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Abstract. In this paper we consider the symmetry behavior of slice monogenic functions under
Mobius transformations. We describe the group under which slice monogenic functions are
taken into slice monogenic functions. We prove a transformation formula for composing slice
monogenic functions with Mdbius transformations and describe their conformal invariance.
Finally, we explain two construction methods to obtain automorphic forms in the framework
of this function class. We round off by presenting a precise algebraic characterization of the
subset of slice monogenic linear fractional transformations within the set of general Mdbius
transformations.
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1. Introduction

The study of null solutions of the Dirac operator and of the Cauchy—Fueter operator is
a very well established research field, see [5,16,19,28,29]. Such classes of functions
are called monogenic functions. The more recent class of slice hyperholomorphic
functions, see [12, 13,24], has become a different theory which has several applica-
tions to operator theory, in particular to spectral theory for several operators as well
as to quaternionic operators. See for instance [3, 13] and the original papers [8, 14].

In this paper we deal with slice monogenic functions, namely with slice hyperholo-
morphic functions with values in a Clifford algebra, which were introduced in [15]
after the quaternionic case, see [25]. In this latter context, slice hyperholomorphic
functions are called slice regular. For more details see the books [13,24].

Both monogenic and slice monogenic function theories are natural generalizations
of classical complex function theory but they are quite different from each other.
Monogenic functions are meant as smooth functions in the kernel of the Dirac
operator. Possible relations between the two theories were developed in the context
of the Fueter—Sce mapping theorem, see [23, 38, 41], which allows to construct
monogenic functions starting from holomorphic functions and more in general from
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slice monogenic functions, while its inverse map [9, 10] generates slice monogenic
functions from axially monogenic functions.

Another link between slice monogenic functions and monogenic functions can be
obtained using the Radon and dual Radon transforms, see [7]. The Radon transform
for Clifford algebras valued functions maps monogenic functions to slice monogenic
functions and, analogously, the dual Radon transform maps slice monogenic functions
to monogenic functions. These important relations between the two function theories
are relevant in the study of the Dirac operator.

An important property of the Dirac operator that plays a crucial role in several aspects
of Noncommutative Geometry, in particular Riemannian geometry, is its invariance
property under the full group of Mobius transformations (which is the Ahlfors—
Vahlen group). This gives rise to monogenic spinor bundles over Riemannian
conformally flat spin manifolds equipped with powerful function theoretic tools, see
for instance [33]. The invariance of the Dirac operator under this group is reflected in
a covariance property of the related Cauchy integral formula playing a fundamental
role in Riemanian geometry, see also [6] which is dedicated more to the geometric
aspects and spectral theory. In this paper we study the invariance properties of the
class of slice monogenic functions under the group of Mdbius transformations.

In particular, we precisely work out which kinds of Mobius transformations
preserve axial symmetry. Moreover, we establish a quasi invariance property (up
to an automorphic factor) for slice monogenic functions. The latter describes the
conformal invariance of this class of functions. As an application, we prove a Borel—
Pompeiu type formula which is conformally covariant if the integral is computed
over an axially symmetric domain. Then we briefly look at Hardy spaces of slice
monogenic functions. In contrast to the monogenic case we however meet substantial
obstacles that do not allow us to establish isometry relations between Hardy spaces
of slice monogenic functions that are connected by Mdbius transformations. These
obstacles are described.

After that, we turn to the construction of axially symmetric slice monogenic
automorphic forms. Automorphic forms do not only play a crucial role in number
theory, but also in spectral theory related to harmonic operators, see for instance [40].
Since about 30 years one is particularly interested in Maal} forms related arithmetic
subgroups of the Ahlfors—Vahlen group which are eigenfunctions of the higher
dimensional Laplace—Beltrami operator, see [21].

For the slice-monogenic setting we propose two different construction methods.
The first way to obtain such function classes is offered by an Eisenstein—Poincaré
series construction involving the slice monogenic automorphic weight factor used in
the preceding section. In this construction we apply a slice monogenic generalization
of the exponential function that guarantees the right convergence behavior. The
slice monogenicity behavior of the whole series in turn is assured by the quasi-
invariance property of slice monogenic functions that we proved in an earlier section.
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Secondly, we can alternatively construct slice monogenic automorphic forms by
applying Fueter’s extension theorem to the classical holomorphic modular forms, for
instance on the classical holomorphic Eisenstein series. Both construction methods
are compared with each other.

Finally, we introduce the subset of slice monogenic linear fractional transforma-
tions; these transformations were discussed in the quaternionic case in [39] and they
are called slice regular Mdbius transformations. Our aim is to explain how exactly
these slice monogenic linear fractional transformations can be characterized within
the set of all Mobius transformations. As we shall discuss, in this framework the
quaternionic case is special.

2. Preliminaries

In this section we introduce some preliminary results on Mobius transformations
in R”™1 and the related analyticity concepts, within classes of Clifford algebra
valued monogenic and slice monogenic functions.

2.1. Basics on Clifford algebras and notations. Throughout this paperlet {e;, e, . ..
..., en} be the standard basis of the Euclidean vector space R”. Further, we assume
that the basis elements satisfy the relations e;e; + eje; = —26;;, where §;; stands
for the usual Kronecker symbol. The Clifford algebra R,, is the associative algebra
generated by {ej,es,...,e,} over R. A basis for the real Clifford algebra R,
considered as a vector space, is given by the element ¢ = 1, the canonical basis
elements e, es, ..., e,, as well as all their possible products

€1€2,...,€1€n,...,€6p—-1€n,...€1€2--€y.
In compact form, this is denoted by the set
fealAC{L, ... .n}},

where e = ep = 1. Thus an arbitrary element of R,, has the form

a= Z aqeq

AC{1,...,n}
with real components a4. Here we have set e4 := ej, ---¢;, where the integers
li,.... L satisty 1 <[y <--- <[, <n.

Next we introduce the Clifford conjugation by

=) asex.
A
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where

eqs=z¢e, e, e =—ej, j=1,...,n, ey =¢e=1.

We also need the Clifford reversion defined by
a:=Y aslx.
A

where

~

eqa=e, e, e =e;, j=1,...,n, eyg=ey=1.

We also have

d=Y (—)MIa-D/2g 0,
A

Furthermore, we consider the main involution defined by

!/ / I I . /
eqg =ey e, e =—ej, j=1,...,n, ey =ey=1.

One has the relationa = a’ = @.
An important subspace of Clifford numbers is the set of so-called space of
paravectors consisting of Clifford numbers of the form a = ag + aje; + -+ + ane,

having a scalar and a vector part only. For simplicity this set will be identified
with R”*1 via the map

(ao,ai,...,ap) = ap +ajey + -+ azey.

An element of the form a = aje; + -+ + ayey, is called 1-vector and the set of
1-vectors can be identified with R” via the map

(ai,...,an) = aje; +---+ ayey.

Note that sometimes we will write R @ R” instead of R 1. A paravector x will be
written in the form x = x¢ + x. We also use the set

S" ! ={aje; +---+aney :al +---+az =1}

which can be identified with a sphere in R” and whose elements have square —1.

The norm ||a || of paravectorais [la|| = ( Y_i_, a?) 1z namely the usual Euclidean

norm. This norm can be extended to a pseudo-norm on the whole Clifford algebra

by settingllall := v/3" a4l

Each non-zero paravector is invertible with inverse a™

1 _ _a
lal?
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2.2. Mobius transformationsin R”*1, Asis broadly well known, in dimensionn >3
the set of conformal maps coincides with that of Mobius transformations. Using
Clifford algebras, Mobius transformations can be written very elegantly in terms
of the action of 2 x 2 Clifford algebra valued matrices (‘C‘ 2) whose coeflicients
satisfy special conditions which will be listed below. For convenience, we introduce
below the definition of the general Ahlfors—Vahlen group which will be denoted by
GAV(R @ R"):

Definition 2.1. The group GAV (R @ R”) is the set of matrices

€ 2)

equipped with the product of matrices, whose coefficients a, b, c, d € R, satisfy the
so-called Ahlfors—Vahlen conditions:

() a,b,c,d are products of paravectors from R”*! (including 0);

(i) ad —bZ e R\ {0};
(iii) ab,cd € R*1.
Remark 2.2. As explained in [2, p.220] the conditions (ii) and (iii) also imply that
db,cd € R"1,
Remark 2.3. The Ahlfors—Vahlen conditions arise naturally from the group
axiomatic requirement that every element in the group must also have an inverse
element in the group and that this inverse is uniquely defined. The uniqueness of the
inverse also implies that the left and right inverse coincides with each other. From
the property

a b J—g_g—gab_det(M)O
(c d)(—E a)_(—z 5)(c d)_( 0 det(M))

where det(M) := ad — bc, it follows that the elements on the anti-diagonal
must all vanish. This fact implies (iii). For the invertibility we need that the
expression det(M), called the pseudo-determinant of the Ahlfors—Vahlen matrix,
does not vanish. In fact det(M) € R\{0}, otherwise we would not get the Dieudonné
property that det(AB) = det(A) det(B). In fact this is a general requirement also
claimed in [18,31] and elsewhere.

Following for example [20], M&bius transformations are defined as action of this
matrix group on R”*! by

((21 Z) ,x) = M(x) = (ax + b)(cx +d)"! e R**1,
In the case where a, b, ¢, d are products of vectors from R” the associated group
GAV(R") acts transitively on right half-space xo > 0, or, respectively, the group
GAV(R @ R"™!) acts transitively on upper half-space x, > 0. The Ahlfors—Vahlen
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conditions ensure that the Mobius transformations are maps from R”*! to itself or
from upper-half space to upper half-space, respectively.
Again, following [20] the whole group GAV (R @ R") can be generated by four
different types of matrices:
1 b
b 1)

where b € R, induce Mobius transformations of the form M (x) = x + b.

(i) Translations:

(ii) Inversion (reflection at the unit sphere):

(5 9)

representing the Mobius transformation M (x) = —x

G )

where a € S"7!, induce M (x) = axa.

(6 %)
U
where A € R\{0}, induce M (x) = A2x.

Note that condition (iii) can be also stated for a € R"*!. Alternatively one can
consider in (iv) matrices of the form ( /\02 (1)) where A € R\{0}.

-1

(iii) Modified rotations:

(iv) Dilations:

Remark 2.4. The group GAV(R"*1) is exactly the group that leaves the Dirac
operator invariant. In other words, the Dirac (or generalized Cauchy Riemann
operator) is invariant under the full Ahlfors—Vahlen group coinciding with the
conformal group.

Remark 2.5. Geometrically, a rotation in R”*! has the form x + axa~! where a
may be a product of paravectors of unit length from R”*! so, in the simplest case,
a is a single paravector. In the particular case where a is a 1-vector in the unit
sphere S"~1, the transformation simplifies to x — —axa. However, as we directly
see in that simplified case, the determinant expression in the sense of [21] of such a
rotation, i.e., ad — b<, is negative. In fact, in the case of vectors in the unit sphere it
precisely equals —1. Since we will focus on subgroups consisting of matrices having
positive determinant, equal to 1, we prefer to use the generator in the form listed
above, because x — axa is then associated to a matrix of determinant equal to +1.
This transformation is not really a rotation in the classical sense. Therefore, we refer
to it as modified rotation.
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Remark 2.6. The orientation preserving transformations are represented by the
subgroup

SAV(R ® R") := {M € GAV(R & R") | det(M) = 1},

where det(M) := ad — b is the determinant of a Clifford algebra valued matrix.
More precisely, the group SAV (R & R") is a normal subgroup in GAV(R & R") of
index 2 generated only by the basic types of matrices of type (i), (ii) and (iii) above.

2.3. Two classes of hypercomplex functions. In this subsection we briefly recall
two different basic concepts that generalize holomorphic function theory to higher
dimensional real vector spaces. Concretely speaking, we look at Clifford algebra
valued monogenic functions and at Clifford algebra valued slice monogenic functions;
the latter function class is the focus of this paper. We briefly explain the connections
between these two function classes as well as some of their important properties
concerning this paper. In particular, we recall Fueter’s theorem that provides us with
a key link between them. We start by introducing the set of monogenic functions:

Monogenic functions. Let U € R @& R” be an open set. Then a real differentiable
function f:U — R, that satisfies Df = 0 (respectively fD = 0), where
ad d d
D:=—+_—e+--+—¢
dxo 0x1 ! 0xy, "
is the generalized Cauchy—Riemann operator (or Dirac operator), is called left
monogenic (respectively right monogenic), cf. for instance [5]. Due to the non-
commutativity of R, for n > 1, both classes of functions do not coincide with each
other. However, f is left monogenic if and only if f is right monogenic. The
generalized Cauchy—Riemann operator factorizes the Euclidean Laplacian

>
A=Y"Z
27

viz DD = A. Every real component of a monogenic function hence is harmonic.

An important property of the D-operator is its quasi-invariance under Mobius
transformations acting on the Euclidean space R & R”. The following result can be
found e.g. in [36]:

Theorem 2.7. Let M € GAV(R & R") and let f be a left monogenic function in
the variable y = M (x) = (ax + b)(cx + d)~'. Then the function

cx +d

Wf(M(XD

g(x) =

is left monogenic in the variable x for any M € GAV(R & R").
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Slice monogenic functions. This class of functions is widely studied nowadays, see
e.g. the book [13] and the references therein for more details. Originally they have
been introduced as follows. Let U € R @ R” be a domain and let f: U — R, be
a real differentiable function. Note that every nonreal paravector x can be written in
the form u + wv where w € S"~!. Fix w € S"~! and let f,, be the restriction of f
to the complex plane C,, = {u + wv, | u,v € R}. Assume that for every w € S"~!

%(%w%)fw(uwv) —o, ()
for u + wv € U. We could consider this one as the definition of slice monogenic
function, however it will be somewhat too general. In fact, in order to have a nice
function theory one need to put restrictions on the open sets U that may be considered.

In fact, the natural sets U where slice monogenic functions are defined are axially
symmetric, namely if u + wov € U for a given wy € S"™! then u + wv € U for all
w € S Moreover, we will say that a domain U is a slice domain, if U N C,, is
connected for all @ € S"~!. On axially symmetric slice domains a function is slice
monogenic in the above sense if and only if it is of the form

f(x)=f(u+ wv) =a(,v)+ op,v),

see [15].

Thus it makes sense to consider the following modified and more specific
definition, see [26]:
Definition 2.8. Let U € R"t1 be an axially symmetric domain, let D C R2 be such
that v + wv € U whenever (u,v) € D andlet f: U — R,,. The function f is slice
monogenic if there exist two differentiable functions «, 8: D € R? — R,, satisfying
a(u,v) = a(u, —v), B(u,v) = —B(u, —v) and the Cauchy—Riemann system

dya — 0,8 =0,
5 (2)
uB + 0y =0,
such that
S+ owv) = a(u,v) + wB(u,v). 3)

The class of slice monogenic functions defined on U will be denoted by 8 M (U ).
More generally, let U be an axially symmetric open set. Furthermore, let f: U — R,
be a function of the form

fu+ wv) = au,v) + wf(u,v)

with a(u,v) = a(u, —v), B(u,v) = —B(u,—v). The function f is called a slice
function. We say that a slice function belongs to the class €k on U if a, B belong to
the class €% on D.
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Slice functions and, in particular, slice monogenic functions satisfy the following:

Theorem 2.9 (Representation formula). Let U be an axially symmetric setinx,z €U,
let f be a slice function and x € [z], i.e. x =u +wv, z =u +iv, w,i € S* L.
Then : +
i
fx) = f@).

The pointwise multiplication of two slice monogenic functions does not give a
slice monogenic function in general. However, it is possible to define a suitable
product, called x-product, which is an inner operation in the set of slice monogenic

functions, see [13,26]. It is defined as follows: given an axially symmetric set
U CR" ! and f,g € 8M(U) with

f(x) = flutwv) = a(u,v)+wf(u,v), gx)=gutowv) =yu,v)+ws(u,v),

we define

(f % 8)(x) = (f *g)u + wv)
= (a(u7 U))/(M, l)) - IB(M7 U)S(M7 U))
+ o(B,v)y,v) + a(u,v)s(u,v)).

This multiplication coincides with the standard notion of multiplication of two poly-
nomials or of two converging power series in a non-commutative ring. Specifically,

if f(x) =Y ts0X ar and g(x) = Y ;.o x*by then

f*)) = 34" (Zakbn_k).
k=0

n>0

It is also possible to define an inverse with respect to the x-product. For further
information on slice monogenic functions we refer the reader to [13]. Here we only
mention another result which will be useful in the sequel. To state it we need to
introduce the Cauchy kernel:

S, x) = —(x2 — 2Re(s)x + ||s||2)_1(x - 7). ()]
where x ¢ [s],i.e.if s = u + wv then x # u + w'v forall 0’ € S*~1.

Theorem 2.10 (Borel-Pompeiu Formula). Let U C R"*! be an axially symmetric
open bounded set such that d(U N Cy,) is a union of a finite number of continuously
differentiable Jordan curves for every w € S""'. Let f:U < R"*! be a slice
function of class €' and set ds, = —wds. For every x € U, and w € S"71, we
have

7= 55 gy IO+ [ 87000 dE()S.)
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Remark 2.11. As we discussed in the introduction, the class of slice monogenic
functions and the class of monogenic functions can be related. Let U be an axially
symmetric open set in R” ™1 and let f be slice monogenic in U. By the Fueter—Sce
mapping theorem, the function A”~'/2 £ is monogenic, see [9], more precisely axially
monogenic. Given an axially monogenic function f, it makes sense to ask whether
it is possible to construct a so-called Fueter primitive, that is a slice monogenic
function f such that A”~1/2f = f. The answer is positive and the construction
of the Fueter primitive is given in [10]. This result can be further generalized to
monogenic functions, see [11].

2.4. Mobius transformations preserving axial symmetry. In this section we turn
to introduce a subgroup of Mdbius transformations that leaves invariant the axial
symmetry property of a set. The proper analogy to the general Ahlfors—Vahlen
group in this particular context will be the set stabilizer of the real line. The latter
is generated by the inversion, dilations, translations in the x(-direction only, and by
modified rotations. Specifically, we introduce the following:

Definition 2.12. The group GRAV(R & R") is defined by

GRAV(R @ R") :=<((1) ?)(g 091),(_01 (1))(3 )ﬁl)>, ©6)

where b € R,a € S" ! and A € R\{0}.

Proposition 2.13. The elements in the group GRAV (R ®R") take axially symmetric
sets into axially symmetric sets.

Proof. Let us consider an axially symmetric open set U and the generators of the
group GRAV(R @ R”"). An inversion M takes ug + wvg € U into
Upg — WYy

————— e MU),
o —wvof? < M)

where M(U) denotes the transformed set of U via M. When w varies in S"~!, we
obtain that uo + wvg € U if and only if the corresponding element belongs to M (U).
Dilations clearly take an axially symmetric set into another axially symmetric set.
Translations 7" in the u¢-direction only take uy + wvg € U into

(ug +b) + wvg € T(U), b eR,

and again the axial symmetry is preserved. Finally, let us consider u + wv € U and
a € S""1. We have

a(u + wv)a = aua + awav = —u + awav.
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Using the formula awa = 2(a, @)a — |a|?*@, we obtain
awa = —2(a,w)a + w,

where (-, -) denotes the (Euclidean) scalar product. We deduce that awa is a 1-vector
and since |awa| = 1, awa = o’ € S"~!. Thus

alu + wv)a = —u + o'v.

Let —u + w’v € M(U) and let —u + o'v = a(u + wv)a. For all ” € S"! the
element —u + w”v € M(U) since —u + w”v = a(u + ®v)a with @ = aw”a. The
proof is completed. 0

Remark 2.14. Notice that the other transformations, for example rotations not
preserving the real axis, are clearly not preserving the axial symmetry of a set.

Remark 2.15. It is worthwhile to mention that the group of all Mdbius transfor-
mations is isomorphic to the projective quotient group GRAV /{A1} where [ is the
identity matrix and where A € R\{0}. This results from the identity

(az +b)(cz +d) ' = (Aaz + Ab)(Acz + Ad) 7!,

which holds for all A € R\{0}; compare with [2, p.221, line 13].
The natural analogue of the special Ahlfors—Vahlen group in this context is then
played by the group
SRAVIR ® R") := {M € GRAV(R ® R") | det(M) = 1}
which is generated only by the first three types of matrices listed in (6). Dilations are
not needed.

Remark 2.16. In algebraic terms this subgroup is the set stabilizer of the general
Ahlfors—Vahlen group fixing the real line.

Remark 2.17. The counterpart of the complex upper half-plane in the slice
monogenic setting is the set

H:= ] cf.
wesSn—1

Here, by (C;j we mean the complex upper half-plane associated to the imaginary
unit w and where the real line is excluded. By construction, the groups GRAV and
SRAV leave H invariant.
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2.5. Arithmetic subgroups leaving H invariant. In this section we introduce the
proper discrete analogue of the group SRAV (R@®R") playing the role of the SL (2, Z)
in the classical framework of SL(2,R). As we can consider translations in the
direction of the real line only, the only translation group that we can consider in the
axially symmetric context is the lattice Z. The associated Mobius transformations are
generated by the matrix ((1) 1 ), inducing the generating transformation 7' (x) = x + 1.
Then we consider the inversion matrix J := (_01 (1)) The elements 7 and J are the
generators for SL(2, 7Z) leaving of the axial symmetry invariant. However, we now
add to the generators of SL(2,7Z) all the discrete rotations that leave the real line
invariant. To this end let us consider a two-sided ideal 4 C R,, with a rational basis
in a rational Clifford algebra generated by elements a € S”~! with the properties that
ad € 7Z and that axa € Z & Z" for all x € Z & Z". All discrete rotation matrices

of the form
a 0
0 a1

with a satisfying the mentioned admissibility conditions can be added as further
generators. More precisely, we give the following:

Definition 2.18. The axial symmetric modular group I'g 4y is defined by

o= (3 ) (% O 2)

where @ € S" lissuchthatad € Z andaxa € Z @ Z" forall x € Z & Z".

The group 'r 4y provides us with the axial symmetric analogue of the SL(2, Z)
(and it coincide with SL(2, Z) in the complex setting i.e. whenn = 1). As a discrete
subgroup of SRAV it acts discontinuously on the generalized upper half-space H
introduced in the previous subsection.

For integers N > 1 we also introduce the congruence subgroups of level N by:

TravIN]={M = (25) €Trav la—1,d —1,b,c =0 (mod N)}.

For further applications we point out that up from N > 3 the matrix —I, where [ is
the identity matrix, is not included in this group.

3. Invariance of slice monogenic functions

In this section we prove the invariance of slice monogenicity with respect to
transformations in GRAV(R & R").

Theorem 3.1. Let M € GRAV(R & R"), and let f be a function that is slice
monogenic over an axially symmetric open set U C R*T1. Then the function

cx +d

F(x) i = ————
) lex + d|2

f(M(x))

is slice monogenic for all x € M~ (U).
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Proof. We split the proof into three steps in which we prove that the statement is true
for the generators of GRAV(R @ R"™). We check this property for translations along
the real line, the inversion and rotations fixing the real line.

Step 1. Let us first consider translations along the real line M (x) = x + b, b € R,
and f € SM(U).

Then,a = d = 1, ¢ = 0 and the function F(x) = f(x + b) is slice monogenic
since it is the composition of a slice monogenic function with an intrinsic slice
monogenic function (namely a slice monogenic function with real coefficients),
see [13].

Step 2. Let us consider the case of the inversion M (x) = —x"1 Thena =d =0,
b =1, ¢ = —1, and the function F(x) = —x~! f(—x~!) is slice monogenic
since it is the composition of the slice monogenic function f with an intrinsic slice
monogenic function.

Step 3. In the case of a modified rotation, we consider M (x) = axa = axa, where
aeS"'d=a"'=a',b=c=0. Wehave F(x) =a ! f(axa) = af(axa).
We have to show that F is slice monogenic on U. To this end, we write x = u + wv,
w € S"! and we compute

(0u + wdy) F(u + wv) = (0, + wdy)(af(a(u + wv)a)).
Since f(u + wv) = a(u, v) + wf(u, v), we have

(0y + wdy)(af(a(u + wv)a)) = (0, + wdy)(af(—u + awav))

= (0y + wiy)(aa(—u,v) — wapf(—u,v))

= (0y + wdy)(ax(—u, —v) + waf(—u, —v))

= —adyo(—u, —v) — wadyf(—u, —v) — wadya(—u, —v) + adyB(—u, —v)

= —a(dya(—u,—v) — 3, B(—u, —v)) — wa(d, B(—u, —v) + dya(—u,—v)) =0,
since the pair «, B satisfies the Cauchy—Riemann equations.
Step 4. Letus finally consider dilations M (x) =A%x, A € R, so that F(x) = f(A%x).

The function F is obviously slice monogenic since if we write x = u+wv we trivially
have

(B + ©3y) F(3y + 03y) = 8y + 03y) (Af(A2(u + wv))) = 0.

We conclude that the statement is true for all generators, and so for any element of
the group. To see this, consider two generators M and N. Then the maps

Fiz— J(M,z)f(M(z)) and g:z— J(N,z)F(N(z))

are slice regular for any f, F slice regular. In view of the cocyle relation for the
automorphic factor, see [32] and references therein, we have

g(z) = J(N.2)J (M. N(z)) f (M(N(z))) = J(MN).z) f (MN)(z))
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is slice regular, for any generator M and N. Since any element of the group can be
generated as products of the generators listed above (for which we have shown the
slice regularity), it follows that the function z — J(M, z) f(M (z)) is slice regular
for any arbitrary M € GRAV. This concludes the proof. O

Remark 3.2. It is worthwhile to note that Step 3 in the proof of the previous result
works even if we consider a rotation x —=axa ! =axa, performed usinga ¢ R* 1,
|la|| = 1. In fact we have that axa = a(u + wv)a) = u + awa v and

F(u+ owv) =af(u+ awav).
Furthermore, since «, § satisfy the Cauchy—Riemann equations, we have
(0 + wdy)(@ f(a(u + wv)a)) = (0, + wdy) (@ f(u + awav))
= (0y + wdy)(aa(u,v) + waB(u,v))

= adyo(u,v) + wad,p(u,v) + wadya(u, v) —ad,p(u,v)
= a(0,a(u,v) — d,B(u,v)) + wa(d,B(u,v) + dya(u,v)) = 0.

However note that we have excluded these transformations from our discussion, see
Remark 2.5.

Remark 3.3. The invariance obtained in Theorem 3.1 is, formally, of the same type as
the one of hypermonogenic functions considered for instance in [34] and elsewhere.

4. Axial conformal invariance of slice monogenic function

We begin this section by studying the conformal invariance of the Cauchy kernel (4).
We consider the Mobius transformation M (x) = (ax + b)(cx + d)~! and we set

cx+d

_ -1
—||cx—|—d||2 =(cx+d) .

J(M, x) =

We have:

Lemma 4.1. Let M (x) = (ax + b)(cx + d)~! be the Mébius transformation over
R 1 U {oo} associated to a matrix belonging to GRAV(R"T1). Then

STHM(y), M(x)) = J(M,x)" ST (y. x)J (M, y)~". (7

Proof. We show that the formula holds for the generators of the group.
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Step 1. Let us consider a translation along the real axis M (x) = x + b. In this case,
J(M, x) = 1. We have

STHM (), M ((x)))
= —((x + 5> = 2Re(y + b)) (x + ) + |y +b1*) " (x = 7)
= —( = 2Re()x + [yI?) & =7 = ST (v.x)
and the statement holds.

Step 2. Let M (x) = —x~! so that J(M, x) = —x~'. We have

STH=y =27 = ()2 =2Re(—y ) (=D + Iy D) T (T Y
= (x2=2Re(y D + yI72) (=t + 5
= [x2(Iyl? = 2Re(y DIy 2x + x|y 7] % (=F + )7
= 1712 (Iy 11> = 2Re(y D1y 12x + x2) " x(=F + )7
= x(Iy]? = 2Re(y DIy [2x + x2) " (=7 + 07y |?
= J(M. )7 ST (3,0 T (M, ),

in view ofJ/(Wy)_/1 =y =—y.
Step 3. Let us consider the modified rotation M (x) = axa, a € S" ! so that
J(M, x) = a. Since Re(aya) = —Re(y), we have:
S~ aya,axa) = —(—ax*a — 2Re(aya)(axa) + ||aya||2)_1(axa —aya)
= —(—ax?a + 2Re(aya)x —a*||y ||2)_1a(x —V)a
= [a(x? = 2Re(y)x + |y[?)a] 'a(x - F)a
TH(x? = 2Re()x + [¥]?) T (x = Pa
~15=1(y. x)a~!
= J(M. )7 ST 0 )T (M)

a
a

Step 4. In the case of a dilation M (x) = A2x, A € R, J(M, x) = A, we have

STHA%y,2%x) = —(A*x% — 2Re(A%y)(A2x) + A2y [?) T (A%x — A2y)
= —A7*H(x% = 2Re(y)(x) + [I¥?) " A2 (x — 7)
= —A7*(x2 = 2Re(y)(x) + [I¥I1?) " A2 (x — )
=271y, A = J(MLx) T ST (v, ) T(M, y)"L. O
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As a consequence of Lemma 4.1 and of the Cauchy integral formula for slice
monogenic functions, see [13] but also (5), we can now deduce the axial conformal
invariance for the set of slice monogenic functions. We will present two types of
results, starting with the following:

Theorem 4.2. Suppose that M (x) = (ax+b)(cx+d)~" isa Mobius transformation
associated with a matrix from SRAV(R"™1). Let K be a compact in R"*! and
suppose that g: K — Ry, is a €1(K) slice function. Then, for any @ € S"! the
following integral invariance formula holds

J(M, x) / Sz, M (x))g(z) dA(z)
KnC,

- [ ST (.08 () ja(M. y) dAG). (@)
M—1(KNCy)

where z :== M(y) = (ay + b)(cy +d)™', dA(z) = dz, A dZ and

cx+d

a(M,x) = —————.

Proof. According to Lemma 4.1 we know that

STHM(y). M(x)) = J(M,x)~' ST (y.x)J (M, y)~".

The area differential d A(z) has the following transformation behavior under Mobius
transformations (see [1]):

dA
dAR) = dAM () = da(@y +b)ey + )7 = nyd)”4,

Combining this with the left hand-side of formula (8) we obtain that

J(M, x) e s—! (z, M(x))g(z) dA(z)

= J(M.x) f JM.x) S () T(M ) g (v)
M~—1(KNCy)

dA(y)
ey +d|*

_ / S7 (. x) ja (M. )8 (y) dA(y).
M-1 (KNCy)
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since
J(M,y)7t ( cy +d )‘1 1
ey +d||* ley +dlI?) ey +d*
_ (ecy+4d)
ey +d|*
= ja(M,y),
and the stated relation follows. O

More in general we have:

Theorem 4.3. Suppose that M (x) = (ax+b)(cx+d)~" is a Mobius transformation
associated with a matrix in SRAV(R"*1). Let K be a compact set in R* ™1 and
suppose that g: K — R, is a €1 (K) slice function. Then, for any v € S"! the
following integral invariance formula holds

1 -1
([ ST )

1, y0)0y Ay, Ndy
+/Kn<ch (7, 50)00 f(¥) dyow A y)

1 I —
—5-(/ §7 e x0) T ) dx f(2)
27 N M1 (3(KNCy)

n / S™Y(x, x0) ja(M, x) B f(x) dxy A d)?), 9)
M—1(KNCy)

where y = M (x), yo = M {xo).

Proof. The invariance formula follows from the Borel-Pompeiu formula (5), from
(7) and (8). O

Remark 4.4. It is important to note that the integrals at the left hand side of (9) are
computed on a curve or on a compact set in a complex plane C,,. The integrals on
the right hand side are still computed on a curve or on a two-dimensional set but
they are not anymore contained in a complex plane but in the surface corresponding
to M~1(C,).

Remark 4.5. As is customary in the literature, we have considered Mobius trans-
formations associated to matrices M with determinant det(M) = 1. In the general
case, the Jacobian of the transformation has a factor depending on the determinant
of M.

Even though most of the integral formulas for slice monogenic functions hold
on slices, namely on complex planes C,, for some @ € S"~!, the Borel-Pompeiu
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formula can be proved using integration in higher dimensions. We quote below the
result, see e.g. [27, Corollary 2.7]:

Proposition 4.6. Let U C R"*1 be an axially symmetric open bounded set with €'
boundary. Let f:U C R""! be a slice function of class €. For every x € U we
have

f) = - f C(s.)n(s) £(s) do(s) — - / Cls.0)3 f(5)dV(s).  (10)
2 Jou T Ju

where n denotes the outer normal vector field, do and dV denote the volume form
on dU and U, respectively, and
I'(n/2 S~1(s,
Cls.x) = (n/2) (s, x) '
an/Z (S% + ... +S72l)(n_1)/2

In order to study the conformal invariance of the integral formula (10), we need
to prove an analogue of Lemma 4.1 for the kernel C(s, x). To this end we need to
introduce the group

arar=((3 1.6 )

beR,aeS" 1.

Lemma 4.7. Let M (x) be a Mébius transformation over R* ™1 U {oo} associated to
a matrix belonging to T'y,,, R**1). Then

C(M((y), M({x))) = J(M,x)"'C(y, x)J (M. )" (11)

Proof. To study how the kernel C(y, x) transforms under M&bius transformations
in ', (R & R") is equivalent to study how the kernel

Sy, x)
(y% + et y’%)(n—l)/2

transforms. It is immediate that y12 + -+ y,% does not change neither under
translations fixing the real axis nor and under modified rotations. So, the statement
follows from Lemma 4.1. O

The following statement provides us with a generalization of Theorem 6 from
Ryan’s paper [37] to the slice monogenic framework. For convenience, to a Mdbius
transformation M (x) = (ax + b)(cx + d)~! we associate the following generalized
weight factor of weight o:

cx +d

oM, x) '= ————.

The next result contains another invariance formula.
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Theorem 4.8. Suppose that M (x) = (ax+b)(cx+d)~" isa Mobius transformation
associated with a matrix in Ty, (R"*1). Let K be a compact axially symmetric set
in R" ™1 and suppose that g: K — R, is a slice function of class €'. Then we have
the following volume integral invariance formula

HMJA/C@qu»m@dV@)= /"<x»ngHUMyMQOM«w,
K

M~1(K)
(12)
where z :== M (y) = (ay + b)(cy +d)~ .

Proof. According to the previously proved in Lemma 4.1 we know that

C(M(y), M(x)) = J(M,x)"'C(y.x)J (M, y)~".

The volume differential has the following transformation behavior under Mobius
transformations:

dv
dV(z) = dV(M(y)) = dV((ay +b)(cy +d)7") = W-

Combining this with the left hand side of formula (12) we obtain that

J(M, x) /K C(z,M(x))g(z)dV(z)

_ - dv(y)
g0t [ T eI e S
M~=1(K) ey + d|[*"+2
— [ COXana (M) V)
M—1(K)
since
JMy) ——
U)o d)—
fey +dzz — Ot D T
= Jan+2(M,y),
and so the stated equality follows. O

Also the surface measure do transforms nicely under a Mobius transformation
in R"*! namely in the way

d
do(z) = do(M(y)) = ﬁ,

quite analogously to the volume differential. It just differs in the exponent of the
factor. Thus we deduce the following result.
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Proposition 4.9. Let K C R"*! be a bounded domain with €' boundary 0K with
a piecewise continuous exterior normal field n(z) and suppose that g: 0K —R,
is a €Y (0K) slice function. Let M(x) = (ax + b)(cx + d)~! be a Mobius
transformation over R" 1 U {00} associated to a matrix belonging to F?AV(R”H).
Then we have:

J(M, x) /Z)K C(Z, M(x))n(z)g(z) do(z)
- / Cy. ) jan (N (1)g () do (7).
M_l(aK)

where z = M (y).

Proof. We follow the same chain of arguments as in the proof of the previous theorem.
The only difference is

J(M, y)~!
P S I d)—
fey + e~ @t DT
= j2n (M7 y)v
and so the statement follows. O

Next we present an axial conformal invariance of the Borel-Pompeiu formula
which can be obtained combining the previous results.

Proposition 4.10. Ler U C R"™! be an axially symmetric open bounded set. Let
f:U € R pe a slice function of class €. Let M (x) = (ax + b)(cx + d)~!
be a Mobius transformation over R"*1 U {oo} associated to a matrix belonging
to T, (R"T1). We have

f(x) = % /31( C(z, M(x))n(z)g(z)do(z) — %/ C(z.M(x))g(z)dV(z)

K

= 10197 |5 [ O M) 1) 56 do )

2
1 .
] CON M) ) V) |
T JM-1(3K)
Proof. It follows from Theorem 4.8 and Proposition 4.9. O

Remark 4.11. One can consider Hardy spaces of slice monogenic functions. If
K C R"*!is a domain with a C!-boundary, then the associated Hardy space
of slice monogenic functions is the closure of the set of functions that are slice
monogenic inside of K with a continuous extension to dK and that are additionally
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square-integrable over K. This can be done completely analogously to the context
of Clifford algebra valued monogenic functions presented in [5].

However, a quite natural question arising in this framework is whether there are
isometries between Hardy spaces of functions that can be transformed into each other
by applying Mobius transformations. In the monogenic setting, there exists such an
isometry. See for instance [18]. In the slice monogenic framework we meet some
obstacles.

If K C R"*! is a compact subset in a complex plane, i.e. of codimension (n — 1),
then the integral transformation with a Mdobius transformation actually involves a
right conformal weight factor. Concretely, we have

(cx +d)(cx +d)

d —
o(x) lex + d|J*

dA(x).

doMx) = 1 ap
However, in the general case it may happen that adomain K lying in a two-dimensional
complex plane will not be mapped in general to a domain f(K) lying in another
complex plane.

If we alternatively consider the integration over the boundary of a domain in R”*!
of codimension zero, then we meet the problem that the integral measure does
not transform with the slice monogenic conformal weight factor, but instead in the
following way (see [18])

_(ex+d)(ex +4d)

do (M (x)) do(x) = lox - [

= do(x

fox + 4" 0
so that will we not get an isometry between the associated Hardy spaces, except for
the case n = 1 which is the classical complex case.

Domains of other codimensions do not involve the right exponent of the weight
factor that is needed for an isometry, either.

5. Application to automorphic forms

In this section, we outline two different ways to construct non-trivial slice monogenic
automorphic forms on congruence subgroups of the axial symmetric arithmetic
subgroups I'g 4. The study of automorphic forms on discrete arithmetic groups
represents a central research topic in complex and harmonic analysis (cf. [22,40]) and
provides an analytic toolkit to study many problems in number theory and algebra
on the one hand and in quantum field theories, quantum gravity and gauge field
theories on the other hand, see for instance [30,35]. In the framework of monogenic,
hypermonogenic and holomorphic Cliffordian functions this topic has been studied
in [32] and [17]. Since the setting of slice monogenic functions lies on the interface
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between classical complex holomorphic function theory and these mentioned classes
of Clifford analysis, it is interesting to explore this field also in the slice monogenic
framework. A classical result is that all automorphic forms can be described in terms
of Eisenstein and Poincaré series. Therefore we are motivated to propose similar
constructions of Eisenstein and Poincaré series in the slice monogenic setting. We
propose two construction approaches:

5.1. Direct construction of slice monogenic automorphic forms. In this subsec-
tion we present a direct construction method of automorphic forms in the slice
monogenic setting within the context of the axial symmetric arithmetic subgroups.
First of all we introduce the following:

Definition 5.1. Let L be an arithmetic subgroup of I'r4y. A slice monogenic
function f: H — R, is called a slice monogenic automorphic form on L if it
satisfies

f(x) = J(cx +d)f(M(x))
forall x € H andall M € L.

In the case where L is just a discrete translation group we are simply dealing
with slice monogenic periodic functions. A simple example is given by the slice
monogenic exponential function, introduced below. These functions serve as useful
building blocks to apply the following Poincaré series construction in order to obtain
non-trivial examples of slice monogenic automorphic forms on larger arithmetic
subgroups.

Remark 5.2. By L[N] we denote the congruence subgroup of level N of L, while
L*°[N] consists of all matrices belonging to L[N] where the (2, 1) entry is zero,
i.e. all matrices of the form (‘5 3 ) that belong to L[N].

Recalling that we can write a paravector x is the form x := x¢ + x where
X = xie; + -+ + xpe,, we have the following result:

Theorem 5.3. Let F: H — R, be

F(x):=exp <£)

[lx]

For N > 3 the slice monogenic Poincaré series

P(x)= Y J(M.x)F(M(x))

M:L®[N\L
converges normally on each compact subset of H and satisfies
P(x) = J(M,x)P(M(x))

Joreach x € H and all M € L[N].
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Proof. First of all we observe that F(x) is slice monogenic according to (1).
In fact let us take the restriction to the complex plane C,, by rewriting

X
x:x0+§:xo+mllgl| =u+ ov
withu = xp, v = ||x||, ® = ”f—” Then we have

F(u 4+ ov) = exp((u + ov)w)

which is trivially in the kernel of d,, + w0, so F is slice monogenic according to the
definition in (1). We recall, see Remark 2.17, that H = U cgn—1C a“,L . Moreover

F(x 4+ 2km) = F((u + 2km) + wv)
=exp(—v + (4 + 2km)w) = exp(—v + uw) = F(x)

for any k € Z and F is 27-periodic. Note that e®T@v)e — p=vHuov go thyt
[e®Fev)o| = 7. A Mobius transformation takes C;) to C},: this fact can be
easily verified on the generators. It is immediate for the translations and the dilations.
The inversion takes u + wv to (u? + v?)~!(—u + wv). Finally, a modified rotation
takes u + wv to —u + awav = —u + »'v so the assertion follows.

The convergence can now be established along the classical convergence proof
for Clifford Poincaré series presented in [32] relying on the additional argument that
we have asymptotically

cx +d M (x) - M(x) C
‘ m( H|N”7m“”

fex+dl? =P\ M (x
when r — oo and the constant C depends on the dimension n of R,,. Due to the
dominance of the decreasing exponential factor, the convergence is guaranteed by
the classical Poincaré series convergence argument. Slice monogenicity then follows
from the facts that the series is normally convergent and that each summand is slice
monogenic itself, as a consequence of Theorem 3.1. 0

Remark 5.4. The reason for claiming N > 3 is to guarantee that the negative identity
matrix is not included in the series in order to avoid the vanishing behavior of the
series.

5.2. Construction of automorphic forms from complex holomorphic automor-
phic forms. Another possibility to construct slice monogenic automorphic forms
consists of applying the intermediate step in the Fueter’s construction to classical
holomorphic modular forms defined in one complex variable on upper half-plane.
Notice that the classical modular forms exhibit an invariance property of the form

f(2)=(z+d)y* f((az+b)/(cx +d)) k=2
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under Mdbius transformation in SL(2,Z), so their slice monogenic extension will
not be an automorphic form under all transformations of the full group I'r4y but
just of a subgroup that is isomorphic to the SL(2, Z), because Fueter’s theorem only
inherits the invariance under the SL(2, Z). This is clearly reflected when applying
Fueter’s theorem to the most classical examples of holomorphic Eisenstein series
having the form
Ey(z) := Z (cz 4+ d)72.
(c,d)eZxZ\{(0,0)}

Its slice monogenic counterpart has the form

Eap (X) 1= > (cx +d)~%k (13)
(c,d)eZx7Z\{(0,0)}

which written out explicitly, using the Representation Formula (see Theorem 2.9), is

1+wi _ _ —wi _
Eok(x) = > (T + d) % + S (ez + d)%
(c,d)eZx7Z\{(0,0)}
1+ wi _ 1 —wi
= Ezk(Z) + E2k(Z)’

where z € C;, x € R*™!, x = u + wv, and where E,y is the standard holomorphic
Eisenstein series of positive integer weight 2k in the complex plane C;.

We note that for general ¢, d we should have used (cz + d)~2** in the series
expansion (13), however ¢, d € Z so (cz 4+ d)2* = (cz + d)7?*.

From this representation we can easily derive that &,,(z) = &, (z + b) for
all b € R. Analogously, it is also easily seen that

8ok (2) = 27K & (—271)

by the analogous properties of E,;. Indeed, these series only exhibits invariance on
the transformations z + z +b and z — —z~! which correspond to those of SL(2, Z)
which actually only form a subgroup of the I'g 4.

6. Slice monogenic fractional linear functions

In the previous sections we have studied the invariance properties of slice monogenic
functions under Mobius transformations. Obviously, these transformations are not
all slice monogenic. They are so when the coefficients are real (which is a sufficient
condition). However, if we take the x-product instead of the pointwise product,
we can construct some linear fractional transformations which are slice monogenic.
They are defined as:

M(x) = (xc +d)~ " * (xa + b),
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and, a priori, a, b, ¢, d are suitable elements in the Clifford algebra R,,. A similar class
of functions has been introduced in [39] for slice regular functions of a quaternionic
variable.

Remark 6.1. One should note that, despite the formal analogy with the classical
complex case where the multiplication and the inverse are substituted by the
x-multiplication and *-inverse respectively, the above expression equals

M(x) = (x2]e]? + x(ed + do) + |d?) " ((x& + d) % (xa + b))
= (x2[c[? + x(cd + d?) + |d?) ' (x*(@a) + x(@b + da) + db), xeR"*,

Also the slice monogenic fractional linear functions can be described in terms of
the action of the group GAV (R & R”") where the action is defined as

GAV(R @ R") x R""1 5 R"FL (4, x) > My(x) i= (xc +d) " % (xa + b),

a b
(1)
Proposition 6.2. Let A, B € GAV(R&®R"), then M
stands for the transpose of a matrix.

with

(AT BTIT = Mp oMy, where T

Proof. We write

T _[a ¢ _albl T _ [(d1 1
S ) R G B (A |

Using computation similar to those in [39], that we repeat here for the reader’s
convenience, we have

Mp(Ma(x)) = Mp(Ma(x)) = Mp((xc +d)™* * (xa + b))
= ((xc +d) ™ * (xa+b)cr +d1) " * ((xc +d)™* * (xa + b)ay + by)
=[(xc +d)™ * ((xa + b)cy + (xc + d)dl]_*
* [(xe +d)™* * ((xa + b)ay + (xc + d)b ]
= (x(acy + cdy) + bey + ddl)_* * (x(aay + cby) + bay + dby)
= My gyt (2). 0

It is a natural question to ask which is the invariance with respect to this new class
of transformations. The first task is to assign the conditions under which M takes
R"*! to itself.

Unlike what happens with the Mobius transformations studied in the previous
sections, the set of slice monogenic fractional linear functions is not isomorphic to
GAV(R & R™)/{ul} (u € R\{0}). In fact we have:
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Proposition 6.3. The set of slice monogenic fractional linear functions is in one-to-
one correspondence with the set of right cosets of

No={(% ) «errtiygo
{t9) o

in GAV(R ® R™).

Proof. In this framework, we consider the following generators of GAV (R & R”"):

(7)o (0622

where b € R"*1, a € S"~! and where A € R\{0}. With this choice we have:
1 b —x
0 1)* =x-04+1)Fx(x+b) =x+0b

((_01 (l)) ,X) =(—x-140)*x-0+1)= _x1
((g /\91) ,.Xf) = (X -0+ 1)—*(12)( +0) — A2x'

The subset N is evidently a subgroup of GAV(R & R"), moreover

( (g 2) ,x) = (xa)™* * (xa) = x,

which shows that all transformation matrices of the form o/, o € R*T1\{0}, gives
the identity. Let us now consider the right cosets N A where A € GAV(R & R”").
To any slice monogenic linear fractional transformation can be associated to a right
coset, precisely to M(x) = (xc + d)™* * (xa + b) we can associate N A where

a b
A= (C d).
In fact, any element in N A is of the form a4, o € R*T1\{0}, and

Maa(x) = (xac + ad)™ * (xaa + ab)
=(@x(xc+d) ¥ xax*(xa+b)
=@xe+d)Fxa b xax(xa+b) = May(x).

And, similarly, to any right coset N A we associate the unique transformation M 4.
]
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An immediate consequence is:

Corollary 6.4. The set of slice monogenic fractional linear functions is in one-to-one
correspondence with a subset of all Mébius transformations.

Remark 6.5. We also note that the subgroup N defined in Proposition 6.3 is not
normal. This isimmediately seen by taking for example a translation 7" and computing
T~ 'al T to see that it does not belong to . Thus the set of right cosets does not
inherit the group structure of GAV (R & R”™).

a 0 ) instead of (g 2), then we have

Remark 6.6. If we consider the generator ( 0 a1

Finally, we have the following result:

Proposition 6.7. Slice monogenic Mobius transformation preserving the axial
symmetry of an open set are associated with matrices in

s (). (1 )6 )

where b € R, a € S"™!, A € R\ {0}. The set of slice monogenic fractional linear
functions is given by the set of right cosets of N in GRAV (R & R").

Proof. The assertion follows from the fact that translations preserving axial symmetry
are those with » € R and from the proof of Proposition 6.3. O

As a consequence of Proposition 6.3 we have the following analog of Theorem 3.1
and Lemma 4.1:

Proposition 6.8. Let A € GRAV(R & R"), and let f be a function that is slice
monogenic over an axially symmetric open set U C R"T1. Then the function

F(x):= f(Ma(x))
is slice monogenic for all x € :MZI ).

Proof. The proof is based on the fact that the statement is true for the generators
of GRAV(R & R™). Let A be a generator; in this case, M4 turns out to be an
intrinsic slice monogenic function and thus the composition f(M4(x})) is slice
monogenic. O

The behavior of the Cauchy kernel S~!(y, x), is slice monogenic on the left in x
and on the right in y, composed with slice monogenic Mobius transformations is
described in the following result. To this end, we set

J(M.y)= @y +b)* @y +d)™.
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Proposition 6.9. The following formula holds:
STHM(y), M(x)) = (ad — cb)™' ST (y, x)  (J(M, y) ™ 5 (M, x) 7,

where _ _
JM,x) = (xc+d)™, JMy) =ECy+d)™™

and the x-product is computed in the variable x.
Proof. It is convenient to write S~1(y, x) in the form (y — x)™* so that
(M (), M(x)) "= [(xc + )" [(xc + d)@y + b) — (xa + b)@y + d)]
5 @ +d)* ]
= [(xc +d)™* % [(dd@ — bO)y — x(ad — cb)] %, Cy +d) ]~
= (ad — cg)_l[(xc +d) % (y—x)* (Cy + 67)_*’]_*
= (ad —ch) " [(y —x) %, @y + )] (xc + d),
where the x-products are computed in the variable x and the *,-products are
computed in y. We used the fact that ca € R +1 and_thus it equals ac (and
similarly for d b) and the fact that the pseudodeterminant ad — cb is real and so
(@d — cb) = ad — cb.
We then have
(6= % @+ D)™ = [0 =) % @ +d)™] "
=@+ x(y-0]”
= (=0 (@ +d))
The statement follows. O

Remark 6.10. Using the generators of GAV(R @ R") one has that for translations
and dilations 5
STHM (), M(x)) = S7H(y. x).

For the inversion
STHM(y), M(x)) = STy x) %y x = xSTH (. x)y.

Finally, for the transformations associated with matrices of the form al, a € sr—1
we have

STHM(y), M(x)) = =S (@ x) * (@) ka = =S 71y, x)a? = STy, x).

However, the analogue of the invariance integral formula (8) does not look so simple
in this case.
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Remark 6.11. The group considered in [39] is GL(2, H) and so the only condition
on the matrix elements is that the Dieudonné determinant of a 2 x 2 quaternionic
matrix does not vanish. This fact translates into the condition ||b —ac™'d| ||b|| # 0
when ¢ # 0, and |lad || # 0 when ¢ = 0. The remaining Ahlfors—Vahlen conditions
are automatically fulfilled because the quaternions are closed under multiplication.
Thus, any invertible matrix (Z g) defines

((Z fi)vx) =((x-c+d)F*(xa+b)=(gc+d) " *(qa+b),

thus, in the quaternionic case, the group of transformations is larger. In fact a
slice monogenic transformation is either affine or there exist a, b, p € H such that
M(x) = (x — p)~* * (xa + b), x € H, see [39, Proposition 5.3].
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