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Abstract

The aim of this paper is to prove that a large class of quaternionic slice regular functions
result to be (ramified) covering maps. By means of the topological implications of this
fact and by providing further topological structures, we are able to give suitable natural
conditions for the existence of k-th x-roots of a slice regular function. Moreover, we
are also able to compute all the solutions which, quite surprisingly, in the most general
case, are in number of k2. The last part is devoted to compute the monodromy and to
present a technique to compute all the k? roots starting from one of them.
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1 Introduction

The present work aims at studying slice regular functions of a quaternionic variable as
covering maps and the existence and nature of global k-th x-roots of slice functions.

Geometric function theory is the study of geometric and topological properties
of analytic function of a complex variable; one could very well say that one of the
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fundamental (although rather simple) results that originate and motivate such a study
is the local nature of branched coverings of holomorphic functions of one variable.

This characteristic is even more striking when we move from open planar domains to
Riemann surfaces: holomorphic maps between Riemann surfaces are locally branched
coverings. In other terms, we can always find local coordinates such that a holomorphic
map between Riemann surfaces is locally written as z — z&, with k € N.

The global counterpart of these statements is obtained, for instance, in the case when
the function has some finiteness properties: as an example, polynomial functions are
branched coverings of C over C, whose branching set is related to the zeros of their
derivative. The monodromy around branching points can be quite complicated and
it is related to the Galois group of the corresponding extension of rings of rational
functions, as opposed to the rather simple behaviour of the local model z > z.
However, if we are interested in the problem of lifting holomorphic functions via such
coverings, even the local model presents interesting phenomena: if p is a holomorphic
polynomial, the Riemann surface w* = p(z) possesses anumber of geometric features
that are relevant in the general study of Riemann surfaces.

This geometric description of the local behaviour of holomorphic maps in one
dimension brings together several ingredients: Rouché theorem, winding numbers,
logarithmic indicator, local invertibility, conformality and nature of zeroes.

In the setting of slice regular functions of a quaternionic variable, all these results
are, to some degree, true; however, the difficulties which are inherent in the quater-
nionic theory prevent us from merging them in a comprehensive geometric description
of slice regular functions as mappings from H to H.

We are referring to the absence of the usual (quaternionic) product and composition
operations, which do not leave the set of slice regular functions invariant.

The case of the product is quite representative of the challenges posed by the
quaternionic setting: given two slice regular functions f, g : HL — H their product
q — f(q)g(gq) (where, on the right, we consider the product operation in the algebra of
the quaternions) is not a slice regular function; this problem is overcome by considering
a suitable product, called *-product (see Definition 2.3). However, the value of fxg
at a quaternion ¢ is not, apart from some particular cases, the product of the values of
f and g at ¢, nor can be obtained from these two values alone.

This results in a cumbersome way of dealing with powers and exponentials.

Quite recently, a number of papers addressed the problem of finding the analogues
of a logarithm or a k-th root for slice regular functions, see [3, 6, 9, 10].

Our purpose, in the present work, is to study the existence and nature of th k-th -
roots of a slice regular function, i.e. the solutions of g** = £, from the point of view of
covering maps, thus obtaining global results and allowing a study of the monodromy
of the solution of the functional equation g*f = f.

Clearly, many results on k-th x-roots could be derived out of those obtained for the
*-log. For instance, using natural ideas, it should be possible to prove many results
on the existence of a x-root of a function, starting from the possible existence of its
*-logarithm. However, the main difference with other previous attempts at this task
lays in the techniques we employ, which stem from merging our two different, but
related, interpretations of slice regularity, developed in our respective previous works
in the field.
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On the one hand, any slice regular function can be interpreted, via a suitable complex
analytic representation, as a holomorphic curve in C* = C ® H, so we can apply all
the techniques of classical complex analysis and relate geometric properties of such
a curve to characteristic of the slice regular function (see [18, 19]). In this setting, the
*-product emerges naturally as the operation induced on such curves by the algebra
product of C ® H.

On the other hand, the space of slice regular functions can be given the structure
of a rank 4 module over the set of multiplicative commutators, i.e. the set of slice
preserving functions Sg (see [4, 5]); this construction depends on the choice of a basis
(1, 1, J, K) of Has areal vector space, so that, given fy, f1, f2, f3slicepreserving,
the map

(fo, f1, f2, 3= fo+ fil + o + 3K

is a bijection. In this case, the x-product is recovered by observing that the slice
preserving functions are such that fxg = gxf = fg = gf and this gives us a way to
extend the product in H to (Sg)*.

As different in spirit as they seem, these two viewpoints are, in fact, two sides of the
same coin; while the complex analytic approach is useful in giving clear and general
proofs based on known techniques in complex analysis and geometry, the algebraic
approach closely relates the peculiar characteristics of quaternions to the properties
of slice regular functions, particularly when the operations of the algebra structure
are involved, making it easier to understand the computational side and allowing to
produce several explicit examples.

They are therefore both useful in separating those behaviours which come seam-
lessly out of the theory of one complex variable from the phenomena that are properly
caused by the unique properties of H, thus revealing the true role of the quaternions.

We believe that the combination of these two approaches could be useful in dealing
with other similar problems and, particularly, in exploring the geometric implications
of such results, venturing in the scarcely explored realm of quaternionic Riemann
surfaces.

The content is organized as follows.

Section 2 contains a review of the basic material needed for our purposes, following
the notations and strategies introduced inn [14, 19]. In particular, we introduce the
formalism of stem functions and of slice preserving functions and their relations with
the x-product.

In the last part of the section, namely in Sect. 2.1, we recall the general ideas lead-
ing the authors to develop the two aforementioned interpretations of slice regularity,
emphasizing how these are linked to each other and showing part of their potential.

In Sect. 3, we show that, under suitable natural hypotheses, a slice regular function
that is also a finite map is, in fact, a covering map (see Theorem 3.4).

To obtain this result, we present a couple of technical lemmas characterizing geo-
metrically, in terms of tangent vectors, the non-invertibility of the real differential of
a slice regular function (see Lemmas 3.1 and 3.2). Of course, part of the content of
these results was already known in the literature (maybe with different notations), but
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the proofs we present here are new (especially in giving geometric insights on the
involved objects), and the techniques will be exploited in the mentioned main result.

As a consequence, we obtain a new proof (based on covering properties of slice
regular functions), of the fact that an injective slice regular function has real differential
that is invertible in the whole domain (see [2, 11, 15]). To offer the right perspective
on Theorem 3.4, we underline that from the content of [15], it can be already inferred
that slice regular functions are locally covering maps, while our new techniques give
a global result.

The rest of the paper is devoted to study k-th x-roots.

We begin, in Sect. 4, with the more abstract case arising from the complex analytic
interpretation of slice regularity. In particular, having transferred the notion of -
product to curves in C*, we coherently define the analog of the k-th x-power, denote
by oy. In Lemma 4.1, we give an explicit expression of the differential of oy, with a
complete description of its zero set.

This is related to a result given in the last section of [4], where the authors give
algebraic conditions in order to have that the k-th x-power of a slice regular function
is slice preserving.

Passing to a more abstract interpretation, we are then able to prove that, under
suitable hypotheses, oy is generically k>-to-1 and it is in fact a covering map (see
Proposition 4.3 and Theorem 4.4). In the last part of this section, we show how the
hypotheses of the previously mentioned results are read in the language of slice regular
functions.

Section 5 contains the main outcomes of this paper as mentioned in the abstract.
On the basis of the results of the previous section, we are able to prove that, under
suitable natural hypotheses, any slice regular function defined on a domain without
real points admits k2 k-th %-roots (see Theorem 5.3).

This result was quite unexpected but is not so surprising once one realizes that the
space of quaternions minus the real line H\ R is biholomorphic to a half complex plane
times the Riemann sphere C* x CP'. In a certain sense, these two basic complex spaces
produces two independent monodromies, each one counting k sheets. If we impose
the condition for the domain to intersect the real axis, then many of these solutions are
not anymore well defined and the amount of survivors is the more expected number k
(see Theorem 5.4).

In the last part of this section, we provide two explicit examples showing, in a
heuristic way, the different behaviours between the case k odd and k even. In both
examples, a key role is played by the so-called slice polynomial functions introduced
in [7].

The last section is devoted to compute the monodromy in detail, explaining, in
particular, the k2 factor discussed before. We find that, for a fixed , it is possible to
define two different actions of the set of k-th roots of unity in C on the set of k-th
*-roots of a given slice regular function. In terms of the algebraic representation of
slice regular functions, these two actions are related to two different representations
of complex numbers (as a field extension of R and as a subset of 2 x 2 real matrices).

We explore in detail these two actions, highlighting their different nature in the two
cases, k odd and k even; this allows us to obtain a general existence result for k-th
roots of slice functions (see Theorems 6.9 and 6.11).
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We notice that this double monodromy, producing the k> factor, is coherent with
the results obtained for the logarithm, where, under consistent natural hypotheses, a
given slice regular function has 002 *-logarithms (see [6, Theorem 1.2]).

We warmly thank the anonymous referees for their useful comments which helped
to improve the presentation of our results.

2 Preliminaries on Quaternionic Slice Regular Functions

We refer to [12] for a general introduction to the slice regularity.

Let H be the algebra of quaternions and (1, i, j, k) its standard basis satisfying
usual multiplicative rules. Then, any quaternion ¢ € H can be written as ¢ = qo +
q1i + q2j + g3k, with qo, q1, ¢2, g3 € R. We endow H with the standard involution
H>g=qo0+qi+qj+qk q°=qo—(q1i +q2j + q3k) € H. The euclidean
norm of ¢ can therefore be computed as ||g|| = +/gg°. Moreover, thanks to such a
conjugation, it is possible to define the scalar and vector part of any ¢ € H as

respectively. Therefore, any ¢ € H can be also written as ¢ = qo + ¢,. Then, we
will identify R  H with the set {g € H : g, = 0} and R? with the set of purely
imaginary quaternions {g € H : go = 0}. With this representation, the product of
two quaternions ¢ = qo + g, and p = po + p, can be written as

qp = qopo — {qv, Pv) + qopv + Pogv + qv A Py ,

where (-, --) and A denote the standard euclidean and cross product in R3.
The set of imaginary units in H is diffeomorphic to a 2-sphere S? and will be
denoted as follows

S={IeH: P=-1}={geH : g=0, [lqll =1}.

With this notation, any ¢ = qo + ¢y € H \ R can be written as ¢ = o + I8,
where @ = qo, B = |lgvl| and I = g,/||qv]| € S and hence H = U;sC;, where
C; = Spang(1, I). Clearly, forany o, B € Rand any I € S, o + 18 is a well-defined
quaternion. Therefore, we can define the map 7 : C x S — H by

w(z, I) =Re(z) + Ilm(z) . )

We will denote the imaginary unit in C by :. Notice that, for any « + 18 € C,
7({z) xS)={a+ 1B : I €S}~ §2

In view of the introduction of slice regularity, we now set up some material on the
real tensor product C @ Hl. The imaginary unit of this complexification will be denoted
by ~/—1. We will write the elements in C ® H both as z ® ¢, with z € C and g € H,
or as vg + +/—1vy, with vy, v; € H. We extend the previously defined quaternionic
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conjugation in the following way: if vo + +/—1v; € C ® H, then (vo + +/—1v1)¢ =
v; + +/—1v{. Given v = vg + +/—1vi, w = wo + ~/—1w; € C® H their product is
defined as

vw = vgwo — viwi + v —1(vow + viwp) .

The map defined in Formula (1) induces a new map (denoted with the same symbol)
7 :C®H x S — H by requiring the linearity in the first component and that

T(z®gq,1)=m(z,1)q . (2)
In other words, if w = wg + ~/—1w; € C ® H, with w, wy € H, and I € S, then
a(w, ) =wo+ Tw; .

We recall that the complex structure defined by left multiplication by /—1 gives a
structure of complex affine space to C ® H for which it results to be biholomorphic to
C*. Having chosen the standard basis (1, i, j, k), if p = po + p1i + p2j + psk,q =
g0 +q1i +g2j +qsk € H, then such a biholomorphism ¢ : C®H — C* easily reads
as follows

¢(p+~—1q) = (po+1qo, p1 +1q91, p2 +1q2, p3 +143) . 3)

The complex conjugation extends to a linear map, still denoted in the same way,
such that 7 ® ¢ =7 ® g, or, if w = wo + v/— 1wy, then W = wy — v/—1w;. For any
w € C ® H, we have that (W)€ = (w°).

We have now all the tools needed to introduce slice regularity with the approach of

Ghiloni and Perotti [14].
Definition 2.1 Let &/ C C be an open domain such thatf = {{ and U = 7(U x S).
A function F : Y — C ® H such that F(z7) = F(z) is said to be a stem function. A
function f : U — H is called slice if there exists a stem function F : &/ — C @ H
such that f(w(z, 1)) = w(F(z), I). We will write f = Z(F). Moreover, if F is a
holomorphic function, then f is said to be slice regular.

For the convenience of what follows, we pose here the following assumption setting
up some notation.

Assumption 2.2 In what follows & C C will be an open domain and U = (U X S).
Moreover, we will fix a slice function f = Z(F) : U — H and we will write
F=1® Fy++/—1® F| where Fy, F| : U — H. In other words if &« + 18 € U,
F = Fy++/—1Fand f = Z(F), then f(a + IB) = Fo(a +18) + [ Fi (o +15).

As the pointwise product of two slice functions does not preserve sliceness, a
different, yet natural, product may be introduced.

Definition 2.3 Let f = Z(F), g = Z(G) be two slice functions defined on U. We
define their slice product or x-product as

fxg:=T(FG):U — H.
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Henceif F = Fy++/—1F;and G = Go++/—1G1, then fxg is the slice function
induced by FoGo — F1G1 + ~—1(FoG1 + F1Gy).
A special subset of slice regular functions is given in the following definition.

Definition 2.4 A slice function f = Z(F) : U — H is said to be slice preserving if,
forany I € S, f(U N C;) C Cy. Equivalently, this happens if and only if F takes
valuesin C® R ¢ C @ H.

A slice preserving function f = Z(Fy + /—1F)) is therefore a slice function
such that Fj and Fj are real valued. However, this does not imply that f is real
valued. Notice that if f is a slice preserving function and g is any slice function, then
frg=gxf = fg.

We conclude this section by defining the slice conjugate and symmetrized of a slice
function.

Definition 2.5 Let f = Z(Fyp + +/—1F)) : U — H be a slice function. We define
its slice conjugate as the slice function f¢ := Z(F¢) : U — H and its symmetrized
function or symmetrization as f* = fxf¢ = TI(FF°).

The symmetrized function of any slice function is a slice preserving function.
Moreover, if f is slice preserving, then f¢ = f andso f°5 = f*> = f2.

From the general theory [12, 14], we know that if f(g) = 0, then f*(¢) = 0. In
particular, if g = o + I8 € H\ R, then f*(a + JB) = 0, for any J € S. Moreover,
if f5(a + IB8) = 0, then there exists J € S, such that f(« + JB8) = 0.

2.1 Two Slightly Different Approaches

The introduction of slice regularity by means of C ® H and all the structures presented
above allows us to exploit complex analysis and geometry in order to obtain our results.

First of all the identification between C ® H and C* was already noticed in [14,
Remark 3(2)] and used in [1, Theorem 3.4] to prove a result about a particular family
of slice regular functions. Later, this approach was widely exploited in [18, 19] to
produce alternative proofs of known and new results on slice regularity, highlighting
their holomorphic nature.

On the other hand, such an approach is an underlying element of a series of paper
by the first author and de Fabritiis [3—6]. In these papers many algebraic properties of
slice regular functions are proved as well as existence and uniqueness results for the
quaternionic exponential and logarithm are given. The basic result and idea behind
these researches is a result due to Colombo, Gonzalez-Cervantes and Sabadini [8,
Proposition 3.12] and Ghiloni et al. [13, Lemma 6.11] stating that any slice regular
function f : U — H can be uniquely written as a sum

f=fo+ fii + f2j + f3k,

where fo, f1, f2, f3 areslice preserving regular functions defined on the same domain.
Thanks to this equality, it is possible to define the “real” and “vector” part of f =

fo+ fuas
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and, with these observation, it is possible to represent the x-product of two slice regular
functions f = fo + fv, € = go + gv as

f*g = fogo — (fv: &u)x + fogv + 80 fv + fu 4 gv .

where (-, --), and 4 are algebraic operators acting, formally, as the usual euclidean
and cross product (see [4]). In particular, given f = fo + fii + f2j + f3k, we have
that /¢ = fo — (fii + f2j + f3k) = fo— fo.and f* = f§+ [T+ f5 + /3.

It is clear that this interpretation of slice regular functions is suggested and under-
lined by the previously described complex one. However, if the complex approach will
be effective to produce general proofs, the second one will be exploited to produce
and describe explicit examples.

3 Differential and Covering Properties of Slice Regular Functions

In this section, we recover some known fact about the real differential of slice regular
function by looking it at the level of C ® H. This approach is not only interesting by
itself but will be exploited later in this section when we will discuss about covering
properties.

With a slightly different language and notation, in [19] the second author defined,
for ¢ € Hi, the sets

Z;,={weC®H : n(w,I) =q forsome ] €S},
3, ={w, ) eCRHxS : x(w,I) =g},
where 7 is the map defined in Formula (2).

Remark 3.1 We note that, if w = wo + +/—1lw; € C ® H is a real point in the
complexification of H, i.e. if w; = 0, then w € Z, if and only if w = ¢.

Asin [18], we also consider themap .# : U xS - CQH x S givenby .7 (z, [) =
(F(z), I), obtaining the following equality f o = 7 0.%# and commutative diagram.

F
UxS——>CRH xS

U——F— H

f

Moreover, for any (w, I) € C® H x S, we have that ker D, 1y = T.7 ;. 13 £ (q)-
Itis known [19] that Z, is a complex quadratic cone in C ® H, with one singular point
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(the vertex), which is the only point with real coordinates, and that 3, is a complex
submanifold of C ® H x S, once S is given the appropriate complex structure (which
is actually the natural one on CPY. As g varies in H, the manifolds 3, give a foliation
of C® H x S.

Remark 3.2 Notice that the definition of slice regularity can be interpreted in terms
of pseudoholomorphic curves as follows. Let f : U — H be a slice regular function
and p = a + IB € U \ R. Locally, the tangent space T,U can be split into a sum
T,U = Ty1.,pC @ T;S. Hence, if v € Ty 1,8C, then df 1v) = L;(df (v)), where L;
denotes the left multiplication by / € S.

In the following lemma, we give a geometric interpretation for the differential of a
slice regular function to be singular.

Lemma 3.1 Suppose that q = n(z, 1) € U is such that Im(z) # 0, F1(z) # 0 and
that the (real) differential Dfy is singular. Then F(U) is tangent to Z y(g) in F(2).

Proof If we set U™ = {z € U : Im(z) > 0}, then the restriction of w to U+ x S is
a diffeomorphism between the latter and U \ R. Hence, Df, is singular if and only
if D(w o F)(, 1y is singular, i.e. Df,[v] = 0 for some v € T,U if and only if there
exists v’ € T(z 1)U x S) such that

DT[{{)}‘(Z,]) (e} DJJZ(Z,])[U/] =0.

This happens if and only if D.%(; y[v'] € ker D1 #(; ), i.e. by definition if and only
DT nlvl e Teend -

We now show that the former analysis implies that F'(1{) is tangent to Z y(4). Con-
sider the projection map p; : CQ HxS — C®H, sothat pjo.%# (z, I) = F(z), and let
Z%(,) € C®Hdenote the set Z 7 () minu§ its real poipts, Le. Z%h = Zi \{f (@}
(see Remark 3.1). The map p; induces a biholomorphism between Z}i @ and 3”} @ =

pl_l(Z*;(q)) (see the proof of [19, Theorem 3.3]). Therefore, as Fi(z) # 0,

0 # Dp1(DF e, n V') € Tpy7inZfia) = TF Z ()

s0,as p1o.F(z,I) = F(2), D(p10.F ). 1[v'] = DF;[v"], where v" is the component
of v’ along T,C; therefore F (/) is tangent to Z () in F(2). O

Remark 3.3 We consider the case when F({/) € Z(,) as a tangency case.

From this point of view, we obtain another proof of a known result (see [11, Propo-
sition 3.3] and [15]) regarding the invertibility of the real differential of a slice regular
function. Before state it, we set up the following couple of notations. For I € S, we
identify 7;S C T;/H = H with

Ar={peH : Ip+ pl =0}

(see [18, Lemma 3.1]). Moreover, given w € CQH, w = 1 ® a + v/—1 ® b, we
identify T,,(C ® H) with T,H & T,H.
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Lemma 3.2 Suppose that q = 7 (z, I) withim(z) # 0. The differential Df, is singular
if and only if one of the following three cases occurs:

(1) Fi(z) =0;
(2) DF, =0;
(3) n(DF,, DFi(z)~! € A;.

Remark 3.4 Before performing the proof, notice that the three cases of the previous
Lemma, correspond to (1) the spherical derivative of f being zero (see [12, Definition
1.18]); (2) the slice derivative being zero (see again [12, Definition 1.7]); (3) the
product of the slice derivative with the inverse of the spherical derivative belonging to
the orthogonal complement of Span(1, g) (see [2, Proposition 29]). Indeed, for this
last claim, notice that Span(1,¢)* ={p € H : gp+ pg =0}, andif ¢ = « + I,
the equality gp + pg = 0 is equivalent to Ip + pI = 0, which defines Aj.

Proof Consider D.Z; ) : ,C® T;S — T,H & T,H & T;S, where a = Fy(z),
b = Fi(z); we have

DFy, 0O
D% =|DF; 0
0 id;

where DFy : T,C — T,H], DF, : T,C — T,H are the real differentials of Fj and F
and idj is the identity map on 77S.
Likewise, the differential D7y, ) : T,H @ T,H & TS — Ty, H is given by

Dy, 1) = (ida L1 R})

where id, is the identity map on T,H, L; : H — H is the left multiplication by I/,
ie. Li(q) = Iq,and R, : Ay — H is the right multiplication by b, restricted to the
subspace Ay, i.e. Rj(h) = hb.

Given v' € T.C & T;S, we write it v = v| + v}, with v} € T.C and v} € T;S,
then

D(r 0 ). [v'] = (DFy + L1 DFy).[v]] + R, ) [v5] .

Therefore, the rank of Df drops in the following three cases:

(1) there exists v % 0 such that v} € ker R%l @
(2) there exists v} # O such that v| € ker(DFy + L;DFy),,

(3) there exist v|, v5 # 0 such that (DFy + L; Fy) [v]] = R’F1 (Z)[vé].

In the first case, as the map R; is always invertible, unless b = 0, we conclude
that Fi(z) = 0. By Remark 3.2, we have that (D Fy + L1DF1)[lv/1] = L;(DFy +
L;iDF)[v]] =0,s0 DF, =0.

In the third case, we are saying that there exists v} such that

RFll(z)(DFO + L;DFy) [vi]€ A .
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We note that, as the right multiplication operator commutes with the left one, we have
that

)(DFO + LIDFl)z[lvl] = Fl(Z)
=LiR,

Li(DFy+ L;DFy),[v]]
(DFy+ LiDFy) [v]]

Fl(Z
F]()

and the subspace Ay is stable under L, therefore, as both the spaces have real dimen-
sion 2, the third case happens if and only if R;ll(z) (DFo+ L;DFy) is an isomorphism
between 7,C and A; = T;S.
By the definition of Ay, this happens if and only if
LR

)(DF0+L1DF1)+R1R )(DF0+L1DF1)=0,

FI(Z Fi(z

i.e.if and only if m(DF,, I)Fi(z)~' € Aj. o

We remark that cases (2) and (3) are both contained in the geometric statement of
Lemma 3.1, i.e. in both cases F'(z) is a point of tangency between F (i) and Z ¢ ()
(and a regular point for the latter).

Let us now consider the holomorphic function @, : C®H — C, where g =
qo + q1i + q2j + g3k is a quaternion, given by

3

D420 + 210 + 22 +23k) = ) (zn — qn)*
h=0

where zo + z1i + z2j + 23k = ¢~ (20, 21, 22, z3). The function ®,, is such that its
zero set equals Z, when embedded in C* (see [19, Corollary 3.4]). Notice that, if
F : U — C ® H is a map inducing a slice function f = fy + fii + f>j + f3k, and
z=a+1f €U, then ®,(F(z)) = 0if and only if (F(z) — ¢)(F°(z) — ¢°) = 0, if
and only if (f — ¢)° = (fo — q0)* + (fi — q)* + (2 — q2)* + (/s — q3)* = 0.

As we will see in the next corollary, properties of ®, relate with the rank of slice
regular functions.

Corollary 3.3 Givenq = n(z, 1) € H, the real differential Df, is singular if and only
if z is a zero of multiplicity greater than 1 for the holomorphic function ® y4) o F :
u— C

Proof Since Z ;) = @;(lq) (0) (see [19, Corollary 3.4]), as long as F;(z) # O the tan-
gent space to Z 7, at F(z) is given by the equation D(® r(4)) r(z)[v'] = 0; therefore,

0= (Psg) o F)@N]=D(®fg)r)DF:[V]

if and only if DF_[v]] is contained in TFr(;)Z f(g) for all v] € T.C, i.e if and only if
F(U) is tangent to Z r(4) at F(z).

If F1(z) = 0, then F(z) has all real components, hence it is the vertex of the cone
Z f(4)» which is the only singular point of ® y(,), which is a zero of multiplicity 2, so
the conclusion is trivial in this case. O
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Remark 3.5 This last corollary is a complex analytic interpretation of a result obtained
independently in the quaternionic setting stating, essentially, that a slice regular func-
tion f is singular at a point gq if and only if, f(g) = f(q0) + (¢ — g0)*(q¢ — q0)g(q)
for some gp € Sy, and some slice regular function g (see [11, Proposition 3.6] and
[2, Theorem 30].

We conclude this section by showing that a large class of slice regular functions
are global covering maps outside their (real) singular locus. The fact that slice regular
functions are local coverings can be excerpt already from the content of [2, 11, 15].
Before stating the theorem, let us define the following sets related to singular points
and values of a slice regular function. We denote by Cy( f) the set of critical points of

f,ie.
Co(f) ={p € U : Df, is singular} ;
we consider its image under f, i.e. the set of critical values

C(f) = f(Co(f)) .

and its saturation under f, i.e. the singular locus of f,

S(f)y = fHCw)) .

Theorem 3.4 Suppose f is a slice regular finite map. Then, the restriction

flonsy :UNS() = fWUNS() SHNC)
is a covering map.

Proof Take a point p € f(U \ S(f)) and a relatively compact neighbourhood V of
pin f(U \ S(f)) such that V. € H \ C(f). We consider the family of holomorphic
maps

{CDP/ oF :U — (C}p’eV

If p’ — p,then @, o F converges uniformly on compact sets to @, o F.

Suppose that f_l(p) ={q1,...,qn} and write g,, = 7 (2, In). ASq1,...,qn €
U\ S(f), the differential of f is non singular around such points, so f is locally
injective and, by Corollary 3.3, ®, o F has a zero of multiplicity 1 in each of these
points.

Therefore, by Hurwitz’s theorem, @, o F has n zeroes (counted with multiplicities)
for p’ € V (up to shrinking V, if necessary). However, again by Corollary 3.3, as long
as p’ € H\ C(f), the zeroes of @, o F have multiplicity 1, so each point p’ € V has
exactly n preimages.

This shows that £~ (V) is the disjoint union of n open sets Vi, ..., V,,. The differ-
ential of f is non singular on every V,, and f|y,, is injective, so f is a diffeomorphism

@ Springer



Slice Regular Functions as Covering Maps and Global x-Roots Page 130f37 207

between V,,, and V, for m = 1, ..., n. This implies that f is a covering map from

UN\S(f)to f(UN\S(f) < H\C). o

Along the same lines of the proof, we obtain the following result, which already
appeared, proved with different methods, in [2, 12, 15]. The proof we are going to
present differs from those in the cited papers for being more topological, rather than
analytical, shedding new light on the geometry hidden in the background of the tech-
niques we used in the previous results. Even if we will not be needing this corollary
in the rest of the paper, we think some readers might find the proof helpful in under-
standing and contextualizing the machinery we introduced in this section.

Corollary3.5 If f : U — H is slice regular and injective, its real differential is
invertible at all points.

Proof Suppose that the differential is not invertible at ¢ = m(zo, I), then either
Fi(zo) = 0 and then f is constant on the sphere 7w ({zo} x S), or ® () o F has a
zero of multiplicity greater than 1 in zg.

If ® ¢ o F vanishes identically, then the function f is constant on some 2-
dimensional surface in U (see [19, Remark 3.4] and [15, Proposition 5.2]). If ® s ;)0 F
does not vanish identically, by Hurwitz’s theorem, @, o F has more than one zero
(counting multiplicities) for all ¢’ close enough to f(¢). However, suppose that there
exists a neighbourhood V of f(g) such that @,/ o F has a zero of multiplicity greater
than one: this means that .% (U x S) is tangent to 34 forall qg V.

Without loss of generality, we can suppose that the tangency points are such that
F1(z) #0.0n CQH x S, we consider the smooth subbundle E of the tangent bundle
given by

C@HXSB[)!—)EPZTPSH(I,)QTP(C@)HXS).

The integral manifolds of this subbundle are obviously the manifolds 3, (p); on the
other hand, V' = .~ (x~1(V)) is an open set in U x S and, for every (z, I) € V/,
Tz..nF (V') € Egz.r. Therefore .7 (V') is contained in an integral manifold
of the distribution p +— E,, so in 3 (). This implies that f is not injective, as

Sirevy = f(@).

ECT(C®HXxS)

7 ®..id
Ve UxS—Z sCcoHxs—22 D 05

O
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4 Powersin C ® H as Covering Maps

Having proved Theorem 3.4 it is natural to study the case of k-th x-powers, aiming
to a result giving necessary and sufficient conditions in order to have the existence of
global k-th x-roots of a given slice function. Notice, however, that the k-th x-power
corresponds to the pointwise k-th power only on slice preserving functions. Therefore,
to better analyse its features it is more convenient to move our attention to its stem
function, living in C ® H, where such operator corresponds to the pointwise k-th
power.

Let, hence, 0 : CQH — C®H be the function that raises an element of C®H to its
k-th power. We recall the identification given in Formula (3). In particular, we denote
by e, m =0, 1, 2, 3, the elements of the standard basis (1® 1, 1®i, 1® j, 1 ®k),
respectively. The corresponding coordinates will be denoted as zg, z1, 22, z3. From
now on, whenever working on C*, we will keep in mind such an identification.

We therefore denote with the same symbol oy the corresponding map defined on
C* with values on C*. We have

k 2 k—1 2 k—1 2 k—1 2
ok (20, 21, 22, 23) = (P20, 27), 21 (20.27),22p] (20,27),23p  (20,27))

1

where z = z1e1 + 22e2 + z3€3, gz = Z% + Z% + z% and pé, pll‘_ are such that

(x4 I)* = pbe, yH) + Iypf (v

Remark 4.1 Let f = Z(F) : U — H be a slice regular function such that f =

fo+ fo = fo+ fii + foj + fzk, with fo, f1, f2, f3 slice preserving functions
defined on U. With this representation, the function oy (F) corresponds to the k-th
*-power

7% = pkfo, £+ P57 (o, (i + fd + £30) = phfo. 15 + 5 Cfos £ fo -

This representation was used in [4, Section 7] to study algebraic properties of the k-th
*-power of a slice regular function.

For the convenience of what follows, let us define the following function
1
N@) =@+ +5+H7.
Then, we have the following equalities:

P6(z0,2) = N Te@) . py ' (z0,29) = N@* ' Uk (@) “
where t = z0/N(z) and T} and Ui_; denote the Chebyshev polynomials of first kind
and degree k and of second kind and degree k — 1, respectively.

We recall now some well-known formule (see [17, Chapters 1 and 2]). First of all
the Pell equation states that, for any n € N,

T2(x) 4+ (1 —xHU? (x) =1.
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Moreover, the derivation rules of the Chebyshev polynomials read as follows:

dT,(x) dU, xUy(x) — (n + I)Tn+l(x)
=nU,_1(x), = 5 .
dx dx 1—x

Furthermore, recalling that t = z¢9/N (z), we have that

dt 1 at
oL aop, -
320 N(z) 0z N(z)

forn=1,2,3.
We now give an explicit formula for the differential of oy.

Lemma 4.1 det Doy (z) is a function ofz% and z2. More precisely,

det Doy (2) = k222 + 2)[p (20, )P,

k—1 2\ _ (2 2\k—1
where pi™ (z0,27) = (g5 +27)" " Ur—1 ((Z%_‘_ZZ—"Z)I/Z), and Uy_1 denotes the Cheby-
shev polynomial of second kind and of degree k — 1.

Proof Assume first that N (z) # 0. We start by recalling that

k 2 k-1 2 k-1 2 k-1 2
ok (20, 21, 22, 23) = (py(z0, 27), z1pP]~ (20.27),22p] (20,27),23p, (20,27))

and recalling the equalities in Formula (4), we have

0pp0.2°) _ 3 (N@'Ti(1))

=kN@Q* 't Te(t) + (1 = U1 (D] =: A,
020 20

forn=1,2,3,

0py0.28) _ 3 (N@'Ti(0))

= kN (@) [T (t) — tUs—1(1))zn =: Bzy .
aZn aZn

Passing now to the other components, for n, m = 1, 2, 3, we get

0zmpy ' (20.20) 0 (2nN@* U 1(0)

d20 020
= kN (@) 21U (1) — Te())zm =1 —Bzm

and

3zm (20, 2%) A (za N U1 (1)
8Zn aZn
= 8mN@ U1 (t) + N(@)* 3
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[(k = DU () + 5 Ti(e) - rU“(t))} ZnZm

= 0pmH + Czyzm ,

where §,,,, denotes the Kronecker delta.
Thanks to these computations the Jacobian of oy is equal to

A Bz Bz Bz3
—Bz; H + Cz% Cz122 Cz1z3
—Bz Cziza H+Cz3 Czzi
—Bzz Czizz Czzz H+ CZ%
= H’[AH + (AC + Bz} + 23 + 23)]

= H*[AH + (AC + BH)N()*(1 — 1)) .

det Doy (z) = det

We now analyse the term (AC + B%)N(2)2(1 — t%). This can be written as follows

(AC + B*)N(2)*(1 —1?)
= N@*(1 — DN [t T (1) + (1 — 1) Ug—1(1)]

x N(2)*~ 3[(k—1)Uk 1O+ (ka(t)—tUk 1(1))}

+ kN @) 2 [Tie(t) — tUg—1 ()11
2

=kN()** D - 2){Tk(t)Uk 1(0) [r(k—l) — +thk - 2tk}

t2
+T; (z)[ +k] + U @l =Dk —1) — t2+kt2])}

= kN(z)z(k_l){ka )+ (1 =12k — DUZ_(t) — tTe () Up—1 (1)} .
Therefore, we have

det Doy (z) = H*[AH + (AC + BY)N(2)*(1 — 13)]
= [NQ* ' Uet OTHEN @' [ T (1) + (1 — 1) U1 (1)]
x N2 U1 (1)
+AN@*  VETE®) + (1 = P (k = DU (1) — tTe (O Ur—1 (1)}
=k*N@* VIN@Q U )
= k(2 + 27 + 25+ 2Pt o, 217,

where in the third equality we have used the Pell equation. Hence, we have proved the
equality whenever N (z) # 0. Now, as the resulting polynomial is of the right degree,
then this equality extends also to the set of points where N (z) = 0. O
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We now want to analyse the zero set of Doy. We set

[k/2] L
0k (1) = Z(_l)h<2h N 1):“”’ =Im((t + 1)*)

h=0

and we notice that QX (¢) = p’f_l(t, 1) = (2 + k! Uk_l(#). Therefore Q% (1) =
0if and only if Ui_1(¢) = 0. Now, the zeroes of the Chebyshev polynomials are well
known (in particular, Ux_1(¢) = Oifand only if r = cos(%n) withn =1,...,k—1),
however, to be self-contained, we present here a proof of the fact that such roots are
all simple. We will later make use of techniques involved in the proof.

Lemma 4.2 QX(¢) has all real and simple roots.

Proof By definition, fort € R

(t 4+ 0k — (¢t =)k
21

ok =

so, O%(r) = 0 if and only if

k
l‘ J—
(51) -
t+1
i.e. if and only if (t —1)/(z 4 1) is a k-th root of unity. Now, the map

—1
¢+

&) = (&)

is the Cayley transform which is a biholomorphism between the upper half-plane and
the unit disc; in particular, it maps the real line bijectively on the unit circle minus
the point {1}, which contains k& — 1 of the k-th roots of unity. For k odd, 0k(1) is a
polynomial in 12, for k even, Q% (r)/t is a polynomial in 12 therefore, for k odd, Q% (¢)
has (k — 1) /2 positive roots and (k — 1) /2 negative roots, for k even, Qk(t) has a zero
root, (k — 2)/2 positive roots and (k — 2)/2 negative roots.

Therefore, Qk (t) hask — 1 = deg Qk () real roots, which are then all simple roots,
and [(k — 1)/2] of them are positive roots. O

We now pass to prove that, under suitable hypotheses on the domain and range,
oy is a covering map. In order to obtain such a result, we need to prepare convenient

notations.
Let us consider the set of imaginary units in C @ H

S={s=0,20eC*: =1}~ {p++/—1geCQH : (p+/—1g)* =—1}.
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Remark 4.2 To clarify the definition of S, if p = p1i+pa2j+p3k,q = q1+q2j+q3k €

H, then (p++/—1¢)* = p> —¢*+v/—1(pg+4qp) = —IIpI*+lq|>+2v/=1(p. q).
Therefore, p + ~/—1g € S if and only if

—lIpl* +llgl)* =1

Notice that, if Im(z) = O and p € S (which correspondsto g = 0),thenz® p € S,
while if z® p € S, then p € S does not hold in general. In fact, the element

i+j+ \/—1(%1' — %j + 41{) belongs to S, but in general 7(i + j + «/—1(%1’ -
L+ k), 1) ¢ S:if I =i then (i + j +i(hi — 4 j+ L1))? £ —1.

In analogy with the map 7 : C x S — H, we define
P CPx8—>C* (6)
given by
p((uo, u1), s) = uoeo +uys .

The restriction of p to W' = (C? \ {u; = 0}) x S is a 2-to-1 cover of its image
Q' = p(W'), given by

Q' ={(z0,2) €C* : 22 £0}.

Given (zo, z) € @, we have that

P (z0,2) = (Zo, \/ZZ) , \/igz , (Zo, _\/;) , _\/igz

Moreover, if (zo, z) € C* and (wo, w) = ox((zo, z)), then

(N

wo = p§ (20, 2%)
w=pil(z0, 22z

therefore, if we put
Q =1(z0.2) € C* : 22 #0, py ' (z0.2%) #0)
we have that o3 (©2) € Q.
We consider W, = p’l(Q}c) C C? x S and the map sy : W, — W’ such that

p 0 5, = o} o p given by
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s (o, u1), 8) = ((pf (o, u}), ur pf(uo, u?)), s) .

Sk
W[ e W'

o o

!
[ ——— e
2 o Q

Finally, let
Q={(z0.2) € : ZZ+2>#0, z0 £ 0}

and set Q; = Q; N Q.

Remark 4.3 Notice that the problem of finding a solution (zg, v) € C* for the system
in Formula (7), can be thought as finding a slice regular function f such that f* = g,
for a given g slice regular. What follows describes, in our geometric language, the
natural procedure that one would exploit in a purely algebraic setting. In particular,
if one assume that 7, = g,/ \/g and Zy = f,/ \/fT)S are well defined, then we can
write f = fo+ fily, g8 = go + g1Z,, with fo, fi1, go, g1 slice preserving, and
= pECfo, 1) + APt (o, FOI = go + g1Z,. Starting from these formal
computation, it is possible to find a number of suggestions on how to proceed and
what is needed to be proved. As one of the aim of this paper is to show how some of
our geometric infrastructure works, we will not follow this approach, but it will help
the reader keeping it in mind when we treat explicit examples.

Remark 4.4 Let f : U — H be a slice regular function, then with the notation intro-
duced in [4], we have that, for any I € S,

o F(z) € Q ifandonlyif f}(7(z, 1)) # 0;

o F(z) € Qifandonlyif f5(m(z, 1)) # Oandpll‘_l(fo(rr(z, D), fo(m(z, 1)) #0
(see [4, Section 7]);

e F(z) € Qifandonlyif f*(7(z, I)) # 0and fo(r(z, 1)) # 0.

Proposition 4.3 oy is k*-to-1 from Q, to Q.

Proof We consider W = p~!(Q) and Wy = p~!(€4); if we show that the map sy is
k2-to-1 from Wi to W, the thesis will follow, as si acts as the identity on S, so the
preimages of a point through s; are sent to different values by p.

Given ((vg, v1), s’) € W, the equation s ((ug, u1), s) = ((vo, v1), s’) is satisfied if
and only if s = s’ and

k 2 k—1 2
vo = po(ug, uy) vy =urp; (4o, uy) .

These two are polynomial equations in the variables (ug, u1) of (total) degree k, so,
by the affine Bezout theorem, the system they form has at most k2 solutions.

@ Springer



207  Page 20 of 37 A. Altavilla, S. Mongodi

We set t = ug/u1, as in Wi we have that u; # 0, then

(t 4+ 0k — (¢t — )k
21

(t+ 0k + @ =)k

i, 1) = 5 . ity =

s0,as vi = w1 p) ' (ug, ur) = ukp} (1, 1) # 0 in Wy,

v t+0k+@ -0k  1+¢k@

T P Sy

T ek

where € is the Cayley transform introduced in Formula (5), which is an automorphism
of the Riemann sphere, sending oo to 1. We have

x A—1
&) = PO <(A) (3

and we note that €(1) = 0, oo if and only if A = =1 if and only if vp = £1v; if and
only if v} 4+ v? = 0 which does not happen in W.

Therefore, for ((vg, v1), s) € W, we have k distinct solutions 71, .. ., # to equation
®). If we fixm € {1, ..., k}, then ug = t,,u; and

v = ukp{ T w1

Hence, we obtain

k V1
L Wy N
p] (tm’ 1)
which has k different solutions wy, 1, ..., Wy x foreachm € {1, ..., k}. This gives a
total of k2 solutions of the form (tmwm.n, Omn) form,n e {1,..., k}. O

We are now able to state our result.

Theorem 4.4 The function oy : Q. — 2 is a covering map of degree k2.

Proof By Lemma 4.1, oy is a local biholomorphism from €2 to Q and by Proposi-
tion 4.3 it has a constant number of preimages. Therefore it is a covering map. O

In the last part of this section, we give a brief description of the action of o} outside
Q. We define X; = C*\ Q; and X = C*\ Q. Fora € C, we set

Va = {(Z()s g) € (C4 . Z(z) = 0@2}
and
Voo = {(z0,2) € C* : 22 =0} .
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Notice that if a slice function f = Z(F) is such that F takes values in V_j, then
f*=0,i.e. fisidentically zero or a zero divisor with respect to the x-product (see [5,
Section 2.4]).

Collecting everything, if Ry denotes the set of non-negative roots of Q¥ (r), then

Xe=V_1UVoUVsU U Vo and X =V_UVoU Vs .
reRy

We now describe the action of o} where it is not a cover.
Proposition 4.5 Let (zg, z) € C*. We have the following relations:

(1) if (z0,2) € V_1, then ox(20,2) € V_1;

(2) if (z0, z) € Vo and k is odd, then oy (20, 2) € Vo,

(3) if (z0, z) € Vo and k is even, then 0 (20, 2) € Voo,

4) if (20, 2) € Vo, then 01(20, 2) € Voo,

(5) if (zo,z) € V,2, withr € Ry, then 0 (z0, z) = 0 and hence oy (20, 2) € Veo.

Proof For point (1), it sufficient to notice that if z(2) + 52 = 0, then 02(z0,2) =
(Z% - 52, 2z0z) and (z% — 52)2 + 4z(2,g2 = (z% + 52)2 =0.

For points (2) and (3), it is sufficient to recall symmetry properties for Chebyshev
polynomials:

Ti(=x) = (=D"Ty(x),  Up(—=x) = (=D"Up(x) .
We pass now to point (4): in this case, as gz = 0, then
ok (20, 2) = Tk (1), 22" U1 (1) = (25, 227 Uma (1))

and hence oy (zo, 5)2 =0.
The last point (5) is trivial as Ry is the set of non-negative roots of Q*(r) =
@ + D U1 () o

Remark 4.5 Notice that, if (zo, z) € V_i, then

k 2 k k—1 2 k-1
Po(z0,.2) =z p; (0,27) =25 -

Therefore, oy (z0,2) = z’(‘)fl(z(), z) is a k-to-1 covering of V_; on itself. The same
happens with V.

In the next corollary, we interpret Proposition 4.5 in terms of slice regular functions.

Corollary 4.6 Let f = fo+ fii + foj + fzak = fo+ fv : U — Hbe a slice function.
Then we have the following relations:

(1) if f* =0, then (f*)* =0;
(2) if fo =0andk is odd, then (f*k)o =0,

@ Springer



207  Page 22 of 37 A. Altavilla, S. Mongodi

3) if fo =0andk is even, then (f*k)f} =0;
(@) if f5 =0, then (f*)5 = 0;
5) iffo2 =12 f5, withr € Ry, then (f**), = 0 and hence (f**)$ = 0.

The proof of this last corollary is a direct application of Proposition 4.5 taking
into account Remark 4.1, but indeed many of statements can be easily deduced from
Proposition 4.5. However, notice that point (5) confirms [4, Proposition 7.4].

5 Global x-Roots of a Slice Function

In this section, we apply the results obtained at the end of the last section for the k-th
power in C ® Hi, to obtain results for the k-th x-root of a slice function and at the end,
we also provide a couple of explicit examples. We recall Assumption 2.2 and we add
the following.

Assumption 5.1 From now on, the set/ C C will always be a simply connected open
domain such that / = U/ or the union of two simply connected open domains that are
symmetric with respect to the real line.

This last assumption is consistent with the one adopted in [6] and in [9] where the
authors call the resulting set U basic domain. Notice, in particular, that the hypothesis
of simply connectedness is unavoidable, due to standard theory of lifting maps to a
covering space (see e.g. [16])

Let f : U — H be a slice function. We denote by F : Y — C ® H its stem
function. As in the previous sections, with a small abuse of notation, we will identify
C ® H with C*. So, we will denote with the same symbol the function F when its
range is C* instead of C ® H (we recall that this identification is explicitly given in
Formula (3)).

Proposition 5.2 If F(U) C 2, then there exist k2functi0ns Fi,....,Fp:U—- CoH
such that oy o Fy, = F form = 1,..., k>

Proof This is a direct consequence of Theorem 4.4 and the lifting property of covering
maps. O

We notice that, by the very definition of oy, if F and G are stem functions defining
two slice functions f and g, respectively, then

F=00G & f=(".

Remark 5.1 As F is a stem function, then F(z) = F(z). Moreover, by the definition
of o, we have 0y (2) = o1 (z). It follows that, if oy 0 G = F, then

0k (G (@) = 0k (G(2)) = 0k (G(2)) .

Therefgre, if G is a solution of the equation o (G) = F on the domain U/, then the
function G (z) = G(Z) is another solution on the same domain.
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Thanks to the previous remark, we are able to prove the following unexpected result.

Theorem 5.3 If F(U) C Q and U N R = W, then there exist k* slice functions f,,
U—Hm=1,...,k% such that

S =1
Proof From Proposition 5.2 we know that there are k> functions G, ..., G2 : U —
C ® H such that oy o G, = F. Now, from Remark 5.1 foranym =1, ..., k2, there
exists n = 1, ..., k2, such that 6,,, (z) = G, (2), for all z € U. Moreover, such n is
unique from Theorem 4.4. Therefore, we can define a function 7 : {1, ..., kz} —
{1,...,k%} as T(m) = n, where n is such that Gm (z) = G, () for all z € U. Hence,

we are able to define the following stem functions F, : if — C ® H as

P = | Gn@: ifzeut,
. Gy (2), ifzeld .

Notice that all these stem functions are well defined as i/ N IR = @J. Then, the induced
stem functions f1, ..., f;2 are such that (fﬂ)*k = fforanyu=1,..., k% O

The case in which the domain of f has real points follows the general expectation.
However, imposing such a condition on the domain implies greater effort in the proof:
the stem function of any k-th root of f has to be real on U/ N R.

Remark 5.2 Let R* denote the set of real points in C*, corresponding to the set {p +
V=1-0 : p e H} Cc C®H, then, on it the projection 7 : C® H x S — H restricts
tothe map 4 : R* > H given by h(xo, x1, X2, X3) = X0+ x1i +x2j + x3k. We notice
that ox (R*) € R* for all k and

ho (okps) = h* )

where in the right-hand side we mean the k-th power in the algebra H.

In view of these considerations, if G and F are two stem functions such that o0 G =
F, then, given x € U NR, F(x) € R* and G(x) € R* are such that 1 (G(x))* =
h(F (x)) (the power is understood as an operation in H). As we already know, if F(x)
is outside a critical set, the equation g* = h(F(x)) has exactly k solutions in H, which
correspond to k points in R* via h.

Theorem 5.4 If F(U) C Q and U N R # (, then there exist k slice functions fp, :
U—-H m=1,...,k, suchthat

() =1
Proof As we know from Theorem 3.4, the map g(¢) = ¢* is a covering map from

H\ S(g) to H\ C(g). An easy computation shows that H \ C(g) = h(R* N Q) and
H\ S(g) = h(R* N ), where Q and € are the sets defined in the previous section.
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Let now x” be a point in 4 NR, then F(x% e R*. Consider go = h(F (x°)). Then,
by hypothesis, go € H \ C(g), so there exist k preimages of go via g in H \ S(g).
Denoting them by g1, . . ., gk, by (9), we have o3 (h ™' (gn)) = F(x).

We consider the lift F,, of F via oy such that F,,(x%) = h_l(qm). We will show
that F;, is a stem function.

Consider G(z) = F(2). As 0x(Z) = ox(z), we have

01(G(2) = 0% (Fu (@) = 0k (Fu (?)) -
Now,
ok (Fn(2) = F2) = F(2)
because F is a stem function; so
01(G(2) = F(2)

hence G(z) is one of the k2 lifts of F via ox. However, G (x?) = h='(gm), so G must
coincide with F,,. So

Fin(X) = Fin(2)
which means that F}, is a stem function. Let f,, be the corresponding slice function,
then, by construction (f;,)** = f. O

As an obvious corollary, we get the corresponding statement for slice regular func-
tions, as the map oy is holomorphic.

Corollary 5.5 A slice regular function f satisfying the hypothesis of the previous the-
orem has k slice regular x-kth roots.

In the hypothesis of the previous theorem, given F,, as above and given & € C a
primitive k-th root of unity, then F,, , = £ F},, isagain alift of F': oy is k-homogeneous,
SO

0k (" F(2)) = £ 01(Fu(2) = 0 (Fu(2)) = F(2) .
If Fm,a (2) = Fn,b(z)» then
£ Fn(2) = §"Fu(2)
again, for z = x, we obtain that F,, (x?), F,(x?) € R*, therefore E“‘b € R. This
is possible if @ = b or if 2(a — b) = k (and k is even); in the first case, it follows
that also n = m. So, for k odd, the k? lifts given by Proposition 5.2 are precisely the

functions F, 4, with F,, the lift of F via o} such that F,(x°) = h~!(g).
Moreover,

Fm,a(Z) =&9F,(2) = E_aFm(Z) = é_aFm(Z) = E_zaFm,a(Z) .
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Again, if k is odd, the only possibility is a = 0, so that we have k families of k
functions each such that G(z) = £°G(z) and each family has a different value of
cef{0,....k—1}.

We now want to show a couple of explicit examples suggesting the general form of
such k-th x-roots. For the convenience of what follows we need to introduce a special
slice regular function. All the previous considerations will be deepen in the next section
where some algebraic tool will be developed in order to treat the monodromy of the »-
roots. At this stage, we only add a couple of examples showing the different behaviours
of the odd and even cases. Let us begin with the following definition.

Definition 5.6 Let U C H be an open domain such that U N R = . We define the

slice regular function 7 : U — Has J(q) = %.

The function 7 is slice preserving and it is induced by the function

1@ = J—=1, zeUut,
9= -1, zeld™,

corresponding to the locally constant complex curve

(1,0,0,0), zeUt,
(—1,0,0,0), zelU.

From the function J it is possible to construct idempotent functions and zero
divisors for the x-product. The prototypes of which are the functions £, £_ : U — H
defined as

1 —J(q)i 1+ J(q)i
) = —2 (g = 2T
2 2
These two functions are such that £, x¢, = £ and £, x{_ = 0.

Thanks to the so-called Peirce decomposition, any slice regular function f defined
on a domain without real points U can be written as f = fixfy + f_x{_, where
f+. f—= : U — H are slice regular functions and not zero divisors. The case in
which both f and f_ are regular polynomials is studied in some details in [7] and
corresponds to the family of slice polynomial functions.

Remark 5.3 Leta + i € C, be a k-th root of 1, then, clearly, for any I € S, we have
that (o« + I8)** = (a + IB)* = 1. Analogously, for any ¢ € H \ R we have the
following equality

@+ T@B* =@+ T@p=1.
Example 5.1 Let U be a simply connected domain in C and consider the regular poly-
nomial function f : U — H defined as f(q) = ¢°> +3¢% —3q —i = (¢ + i)*.

This function preserves the slice C;, meaning that f(U N C;) C C;. It corresponds
to the complex curve F : U — c* given by F(z) = (23 = 32,322 -1,0,0). A
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trivial 3-rd *-root of f is given by g : U — H defined as go(q) = ¢ + i cor-
responding to the complex curve Gy : U — H defined as Go(z) = (z,1,0,0).
1 _ /3

Moreover, if | = —% + */Tgi, m = —5 — 5 are the two non-trivial cubic root
of the unity in C;, then gy = gon1 and go = gonz are other cubic %-roots of f,
corresponding to the complex curves G1(z) = (—z/2 — V3/2,93/3/2 —1/2,0,0)
and G (z) = (—z/2 4+ V/3/2, —q~/3/2 — 1/2,0, 0), respectively. If U N R = @ it is
possible to compute the remaining roots as follows

1 3 1 3
g0,1(q) = (—5 + J(é])%) go(q) ., gop2(g) = <—§ - J(q)%_) go(q) ,

g11(g) = (—é + J(q)?) gi(g), gi12(9) = (—% - J(q)?) 81(q) ,
82,1(q) = (—% + J(f])?) 82(q), 8.2(q) = (—% - J(@?) 82(q) ,
corresponding to the complex curves
Gor(o) = 1OV U Gt = {0 TSN
Gi,1(z) = Z;gii; 2 EZJ_F , G2 = Z?gié; 2 EZJ_F ,
G21(2) = Z;gig; : EZf L Gan(d) = ngig : EZf ,

respectively. Notice that all these functions are slice polynomial functions. For
instance, we can write the first one as

80.1(q) = go(@)m*Ly + go(q)n2xl—_ .

The case k even is more involved. For the moment, we only give an example of
what happens for k = 2. In the next section, we will try to explain this phenomenon
from an algebraic point of view.

Example 5.2 Let us consider the function F : C — C*(~ C ® H) defined by F(z) =
(z2, —z, —z, 1). This function intersects Va, for z = =+ / V2 (it corresponds to the
slice regular function f(q) = (g — i)x(q — j) = q> — q(i + j) + k). We have four
solutions of the equation 02(G) = F around z = 1, namely

GI(Z) = %i(lv 12,12, _l)
2
Gy(z) = %_(—l, -1z, —1Z,1)
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and, fixing a determination of the square root of 2z> 4+ 1 on some open set,

G2 Vaz+2 —Z 1
3 = 9 b b
2 VA2 +2 VA2 +2 VA2 42
Ga(®) Vaz2 +2 z z 1
4 =\~ ) ) s T .
2 VA2 +2 VA2 +2 VA2 +2

These lifts “collide” when z approaches =+:: if we pick the square root such that
V=172 =1/+/2, then G1(1) = G3(1) and G2(1) = G4(1). Indeed, for z = +1/+/2,
F(%1/+/2) ¢ Q', where we do not have 4 square roots, but only 2.

Notice that since G,,,(Z) = G, (z), for m = 3,4, then G3 and G4 correspond to
stem functions but they are not defined on C: we can extend G3 and G4 to any simply
connected open domain ) which does not contain %/ V2.If V = 7(V), then the slice
regular functions g3 : V — Hand g4 : V — Hinduced by G3 and G4 can be written
as

1 q k
8@ =+ - ——>+ )+ ——. g4(q) = —g3(q),
2 J4q2 +2 Vagr +2

respectively, where the existence of the square root of 4¢> + 2 is implicitly implied
by our assumptions.

The phenomenon of reduced solutions (from 4 to 2) is not due to the fact that
some preimages collide when z approaches 1 /+/2 (this is what happens at the points
where Doy is not a local diffeomorphism), but rather to the fact that some preimages
go to infinity, “disappearing”, i.e. the limit of G3 and Gy, for z — +14/2, goes to
infinity. This is an indication of the fact that oy, is not proper from C* — C*, but from
CH\ Q > CH\ Q.

Lastly, as in the previous example, notice that G1(z) = G2(z), hence, if V has no
real points, then it is possible to construct the other two square roots of f as explained
in the proof of Theorem 5.3. In particular, the resulting slice regular functions are slice
polynomial functions:

81(q) = —R(@)*ly + R(g)x—, g2(q) = —g1(q) ,

where R(q) = Llq(1 + k) —i + j].

6 Covering Automorphisms and Monodromy

In this section, we reinterpret the results given in the previous one in terms of covering
automorphisms, obtaining more refined statements and the monodromy of the maps
s¢ and ok. This will allow us to give a more precise description of what happen in
explicit cases.
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Let us begin by considering the following commutative diagram

S
Wi s W

P o

Qk----&-k-----+9

where p is the map defined in Formula (6) and each arrow is a covering map: more
precisely, p is a 2-to-1 covering map and oy, s; are k>-to-1 covering maps.

Given a covering map  : X — Y, we will denote by Aut,; the group of automor-
phisms f of X such thatw o f = .

Let us now define the following function.

Definition 6.1 Let I' : C> x S — C? x S be given by
I'((uo, u1), s) = ((wo, —ur), —s).
Remark 6.1 We have that
Aut, = {1, T'},

where we denoted by 1 the identity automorphism.

We define two actions of C on C?, as the multiplication by the following two
matrices

z>zId  ze A,
where z € C, Id is the 2 x 2 identity matrix and
Rez —Imz

4. = (Imz Rez ) ’

We denote by Uy the group of complex k-th roots of unity. From now onward,
we will only consider maps from C? x S to itself of the form ((ug, u1),s)
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((go(uo, u1), g1(up, u1)), s), so we will consistently omit the component relative to
S.

Remark 6.2 Let f : U — H be a slice regular function. Then if f = fo + fii +
f2j + fak = fo + fu, we have that the corresponding complex curve is given by
F(2) = (fo(2), f12), f2(2), f3(2)) = (fo, fv)- Assume that F(U) C €2, then its lifts
via p are given by o

((fo,JTg), f?) cCxs.

In the next proposition, we compute the monodromy of s in the case in which k is
odd.

Proposition 6.2 Let k be odd. Then
Amsk = {gAn : &E,me U,

which is isomorphic to the group Zy X Z.

Proof The map (£, n) — £A,, is a group homomorphism from Uy x Uy to M> > (C),
indeed,

EADE Ay) = GENAy .

Now, its kernel is given by the condition £ A;, = Id, which implies (taking the deter-
minant)

g2 n* =1

ie &2 =1,ie. & = %1, but as k is odd, then & = 1. Moreover, taking the trace, we
obtain 2Ren = 2, i.e. Ren = 1, which implies n = 1. Hence the kernel is trivial and
the map is injective.

Finally, as sy, is k-homogeneous in the C> component, it is obvious that £Id € Aut, .
for all £ € Uy; on the other hand,

sk (o, u1), 8) = ((pk(uo, ud), ur pt =" (o, ud)), s)

and by definition (x + /= 1y)¥ = p&(x, y2) + /= Typ}{ ' (x, y?), so, from the fact
that

((Re()x — Im()y) + /= 1(m(n)x + Re(n)y))*
— ((Re(n) + v/—TIm(1) (x + ~/—1y)k
= ((x + vV=1y)*

for n € Uy, it follows that A, € Auts,.
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Given that Uy x Uy is generated by (§, 1) and (1, 1), we obtain that (§,n) — §A,
is an injective homomorphism from Uy x Uy to Auts, . However, the latter has at most
k2 elements (as s has degree k?), so the map is an isomorphism. O

We now give an abstract example generalizing Example 5.1. Before providing it,
we recall from [3, Proposition 2.10] that two slice regular functions f = fo+ f,, g =
go + gy commute with respect to the x-product if and only if there exist two slice
preserving functions « and 8 not both identically zero such that « f;, + Bg, = 0.

Example 6.1 LetU be asimply connected domain such thatt/NR = @Jand f : U — H
be a slice regular function such that f = fy + f,. Then clearly f is a cubic x-root of
f*3. By following the procedure of Example 5.1 and the presentation of Autg, given
in Proposition 6.2, we compute the other 8§ roots as follows.

/ (-4 87). r(-4-47)
(-3+79) 7. (-3 +TE8) fx R (-5 +T%) 1+ -}-44
(428 () (3 Bs) (1A

where J = J(q) is the slice regular function given in Definition 5.6. Notice that,
thanks to the previous consideration on the commutativity of the »-product, the factors
in all the functions presented above commute. All these functions can be computed
by letting the group Aut,, presented in Proposition 6.2 act on the element

((fo, NED) f]%f) eC’xS.

In detail, using the notation of Proposition 6.2, the action of & corresponds to the
(left) multiplication by a complex number and the action of A, corresponds to the
right x-multiplication.

Remark 6.3 The previous example shows in practice how to compute all the k-th *-
roots of a slice regular function g, from a given one f, whenever S is well defined.

In fact, if « + iB is a complex k-th root of 1, then all the other‘lz-th *-roots of g

can be computed as f * (a + B j}_‘> if the domain intersects the real axis, or as

(a+JTB)f = (a + B f';j) otherwise.

We now turn our attention to the case when k is even which, as we saw in Exam-
ple 5.2, is more subtle.

Remark 6.4 If k is even, when computing the kernel of (£, n) — £A,,, we obtain

{1, D, (=1, =D}

so the map is not injective and its image is just an index 2 subgroup of Auty, .
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We notice that if A, u € Uy are primitive 2k-th roots of 1, then Wk = uk = -1,
SO

AA =2 A = —1(-1d) =1d .

Thanks to this observation, we are able to compute the monodromy of s; when k is
even.

Proposition 6.3 Let k be even and A, i € Uy be primitive roots. If we set 7. = LA,
then

Autg, = {EAK’ 1 (£,10,8) € Up x U x {0, 1}},

which is isomorphic Zy X Z.

Proof The image of the map (&, n, 8) — & A,I}K‘S is clearly contained in Auts, .

This map from Uy x Uy x Zj to Auts,, is not a group homomorphism; however,
we can factor it through the map from Uy, x Uy — Auts,,, by sending (injectively)
(&,n,8) to (612, nub), so the map (£, 1, 8) > £A,7K’ is a 2-to-1 map.

Again, by cardinality, we conclude that

(E,1,8) > EAE
is surjective from Uy x Uy x Zy onto Autg, .

If now & € Uy, u € Uy are primitive roots of unity (of orders k and 2k, respec-
tively) such that u? = &, then Autg, is generated by

é’ A%‘a /’LAlL .

Moreover, £K = A]g =1, (/LAM)Z = £ A¢, so the group Autg, can be presented as

(a,b,c|d", b*, *@b)™', [a,b], [a,cl, [b,cl)

which is isomorphic Zj x Zx as in the case k odd. O

Example 6.2 Going back to Example 5.2, we notice that U, = Z; and, in fact, g; =
—g2; moreover, the primitive roots of 1 of order 4 are =+, so that

83(q) = T(@)g1(g)*T (g1(q))

and, accordingly, g4 = —g3.

From the theory of covering maps, as the group of automorphism of s; acts transi-
tively on the fibres of s, then we can state the following result.

Corollary 6.4 The covering map sy is normal (or regular, or Galois).
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Knowing the automorphisms of s, we now pass to analyse oy.

Given w € 2, the fibre p—!(w) consists of two points v and I'(v) in W, where I" is
the function defined in Remark 6.1; p is then a bijection from s,:l (v) to okfl (w) and
from 5,:1 (I'(v)) to the same set. As s is normal, the elements of Auts, are uniquely
defined by their action on Ek_] (v), so that each of them corresponds to a different
element of the group of permutations of (s)k_1 (v) denoted by Perm(ﬁ,:l (v)), which is
isomorphic, via p, to Perrn(crk_1 (w)).

Given a neighbourhood U of w in €2, which is uniformly covered by o}, we can
extend each deck transformation of okfl(w) to an automorphism of akfl(U ) (which
is diffeomorphic to the disjoint union of k> copies of U). We can suppose (up to
shrinking) that U is also uniformly covered by p and that, in turn, each connected
component of p~!(U) is uniformly covered by sy.

The restriction of the automorphisms in Autg, to the connected components of
5,:1(,0’1(U )) correspond, via p, to the extension of the deck transformations of
o '(w) to o (V).

Proposition 6.5 The group Aut,, is isomorphic to Zy. In particular, oy is never regular.

Proof By the discussion above, given F € Aut,,, there is G € Aut,, such that
Fop=poG.

Therefore, p o G = p o G o I' and, as G is an automorphism, this happens if and

only if GoI' = I" o G. Given (u,s) € C? x S, there exist &,n € Uy such that

G(u,s) = (§Ayu, s), so we want that

(EQAyu, —s) = (§A,Qu, —s)

Q=<(1)_01>.

In conclusion, we need that A, Q = QA,. Writing n = a + 1b, we have

a —b\ (a b
—b—a) \b—a
which holds if and only if b = —b, i.e. b = 0.

For k odd, this implies n = 1, for k even, we obtain n = %1. In both cases, we
obtain that G is of the form

for all (u, s), where

G(u,s) =GEu,s)

so the corresponding F' € Aut,, is of the form F(z) = &z, withz € Q; C C* and
& € Uy, which obviously form, under composition, the group Zy.
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Given that oy is a covering map of degree k2, this implies that it is not a regular
covering. O

Example 6.3 Comparing with Example 5.1, we notice that for any £ = 0, 1, 2, the
orbit gg, its orbit in Aut,, is given by {g¢, ge.1, g¢,2}-

We have already exploited the existence of the automorphisms z +— £z in the
discussion after Theorem 5.4, to obtain, in the odd case, all the roots from the intrinsic
ones. However, if our slice function corresponds to a stem function defined on a
symmetric simply connected open domain (or on a union of two symmetric simply
connected open domain) I/ C C, we completely describe all the k> roots. We recall
here that, as already stated, the hypothesis of simply connectedness is not removable
due to standard covering theory. In the last part of this paper, we provide algebraic
techniques to compute all the k-th x-roots of a given slice functions, starting from one
of them.

6.1 Permutations of k-th Roots

Suppose now that we are given a slice function f : U — H and its stem function
F:U— C*~CQH, withid simply connected and F ({/) C €2.
By Proposition 5.2, the set

G={G:U—>Q : 0,oG=F)

contains k% elements. By the properties of covering automorphisms we have that
Autg, acts on G by (post-)composition, partitioning it in k orbits with k elements each.
Explicitly, given & € Uy, the map G +— &G is a permutation of G without fixed points
(unless £ = 1).

Proposition 6.6 Let G € G and fix H : U — Wy, such that p o H = G. Then for each
T € Autg, the function

G, =potoH

belongs to G.

Proof We have that oy, 0 G; = o o p o T o H. We know that o, 0 p = p o 5 and
Sk © T = §, SO

0roGy;=posgotoH =posgoH =0cropoH =0,0G .

Therefore, G; € G. O

Thanks to Proposition 6.6, we recover all the k> functions in G from one of them.
We note that the map v — G- is not an action of Aut,, on G, as the different possible
choices of H such that p o H = G result in different definitions for G; and there is
not a coherent way to choose such an H for all the G € G. In order to obtain a result
in this direction, we now reinterpret some computation given in the previous section
with the language of cover automorphisms (see Remark 5.1).
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Definition 6.7 Given G : U/ — C*, we define TG : U — C* as TG(z) = G(2).

The previous definition reinterpret in the language of curves in C* what previously
was defined in the context of C ® H (see Remark 5.1).

Lemma 6.8 We have that

() TTG =G; B

(2) if§ €eUp, T(G) =ETG;

3) fGeG, thenTG € G;

(4) the subgroup of PermG generated by Aut,, and T is isomorphic to the dihedral
group.

Proof The first and second statements are obvious.

Given G € G, 0x,(G(z)) = F(z) so T(ox o G) = TF = F (because F is the
stem function of a slice function). Moreover, o} has polynomial components with real
coefficients, so

0kTG(z) =0k (G(2) = 0r(G(2) =Tor o G(z) = F(z2) ,

which implies 7G € G.
Auty, = Uy = Zj acts on G by scalar multiplication. Given £ a primitive k-th root
of unity, we have that the group generated by & and 7 has the following presentation

(6, T | &5, T? 6TE =T)

(once we notice that £ = 1/&), which is the standard presentation of the dihedral
group. O

The last statement of Lemma 6.8 defines an action of the dihedral group on G.
In the next theorem, we show, in the case k odd, how to recover all the stem functions
in G starting from one of them.

Theorem 6.9 Ifk is odd and F is a fixed point for T (i.e. if it is a stem function), then
there exist k functions G : U — C* such that

oroG=F TG=G.

Example 6.4 In Example 5.1, the functions fixed by T are the stem functions of g¢, g1
and g>.

Proof If k is odd, there is always at least one element of G such that TG = G, because
T is an involution. If we consider the elements T of Auts, induced by the matrices
Ay, with n € Uy, then the corresponding functions G, obtained via Proposition 6.6
are all fixed points of 7: G; = poto H and H(z) = (u(z),s(z)),sot o H(z) =
(Ayu(z), s(z)), which means that

TG, = p(Ayu(Z), s() = p(Ayu(), s(2))
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because A, is a real matrix, and, as TG = G, u(z) = u(z) and 5(7) = 5(2).
Therefore, k elements of G are fixed points for T'. O

Remark 6.5 Notice that the previous theorem is not a rephrased version of Theorem 5.4.
Infact, in this last result, we are not assuming that the domain intersects the real line and
yet we obtain that, at the level of stem functions, k solutions are Schwarz-symmetric.

As in the previous section, the result for k even needs some additional efforts: let
F':U — C? x S be such that p o F’ = F; define

G ={G:U—>C*xS8 :5,0G =F}

and define TG'(z) = G'(2), where, if z = ((ug, u1), s), then 7 = ((ug, u1),s) =
((uo, u1), §).
If F is a stem function, then TF' = F’.

Lemma 6.10 We have that

() TTG' =G’

Q) ifG' €G, then TG € G'

(3) foreach G' € G, there exists 1 € Auts, such that TG' = 15/ 0 G’
4) t¢ is always of the form (u, s) — (Eu, s).

Proof The first and the second statements are analogous to the ones in Lemma 6.8.
The third statement follows from the uniqueness of the lifts through a covering
map.
For the fourth, we note that, if 7(u, s) = (A,u, s),then T(t o G') =1 o TG'. By
(1), TTG' = G',s0,if TG’ = 1 o G’, we have that

TTG =T(toG)=10TG =71070G’

i.e. T ot is the identity, which implies A, = %I (so, T is of the form (u, 5) > (§u, s)).
O

Remark 6.6 Given n € Uy, let 7, € Autg, be of the form 7, (1, s) = (nu, s), then
T(tyoG)=1;7G =1530160G =1500761 0770 G .
Therefore, if G” = 7, o G/, then
‘L'G// = '[7—]2 [e] ‘L’G/ .

On the other hand, if t(u, z) = (Aju, s) and G” = 1 o G, then 16 = 7/, as shown
in the end of the proof of Lemma 6.10.

Therefore, given G’ € G', tg/(u, s) = (&u, s) with & € Uy, we can always find 7
in Aut,, such that v o T = 1¢, so that, setting G” = 7 o G’, we have

tgr=1.
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So, we have found an element of G’ such that 7G” = G”; we also know that, for
all n € Uy, given T € Autg,, T o G” is again a fixed point for 7.

By composing with p and considering also the previous Theorem, we have proved
the following

Theorem 6.11 If F is a fixed point for T (i.e. if it is a stem function), then there exist
k functions G : U — C* such that

oroG=F TG=G.

Example 6.5 In Example 5.2 the functions fixed by 7T are the stem functions of g3 and
84-
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