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Abstract In this article, we show how to construct a regular, non-commutative Cauchy
kernel for slice regular quaternionic functions. We prove an (algebraic) representation for-
mula for such functions, which leads to a new Cauchy formula. We find the expression of the
derivatives of a regular function in terms of the powers of the Cauchy kernel, and we present
several other consequent results.
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1 Introduction

The interest in creating a theory of quaternionic valued functions of a quaternionic variable,
which would somehow resemble the classical theory of holomorphic functions of one com-
plex variable, has produced several interesting theories. The classical, best known theory is
the one due to Fueter [8,9] (see also [3] for recent developments). In recent articles, adopting
an approach used by Cullen, the authors introduced a new theory of regular functions for
quaternionic and Clifford valued functions [1,6,12—-14]. For these new classes of functions,
that will be called slice regular (resp. slice monogenic), Cauchy representation formulas were
introduced in the afore mentioned articles, by means of kernels that are not slice regular (resp.
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not slice monogenic). Cauchy formulas and Cauchy kernels play a key role in the study of
holomorphic functions and of Fueter regular functions. As in the case of holomorphic func-
tions, Cauchy formulas are a crucial tool in the construction of a functional calculus for
slice regular and slice monogenic functions. In the quaternionic case, the functional calcu-
lus is associated to quaternionic operators (see for example [4,7,2]), while in the Clifford
algebras case it deals with n-tuples of non-commuting operators (see [1,5]). It is, therefore,
clear that particular attention has to be put in the construction of the Cauchy kernels and the
Cauchy formulas for slice regular functions. In the present article, we obtain a new Cauchy
formula for slice regular functions in terms of a regular Cauchy kernel, while the case of slice
monogenic functions is treated in [1].

Let H be the real associative algebra of quaternions with respect to the basis {1, i, j, k}
satisfying the relations

it=j2=k>=-1, ij=—ji=k,
jk=—kj =i, ki=—ik=].
We will write a quaternion g as ¢ = xo + ix] + jx2 + kx3 (x; € R) its conjugate as
G = xo —ix] — jx» —kx3, and we will write |¢|?> = gg. We will also denote the real part xo
of ¢ by Re(g) and its imaginary part ix; + jx2 + kx3 by Im(g). The symbol S will indicate
the 2-sphere of purely imaginary, unit quaternions, i.e.
S={q =ix; + jxy +kx3 |x%+x%+x32 =1}

and we will often use the fact that any non real quaternion g can be written in a unique way
asqg=x+ylforx,y e R,y > 0and [ €S. In particular, we will set

Im(g)
fI 0
I, = fimgy] "M

any element of S otherwise.

Now, to better explain the problem we deal with, we first of all take the case of the regular
functions in the sense of Fueter. Consider the (left) Cauchy—Fueter operator

0 a

-2 k-2 1
0 ax om o o M

If U is an open set of H, then a real differentiable function f : U — H is called (left) Fueter
regular if

d
(,qu(CI) =0.

forall ¢ € U. By writing the units on the right in (1), one obtains the so called right Cauchy—
Fueter operator whose kernel gives the right Fueter regular functions. The two theories of
left and right Fueter regular functions are completely equivalent. The function G (q) defined
by

Gy=L, =1 @)

RPN

is called the Cauchy—Fueter kernel, it is a generalization of the classical Cauchy kernel for
holomorphic functions, and it is used to find a Cauchy formula. In fact, the function G(q)
turns out to be left and right Fueter regular on H\{0} and we have that: if S is a four-dimen-
sional domain § C U whose boundary 9. is a compact, orientable hypersurface, and if go
belongs to the interior of S, then
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fa = 55 [ 6@ - aas@ 3
s
where, with obvious notations, Dg is the quaternion valued three-differential form defined
by dx; Adxy Adxs —idxg A dxy Adxs — jdxo Adx3 A dxy — kdxg A dxp A dxo.
We will now pass to the case of slice regular functions, and we will recall the definition
given by the authors in [13].

Definition 1.1 Let U € H be an open set and let f : U — H be a function. Let I € S and
let f7 be the restriction of f to the complex line L; := R + IR passing through 1 and /. We
say that f is a left slice regular (or regular) function if, for every I € S

_ 1 d 0
f=- (—f,(x+1y)+1ff1(x+1y)) =0,
2 \ dx dy

and we say it is right slice regular (or right regular) if for every I € S

1

_ 9 Bl
for= 5 (a.fl(x‘i' Iy) + @fl(x +IY)1) =0.

We define the /-derivative of f ing = x + yI by

1 /0 d
o f(x +ylI) = *(5—15) S1x +yD)

2

and we are now able to give the following notion of derivative.

Definition 1.2 Let Q2 be a domain in H, and let f : 2 — H be a regular function. The slice
derivative (in short derivative) of f, ds f, is defined as follows:

As(H(x +yI) =01 (Hx +yI).

Notice that the definition of derivative is well posed because it is applied only to regular
functions for which

9 9
—fx+yl)=—I—fx+yl) VIES,
0x By

and therefore, analogously to what happens in the complex case,

A (x4 yD) =01(/Hx + yI) = 0 (f)(x + yI).

Note that if f is a regular function, then its derivative is still regular because

A1 (35 f(x + 1y)) = 353y f(x + 1y)) =0, “4)
and therefore
LAy = L gy,
ax"

For R > 0, let now B(0, R) = {¢g € H : |¢q| < R} be the open ball of radius R of H, let
[+ B(0,R) — H be a slice regular function and let ¢ = x + yI, € B(0, R). Then the
Cauchy formula for slice regular quaternionic functions states that [13]

1
F@=5- / € — gy dgy, ) )
T

304 0,r)
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where d¢j, = —1,d¢ and r > Ois such that Ay (0, r) == {x + I5y | x% + y2 < r?} contains
g and is contained in B(0, R).

It is easy to prove that the function g(¢) = (¢ — ¢)~! is not slice regular unless ¢ € R.
It is important at the same time to notice that the function g is effectively used only in the
complex plane L;,, which contains the point . One may wonder if it is possible to consider
a variation of the Cauchy formula (5) in which the corresponding kernel is regular and the
path of integration does not depend on the plane L, to which the point g belongs.

The main results in this article show that both questions have affirmative answers. The
key tool used to obtain our results will be the function

—(q* — 2qRe[s] + s>~ (¢ — 5).

which turns out to be the regular inverse (s — g) ~* of Rs(q) = (s — q) [10]. The function
(s —g)~* is, actually, the unique slice regular extension of (s —¢)~! (in the variable ) out of
L, and will be called the non-commutative Cauchy kernel. In particular, as a first significant
step, formula (5) can be rewritten in terms of the non-commutative Cauchy kernel as

1 _ 1 _
f@) == / ¢ —q) " de, fQ@O) = 5= / (& —q)"dg, f(©) (6)
2 2w
3A4(0,r) 974(0.r)
where, as before, d¢;, = —I;d¢ andr > Ois suchthat A, (0, 7) := {x+ 1,y | X2+ y2 <r?)
contains ¢ and is contained in B(0, R). The new Cauchy formula that we present in this arti-

cle holds naturally for domains—that we will call axially symmetric, slice domains—which
intersect the real axis and are invariant under the action of purely imaginary rotations in H:

Theorem 1.3 Ler 2 € Hbe an axially symmetric, slice domain such that 9(S2NLy) is union
of a finite number of rectifiable Jordan arcs. Let f be a regular function on Q' O Q and, for
any I € S, set ds; = —Ids. Then for every q € Q2 we have:

1
f@ == / —(q* — 2Re(s)q + Is1) 7 (g — 5)ds; f(5). (7
d(Q2NLy)

Moreover, the value of the integral depends neither on 2 nor on the imaginary unit I € S.

On axially symmetric, slice domains, indeed, the proof of the Cauchy formula is achieved
by means of the following representation formula, which is another crucial result obtained
in the article.

Theorem 1.4 Let f be a regular function on an axially symmetric slice domain Q2 C H.
Choose any J € S. Then, the following equality holds for all g = x + yI € Q:

1 1
fx+yl)= E[f(eryJ)Jrf(x—yJ)]+1§[J[f(x =y —fx+yDl. @)
We present several other consequent results, and we find the expression of the derivatives
of a regular function in terms of the powers of the regular Cauchy kernel.
2 The Cauchy formula with regular kernel
We will recall here the most salient properties of slice regular functions. When no confusion

can arise, we will refer to left slice regular functions simply as regular functions. When it
will be needed we will specify if we are considering left or right regularity.
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Remark 2.1 On a domain U C H, left regular functions form a right H-vector space and
right regular functions form a left H-vector space. It is not true, in general, that the product
or the composition of two (left/right) regular functions is (left/right) regular.

Remark 2.2 One of the key features of this notion of regularity is the fact that polynomials
Z,llvzo q" ay, in the quaternion variable g, and with quaternionic coefficients a,,, are left regular

(while polynomials Z,I,VZO anq™ are right regular). Moreover, any power series Z:ﬁg q"ay
(or more in general 2228(‘1 — po)"an, po € R) is left regular in its domain of convergence.

Conversely, every regular function on a open ball with center at the origin, or at a real
point, can be represented by a power series. Indeed we have [13]:

Theorem 2.3 If B = B(0, R) is the open ball centered in the origin with radius R > 0 and
f : B — His a left regular function, then f has a series expansion of the form

R
f@=>q"= L)
n=0

n! ox"

converging on B. Analogously, if f is right regular it can be expanded as

=Xroam
f@=> L oyq".

n! ox"

n=0

In both cases f is infinitely differentiable on B

It is straightforward that an analogous statement holds for regular functions in an open ball
centered in any po € R. Note that, even though the definition of regular function involves
the direction of the unit quaternion /, the coefficients of the series expansion do not depend
upon the choice of /.

A basic result in the theory of regular functions that we will need in the sequel is the
following version of the identity principle. The original proof is given in [13] in the case
2 is an open ball with center at the origin, however, the proof works in the following more
general case. To state the result, we need the following definition.

Definition 2.4 Let 2 € H be a domain in H. We say that €2 is a slice domain (s-domain for
short) if 2 N R is non empty and if L; N Q is a domain in L; forall 7 € S.

Since a regular function defined on a s-domain has a quaternionic series expansion, which
converges in a small open ball centered at a real point of the domain, it is very easy to prove
that the identity principle holds for regular functions defined on s-domains.

Theorem 2.5 (Identity Principle) Let Q be an s-domain and let f : Q — H be a regular
Sfunction. Denote by Zy = {q € Q : f(q) = 0} the zero set of f. If there exists I € S such
that Ly () Zy has an accumulation point, then f = 0 on Q.

The following definitions can be found in [11], and are intended to overcome the diffi-
culties arising from the facts that product of regular functions, and the conjugate of a regular
function, are not regular in general.

Definition 2.6 Let f(q) = >./° ¢"a, and g(q) = >0 ¢"b, be given quaternionic

power series converging on B(0, R). We define the regular product of f and g as the series
f*xglg) = :{:O?) q"c,, where ¢;, = ZZZO agb,_y foralln € N.
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The series expansion of f * g converges on B(0, R) [10], and a similar definition can
be given for right regular functions whose regular product will have the coefficients on the
left. When considering polynomials in the quaternionic variable g with coefficient on the left
(thus right regular functions), this definition of regular product coincides with the standard
multiplication of polynomials with coefficients in a non-commutative ring [15].

Definition 2.7 Let f(q) = ;:08 q"a, be a given quaternionic power series with radius of
convergence R. We define:

— the regular conjugate of f as the series f“(q) = Z 209" an
— the symmetrization of f as f* = f * f¢.

Since f¥(q) = ;28 q"ry, where r, = > J_gakan—x € R for all n € N, we have that
5= f*xf° = f°x f has real coefficients. An analogous definition, that we will use
without stating it explicitly, holds for right regular power series.

The Cauchy kernel which we will define and study in this article is inspired by the need
to have a suitable Cauchy formula to extend the functional calculus for quaternionic opera-
tors to functions defined on more general domains. Indeed, in the complex case, the kernel
(¢ — 2)~ ! is the sum of the series > 00 Z"¢~'7", which is obtained by the standard series
development. In the quaternionic case, the same arguments shows

s—q)! :(<1—qs*1)sr1= s7H - *1>*1
IZ(q571 n ZS 71
n>0 n>0

If we now fix s = u + v/ and take z € L; with |z| < |s|, the previous expression can be

written as
(S_Z)_l Zzn —1— n

n>0

This expression is holomorphic on the disc A = A(0, |s|) in L; and therefore, it can be
extended uniquely by the Identity Principle to a regular function on the ball B(0, |s|) in H

n, —1— -n
24"
n>0

This explains the meaning of the following definition [4,7]:

Definition 2.8 Letg,s € Hsuchthatsqg # gs. We will call non commutative Cauchy kernel
series (shortly Cauchy kernel series) the series expansion

S s q) =D q"s T

n>0

for |g| < |s].

Proposition 2.9 The Cauchy kernel series is left regular in g and right regular in s, respec-
tively, for |q| < |s|.

Proof 1t is an immediate consequence of Remark 2.2. O

We will now show two possible approaches to the construction of a regular Cauchy kernel
function. The first one is direct: we compute the Cauchy kernel function and then we show
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that it is regular. The second one makes use of the so called regularization process introduced
in [10].

Let us start by the direct approach introduced, in a different setting, in [4,7]. In these two
articles, we proved the following.

Theorem 2.10 Let g and s be two quaternions such that qgs # sq and consider

S, q) = Zq"silf".

n>0
Then the inverse S(s, q) of the quaternion S~ (s, q) is the nontrivial solution to the equation

§24+ 8¢ —sS=0. )

Remark 2.11 An algebraic equation with quaternionic coefficients can be suitably rewritten
with the coefficients on one side. When algebraic equations are written with coefficients on
one side, they may have isolated zeroes or two-dimensional spheres of solutions. In partic-
ular, a degree two equation has either two isolated zeroes or a 2-sphere of zeroes (see e.g.
[15]). Since S = 0 is a trivial solution of (9), also the second solution must be isolated.

Remark 2.12 Note that R(s, g) = s — ¢q is a solution of equation (9) if and only if sq = gs.

We have the following result.

Theorem 2.13 Let q, s € H be such that qs # sq. Then the non trivial solution of

$24+8¢q—s5=0 (10)

is given by
S(s.q)=(q—5 "s(g—35) —q (11)
=—(q — 5" '(g* = 2qRe(s) + Is). (12)

Proof The result has been proved in [7] by directly verifying that S(s, ¢) is a solution. Here,
we show how to find the solution using the techniques developed in [16, 17]. We remark that it
is possible to find the same result also using the so-called Niven’s algorithm method, which,
however, involves longer computations. We transform the equation S + Sg — 5§ = 0 into
another one having coefficients on the left. Set

S:=W-—g¢q
and replace it in equation (10) to get
W—=—q)W—-—q)+ W —-q)g —s(W—-¢q)=0,
so the equation becomes
W2 —(s+q)W +sqg=(W—s)%x(W—gq)=0,

where * denotes the left regularized product. One root is W = ¢ [17], while the second root
isW=(q—5"'s(g—5),thus § = (¢ — 5)"'s(¢ — 5) — ¢q. By grouping (g — 5) ! on the
left we obtain (12). ]
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Definition 2.14 The function defined by
$7(s.9) = —(g” = 2qRe(s) + |s) " (g — 5). (13)
will be called Cauchy kernel function.

Note that we are using the same symbol S~! to denote both the Cauchy kernel series and
the Cauchy kernel function. Indeed they coincide where they are both defined by virtue of
their regularity (see Proposition 2.19) and in view of the Identity Principle.

Proposition 2.15 For any q, s € H such that g # 5 the following identity holds:
@=97"s@=H—a=6-Dals =P~ +s, (14)
or, equivalently,
— (@ —=57'(¢> — 2qRe(s) + Is]) = * —Re(@)s +lgHs -~ (15

Proof One may prove the identities by direct computations but we prefer to follow here a
shorter approach. Let us solve equation (10) by transforming it into an equation with right
coefficients by setting

S=W+s
and replacing it in the equation. We get
(WH+)YW+5)+(W+s)g—sW+s)=W?>+W(s+q)+sqg=0.

This equation can be split as (W + s) x (W 4 g) = 0, where * denotes the (right) regu-
lar product. It is immediate, see [10], that one root is W = —s while the second is W =
(—q+s)9(—q +5)~L. These two roots correspondto S =0and S = (s —q)g(s — cj)’l +s
which coincides with (12) when written in the form S = (s> — Re(¢)s +s2)(s —¢)~!. O

As announced, let us now follow the second approach to find S~!(s, ¢). When ¢, s com-
mute, the sum of the Cauchy kernel series is the function R~!(¢) = (s — ¢)~'. Since this
last function is, in general, not regular, we construct its regular extension. A crucial point is
that the regular extension of R~! coincides with the sum of the Cauchy kernel series.

Proposition 2.16 Let f(q) be a regular function in B(0, R). Its inverse with respect to the
regular product is the function

@ =@ f@-
The function f~* is regular on B(0, R)\ {g € H : f*(g) =0}
Proof An easy computation shows that

% @ = @) (% g = 1.

Moreover, the series expansion f*(g)= :ﬁg q"r, has real coefficients and hence
(f*(g))~" is regular; indeed, for I € S, if we set z = x + yI we have:

0 0
Sy = —(f ey D) f )
X ax

9 ) 9
af(f‘(x +yD) = (YD) x +yDI
y dy

d
=—I(f'(x+ ym—z@f%x +yI).
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It is immediate now to verify that (% +1 %) (f*(x+yI)) =0forall I €S. Theregularity

of f~* follows by the regularity of f¢ and by the fact that (f*)~! % f¢ = (f*)~! f¢ since
()~ has real coefficients. O

Remark 2.17 We point out that (f*)™' % f¢(q) = (f)"1f(q) = [ = (f)"(q). If we
construct a regular inverse with respect to the left regularized product, we get an analo-
gous formula where the symbol * denotes the left regularized product: (f*)~! % f¢(g) =
7% (7 Ng) = £e(f*)~1(g). Note that the only difference is the position of f¢ when
using the standard product.

By applying the previous proposition to R(s, g) = s — ¢, we obtain:

Proposition 2.18 The inverse with respect to the regular product of the function R(s, q) =
Ri(g)=s—qis S~1(s, q).

Proof We have that RS(q) = 5 — ¢ and RS (q) = (¢ — 2Re(s)q + |s]%). O

We also have:

Proposition 2.19 The function S~ (s, q) is left regular in the variable q and right regular
in the variable s in its domain of definition.

Proof The regularity in g follows by construction. The right regularity in s follows by direct
computations. O

Remark 2.20 The right regular inverse of the function R(s,q) = R,(s) is the function
(s — §)(s> — Re(g)s + |g|*)~! (see remark 2.17) which, by identity (15), coincides with
S71(s, q).

Definition 2.21 Given a quaterniong = x + I,y (x,y € Rand I, € S), we will denote by
¥, = x + Sy the 2-sphere of its (generalized) conjugates.

Note that the 2-sphere X, is equivalently defined by the conditions |g| = x2 + y? and
Re(g) = x.

Proposition 2.22 Let g € H\R. The singularities of the function S~1(s, q) = Sy L) =
—(qz—Re(s)q—Hs 1%)-1 (g —3) lie on the 2-sphere S,. More precisely: onthe plane Ly, I # I,
the restriction of the function S~'(s, q) to Lj has the two singularities Re(q) £ IIm(q)|;
while on the plane L, the restriction of the function S~1(s, q) to Lj, has the only singularity
q. When q € R, then Sq’l (s) = (¢ — )~ and the only singularity is q.

Proof Suppose g € H\R. The singularities of Sq’l(s) correspond to the roots of |s|> —
2Re(s)g + g = 0. This equation can be written by splitting real and imaginary parts as
Is|> — 2Re(s)Re(g) + Re(g)? — [Im(q)|*> = 0, (Re(s) — Re(g))Im(g) = 0. This implies
Re(s) = Re(g) and so |s| = |q| i.e. the singularities consist of the whole 2-sphere X,. Con-
sider the plane L;, I # I,: it intersects the 2-sphere X, in Re(¢) & I[Im(g)|. When I = I,
or ¢ is real, then ¢ and s commute, so Sq_l(s) =—(@g-9"qg-51g-5=@-5"
and the statement follows. O
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2.1 The Cauchy integral formula

In this section, we will present a new Cauchy formula (5), which holds for functions defined
on a larger class of domains.

Lemma 2.23 Let f, g be quaternionic valued, continuously (real) differentiable functions
on an open set Uy of the plane Lj. Then for every open W C U whose boundary consists
of a finite number of piecewise smooth, closed curves we have

/ gds; f =2 /((851).f +£(01 f))do,
aw w

where s = x + 1y is the variable on Ly, ds; = —Ids and do = dx A dy.

Proof Let us choose an imaginary unit J orthogonal to / and let us consider H as the algebra
generated by /, J. Then it is possible to write f(s) = fo(s)+ f1(s)J, g(s) = go(s)+Jg1(s)

for suitable Lj—valued functions f;(s), gi(s),i = 0, 1. We now use the usual Stokes’ theo-
rem to write

/gdSIf = /(go(S)+ng(S))dSI(fo(S)+f1(S)J)
W

aw

- / g0fodss + o fidssJ + Jg1 fodsy + g1 fidsrJ
ow

= /3x(gof0)d0 + 0y (g0 fo)Ido + 0x(go f1)do J + dy(go f1)IdoJ
W
+ J 0, (g1 fo)do + J, (g1 fo)Ido + J 3, (g1 fi)do J + Jdy(g1 fi)Ido J.

By direct computations, we get

x(80.f0) + 9y (gofo) I + Jox(g1 fo) + J 9y (g1 fo)!
= (3x(g0) + 9y (go) 1) fo + J (3x(g1) + 3y (g1) 1) fo + g0(3x (fo)
+0y (fo) ) + Jg1(0x (fo) + 9y (f0)1)(800r + Jg107) fo + (g0 + Jg1) (31 fo)
= 2(gd1) fo +28(d1 fo)

and analogously

0 (80/1)T + 9y (g0 ST + Jox(g1 /1) + Jy(g1 [T = 2(g0;) fi] + 2831 f1)J.

Therefore, we conclude

/ gds; f =2 / (g97) fodo + g(3; fo)do + (gdr) fiJdo + g(d; f1)Jdo
aw w

—2 / (831 f + 831 f))do.
w

An immediate consequence of the Lemma is the following.
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Corollary 2.24 Let [ and g be a left regular and a right regular function, respectively, on
an open set U € H. For any I € S and every open W C Uy whose boundary consists of a
finite number of piecewise smooth, closed curves, we have:

/gd81f=0-

Iw

We will now identify a class of domains that naturally qualify as domains of definition of
regular functions.

Definition 2.25 Let Q2 C H. We say that Q2 is axially symmetric if, for all x + yI € , the
whole 2-sphere x + yS is contained in €.

We will focus our attention on the study of regular functions defined on axially symmetric
s-domains. In fact these functions and domains turn out to be the natural setting of validity
of the Cauchy formula that we are going to present. To construct this formula, we need now
to extend to a wider class of regular functions the following value distribution property of
regular quaternionic power series proved in [10].

Theorem 2.26 Let f : B = B(0, R) — H defined by f(q) = 2_,-09"an be a regular
function. For all x, y € R such that x + yS C B there exist b, ¢ € H such that

fx+yl)=b+Ic (16)
forall I €8S.

We will in fact prove here the following extension of theorem 2.26 (see [1] for the case of
slice monogenic functions).

Theorem 2.27 (Representation Formula) Let f be a regular function on an axially sym-
metric s-domain Q2 C H. Choose any J € S. Then the following equality holds for all
q=x+yl € Q:

1 1
fa+yD =S x+yD)+ fx =y DI+ IZ UL« =y)) = fae+y DI (A7)

Moreover;, forall x,y € R such that x +yS C , there exist b, c € H such that forall K € S
we have

1 1
E[f(eryK)Jrf(x—yK)]:b and E[K[f(x—yK)—f(eryK)]]:c.
(18)

Proof 1f Im(q) = 0 is real, the proof is immediate. Otherwise let us define the function
Y 1 Q — H as follows

1
Vig) =3 [f(Re(q) + Im(g)|J) + f(Re(g) — [Im(q)[J)

I
M@ ;1 ¢ (Re(g) — ()] ) — f(Re(q) + |Im<q)|J)]] .
[Im(q)|
Using the factthatg = x + yl,x,y €e R,y >0and I = &EEZ; we obtain

1
w(x—l—yl):E[f(x—i—yl)—i—f(x—yJ)+IJ[f(x—yJ)—f(x+yJ)]].
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Observe that on L (i.e. for I = J) we have

Vi) =vx+yl)=fx+yJ) = fi(q).

Therefore, if we prove that i is regular on €2, the first part of the assertion will follow from
the Identity Principle for regular functions. Indeed, since f is regular on €2, for any I € S
we have, on 2 N L;

ad 0
gZW(eryl) = a[f(eryJ)Jrf(x—yJ)+IJ[f(x—yJ) =[x+ yDll
0 Bl B b
= a*f(x+yf)+*f(X—yJ)+IJ [ff(x—yJ)— *f(x+yf)]
X 0x 0x 0x
= —Jif(x+y1)+Jif(x—yJ)+IJ|:Jif(x —yJ)
dy dy dy
+13fu+yn]=—fifu+yn+13fu—yn
ay ay ay
B Bl a
—1[;f(x—yJ)+*f(X-FyJ)]=—1*[f(X+yJ)+f(x—yJ)
y dy dy

0
+IJ[f(x—yJ)—f(x+yJ)]] =—1521//(X+y1)
that is

l(3+13) (4D =0 (19)
2 \ox ay‘”y_'

To prove (18) we take any K € S and use equation (17) to show that

1
E[f(x+yK)+f(x—yK)]

1[1 1
=5 ’E[f(x+yJ)+f(x—yJ)]+K§[J[f(x—yJ)—f(eryJ)]]

1 1
+§[f(x+y1)+f(x—yJ)]—KE[J[f(x—yJ)—f(eryJ)]]]
1
= 5[f(X+yJ)+f(x =y
and that
1
E[K[f(x —yK) — f(x+yK)l]

1 1 1
ZEK‘E[f(x+y1)+f(x—yJ)]—KE[J[f(x—yJ)—f(eryJ)]]

1 1
—E[f(x-l—yJ)-I—f(x—yJ)]—KE[J[f(x—yJ)—f(x+yJ)]]]
1
= EK[—K[J[f(x—yJ)—f(x+yJ)]]

1
=5 UL =y)) = fla+y DIl

With these two last equalities, the proof is completed. O
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The Representation Formula plays a key role in the study of the theory of regular functions
on axially symmetric s-domains and we provide here some of its important consequences.
Further developments will be the subject of a forthcoming paper.

Corollary 2.28 A regular function f : Q — Hon an axially symmetric s-domain is infinitely
differentiable on Q.

Proof The differentiability of f on the real axis follows from Theorem 2.3 since for any
point of the real axis there is a ball in which the function f can be expressed in power
series. To prove differentiability outside the real axis consider formula (17) in terms of
q = xo +ix; + jxo + kx3, namely

1
Ha) =3 [f(Re(q) + [Im(g)|J) + f(Re(g) — [Im(g)|J)

Im(q)
[Tm(g)]|

Notice that the function f is regular and hence infinitely differentiable on L. It is there-
fore obvious that f can be obtained as a composition of the functions f;, Re(g), Im(g) and
[Im(q)| which are all infinitely differentiable outside the real axis with respect to the variables
x¢, £ =0, ..., 3. This concludes the proof. O

JLfRe(g) — [Im(g)]J) — f(Re(q) + IIm(q)IJ)]} :

The following results are geometry-flavored consequences of the above theorem:

Corollary 2.29 Let Q € H be an axially symmetric s-domain and let f : Q@ — H be a
regular function.

1. Forall x,y € R such that x + yI € Q2 there exist b, ¢ € H such that
fx+yl)=b+Ic (20)

forall I € S. In particular the image f(x + yS) of the 2-sphere x + yS is the 2-sphere
b+ Sc.

2. If f(x+yJ) = f(x+yK) for I # K inS, then f is constant on x + yS; In particular,
iffx+yJ)=f(x+yK)=0forl # K inS, then f vanishes on the entire 2-sphere
x4+ yS.

Proof The proof of (1.) is a direct application of Theorem 2.27. To prove (2.) notice that
fx+yJ)= f(x+yK)forl # K implies ¢ = 0 in (20), and hence the assertion follows.O

We can now prove the new version of the Cauchy formula, which makes use of the class
of axially symmetric s-domains naturally containing all the singularities of the regular kernel
(for the case of slice monogenic functions see [1]).

Theorem 2.30 Let Q@ C H be an axially symmetric s-domain such that 3(S2 N Ly) is union
of a finite number of rectifiable Jordan arcs. Let f be a regular function on Q' O Q and, for
any I €S, set ds; = —Ids. Then for every q € Q we have:

1
f@) =5 / —(q% — 2Re()q + Is1P) " (q — D)ds1 £5). 1)
3(QNL;)

Moreover, the value of the integral depends neither on Q nor on the imaginary unit I € S.
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Proof First of all, the integral does not depend on the open set €2. This follows from the right
regularity of S~!(s, ¢) with respect to the variable s (see equality (15) and Corollary 2.24).

Let us show that the integral does not depend on the choice of the imaginary unit / € S. If
we denote g = x+yl,; € ,then the set of the zeroes of the function g% —2Re(s)g+]|s)> =0
consists of a real point (of multiplicity two) or a 2-sphere. If the zeroes are not real, on any
complex plane L; we find the two zeroes s;2 = x £ yI. When the singularity is a real
number, the integral reduces to the classical Cauchy integral formula for holomorphic maps.
Thus we consider the case of nonreal zeroes and we calculate the residues about the points
s1 e s2. Let us start with s; = x + y/ setting the positions

s:x—l—yl—i—eem,
Re(s) = x + ecos,
s x—yl—l—se_m,
ds; = —I[ele'?1d0 = ee'?do,
Is|? = x> + 2xe cos 6 + &2 + y* + 2ye sin 6.

We now compute the integral which appears at the right hand side of (21) along the circle
with center at s and radius ¢ > 0 on the plane L;:

2w
2l = / —(—2gecosO + 2xecosd + &% 4 2yssinf) !
0

x(qg—[x—yl+ ee_m])sewdéf(x +yI + eem)
2
= /—(—2q cosf +2xcosf + ¢+ 2y sin@)_1
0

x(g—[x—yl+ se_m])emdéf(x +yI+ eele).

For ¢ — 0 we get an expression / 10 for the residue at s

2711?

2
/(Zq cosf — 2x cosf — 2ysin 6)"! iy + yI)emde(x + yI)
0

27

1

5 /(y cosOl, — ysin®) N (yl, + yDel?dof (x + yI)
0

2
1
~57 /(y cos0I; + ysinf)(yl, + yI)[cos® + I sin@]dof (x + yI)
y
0

27
1
—z—yz /[(qu)2 cosd + y2 sinf1,; + y2 cosOI,I + y2 sin61][cos O
0

+1sin01dOf (x + yI)
2

1
= —5/[—cos9 +sinf01l; +cosOl;1 + sinf1][cos + I sin0]dOf (x + yI)
0
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2
1
= —5/[— cos? 0 — cos B sinO1 + cos sinf1, +sin291q1 —|—cos291ql
0

—cosfsinfl, +cos@sinfl — sin’ 01dof (x + yI)

! 2w
—E/[—l—l—lql]def(x—i-yl)
0

=n[l—II] fx+yD).

So we get the first residue

1
1) = 3 [1—1,1] f(x +yD).

With analogous calculation we prove that the residue about s is

1
B = 5 [+ I] fx = yD.

By the classical residues theorem used in the complex plane L;, we have:

1 / SN, q)ds f(s) =10 + 19,

2
a(UNLy)
Since
0 0 1 1
I+ =3 [1 =1 I] fx+yD) + 3 [T+ 1,1 fx—yD)
1 1
= E[f(x +yD)+ f(x —yI)]+Iq§ U[f(x—yI)— f(x+yDIl,
the statement now follows from Lemma 2.27. ]

Corollary 2.31 Let I € S and let Q; be a domain in L, symmetric with respect to the real
axis and whose boundary is a finite union of closed Jordan arcs. Suppose that Q2; N R is
nonempty and let ), be an open set in L containing Q2. Let J € S be orthogonal to 1, let
F,G : Q) — Lj be holomorphic functions and let f(x +yI) = F(x +y) +G(x+yI)J.
If

Q= |J «+y

x+yleQ;
then the function defined by

~ 1
F@ =5 / —(¢% — 2Re($)q + Is1) " (g — Ddsy £(s)

3%

is the regular extension of f to 2.

Proposition 2.32 (Derivatives using the regular Cauchy kernel) Let Q C H be an axially
symmetric s-domain. Suppose 9(2 N L) is a finite union of rectifiable Jordan curves for
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every I € S. Let f be a regular function on an open set Q' D Q and set ds; = ds/I. Let g,
s. Then

n! o _
@) = / (@% — 2504 + 1sP) ™"\ (q — 50D dgy £(s)
d(Q2NLy)
|
= 2”— / [S7's, @) (g — 571" (g — 5" Dds; f(s) (22)
JT
d(Q2NLy)
where
n I’l'
Nk . n—k <k
(q—7%) —Zi(n_k)!k!q i, (23)

k=0
is the n-th power with respect to the x-product. Moreover, the integral does not depend on Q2
and on the imaginary unit I € S.

Proof First of all, we recall that the derivative coincides, for regular functions, with the
partial derivative with respect to the scalar coordinate x = Re(g). Therefore, we can identify
a7 f(g) = 97 f(q). To compute 97 f(q),it is enough to compute the derivative of the inte-
grand, since f and its derivatives with respect to x are continuous functions on d(2 N Lj).
Thus, we get

1
A flg) = o / S~ (s, )1dsr £ (s).
A(QNLY)

To prove the statement, it is sufficient to compute 8”[S~! (s, ¢)]. We proceed by recurrence.
Consider the derivative 3, S~ (s, ¢):

9571 (s, 9)=— (¢* — 2Re(s)q + |s|) "% (2g — 2Re(s))(q — 5) — (¢°—2Re(s)q + [s[*) "
= (¢%> — 2Re(s)q + s> 7?[2¢% — 295 — 2Re(s)q + 2Re(s)s — ¢° + 2Re(s)g — |s|°]
= (q> — 2Re(s)q + Is) [q* — 245 + 5°] = (¢ — 2Re(s)q + |s[>) > (x — )™,
We now assume
0757 (s.q) = (=D)"'nl(g? — 2Re(s)q + Is]) " " V(g — 5)* D,
and we compute 3;“"1 S~1(s, ¢). We have:
0y ts7H (s 9) = 8= kg — Re(s)g + [s1) 7"V (g — 5]
= (=121 + DIg* = 2Re(s)g + Is) """ (29 — 2Re(s)) (g — 5)* "V
+H=D" (4 D)(g? — 2Re(s)g + [s17) " (g — 5™
= (=1)""(n + DIg* — 2Re(s)g + |s|H ™"
x[(2g — 2Re(5))(q — §) — (q* — 2Re(s)q + |s[*)] * (¢ — H)*",

where we have used the fact that the regular product coincides with the usual one when the
coefficients a real numbers. Therefore,

IS (s, x) = (=) (n + 1)!
x(q? = 2Re(s)q + |s1) ™" [g? — 245 + 5] % (¢ — 5)*".
The last equality in (22) depends on the fact that S (s, ) (g — 57" = (¢® — 2Re(s)q +
ls>)~L o
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Remark 2.33 The proposition above provides an alternative way to prove that, on axially
symmetric s-domains, a regular function f is infinitely differentiable, see Corollary 2.28.

Provided the importance of the regular Cauchy kernel that we have introduced, we conclude
the paper by presenting two different explicit series expansions.

Theorem 2.34 Let q and s =u + vl (I € S, v > 0) be two quaternions such that

lg —u| < v. (24)
Then, the non-commutative Cauchy kernel admits the series expansion:
S sy =D (g —w"whH ™ (25)
n>0

Proof Formula (11) shows that the inverse of the Cauchy kernel S(s, ¢) is such that S(s, ¢) =
S(s—u,q—u)forany u € R. As aconsequence we have that S Ns,9)=S""s—u,qg—u)
forany u € R. By setting s = u+vI and considering the series expansion S~! (s —u, g —u) =
> as0lg —w)" (vI)™"~! we get the statement. m}

To conclude, we now examine what happens on the complement of the closure of the
domain in which the series above converges. We will adopt a Laurent type approach.

Theorem 2.35 Letq ands = u + vl (I € S, v > 0) be two quaternions such that

lg —u| > v. (26)
Then, the non-commutative Cauchy kernel can be represented by the series
ST ) == (g —wy " WD) 27)
n>0

Proof Consider the equalities

(g —w?+)~"

(@ — w1 +v g —w )~
1+ —w ) g —w

(_l)nUZn(q _ u)—2n—2_

n>0

(@2 = 2qu +u® +v*)~!

We now multiply the last expression by —(g — u + vI) on the right hand side and obtain:

STNs, q) == D _(=1)"v*(g —w) " g — u +vI)

n>0

I z(_l)nUZn(q _ u)—2n—l + z(_l)nUZn(q _ u)—2n—2v1

n>0 n>0

Since (—1)*v¥* = (vI)?" is a real number we obtain

— _ Z(q _ u)—2n—1 (vI)Z" + Z(q _ u)—Qn—2(v1)2n+1

n>0 n>0

from which the statement follows. O
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Remark 2.36 Theorems 2.34 and 2.35 provide the analogue of the complex series expansions

1 _ —n—1 : 1 _ —n—1
e > Z"w™""" which holds for z, w € C such that |z| < |w| and — = — >y
which holds for |z| > w)|. The function -
of complex numbers z such that z # w while S~!(s, ¢) is defined outside its singularities,
described in Proposition 2.22.

is obviously defined on the larger set consisting
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