinary
bicomplez differential equation with bicomplex rational functions as coefficients is
pseudo-prime.

Ezample. cos(z1 + 22i2) is pseudo-prime since it satisfies the ordinary bicomplex
linear differential equation y”(w) — y(w) = 0.

Theorem 3.22. Let F'(z1 + 2z2i2) = cos(z1 + 22i2), the possible forms of the factor-
ization of F'= f o g are as follows:

(G + Giz) = fer (G — Cain)er + fea(Cr + Coin)ez

and
9(z1 + 2212) = ge1(21 — 22i1)e1 + gea (21 + 22i1)e2

where the couple (fei(2), gei(2)) is chosen from the following possible forms of
factorization of cos z in the complex plane:

(i) fei(2) = cosv/z, gei(2) = 2°;
(i) fei(2) = Tn(2), gei(2) = cos =, where Ty, (z) denotes the nth Chebyshev poly-
nomial (n > 2);
(i) fei(2) = (27" +2"), gei(z) = en, where n denotes a non-negative integer
for i = 1,2. Moreover, if the couple (fei(2), gei(2)) is of the form (i) or (ii) for
each i =1 and 2, then f and g are, in particular, entire holomorphic mappings of
two complex variables.

Proof. The proof is a direct consequence of the Theorems 2.2, 2.6 and 3.9 used with
the three possible forms of factorization of cos z in the complex plane (see [3]). O

Corollary 3.23. The complex cosine cosz has three possible forms of factoriza-
tion in the complex plane and siz additional possible forms of factorization in the
bicomplex space.
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Proof. From Theorem 3.22 we have nine possible forms of factorization of the
bicomplex cosine: cos(z1 + z2i2). If we put zo = 0, we obtain automatically nine
possible forms of factorization of the cosine in the complex plane. However, when
F(Gi4Caiz) = fer((1—Cair)er+ fe1(C1+C2it)ez and g(2z1+22i2) = ge1(21—2211)e1+
gel(zl + Zgil)ez with zo = 0, we have that g(Zl) = gel(zl)el —|—g61(z1)e2 = ge1(21)
and (f 0g)(z1) = (fe1 © ge1)(21). In that case, we come back to the three classical
complex forms of factorization of cos z;. Hence, the complex cosine has exactly six
new possible forms of factorization in the bicomplex space. O
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Abstract. In this paper we give an overview of some different versions of func-
tional calculus in a noncommutative setting. In particular, we will focus on a
recent functional calculus based on the notion of slice-hyperholomorphy. This
notion, in suitable versions, will allow us to study the case of linear quater-
nionic operators, as well as the case of n-tuples of linear (real or complex)
operators.
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1. Introduction

Traditionally, the term functional calculus refers to what should more appropri-
ately be indicated as “holomorphic functional calculus”; given a holomorphic func-
tion f of one complex variable, and an operator T', functional calculus attempts to
define an operator f(7T), thus extending the function f from the complex plane to
the space of operators. More generally, of course, we can think of f as a function
is some suitable linear space of functions F, of T as an operator in a suitable lin-
ear space of operators, and of “functional calculus” as a way to define f(T). The
classical theory of functional calculus is very well developed, and its importance
for operator theory, as well as its applications to physics, are well established, see,
e.g., [11].

In order to set the stage for what will follow, let X be a complex Banach
space, and let T" be a linear bounded operator on X. Suppose furthermore that f
is a holomorphic function of one complex variable, so that it can be written as a
power series f(z) =) - anz", with a,, z € C converging in an open disc that
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contains the set |z| < ||T||. Under these natural conditions, one can easily define

the value of f on T by simply writing f(T") = ano a,T™. Maybe the first and

most fundamental example of such process is the definition of the operator e’

which is defined simply as
Al
T _
el = E e

n>0

As it is well known, however, this approach (while quite natural) is not fully
satisfactory. In order to generalize such an approach, one first needs to realize
that f(T) can only be expected to be defined on the spectrum of 7. Under this
condition, we can now consider a function f, holomorphic on the spectrum of T,
and we can use the Cauchy integral formula to define f(7'); this will be shown in
detail in the next section. This approach is clearly of great importance as it can
now be used to define a functional calculus when the operator T is unbounded (in
which case the series ) -, a,T" does not converge).

The situation quickly becomes more complicated if one wants to extend this
approach to the case of several operators, and tries to define f(7") when f is a
holomorphic function of n complex variables and T' = (11,...,T,) is an n-tuple
of operators. For the case of bounded operators, one can attempt to follow the
two different approaches inspired by the discussion above. On one hand, one can
define f(7T') on a dense subset of F and then extend this definition by continuity.
On the other hand, one can consider a reproducing integral formula for functions
in F and try to extend it to get a function of operators.

This second procedure can be realized by using a Fourier type transform or
a Cauchy type integral formula. In the literature, there are several different ap-
proaches to the topic according to the set F of functions and to the approach
adopted. The choice of F may impose restrictions on the commutativity of op-
erators considered or to the type of operators. For example, one can generalize
the discussion in one complex variable to the case of several complex variables as
in the earlier works of J.L. Taylor [23], [24], but this approach can be done only
for n-tuples of commuting operators. Another possibility is to consider the Weyl
calculus, see [25] and [2], for noncommuting, self-adjoint operators. One can also
choose to use the noncommutative setting of Clifford algebra-valued functions.
This approach is not new in the literature and among the works in this direction,
we mention here the works of Jefferies, Kisil, MacIntosh and their coworkers [16],
[17], [18], [19], [20], the book [15] and the references therein. Note that, despite
the noncommutative setting which is useful in the case of several operators, one
may still have restriction on the n-tuples of operators and on their spectrum. For
example, the functional calculus in [20] works for commuting operators while the
Riesz-Clifford calculus in [18] works for bounded self-adjoint operators. Of course,
for the purpose of applications to physics, and for sake of generality, it would be
of great interest to be able to lift these restrictions. This goal can be achieved
by considering the n-tuple T' = (T1,...,T),) of operators as a unique operator to
be substituted in place of a suitable hypercomplex variable. We will show how
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this can be accomplished in our own approach based on the new theory of slice
hyperholomorphy introduced in the papers [10] and [14]. For quaternionic opera-
tors we have developed our theory in the papers [4], [5], [6], while for n-tuples of
noncommuting bounded and unbounded operators see [9].

The plan of the paper is as follows. In Section 2 we recall the classical Riesz-
Dunford functional calculus, which is the inspiration (and the test-case) for all later
theories. The following sections are devoted to our own recent work in this area, and
to a variety of different approaches. Specifically, in Section 3 we recall the notion of
slice-regular quaternionic functions, [14], and we use it to define and develop a new
quaternionic functional calculus. Section 4 is devoted to an important variation of
those ideas. Namely we recall the notion of slice-monogenic functions, [10], and we
use it to introduce and develop a functional calculus for n-tuples of noncommuting
operators. In Section 5 we describe one of the first generalizations of Riesz-Dunford
functional calculus, namely the use of monogenic functions, to introduce monogenic
functional calculus (just like Section 2, this section does not contain any of our
results, but it is included to offer the background and justification for our work).
The last section is devoted to a different way to use holomorphicity to define
a functional calculus. As it is well known, the first and so far most successful
notion of quaternionic holomorphicity is due to Fueter, and goes under the name
of Cauchy-Fueter regularity. Indeed, it can be said that until the development of
slice-regularity, this definition was the dominating one. As our last section will
demonstrate, it is indeed possible to build a functional calculus based on this
notion of regularity, but the kind of difficulties which arise are probably one of
the best arguments for the development of an alternative definition of regularity,
namely the slice-regularity we introduce in Section 3.

2. The Riesz-Dunford functional calculus

We begin by quickly revising the Riesz-Dunford functional calculus for one op-
erator, which is based on the theory of holomorphic functions in one complex
variable. For all the details and the proofs of the results in this section see [11].
Let us consider the polynomial

Piz)=as+a1z+ -+ apz"

where a;, 2z € C. We observe that if we replace z by a bounded linear operator T°
we get the linear operator

P(T)=aZ+arT+-- -+ a,T",

where 7 denotes the identity operator. This approach can be extended to the case
in which P(z) is a power series converging on |z| < ||7'||. In general, functions of
operators can be defined using the Cauchy integral formula:
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Theorem 2.1. Let f : Q — C be a holomorphic function over an open set 2 C C
and let z € Q. Let 0 be a closed Jordan curve surrounding z. Then

Y B (G

27 39)\_2

f(z) =

The Cauchy kernel (A — z)~! plays here an important role. Indeed, in terms
of operators, it can be interpreted as (A\Z — T')~!. So, in analogy to what happens
in the theory of holomorphic functions, we write

A1) = = / (\Z —T)~1£(A) dA

271

where T is a rectifiable Jordan curve that surrounds the “singularities” of (\Z —
T)~1. Such singularities are the spectrum of T'. Note that in the complex case the
commutativity plays an important role. Indeed, if we consider the expansion

AZ-T)"' =) At
n>0
we observe that, where the series converges, i.e., for ||T'|| < ||, we can write
Z A—l—nTn _ ZT”A_l_n.
n>0 n>0
Thus, we can compute an integral in the complex variable )\, isolating the powers
of T
1
— [\ T-T AT
s 0T W= ST [

and we set the value of the integral equal to f (T)

Remark 2.2. We point out the fundamental fact that if 7" and A do not commute
and we want to write the integral

o ZT”/)\‘l‘”f()\) dX

we must find the sum of the series

D TrATI, for TA#AT.

n>0

Supposing that T and A do not commute the sum of this series is not (\Z —T')~!
This is the crucial fact that will lead us to define, for slice hyperholomorphic
function, a new notion of resolvent called S-resolvent operator and consequently
a new notion of spectrum called S-spectrum.

We will recall below some of the main results for the functional calculus in
the complex case.
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2.1. Bounded operators

In the sequel, we will denote by X a complex Banach space and by T a bounded
linear operator in X. We give the following definitions. The resolvent set p(T) of
T is the set of complex numbers \, for which (A\Z — T)~! exists as a bounded
operator with domain X. The spectrum o(T') of T is the complement of p(7") and
the number
r(T) =sup{|\| : A €a(T)}
is called the spectral radius of T. Finally, the function R(\,T) = (\Z — T)71,
defined on p(T), is called the resolvent of T.
We have the following properties:

Proposition 2.3. Let T be a bounded linear operator in X.

1. The resolvent set p(T') is open.
The closed set o(T) is bounded and nonempty.
The function R(A,T) is analytic in p(T).

(1) = limp_oe /T

(The resolvent equation) For every pair A, p € p(T) we have

Definition 2.4. Let T' be a bounded linear operator in X. By F(T') we denote the
family of functions f which are analytic on some neighborhood of o(T').

Definition 2.5. Let f € F(T), and let U be an open set whose boundary U
consists of a finite number of rectifiable Jordan curves, oriented in the positive
sense. Suppose that o(T) C U and that U U QU is contained in the domain of
analyticity of f. The operator f(T') is defined by

£(T) = 2% | ROT) FO) X (2.1)

G oD

It is a classical result the fact the integral (2.1) depends only on f and does
not depend on the open set U. The map associating to any function f € F(T)
the function f(T) is the classical Riesz-Dunford functional calculus whose main
properties are summarized below:

Theorem 2.6. Let f, g € F(T), cu, ag € C. Then
e aif +asg € F(T) and (a1 f + a2g)(T) = o f(T) + aag(T).

o f-geF(T) and f(T)g(T) = (f - 9)(T).
o If f(N) = 250 arA converges in a neighborhood of o(T), then f(T) =

ZnZO Oéka.
Theorem 2.7. (The Spectral Mapping Theorem) If f € F(T), then f(o(T)) =
o(f(T)).

Theorem 2.8. Let f € F(T), g € F(f(T)), and F(\) = g(f(X)). Then F € F(T)
and F(T) = g(f(T)).
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Theorem 2.9. (Perturbation) Let T' be a linear bounded operator, f € F(T') and
€ > 0. Then there is a § > 0 such that if Ty is a bounded operator and ||Th1—T|| < J,
then f € F(T1) and || f(T1) — f(T)| < e.

2.2. Unbounded closed operators

In the case of unbounded operators the spectrum can be defined as in the previous
subsection. However, in this case, it may be a bounded set, an unbounded set, the
empty set, or even the whole plane. We will avoid this last case, as we will assume
p(T) # 0. The following calculus is based on the calculus of bounded operators.

Definition 2.10. By Fo.(T') we denote the family of functions f which are analytic
on some neighborhood of ¢(T') and at co.

The neighborhood need not be connected and it can depend on f. Let a € p(T)
and define

A=(T—-aI)™' = -R(a,T).

The operator A defines a one-to-one mapping from X onto the domain D(T)
of T. We can now define a functional calculus for T in terms of the bounded
operator A. Denote by K the complex sphere, with its usual topology, and define
the homeomorphism

p=dN)=N-a)"!, ®(0)=0 da)=cc.
Theorem 2.11. Let o € p(T). Then ®(o(T) U {o0}) = 0(A) and the relation
¢() = f(@7 ()

determines a one-to-one correspondence between f € Foo(T) and ¢ € F(A).
Definition 2.12. Let f € Fo(T'). We define

f(T) = o(4),
where ¢ € F(A) and ¢(u) = f(2~ (1))
Theorem 2.13. Let f € Foo(T). Then f(T) is independent of the choice of o €
p(T). Let V D o(T) be an open set whose boundary OV consists of a finite number

of rectifiable Jordan arcs. Let f be analytic on V U OV and suppose that OV has
positive orientation with respect to the set V. Then

F(T) = f(c0)T + 2% | BOT) () dA (2.2)

Theorem 2.14. Let f, g € Foo(T), a1, as € C. Then
o ar1f+asg € F(T) and (a1 f + ag)(T) = ar f(T) + aag(T).
o frgeF(T) and f(T)g(T) = (f - 9)(T).
e o(f(T)) = f(o(T) U{oc}).
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3. Slice quaternionic functions and the quaternionic
functional calculus

3.1. Slice regular functions of one quaternionic variable

In the sequel, we will denote by H the algebra of real quaternions. Given a quater-
nion q = xg + ix1 + jxz + kxs € H let us denote its real part xg by Relg] and its
imaginary part izq + jza + kzsz by Im[q]. By S we will denote the sphere of purely
imaginary unit quaternions, i.e.,

S ={q=iz1 + jro +kas | 27 + 23 + 25 = 1}.

Definition 3.1. Let U C H be an open set and let f : U — H be a real differentiable
function. Let I € S and let f; be the restriction of f to the complex plane L; :=
R + IR passing through 1 and I. We say that f is a left slice regular function, in
short regular function, if for every I € S

1/0 0
|\ =—+ 1= x+1Iy)=0.
9 ( o 8y> fi( Y)
A crucial fact in the theory of regular functions is that polynomials and, more
in general, power series in the variable ¢ are regular. Conversely, every regular
function can be represented as a power series as shown in the next result (see [14]:

Theorem 3.2. If B = B(0,R) C H is the open ball centered in the origin with
radius R > 0 and f : B — H is a left regular function, then f has a series
expansion of the form

00 o
fla)=>" q’%a—xf(())

converging on B.

Note that, even though the definition of regular function involves the direction
of the unit quaternion I, the coefficients of the series expansion do not depend on
the choice of I. Despite these evident advantages, the theory of regular functions
still presents some disappointing facts which appear also with the classical regular
functions in the sense of Cauchy-Fueter. Indeed, in general, the product or the
composition of two regular functions is not regular.

Remark 3.3. A statement analogous to Theorem 3.2 holds for regular functions
in an open ball centered in py € R. For regular functions in an open ball B(qo, R)
centered in a non real quaternion gy € H \ R, the situation is significantly more
complicated. First of all, to obtain an interesting family of regular functions one
needs to require that B(qp, R) N R # 0. Moreover, the problem of the series ex-
pansion centered at gg has to be answered in a different fashion since the binomial
(¢ — qo)™ is not a regular function. These peculiarities, which appear explicitly for
example in [21], [12], are presently under scrutiny.
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A main result in the theory of regular functions is the analogue of the Cauchy
integral formula. In order to state the result we need some notation. Given a
quaternion ¢, we set

Imlg] ..
fy=1 Tl A7

any element of S otherwise.

We have the following, see [14]:

Theorem 3.4. Let f : B(0,R) — H be a regular function and let ¢ € B(0, R).

Then
_ b a1
flg) = 5 Mq(w)(c q)” " d¢r, f(€)

where d(;, = —1,d¢ and r > 0 is such that
A0,7) i={z+ Ly | 2° +y* <r?}
contains q and is contained in B(0, R).
It is important to point out that the function R(q) = (¢ — po)~?, is regular if
and only if pg € R. This implies that the Cauchy formula in Theorem 3.4 has a non
regular kernel. By noting that, in the complex case, the Cauchy kernel (¢ —z)~1 is

the sum of the series > 2"(~""! we are naturally lead to the problem of finding
the sum of the series > ¢"¢~""! and give the following definition:

Definition 3.5. Let ¢, s € H such that sq # gs. We will call noncommutative
Cauchy kernel series (shortly Cauchy kernel series) the expansion

=Y ",

n>0
for |q| < |s].
Remark 3.6. The sum of the Cauchy kernel series is not, in general, (s — q)~'.
Indeed, let g, s € H and consider the equality

(s—q) " =[1—gs ] " =5 (1—gs ) =D s s (3.1)
n>0

which holds in the domain of convergence of the power series, i.e., for |g| < |s|. If
we regard s as a fixed (non real) quaternion and ¢ as a quaternionic variable, then
when g € Ly, we have that ¢ and s commute and thus, in this particular case, we

obtain
ILIS Zq s~imn (3.2)
n>0

for all ¢ € Ly, such that |¢] < |s].

To find the sum of the Cauchy kernel series we will use the following result:
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Theorem 3.7. Let S~(s,q) be the Cauchy kernel series for sq # qs. The inverse
S(s,q) of S™1(s,q) is solution to the equation
S% 4 Sq—sS =0. (3.3)
The non trivial solution of (3.3) is given by
S(s,q) = (s+q—2 Re[s]) *(sq—|s]*) —q = —(g—35)"*(¢* —2qRe[s] +|s]?), (3.4)
and the solution coincides with the function R(s,q) := s—q if and only if sq = gs.
Based on this result, we set the following
Definition 3.8. The function
S (s,q) = —(¢° — 2qRe[s] + [s*) "' (¢ — 3)
which is defined for ¢> — 2qRe[s] + |s|?> # 0, is called noncommutative Cauchy

kernel.

Remark 3.9. Note that if s € H is a non real quaternion, then (see Lemma 3.8 in
[5]) there exists no degree-one quaternionic polynomial Q(g) such that

¢* — 2qRe[s] + |s|* = (¢ — 5)Q(q). (3.5)
Moreover, see Theorem 3.9 in [5], the function
S (s,q) = —(¢° — 2qRe[s] + [s]*) "' (q - 5)
cannot be extended continuously to any point of the set
{(s,q) €cH xH : ¢* —2qRe[s] +|s]* =0 }.

3.2. Functional calculus for bounded operators

To introduce our functional calculus we will need, beside the basics on the theory
of regular functions introduced in the previous section, also some preliminaries on
the theory of linear operators on a right quaternionic vector space. Thus, we begin
this section with a quick discussion on quaternionic linear operators.

Definition 3.10. Let V be a right vector space on H. A map T': V — V is said to
be right linear if
T(u+v)=T(u)+T(v)
T(us) =T(u)s
for all s € H and all u,v € V.

Definition 3.11. Let V be a bilateral quaternionic Banach space. We will denote
by B(V) the bilateral vector space of all right linear bounded operators on V.

The set of right linear maps is not a quaternionic left or right vector space.
If V is both left and right vector space, then the set End(V') of right linear maps
on V is both a left and a right vector space on H. In that case we can define
(aT)(v) := aT'(v) and (Ta)(v) := T(av). The composition of operators can be
defined in the usual way. In particular, we have the identity operator Z(u) = u, for
allu € V and setting T° = T we can define powers of a given operator T' € End(V):
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Tm =T (T" 1) for any n € N. An operator T is said to be invertible if there exists
S such that TS = ST = T and we will write S = T~
From now on we will only consider bilateral vector spaces V. The vector space
End(V) is not an H-algebra with respect to the composition of operators, in fact
the property s(T'S) = (sT)S = T(sS) is not fulfilled for any T, S € End(V) and
any s € H. In this case we have T'(sS)(u) = T'(sS(u)) while (sT)S(w)) = sT(S(u)).
Note on the other hand that End(V) is trivially an algebra over R.
Mimicking Definition 3.5, we now give the notion of S-resolvent operator
series:
Definition 3.12. (The S-resolvent operator series). Let T' € B(V) and let s € H.
We define the S-resolvent operator series as
STHs, T) =Y Trs™' " (3.6)
n>0
for ||T|| < |s|.
We have the following result (see [5]):

Theorem 3.13. Let T € B(V) and let s € H. The sum of the series (3.6) is given

b
’ S™(s,T) = —(T? — 2Re[s]T + |s|*T) "1 (T — 3I), (3.7)

for ||T|| <{s]-
Note that the operator S~1(s,T) is not the inverse of sZ — T Indeed, as we
proved in [5], the operator
Z(s‘lT)"s_lI

n>0
is the right and left algebraic inverse of sZ — T'. Moreover, the series converges
in the operator norm for ||T|| < |s|. If TsZ = sT, the operator S~!(s,T) equals
(sZ —T)~! when the series (3.6) converges.

Definition 3.14. (The S-resolvent operator) Let T € B(V') and let s € H. We define
the S-resolvent operator as

S™Y(s,T) := —(T? — 2Re[s]T + |s|*°T) (T — 57). (3.8)
Remark 3.15. With an abuse of notation we will denote the S-resolvent series and
the S-resolvent operator with the same symbol S~1(s, T).

By direct computations one can show (see [5]) that the following result holds:

Theorem 3.16. Let T € B(V) and let s € ps(T'). Then the S-resolvent operator
defined in (3.8) satisfies the (S-resolvent) equation

S (s, T)s — TS (s,T) =1T.
In the theory of quaternionic linear operators we have more than one notion

of spectrum depending on the side of the multiplication. Here we introduce also
the new notion of S-spectrum related to the S-resolvent operator (3.8):
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Definition 3.17. (The spectra of quaternionic operators) Let T': V' — V be a linear
quaternionic operator on the Banach space V.
o We define the S-spectrum og(T") of T related to the S-resolvent operator
(3.8) as:

os(T)={s€H : T?—-2Re[s]T +|s|*Z is not invertible}.

e We denote by o, (T) the left spectrum of T related to the resolvent (sZ—7")~*
that is
or(T)={seH : sI—T isnot invertible}.

Remark 3.18. We may attempt to define the right spectrum og(T) of T as
or(T)={se€H : T -s—T isnot invertible},

where the notation 7 - s means that the multiplication by s is on the right, i.e.,
7 - s(v) = Z(v)s. However, the operator Z - s — T is not linear, so we will never
refer to this notion.

We collect in the following theorem the main properties of the quaternionic
spectra:

Theorem 3.19. Let T' € B(V).

1. The spectra os(T') and or,(T) are contained in the set {s € H : |s| < ||T||}.

2. (Compactness of S-spectrum) The S-spectrum os(T') is a compact nonempty
set.

3. (Structure of the S-spectrum) Let p = po + p1l € po + p1S C H\ R belong
to the S-spectrum og(T') of T. Then all the elements of the sphere py + p1S
belong to os(T).

We now have to specify the class of open sets containing the S-spectrum of
an operator 17" which are suitable to define our functional calculus:

Definition 3.20. Let T' € B(V). Let U C H be an open set containing og(7") and
such that

(i) (U N Ly) is union of a finite number of rectifiable Jordan curves for every
IeSs,
(ii) og(T) is contained in a finite union of open balls B, C U with center in
real points and annular domains A; C U with center in real points whose
boundaries do not intersect og(7T).

A function f is said to be locally s-regular on og(T) if there exists an open set
U C H, as above, on which f is s-regular.
We will denote by R, (r) the set of locally s-regular functions on os(T').

Note that the class R, (7) contains functions which admits local power series
expansions. If we restrict these functions to a specific plane L, the coefficients of
the expansion do not depend on the choice of I € S (see Theorem 3.2). A termwise
integration allows to prove the following:
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Theorem 3.21. Let T' € B(V) and f € Ryy(ry. Let U C H be an open set as in
Definition 3.20 and let Uy = U N Ly for I € S. Then the integral

1 _
5 8UIS Y(s,T) dsy f(s) (3.9)

does not depend on the choice of the imaginary unit I and on the open set U.
This result allows us to give the following:

Definition 3.22. Let 7' € B(V') and f € R, 4 (7). Let U C H be an open set as in
Definition 3.20, and set Uy = U N Ly for I € S. We define

FT) = % [ s dss f) (3.10)

Note that, in the special case of monomials, we have

Theorem 3.23. Let s, a € H, m € N. Consider the monomial s™a and T € B(V).
Let U C H be an open set as in Definition 3.20, and set Uy = U N Ly for I € S.

Then )
T"a = — S~1(s,T) dsr s™ a. (3.11)
27'(' U

3.3. Functional calculus for unbounded operators

We now describe how, based on our result on bounded operators, we can extend
our functional calculus to the case of unbounded operators:

Definition 3.24. Let V' be a quaternionic Banach space. We consider the linear
closed densely defined operator T' : D(T)) C V. — V where D(T') denotes the
domain of T'. Let us assume that

1) D(T) is dense in V,

2) T — 37 is densely defined in V,

3) D(T?) C D(T) is dense in V,

4) T? — 2TRe[s] + |s|?Z is one-to-one with range V.

The S-resolvent operator is defined by
S~Y(s,T) = —(T? — 2TRe[s] + |s|*Z) (T — 31I). (3.12)

Definition 3.25. Let T': D(T) C V — V be a linear closed densely defined operator
as in Definition 3.24. We define the S-resolvent set of T' to be the set

ps(T) = {s € H such that S~'(s,T) exists and it is in B(V)}. (3.13)
We define the S- spectrum of T" as the set
os(T)=H\ ps(T). (3.14)

Theorem 3.26. (Structure of the spectrum) Let T : V. — V be a closed operator
such that og(T) # 0. If p = po + p1I € H\ R belong to the S-spectrum os(T) of
T, then all the elements of the sphere po + p1S belong to og(T). The S-spectrum
os(T) is a union of real points and 2-spheres.
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Let V' be a bilateral quaternionic Banach space and let T : D(T) C V — V,
T =Ty + i1y + jTs + kT3 be a linear operator. If at least one of its components
T; is an unbounded operator then its resolvent is not defined at infinity. It is
therefore natural to consider closed operators T for which the resolvent S~1(s,T')
is not defined at infinity and to define the extended spectrum as

as(T) :=0g(T)U{o0}.

Let us consider H = H U {co0} endowed with the natural topology: a set is open
if and only if it is union of open discs D(g,r) with center at points in ¢ € H and
radius r, for some r, and/or union of sets the form {¢ € H | |g| > r} U {c0} =
D'(o00,7) U {c0}, for some r.

Definition 3.27. We say that f is a regular function at oo if f(g) is a regular
function in a set D’ (0o, r) and lim,_.o f(q) exists and it is finite. We define f(oc0)
to be the value of this limit.

Definition 3.28. Let 7' be an operator as in Definition 3.24. A function f is said
to be locally regular on og(T) if it is regular an open set U C H as in Definition
3.20 and at infinity.

We will denote by Ry (7 the set of locally regular functions on @s(7').

Consider k£ € H and the homeomorphism
®:H—-H
defined by
p==®(s)=(s—k)™!, ®(c0)=0, ®(k)=o0.
Definition 3.29. Let T': D(T') — V be a linear closed operator as in Definition 3.24
with ps(T) "R # () and suppose that f € Rz (7). Let us consider the function
¢(p) := f(27'(p))
and the operator
A= (T —kI)™*, forsome k€ ps(T)NR.
We define
F(T) = o(A). (3.15)
Remark 3.30. Observe that, if k € R, we have that:

e the function ¢ is regular because it is the composition of the function f which
is regular and ®~!(p) = p~! + k which is regular with real coefficients;
e in the case k € pg(T) NR we have that (T — kZ)~! = —S~1(k,T).

We are now ready to state our main results (see [6]):

Theorem 3.31. If k € ps(T)NR # 0 and @, ¢ are as above, then ®(as(T)) =
os(A) and the relation ¢(p) := f(®~1(p)) determines a one-to-one correspondence
between f € Ryg(ry and ¢ € Ryg(a)-
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Theorem 3.32. Let T : D(T) C V. — V be a linear closed operator as in Definition
3.24 with ps(T) NR # 0 and let f € Rag (). Then the operator f(T) defined in
(3.15) is independent of k € ps(T) NR.

Let W be an open set such that 55(T) C W and let | be a regular function on
WUoW. Set Wy =W N Ly for I €S be such that its boundary OW7 is positively
oriented and consists of a finite number of rectifiable Jordan curves. Then

f(T) = f(oc0)T + % - S™(s, T)dsrf(s). (3.16)

4. Slice monogenic functions and functional calculus for n-tuples
of noncommuting operators

In this section we show how the theory of slice “holomorphicity” can be introduced
also in the case of functions with values in a Clifford algebra (it will be called slice
monogenicity). The theory of slice monogenic functions is the basis for a functional
calculus dealing with n-tuples of operators (note that, in the quaternionic case, we
proposed a functional calculus for a single quaternionic linear operator).

4.1. Slice monogenic functions

The real Clifford algebra R,, is generated by the n units ey, ..., e, satisfying e;e; +
eje; = —20;5. An element a € R, is of the form a = ) ases, A is a subset of
indices in {1,...,n}, eq4 = €;,...e;, and ey = 1. A vector (x1,...,2,) in R"
can be identified with an element in z € R, by the map (z1,...,z,) — x =
x1e1 + -+ xpe, and similarly a vector x = (xg,...,x,) € R"™! can be identified
with zg + 2. The real part zg of x will be also denoted by Re[z].

Definition 4.1. By S we will denote the sphere of unit 1-vectors in R™, i.e.,
S={z=ex1+ - +euwy | 2]+ +22 =1}

To each x € R™*! it is possible to associate the imaginary unit I, defined as

X
a:{ o] 1270

any element of S otherwise.

Given an element I € S, the complex plane R + IR passing through 1 and
I € S is denoted by L, and an element belonging to it is denoted by u + Iv, for
u, v € R.

Definition 4.2. Let U C R™*! be a domain and let f : U — R, be a real
differentiable function. Let I € S and let f; be the restriction of f to the complex
plane L;. We say that f is a left slice-monogenic function, in short s-monogenic,
if for every I € S

1/0

0
B (@‘FI@) fr(u+Iv) =0.
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A key fact is that any s-monogenic function can be developed into power
series and also that it admits a Cauchy integral representation, as proved in [10]:

Proposition 4.3. If B = B(xg, R) C R"*! is a ball centered in a real point x¢ with
radius R > 0, then f : B — R, s s-monogenic if and only if it has a series
expansion of the form

@ =Y o =) (1)

converging on B.

Theorem 4.4. Let B = B(0,R) C R be a ball with center in 0 and radius R > 0
and let f: B — R, be an s-monogenic function. If x € B then

fa) = 5 (€~ 2) G, £(Q)
T JoAL(0,r)
where ¢ € Ly, (B, d¢;, = —d(I, and r > 0 is such that
AL (0,7) = {u+ L | u? +0? <r?}
contains  and s contained in B.

As in the quaternionic case, the key ingredient to define a functional calculus is
what we call noncommutative Cauchy kernel series.

Definition 4.5. Let © = Re[z] 4+ z, s = Re[s] + s be such that sz # xs. We will call
noncommutative Cauchy kernel series the following expansion

S~(s,x) := Z gs i (4.2)
n>0
defined for |z| < |s|.
We have the following result (cf. Section 3):

Theorem 4.6. Let x = Re[z] + z, s = Re[s] + s be such that xs # sx. Then

Z 2"s 7 = (2% — 22Re[s] + |s]*) " (z — 3)

n>0
for |z| < |s|. Moreover, S~(s,x) is irreducible and lim, .S~ (s,z) does not
exist.

4.2. Functional calculus for n-tuples of bounded operators

In this section we will consider a Banach space V over R (the case of complex
Banach spaces can be discussed in a similar fashion) with norm || - ||. It is possible
to endow V with an operation of multiplication by elements of R,, which gives a
two-sided module over R,,. We recall that a two-sided module V over R,, is called
a Banach module over R,,, if there exists a constant C' > 1 such that

lvall < Cllvlllal,  llav]| < Clal[jv]
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for all v € V and a € R,,. By V,, we denote the two-sided Banach module over
R,, corresponding to V@ R,,. An element in V,, is of the type >, va ® e4 (where
A=1iy.. 0,00 €4{1,2,...,n}, i1 <--- < i, is a multi-index). The multiplications
(right and left) of an element v € V,, with a scalar a € R,, are defined as

vazZvA®(eAa), and av:ZvA®(aeA).
A A

For simplicity, we will write )~ , vae4 instead of > , v4 ® eq. We define
olly, = lvall$-
A

By B(V) we will denote the space of bounded R-homomorphisms of the Ba-
nach space V' into itself endowed with the natural norm denoted by || - [|5cvy. If
Ty € B(V), we can define the operator T'= ) , Taea and its action on

V= Z vgep € V,,
as
T(v) = Z Ta(vg)eaep.
A,B
The set of all such bounded operators is denoted by B, (V). Their norm is defined
by

ITNE, vy = D I Tall By
A

In the sequel, we will only consider operators of the form T = Ty + E;;l e; T
where T, € B(V) for © =0,1,...,n. The set of such operators in B,(V;,) will be
denoted by B%1(V,,).

Definition 4.7. Let T € B%'(V,,) and s = Re[s] + s. We define the S-resolvent
operator series as

ST, T) =Y Trs™' " (4.3)
n>0
for ||T|| < |s|.

To have an operator defined also outside the ball ||T|| < |s| it is necessary to
compute the sum of the series (4.3). Despite the fact that the setting of Clifford
algebras implies restrictions on the operations one can perform, as R,, is, in general,
a non division algebra, we have the following:

Theorem 4.8. Let T € B2 (V,,) and s = Re[s] + s. Then
> 1T = —(T? - 2TRels] + |s|Z) (T - 51), (4.4)
n>0

for [[T]| < s|.

When TsZ = sT, the operator S=Y(s,T) equals (s —T)~! where the series (4.3)
converges.
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This result leads to the following definition:

Definition 4.9. (The S-resolvent operator) Let T' € B%1(V},) and s = Re[s] + s €
ps(T). We define the S-resolvent operator as

S™1(s,T) := —(T* — 2Rel[s|T + |s|*Z) 1T — 3I). (4.5)

Theorem 4.10. Let T € B2 (V,,) and s = Re[s] + s € ps(T). Let S~'(s,T) be the
S-resolvent operator defined in (4.5). Then S~1(s,T) satisfies the (S-resolvent)
equation

S™Ys,T)s — TS (s, T)=1. (4.6)

The S-resolvent operator S~1(s,T') gives rise to the definition of S-spectrum:

Definition 4.11. (The S-spectrum and the S-resolvent set) Let T € B%1(V,,) and
s = Re[s] + s. We define the S-spectrum og(T) of T as:

o5(T) = {s € R"™ : T% -2 Re[s|T +|s|*Z is not invertible}.
The S-resolvent set pg(T) is defined by
ps(T) =R\ as(T).

Theorem 4.12. (Structure of the S-spectrum) Let T € BY*(V,,) and let p = Re[p]+p
belong to o5(T) with p # 0. Then all the elements of the sphere s = Re[s] + s with
Re[s] = Re[p] and |s| = |p| belong to os(T).

As we did in the quaternionic case, we now describe the class of functions
for which we can construct a functional calculus. This class is determined by the
need to provide local series expansion for the s-monogenic functions.

Definition 4.13. Let T = Ty + .7, ¢;Tj € By'(V,,). Let U C R™! be an open
set containing og(T") and such that

(i) O(U N Ly) is union of a finite number of rectifiable Jordan curves for every
I €S,
(ii) og(T) is contained in a finite union of open balls B; C U with center in
real points and annular domains A; C U with center in real points whose
boundaries do not intersect og(T).

A function f is said to be locally s-monogenic on og(T) if there exists an open set
U C R"*!, as above, on which f is s-monogenic.
We will denote by M,y the set of locally s-monogenic functions on os(T").
Theorem 4.14. Let T € BYY(Vy,) and f € My (ry. Let U C R™™ be an open set
as in Definition 4.13 and let Uy = U N Ly for I € S. Then the integral

1
— S~(s,T) dsr f(s) (4.7)
27'(' U

does not depend on the choice of the imaginary unit I and on the open set U.
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Definition 4.15. Let T € By (V,,) and f € M, (r). Let U C R™*! be an open set
as in Definition 4.13, and set Uy = U N Ly for I € S. We define

1
f(r)=— S~Y(s,T) dsy f(s). (4.8)
27T oU;
In the case of monomials, and thus of polynomials, we have the following
result:

Theorem 4.16. Let x = Re[z] + z, a = Rela] + a € R""', m € N. Consider the
monomial x™a and the operator T € BYY(V,,). Let U C R"! be an open set as in
Definition 3.20, and set Uy =U N Ly for I €S. Then

1
T"a = — S~1(s,T) dsr s™ a. (4.9)
27'(' U
Remark 4.17. For an extension of this functional calculus and further properties,
see [7].

Remark 4.18. To compare our new functional calculus with the existing versions
which the reader can find in the literature (see, e.g., [15] and its references) we
will now consider the subset BL(V,,) C BY%'(V,,) whose elements are operators
of the form T' = E?zl Tje; where T; are linear operators acting on the Banach
space V. When n = 1, this corresponds to considering a single operator 77 and
T = Tie;. To compute the S-spectrum we have to consider the S-eigenvalue equa-
tion. Since in this case, the variable s € C commutes with 7', the S-eigenvalue
equation reduces to the classical eigenvalue equation. Finally, since the theory of
s-monogenic functions coincides with the theory of holomorphic functions in one
complex variable, our calculus reduces to the Riesz-Dunford calculus. Let f(z)
be any function holomorphic on the spectrum of 7;. The Riesz-Dunford calculus
allows to compute f(T1). In our case, to get exactly the function f(77) we need
to consider f(z) = f(—ze1) = f(x1 — e1xo) where we have denoted z = xo + e z;.
This is not surprising, since we are considering not the given operator 73 as in
the classical case, but its tensor with the imaginary unit e;. The two calculi are
therefore equivalent up to this identification.

4.3. Functional calculus for n-tuples of unbounded operators

Definition 4.19. Let V' be a Banach space and V;, be the two-sided Banach module
over R,, corresponding to V ® R,,. Let T, : D(T,) C V — V be linear closed
densely defined operators for p=0,1,...,n. Let

D(T)={veV, : v=> wvgep, vp€ [|D(T,) } (4.10)
B =0
be the domain of the operator

T=To+>» ¢Tj, T:D(T)CV,— V.

j=1
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Let us assume that
1) N}z D(T},) is dense in V,,,
2) T — 37 is densely defined in V,,
3) D(T?) c D(T) is dense in V,,,
4) T? — 2TRe[s] + |s|?Z is one-to-one with range V.
The S-resolvent operator is defined by
S~Y(s,T) = —(T? — 2TRe[s] + |s|*Z) (T — 3I). (4.11)

Definition 4.20. Let 7' : D(T') — V,, be a linear closed densely defined operator as
in Definition 4.19. We define the S-resolvent set of T' to be the set

ps(T) = {s € R"™! such that S™!(s,T) exists and it is in B, (V,,)}.  (4.12)
We define the S- spectrum of T' as the set
os(T) = R\ pg(T). (1.13)

Theorem 4.21. (S-resolvent operator equation) Let T : D(T) — V,, be a linear
closed densely defined operator. Let s € ps(T). Then S~1(s,T) satisfies the (S-
resolvent) equation

S™(s,T)s — TS (s,T) =1T.

Let V be a Banach space and T' = Tp + Z;nzl e;T; where T, : D(T,) = V
are linear operators for ;1 = 0,1,...,n. If at least one of the T}’s is an unbounded
operator then its resolvent is not defined at infinity. It is therefore natural to
consider closed operators T' for which the resolvent S~'(s,T') is not defined at
infinity and to define the extended spectrum as

os(T) :=0g(T) U {o0}.

Let us consider R'+ = R+ U {oco} endowed with the natural topology: a set
is open if and only if it is union of open discs D(z,r) with center at points in
x € R"*! and radius r, for some r, and/or union of sets the form {z € R**! | |z| >
r} U{oo} = D'(c0,r) U {0}, for some 7.

Definition 4.22. We say that f is s-monogenic function at oo if f(x) is an s-
monogenic function in a set D’(oco,r) and lim,_, f(z) exists and it is finite. We
define f(o00) to be the value of this limit.

Definition 4.23. Let T : D(T) — V,, be a linear closed operator as in Definition
4.19 . A function f is said to be locally s-monogenic on gg(7T') if it is s-monogenic
an open set U C R"*! as in Definition 4.13 and at infinity.

We will denote by Mz (1 the set of locally s-monogenic functions on 7s(7).

Consider k£ € R"*! and the homeomorphism
P - @nle - @nle

defined by
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Definition 4.24. Let T' : D(T) — V,, be a linear closed operator as in Definition
3.24 with ps(T) "R # 0 and suppose that f € Mz, (7). Let us consider

¢(p) == f(2~(p))
and the operator
A:= (T —kI)™*, forsome k€ ps(T)NR.
We define
f(T) = ¢(A). (4.14)
Remark 4.25. Observe that, if £ € R, we have that:

i) the function ¢ is s-monogenic because it is the composition of the function f
which is s-monogenic and ®~*(p) = p~! + k which is s-monogenic with real
coefficients;

ii) in the case k € ps(T) NR we have that (T — kZ)~' = —S~1(k,T).

Theorem 4.26. If k € ps(T)NR # 0 and @, ¢ are as above, then ®(os(T)) =
os(A) and the relation ¢(p) := f(®~1(p)) determines a one-to-one correspondence
between f € Mgy ) and ¢ € Mz (a)-

Theorem 4.27. Let T : D(T) — V,, be a linear closed operator as in Definition 3.24
with ps(T) NR # 0 and suppose that f € Mz, (r). Then operator f(T') defined in
(4.14) is independent of k € ps(T) NR.

Let W be an open set such that cs(T) C W and let f be an s-monogenic
function on WU OW. Set Wy =W N Ly for I €S be such that its boundary OW;
is positively oriented and consists of a finite number of rectifiable Jordan curves.

Then

1) = fT+ 52 [ 575 Tdsif(0) (4.15)

5. Monogenic functions and the monogenic functional calculus

A functional calculus which is based on the classical notion of monogenic functions
was extensively studied by Jefferies, Kisil, MacIntosh and their coworkers. We
mention here, with no claim of completeness, the works [16], [17], [18], [19], [20],
the book [15] and the references therein. To start with, we will quickly recall the
basic notions on monogenic functions.

5.1. Monogenic functions
The well-known notion of monogenic functions with values in a Clifford algebra
(see [3]) is based on the so-called Dirac operator 9, = E?:l €;0z;.

Definition 5.1. A real differentiable function f: U C R™ — R,, on an open set U
is called (left) monogenic in U if it satisfies 0, f(z) =0 on U.
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Remark 5.2. A variation of the Dirac operator is the Weyl operator:
Opo + Oz,

whose nullsolutions f : U C R"*! — R,, on an open set U are still called (left)
monogenic. Moreover, in the literature, the Weyl operator is often called Dirac
operator since it is possible to obtain one from the other by grouping the imaginary
units and making some identifications in a suitable way.

Monogenic functions can be expanded in power series in terms of the symmet-
ric polynomials (e;x, +en,2;j), 1 < j < n—1. One has to consider these symmetric
polynomials and the sum of all their possible permutations. For functions in the
kernel of the Weyl operator the situation is similar and the symmetric polynomials
are written in terms of the building blocks (ejzg — eox;), 1 < j < n. It is natural
to give the following:

Definition 5.3. Homogeneous monogenic polynomials of degree k are defined as
1
th___,ék(x) = E Z 201 -+ - 2ty (51)
Ty,

where z; = z;e9 — roe; and the sum is taken over all different permutation of
Ly, L.

Definition 5.4. Denote by %,, the volume 27(*+1/2/I'((n 4 1)/2) of the unit n-
sphere in R"*! and by # = 2y — 2 the conjugate of x = z¢ + z. For each 2 € R"*1,
define the function G(-, x) as

1 w—=T

Clon) = g ozt

(5.2)

Note that G(w, x), for w # x, is both left and right monogenic as a function of
w. It plays the role of the Cauchy kernel as shown in the following result (see [3]).

Theorem 5.5. Let Q) C R™*! be a bounded open set with smooth boundary 0 and
exterior unit normal n(w) defined for all w € Q. For any left monogenic function
f defined in a neighborhood of U of 2, we have the Cauchy formula

Gl = { §0 70 5:3)

where p is the surface measure of 0S2.

o0

5.2. Monogenic functional calculus

The Cauchy formula (5.3) is the starting point for the monogenic functional cal-
culus. To this purpose, it is useful to consider a suitable series expansion of the
kernel G(w,x) = G (x):

Gu@)= | Y Vo @)We W)

k>0 \ (1,001
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in the region |z| > |w]| (see [3]) where, for each w € R"1, w #£ 0,
We,..on (W) = (=1)F0,,, o+ 0y, Gu(0)

and V-l (1) are defined in (5.1).

Keeping in mind the definition of Banach modules, see Section 4, consider now an
n-tuple T' = (T1,...,T},) of bounded linear operator acting on a Banach space X
and let

R>(1+V2)Y Tyesl. (5.4)

j=1
Suppose to formally replace z; by 7} and 1 by the identity operator Z in the
Cauchy kernel series. It can be shown (see [18] Lemma 3.12, [15], Lemma 4.7) that

Gu(T)=>_| > VoMW, W) (5.5)
orlr)

k>0 \ (44,

where

1
Velw"xek(T) e H Z Tél .. -Tf)ca
' Z1,~~~7zk

converges uniformly for all w € R"*! such that |w| > R, where R is given in (5.4).
We set the sum of the series (5.5) equal to G, (T") which turns out to be a bounded
operator.

Remark 5.6. In the Clifford setting there are several possible notions of spectrum.
In [18] the so-called resolvent set is the set of w € R™ such that the series (5.5)
converges. The spectral set oc(T') of T is defined as the set complement of the
resolvent set.

An important result is the following (see [18]):

Theorem 5.7. Let (T1,...,T,) be an n-tuple of bounded self-adjoint operators. Let
Q be a domain with piecewise smooth boundary whose complement is connected,
and suppose that oc(T) C Q. Then, for every f € M(Q) the mapping

f@) = f(T)= [ Gu(T)n(w)f(w)du(w)

[519]

defines a functional calculus.

Remark 5.8. If T is an n-tuple of bounded self adjoint operators and (2 is an
open set with piecewise smooth boundary with connected complement containing
the spectral set oc(T") then according to [18] the map in Theorem 5.7 defines a
functional calculus for functions monogenic on 2. This fact is guaranteed by a
Runge type approximation theorem.
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In [15] the definition of spectrum is different:

Definition 5.9. The monogenic spectrum «(7T') of the n-tuple T is the complement
of the largest connected open set U in R™*! in which the function G,,(T) defined
by the series above is the restriction of a monogenic function with domain U.

Let (T,§) = Z;;l T;¢; and suppose that o((T,§)) is real for all £ € R”
(here o denotes the spectrum in the classical sense, i.e., the set of singularities of
(AZ —(T,€))~"). Then we have the following result (see [15]):

Theorem 5.10. Let T = (T4, ...,T,) be an n-tuple of noncommuting bounded linear
operator acting on a Banach space X and suppose that o((T',€)) C R for all{ € R™.
Then the By (X,)-valued function w — G, (T') defined in (5.5) is the restriction to
the region

I={weR™" : |w|>1+v2)D T}
j=1

of a function two-sided monogenic on R TH\R™,

This result guarantees that G, (T") is monogenic outside a ball. However,
G, (T) can be monogenic in a larger set containing I'. Denote with the same
symbol G, (T) the maximal monogenic extension and let Q be the union of all
open sets containing the open set I' on which is defined a two-sided monogenic
function whose restriction on I' equals the series G, (T"). Then the extension is
unique because the domain ) is connected, contains I' and the spectrum is a
subset of R™ and hence it cannot disconnect a set in R™*+1.

Definition 5.11. Let T' = (T3,...,T},) be an n-tuple of noncommuting bounded
linear operators acting on a Banach space X and £ € R™. Suppose that o((T},£))
is real for all £ € R™. Let  C R™*! be a bounded open neighborhood of v(T") with
smooth boundary and exterior normal n(w), for all w € 9. Let f be a monogenic
function defined in an open neighborhood of Q. By definition f(T') is given by

fT) = [ Go(T)n(w)f(w)dp(w). (5.6)
1919)

Denoting by M(y(T"),R,,) the right module of monogenic functions defined in a
neighborhood of v(7T') in R"*1, we have that the map f — f(T), f € M(y(T),R,,)
defines a functional calculus. It is a right-module homomorphism.

Remark 5.12. Let p(z) be a complex-valued polynomial, z,£ € R™ and
p(z) = p(@1&1 + - + znén).

Then
p(Tla e 7Tn) = p(T1§1 +---+ Tngn)

Note that the function G, (T) admits a plane wave expansion as follows
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Proposition 5.13. Let w € R"!, w = wo +w, wo # 0. Then

(n— 1)t (Z) sgn(wo)"_l/ (14i8) (WI—T, 8)—wos)~" ds. (5.7)
2 2 Sn—1
When the condition o((T',§)) € R is satisfied for all { € R", then v(T') C R"
is the complement in R™*! of the points w at which the function defined by the
integral above is continuous. In the case of commuting bounded linear operators
the spectrum can be determined directly as shown in the next result (see Theorem
3.3 and Corollary 3.4 in [20]).

Cu(T) =

Theorem 5.14. Let T' = (T1,...,T},) be an n-tuple of commuting bounded linear
operator acting on a Banach space X and suppose that o(T;) C R for all j =
1,...,n. Then v(T) is the complement in R™ of the set of all A € R™ for which the
operator Z;L:l(/\jI—Aj)Q is invertible in B(X) (equivalently: (NI —T) is invertible
in End(X)).

5.3. Relation between the monogenic spectrum and the Weyl spectrum

There is a relation between the monogenic functional calculus and the so-called
Weyl functional calculus that is based on the Fourier transform. More precisely,
let T = (T1,...,T,) be an n-tuple of bounded operators acting on a Banach
space. Suppose the operators T} are of Paley-Wiener type (r,s) (see [15] for the
definition). The Weyl functional calculus is the map that associates to f € S(R™)
the operator

n

Wi(f) = 2m " [T feyde,
where f is the Fourier transform of f. This leads to the following definition:

Definition 5.15. Let 7' = (13,...,T},) be an n-tuple of bounded operators acting
on a Banach space and let the operators T; be of Paley-Wiener type (r,s). The
support of the distribution Wr is called the joint spectrum of T and is denoted

by 3(T').
However, one can also introduce the definition of operators of Paley-Wiener type

s (see [15]). For these operators the monogenic and the joint spectrum are related
by the following result:

Proposition 5.16. Let s > 0 and let T be an n-tuple of operators of Paley-Wiener
type s. Then 3(T) = ~v(T).

6. Cauchy-Fueter regularity and the difficulties of the related
functional calculus

The most successful notion extending holomorphy to the quaternionic setting is
the one of regularity in the sense of Cauchy-Fueter, so one may wonder whether it
is possible to define a functional calculus associated to it. In this section we show
the difficulties arising if one wishes to define a functional calculus in this setting.
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We begin by recalling the definition of regularity and the fundamental properties
of the functions regular in this sense.

6.1. Fueter regularity

Definition 6.1. Let U C H be an open set and let f : U — H be a real differentiable
function. We say that f is a left-regular function if
of _of | .0f _Of

0
Of | OF 08, 0f

0q o Oxo o0x1 0xo Oxs =0

We will denote by R(U) the right quaternionic vector space of (left)-regular
functions.

Definition 6.2. The function
-1

R e S
G(Q)—w—w—q q

is called Cauchy-Fueter kernel. It is both left and right regular on H\{0}.

As it is well known, there is a Cauchy integral formula for regular functions
(see [22]):

Theorem 6.3. Let U be an open set in H and f € R(U). LetI' = OU be a rectifiable
3-cell which is homologous, in the singular homology of U\{qo}, to a differentiable
3-cell whose image is OB for some ball B C U. Then

1
fla) = 515 [ Gla = a)Das(@
™ Jr
where Dq = dx1 ANdxs Adxs —idxg Ndxo ANdrs+ jdrg Adry Adxs — kdrg Adxy Adxs.

A polynomial function in the variable ¢ is not regular and, in particular, the
terms a,q"™ or apqaiq...anq that is the natural generalization of a,z", are not
regular. The power series representing a regular function and the Laurent series
representing a function with an isolated singularity can be expressed in terms of
the special homogeneous regular polynomials similar to the ones introduced in the
monogenic setting.

Definition 6.4. Let us consider a set v = {A1,..., A}, where 1 < \; < 3, Vi =
1,2,...,n. We can specify v giving three integers ni, ns, ns, such that ny + no +
n3z = n and n) is the number of \’s in the set v. We will denote by o, the set of
v = [n1,na,ns]. if n =0, we set v = (). For every v € o, we define

1
P,(q) = ol Z (Toex, — xa,) - - - (Toex, — Tr,),
1<A 1,0 AR <3
where ey = 1, j, k when A = 1, 2, 3 respectively and the sum is over all the different

orderings of n elements \;, (\; = 1,2, 3).
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We set the positions
871
O = —r———= d G,(q) = 0,G(q), 6.1
where G(q) is the Cauchy-Fueter kernel. We have the following proposition:

Proposition 6.5. The expansions

+00 +oo
Glg,p)=Gla—p) =Y > P0G.(0) =Y > G.(aPp)

n=0v€o, n=0v€oy,

hold for |p| < |q|-

Theorem 6.6. Let f : U — H, f € Ry (U). Let go € U and 6 < dist (qo,0U).
Then there exists an open ball B = {q € H : |¢ — qo| < 6} such that f(q) can be
represented by the uniformly convergent series

“+o0
f(Q) = Z Z Pu(q_ QO)aua

n=0v€on
where .
o= (I =5z [ Gula—awDasl)
and G, (q) is defined in (6.1). Moreover we have

| Guta) DaPu() =275
s
where S is any sphere containing the origin, and d,, denotes the Kronecker delta.

Definition 6.7. Let V be a left quaternionic Banach space. A function f: H— V
is said to be left regular in gy € H if there exists an open ball B(qg, ) such that,
for every point ¢ € B(qo,r) the function f(gq) can be represented by the following
series

+o0
F@) =YY" Pula—q)fv(q0), fu(qo) €V,
n=0v€on,
uniformly converging in the norm of V for any ¢ such that |¢ — qo| < 7. An
analogous definition can be given for a vector right regular functions.

We now state a result whose proof is similar to the one given in the complex case.

Theorem 6.8. Let V' be a left quaternionic Banach space and let f:H — V be a
left reqular function on U. Let I' be a closed rectifiable 3-cell. Let V' be a bounded
closed set in H, and let qo € V. Suppose that W, T' and U be such that WUT C U
and I' = OW. Then

flan) = 375 [ Gla—w) Das(a),

where G(q — qo) is the Cauchy-Fueter kernel.
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From now on, we will consider only linear bounded operators and we will
follow the ideas in [18]. We introduce a regular function which is related to the
resolvent operator and is regular where defined. The idea is to generalize what
happens in the complex setting: classically, one considers the Cauchy-Riemann
kernel g(z) = (z — &)~! defined for z # ¢ and introduces R(z,T) = (21 —T)~!
which is defined for z not in the spectrum of 7. In our case, we consider the
function G(g,p) written in series expansion as (replacing p by T'):

+o0 foo
g(‘]a T) = Z Z PV(T)Gu(q) = Z Z Gl/(q)PD(T)' (62)

n=0ve€o, n=0ve€o,

The expansions hold for || T|| < |g| (cf. Proposition 6.5) and define a bounded
operator. It is natural to give the following definition:

Definition 6.9. The maximal open set p(T") in H on which the series (6.2) converges
in the operator norm topology to a bounded operator is called the resolvent set
of T. The spectral set o(T) of T is defined as the complement set in H of the
resolvent set.

Definition 6.10. A function f : H — H is said to be locally right-regular on the
spectral set o(T) of an operator T' € B(V) if there is an open set U C H containing
o(T) whose boundary AU is a rectifiable 3-cell and such that f is regular in every
connected component of U. We will denote by R, ,r) the set of locally right
regular functions on o (7).

Definition 6.11. Let f € R, ,(7) and T' € B(V') and set

1
1) = 505 | H@)DaG(a. ).
™ Jou
where U is an open set in H containing o (7).

Since we have that F'(f+g) = F(f)+ F(g) and F(pf) = pF(f) the following
proposition holds.

Proposition 6.12. The map F : R, o) — B(V) defined by F(f) = f(T') is a left
vector space homomorphism.

Theorem 6.13. Let
N

fl@=>Y_> aPla)

n=0v€on,

be a right reqular polynomial and let U be a ball with center in the origin and
radius v > ||T||. Then

N
f(T) = Z Z a'uPu(T)'

n=0v€on,
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Proof. Let U be an open set in H containing o(7"). We have

1
T):ﬁ/al]zzauu DngL )

n=0ve€o,
B Y Y [ wrpe
n=0v€o,
We have, by Proposition 6.2:

| arwpgen)~ [ wr@py ¥ 6.0

m>0 HETm

_ZzaD/P )DgGu(q) Py (T)

m>0 pETm
= 27%a, P, (T)

which gives f(T) = S0 (> ., a,P(T).

Proposition 6.14. For any open set U with piecewise smooth boundary which does

not contain o(T) and for any f € R(U) we have

f(@)DqG(q,T) = 0.
U

Thanks to this proposition, we can replace a ball with center in the origin and
suitable radius by any open set containing o(7") and, by the density of polynomials

P,(Q) in the set of regular functions, we obtain:
Theorem 6.15. If the right reqular function

oo
= Z Z auPD(Q)

n=0veEo,
converges in a neighborhood Uy of o(T), then
+oo
(M) = 2 ah(D)
n=0veEo,

converges in the operator norm topology.

Proof. As Uy is an open set, it contains a circle

Us={q: lg| <p(T)+36 }, 6>0



An Overview on Functional Calculus in Different Settings 97

in its interior. Hence the series (3.28) converges uniformly in the circle Us for some
0 > 0 thanks to Theorem 6.6. By the Cauchy integral formula we have

f(T):ﬁ F(2) DaG(a,T) = 5 2/(9 Zzau 2 (@) DgG(g,T)

oUs Us = Ov€Eoy,
WZZ/ ayP,(q) DgG(q, T ZZaVV 0
n=0p€on n=0v€o,

6.2. Some remarks and open problems

1. The properties which can be proved for the functional calculus defined in
[18] and [19] can be demonstrated also in this case. One may also think to
generalize the functional calculus as in [15]. However, this functional calculus
possesses a strong limitation: even when considering the simplest case of
regular function, i.e., a regular (symmetric) polynomial, we have that this
function is formed by using the components of a given operator T not the
operator T itself. For example, P(q) = zpi — x1 is a regular polynomial and
P(T) = Tyi — T for any bounded operator T' = Ty + Thi + Toj + Tsk.

2. The above feature of the functional calculus does not seem to have physical
interest when considering a linear quaternionic operator 7.

3. As we have shown in Section 3, in the case of the S-resolvent operator the sum
of the series Y, 5 ¢"s 7™ equals —(¢> — 2qRe[s] +|s|*) (¢ —73) for |g| < |s]
and it does not depend on the commutativity of the components of ¢ so that
when one replaces ¢ by an operator T' with noncommuting components the
sum remains the same. In this case: what is the sum G(q,T) of

+oo
p) = Z Z Pu(p)Gu(Q) (63)

n=0ve€oy,

when one replaces p by operator 7' with noncommuting components?
4. In the case in which the components of T' commute, the sum G(q,T) is

G(q,T)=(qT —T)*(qZ —-T)"

The knowledge of the sum G(g,T) in the general case would naturally lead
to a notion of spectrum of the operator 1" in the case of Fueter regularity.
5. When we consider unbounded operators the series

+o0
>3 PAT)G(g)

n=0ve€o,

does not converge. So it is crucial to manage the sum of such a series so that
one could extend the functional calculus to the case of unbounded operators.
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Functions and Some of its Consequences
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Abstract. In this paper we show a structure formula for slice monogenic func-
tions (see Lemma 2.2 and [1] for further details): we will show that this formula
is a key tool to prove several results, among which we mention the Cauchy
integral formula with slice monogenic kernel. This Cauchy formula allows us
to extend the validity of the functional calculus for n-tuples of noncommuting
operators introduced in [6]. In this wider setting, most of the properties which
hold for the Riesz-Dunford functional calculus of a single operator, such as
the Spectral Mapping Theorem and the Spectral Radius Theorem, still hold.
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operators.

1. Introduction

In this paper we deepen the study of the slice monogenic functions introduced in
[5] and of the related functional calculus for n-tuples of noncommuting operators.
The literature on functional calculi is quite wide. We mention here, without claim
completeness, the works [7], [8], [9], [10], [11] and the literature therein. The main
purpose of this paper is to show a new version of the Cauchy integral formula
obtained in [5] (see the following Theorem 3.8 and [1]). Then we show how to use
it to generalize the functional calculus for n-tuples of noncommuting operators
introduced in [6].

It is interesting to note that the Cauchy formula with slice monogenic kernel
proved in [1] was suggested by the functional calculus formula (14) in [6] and that
its proof is based on a structure formula for slice monogenic functions (see formula
(2.1) in Lemma 2.2). Formula (2.1) is of independent interest, since it relates the
values of a slice monogenic function in a given point zg + I |x| to the values it
assumes in the two conjugate points x = z¢ & I|z| lying on the plane Lj.



102 F. Colombo and I. Sabadini

Using Theorem 3.8, we can define a functional calculus for functions defined
on more general domains then the ones studied in [6]. Moreover, most of the
properties that hold for the Riesz-Dunford functional calculus can be proved also
for our functional calculus (see Section 4 and [1]).

The authors have also studied the quaternionic functional calculus related to
the Cauchy formula with slice regular quaternionic kernel, see [2]. This calculus
is based on the analogue of the structure formula (2.1), on the analogue of the
Cauchy formula with slice regular kernel (3.5) and on some of their consequences
which have been deduced also in quaternionic case, see [3].

1.1. Notations and preliminaries

The setting in which we will work is the real Clifford algebra R,, over n imaginary
units ey, ..., e, satisfying the relations

eiej +eje; = —25¢j.

An element in the Clifford algebra will be denoted by > , eax 4 where A =iy .. .4,
i € {1,2,...,n}, 41 < -+ < i, is a multi-index and e4 = e;,€;,...¢€;.. In the
Clifford algebra R,,, we can identify some specific elements with the vectors in
the Euclidean space R™: an element (z1,2,...,z,) € R™ can be identified with a
so-called 1-vector in the Clifford algebra through the map

(21,2, ..., p) > T = T1€1 + 0+ Tpep,
while an element (zg,z1,...,7,) € R"! will be identified with the element
n
xzxo—kz:xo—&—Zx]—ej
j=1

called, in short, vector.
Let us denote by S the sphere of unit 1-vectors in R™, i.e.,

S={z=ex1+ - +epxy |27+ - +22 =1}

The vector space R+ IR passing through 1 and I € S will be denoted by Lj, while
an element belonging to L; will be denoted by u + Iv, for u, v € R. Observe that
Ly, for every I € S, can be identified with the complex plane.

Given an element = = zg + € R*t! let us set

x
= if 0
f={ 1 ME7O
any element of S otherwise.
Definition 1.1. For any element 2 € R"™!, we define
[2] = {y € R"™ . y =Relz] + I|z|, €S}

The set [z] is a (n — 1)-dimensional sphere in R"*1.
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Remark 1.2. Note that the relation in R"*! defined by z ~ y if and only if
Rely] = Re[z], |y| = |z| is an equivalence relation. The (n — 1)-sphere associated
to x € R"*! can also be described as the equivalence class of 2. When = € R, its
equivalence class contains x only. In this case, the (n — 1)-dimensional sphere has
radius equal to zero.

We now come to the definition of slice monogenic function, see [5].

Definition 1.3. Let U C R"*! be a domain and let f : U — R,, be a function. Let
I € S and let f; be the restriction of f to the complex plane L;. We say that f
is a (left) slice monogenic function, or s-monogenic function, if for every I € S, we
have

1/0

0
b (@‘FI@) fr(u+Iv) =0.

Analogously, it is possible to define a notion of right s-monogenicity. Some-
times, we will write Oy f; to denote the left s-monogenicity condition

- 1/0 0
orfr= 3 (8u+18v> fr
and f;0r instead of the right condition
- 1/0 0
J10r = 3 (@f[ + %f11> :

For s-monogenic functions it is possible to give the definition of derivative and
such a notion is well defined.

Definition 1.4. Let U be a domain in R"*! and let f : U — R,, be an s-monogenic
function. Its s-derivative is defined by

o= G di il o

170 0

In analogy with the case of holomorphic functions, for s-monogenic functions
we have

where

Osf(z) = Ouf(u+ Iv)

and the derivatives of order n > 1 are given by 97 f(z) = 05 f (u + Iv).

The plan of the paper is as follows: in Section 2 we introduce the structure
formula for s-monogenic functions as well as some consequences on the zeroes of
s-monogenic functions; in Section 3 we state the Cauchy formula with s-monogenic
kernel and finally, in Section 4 we show its application to generalize the validity of
the functional calculus for n-tuples of operators introduced in [6], also providing
some properties of this functional calculus.
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2. The structure of slice monogenic functions

In this section we announce and we sketch the proofs of some of the most important
results proved by the authors in [1] for the theory of slice monogenic functions. We
begin by recalling the Identity Principle for s-monogenic functions (see [5]) which
will be crucial to prove our structure formula:

Theorem 2.1 (Identity principle). Let U be a domain in R"*1 such that UNR # ()
and UNLy is a domain for all1 € S. Let f : U — R,, be an s-monogenic function,
and Z the set of its zeroes. If there is an imaginary unit I such that Ly 0 Z has
an accumulation point, then f =0 on U.

The structure formula for s-monogenic functions is a powerful tool which
relates the values of a function in a given point © = xg + I |z| to the values it
assumes in two conjugate points @ = xo £ I|z| lying on a plane L;. The fact
that there should be a relation between the values of a function f in a point
x and in @ = mo £ I|z| is suggested by the functional calculus formula in [6].
Indeed, if the operator T is the multiplication by the variable x, we get the value
f(x) independently on the plane L; chosen to integrate. The only condition to be
satisfied is that the integration contour has to strictly contain the section of the
S-spectrum of the operator T" on the plane Ly, for all I € S (see Definition 4.1). We
point out that the functional calculus formula in [6] can be applied to functions
admitting power series expansion. The general validity of the structure formula,
will allow us to extend both the Cauchy formula and the functional calculus to
a wider class of s-monogenic functions, depending only on the domains on which
they are defined.

Lemma 2.2 (The structure formula for s-monogenic functions). Let U C R"*! pe
a domain such that UNR # O, UNLy is a domain for all I € S and U contains the
(n—1)-sphere [z] defined by x whenever x € U. Let f : U — R,, be an s-monogenic
function. Then for all x € U and I € S the following formula holds:
1 1
f@) =3[t = LI o+ Tz + 5 [1+ L1 | fl@o— Tla).  (2.1)

Proof. If x is a real vector the formula in Lemma 2.2 holds trivially. Otherwise,
set the positions, u = g, v = |z| and define the functions

n:UNL; — Ry, nr(u,v) :== flu+Iv) + f(u— Iv),
and
r:UNL; — Ry, Or(u,v) :==I[f(u— Iv) — f(u+ Iv)].
We observe that we have the following identity:
1 1 1
5 [1 - LDI} flu+Iv)+3 [1 n 111} flu—1v) = 5 [m(,v) + Lo (u, v)]] (2.2)

Moreover, for every I, € S the function 77 (u,v) + .0 (u, v) satisfies the Cauchy-
Riemann equation 9y, (11 (u,v) + L0 (u,v)) = 0, thus the function 3§ [n;(u,v) +
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1,01 (u, v)} is ss-monogenic. Finally, observe that if I = I,,, we have

%[7711‘ (u, U) + IxGIT (u,’U)} = f(.T)

so formula (2.1) holds on Ly, . For the Identity Principle the formula holds in the
whole domain. (]

Remark 2.3. The class of functions of the form ny(u,v) + I,0r(u,v) satisfying a
suitable system of differential equations is interesting per se. For example, consider
functions of the form ny(u, v) + I.07(u, v) satisfying the Vekua system, instead of
the Cauchy-Riemann system. If the functions are also monogenic (in the classi-
cal sense), then one obtains the so-called axially monogenic functions studied by
Sommen and others, see [12].

The following results are direct consequences of the structure formula (2.2):

Corollary 2.4. Let U C R"*! be a domain such that UNR # 0, UNLy is a domain
for all T €S and U contains the (n — 1)-sphere [z] defined by x whenever x € U.
Let f: U — R, be an s-monogenic function. If f(ug + Ivg) = f(uo — Ivg) = a
then f(z) = a for all x € [ug + Ivo]. In particular, if a =0, i.e., f(uo + ITvg) =0
and f(ug — Ivg) = 0, the (n — 1)-sphere [ug + Tvg] belongs to the zero set of f.

Corollary 2.5. Let U C R"*! be a domain such that UNR # (), UN Ly is a
domain for all I €S and U contains the (n — 1)-sphere [x] defined by x whenever
x € U. Let f: U — R, be an s-monogenic function. If f(ug + Ivg) # 0 and
fug — ITvg) =0, then for all x € [ug + Ivg] we have

1

f(x) = 5(1 — I.1) f (uo + Ivo).

In particular, we can describe the nature of the zeroes of polynomials and
power series in the variable 2 € R"*! with coefficients in the Clifford algebra R,,.

Corollary 2.6. Let >, -, 2™ am be a power series converging in the ball B(0, R) C
R L. If ug & Tvg are both solutions to

Z " a,, =0,

m>0
then all the elements in the (n — 1)-sphere [ug + Ivg] are solutions to the equation.

The result holds in particular for polynomial equations:

Corollary 2.7. Let p(x) = ZZ:O x™ay, be a polynomial. If uy £ Ivg are both

solutions to
N
E " a,, =0,
m=0

then all the elements in the (n — 1)-sphere [ug + Ivg] are solutions to the equation.
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Note that, in general, given a polynomial p(x) in the variable z € R"*! the
equation p(x) = 0 does not admit solutions (see [5]): sometimes the solutions exist
but they are not vectors in the Clifford algebra R,,, sometimes the solutions do not
exist at all. It is sufficient to think, for example, to the polynomial (1 —ejo3)x = 1
in the Clifford algebra R3. However, there are examples in which a polynomial
equation admits an infinite number of solutions, for example the zero set of 22 —
2z 4+ 2 =0 in R, for any fixed n, is the whole (n — 1)-sphere [1 + I].

3. The Cauchy formula with slice monogenic kernel

In this section we state and give a sketch of the proof of the Cauchy formula
for s-monogenic functions which is more general then the one proved in [5]. It is
interesting to note that this new formula has been stimulated by the functional
calculus for n-tuples of noncommuting operators.

Let us begin by recalling the notion of noncommutative Cauchy kernel series
for z, s € R and of noncommutative Cauchy kernel.

Definition 3.1. Let x = Re[z] +z, s = Re[s] + s be such that sz # xs. We will call
noncommutative Cauchy kernel series the following expansion

S™(s,x) == Zm”sil*" (3.1)

n>0
defined for |z| < |s|.

We will use the sum of the series (3.1) to prove the new Cauchy formula in
the sequel.

Theorem 3.2. (See [5]) Let © = Re[z] + z, s = Re[s| + s be such that xs # sx.
Then

Z 2"s7m = — (2% — 22Re[s] + |s]*) " (z — 3)

n>0
for |z| < |s].

We will call the expression
S™(s,x) = —(2® — 2zRe[s] + |s|*) "' (z — 3), (3.2)

defined for z? — 2zRe[s] + [s|? # 0, noncommutative Cauchy kernel. With an
abuse of notation, we denote the noncommutative Cauchy kernel series and the
noncommutative Cauchy kernel with the same symbol S~!(s, z). In fact they coin-
cide where they are both defined by virtue of their monogenicity (see Proposition
3.3) and of the Identity Principle, see [5]. Therefore note that the noncommu-
tative Cauchy kernel is defined on a set which is larger then the set {(z,s) €
R x R | |z| < |s|} where the noncommutative Cauchy kernel series con-
verges.

The following result concerns the fact that the new kernel has slice mono-
genicity properties.
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Proposition 3.3. The function S™1(s,x) is left s-monogenic in the variable x and
right s-monogenic in the variable s in its domain of definition.

Proof. The proof follows by direct computations. O

Proposition 3.4. Let x = Re[z] + z, s = Re[s] + s be such that © # 3. Then the
following identity holds:

(x—3)"ts(x—38) —ax=—(s—2)x(s —2)" ' +s, (3.3)

or, equivalently,
—(x —3) " (2® — 22Re[s] + |s|*) = (s* — Re[z]s + |2[*)(s — z) " (3.4)
Proof. One may prove the identities by direct computations. O

To obtain the new version of the Cauchy formula, we recall some results
which are proved in [1]:

Proposition 3.5. Let x € R"™\R. If I # I, the function S~'(s,z) = S;(s) has
the two singularities Re[z] £ Iz| on the plane Ly. On the plane Ly, the function
S1(s) = (x — s)~! has only one singularity at the point z. If x € R, the function
S 1(s) has only one singularity at the point x.

The previous proposition states that SI_Tl (s,2), i.e., the restriction of S~1(s, z)
to the plane L, , has a removable singularity at the point s = Z. However, equality
(3.4) and the proof of Theorem 2.11 in [6] show that the function S~1(s,x) still
has a singularity at the point s = Z.

We now state a version of the Stokes’ theorem for s-monogenic functions
which will allow us to prove the Cauchy formula with the kernel defined in (3.2).

Lemma 3.6. Let f, g be continuously differentiable functions on an open set Uy =
U N Ly of the plane Ly. Then for every 2-chain C' C Uy we have

/ g(s)dsr f(s) = 2 / (9()B1) £(5) + 9() (1 /(5)))do
oC

c

where s = u + Iv s the variable on Ly, ds; = —Ids, do = du A dv.
An immediate consequence of the above lemma is the following:

Corollary 3.7. Let f and g be left s-monogenic and right s-monogenic, respectively,
on an open set U. For any I € S and any 2-chain C' in U N Ly we have:

/ g(s)ds1 f(s) = 0.
oC

We are now ready to state the Cauchy formula with s-monogenic kernel. Here
we just give a sketch of its proof. All the details are in Theorem 2.16 in [1].
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Theorem 3.8. Let U C R be a domain, such that U N Ly is a domain for all
I'eS, UNR #0 and [z] C U whenever x € U. Suppose that (U N Ly) is finite
union of rectifiable Jordan curves for every I € S. Let [ be a (left) s-monogenic
function on U and set ds; = ds/I. Then

f(2) = =

27 Jownry

S~ (s, x)dsr f(s) (3.5)

where S™Y(s, ) is defined in (3.2) and the integral does not depend on U and on
the imaginary unit I € S.

Proof. First of all, the integral at the right-hand side of (3.5) does not depend on
the open set U: it follows from the fact that S~!(s,z) is right s-monogenic in s,
and Corollary 3.7.

Let us show that the integral (3.5) does not depend on the choice of the
imaginary unit I € S.

The zeroes of the function 2% — 2sqz + |s|? consist either of a real point x
or a 2-sphere [z]. On Ly, we find only the point = as a singularity and the result
follows from the Cauchy formula on the plane Ly . When the singularity is a real
number, the integral reduces again to a Cauchy integral of the complex analysis.
If the zero is not real, on any complex plane L; we find the two zeroes

8172 = X0 + I|£|

In this case, we calculate the residues about the points s; e so on the plane L for
I # I,.. Let us start with s; by setting the positions

s =xo + I|z| + cel?, S0 = xo + € cosb, 5=x0—I|z|+ee 1Y,
ds; = —[eIe!%)Ido = ce’df, |s|* = a2 + 2x0e cos O 4 €% + |z|* + 2esin f|z],
we have

2m
P = / —(—2xe cos O + 2xpe cos O + €% + 2esin fz|)
0
x (x — [z — Iz| + e 1)ee’®db f (xo + I|z| + ce™?)
for e — 0 we get
2m
pY = / (22 cos § — 2z cos O — 2sinf|z|) "L (z + I|z|)e!?do f (zo + I|z|)
0

1 27
= ~3aF / [(2)? cos b + sin f|z|z
z* Jo

+ zI|z| cos O + sin 0|z |*I][cos O + I sin 0)dO f (zo + I|z]).

With some calculations we obtain

A= o |lel =2t flao + Ilzl).

|z



A Structure Formula for Slice Monogenic Functions 109

Recalling that z/|z| = I, we get the first residue
1
A =51 = 11| flo + Tla).

With analogous calculations we prove that the residue about s; is

@:%P+Q4ﬂ%—ﬂgy

So by the residues theorem we get:
1

o ST (s, x)dsr f(s) = p + pd.
T Jo(UnLy)

The statement now follows from Lemma 2.2. O

We conclude this section with the formula for the derivatives of an s-mono-
genic function using the s-monogenic Cauchy kernel. To this aim, we define a
product between s-monogenic polynomials which preserves the s-monogenicity:

Definition 3.9. Let f(z) = Y1 j2%a; and g(z) = >~ 2'b;, where a;, b; € R,,.
We define the s-monogenic product of f and g as

n+m

fglx):= Z re;
j=0

with ¢; = ZHk:j a;bx. We will denote by f™* the product f *--- % f, n-times.

This product is computed by taking the coefficients of the polynomials on the
right, like in the case in which the variables and the coefficients commute. When the
coefficients of a polynomial f are real numbers, the s-monogenic product coincides
with the usual product, i.e., f*g = fg.

The following result shows that s-monogenic functions are infinitely differen-
tiable.

Theorem 3.10. Let U C R"*! be a domain, such that U N Ly is a domain for all
IS, UNR#0 and [x] C U whenever x € U. Suppose d(UNLy) is a finite union
of rectifiable Jordan curves for every I € S. Let f be an s-monogenic function on
U and set ds; = ds/I. Let x = xo + x, and s = so + s. Then

!
O, f (@) = - / (2® = 250z + [s|) " (@ = 5) " ds £ ()
™ Jo(UunLy)
!
= (57 (s, 2)(x = 3) 7 @ - 3% f(s) (3.6)
21 Jawnry)
where
<\ n* - n! n—k—o
k=0

and S~Y(s,x) is defined in (3.2). Moreover, the integral does not depend on U and
on the imaginary unit I € S.
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Proof. First of all, we recall that the s-derivative defined in (1.1) coincides, for
s-monogenic functions, with the partial derivative with respect to the scalar coor-
dinate xg. To compute 9} f(x), we can compute the derivative of the integrand,
since f and its derivatives with respect to xq are continuous functions on d(UNLy).
Thus we get

1

T o

o f(x) / O[5 (s, 2))ds: £ (s).
’ awnLy)

To prove the statement, it is sufficient to compute by recurrence 9} [S (s, )]
For the derivative of ,,5 (s, z) we have
Oro S (s,2) = (22 — 250z + [s]*) 2 (x — 3)*.
We now assume that
6:;05—1(8, z) = (=1)""nl(2? — 250z + |s|2)_(”+1)(3: — E)(”+1)*,
holds and we compute 97715~ (s, z). We have:
IS (s, 2) = Oy [(—1)" Tl (2® — 250z + |s[2)~ (D) (g — 5) (D]
= (=1)" 2 (n + 1)!(2® — 250z + |s|*) "D (22 — 250) (2 — 5) T D>
+ (=) (n 4 D)(2? — 250 + |s]?) "D (2 — 5)"
= (=1)"*2(n + 1)(a? — 250z + |s[>) "2
x [(22 — 2s¢)(z — 5) — (22 — 2507 + |s|*)] * (x — 5)"*

here we have used the fact that the s-monogenic product coincides with the usual
one when the coefficients a real numbers, so

S (s, 2) = (=1)" 2 (n+1)!(2® — 2s0z + |s|?) " "D [2? — 225+ 5] x (z — 5)"*.
We get the last equality in (3.6) by recalling that
S~ (s, z)(x —35)7" = (2® — 250z + |s*) 7L O

In the next section we introduce the functional calculus for n-tuples of non-
commuting operators based on the Cauchy formula (3.5).

4. The functional calculus for n-tuples of noncommuting operators

In the sequel, we will consider a Banach space V over R (the case of complex
Banach spaces can be discussed in a similar fashion) with norm || - || and let
V., = V®@R,,. We will denote by B(V) the space of bounded R-homomorphisms of
the Banach space V' to itself endowed with the natural norm denoted by || - || z(v)-
Given Ty € B(V), we can introduce the operator T' = ) , Thes and its action
onv=> vgeg € V,, as T(v) = ZAB Ta(vg)eaep. The operator T is a right-
module homomorphism which is a bounded linear map on V;,,. The set of all such
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bounded operators is denoted by B, (V,). We define ”T”%n(Vn) =>4 ”TA”%(V)'
In the sequel, we will consider operators of the form

T= T() + Z ejTj
J=1

where T, € B(V) for = 0,1,...,n. The subset of such operators in B, (V) will
be denoted by BY1(V,,).

The S-spectrum of T', defined below, generalizes the definition of spectral set
in the case of a single operator.

Definition 4.1 (The S-spectrum and the S-resolvent set). Let 7' € B%1(V,,) and
s € R"1. We define the S-spectrum og(T) of T as:

os(T)={s e R™™ . T? —2 Re[s|]T + |s|*Z is not invertible}.
The S-resolvent set pg(T) is defined by
ps(T) =R\ as(T).

We recall some properties of the spectrum which are originally proven in
[6] and can be found also in [4]. First of all, we recall that given an operator
T € BYY(V,) and p = Re[p] + p € o5(T), then all the elements of the (n — 1)-
sphere [p] belongs to os(T"). This fact implies that if € og(T") then either z is a
real point or the whole (n — 1)-sphere [z] belongs to os(T"). Moreover, we have

Theorem 4.2 (Compactness of S-spectrum). Let T' € B%1(V,,). Then the S-spec-
trum og(T) is a compact nonempty set. Moreover og(T') is contained in {s €
R |s| < |7 }-

The following is a fundamental definition:

Definition 4.3 (The S-resolvent operator). Let 7' € B%1(V},) and s € ps(T). We
define the S-resolvent operator as

S™(s,T) := —(T* — 2Rel[s|T + |s|*Z) (T — 37I). (4.1)

In the case of a single operator the S-resolvent operator (4.1) becomes the
classical one used in the Riesz-Dunford functional calculus. We now describe the
class of functions for which we can define our functional calculus.

Definition 4.4. Let T =Ty + Z?Zl e;T; € BY1(V,,). Let U C R™! be an open set
containing the (n — 1)-sphere [z] for every 2 € U and such that

(i) O(U N Ly) is union of a finite number of rectifiable Jordan curves for every
I €S,
(ii) U contains the S-spectrum os(T), U NR # (.
A function f is said to be locally s-monogenic on og(T") if there exists an open set
U c R™"*! as above, on which f is s-monogenic.
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We will denote by M, (1 the set of locally s-monogenic functions on og(7).
The following result is a consequence of the Cauchy formula (3.5) and of a
well-known corollary of the Hahn-Banach theorem.

Theorem 4.5. Let T € By (Vy,) and f € My y(r). Let U C R™! be any open set

as in Definition 4.4 and let Uy = U N Ly for I € S. Then the integral

1
— S~Y(s,T) dsy f(s) (4.2)
27'(' U

does not depend on the open set U and on the choice of the imaginary unit I € S.

Note that we can formally replace the variable z in S~1(s,2) by an operator
T by Theorem 3.2 in [6]. Theorem 4.5 states that the operator (4.2) defined by
the integral does not depend on the open set U and on the choice of the imaginary
unit I € S, thus the following definition is well posed.

Definition 4.6. Let 7' € B! (V;,) and f € M, (r). Let U C R"*! be any open set
as in Definition 4.4, and set Uy = U N Ly for I € S. We define
1

(1) = 9 Jow S7H(s,T) dsr f(s). (4.3)

4.1. Some properties of the functional calculus

The product and the composition of two s-monogenic functions is not, in general,
an s-monogenic function. Here we give sufficient conditions to guarantee the s-
monogenicity of the product and of the composition of s-monogenic functions.

Definition 4.7. Let U be a domain in R*™. Let I = I; € Slet I»,..., I, be a
completion to an orthonormal basis of R,, and let

n—1
fr(z) =Y Fa()la, Ia=1I,...I;,, z=u+Iv
|A|=0
(where Fy4 are holomorphic functions, A =iy ...1i, is a subset of {2,...,n}, with
i1 < -+ < ig, or, when |A] = 0, Iy = 1) be the corresponding splitting. The
subclass of functions f € M(U) such that

n—1

frlzy=" Y Fa@Ia, Ia=1I,...I,
|A]=0,|Aleven

for all I € S will be denoted by M(U).

For the product of s-monogenic functions the subset M (U) is sufficient to
guarantee the validity of the following proposition:

Proposition 4.8. Let U be a domain in R . Let f € M(U), g € M(U), then
fg € M(U).

To consider the composition of s-monogenic functions we define the following
subset of M(U).
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Definition 4.9. Let U be a domain in R**!. For R,-valued functions, we define

NU) = {feMU)| f(Lr) C L;,VI € S}.

The relation among the sets N'(U), M(U) and M(U) is given by the following

lemma.
Lemma 4.10. Let U be a domain in R"+1. We have N (U) C M(U) € M(U).
Lemma 4.11. Let U, U’ be two domains in R*" ™1, U' NR # 0 and let f € N(U'),
g € N(U) with g(U) CU'. Then f(g(x)) is s-monogenic in U.
Now becomes natural the definition to follow.
Definition 4.12. In Definition 4.4 consider instead of s-monogenic functions, the
subset of functions belonging to M (resp. N). This subclass of M, () will be
denoted by M, (1) (resp. Nyg(1y)-
Here we have the algebraic properties of our functional calculus:
Theorem 4.13. Let T € BY1(V,,).
(a) If f and g € Moy(ry then (f +g)(T) = f(T') +9(T), (fAN(T) = f(T)A,
for all X eR,.
(b) If ¢ € Moy(r) and g € Mog(r). Then (¢g)(T) = ¢(T)g(T).
(¢) If f(s) = 22,508"Pn » Pn € Ry, belongs to Mo g1y, then f(T) = 32,50 T"pn-
(d) Let fm € Myg(ry, m € N and let U D o5(T) be an open set as in Definition
4.4. Then if f,, converges uniformly to f on Uy = U N Ly, for some I € S,
then fm(T) converges to f(T) in B(V).

The Spectral Mapping Theorem holds for our functional calculus in the fol-
lowing form (see [1]):
Theorem 4.14. Let T € BY'(V,), f € MVUS(T). Then
os(f(T) = flos(T) ={f(s) : s € 05(T)}.

As a consequence of the Spectral Mapping Theorem we can prove the theorem
of composition of functions:

Theorem 4.15. Let T € BYY(Vy), f € Nogry, @ € Nog(pery) and let F(s) =
#(f(s)). Then F € Moy 1y and F(T) = ¢(f(T)).

We finally conclude with the S-spectral radius theorem. We define the spectral
radius related to the S-spectrum of T, that is the real nonnegative number

rs(T) :=sup{|s| : s €os(T)},
so we have:

Theorem 4.16 (S-spectral radius theorem). Let T' € BYY(V},) and let r5(T) be the
S-spectral radius of T'. Then

rs(T) = lim_ |71/,
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a Special Overdetermined System
in Complex Clifford Analysis
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Abstract. In this paper we investigate a new overdetermined system in R™*!,
called RicSom system, arising from adding one extra real dimension to the
Hermitian Dirac system in R™, m = 2n, that uses the complex structure of
C™. For this new system we consider a CK-extension type problem.

Mathematics Subject Classification (2000). Primary 30G35.
Keywords. Clifford algebras, Dirac operator, CK-extension problem.

1. Introduction and preliminaries

We first briefly present the basic definitions and some results of Hermitian Clifford
analysis which are necessary for our purpose. For an in-depth study of this higher-
dimensional function theory we refer to, e.g., [6, 7, 4, 1, 2].

Hermitian Clifford analysis focuses on the simultaneous null solutions of the
orthogonal Dirac operators dx and its twisted counterpart dx |, introduced below.
Both Dirac operators being linked to each other by means of a so-called complex
structure, the dimension of the Euclidean space, from which our complex Clifford
algebra stems, is forced to be even (see, e.g., [1]). So, let R%?" be endowed with
a non-degenerate quadratic form of signature (0,2n), let (e1,...,e2,) be an or-
thonormal basis for R%2" and let Cy,, be the complex Clifford algebra constructed
over R%2". The non-commutative multiplication in Cy,, is governed by

ejep +ere; = =201 , jk=1,...,2n.
A basis for Cg, is obtained by considering for a set
A={j,...,gntC{l,....2n} =M

the element e4 = e;, ...e;,, with 1 < j; < jo < --- < jp < 2n. For the empty set
() one puts ey = 1, the identity element. Any complex Clifford number a in Ca,
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may thus be written as a = > , eaaa, where ag € C, or still as a = Ziio[a]k,
where [a]y = 74— €aaa is the so-called k-vector part of a (k = 0,1,...,2n).
Denoting then by C% the subspace of all k-vectors in Ca,, i.e., the image of the
projection operator [-], one has the multivector decomposition Cy,, = iio ck.
leading to the identification of C with C9, and of R%?" with the subspace of real
Clifford vectors
n
Roon = {X =) (ejzj +entjy;) ,xj,y; € R} C Chy, .

j=1

At the same time we introduce for each real vector X its twisted counterpart
n

X[ = (ejy; — enyjx5) -

j=1

Note that the square of a vector X (or X|) is scalar valued and equals the norm
squared up to a minus sign: X* = —(X, X) = —|X|? = —|X]|]?> = X|>. Also
observe that the vectors X and X| are orthogonal with respect to the standard
Euclidean scalar product, which implies that the Clifford vectors X and X| anti-
commute.

The Fischer dual of the vector X is the real vector valued first-order differ-

ential operator
n

87 = Z(ej awj + €n+tj 8%) 5
j=1
called Dirac operator. It is precisely this Dirac operator which underlies the notion
of monogenicity of a function, a notion which is the higher-dimensional counterpart
of holomorphy in the complex plane (see [3, 5]). In what follows we denote by  an
open subset of R?”. A continuously differentiable function f : @ — Ca, is called
(left) monogenic in 2 if dx f = 0 in Q. Analogously, also a notion of monogenicity
can be associated to the Fisher dual of the vector X|, given by
n
Ox) =Y (€ 0y, — enyj Ou,) -

j=1
As the Dirac operator dx (respectively dx|) factorizes the Laplacian, i.e.,
—0% =A=-0%,

monogenicity with respect to dx (respectively Jx|) can be regarded as a refinement
of harmonicity.

Further, a continuously differentiable function f : Q — Cy, is called a (left)
Hermitian monogenic (or h-monogenic) function in Q if and only if it satisfies in
Q the system

aif:():a&f. (1.1)
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The theory of the above system being equivalent with the system

Ox [fI} = 0= 0x [f1],
with I = I I5 ... I, the primitive idempotent for which

1

I = §(l_i€j€n+j) , j=1,....n,

a study of the latter system is considered in [4]. Since moreover it is shown there
that Co,I = C, I, the h-monogenic system to be examined reads

Ox [FI] =0 = 0x) [FI] (1.2)

for functions F with values in C,, = Alg{e1, ..., e, }. Introducing the main invo-
lution ~ which leaves the multivector structure invariant, i.e.,

(ab) = ab, (eaas) = eaaa (AC M) and € = —ej

and writing in a natural notation

Oy = Zejawj and Oy = Zejayj ,
j=1 j=1

following alternative formulation for the Hermitian monogenic system (1.2) is given
in [4].

Proposition 1.1. Let 2 be an open subset of R*® and let F : Q — C,, be a con-
tinuously differentiable function in Q. Then, the function FI : Q — C,I is h-
monogenic in  if and only if F' satisfies in ) the system

0 F—iFd,=0=—F0,+i0,F . (1.3)
Now take a (1-)vector v € C. and a k-vector a®) € CF, k = 0,...,n. The

products va® and a®y can then be decomposed into a (k — 1)-vector and a
(k 4 1)-vector part as follows:

va® = v.a® runa® (1.4)
aPy = (=DF 1y a® 4 (1) una® (1.5)
with
va® = [wa®] = 1 (a® — (-1 a®n) = (-1 a® o,
k—1 2
1
vAa® = [Qa(k)] = - (ya(k) + (—l)k a(k)y> = (—1)k a® Av .
k+1 2

When considering the multivector decomposition of F' into its k-vector parts,
e, F =1 _o[Fle [Fli : © — CE | we arrive at another characterization of

n

h-monogenic functions with values in C, 1.
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Proposition 1.2. Let 2 be an open subset of R*™ and let F : Q — C,, be a con-
tinuously differentiable function in Q. Then, the function FI : Q — C,I is h-
monogenic in  if and only if F' satisfies in Q the system

(8£+i8g>-[F]k -0 = ((%—iag)/\[F]k, k=0,....n. (1.6)

Proof. The Hermitian system (1.3) can be reformulated in terms of the multivector
decomposition of F' as follows:

S0 (O [Fli + (=1)F i [Flid,) =0
EZ:O (_1)k71 [F]kag-‘rlag[F]k =0

The above system is equivalent with

S0 | (O [Flo + ()M [FLu 0,) +i (1)1 [Flidy + 0y [Fli )| =0
Yo | Qe [Fle = (D) 1 [Flg 0g) + i (=D 1 [Flx 0y — 0y [Fli )| =0

and can on account of (1.4) and (1.5) be rewritten as

ZZ:O 3£+Z'5E -[F]kZO
EZ:O 6£—iag AFlr=0

which is equivalent with (1.6). O

2. The RicSom system

In this section we present an extension of one dimension of the h-monogenic sys-
tem (1.1), which will be called RicSom system, named after Richard Sommen. Our
motivation for introducing and studying the latter system stems from the problem
of constructing an h-monogenic Cauchy-like integral, the non-tangential boundary
limits of which give rise to a Hilbert-like operator in R?". Unfortunately, such a
Hermitian Cauchy integral would have to be defined on R?"*2 (causing a jump
of two dimensions at once), since the Hermitian framework requires all involved
vector spaces to be even dimensional. Moreover, it is by no means clear how to
construct a mutual fundamental solution of both the Dirac operator and its twisted
counterpart, which would then act as a Cauchy kernel. In future work we hope to
tackle those problems making use of the RicSom system.

In what follows we denote by I" an open subset of
R2ﬂ+1 = {(IOaxla'"7mn7yla"'7yn) L X0, Tj5,Y4 ER,j = 17"'7”}

and we introduce the Clifford algebra Cap, 2 = Alge{eo, eol, €1, - ., €2, }, where two
extra basis vectors eg and eg| are introduced, following the usual multiplication
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rules
6(2):—1, eO€j+€j60:O7 j:l,...,?n,
cof? = 1. olej +epenl =0, j=0....2m.

Definition 2.1. For functions g : I' — Cgy,, 42, the RicSom system is given by

{ () 8109—#85 g:0

eo|<9mog+3&|gzo (21)

We remark that it can be shown that the RicSom system (2.1) is invariant
under the same invariance group of the h-monogenic system (1.1), viz

U(n) = {s e Spin(2n) | 30 >0: sI = exp (i0)I}
(see [1]).

Now, analogously as has been done in, e.g., [1] for the Clifford algebra Cs,,
here, a decomposition of Cg, 42 will be obtained in terms of complex spinor spaces.
Therefore we introduce the idempotents

1 . 1 . )
I0=§(1—26060|), Ij:§(1—zejen+j), ji=1...,n,

1 . 1 . )
K0:§(1+zeoeo|), Kj:§(1+zejen+j), i=1...,n,

being mutually commuting and self-adjoint for which it moreover holds that
Ij—FKj:l, jZO,...,TL
and thus

n
H (L + K;) =1,
j=0
the left-hand side consisting of 271! terms, each one being a self-adjoint idempotent
annihilating all other terms. In this way, we may write

C2n+2 = C2n+2 H (Ij + Kj) )
J=0

yielding a decomposition of Cg, 12 as a direct sum of 2"+ components, all of them
being mutually isomorphic minimal left ideals, and thus constituting realizations
of complex spinor space. Considering the primitive idempotent J = Iyl; ... I,,, we
will now use Co,,12J as a standard model for complex spinor space, since properties
of solutions of the RicSom system (2.1) can be studied by examining properties
of solutions with values in one chosen minimal left ideal, identified with Coy42J.
Since the primitive idempotent J acts as a translator, i.e.,

eo| J = —iegJ and ent;jJ =—te;J, j=1,...,n, (2.2)

we moreover have that CopyoJ =2 Cyq1J with Cpqp = Alge{eo, €1,...,€n}.
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Hence, to study the RicSom system in a general way, it is sufficient to consider
the system

{ Eeo Ozy +0x ) [GJ] =0 (2.3)

for functions G : I' — C,,41, since GJ then takes values in the complex spinor
space Cyq1J = CopqaJ. On account of (2.2), we then have that

(0 uo + 0x ) [GT] = ((60&,30) G+0,G - ié@Q J
and
(col Ony + 0x|) [G] = (—ié(eoaxo) +0,G +¢éa£) J,

which leads to following alternative formulation of the RicSom system (2.3) where
only the algebra C, 11 plays a role.

Proposition 2.2. Let ' be an open subset of R?" ! and let G : T — C,41 be a con-
tinuously differentiable function in I'. Then, G salisfies the RicSom system (2.3)
if and only if

(€00sy) G+ 0, G —iG Dy =0

- (2.4)
G (0dsy) —~ GOy +10,G =0

Notice that system (2.4) can be considered as an extension of one dimension
of the h-monogenic system (1.3).

Let us specialize further to k-vector valued functions G : I' — CE | with
k € {0,...,n+ 1}. Splitting each of the two equations of the system (2.4) into a
(k — 1)-vector and a (k + 1)-vector part leads to

(00e) G® + 8, G®) —iG®) 9, =0
(oD + 02 +i0,)-G¥ = 0

= (2.5)
(60310 +0r — iag) AGE  —
and
GH (o) — GW 0, +18, GF) =0
(—eoawo + 0 +i ay) a® =
= . (2.6)

(—e0duy + 0, —i0,) NGB = 0

Thus we arrive at following characterization of the RicSom system (2.3) for k-
vector valued functions in C,, 41, k=0,...,n+ 1.
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Proposition 2.3. Let T' be an open subset of R*"1 and let G®) : ' — (Cﬁ_s_1
be a continuously differentiable function in T'. Then, G®) satisfies the RicSom
system (2.3) if and only if G®) is independent of xo and h-monogenic in T with
respect to Ox and Oy .

Proof. The function G*) satisfies the RicSom system (2.3) if and only if it simulta-
neously satisfies the systems (2.5) and (2.6). Taking now deliberate combinations
of the equations of those systems, G®) thus has to fulfil

(60610) . G(k) =0= (60610) A G(k)
(ag +i8g) G = = (ag - i8g> A G

The first line is then equivalent with G*) being independent of the variable z.
On account of Proposition 1.2, the second line is equivalent with G*) being h-
monogenic with respect to dx and Jx;. O

Finally, decomposing a function G : I' — C,,41 into its k-vector parts then
leads to following system which can be considered as an extension of the Hermitian
monogenic system (1.6) with one extra dimension.

Proposition 2.4. Let I' be an open subset of R?"*! and let G : T — C, 41 be a con-
tinuously differentiable function in I'. Then, G salisfies the RicSom system (2.3)
if and only if for each k =10,....,.n+1

(e00z,) - GHFHY) (6z —i 6y) AGH=D =

2.7
(€00zy) A GF=1) (31 —H’&E) .G+ — (27)

where G%) denotes the projection of G onto the space Ck ., of k-vectors in Cpy1.

Proof. The proof runs along similar lines as the proof of Proposition 1.2. O

Notice that for &k = 0 the system (2.7) reduces to
(codag) - GV =0 = (9,418, ) -GV,
while for K = n + 1 the same system reads
(e00g) A G =0 = (al i ag) NG |

We have now studied the theory of the original RicSom system (2.1) for func-
tions with values in the specific spinor space Ca;,t2J, which we had chosen as stan-
dard model. Let us consider another primitive idempotent, e.g., K = Kol ...I,,
instead of J. Then of course the theory of the RicSom system

{ (60 6w0+8§) [GK] =0

(o] Ozy + 0x) [GK] =0 (2.8)
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for functions G : I' — C, 41 is mathematically equivalent with the RicSom sys-
tem (2.3). However, since the newly chosen primitive idempotent K yields the
slightly different conversion relations

eo| K =ieg K and ent; K =—ie; K, j=1,...,n,

other characterizations of the RicSom system are obtained then the ones mentioned
in Proposition 2.2-2.4. We summarize our results in the following propositions.

Proposition 2.5. Let I' be an open subset of R?"*! and let G : T' — C,41 be a con-
tinuously differentiable function in I'. Then, G salisfies the RicSom system (2.8)
if and only if

(€00sy) G+ 0, G —iG Dy =0
G (€00sy) + Gy —i0,G =0

Proposition 2.6. Let T' be an open subset of R*"1 and let G®) : ' — (Cﬁ_s_1
be a continuously differentiable function in T'. Then, G®) satisfies the RicSom
system (2.8) if and only if it fulfils one of the following conditions:

(i) (e00s, +0x) [GP K] =0,

(i) (col 9o + 0x)) [GPK] = 0.

Proposition 2.7. Let I' be an open subset of R?"*! and let G : T — C, 41 be a con-
tinuously differentiable function in T'. Then, G satisfies the RicSom system (2.8)
if and only if it fulfils one of the following conditions:

(i) (e0Oso +0x)[GWK]=0,k=0,...,n+1,

(i) (eo| Ouo + 0x|) [GP K] =0,k =0,...,n+1.

where G) denotes the projection of G onto the space (CZH of k-vectors in Cp 1.

3. CK-extension for the RicSom system

Let f be a Cy,42 valued analytic function in R?". In this section we deal with
the following problem. Does there exist a Ca,42-valued function g which satisfies
the RicSom system in R?"*+1 such that g|gen = f? This problem will be called the
Cauchy—Kowalewski extension (or CK-extension) problem for the RicSom system.
The following result will be very useful.

Lemma 3.1. Assume that g satisfies the equation eg9dy,g + Oxg = 0 in R*H1
and let f = g|gen. Then g satisfies the RicSom system in R* L if and only if
608&]‘1 = €0|8§‘f.

Proof. Let us first suppose that g satisfies the RicSom system in R?"*!, Then we
get that

02,9 —€00xg =0
Jz,9 — €0l0x)g = 0
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From the above it follows that egdxg = egldx|g in R?"+1 and hence also that
eoaif = 60|8K\f

Conversely, assume that egdx f = eo|0x|f and define h = eg|0z,9 + Ox|g. It
is easy to check that h vanishes in R2". Indeed,

h|grzn = €0|(0zog — €0]0x|9)|r2n
:eo|( wog R2n —€0|6X‘f)
= €0l (920 9)|r2n — €00x f)

= eoeo(€00z0g + Ox g)|r2n
=0.

As egdyoh + Oxh = 0 in R?"*! it follows immediately (see [3]) that h = 0 in
R2n+1. O

In what follows, CKf stands for the function defined by

ox

X

[M]8
=|

CKf(z0,X) = ] (e00x)" f(X) .

b
Il
<]

Clearly, CKf(0,X) = f(X) and it may be proved that CK f satisfies the equation
€002, CKf + Ox CKf = 0 in R?"*! (see [3]).
Similarly, the function

oo

E

T
CK]|f(wo, X k_(') (eolOx))* f(X)
k=0
satisfies the equation eg|d,, CK|f + dx|CK|f = 0 in R*"*! and CK|f(0,X) =
F(X).

We can now formulate the main result of the section.

Theorem 3.2. The CK-extension problem for the RicSom system is solvable if and
only if it holds that eoOx f = eo|Ox|f. Moreover, its unique solution is given by
g = CKf = CK|f.

Proof. Suppose that there exists a function g satisfying the RicSom system in
R+ such that g|gen = f. Let h be given by h = g — CKf. Notice that then one
has eg Ozyh + Oxh = 0 in R and h = 0 in R?". Tt follows that ¢ = CKf in
R?"*1. Lemma 3.1 now yields egdx f = eo|dx)f.

Conversely, if egdx f = eo|0x|f, then Lemma 3.1 shows that the function
CK/f is a solution of the CK-extension problem for the RicSom system.

To end the proof we remark that CKf = CK]|f iff egdx f = eo|0x|f. (]
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Polynomial Invariants for the
Rarita-Schwinger Operator

David Eelbode and Dalibor Smid

Abstract. We show that polynomial invariant operators on functions with
values in the Spin(n)-representation with highest weight (%, %,,%) are
spanned by powers of the symbols of the Laplace and Rarita-Schwinger op-
erators. This result generalizes the well-known description of polynomial in-
variants on the scalar and spinor-valued functions. We describe the operators

in the language of Clifford analysis.
Mathematics Subject Classification (2000). 15A66.

Keywords. Rarita-Schwinger operator, Fischer decomposition, Invariant poly-
nomials.

1. Why using Clifford analysis?

Clifford analysis, nowadays regarded as a broadly accepted branch of classical
analysis, is usually described as a generalization of classical complex analysis in
the plane to a higher-dimensional setting. The Dirac operator, playing the role of
the generalized Cauchy-Riemann operator, lies at the heart of the theory and the
study of its null solutions has always been the main topic of research in Clifford
analysis. We refer the reader to the standard references [1, 9, 12]. During the last
decade however, it became clear that Clifford analysis techniques can be used to
study more general invariant differential operators. The reason for this is that ar-
bitrary representations V) for so(m), defined by their highest weight A containing,
e.g., half-integers only, can be defined as function spaces containing spinor-valued
polynomials satisfying certain conditions expressed in terms of Dirac operators,
see [8]. This means that sections of associated vector bundles, taking values in Vj,
can be seen as functions F(z;uq,...,u;) in several vector variables. This leads

David Eelbode was supported as a postdoctoral fellow by the F.W.O. Vlaanderen (Belgium)
Dalibor Smid was supported by GACR 201/06/P267 and MSM 0021620839.
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to an elegant framework to study higher spin operators from a function theoret-
ical point of view, and yields a valuable alternative for the standard multi-index
notation used in physics and abstract representation theory.

In the present paper, techniques from both classical Clifford analysis and
representation theory will be used to investigate polynomial invariants in the space
End(S;), where S; denotes the irreducible so(m)-module whose highest weight is
given by (3, 1,..., %). This module can be defined as the vector space consisting of
1-homogeneous spinor-valued null solutions for the Dirac operator @ on R™. Our
motivation for investigating these invariants is inspired by the recent applications
of the theory of Howe dual pairs [13, 14] in the setting of Clifford analysis, see,
e.g., [2], which turned out to be crucial to find a multiplicity-free decomposition
for spaces of polynomial solutions for certain invariant operators.

2. Clifford algebras and Clifford analysis

Let (e1, ..., en) be an orthonormal basis for the complex vector space C™ endowed
with the standard bilinear form B(e;, e;) = d;;, and let C,,, be the Clifford algebra
generated by this basis, together with the multiplication rules e;e; 4 eje; = —26;5.
For the general theory of Clifford algebras we refer to, e.g., [9, 12, 16]. In the
present paper, the so-called spinor spaces carrying the basic spinor representations
for the orthogonal Lie algebra will be of crucial importance. In order to define these
representation(s) for so(m) with half-integer highest weight, we need the so-called
Witt basis for C™. Consider the case of an even dimension m = 2n first, and
consider the Witt decomposition into maximal isotropic subsets, given by

C*" = spanc(f;, 1); = spanc (

€2j—1 —1ieyj €51+ ieg;
2 - 2 .

where 1 < j < n. The Witt basis vectors satisfy the multiplication rules
Fife + fufy = FIfL+FLEL =0 0§58k + 1065 = 6 -

Introducing n idempotents by means of I, = f;gfz, one can define a primitive idem-
potent I = I - - - I,,. The space Cs, I is a minimal left ideal which serves as an irre-
ducible representation space for the simple algebra Cs, under left multiplication,
i.e., Cy,, = End(Csy,T). Restricting the multiplicative action to the even subalgebra
C3.., the complex vector space Cay, I splits into two irreducible subspaces C3, I and
C,,,I. Introducing the Grassman algebra AT spanned by the daggered Witt basis
vectors, we then have that Cf I =~ ALI with Al := CZ N AT, In the following
definitions, we will realize the spinor space(s) as subspaces of the Clifford algebra.
In case of an odd dimension m = 2n + 1, we therefore add Iy = %(1 + ieany1) to
the set of idempotents I;, leading to I' = I - - - I,, 1.

Definition 1. In case the dimension m = 2n is even, the spinor spaces ST are given
by S* = CEI= ALI. In case the dimension m = 2n + 1 is odd, the spinor space
S is given by S = C,,I' = ATI'.
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The following is crucial for what follows:

Proposition 1. In case m = 2n, the spaces ST provide models for the irreducible

so(m)-modules with highest weight (1,...,%,£2). In case m = 2n + 1, the space
S defines a model for the irreducible so(m)-module with highest weight (%,...,3).

Remark: For the sake of convenience, we will restrict ourselves to the case of odd
dimension in what follows.

In classical Clifford analysis, the Dirac operator is defined as 0, = >, €;0x,
and acts on functions f € C*(R™,S) on R™ with values in the spinor space S. This
operator factorizes the Laplacian A,, in m dimensions, i.e., Qi = —A,,, and null
solutions for this operator are called monogenic functions. Of particular interest for
what follows are spaces of homogeneous monogenic polynomials. Let us denote by
M (S) the space of spinor-valued k-homogeneous monogenic polynomials on R™.
Defining the action of so(m) as the one derived from the classical L-representation
of Spin(m) given by L(s)[f(z)] = sf(Szs), one obtains a module for so(m):

Proposition 2. The space Sy := My(S) yields a model for the so(m)-module with
highest weight (k + %7 %7 e %), for all k € N.

A crucial property is the so-called Fischer decomposition on R", which de-
scribes the decomposition of spaces of homogeneous spinor-valued polynomials in
terms of these irreducible modules containing homogeneous monogenic polynomi-
als:

Theorem 1. The space Py (S) of k-homogeneous spinor-valued polynomials decom-
poses as

k
Pu(S) = P2/ Mi_;(S) .
7=0

3. Dimensions of the space of invariants

Let g be a complex Lie algebra of the type so(m) and let us denote by G the
corresponding Lie group Spin(m). The space of polynomial operators acting on
functions with values in a g-representation V is P(EndV). This is itself a g-
representation. The space of invariants P (End V)¢ consists from the point of view
of representation theory precisely of the trivial summands occurring in its decom-
position into irreducibles ([11], Lecture 14). We will treat the odd-dimensional case
g = B,, m = 2n + 1, in detail and make some remarks on the even-dimensional
case afterwards.

Let us fix some notation. V = S; is the representation with highest weight
(2,(3)n-1), as expressed in the standard basis e;. By (a); we mean a shortcut
for a, ..., a, j-times. We denote by Vi, the representation of g with highest weight
(k,(0)pn—1) = key and use a shortcut (k) for the highest weight of V.
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The following proposition tells us something about the representation in
which the polynomial operators take values:

Proposition 3.
EndSi = VoV oV V3 W,

where the representation W contains no irreducible summand of type Vi, k > 0.

Proof. Since S; is a selfdual representation, we are actually decomposing End S; =
S1 ® S;. First we use Freudenthal formula for calculating multiplicities of weights
of S; and then Brauer-Klimyk formula for identifying all irreducible summands of
type Vi in the tensor product. Since low-dimensional cases can be easily checked
by direct calculation, we will assume n > 3.

Multiplicities of weights: Let u be a weight and m (1) its multiplicity in a represen-
tation Vy. Denote by AT the set of positive roots and by & the sum of fundamental
weights of g. Then multiplicities satisfy a recurrent expression called Freudenthal
formula [15].

2

T AT — |ut o SN malp 4 ka)(p+ ko, a),

aEAT k=1

m ()

where the scalar product may be any suitable multiple of the Killing form — let
us choose it such that its matrix with respect to the standard basis {e;} is the
identity matrix. We know that my(A\) =1 and AT = {e;,1 <i <n} U{e;—e;,1 <
i<j<n}U{e;+e;, 1 <i<j<n}

The Weyl group W of B, acts on the set of weights by permutations and
sign reversals of coordinates. The dominant Weyl chamber Ay consists of weights
w=(p1,..., 1) satisfying pq > po > -+ > uy, > 0. For each weight p of S; there
is a unique element w € W such that w.u € Ay. Any weight of V is expressed
as A— Y ko where k, are non-negative integers and the sum is over simple roots
a. The only dominant weights of this type are X and A — ey = ((3),, ). Since the
multiplicity function is constant on orbits, we need only to calculate my(A — e1).

Freudenthal formula yields

2 n
max(A—e1) = o1 (Z((A —e1)+eje)+ Z (A—e1)+e —eje — ej)>
i=1 1<i<j<n
2 3 nn—1)\
_2n+1<2”+2 2 )_"'

In the first equality we used that (A—e1)+e; and (A—e1) +e; —e; are on the
orbit of A and have thus multiplicity 1 and that (A —e1) +e; +e;, (A —e1) + ke;,
k>1and (A—e1)+k(e; —ej), k > 1 are neither on the orbit of A nor A —e; and
so none of them is a weight of V) = S;.

Decomposition of the tensor product: For a weight p not fixed by any element of
W denote by [u] the unique element on the orbit of u such that [u] € Aw and
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by w(p) the unique element of W such that w(p).u = [u]. Then Brauer-Klimyk
formula [15] says that for every pair u, p of dominant weights

Va @V, = @ ()R, (Ve s, 1)
' elly,

where T1,, is the set of all weights of V,, not fixed by any element of W and |w]| is
the length of w € W.

Inourcase p =p=A, 0 = (2"—2_1, %, ceey %) and we are looking for the
occurrences of representations (k), k > 0. This means that
A+ XN +0] = (k) +4, (2)

where ' = w’.\ or w'.(A—e7) for some w’ € W and we are of course interested in
the w € W that is implicit in the square brackets. We shall denote v := A+ X + 4.
The weight v must differ from (k)+6 only by a permutation and sign changes,
i.e., the set of absolute values of coordinates must be the same for both. Two cases
can occur:
1) Some coordinates of v are negative. It is clear that there can be only

one such coordinate, v, = —%. This happens precisely for A, = —%. All the
other coordinates of X are j:% and the only way to obtain the set equality
{va,.. . vna ={352,..., 3} isto have \; = —% for 2 < j <n — 1. We get

(6).) (=0 3) e

The multiplicity is 1 and the sign is —1, since the w of the square brackets is just
the sign reversal of the last coordinate, which has length 1.

2) All coordinates of v are positive. If vy, is 3, then A, = 1. Now coordinates
of ¥ must be a permutation of coordinates of (k) + d, hence some coordinate of v
must be 3. The only way how to do it is \,_; = —3, v,,_1 = 1. As before, the
remaining coordinates allow no freedom and we have

Kg (%)n_) 4 <i% (—%)n_37—g,%> +5] — (1) or (2) 44,

where the multiplicity is 1 and the sign is again —1, since v is moved to Ay by a
transposition of the last two coordinates.

The value % must appear among coordinates of v and it can be only at v,
or vy_1, since |Aj| < 2. In the latter case then v, = 3. This is because v, > 3

2.
requires A, > 1, so A, = 3, 1, = 5, all other A} are +1 and so none other v;
3

2 2
can be 3. We dealt with v,_1 = 1, v, = 3 in the previous paragraph, therefore
let us set v, = % which means X/, = —%. Thus any permutation of coordinates

of v pushing it into the dominant chamber fixes the last coordinate. Repeating
this argument now for the possible positions of the value %7 we see that either
the permutation fixes also the (n — 1)th coordinate, or it is the transposition of
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(n—1)th and (n — 2)th coordinate. If we go on, we get n — 2 contributions with a
transposition:

(G),) (3(0),32(3)) -

where p+g=n—3,p >0, g >1 (we already considered the case with ¢ = 0) and
then the contribution with v already dominant:

(g <%>n—l> ’ <i% <_%>n—l> +5: = (1) or (2) +6
(2 <;>n_1> " <i2 (‘;)n_) +5: = (0) or (3)+4.

The former gives V; and Vy with multiplicity n, since now [A'] = XA — eg, and the
latter Vo and V3 with multiplicity 1; signs are +1 in both cases.

To summarize, we get Vo and V3 with multiplicity 1 and V; and V5 with
multiplicity n — (n —2) — 1 =1 as well. O

= (1) or (2) + 0,

Remark: In the even-dimensional case, g = D,,, the only difference is that we have

two representations:
(3 (1 1
\2'\2/, .2

().

We shall denote by S; the reducible representation S} & Sy .
The analogue of Proposition 3 is

2]
=+

—

Proposition 4.
Hom(ST,S7) =Vo @ Vo @ WH-
Hom(S7,S{) =Voa Voo W+
End(ST) =V, eV; Wt

End(Sl_) =V VsppW

where the representations W=, W=, W+t W~— contain no irreducible sum-
mand of type V. From this we easily see that

EndS; = (Vo @V, & Vo, @ V3)®2 o W,

where W contains no summand of type Vy,.
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Let us return to the odd-dimensional case. The space of polynomials P(EndS;) is
graded by homogeneity

o [ L%]

PP (Ends)) =@ (07V, @ EndSy) =@ [ P V)2 @EndS, | . (3)
j=0

j=0 j 7=0 \ i=0

Here by ®V; we mean the jth symmetric tensor power of Vi. The last equality
comes from the fact that Q" V,; =V, & O 2V, i.e., a symmetric tensor can be
split into its tracefree (Cartan) part and its contraction in any two indices. This
corresponds to the classical Fischer decomposition of polynomials into harmonic
polynomials: a homogeneous polynomial P(z) of degree p is written as a sum of
a harmonic polynomial of degree p and x?R(z), where R(x) is a polynomial of
degree p — 2.

Lemma 1. Let g be of type By, V,, an irreducible representation of g, © > 0. Then
Vi ®V,, contains a trivial irreducible summand Vo if and only if p = (k). In such
a case, its multiplicity is one.

Proof. By Brauer-Klimyk formula (1) a weight z/ of V,, can contribute to a nonzero
coeflicient of a trivial summand only if

(k) + u' + 0] =6 (4)

The coordinates of all weights of a given finite-dimensional representation are
either all integral or all half-integral. If p is half-integral, then (k) + ¢’ + ¢ and
0 cannot be at the same time integral or half-integral. Action of the Weyl group
implicit in the operation [-] preserves integrality, so the resulting dominant weight
cannot equal 6.

Hence only for 41 integral there can be a Vj in V;®V,,. Let us denote by H(p')
the non-negative number >, |uf]. If 1/ is a weight of V,,, then H(p') < H(u). If
w satisfies (4), then

H(d) = H((k) + ' +0) = H((k)) + H(3) — H(1'),

ie, H(p) > H(w') > k. If H(u) = k and p} > —k, then the first coordinate
of (k) + 1/ + ¢ is greater than any coordinate of § and so (4) cannot hold. Thus
H(p) = k means that any contributing ' is (—k, (0),—1) and such a weight exists
only in a representation with highest weight u = (k), provided H(u) = k. Clearly
this gives one trivial summand in Vi ® V.

Hence any other p satisfying the statement must be integral with m =
H(p) > k. Such a representation can be realised inside the tensor power V7
(since V; is the defining or vector representation) as a subspace of tracefree ten-
sors satisfying certain symmetry [10]. Let us denote by 7, the projection from V7*
to V,, and by 7, the projection V¥ to V. If there is a projection 7 : V,®@V,, — (0),
then 7o (7, ® T,,,) is a projection from V¥ @ VI to a trivial summand. By classical
invariant theory [11] the space of orthogonal invariants in V7 is zero for p odd and
spanned by complete contractions for p even. A complete contraction for p = k+m,
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m > k must involve a contraction in two indices of V1", which is projected to zero
by 7. Thus for H(u) > k there are no invariants in Vi, ® V. O

Theorem 2. The space of invariant k-homogeneous polynomials with values in
EndS; is one-dimensional for k < 2 and two-dimensional for k > 2.

Proof. The invariants correspond to trivial summands in the right-hand side of
expression (3). Lemma 1 implies that tensor product of V;_o; with the representa-
tion W C EndS; of Proposition 3 contains no trivial summands and that there is
precisely one trivial summand in V;_o; ®V;, 1 € {0,1,2,3} if and only if j —2¢ = [.
This holds for [ = 0 in homogeneity 0, for [ = 1 in homogeneity 1, for [ € {0,2} in
nonzero even homogeneities and for [ € {1,3} for odd homogeneities higher than
one. U

Remark: In the even-dimensional case, Lemma 1 and its proof remain the same.
The dimensions of the spaces of invariants are twice as big in each homogeneity.

4. Bases of the spaces of invariants

Within the framework of Clifford analysis, a higher-spin Dirac operator (or some-
times higher-spin Rarita-Schwinger operator) can be defined as an operator acting
on functions F'(z; u) depending on two vector variables. Indeed, if this function be-
longs for fixed z to M(S), it can be seen as a function on R™ taking values in the
module S, k£ > 0. The natural invariant operator acting between such functions
is defined as the higher-spin Dirac operator, given by

u

From the point of view of representation theory, this operator is a Stein-Weiss
gradient corresponding to the unique summand Sg in V; ® Si. We shall denote by
Ry the symbol of R}, which is a 1-homogeneous polynomial operator with values
in End(Sy,). Stein-Weiss gradients are invariant differential operators and so Ry, is
an invariant polynomial in P(End Sy).

The function theory for higher-spin Dirac operators is in full development, we
refer to, e.g., [6, 7, 18]. We consider here the case of k = 1, the Rarita-Schwinger
operator. According to Theorem 2, there ought to be two linearly independent
invariant polynomials in each order of homogeneity k£ > 2 and one invariant for
homogeneities 0 and 1. The latter ones are clearly a constant and R;. In order
to find the former ones, the most obvious way to proceed is to start calculating
powers of the operator Rq1. We have the following;:

4
(R1)? = —[zf* + W(mm@ +uz)(d,,z) = —|z|> + 11,
where we denoted 7, := -%; and defined T3, a 2-homogeneous (EndS;)-valued

polynomial. Since |z|? is clearly an invariant polynomial, then so is 73. It is then
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easily verified that
T? = (m —1)[2*T.
Hence
spang ({|z**(R1)’ [k > 0,0 < j < 3})
is a subalgebra of P(EndS;), consisting only of invariants. Moreover, it has the
same number of generators in each homogeneity as the algebra of invariants should
have basis elements according to the previous section. We only need to show that
the generators are linearly independent in order to conclude that the two algebras
are isomorphic as vector spaces.
Referring to, e.g., [4, 6], we recall the definition for the twistor operator

T C®(R™, uMy_1) +— C®(R™ , My)
wd,
uf(z;u) <m—|—2k—2+1>6wuf

and the dual twistor operator

(T5) : C*(R™, M)+ C®(R™, uMy-1)

1
f(L u) —mﬂ _quf .

In terms of these operators, an alternative description for the polynomial invariant
T, can be given:
T =T .

Here 77 maps S;-valued functions into Sg-valued functions and its adjoint the other
way round. Since dimSy < dimS;, the operator 77 cannot be an isomorphism.
On the other hand, |z|? is an isomorphism for any nonzero z, hence |z|? and
Ty are linearly independent. The operators Ry, |z|?* are isomorphisms for any
nonzero x. This shows that we have two linearly independent generators in each
homogeneity greater than one, namely |z|?**2,|z|?*T} for even homogeneity and
|z|2*2 Ry, |z|?* TRy for odd homogeneity. We can summarize our result:

Theorem 3. Let g be a simple complex Lie algebra of type B, and Si its repre-

sentation with highest weight (%, %, cee %) The algebra of g-invariant polynomials

with values in End(S1) has as a vector space the following structure:
End(S;) = spanc ({|z[**(R1)7|k >0,0<j<3}).
Remark: In the even-dimensional case we have operators
(22t : st — sf
()~ Sy — Sy
RY:SH—Sy
Ry Sy — S .

We may see them also as elements of EndS;, extending them by a zero operator
to the whole S; =S} @ S| . By this extension we just choose a basis in the space
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of invariants: any linear combination of for instance (|z|?)* and (|z|?)~ is still an
invariant operator. Note that the products R*R*, R"R~, (|z|*)"R*, (|z|>) "R,
(l?)* (12?)~ and (lz) (|z)* are zero.

The operators have formally the same expression and all other statements in
this section hold for them too. Thus we get

Theorem 4. Let g be a simple complex Lie algebra of type D,, and S; = ST © Sy
its representation where highest weights of Sfﬁ are (%, %, R :I:%) The algebra of
g-invariant polynomials with values in End(S1) has as a vector space the following
structure:

End(S1) = spanc ({(|2)*(RE) [k > 0,0 < <3)).

Here by (RE)7, j > 0 we mean the product TE_ R*® | where s(i) is either + or —
and the signs alternate.
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Hypermonogenic Functions and
Their Dual Functions

Sirkka-Liisa Eriksson

Abstract. In this paper we present a new integral formulas for hypermono-
genic functions where the kernels are also hypermonogenic functions. We also
introduce dual k-hypermonogenic functions. If £ = 0, then k-hypermonogenic
functions are monogenic functions and their dual functions are also mono-
genic. If k is nonzero the only function that is k-hypermonogenic function
and dual hypermogenic is zero function.

The theory of dual functions is very similar to the theory of hypermono-
genic functions. We present their integral formula and use it to present the
integral formula for (1 — n)-hypermonogenic functions.

Mathematics Subject Classification (2000). Primary 30G35; Secondary 30A05.

Keywords. Monogenic, hypermonogenic, Dirac operator, hyperbolic metric.

1. Introduction

There exist two generalizations of classical complex analysis to higher dimensions
using geometric algebras. The first one is the theory of monogenic functions or
regular functions introduced by R. Delanghe around 1970 based on Euclidean
metric (see for example [1]) and the second one is the theory of hypermonogenic
functions based on hyperbolic metric initiated by H. Leutwiler around 1990 ([13],
[14]) and continued jointly with the author by [7], [9], [10] and [4]. The advantage of
hypermonogenic functions is that positive and negative powers of hypercomplex
variables are included to the theory which is not in the monogenic case. Hence
elementary functions can be defined similarly as in classical complex analysis.
Hypermonogenic functions are solutions of the system

QF _

n

My_1f =Df + (n—1) 0,
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where ’ is the main involution and Qf is given by the decomposition f(x) =

Pf(z)+Qf (z)e, with Pf (z),Qf (x) € Cl,_1. A Cauchy-type formula for hy-
permonogenic functions was proved in [4]. A key concept in the proof was k-
hypermonogenic functions introduced in [5]. K-hypermonogenic functions are re-
lated to harmonic functions with respect to the Riemannian metric
dSQ — E:l:gkd‘r,% .
zy !

They satisfy the equation M f = Df + ka—;f =0.
The Dirac operator decomposes the usual Laplace operator to the first-order
operators. An important property of the My f operator is that it may be used
k Of

to decompose the Laplace Beltrami operator Af — Hm(see [7]). An example

of a k-hypermonogenic is the function |z|* "™ z=1. They are also related to
polyharmonic functions. Indeed if a function H satisfies A¥H = 0 then locally
there exists 2i-hypermonogenic functions g;; : @ — Cl, (j = 1,2) such that

Sy (o0 + 2en) = H ().

In this paper we review main properties of k-hypermonogenic functions. We
also present a new integral formula for hypermonogenic functions (Theorem 3.10)
where the kernels are also hypermonogenic functions. In Section 4 we introduce a
new concept of a dual k-hypermonogenic function. If £ = 0, then k-hypermonogenic
functions are monogenic functions and their dual functions are also monogenic. If
k is nonzero the only function that is k-hypermonogenic and dual hypermogenic
is zero function. The theory of dual functions is very similar to the theory of
hypermonogenic functions. We present their integral formula and use it to present
the integral formula for (1 — n)-hypermonogenic functions.

2. Preliminaries

We consider the Clifford algebra C¥ ,, generated by e, ..., e, satisfying the rela-
tion
eiej +eje; = —251'3‘,
where d;; is the usual Kronecker delta.
The elements
r=x9+x161+ -+ TpHEL
for zg,...,x, € R are called paravectors. The set R"*! is identified with the set
of paravectors.

The main involution is the mapping a — a’ defined for the generating ele-
ments by e; = —e; for i = 1,...,n and extended to the total algebra by linearity
and the product rule (ab)’ = ab/. Similarly the reversion is the mapping a — a*
defined for the generating elements by e, = —e; for i = 1,...,n and extended to
the total algebra by linearity and the product rule (ab)* = b*a*. The conjugation
is the mapping a — @ defined by @ = (a/)* = (a*)’ .
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Any element a € C/y, may be uniquely decomposed as
a=>b+ce,
for b,c € Cly ,—1(the Clifford algebra generated by ey,...,e,—_1). The mappings
P:Clyy — Clyp-1 and Q : Cly n, — Cly,—1 are defined in [7] by
Pa=0b, Qa=c.

In order to compute the P- and Q-parts we use the involution a — @ defined for
the generating elements by

o Sin

€, = (—].) €;
and extended to the total algebra by linearity and the product rule ab = Gb. Then
we obtain the formulas

Pa = 3 (a+a) (2.1)
and )
Qa = —i(a—a) €n. (2.2)
The following calculation rules ([7]) hold
P (ab) = (Pa) Pb+ (Qa) Q V), (2.3)
Q (ab) = (Pa) @b+ (Qa) P’ (b) 24
=aQb+ (Qa) V.

Note that if a € Cly ,, then
a'e, = e,a.
Moreover if a € Cly ,—1 then
ae, = ena’. (2.5)
An element I = ejes... e, is called a pseudo scalar. Note that
IA, = (=1)"'"V 4,1

if A=ejej,...e for 1 <ji < jo <--- < jr <n. Moreover if n is odd then 1
belongs to the center of the Cly j,.

3. Hypermonogenic functions

We briefly recall the definition of hypermonogenic functions. Let 2 be an open
subset of R"*!. We consider functions f : @ — C¥y,, whose components are
continuously differentiable. The left Dirac operator in C¥ ,, is defined by

Dif = Z el axz

and the right Dirac operator by

Drf = Z_; g—g‘:’iei.
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The operators D; and D, are defined by

D f = ia s Drf=) €.
lf ;e 8xl f =0 8xi€
Let Q be an open subset of R"™!\{z,, = 0}. The modified Dirac operators
M}, H;, M} and M), are introduced in [7] and [3] by

MLf (2) = Duf (@) + kST

Mf (@) = Do f () + £
and

M,f (2) = Dif (x) - k2L,

M J () = Dof (a) k2

where f € C! (Q2,Clp.,) and
QN =Qf
(Pf) =P'f.
The operator M! ;| is also denoted by M.

Definition 3.1. Let 2 C R"™! be open. A function f : Q — C/ ,, is left k-hypermo-
nogenic if f € C* (Q) and

M f (x) =0
for any = € Q\ {y € R |y, # 0}. The right k-hypermonogenic functions are
defined similarly. The (n — 1)-left hypermonogenic functions are called hyper-

monogenic functions. The set of left k-hypermonogenic functions in €2 is denoted
by My ().

Paravector-valued hypermonogenic functions are H-solutions introduced by
H. Leutwiler in [13] and [14]. Total Clifford algebra C¢y ,,-valued hypermonogenic
functions were introduced by the author and H. Leutwiler in [7]. Their theory is
further developed in [2], [3], [5], [6], [8], [9], [10], [11], [12] and [16]. We state some
main properties of hypermonogenic functions.

Lemma 3.2 (Generalized Cauchy-Riemann equations [7]). Let §) be an open subset
of R" Land f: Q — Cly,, be a mapping with continuous partial derivatives. The
equation My f = 0 is equivalent with the following system of equations

D,_1(Pf)— —a(aQ 1) + k% =0,

Ln

D,y (QF) + %D =,

There is an interplay between k-hypermonogenic and —k-hypermonogenic
functions.
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Lemma 3.3 ([3]). If k € R then
M f=—azkMmt, (x;kfen) €n.

Moreover the function f is k-hypermonogenic if and only if x;* fe, is —k-hyper-
monogenic.

Lemma 3.4 ([7]). Let f:Q — Cly,, be twice continuously differentiable. Then

P (M3 f) :Apf_xﬁ?;f
— k O
Q (MTTyf) = £QSf — aff + k%.

These are the Laplace-Beltrami equations with respect to the Riemannian

metric
n 2
ds? — 2izo 47

2k
n—1
Tn

If K = n—1, the metric is the hyperbolic metric of the Poincaré model of the upper
half-space. In case n = k — 1 harmonic functions with respect to the above metric
have been studied by Leutwiler in [15].

Example. Let k € Nand 1 < k < n—1. Assume that 1 <i; <is < - - < i < n—1.
Set w = wo + wiy €5, + -+ w;, e, T Wy en-Then

1. w™

is k-hypermonogenic, if m € Z.
ev = Z;io J%uﬂ is k—hypermonogenic.
sinw =372 ﬁ (—1)’ w2j+1 is k-hypermonogenic.
cosw =372 ﬁ (—1)” w? is k-hypermonogenic.
If f(2) = 3272, a;2° is holomorphic and a; € R then f (w) = 3372 aju’ is
k-hypermonogenic.
6. (Fueter construction) If f = u+ iv is holomorphic in an open set 2 C C then

Al

fw) =u (wo,\/wfl + -t wd +w%)

Wiy €4y + 0+ Wi €+ Wpen

+
VU e

v(wo,\/wzzl + -t wd —&-w%)

is k-hypermonogenic.

Note that in the special case k = n — 1 all the preceding functions are hyper-
monogenic ([13], [14]).

Using the definition it is easy to see the following result ([7], [10]).

Proposition 3.5. Let f be a k-hypermonogenic function. Then

aof .
Bz, i=1,...

,n—1
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is k-hypermonogenic. Moreover the function aan 18 k-hypermonogenic if and only
e Of _
'Lf m = U.

A k-hypermonogenic function remains k-hypermonogenic if it is multiplied
from the right with a constant belonging to C¥g ,,—1.

Proposition 3.6. The k-hypermonogenic functions in an open subset Q of R™T1
form a right Cly ,,—1-module.

In this paper we consider integral formulas for hypermonogenic functions for
simplicity in the upper half-space

Ry = {(z0,...,2a) €K™ | @, > 0}

Some results hold also in whole R®*! but they are more technical. The similar
results holds also in lower half-space, since the following result holds.

Theorem 3.7. Let Q be an open subset of RT‘l and f : Q — Cl, be continuously
differentiable. If f is k-hypermonogenic then ]?(E) is k-hypermonogenic in 0=
{z eR"™ |2 €Q}.

The integral formulas hypermonogenic functions were first proved for the P-
part in [9] and then for the Q-part in [3]. We review them using slightly different
notations. They can also be proved for n + 1-chains satisfying K € Q. If k #n —1
the integral formulas for k-hypermonogenic functions are presented in [4], but their
kernels are more complicated.

Theorem 3.8. Let ) be an open subset of RTFI and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is hypermonogenic in Q andy € K
then

2" n do
PrO = [ Py (@) f @) 5 (3.1)
Wn+1 Jok In
2n _
Qf ) =—— [ QUi e y)v () f (@) do (32)
Wnt1 Jok
where w11 5 the surface measure of the unit ball in R" ™1 and the kernel given by
-1 ~—1
p(x,y)zxz_l (I_y) e (I—y)

o —y" e —g" !
_ -1 ~—1
ot f@—y)” — (@)
200 \ |z —y|" e —g""
is paravector valued hypermonogenic and the other kernel
-1 -1
(z—9) (z—y)
q(r,y) = ——= T
|z — 7| |z =yl
-1 ~—1
_ =y +(@-Y
2z —y|" e —g"

is paravector valued (1 — n)-hypermonogenic.

(z — Py)
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Note that the coordinate functions of p (z,y) and ¢ (z,y) are the following

22" P(z — y) ! (IP(y — )" —a? + yi)
T L e P
(1P -yl +22+42)Ple—y)  oa (4222~ Py —2))
P B i e

If using (2.1) and (2.2) we combine the formulas (3.1) and (3.2) we obtain
the integral formula.

Theorem 3.9 ([3]). Let © be an open subset of R and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is hypermonogenic in Q andy € K
then

Lot (- @ @) - G-y @) ()
I

fy) = do (x).

Wnt1 lz—y" y -3

This formula may be developed further as follows.

Theorem 3.10. Let €2 be an open subset of Ri‘“ and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is hypermonogenic in Q and y € K
then

/() AKMM%MP@@HWW+WM%MQWM@f@mdﬂ@

where the kernels hy and he are hypermonogenic functions for any y € K given by

2n71

Wn+41

hl(xay)::'_anp(yvx)
and
ha (2,y) = —yn~'q (y, ) en.
Proof. Substituting
v(z) f(z) =P () f(z)+QW(x)f(z))en
and
v(z) f(z) =P () f(z)-QW()f(x))en

to the previous theorem we obtain
R (GRS CE
fom=2—| P @) f @) do ()
wWnt1 Jox lz—yl" T ly—2

e e e
o

Wn+41

+ Q' (v (x) f(x)) do (x).

lz—y" y -3

Since . .

n1l@—y) = (@ -y

yn n—1 ~n—1
lz —y[" " [y — 2

= —2z,p (y,x)
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and
yﬁiﬁx—w_“+@—yﬁﬁen

n—1 ~n—1
lz —y[" " |y — 7]

=—yn ey, x)en
completing the proof. O

Using the product rules (2.3) and (2.4) of P and @) we obtain an interesting
decomposition.

Theorem 3.11. Let €2 be an open subset of R’ffl and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is hypermonogenic in €1 then
there exists hypermonogenic functions fi1 and fo satisfying f = f1 + fo and f1 is
determined by Pf and fo by Qf as follows

fy) =2 / (h1 (2,9) P (v (2)) + ho (2,) v (2)) P (f (2)) dor (),
Wn+1 JoK
n—1

foly) = 2 / (he (2,9) P (v (2)) + ha (2, 9) v (2)) Q' (f (2)) do ().
Wn+1 JoK

Since hypermonogenic functions form the right Clg ,—i-module we obtain
directly the result.

Theorem 3.12. Let Q) be an open subset of RT‘l and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is continuous function in 0S) then
function

2n71

g(y) o

AK%M%wP@@%N@HWﬂLwQWﬂﬂf@mdd@

is hypermonogenic for all y € Q\OK.

4. Dual hypermonogenic functions

In geometric algebras a dual of an element w is an element ul, where I is a pseudo
unit. Since a non zero k-hypermonogenic function multiplied from the right with
en is not any more k-hypermonogenic we introduce the following new concept.

Definition 4.1. Let I be a pseudo unit in C¥,,. A function f is called dual k-
hypermonogenic in an open subset  of R*"*Lif fI is k-hypermonogenic on .
The set of dual k-hypermonogenic functions in 2 is denoted by Py (€2) .

Proposition 4.2. Let I be a pseudo unit in Cly,. A function f is dual k-hyper-
monogenic in an open subset Q of R™1 if and only if f satisfy the equation

oD f — ke, P'f =0
in Q.
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Proof. Assume that f is dual k-hypermonogenic in an open subset € of R**I,
Since Q (fI) = P (feiez...en—1) we obtain

M (fI) = Iy (Dl (f6162 L. €n_1)) e, + kP (f€1€2 .. .€n_1)
= (zpnDi (ferea...en_1) — ken, P (ferea...en_1)) e, =0,

which implies that fI is k-hypermonogenic. If fI is k-hypermonogenic then simi-
larly we deduce that fI? is dual k-hypermonogenic, completing the proof. O

Corollary 4.3. A function f is dual k-hypermonogenic in an open subset Q0 of
R"*1if and only if fe, or equivalently fI is k-hypermonogenic.

The generalized Cauchy-Riemann equations (3.2) for dual k-hypermonogenic
functions are easily computed.

Proposition 4.4. A function [ is dual k-hypermonogenic in an open subset Q) of
R if and only if

D (@) - Sl 1 kL

Dy1 (Pf)— 220 =g,

=0, (4.1)

Dual k-hypermonogenic functions may be also characterized using M opera-
tors as follows.
Proposition 4.5. A function f is dual k-hypermonogenic if and only if
ToMif =kf'en.
Proof. We just compute

—2, My (fen) en = 2o Df — kP fen = @, (Mif) — kQ'f — kP fe,
= 2, (Mpf) — kf'en,

completing the proof. O

Using the preceding proposition we see that the function identically zero is
the only function that is hypermonogenic and dual hypermonogenic.

Proposition 4.6. If f is k-hypermonogenic and dual k-hypermonogenic in an open
subset Q of R"ML then f = 0.

Using the preceding result we obtain directly the result.

Theorem 4.7. A right Clp n-module of k-hypermonogenic functions in an open
subset Q of R" ! is My (Q) @ Pr ().

If f is k-hypermonogenic functions then 8%% is not generally hypermonogenic.
However the following surprising result holds.
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Proposition 4.8. If f is dual k-hypermonogenic in an open subset 0 of R™t! then
of Pf

= — — k— = ’ﬂ n—
g Oxy, Tn ¢ 1/

is hypermonogenic and e, D,_1fe, is dual k-hypermonogenic. Moreover if f is
k-hypermonogenic then

af L enQ'f

oxy, Ty

h:

- enDn—lf
s dual k-hypermonogenic and e, D.,,_1 fey is k-hypermonogenic.

Proof. Assume that f is dual k-hypermonogenic in an open subset Q of R™*!,
Using Df — k% = 0 we obtain

/ /
Mg Dy @8 _ODF  DPf  caPf kb 0Q'f
T 0xy, Tn z2 ZTn O,
/
aCEn Ty Tn T, Oxy
Applying (4.1) we deduce Mg = 0. Moreover, using ken = D f and the definition
of g, we obtain
of

= — 4+ ean = enDn—lf-
oxy,

If f is hypermonogenic then fe, is dual hypermonogenic and the first part implies
that

COfen  Plfe)  Of  QF (0f . Qf
" Oz, & Tn 6xnen+kxn B <8xn ken Tn )e
= enanlfen

is k-hypermonogenic. Hence h = —ge,, is dual k-hypermonogenic. O

Corollary 4.9. If h is Cly n—1-valued k-hyperbolic harmonic then
oh k on  0°n  — Oh
=NA,_1h'+D,,_ = —+ D1 | =—
g e ! (65%) Tn 0z,  Ox2 * ! (axn) ‘

is k-hypermonogenic.

Proof. Assume that h is Cfy ,_1-valued k-hyperbolic harmonic. Then Dh is hy-
permonogenic and the preceding theorem implies that

h
g:enDn then—An lh +Dn 1(6a )6
Ln

is k-hypermonogenic. O

The kernel of the mapping f — e,D,_1fe, is obtained from monogenic
functions.
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Proposition 4.10. If f is k-hypermonogenic and e, Dy _1fe, = 0, then there exist
monogenic functions wo and wi independent of x, satisfying

k
f=wo+wiz,en,.

Proof. Assume that f is k-hypermonogenic and e, D,,_1fe,, = 0. Then D, _1Pf =
PD, 1f =0and D, 1Qf = QD,_1f = 0. Since f is k-hypermonogenic. then
applying the generalized Cauchy-Riemann equations we obtain

o(Qf) | Qs
Pl
52, = 0.
Hence Pf = wy is monogenic and Q f = z¥w; where w; is monogenic. (|

Corollary 4.11. If f and g are k-hypermonogenic in an open subset ) of Riﬂand

Dy_1f = D,_1g then there exist monogenic functions wg and wy independent of
Ty Satisfying
f=g+wo+wizie,.
The integral formula for the dual hypermonogenic functions is obtained from

3.12.

Theorem 4.12. Let Q) be an open subset of RT‘l and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is dual hypermonogenic in  and
ye K

2n71

Wn+41

f ) /aK (h1 (2, y) enQ (v (2) f (2)) = ha (2,y) ea P (v (2) [ (2))) do (2).

where hy and ho are the same as in Theorem 3.12 and hie, and hoe, are dual
hypermonogenic functions.

Proof. Assume that f is dual hypermonogenic in €2 and y € K. By Corollary 4.3
the function fe,, is hypermonogenic. Hence applying Theorem 3.12 we infer
2n—1
f (@) en= / (hy (z,y) P (v (2) f () en) + ha (z,y) Q" (v (2) f (z) en)) do.
Wn+l Jok
Since P (v (z) f (z) en) = —Q (v (z) f (2)) and Q (v (z) f () en) = P (v (z) f (2))

we obtain

n—1
f(z) =2 / (—h1(z,y) Q (v (z) f () + ha (,y) P’ (v (2) [ (x))) do.
oK

Wn+41

Multiplying both sides with —e,, from the right we deduce
2n71

Wn41

f(x)

/SK (h1(2,9) Q (v (2) f () en — ha (,y) P’ (v (x) f (2))) endo.

Hence by virtue of (2.5) we conclude the result. O
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Theorem 4.13. Let Q2 be an open subset of RT‘l and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is continuous function in 0S), then
function g defined by

n—1
9(y) = ’ / (h1 (z,y) eaQ (v (2) f (2)) = h2 (z,y) ex P (v (2) f (2))) do () -
0K

Wn+1

is dual hypermonogenic in y € RTFI\(‘?K.

The integral formula for (1 — n)-hypermonogenic functions is obtained from
the following characterization.

Theorem 4.14. Let Q be an open subset of R"1\{z,, = 0} and f : Q — Cl,, be a
Ct (Q,Cl,) function. A function f : Q — Cl, is —k-hypermonogenic if and only if
the function xk f is dual k-hypermonogenic. Especially, a function f : Q — C¢,, is
(1 — n)-hypermonogenic if and only if the function x»~1 f is dual hypermonogenic.

Proof. Applying Lemma 3.3 and Corollary 4.3 we obtain the result. O

Theorem 4.15. Let Q be an open subset of RQL_H and K C Q a smoothly bounded
compact set with outer unit normal field v. If f is (1 — n)-hypermonogenic in §2
and y € K then

2n—1

fly)= /aK (s1(2,9) Q" (v (2) f (2)) — 52 (2,9) P (v (2) f (2))) do (),

Wn+1

s1(z,y) =yp " hy (2, y) en

so(z,y) = yp "z hy (2,y) en

are (1 — n)-hypermonogenic functions with respect to y.
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Description of a Complex of Operators
Acting Between Higher Spinor Modules

Peter Franek

Abstract. We construct a particular sequence of homomorphisms of gener-
alized Verma modules and show that this sequence is a complex. The dual
sequence can be identified with a complex of linear differential operators so
that the first operator in this sequence is a generalization of the Dirac operator
in many Clifford variables. Further, we use Zuckerman translation principle
to show that a similar sequence exists for any higher spinor operator in a
particular model of Cartan geometry, including, e.g., the Rarita-Schwinger
operator in many variables. There are indications that this sequence may be
exact, forming a resolvent of the first operator.

Mathematics Subject Classification (2000). 22E46, 32W99.
Keywords. Differential operator, complex, Dirac, Generalized Verma module.

1. Introduction

1.1. Motivation

Although this article deals with homomorphisms of algebraic objects, the motiva-
tion for it comes from differential geometry. The aim is to construct possible resol-
vent of well-known differential operators that would generalize the Dolbeault com-
plex. It is shown in [5, 6] that in a particular type of Cartan geometry G — G/ P,
where G is a Lie group and P its parabolic subgroup, there exists a G-invariant
differential operator I'(G xp Vi) — T'(G xp V3) between sections of associated
vector bundles that can be locally identified with the Dirac operator in k variables
D : C*®(R™,S) — C=(R",CF ®S) described in [10].

On algebraic level, the differential operators correspond to homomorphisms
of generalized Verma modules. In [5], we described the structure of the generalized
Verma module homomorphisms dual to the differential operators that continue the
Dirac operator in k variables in case n is odd. In this article, we prove that one can

The research were supported by the grant MSM 0021620839.
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start with any higher spinor operator (including, e.g., Rarita-Schwinger operator
in many variables, studied by [3]) and the structure of these sequences will remain
similar. Further, we show that the generalized Verma module homomorphisms can
be summed up to form a linear complex. We assume that this complex is exact,
although the proof is not known yet.

1.2. Lie algebras and parabolic subalgebras

Let g be a semisimple Lie algebra, b a chosen Cartan subalgebra, ® a set of
positive roots and A a set of simple roots. The Borel algebra b is defined as
h @ by, where by is the span of all positive root spaces. A Lie subalgebra p C g is
called parabolic, if it contains b. Any such p induces a grading g = 69?27 x9: such
that p = Pr>09;. Further, any p is determined by a subset ¥ C A such that p
is the span of h, b and all negative root spaces g_4 such that ¢ is a nonnegative
integral combination of elements in A — ¥. Let as denote by PTT the set of
integral dominant weights, i.e., P** = {a € §*,V¢ € T a(Hy) € No}, where
Hy is the ¢-coroot (defined by Hy = 28/(,¢), where (,) is the Killing form
and ¢ € b is the dual of ¢ € h* via the Killing form). This is exactly the set
of highest weights of finite-dimensional irreducible g-modules. Similarly, define
Pt = {a € ;Y9 € A =% a(Hy) € No}. This is the set of highest weights
of irreducible finite-dimensional p-modules. Let § :=1/23 4+ ¢ be the “lowest
form”.

1.3. Homomorphisms of generalized Verma modules

Let U(g), U(p) and U(b) be the universal enveloping algebras of g, p, b. U(g)
is a left U(g)-module and a right ¢(b) module. For any o € h*, we define the
Verma module M (a) = U(g) @y(6) Ca—s, where C,_s = C is the one-dimensional
representation of b defined by h-c¢= (o —d)(h)cforh e h, c€ Co—s and b-¢ =0
for b € b,. Each highest weight module is a factor of a Verma module with the
same highest weight.

For each root ¢, we define the reflection s4 : h* — b*, « — a — a(Hy). The
Weyl group W of g is a finite group generated by all root reflections. The following
facts were proved by Bernstein-Gelfand-Gelfand and Verma in [1, 2, 13]

Theorem 1.1. Let u, A € b*. Each homomorphism M (u) — M(X) is injective and
dim(Hom(M (p), M (X)) < 1. Therefore, we can write M (pn) C M (X) in such case.

A nonzero homomorphism of Verma modules M (u) — M(X) exists if and
only if there exist weights A = Ao, A1,..., A\ = p so that \iy1 = sg,A\; for some
positive roots B; and N\;(Hg,) € N for all i. Equivalently, \; — \i—1 is a positive
integral multiple of some positive Toot for all i.

For a parabolic subgroup p C g and a p-module V with highest weight p — 9,
we define the generalized Verma module (further GVM)

My(V) :=U(g) @y V.



Complex of Differential Operators 153

Usually, V will be irreducible finite dimensional, i.e., u € Pp+ * 4+ 6 and in this
case, we write M, (p) := M,(V). GVM’s are highest weight modules and M, (u) ~
M (p)/K, where K is some submodule of M (x). Any homomorphism of Verma
modules M(v) — M(u) factors to a homomorphism M,(v) — M,(r) that is
called standard homomorphism. The following theorem can be used to show that
a standard homomorphism of GVM’s is nonzero:

Theorem 1.2. Let M(v) C M(u) be an inclusion of Verma modules and let h :
M,(v) — My(p) be the corresponding standard homomorphism of GVM’s. Then
h is zero if and only if there exists a simple root @« € A — X such that M(v) C
M(sap) C M(p).

A central character of U(g) is a homomorphism from the center Z(U(g)) of
the universal enveloping algebra to C. Each highest weight module admits a central
character, i.e., for each highest weight g-module V there exists ¢ : Z(U(g)) — C
such that Yo € VVu € Z(U(g)) v - v = ¢(u)v. Any homomorphisms of highest
weight modules preserves the central character and the Harris-Chandra theorem
states that central characters of M (v) and M (u) are the same if and only if x4 and
v are on the same orbit of the Weyl group ([9]).

2. Results on sequences of invariant operators starting with Dirac

2.1. Odd dimension

In this section, we will summarize the main results from [5, 6]. Let g = so(n+2k, C)
for some odd n. Choosing the convention of [8], we can represent elements of g
as matrices antisymmetric with respect to the anti-diagonal. We can choose the
Cartan subalgebra b to be the subalgebra of diagonal matrices and the standard
basis of h* to be {e1,...,€pym—1)/2}, Where

ei(diag(dlu d27 BERE dk+(n—1)/2a 0, _dk—‘r(n—l)/Qa EREE) _dl)) =d;.

Let A = {ai,...,Qu(n-1)/2} be the set of simple roots and p be a parabolic
subalgebra corresponding to ¥ = {ay}. The subalgebra p induces the grading

go g1 | 92
g= g-1| go | 91 )
g-—21|9-1| 80

the blocks having size k,n and k. The reductive subalgebra is go ~ gl(k,C) x
so(n,C). Let G = Spin(n + k, k) be the Lie group and P its parabolic sub-
group so that the complexified Lie algebra of P is p. Any finite-dimensional ir-
reducible P-module is a p-module (by the infinitesimal action) and any finite-
dimensional irreducible p-module can be given the structure of a P-module. They
are classified by highest weights and the set of (isomorphism classes of) irre-
ducible finite-dimensional P-modules is isomorphic to Pp+ *. The lowest form (in
the €;-basis) is 6 = [2((k + n) — 1)/2,...,3/2,1/2]. In the ¢;-basis, the Weyl
group is generated by transpositions, sign-transpositions ([...,a;,...,a;,...]
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[...,—aj,...,—a;...]) and sign-flip ([...,a;,...] — [...,—a;,...]). P-dominant
weights are [a1,...ag|b1,...,b,] such that a1 > a9 > -+ > ag, by > -+ > b, >0,
a; —aj € Z, b; —b; € Z and the b;’s are either all integers or all half-integers. Con-
sider the weight A = [(2k—1)/2,...,3/2,1/2|(n—1)/2,...,2,1]. Then A=§ € P,
and, as a g§°-module, the module with highest weight A — 0 Vy_5 > C® S is the
product of the trivial representation of sl(k) and the spinor representation of so(n).
The structure of GVM homomorphisms My (v) — M,()), where v, € P+
are on the Weyl group orbit of A, is described in the following theorem (proved
in [5]):

Theorem 2.1. There are 2% weights in S, = P,,Jr+ + 0N WA, each of them is of
the form [a1,...,ax|(n —1)/2,...,2,1], where (a1,...,ar) is a decreasing sign-
permutation of ((2k —1)/2,...,3/2,1/2). For k = 2, there exist nonzero standard
homomorphisms

1 1 1 1
My(l=5, =31 1) = Myll =51 ) = My((3,~31.- ) = M5, 51 )
(2.1)
and the composition of any two is zero. For k > 2, the set of weights can be
split into two subsets: S the set of weights [(2k —1)/2,...|...] and S? the set of
weights [...,—(2k—1)/2|...]. Leti,j : b 1 — bipn, lar, .. an—1]...] — [(2k—

1)/2,a1...,a5-1|...] and j : [a1,...,ap-1]...] — [a1...,ak-1,—(2k = 1)/2]..].
Then there exists a nonzero GVM homomorphism M,(i(v)) — M,(i(r)) (GVM’s
with highest weights +6 from S*) < there exists a nonzero GVM homomorphism
M,(v) — My(p) < there exists a nonzero GVM homomorphism M,(j(v)) —
My (§(p)). So, the structure of GVM homomorphisms between GVM’s from S*
(i.e., with highest weights +6 from S') is similar then the structure of GVM ho-
momorphisms between GVM’s for k — 1. The sets S, 82 can be naturally sub-
divided into S*t, S12, S% and S%2 (SY2, for ewample, is the set of weights
[(2k — 1/2,...,—(2k = 3)/2)|...]). For any v € b}, ,_,, there exists a nonzero
GVM homomorphism M, (jrir—1(v)) — My(ixjr—1(v)) (i.e., a homomorphism
connecting a GVM in S? with a GVM in S'). Each GVM homomorphisms on this
orbit is a composition of these.

The order of the dual differential operator is 1 for k = 1 (the Dirac operator),
2 for any homomorphism connecting a GVM in S* with a GVM in S? and the
others are determined inductively.

Graphically, the GVM homomorphisms have the structure show in Figure 1.
Figure 2 show Sy for k = 3,4 (the arrows go from down to up and from left to
right):

It is proved in [6] that the “top” homomorphism connecting M, () with the
neighbor GVM is dual to a differential operator I'(G xp V; _5) — I'(G xp V}_;)
so that, after identifying the local section in 0 = eP with vector-valued functions
on g_ and restricting to functions constant in g_o, the operator can be identified
with the Dirac operator in k variables (acting on R™, n odd), described in [10].
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52,1 51,2

[
52,2

FIGURE 1. Structure of the GVM homomorphisms.

A=1553230
[}
k=3 k=4 |
[}
|
e A= (334 S
| | .
.[ga%a_%l } & —— o b
| | I
Bh-fde—e Bhd] e —.
. ] |
Bobglde—e Bhld e —
| |
[éa_%7_g| ]. ¢
| |
[_%a %7 %| ]. hd

FIGURE 2. Sj for k = 3,4 (the arrows goes from
down to up and from left to right).

2.2. Even dimension

Let g = so(n+2k, C), n even. Similarly as before, we represent the elements of g as
matrices antisymmetric with respect to the antidiagonal, choose h to be the algebra
of diagonal matrices, p be a parabolic subalgebra corresponding to ¥ = {ay}, and
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{e;} the basis of h*, where
ei(diag(ay, ..., Qgpyn/2, —Qpin/2s-- -, —a1)) = G4

Let G = Spin(n + k, k) be the Lie group and P its parabolic subgroup, as
before. The lowest form is 6 = [(k +n) — 1,...,1,0]. In the ¢;-basis, the Weyl
group is generated by transpositions and sign-transpositions. P-dominant weights
are [a1,...,aglb1,...,by] such that a3 > ag > -+ > ag, by > -+ > byy >
|bnl, a; —a; € Z, b; —b; € Z and the b;’s are either all integers or all half-
integers. Consider the weight A = [(2k—1)/2,...,3/2,1/2|(2n—1)/2,...,3/2,1/2].
Then A — 6 € P;’ * and the situation is similar to the odd case. There exists a
homomorphism M,(pn) — M,(A) so that the dual differential operator may be
identified with the Dirac operator in k variables.

To describe the orbit, we have to distinguish the case n/2 > k (s.c. stable
range) and n/2 < k (non-stable range). If n/2 > k, then the Weyl orbit of the
weight A has a similar structure to that described in Theorem 2.1, only one must
write [...,|(2n —1)/2,...,3/2,4£1/2] instead of [...|(n —1)/2,...,2,1] in the ex-
pression of each weight. The structure of the GVM homomorphisms also seems
to be the same, although we have no proof for that; we only proved in [6] that
all the homomorphisms corresponding to first-order dual differential operators ex-
ist and the other homomorphisms are non-standard. For k = 2, the existence of
a nonzero nonstandard homomorphism M, ([1/2,—-3/2|..]) — M,(3/2,-1/2|..))
was proved in [7]. For higher k, however, it is only a conjecture that they all exist.

If n/2 < k, the situation becomes even more complicated, because the orbit
Wan PpJr * 4+ 6 contains more than 2* elements. For example, the situation of the
GVM homomorphisms (or dual differential operators) k = 3,n = 2 is pictured
in Figure 3. The “new” weights in the diagram correspond to representations of
P such that, as representation of G§* ~ Sl(k) x Spin(n) (its semisimple part),
they have a form V ® S, where S are no more spinors, but some higher spinor
representations.

3. Operators acting on higher spinor modules

3.1. Translation principle

Let G be a semisimple Lie group, P a parabolic subgroup, E an irreducible P-
module and W an irreducible G-module. As P-module (by restriction), W has a
filtration of P-modules

W=Ww,oW,_1D>---DW_

with composition factors W; = W; /W;_; that can be decomposed into irreducible
P-modules. Let as suppose that E®@ W; = @jEf is the decomposition into irre-
ducible P-modules. This exists, because the action of p™ on W; and E is trivial,
so it coincides with the Gy-module decomposition.
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FIGURE 3. Situation of the GVM homomorphisms (or
dual differential operators) k = 3,n = 2.

The following theorems are proved in [11]:

Theorem 3.1. If Ei has a central character x different from all the central char-
acters of Eg, for i" #i,5" # j, then the x-eigenspace of My(E @ W) is its direct
summand isomorphic to M,(E!).

Theorem 3.2. There exists a g-module isomorphismus My(E @ W) ~ M,(E) @ W
(the spaces are the same, but the actions of g different).

Let F be another P-module and FQW; = & JIE‘f . It follows immediately that if
E! has a central character y different from all other central characters of B/, , T} has
the same central character y and the central characters of all other F%, are different
from x, then the existence of a nonzero GVM homomorphism M, (E) — M, (F)

implies the existence of a nonzero GVM homomorphism M, (E!) — M, (F%).

3.2. Application

Let G = Spin(n + k, k) be the odd-dimensional spin group, P the parabolic subal-
gebra as in Section 2.1. Let W be the (complex) defining representation of G. As
P-module, it has the filtration

W_1CWoC W, =W, where W_; = {<§>}
0
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is s subspace of C"*2* having zero on k + 1, ..., (2k + n)th positions and

)

has zeros on last k positions. As representations of Gy (the reductive part of G), the
quotients are W_; = W_; ~ C*®C (tensor product of the defining representation
of GL(k) and the trivial representation of Spin(n)), Wo = Wy /W_; =~ C®C" and
W1 = Wl/WO ~ (C*)* @ C. In terms of highest weights, we can write W_; =
[1,0,...,000,...,0], Wy =10,...,0]1,0,...,0] and W, =[0,...,0,-1]0,...,0].

Lemma 3.3. Let A be the set of weights of W, the defining representation of G (i.e.,
of weights [0,...,0,£1,0,...]) and let V,, be an irreducible representation of Gy

with highest weight v. Then the tensor product V, ® W of Go-modules decomposes
multiplicity-free as

V, @ W~ ®rcoVh, where @Z(V+A)ﬂpgr+.
The proof follows from Klimyk formula, see [12], or [4] for details.

Theorem 3.4. Let (aq,... Q(n—1 /2) be a decreasing sequence of positive integers,
(b1,...,bx) be a decreasmg sequence of positive half-integers, let w1, 7o be permu-
tations of {1,...,k} and s1,...,8,81,...,8; € {1,—1}. Let as suppose that

(5107, (1), 8207, (2), - -+ Skbr () and  (31bry (1), S2bry(2)5 - - -5 Skbry (k)
are decreasing sequences. Further, let (c1,...,cp) = ((2k—1)/2,...,3/2,1/2).
Then there exists a nonzero GVM homomorphism
My ([s1br,(1)s - - Skbr (i lar, az - . . am—1)/2])
— My([31bry1)s - - - Skbmyiy a1, - - -, A(n—1)/2])

if and only if there exists a nonzero standard GVM homomorphism
Mp([slcm(l), ey Skcﬂ'l(lc)| ce ,2, 1]) — Mp([glcﬂ'z(l)7 ey §kcﬁ2(k)| ce ,2, 1])

Example. There exist a sequence of GVM homomorphisms

71 7 1 17
M, ( ~ 6, 3) — M, ( |6 3) — M, ( |6 3) — M, (—5,—§|6,3)7

analogously to (2.1).

Proof. Let b; + 1 be different from all other b}s, for some ¢ and let W be the
defining representation of G with composition factors W_;, Wy, W, as before. Let
v = [51br (1) -+ s Skbr (m)|C1s - -, E(n—1)/2] and " be the weight having £(b; + 1)
instead of +b; on the particular position. The numbers s1by, (1), -, Skbr (r) are
strictly decreasing, so interchanging b; with b; + 1 does not change this property
(if b; + 1 is different from all other b;’s). Therefore, v/ — § is P-dominant. It follows
from Lemma 3.3 that, in the Go-module decomposition of V,,_s;(W_; @WodW,),
the module V,/_s occurs with multiplicity one. We state that V,_s has different
central character from all other composition factors of V,, @ (W_1 & Wy & Wy).
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To see this, assume, for contradiction, that « € Pp+ T 4§ is another weight so that
Va—s is in the decomposition and has the same central character as V,/_s. This
means that the coordinate expression of « is a sign-permutation of the coordinates
of v and differs from v by +1 in exactly one coordinate. The coordinate £(b;+1) is
obtained either from +b; by adding +1, or from some =+by. In the first case, « = v/,
the second case is impossible, because by would be missing in the expression of
a. It follows from Theorems 3.1 and 3.2 that M,(v') is a direct summand of
M,(v) @ W.

The same argument shows that, for u = [§1b,,(1), - -+, Sxbryryle1, -+ -5 Cn—1)/2]
and p' having b, + 1 instead of b, on the particular position, M,(y') is a di-
rect summand of M, (u) ® W. Therefore, if there exist a nonzero homomorphism
M,(v) — My(p), there exists a nonzero homomorphism M,(v') — M,(y'). On
the other hand, an analogous argument then above with b, = (b; + 1) — 1 be-
ing different from all other b;, shows that the existence of a nonzero homo-
morphism M,(v") — M,(x'), implies the existence of a nonzero homomorphism
My (v) — My (p).

Starting with (dy,...,dr) = ((2k—1)/2,...,1/2), and increasing the b;’s, we
see by induction that a nonzero homomorphism

Mp(sldﬂ.l(l), ey Skdﬂ.l(k)| ey 2, 1) — Mp(gld,r2(1), ey §kdﬂ.2(k)| ey 2, 1)
exists if and only if there exists a nonzero homomorphism
.ZWp(Slbﬂ.l(l)7 ey Skbﬂ.l(k)| ey 2, 1) — Mp(§16ﬂ2(1)7 ey §kbﬂ.2(k)| ey 27 1)

for any decreasing sequence of positive half-integers (b1, ..., bg).

Fixing the b;’s, the same procedure can be done by increasing the integers
((n—1)/2,...,2,1) to any decreasing sequence of positive integers (a1,...,a¢,—1y/2)
and the theorem follows.

Choosing for example, the weight A = [(2k—1)/2,...,3/2,1/2|(n+1)/2, (n—
3)/2,(n—"5)/2,...,2,1], p=[(2k — 1)/2,...,3/2,-1/2|(n+1)/2,(n — 3)/2,(n —
5)/2,...,2,1], the dual differential operator to M,(n) — M,(A) maybe locally
identified with the Rarita-Schwinger operator in several variables described, e.g.,
in [3].

4. The complex of operators

4.1. The main theorem

In this section, we will prove that the GVM homomorphisms described above can
be chosen and the GVM’s can be summed up in such a way, so that the sequence
becomes a linear complex of homomorphisms. Because @;M,(V;) ~ M,(&V;), we
can dualize the homomorphisms and identify locally the dual differential operators
with an operator acting on functions defined on the vector space g_ with values in
@V}, Again, restricting to functions constant in g_», we expect this operators to
form a resolvent of the Dirac, Rarita-Schwinger resp. other operators in k variables.
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However, we will only prove that it forms a complex, the exactness leaving open
so far.

Let A =[(2k—-1)/2,...,3/2,1/2|(n—1)/2,...,2,1]. The structure of GVM
homomorphisms between GVM’s M, (), where p € WAN Pp+Jr + ¢ is described in
Theorem 2.1 in detail. M, (A) is on the “top” of the diagram (there exist M, (u) —
M, (X), but no M,(\) — M,(v)). Define the modules M; so that My := M,(\)
and M1 = @rerM,(v), where T' is the set of weights v having the following
properties:

a) there exists a nonzero standard GVM homomorphism M, (v) — M,(u) for
some f so that M, (u) is a direct summand in M; and

b) if there exists a sequence of nonzero GVM homomorphisms M,(v) —
M, (V') — M, (p), where p is like in a), then either v/ = v or v/ = p.

Ezample. For k = 3, M3 consists of the sum of two GVM’s (the homomorphisms
go from right to left, the dual differential operators from left to right):
M2 ]\4"3

MO Ml

My, Ms Mg

In this picture, the line from My to M7 represents a homomorphism M; =
M, (p) — My(N) = My that is dual to the Dirac operator in several variables, and
one line indicates that the dual differential operator is of first order.

Any choice of the standard GVM homomorphisms described in 2.1 (each of
the homomorphisms is unique only up to scalar) determines a linear sequence of

homomorphisms . .. ki My 4 My (if M; is a sum of more then one GVM’s as M3
in the picture, the homomorphisms leading in and out of the components of M;
sum up to d; and d;_1).

Theorem 4.1. The homomorphisms of GVM’s described in Theorem 2.1 can be
chosen in such a way, so that the associated sequence of homomorphisms {M;,d;}
described above is a complex.

Proof. The key ingredient is Lemma 1.2. For « € A — X, the action of s, on h*
interchanges 2 neighbor coordinates (but not kth and (k + 1)th) or the sign of
the last one. In case k = 2, s4,(3/2,1/2|...,2,1] = [1/2,3/2]...], Theorem 1.1
implies M([1/2,-3/2|...]) ¢ M([1/2,3/2]..]) and it follows from Lemma 1.2
that the standard map M, ([1/2,—-3/2|...]) — M,([3/2,1/2|..]) is zero (which is
the composition of the second and third homomorphism of (2.1)). Similarly, one
shows that the composition of the first and second homomorphism in (2.1) is zero.

Now assume, by induction, that the theorem is true for some k. Let Sy, S!, S2,
i, j be like in Theorem 2.1. Define the category M with objects {M,(v),v € Sy},
M with objects {M,(v),v € SZH}, j = 1,2 and the morphisms to be standard
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GVM homomorphisms. It follows from Theorem 2.1 that the functors ¢/ : M —

M defined by My(v) — M,y(i(v)) resp. My(v) — M,(j(v)) are isomorphisms

(they preserve the existence of a nonzero standard GVM homomorphism). Define
Mil = M; N EBMp(V)EMlMp(V) and ME = M; N @Mp(V)eMsz(V)'

Figure 4 shows the situation for k = 4.

& My = Mg
|

& My = M}

@
|

©,
|

M82 = Mg
|
Mg2 = M,

®

Ml=0

) | (M7 =0)
M7y = Mo ®

FIGURE 4.

The maps M,(v) — M,(i(v)) and M,(v) — M,(j(r)) can be extended
to M; — M} and M; — M? (although some MJ may be zero). By induction,
the homomorphisms between GVM’s from M can be chosen so that the associ-
ated homomorphisms d;d;1 : M1 — M;_ are zero. Because ¢/ are isomor-
phisms of categories, the homomorphisms between GVM’s in M0 can be chosen
in such a way, so that d/d}, , : M., — M | is zero, for j = 1,2. Assume that
these homomorphisms have been fixed. So, { M7, d?} are subcomplexes of {M;, d;},
ji=12.

Now, if M; = M}, then M; is a sum of GVM’s with highest weights +d
from S'. So, M;_1 and M;_5 have the same property, because there is no GVM
homomorphism M,(v) — My(u),v € S',u € S So, in this case, d;_1d; is
zero. Similarly, if M; = M?, then M,,; and M,,5 have the same property and
dit1dire = d12+1d12+2 =0.

It remains to fix the “connecting homomorphisms”, i.e., homomorphisms
M,(v) — My(p) with v € S?,u € S (in the above picture, these are the 4
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middle-homomorphisms). Let v € %!, M, (v) € M,. We know that there exists a
nonzero homomorphisms M, (v) — M, (u), where u € S™2. Consider a homomor-
phism M () — M, (8), where M,(5) € M;_». There are two possibilities: either
Be SHt or e 82,

Case A. First let 3 € SU'!. This implies that there exists a homomorphisms from
My (w), p € SH2 to My(B), 8 € S! and hence p € S, g € S1:12. This means
that
v =2k —3)/2,(2k —5)/2,a1,. .., aps,—(2k — 1)/2|.
w=1[2k—-1)/2,(2k—5)/2,a1,...,a5—3,—(2k — 3)/2]|.
B8=1[2k—-1)/2,(2k—3)/2,a1,...,a5-3,—(2k —5)/2|...].
In such case, choosing any nonzero standard homomorphism [ : M, (v) — M,(u),
the composition My(v) — My(u) — My(B) is zero, because so,[ = [(2k —
3)/2,(2k — 1)/2,...,—(2k — 5)/2|...] and M(v) C M(Sq,3) by Theorem 1.1
(v = 5ySa, 0, where s, sign-interchanges the (2k — 5)/2 and (2k — 1)/2). So,
Lemma 1.2 implies that the composition is zero.

.,
]

)

Case B. The second case is 8 € S12, as well as 1. We have already fixed a standard
homomorphisms & : M,(u) — M,y(B). The condicion 3 € S'? implies that 3 is of
the form

ﬂ = [(2k - 1)/27 ais...,0k-2, _(Zk - 3)/2| . ']7
and

p=1[(2k —1)/2,by,... by, —(2k — 3)/2|.. ],

v =[(2k —3)/2,b1,... bz, —(2k —1)/2| .. ],
where (b1,...,bg—2) differs from (a1,...,ax—2) by a (sign)-inversion (a;,a;) —
((=)aj, (=)a;). Let sy be the root reflection so that s,3 = p. Then for the weight

V= sov = [(2k —3), a1, ... ap_2, —(2k —1)/2].. ]

we see v/ € S?! and Theorem 2.1 implies that there exist a nonzero standard
homomorphism n : M,(v) — M,(v') and a nonzero standard homomorphism
m : My(v') — My(0). So, we have the following square of standard GVM homo-
morphisms:

M, (V) > M, (B)

] Tk

Mp(v) T’ My ()

Now, we want to prove that the homomorphisms [,n can be chosen so that
{M;,d;} is a complex. The necessary and sufficient condition is that the restriction
of d;_1d; to any direct summand M, (v) of M; is zero. This happens if and only if
the projection of the image of the restriction of d;—1d;| s, () to each My () (direct
summand of M;_5) is zero.
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Let ip be the smallest integer so that M; # M} and let M,(v) e M;,v e 52,
This v is unique, namely

v=[(2k—3)/2,...,3/2,1/2,—(2k — 1)/2)|.. ]

and there is only one standard homomorphism M, (v) — M,(p) for u € S*, namely
for
p=1[2k—1)/2,...,3/2,1/2,—(2k—3)/2| .. ].

For any standard homomorphism M, (n) — M,(8), where My(3) € M} _,, 8
has to be in S1! (case A) and the composition M,(v) — M,(3) is zero. So, we
may choose the homomorphism M, (v) — M,(p) to be arbitrary nonzero and
dio—ldio =0.

Let as suppose, by further induction, that for i = ig,i0+ 1,...,70+s—1, all
the “connecting homomorphisms” M, (v) — M, (1) have been fixed for any v € 52,
pu € S, M,(v) being a direct summand of M; and M,(u) a direct summand of
M;_1, so that d;_1d; = 0. Now, let j = ig +s, v € S?, p € S! M, (v) be a direct
summand of M; and M, (u) a direct summand of M;_; so that there exist a nonzero
standard homomorphism [ : M, (v) — M,(u). Such a p is unique (¢ = syv, where
s sign-interchanges the (2k —1)/2 and (2k — 3)/2 on the 1st and kth positions).
Let k : My(u) — My(B) be a standard homomorphism, 3 € S%2, M,(3) being
a direct summand of M;_o. This is the situation of “case B” and we know that
there exists n : My (v) — M, (V') and m : M,(v') — M,(8), My(v') being a direct
summand of M;_;. The homomorphism m have been already fixed, by induction.
Because a standard homomorphism M, (v) — M, (5) is determined uniquely up to
a scalar, it follows that we can choose the homomorphisms [ : M, (v) — M, (u) so
that the compositions kol and mon cancel. In other words, the M, (/3)-component
of the image of the restriction of d;_1d; to M,(v) is zero. Similarly, if § € Sbt
then the composition M,(v) — M, () vanishes (Case A). So, the restriction of
di—1d; to any such M, (v) is zero. The restriction of d;_1d; on My(vy) for v € S is
zero, as { M}, d}} is a subcomplex of {M;,d;}. So, d;—1d; = 0.

In this way, we fix all the homomorphisms M, (v) — M, (u), v € S%, u € S*.

Let further £ € 5?2 so that there exist nonzero M, (§) — M, (v) and M, (v) —
My(p), v € S21 1€ SY2. In this case, Lemma 1.2 implies that the composition
M, (&) — My(n) is zero, similarly as in “case A”. So, the restriction of d;_1d; to
any M,(v) is zero and the result follows. O

Again, the translation principle described in Section 3 can be applied to the
complex just constructed. Dualizing this, we obtain the complex of G-invariant
differential operators I'(G x p V1) — I'(G xp V3) — I'(G xp V3) — - - - such that,
as a G§° ~ Sl(k) x Spin(n)-module, V; = T1 ® U where T may be any irreducible
finite-dimensional representation of Sl(k) and U may be any higher spinor repre-
sentation of Spin(n), i.e., a representation with highest weight [a1, ..., a@—1)/2]
such that all the a;’s are half-integers. It follows from the construction that all the
modules V; are of the form T; ® U where T; is a representation of Sl(k) and the
“spinor part” U does not change.
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Abstract. In this paper we survey a series of recent developments in the the-
ory of functions of a hypercomplex variable. The central idea underlying these
developments consists in requiring a function to be holomorphic on suitable
slices of the space on which the function itself is defined. Specifically, we
apply this approach to functions defined on the space H of quaternions, on
the space O of octonions, and finally on the Clifford algebra of type (0, 3),
denoted C1(0,3). The properties of these functions resemble those of holomor-
phic functions, and yet the different nature of the three algebras on which we
work introduces new and exciting phenomena.
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1. Introduction

In the last couple of years, the authors developed a new theory of regularity for
functions defined on the algebras of quaternions and octonions, as well as on an
eight-dimensional Clifford algebra, [17, 18, 19, 20]. The new definition of regularity
is quite simple: it only requires holomorphicity on complex slices of the algebra
under consideration. Despite its simplicity, the theory ends up being quite powerful
in replicating the fundamental results of the theory of holomorphic functions of
a complex variable. More importantly, polynomial functions as well as convergent
power series can be treated in this setting, unlike what happens in the usual
theories of monogenic and Fueter-regular functions. This aspect of the theory is
quite relevant because it can be applied to the study of a functional calculus in a
non-commutative setting, [3, 4, 5, 6]. In this survey paper, we highlight in a unified

This work was partially supported by GNSAGA of the INdAAM and by PRIN “Proprieta geo-
metriche delle varieta reali e complesse” and “Geometria Differenziale e Analisi Globale” of the
MIUR.
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fashion the fundamental ideas of the theory, and we anticipate a few results which
have not been published yet. We want to thank the anonymous referee, whose
comments have significantly improved the final version of this paper.

2. Hamilton, Cayley and Clifford algebras

It is very rare, in mathematics, to have a clear and explicit description of the birth
and the origin of a new theory: in most cases, in fact, it is even difficult to identify
a date which could be taken as its birthday. Luckily, the situation is different for
the birth of the theory of quaternions as well as for the theory of octonions'.

Sir William R. Hamilton was looking for ways of extending complex numbers
(which can be viewed as points on the 2-dimensional Gauss plane) to higher spatial
dimensions. He could not do so for dimension 3, and in fact it was later shown
by Frobenius that this task is actually impossible: the only associative division
algebras which are finite dimensional over the real numbers are the real numbers
R, the complex numbers C and the non-commutative algebra H of quaternions or
Hamilton numbers. Furthermore, the only non-associative division algebra which
is finite dimensional over the real numbers is the algebra O of octonions or Cayley
numbers (see, e.g., [1, 22]). Eventually Hamilton tried dimension 4 and created

quaternions?.

1) Extract from a letter from Sir W.R. Hamilton to Professor P.G. Tait.
Letter dated October 15, 1858.

. P.S. — To-morrow will be the 15th birthday of the Quaternions. They started into life,
or light, full grown, on [Monday| the 16th of October, 1843, as I was walking with Lady
Hamilton to Dublin, and came up to Brougham Bridge, which my boys have since called the
Quaternion Bridge. That is to say, I then and there felt the galvanic circuit of thought close;
and the sparks which fell from it were the fundamental equations between 1, j, k; exactly such
as I have used them ever since. I pulled out on the spot a pocket-book, which still exists,
and made an entry, on which, at the very moment, I felt that it might be worth my while
to expend the labour of at least ten (or it might be fifteen) years to come. But then it is
fair to say that this was because I felt a problem to have been at that moment solved — an
intellectual want relieved — which had haunted me for at least fifteen years before.

Less than an hour elapsed before I had asked and obtained leave of the Council of the
Royal Irish Academy, of which Society I was, at that time, the President — to read at the next
General Meeting a Paper on Quaternions; which I accordingly did, on November 13, 1843.

Some of those early communications of mine to the Academy may still have some interest
for a person like you, who has since so well studied my volume, which was not published for
ten years afterwards.

In the meantime, will you not do honour to the birthday to-morrow, in an extra cup of
— ink? for it may be obsolete now to propose XXX, or even XYZ.

Note: Robert P. Graves notes in his biography of Hamilton that ‘Brougham Bridge’, referred
to by Hamilton in his letters regarding the discovery of quaternions, is properly referred to as
Broome Bridge: so called from the name of a family residing near.

Source: [23]
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2) According to Hamilton, on October 16 he was out walking along the Royal Canal in Dublin
with his wife when the solution in the form of the equation

2 =2 =k =ijk=—1 1

suddenly occurred to him; Hamilton then promptly carved this equation into the side of the
nearby Broom Bridge (which Hamilton called Brougham Bridge). Since 1989, the National
University of Ireland, Maynooth has organized a pilgrimage, where mathematicians take a
walk from Dunsink observatory to the bridge where, unfortunately, no trace of the carving
remains, though a stone plaque does commemorate the discovery.

Letter from Sir W.R. Hamilton to Rev. Archibald H. Hamilton.
Letter dated August 5, 1865.

My dear Archibald — (1) I had been wishing for an occasion of corresponding a little with
you on QUATERNIONS: and such now presents itself, by your mentioning in your note of
yesterday, received this morning, that you “have been reflecting on several points connected
with them” (the quaternions), “particularly on the Multiplication of Vectors.” (2) No more
important, or indeed fundamental question, in the whole Theory of Quaternions, can be
proposed than that which thus inquires What is such MULTIPLICATION? What are its
Rules, its Objects, its Results? What Analogies exist between it and other Operations, which
have received the same general Name? And finally, what is (if any) its Utility? (3) If I may be
allowed to speak of myself in connection with the subject, I might do so in a way which would
bring you in, by referring to an ante-quaternionic time, when you were a mere child, but had
caught from me the conception of a Vector, as represented by a Triplet: and indeed I happen
to be able to put the finger of memory upon the year and month — October, 1843 — when
having recently returned from visits to Cork and Parsonstown, connected with a meeting
of the British Association, the desire to discover the laws of the multiplication referred to
regained with me a certain strength and earnestness, which had for years been dormant, but
was then on the point of being gratified, and was occasionally talked of with you. Every
morning in the early part of the above-cited month, on my coming down to breakfast, your
(then) little brother William Edwin, and yourself, used to ask me, “Well, Papa, can you
multiply triplets”? Whereto I was always obliged to reply, with a sad shake of the head: “No,
I can only add and subtract them.” (4) But on the 16th day of the same month — which
happened to be a Monday, and a Council day of the Royal Irish Academy — I was walking in
to attend and preside, and your mother was walking with me, along the Royal Canal, to which
she had perhaps driven; and although she talked with me now and then, yet an under-current
of thought was going on in my mind, which gave at last a result, whereof it is not too much
to say that I felt at once the importance. An electric circuit seemed to close; and a spark
flashed forth, the herald (as I foresaw, immediately) of many long years to come of definitely
directed thought and work, by myself if spared, and at all events on the part of others, if
I should even be allowed to live long enough distinctly to communicate the discovery. Nor
could I resist the impulse — unphilosophical as it may have been — to cut with a knife on a
stone of Brougham Bridge, as we passed it, the fundamental formula with the symbols, i, j, k;
namely, i2 = j2 = k2 = ijk = —1 which contains the Solution of the Problem, but of course,
as an inscription, has long since mouldered away. A more durable notice remains, however,
on the Council Books of the Academy for that day (October 16th, 1843), which records the
fact, that I then asked for and obtained leave to read a Paper on Quaternions, at the First
General Meeting of the session: which reading took place accordingly, on Monday the 13th of
the November following. With this quaternion of paragraphs I close this letter I.; but I hope
to follow it up very shortly with another.

Your affectionate father, William Rowan HAMILTON.
Source: [23]
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The quaternions are of the form ¢ = x¢ + i1 + jzo + kxs where the x; are
real (I =0,...,3), and 4, j, k, are imaginary units (i.e., their square equals —1)
such that, according to (1), ij = —ji = k, jk = —kj =4, and ki = —ik = j. In this
way, H can be considered as a vector space over the real numbers of dimension 4.
Notice that a generic element ¢ of H can be written as

q = (zo + 217) + (22 + 231)7, (2)

a fact that allows an identification of H with pairs of complex numbers, each in
R + R¢; this split H = C + Cj will play a crucial role in the next section.

We quoted explicitly from Hamilton’s letters to P.G. Tait (dated October 15,
1858) and to his son A.H.Hamilton (dated August 5, 1865), but an even more im-
portant correspondence took place on October 17, 1843, when Hamilton described
his discovery of quaternions to his good friend John T. Graves [24]. As Baez points
out in [1], it was Graves’ interest in algebra that stimulated some of Hamilton’s
own work in this direction. Soon after Hamilton discovered the quaternions, Graves
developed his own theory of octonions (which he called octaves and described in
a letter to Hamilton, dated December 26, 1843). Interestingly enough, octonions
are now associated to the name of Cayley, because Graves did not publish his
discovery, while Cayley did in March, 1845.

The algebra O of octonions can be described in a similar way to what we
have done for quaternions. Consider a basis £ = {eg = 1,e1,...,¢eq,e7} of R® and
relations

€aes = —0ap + Vapyey, o, B,v=12,...,7

where dop is the Kronecker delta and tap, equals 1 when («, 3,7) is one of the
following combinations

(1,2,3),(1,4,5),(2,4,6),(3,4,7),(2,5,7),(1,6,7), (5,3,6),
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it is totally antisymmetric in «, 3,7, and it equals 0 in the remaining cases. The
generic element of O can be written as

w =g+ T1€1 + -+ T7€7.

but one can show that (1, e1, ea, e1e2) form a basis for a subalgebra of O isomorphic
to the algebra H of quaternions. In fact we have the decomposition

O = (R+Req) + (R+Rey)es + [(R+Req) + (R + Rey)eses
=C+ Ces + (C + Cez)eqy = H + Hey. (3)

Given a generic element w of H or @ we define in a natural fashion its conjugate
W=1mzg— Y Tpeg, and its square norm |w|? = ww = Y z7.
E>1 k>0

The following is immediate and yet important:

Proposition 2.1. For any non-real quaternion or octonion w, there exist, and are
unique, x,y € R with y > 0, and an imaginary unit I, such that w = x + yl,,.

Definition 2.2. Given any imaginary unit I, the set R 4+ RI will be denoted by Ly.

Notice that after identifying the imaginary unit I, in H or in Q@ with the
imaginary unit ¢ of C, the set Ly, may be considered as a complex plane in H or
O passing through 0,1 and w. In this way both H and O can be obtained as an
infinite union of complex planes (which will be also called slices). Now, let CI(0, 3)
denote the real Clifford algebra of signature (0, 3). This algebra can be defined as
follows (see [8] for this and other related definitions): let E = {e1,e2,e3} be the
canonical orthonormal basis for R? with defining relations eiej +eje; = —20;5. An
element of the Clifford algebra C1(0,3) can be written in a unique way as

w = X9 + T1€1 + T2ez + XT3e3 + Ti2€1€2 + T13€1€3 + Toz€2e3 + T123€1€2€3

where the coefficients x;, x;, x;;, are real numbers. Thus, we see that C1(0,3) is
an eight-dimensional real space, endowed with a natural multiplicative structure.
Notice that the square of each unit e;, e;e; is —1, while the square of e;ezes is 1. For
this reason, the element e;eqe3 is often referred to as a pseudoscalar. Therefore it is
appropriate to define the set of Clifford real numbers as R = {w = xg+x123€1€2€3}
and the set of Clifford imaginary numbers as 7 = {w = z1e; + z2e2 + x3e3 +
x12€1ea+T13e1€3+Ta3e0e3 . With these definitions, we can decompose any element
w of C1(0,3) as the sum of an element in R, its real part Re(w), and an element
in Z, its imaginary part Im(w).

Let A denote any of the algebras C, H, O, CI(0, 3). For each of these algebras,
we can define the set of roots of —1 as Sy = {w € A : w? = —1}. This set will be
referred to as the sphere of imaginary units of A. A second set of interest is what
we call the unit imaginary sphere, namely Uy = {w € A : Re(w) = 0, [Im(w)| = 1}.
The identity between S, and Uy which holds for A = C, H, O can be easily verified
(see [17, 18, 19]) and implies that S¢, Sy and Sg are, respectively, O-dimensional,
2-dimensional and 6-dimensional spheres.
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On the other hand (see [20]), an element w = xg + x1€; + xaea + z3e3 +
T12€1es + T13€1€3 + Tazeges + wiazerezes in C1(0,3) belongs to S¢y g3y if and only
if it belongs to Ucy(,3) and its coordinates satisfy

T1T93 — Taw13 + x3w12 = 0.

Moreover, it turns out that the set of w € C1(0,3) such that w? = 1 reduces to
w = +1 and w = Fejeqes.

If one were to attempt to replicate proposition 2.1 in the Clifford algebra
C1(0,3), one would need to be able to write every element w of CI(0, 3) as the sum
of a Clifford real number and the product of an element of S¢y(g,3) by a Clifford
real number, namely

w = (o + Beyeges) + I(y + dereses)
where «, 3,7,0 are real numbers and I € S¢y(g,3). This is not always possible.
Indeed, denote by U the set of all Clifford numbers w = xg + x1€1 + z2es +

x3es + x12e1e9 + Ti3e1es + Tageses + Tiagerezes in CU(0,3) such that w € R or
(21,29, 23) # (223, —T13,212). In [20] we proved

Proposition 2.3. Let w € CI(0,3). There exist I € S¢yo,3) and o, 3,7,0 € R
such that w = («a + Pereses) + I(y + derezes) if and only if w € U. The above
representation is unique up to substituting (I,,9) by —(I,~,0) or £(Iejezes, d,7).

3. Regular functions

Since the beginning of last century, mathematicians have been interested in creat-
ing a theory of quaternion-valued functions of a quaternionic variable, which would
somehow resemble the classical theory of holomorphic functions of one complex
variable. The simplest extension, namely the request for a quaternionic function
to have a quaternionic derivative, fails to be of any interest since (see [41])

Proposition 3.1. Let Q) be a simply-connected domain in H and let f : Q — H. If
for any qo € Q2

lim (¢ — o)~ (f(q) — f(q0))

a—qo
exists in H, then necessarily f(q) = ga+ b for some a,b € H. If for any qo € Q

Tim (£(0) ~ f(0)(a — )"
exists in H, then necessarily f(q) = ag+b for some a,b € H.

Another quite natural approach could be to consider the class of functions which
admit (local) series expansions of the form

> ma(q— q),

with m(q) finite sum of monomials of the type ag-q- a1 ...as—1-q - as.
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But if ¢ = xg 4+ ix1 + jxo + kxs, then it is very easy to verify that zo =
(¢ —1iqi — jqj — kak), x1 = 3;(q — iqi + jqj + kqk), v2 = 55(q + iqi — jqj + kqk),
T3 = ﬁ(q +1qi + jqj — kqk), so that the class of maps considered coincides with
the class of real analytic maps of R* in R*.
In the 1930s, Fueter (see [12, 13]) introduced the differential operator

o_1(o ,0 .0 .0
97 A \0zy | 0z T0ms | Oxs

N

now known as the Cauchy—Fueter operator and defined the space of regular func-
tions as the space of solutions of the equation associated to this operator. This
theory of regular functions is very well developed, in many different directions,
and we refer the reader to [41] for the basic features of these functions.

For more recent work in this area we refer the reader to [8, 27, 32, 33] and ref-
erences therein. Furthermore, an analogue to the Cauchy—Fueter operator, called
the Dirac operator, has been defined in Clifford algebras (see [8]); in this environ-
ment, any solution of the Dirac operator is known as a monogenic function. Fueter’s
Theorem [12] gives a method for constructing a regular function of a quaternion
variable from an analytic function of one complex variable. Fueter’s Theorem and
its generalizations to higher dimensions and to the case of monogenic functions
are deducible from the results contained in [36].

While the theory of Fueter-regular functions is extremely successful in repli-
cating many important properties of holomorphic functions (and not only in one
variable, see [8]), even the simplest quaternionic polynomials fail to be regular in
the sense of Fueter. Another unexpected consequence in the definition of regular
functions in the sense of Fueter is that their zero-sets can vary a lot and have real
dimension zero, one, two or four (see [41]).

A first step towards a different definition was taken by Cullen in [11] on the
basis of the notion of intrinsic functions as developed in [37]. This definition has

o0
the advantage that polynomials and even power series of the form +§: w"a,, are
regular in this sense. "
Polynomials and power series of a quaternionic variable also belong to the
interesting class of holomorphic functions over quaternions, which was defined
by Fueter [12] and more recently generalized and developed by Laville and Ra-
madanoff (see [29], [30]), who studied the theory of holomorphic Cliffordian func-
tions. It turns out that the set of Cullen regular functions and the set of Fueter reg-
ular functions, strictly contained in the set of holomorphic functions over quater-
nions, do not coincide.
Cullen regular functions are also closely related to a class of functions of
the reduced quaternionic variable x¢ + ix; + jza, studied by Leutwiler in [31].
This class consists of all the solutions of a generalized Cauchy—Riemann system of
equations, it contains the natural polynomials, and supports the series expansion
of its elements as well.
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Following the idea of Cullen [11] two of us were inspired to give the following
definition (see [17, 18, 19]):

Definition 3.2. Let K be either H or Q. If Q) is a domain in K, a real differentiable
function f: Q — K is said to be Cullen-regular if, for every I € Sk, its restriction
fr to the complex line Ly = R + RI passing through the origin and containing 1
and I is holomorphic on QN Ly.

Throughout the paper, since no confusion can arise, we will refer to Cullen-
regular functions as regular functions tout court. Note that in our most recent
work we have used the expression slice regular instead.

In the spirit of Gateaux, a notion of I-derivative is defined as follows:

Definition 3.3. Let Q be a domain in K and let f: Q — K be a real differentiable
function. For any I € Sk and any point ¢ = x+yl in Q (x and y are real numbers
here) we define the I-derivative of f at q as

1[0 0
Di=_(2 1% I
Orf(z +yl) 2((% ay)ff(I—HJ)

The definition of regularity extends to the case of C1(0, 3) as follows (see [20]).

Recall that U = {w = xo + x1€1 + x2e2 + T3€3 + T12€1€2 + T13€1€3 + Tazeaes +
x123€1€2e3 in C1(0,3) such that w € R or (z1,x2,x3) # (x5, —213, T12) }-

Definition 3.4. Let Q be a domain in U. A real differentiable function f : Q —
Cl1(0,3) is said to be regular if, for every I € Scy,3), its restriction fr to the
four-dimensional plane Ly = R+ 1R = {(t1 +tze1e2e3) + I(t3+tse1eaes)} passing
through the origin and containing 1 and I satisfies, on XN Ly, the system

2Dy fr := (di2 + Idsa) fr =0, (4)

where d;; = dy;i,; indicates the (real) differential with respect to the variables t;
and t;.

Fix I € S¢y(o,3) and let K = Iejezez. Each w € Ly = Lk can be represented
in the following two ways
w = (tl + t2€1€2€3) + I(tg + t4€1€2€3) = (tl + Itg) + (tz =+ It4)€1€2€3
w = (tl + t2€1€2€3) + K(t4 + t3€1€2€3) = (tl + Kt4) + (tQ + Kt3)61€2€3. (5)
Chosen J € S¢y(g,3), we can represent f; = fr (see [20]) either as
fr = (foo + forerezes) + I(fio + fi1eirezes)
+ [(goo + gore1ezes) + I(g10 + gr1e1ezes)]J

= (foo + I fi0) + (for + L f11)erezes + [(goo + 1g10) + (go1 + Ig11)erezes]J
= F() + F1€1€2€3 + (Go + G1€1€2€3)J (6)
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or as
Jx = (foo + forerezes) + K(fi1 + fioeiezes)
+ [(goo0 + gore1ezes) + K (g11 + groeiezes)]J
= (foo + K f11) + (for + K fi0)erezes + [(goo + K g11) + (go1 + K gio)ereaes] ]
= My + Miejezes + (No + Niejezes)d. (7)
The previous equations imply that 2Dy f; = (d12 + Idss) fr = 0 if, and only if,

d12 foo = dsa fio di2for = dzafin
di2 fi0 = —dsa foo di2f11 = —dsafor

(8)
dlzgoo = d34910 d12901 = d34911
d12910 = —d34900 d12911 = —d34901
and 2Dk fx = (dlg + Kd43)fK = 0 if, and only if,
dy2 foo = das f11 dy2for = das fio
di2f11 = —das foo di2fi0 = —das for (©)

dlzgoo = d43911 d12901 = d43910
d12911 = —da3900 d12910 = —da3go:.

The two-dimensional Cauchy—Riemann systems (8) and (9) are compatible (i.e.,
they share solutions) and it turns out that the set of regular functions is not empty
(see [20]).

We conclude this section recalling the following representations of fr, which
derive from the geometric properties of imaginary units shown in the first section.
We will often refer to these results as the Splitting Lemmas (see [17, 18, 19]).
Lemma 3.5. If f is a reqular function on Q C K, then for every I; € Sk

1. if K = H, for any J € Su, J L I, there exist two holomorphic functions

F.G:QN Ly — Lj, such that

f1,(2) = F(z) + G(2)J;
2. if K=0 and I, Iy € Sg are properly chosen, (see [18]), then there exist four
holomorphic functions F1, Fo,G1,Go : QN Ly, — Ly, such that
f1(2) = F1(2) + Fa(2) 12 + (G1(2) + Ga(2)12)14.

In the case of CI(0,3) we have (see [20])

Lemma 3.6. Let Q be a domain in U C CI(0,3) and let [ be regular in Q. Fix
I € Scio,3), set K = Iejeges. According to equations (5), each w € Ly = Ly
can be represented as w = z1 + zoeieses with z1,20 € R+ IR ~ C and as w =
(1 + (oere0es with (1,0 € R+ KR ~ C.

Chosen J € Scy,3) there exist Fy, F'1,Go, G1 holomorphic in (z1,22) and
My, My, No, N1 holomorphic in (¢1,C2) (see [20]) such that
f1 = Fo+Fiereses+(Go+Grerezes)] = Mo+ Miejezes+(No+ Nierezes)J = fr

as in equations (6) and (7).
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4. Power series and series expansions for regular functions

Given a € K, the basic monomial w™a defines a regular function in K according to
Definition 3.2. Since the sum of regular functions is regular, we immediately have
that polynomials with coefficients in K on the right side are regular. Moreover,
since convergence of power series is uniform on compact sets, it turns out that

“+oo
power series Y. w™a, with coefficients in K are also regular in their domain of
n=0

convergence, which proves to be a ball B(0,R) = {w € K : |w| < R}. The
following result is proven in [19]:

Theorem 4.1. A function f: B = B(0,R) — K is regular if, and only if, it has a
series expansion of the form

+oo o
fla)=>" qn%(a—xf(o)

converging in B. In particular if f is reqular then it is C*> in B.

Recall that (see [20]) for an arbitrary point w in U, there exist I € S¢yo,3)
and z1, z90 € R+ IR such that w = z1 + 2z9e1e0e3. With this in mind, we can state
the analogue of Theorem 4.1 in CI(0, 3).

Theorem 4.2. Let f be a regular function in U. For each choice of I € S¢y(o,3) and
for all z1,z0 € R+ IR we have

o™t f(0)
02m9z8

f(z1 4+ z0e1e9e3) = Z 272y

m,neN

The power series expansion which we have obtained for regular functions is
the key ingredient in proving the analogues of many well-known results of holo-
morphic functions in one complex variable. For this reason, in what follows we
will always restrict our attention to functions which are regular in a ball B(0, R)
centered at the origin of K (K =H or K = Q).

Remark 4.3. The forthcoming book [7] will study reqular quaternionic functions on
the larger class of slice domains, namely those domains  C H such that QNR is
non-empty and, for any I € S, Ly N is a domain in Lj.

5. Cauchy formula and related results

We will now list some interesting results for regular functions. The proofs, which
are contained in [18, 19], mainly involve the Splitting Lemmas and techniques
which are imported from the theory of holomorphic functions of one complex
variable. The notations are the same as in the previous sections. We begin with
this version of the identity principle.
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Theorem 5.1. Let [ and g be regular functions on B = B(0, R). If there exists
I € Sk such that f = g on a subset of Ly (B having an accumulation point in
LN B, then f =g in B.

The following versions of the mean value property and the maximum modulus
principle hold for regular functions.

Proposition 5.2. If f : B = B(0,R) — K is a regular function, I € Sk and
a € BN Ly, then, for any r > 0 small enough,

f(a):% )

Theorem 5.3. Let f : B = B(0, R) — K be a reqular function. If | f| has a mazimum
at a € B, then f is constant in B.

1 2w
fr(a+rel?y dv.

Perhaps the most important consequence of the Splitting Lemma 3.5 is the
analogue, for regular functions, of the Cauchy representation formula. In order to
state it appropriately, we will adopt the following notation. If w € K, we set

Im(w)
I, = ¢ [Im(w)]
any element of Sk otherwise.

Notice that for any ¢ € Lz, , ¢ # w the equality (( —w)~td¢ = d¢(¢ —w)~* holds.
We can now state this integral representation formula for regular functions.

Theorem 5.4. Let f : B = B(0,R) — K be a regular function, and let w € B.

Then ) %
=g | 1«
(w) 21ly Jon,, o (€ —w) ©)
where ¢ € Ly, (B, and where r > 0 is such that
Ar, (0,7) = {z+yl, : 2* +y* <r?}

is contained in B and w € Ay, (0,7).

w

As a consequence we obtain:

Theorem 5.5 (Cauchy estimates). Let f: B = B(0,R) — K be a regular function,
letr < R, I €Sk, and OA[(0,7) = {(z+yl) : 2*+y? = r?}. If M = max{|f(w)] :
w € 0A1(0,7)} and if M = inf{Mj : I € Sk} then, for alln >0,

n! | dzn -

We now state the analogue of the Liouville theorem.

Theorem 5.6. Let f : K — K be an entire reqular map (i.e., a reqular map defined
and regular everywhere on K). If f is bounded, i.e., there exists a positive number
M such that |f(w)| < M for all w € K, then f is constant.
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We close this section with this version of Morera’s theorem.

Theorem 5.7. Let f : B = B(0,R) — K be a differentiable function. If, for every
I € Sk, the differential form f(z)dz,z = z + yl,z,y € R, defined on L (B is
closed, then the function f is regular.

6. The Schwarz lemma of the unit ball and its boundary
generalizations

Before focussing our attention on other peculiar properties of regular functions,
we want to devote this section to some rigidity properties shared by regular and
holomorphic functions (see — for the holomorphic case —, e.g., [2, 26, 34, 42]; for
the regular case we refer to [21]).

We begin by stating an analogue of the classical Schwarz lemma for regular
functions: its proof (see [18, 19]) is not a consequence of the Splitting Lemmas. The
argument relies upon the fact that a regular function has a power series expansion.

Theorem 6.1. Let B(0,1) = {w € K : |w| < 1}. If f: B(0,1) — B(0,1) is a
regular function such that f(0) = 0. Then for every w € B,

[f (w)] < fw] (10)

and
If'(0)] < 1. (11)

The statement of Theorem 6.1 with equality in (11) can be considered as a
Cartan-type result (see [43]) for regular functions in the ball B(0, 1). Generalizing
it to the case of a generic fixed point wy € B(0,1) is not easy. First of all, Moebius
transformations (in the sense of [25]) are not regular in general: in [18, 19] we
proved that

Proposition 6.2. For any wg € B(0,1) \ R, the map n defined by
n(w) = (w —wo)(1 — wWow) ™
is a diffeomorphism of B(0,1) onto itself but it is not regular.

This problem is addressed, in the case of quaternions, in the forthcoming
paper [16], where the author studies the new class of reqular Moebius transforma-
tions. It is also possible to transform the unit ball biregularly into the the right
half-space KT = {w € K : Re(w) > 0}: if we define the Cayley transformation as
P(w) = (1 —w) (1 + w), then (see [18, 19])

Lemma 6.3. The Cayley transformation v : B(0,1) — KT is a one-to-one reqular
function of w with (regular) inverse the function ¢p(w) = (w — 1)(w + 1)~

Nevertheless, since the regularity of functions is not preserved under compo-
sition, the above-mentioned Cayley transformation and regular Moebius transfor-
mations do not help in generalizing Theorem 6.1.
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The following is indeed proven by using a different technique (see [21]):

Theorem 6.4. Assume that f : B(0,1) — B(0,1) is a regular function and there
exists wo € B(0,1) such that f(wg) = wo and that f'(wo) = 1. Then f(w) = w for
every w € B(0,1).

An interesting result, which can be regarded as transposition of a result due
to Rudin (see [39]) is the following

Theorem 6.5. Let f be a regular self-map of the unit ball B(0,1) of K and suppose
there exists r € R such that f(r) = r. Then either [ has no other fixed points in
B(0,1) or f is the Identity of B(0,1).

We now want to consider “boundary” generalizations of Schwarz—Cartan type
Theorems in the setting of regular functions. For this purpose, we will start by
recalling (see [2])

Theorem 6.6. Let A be the open unit disc of C and let f : A — A be holomorphic
and such that

f(z)=1+(z=1) +o(]z — 1)
as z — 1. Then f = Ida.

This (sharp) result, which has been extensively used to obtain rigidity results
for holomorphic self-maps in some pseudoconvex domains of C" (see [2, 26]), is
achieved by applying Herglotz representation formula and Hopf’s Lemma. In [42]
the authors use a more direct approach to prove a generalization of Theorem 6.6
which gives some insight for other rigidity results. For the regular case in [21] the
following analogue of Theorem 6.6 is obtained

Theorem 6.7. Let f be a regular self-map of B(0,1) C K. Assume there exists
wo € 0B(0,1) such that

f(w) = wo + (w —wo) + of|w — wo|*)

as w — wo. Then f = Idp,1)-

7. Zeroes of regular functions

In this section, we recall the main results which give a complete description of the
zero-sets for regular quaternionic functions; quite surprisingly, these zero-sets have
a structure which turns out to be significantly different from that of Fueter-regular
functions or holomorphic functions of two complex variables.

Furthermore, the approach used for regular power series offers a shorter proof
of the results stated for polynomials in [35]. From now on we will denote Sy by S.
The crucial and key point in the description of the zero-set of a regular function
is the following (see [17, 18, 19]).
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+oo

Theorem 7.1. Let Y q"a, be a given quaternionic power series with radius of
n=0

convergence R. Suppose that there exist xog,yo € R and I,J € S with I # J such

that
+oo

> (zo+yol) an =0 (12)
n=0

and
+o0

> (w0 + o) an = 0. (13)
n=0

Then for all L € S we have

“+o0
Z(Io +yoL)"a, = 0.
n=0
The main result which describes the geometric properties of the zero-set is
the following (see [15])

Theorem 7.2 (Structure of the zero-set). Let f be a regular function on an open
ball B(0, R) centered in the origin of H. If f is not identically zero then its zero-set
Zy consists of isolated points or isolated spheres of the form x +yS, for x,y € R,

y # 0.

This result has a curious consequence concerning the zeroes of holomorphic
functions. Since (the power series expansion of) any holomorphic function f can
be uniquely extended to (the power series expansion of) a regular function fover
quaternions, the question of distinguishing which zeroes of f will remain isolated
after the extension, and which will become “spherical”, naturally arises. It turns
out that each pair of conjugate zeroes of f contributes a spherical zero of f, while
the other zeroes of f correspond to isolated zeroes of f. The techniques employed to
prove Theorem 7.2 suggest the use of the following multiplication between regular
power series.

Definition 7.3. Let
+oo +o0o
fl)=> q"an and g(qg) =Y q¢"bn
n=0 n=0

be given quaternionic power series with radii of convergence greater than R. We
define the regular product of f and g as the series

+oo
fral@) =) d"cn,
n=0

where ¢, = > arbp_k for all n.
k=0
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We point out that the sequence of the coefficients of the regular product fxg is
the discrete convolution of the sequences of the coefficients of f and g. In the poly-
nomial case, the regular multiplication coincides with the classical multiplication
of the polynomial ring over the quaternions, H[X]. In the sequel, h*" = h*---xh
will denote the nth power of a regular function h with respect to *-multiplication.

We have the following result.

Theorem 7.4. Let f : B(0, R) — H be a regular function and let p belong to B(0, R).
Then f(p) = 0 if and only if there exists a regular function g : B(0, R) — H such
that f(q) = (¢ —p) * 9(q).

Furthermore we can describe the zero-set of a regular product in terms of the
zero-sets of the factors:

Theorem 7.5 (Zeros of a regular product). Let f,g : B(0,R) — H be regular
and p € B(0,R). Then [ * g(p) = 0 if and only if f(p) = 0 or f(p) # 0 and
g(fp)"'pf(p) =0

This theorem extends to quaternionic power series the theory presented in [28] for
polynomials.

8. Poles of regular functions

Given the peculiar properties of the zeros which are summarized in the previous
section, a new question arises. Do regular functions have singularities resembling
the poles of holomorphic complex functions? This question receives a positive
answer in [40]:

Proposition 8.1. Consider a quaternionic Laurent series f(q) = > q"a, with

neZ
quaternionic coefficients a,, € H. There exists a spherical shell

A= A(07R1,R2) = {q eH: R < |q| < Rz}
such that:

(i) the series

zqan and zq*na,n

both converge absolutely and uniformly on the compact subsets of A;
(i) f*(q) diverges for |q] > Ra;
(iii) f~(q) diverges for |q| < R;.
If A is not empty (i.e., 0 < Ry < Rs) then the function f: A — H defined
by
Z q"an = ) + /7 ( )
neZ
1s regular.
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This allows the construction of functions which are regular on a punctured
ball B(0,R) \ {0} and have a singularity at 0. Moreover, any function which is
regular on a spherical shell A(0, Ry, R2) admits a Laurent series expansion centered
at 0. The latter is a special case of the following.

Theorem 8.2. Let f be a reqular function on a domain 2, let p € H and let Ly be
a complex line through p. If Q contains an annulus Ay = A(p, R1, R2) N Ly then
there exists {an }nez C H such that

fi(z) = Z(z —p)"a, forall z € Aj.

nez

If, moreover, p € R then

fl@) = (q—p)"an for all ¢ € A(p, Ry, Ry) N Q.
nez

Definition 8.3. Let f, p and {an}nez be as in Theorem 8.2. The point p is called
a pole if there exists an n € N such that a_,, = 0 for all m > n; the minimum
of such n € N is called the order of the pole and denoted as ord¢(p). If p is not a
pole for f then we call it an essential singularity for f.

Notice that, by the final statement of Theorem 8.2, real singularities are
completely analogous to singularities of holomorphic functions of one complex
variable and there is no resemblance to the case of several complex variables. As
for non-real singularities, Theorem 8.2 only provides information on the complex
line L; through the point p; we apparently cannot predict the behavior of the
function in a (four-dimensional) neighborhood of p. In order to overcome this
difficulty, we need to introduce a couple of new definitions.

Definition 8.4. For a reqular function f : B(0, R) — H having power series expan-

“+o0

sion Yy q"ay we define the regular conjugate f° and the symmetrization f* of f
n=0

as

+oo too
) =>_q"an,  f@=Fxf)=1*fla)=)_ ¢"rm
n=0 n=0
with

n
T = E akn_) € R.
k=0

Definition 8.5. Let f,g: B = B(0, R) — H be regular functions and suppose f # 0.
The (left) regular quotient of f and g is the function f~* % g defined on B\ Zys
by f~**xg(q) = ﬁ%@fc*g(q). Moreover, the regular reciprocal of f is the function
o=l

Regular quotients are regular on their domains of definition, and the algebraic
meaning of this construction is explained by the following result.
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Proposition 8.6. Fiz R and consider the associative real algebra (Dg,+,*) of reg-
ular functions on B(0, R). If we endow the set of left reqular quotients Lr =
{f **g: f,g € Dgr, f £ 0} with the multiplication x defined by (f~*xg)*(h™*xk) =
ﬁfc xgxh¢xk then (Lr,+,*) is a division algebra over R and it is the classical
ring of quotients of (Dg,+,*).

For the definition of the classical ring of quotients, see [38]. Regular quotients
allow a detailed study of the poles. Define a function f semiregular if it does not
have essential singularities or, equivalently, if the restriction f; is meromorphic for
all I € S. As proven in [40], f is semiregular on B(0, Ry) if and only if fisom 158
left regular quotient for all R < Ry. This allows the definition of a multiplication
operation * on the set of semiregular functions on a ball and the proof of the
following result.

Theorem 8.7. Let f be a semireqular function on B = B(0, R), choose p € B and
let m = ords(p),n = ords(p). There exists a unique semiregular function g on B
such that

fl@)=[(g—=p)"™*(q—p)"]" " x9g(q) (14)

The function g is reqular near p and p and g(p) # 0, 9(p) # 0, provided m > 0 or
n > 0.

The previous result allows the study of the structure of the poles.

Theorem 8.8 (Structure of the poles). If [ is a semiregular function on B =
B(0,R) then f extends to a regular function on B minus a union of isolated
real points or isolated 2-spheres of the type x + yS = {x +yl : I € S} with
x,y € R,y # 0. All the poles on each 2-sphere x + yS have the same order with
the possible exception of one, which must have lesser order.

9. The open mapping theorem

One of the most celebrated properties of holomorphic functions of one complex
variable is the fact that they are open. In this section we will present a version of
the open mapping theorem for regular quaternionic functions, which states that
each such function is open when restricted to an appropriate open subset of its
domain of definition.

The regular quotients introduced in the previous section allow the proof of
the minimum modulus principle for regular quaternionic functions, which leads to
the open mapping theorem. The first step in this direction is taken by proving
the following relation between the regular quotient f~* * g(¢) and the quotient

F@)™'g9(a) = 559(g) (see [14, 40]).

Theorem 9.1. Let f,g be regular functions on B = B(0,R). Setting T¢(q) =
1¢(q)'qf<(q) defines a diffeomorphism of B\ Z= onto itself, with inverse function
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Tf_1 = Te. Moreover,
1

[ xglq) = Wg

(T5(a)) (15)

for all g € B\ Zy-.

Let f : B = B(0,R) — H be a regular function. Applying the maximum
modulus principle to the regular reciprocal f~*(q) = m proves that, if |f]
has a local minimum point p = x + yI € B, then either f is constant or f has
a zero in x + yS. This is not enough for our proof of the open mapping theorem,
which requires the following (stronger) property.

Theorem 9.2 (Minimum modulus principle). Let f : B = B(0,R) — H be a
regular function. If | f| has a local minimum point p € B then either f(p) =0 or
f is constant.

The proof is given in [14] and depends on the following peculiar property of
regular functions.

Theorem 9.3. Let f : B = B(0,R) — H be a regular function. For all x,y € R
such that z+yS C B there exist b, ¢ € H such that f(x+yl) =b+1c for allI €.

In other words, when restricted to a 2-sphere = + yS, a regular function is
either constant or an affine map of x 4+ yS onto a 2-sphere b + Sc with b, ¢ € H.

Example 9.4. Consider the polynomial function f(q) = ¢*. For z,y € R we have
flx +yl) = 2®> — y?> + 22y for all I € S. Thus f maps each 2-sphere x + yS
with y # 0 onto (z? — y?) + S(2xy). In particular, if x = 0 then f is constant on
T+ yS =yS.

Proposition 9.5. If f : B = B(0,R) — H is a regqular function, denote by Dy the
union of all the 2-spheres x + yS (for x,y € R,y # 0) on which f is constant.
Then Dy, which we call the degenerate set of f, is closed in B \ R. Moreover, if
f is not constant then the interior of Dy is empty.

We can now state the main result of [14].

Theorem 9.6 (Open mapping theorem). Let f : B(0,R) — H be a non-constant
regular function and let Dy be its degenerate set. Then f : B(0,R)\ Dy — H is
open.

As already mentioned, the proof is based on the minimum modulus principle.
Theorem 9.6 is a sharp result: the function f(q) = ¢? in example 9.4 proves to be
open on H\ Dy = H\ {g € H : Re(q) = 0} but not on H. Nevertheless, Theorem
9.6 extends as follows. We say that U C H is circular if, for all x + yI € U with
y # 0, the whole 2-sphere x + yS is contained in U.

Theorem 9.7. Let f : B(0,R) — H be a regular function. If U is a circular open
subset of B(0, R), then f(U) is open. In particular f(B(0, R)) is an open set.
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10. Conclusions

Every time mathematicians define a new concept, two questions arise naturally.
The first is whether the new concept can lead to an interesting theory by itself.
We believe that the previous sections have demonstrated that the notion of slice-
regularity is indeed a very stable notion, that suitably generalizes the fundamental
properties of holomorphicity to the hypercomplex setting. At the same time, we
identified some crucial differences between the complex and the hypercomplex
case. The second question is whether the new theory, in addition to its intrinsic
value, can also contribute to the solution of some outstanding problem. Two of
us, with different coauthors, prove that this is the case in [6]. This paper offers a
survey of how the ideas discussed in this paper have been applied to develop two
new functional calculi in non-commutative settings. Those calculi are based on the
notion of slice regularity and a similar notion of slice monogenicity. In addition to
[6], the reader interested in the details is referred to [3, 4, 5, 7, 9], and [10].
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1. Preliminaries

Historically, mathematics has been divided into three distinct areas: Algebra, Ge-
ometry and Analysis. It is our belief that nowadays, the theory of differential
equations performs as a common root unifying these (at first glance) different
mathematical branches.

To clarify the point, recall

Definition 1.1. A differential equation in algebra is any equation written using
algebraic operation and containing derivatives, either ordinary or partial.

From now on, A = (R", o) stands for a real n-dimensional algebra. Consider
two typical examples of DEs in A:

Ezample 1. The Initial Value Problem (or IVP) for the Riccati equation in A:

dx(t) _
— = =) ox(t), 2(0)=a. (1.1)

Ezample 2. Take the standard basis (eq, ..., e,) in A and denote by x1, ..., x, the
corresponding coordinates. Consider the Dirac equation D o f(x) =0 in A, where
f(z) =ui(z)er + - - + un(x)e, and

0 0
D = 618—1‘1—’_“.—’_6“6—%. (12)
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In the differential equations listed above the usage of the A-multiplication in
their definitions is the common point. At first glance, both examples seem to be
two very special particular examples of DEs. In fact, as we will see later on, many
DEs can be associated with certain algebraic structures. Namely (see Section 2), all
polynomial ODEs can be imbedded into the Riccati equation, while (see Section 7)
any linear PDE is the Dirac equation in an appropriate algebra.

The following fact shows a connection between the type of PDE and some
properties of the associated algebra.

Proposition 1.2. (see Subsection 7.5) The (well-defined) Dirac equation in A is
elliptic iff A is divisible.

Let us return to ODEs. Recall that, two vector fields in R™ are said to be
locally equivalent at singular points x and y if there is a one-to-one mapping
H :R™ — R” taking = to y and conjugating the local phase flows of the equations
at  and y.

Under the above notations, take two locally equivalent vector fields and call
the associated local phase flows to be linearly equivalent (resp. topologically equiv-
alent, differentially equivalent) if H is a linear automorphism (resp. homeomor-
phism, diffeomorphism).

A difference between the above equivalences rests on an answer to the fol-
lowing

Question 1.3. Which equivalences of algebras A and B do provide the corresponding
local phase flows to be:

1. linearly equivalent,
2. differentially equivalent,
3. topologically equivalent?

In this paper, most of our efforts will be concentrated on answering the third
question for a sufficiently large class of ODEs. In Section 5, we will give a partial
answer to Question 1.3 as well as on the following one:

Question 1.4. Under which conditions on the algebra A does the Riccati equation
admit:

(i) a planar solution;
(ii) a planar bounded solution;
(i) a planar first integral being polynomial (cf., for instance, [35])?¢

Meanwhile, we resume the answers to Question 1.4 in purely algebraic terms
as follows:

()" iff there exists a two-dimensional subalgebra B C A;
(i1)" iff there exist complex structures in B (cf. [5]);
(iii)" iff (i) is satisfied and, in addition, B is diagonalizable and all Peirce numbers
are negative and rational (cf. Theorem 6.2 below).
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2. Polynomial ODEs

The following result (cf. [17]) shows that the applications of the algebraic approach
developed in this paper are not exhausted by the Riccati equation — in principal,
using this approach one can treat any polynomial system.

Proposition 2.1. Any n-dimensional polynomial differential system & = P(x) with
deg P = m can be embedded into a Riccati equation considered in an algebra A of
dimension > n.

Proof. First, we homogenize the system by adding the variable x,,y; = 1, and
therefore &,,41 = 0.
Next, if m > 2, define new variables y; by
n inlx?-“x:{ff, i1+ Fipgr =m— 1.

with i1, ..., 4,41 positive integers. By direct verification, y; is a quasi-homogeneous
polynomial (of degree 2(m — 1) in xp-variables and quadratic in y;-variable).
The obtained Riccati equation can be essentially simplified by cancelling certain
“fictive” y;-variables (thus, passing to an algebra of smaller dimension). O

Ezample 3. The system & = 2%y, y = —a2 after the change of variables z = xy-+iz?
leads to the Riccati equation 2 = 22, z € C, in algebra of complex numbers.

3. Solutions to Riccati equation

Assume A is a power associative unital division algebra with unit e (see, for in-
stance, [17, 35, 4, 5] and references therein). Then, a solution of the Riccati equa-
tion (1.1) may be written explicitly:
z(t) = (a "t —te) ™t (3.1)
Although (3.1) requires the inversion, one can avoid it by using instead of
(3.1) the power series solution representation (see, for instance, [17, 35, 4, 5]):
a(t)=a+a’t+ -+ a4 (3.2)

Formula (3.2) can be extended (at least formally) to the case of an arbitrary
(binary) algebra A (without additional assumption on its power associativity),
using the recurrently defined symmetric powers

k—1
1 , .
[ _ [k+1] _ = [i+1] | [k—1i]
at'=a, a =7 ZE:O a a® (3.3)

as follows:
z(t) = a+a®t+ a4 aFlt (3.4)
Since any Riccati equation is analytic, the convergence of series (3.4) is pro-
vided by the standard existence theorem from [14].
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Remark 3.1. General formula (3.4) can be essentially simplified if certain specific
properties of the underlying algebras are taken into account. It would be useful
to study the properties of algebras providing reasonable simplifications of formula
(3.4).

4. Multi-linear algebra behind idempotents

Let A be an n-dimensional real (in general, non-associative) commutative algebra,
u € A an idempotent and L, : A — A a (linear) operator defined by x — u - x.
Clearly, up = 1 is always an eigenvalue of L.

Definition 4.1. The remaining (possibly, complex) eigenvalues of L,, (denoted by
U1y e, kK <m —1), are called Peirce numbers associated with w.

The importance of the above notion is provided by the following result (cf. [27]).
Proposition 4.2. Peirce numbers are invariant under linear transformations.

4.1. Kronecker tensor product
Definition 4.3. Given a vector X = {z1,...,x,}, define its Kronecker tensor square
Y=XxXeR™by

Y = {22, 2z120, . .., 22120, T3, 22023, . . . , 20y 1Ty, T2 } (4.1)

where m = n(n+ 1).

Definition 4.4. Vectors X7, ..., X} € R™ are said to be quadratically independent, if
their Kronecker tensor squares Y7, ..., Yy € R™ (cf. (4.1)) are linearly independent
in R™.

Remark 4.5. Clearly, formula (4.1) allows in certain cases to convert a nonlinear
problem to the linear one considered in a linear space of higher dimension.

4.2. Diagonalizable algebras

Given an algebra A, denote by P(A) (resp. N'(A)) the set of its non-zero idempo-
tents (resp. nilpotents).

Definition 4.6. Let A be an n-dimensional commutative (in general, non-associa-
tive) real algebra. If there exist at least m = %n(n + 1) quadratically independent
elements in P(A) UN(A), then A is called diagonalizable.

Remark 4.7. This term is avowed in a unary algebra if the multiplication is given
by a diagonalizable matrix.

Theorem 4.8. Suppose A is a diagonalizable commutative n-dimensional algebra.
Then, the set P(A) UN(A) completely determines the multiplication table in A.
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Proof. Let {e1,ea,...,e,} be abasis in A, u =Y uie; € P(A)UN(A) and ~f;
structure constants in this basis. Then, u? may be written as follows:
u? = Z vfjuiujek. (4.2)
.5,k

One can rewrite the equation ©? = Au in the matrix form as follows:

1 1 1 1
Y11 Y12 o 722 Tnn uU1U1 Uy
2 2 2 2
e UiUg U
i1 V12 72,2 Tnm =\ ; (4.3)
n n n n
Y11 Y12 - Y22 Tnn UnUn Un,

) s

2

PR

By assumption, there exists a quadratically independent system ', u
u™ € P(A)UN(A).

Hence, the following (m x m) matrix S is non-singular:

1,1 2,2 m,,m
U%U% u%u% o UTUg
m,,m

1,1 2,2 m,m

Combining this with (4.3) shows that the structure constants are completely
determined by P(A) UN. O

Ezample 4. In the two-dimensional case, one has m = 3. Let u’ = z%e; + y'es,
i=1,2,3. Then,

det(S) = H (z'y? — 2Ty") (4.5)
1<i<j<3
is the generalized Vandermond determinant and the quadratic independence of

vectors ub, u?, u3 is equivalent to their pairwise linear independence.

Observe that if n > 2, simple examples show that quadratic independence
does not imply the linear one and vice versa.

Remark 4.9. As is well known, there are several possibilities to define a multi-
plication in an algebra, for instance, one can use the canonical passage from a
quadratic map to the corresponding symmetric bilinear one. The main advantage
of the method provided by Theorem 4.8 rests on the fact that so-defined multi-
plication is nicely compatible with the topology of the (local) flow induced by the
Riccati equation considered in the underlying algebra.

4.3. Main syzygies among idempotents and Peirce numbers

4.3.1. Preliminary Combinatorial Estimates. Denote by p = card(P(A)) the car-
dinality of P(A). According to the Bézout theorem, if p is finite, then p < 2™ — 1.
Assume there exist 2™ — 1 distinct simple idempotents ug,...,us=_1 such that
{u1,...,u,} is a basis of A. Recall,

n
ui-uj:Zijuk, 1<i< g <n.
k=1
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. GL) _ n2(n2— )

structure constants vfj € R which completely determine the multiplication in A.
On the other hand,

Thus, there exist

w=> chw, n+1<i<2" -
k=1
i.e., ; are determined by n(2" —n — 1) coefficients ¢¥ € Rforn+1<i<2"—1. It
is easy to show that n(2" —n—1) > in*(n—1) for n > 3. Thus, some combinations
of the 2" — 1 — n idempotents u; are not allowed forn +1 <i < 2" —1, n > 3.
Similar considerations can be applied to the Peirce numbers.

Remark 4.10. The idempotents and their Peirce numbers follow a pattern consis-
tent with a specific rule. In the invariant theory this fact is known as the existence

of syzygy.

4.3.2. Two-dimensional case.

Theorem 4.11. Given a complex two-dimensional m-ary algebra A, suppose there
exist three distinct simple (i.e., pairwise linearly independent) idempotents uy, ug,
ug. Let p1, po and ps be the Peirce numbers associated with wy, us and ug, re-
spectively (obviously, by condition, each idempotent admits precisely one Peirce
number). Then, there exist the following syzygies:

3

Ul
Zl—2uk 1, kzzll—Zuk:O' (4.6)

k=1

Proof. To begin with, recall the classical residue theorem.

Theorem 4.12. Let z— f(z) be a meromorphic function with simple zeros z1, ..., zj
in the complex plane. Suppose that for sufficiently large z, | f(2)| is bounded. Then,
the following formula is true:

k

1
> T 1. (4.7)

i=1
Let (P,Q) be the homogeneous vector polynomial mapping in R?, where
P(z,y) and Q(z,y) are homogeneous polynomials of degree m, associated with the

multiplication in A. Choose in R? coordinates (z,y) in such a way that P(1,0) = 1
and Q(1,0) = 0. Then:

P(z,y) = 2™ + lower terms w.r.t , Q(z,y) = muaz™ 'y + lower terms w.r.t. z

with some parameter p. Next, define f(z) := gﬁig (considered as a function of

complex variable). Then, f(z) is holomorphic, f(0) = 0 and f/(0) = mu. By the
same token, p is the Peirce number, associated to the idempotent e = {1,0}.
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Applying the same procedure to other idempotents and using Theorem 4.12 yield
the required syzygies. O

4.3.3. The case of arbitrary dimensions. There exist several syzygies among idem-
potents and their Peirce numbers. All of them follow from the Lefschetz fixed point
formula for elliptic complexes obtained by M.F. Atiyah and R. Bott [3].

Let E; be vector bundles over a manifold M and assume that a differential
complex

£:0-T(E)2T(E)E -, D=0

is elliptic. The following theorem was proved in [3]:

Theorem 4.13. Given an elliptic compler € on a compact manifold M, suppose
f: M — M has a lifting p; : f~'E; — E; for each i such that the induced
maps T; : T'(E;) — T'(E;) give an endomorphism of the elliptic complex. Then, the
Lefschetz number of T is given by formula

Z L epe
|det 11— fea)l
The following result is a direct consequence of Theorem 4.13.

Theorem 4.14. Suppose there exist exactly 2" — 1 distinct nonzero idempotents u;
in an n-dimensional commutative real algebra A and p;;, 1 < j < n—1, are the
Peirce numbers associated with w; (1 < < 2™ —1). Then, the following syzygies
hold:

2" —1 n—1

1
Z ok (Uis i1y -+ o5 fin—1) H T2, =0x(0), k=0,1,....n—1. (4.8)
i=1 j=1 >
Here o (x1,x2,...,x,) is any symmetric homogeneous function of order k.

Remark 4.15. Suppose there exist three distinct simple (i.e., pairwise linearly in-
dependent) possibly complex idempotents us, uz, us in a two-dimensional complex
algebra A. Obviously, with each idempotent, there is associated exactly one Peirce
number puq, pe and us respectively. By Theorem 4.14, there exist syzygies (4.6)
among them.

5. Classification of ODEs

In this section, we discuss the phase portrait classification of polynomial homoge-
neous differential systems up to the orbital topological equivalence.

Definition 5.1. Two (local) flows ® and ¥ are said to be locally orbitally topologi-
cally equivalent (in short, OTE-equivalent) if there exists an orientation preserving
homeomorphism taking trajectories (resp. singular points) of ® onto trajectories
(resp. singular points) of ¥ and preserving the move directions.
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The problem of studying OTE-invariants is attracting a big deal of attention
for a long time. There are at least two approaches to this problem: (i) singularity
theory [2] and (ii) algebraic approach [21]. Our approach follows the algebraic
framework and can be summarized as follows:

e The first step in studying OTE is understanding a dynamics in all subalgebras
of an algebra in question.

e Next step is to study the adjustment of phase flow near these subalgebras.
Here we generalize Shilov’s [29] method elaborated for one-dimensional sub-
algebras (= ray solution to ODEs).

e Finally, one should glue up the the local phase portraits into a global one.

This approach requires the hierarchial studying of OTE (with dimension
increasing). In this section, we mainly restrict ourselves with the two-dimensional
case and consider isolated origins only. The 3D results will be published in the
subsequent papers.

Without loss of generality, we assume that the field in question has at least
one (but finitely many) fixed directions. Then, the two-dimensional phase portrait
splits into finitely many sectors. As is well known, in the considered case, topolog-
ically there exist precisely three types of sectors: elliptic, parabolic and hyperbolic
(see Subsection 5.2). The number of sectors together with the order of their ap-
pearance, mainly determine the 2D OTE (see, for instance, [14]). This translates to
the algebraic language as a coding the OTE-classes by words written in the alpha-
bet generated by types of sectors. Observe that not any word is allowed meaning
that the alphabet is subordinated by a certain grammar. In fact, many authors
involved in studying OTE were creating the appropriate grammar. The goal of
this section is two-fold: (i) to completely describe the rules of the grammar in the
two-dimensional case and (ii) to outline possible extensions to higher dimensions.

As a matter of fact, the OTE-classification in higher dimensions is not semi-
algebraic in nature, therefore, the “sector schemes” are not applied. Moreover, in
contrast to the two-dimensional case, known examples show that the set of OTE-
classes is not discrete in general. To fill out the gap, one needs to change the
paradigm - we follow [29].

5.1. Dynamics near the one-dimensional subalgebras

To study the OTE-equivalence of homogeneous quadratic ODEs (with isolated
origin), we start with investigation of a phase portrait near a fixed direction. In
his study of the planar dynamics, Markus (see [21]) assigned to any fixed direction
of a field ® either + or — depending on whether the radial velocity along the
ray is positive or negative. This way, he associated to ® a cyclic combinatorial
scheme and proved that two planar quadratic systems (with isolated origin) are
topologically equivalent iff they have the same cyclic combinatorial schemes.

As it was indicated above, this approach cannot be extended to the case of
higher dimensions. To overcome this obstacle (at least, in part), in the statement
following below, we translate Shilov’s approach to the algebraic language.
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Theorem 5.2. Let u be a real idempotent in A and p a real Peirce number associated
to u. Let £ be an eigenvector of the multiplication by u operator: uo& = p&. Denote
by R[u, £] the plane spanned by u and £. Then, the qualitative behavior of solutions
to (1.1) in Rlu,&] (near the fixed direction R[u]) may be of five types depending on
a type of Ru], namely, three generic cases (cf. [29]):

1. generic ray of type p1, if © > %,

2. generic ray of type pa, if 0 < p < %,

3. generic ray of type h , if p<O0;
and two exceptional cases:

4. exceptional ray of type eq, if u =0,
5. exceptional ray of type ey, if = %

Proof. Let a solution near R[u] be chosen in a form

z(t)u + y(t)€ + o(t), (5.1)
where o(t) stands for the higher terms w.r.t. t. Take a point (2o, y0) € R[u, &] near
R[u] and substitute (5.1) into the original equation. Then, for ¢ small enough,

Y =1%o (;;)2# + o(t). (5.2)

It is easy to see that Figure 1 represents all the topologically different phase por-
traits near the non-exceptional rays.

Ray type: p, w>12) Ray type: P, O<pn<1/2) Ray type: h L <0)

X X

FIGURE 1. Phase trajectories near ray solution (y = 0).

Also, in contrast to the above “stable” cases, where the values of ;. completely
determine the local topological dynamics, the values u = 0, % correspond to the
“non-stable” ones. Therefore, in these cases, to establish the local dynamics, one
needs to additionally analyze the term o(t) in (5.2). O

5.2. Sector types
Definition 5.3. Given a planar homogeneous ODE, define a sector as an open

domain bounded by two subsequent rays.

By Theorem 5.2, there exist precisely three non-exceptional types of rays,
therefore, there exist precisely six types of regular sectors presented in Table 1
and Figure 1.
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Type of I3 | Type of I3 | Sector Type

P1 P1 E
h h H,
h P2 H,
D2 D2 Hs
D1 D2 Py
h P1 P,

TABLE 1. Regular sector types

H H H
P P, E 1

W

FIGURE 2. Non exceptional types of sectors

Definition 5.4. A sector composed by two subsequent rays such that at least one
of them is exceptional, is called exceptional.

In fact, no rigorous topological behavior may be established in exceptional
types of sectors and they require a special investigation (cf. [7], [30]).

Some of the authors (see [30][7]) used the above six types of the sectors while
the other authors (see, for instance, [21]) used only three of them. Namely:

1. Parabolic sector (type P sector), where all trajectories start (resp. end) at
the origin and end (resp. start) at infinity.

2. Hyperbolic sector (type H sector), where all trajectories start and end at
infinity.

3. Elliptic sector (type E sector), where all trajectories start and end at the
origin.

5.3. Multi-sectorial matching

The local phase portrait in a neighborhood of an isolated equilibrium point of a
planar dynamical system (1.1) allows a multi-sectorial chain recurrence matching
constructed as an ordered set of a different type sectors.

Definition 5.5. Such an ordered multi-sectorial matching near the origin will be
called a sector scheme.

The presence of syzygies (4.8) yields some restrictions on possible sector schemes.



Differential Equations in Algebras 197

5.4. Formal language for OTE

In mathematics, a formal language is defined by an alphabet and rules. The al-
phabet is a set of symbols on which this language is built. The rules specify which
strings of symbols are allowed. The well-posed strings of symbols are called words.
The rules postulate which word belongs to the language or how to construct the
words belonging to the language. Below is presented a language allowing to classify
homogeneous planar ODEs up to OTE.

Definition 5.6. Denote by ¥, an alphabet with small letters ¥, = {h, p1,p2} and
by X5 an alphabet with capital letters ¥y = {E, Hy, Ha, Hs, Py, P2} (the subscript
r (resp. s) stands for the ray (resp. sector) scheme).

The set of all possible finite length strings formed from the alphabet 3, (resp.
¥,) is denoted by X* (resp. X¥).

Definition 5.7. A formal language over ¥, (resp. ¥;) is a subset of ¥ (resp. ¥¥)
compatible with a grammatical and semantical structure and is denoted by L(%,)
(resp. L(Zs).

Definition 5.8. A determinative grammar for L(3,) (resp. L(X;) is a set of rules
through which any element of X% (resp. %) can be determined to be an element
of L(%,) (resp. L(X;). We denote by G(L(X,)) (resp. G(L(Xs))) a grammar that
recognizes the language L(X,) (resp. L(Xs).

The presence of the main syzygy (4.6) is the key to constructing G(L(%,)),
i.e., it is responsible for composing strings correctly in L(X,.) and G(IL(X;)) (con-
structed according to valid pairs of two subsequent sector types).

It is much more easy to deal with X rather than with ¥¥, since the only
restriction on the grammar in ¥ is syzygy (4.6). This means that one should study
the solubility of equation (4.6) in the interval arithmetics provided by Theorem

5.2, namely I; = {—00,0}, I = {0, 1} and I3 = {3, 00}.

We summarize in Table 2 all possible sector schemas allowed in formal lan-
guage L(X,) (resp. L(X;) for the plane quadratic vector fields.

As an application of above stated results, we consider in the next section
polynomial integrability of the Riccati equation (1.1).

6. Polynomial first integrals

As it was mentioned in [13], theory of integrability of differential equations (exis-
tence of polynomial, rational and analytic first integrals) was played an important
role in the development of ODEs in the nineteenth and early twentieth centuries.
Most of an effort was done by Kovalevskaya, Fuchs and other mathematicians.
The usual technique was based on the linearization of ODEs near separatrices and
study its (linearized) spectral properties. Such type of analysis leads to the defini-
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‘ Ray scheme | Sector scheme

1 plhh or plplh HPP
11 pip1h EPP
IIT | hhh or hhps HHH
v e1h or e1ps HP
A% pi1€1 EP
VI pa or h H
VII P1 FE

TABLE 2. Markus’ classification of planar quadratic
ODEs with an isolated singular point

tion of the Kovalevskaya exponents, the Fuchs’ indices of the linearized differential
system that play an important role for integrability theory and in stability theory.

In this chapter, we first set the properties of the Kovalevskaya exponents
become united with the Peirce numbers in underlying algebra. Namely: let u be
an idempotent in algebra A and o1 = —1, g9, .. ., 0, are Kovalevskaya’s exponents.
Denote by pa, ..., iy, the Peirce numbers associated with u, then

0; = 1-— 2/1,1'7 (6].)

In 1996, Furta [10] and Goriely [13] established the existence of a link between
the properties of the Kovalevskaya’s exponents of quasi-homogeneous polynomial
differential systems and their quasi-homogeneous polynomial first integrals.

1=2,...,1n.

In the particular case when Kovalevskaya’s matrix associated with a quadratic
homogeneous polynomial differential system (1.1) is diagonalizable, an improve-
ment of this result was obtained by Tsygvintsev [33].

Theorem 6.1. (cf. [10], [13], [33]) Suppose that the differential system (1.1) in
R™ possesses a homogeneous first integral of degree M. Then there exists a set of
non-negative integers ko, ..., k, such that

kooo + -+ knon =M, ko+---+k, <M, (6.2)

where gs, ..., 0n are Kovalevskaya’s exponents.

, 0n, in Theorem 6.1 one can substi-
, Itn, Tespectively. Moreover in R? the following

In fact, Kovalevskaya’s exponents oo, . ..
tute with the Peirce numbers o, . ..
interesting observation is true:

Theorem 6.2. Let the Riccati equation (1.1) in two-dimensional m-ary algebra A
possesses a homogeneous polynomial first integral. Then

(i) all Peirce numbers in A are non-positive rational, meaning that
(ii) ray scheme of (1.1) is hhh...h and
(iii) the sector scheme of (1.1) is HyHy ... Hy only.
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Proof. By Theorem 6.1 in R?
M
1—2”2:Q2=?217 since kQSM
2

Therefore s is rational and non-positive. (i) is proven. The same property is true
among all idempotents in A.

The property ps < 0, by Theorem 5.2, means that all rays are of type h or
equivalently, all sectors must be type H; hyperbolic sectors (see Table 1). |

7. PDEs in algebra

As it was established in [6], [19], any homogeneous first-order system of PDEs
L(D)f =0,

{Lf}r =) v0m;(z) =0, (7.1)

i,j=1
with the constant coefficients %kj is the Dirac equation Do f = 0 in the underlying
algebra A = A, with multiplication (4.2).
Similarly to the classical case of Complexr Analysis, any function of the form
f(z) = erur(z1,...,Tn) + equa(z1, ..., Ty)
st equn (T, .., Th)
where u;(z) are real analytic functions, is called an A-valued function.

Definition 7.1. An A-valued function f(x) is called A-analytic (denoted f €
Hol(A)), if f(x) is a solution to the Dirac equation

Do f(x) := 2": ej 0 e;joui(x1,...,x,) =0. (7.2)

1,j=1

If A in Definition 7.1 is an algebra of complex numbers C, then (7.2) coincides
with the Cauchy-Riemann equations. Thus, our notation Hol(A) is in a complete
agreement with the definition of holomorphic functions in complex analysis (de-
noted by Hol(C)).

Remark 7.2. By A-analysis we mean the systematic study of Hol(A).

One of the goals of this article is to show that many properties of PDEs
Lf =0 may be described in terms of the underlying algebra A, = A.

7.1. Algebraic approach to function theories

Let A be a real algebra (not necessarily commutative and/or associative). An
analytic (holomorphic) function theory over such algebras has been developed by
many authors (see [11], [6], [32], [34]). There are three distinct approaches in these
investigations.
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e The first one (Weierstrass approach) regards functions on A as their conver-
gent (in some sense) power series expansions (cf. [16]).

e The second one (Cauchy-Riemann) approach is concentrated on solutions to
the Dirac equation in algebra A (cf. [18], [19]).

e The third one is based on the function-theoretic properties known for complex
analytic functions, such as Cauchy theorem, residues theory, Cauchy integral
formula etc. (cf. [23], [12]).

All these methods look like generalization of the analytic function theory of com-
plex variables (cf. [32], [34]). We use the term A-analysis for such cases (cf. Clifford
or quaternionic analysis [6], [32] if A is embedded into a Clifford algebra).

Remark 7.3. The totality of functions on a regular algebra (in general non-com-
mutative and/or non-associative) splits into non-equivalent classes. These classes
are uniquely characterized by their unital hearts. If such a heart is, in addition,
an associative algebra, then an A-analytic function may be expanded into the
commutative operator-valued power series.

7.2. Isotopy classes
In this subsection, we will be concerned with Albert isotopies of algebras.

Definition 7.4. T'wo n-dimensional algebras (A1, 0) and (Ag, x) are said to be iso-
topic (denoted A; ~ Ay) if there exist nonsingular linear operators K, L, M such
that

xoy= M(Kzx* Ly). (7.3)

Obviously, if, in addition, K = L = M !, then two algebras A; and A, are
isomorphic (denoted A ~ Aj).

Definition 7.5. If for given two algebras A; and Ag there exist nonsingular linear
operators P, @ such that for every g(x) € Hol(As), the function f(x) = Pg(@Qx)
belongs to Hol(A;) and vice versa, we say that the two function theories are
equivalent and write Hol(A;) ~ Hol(A»).

With these definitions in hands, we have the important

Theorem 7.6. Two function theories are equivalent iff the corresponding algebras
are isotopic. Any properties of (7.1) must be isotopically invariant.

Definition 7.7. If, for all (fixed) zo € © C R", 7 (x0) in (7.1) constitute a set
of isotopic algebras, then we say that £ is of uniquely defined PDE type in €,
otherwise, of mized PDE type. An algebra Ay with structure constants ij (z0) is
called the algebra correspondingly to £ in x¢ € 2.

Obviously, if the coefficients vf(x) are thought of as constants and bj’ vanish
identically, then operator £ in (7.1) coincides with the Dirac operator D defined
by (1.2), and a solution to homogeneous equation Lf = 0 is a (left) A-analytic
function for the operator D.
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7.3. Classification of the first-order PDE

Here we study many important notions from PDE theory using the algebraic
language. We begin by examining the conditions providing the Dirac equation in
A (7.2) to be a well-defined system of PDEs.

7.4. Under- and over-determined system

Let P(D)u(z) = f(x) be a system of partial differential equations, where P(D) is
a given k x [ matrix of differential operators with constant coefficients, f(x) (resp.
u(x)) be a given (resp. unknown) k- (resp. I-) tuples of functions or distributions in
x € R™. Many authors (cf. [24]) usually assume that the system is under- (over-)
determined, if the rank of P(£) (resp. of its transpose P’(£)) is less than [ for all
(resp. for some) nonzero £ € R™.

The algebraic formulation of the fact that PDE (7.2) with constant coeffi-
cients is under- (over-) determined, can be given as follows.

Definition 7.8. A real n-dimensional algebra A is called left (resp. right) regular
if there exists v € A such that the linear operators L,, R, : R — R"™ defined by
x — vox (resp. x — x owv) are both invertible. Otherwise, A is called a left (resp.
right) singular algebra. In other words, A is regular iff A C A?

Recall an element v € A (resp v € A) is called a left (resp. right) annihilator
ifuox =0, (resp. zov =0) for all x € A.

Theorem 7.9. The Dirac operator D in algebra A is under determined iff A is
singular and is over determined iff A is reqular and contains an annihilator.

Proof. For a given Dirac operator D in the corresponding algebra A, take the left
(resp. right) multiplication operators L,, R, : R™ — R™ as in Definition 7.8. If
L¢, Re are both invertible for some &, then D is well determined. Conversely, let
L, (respectively, R,) be k1 x 1 (resp. k2 X l3) matrices of differential operators.
Then, D is under determined if k; < I3 and/or ko > Iy and is over-determined
if k1 > I3 and/or ko2 < ly. The only case k1 = I3 = ko = ly = n stands for the
regular algebras A without annihilators and for a well-determined Dirac operator
D in R™. O
In the next sections we deal with PDE’s of different type.

7.5. PDEs of elliptic type

The ellipticity is one of the basic concepts in PDE. Actually, by Theorem 7.6,
the ellipticity of the Dirac operator in a regular algebra A is a property invariant
with respect to isotopy. In fact, one can reformulate it as a property of a singular
algebra as well.

Definition 7.10. An algebra A is called a division algebra if both operators of left
and right multiplications by any nonzero element are invertible.

Proposition 7.11. The well-determined Dirac operator D in a (necessarily reqular
by Theorem 7.9) algebra A is elliptic iff A is a division algebra.
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Proof. The matrix symbol of a well-determined elliptic partial differential operator
o(D)(§) is invertible for all £ # 0 (cf. [11], [26]). Conversely, it follows immediately
from the definition of ellipticity that the symbol of partial differential operator D
is an invertible matrix for all £ # 0. U

Ezample 5. (D. Rusin) Let Q. be constructed from the algebra of quaternions Q
leaving the multiplication table unchanged except for the square of 4: i2 = —1+¢j.

Two algebras Q. and Q are non isotopic 4-dimensional division algebras if
le] < 2.

The Example 5 shows that in the four-dimensional space, there exist non
equivalent elliptic function theories in the sense of Definition 7.5.

Question 7.12. How many non-equivalent (well-defined elliptic) function theories
do exist in R™, n =4,87

Clearly, Question 7.12 may be answered in terms of the existence of non
isotopic classes of division algebras. In particular, from Example 5 follows, that
not any solution to the linear first-order elliptic partial differential system in R*
may be obtained using quaternion analysis. Below, we study conditions providing
an algebra to be an underlying one for an elliptic system.

Let A stand for an ideal in A of all left annihilators (it turns out to be
maximal). Of course, the multiplication in A4 is trivial.

Definition 7.13. An algebra A is said to be quasi-divisible if the factor algebra
A/ A is a division algebra.

In turn, in a quasi-division algebra, the equation a o x = b is soluble for all
a, b except for those a being the left annihilators of A. We are now in position to
formulate the algebraic analogue of ellipticity [1] for under- and over-determined
system.

Proposition 7.14. The Dirac operator D defined in (1.2) is elliptic iff the corre-
sponding to D algebra A (see (4.2)) is quasi-divisible.

Proof immediately follows (cf. [11], [26]) from the definition of ellipticity [1] of the
symbol of a partial differential operator D. ([l

Of course, if there are no other left/right annihilators except 0, every quasi
division (in the sense of Definition 7.13) algebra is a division one.

For regular algebras, A. Albert (see [25]) obtained

Theorem 7.15. Every regular algebra is isotopic to a unital algebra (with unit e).
Every n-dimensional unital division algebra (with n > 2) contains an “imaginary
unit” i being a square root of —e (i2 = —e).
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Example 6. Consider two systems of PDEs in R*: the spherical and usual Dirac
equation (see [23]) for scalar and vector functions u(t, x),v(¢, z):

divo =0; gradu + curlv = 0. (7.4)
0w — divo = 0;  gradu + 0,0 + curlo = 0. (7.5)

Both systems are elliptic, the first one is over-determined. To see that, recall
that the quaternion algebra Q stands behind (7.5), while an algebra Q" with the
multiplication z oy = 1/2(T — x) * y, where “x” is the quaternion multiplication,
stands behind (7.4).

In turn, both algebras are quasi-divisible, but only Q' has a nontrivial ideal
of (left) annihilators.

7.6. PDE of parabolic and hyperbolic type

Comparing the definitions of elliptic [1], hyperbolic [26] and parabolic [8] PDE
with Theorem 7.9, we can see that parabolic and hyperbolic type Dirac operators
correspond to algebras with zero divisors. Moreover, the property of algebras to
be regular and quasi-divisible, the number and location of zero divisors and an-
nihilators are invariant with respect to the isotopy relation. This gives rise to the
following

Proposition 7.16. The Dirac operator in a regular algebra A is:

(i) parabolic [8] iff A/ A contains exactly one (up to scalar factor) left zero divisor.
In this case A/ A is isotopic to an algebra with one nilpotent and no more
other zero divisors;

(i1) hyperbolic [26] iff A/A contains at least two (left) zero divisors.

Conclusions

The Peirce numbers and idempotents allocation are fundamental properties that
characterize also the behavior of solutions to polynomial ODEs around their sin-
gularities. After being defined in algebra more than hundred years ago, they look
more than ubiquitous in nonlinear analysis, and it is our belief that they will
definitely take a firm position in applied mathematics. In fact:

e any homogeneous polynomial ODE may be thought of as a Riccati equation
in an algebra;

e the equivalence of Riccati equations in algebras strongly depends on idempo-
tent locations and arrangement of their Peirce numbers;

e cvery first-order PDO with constant coefficients is the Dirac operator in the
corresponding algebra;

e solutions to Dirac equations in isotopic algebras yield equivalent function
theories,

e the A-analysis in regular algebras is equivalent to the canonical function
theory on their unital hearts.
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Necessary and Sufficient Conditions for
Associated Pairs in Quaternionic Analysis

Le Hung Son and Nguyen Thanh Van

Abstract. This paper deals with the initial value problem of the type

ow ow
ot =L (t,x,w,a—mi) (1)
w(0,z) = ¢(z) (2)

where t is the time, L is a linear differential operator of first order in Quater-
nionic Analysis and ¢ is a regular function taking values in the Quaternionic
Algebra. The necessary and sufficient conditions on the coefficients of the
operator L under which L is associated to the generalized Cauchy-Riemann
operator of the Quaternionic Analysis are proved.

This criterion makes it possible to construct the operator L for which the
initial problem (1),(2) is solvable for an arbitrary initial regular function ¢
and the solution is also regular for each t.

1. Preliminaries and notations

Let H be the Quaternionic Algebra with the basis formed by eg, e1, €2, e3 where
€y = 1,63 = €1€2 = €19.

Suppose that €2 is a bounded domain of R3. A function f defined in Q and
taking values in the Quaternionic Algebra H can be presented as

3
=Y fie;,
j=0

where f;(x) are the real-valued functions. If all f;(z) € Ck(2), we note that
f € CHQ,H).

We introduce the generalized Cauchy-Riemann operator

.9
ngeka—xk.



208 Le Hung Son and Nguyen Thanh Van

Definition 1. A function f € C*(Q,'H) is said to be regular in 2 if f satisfies
Df =0.
Remark 1. If f € C%(Q,H) is a regular function, then f is harmonic in 2.

2. The necessary and sufficient conditions for associated pairs
3
Suppose that f = > fje; is a twice continuously differentiable function with

respect to the space-like variables xq, 1, z2. Now assume that f is regular. This
means that Df = 0. It is easy to verify that the condition D f = 0 is equivalent to

0
i=0 i
where
10 00 0 -1 0 0 0 0 -1 0
01 00 1 0 0 0 0 0 o0 1
Ad=loo 1o M o 0o 0 1" 271 0 0 o0
0 0 01 0 0 1 0 0 -1 0 0
9fo
c')wi
of _ | &
ox; | gr
ofs
ox;
We define an operator ¢ as follows
2
of
Of = A —. 3
f ; 3o, 3)
It is clear that Df = 0 if and only if ¢f = 0. Next, we identify the function f
Jo
with f := ;1 and introduce a differential operator L as follows
2
f3
2 of
Lf = Bi—+C K 4
f Z ]8xj + f+ ’ ()
=0
do
where B; = [b)], C' = [cap), K = Zl , 00}, Capy day (,f = 0,1,2,3) are
2
ds3

the real-valued functions which are supposed to depend at least continuously on
the time ¢ and the space-like variables xg, x1, z2. A pair of operators ¢, L is
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said to be associated (see [9]) if £f = O implies ¢/(Lf) = 0 (for each ¢ in case
the coefficient of L depend on t). Now we formulate the necessary and sufficient
conditions on the coeflicients of operator L under which L is associated to the
operator £ (in other words, L is associated to the generalized Cauchy-Riemann
operator of Quaternionic Analysis). Assume that the functions bgﬁ), Capy da (J =
0,1,2,c,0 =0, 1,2,3) are continuously differentiable with respect to the space-like
variables xg, z1, s and differentiable in ¢.

Let us put
Py =)= A;B;, j=0,1,2 (5)
Qij—[qijg]=AvBl+A-Bi, 0<i<j<2 (6)

B
ZA63+AC j=0,1,2, «,3=0,1,2,3. (7)

Then we get the following Theorem

Theorem 1. The operator L is associated to the operator ¢ if and only if the fol-
lowing conditions are satisﬁed

i) The functions h (@) = Z Ciati, «=0,1,2,3, and g = Z d;e; are reqular.

SO o) 0 =
1 2 0
Tioo =T’ s Tion = Tia
r) =), S =)
i) { ol
I
i=0,1,2,3
a0 =p) o, d? =ply — 03, al? = —pl +p)
iy Jan == o ah” = - 4 an® = —p) 4l
) =p% —p%, ay? = P+, aa? =ply — Y
Qz(gl) _pz('2)+pz('2)7 ql(gz)— © pgl)v ql(éz) pz('é)_ E(QJ)’
Proof. We get
2
O(Lf)
WLf) =S A,
(L) ;J o,
2 2
0 af
=\ 4, B Lof+ K
al‘i Z j6Ij+ f+
=0 7=0
2 2 2 2
) of a(Cf) oK
=\ 4, B, 2L A, A2



210 Le Hung Son and Nguyen Thanh Van

2 & O f 9B; of
- ;ZAiBj O0x;0x; +ZZA Oz; axj

ZA

2
2f 0% f
=Y ABGG+ ZIA@+&&%EE
i=0 Li 0<i<j<2 v
2 2
OB, of
3 (gl eac) L
=0 \i=0
2
aC 0K
- ;O ia—gci)fjuZA (8)

By (5), (6) and (7), we have that (8) can be rewritten as follows

2

2
_ o f *f of
ULS) = ZPZ@:UZ? N Z @i G, O0x;0x; * ZRja—:cj
=0 0<i<5<2 7=0
2 2
oC 0K
+ gAiax) f+§Ai6_:ci' (9)
Denote
2 62f Mo
M=3"PRo5+ > Qu 5 =[],
i=0 8:51 0<i<j<2 8:618:6] me
m3
2 0
_ of _[m
N=2 Rige =l |
j=0 J
n3
>, oC
2. 0K
T = ZAi o

Then we obtain

(Lf)=M+N+S+T. (10)
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We get
2 2 2 2
0% fo | @9°fi | @9 f2 | (00 fs
i = DPio Oz t P Oz} +Pi2 Oz} +Pis Oz
2 2 2 2
W7 fo  m0fi 10 fa  1)0°fs
+Pio Ox? tPi Ox? + P2 Ox? +Pis Ox?
2 2 2 2
@20°fo  20°fi @20 fa (20°f3
+Pio Oz tPin Oz + P2 Oz +Pis 0z
PO 9? fo (01) % f1 (01) 9% f2 (01) 9% f3
i0 63:08:51 il axoaxl i2 8x08x1 i3 8x08x1
g 9? fo /0 % f1 (02) 9% f2 (02) 9% f3
i0 a$085€2 il axoaxz i2 8x08x2 i3 8x08x2
g 92 fo (12) 9% f1 (12) 9% f2 (12) L
i 83316582 il 81‘181‘2 i2 65618332 i3 65616582.
Similarly,
_ 0% @0h 00  ©0fs
i 7110 6560 +T11 6560 TZ2 6560 TZB 83:0
mofo , woh  wOf2 1)0fs
+7‘10 81‘1 +7‘11 81‘1 +7‘12 81‘1 TZB 6561
@0 @00 0L . 20f
+7‘10 81‘2 +7‘11 81‘2 +7‘12 81‘2 ++r13 81‘2.
Suppose that f is regular , then
Ofo _ 01 _ Of2 _
L0
925 T 950 — 95y = 0
Of _ 0f2 _ Ofs _
6:62 8x1 810
It follows from (13) that
Ofo _ Of of
9wy = 9wy T Ors
Ofr _ _9fo _ Ofs
810 - 8x1 612
% — _8f0 + afS
Oz Oxa 0x1
Ofs _ 0f _ 9fz
8:700 812 8:701
and
fo _ _9*f 92 f>
0z — Oxpdxy OxgO0x2
%fo _ _ 0% 9% f3
3:&? — T 9zodx,  Oz10z2
fo _ _ _0*fo + 9% f3
3:&% - OxpOxT2 O0x10x2’
and the similar expressions for the other %sz; ,0=1,2,3; j=0,1,2.
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Hence we get 3 remaining systems having the form of (15). Thus, one has a
total of 12 equations. Substituting the above 12 equations into (11), and after a

calculation, we obtain

2 2
o © 4 1) 4 g1 0° fo o . (2 , 02\ fo
i = ( +p + io ) axoafvl + ( Piz +p * io ) axoaxz
2
M _ @, (12 © o 9°fi
+ (pZ3 pzS +q10 )ax 895 ( sz 11 )a$08$1
2
O _p@ | g0 1) _ @ 4 02 " f
+ (pi + i ) axoax (pl? %1 ) 0x10x2
2 2
o, (), on) 97 f 0 (@ , (02 09°f2
+ ( pi?’ “!‘]913 + qu ) 81‘081‘1 * (plo piO + qu ) 65608332
2 2
W@, 2\ _9°f © (o)) _9°f3
+ ( pil +p11 +q12 ) 83318332 + <p12 pz2 +q13 ) 65608331
2 02 a2f3 1 2 12 82f3
+ (-n + 7 +d5?) oot (=2 + 0 +d5?) T D)
Analogously, substituting the relation (14) into (12), one gets
() )\ 9o © 4@ dfo © )OS
nl—( T11+zo)al ( + )x ( +r )35C1
nOf1 (o) (1) 0fa ) )\ Of2
+ () + D)5 + (=) + )5 + () + 1)
Oxo o0z Oxo
) INZE © 4@ 3f3
. 17
H 0D 42 4 (D ) S8 (1)

(*) The sufficient condition
Suppose that the conditions (i), (ii), and (iii) of the Theorem are satisfied. From
the relation (i), it follows that S = T' = 0. Because of (ii) it leads to n; = 0,7 =
0,1,2,3. Using the condition (iii) it implies m; = 0,7 = 0,1, 2, 3. This means that
M=N=0.

Hence I(Lf) =
condition is proved.

M+ N+ S5+T = 0 for all regular functions f. The sufficient

(*) The necessary condition
Assume that (I, L) is an associated pair, i.e.,
choose 22 regular functions as follows.
First, choose f(1) = 0, then (10) passes into T. Because I(Lf) = 0, then
3

if If = 0, then {(Lf) = 0. We will

T = 0. This means that ¢ = >_ d;e; is a regular function. Thus the term 7' can
i=0
be omitted in (10). Next, we choose f(® as an arbitrary Quaternionic constant,

f® =£ 0. For this choice (10) implies S = 0. Since f(2)

is arbitrary, then E A,; ¢ e

i=0

3
0. In other words h(®) = 3 cine;, o = 0,1,2
i=0

,3 are regular functions. Hence S
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vanishes in (10). Now, choose f(®) = x4 + x1e;, then (10) leads to N = 0, so
n; =0,7=0,1,2,3. But in fact n; = 1”1(8) + 7”1(1 Therefore, we get r( ) = rgg).
Note that the equality is the same as the condition 3"¢ of the relatlon ( ).

By a similar method, choose
fO =2 —xper, O =apex + 163, O =z100 — 2003,
f(7) = To + Taey, f(g) = Tp€1 — T2€3, f(g) = T2 — Tpé€2,
f(w) = x9e1 + xpes3

and substitute these functions into (10) we obtain N = 0 for all £ i =4, ... 10.
From this, we have the remaining equalities which are contained in the condition
(ii). Hence N can be omitted in (10).

Now we choose (M) = (22 — 23) 4 2zoz1e1 and replace f in (10) by f(1). It
follows that M = 0. This means

= p@ 4 p 4 ¢V =0, i=01,23.

The equality leads to
q(Ul) (0) pz(i)_ (18)
Note that (18) is the same as the first condition of (iii). Similarly, choose

FOD = (22 — 22) + 2zowaen,  fID) = (22 — 22) — 2x120e3

FOY = —2p02q + (x2 — 23)e F19) = (x2 — 23)er — 2xozaes
FOO = (22 — 22)e; — 2m120es  fO7 = (22 — 22)ey 4 2201 e3
FO8) = —2p020 + (x2 — 23)ea FAD = 2212001 + (22 — 22)ey
FOY = —2g021 + (a2 —22)es  fOV = 2xomoer + (22 — 22)es

f(22) = 2.Z‘1.I2 + (I% — I§)€37

and substitute f = f(), 5 = 12,...,22 into (10) one obtains M = 0. By a similar
argument we get all the remaining equalities of the condition (iii). This completes
the proof of the necessary condition. O

Remark 2. We can see that the conditions (ii) and (iii) of Theorem 1 can be
written as follows

R; = RoAi, j=1,2

Qij:(Pi—Pj)Ain, 0<i1<yjy <2

So we get

2
=Lt T (e mnagil S gk

0<i<j<2
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Note that Ay = F, A? = —F and A;A; + AjA; =0, i # j, 4,5 € {1,2}. Then
we easily obtain

0 0 0 0
Z(Lf):(Poaxo_PlAla _PQAQa + Ry) ZA f
=V(lf),
. 0 0 0
with V = PO(TTO — PlA— 92, - P2A2872 + Ry,

and Py, P1, Py, Ry are given in (5) and (7)).
Therefore one gets the following Theorem

Theorem 2. The operator L is associated to the operator £ if and only if

IL=VI,
0 0 0

here V=Py— — PlAi — — P,As— + Ryp.
where 08550 1 1(%1 2 28$2+ 0

Remark 3. If we replace the generalized Cauchy-Riemann operator by the Cauchy-
Fueter operator

and consider the operators I, L which are given by

3
of
=gt
=0

where
1 0 0 0 0 -1 0 0]
0100 1 0 0 0
Ado=1y 0 1 o] A=y 0 o0 -1
0 0 0 1 0 0 1 0]
0 0 -1 0 (0 0 0 —1]
0 0 0 1 00 -1 0
Ad=11 0 o o] =101 0 o
0 -1 0 0 10 0 0]
and
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Putting
P_[paﬁ] A;B;, §=0,1,2,3
Qi; =14} = AiB; + A;B;, 0<i<j<3.
)] ZA—+AC’ j=0,1,2,3, a,8=0,1,2,3.
Then by an analogous method which is used in Section 2, we obtain the

following Theorem

Theorem 3. The operator L is associated to the operator ¢ if and only if the fol-
lowing conditions are satisfied

3 3
i) The functions h(®) = > cini, «=0,1,2,3, and g = >_ d;e; are regular.

=0 =0
1 2 0 3 0
ZE?; _ rl(l)d)) r§0)(2)= i <0)T§°) Z)Tgs) 0
i = Tios Ti = g T =T
iy 1ol = el
TR
i=0,1,2,3.
a0 =p8 =iV, a5 =0l — 0%, alyY =ply —p)
a0 = —piy +05 s =pl —ps. 48 =-p +p)
g =—pl) +0l), alY =5 4+, 0 =p —ply)
12 1 2 13 1 3 23 2 3
o Jin = gl T il
STl TRy Sy T TR TR da m TR TR
O T i e O
Qi3 ~ = —Pio tPi2s Uz =P —Pi> %z = —Pio TP
ai” =y =0l Y =i =, a3 =0l — .

Remark 4. In this case we also have the relations
Ri:ROAia j:172u3
Qij:(Pi—Pj)Ain, 0<1<j <3,

A() =F, Az2 =—-F i=1,2,3 and AZAJ + AjAl =0,1 7é 7, 4,5 € {172,3} Then
the following Theorem is proved

Theorem 4. The operator L is associated to the operator £ if and only if
IL=VI,

0 0 0 0
—PA— — PAy — P3As— + Rp.

where V = Py— Bg Er 6—332 B3
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Remark 5. If we consider the Clifford algebra over 3 units, then one gets 8 basis
elements e, eq,...,e7, where e4 = e12,e5 = €13,€5 = €23, €7 = e123. Considering
the generalized Cauchy-Riemann operator

2.9
D= 2
gekaxk7

the operators [, L are given by

3 af
Ef_;Alaxi
where
(100000007 [0 =100 0 00 0]
01000000 1 000 0O 00 O
00100000 0 000 -1 00 0
AO:00010000 Al:OOOO 0-10 0
00001000}/ 0 010 0 00 01}
00000100 0 001 0 00 O
00000010 0 000 0O 00 —1
(00000001 (0 000 0 01 O]
[0 0 —100 0 00] [0 0 0-1000 0]
00 001 0 00 0 0 0 0010 O
1 0 000 O 00O 0 0 0 0001 O
A2:00000 0 -1 0 A3_10000000
0-1 000 0 00} 0 0 0 0000 —11
00 000 0 01 0-1 0 0000 O
00 010 0 00 0 0-1 0000 O
(0 0 000 -1 00| (0 0 0 0100 O]
and

3 6f
Lf:ZBj%qLijLK.
7=0 ’

Then we obtain the following result

Theorem 5. The operator L is associated to the operator £ if and only if

IL=VI,
0 0 0 0

h V=P— —PA — —PAy— —P3A3— + R
where 08550 1 18331 2 28:52 3 38x3+ 0,

Py, P1, Py, P3s and Ry are defined as in Remark 3.
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3. Example
3.1. The operator L is associated to the generalized Cauchy-Riemann operator
3
First, we choose ¢, as the arbitrary real-constants, g = Y d;e; is an arbitrary
i=0

regular function and we choose the elements bg)ﬁ), «,=0,1,2,3 of the matrix By

as follows
bé%) = —(y — coo)To — C10T1 — C20T2 + 5(()%)
bé[i) = co1®o + (7 — c11)T1 — C2122 + 5(()?)
bé%) = o2y — C1221 + (7 — C22)x2 + 552)
bé[:)s) = C03T0 — C13%1 — C23%2 + 5(()?
b8 = cromo — (v — coo)a1 + caow2 + By
b = —(v — c11)wo + corz1 + a2 + 65
bg) = C12%0 + Co2%1 + 3222 + 68)
b8 = c1smo + cosr — (7 — ca3)T2 + 0Ly
bsy) = c200 — c3021 — (7 — Cop )2 + By
bgi) = C21%p — €31%1 + Co1T2 + 6;?)
b$Y = —(7 — c22)wo — c30m1 + coa2 + 0%
b8y = caswo + (v — cas)x1 + coawa + O3y
by = csomo + c20m1 — cr0ma + By
bgp = c31@0 + c2121 + (v — c11)®2 + 5§(P
bgg) = c32@0 — (77 — C22)T1 — C12%2 + 55,2)
B0 _

33 = — (7 — €33)T0 + c2371 — C1372 + 5§g)’

where v, (5((;2, a,B=0,1,2,3 are the arbitrary real-constants.

Second, choose By = —A; By and By = — A3 By. Then it is easy to verify that
all the conditions of the Theorem 1 are satisfied. In this way one obtains a class
of the differential operators L which are associated to the generalized Cauchy-
Riemann operator on the Quaternionic Algebra.

3.2. The operator L is associated to the Cauchy-Fueter operator

Take the arbitrary real-constants c,3 and the arbitrary regular function

3
g = Z diei.
=0
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Further the elements bgg7 a,3=0,1,2,3 of the matrix By are given by

by = % [~ (7 — co0)zo — c1021 — c20%2 — C3023] + 0%
b((ﬁ) = % [corzo + (v — c11)m1 — 2122 — czrx3] + 5(()?)
b(()g) = % [coao — c12m1 + (7 — ca2)T2 — c3223] + 5(()3)
b(()%) = % [cosTo — c13T1 — Cagxa + (7 — c33)x3] + 5(()?,,)
by = % [c1020 — (7 — coo)1 + Cao@z — c20w3] + %))
bﬁ) = % [~ (7 = e11)zo + co171 + c3172 — ca173] + 552)
bgg) = % [c12T0 + co2m1 + c32T2 + (77 — c22) 73] + 58)
by = % [e1aw0 + cosmr — (7 — c33)x2 — Caaa] + 01
ol = % [e200 — 3021 — (7 — Coo)2 + c103] + 6
by = % [e2120 — 3121 + corwz — (7 — e11)ws] + 6%
by = % [~ (y — can)0 — cao@1 + oz + C123] + )
bg%) = % [cazwo + (v — c33)@1 + coaxa + c13w3] + 652)
by = % e300 + c2021 — 1022 — (7 — coo)as] + S
b:(g) = % [es1mo + coa1w1 + (7 — c11) T2 + corx3] + 5;?)
bgg) = % [032560 — (v —c22)x1 — c1972 + cogxg] + 5§3>
bg%) = % [— (v — e33)m0 + c2321 — C1322 + cozxs] + 5§§>,
where v, (5527 a,3=0,1,2,3 are the arbitrary real-constants.

Next, choose

B, =-A1By
By = —A5By
B3 = —A3B;g.

Then we can see that all the conditions of the Theorem 3 hold. So one gets a class
of the differential operators L which are associated to the Cauchy-Fueter operator
of Quaternionic Algebra.
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4. The initial value problems with regular initial functions

The classical Cauchy-Kovalevskaya Theorem (in Complex Analysis) shows that
the initial value problem is solvable provided L has holomorphic coefficients and
the initial function is holomorphic, but in view of the H.Lewy example (see [4]),
there exist linear first-order differential equations with infinitely differentiable co-
efficients not having any solutions. On the other hand, by the criterion which is
given in Theorem 1 (and Theorem 3, respectively), we can construct operator L
such that the initial value problem (1), (2) is solvable for each regular initial func-
tion ¢. Because the components of regular functions are harmonic so the necessary
interior estimate (see [10]) follows from the Poisson Integral Formula.

Finally, we get the following theorem

Theorem 6. Suppose that the operator L is associated to the generalized Cauchy-
Riemann operator (the Cauchy-Fueter, respectively) of Quaternionic Algebra. Then
the initial value problem (1), (2) is solvable for any arbitrary initial regular function
© and the solution u(t,x) is reqular for each t.
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Hyperderivatives in Clifford Analysis
and Some Applications to the
Cliffordian Cauchy-type Integrals

M.E. Luna-Elizarrards*, M.A. Macias-Cedeno and M. Shapiro*

Abstract. We introduce the notion of the derivative as the limit of a quotient
where the numerator and the denominator represent a kind of the “incre-
ments” of a function and of the independent variable respectively. The di-
rectional derivative is introduced where a direction means a hyperplane in
R™*! for a Clifford algebra Clo,m. The latter applies for obtaining a formula
showing how to exchange the integral sign and the hyperderivative of the
Cliffordian Cauchy-type integral as a hyperholomorphic function.

Mathematics Subject Classification (2000). Primary 30G35; Secondary 32A10.

Keywords. Hyperderivative, m-dimensional directional hyperderivative, Clif-
fordian Cauchy-type integrals.

1. Introduction and rudiments of Clifford analysis

1.1. In one-dimensional complex analysis there are several equivalent approaches
to the introducing of the main object of interest, the class of holomorphic (called
also analytic, regular, etc) functions. Among them are: the derivative of a complex
function as the limit of a certain quotient, the Cauchy-Riemann conditions, the
complex differentiability as a special case of real differentiability in R?; but many
others as well. Clifford analysis pretends to be a proper generalization of it onto
higher dimensions but the corresponding class of functions (called in this work
hyperholomorphic functions) is defined, almost allways, in terms of the Cauchy-
Riemann conditions.

In the present work we introduce the notion of the derivative in terms of
the limit of a quotient where the numerator and the denominator have a good

*The research was partially supported by CONACYT projects as well as by Instituto Politécnico
Nacional in the framework of COFAA and SIP programs.
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reason to be seen as the increments of a function and of the independent variable
respectively. We introduce also a directional derivative where the direction means
a hyperplane in R™*!. It is remarkable that there is a deep analogy among the
relations of both notions in Clifford analysis and in its one-dimensional complex
analysis counterpart. The directional derivative becomes crucial when one wants to
realize in which sense the density of the Cauchy-type integral should be derivatived
if one tries to exchange the integral sign and the hyperderivative of the Cauchy-
type integral as a hyperholomorphic function.

1.1.1. We are aware about a handful of directly preceding papers only. The topic
began in the famous Sudbery paper [12] in the framework of quaternionic analysis
which was followed by [9] again dealing with quaternionic analysis, and by [3], [8]
now in the Clifford analysis context.

1.2. Given m € N, let C/y ,, denote the corresponding real Clifford algebra with
signature (0, m). An exhaustive information about Clifford algebras can be found
in many sources, some of them are [6], [10], [1], [2]. In order to fix the notation
we give here a necessary minimum of it. We denote by eg = 1 and e, e, ..., e,
respectively the real unit and the “imaginary units ” of C'¢y ,, meaning that
el =—ey (k=1,2,...,m),

erer + ecer = —20p0€0, (k,0=1,2,...,m),
where dy¢ is the Kronecker symbol. As a real linear space, C{ , is 2™-dimensional
with a basis {es : A C {1,2,...,m}} where e4 :=ep,ep,---€p,,1 < hy, < -+ <
h, <'m,ey = ey = 1. Hence the Clifford numbers (i.e., the elements of the Clifford
algebra) are of the form

a = Z aasen ,
A

with a4 € R. The conjugate of a is defined by
Z(a) =a= ZaAéA7
A

where
€4:=€p,€n,_, " €n; €p:=—e(k=1,...,m),
and for a,b € Cly y, it holds:
ab=ba. (1.2.1)
1.3. Let Q C R™"! be a domain. We'll work with C/ ,,-valued functions f: Q —
C?y,m, hence they are of the form

fl@)=> fa(z)ea,
A

where fa(x) € R and z € Q.
If all the components of f belongs to some function class (C*, L,, etc) then
we say that f itself belongs to the class. We do not touch a much more delicate
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question about additional structures of those classes, namely, whether they form
Clifford modules, or is it possible to endow them with a norm, etc.

1.4. The (generalized) Cauchy-Riemann operator is defined on C(£2, C¢y.,) by

0
D= — 1.4.1
Z € o’ ( )
£=0
and its conjugate by
_ ™ )
D= €. 1.4.2

They possess a crucial property of factorizing the Laplace operator in R™*1, i.e.,
DD=DD = Agmi1 . (1.4.3)
Let a € Cly,, then the right multiplication operator M® : Cly,, — Clyy is
defined by
M®b]:=ba,
for b € Cly, .

Extending the last definition onto the functions f € C*(Q, Cly.,) the right
Cauchy-Riemann operator is defined by

- 0
D, = M — 1.4.4
; D2, (1.4.4)
and its conjugate by
_ moo_ 9
D, = Met— . 1.4.5
; B (1.4.5)

From (1.2.1) it holds:
D,.=2DZ, D,=ZDZ.

Hence operators (1.4.4) and (1.4.5) preserve the property of factorizing the
Laplace operator:
D, D, =D, D, = Agms1 .

1.5. Definition. A function f € C1(Q2, Clo.m) is called left-hyperholomorphic if

_of of d B
D[f](z) = o o @+ Heng = (@) =0 (1.5.1)
in Q. We set M(Q) := ker D. Similarly, f is right-hyperholomorphic if D.[f] = 0,

and we set M,.(Q) := ker D,..

(z) + e

1.5.1. One of the most important examples of a hyperholomorphic function is the
function

X

E =
() Ao |2+

(1.5.2)
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where A, is the surface area of the unitary sphere S™ in R™*+1, It is known
as the Cauchy kernel and it is the fundamental solution of the Cauchy-Riemann
operators (1.4.1) and (1.4.4).

1.6. We shall need several differential forms in what follows. As usual, the volume
element in R™*1 is the real-valued (m + 1)-form given by

dV :=dxog Ndxy N --- Ndz,, . (1.6.1)
Then one sets:
0 1= dig — eydiy + - + (—1)™epmdin (1.6.2)

where dZy, is the differential m-form which is obtained from (1.6.1) omitting the
factor dxy, for K =0,1,...,m. One may call it a Cliffordian representation of the
(m-dimensional) surface element since if I is a smooth surface in R™*1, then

Or = NgdSy
m
where n, = Zeg nez and @ = (ng,n1,...,Nn) is the outward-pointing unit
£=0
normal at the point = € ', dS, is the elementary surface element in R™*1!,
Finally, we set, following [8], 7, to be an (m — 1)-differential form given by

Ty 1= —e1dTo1 + €xdTo 2 + - - + (= 1) endTo m - (1.6.3)
Here dZo¢ denotes the (m — 1)-differential form dio with the factor dxy,
¢ =1,...,m, omitted.
1.7. In order to facilitate their usage, we present below some basic integral for-
mulas.

1.7.1. Cauchy-integral formula. Let Q be a bounded domain in R™T' and let
I be its boundary which we assume to have a sufficient smoothness. Then for
fFeMQ)NC(Q,Cly ) there holds:

flx), fzeQ,
= 7 1.7.1
A1 / ly — x|m+1 v/ (W) {0, if z € R™TIN\Q . ( )

1.7.2. Sokhotski-Plemelj formulas. Set QF := Q, Q~ := R™t\Q+ and let T' be
additionally a Lyapunov surface, then for f € CO*(T,Cly.y,), the set of Hélder
functions with 0 < p < 1, and for 2° € T there holds:

—x 1

1 y— a0
lim oy fy) = i§f($0) + Amit /F [y — 20+ oy f(y).

Q%3010 Am+1 rly— l‘lm“ (1.7.2)
1.7.2

Note that both formulas hold under much more general conditions but we
shall not use this in the sequel.
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2. Hyperholomorphy, hyperdifferentiability and hyperderivability
in Clifford analysis

In the previous section we dealt with the global concept of hyperholomorphy for
a function f € C*(Q, Clo,m), the one related to the whole domain of it. Now we
concentrate on a local version of hyperholomorphy.

2.1. Definition. A function f : Q — Cly ., is called left-hyperholomorphic at
20 € Q if f is left-hyperholomorphic in some open neighborhood V (2°) C Q of 2°.

2.1.1. For m = 1 there holds:

o 9 0,0

- D= i i
Clo, =G Z Oy Oxy 8:60 ter o0x1 0z

with z = x¢ + ez, the usual complex variable where e; stands for the imagi-
nary unit ¢. Hence the hyperholomorphy, global or local, in this case becomes a
usual holomorphy of complex functions expressed in terms of the Cauchy-Riemann
conditions.

2.2. Definition. The function f € C*(Q, Clo.y,) is called left-hyperdifferentiable in
Q if for any x € Q there is a Clifford number denoted by f'(x), such that

d(r () = 02 (@), (22.1)
The Clifford number f'(x) is named the left-hyperderivative of f at x.

2.2.1. Again taking m = 1 we get from (2.2.1) that df = f'(z)dz, with f/(z)
being the usual derivative of a complex function, which explains the terminology
introduced; of course here the complex derivative at a point is understood as a
proportionality coefficient.

2.3. In complex analysis case, the holomorphy is equivalent to the complex di-
fferentiability. Let us show that this extends onto the hyperholomorphy and the
hyperdifferentiability for any Clifford algebra C? .

In [8] it is proved that for z € Q and for the left side of (2.2.1) one has:

(7 f (@) = 5 02 DIf)(w) ~ 3 7. D[f](a). (2.3.1)
In particular, for m = 1 the formula (2.3.1) gives:
) 9
4(0) = L (20 1 0z

hence (2.3.1) is its extension onto the general situation of Clifford algebras C'lg .
In particular (2.3.1), see [8], implies immediately

2.3.1. Theorem. Let f € C1(Q, Cly.m). Then f is left-hyperholomorphic at x° € Q
if and only if f is left-hyperdifferentiable at x° and for such functions

7(%) = 3 DIfla®) (2.3.2)
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In particular, for m = 1 the formula (2.3.2) gives: f'(z) = 9f/0%; i.e., for
a holomorphic function f its “formal derivative” 0f/0Z becomes an “authentic
derivative” f’(z); thus we may reasonably interpret (2.3.2) in the same way for
the general situation of Clifford algebras Cg .

2.3.2. Note that (2.3.1) has its right-hand-sided analogue

d(f(z)7s) = %E[f](x)ox - %Dr[f] (2)7 (2.3.3)

and both are combined in the following formula:

A @)rag()) = 5 {DolA)(w)ag(e) — Drlfl(@)oag(a)
+ (- (@), Dlgl(e) + ()" [T Dl @)} (2.34)

We wonder if (2.3.4) has an interpretation in the above terms which does not
reduce to a simple combination of the left and the right cases.

2.4. There exists one more approach, in one complex variable, that in terms of the
limit of the quotient of the increments both of the function and of the variable.
Our aim now is to obtain an analogue for Clifford analysis case.

Let us define a non-degenerate m-dimensional parallelepiped with vertex 20 €

R™ L and edge vectors {v1,va, ..., vy} C R by
= {xo +) tevg €R™ (t, . t) €0, 1]m}
=1

and its boundary by
oIl := {:CO —I—Zt@’ve ER™| (t1,...,tm) € O[O, 1]’”} .
=1

2.5. Theorem. Let f € Q — Cly., be left-hyperholomorphic at z° and let  f'(z°)
be the left-hyperderivative. Then for every sequence {I;},—, of non-degenerate
oriented m-parallelepiped with vertex x° the equality

( /nk %>1 ( /ank " f(”“")ﬂ = f'(2°), (2.5.1)

is true if lim diamIl; = 0.
k—o0

lim

k—o0

Proof. From Stokes theorem and (2.3.1)

/ank e fl@) = /H e fe) = [ k (% 0. Df(x) - ;%Dmm) .

Since f is hyperholomorphic

/ank o fz) = /Hk (% %D[f](a:)) . (2.5.2)
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From (2.5.2) and since f € C! it holds:

| (, “z)l(/@nf =0
= Jim l( /Hff) (/ (ioxD[fux)))] (253
:klggoK /Hkox)_ (/Hax (;D[f]@)))] —f@). O

2.5.1. Above, the hyperderivative was defined as a proportionality coefficient of
the two differential forms which is a rather formal approach if one recalls the usual
definition of the complex (or even real) derivative as the limit of a certain quotient.
The preceding theorem says that, at least for hyperholomorphic functions, the
hyperderivative is the limit of a quotient; what is more the numerator of the
quotient is a kind of the increment of the function meanwhile the denominator
represents the increment of the independent variable. The one-dimensional case
supports this reasoning.

2.5.2. In case m = 1 the 1-dimensional parallelepiped
I:={zeC|z=2+tv,t €[0,1]}, (2.5.4)

is a segment connecting the points 29 and v1, and its boundary is the discrete set
OII := {zp, z}. The differential forms (1.6.2) and (1.6.3) are:

oy = dx1 — erdxg and Ty = —€q. (2.5.5)

Since o, = —ejdz then

(o) ()] = (o) (f, e s)
- K/ndz)l (/anf(”“")): _ /{/} Q) _ f(ziifo(m’ 256

dg

where ( is the integration variable. If the function f is complex differentiable at

zo then
| s
J'(0) = Jim 073

z—20 / dC
20

for any 1-dimensional parallelepiped in every direction shrinking to zg, i.e., the
general formula (2.5.1) reduced to a well-known fact.

(2.5.7)
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3. An m-dimensional directional hyperderivative
in Clifford analysis

3.1. The “directions” that we are going to consider are given by hyperplanes
L c R™*+! with equation

)= nmr+d=0, (3.1.1)
£=0
where d € R and 7 = (ng,n1,...,My,) is the unit normal vector to L.

Since for every L, there exists the hyperplane Ly with unit normal vector

N
nY; such that Ly passes through the origin of R™*! and L is parallel to Lo, then
n’ = Y"" ' nd e, indicates the direction of L.

3.2. Definition. Let xg € L N €. The function f : Q — Cly., is said to be left-
hyperderivable at xo along L, if for any sequence {Il;}r-,, Il C L, such that
lim diamlly, = 0 of non-degenerate m-parallelepipeds with vertex at xg, the limit

k—oo
o |(fm) (o)

exists and does not depend on a choice of the sequence {11}, .
If exists, the limit is called the left m-dimensional directional hyperderivative
along a hyperplane L and it will be denoted by 7 (xo).

: (3.2.1)

3.2.1. Notice that, of course, a fine point in this definition is that the family of
parallelepipeds Il is fully contained in L, in contrast to the conditions in Theorem
2.5 where the parallelepipeds are free to move in R™*1.

3.3. Theorem. Let V(2°) be an (m + 1)-dimensional neighborhood of 2° € R™*1.
Let f € CY(V(2°); Clo,m). Then f is left-hyperderivable at 2° along any hyperplane
L>ab.

Proof. First we are going to establish a relation between the surface forms o, and
o, along L. Applying (2.3.1) to v we have:

d(rar (@) = 5 02 Dh](@) — 5 02 DB](w) = 0;
therefore
7 = 0, D)(2) (D) () "
— o, (D)) (3.3.1)
=0, (n%?.
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Now take {II;};—, with IT; C L and klim diamlII; = 0. Then (2.3.1) and (3.3.1)
imply:

(L) ([, )
= lim [(/Hk 0w>1 (/Hk d(7y - f(@))}
Lt l( /H k a) - /H k (oxD[f](x)—EmD[f](x))]

— 1 tim [( / k a) ( / o (DU7)) - (F)2D[f](x)))] .

Appealing to the fact that f € C1(V(2?), Clp ) we conclude that the limit in the
left side exists, and thus the proof is completed. O

Of course it also gives immediately

3.3.1. Corollary. Under the conditions of Theorem 3.3 there holds:

1

fi(a®) = 5 (DIAIE") - @°)?Dlfl(a")) - (3:3.2)

3.3.2. Corollary. Let f € C*(V(2"); Clom). Then f is left-hyperholomorphic at
2% iff f1(2°) does not depend on the hyperplane L.

3.4. It is well known that for a function f : Q@ € R™T! — RP, the directional
derivative at z° € Q along the direction given by a vector @ € R™*!, where
| @ |=1, is defined by the limit

g(xo) := lim f(a + ti) — f(2°)

a'[j t—0 t ’

(3.4.1)

where ¢ is real. In particular for ¥ being a unit vector of the coordinate axis xy
the limit (3.4.1) agrees with the partial derivative %(mo) for every £. This keeps
being true for m = 1, i.e., in R2, but now the complex structure of C in R? offers
a “complex approach” to define the directional derivative. In effect, let £ be a
complex number of modulus 1; set

ze :={z€Clz=2)+1t&teR}.
Then if the limit
im 1) = /o) : (3.4.2)

ZgD z2—20 zZ— 20
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exists, it is called the (complex) directional derivative of f at zo along the direction

z¢ and it is denoted by STf(zo). Since
3

f(z) = f(z0) _ lim f(z0 +t€) — f(20)

li
Zg BIZIEZO Z— 20 t—0 té‘
— £lim f(z0 +t€) — f(20)
t—»O t ’

both directional derivatives, in R?, exist simultaneously only and whenever it hap-
pens they differ by a constant factor

of , _ . 9Of
e =€ 5 G0 (3.43)
Hence if £ =1 then
of of
e (0) = g (), (3.4.0)
and if £ =4 then
0 0
8zf (20) = —ia—g‘i(zo). (3.4.5)

The latter equation exhibit the difference between the two definitions of the
directional derivatives because in it, the complex structure is manifested. Note also
that for the complex directional derivative in C, the following formula is known
for functions of class C*:
of of “2iarge Of

var 3.4.6
g (o) = o (o) e ). (3.46)
3.4.1. Let I' C C be a smooth curve and f : I' — C. Then the derivative of f
along I', f[, is defined by the limit

Q) =

for ¢ € T'. In general, one cannot speak about the directional derivatives in this
situation so assume additionally that f is of class C! in a small neighborhood of

f(z) = f(9)

4.
I‘Bz—>§ z— C ’ (3 7)

0
I'. Let £ define the tangent direction at ¢ € T', hence there exists —f(g ). It is easy

825
to prove now that f}.(¢) exists as well and ff(¢) = g—zfg(C)

What does the results obtained in Section 3.3 mean for m = 17

When m = 1, the hyperplane L is a straight line in R? with equation v =
noxo + nix1 + d. Definition 3.2 becomes

L K /. ) L. —elf@)l - gm FEZE Gas)

which is the definition of the complex directional derivative in the complex plane.
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Let & € C be such that | £ |= 1 and that it determines the direction of L.
Then n® = e:£ (or —e;€) and ( no)? = —¢£2,
Therefore the formula (3.3.2) gives:
L (Bre10,0) _ (o2 0 of 2 f
> (DI1®) = (@0)2D[f)(")) = - (20) + 5= (20)
_ ﬁ —2ejarg af
=3, (20) +e 8_( 0), (3.4.9)

which is the formula (3.4.6) for the complex directional derivative.

Thus the definition of the directional hyperderivative for C'?y ,,-valued func-
tions is a generalization of the complex approach to the notion of (one-dimensional)
directional derivative of a complex function.

4. Hyperderivation of the Cliffordian Cauchy-type integral

4.1. As before let Q@ € R™*! be a domain, which now is assumed to be simply con-
nected and let I' := {y € R™*![p(y) = 0} be its boundary, where o € C*(R™+1 R)
and grad o|T'(y) #0 Vy € T
Applying (2.3.4) to E(y — z) and f(y) € C(I',C¥ ) one has:
. - _
d(E(y =)y f(y)) = 5{Dry[E(y = 2)]oy f(y) + (1) E(y — 2)oy, D[ f](v)
+ ()" E(y — 2)7,D[f](y)} , (4.1.1)

and after the integration over I' there holds:

/Dry y—x)]oy f(y) /E — )0, D[f](y)

) B -om, D). (412
I
Because of
D, y[E(y —z)] = — Dy [E(y — 2)] = =Dy [E(y — z)]
(4.1.2) is
D —x)o m“ —z)o
Dw/FE@/ o £ (y /E D)

—1ym / E(y- )7, Dlfly).  (413)

For y € I it holds that d(7,0(y)) = 0 and 7, = 0, D[0](y) (D]¢] (y))~". Therefore
with V|r(y) := D[o](y) (D[o](y)) " we get that (4.1.3) can be written as

D. /E —x)o, fly /E —z)oy, (=1)""'D + (=1)"V|r(y)D) [f](y) .
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Thus we have arrived at the following conclusion.
4.2. Theorem. Let Q C R™*! be a simply connected domain with boundary T’ :=

{y e R™ T o(y) =0} , where o € C*(R™T1,R), grado|T'(y) # 0 for ally € T'; and
fecyr, C’€0m) Then for all x ¢ T

D. /E —2)o, f(y /E —z)oy, (=1)""'D + (-1)"VIr(y)D) [f](v),
(4.2.1)
where V|r(y) := Dlel(y) (D[el(y)) "

4.2.1. Let T(y) be the tangent hyperplane to I' at a point y € I". Then (4.2.1)
may be rewritten in more evident and palpable forms, first of all, as

(/E ~Doufly ) /E )0y [ (¥) - (4.2.2)

(K[f) (x) = K[frl(x), (4.2.3)

)= / By — 2)0, /()

is the Cliffordian Cauchy-type integral with density f. The formulas (4.2.1)—(4.2.3)
say that under the conditions of Theorem 4.2, the hyperderivative of the Cliffordian
Cauchy-type integral (the latter is a hyperholomorphic function, hence its hyper-
derivative is well defined) is again Cliffordian Cauchy-type integral but now with
the density which is the directional hyperderivative along the tangent hyperplanes.

and finally as

where

4.3. Obviously, for a hyperholomorphic function f there are well-defined hyper-
derivatives of any order p > 1: f®) .= (f=1Y fO) — f: similarly for directional
hyperderivatives. With this agreement, the following statements are simply ob-
tained by induction.

4.3.1. Corollary. Let p € N, f € CP(I';Cly.m) and o € CP(R™TLR). Then for
everyy € I’

UE —2)oy, f(y } /E —2)oy ()™ V(y)D + (-1)"D)" [f](v),
(4.3.1)

</E — 2oyl ) /E oy (), (4.3.2)

KNP (z) = “’>]< ). (4.3.3)

or equivalently
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4.3.2. Corollary. (Sohotski-Plemelj formulas for hyperderivatives of the Cliffordian
Cauchy-type integral).

Let f € CPH(T;Clom), 0 € CPH(R™TLR). Then for every 2° € T the following
both limits exist:
(p)
L (/F E(y - x)oyf(y))
and they are given by

(p)
. (p) 0 0 (p)
yilinxo (/E —x)oy f(y )) —:I: /E —”)oy (y)(y)-
(4.3.4)

4.4. The Cauchy kernel for m = 1 is given by

1

Then (4.2.1) has the form

% (27T1e1/FC . Zf(C)dC) (4.4.1)

—ml/rc—z ((x(o ag.(o(ac(o) 8<<<>> ac.

The Cauchy-Riemann operator can be seen as the “complexification” of the ope-
rator grad, thus

-1
2200 (520)) = e, (142)

Therefore (4.4.1) becomes

1 1 ' 1
(27re1/1~§— zf(od<> - 2me; /F

which can be rewritten, in accordance with Subsection 3.4, as

1 1 !
(3mg; [ e5700¢) = 52 [ 2 0.

The latter formula is obtained by a simple integration by part for f living on I" only
and being derivable along I', without any additional assumptions on the smooth-
ness of f. The general situation of Clifford analysis for an arbitrary m is much
more complicated and it has required a more elaborated machinery which, hence,
can be seen as a far-reaching generalization of the idea of integration by parts.

d¢, (4.4.3)
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Directional Quaternionic Hilbert Operators

Alessandro Perotti

Abstract. The paper discusses harmonic conjugate functions and Hilbert op-
erators in the space of Fueter regular functions of one quaternionic variable.
We consider left-regular functions in the kernel of the Cauchy—Riemann op-
erator

p:z(iﬂi) =0 40 ;0 40

0z1 0Zo Oxo oz 0o o3

Let J1, J2 be the complex structures on the tangent bundle of H ~ C? defined
by left multiplication by 7 and j. Let Ji,J5 be the dual structures on the
cotangent bundle and set J; = JiJ5. For every complex structure J, =
p1J14+pade+p3Js (p € S? an imaginary unit), let 9, = % (d +pJ, o d) be the
Cauchy—Riemann operator w.r.t. the structure J,. Let C, = (1,p) ~ C. If Q
satisfies a geometric condition, for every C,-valued function f; in a Sobolev
space on the boundary 92, we obtain a function H,(f1) : 9Q — (Cj,‘, such
that f = f1 + Hp(f1) is the trace of a regular function on Q. The function
H,(f1) is uniquely characterized by L?(8)-orthogonality to the space of CR-
functions w.r.t. the structure .J,. In this way we get, for every direction p € S?,
a bounded linear Hilbert operator H,, with the property that Hg =1id — Sp,
where S}, is the Szegb projection w.r.t. the structure Jp.

Mathematics Subject Classification (2000). Primary 30G35; Secondary 32A30.

Keywords. Quaternionic regular function, hyperholomorphic function, Hilbert
operator, conjugate harmonic.

1. Introduction

The aim of this paper is to obtain some generalizations of the classical Hilbert
transform used in complex analysis. We define a range of harmonic conjugate func-
tions and Hilbert operators in the space of regular functions of one quaternionic
variable.

Work partially supported by MIUR (PRIN Project “Proprietd geometriche delle varieta reali e
complesse”) and GNSAGA of INdAM.



236 A. Perotti

Let © be a smooth bounded domain in C2. Let H be the space of real quater-
nions q = xg+ix1+jre+kxs, where i, j, k denote the basic quaternions. We identify
H with C? by means of the mapping that associates the quaternion ¢ = z; + 25
with the pair (21, 22) = (xg + i1, T2 + tx3).

We consider the class R(€Q) of left-regular (also called hyperholomorphic)
functions f : Q@ — H in the kernel of the Cauchy—Riemann operator

0 0 0 0 0 0
b=2 (821 + 822) 8x0 i axl + axz ka‘rg.

This differential operator is a variant of the original Cauchy—Riemann—Fueter
operator (cf. for example [37] and [18, 19])

0] 0 0 p 9 0
6—580 +Za—1+ 81‘2 + 6563
Hyperholomorphic functions have been studied by many authors (see for instance
[1, 21, 24, 28, 34, 35]). Many of their properties can be easily deduced from known
properties satisfied by Fueter-regular functions. However, regular functions in the
space R(€) have some characteristics that are more intimately related to the
theory of holomorphic functions of two complex variables.

This space contains the identity mapping and any holomorphic map (f1, f2)
on {2 defines a regular function f = fi + foj. This is no longer true if we adopt
the original definition of Fueter regularity. This definition of regularity is also
equivalent to that of g-holomorphicity given by Joyce in [20], in the setting of
hypercomplex manifolds.

The space R(f2) exhibits other interesting links with the theory of two com-
plex variables. In particular, it contains the spaces of holomorphic maps with
respect to any constant complex structure, not only the standard one.

Let Jy, J2 be the complex structures on the tangent bundle TH ~ H defined
by left multiplication by ¢ and j. Let J{, J5 be the dual structures on the cotangent
bundle T*H ~ H and set J3 = J{'J5. For every complex structure J, = p1J; +
p2Jo + p3Js (p a imaginary unit in the unit sphere S?), let d be the exterior
derivative and

= 1

the Cauchy-Riemann operator with respect to the structure J,. Let Hol, (2, H) =
Ker d, be the space of holomorphic maps from (€2, J,) to (H, L,), where L, is
the complex structure defined by left multiplication by p. Then every element of
Hol, (€2, H) is regular.

These subspaces do not fill the whole space of regular functions: it was proved
in [27] that there exist regular functions that are not holomorphic for any p. This
result is a consequence of an applicable criterion of .J,-holomorphicity, based on
the energy-minimizing property of regular functions.

Other regular functions can be constructed by means of holomorphic maps
with respect to non-constant almost complex structures on € (cf. [30]).
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The classical Hilbert transform expresses one of the real components of the
boundary values of a holomorphic function in terms of the other. We are interested
in a quaternionic analogue of this relation, which links the boundary values of one
of the complex components of a regular function f = f1 + faj (f1, fo complex
functions) to those of the other.

In [21] and [32] some generalizations of the Hilbert transform to hyperholo-
morphic functions were proposed. In these papers the functions considered are
defined on plane or spatial domains, while we are interested in domains of two
complex variables. In the latter case, pseudoconvexity becomes relevant, since a
domain in C2 is pseudoconvex if and only if every complex harmonic function on
it is a complex component of a regular function (cf. [23] and [25]).

In the complex variable case, there is a close connection between harmonic
conjugates and the Hilbert transform (see for example the monograph [6, §21]),
given by harmonic extension and boundary restriction. Several generalizations
of this relation to higher-dimensional spaces have been given (cf., e.g., [7, 8, 9,
12]), mainly in the framework of Clifford analysis, which can be considered as a
generalization of quaternionic (and complex) analysis.

Our aim is to propose another variant of the quaternionic Hilbert operator,
in which the complex structures J, play a decisive role. Since these structures
depend on a “direction” p in the unit sphere S2, we call it a directional Hilbert
operator H,.

The construction of H, makes use of the rotational properties of regular
functions (see §2.3), which were firstly studied in [37] in the context of Fueter-
regularity. This allows to reduce the problem to the standard complex structure.

Let C, = (1,p) be the copy of C in H generated by 1 and p and consider
Cp-valued function on the boundary 0€Q.

Assume that ) satisfies a p-dependent geometric condition (see §3.1 for pre-
cise definitions), which is related to the pseudoconvexity property of €.

In Theorems 5 and 6 we show that for every C,-valued function f; in a
Sobolev-type space ngp (09) and every fixed q € S? orthogonal to p, there exists a

function H, 4(f1) : 02 — C, in the same space as f1, such that f = fi1 + H, 4(f1)¢
is the boundary value of a regular function on €. The function H,, 4(f1) is uniquely
characterized by L?(9Q)-orthogonality to the space of CR-functions with respect
to the structure J,. Moreover, Hy, , is a bounded operator on the space ngp (092).

In Section 7 we prove our main result. We show how it is possible, for every
fixed direction p, to choose a quaternionic regular harmonic conjugate of a C,-
valued harmonic function in a way independent of the chosen orthogonal direction
q. Taking restrictions to the boundary 0f2, this construction permits to define the
directional, p-dependent, Hilbert operator H,.

In Theorem 10 we prove that even if the function Hy, ,(f1) given by Theorem
6 depends on ¢, the product Hp 4(f1)g does not. Therefore we get a Cp-antilinear,
bounded operator

H,: ng(am — ng (09,Cy),
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which exactly vanishes on the subspace C'R,(02). Observe how the orthogonal
decomposition of the codomain H = C, & C; resembles the decomposition C =
R @ iR which appears in the classical Hilbert transform.

The Hilbert operator H, can be extended by right H-linearity to the space
ngp (02, H). The “regular signal” R,(f) := f+ Hp(f) associated with f is always
the trace of a regular function on € (Corollary 11). Moreover we show (Corollary
12) that R,(f) has a property similar to the one satisfied by analytic signals
(cf. [31, Theorem 1.1]): f is the trace of a regular function on Q if and only if
R,(f) = 2f (modulo C'R,-functions).

The Hilbert operator H,, is also linked to the Szegé projection S, with respect
to Jp. In Theorem 13 we prove that H? = id — S, is the L?(99Q)-orthogonal
projection on the orthogonal complement of CR,(0%2).

When € is the unit ball B of C?, many of the stated results have a more
precise formulation (see Theorem 7). The geometric condition is satisfied on the
unit sphere S = 0B for every p € S%. On S we are able to prove optimality of the
boundary estimates satisfied by H.

In Section 6, we recall some applications of the harmonic conjugate construc-
tion to the characterization of the boundary values of pluriholomorphic functions.
These functions are solutions of the PDE system

(see for example [2, 3, 13, 14, 15] for properties of pluriholomorphic functions of
two or more variables). The key point is that if f = f; + faoj is regular, then
f1 is pluriholomorphic (and harmonic) if and only if fo is pluriharmonic, i.e.,

2
52:05
of pluriharmonic functions (cf. [26]) can be applied to obtain a characterization of
the traces of pluriholomorphic functions (Theorem 8).

=0on Q (1 <4,5 <2). Then known results about the boundary values

2. Notations and definitions

2.1. Fueter regular functions

We identify the space C? with the set H of quaternions by means of the mapping
that associates the pair (21, 22) = (xo + @21, 22 + ix3) with the quaternion ¢ =
21+ 22] = 2o +ix1 + jre +krs € H. A quaternionic function f = f1 + fa7 € C*()
is (left) regular (or hyperholomorphic) on Q if
o .0 of | .of
Df=2—+j—|=—"—+i=—"— k=——=0 Q.
f (62’1 +'7822> Oxg +Zal‘1 +j(95€2 Oxs on

We will denote by R(€) the space of regular functions on .
With respect to this definition of regularity, the space R(2) contains the
identity mapping and every holomorphic mapping (f1, f2) on 2 (with respect to
the standard complex structure) defines a regular function f = f1 + fo5. We

of ,of
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recall some properties of regular functions, for which we refer to the papers of
Sudbery[37], Shapiro and Vasilevski[34] and Nono|[24]:

1. The complex components are both holomorphic or both non-holomorphic.

2. Every regular function is harmonic.

3. If Q is pseudoconvex, every complex harmonic function is the complex com-
ponent of a regular function on €.

4. The space R(£2) of regular functions on €2 is a right H-module with integral
representation formulas.

A definition equivalent to regularity has been given by Joyce[20] in the set-
ting of hypercomplex manifolds. Joyce introduced the module of ¢-holomorphic
functions on a hypercomplex manifold.

A hypercomplex structure on the manifold H is given by the complex struc-
tures Ji,Jo on TH ~ H defined by left multiplication by ¢ and j. Let J}, J5 be
the dual structures on T*H ~ H. In complex co-ordinates

dezl :idzl, deZQZZdZQ
JQ*d,Zl = —dzs, J;dZQ =dz
J§d21 =1dzs, JgdZQ = —1dz;

where we make the choice J3 = J{J3, which is equivalent to J3 = —J;Js.
A function f is regular if and only if f is g-holomorphic, i.e.,

df + iJy(df) + 3J5(df ) + kJ5 (df) = 0.

In complex components f = f1 + f2j, we can rewrite the equations of regu-
larity as

9f1 = J3(0f,).

The original definition of regularity given by Fueter (cf. [37] or [18]) differs
from that adopted here by a real co-ordinate reflection. Let v be the transformation
of C? defined by (21, 22) = (21, Z2). Then a C*! function f is regular on the domain
Q if and only if f o v is Fueter-regular on v~ 1(Q), i.e., it satisfies the differential
equation

3 a a a B B

2.2. Holomorphic functions with respect to a complex structure .J,

Let J, = p1J1+p2J2+p3Js be the orthogonal complex structure on H defined by a
unit imaginary quaternion p = pyi+paj+psk in the sphere S = {p € H | p? = —1}.
In particular, J; is the standard complex structure of C? ~ H.

Let C, = (1,p) be the complex plane spanned by 1 and p and let L, be
the complex structure defined on T*C, ~ C, by left multiplication by p. If f =
fO+ift:Q — Cisa J,-holomorphic functlon i.e., df® = Jx(df') or, equivalently,
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df +iJ,(df) = 0, then f defines a regular function f=72+pfton Q. We can
identify f with a holomorphic function

JZ: (Q,Jp) = (Cp, Ly).
We have L, = J, (), where v(p) = p1i +p2j — p3k. More generally, we can consider
the space of holomorphic maps from (£, J,) to (H, L)
Hol,(Q,H) = {f : Q — H of class ' | 9,f = 0 on Q} = Kerd,

where 5p is the Cauchy-Riemann operator with respect to the structure J,
_ 1 .
8p = 5 (d-l—pJp Od).

These functions will be called J,-holomorphic maps on €.
For any positive orthonormal basis {1,p,q,pq} of H (p,q € S?), let f =
f1+ foq be the decomposition of f with respect to the orthogonal sum
H=C, & (Cp)g.

Let fi = fO+pft, fo = 2+ pf3, with £9, f1, £2, f3 the real components of f
w.r.t. the basis {1,p, ¢,pq}. Then the equations of regularity can be rewritten in
complex form as

Ipfr=J;(0pf2),
where f, = f2 —pf® and 9, =  (d — pJ}; o d). Therefore every f € Hol,(Q,H) is
a regular function on Q.
Remark 1.

1. The identity map belongs to the spaces Hol, (92, H) N Hol;(£2, H), but not to
HOlk (Q, H)

2. For every p € S?, Hol_, (92, H) = Hol, (Q2, H).

3. Every Cp,-valued regular function is a Jp-holomorphic function.

Proposition 1. If f € Hol, (2, H) N Hol, (2, H), with p # +q, then f € Hol, (€2, H)

for every r = uziiggn (a, B € R) in the circle of S? generated by p and q.

Proof. Let a = ||ap+ Bq||. Then a? = o? + 3%+ 2a8(p- q), where p- q is the scalar
product of the vectors p and ¢ in S?. An easy computation shows that

pJy +qJ, = —2(p-q)1d.
From these identities we get that
rJi(df) = a™*(ap + Ba)(ady + BT;)
a”(aPpJy(df) + B%q T (df) + aB(pJ; + ¢J;)(df))
a™2(a®pJy(df) + B¢ T (df) — 2aB(p - q)(df))
a”?(a®(=df) + *(=df) + 2a8(p - ¢)(—df)) = —df.
Therefore f € Hol,.(Q, H).
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In [27] it was proved that on every domain  there exist regular functions
that are not J,-holomorphic for any p. A similar result was obtained by Chen and
Li[10] for the larger class of g-maps between hyperk&hler manifolds.

This result is a consequence of a criterion of Jp-holomorphicity, which is
obtained using the energy-minimizing property of regular functions.

2.3. Rotated regular functions

In [37] Proposition 5, Sudbery studied the action of rotations on Fueter-regular
functions. Using that result and the reflection v introduced in §2.1, we can obtain
new regular functions by rotation.

Proposition 2. Let f € R(Q) and let a € H, a # 0. Let ro(z) = aza™! be the
three-dimensional rotation of H defined by a. Then the function

fa :T'y(a)ofo’ra
is regular on Q% = r;1(Q) = a='Qa. Moreover, if v(rq(i)) = p, then f € Hol,(Q)
if and only if f* € Hol;(Q%).

Proof. The first assertion is an immediate application of the cited result of Sud-
bery. Now let p = v(ro(i)), o’ = v(p) = r4(i) and g = r,(j) in S2. We first show
that

Tq : (H, Jl) — (H, Lp/)
is holomorphic. Let 74(2) = aza™! = xo + p'w1 + qro +p'qw3 = (0 +p'w1) + (72 +
P'x3)q = g1 + g2q, where g1, g2 are the Cp-valued holomorphic functions induced
by z1 and z3. Then

p'Ji(dra) = p'Ji (dg1) +p'J7 (dg2)q = —dg1 — dg2 ¢ = —dr,.
From this we get that also the map
" = Tyt ¢ (H, i) — (H, Ly)
is holomorphic, since r.(q)-1(i) = v(a) " tiy(a) = y(aia™t) = y(rq(i)) = p. Now
the commutative diagram

f
(Qa L’y(p)) —_— (Ha Lp)

Ta T lr'y(a)

(Qa7 Jl) ? (Hv Jl)

gives the stated equivalence, since J, = L (p)- (]

Remark 2. The rotated function f® has the following properties:
Lo(fo)e " =f.
2. fme=fo.
3. If a € §2, then (%) = f.
4. If f is Cp-valued on Q, for p = v(r4(4)), then f* is C-valued on Q.
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2.4. Cauchy—Riemann operators

Let Q2 = {z € C%: p(z) < 0} be a bounded domain with C°*°-smooth boundary
in C2. We assume p of class C™ on C? and dp # 0 on 0. For every complex-
valued function g € C1(€2), we can define on a neighborhood of 9§ the normal
components of dg and dg

_y" 99 9 L 9.g=5" 29 9p 1
a"g_;azk oz lop] 204 a”g_zazk 921, |0p|’

2
where [0p|* = Ek 1

surface measure do, we can also write

. By means of the Hodge *-operator and the Lebesgue

Ongdo = *ggbn.

In a neighborhood of 9Q we have the decomposition of dg in the tangential and
the normal parts

dp
09 = 019 + Ong—=—
10p|

Let £ be the tangential Cauchy—Riemann operator

1 [(9p 0O dp 0
N |6p| 0zs 071 0z, 0% )

The tangential part of dg is related to Lg by the following formula
0ig A dCaon = 2Lg do.

A complex function g € C(99) is a CR-function if and only if £Lg = 0 on 5.
Notice that dg has coefficients of class L?(99) if and only if both 9,,g and Lg are
of class L?(99).

If g = g1 + g2j is a regular function of class C! on €2, then the equations
Ong1 = —L(g2), Ongz = L(g1) hold on 9Q. Conversely, a harmonic function f
of class C1(Q) is regular if it satisfies these equations on 9 (cf. [28]). If Q has
connected boundary, it is sufficient that one of the equations is satisfied.

In place of the standard complex structure J;, we can take on C? a different
complex structure J, and consider the corresponding Cauchy-Riemann operators.
We will denote by 9, ,, and 9, the normal components of 9, and 9, respectively,
by 0, the tangential component of 9, and by £, the tangential Cauchy—Riemann
operator with respect to the structure J,. Then we have the relations

_ ) _
3,9 = Opt g + Opmg |a”p i Bpi g A dC o0 = 2Lpg do,
P

Opngdo = x épg‘m

The space
CR,(00)=Ker L, ={g: 00 —C, | L,g =0}
has elements the CR-functions on 992 with respect to the operator gp.
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Remark 3. The operators 0, Op.n, Opn and L, are Cp-linear and they map C,-
valued functions of class C! to continuous C,-valued functions.

The relation between the Cauchy-Riemann operators 0 and 9, can be ex-
pressed by means of the rotations introduced in Proposition 2.
Proposition 3. Let a € H, a # 0. If p = 7(1}(2)) and g : Q — C, is of class
CH(Q), then dg® = (9,9)*. Moreover 0,9% = (0p.ng)® and Lg* = (L,g)* on ON°.
In particular, g € CRy(09) if and only if g* € CR(0Q?).

Proof. Let p' = v(p), ' = v(a). We have

2(5pg)“ =dry o (dg +pJ,(dg)) odry = dg* + dry o Ly o J;(dg) o dr,
while _

20¢® = dg® + L; o J{ (dg®) = dg® + L; o dg® o Ji.

The last term is

Liodg®oJi = J{(dre)odgo (drqoJi) = (dre o Lp) odgo (Ly odry),
since rq : (H, J1) — (H, L,/) and 7o : (H, L,) — (H, J1) are holomorphic, as seen
in the proof of Proposition 2. Therefore it suffices to notice that J;(dg) = dgo Ly
and this is true because J, = L. For the second statement, we have

* 59a|am = Ong*do®
where do® is the Lebesgue measure on 92%. On the other hand,
* (gpg)a\ag = (x gpg\ag)a = (gp,ng do)" = (gp,ng)ad0a~

From the first part it follows that 9,,g = (0p.,9)*. Then also the tangential parts
are in the same relation and this implies that Lg% = (£,g)® on 0Q°. O

3. Quaternionic harmonic conjugation

3.1. L? boundary estimates
Let p € S2. Given a C,-valued function f = fO + pfl, with f°, f! real functions
of class L?(99), we define the L?(92)-norm of f as
A= (PP + 1P M2,
and the L?(99Q)-product of f and g = g" + pg' as
(f,9)= (foagO)L2(8Q) + (flagl)w(an)«

We will denote by L?(99, C,) the space of functions f = fO+pfl, f0, f1 € L*(09Q)
real-valued functions.

In the following we shall assume that Q satisfies a L?(9€)-estimate for some
p € S?: there exists a positive constant C,, such that

|(f, Log)| < CpllOp.n f 1 19p.n9ll (1)

for every C,-valued harmonic functions f, g on €, of class C*! on Q.
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From Proposition 3 and the invariance of the Laplacian w.r.t. rotations, it
follows that Q satisfies (1) if and only if the rotated domain Q¢ = r;1(Q), with
p = v(ra(7)), satisfies the estimate with p = i

|(f. £g)] < CpllOnfI 1Ongll (2)

for all complex-valued harmonic functions f, g on Q%, of class C' on Q2.

Proposition 4. On the unit ball B of C2, the estimate (1) is satisfied with constant
Cp =1 for every p € S%.

Proof. From rotational symmetry of B, it is sufficient to prove the estimate for
the case p = i, the standard complex structure. In this case, the proof was given
in [29]. For convenience of the reader, we repeat here the proof.

We denote £; by L, 0;, by 0, and gi)n by 0,. Let S = dB. The space
L?(S) is the sum of the pairwise orthogonal spaces Hs;, whose elements are the
harmonic homogeneous polynomials of degree s in 21,29 and t in Z1,Zy (cf. for
example Rudin([33, §12.2]). The spaces H,; can be identified with the spaces of
the restrictions of their elements to S (spherical harmonics).

It suffices to prove the estimate for a pair of polynomials f € Hs+, g € Him,
since the orthogonal subspaces H;: are eigenspaces of the operators 9, and On.
We can restrict ourselves to the case s =1+ 1 > 0and m =t+ 1 > 0, since
otherwise the product (f, Lg) is zero. We have

(£, £9)* < IfIPIILal? = IFI*(£" Ly, 9) = IfIP(—LLg. g) = I FII* (L + 1)m]lg]|®
since the L?(S)-adjoint £* is equal to —L (cf. [33, §18.2.2]) and LL = —(I+1)m Id
when m > 0. On the other hand,

100 fl1Ongll = (1 + )m] flg]l-
and the estimate is proved. ([l

Remark 4. Tt was proved in [29] that the estimate (2) implies the pseudoconvexity
of € with respect to the standard structure. It can be shown that the same holds
for a complex structure J,. We conjecture that in turn the estimate (1) is always
valid on a (strongly) pseudoconvex domain in C? (w.r.t. J).

A domain Q biholomorphic to B in the standard structure (e.g., an ellipsoid
with defining function p = ¢%|21|? + ¢3|22]? — 1) satisfies estimate (2) but it does
not necessarily satisfies estimate (1) for p # i, since the domain Q% can be not
pseudoconvex.

3.2. Harmonic conjugate

We now prove some results about the existence of quaternionic harmonic conju-
gates in the space of C,-valued functions of class L%(9€2). We consider the following
Sobolev-type Hilbert subspace of L2(9€2, C,):

W3 (09) = {f € L*(09,C,) | 9,f € L*(00,C,)}
= {f € L2(99,C,) | By f and L,f € L*(09,C,)}
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with product
(f:9ws = (£,9) + Opnf Opng) + (Lpf, Lpg)-

Here and in the following we always identify f € L?(99) with its harmonic exten-
sion on 2. We will use also the space

W, (09) = {f € L(09,Cp) | Bpnf € L399, Cy)} > W (90)

with product B B
(f7 g)W; " = (f7 g) + (ap,nfa ap,ng)v
and the conjugate space
W, (09Q) = {f € L*(0Q,Cp) | Opnf € L*(09)}
with product
(fu g)W;},n = (f7 g) + (ap,nf7 apmg)‘
These spaces are vector spaces over R and over C,,.
—1 .
For every a > 0, the spaces ngp (0Q), W, ,(8Q) and W, (99Q) contain,
in particular, every C,-valued function f of class C'**(9Q). Indeed, under this
regularity condition f has a harmonic extension of class (at least) C' on Q.
Let S, be the Szegd projection from L?(99,C,) onto the (closure of the)

subspace of holomorphic functions with respect to the structure .J,,, continuous up
to the boundary. We have the following orthogonal decomposition

W4 (09) = CR,(09) & CR,(09)* = Ker Sy @ Ker S,

where Spl =1Id—5,.

In the case of the standard complex structure (p = i), we will denote the space
W3 (99) simply by W2(9Q) and the same for the spaces W}n(am = Wi(@Q)
and Wlln (0Q) = WL(090).
Remark 5. From Proposition 3 it follows that if p = (1, (7)), then

ngp 0 :={f*|fe ngp (00)} = ng(aﬂa).

Similar relations hold for the other function spaces and the correspondence f — f¢
is an isometry between these spaces. The Szego projection S, on € is related to
the standard Szegd projection S on Q* by S,(f)* = S(f%).
Theorem 5. Assume that the boundary OS2 is connected and that the domain )
satisfies estimate (1). Given f1 € W;m(ag), for every q € S? orthogonal to p,

there exists fo € L?(09Q,C,), unique up to a CR,-function, such that f = f1+ faq
is the trace of a regular function on Q). Moreover, fa satisfies the estimate

inf [|f2 + foll200) < Cpllfills (o0
fO p,n

where the infimum is taken among the CR,-functions fo € L?(09,C,). The con-
stant C, is the same occurring in the estimate (1).
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Theorem 6. Assume that OS2 is connected and that Q satisfies estimate (1). Given
fi1€ ng (0Q), for every q € S? orthogonal to p, there exists Hy 4(f1) € ng (09)
P P

such that f = fi1 + Hpq(f1)q is the trace of a regular function on Q. Moreover,
Hp q(f1) satisfies the estimate

||Hp7q(fl)||W51p <W/CEA+1 ||f1||W51p

with the same constant Cp, given in (1). The operator H,, is a Cp-antilinear
bounded operator of the space ng (092), with kernel the subspace CR,(09Q).
P

We will show in Section 5 that when 2 = B, the unit ball, then a sharper
estimate can be proved.

4. Proof of Theorems 5 and 6

4.1. An existence principle

We recall a powerful existence principle in Functional Analysis proved by Fichera
in the 50’s (cf. [16, 17] and [11, §12]).

Let M7 and M5 be linear homomorphisms from a vector space V' over the
real (or complex) numbers into the Banach spaces By and Bs, respectively.

Let us consider the following problem: given a linear functional ¥, defined
on By, find a linear functional ¥y defined on By such that

\Ifl(Ml(’U)) = \IIQ(MQ(’U)) VoveV.
Fichera’s existence principle is the following:

Theorem (Fichera). A necessary and sufficient condition for the existence, for any
¥, € BY, of a linear functional ¥y defined on By such that

\Ill(Ml(v)) = \IJQ(MQ(U)) VveV

is that there exists a positive constant C such that, for all v € V,

[M:(v)]| < CllMa(v)]].
Moreover, we have the following dual estimate with the same constant C':

inf ||Us + Uyl < C||¥

b 1%2 + Wol| < O[T,

where N is the subspace of Bs composed of the functionals W that are orthogonal
to the range of Ma, i.e., N ={¥g € B | ¥o(Ma(v)) =0 Vv € V}.

The theorem can be applied only if the kernel of Ms is contained in the
kernel of M. If this condition is not satisfied, the vector ¥, has to satisfy the
compatibility conditions:

U (Mi(v)) =0 Vv e Ker(Ms).

As mentioned in [11], this result includes important existence theorems, like,
e.g., the Hahn-Banach theorem and the Lax-Milgram lemma.
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4.2. Proof of Theorem 5

Given two orthogonal imaginary units p, g, there exists a unique rotation r, that
fixes the reals and maps p to ¢ and ¢ to j. Let a = v(a’). Then p = v(r,(¢)) and
the domain 2 satisfies the estimate (2) of §3.1. The rotated function f{* belongs
to the space W, (9Q%).

Now we state and prove the theorem for the standard structure p = i (cf. [26,
Theorem 3]) and then we will show how this is sufficient to get the general result.

Theorem. Suppose that the estimate (2) is satisfied. For every f1 € Wi(aﬂ), there
exists fo € L*(09), unique up to a CR-function, such that f = fi + foj is the
trace of a regular function on Q. Moreover, fo satisfies the estimate

if%f 12+ follz2o) < Cllf1llw a0y
where the infimum is taken among the CR-functions fo € L?(052).

Proof. We apply the existence principle to the following setting. Let ¥V =Harm® Q)
be the space of complex-valued harmonic functions on €, of class C! on €.

By means of the identification of L?(9Q) with its dual, we get dense, contin-
uous injections W,(92) C L2(002) = L2(92)* C WL(9%)*.

Let A = CR(99Q) be the closed subspace of L?(9€) whose elements are
conjugate CR-functions. It was shown by Kytmanov in [22, §17.1] that the set of
the harmonic extensions of elements of A is the kernel of 0,,.

Let By = (W}(09)/A)" and By = L%(9Q). Let My = o L, My = 9,,, where
7 is the quotient projection 7 : L? — L?/A = (L?/A)" C By.

(WE(09)/A)"
1
Harm" (£2) - C
M2:5n P e /‘112
L2(09)

For every g € L?(09), let g* denote the component of g in A+ C L2(99Q).
A function hy € W} (9Q) defines a linear functional ¥; € By = W(92)/A such
that
Wy(n(g)) = (g, ha)ze for every g € L*(09).
If h is a CR-function on 012,

(Lo, h) = % . hd(¢dz) =0 and then (Lp)t = Lo.

This implies that Uy (M;(¢p)) = (L, hy).
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By the previous principle of Fichera, the existence of hy € L?(052) such that
U1 (Mi(0)) = (£d, h)z = Vo (Ma(0)) = (9, h2) 2 V¥ ¢ € Harm'(Q)

is equivalent to the existence of C' > 0 such that
17 (L) || (wro0)/4) < CllOndllr2a0) V ¢ € Harm' (). (**)
The functional 7(L¢) € L*/A = (L2/A)* C Bj acts on 7(g) € L?/A in the

following way:
m(Le)(m(9)) = (9%, L&)r> = (9, LP) L2
since Lo € AL. From the estimate (2) we imposed on Q we get

sup (9. £&)| < C||Ondll 200y ¥ ¢ € Harm'(Q)

HW(Q)HW}L(aQ)/Agl

which is the same as estimate (). From the existence principle applied to h; =
f1 € WLHO9Q), we get fo = —ho € L%(0N2) such that

(Lo, fr)r2 = —(Ond, fo)r2 ¥V ¢ € Harm'(Q).
Therefore

! f15¢AdC=—/ fox0¢ ¥ ¢ € Harm'(Q)
2 Joa o0

and the result follows from the L?(99)-version of Theorem 5 in [28], that can be
proved as in [28] using the results given in [34, §3.7]. The estimate given by the
existence principle is

inf |[f2+ follz2o0) < Cl¥allwi/a < Cllhallw;o0) = Cllfilly a0,
foEN n

where N = {fo € L*(09) | (Ono, fo)12(90) = 0 V¢ € Harm'(Q)} is the subspace
of CR-functions in L?(99) (cf. [22, §17.1] and [11, §23]). O

We can now complete the proof of Theorem 5.

Proof of Theorem 5. Applying the preceding theorem to f{ € Wi(@ﬂ“), we ob-
tain a complex-valued function g € L?(9Q%) such that g = f{+goj is the trace of
a regular function on Q. We denote by the same symbols the extensions on the do-
mains. Let fo = (g2)"/* and f = f1+ foq. Then f® = ry o forg = fi4gora (q) = g.
Therefore f € R(Q).

Given two functions fa, f} € L*(Q,C,) such that f = fi + faq and f/' =
fi+ fiq are regular on , then (f' — f)g = fa — f5 is a Cp-valued regular function
and then it is J,-holomorphic. Therefore f, is unique up to a C'R,-function.

The estimate for f on 0f is a direct consequence of that satisfied by g on 9Q¢. 0O

4.3. Proof of Theorem 6

Let ¢ € S? be orthogonal to p and let fo be any function given by Theorem 5.
Let Hy 4(f1) be the uniquely defined function S;-(f2) = fa — Sp(f2). Notice that
fi € CR,(09) if and only if fo» € CR,(0€) and therefore Hp 4(f1) = 0 if and only
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if f1 is a CR,-function. Besides, for every fi, we have

[ Hp,q(fi)llL200) = If2 = Sp(f2)llz200) < |If2 + foll2(a0)
for every C'R,-function fy on 0. From Theorem 5 we get

[ Hp,q(f)llL2002) < Colll fill7200) + 19pn f117200)) ">

If g = g1 + goj is a regular function of class C' on €, then the equations 9,91 =

—L(g2), Ong2 = L£(g1) hold on 9Q (cf. [28]). Then

L9211 2(00) = [10ng1llL2(50), 10ng2llL200) = [1£91]L2(00)-

If g is regular, with trace of class L?(9S2), but not necessarily smooth up to the
boundary, by taking its restriction to the boundary of 2. C Q and passing to the
limit as € goes to zero, we get the same norm equalities. Using rotations as in the
proof of Theorem 5, we get

Lo f2llL200) = 10p.nfill200), 10pnfallLz@ea) = 1L f1llL200),
and then also

1L Hp,q(f)llL2(60) = 10p.nfillL200)s 110pmHp,q(f1)llL200) = [I1£pf1llL2(50)-
Putting all together, we obtain

(Ol < Colfale + [Bpn a2 + 125 filzo
< max{1, Gy} fillw,

and finally the desired estimate
1 (f)llfs < CollfillZe + 10pnfillze) + 1£p filliz + 10pn fullZe
P

< (G + DIl -

5. The case of the unit ball

On the unit ball B, an estimate sharper than the one given in Theorem 5 can be
proved.

Theorem 7. Given f; € W;n(S), for every q € S* orthogonal to p, there exists
fa € L?(S,C,), unique up to a CR,-function, such that f = f1 + faq is the trace
of a regular function on B. It satisfies the estimate

inf < 9pn :
foeér;%p(S) 12+ foll2(s) < 10p.nfillLzcs)

If fr € ngp (S), for every q € S* orthogonal to p, there exists H, 4(f1) € ngp (9)

such that f = fi + Hy 4(f1)q is the trace of a regular function on B. Moreover,
H, 4(f1) satisfies the estimate

_ 1/2
1Hpa(f)lwy < (2005 filiiacs) + Lo fil3ncs))



250 A. Perotti

Proof. As in the proof of Theorem 5, it is sufficient to prove the thesis in the case
of the standard complex structure. We use the same notation of Section §4.2. The
space WL(S)/A is a Hilbert space also w.r.t. the product

(W(f)aﬁ(g))wg/,q = (Onf,0ng)

This follows from the estimate ||g*||12(s) < [OngllL2(s), which holds for every
g e WYS):ifg= > p>0.450 Yp.q 18 the orthogonal decomposition of g in L?(9),
then -

10,917 =" > lpgpal®

p>0,g>0

> Z ”91)@”22”91_”2'

p>0,q>0

Then

1793174 = llg™ 172 + 9ngll72
< 2|0ng|12-

and therefore |7 (g)|lw1,4 and ||9,g|| 1> are equivalent norms on W, (S)/A. Now we
can repeat the arguments of the proof of Section §4.2 and get the first estimate. The
second estimate can be obtained in the same way as in the proof of Theorem 6. [

Remark 6. The last estimate in the statement of the previous Theorem is optimal:
for example, if f1 = Z1, then gnfl = 21, Efl = —z1, Hiyj(fl) = %z and
1Hs (0l = 5 = 2080 i sy + £ ags):
since in the normalized measure (Vol(S) = 1) we have ||z || = ||z2| = 27 V2.
Remark 7. The requirement that gpyn f1 € L*(S) cannot be relaxed. On the unit
ball B, the estimate which is obtained from estimate (**) in §4.2 by taking the
L?(S)-norm also in the left-hand side is no longer valid (take for example ¢ €
Hi—1,1(5)). The necessity part of the existence principle gives that there exists
f1 € L3(S) for which does not exist any L?(S) function f; such that fi + f27 is the
trace of a regular function on B. This means that the operation of quaternionic
regular conjugation is not bounded in the harmonic Hardy space h?(B).

As it was shown in [29], a function f; € L?(S) with the required properties
is f1 = 2’2(1 — 51)_1.

This phenomenon is different from what happens for pluriharmonic conju-
gation (cf. [36]) and in particular from the one-variable situation, which can be
obtained by intersecting the domains with the complex plane C; spanned by 1
and j. In this case f; and f; are real valued and f = f1 + f2j is the trace of a
holomorphic function on 2 N C; with respect to the variable ¢ = z¢ + x2j.
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6. Application to pluriholomorphic functions

In [29], Theorem 5 was applied in the case of the standard complex structure, to
obtain a characterization of the boundary values of pluriholomorphic functions.
These functions are solutions of the PDE system

0%g
652'853'

=0 on (1<4,57<2).

We refer to the works of Detraz[13], Dzhuraev[14, 15] and Begehr[2, 3] for proper-
ties of pluriholomorphic functions of two or more variables. The key point is that
if f = f1 + foj is regular, then f; is pluriholomorphic (and harmonic) if and only
if f is pluriharmonic., i.e., 99f; = 0 on €.

We recall a characterization of the boundary values of pluriharmonic func-
tions, proposed by Fichera in the 1980’s and proved in Refs. [11] and [26]. Let

Harm{(Q) = {¢ € C1(Q) | ¢ is harmonic on 2, 8,,¢ is real on 9Q}.

This space can be characterized by means of the Bochner-Martinelli operator of
the domain Q. Cialdea[11] proved the following result for boundary values of class
L? (and more generally of class LP).

Let g € L2(09) be complex valued. Then g is the trace of a pluriharmonic function
on Q if and only if the following orthogonality condition is satisfied:

/ g*x0p =0 Vo € Harmj(Q).
[519]

If f=f1+ faj : 00 — H is a function of class L?(9€2) and it is the trace of
a regular function on €2, then it satisfies the integral condition

f10¢ ANdC = —2/ faxdp Yo € Harml(Q).
a0 o9

If 0N) is connected, it can be proved that also the converse is true (cf. §4.2).

We can use this relation and the preceding result on pluriharmonic traces to
obtain the following characterization of the traces of pluriholomorphic functions
(cf. [29]). It generalizes some results obtained by Detraz [13] and Dzhuraev [14] on
the unit ball (cf. also Refs. [2, 3, 4, 5, 15]).

Theorem 8. Assume that Q) has connected boundary and satisfies the L?(09)-

estimate (2). Let h € Wi(@Q) Then h is the trace of a harmonic pluriholomorphic
function on Q if and only if the following orthogonality condition is satisfied:

/ hdp AdC =0 V¢ € Harmg(Q).
o0
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7. Directional Hilbert operators

In the complex one-variable case, there is a close connection between harmonic
conjugates and the Hilbert transform (see for example the monograph [6, §21]).
There are several extensions of this relation to higher-dimensional spaces (cf., e.g.,
[7, 8, 9, 12, 21, 32]), mainly in the framework of Clifford analysis, which can
be considered as a generalization of quaternionic (and complex) analysis. In this
section we apply the results obtained in §3 in order to introduce quaternionic
Hilbert operators which depend on the complex structure Jp,.

Let L?(99,C;) be the space of functions fq, f € L?(9,C,), where ¢ € S
is any unit orthogonal to p and let

W5 (09,C;) = {f € L*(99,C}) | 9,f € L*(99,C;))}.

Then W3 (0Q,C) = {fq | f € W3 (9Q)} for any ¢ € S* orthogonal to p. On
these spaces we consider the products w.r.t. which the right multiplication by ¢ is
an isometry:
(f,9)r200,c) = (f@: 90 12(00.C,)
(f: 9wz oact = (f4:99)w o0)-
P P

Proposition 9. The above products are independent of qLp.

Proof. Let ¢ = aq + bpq € (Cj; be another element of S? orthogonal to p, with
a,b € R, a® +b? = L. If fqg = fO+ flp, then f¢' = (af® +bf') + (af' — bfO)p.
Similarly, g¢' = (ag® + bg') + (ag* — bg®)p, from which we get
(fd 9d) r200.c,) = (af® +bf" ag’ + bg" )2 + (af' —bf° ag" —bg®) 2

= (@®+0)(f% ¢")r2 + (@® +0°)(f', 9 )12 = (fa, 99)L2(99,C,)-
The independence of the second product follows from that of the first. O

We will consider also the space of H-valued functions
ng(aszﬂ) ={f € L*(0Q,H) | 0,f € L*(0Q,H)}

with norm

1/2
I£1hsy o = (13lsg comey + el oncy))

where f = f1+ faq € ng (anCp)@ng (09Q,Cy), fi € ng (092, Cp) and q is any
imaginary unit orthogongl to p. It follovxfs from Propositionpg that this norm does
not depends on q.

Now we come to our main result. We show how it is possible, for every fixed
direction p, to choose a quaternionic regular harmonic conjugate of a C,-valued
harmonic function in a way independent of the orthogonal direction g. Taking
restrictions to the boundary 02 this construction permits to define a directional,
p-dependent, Hilbert operator for regular functions.
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Theorem 10. Assume that 02 is connected and that Q satisfies estimate (1). For
every Cp-valued function f; € ng (09)), there exists Hy(f1) € ng (8Q,(Cj;) such
P P

that f = f1 + Hp(f1) is the trace of a regular function on Q. Moreover, Hp(f1)
satisfies the estimate

||Hp(f1)||W51 oach <4 /Cp+1 ||f1||W51 (59)

where Cp is the same constant as in estimate (1). The operator H, : ng (092) —
ngp (09, C5) is a right Cp-linear bounded operator, with kernel CR,(99).

Proof. Let q,q' € S? be two vectors orthogonal to p. We prove that

Hyq(f1)g = Hp,q (f1)d'.
Let g = Hp o(f1)g — Hp ¢ (f1)d' € Wép(@ﬂ,@j;). Then gq € ngp (092) is the re-
striction of a C,-valued, regular function on €. But this implies that gq is a CR,-
function on 9. On the other hand, gg belongs also to the space C'R,(9Q)*, since
Hyo(f1) = Sy (f2) and Hy o (fi)d'a = Sy (f3)d'q, with ¢'q € Cp, where f> and
f4 are functions given by Theorem 5. This implies that g¢ = 0 and then also g
vanishes. Therefore we can put

Hp(fl) = Hpﬂ(fl)q for any q Lp.

The estimate is a direct consequence of what stated in Theorem 6. ([l

From Theorem 7, we immediately get the optimal estimate on the unit sphere:

_ 1/2
1 ()l (s < (2000 fillics) + 1£ah11Ea0s)) -

The operator H,, can be extended by right H-linearity to the space ng (09, H).
P
Iffe ng (09, H) and ¢ is any imaginary unit orthogonal to p, let f = f1 + faq €
P
ng (09,Cp) & ng (69,@;), fie ng (09, Cp). We set
P P P

Hp(f) = Hp(fl) + Hp(f2)Q-

This definition is independent of g, because if f = f1 + f}q¢’, then (f2q — f4q')q
is a CRy-function and therefore 0 = Hy(—f2 — f4¢'q) = —Hp(f2) — Hp(f5)d'q¢ =
H,(f2)qg = Hp(f5)q'. The operator H, will be called a directional Hilbert operator
on 0f.

Corollary 11. The Hilbert operator H), : ng (0Q,H) — ng (09, H) is right C,-
linear and H-linear, its kernel is the space of H-valued C' R,-functions and satisfies
the estimate

||Hp(f)||W51p(8Q,H) <4 /CE+1 ||f||W51p(8Q,H)-

For every f € ng (0, H), the function Ry(f) := f + Hp(f) is the trace of a
regular function on Q.
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The “regular signal” Ry, (f) := f + Hp(f) associated with f has a property
similar to the one satisfied by analytic signals (cf. [31, Theorem 1.1]).

Corollary 12. Let f € ng (0Q,H). Then f is the trace of a regular function on
P

if and only if R, (f) = 2f (modulo CRy-functions). Moreover, f is a CR,-function

if and only if R,(f) = f.

Proof. Let g be any imaginary unit orthogonal to p and let f = f1 + faq, f1, f2 €
ng (092, Cp). Then
P

_ - J1+ Hy(f2)g=2f1 -
Ry(f) =2f (mod CR,) < {f2q+Hp(f1) 2% (mod CR))
fi= Hp(f2)q
mod C .
- {f2 — Hy(fyg MOV OR)

Therefore R,(f) = 2f (mod CRy,) < f = fi+ foqg = f1r + Hp(fr) = (fo +
H,(f2))q (mod CR,), i.e., f is (the trace of) a regular function.

If f1, f2 € CRy, then Hyp(f1) = Hp(f2) = 0 and therefore R,(f) = f. Con-
versely, if R,(f) = f, then from the first part we get f = 2f(mod CR,;,) and so f
is CR,. O

We now study the relation between the Hilbert operator and the Szego projec-
tion. When f; € ng (092), then Hp(f1) € ng (09, C;) and therefore Hy,(Hy(f1))
is again in ng (092).

Theorem 13. Let S, : ngp (09) — CR,(09Q) C ngp (092) be the Szegd projection.
Then H} = id — S,. The same relation holds on the space ngp (0, H) if Sp is
extended to ngp (09, H) in the same way as Hy,. As a consequence, R2(f) = 2R,(f)
(modulo CR,-functions) for every f € ngp (092, H).

Proof. For every f; € ng (0€2), the harmonic extension of f = f1 + H, 4(f1)q is
P

regular. Then also f' = (Hp 4(f1) +H§7q(f1)q)q has regular extension and therefore
the Cp,-valued function f — f' = f1 + Hqu(fl) is a CRp-function. We have the
decomposition

fr = (fr+ Hy 4(f1) = Hy o (f1) € CR,(09) & CRy(92) ™,
that gives f1 + H? (f1) = Sp(f1). But H, , = —Hpq and then

H2 (f1) = —Hypo(Hy(f1)q) = Hy(Hp(f1)0)q-

By definition, H2(f1) = Hp(H,(f1)) = Hy(—H,(f1)q)q. Then fi — H2(f1) =
i+ H (f1) = Sp(fr). 0
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Remark 8. The Hilbert operator H, can be expressed in terms of H; using the
rotations introduced in §4.2. It can be shown that H, ,(f1)* = H;;(f{"), from
which it follows that
Hy(f1)" = Hi(f])-

Theorem 10 says that even if the rotation vector a depends on p and g, the function
H,(f1) = Hi(f#)'/* only depends on p.
7.1. Examples
Let @ =B, f = |z1]* - [22]*.

1. p=1. We get

Hi(f) =2172j and Ri(f) = |z1]* — |22 + 21 22)
is a regular polynomial. We can check that
RY(f) = 2|21 — |22f* + 21225) = 2Ri(f)-
2. p=7j. We have
Hi(f) = (2122 — 2122)] and  R;(f) = |=1]” — |22 + (2122 — z122)5.

Now

3 1 .
R?(f) =5 (|251|2 - |22|2) =+ 2 (32122 — 52122) j

1 1 .
=2R;(f) + B (lz2]> = |21 ]?) — 3 (2122 + Z122) j

= 2R;(f) + CRj-function

In fact, the Hilbert operator H; vanishes on % (|22|2 — |z1|2) — % (21224 7122) .
3. p=k. In this case

Hi(f) = (2172 + 2122)j,  Ri(f) = |21 — |22 + (2122 4+ 2122)j  and
1 .
Ri(f) = — (|Zl|2 — |22|2) + 5 (32122 + 5z122) j

1 1 ,
=2Ri(f) + B (Iz2” = |21]?) + B (2122 — Z1%2) j
= 2Ry (f) + CRy-function

Another example: let g = 27 € Hol;(H).
1. p =1i. Since g is holomorphic, we get H;(g) =0, Ri(g9) = g.
2. p=7j. We have

Hj(g) = Hj(a — 27) + H;(2z021)i

1 .
(32’% — Z% — 35% + 5%) + 1(2’152 — 5122)']

1
8
1 1 .
+3 (327 + 22 + 322 + 72) — 1(2’152 + Z122)j
3 e 1o
VRREVEC I S
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Hilbert Transforms on the Sphere
and Lipschitz Surfaces

Tao Qian

Abstract. Through a double-layer potential argument we define harmonic
conjugates of the Cauchy type and prove their existence and uniqueness in
Lipschitz domains. We further define inner and outer Hilbert transformations
on Lipschitz surfaces and prove their boundedness in L?, where the range for
the index p depends on the Lipschitz constant of the boundary surface. The
inner and outer Poisson kernels, the Cauchy type conjugate inner and outer
Poisson kernels, and the kernels of the inner and outer Hilbert transforma-
tions on the sphere are obtained. We also obtain Abel sum expansions of the
kernels. The study serves as a justification of the methods in a series of papers
of Brackx et al. based on their method for computation of a certain type of
harmonic conjugates.

Mathematics Subject Classification (2000). Primary 62D05, 30D10; Secondary
42B35.

Keywords. Poisson kernel, Conjugate Poisson kernel, Schwarz kernel, Hilbert
transformation, Cauchy integral, double-layer potential, Clifford algebra.

1. Introduction

In the literature the usage of the terminology Hilbert transformation is not uni-
form. A series papers of Brackx et al., including [8], [5], [6], [7] and [4] define the
terminology based on the harmonic conjugates obtained through their methods.
Our definition below is based on the Cauchy singular integral that is consistent
with [3] and [1].

A Hilbert transformation is a mapping from a function space to a function
space on a co-dimension-1 surface with respect to the entire space. On the line
with respect to the complex plane the expressions for the singular Cauchy trans-
formation and the Hilbert transformation coincide. Consider R™, m > 1, as a

This work was supported by the Research Grants of University of Macau RGO071/06-07S/
08R/QT/FST and RG059/05-06S/08T/QT/FST.
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co-dimension-1 surface of the Euclidean space R7". In the Clifford algebra setting
(see §1), the singular Cauchy transformation on R™ coincides with the Hilbert
transformation on R™, the latter being the linear combination Z;:Zl R;e;, where
R;’s are the Riesz transformations, and e;’s are the basis elements of the Clifford
algebra (see Example 2.1). Likewise, on the curves and surfaces with zero cur-
vature the two objects, viz. the singular Cauchy transformation and the Hilbert
transformations, all coincide. In any but fixed higher-dimensional Euclidean space
the kernels for the Cauchy integrals on co-dimension-1 surfaces are all the same. In
contrast, for Hilbert transformations, as principal-valued singular integrals, their
singular kernels vary from surface to surface. The simplest example is the unit
circle in the complex plane. The inner and outer Hilbert transformations (see Ex-
ample 2.2 in §2) on the unit circle coincide with the so-called spherical Hilbert
transform (see [12]), given by

- 27 _ )
Hf(e") = p.v.i/0 cot (0215) f(e™)dt.

Note that the kernel of the operator is not the singular Cauchy kernel in the
complex plane (see next section).

The difference between our formulation of Hilbert transformations with that
of Brackx et al. is that the latter defines this concept based on their methods
of finding harmonic conjugates. Since harmonic conjugates are not unique, the
certainty would need to be addressed. We, on the other hand, stick on the Cauchy
integral and so to avoid ambiguity that may arise.

In §1 we will give a short introduction to the basic notation and terminology of
Clifford algebra. Readers who are familiar with Clifford analysis may skip over this
section. In §2 we define the terminology inner and outer Hilbert transformations
through a double-layer potential argument. We present some examples. Based
on the results in relation to existence of the solutions of the Dirichlet problems,
we prove the existence and the LP-boundedness of the inner and outer Hilbert
transformations for 1 < p < oo and 2 — € < p < 0o, respectively for smooth and
Lipschitz domains. In the latter case ¢ depends on the Lipschitz constant of the
domain. In §3 we introduce the concept the Cauchy type harmonic conjugates, and
prove their existence and uniqueness. The associated inner and outer conjugate
Poisson kernels for Lipschitz domains are discussed. In §4 we deduce the inner and
outer Poisson kernels and their Cauchy type conjugates on the unit sphere. The
latter induce the kernels of the Hilbert transformations in the context. In §5 we
deduce the Abel sum expansions of the kernels.

2. Preliminary

Let ey, ..., e, be basic elements satisfying e;e; + eje; = —20;;, where 0;; = 1 if
i =7 and 0;; = 0 otherwise, 7,5 =1,2,...,m. Let

R"={z:z=me1+ - +zpmen:z; R, j=1,2,...,m}
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be identical with the usual m-dimensional Euclidean space. We similarly define
C"={z:z=z1€1+ -+ aTmen:z; €C,j=1,2,...,m}.

An element in R™ (or in C™) is called a vector. The real (complex) Clifford
algebra generated by ey, . . ., e,,, denoted by R(™) (or C(m)), is the Clifford algebra
generated by ei,...,e,,, over the real (or complex) field R (or C). A general
element in R(™ (or C(m)), therefore, is of the form = = ), zrer, where zp €
R (or C), and er = e;, e, - - - €;,, being called reduced products, where T runs over
all the ordered subsets of {1,...,m}, namely

T={1<i1---<iy<m}, 1<I<m.

When T = ), we set e = ey = 1. We denote by |T| the number of the basis
elements in T. A general Clifford number = may be decomposed into

T = ix(l), 2 = Z TT.
1=0

|T|=t

A Clifford number of the form z® is called a Clifford number of i-form. A Clifford
number of 2-form is also called a bi-vector.
Set

Ri*(or CT") ={x =290+ 2 :20 € R(or C),z € R™(or C™)}.

Elements in R" or CT* are called para-vectors. We define the Clifford conjugation
for the para-vectors x = zp + 2 in RY" or C}* by T = z¢o — z. So the Clifford

conjugate of a vector x is £ = —z. Note that Clifford conjugation does not change
complex numbers. The conjugation and reversion of er = e;, ---e;, are defined,
respectively, by er = €;,---€;,,€; = —e; and ey = e;, ---€;,. The conjugation

and inversion are extended to the Clifford algebra R(™ and C(™) by linearity in
R and C, respectively. A sum of a O0-form and a 2-form is called a para-bivectors.
The conjugation rule for para-vectors also applies to para-bivectors: If ¢ is a scalar
and z a bi-vector, then ¢+ z = ¢ — x. We adopt the convention that any Clifford
number 2 € C(™) has the decomposition & = Sc[z]+NSc[z], where Sc[z] = z € C,
the scalar part of z, and NSc[z] the non-scalar part. If z, y are vectors,then

zy = —(z,y) +z Ny, (2.1)

where

Scley] = —(z,y), NScleyl =z Ny = (w; — zjy:)eie;.
i<j
It is easy to verify that 0 #£ z € R™ or 0 # z € C™ implies

‘IHI

-1 _
= 7

B

The open ball with center 0 and radius 1 in R™ is denoted by B™ and the unit
sphere in R™ is denoted by S™~! whose surface area, denoted by o,,_1, is of the
value 272 /T'(%).
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The natural inner product between z and y in C™), denoted by (z,y), is the
complex number ) . 7y7, where x = Y ", zrer and y = ), yrer, and g7 is the
complex conjugation. The norm associated with this inner product is

o] = (@, @)% = (3 lar ).
T

In below we will study functions defined in subsets of R™ taking values
in C(™). So, they are of the form f(z) = >, fr(z)er, where fr are complex-
valued functions. We will use the homogeneous Dirac operator D, where D =
a%lel +--+ %em. We define the “left” and “right” roles of the operators D by

m

Df = Z Z %eieT and fD= Z Z gﬁ?eTei-

i=1 T i=1 T

If f has all continuous first-order partial derivatives and D f = 0 in a domain (open
and connected) , then we say that f is left-monogenic in Q; and, if fD = 0 in
Q, we say that f is right-monogenic in €. The function theories for left-monogenic
functions and for right-monogenic functions are parallel. In the sequel we will
briefly write “left-monogenic” as “monogenic”.

We call

5]

oz
the Cauchy kernel in R™. Tt is easy to verify that F(z) is a monogenic function
in R™\ {0}.

There is a slightly different function theory for the inhomogeneous Dirac
operator D = a%o—l—Q7 or Cauchy-Riemann operator, in R{". The standard complex
analysis for Cauchy-Riemann equations is of this setting (see Example 2.2 below).
The two settings can often be converted to each other but not always.

As holomorphic functions in function theory for one complex variable, mono-
genic function theory is central in Clifford analysis. In the framework of the latter
the Cauchy theorem, Cauchy integral formula, Taylor and Laurent expansions of
monogenic functions, etc. are all well established. For details we refer to [5], [13]
and [10].

3. Hilbert transformations on Lipschitz domains

Singular integral theory on Lipschitz curves and surfaces has been well established
([9], [13], [16], [19]) that provides the foundation of this study. In particular, the
Cauchy singular integral operator on Lipschitz curves and surfaces were proved to
be LP-bounded for 1 < p < oo ([9]). This theme is closely related to the Hardy
space theory ([13]). Let © be a bounded and connected Lipschitz domain in R™
with Lipschitz constant less than or equal to M. By this it means that € is a
bounded and connected open set whose boundary 052, denoted also by ¥ in the
sequel, may be covered by a finite number of balls in each of which the piece of
the boundary of the domain under a suitable rotation and translation can become
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locally a piece of Lipschitz graph with a Lipschitz constant less than or equal
to M ([15]). We further assume that the complement set (€2)¢ is unbounded and
connected. Alternatively, we may assume that (2 is the open and connected domain
above a Lipschitz graph . In both cases ¥ divides the whole space R™ into two
parts, QT = Q and Q- =R™\ (T UQ).

Define, for a scalar-valued (i.e., complex-valued) function f in L?(X),1 <p <
00, the Cauchy integrals

CE1@) = C* @) = —— [ Bly—an*@)f@doty), z9¥ (31
m—

where do(y) is the surface area measure and n*(y) are the outward- and inward-

pointing normals of the surface ¥ with respect to Q% at the point YEY, opo1is

the surface area of the m — 1-dimensional unit sphere. By using (2.1) the above

reduces to

C*f@) = amll [ B = )t ) f)doty)
= [ Bu-o At wedew). seot (2)
Um 1

The Plemelj formula (see [9] or [16]) ensures that the non-tangential boundary
values of CT f(z), denoted by C* f(z), respectively, exist and are equal to
1
C* f(z) = Qf (@) £Cfz)l, aez€l, (3.3)

where the operator denoted by C is the principal value Cauchy singular integral
operator given by

Cf(z) = 2 lim E(y—z)n®(y)f(y)do(y), aec zeX. (3.4)

Om—1 €0+ ly—z|>e,yexn

Using the conventional notation “p.v.” instead of lim._,o4+ in the last integral, by
separating the integral into the scalar part and the 2-form part, we have

Cfe) = b [ B2t 0rwin
S / (B(z - y),n* ) f(y)do(y) (3.5)
Om—1 >
+ p.v /(E(y—a:)/\n+(g))f(g)da(g), ae. r€X
Om—1 >

Known as Coifman-McIntosh-Meyer’s Theorem ([9]), the operator C is LP-bounded
for 1 < p < oo, thus the operators C* are LP-bounded, too. It is easy to show that
the operators C* are projections with the characteristic properties ct? = C*, and,
as consequence, C itself is a reflection operator, i.e., C? = I, where I is the identity
operator. Note that since the boundary data f is assumed to be scalar-valued, the
Cauchy integrals C* f, as well as the boundary values C* f, are all para-bivector-
valued. In the complex plane and the R} spaces the above-mentioned operators
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are para-vector-valued. (In the complex plane case the boundary data are assumed
to be real-valued.)

There is a second reflection operator, NV, representing the Clifford conjuga-
tion, namely,

Nf(2) = T@).
The operator N will be applied to the boundary values of the Cauchy integrals
that are para-bivector-valued. The associated projections are the mappings N7T :
f — Sc[f] and N~ : f — NSc[f].

With the four pairs of the combinations (C,C*) and (N, N*) of the reflec-
tions and projections we can formulate the corresponding transmission problems
(see [1]). The operator theory for C~ is similar to that of C* with minor modifi-
cations dealing with the infinity. Below, we will mainly deal with C*.

We write

Crf= U+ O)f =u+tv,

where the para-bivector-valued C* f has u as its scalar part, u = Sc[C* f] and v
as its 2-form part, v = NSc[C™ f]. The above relation gives

1 1
u=g (I+N+(C)f and v = §N*(Cf.
Therefore, at least formally,
f=2I+N*TC) tu.

Defining the mapping from u to v to be the inner Hilbert transformation, denoted
by HT, we have
v = Htu
1
= —-NC
2 f
= N CUI+N'C) tu.

In the above formulation it is crucial to require the topological isomorphism

property from u to f in the L? space of the boundary that, as consequence, induces
the existence and the LP-boundedness of the Hilbert transformation from w to v.
In other words, the double layer potential part NTC should be comparatively
smaller than the identity operator I. This requirement is met for 1 < p < oo if
the curve or surface is smooth. For Lipschtz curves or surfaces X, in general, this
is met, however, only for py < p < oo, where the index py € [1,00) depends on
the Lipschitz constant of 3. Whereas, for 1 < p < pg, the closure in LP(X) of the
images u forms a proper subspace of LP(X) ([15] and its references).
Similarly, v = $N~Cf = N~C(I — N*C)~'u is defined to be the outer Hilbert
transform H~wu. To give the proper meaning of the above definition, as well as
the operator formulas for H+ and H ™, we are now to declare the existence of the
inverse operator (I & N*C)~! under certain conditions. Before we deal with the
general theory it would be interesting to check some examples.
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Example 2.1 Consider ¥ = R™, where Q is the upper-half-space R}", = {z =
zo+2z: wo > 0,z € R™}. In the case in (3.1), n*(y) = Feo = F1 and E(y —

z) = % has zero scalar part, while f and do(y) both are scalar-valued,
thus NTC f = 0. As consequence, f = 2u and v = Cu. The situation for the
outer Hilbert transform is the same. Hence, both the inner and outer Hilbert

transformations coincide with the singular Cauchy integral transformation.

Example 2.2 Let Q2 = D, the unit disc in the complex plane C. We have

I f(eit) i
E /0 76” T d(e t):|

Lo e’ it

Through a direct computation we have

et 1

e“—elf] —

NTCf(e")

|
T
<
j=s}
)
—

|
°©
<
|

Re[
Therefore,
N*Cf(e") = fo=Iof,

where fo denotes the average of f(e®) over [0,2n] and Iy the operator that maps
f to fo. We note that the operator norm

[[Zo]] = 1.
Simple computation gives
(I+1Io) tu= —% + u,
where ug = Ipu.
Set
Hf(e”) = N"Cf(e).
We have

5 . 2m o — )
Hf = p.V.%/O cot (Tt> fle™at

that annihilates constants. Therefore,

H'w = N-CI+1I) 'u
= H(-3 +u)

= Hu.

Similarly, (I — Ip)~! is defined on the closed subspace

{u cL? : /027r u(e™)dt = 0}
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in which case there holds (I — Ip) " 'u = u, and
Hu = N CI-I)'u
= Hu.
Note that in this example the inverse operator (I — N*C)~! does not exist in

the L spaces, but it does exist in the proper and closed subspace L§ of the LP,

defined by
2

LY@D) = {f€ 17(0D) | [ f(e")de =0,

Example 2.3 Consider Q = B™, ¥ = S™~! m > 2. For the higher-dimensional
spheres, the double-layer potential NTC is replaced by a non-trivial operator and
the inner and the outer Hilbert transformations are distinguished (see, e.g., [5], [6]
and [4]). On the sphere direct computation shows that the double layer potential
reduces to

(3.6)

Therefore, by (3.5),
R =

Om—1

Proposition 3.1. The double-layer potential operator NTC on the sphere is LP-
bounded, 1 < p < oo, with the operator norm being equal to 1.

For a proof we refer to [2].

It turns out, however, what is crucial is not the bounds of the operator but the
order of the singularity of the double-layer potential. On the sphere the existence
and boundedness of the inverse operators in the LP spaces, in fact, are guaranteed
by the Fredholm theory. More generally, it may be shown that if 3 is C°°, then

C
xr — TL+ FE—
(E(z—y).n"(y)| < Ty

This estimate is consistent with (3.6). If £ is C1®,0 < a < 1, then
C

|g _ £|m—l—o¢ :

[(E(z—y),n" ()| < (3.7)
In both cases the operator NTC is compact and Fredholm theory may be used to
show that (I & N*C)~! exists and is a LP-bounded operator for 1 < p < oo (see
[21], [15]). There, however, exists essential difficulty to use the Fredholm theory
to C' and Lipschitz domains. As a matter of fact, the expected estimate of the
kernel of the double-layer potential in the cases is only

C
(E(z —y),n"(y)] < m7
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that is of the same singularity as the Cauchy singular integral kernel on the sur-
faces. Fabes, Jodeit and Riviére ([11]) were able to show that N*C was compact for
C' domains. For Lipschitz domains the operator N*C is not necessarily compact
in L?(X). New methods to prove the invertibility of 7 + N*C had to be invented,
and, it was done for the p = 2 case by Verchota ([21]), and for the optimal range
of p’s by Dahlberg and Kenig ([15]). For the details of the results see [15] and
[13]. As a consequence of the mentioned results on existence and boundedness of
(I £ NTC)~! we cite (see [2]).

Theorem 3.2. The inner and outer Hilbert transformations H* for the Lipschitz
domain Q C R™, m > 2, both exist and are bounded from the LP(X) to LP(Y),
where 2 — e < p < 0o, € € (0,1] depends on the Lipschitz constant of § (for C*
domain one may take € = 1). Moreover, for u € LP?(X),

Hu(z) = — > po. / [E(y - z) An* ()] £ NTC) lu(p)do(y).  (3.8)

Om—1

4. Poisson and conjugate Poisson kernels of the
Cauchy type on Lipschitz surfaces

It is in question whether there exist explicit formulas for the kernels of the Hilbert
transformations. This is related to whether explicit formulas exist for Poisson
kernels and the harmonic conjugates of the Poisson kernels in the context. The
answer is that in the general cases we can not expect to have explicit formulas.
The explicit formulas and related issues for the sphere case are studied in [5], [6],
[4], and then in [19].

Let U be a scalar-valued harmonic function in €. A harmonic function V' is
called a harmonic conjugate of U, if there hold (i) Sc[V] = 0; and (ii) D(U+V) = 0.
By this definition, if m > 2, then the harmonic conjugate of a given harmonic
function is not unique even modulo Clifford constants. Indeed, there exist non-
constant harmonic functions V satisfying (i) but D(V) = 0. For the determination
we introduce

Definition 4.1. If V' is a harmonic conjugate of U and there exists a scalar-valued
boundary data f, allowing distributions, such that

U+V =Cf,
then V is called a Cauchy type harmonic conjugate, or a canonical harmonic

conjugate of U in €.

It is easy to see that if taking f to be the Dirac delta function at y on the
boundary, then we conclude that
1

Om—1

E(y —z) An*(y)
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is the Cauchy type harmonic conjugate of

L (B -y, n*w).

Om—1
Note that a scalar-valued harmonic function may have more than one har-
monic conjugate that differ by non-constant functions. On the other hand, there is
only one harmonic conjugate of the Cauchy type. We have the following (see [2])

Theorem 4.2. With the same assumptions on the Lipschitz domain  and on the
range of the indices p’s as in Theorem 3.2, let U be a scalar-valued harmonic
function whose non-tangential mazimal function
u'(z) = sup |U(y)|
y€la(z)

is in the LP(X), where I'y(z) is the truncated cone of opening o whose axis is
perpendicular to the tangent plane of ¥ at x € X, then the Cauchy type harmonic
conjugate of U exists and is unique.

Now we include a discussion on the Schwarz kernel and the associated Pois-
son and conjugate Poisson kernel of the Cauchy type. We seek for the integral
representation of the operators St such that STu = C*f, where u = Sc[C™ f].
That is to seek for the kernel ST (z,y) such that

CHiw) = — / By — 2)n* (5)f (5)do(y)
>

Om—1

= [Steputat) = Stu@.  zen. (41

If the kernel ST (z,y) exists, then it is called the inner Schwarz kernel. The func-
tions P*(z,y) and QT (z,y) are called the inner Poisson kernel and the conjugate
inner Poisson kernel, respectively, where

Pt =8c[ST], Q" =NSc[ST].

The roles of PT and QT are to give

Ut@) = / P (2, y)u(y)do () (4.2)
= = [(Bu—0. @) + VO ulydo(y)
Om—-1 Jx
and
Vi) = / Q'+ (2, y)uly)do(y) (4.3)
2

Om—1
as the unique solutions of the Dirichlet problem inside 2 with the boundary data
uw and H1u, respectively. VT (z) is, in fact, the Cauchy type harmonic conjugate
of UT(z). The functions P and Q% are the unique harmonic representations,

— /EE(Q —x) An*‘(g)([ + N+C)_1u(g)da(g),§ €,
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respectively, of the Dirac ds; function on the surface and of its Hilbert transform
H*§s in the distribution sense with the representation as the principal value
singular kernel of the inner Hilbert transformation H'. For Lipschitz domains the
existence of the Poisson kernel is based on the Green function theory. For Lipschitz
curves and surfaces it is a consequence of Plemelj’s formula that the non-tangential
boundary limit of the harmonic function V*(z') is H* f(z). That is, for a.e. x € 3,

;’iglgv+(£/) = H'u(z) = pv. /Q+§ u(y)do(y) (4.4)
_ 2 p.v./[E(g—g)/\n+(g)](1—|—N+C)_1u(g)d0(g).
Om—1 >
Since
/ PHa! y) H f(y)dy,
we have

QT (2',y) = HL,PT(2',y), ze€X CQ, yex,
where the Hilbert transformation is with respect to an admissible Lipschitz sur-
face X',
The outer Cauchy integral C~ will correspond to the outer Poisson and con-
jugate outer Poisson kernels, and therefore the outer Schwarz kernel. The theory
for them are similar.

5. Poisson and conjugate Poisson kernels on the unit sphere

The explicit inner Poisson kernel on the sphere is well known. There exist several
methods to deduce the kernel. The harmonic conjugate of the inner Poisson kernel
was first studied by Brackx et al. who gave the explicit formula of the kernel in
the integral form. They further obtained a finite form of the formulas inductively
in the the space dimension ([7]). Their methods, as a matter, yield the Cauchy
type harmonic conjugates. Below we offer a different approach based on a double
layer potential argument. We first formulate the result.

Theorem 5.1. On the unit sphere the inner Poisson kernel and its Cauchy type
harmonic conjugate are, respectively,

11— |z
P = S 5.1
(2:w) Om-1 |z —w|™’ (5-1)
and
1 2 m-—2 [T pm2 )
T,w) = — dp e Nw, 0<r<1. (5.2
Qe Om—1 (Iz—glm rm=t /0 pé — ™ (5:2)

Outline of the proof. From (3.3) and (3.5) we have

CEf = %(f + Sc[Cf]) + %NSc[Cf]. (5.3)
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For the inner Poisson kernel case and its conjugate we are working with the case
“4+” in the above formula. Comparing the corresponding formula in the case with
the formula (3.2) and in view of harmonic extensions of the scalar and non-scalar
part of the boundary values to inside part of the unit ball, we have

1 (w—z,w) 1 1
__ /= — _P _ .4
Om—1 lw—2z|™ 2 (2 w) + 25@’ w) (5.4)
and
1 z-wAw 1 1.
z-—whw 1 1 X 1
Om—1 |£_Q|m 2@(27@)"‘ 25(&,@)7 |£| < 1, |g| < 1,

where S(z,w) is the single layer potential, given by
1 1

Om—1 |z — w|m=2’

S(z,w) =

and 5’(@7 w) is the Cauchy type harmonic conjugate of S(z,w).
We then immediately obtain the formula for P(z,w). To obtain Q(z,w) we
need to compute S(z,w), that is given by the following lemma for r < 1.

Lemma 5.2. Forr = |z| <1,

m—2

Z m+k—2 PR = pm—2 /o p" P E(w — p€)wdp (5.5)

k=
1 m—2 /r P2 )
= + dp |z A w;
|z —wm=2  pm-l ( o |p§—wl™ g

m—2 1 _ _ m—2 [ _
Do PP = Tmfz/ PP E(w — p&)wdp

k=1
1 1 m—2 < pm=2
= — - —d Aw. 5.6
e e ([ ) ene 69

and, forr=z| > 1,

The proof of the lemma for the case r < 1 is contained the work of Brackx
et al., that for the case r > 1 is given in [20].

Similarly, we have (see [20])

Theorem 5.3. On the unit sphere the outer Poisson kernel and its Cauchy type
harmonic conjugate are, respectively,

_ 1 |z*-1
P (z,w) = = 5.7
(z,w) PR P T (5.7)
and
1 2 —2 [ pm2
Q (z,w) = (— + = T / P dp)z/\g, r>1, {Fw.
Om-1 \ |z—w|™ 7t Jy |pf - w|™ =

(5.8)
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6. Abel sum formulas of the kernels

For fe L?(S™ 1), 2 =r{,0<r <1l,y=w e S™ !, we have (see [5])

+ |5'3|k
e ZJM/SM ) @) do(w), (61)
where
A B R e/ ()| P )

with C’Tl/2((§, w)) = 0. The right-hand side of (6.2), in fact, is a function of w™lz
([19]), and thus we may write

P® (w1z) = Tk0$7k(§v w), k=0,1,2,...,

and, consequently,

C* f(a) Z% [ PO fdote) (63
Similarly to (6.4), we have
B —> |£|—m+2—k B
C - Lt C d
o = X [ G e @i
- > [ P w (6.4)
p=—q Im—1 Jgm-1
where
kK e m
Copa&w) = || SO (6 w) — G2 (6 w)E A w. (6.5)
Set

P® (= lg) = T_m+2_kc7;|k|f1(§’ w), k=-1,—

)

For the Fourier-Laplace expansion in the L? sense there holds

9= 3 —— [ PO i) (6.6)

Om—
b — oo m—1

This suggests that the series

Scli ! P(k)(w_lg)]
k

Om—1

plays the role of the Dirac-é function.
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Theorem 6.1. The Abel sum expansions of the inner Poisson kernel and its Cauchy
type harmonic conjugate are, respectively,

1

Om—1

P (z,w) = ir‘k‘P(k)(g_@, r=r r<l, (6.7)

k:lm+k_2 [ S -

e’} —1
Q*(@w):o-l [Z b PR - Y r"“'P““)@-lg)] <l
(6.8)

Proof. We set

1 o0
AT (r) = rFP®) (W= 1e) | . 6.9
0= o [ 63)
From the analysis given above, we have
4 1. 1y 1+ [
At (r) = §P (ré,w) + 55’ (ré,w) + §S+(r§7g) + 5@ (r,w), r<1,(6.10)

where the last three entries are the harmonic representation of a half of the Cauchy
singular integral of f, viz. (1/2)Cf. Similarly,

-1
A= (r) = L ZP(k)(w_lx)] (6.11)
Om—1 oo
1 __ 1 1 -~ 1
= §P (ré,g)—ﬁS (ré,g)—iS (r@g)—iQ (r§,w), r>1

It is easy to observe that the Kelvin inversion of A~, denoted by K(A™), satisfies
the relation

K(A)(r) = PP (rEw) — ) S*(r6w) = S+ w) — Q7 (6 w), r<1.

We thus arrive
PH(z,w) = AT(r) + K(A7)(r).

Applying Kelvin inversion term by term to the series expansion of A~ in (6.11)
(the first equality), and using (6.9), we obtain the Abel sum (6.7) expansion for
the Poisson kernel.

Next we deduce the Abel sum formula of the conjugate Poisson kernel
Qt(z,w). In fact, by (5.5) in Lemma 1, in (6.10) all the entries but except
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(1/2)Q™ (r€,w) are already of the Abel sum form, therefore,

_ U:_l Lijorkp(k)(glg) - %i;orkp(k)(glg)
S )

We thus arrive (6.8). The proof is complete.

Theorem 6.2. The Abel sum expansions of the outer Poisson kernel and its canon-
ical harmonic conjugate are, respectively,

P* — 7‘k‘7m+2p(k) —1 1 .12
(rEw)=——3"r @9, r>1, (6.12)
and
_ SR N | _
O (tw = | e PO (613)
m=L k=1
-1
m+|k|—2 1 (k) 1 ~
_k; B gl (@O~ NG w),

where N is the canonical harmonic conjugate outside the unit ball of the double
layer potential N, where
1 1
N(r§) =

R A

2

and

- 1 m—2 [ pm2
N(ré,w) = / dp £ \w, a.e. r> 1. 6.14
o) = = [ e € (6.14)
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1. Introduction

Let D be the open unit disk in the complex plane C and T its boundary. Let A be
the space of analytic functions f : D — C. The well-known Bloch space is defined
as follows

B={feA sup(l—[z])|f'(z)] <o0}.
zeD

According to R. Remmert (see [22], p. 229), the auxiliary function |f/(2)|(1 — |z|?)
was first introduced in 1929 by Landau (see [19], p. 83). Since then, the Bloch space
has been intensively studied (see, e.g., [3],[12], [16], [23]). In this paper we give a
generalization of the Bloch space for real-valued subharmonic functions defined in
the open unit ball of R™. Let ¢, : C — C be the Mdbius transformation,
a—z
a =, 1, 1.1

bal) = 1=, lal< (11)

with pole at z = 1/a. Observe that ¢, ! = ¢, and
(1 —lal?)(1 — [
1—[ga(2)|* = = (1= |2*)]¢,(2)]

|1 —az|?

For z, a € D, consider a Green’s function of I, with logarithmic singularity at a,
defined by

|1 —az]| I 1
|6a(2)]

This work was completed with a partial support from CONACYT, COFAA-IPN and UAM-
2230302.

g9(z,a) =In

== (1.2)
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So, g(z,a) is given by the composition of the Mdbius transformation ¢, and the
fundamental solution of the two-dimensional real Laplacian. There are several
spaces related with the Bloch space, for instance the Dirichlet space (see, e.g., [1],

[26])
Dz{fEA : //D|f’(z)|2dmdy<oo} )

We say that f € A belongs to the space BMOA(T) (Bounded Mean Oscil-
lation Analytic functions) if

1 .
sup - [ 1£(6) = il db < o
) g

where

1 i
fi = [ feyas

and [ is a subarc of T. After F. John and L. Nirenberg [20], A. Baernstein [8] gave
the following characterization.

Theorem 1.1. Let f € A. Then f € BMOA if and only if

sup// If'(2)g(2,a)dxdy .
acD D

R. Aulaskari and P. Lapan introduced in their seminal paper [2], the Q,
spaces for 1 < p < 0o, as the set of functions f € A such that

Sup//D|f’(z)|2gp(z7a) drdy < oo .

a€D

In this paper the Bloch space appears in a very natural way. More precisely

Theorem 1.2 (Proposition 1, [2]). If f € A and 0 < p < oo, then

a-lprs@r < 2 (2) [[irerreads 0y
for alla € D.

They estimated the integral in (1.3) by the left hand and obtained the ex-
pression defining the Bloch space. Thus @, C B. Moreover, they proved B = 9,
for 1 < p < co. By Baernstein [8], Q1 = BMOA(T)N H', where H' is the Hardy
space on ID. Then the Q,, spaces for 0 < p < 1 were introduced by R. Aulaskari, J.
Xiao and R. Zhao in [6], where the main fact of this work was that these spaces fill
the gap between the Dirichet space and the Bloch space. Further generalizations
were given also by R. Zhao in [27], where he defines for 0 < p < 00, —2 < ¢ < 00,
0 < s < o0, the F(p,q,s) weighted spaces as the set of analytic functions f € A
such that

sup / / PP~ 22)16° (2 a) dady < oo .

acD
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2. The Bloch space in the quaternionic case

In 1999, K. Giirlebeck et al. [17] generalized the Q,, spaces for hyperholomorphic
functions defined in the unit ball of R3. More precisely, consider the set of real
quaternions H, this means elements of the form

a= Zakek, where ap € R, k=0,1,2,3,
k=0
eo is the unit and e;, es, ez are called imaginary units satisfying, e% = —eyq,
€169 = —€9€1 = €3, €263 = —€3€y — €1 and €31 — —€1€63 = €3.
The natural operations for addition and multiplication make H a skew-field.The
quaternion conjugation in H, is defined for the basic elements as
ey :=e€g, €p:=—ex, k=1,2,3
and it extends onto H by linearity. Note that we have the property
aa = aa = |af = a2 + a2 + a3 + a3 = |alps .
Therefore, for a € H — {0} the quaternion
1
1 —
= —=a
|af?
is an inverse to a. Observe that ab = ba for a, b € H. Let Q C R? be a domain.
We shall consider H-valued functions defined in 2, depending on = = (z¢, 1, z2):

a

f:Q—H.
On C'(Q,H) it is considered a generalized Cauchy-Riemann operator
o 91 of of
D =eyg—— — .
() 3 +e1 B, + e By
Here, D is a right-linear operator with respect the scalars in H. The operator D
— af of of
D(f) =eg=— —
(f) co 6560 6561 81‘2

is the adjoint Cauchy-Riemann operator. The solutions of D(f)(z) = 0, x € Q
are called (left) hyperholomorphic (or monogenic) functions and generalize the
class of analytic functions in the one-dimensional complex function theory. Let A
the three-dimensional Laplace operator A = S7_, 83—;%. Then on C?(Q,H) — in

analogy to the complex case — we have the factorization A = DD = DD.
Using the adjoint generalized Cauchy-Riemann operator D instead of the deriva-
tive f’(z), the quaternionic Mobius transformation ¢, = (a—x)(1—az)~!, and the

modified fundamental solution g(x) = 1) of the real Laplacian, quater-

1(1
4 x|

nionic Q)-spaces are defined by

QP(H):{fEkerD 2 OQu(f —sup/ |Df(x)|? 9P (da(x ))dBw<oo} . (2.1)

a€EB
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The generalizations of the Green function and the higher-dimensional M6bius
transformation seem to be natural, where —%B plays the role of a derivative, as
it is shown in [21] [25] for dimension four, and for arbitrary dimension in [18].
The introduction of the Bloch space in the quaternionic case is motivated by the
analogous of Proposition 1 of Aulaskari and Lappan [2].

To be more precise, Giirlebeck et al. proved:

Proposition 2.1 (Proposition 4.1, [17]). Let f be hyperholomorphic and 0 < p < 3,
then we have

(1~ [ePPDS ) < G [ Dra)? (M —1) aB, |

where the constant Cy does not depend on a and f.

From the previous proposition is natural to define the quaternionic Bloch
space as the set of monogenic functions f : B — H such that

53—
sup(1 —|a|*)?[Df(a)| < oo .
a€B

In the same paper they also proved:

Proposition 2.2 (Theorem 4.1, Theorem 5.1 [17] ). Let f be hyperholomorphic in
the unit ball. Then the following conditions are equivalent:

1. feB.

2. Q,(f) < oo forall2 <p<3.

3. 9p(f) < oo for some 2 < p < 3.

4. For all2 <p < 3.
sup [ [Df(@)(1~ o)) dB, < oo
a€B JB

5. For some 2 <p < 3.

sup [ [Df@) (1~ o)) dB, < oc

B

a€EB

3. Bloch spaces in R"

Several generalizations of Bloch spaces have been done for higher dimensions and
for different classes of functions. For the unit ball in R™, J. Cnops et al. in [14],
generalize Q,, and Bloch spaces by using Clifford Analysis and recently S. Bernstein
in [11] with harmonic functions. In this section we present a generalization of Bloch
and @, spaces for subharmonic functions in the unit ball of R", where we follow
the approach presented by A.F. Beardon in [9], for Mobius transformations in R™.
In a forthcoming paper we will continue the development of this approach, by
considering the general case n > 4 for (1—|¢,(z)|?)? and for n > 3 with the Green
function obtained as the composition of ¢, with the fundamental solution of the
n-dimensional real Laplacian.
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The motivation to do it in that way is, that maintaining the usual notation of R"™,
the proof of several properties result simple and it is possible to obtain several
important results.

The ball B(a,r) in R™ is defined by

B(a,r) ={zeR" :|z—a| <7}
and its boundary, the sphere S(a,r) in R" is given by
S(a,r)={xz€R" :|x—a|=r}

where a € R” and r > 0. We will denote by B = B(0,1) and S"~! = $(0,1).
Denote by R™ := R™ U {oo}. The reflection (or inversion) in S(a,r) is given by the
function ¢q , : R™ — R™ defined for x # a as
2
r

Gar(x) =a+ E (z —a) (3.1)

|z —a
and ¢q,,(a) = co. It is clear that ¢, | = ¢a,,. Let P(a,t) be the plane in R” given
by

Pla,t)={ z€R" : (z,a)=t}
where a € R", a # 0 and (z,a) is the usual scalar product and ¢ € R.
A Mébius transformation in R” is defined as a finite composition of reflections (in
spheres or planes).

Clearly, each Mdbius transformation is a homeomorphism of R™ U {oco} onto
itself. Composition and inverse of Mobius transformations are again Mébius trans-
formations and the identity map in R™ is a Mobius transformation too. Therefore
the set of M&bius transformations form a group, which is called the General Mébius
group GM (R™).

Define for 0 # a € R™ the Kelvin inverse (see [7], p. 59)

1

Cl* = WG . (32)

We have the following characterization of Mobius transformations.

Theorem 3.1 (Theorem 3.5.1 [9]). Let ¢ be a Mdébius transformation. If $(B) = B
then

¢(z) = (ox)A
where o is a reflection in some sphere orthogonal to S"~1 and A is an orthogonal
matriz.

Theorem 3.2 (Theorem 3.5.1 [9]). Let ¢q ., be a reflection in S(a,r). Then the
following conditions are equivalent:
1. S(a,r) and S"~' are orthogonal;
. 1+72=a]? (see (3.2.2), [9]);
. @a.r(a*) =0 (equivalently, ¢q.(0) = a*);
. ¢a,r(B) =B.

= W N
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If the conditions of the previous theorem are satisfied, for instance, 1 412 =
la?, we write for the reflection ¢, = ¢,. Of course, by (3.2) we have

1 1—la*|?
Ga(T) = Pox(v) = |a*|2a* + <]

(la*[*x — a®)

||a*|2x _ a*|2

and a* € B. By (3.2) we present our results using a and a*. Also, for |a| > 1, it is
well known the next formula ([9] 3.4.2)

1—|¢a(@)]* _ 1—|af?

— . 3.3
-1~ Jo—ap (33)

Theorem 3.3. Let 0 < R < 1 and a € R™ be with |a| > 1. Let ¢, : R* — R”
be the reflection in S(a,+/|a|?> —1). Then the pseudo-hyperbolic ball U(a,R) =
#(B(0, R)) is a Euclidean ball with center and radius

1-R? - 2_
o 1R (PR
f? — 2 = 2
respectively.
Proof. Observe first that,
R la]? — 1
(ba(_a) =a+———F-—a.
lal (R — |al)|al
Since the reflection acts radially, the diameter of the pseudo-hyperbolic ball is
R R la]2 —1 la]? — 1
Pa(—=a) — o (—7—a) ‘ a— a
lal |al (R—lalal " (=R —lal)|a|
_ 2R(|a? 1)
RZ — a2

The center is given by

1 R R 1 la]? —1 la]?> — 1
L (6u(Ea) + %(——a)) -2 (a+ Tl ey L,
2 ( lal |al 2 (R — a])[al (=R —lal)|al
B
2 (R—laf)la] = (R+a])|al
la]? — 1 1-R?
= = . D
BT T
Remark 3.4. If a € R™ verifies |a] > 1, then o* = # € B and the pseudo-

hyperbolic ball U(a, R) has as center
1—R? 1-R* a 1—R?

SR )P PR

*

c

la]?
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and radius

ZMKMR:@ uhha—me
la]? — R? (1 _ R? ) 1—l|a*|?R? ~

lal?

Observe that the form of these formulae is similar to the correspondent ones in
the complex case (see [24]).

As a result of a straightforward calculation we obtain:

Proposition 3.5. Let 0 < R < 1 and a € R" be with |a| > 1. Let ¢o : R" — R" be
the reflection in S(a,+/|al?> —1). Then

o O [’ B[R 1+ Rl
=P € e —m2 %10 = [ — B2 JaP 1 Rld]
e (11— R)(jaf? ~ 1)
R 1—-—R)(la]* =1
Ga(—750a) —a*| = =R".
a al(ja] + B)

As a consequence of the previous result we get

Corollary 3.6. For 0 < R < 1 and a € R™ with |a| > 1, let ¢, : R"™ — R™ be the
reflection in S(a,+/|al> —1). Then

B(a*,R*) C B(c,r) .

We say that u : B — R belongs to the class SH(B) if u is a subharmonic
function, that is, for each b € B and 0 <r <1 —|b|

u@séw+@wm

where do(¢) is the normalized surface area measure on S (see [7], p. 224, [15],
p. 264).

Proposition 3.7. Let u € SH(B) and 1 < p < oo. Then |u|, uP and |ulP € SH(B).
Proof. Tt follows from an easy estimation that |u| € SH(B). Now, as the function
x — zP is a convex function, by Jensen’s inequality we get the result. (]
Corollary 3.8. Let u; : B — R be harmonic functions. Then Z:-L:l ciu?(z), with
0 < ¢; < o0 is a subharmonic function.

Recall that for a Borel measurable integrable function f on R™

1( /Rnde:/oorn1/f(T<)dU(C)dr.

We say that the function u belongs to the Dirichlet subharmonic class Dp o 1
u € SH(B) and

/ () (1 - |22)? dB(z) < oo .
B
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We say that the function u belongs to the subharmonic class QSh if u e SH(B)
and

2 — 1'2;) i 0
sgp/Bum(l 6(2)2)" dB(x) < o0 ,

where ¢ is a Mobius transformation of B. By Theorem 3.1 and the definition of
Qf,h, we can omit the orthogonal transformation and consider only reflections on

S(a,+/]al? — 1) or the identity, that is, a subharmonic function u belongs to the
subharmonic class Q;% if and only if

sup / u?(z) (1 - |qba(ac)|2)p dB(x) < oo .
la|>1/B

If we consider the Mobius transformation ¢(x) = =z, we obtain immediately

Qs C D

Theorem 3.9. Let 0 < R < 1 and a € R™, with |a|] > 1 Let 0 < p < oo and

u € Q;h. Then

20 o (L= R)"(|a]> —1)" 1 / 2 2\P

u?(a*) < u(z) (1= |ga(z)")" dB. .
la]"(Ja] + R)" V(B)(1-R*)" Jp ( )

Proof. Let 0 < R < 1 and U(a, R) be the pseudohyperbolic ball with radius R.
Then by Corollary 3.6

/B (@) (1 - [6a(@)P)” dB,
> u?(2) (1 — |¢a(x)|?)” dB,

U(a,R)

2 ul(z -
( R) /a*R*) ()dB

R
=(1-R*"nV(B / a* +r¢)do(¢) dr

0
— (1-R)"nV(B bJ 2(a*)
= -ry v (© |a|<|l(||i|23_) U) W) -

Observe how simple is the previous proof (see Proposition 4.1 in [17] and
Lemma 3.2 in [13]).

Theorem 3.10. Let u : B™ — R be a subharmonic function and 0 < R < 1. Then
the following conditions are equivalent:

“R)¥(la)2—1)%
R up (L= R (a? 1)
o al% (] + )3

lu(a™)] < 0.
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2 1 ko
b) sup (|a|7n)2|u(a*)| < 0.
la|>1 |a|
c) sup (1 — |b|2)%|u(b)| < 00.
|b]<1

Proof. If |a] > 1 and 0 < R < 1, then that a) holds if and only if b) does, it follows

from |a| < |a] + R < 2]a|. Taking a* = %7 we get b) if and only if ¢) holds. O
a

From the previous theorem is natural to define the respective Bloch class as the
set of functions u € SH(B) such that

B(u) = sup (1 — |b]?) % |u(b)] < oo .
|b|<1

We denote this class as B*".

Remark 3.11. If u € SH(B), then —u is superharmonic, so we do not have a space.
If we restrict to the family of harmonic functions, then we get a space.

As a consequence of the previous definition and Theorems 3.9 and 3.10 we
have the next inclusion

Corollary 3.12. For all 0 < p < o0, Q;% C Bk,

4. Applications

As an immediate application, we consider the case n = 3. Let a € R3 with |a] > 1
and a* € B C R3. It is a straightforward calculation to prove the following equality:
@ P —a*[?) _ Jal* -1

ePe=aP ~ lo—aP

(4.1)

Proposition 4.1. Let B C R3. Ifu: B — R is a subharmonic function in B*" and
2 < p < o0, then for all |a| > 1

[ @ = o @Pras, <2557 (p-23)

where B denotes the beta function.
B(u)

W7 the following estimation follows from
— |

Proof. Since u € B*", u(z) <

the change of variable formula

2 2\p 2 U 1 _ T 2\p
| R @0=lou@PraB.< B [ i (- lou@)PraB,

— B(u) /B (%U—m(xn?)ﬁdm

1—1x]?)
p(al?=1)°

B, .
|z —al®

2 1 lzl?
=50) || )
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Here we used the fact that the Jacobian determinant of ¢, is given by

(1= [¢a@P)? _ (al=1)°

L—lz)* — Jo—al®

(See [17] and (4.1).) Now after (3.3) we get

/ W (2)(1 ~ ¢a(2))? dB. < B*(u) / (1= [2f*)"=* dB,
B

B
1
— B?(u)3V/(B) /0 (1—r2)p=32 /S do dr
1

= 27r32(u)ﬁ(p—2,§) . O

Theorem 4.2. Let B C R®. If u : B — R is a subharmonic function then the
following conditions are equivalent.

1. ue B,
2. u e Q;%, for all 2 < p < c0.

3. u€ Q;%, for some 2 < p < co.

Proof. The implication (1 = 2) follows from Proposition 4.1. It is obvious that
(2 = 3). From Corollary 3.12 we have that (3 = 1). O

The previous theorem means that for the dimension 3, all the Q;% classes for
2 < p < oo coincide and are identical to the Bloch class. Compare the previous
result with Proposition 2.2. So we are obtaining some kind of generalization.

5. Examples

Now we present some particular examples where we apply Corollary 3.8.

Ezample. Let H(B,R) the space of real valued n-dimensional harmonic functions.
Then we can define the space Q,(H(R)) as

sup / IV f()]* (1- |qba(x)|2)p dB, < oo,
B

la|>1
with its corresponding Bloch space

sup(1 —[z|*) 2|V f(2)] < oo .
zeB

Remark 5.1. Note that in [7] (see p. 43, Ex. 10, 11) the Bloch space is defined as

sup(1 — |z[*)|V f(z)| < o0,
zEB
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that is, a simple generalization of the complex case (n=2). In [10] the corresponding
Dirichlet D,, —1 < p < oo spaces were studied and defined by

/B VF (@)~ |22 dB, .
Therefore Q,(H(R)) C D,.

Ezample. Let H(B,C) be the space of complex-valued n-dimensional harmonic
functions. Then f(x) = Re f(z) + ¢Im f(x) and each component is a harmonic
function. Then we can define the space Q,(H(C)) as

sup / F@)P (1= ga(@)P)” dBs < oo
la|>1JB

with its corresponding Bloch space
sup(l — |z|*) 2| f ()| < oo .
zeB

Note that this a Bergman-type space.

Ezample. For notation of this example, the main references are [10], [13] [14].
For —1 < p, consider the fractional Dirichlet space Dp(M,Cly,,, B) (see [10]) of
left monogenic functions, defined by

D,(M,Cly, B) = {f € M(Clg.,) : / IDf(2)2(1 — [a?)" dB, < 00}7
B

where B C R™, m < n, is the unit ball and Cly, the 2"-dimensional universal
Clifford algebra over R. The corresponding Q, spaces (see [14]) are

Qp(M,Cly ,B) = {f e M(Cly ) : /B IDf(z)|g (1 — |¢a(a:)|2)p dB, < oo}.

Of course for 0 < p < 00, Q,(M,Cly,, B) C Dy(M,Cly,y,, B). It is well known
that DDf = Af = 0, then each f4 : B — R is a harmonic function.
The associated Bloch space is

sup(1 — [|*) % [D f(x)]o < oo .
zeB
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