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Abstract

After Gentili and Struppa introduced in 2006 the theory of quaternionic slice regular func-
tions, the theory has focused on functions on the so-called slice domains. The present work
defines the class of speared domains, which is a rather broad extension of the class of slice
domains, and proves that the theory is extremely interesting on speared domains. A Semi-
global Extension Theorem and a Semi-global Representation Formula are proven for slice
regular functions on speared domains: they generalize and strengthen some known local
properties of slice regular functions on slice domains. A proper subclass of speared domains,
called hinged domains, is defined and studied in detail. For slice regular functions on a hinged
domain, a Global Extension Theorem and a Global Representation Formula are proven. The
new results are based on a novel approach: one can associate to each slice regular function
f : € — H a family of holomorphic stem functions and a family of induced slice regular
functions. As we tighten the hypotheses on 2 (from an arbitrary quaternionic domain to a
speared domain, to a hinged domain), these families represent f better and better and allow
to prove increasingly stronger results.
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1 Introduction

This work aims at significantly extending the theory of quaternionic slice regular functions
introduced in [11, 12] (see Definition 2.2). The extension performed is manifold.

While the theory has focused thus far on the so-called slice domains (see Definition 4.2),
an important achievement here is the definition of a wider class of quaternionic domains,
called speared domains (see Definition 4.1). Slice regular functions on speared domains turn
out to inherit many of the nice properties proven over slice domains in [9, 10]. We point
out that carefully choosing the domains of definition of slice regular functions is crucial, as
pathological examples can be constructed on quaternionic domains that do not intersect the
real axis. Slice regular functions on domains included in H\R need not be continuous, see
[14, Example 1.11].

The new approach adopted to study slice regularity on a general speared domain 2 is
so powerful that it allows to strengthen the Local Extension Theorem and the Local Repre-
sentation Formula of [10] to what we call the Semi-global Extension Theorem 4.11 and the
Semi-global Representation Formula (Corollary 4.14). These new results are stronger than
the aforementioned local results even when 2 happens to be a slice domain.

Another significant novelty concerns the Extension Theorem, which was proven in [10]
for the so-called simple slice domains (see Definition 6.4) and is known to be false for general
slice domains, as a counterexample appeared in [4, Pages 4-5]. To see explicitly that that
specific example is not a simple slice domain, see [9, Example 4.4]. Another related article is
[5]. In the present work, we prove the Global Extension Theorem 5.12 on the class of hinged
domains (see Definition 5.10), which is considerably wider than the class of simple slice
domains. The result is not obtained directly under the global hypothesis that the domain is
hinged. Instead, several preliminary steps are taken on a general speared domain 2. These
include constructing an equivalence relation ~ on €2 and proving, in Theorem 5.9, thatif fisa
slice regular function on 2 and x, x” are equivalent points of €2, then the local extensions of f
near x and x’ are consistent. Only later we define hinged domains by means of the equivalence
relation ~ and prove that a slice regular function on a hinged domain 2 automatically extends
to a unique slice regular function on the so-called symmetric completion of <2 (see Sect. 2.1).

The paper is organized as follows.

Section 2 is devoted to preliminary material: Sect. 2.1 sets up the complex and quaternionic
algebras; Sect. 2.2 recalls the definition and the first properties of slice regular functions;
Sect. 2.3 recalls the alternate approach to regularity proposed in [16] by introducing the
function class SR.

Section 3 provides a novel interpretation of the General Extension Formula of [3]. This
makes it possible to associate to a slice regular function f on an arbitrary domain Q2 C H a
double-index family of elements of SR strictly related to f.

Section 4 defines the concept of speared domain. For a slice regular function f on a
speared domain 2 € H, the double-index family associated to f reduces to a single-index
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family. This allows us to prove the aforementioned Semi-global Extension Theorem and
Representation Formula, which open the path for a detailed analysis of slice regularity on
speared domains.

Section 5 is divided into two parts. Sect. 5.1 constructs, on an arbitrary speared domain
Q C M, the aforementioned equivalence relation ~. For two equivalent points x, x’, the
corresponding elements of the single-index family are strictly related. This allows to prove
that the extension of f near x is consistent with the extension of f near x’, as we already
mentioned. Sect. 5.2 defines hinged domains as those for which the equivalence relation ~
becomes trivial. The Global Extension Theorem for hinged domains is therefore an immediate
consequence of the work done in the previous subsection. A Global Representation Formula
follows.

Section 6 studies speared domains and hinged domains in full detail. Sect. 6.1 proves
that the class of speared domains strictly includes the class of slice domains and provides a
large family of examples. It also proves that every speared domain can be locally shrunk to a
slice domain. The final Sect. 6.2 presents several subclasses of the class of hinged domains:
spear-simple domains, including simple slice domains; S-connected speared domains; and
speared domains having a main sail. A wealth of examples is provided, to show that all
these subclasses are distinct and that there exist hinged domains belonging to none of these
subclasses.

2 Preliminaries
2.1 Real quaternions and their complexification

Let C, H denote the real *-algebras of complex numbers and quaternions, respectively. As
explained in [6, 23], they can be built from the real field R by means of the so-called Cayley—
Dickson construction:

o C=R+iR, (a+if)(y+id) =ay—Bé+i(ad+By), (a+if) =a—ipfVa,B,y,8 €
R,

o H=C+jC (a+jPy +jd) = ay — b+ j@d+By), (@+jB) =a -
jBYa,B,v,8 eC.

On the one hand, this construction endows the two real vector spaces with a bilinear
multiplicative operation, which makes each of them a (real) algebra. By construction, each
of them is unitary, that is, it has a multiplicative neutral element 1; and R is identified with the
subalgebra generated by 1. For the purpose of the present work, every time we will speak of
an algebra or of a subalgebra, we will automatically imply that it is unitary. It is well-known
that H is associative but not commutative. The center {r € H|rx = xr Vx € H} of the
algebra H is R.

On the other hand, the Cayley-Dickson construction endows each of C, H with a *-
involution, i.e.,a (real) linear transformation x > x¢ with the following properties: (x“)¢ = x
and (xy)¢ = y°x¢ for every x, y; x¢ = x for every x € R. Thus, C and H are *-algebras.
The trace and norm functions, defined by the formulas

t(x) :=x+x¢ and n(x) = xx°, ey

are real-valued. Moreover, in C ~ R? and H ~ R4, the expression %t(xyc) coincides with
the standard scalar product (x, y) and n(x) coincides with the squared Euclidean norm ||x 112
In particular, these algebras are nonsingular, i.e., n(x) = xx¢ = 0 implies x = 0. The trace
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function ¢ vanishes on every commutator [x, y] := xy — yx (see [19, Lemma 5.6]). It holds
n(xy) = n(x)n(y), or equivalently ||xy|| = ||x]| ||y]l. We point out that (+ + v)¢ = r — v for
all » € R and all v in the Euclidean orthogonal complement of R.

Every nonzero element x of C or H has a multiplicative inverse, namely x~' =
n(x)~'x¢ = xn(x)~'. For all elements x, y # 0, the equality xy)~' = y~1x~! holds.
As a consequence, each of the algebras C and H is a division algebra and has no zero divi-
sors. A famous result due to Frobenius states that R, C, H are the only (finite-dimensional)
associative division algebras.

Let us consider the 2-sphere of quaternionic imaginary units

Si={xeH|r(x)=0,n(x)=1}={w e H|w?> = —1)}. 2)

The *-subalgebra generated by any I € S, i.e., C; = span(l, ), is *-isomorphic to the
complex field C (endowed with the standard multiplication and conjugation) through the
*-isomorphism

¢ : C—>Cy, a+ip—>a+pl.

The union

U Cy 3)

IeS

coincides with the entire algebra H. Moreover, C;NC; = Rforevery I, J € Swith I # £J.
As a consequence, every element x of H\R can be expressed as follows: x = o« + 1, where
a € R is uniquely determined by x, while 8 € R and / € S are uniquely determined by
x, but only up to sign. If x € R, then @ = x, B = 0 and I can be chosen arbitrarily in S.
Therefore, it makes sense to define the real part Re(x) and the imaginary part Im(x) by
setting Re(x) := t(x)/2 = (x + x)/2 = @ and Im(x) := x — Re(x) = (x — x)/2 = BI.
It also makes sense to call the Euclidean norm ||x|| = +/n(x) = /a? + B2 the modulus of x
and to denote it as |x|. The algebra H has the following useful property.

e [Splitting property] For each imaginary unit / € S, there exists J € H such that
{1,1,J,1J} is a real vector basis of H, called a splitting basis of H associated to 1.
Moreover, J can be chosen to be an imaginary unit and to make the basis orthonormal.

We consider on C and H the natural Euclidean topology and differential structure as a finite-
dimensional real vector space. Similarly, we will adopt on C and H the natural structure of
real analytic manifold. The relative topology on each C; with J € S clearly agrees with the
topology determined by the natural identification ¢; between C and C;. A subset T of H is
called (axially) symmetric (or circular) if it is symmetric with respect to the real axis R; i.e.,
ifforallx =a + BI € T (with, B € Rand I € S), the whole set

Sy =a+BS={a+BIl €H|I €S}

is included in 7. We observe that S, = {x} if x € R. On the other hand, for x € H\R, the
set S, is obtained by real translation and dilation from the 2-sphere S. For each 7' € H, the
symmetric completion of T is the set

T := U Sy.

xeT

For each E C C, the circularization Qg of E is defined as the following subset of H:

Qp:={xeH|I,peR I eSst.x=a+pl,a+pi € E}.
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For instance, given x = o + BI € H, we have that S, is both the symmetric completion of
the singleton {x} C H and the circularization of the singleton {« +i8} C C.

In this work, we will also use the complexified algebra He = HQr C = {x +1y|x,y €
H}, endowed with the following product:

(x+ 1) +1y) =xx" —yy +1(xy’ + yx').

In addition to the complex conjugation x + 1y = x — 1y, H¢ is endowed with a *-involution
X411y = (x+1y)¢ := x“ 41y, which makes it a *-algebra. This *-algebra is still associative
and it has center Rc = R + :R. If we identify R¢ with C and if I € S, then the previously
defined *-isomorphism ¢; : C — C; extends to

¢r  He - H, x+i1y—x+1y.

Throughout the paper, we will keep referring to Rc = R + R, which is a distinct subset
of Hc = H+ (H than C = R+ iR C H C Hg. For instance: : commutes with every
element of Hc, while i does not. We point out that the extended ¢; is still a surjective *-
algebra morphism, but is no longer injective. For future reference, we make the following
remark. We recall that: a constant complex structure on R is an R-linear endomorphism
Jo : R — R"™ such that Jp o Jy = —idgrno; if Jo, Ji are constant complex structures
on R™ R™ respectively, then a holomorphic map ¢ : (R™, Jy) — (R™, J1) is a map
Y R" — R™ such that ¢ o Jop = J1 o V.

Remark 2.1 Left multiplication by 1 is a constant complex structure on H¢, which preserves
Rc. For each I € S, left multiplication by I is a constant complex structure on H, which
preserves C;. The map ¢ is a holomorphic map from (Hg, 1) to (H, /) and its restriction to
Rc is a biholomorphic map from (Rc, 1) to (Cy, I).

2.2 Slice regular functions

As usual, a nonempty open connected subset of C is called a (complex) domain. Similarly,
a nonempty connected open subset of H is called a (quaternionic) domain. The following
definition was given in [3] and is a slight modification of [11, 12]. It has been adopted as
standard in the monograph [14].

Definition 2.2 Let 2 C H be a domain and let f : 2 — H be a function. For each I € S,
letus set Q7 := QNCy and f; := f|91 . The restriction f7 is termed holomorphic if it is ¢!
and if

el a

- 1
o1 frla + BI) := 3 (@ +1£) Jiloe+ BI)

vanishes identically in €2;. The function f is termed slice regular if, foreach I € S, fj is
holomorphic.

More precisely, the definition of 3; should be stated as follows:

= 1 a a ~ ~
A fx) =3 ((5 + 1£> f 04)1)) (@~ (x)),

where $1 denotes the restriction of ¢; to ¢>1_] (27) (see [15]). In other words, f7 is called
holomorphic if it is a holomorphic map from (27, I) to (H, 7). The so-called “splitting
lemma” follows: after fixing a splitting basis {1, 7, J, IJ} of H and letting F, G be the
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functions Q; — Cj such that f; = F + GJ, we have that f; is holomorphic if, and only if
F, G are holomorphic functions from (27, I) to (Cy, I).
For the purposes of this paper, we will also need the next definition.

Definition 2.3 Let U be an open subset of H: then every connected component of U is a
domain. We call a function f : U — H slice regular if it is slice regular when restricted to
each connected component of U.

Polynomials and power series are examples of slice regular functions, see [12, Theorem
2.1], while every slice regular function on a Euclidean ball centered at 0 expands into power
series, see [12, Theorem 2.7]. We can summarize these facts as follows. For any xo € H and
R € [0, +00], we adopt the notation

B(xg, R) :={x e H| |x — xo|] < R}.

Theorem 2.4 Every polynomial of the form Y ,,,_ x"am = ao + xai + . .. x"a, with coef-
ficients ay, . .., a, € His a slice regular function on H.

Every power series of the form ),y x"a, converges absolutely and uniformly on
compact sets in B(0, R) for some R € [0,+4o00], determined by the equality 1/R =
limsup,, ., | o lan|V/". If R > 0, then the sum of the series is a slice regular function on
B(0, R).

Conversely, if R € (0,4o00] and if f : B(0, R) — H is a slice regular function, then
there exists a sequence {a,},en C H such that

f) =) x"a,

neN
forall x € B(O, R).

A slice regular function f is called slice preserving if, for each I € S, it maps the “slice”
Qy into C;. A polynomial or power series ), . x"a, is slice preserving if, and only if,
{an}nen C R. The following result derives from [7, 8].

Lemma 2.5 Let R € (0, 4oo]andlet f : B(0, R) — H be a slice regular function. For each
o, B € Rwith a? + ,62 < RZ, there exist quaternions b, ¢ such that

fla+Bl)=b+Ic

forall I € S. Namely, if f(x) =), cxx"an in B(0, R) and if sy, 1, € R are defined for each
n € Nto fulfill the equality (a + BI)" = s, + 1,1, thenb =Y, . Snap and c =Y, N tndn.

As observed in [3], it holds
b= —K)'[Jf(a+BJ)— Kf(a+ BK)]
c=U =K 7"[fla+B])— fla+ BK)]

forall J, K € S with J # K. The same article [3] proved a result called General Extension
Formula, upon which we will elaborate in Sect. 3.

2.3 Slice functions

Let D be a nonempty subset of R¢ that is invariant under the complex conjugation z =
a+if +— 7 =o—if:thenforeach J € Sthe map ¢; (¢ +if) = o+ BJ naturally embeds
D into a “slice” ¢; (D) of Qp = |J;cg¢s(D) € H. The following definitions were given
in [16].
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Definition 2.6 Assume D C R¢ to be nonempty and preserved by complex conjugation. A
function F' : D — H is called a stem function if F(z) = F(z) for every z € D.

If we consider a decomposition F = F| + 1 F, into H-valued components F; and F», F
is a stem function if, and only if, F1(Z) = F1(z) and F>(7) = —F>(z) for every z € D.

Definition 2.7 Assume D C R to be nonempty and preserved by complex conjugation.
A function f : Qp — H is called a (left) slice function if there exists a stem function
F : D — Hc such that the diagram

p —L & He

Lo y, )

QD—f>H

commutes for each J € S. In this situation, we say that f is induced by F and we write
f =Z(F).If F is Re-valued, then we say that the slice function f is slice preserving. The
real vector space of slice functions on Q2p is denoted as S(2p).

It is easy to check that each slice function f is induced by a unique stem function F.

Foreachslice function f : Qp — Hi,itis useful to define the slice function f : Qp — H,
called spherical value of f, and the slice function f] : Qp\R — H, called spherical
derivative of f, by setting

1 1
fo @) = @+ f&9) and fi(x) = Elm(X)fl(f(X) — f&xY).

The works [3, 16] showed that these functions are constant on each sphere S, € Qp\R. For
all x € 2p\R, it holds

F(x) = £2(x) + Im(x) f(x),

where the function Im is a slice preserving element of S(H). The function f is slice preserving
if, and only if, £ and f] are real-valued.

Some special subclasses of the algebra S(€2p) of slice functions have been singled out in
[16]: the nested subspaces S%Qp), SYQp), S®(p), SR(Qp) of slice functions induced
by continuous, continuously differentiable, real analytic and holomorphic stem functions
F : D — Hg, respectively. By holomorphic, here, we mean that F' is a holomorphic map
from (D, 1) to (Hg, t). For all of these definitions except the first one, 2p is assumed to be
an open subset of H (whence D is open in R¢). If D is a connected open subset of R¢ and
it intersects the real line R, then Qp is called a symmetric slice domain. If an open D does
not intersect R and has two connected components switched by complex conjugation, then
Qp is called a product domain. A general open Q2p is a disjoint union of symmetric slice
domains and product domains.

Remark 2.8 The elements of SR(2p) are automatically slice regular functions according to
Definition 2.3. Indeed, if f = Z(F) with F : (D, 1) — (Hg, t) holomorphic, then, for each
J € S, the composition ¢y o F = fo¢py = fjo¢y is aholomorphic map (D, 1) — (H, J).
This, in turn, implies that f; is a holomorphic map ((2p)y, J) — (H, J), because the
restriction of ¢; to D is a biholomorphic map (D, 1) — ((2p)ys, J).

It has been proven in [16] that, when 2 = Qp is a symmetric slice domain, a function
f : Qp — H belongs to SR(2p) if, and only if, it is slice regular. We will provide a
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new proof of this fact in the forthcoming Sect. 3. On the other hand, when Qp is a product
domain, the class SR(2p) (studied, for instance, in [1]) is strictly included in the class of
slice regular functions Q2p — H. To see this, it suffices to restrict to 2p the slice regular
function appearing in the next example.

Examples 2.9 Fix Iy € S and let f : H\R — H be defined as follows:

_[0if g € H\Cy,
f(q)_{lifqulo\R

The function f is slice regular because each restriction f7 is constant, whence holomorphic.
It belongs to neither SR(H\R) nor S(H\R).

More work on the relation between SR(2p) and the class of slice regular functions on
Qp includes [15]. The recent paper [22] generalizes the class SR, dropping the symmetry
hypothesis on 2 p and imposing the existence of local zonal decompositions. This provides an
extension of the theory of slice regular functions beyond the classical setup of slice domains,
distinct from the one undertaken in the present work.

3 General extension formula
3.1 General extension formula, revisited

This subsection elaborates the ideas behind the General Extension Formula, namely [3,
Theorem 4.2]. This will produce new powerful results in the forthcoming Sect. 3.2.
Forall I € Sand all T € H, we will use the notations

C7 :={a+plla,BeR, B >0},
C7 =fa+Blla,peR, B >0},

as well as T,2 =TN (C,2 and 77 := T N C7 . In the sequel, we will speak of a & ! function
r TI> — H according to the usual convention: there exists a %' function 7 from an open
neighborhood of T1> in C; to H, whose restriction to T,> equals 7. Similarly, a ¢! function
ro: TI> — H will be called holomorphic if there exist an open neighborhood U of TI> in
C; and a holomorphic map 7 : (U, I) — (H, I) whose restriction to TI2 equals r. We point

out that, if T[2 is an open subset of (CI2 and if r : T1> — His a ¢! function, then the real
partial derivative of r in an arbitrary direction within C; is well-defined and continuous at
each point of TZ, including the real points.

Proposition 3.1 Let Q = Qp be a symmetric open subset of H and take distinct J, K € S.
Consider €" functions r QJ} — Hand s : Q? — H. For each I € S, we define
pl: 5212 — H by setting, for each o + Bl € Q witha, B € Rand B > 0,

pla+BD = —K) ' [Jr(@+BJ) — Ks(a + BK)]
+I(J — K) ' [r(a+ BJ) — s(a + BK)].
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The following properties hold:

e Foreach I €S, the function p' is € in 912
o p/ =rand pX =s.
e foreach I €S, it holds

A pla+pD =1(J—K) ' T+10J —K)Na,r@+BJ)
—[(J =K 'K+10J—K) Nogs(a+ BK).

L LA L LA .
As a consequence, if r is holomorphic in Q7 and if s is holomorphic in Q% then plis

holomorphic in Q?

Proof By direct inspection in the definition of p’, we find that p’ is ¢! in Q? For all
a+ BJ € Q7. itholds
plla+p) =1 -K) " T+JU =K r@@+8))
=K 'K+J0J = K) s+ BK)
=|J = K| (=T +K)J+J(=J +K)r(a+pJ)
—|J = K|2[(=J + K)K + J(—=J + K)]s(a + BK)
=[(J —K)K =DI'Q+KJ+ITK)]r(a+pJ)
—J = K|72(=JK =1+ 1+ JK)s(a + BK)
=r(a+pJ).

Analogous computations prove that pX coincides with s in Q? Another direct inspection
in the definition of p! yields that

I
W B =1 = K T+ 10— ) 1 B
o oo

—[J=K)7'K+1(J-K)™" g—‘;(a +BK).

Moreover,

1
Iaaiﬂ(a LB =T —K) T~ - K @t )

ap
—1 -1 BS
- -K)" K—-(-K) ]ﬁ(a+f51<)
—1 -1 or
=[I(J-K) +( —-K) J]Jﬁ(a—l—,BJ)

—UJ-K) '+ -K7"K] Kg—;(a + BK).

The definition 3 p/ (o + BI) := 1 (% n 1%) p! (@ + BI) now yields that

dp @+ B =1(J —K) T+ 10— K) 13+ BJ)
—[(J—K) 'K +1(J—K) Nogs(a+ BK).
It immediately follows that, if r is holomorphic in QJ> and if s is holomorphic in Q? then

p! is holomorphic in Q% O
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The next result will be extremely useful in the sequel. It follows from the classical Schwarz
Reflection Principle if we identify R¢ with C and H with C*. We include a direct proof for
the sake of completeness. We recall that x +:y = x — 1y forall x, y € H and we set, for all
D C Rg, the notations
={a+i1BeD:a,BeR, >0},
={a+i1BeD:a,BeR, B =<0},
={ao+i1BeD:a, pBeR, >0},
={ae+i1BeD:a,BeR, B <0}.

O o T O
AVOAN WV

Lemma 3.2 (Schwarz reflection principle for stem functions) Let D be an open subset of Rc,
symmetric with respect to conjugation z — z. Assume F : DZ — Hg to be a holomorphic
function with F (a) = F(a) foralla € D NR (if any). Setting F (Z) := F(z) forall z € DZ
defines a holomorphic stem function D — Hc.

Proof Since F is holomorphic in D?Z, it holds

F(z) = F(zo) _ 9F

lim Z
DZ3z—79 Z—20 Jo (z0)
for each zg € DZ. For zg € DS, we get
. F(z) — F(z0) . F(z) — F(20)
lim ——= lm ———
D<3z-7 Z—20 DS3z-7 Z—20
y (F(Z) - F(Zo))
= 1m E——
DS 3577 Z—20
. (F(w) - F(Zo))
= lim _
w— 2o

DZ>sw—7

(5oc0) =570
R AR PR

B BF( )
R
For all @y € D N R, it holds
. F(z) — F(ag) OF . F(z) — F(ao)
lim ———F=—(ap)= Ilim ————F.
DS 3z—ap I — 0 da DZ 37— Z— o

Overall, we have proven that, for each zg € D,

F(z) — F(z0) :Bi

lim )
D>z—zo Z—20 Jdo (ZO)
whence F' is globally a holomorphic map (D, 1) — (Hc,1). O

We are now ready to associate to each couple of holomorphic functions r : Q]2 — H and

s QI% — H a holomorphic stem function.

Theorem 3.3 (General extension formula) Let Q2 be a symmetric open subset of H and take
distinct J, K € S. Consider holomorphic functions r : Q? — Hoands : Q? — H and
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assume the equality r (o) = s(«) to hold foralla € QNR (ifany). Let us set D := ¢J_] (2))
(so that Q = Q2p). Let us define F : D — Hg by setting, forallz = o + 18 € DZ,

Fla+1B):=(J —K) ' [Jr(a+ BJ) — Ks(a + BK)]
+1(J — K) ' [r(a + BJ) — s(a + BK)]

aswell as F(Z) := F(2). Then F is a well-defined holomorphic stem function. It induces an
element of SR(Q2) (whence a slice regular function), namely f = Z(F) : Q — H, such

that r = f‘ﬂf and s = ﬁQ%
Proof The function F is clearly well-defined in D2 . It is also holomorphic in D> because
AF (@ +18) =[(J —K) ' T4+1(J —K) Nayr@+BJ)
—[J=K) 'K +1(J —K) Nogs(@+pK)=0.
Moreover, for all « € 2 N R, it holds
Fl@) = =K' [Jr(@) = Ks@)]+1(J — K)"' [r(@) — s(a)]
= —K) ' =K@ +1(J = K)7'r(@) = r(@)]

=r(x).

Now, (&) = r(«) because the mapx + 1y = x—typreservesall x € H. Thus, F(«x) = F(«)
for all « € D N R. By applying Lemma 3.2, we get that the function F : D — Hc is a
well-defined holomorphic stem function, as desired.
If we set f := Z(F), then for all I € S the restriction f‘Q> is the holomorphic map
I

pl: Q? — H of Proposition 3.1. In particular, r = p’ = fi
Q

desired. ]

ands = pK = f| _,as
Uk

i\

3.2 Double-index slice regular family

The work done in the previous subsection allows us to associate to each slice regular function
a family of holomorphic stem functions depending on two indices J, K € S. We recall that,
for every E C Rc, the symbol E denotes the image of E through conjugation z — Z.

Definition 3.4 Let 2 C H be a domain and let f : & — H be a slice regular function. For
each choice of distinct J, K € S, we set (see Fig. 1)

E:=¢7' @) neg 7)., DK :=EUE, o/K.=qp«.

If E (whence D7-K and Q7:X) is not empty, we can apply Theorem 3.3 to r := f|
FJ,K : DJ,K

6y (E) and

tos := fj, & to getaholomorphic stem function — H, defined by setting,

forallz=a +18 € E,
FIR@+1p) = =K U f(@+B) — Kf @+ BK)]
+( = K) 7 @+ BI) = fla+ BK)]
as well as F/-X(2) := F/:K(z). The family {F”/-X}; g jx pix g is called the double-
index holomorphic stem family associated to f. The double-index slice regular family
associated to f is the family { f7-X}; p .5 j 1k sk 2 Of the elements f/-K = T(F/-K) of
SR(Q27X) induced by the F/-Ks.
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/ECRLN\_

Fig.1 Anexample of £ := 67 (Q7) N (Q7)

We will soon study the double-index families associated to f. Before doing so, we need
the next definition and result.

Definition 3.5 Let Q2 be an open subset of H. The spine of Q2 is the open subset spine(£2) of
H defined as the union of all quaternionic open balls B(«g, R) with «g € 2N R (if any) and
R > 0 such that B(xg, R) € Q2. We define spineRC(Q) as the subset D of Rc, preserved by
conjugation z > z, whose circularization 2p equals spine(£2).

Remark 3.6 1If we adopt the notations of Definition 3.4, then for all distinct J, K € S: if
DK is not empty, then it includes the set spinep,. (€2). It follows that spine(2) is contained

in the circularization Q7K of D7-X which is the domain of f J.K
We are now ready for the announced study.

Proposition 3.7 Let Q C H be a domain and let f : Q — H be a slice regular function.
Let {F'I’K : DJ’K — H(C}J,KES,J#K,DJ-K#Q and {f'I’K : QJ’K — H}J,KES,J#K,QJ’K#@
denote the double-index families associatedto f. Fix J, K, J', K’ € SwithJ # K, J' # K’
and Q7K £ ¢ £ Q"K'

1. The function fJ*K coincides with f in (QJ’K)J2 and in (QJ’K)?

2. The function f7-X coincides with f in spine(2). Moreover, f and f’-X coincide with
FI'KinQnR= Q" 55nR=D" nR.

3. The function F''"“K" coincides with F7-X in spinep. (€2).

4. For each connected open subset C of DX N D' K that includes a real point (if any),
the function F'"K" coincides with F7-X in C and the function fj/’K/ coincides with
F1K in Qe.

Proof 1. By Theorem 3.3, the induced function f7-X coincides with f in (Q7-K )? and in
J, K2
@)%
2. Take any a9 € DX NR. The equality F/ X (ag) = f(ap) follows by direct inspection
in the definition of F/-X_ The equality f(co) = f7 X (ap) is a special case of property
1. Now let R > 0 be such that B(g, R) € Q (whence B(ag, R) € Q7-X). Up to
precomposing the function f with the real translation x +— x + oo, we may suppose
ap = 0. Lemma 2.5 implies that

fla+BD) =
= —K) 7 'Uf@+B)—Kf(a+BKN+1J —K) ' [fla+BJ)— fla+BK)]
= K+ p0
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forall @ + BI € B(0, R). The thesis now follows from the definition of spine(2).

3. By property 2., f/°K = 7(F/-K) and f/-K = Z(F’"K") both coincide with f in
spine(£2). It follows that F 7K coincides with F/-X" in spineR(C (2).

4. Let C be any connected open subset of D7-X N D?"-K" with C N R # ¢ (whence C N
spinep,. (€2) is a nonempty open subset of R¢). Now, Flé’K and Fli K are holomorphic
maps (C, 1) — (Hc, 1) coinciding in CNspine . (€2) by property 3. Since C is connected,

J K’
! ! C —_ ! !

F7K" are stem functions, it follows that they coincide in C U C C D’ KNDpTK Asa

consequence, f/ X = Z(F/-X) and f/-X = Z(F’X") coincide in the circularization

Qc of C.

the holomorphic maps Flé’K and F | must coincide throughout C. Since F’-X and

[m}

As a byproduct, we obtain a new proof of two well-known results: the General Represen-
tation Formula for symmetric slice domains, proven in [3], and the fact, proven in [16], that
the class of slice regular functions on a symmetric slice domain 2 p coincides with SR(2p)
(whence is included in the class of real analytic functions). We merge all of these results into
a single statement.

Theorem 3.8 (Global representation formula for symmetric slice domains) Let Qp be a
symmetric slice domain in H and let f : Qp — H be a slice regular function. Then
f € SR(Rp) and, in particular, f is real analytic. Moreover, for all distinct J, K € S, it
holds f = f7°X and
fla+BD = =K If@+BI) — Kf(@+ BK)]
+I(J = K) " [fa+B) = fla+BK)]

foralll € Sand all a, B € R with $ > 0 such that o + BI € Qp.

Proof We assume, without loss of generality, D to be preserved by conjugation z +— Z.
Let {F/-K} J,KeS, 72k denote the double-index holomorphic stem family associated to f :
Qp — H. Since Qp is a symmetric slice domain, all domains D7-X (whence all intersections
D7 0 D7-K") coincide with D. By hypothesis, the latter set is connected and intersects
the real axis. By property 4. in Proposition 3.7, all f/-X : Qp — H coincide and form a
single element g of SR(S2p). Moreover, property /. in the same theorem guarantees that g
coincides with f in (2 D)? forall J € S, whence g = f. As a consequence, the formula
fla+pD = =K [If(@+BI) = Kf @+ BK)]
H (I =K [ f@+B)) — fla+pK)]

holds forall o + 81 € Qp witha, 8 € R, >0and I € S. O

4 Speared domains and local representation formula
4.1 Speared domains and their cores

Let us introduce some new terminology.

Definition 4.1 A speared opensubsetof Rcisanopen 7 C R whose connected components
all intersect the real axis. A speared open subset of H is an open U C H such that, for all
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I € S, each connected component of U? includes a real point. A speared domain is a domain
€2 of H that is a speared open subset of H.

We remark that, if 2 € H is a speared domain, then 2 N R # . In particular, the sets
D’ K and Q7+X of Definition 3.4 are nonempty for each choice of distinct J, K € S.

As we will see in the forthcoming Sect. 6, the class of speared open sets is a rather broad
extension of the class of slice domains, whose definition we recall from [14, Definition 1.12].

Definition 4.2 Let Q be a domain in H. Then € is called a slice domain if it intersects the
real axis R and if, for all J € S, the “slice” Q2 is connected.

However, if a speared open subset U of H happens to be symmetric, we are only slightly
generalizing the notion of symmetric slice domain: indeed, like every other symmetric open
subset of HI, U is a disjoint union of symmetric slice domains or product domains. Now, every
symmetric slice domain is speared and every product domain is not. It follows that our U
is a disjoint union of symmetric slice domains. By applying Theorem 3.8 in each connected
component of U, we can make the next remark.

Remark 4.3 Let Qp be a symmetric speared open subset of H and let f : Qp — Hbe aslice
regular function. Then f € SR(Q2p). Moreover, for all distinct J, K € S, itholds f = f 7.K
and

fla+BD = —-K)"[Ufa+BJ)—Kfa+ BK)]
+I(J —K)'[f(@+BI) — fla+ BK)]
forall I € Sand all o, B € R with 8 > O such that @ + BI € Qp.

If U is a general open subset of H, we will still be able to apply Remark 4.3 to an
appropriately chosen symmetric speared open subset of U. This choice will be possible after
some preliminary steps. We begin with the next remark, which uses the fact that every open
subset of R¢ or R% is locally path-connected.

Remark 4.4 An open subset U of H is speared if, and only if, forall I € Sandforallx € U 2,
there exists a path y : [0, 1] — qbl_l(Uf) such that ¥ (0) € R and ¢;(y (1)) = x. The latter
property is equivalent to assuming the relative 0-homology group Ho(U 2, UNR;7Z) tobe
trivial.
An open subset T of R¢ is speared if, and only if, for all z € T, there exists a path
y :[0,1] — T such that y(0) € R and y (1) = z. Up to restricting y, we can assume the
. Lo o> L oK
support of y to be entirely contained in R orin R

For every open subset U of H, by Definition 3.5, the symmetric set spine(U) is a speared
open subset of H (nonempty if U N R # @). Remark 4.4 implies that any union of speared
open sets of H is speared. This justifies the next definition.

Definition 4.5 Let U be an open subset of H. The core of U, denoted as core(U), is the
largest symmetric speared open subset of U. We define coreg.(U) to be the open subset
D C Rc, preserved by conjugation z +— Z, such that core(U) = Qp.

Clearly, core()) = #. The core of a nonempty open subset U C H can be obtained as

follows. Let us first set D := (), g d)]l(UJZ): then the circularization Qp is the largest
symmetric open subset of U. This is a consequence of the following facts:
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e cach 2-sphere (or singleton) x + yS is contained in Qp if, and only if, it is contained in
U;

e the open set U contains x + yS (which is compact) if, and only if, it contains a symmetric
neighborhood of x + yS.

Now, Qp is a disjoint union of symmetric slice domains or product domains. The set core(U)
is the union of all connected components of 2p that are symmetric slice domains. Clearly,
spine(U) and core(U) are nested symmetric speared open subsets of U. They are nonempty
if, and only if, U N R # @ (which is true if U is a nonempty speared open subset of H). In
the forthcoming Example 6.3, we will construct a speared domain £ with ¢ # spine(2) C
core(2) € Q: see Fig.4.

We can now apply Remark 4.3 to Qp = core(U) to prove the next lemma.

Lemma 4.6 Let U be an open subset of H with U NR # W and let f : U — H be a slice
regular function. Then f\_, ., € SR(core(U)). Moreover, for all distinct J, K € S, it holds

J.K
ﬂcnre(U) = f\ }’ld

a
core(U)

fla+ph =0 -K) 7 "[Uf@+pJ)— Kf(a+BK)]
+I(J —K)7'[fla@+BJ) — fla+ BK)]

foralll € Sandall o, B € Rwith B > 0suchthata+ B1 € core(U). As a consequence, for
all ', K' € Swith J' # K', the stem function F'X' coincides with F7-X in corepe (U).

Besides its independent interest, we will use Lemma 4.6 to prove the forthcoming Theo-
rem 4.8.

4.2 Slice regular families on speared domains

The aim of this subsection is proving that the double-index families associated to a slice
regular function f : @ — H reduce to single-index families when €2 is a speared domain.
The proof is based on Lemma 4.6 and on a second lemma, which is a variant of [10, Lemma
3.1]. Let us use the notation Cap(J, ¢) := {K € S : |K — J| < ¢} for the spherical cap of
radius ¢ centered at J in S (or the whole sphere Sif ¢ > 2). Let Cap*(/, &) := Cap(J, &)\{J}
denote the same spherical cap, punctured at J.

Lemma4.7 Let Y be a nonempty open subset of H. Let C be a nonempty, compact and
path-connected subset of Re >~ C. For each positive real number ¢, the set

C. :={z € Rc | dist(z, C) < &}

is a path-connected open neighborhood of C. If J € S is such that ¢;(C) C Y, then there
exists € > 0 such that g (Ce) C Y forall K € Cap(J, ¢).

Proof 1f Y = Hi, it suffices to set ¢ := 3. Let us assume henceforth H\Y # .
Since ¢ (C) is a compact subset of the open set Y, the distance between H\Y and ¢ (C)
is strictly positive. Set £ := max;ec | Im(z)| and
dist(H\Y, ¢,(C))
g=—
41

We observe that Cy is the union of open disks of radii € centered at arbitrary points zg € C,
whence C; is an open neighborhood of C. Since C is path-connected and since any point

> 0.
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7 € C, can be joined to a point zg € C through a line segment included in C., it follows that
C, is path-connected.

We finally show that ¢px (C.) C Y for all K € Cap(J,¢). If z € C,, then there exists
zo € C such that |z — zg| < ¢. It follows that

dist(¢x (2), ¢ (C)) < ¢k (2) — P (z0)]
< ¢k (2) — ¢k (z0)| + |k (z0) — ¢ (20)]
=z —zol +|K — J||Im(z0)| < & + &€
— dist(H\Y, ¢, (C)).

As a consequence, ¢k (z) € Y, as desired. ]

We are now ready to prove that the double index reduces to a single index if we are dealing
with a speared domain. We recall that, for every E C R¢, the symbol E denotes the image
of E through conjugation z — Z.

Theorem 4.8 Let Q C H be a speared domain, let f : Q — H be a slice regular function
and let {F7-X . p/- K Hc}y kes, sk denote the double-index holomorphic stem family
associated to f. Let us fix J € S and consider the speared open set

D’ =¢7 @)U @)

Then there exists a holomorphic stem function F’ : D’ — Hc with the following property:
for each z € D, there exist a real number s, > 0 and a speared open neighborhood U, of
z in D’ such that

1. it holds corer (2) C U, and U;\coregr (2) is contained in either R or R5;
2. forany choice of distinct J', K’ € Cap(J, €.), it holds U. € D?" X" and F|{,/’K/ = Fg .

lu,
Incase z € corer. (R2), we can assume U, to be corer (2) and &, = 3 (whence Cap(J, &;) =

S).

Proof Let us begin by choosing, for each z = o + 8J € (D), appropriate &, > 0 and U..

o If z € corer.(£2), we can define U, := corer.(2) C D’ and g, := 3: Lemma 4.6
guarantees that F\i;K = F‘{/;’K/ forall J/, K, K" € Cap(J,&;) = S with J # K and
J #£K'.

o Assume z ¢ corer(£2) (whence B > 0). Remark 4.4 implies that there exists a path
y :[0,1] — q)j’](Q?) with y(0) € R and (1) = z. Let us set

C :=vy(to, 11), to:=supf{r € [0, 1]]| ¥ (¢) € coregr.(2)} € (0, 1].

We observe, for future reference, that y (fp) belongs to the boundary of coreg. (£2) and
that

C C ¢7(Q7)\corep. (Q) € RZ.

Now, C is compact and path-connected; moreover, ¢;(C) C Q27 C Q\R. If we apply
Lemma4.7to C andto Y := Q\R, we conclude that there exists areal number ¢ > 0 such
that the path-connected open neighborhood C, of C fulfills the condition ¢ (C¢) C Q\R
(whence ¢k (C.) C Q%) forall K € Cap(J, ). We define U, := corer (2) U C; and
observe that z € U, C D’"K’ for all distinct J/, K’ € Cap(J, €). We also remark
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that, since C intersects the boundary of coregr. (£2) at y (f9), its open neighborhood C;
intersects corer. (£2) at some point pg. We can prove that the open set U, is speared by
applying Remark 4.4. Indeed, we can exhibit for every p € U; apath y, : [0, 1] — U,
with y,(0) € Rand y,(1) = p:

— if p € coregr. (2), the existence of a suitable path y), : [0, 1] — coreg. (2) C U, is
guaranteed because coreg (£2) is speared;

— if p € C,, we can construct y, : [0, 1] — U, by joining a path y,, from a real
point to pg in coregr.. (€2) with a path from pg to p in C¢ (which exists because Cy is
path-connected).

By applying property 4. of Proposition 3.7 to each connected component of U,, we
obtain that F;/"* = F/* forall /', K, K’ € Cap(J, &) with J # K and J' # K'. We
conclude by sétting e = ¢.

We are now ready to define F' 7 (2) as the constant value of the map Cap*(/, g;) — Hc, K —
F7X(z). In particular,

Fl(z) = FIE ().

lim
Cap*(J,&e;)5K—J
We notice that the value F” (z) does not depend on the choice of ¢, nor on the choice of U..
Furthermore, F7 is holomorphic near z because, for K € Cap*(J, ¢;), it coincides in U,
with the holomorphic stem function F/ X,

We have therefore defined a holomorphic F/ : (D7)Z — Hg suchthat, foralle € D/ NR
itholds F’ (a) = f(a) € H (whence F/ (a) = F’(a)). Lemma 3.2 implies that F7 extends
to a holomorphic stem function D’ — H¢ by setting F 7(Z) := F/(z) foreach z € (D’)>.

We conclude the proof by setting Uz := U, and ¢: := &, for all z € (D”)Z. We can do

’ !
so because Fng = FI{T for all distinct J/, K’ € Cap(J, ¢;), as a consequence of the fact

that F7/-'K" and F” are stem functions. O

Definition 4.9 In the situation described in Theorem 4.8, {F’ : D/ — Hg}jes is called
the holomorphic stem family associated to f.For each J € S, let us consider the symmetric
speared open set Q7 := Q p/: the slice regular family associated to f is the family { f I
Q7 — H} s of the elements f/ = Z(F’) of SR(2’) induced by the F”’s.

For future use, we prove the next lemma.

Lemma 4.10 Let Q2 C H be a speared domain, let f : Q — H be a slice regular function and
let {F’ : D! — Hc)jes be the holomorphic stem family associated to f. Fix Jo, J1 € S.
The holomorphic stem functions Flo_ F coincide in coregr. (2) 2 QNR. Now, leta, B € R
with B > 0 be such that xo = o + BJo, x1 = « + BJ1 both belong to Q. If xo, x1 belong to
the same connected component of (o« + BS) N 2, then there exists an open neighborhood U
ofa + Biin DY\ such that F0, F't coincide in U.

Proof The first statement concerning corer. (€2) immediately follows from Theorem 4.8 and
Lemma 4.6. Now let us prove the second statement about x¢ and x; belonging to the same
connected component C of (« + 8S) N Q. It suffices to pick any 7 : [0, 1] — S such that
o + BJ is a path within C and to show that there exists an open neighborhood U of o 4 S
in DJ©.T) gych that FT O FID coincide in U.

For every J € S such that « + 8J € €, Theorem 4.8 guarantees that there exist an
an open neighborhood U7 of the point @ 4+ Bz in D’ and an ¢/ > 0 with the following
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property: for any choice of distinct J/, K’ € Cap(J, ¢”),itholds UY < D?"-X" and F|2/}K, =
FI{, ,- It follows that FI{, /J = Flllj; for all J/, K’ € Cap(J,e’). Consider the open cover

(T~ (Cap(J, 7))} jes of the compact interval [0, 1]. Take N € N large enough for 1/N to
be a Lebesgue number for this cover (see [21, Lemma 7.2] for details). It follows that, for each
s €{0,..., N — 1}, there exists J; € S such that 7([s/N, (s +1)/N]) C Cap(J*, e’"). As

a consequence, U7’ € DI G/N).T(+D/N) apd Fljj(f/N) = F‘JJ(S(HI)/N). The intersection
U U

U = ﬂ;vzo U’ is an open neighborhood of o + Bi in DIG/N) for all s € {0, ..., N}
(whence in DI @ n pTD = pIO.T(M)y and we have

FIO _ pIA/N) _ R FIN=D/N) _ Fj(l),
lu lu lu lu

whence the thesis follows. O

4.3 Semi-global extension and representation for speared domains
Theorem 4.8 allows us to extend and strengthen [10, Theorem 3.2] to our first main theorem.

Theorem 4.11 (Semi-global extension for speared domains) Let 2 € H be a speared domain,
let f : Q — H be a slice regular function and let {f’};cs be the slice regular family
associated to f. Fix Jy € S. There exists a speared open set A with

core(2) U Q7 C A € QNP

such that f coincides with £’ in A. In particular, for each xo € Qjo, f coincides with 70
in a speared domain including xo: namely, the connected component of A including x.

Proof Let{F’ : D/ — Hc}jesand {F/-X : D/"X — Hc}, kes sk denote, respectively,
the holomorphic stem family and the double-index holomorphic stem family associated to
f. In particular, f70 = Z(F7).

Let us choose xg = ag + BoJo € Q?O (with g, Bo € R). If we set zg := ag + 18p (so
that xo = ¢, (z0)), then Theorem 4.8 guarantees that there exist e,, > 0 and a speared open
neighborhood Uy, of zg in D’ such that:

L. it holds corer. (£2) € Uy, and UZ’0 := Uy, \coreg () is contained in either RZ or R5;
2. forall K € Cap*(Jy. &), it holds Uy, € DK and F% = ;0 .
20 Z

20
We can produce a speared open neighborhood Vi, of xo in 2NQy, S 2N, as follows.
We set Vy, := core(2) U V/ , where

X0

vii= |J oxW,)={a+BK: o, peR a+1B el K eCaplJo ey)).
K eCap(Jo,ez,)

Now, f% = Z(F”) coincides in Vi, with floK = Z(F/0.K) for all K € Cap*(Jo, £20)-
Let us apply property /. in Proposition 3.7: namely, for all K € Cap*(Jp, €z,), the function
£70K coincides with f in ()7, = (V,)7, and in (Qu, )5z = (Vi,)%. It follows that
f70 coincides with f in V;O. Lemma 4.6 allows us to conclude that £/ coincides with f in
Vi, = core(Q) U V.

The thesis now follows setting A := | J O

> V.
x0€Q7 X0
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Let us add the next definition, which extends [9, Definition 2.14]. We have recalled the
notion of slice domain in Definition 4.2.

Definition 4.12 Let 2 be a domain in H and let t f @ € — H be a slice regular function.
Whenever N is a symmetric speared open set, f N — His a slice regular function and
A is a speared open set contained in £ N N such that f, f| , then (f, N, A) is called
a speared extension triplet for f. A speared extension triplet (f, N, A) for f where N is a
symmetric slice domain and A is a slice domain is called a slice extension triplet for f.

Using the last definition, Theorem 4.11 can be reformulated as follows.

Theorem 4.11 (Semi-global extension for speared domains, rephrased) If f is a slice regular
function on a speared domain 2 then, for all Jy € S, the couple f70, Q0 can be completed
to a speared extension triplet (f70, Q% A) with A 2 core(2) U Q?O In particular, if we
define Mg to be the connected component of A including xo, then A is a speared domain
and (f70, Q70 Ag) is still a speared extension triplet for f.

Theorem 4.11 implies that every speared domain has the Local Extension Property, as
defined in [14, Definition 11.14]. We prove this fact as the next Corollary.

Corollary 4.13 (Local extension for speared domains) If f is a slice regular function on a
speared domain Q2 and if xo € 2, then there exists a slice extension triplet (f, Ny,, Ax,) for
f with Ay, > xo. As a consequence, f is real analytic.

Proof We apply Theorem 4.11 to find a speared extension triplet (f70, %, A) for f with
A D core(2) U Q?O. We define Ny, to be the connected component of Q7 that includes xo:

since Q70 is a symmetric speared open set, it follows immediately that N xo 18 a symmetric slice
domain. The connected component Ag of A that includes xg is a speared domain contained
in Ny,. Moreover, A is contained in €2 because A was. By the forthcoming Proposition 6.2,
there exists a slice domain AxO > xo contained in A9 € © N Ny,. If we define f as the
restriction of f ooto N xo» then ( f Ny, Axy) is a slice extension triplet for f.

Our final statement concerning real analyticity now follows from Theorem 3.8. O

The original result [10, Theorem 3.2] was exactly Corollary 4.13, under the additional
hypothesis that 2 be a slice domain. Based on the same result, the article [9] developed a rather
complete theory of regular functions on general slice domains. Later on, [14, §11] defined
the class of domains having the Local Extension Property and proved several properties of
slice regular functions on such domains: for instance, the existence of a x-algebra structure
[14, Corollary 11.16], the Strong Identity Principle [14, Corollary 11.19], the existence of the
regular reciprocal f—* of a slice regular function f [14, Proposition 11.28], the Maximum
Modulus Principle [14, Theorem 11.53], the Minimum Modulus Principle [14, Theorem
11.54], the Open Mapping Theorem [14, Theorem 11.57], the Local Cauchy Formula [14,
Proposition 11.58] and its volumetric analog [14, Proposition 11.59], as well as the existence
of local spherical series expansions [14, Theorem 11.63]. Our Corollary 4.13 implies that
the properties just listed are true on general speared domains.

By applying Remark 4.3 to £/, we obtain another corollary of Theorem 4.11. The corol-
lary strengthens [10, Theorem 3.4] and extends it to speared domains.

Corollary 4.14 (Semi-global representation formula for speared domains) Let Q@ C H be a
speared domain, let f : Q2 — H be a slice regular function and let Jy € S. There exists a
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speared open subset A C , including both core(2) and 5220, such that the formula

fla+BD) = —-K)"[Ufa+BJ)—Kfa+ BK)]
+I(J = K) 7 [ fla+BI) — fla+ BK)]

holds foralll, J, K € Sandalla, € RwithJ # K, > 0anda+BI1,a+pJ,a+BK €
A.

The last corollary allows us to extend [16, Definition 6] and [9, Definition 3.1] to all
speared domains.

Definition 4.15 In the situation described in Corollary 4.14, for all &, 8 € R with 8 > 0
such that xg := o + BJo € Q, we define the spherical value of f at xq as the quaternion

feo) = = K) ' [Jf(@+BJ)— Kf(a+ BK)],

which does not depend on the specific choice of J # K suchthato + 8J, ¢ + K € A. If,
moreover, 8 > 0, we define the spherical derivative of f at x( as the quaternion

o) =B =K [ fla+B) = fla+ KL,
which does not depend on the specific choice of J # K such thato + J, @ + K € A.

Remark 4.16 Let Q2 C H be a speared domain, let f :  — H be a slice regular function and
let{F' : D/ — H¢) es denote the holomorphic stem family associated to f. Fix Jo € Sand
decompose the Hc-valued function F7 as F, IJO +1F, where F 1j 0 sz 0 are H-valued. Then,
foralla, B € Rwith 8 > Osuchthata+BJy € 2, wehave [ (a+BJy) = FIJO (¢+pBr) and,
if >0, fl(a+ By = ﬁ_lFZJO (o + B1). As a consequence, the functions f; :  — H
and f] : Q\R — H are real analytic.

Corollary 4.14 implies the following properties. We recall that the slice (or complex)
derivative of any slice regular function f : Q — H s the slice regular function f; : @ — H
defined as

1/0 a

flla+BI) 3=5(£ 1@) Sfi(a + BI)

atany o + I € Q (see [14, Definition 1.8]). If £ happens to be %', let us denote the real
differential of f at a point xo € Q2 as dfy,.

Proposition 4.17 Let Q C H be a speared domain and let f : Q — H be a slice regular
function.

1. Forall x € Q\R, the equality f(x) = f2(x) + Im(x) f](x) holds, while f(x) = f2(x)
atall xo € QNR.
2. Ifwefixa, B € Rwith B > 0and set S := a + BS, then the maps
SNQ—->H J fo(a+pJ]),
SNQ—>H J fl(a+BJ)
are locally constant, whence constant on each connected component of S N Q.

3. f is a locally slice function according to [9, Definition 3.6] (see also [14, Definition
11.6]).
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EJo’J1

Fig.2 An example where (x1, y1) shadows (x(, yo) in €2 and p is strongly hinged to pg in

4. Ateachxy € QNR, forany v € Ty, 2 >~ H, we have df,v = vf/(x0). As a consequence,
dfy, is singular if, and only if, f!(xo) = 0. At each xo € Q\R, say xo € Q7, if we
decompose Ty, ~ H as C; @ C+, then for any v € C; and any w € (CJJ‘ we have
dfy,(v + w) = vfl(x0) + wf](x0). As a consequence, dfy, is singular if, and only if,
fl(x0) £ (x0)¢ € C7.

Proof Points /. and 2. are immediate consequences of Corollary 4.14. In turn, they imply
point 3. Point 4. now follows from [9, Proposition 3.5] (see also [14, §8.4 and §8.5] and [2,
17, 20] for the case when 2 is a symmetric slice domain). ]

In view of property 3. of Proposition 4.17, we point out that our Definition 4.15 is consistent
with [14, Definition 11.6].

5 Hinged points and global extension theorem for hinged domains
5.1 Hinged points

Assumption 5.1 Throughout this subsection, we assume 2 € H to be a speared domain and
we adopt the notations

U NS 1,6 . 7K
pl=¢;l@pue@). EMN =gl @ e @), DI = EMNUETK

for all distinct J, K € S. Moreover, we assume f : & — H to be a slice regular function
and denote by {F/-X : D/*K — H¢}, kes, -k the double-index holomorphic stem family
associated to f and by {F 7. D’ — He¢)jes the holomorphic stem family associated to f.

As customary, in the previous assumption the symbol E denotes the image of aset E € R¢
through conjugation z — z. We now define and study several relations on €2, which will be
useful to prove our Global Extension Theorem.

Definition 5.2 Let us choose o, o/, B, B’ € R, Jp, J1 € S (with B, 8/ > 0) such that xg =
a+ BJo,x1 =a+ BJ1,yo =o' + B’ Jy, y1 = o’ + B'J; all belong to €.

We say that (x1, y1) shadows (xq, yo) in Q if there exists a path y : [0, 1] — E7/1 such
that y(0) = o + Brand y (1) = o’ + B'1.

We say that x| is strongly hinged to xq in Q if there exists y € Q N R such that (x1, y)
shadows (xg, y).
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The expression “strongly hinged”, used here for the first time, subsumes ideas already
used in the articles [4, 5, 9, 10]. Figure 2 portrays an example of shadowing and an example
of point that is strongly hinged to another point.

Remark 5.3 Shadowing is a>partial equivalence relation on | J; ES(Q? X Q?), i.e., itis sym-
metric and transitive. If 27 is path-connected, then the relation is also reflexive, whence

an equivalence relation, on Q? X Q? By construction, if (x, y;) shadows (xg, yo), then:
Sy; = Sx3 Sy, = Sy,5 and (y1, x1) shadows (yo, Xo).

Being strongly hinged is a reflexive and symmetric relation on €2. By construction, if x|
is strongly hinged to xo, then Sy, = Sy,.

For future use, we establish the following lemma.

Lemma5.4 Let us choose a,a’, B, B’ € R, Jo, J1 € S (with B, B > 0) such that xg =
a+BJo,xi =a+ BJ1,yo=0o + B Jy, y1 = + B'J; all belong 1o Q.

1. If (x1, y1) shadows (xg, yo) and if %, F/' coincide in a neighborhood of o' + B'1, then
there exists a path-connected open subset of D''V including both o + 1 and o' + B'1
where F'0, F'1 coincide.

2. If xy is strongly hinged to xo, then there exists a speared open subset of D707\ includ-
ing o + Bi where F'0, F'' coincide. In particular, the connected component of D701
including o + P intersects the real axis.

Proof 1. There exists a path y : [0, 1] — E’-/t such that y(0) = o + 1 and (1) =
o’ + B’1. By Lemma 4.7, for some ¢ > 0, the path-connected open neighborhood C, of
C :=y([0, 1]) in Rc is included in D’ andin D”'. As a consequence, C, is contained
in D% N D/t = D’/ Since the holomorphic maps F”0, F/1 coincide near the point
o'+ Bt € Cg, it follows that they coincide throughout the connected open set C, (which
includes o + Bi, t0o).

2. There exists y = o’ € N R such that (x;, y) shadows (xg, y). Moreover, Lemma 4.10
guarantees that %0, F/1 coincide in the neighborhood corer,. (€2) of . If we repeat the
construction made in point 1., we find a speared open subset C, of D70-/! including « + 1
where F7_ F/1 coincide.

]

In preparation for the main result in this section, we will need one more relation.

Definition 5.5 Take r € N* := N\{0} and let T := {0, ..., t}. Let us consider a finite
(ordered) sequence {x; }_tY=0 in Q. Foreach s, s’ € T with |s — 5’| = 1, we say that there is a
simple step at so := min{s, s’} if one of the following conditions is fulfilled:

1. xy belongs to the connected component of S, N €2 that includes xy;
2. xy is strongly hinged to x;.
If conditions 1. and 2. are false, but
3. thereexists”,s” € T\{s, s’} withs” —s"”" = s’ —s such that (xg~, x;») shadows (x;, xs),

and if we set s := min{s, s’, s”, s}, 5 ;= max{s, s’, s”, s”'} — 1, then we say that there is a
double step at (s,5).

The sequence {xs}fY=O is called a chain of length t connecting x¢ and x; if, after erasing
from T the index ¢ and all indices so where a simple step happens, there remain in 7' an
even number 2¢ of indices, which can be listed in a form s,, 51, ..., s,, 5¢ such that, for all
m,ne{l,..., ¢}
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e adouble step happens at (s,,, 5,») (Whence s,, <5,);

® 5, < --- < §,;in other words, the double steps are listed in the same order they start;
and

e if m < n, then either s, < s, ors, > §,; in other words, if the nth double step starts
before the mth double step is concluded, then the nth double step must also end before
the mth double step does; equivalently, the double step at (s,,, 5,) may be nested within

the double step at (s,,, 5,,), but not intertwined with it.

For all points x, x’ € €2, we say that x” is hinged to x in 2, and we write x ~ x’, if there
exists a chain connecting x and x’.

An example of chain of length 4 is portrayed in the forthcoming Fig. 12.
We will soon prove that ~ is an equivalence relation. Before doing so, we establish a few
useful technical results.

Remark 5.6 Let us consider a finite sequence {Xs}ézo C Q2. If there is a simple step at s, then
Sy, = Sy,,,- If there is a double step at (s, 5), then Sx5 = Sy, and Sxﬁl = S,.. Thisis a
consequence of the definitions of simple and double step, as well as of Remark 5.3.

Lemma5.7 If {xs}gzo is a chain of length t > 2 connecting xo and x;, then one of the
following facts is true.

1. There exists u with 0 < u < t such that {x;}{_, is a chain of length u connecting xo
and x,, (whence xo ~ x,) and {xs}._, is a chain of length t — u connecting x,, and x;
(whence x,, ~ x;).

2. There is a double step at (0,t — 1) and {x; }2;]1 is a chain of length t — 2 connecting x1
and x;_| (whence x| ~ X;_1).

The second case is excluded when t = 2.

Proof If there is a simple step at 0, then the sequence {x;} i:o is achain of length 1 connecting
xo and x1 and there exists no double step of the form (0, s). Thus, {xs};=1 is automatically a
chain of length # — 1 connecting x; and x;. Overall, we are in case /.

Suppose, instead, that there is not a simple step at 0. Then, if we list all double steps as
in Definition 5.5, we find (0, 51), ..., (s, 5¢) for some natural number £. We separate two
cases.

o If5; <t —1and wesetu :=5; + 1, then we are in case /. because {x}}_ is a chain of
length u connecting xo and x,, and {xs}§:u is a chain of length + — u connecting x,, and
x;. Indeed, every simple step in the original chain will still be a simple step in one of the
two subsequences. Every double step (s,,, S,») with m > 1 will be a double step in the
first subsequence if it is nested within (0, 51) (i.e.,if 0 < 5,, <5, < 51) or adouble step
in the second subsequence if it starts after the double step at (0, 51) is concluded (i.e., if
s1+1l=uc<s,).

e Ifs; =t —1, then there is a double step at (0,  — 1). We are in case 2. because {xs}g;ll is
a chain of length + — 2 connecting x; and x;_1. Indeed, every simple step in the original
chain will still be a simple step in the subsequence. Every double step (s,,,5,) with
m > 1 will be a double step in the subsequence because it is nested within the double
stepat (0,7 —1) Ge.,0 <5, <5n <t —1).

m}
Lemma 5.8 The relation ~ is an equivalence relation on 2. Moreover, x ~ x' implies

Sy = Sy
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Proof The relation ~ is reflexive: for each x € €, it holds x ~ x because we can set
t = 1,x0 = x,x; = x and observe that there is a simple step at 0 because xg, x1 fulfill
condition 1. of Definition 5.5.

The relation ~ is symmetric: if {xs}g=0 is a chain connecting x and x’, then {x,_s}gzo is
a chain connecting x” and x. Indeed, if there is a simple step at s¢ in the original sequence,
then there is a simple step at t — sop — 1 in the new sequence because conditions 1. or 2. are
unchanged when we swap s and s’. If there is a double step at (s, 5) in the original sequence,
then there is a double step at (t —5 — 1,7 — s — 1) in the new sequence because condition
3. stays equivalent if we swap s and s’, while also swapping s” and s”’.

The relation ~ is transitive. Assume x ~ x"and x" ~ x”. Let {x,}!_, be a chain connecting

x and x’ and let {yu}gzo be a chain connecting x” and x”. We form a longer sequence
X0 = X, X1y .eey X = X, Xyq 15 0oy Xpyy = X" with x4y == y, forallu € {1,...,¢} and
argue that {xs}i,i’(; is a chain of length ¢ + ¢’ connecting x and x”, thus proving that x ~ x”’.
Indeed, any simple step happening at s in the first short sequence will still be a simple step at
so in the long sequence, while any simple step happening at u in the second short sequence
corresponds to a simple step at t + u( in the long sequence. If, according to Definition 5.5, the
double steps in the first short sequence can be listed as (s, 51), ..., (s,, 5¢) and the double
steps in the second short sequence can be listed as (u;, u1), ..., (i, iy ), then the double
steps in the long sequence can be listed as (s, 51), ..., (s, 5¢), ¢ +uy, t +up), ..., +
Uyt +up). Here,s; < --- < s, <t+u < --- <t+uy, and no double steps are
intertwined because they were not in either short list and because max{sy,...,s¢} <t <
tHuy =min{t +uy, ..., t +uyl.

We have therefore proven the first statement.

The second statement can be proven by induction on the length ¢ of the chain {x,}!_,
connecting x and x’. If 7 = 1, then there is a simple step at 0: Remark 5.6 guarantees that
Sy = Sy, = Sy, = Sy7. Now suppose the thesis true for all < # and let us prove it for
t = ty. If there exists u such that {xs}g"=0 breaks at s = u into two chains of lengths less than
to, then the inductive hypothesis yields that S, = S,, = S,/. If there exists no such u, then
Lemma 5.7 guarantees that there is a double step at (0, 7o — 1). In such a case, Remark 5.6
guarantees that Sy = S,, = Sxt() =S,. O

Hinged points have an extremely relevant property: if x ~ x’, then the local representa-
tion of f near x’ is consistent with the local representation of f near x. Equivalently, the
corresponding holomorphic stem functions locally coincide.

Theorem 5.9 Let 2 C H be a speared domain, let f : Q — H be a slice regular function and
let {F/ : D' — Hc}es be the holomorphic stem family associated to f. Let g, fo € R
(with Bo > 0) and 1,1' € S be such that x = ag + Bol,x’ = oy + Bol’ € Q. If x ~ X/,
then there exists an open neighborhood U of ay + Bot in D! where F1, F!" coincide.
As a consequence, for all («, B € R with B > 0 such that) « + B1 € U, the equality
S+ BI) = fo(a + BI') holds and the equality f](a« + BI) = f](a + BI') holds
provided g > 0.

Proof Since x ~ x’, there exist a natural number ¢ > 1 and a chain {x; }§,=0 connecting x and
x'. We prove the thesis by induction on the length ¢ of the chain.

If 1 = 1, then there is a simple step at 0. If x’ = x; belongs to the connected component
of Sy N Q that includes x = xq, then the thesis follows immediately from Lemma 4.10. If,
instead, x" = x; is strongly hinged to x = xo, then case 2. in Lemma 5.4 yields the thesis.

Now choose 7y > 2, suppose the thesis true for all # < #y and let us prove it for r = 1.

@ Springer



Quaternionic slice regularity beyond slice domains Page 250f42 55

o Let us first assume that there exists u with 0 < u < ty such that {xs}?)=0 breaks at s = u
into two chains of lengths u and #) — u. In particular, x ~ x, and x, ~ x’, whence
Xy = ag + Bol” for some I” € S. Since u and 1y — u are both strictly less than 7, the
inductive hypothesis yields that there exist open neighborhoods U, U’ of ag + Byt in
D" DI"-T" (respectively) such that F!, F!" coincide in U and F!”, F!" coincide in
U’ .1t follows that U N U is an open neighborhood of o + oz in D" N p!" 1" < pI-I'
where F!, F! ' coincide, as desired.

e Let us now assume, instead, that there exists no u with 0 < u < f#y such that {x; §O=o
breaks at s = u into two chains. Lemma 5.7 guarantees that 7y > 3 and that there is a
double step at (0, fp — 1) and that {)cs};():_l1 is a chain of length #p — 2 from x; to xz,—1.
In particular, by the definition of double step and by Remark 5.6, there exist 1, 81 € R
(with 81 > 0) such that x; = o1 + B11, x,,—1 = o1 + B1I’. Since o — 2 < 19, the
inductive hypothesis guarantees that there exists an open neighborhood of a1 + B in
DI where FI, F!’ coincide. Since (X419, Xy—1) shadows (xo, x1), point /. in Lemma 5.4
guarantees that there exists a path-connected open subset of D!>/ ' including both ag + Boz
and o1 + B11 where FI, FT' coincide.

To prove the last statement, it suffices to perform the following computation, where we apply
Remark 4.16:

o+l = Fla+p) =Fl'(a+p1) = f2@+BI),
flla+BI) =B Fla+p1) ="' F @+ B1) = flla+BI)
foroa + B e U. O

5.2 Hinged domains and extension theorem

This subsection is devoted to the class of domains described in the next definition and proves
for them the Global Extension Theorem and the Representation Formula.

Definition 5.10 A speared domain  C H is termed hinged if, for each x € €, it holds
x ~ x' forall x € Sy N Q; or, equivalently, if Sy N € is an equivalence class under the
equivalence relation ~.

Over a hinged domain, we can draw the following consequence from Theorem 5.9.

Corollary 5.11 Let 2 C H be a hinged domain, let f : Q — H be a slice regular function
and let {F’ : D7 — Hc)jes be the holomorphic stem family associated to f. If we set
D :=J,cs DY, then there exists a holomorphic stem function F : D — Hg such that, for
each J € S, the function F T is the restriction F|D ;-

Proof For each J € S, we define F to equal F/ in D’. The function F is well defined: by
construction, for each a, B € R (with 8 > 0) such that o + B € D' N D’ = D’/ the
equivalence « +B8J ~ a+BJ’ holds, whence F” and F’ agree near « + 1 by Theorem 5.9.
Since each F” is a holomorphic stem function, it follows that F is a holomorphic stem
function, as desired. ]

We are now in a position to prove the announced Global Extension Theorem. It had been
proven in [10, Theorem 4.5] only for the so-called simple slice domains. In the forthcoming
Sect. 6.2, we will recall the definition of simple slice domain, prove that all simple slice
domains are hinged and provide many examples of hinged domains that are not simple.
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Theorem 5.12 (Global extension for hinged domains) Let Q@ C H be a hinged domain and
let f~: Q — H be a slice regular function. Then there exists a unique slice regular function
f : Q — H that extends f to the symmetric completion 2 of its domain Q.

Proof We recall that {F’ : D’ — Hc} es denotes the holomorphic stem family associated
to fand {f’ : @/ — H} s denotes the slice regular family associated to f. Corollary 5.11
guarantees that there there exists a holomorphic stem function F from the union D :=
U JeS D’ to Hc such that, for each J € S, the function F 7 is the restriction F|D ;- We

remark that Qp = € and define fto be the element Z(F) of S R(EZ) illduced by F. For eagh
J € S, the definition £/ := Z(F”) yields that £ is the restriction of f to Q’ := Qps € Q.
We can now apply Theorem 4.11 to conclude that f coincides with f in{J;es Q? =Q.O

Theorem 5.12 immediately implies the Global Representation Formula for hinged
domains.

Corollary 5.13 (Global representation formula for hinged domains) Let 2 € H be a hinged
domain and let f : 2 — H be a slice regular function. For all «, B € R with 8 > 0 and all
I1,J,K € SwithJ # K, suchthata + Bl,a + BJ,a + BK € Q, the equality

fla+pD =0 -K) 7 "[Uf@+pJ)— Kf(a+ BK)]
+I(J —K)7'[fla@+BJ) — fla+ BK)]

holds. As a consequence, for each x € 2, the spherical value function f : Q — His
constant on Sy NQ and, if x ¢ R, spherical derivative f] : Q\R — H s constant on Sy N Q2.

An equivalent statement is: if { f 7. Q) — H},es is the slice regular family associated
to a slice regular function f on a hinged domain €2, then f coincides with £/ in @ N Q7.

6 Study of speared domains and hinged domains

This section is devoted to the study of speared domains and hinged domains.

6.1 Speared domains

We begin by proving that the class of speared domains (see Definition 4.1) includes the class
of slice domains (see Definition 4.2).

Proposition 6.1 Every quaternionic slice domain is a speared domain.

Proof Let 2 C H be a domain. If 2 is not speared, then it is not a slice domain. Indeed:
assume there exists J € S such that Q? has a connected component C with C N R = .
Necessarily, C is also a connected component of €2;. In this situation, either € is not
connected or ; = C does not intersect R, whence 2 N R = . In either case, 2 is not a
slice domain. m]

We now prove that every speared open subset can be locally shrunk to a slice domain.

Proposition 6.2 Let U be a speared open subset of H. For every xo € U, there exists a slice
domain Ay, C U including x.
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Proof 1If xq is a real point g € R, we can take Ay, to be any open ball B(«p, §) contained
in U. We therefore assume xo € U\R. Our proof borrows some techniques already used in
the proofs of Theorems 4.8 and 4.11.

Let I € S be such that xo € U;. By Remark 4.4, there exists a path y : [0,1] —
¢>,_] (U?) such that y (0) is a real number « and ¢;(y (1)) = xg. We can pick § > 0 such
that B = B(«, §) C U; let us denote by A the disk of radius § centered at « in R¢c. We set

C :=y(t,1]), to:=sup{t€[0,1]]y@) € A} € (0, 1].

If we apply Lemma 4.7 to C and to Y := U\R, we conclude that there exists a real number
& > 0 with the following property: for the path-connected open neighborhood

C. :={z € Rc | dist(z, C) < &}

of C, it holds ¢x (Cc) C U\R (whence ¢x (Ce) C Ug) for all K € Cap(l, ). We remark
that, since C intersects the boundary of A at y (#y), its open neighborhood Cy intersects A at
some point «g + Pot. If we define

Ay=BU ] ¢x(Co.

KeCap(/,¢)

then, by construction, A , is an open neighborhood of x¢ in U that intersects the real axis in
the interval (o« — 8, @ + §). Moreover, for each J € S, its slice (A XO) 7 is connected because
it is the union of the following open connected subsets of C;: the disk By = B_; of radius
8 centered at « in Cy; if J € Cap(/, ¢), the path-connected set ¢ 7 (C.) (which intersects the
disk at g + BoJ); and, if —J € Cap(/, ¢), the path-connected set ¢_ j (C,) (which intersects

the disk at atg — BoJ). The same argument yields that Ay is connected, whence a domain. O

We conclude this subsection by proving that the inclusion of the class of slice domains
within the class of speared domains is proper. Indeed, we construct a family of examples of
speared domains that are not slice domains.

Examples 6.3 In Rc =~ R?, we consider the rectangles R := (—1,0) x [0,4) and R, :=
(2, 3) x [0, 4) and their disjoint union R := R| U R;. Let us fix two lower semicontinuous
width functions wy, wy : [—1, 1] — [0, 2] such that wi(%1) = 0 = wy(£1) and such that
there exists rg € (—1, 1) with wy(rg) + wa(rg) > 2. We define, for each r € [—1, 1], the
["-shaped sets

M= RU(CLwe) x 3.4), Tai=RU(Q=w20),3) x (3,4),
portrayed in Fig. 3, and their union
D, :=T1UTI}5.

Whenever wy (r)+w;(r) < 2,asinFig.3, then I'| and I'; are separate connected components
of D,. This is true, in particular for Dy; = R. When, instead, w{(r) + wa(r) > 2, as it
happens at r = ro, then D, is the (connected) C-shaped set C := R U ((—1, 3) x (3, 4)).
We always have D, € C and D, "R = RN R = (—1,0) U (2, 3), regardless of r. We
remark that R, D,, C (for all r € [—1, 1]) are all open subsets of ]Rg. We define 2 C H by

choosing Q? for each J € S, as follows: for all x, x2, x3 € R such that )cl2 + x22 + x32 =1
(so that x1i + x2j + x3k € S), we set

>
ix/]lq_xzj_,_x}k = ¢x1i+x2j+x3k(Dx3)-
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Fig.3 The planar domain 3
D, =T1UT,
r, r,
4
3
R ’ R2
I I
T T o
-1 0 w1(r) 2-w2(r) 2 3

We can prove that Q is a speared domain but not a slice domain, as follows.

e We first prove that £ is an open subset of H by picking oo + Bol € 2 (with g, B €
R, Bo = 0and I = y1i+y2j+y3k € S)and finding an open neighborhood U of oy + o1
included in Q. If g + Bot € R, then we can choose U to be the circularization Qz of R.
If ap + Bot € (—1, w1(33)) x (3,4), then we can pick «; such that wi(y3) > @] > g
and set

U:={a+B(xi1i +x2j +x3k) |+ f1 € (=1, a1) X (3,4), x1i +x2]
+x3k € S, wi(x3) > a1}
Indeed: U includes cg + Bol by construction; U is open because it is the “product” of
the open rectangle (—1, a1) x (3, 4) and of the open subset of S defined by the inequality
wi(x3) > o1 (which is open because the superlevel set wl_1 ((aq, 2]) is open). Similarly,

ifag+PBot € (2—w2(y3), 3) x (3, 4), then we can pick g such that2—w,(y3) < a2 <
and set

U =A{a+Bxii +x2j +x3k) [a+ f1 € (x2,3) X 3,4), x1i +x2]
+x3k € S,2 —wyr(x3) < an}.
Indeed: U includes a9 + Bol by construction; U is open because it is the “product” of

the open rectangle (a2, 3) x (3, 4) and of the open subset of S defined by the inequality
2 — w2 (x3) < ap (which is open because the superlevel set w, ! ((2 — a2, 2]) is open).

e  is connected, whence a domain, because, for Jy := /1 — rg J + rok, the C-shaped
half-slice

Q7 = ¢s(Dry) = $1,(C)

. > .
is connected and because, for each J € S, every connected component of 27 intersects

Q?O in the real interval (—1, 0) or in the real interval (2, 3).
e The previous argument also proves that €2 is a speared domain.
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Fig.4 The planar set spine]RC (2)
is the union of the open disks of
radius 1/2 centered at —1/2 and
at 5/2 within R¢ (meshed). The
planar set coreg . (£2) is the union
of the open rectangles

(—=1,0) x (—4,4) and

(2,3) x (—4,4) within R¢ (with
dashed boundaries)

e 2 is not a slice domain because its slice

Q= g(D)UP_(D-1) = pp(R)U ¢ (R)

is the disjoint union between the rectangle ¢ ((—1,0) x (—4,4)) and the rectangle
$k((2,3) x (=4, 4)).

We remark that spine(2) = B(—1/2, 1/2) U B(5/2, 1/2) and core(£2) is the circularization
Qg of R = Ry URy. The planar open sets spineg . (£2) and corerg. (€2) are portrayed in Fig. 4.

It is an open question whether an interesting theory of slice regular functions on such a
large class of domains is also available in several quaternionic variables. Indeed, the theory
developed in [18] is restricted to (the multidimensional analogs of) symmetric slice domains
and product domains. A positive answer to this open question may widen the class of quater-
nionic manifolds to which the direct approach of [13], based on the use of slice regular
functions in several quaternionic variables, can be applied.

6.2 Hinged domains

We now prove that the class of hinged domains strictly includes the class of simple slice
domains defined in [10]. We rephrase the definition of simple slice domain according to the
present setup, as follows.

Definition 6.4 A slice domain Q@ C H is called simple if, for all distinct J, K € S, the
intersection d)J_l (Q7)nN ¢1}1 (R2%) is connected.

Before proving the announced inclusion, we propose a new notion valid for speared
domains €2, which is weaker than the property of being simple in the special case when €2 is
a slice domain.

Definition 6.5 Let 2 C H be a speared domain. Then 2 is spear-simple if, for all distinct
J, K €S, every connected component of the intersection q);] (QJZ) N d),;l (QIZ() intersects

the real axis.
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We are now ready for the announced result.

Proposition 6.6 1. Every simple slice domain is spear-simple.
2. Every spear-simple domain is a hinged domain.

Proof Let Q C H be a speared domain.

1. First assume €2 to be a simple slice domain. In particular, 2 N R # . Moreover, for all
distinct J, K € S, the intersection d);l (Q7)nN ¢E1 (R2%) is connected. Since

A:=¢71Q7) N QD) = (¢71(Q7) N e (QF) U(QNR),

is included in the closure of ¢J_1 (Q7)N ¢I_<1 (R2%) in R, it follows that A is connected.
Moreover, A intersects the real axis. As a consequence, 2 is spear-simple.

2. Now assume €2 to be spear-simple and let us prove that 2 is a hinged domain, i.e., that for
all , B € R with 8 > 0 and for every two points x = « + BJ, y = o + BK belonging
to the intersection between the sphere S := o + BS and €2, the equivalence x ~ y holds.
This is clearly true when J = K, i.e., x = y. Now consider the case when J # K: the
connected component ¢;1 (Q?) N ¢E1 (QI%) that includes « + S intersects the real axis at
some point «’. In particular, there exists a path from « + 81 to o’ in </>J_1 (Q?) N q);] (Q,%).
Thus: (v, ) shadows (x, o’); the point y is strongly hinged to the point x; and x ~ y, as
desired.

[m}

Examples 6.7 1t has been proven in [9, Proposition 2.18] that every open subset of H that
is starlike with respect to a real point is a simple slice domain, whence a spear-simple and
hinged domain.

In the forthcoming Examples 6.10 we will exhibit a family of examples of hinged domains
that are not simple slice domains. Examples 6.11 will present a subfamily comprising spear-
simple domains that are not simple slice domains. Examples 6.12 will provide one example
of hinged domain that is not spear-simple.

An example of speared domain which is not a hinged domain can be found in [4, Pages 4—
5]: in that work, the authors present an example of slice domain where the Global Extension
Theorem does not hold. To see explicitly that that specific slice domain is not simple (nor
spear-simple), see [9, Example 4.4]. Another related article is [5].

It is useful to describe two more classes of speared domains, distinct from the class of
spear-simple domains, both included in the class of hinged domains.

Definition 6.8 Let U be an open subset of H. We say that U is S-connected if, for each
x € U, the intersection S, N U is connected. We say that U has a main sail if there exists
Jo € S such that qﬁj_l (UJ}) - ¢J—01 (Ui) for all J € S; if this is the case, then U?O is called a
main sail for U.

Proposition 6.9 1. Every S-connected speared domain is a hinged domain.
2. Every speared domain having a main sail is a hinged domain.

Proof Let Q C H be a speared domain.

1. Assume 2 to be S-connected. Take any x € Q: since Sy N R is connected, there is a
simple step from x to any y € S, N €2, whence x ~ y. As a consequence, 2 is a hinged
domain, as desired.
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2. Assume £2 to have a main sail Qi We claim that, for all &, 8 € R with 8 > 0 and for
every J such that the point x = o 4 BJ belongs to 2, the point xg = « + BJj is strongly
hinged to x, whence x ~ x¢. Now, for each point y = o + SK belonging to €2 it holds
y ~ xo and x ~ xo, whence y ~ x by symmetry and transitivity. Thus, €2 is a hinged
domain, as desired.

We are left with proving our claim. Since €2 is a speared domain, the connected component
of Q? that includes x also includes a real point «’. Take any path within qu_I (QJ}) from
a + Bi to o'. Since (i);l(Q?) - d);ol(Q?o), the support of the path is also included in

¢J_o] (Qi). Thus, (x, «’) shadows (xg, a’) and xg is strongly hinged to x in €2, as claimed.

[m}

We are now ready for the announced examples of hinged domains that are not simple slice
domains.

Examples 6.10 Each speared domain 2 constructed in Examples 6.3 is a hinged domain

because it has a main sail: namely, its C-shaped half-slice Qi = ¢,(C). We have already
proven that it is not a slice domain.

By carefully choosing the lower semicontinuous width functions wy, wp : [—1,1] —
[0, 2] used in the construction of 2 in Examples 6.3, we can illustrate all classes of domains
defined in the present subsection with examples (not belonging to the class of simple slice
domains). Eventually, our examples will show that each class is distinct from all others.

Examples 6.11 Consider again the (non simple) speared domain £ constructed in Exam-
ples 6.3. Assume w; and w; to coincide throughout [—1, 1]. Then, for each choice of distinct
J=x1i +x2j +x3k, K = y1i +y2j + y3k €S, it holds

_ > — >
0,1 (Q7) N ¢ (QF) = Dy N Dy, € (Dyy, Dy, ).

Since (both for r = x3 and for r = y3) every connected component of D, includes the real
interval (—1, 0) or the real interval (2, 3), we conclude that L is spear-simple.
For instance, let us pick the width functions

4r +4 it rel[-1,—-1/2]
—4r if re[—1/2,0]

4r if rel0,1/2] ’
—4r+4 if r e[1/2,1]

wa(r) :=wy(r) forall re[-1,1],

wi(r) =

portrayed in Fig. 5: they are continuous, vanish at 1 and have sum greater than 2 exactly in
(=3/4,—1/4) U (1/4, 3/4) (corresponding to the dashed part of the figure). Let us denote
the resulting © as Q'. By our previous discussion, ' is spear-simple. Additionally, Q' is
not S-connected because the intersection (1 + %S) N Q! has two connected components.
These can be visualized cutting Fig. 5 with a horizontal line at level 1 = Re (1 + %l) and are

{(147/2(x1i 4+ x2] + x3K) | x1i + x2j + x3k € S, x3 € (=3/4, —1/4)},
{14 7/2(x1i 4+ x2j + x3k) | x1i +x2) + x3k €S, x3 € (1/4,3/4)}.
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Fig.5 The width functions of Q!

Examples 6.12 Consider again the speared domain €2 constructed in Examples 6.3. Assume
wi, w to be concave and assume there exists 71 € (—1, 1) such that max|_1 1) ws = wy(r1)
fors = 1, 2. We claim that, for each @ € [0, 2], the union of the superlevel sets wfl (a, 2])
and w, 1((2 — «a, 2]) is an open subinterval of [—1, 1]. Indeed: the concavity assumption
guarantees that the superlevel sets wl_1 ((a, 2]) and wy ! ((2 — @, 2]) are open subintervals of
[—1, 1]; the assumption on the maximum guarantees that, if wl_1 ((ar, 2]) is not empty, then
itincludes ry because w1 (r1) = max[—1,1j w1 > « and that, if wz_] ((2 — &, 2]) is not empty,
then it includes r; because wo(r1) = max[—1 jjwz > 2 — .

Let us prove that 2 is S-connected by fixing o + 1 € C and arguing that the intersection
between the sphere S := « + S and L is connected. This is obviously true if « + B1 € R,

since in such a case S is entirely included in Q. We therefore assume o + Bt € [0, 2] x (3, 4).
In such a case, we see that

SNQ={a+ Bx1i +x2j +x3k) | x1i +x2j +x3k € S, wi(x3) > o or wp(x3) > 2 — «}

is connected, as an immediate consequence of the fact that wl_l (o, 2]) U wz_] (2—a,2])is
an open subinterval of [—1, 1].
For instance, the width functions

2r+2 if re[—1,—-1/5]
wi(r) =1 8/5 if re[—1/5,3/5] ,
—4r+4 if r €[3/5,1]

wy(r) ;= wy(—r) forall r e[-1,1],
portrayed in Fig.6, are continuous and concave; they both vanish at +1 and take their
maximum value 8/5 at 0; they have sum w; + w greater than 2 exactly in (—2/3, 2/3)

(corresponding to the dashed part of the figure). Let us denote the resulting € as 2. By our
previous discussion, Qz is S-connected. However, Qz is not spear-simple. For instance, if
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\ 2/5 /
[ _
|| | | ||
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-1 -2/3 -3/5 -15 0 1/5 3/5 2/3 1 r
Fig.6 The width functions of £2
1 1 — . .
we set J = 7 Jj+ ﬁk and K : J, then the intersection

a=0;' (@)7) nox' (@)7)

has a connected component that does not meet the real axis. This fact is visible in Fig.7 and
can be proven by direct computation, as follows. We compute

wi(1/v2) =4-2v2, wi(-1/v2)=2-V2,
2—wr(1/v/2) =2 —wi(~1/v/2) = V2,
2—wy(—=1/V2) =2 —wi(1/¥/2) =2v2 - 2.

Since2—+/2 < 24/2—2 < 4—24/2 < /2, the intersection A is the union between R = R; U
R, therectangle B; := (—1, 2 — «/i) x (3, 4), the rectangle By := (2\@ —2,4— Zﬁ) X

(3, 4) and the rectangle B; := (\[2, 3) % (3, 4). We remark that By is a connected component

of the intersection A that does not intersect the real axis, as claimed; the other two connected
components being the I"-shaped figures Ry U By and R, U By.

Examples 6.13 Let us choose the width functions w;(r) := 2 — 2|r| =: wa(r) (for r €
[—1, 1]), portrayed in Fig.8, and denote the resulting speared domain 2 as Q°. We remark
that wy, wy are coinciding, continuous and concave functions on [—1, 1], vanishing at £1
and taking their maximum value 2 at 0. Their sum w; + wy is greater than 2 exactly in
(—1/2,1/2) (corresponding to the dashed part of the figure). Based on the discussions in
Examples 6.10, 6.11 and 6.12, the domain QO is spear-simple and S-connected; moreover, it
has a main sail.

In the next example, we adopt the customary notation ., ») for the characteristic function
of the interval (a, b).
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Fig.8 The width functions of ol
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Fig.9 The width functions of £3

-1 -84 12 -1/4 0 1/4 12 3/4 1

Examples 6.14 According to Examples 6.3 and 6.10, we construct a hinged domain 3 with
a main sail, picking the width functions

3

3
W1 i= = X(=3/4.-1/2) F = X(— ,
1= S X341 F S X144

3 3
wy = S X1/41/4) + 5 X1/2.3/4) >

portrayed in Fig.9. By direct inspection, wy, wy are lower semicontinuous, zero at 1 and
fulfill the inequality w| + wy > 2 exactly in the interval (—1/4, 1/4) (corresponding to the
dashed part of the figure). We claim that Q3 is not spear-simple nor S-connected.

To prove our first claim, we remark that, for all r € (—3/4, —1/2), the set D, is the union
between the I'-shaped figure I'y = R1 U ((—1, 3/2) x (3, 4)) and the rectangle R»; while for
allr € (1/2,3/4), the set D, is the union between the rectangle R and the I'-shaped figure
Iy = Ry U ((1/2,3) x (3,4)). Since —v/2/2 € (—3/4, —1/2) and v/2/2 € (1/2,3/4), if
we set J_ = \[Z/Zj —2/2k and Jy. := \[2/21' + +/2/2k, then we get

¢ (@97 ) el ((2)7) = RiU((1/2.3/2) x B.4) U Ry,

where the second connected component (1/2, 3/2) x (3, 4) does not meet the real axis. The
previous equality can be visualized cutting Fig.9 along the vertical lines r = —+/2/2 and
r = +/2/2 and observing that the common shade of the two cuts corresponds to the interval
from level 1/2 to level 3/2.

To prove our second claim, we consider the sphere S := 1 + %S. Its intersection with 3
has three connected components. These components can be visualized cutting Fig.9 with a
horizontal line at level 1 = Re (1 + %z) and are

{1+7/2(x1i +x2j + x3k) | x11 + x2j + x3k € S, x3 € (=3/4, —1/2)},
{147/2(x1i + x2j + x3k) | x11 +x2j + x3k € S, x3 € (—1/4,1/4)},
{1+7/2(x1i +x2j + x3k) | x1i + x2] +x3k €S,x3 € (1/2,3/4)}.

Our claim is thus proven.
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The next remark suggests simple ways to construct further examples of speared domains
that are S-connected domains or have a main sail.

Remark 6.15 Let U be a symmetric open subset of H, let H be a closed subset of H, let
Q := U\ H and assume €2 to be a speared domain.

1. If H is a closed half-space, a closed ball, or the complement of an open ball in H, then
is S-connected.
2. If there exists Jy € S such that H N (CJ>0 = (), then Q has Q?O as a main sail.

In both cases, €2 is a hinged domain.

For each class we introduced thus far in the present section, we have only made use of
simple steps when proving it was included in the class of hinged domains. The next result
allows to build new examples using double steps, too.

Definition 6.16 Let Q2 be a hinged domain. Consider a family {U} },ca of open subsets of H
with the following properties:

1. forall A € A, the set U, is S-connected and has a main sail (U,\)i;

2. there exists an open subset D’ of R¢ such that (Uk)i = ¢, (D) forall » € A;

3. there exists a set D, which intersects every connected component of D’, such that Qi D
¢y, (D) forall A € A;
4. Qpn p does not intersect €2.

In such a case, we say that the union
Q=qul U,
AEA
is obtained from Q by adding identical sails. If A is a singleton, we also say that Q' is

obtained from Q by adding a sail.

Remark 6.17 1In the situation described in Definition 6.16, the inclusion
Q\Q C Qp

holds. This follows from the inclusion U, C Qpy valid for each A € A, which, in turn, is a
consequence of the chain of inclusions

;' (0n7) <o (Wn7) =0
valid for all J € S.

Proposition 6.18 Let Q@ C H be a hinged domain. If Q' is a speared domain obtained from
Q by adding identical sails, then Q' is a hinged domain.

Proof We adopt the notations of Definition 6.16 and assume, additionally, Q' to be a speared
domain. We have to prove that, for all «, 8 € R with § > 0 and for every two points
x =a+ BJ,y = a + BK belonging to the intersection between the sphere S := o + S
and €/, it holds x ~ y. This is obviously true if x, y € 2, because 2 is a hinged domain by
hypothesis. We therefore assume that at least one among x, y does not belong to €2, without
loss of generality x. In particular, there exists A € A such that x € U, \ . For future use, we
define x; := o+ BJ,: since U, is S-connected, the points x, x; € SN U, must belong to the
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same connected component of S N Q’, whence x ~ x; in €'. Since x € Q'\, Remark 6.17
implies that x € Qp, whence o + Bi1 € D’. If, moreover, « + B € D, then

xo=a+ Bl € (D) S Q] CQ.
We separate two cases:

e Suppose y € Q2. Since Qpn p does not intersect €2, it follows that o« + 81 € D. Thus, the
point x; belongs to 2. Since 2 is a hinged domain, it follows that x; ~ y in €2, whence
in €'. Since we already established that x ~ x; in €', it follows that x ~ y in &/, as
desired.

e Suppose y ¢ £, so that there exists u € A with y € U, \Q. If we set y, :=a + BJ,,

then, reasoning as before, we find that y,, ~ y in Q. We claim that x; ~ y,, in Q'. The
chain of equivalences x ~ x; ~ y, ~ y in Q' yields the thesis.
We prove our claim as follows. If & + 81 € D, then x, y,, € 2, whence x; ~ y, in
Q and in €/, as claimed. Now assume « + 81 € D\ D: the connected component of D’
including the point o + B intersects D at some point o’ + Bt # o + Bi: we can thus
pick a path in D’ from « + B1 to &’ + B'1. The points

>
xi = C(/-I-,B/.])\ € quA(D) - QJ/A,

>
yyi=a +pJ, €, (D) C Q7

both belong to the hinged domain 2. Thus, x/’\ ~ yl/L in 2, i.e., there exists a chain { pg }L;ll
from x; to y, in @ € Q'. Now, consider again the path we have picked in D’: since
1, (D) S ()7 . ¢1,(D) € (Q/)i, it follows that (y,., y},) shadows (x;., x}) in €.
Thus, if we set po := x; and p; := y,,, then {ps}ézo is a chain from x; to y, in Q' with
a double step at (0, # — 1). It follows that x; ~ y,, as claimed.

[m}

We can now provide examples of hinged domains that do not have a main sail. We do so
by adding identical sails to previously constructed examples.

Examples 6.19 Each speared domain @ constructed in Examples 6.3 is a hinged domain
because it has a main sail, as proven in Examples 6.10. We additionally assume we can
pick p such that wi(r) + w2(r) < 2 when r > p (this is always the case if w; + w;y is
continuous, since wi (1) + wy(1) = 0). We let D’ denote the the rectangle (2,4) x (3, 4)
which is portrayed in black in Fig. 10 and contains the square D := (2,3) x (3,4) C R»
(dotted, in black and red). We set

. /
Uy = U briitrj+ask (D)
X1i+x2j+x3k€ES, x3>p
and make the following remarks.

e The union ' := QU U, is still a speared domain and is obtained from Q by adding a

sail. Indeed, U, is an S-connected open subset of H with a main sail (U, p)f = ¢p (D).
Moreover, ¢ (D) € Q;; actually, Qp C K. Finally, the circularization Qpn p of D'\D
(which is the part of D’ to the right of the red dotted line) does not intersect £2.

e By Proposition 6.18, the speared domain £’ is a hinged domain.
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Fig. 10 The planar domain 3
D, U D’ of Example 6.19
r, r, D’
4
3
R, R,
: = —
-1 0 w1(r) 2-w2(r) 2 3 4

e There exists no J = xyi + x2j + x3k € S such that (Q’)? is a main sail for . If such a
main sail existed, it would have to include both a copy ¢ (D’) of the added sail and the
C-shaped figure ¢; (C). The former inclusion would imply x3 > p; the latter inclusion
would imply wq(x3) + wa(x3) > 2; this would contradict our construction.

e The hinged domain ' is spear-simple if, and only if, Q is. Indeed, take any distinct
J = x1i +x2j +x3k, K = y1i +y2j + y3k € S.If x3 < p or y3 < p, then the
intersections

-1 > -1 >
A=¢,(Q)7)nex (Q)%)-
B:=0;'((@)7) nox ((@)F)

coincide. Only when x3, y3 > p: one of the connected components of A, namely the
I'-shaped component including R> and intersecting the real axis in the interval (2, 3),
changes into a larger T-shaped component of B including R, U D/, still intersecting the
real axis in (2, 3); each further connected component of A equals one of the remaining
connected components of B.

e The hinged domain Q' is S-connected if, and only if, Q is. Indeed, for every sphere
S := a + BS intersecting U),: either S C Qp C £ C '; or S is contained in Qpn\p»
which does not intersect £2, whence S N Q' = S N U, (which is connected).

In particular, if we consider the spear-simple domain Q0 constructed in Example 6.13 (which
was S-connected) and we set (%) := QO U U, /2, then (2% is an example of spear-simple
domain that is S-connected but has no main sail. If we consider the spear-simple domain '
constructed in Example 6.11 (which was not S-connected) and we set QY =Q'uus /45
then (')’ is an example of spear-simple domain that is not S-connected nor has a main sail.
If we consider the S-connected speared domain 2 constructed in Example 6.12 (which was
not spear-simple) and we set (€Y =Q2UU, /3, then (£2) is an example of S-connected
speared domain that is not spear-simple nor has a main sail.

In our last example of hinged domain, double steps are necessary. In particular, the hinged
domain we construct has no main sail and is not spear-simple nor S-connected.
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B e/
5 D/ 6 D/
L] [ ]
1+45i 1+5i
T, r
| 2 ) 2
3 3
R, Ry=T, R,=T R,
f f t t
B ol 12 3p 2 3 ¢ 4 o 12 3e2 3 “

Fig. 11 The planar domains Dy, U D’ and Dyé U D’ of Example 6.20, with y3 € (—3/4, —1/2) and for
vy € (1/2,3/4)

Examples 6.20 Consider again the speared domain 3 with a main sail constructed in Exam-
ple 6.14. Let D’ denote the rectangle (1/2, 3/2) x (3, 6), which is portrayed twice, in black,
in Fig. 11 and contains the square D := (1/2,3/2) x (3, 4) (dotted). Set

U_ = U ¢x1i+x2j+x3k(D/) 5
x1i+x j+x3keS,
x3€(=3/4,~1/2)
Uy = U Duxyitxsj+ask (D).
x1i+x2 j+x3keS,
x3€(1/2,3/4)
We recall that we have set J_ := ﬁ/Zj - ﬁ/Zk and J; = ﬁ/2j + ﬁ/Zk and make
the following remarks.

e The union (23) := Q3UU_ U Uy is still a speared domain and is obtained from Q3
by adding identical sails. Indeed, U is an S-connected open subset of H. The half slice

(Ui)i = ¢,.(D’) is a main sail for Uy. The equality wi(—~/2/2) = 3/2 implies that
¢s_(D) € ¢;_(D_p5,,) = (Q3)i, while the equality 2 — w(+/2/2) = 1/2 implies
that ¢y, (D) C ¢y, (Dﬁﬂ) = (Q3)J>+. Moreover, the circularization 2pnp of D'\D
(which is the part of D’ above the colored dotted line) does not intersect Q3.

e By Proposition 6.18, the speared domain (%) isa hinged domain.

e We can exhibit two hinged points in (3, namely 1 +5J/_ e U_and 1 +5J4 € Uy,
such that every chain connecting them must include a double step. This is because the
intersection of the sphere S := 1 + 5S with (£23) has two connected components,
namely S N U_ and S N Uy and because every chain comprising only simple steps
must be entirely contained in either component. Indeed, there can only be a simple step
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between two points belonging to separate connected components if these two points are
strongly hinged, but we can show that this is impossible in our case. If 1 +5J € SNU_,
then J = y1i 4+ y2j + y3k € S with y3 € (—3/4, —1/2), whence

¢, (@))7) =Dy, UD' =T1UD UR;
(see the left part of Fig. 11). If 1 +5J' € SN Uy, then J' = yji + y5j + y3k € S with
y; € (1/2,3/4), whence
$;1((@)7) =Dy UD' =R UD'UT,
(see the right part of Fig. 11). Within the intersection
¢, ((@))7)N 67 ((@))7) = RiUD URy,

the connected component of 1 + 51 is D’, which does not meet the real axis. Our claim
that 1 +5J’ cannot be strongly hinged to 1+ 5J now follows from part 2. of Lemma 5.4.

e As aconsequence of the previous discussion, (£3)' is not spear-simple nor S-connected
and does not have a main sail.

We are in a position to provide explicit examples of chains of length ¢ > 1.

Examples 6.21 Let J := ﬁ/Z j+ \/§/2k and let us construct a chain connecting 1 — 5J to
1+5J in (23)". Since V2/2 € (1)2,3/4), we already know that these two points cannot be
connected by a simple step. If we set

xo:=1=5J, x1:=1=7/2J, xo0:=14+7/2j, x3:=1+7/2J, x4:=1+5J,

then {x; };‘ZO is a chain of length 4 connecting xg to x4 in (£23)’ (portrayed in Fig. 12). Indeed:
there is a simple step at 1 because there is a path from 1 4+ 7/2: to —1/2in E=7+/ c Rg;
there is a simple step at 2 because there is a path from 1 + 7/2: to 5/2 in E/*/ c Rc; and
there is a double step at (0, 3) because the line segment from 1 4 51 to 1 + 7/21 is entirely
contained in E~7// C Re.

1-.5J 1+5J

: .

1 1

1 1
rt-=4$ - i 2 - —, - -,
c 1172 7 T 14724 !
1 1 1
: 1 1 1
@y oy | @) |
1 3/-J 1 3’j | 3J |
: : : :
1 1 1 1
-1/2 -1/2 5/2 5/2

Fig. 12 Within (£23)': there is a simple step from x| = 1 —7/2J to xp = 1 4+ 7/2j because they are strongly
hinged, as shown by the dashed blue paths; there is a simple step from xp = 1 +7/2jtox3 =1+ 7/2J
because they are strongly hinged, as shown by the dashed red paths; while the dashed black segments from
xg=1-5Jtox; =1-7/2J and fromx3 =1+ 7/2J to x4 = 1 + 5J correspond to a double step
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Table 1 Properties of the examples of speared domains constructed in the present subsection

Spear-simple S-connected With a main sail Hinged domain
foll v v v v
Q! v x v v
Q? x v v v
Q3 X X v v
@y v v x v
@'y v x x v
>’ x v x v
Q3 X X X v

We remark that {x; }t3=1 is a chain of length 2 connecting x1 to x3 in 25 C (£23)". Moreover,
the points x; = 1 —7/2J and x3 = 1 + 7/2J cannot be connected by a chain of length 1 in
(€£23)" D €25 because: they belong to distinct connected components of (1 + 7/2S) N (253)';
they are not strongly hinged because the point 1 4 7/2: belongs to the connected component
D’ of E=7+/ ¢ Re, which has D' N R = ¢.

We conclude with Table 1, which recaps the properties of the speared domains Q° and
(Q%) fors =0,1,2,3.
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