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UNBOUNDED VISIBILITY DOMAINS, THE END
COMPACTIFICATION, AND APPLICATIONS

GAUTAM BHARALI AND ANDREW ZIMMER

ABSTRACT. In this paper we study when the Kobayashi distance on a Koba-
yashi hyperbolic domain has certain visibility properties, with a focus on un-
bounded domains. “Visibility” in this context is reminiscent of visibility, seen
in negatively curved Riemannian manifolds, in the sense of Eberlein—O’Neill.
However, we do not assume that the domains studied are Cauchy-complete
with respect to the Kobayashi distance, as this is hard to establish for do-
mains in C%, d > 2. We study the various ways in which this property con-
trols the boundary behavior of holomorphic maps. Among these results is
a Carathéodory-type extension theorem for biholomorphisms between planar
domains—notably: between infinitely-connected domains. We also explore
connections between our visibility property and Gromov hyperbolicity of the
Kobayashi distance.

1. INTRODUCTION

In this paper we study when the Kobayashi distance on a domain has a certain
visibility property, how this property controls the boundary behavior of holomor-
phic maps, and connections between the visibility property and Gromov hyperbol-
icity of the Kobayashi distance. Informally speaking, the visibility property states
that geodesics joining two distinct points on the boundary must bend into the do-
main (as in the Poincaré disk model of the hyperbolic plane). This property has
been used extensively, e.g. [CHLS8|[Mer93|[Kar05], and has been systematically
investigated in a number of recent papers, e.g. [BZ17|[BM21|[CMS21|[BNT22].

In earlier work [BZ17], we had introduced a new class of domains, the Goldilocks
domains, proved that they have the visibility property, and then used this property
to understand the behavior of holomorphic maps. In a part of this paper, we extend
those ideas to unbounded domains.

We now introduce the definitions needed to state our main results. In particular,
we need to recall the definition of the Goldilocks condition and to precisely define
the curves and the notion of boundaries used to define the visibility property.

Given a domain Q C C% let kg : Q x C¢ — [0,00) denote the infinitesimal
Kobayashi pseudo-metric, and let Kq : © x Q@ — [0,00) denote the Kobayashi
pseudo-distance. We say that € is Kobayashi hyperbolic if K¢ is an actual distance.
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If the metric space (2, Kq) is Cauchy-complete (for brevity: Q is complete
Kobayashi hyperbolic) then any two points in 2 are joined by a geodesic (i.e., a
curve o : [ — Q, where [ is an interval, that satisfies Kq(o(t),o(s)) = |t — s| for all
s,t € I). However, when d > 2 it is a very difficult problem to determine if a given
domain is complete Kobayashi hyperbolic (even in the pseudoconvex case). There-
fore, the domains studied in this paper are not assumed to be complete Kobayashi
hyperbolic. Hence, we need to consider a more general class of curves instead of
geodesics.

Let Q ¢ C¢ be a domain. For A > 1 and x > 0, a map o : I — Q of an interval
I C R is called a (A, k)-almost-geodesic if

e M|t —s| -k < Kq(o(t),o(s)) < At —s| +x for all s,¢ € I, and
e o is absolutely continuous (as a map I — C%, whereby o/(t) exists for
almost every t € I) and kq(o(t);0’(t)) < X for almost every ¢ € I.

These curves are relevant for the following reason: if € is Kobayashi hyperbolic,
then for any x > 0, every two points in 2 are joined by a (1, k)-almost-geodesic—see
Proposition [5.3] below.

. . —End . . _
Given a domain Q C C?, let Q0 "® denote the end compactification of 2. We

shall write 90" " = 9" \ Q2. The reader is referred to Section[4] for the definition

of the end compactification. With these notions, we can now formally define the
visibility property alluded to above.

Definition 1.1. Let Q ¢ C? be a domain (which is not necessarily bounded). We
say that Q is a visibility domain with respect to the Kobayashi distance (or simply
a visibility domain) if Q is Kobayashi hyperbolic and has the following property:

(x) EA>1,k>0,&n€ 8§End are distinct points, and V¢, V;, are ﬁEnd—open
neighborhoods of £, 7, respectively, whose closures in ﬁEnd are disjoint, then
there exists a compact set K C  such that for any (A, x)-almost-geodesic
0:10,T] = Q with 0(0) € Ve and o(T') € V,,, 0([0,T]) N K # 0.

For Q as above, we say that Q is a weak visibility domain if the property (x) holds
true only for A = 1.

Observe that a visibility domain in the above sense is a weak visibility domain.
Before we turn to more concrete matters, it might be useful to address the following
question: what is the significance of having two notions of visibility? Functionally,
visibility may be seen as a tool for controlling the oscillation of a map f: D — €,
if f maps into a (weak) visibility domain, along any sequence (z,),>1 C D as z,
approaches a point in Do Provided D has reasonably well-behaved geodesics (in
a sense that can be made precise), this control facilitates the continuous extension

—FEnd —End . . .
of f to a map between D "“and Q. From this perspective, loosely speaking;:

e weak visibility with respect to K¢ is the property that enables continuous
extension, as described above, for isometries with respect to Kp and Kgq,
e visibility with respect to Kq is the property that enables continuous exten-
sion, as described above, for continuous quasi-isometries with respect to

Kp and Kgq.
Gromov hyperbolicity is another framework in which the above extension phe-
nomena are obtained: e.g., see | BB0Ol Section 6]. It turns out that there is a natural
relationship between weak visibility and Gromov hyperbolicity of the Kobayashi
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UNBOUNDED VISIBILITY DOMAINS 5951

distance, which we shall investigate and present an application thereof. On the
theme of the last paragraph: we shall establish a rather general result on the home-

omorphic extension between ﬁ?nd and ﬁf nd of biholomorphisms between planar
domains €27 and €5, the Poincaré distances on which need not be Gromov hyper-
bolic. Its proof relies crucially on visibility in the sense of Definition [I.1] In fact,
a portion of this paper is devoted to planar domains, Gromov hyperbolicity of the
Poincaré distance (or the failure thereof) on these domains, etc.

1.1. The local Goldilocks property. Given the above discussion, it would be
useful to have sufficient conditions for a domain to be a visibility domain. The
Goldilocks property referred to above is sufficient for a bounded domain to be a
visibility domain. We begin with notation needed to extend these ideas to un-
bounded domains. Let Q c C¢ be a domain. Given a subset U C 2, we define

Mqu(r) = sup{ 12 € QNU,dguc(z,00) < r|lv|| = 1}

1
kQ(Z; U)

to measure the growth of the Kobayashi pseudo-metric as one approaches 02
through Q@ NU. In [BZ17], we used the asymptotic behavior of the Kobayashi
distance and metric to define the following class of domains (in what follows, we
will abbreviate dgyc(z,0Q) as dq(z)).

Definition 1.2. A bounded domain Q C C% is a Goldilocks domain if
(1) for some (hence any) € > 0 we have
‘1
—Mqq (r)dr < oo,

o T

(2) for each zp € § there exist constants C, « > 0 such that

1
Kaq(z0,2) < C+ alog 500

for all z € Q.

The second condition can be viewed as a type of regularity condition on the
boundary and holds, for instance, if 9 is C®!-smooth (which can be inferred from
[BZ17 Lemma 2.3]). The first condition can be viewed as a uniform obstruction
to analytic varieties in the boundary: for instance if 02 is reasonably regular and
there exists a non-constant holomorphic map D — 02, then one can show that
liminf,~ o Mo.o(r) > 0 and hence the first condition fails. Here, for 02 to be
“reasonably regular”, it suffices for Q to be a C’-domain (see Definition [I:8) and
the last observation follows, essentially, from the argument at the beginning of the
proof of Theorem [[.12]and from the estimate (10.4).

To study the visibility property in unbounded domains, we shall use the fol-
lowing localized version of the Goldilocks conditions. This idea was introduced
in |[CMS21|, although the domains considered in [CMS21| in this context are still
bounded domains. When considering unbounded domains, certain fundamental dif-
ficulties arise, which must be managed when proving the main result of this section
(also see Remark [L.5).
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5952 GAUTAM BHARALI AND ANDREW ZIMMER

Definition 1.3. Let © C C¢ be a domain. A boundary point z € 9 is a local
Goldilocks point if there exists a neighborhood U of x in ) such that

(1) for some (hence any) € > 0 we have
‘1
/ —Mq.y (r)dr < oo,
o T

(2) for each zy € 2 there exist constants C, « > 0 (which depend on zy and U)
such that

1
Kq(z0,2) < C+ alog 500D

forall ze QNU.

Let 01562 C 99 denote the set of local Goldilocks points. We say that Q is locally a
Goldilocks domain if 01,2 = 09Q.

With these definitions, we are ready to state the main result of this section.

Theorem 1.4. Let Q C C? be a Kobayashi hyperbolic domain. Suppose the set
00N\ 012 is totally disconnected. Then, Q is a visibility domain with respect to the
Kobayashi distance.

Remark 1.5. Theorem[T4lis similar in spirit to \CMS21} Theorem 1.9], which states
that if a local property similar to that in Definition [I.3]holds around points outside
a sufficiently small set S & 0€, then Q is a visibility domain. That said:

(1) Only bounded domains are considered in [CMS21| Theorem 1.9]. Moreover,
the above-mentioned S is such that the case when 90\ 05 is, say, a Cantor
set in 9 is not covered by |[CMS21, Theorem 1.9].

(2) The “local property similar to...” that was alluded to is a localized version
of a condition introduced in [BM21]. The conclusion of Theorem [[-4] can be
deduced with the latter property replacing our condition determining the
set OiQ). However, since new challenges arise in proving Theorem when
Q) is unbounded, we have opted for a hypothesis wherein the ideas used in
the proof are the clearest rather than for the most general statement.

Given a domain Q c C¢, IBZ17| Section 2] presents a variety of geometric
conditions that 9 can satisfy (locally) around a point x € 99 for = to be a local
Goldilocks point. Here, we present a range of new examples of locally Goldilocks
domains in Section[2]

1.2. Applications to (quasi-)isometric maps. The next couple of results sub-
stantiate the discussion above on the functional significance of the visibility prop-
erty. So, these results pertain to continuous—or even better—extension of different
types of maps into a visibility domain. Deferring the definition of “well-behaved
geodesics” to Section[7] below, we state the first of our extension theorems.

Theorem 1.6. Suppose Q1 C C4, Qy € C are domains where
(1) Qy has well-behaved geodesics,
(2) Qg is a visibility domain.
If f: Q1 — Qg is a continuous quasi-isometric embedding relative to the Kobayashi

. ‘ —End _ —=End
distances on 1y and Qa, then f extends to a continuous map " Q, "
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UNBOUNDED VISIBILITY DOMAINS 5953

Remark 1.7. We should point out here that in Theorem [L.6] €2; is complete Koba-
yashi hyperbolic. This is a part of the condition that 1 has well-behaved geodesics.

To state our next result, we need a definition.

Definition 1.8. Let Q C C% be a domain. We say that Q is a Lipschitz do-
main (resp., a C° domain) if for every x € 99, there are a neighborhood U,
of x, a unitary change of coordinates centered at x, and a Lipschitz function
(resp., continuous function) ¢, on some open neighborhood of 0 in C xR
such that, if w = (wy,...,w,) denotes these centered coordinates and W, 3> 0
the range of this chart, then U, N € relative to these coordinates is given by
{(wy,...,wy) € Wyt Im(wy,) > @z (w1, ..., wy_1, Re(wy,))}.

Remark 1.9. A domain Q G C?% such that 99 is an embedded Lipschitz submanifold
of R?*? is not necessarily a Lipschitz domain. However, the latter terminology
is standard (with the unitary changes of coordinates mentioned in Definition
replaced by orthogonal changes of coordinates in the case of domains in RN, N > 2).
Such domains have many pleasant properties and have been studied extensively
(see, e.g., [Ada75] and the references therein). Similarly, a domain Q ¢ C% such
that 9 is an embedded topological submanifold of R?? is not necessarily a C°
domain. The latter statement and the first sentence of this remark are a part of
|Gri85| Theorem 1.2.1.5] (with the understanding that our domains are subsets of
C? and that the local changes of coordinates mentioned in Definition[1.8|replace the
orthogonal changes of coordinates that are a part of the definitions in |Gri85]). An
example of a domain Q) & C whose boundary is an embedded Lipschitz submanifold
and such that  is not even a C° domain (and, hence, not a Lipschitz domain) is
given in [Gri85| pp. 7-9].

We are now able to state our next extension theorem. It is a part of the focus
of this paper, alluded to above, on planar domains.

Theorem 1.10. Let Q1,09 & C be Lipschitz domains. If f : Q1 — Qo is a
biholomorphism, then f extends to a homeomorphism ﬁfnd — ﬁzEnd

This result is similar in spirit to Carathéodory’s extension theorem for Riemann
mappings. The simply connected domains to which the latter is applicable can have
less regular boundaries than those of the domains in Theorem [[.T0] but observe that
Q2 and 5 need not be simply connected. In fact, note that the domains for which
Theorem holds true need not even be finitely-connected. Considerations very
different from those in the proof of Carathéodory’s extension theorem feature in
the proof of Theorem [[.I0] its proof relies crucially on visibility in the sense of
Definition [T1]

Gromov hyperbolicity is, in principle, a framework for establishing results like
Theorem [[.I0] However, it is rather easy to construct planar domains where the
Poincaré distance (which equals the Kobayashi distance) is not Gromov hyperbolic.
In particular, in Section[9]we give examples of planar domains that have C> bound-
ary on which the Poincaré distance is not Gromov hyperbolic. These examples are
locally Goldilocks domains; by Theorem [1.4] therefore, they are visibility domains
with respect to the Kobayashi distance.

1.3. Gromov hyperbolic spaces. We now turn to the relationship between Gro-
mov hyperbolicity and visibility alluded to earlier. We assume that the reader has
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5954 GAUTAM BHARALI AND ANDREW ZIMMER

some familiarity with Gromov hyperbolic metric spaces. For the present discussion,
the metric space of interest is (2, Kq), where § is Kobayashi hyperbolic and—we
reiterate—mot necessarily bounded. Since we do not assume that € is complete
Kobayashi hyperbolic, a few words are in order. In what follows, (z|w)f)2 will de-
note the Gromov product, with respect to a base-point o € Q, on (2, Kq) (see
Definition [35). Then, (2, Kq) is said to be Gromov hyperbolic if there exists a
0 > 0 such that, for any four points a,b,c,0 € Q,

(L1) min { (a]b); . (b])] } < (al©)f +0.

Loosely speaking, the above condition encodes the idea that, metrically, (2, Kq)
“approximately resembles” an R-tree.

To state the first result of this section, we need to introduce the concept of
the Gromov boundary. Every Gromov hyperbolic space (X,d) has an abstract
boundary, called the Gromov boundary and denoted by 0z X, and a topology on
(X U 0X) that compactifies X if (X,d) is a proper geodesic space. For a full
description of the set dg X, and a discussion of the topology on (X U dgX), we
refer the reader to Section[3.3] Having stated these preliminaries, we present the
following result:

Theorem 1.11. Let @ C C¢ be a Kobayashi hyperbolic domain and suppose
(Q, Kq) is Gromov hyperbolic. If the identity map idq extends to a homeomor-

phism from (QU dgf) onto ﬁEnd, then:

(1) (Q, Kq) is Cauchy-complete,
(2) Q is a weak visibility domain.

Theorem [[.11] is reminiscent of one part of a result by Bracci et al. |[BNT22
Theorem 3.3] (also see |[CMS21| Theorem 1.4] by Chandel et al.) which states that
for a bounded, complete Kobayashi hyperbolic (hence geodesic) domain Q C c?
such that (9, Kq) is Gromov hyperbolic, if idg extends to a homeomorphism from
(QU I5N) onto Q, then AN possesses a type of visibility (analogous to what dgQ
possesses; see |BH99| Lemma IITI.H-3.2] for details). It turns out that with the
assumptions just stated, one can deduce a form of weak visibility wherein the
condition () in Definition[T:I] holds true just for geodesics |[Bra22|. In contrast to
IBNT22|/CMS21]:

e We do not, in Theorem [[.IT] assume a priori that (Q, Kq) is Cauchy-
complete.

e For the latter reason—despite the interesting conclusion (I)—the natural
visibility property one would like to deduce for 2 is weak visibility (as given
by Definition [T.1)). This entails the harder task of establishing the control
described by Definition [T.1] for the relevant (1, k)-almost-geodesics for all
Kk > 0.

Establishing this control for (1, x)-almost-geodesics for all k > 0 isn’t a mere cu-
riosity. Weak visibility of  turns out to be crucial in proving the next result (refer
to the observation following Theorem [T.12]below).

With the hypothesis of Theorem [L.11} a uniform slim-triangles condition on
(Q, Kq), for triangles whose sides are (1, k)-almost-geodesics, would provide the
most intuitive argument for €2 being a weak visibility domain. To this end, for
Q) c C? Kobayashi hyperbolic and such that (Q, Kq) is Gromov hyperbolic, we
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establish a slim-triangles formulation—involving (1, x)-almost-geodesics—for the
Gromov hyperbolicity of (2, Kq). We refer the reader to Section[I0.1]for an exact
theorem that establishes this, and which might also be of independent interest.

The next result is motivated by the speculation by Balogh-Bonk |[BB00, Sec-
tion 6] that Gromov hyperbolicity of (€2, Ku) may be provable for  a smoothly-
bounded pseudoconvex domain of finite type. In [BB00|, they show that when {2 is
a bounded strongly pseudoconvex domain with C2-smooth boundary, then (Q,Kq)
is Gromov hyperbolic. The second author proved |Zim16| that if  is a bounded
convex domain with C*°-smooth boundary, then (Q, Kq) is Gromov hyperbolic if
and only if Q is of finite type. Recently, Fiacchi [Fia22] showed that if Q ¢ C? is
a bounded pseudoconvex domain with C*°-smooth boundary and is of finite type,
then (2, Kq) is Gromov hyperbolic. Attempts to extend the last result to higher
dimensions encounter considerable technical complications. Furthermore, very lit-
tle is known, beyond the main theorem in [BB00|, about the Gromov hyperbolicity
of (Q, Kq) when 09 has low regularity (however, see |Zim17| Theorem 1.6], and
see INTTal6|NTal8|[PZ18| for instances of non-Gromov-hyperbolic domains). Tt
would thus be of interest to identify obstacles to the Gromov hyperbolicity of the
Kobayashi distance. Theorem identifies such an obstacle. In what follows, we
will refer to a complex subvariety of some (typically small) open set intersecting
N as a germ of a complex variety.

Theorem 1.12. Let Q@ C C? be a Kobayashi hyperbolic C° domain. If (Q, Kq)
is Gromov hyperbolic and the identity map idq extends to a homeomorphism from

—End , i
(QU Q) onto Q "® then O does not contain any germs of complex varieties of
positive dimension.

In view of Theorem the domain Q in Theorem [[.12]is a weak visibility
domain. Its proof now follows from the fact that if 02 contained a germ of a
complex variety, then there would exist a number 7' > 0 and a sequence of (1,7)-
almost-geodesics (0,)n>1 Whose behavior violates the condition of weak visibility.

We should point out that one cannot, in general, omit the condition on the
extension of the map idg in Theorem[T.12] To see this, we refer to [Zim17] Proposi-
tion 1.9] which presents, for each d > 2, an example of a C-convex domain 2 C c?
such that (Q, Kq) is Gromov hyperbolic and 9 contains a complex affine ball
of dimension (d — 1). However, more can be said in the case of convex domains.
Gaussier—Seshadri [GS18| showed that the presence of a non-trivial holomorphic
disk in the boundary of a C*°-smoothly bounded convex domain Q c C? is an
obstruction to (2, Kq) being Gromov hyperbolic. This result was extended by the
second author to all convex domains that are Kobayashi hyperbolic without any
regularity assumptions on their boundaries [Zim16] Theorem 1.6].

1.4. Wolff-Denjoy theorems. There has long been interest in understanding
the behavior of iterates of holomorphic self-maps of domains in complex Euclidean
space. Unlike the chaotic behavior often seen in complex dynamics, iterates of
holomorphic self-maps of Kobayashi hyperbolic domains often have very simple
behavior. This is best demonstrated by the classical theorem of Wolff-Denjoy for
holomorphic self-maps of the unit disk.

Licensed to Univ of Wisconsin, Madison. Prepared on Wed Aug 30 12:20:44 EDT 2023 for download from IP 72.33.0.39.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



5956 GAUTAM BHARALI AND ANDREW ZIMMER

Result 1.13 (|Den26l|Wol26|). Suppose f : D — D is a holomorphic map then
etther:

(1) f has a fized point in D; or

(2) there exists a point & € OD such that

lim f"(z) = ¢
n—oo
for any z € D, this convergence being uniform on compact subsets of D.

The above result was extended to the unit (Euclidean) ball in C%, for all d, by
Hervé |Her63|. It was further generalized by Abate—see |[Aba88| or |[Aba89/ Chap-
ter 4]—to bounded strongly convex domains. The latter result was further general-
ized to a variety of bounded convex domains with progressively weaker assumptions
(see [AR14] and the references therein), and even to certain holomorphic self-maps
of open unit balls of reflexive Banach spaces that are reasonably “nice” (see for in-
stance [BKR13| and the references therein). The main result in [Hua94| by Huang
is one of the few results that generalize Result to a class of domains in C?
that includes domains that are non-convex: namely, to (topologically) contractible
strongly pseudoconvex domains. To put in perspective the hypothesis of Huang’s
result: in [AH92|, Abate-Heinzner constructed a bounded contractible pseudocon-
vex domain that is strongly pseudoconvex except at one boundary point and admits
a periodic automorphism having no fixed points. Wolff-Denjoy-type theorems are
also known to hold on certain metric spaces where a boundary at infinity replaces
the topological boundary; see for instance [Kar01] or [Bea97].

It is not hard to see that the dichotomy in Result [I.I3] fails in general if the
domain considered is not contractible. An appropriate dichotomy that is suited to
more general situations was introduced by Abate in [Aba9l] and, more recently, is
seen in Wolff-Denjoy-type theorems established in |BZ17| and [BM21|. But, to the
best of our knowledge, there are no versions of the above results for unbounded
domains in the literature. Using the framework of this paper, we will demonstrate
the following Wolff-Denjoy-type theorem:

Theorem 1.14. Suppose Q C C% is a taut domain. If Q is a weak visibility domain
and F : Q — € is a holomorphic self-map, then either
(1) for any z € Q, the orbit {F™(z) : n > 1} is relatively compact in Q; or
(2) there exists € € 9" such that
a, Fe) =4

for all z € Q, this convergence being uniform on compact subsets of €.

We emphasize that Theorem[T.14]does not assume that €2 is a complete Kobayashi
hyperbolic domain; it merely requires ) to be taut. For bounded domains, The-
orem was established in [BM21] using ideas from [BZ17|. In contrast, Theo-
rem [[.14] is applicable to unbounded domains that satisfy the hypothesis of Theo-
rem[L.4}-and thus to domains with very wild boundaries described in Section [2]

1.5. Frequently used notation. The following notation will recur throughout
this paper.
(1) For v € C%, |lv|| will denote the Euclidean norm of v. (Also, the phrase
unit vector will refer to any vector v € C* with ||jv| = 1.)
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(2) By(z,r) will denote the open Euclidean ball in C? with center z and radius
r. However, for simplicity of notation:
e we shall write By(z,7) as B(z,r) if d =1,
e we shall write B4(0,1) as simply By when d > 2, and
e we shall denote the open unit disk in C with center 0 (i.e., B(0, 1)) as
D.
(3) If Q is a domain in C%, z € Q, and o : [a,b] — Q is a curve, we shall
abbreviate Kq (2, o([a, b]))—i.e., the Kobayashi distance between z and the
image of c—as Kq(z,0).

2. EXAMPLES

This section is dedicated to various examples of domains that are “irregular”
in specific ways but the geometry of whose boundaries satisfy the condition in
Theorem Statements in which the latter is shown for some broad class of
domains will be labeled as propositions, while specific constructions will be labeled
as examples.

2.1. The upper bound on the Kobayashi distance. The second condition in
Definition is quite mild and is satisfied for domains whose boundaries satisfy
mild regularity conditions.

An open right circular cone with aperture € is an open subset of C? of the form

['(v,6) := {z € C*: Re[(z,v)] > cos(0/2) |||},

where v is some unit vector in C¢, 0 € (0,7), and (-, +) is the standard Hermitian
inner product on C.

Definition 2.1. Let  be a domain in C?. We say that  satisfies a local interior-
cone condition if for each R > 0 there exist constants ro > 0, § € (0,7), and a
compact subset K C € (which depend on R) such that for each z € (2\ K) N
B4(0, R), there exist a point £, € 99 and a unit vector v, such that

e z2=¢,+t-v, for some t € (0,r9), and

i (fz + F(Uza 6)) N Bd(fz'ar()) c

Using the proof of [BZ17] Lemma 2.3] or [FR87| Proposition 2.5] or [Mer93|
Proposition 2.3], one can establish the following:

Lemma 2.2. Let Q be a domain in C? that satisfies a local interior-cone condition.
Then, for each x € 02 and any specified Q-open neighborhood U of x such that
U e C%, Condition @) in the definition of a local Goldilocks point is satisfied.

The only adaptation of the proof of |[BZ17, Lemma 2.3] that is required to prove
the above is— having fixed a point # € 9Q and an Q-open neighborhood U of 2—to
choose R > 0 so large that U € B4(0, R), following which the latter proof can be
followed verbatim using the 6 > 0 and the compact K determined by this R.

2.2. Planar domains. The focus of this section is a pair of constructions of do-
mains with rough boundaries.

Definition 2.3. Let Q be a domain in C. We say that € satisfies a local exterior-
cone condition if for each R > 0 there exist constants ro > 0, § € (0, 7) such that
for each x € 9Q N B(0, R), there exists a unit vector v, such that

(x4 T (v, 0)) NB(z,r9) C C\Q.
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Remark 2.4. This is a continuation of Remark [I.9] Concerning the pleasant prop-
erties mentioned in Remark that Lipschitz domains possess: elementary argu-
ments show that Lipschitz domains satisfy a local interior-cone condition (in the
sense of Definition and a local exterior-cone condition.

Lemma 2.5. Let Q & C be a domain that satisfies a local exterior-cone condition.
Then, for each R > 0 there exists ¢ > 0 such that if z € QNB(0,R) and v € C,
then

¢l

da(z)’

Proof. First consider the case when B(0,2R) C Q. Since #(C\Q) > 2, kq is given
by a Riemannian metric (this is because, as 2 is a planar hyperbolic domain, kg
coincides with the Poincaré metric of Q). So, as B(0, R) C € is a compact subset,
there exists, by continuity, some ¢y > 0 such that

ka(zv) >

ka(z;v) > ¢ |v]

for all z € B(0, R) and v € C. Hence, if z € QN B(0, R) and v € C, then

[l
ka(z;v) > > coR——.
Q(z;v) > ¢ |v] > ¢ )
Suppose that B(0,2R) ¢ Q. Fix z € QN B(0, R). Let x € 92 be a point with
|z — x| = dq(z). By assumption |z| < 3R. By the exterior-cone condition there

exist 6 € (0,7), 1o > 0, and a unit vector u such that
(x +T(u,0)) NB(z,19) C C\.

Moreover, we can choose 6 and g to only depend on R.
Let t := min{dq(z),70/2} and w := = + tu. Then there exists ¢; € (0,2) which
only depends on 7q, # such that

(2.1) dc \Q(’u}) > c10q(2).
By this choice of ¢,
c1da(z) < |z —w| < 200(z),

and B(w, c10a(z)) C C\Q.
Next, consider the holomorphic embedding f given by

flo) =229 cea
In view of (2.1), f: Q2 — D. Then
, o _ Gl 1)
kQ(ZaU) Z kD(f(Z)7f (Z)U) - 1— ‘f(2)|2 - 5 1— |f(Z)‘
1 1 c19a(2) 1
2 |z—w| — 10 (2) |z—w|
S 1 1 c100(2) ]
T 2 20q(2)—c16a(2) 26a(2)
1

= 12—ayam) U

Since ¢; € (0,2) does not depend on z € QN B(0, R), this completes the proof. O

Licensed to Univ of Wisconsin, Madison. Prepared on Wed Aug 30 12:20:44 EDT 2023 for download from IP 72.33.0.39.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



UNBOUNDED VISIBILITY DOMAINS 5959

Proposition 2.6. Let Q & C be a Lipschitz domain Then, every boundary point
of Q is a local Goldilocks point.

Proof. Fix x € 0. Pick an R > 0 sufficiently large that € B(0, R) and fix it.
From Remark[2.:4]and from Lemma [2.7] it follows that if we write

U :=QnB(0; R),
then U is an Q-open neighborhood of x and there exists a constant ¢ > 0 such that
¢ vl
ka(z;v) >
alzv) 2 5 B
for any z € QN U and for any v € C. This means that Mq y(r) < e¢r. Thus,
Condition (I) for  to be a local Goldilocks point is satisfied. As Q also satisfies
a local interior-cone condition, by Lemma [2.2] Condition (2) for x to be a local

Goldilocks point is satisfied with the above choice of U 5 x. Thus, every boundary
point of 2 is a local Goldilocks point. |

Using Proposition [2.6] it is easy to construct domains  C C with uncountably
many ends for which every boundary point of 9 is a local Goldilocks point. For
instance, let 7 C C be a proper embedding of an infinite tree with uncountably
many ends; then we can construct a sufficiently small neighborhood, say Q.+, of T
such that 0€27 is a locally finite union of smooth curves. By Proposition[2.6| every
point in 97 is a local Goldilocks point.

2.3. Domains in higher dimension with uncountably many ends. Let us
further develop this last construction, making use of its features to construct do-
mains in C2.

Example 2.7. There exists a domain { C C? that is locally a Goldilocks domain
such that Q has uncountably many ends.

To construct such domains, we rely on the construction described at the end of

Section[Z2]to obtain a domain Qg & C such that
(1) 0¢ Qo,

(2) Qo is a simply connected domain,
(3) Qo is locally a Goldilocks domain,
(4) Qo has uncountably many ends, and
(5) 0% is a locally finite union of smooth curves.
Fix a biholomorphism ¢ : D — . By Carathéodory’s prime end theory—see
Chapter 4 in [BCDM?20|, for instance—¢ extends to a continuous homeomorphism

D— ﬁoEnd, which we shall also call . Let
A=t (07" \ Q) o8

Since ¢ is a homeomorphism, we see that S* \ 4 is a collection of arcs. We shall now
show that the map ¢ is a smooth embedding on DU(S* \ A). Tt suffices to show that
all first-order partial derivatives of ¢ extend continuously to each ¢ € (S'\A) and
that Dy(&) is non-singular. This follows from [Pom92] Theorem 3.5]. We clarify
that while the latter result, as stated in [Pom92], requires ¢ to be C-valued, the
arguments behind it just require ¢|p to be a Riemann map and can be localized
to D NUg, where Ug is a neighborhood of & (¢ as above) such that Ug N (S'\A) is
compact—see [War61] by Warschawski.
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Next, consider ® : By — C? given by ®(z1,2) := (¢(21),22). We claim that
Q := ®(By) is a local Goldilocks domain. Notice that ® extends to give a C'-smooth

embedding

OBy \(A x {0}) — C?
and
(2.2) 00 = ®(0B2 \(A x {0})).

Since, for each z € 9By \(A4 x {0}), there exists a neighborhood V,, of x on which
(the extension of) ® is a C 1_diffeomorphism, we have the following estimates. There
exists a neighborhood ‘N/m of z such that YN/I € V., and a constant C = C(z) > 1
such that

(1/C) 6a(®(2)) < d8,(2) < Cda(®(2)), and
(1/C) |2 (z)vll < o]l < C[|@'(2)vll,

for all z € (Bs ﬁf/w) and for all v € C2. Then, it follows from and the
fact that By is a Goldilocks domain that each point in 92 admits a neighborhood
corresponding to which—in view of the estimates above—the two conditions in
Definition are satisfied. Thus, each point in 0f) is a local Goldilocks point.
Furthermore, by construction,  has uncountably many ends.

2.4. Domains with many boundary singularities.

Example 2.8. There exists a bounded domain Q C C? with a subset S C 9Q
having the following properties:

e S is uncountable and totally disconnected,

e 90 is not C'-smooth at any point in S,

e every point in 90 \ S is a local Goldilocks point.

Fix a Jordan curve J C C that is not C'-smooth at an uncountable totally
disconnected set J' C J and where J \ J’' consists of C* arcs. Then let @y C C
denote the bounded component of C\.J. One way to construct such an example is
to let J’ be the standard §-Cantor set in the real line, then let Q9 C H := {z € C:
Im(z) > 0} denote the open hyperbolic convex hull of J': i.e., the smallest open set
in H that is geodesically convex with respect to the hyperbolic metric on ‘H and
whose closure contains J'.

Fix a biholomorphism ¢ : D — 4. By Carathéodory’s extension theorem, ¢
extends to a continuous homeomorphism D — €y U J, which we shall also call ¢.
Let

A=p t(J)cs.
Arguing as in the last example, ¢ is a smooth embedding on DU(S' \ A).

Next, consider @ : By — C? given by ®(z1, 23) := (¢(21), z2). We claim that Q :=
®(By) has the desired properties. Notice that ® extends to give a C° embedding
OBy — C? which restricts to a C'-smooth embedding on By \ (A x {0}). We shall
also use ® to denote this extension. Then let

S :=®(Ax {0})=J x {0}
Then S is uncountable and totally disconnected. Further, since
0NN (Cx{0}) =d(0By) N (Cx{0}) =J x {0},
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90 is not C'-smooth at any point in S. Finally, since for each z € 9B, \(A x
{0}) there exists a neighborhood V; of z on which (the extension of) ® is a C'-
diffeomorphism, each point in 9Q \ S is a local Goldilocks point (which follows by
the same argument as in the last example).

2.5. Convex domains. Known results allow us to identify two classes of convex
domains that are locally Goldilocks domains. We first begin with a rather general
result.

Proposition 2.9. IfQ c C% is a Kobayashi hyperbolic convex domain and (Q, Kq)
is Gromov hyperbolic, then Q is a local Goldilocks domain.

The above follows from Theorem 6.1 in [Zim22].
In certain cases, the requirement that (€, Kq) is Gromov hyperbolic too can be
relaxed.

Example 2.10. There exist Kobayashi hyperbolic convex domains in C%, d > 2,
such that (Q, Kq) is not Gromov hyperbolic, but € is locally a Goldilocks domain.

By Corollary 1.13 in [Zim22|, if B; C R? denotes the unit ball and Q :=
By +iRY ¢ C? then (Q, Kq) is not Gromov hyperbolic, but one can easily show
that Q is locally a Goldilocks domain. More generally, if ¢ C R? is a bounded
convex domain with real analytic boundary, then C + iR? is locally a Goldilocks
domain for which the Kobayashi distance is not Gromov hyperbolic.

3. METRICAL PRELIMINARIES

3.1. The Kobayashi distance and metric. In this section, we state a few facts
on the connections between the Kobayashi pseudo-distance and the infinitesimal
Kobayashi pseudo-metric. It is classical (and follows from the definition) that the
function kg is upper-semicontinuous with respect to the usual topology on €2 x ce.
Thus, if a curve o : [a,b] — Q2 is absolutely continuous (as a map [a, b] — C%) then
the function [a,b] 3 t — kq(o(t);0'(t)) is integrable. So, we can define the length
of o with respect to the Kobayashi pseudo-metric as follows:

b
(3.1) éQ(O’):/ ka(o(t); o’ (t))dt.

When €2 is Kobayashi hyperbolic, in which case the Kobayashi pseudo-distance
Kq is a true distance, kg has the following connections to Kq:

Result 3.1. Let Q C C¢ be a Kobayashi hyperbolic domain.
(1) [Roy71} Theorem 1] For any z,w € Q we have
Kaq(z,w) = inf {{o(0) : o:[a,b] = Q is piecewise C',
with o(a) = z, and o(b) = w}.
(2) [Ven89, Theorem 3.1] For any z,w € Q we have

Kq(z,w) = inf {{q(0) : 0:[a,b] = Q is absolutely continuous,
with o(a) = z, and o(b) = w}.

Licensed to Univ of Wisconsin, Madison. Prepared on Wed Aug 30 12:20:44 EDT 2023 for download from IP 72.33.0.39.
License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



5962 GAUTAM BHARALI AND ANDREW ZIMMER

Result 3.2 (Paraphrasing [Roy71] Theorem 2]). Let Q € C? be a domain. Then,
Q is Kobayashi hyperbolic if and only if for each z € §, there exists a neighborhood
U, of z and a constant c, > 0 such that kq(w;v) > c,||v|| for every w € U, and
every v € TH0Q = C°.

3.2. The Hopf-Rinow theorem. There is a different aspect of the Kobayashi
distance that we shall require in this paper. We need a definition that makes sense
for any metric space. Given a metric space (X, d), the length of a continuous curve
o :[a,b] = X is defined as

lq(o) :=sup {i dlo(ti—1),0(ts)) a=tg <ta <+ <tp,= b} .

This gives the induced metric d; on X:
di(z,y) = inf {l4(0) : 0:]a,b] — X is continuous,c(a) = z, and o(b) = y}.

When d; = d, the metric space (X,d) is called a length metric space. For such
metric spaces, we have the following characterization of Cauchy completeness:

Result 3.3 (Hopf-Rinow). Let (X, d) be a length metric space, and suppose (X, d)
18 locally compact. Then, the following are equivalent:

(1) (X,d) is a proper metric space: i.e., each bounded set in X is relatively
compact.
(2) (X,d) is Cauchy complete.

Each of the above properties implies that (X, d) is a geodesic space.

See |BH99| Chapter 1.3] for a proof of the above version of the Hopf-Rinow
theorem.

When a domain Q c C? is Kobayashi hyperbolic, the metric space (Q, Kq)
is a length metric space (by the definition of Kg). Also, the topology induced
by Kobayashi distance is the standard topology on  and so (2, Kq) is locally
compact. Thus, from Result [3.3] we conclude:

Proposition 3.4. Suppose Q C C? is a Kobayashi hyperbolic domain. Then the
following are equivalent:

(1) (Q,Kq) is a proper metric space.
(2) (Q,Kq) is Cauchy complete.

Each of the above properties implies that (2, Kq) is a geodesic space.

3.3. The Gromov boundary. We have assumed in the discussion in Sections [T]
and [2]that the reader is familiar with Gromov hyperbolic metric spaces. However,
a brief discussion on the Gromov boundary of a Gromov hyperbolic metric space is
in order. Since, for the reasons mentioned in Section[I] we shall not assume that—
given a Kobayashi hyperbolic domain Q ¢ C%—(Q, Kq) is Cauchy-complete, the
description of the Gromov boundary will be through Gromov sequences (defined
below). Even in Section[10.2] where the domains Q ¢ C? turn out to be Kobayashi
complete, we cannot initially assume €2 to be Kobayashi complete. Thus, we shall
avoid any mention of geodesic rays in connection with the Gromov boundary. We
shall follow the treatment of the Gromov boundary presented in [DSU17].
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Definition 3.5. Let (X, d) be a metric space and, for z,y,0 € X, let (x|y), denote
the Gromov product, which is the quantity (d(o, z) + d(o,y) — d(z, y))/2

(1) A sequence (z,)n>1 is called a Gromov sequence if for some (and hence
any) o € X,

m,lrlLILloo (l‘m | xn)o = +o0.

(2) Let (X,d) be Gromov hyperbolic. Two Gromov sequences (Z)n,>1 and
(yn)n>1 are said to be equivalent if for some (and hence any) o € X,
lim (2, |yn), = +00.
m,n— o0

That the above relation between (z,)n,>1 and (y,),>1 is an equivalence
relation follows from Gromov hyperbolicity of (X, d).

For the remainder of this section, we shall assume that (X, d) is Gromov hyper-
bolic. We shall denote the equivalence class of a Gromov sequence (z,,)n>1 C X by
[(Zn)n>1]. As a set, the Gromov boundary of X is the set of all equivalence classes
of Gromov sequences in X. As in Section[I] we shall denote the Gromov boundary
of X by 8gX.

To describe the topology on (X UdgX ), one must discuss how, given a base-point
oe X, (+]),: X x X = R extends to (X UdgX) x (X U0gX). Since we will not
need to explicitly understand the open sets of this topology, we shall not dwell on
this extension (the interested reader is referred to [DSUL7| Section 3.4]). Instead,
we present the following result that highlights some features of the topology on
(X UdgX) that are relevant to this paper.

Result 3.6. Let (X,d) be a Gromov hyperbolic metric space. Then:
(1) If (X,d) is proper and a geodesic space, then (X U 0gX) and 0cX are
compact.
(2) A sequence (zp)n>1 in X converges to a point & € IgX if and only if
(Tn)n>1 s a Gromov sequence and [(xn)n>1] = §.

4. THE END COMPACTIFICATION OF )

We refer the reader to [Spi70} Chapter 1] for the definition of the end compacti-
fication of a topological space. Since, for a domain 2 C ct, 0 admits an increasing
sequence of compact subsets (K, ), >1 whose interiors relative to {2 cover €2, we shall

—FEnd
give the following equivalent definition of §2 "? which supports better the intuition
behind some of our proofs. Given Q C (Cd, let (K, )n>1 be as described above. An

end, say e, of Q is a decreasing sequence of connected open sets {Uﬁe)}nzl such
that

Ur(f) := some connected component of \K,, n=1,2,3,....

The end compactification of Q, as a set, is € together with all its ends. In the
topology of ﬁE"d, for each end e, the sets U,(f) U{e}, n = 1,2,3,..., represent
open neighborhoods of e. This construction does not depend on the choice of
the sequence (K,,),>1 (observe that given another increasing sequence of compact
subsets (K ),>1 whose interiors relative to Q cover €, there is an obvious bijection
between the set of ends given by (K,,),>1 and the set of ends given by (K ),>1).
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We now present the key lemma of this section. It will be needed in the proof of

Theorem[I.4] For a domain Q C (Cd, write Xo = 002\ 0152 and let Xq denote the

. —End
closure of X in Q.

Lemma 4.1. If Xq is totally disconnected, then Xo is totally disconnected.
Proof. We first note that, by definition, X is closed in Q. Thus,
(41) X_Qeﬂ(Cd = Xqo :79.

Given this and the fact that X is totally disconnected, it is trivial that given
distinct points z,y € Xo N CY, there exist disjoint open subsets A, B of X such
that x € A, y € B, and X = AU B. The proof of this lemma will follow from two
claims.

Claim 1. Given z € Xq and r > 0, there exist disjoint open subsets A, B of Xo
such that x € A, A C By(z,r), and Xo = AUB.

Define

K:=XaonN Bd(l', 27’) \Bd(ill, ’I").
Since Xq is totally disconnected, for each y € K there exist disjoint open subsets

Ay, By of Xq such that y € By, z € Ay, and Xq = A, U B,. Since K is compact
we can find yq,...,yny € K such that K C Uf[:lByj. Then let

N N
A :=By(z,7)N m Ay, and B:= (X_Qe \ Ba(x, r)) U U By,.
Jj=1 j=1

These sets clearly have the properties stated in the conclusion of Claim/I]

Claim 1I. Given distinct points z,y € Xo \ C?, there exist disjoint open subsets
A, B of X such that z € A, y € B, and X, = AU B.

Since x,y are ends, we can fix a compact subset Ky C Q and disjoint open
subsets U,V of QEW suchthat r e U,y e V,and UUV = ﬁEnd \ Ko.

By Claim[T] for each ¢ € Ky N Xo = Ko N Xq there exist disjoint open subsets
Ag, Be of X such that & € Ag, A¢ is bounded, and X = A¢UBg. Since KonXq
is compact we can find &£1,...,&{n € Ky NXq such that KoNXq C U;-VZIAgj. Then
let

A= (UﬂX_Qe) UJQA%. and B := (VﬂX_Qe) ﬁijzj.

By construction, A and B have the properties stated in the conclusion of Claim
In view of (4.1), and of the discussion following it, Claims [ and [[I] imply that
X is totally disconnected. ([l

5. LENGTH MINIMIZING CURVES

This section is dedicated to some facts about (A, k)-almost-geodesics (which we
had defined in Section [T}.

To this end, we need a couple of preliminary lemmas.

The first lemma follows directly from and the triangle inequality for Kgq.
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Lemma 5.1. Let Q C C? be a domain and o : [a,b] — Q an absolutely continuous
curve. If

lo(0) < Ka(o(a),o(b)) + €,
then, whenever a < a’ < b < b, we have
lo(olia 1) < Ka(o(a'),o(b)) +e.
The second lemma that we need is as follows:

Lemma 5.2. Let Q C C? be a Kobayashi hyperbolic domain and let o : [0,T] — Q
be of class cl. Then, there exists a constant C' > 1 such that

é lo’ @)l < kalo(t);o'(t) < Cllo’ (@)
for every t € [0,T].

The upper bound is a consequence of a standard comparison argument based on
the fact that there exists an r > 0 such that By(z,r) C Q for every z € o([0,T1).
The lower bound is an elementary consequence of compactness and Result

With these lemmas, we can establish the principal result of this section:

Proposition 5.3. Let Q) C C? be a Kobayashi hyperbolic domain. For any k > 0
and x,y € Q there exists a (1, k)-almost-geodesic o : [a,b] — Q with o(a) = x and

o(b) =y.

The proof of the above result is largely the same as the proof of |BZ17| Propo-
sition 4.4], which relies on the conclusions of Result B} For one set of estimates
for which one needs the boundedness of € in the proof of [BZ17| Proposition 4.4],
we must now appeal to Lemma Since, barring the latter step, the proof of
Proposition is so similar to the proof of [BZ17| Proposition 4.4], we shall skip
the proof.

Proposition 5.4. Let Q ¢ C? be a visibility domain. Let X\ > 1 and > 0. Suppose
(On)n>1, On  [0,0,] = Q, is a sequence of (A, k)-almost-geodesics converging locally

uniformly to a (X, k)-almost-geodesic o : [0,00) — Q. Then the two limits below

—FEnd
exist in O and

lim o(t) = lim 0, (b,).

t—o0 n—00

Proof. We begin by showing that lim;_, ., o(t) exists. Suppose this is not so. Since

the Kobayashi distance is finite on compact sets, any limit point of ¢ must be in
—End —End . .
o0, Then, as Q) " s compact, there exist sequences (s,)p>1 and (t,)p>1 in

[0, 00) such that s,,t, — 0o, and points &1,& € 80" such that
lim o(s,) =& # & = lim o(t,).
n—oo n—oo

By passing to a subsequence of (¢,),>1 and relabeling if needed, we may assume
that ¢, > s, forn =1,2,3,.... By the visibility assumption

r = sup Kq (U(O)7 (s, ]> < 400.
w1 itn

For each n > 1, let 7, € [sy,t,] be such that Kq(0(0),0(r,)) < r. Then, by
definition
Al = K < Ka(0(0),0(m)) <7
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for each n > 1, which contradicts the fact that 7,, — +o0o. Thus, lim; ;o o(t) =: &

. . —FEnd
exists in Of2 .

Suppose for a contradiction that either lim,, o, 0, (b,) does not exist or & #
lim,, oo 0 (by,). In either case, there exist n € ﬁEnd and a subsequence (0, );j>1
such that o, (b,,;) — n and n # &.

Let (U,),>1 be a decreasing sequence of ﬁEnd—open neighborhoods of ¢ such
that N,>1U, = {¢} (if € € o \ 09, then the existence of (U,),>1 follows from

the discussion at the beginning of Section[4). For each v, there exists s/, such that
o(t) € U, for every t > s!,. Further, by assumption,

. AN /
nlirrgo on(s,) =o(s,).

So by replacing (oy,;);>1 with a subsequence, we can suppose that s’ < b, and
that oy, (s}) € U;. Then, as N,>10, = {£}, on, (s)) = &
Write I; := [s},by,,], 7 = 1,2,3,.... By the visibility assumption
sup Kq (U(O), On, |1) < +o0.
j=1 7

Let ¢; € I; be such that

Ka(0(0), 0, (c;)) = Ko (#(0), ou, ) -

By the same argument as in the proof that lim; ., o(t) exists, we deduce that
sup,> ¢j < +00, which contradicts the facts that s < ¢; and s} — +oc0. By this
contradiction we deduce that £ = lim,, o 05, (by). O

Proposition 5.5. Let @ C C? be a Kobayashi hyperbolic domain and suppose
z € 01g2. Let U be a bounded Q-open neighborhood of x in which the two conditions
given in Definition [L3] hold true. For each A\ > 1 there exists a M = M(\,U) >0
such that any (A, k)-almost-geodesic o : I — Q with image in U NQ is M -Lipschitz
with respect to the Fuclidean distance.

Proof. Since z is a local Goldilocks point, it follows from Condition () in Defini-
tion [[3lthat Mq (r) — 0 as r — 0. Let dy > 0 be such that

0< MQyU('f') <1
whenever r € (0,dp). Then, by definition
(5.1) ko(z;v) > ||v]|  Vz € UNQ such that 6o(z) < do, and Yo € C%

Since UN{z € Q: dq(z) > 0o} € Q, a standard comparison argument for kg implies
that there exists ¢ > 0 such that

(5.2) ka(zv) > co vl VzeUnN{zeQ:dq(z) > dy}, and Vo € C.

Write ¢; := min{cg, 1}. Now, fix A > 1. We claim that every (A, x)-almost-geodesic
with image in U NQ is A/ei-Lipschitz (with respect to the Euclidean distance).
Suppose that o : I — Q is a (), k)-almost-geodesic with image in U N Q. Then,
by and (5.2), for almost every ¢t € I we have
lo' ()] < —ko(o(t); o (1) < .
C1 C1
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Since o is absolutely continuous we have

a(t) =o(s) —|—/ o' (r)dr.

lo(t) - ()] = ] / o (r)dr

whence o is A/c;-Lipschitz. O

Thus

A
< —[t—sl,
1

6. THE PROOF OF THEOREM [1.4]
We need a couple of technical lemmas to prove Theorem [T.4]

Lemma 6.1. Let Q be a domain in C? and suppose 1° € O1gQ2. Let U be an Q-open
neighborhood of x° in which the two conditions given in Definition [L.3] hold true.
Let A > 1 and k > 0 be constants. Suppose Y : [an,bn] — Q are (A, k)-almost-
geodesics with image in QNU, & # 1 are distinct points in UNQ, and a € [—o0, 0],
b € [0,+o00] are such that a < b and, furthermore, satisfy:

ap = a and b, — b asn — oo,

Ynlan) = & and v, (by) =1’ asn — oo,
(Yn)n>1 converges locally uniformly on (a,b) to a curve v : (a,b) — Q.
Then ~ is non-constant.

Lemmal6.I]is Claim 2 in the proof of [BZ17, Theorem 1.4] with the one difference,
which is immaterial to the proof, that as the Goldilocks conditions of Definition[T.3]
are localized to U, the function Mg iy replaces the function Mg in the latter claim.

Lemma 6.2. Let , 2° € 01,0, and U C Q be as in Lemma [611 Suppose 7 :
[A, B] = U is a (A, k)-almost-geodesic of Q) for some A > 1 and k > 0. Then,

17" ()] < AMa,u (5a(y(t)))
for almost every t € [A, B.

The above inequality just follows from the definitions. A proof of it can be found
within the proof of [BZ17| Theorem 1.4] (with the one difference that the function
Mq serves the role of Mg ¢ in the latter proof).

Proof of Theorem[1.4] Fix constants A > 1 and x > 0. Also fix &,n € 8ﬁEnd and
Ve, V,, as in Definition [[T] Fix a sequence of compact subsets (K, ),>1 of € such
that

Kn CKy 1, n=1,23,..., and
Q= Un>1 K, .
Assume, aiming for a contradiction, that for each n > 1 there exists a (A, k)-almost-
geodesic oy, : [0,T,] — Q with 6,(0) € V¢, 0,,(T,,) € V,, and 0, N K,, = 0.
Since C), := 0,([0,T5]) is a compact subset of C4, passing to a subsequence if
needed, we may suppose that (C,,),>1 converges in the local Hausdorff topology to

a closed subset C C C?. Since 7; N Vne = (), the set C' must be non-empty. Since
on NK, = 0 for each n, we must have C C 99).
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Lemma 6.3. The closure of C' in Q" is connected.

—End
Proof. Suppose, for a contradiction, that ", the closure of C'in @, is not con-

nected. Then there exist disjoint open sets O1, Oy C ﬁEnd such that C" intersects
both O1, 0y, and C° € O UO,. Then for n sufficiently large o,,([0,T},]) intersects
both O; and O;. Since 0,(]0,T},]) is connected, for every n sufficiently large there
exists

zn € 0n([0,T,]) \ (O1UO3).
We can find a subsequence (zy,);>1 such that z,; — 2z, € ﬁEnd. Then
Zoo €O\ (01 U0y),
and we have a contradiction. Hence C" is connected. O

From Lemmas and and the fact that V; NV, = 0, there exists 2° €
C' N0l Fix a bounded neighborhood O of 29 that satisfies Definition[1.3] Recall
that C is the limit in the local Hausdorff topology of (0,[0,T},])n>1. Replacing
(0n[0,T])n>1 by a subsequence, if needed, we can find, for each n > 1,
e t, €1[0,T,], and
e an interval [a,, b,] C [0,T},] containing ¢,
such that o,,(t,) — 2%, o, ([an, bs]) C O for every n > 1, and

(6.1) 71Lr§f1 lon(bn) — on(an)|] > 0.

Since O is bounded, there exists an R > 0 such that
(6.2) on([an, by]) CBy(0,R) for each n > 1.

By an affine reparametrization of each o,,, we may assume that 0 € [ay, b,] (we will
continue to refer to the reparametrizations as o, ) and

0 (0n(0)) = max{dq(on(t)) : t € [an, b}
Then, by passing to a subsequence if needed, we can assume a,, — a € [—00,0],

b, — b € [0,00], on(ay) — &, and 0, (b,) — n’. By (6.1), there exists a constant
€ > 0 such that

1€ =7l > e

By Proposition[5.5] there exists an M > 0 such that each o, is M-Lipschitz with
respect to the Euclidean distance. Given this fact and the boundedness condition
we conclude, passing to a further subsequence and relabeling as (o,,),>1, that
Tnl(an,b,) converges locally uniformly on (a, b) to a curve o : (a,b) — Q (we restrict
to the open interval because a could be —oo and b could be co). Notice that a # b
because each o, is M-Lipschitz and so

0<[lg=n'l <MIb—al.

All the conditions of Lemma [6.1] taking v, = onla, 5, and U = O, hold true.
Thus, o is non-constant.
Recall that

da(on(t)) < da(on(0))
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for each t € [ap, b,]. Furthermore, as o, ([an, b,]) C O, we have

Mg)vo((gg(gn (t))) < MQ,O((sQ (Un (0)))

for every t € [an,b,]. Thus Mg 0(da(0,(t))) — 0. But now, if s < v and s,u €
(a,b) then:

lo(s) = o) = Jim () = ora(a)] < limnsup [ [l (0]
n—oo n—o00 s

< Mim sup / Moo (5(om(t)))dt = 0.

n—oQ

The last inequality follows by applying Lemma[6.2] to each onlianb,)- Thus o is
constant. But this contradicts the conclusion of the last paragraph. Thus, our
assumption above must be false; hence the result. O

7. BOUNDARY EXTENSIONS: THE PROOF OF THEOREM

To prove Theorem we first need to explain one of the terms featured in its
hypothesis. Given a domain Q C C?%, we say that Q has well-behaved geodesics if
Q2 is complete Kobayashi hyperbolic (in which case (2, Kq) is a geodesic space—see
Proposition|3.4) and, whenever (z,,)n>1, (Wn)n>1 are sequences in Q with lim,,_, o wy,
=1lim, o0 2, = £ €Q " \  and o, is a sequence of geodesic segments joining w,,
to z,, we have

lim Kq(o,0,) = +00
n— oo

for some (hence any) o € Q.
We also need one lemma. Before stating it, a definition: given constants A > 1
and £ > 0, amap o : I — Q of an interval I C R is called a (), k)-quasi-geodesic if

MMt —s| =k < Kq(o(t),o(s)) < At —s|+ &

for all s,t € I. In other words, a (A, k)-quasi-geodesic is a map that satisfies only
the first of the two conditions defining a (A, k)-almost-geodesic (see Section[I). So,
for k > 0, (), k)-quasi-geodesics are not necessarily continuous.

Lemma 7.1. Let Q C C¢ be Kobayashi hyperbolic. For any Ag > 1,k9 > 0 there
exist constants A > 1, k > 0, and r > 0, depending only on the pair (Ao, ko) such
that the following holds: if o : [a,b] — Q is a (Ao, Ko)-quasi-geodesic, then there
exists a (X, K)-almost-geodesic & : [a,b] — Q with 6(a) = o(a), 6(b) = o(b), and
such that

K& (0,6) <.

Here K§*'S(A, B) denotes the Hausdorff distance with respect to Kq between the
sets A, B C Q.

Proof sketch. The idea is to pick finitely many points
a=ty<t; <--- <ty =D,

these points being suitably chosen, and let & be the curve obtained by joining
o(tj—1) and o(t;) by a (1, 1)-almost-geodesic, j = 1,..., N; see the proof of |BZ17,
Proposition 4.9] for details.

The latter proposition differs from Lemma in only one respect: here, € is
not necessarily bounded. So, we appeal to Proposition[5.3] for the existence of the
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above-mentioned (1, 1)-almost-geodesics. In all other aspects, the present proof is
the same as that of [BZ17| Proposition 4.9]. (]

We can now provide

Proof of Theorem [1.6] We first show that f extends to a naturally-defined map
ﬁfnd — ﬁfnd. Fix some & € ﬁfnd \ ©1. We claim that lim, ¢ f(z) exists in
ﬁQEnd. Suppose not. Then there exist sequences (wy)p>1 and (z,)n>1 in 5 where

lim,, o0 2 = lim,, oo w, = & but
lim f(zn) =m #£ne = lUm f(w,).
n—o0 n—oo

Since f is a quasi-isometric embedding, 11,72 € QQE nd \ Qa.

For each n, let o, be a geodesic joining w,, to z, (which exists since ; is a
complete Kobayashi hyperbolic domain). Then each f o g, is a quasi-geodesic in
Q; with constants that are independent of n. Fix by € ;. Since 2 is a visibility
domain, Lemmal[7.1]implies that

sup Kq, (f(b0)7 fo Uﬂ) < +o0.

n>1
Hence
sup Kq, (by, o) < +00,
n>1
and we have a contradiction. Hence fo(§) := limo,5.¢ f(2) exists for every
—FEnd
ey T\
Define

~ flz), ifxey,
f(x) = . ——FEnd
foolz), ifxedy .
We claim that fis continuous. By the definition of f, it is easy to see that it suffices

—End —End , . . ~End . .
to show that fo, : 09 " 082, "% is continuous. Since 8(22n is compact, it is

enough to fix a sequence (&,)p>1 in 8ﬁfnd \ {¢} where &, — &, foo(&n) — 1, and
then show that n = foo(£). Since lim, ¢, f(2) = foo(&n), for each n we can find
zn, € ; sufficiently close to &, such that z, — £ and foo(2,) — 1. Then

= 1. = 1. -
n nLII;O foolzn) Qlalrzn—>£ f(2) = f=(§)
and we are done. O

8. KOBAYASHI GEOMETRY OF PLANAR DOMAINS: PROOF OF THEOREM [L.10]

This section and the next will focus on planar domains. The results in these
sections are, essentially, consequences of the behavior of the Kobayashi distance
and the Kobayashi metric. This section is dedicated to the proof of Theorem [T.10]
while the next section will deal with the examples mentioned in Section

The proof of Theorem [L.10] will require some setting up and a few preliminary
lemmas. Fix Q1,5 C C as in the statement of the theorem.

Since ©; and 2, are Lipschitz domains, for each { € 0€); there exist v € st
O > 0, r¢ > 0, and a neighborhood O, C C of ¢ with the following property (recall
our notation from Section 2]and, in particular, Remark[2.4): if z € 9Q; N O, then

(:17 + Fx(Vg,ag)) ﬁB(l‘,Tg) C Qj
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and

(@ + La(—ve, b)) NB(x, re) C (C\Qy).
The symbols v¢ and r¢ and ¢ that will appear, without any further explanation,
in the proofs of the lemmas below are as defined above.

Lemma 8.1. For each & € 0Q; there exists ag > 0 such that

|v]

ka, (z;v) > ag 2l

for every x € O NOQY; and every z € B(x,re/2) N Q.

Proof. Fix j € {1,2} and & € 99Q;. Notice that there exists m = m({) > 0 such
that if x € O NOKY; and t € (0,7¢/2), then B(z — tve, mt) C C\Q;.
Fix € O¢N0Q; and z € B(z,7¢/2) N Q. Set w := x — |z — x| v¢ and consider
the holomorphic embedding f : {2; — ID given by
mlz — z

Q="

The conclusion now follows by the same argument as in the proof of Lemma O

Ceqy.

Proposition 8.2. For each £ € 05, there exists a constant A¢ > 1 such that if
x € 0Q; N O, then the map o¢ 4 : [0,00) = Q; given by

r
Oep(t) i=a+ Ege_%yg, t €0, 00),
is a (¢, 0)-almost-geodesic.

Proof. Fix j € {1,2} and £ € 99Q;. Notice that there exists m = m(§) > 0 such
that if © € O NIQ,; and t € (0,7¢/2), then

(8.1) B(x + tve, mt) C ;, and
B(x — tvg, mt) C C\Q;.
Next, fix € O N0SY; and 0 < t; < ta. Then
ta

Ko, (06 (1), 0 (12)) < / ko, (0. (5): 0L o (5))ds

ty
2 oy (s 2 9 2
< / Mds < / Zds = Z(ty —t1).
t1 69]‘ (O-Eﬂ?(s)) t1 m m
The second inequality follows by a comparison of the Kobayashi metrics of §2; and
B (0¢,2(s), 00, (0¢,2(s))) and the fact that the inclusion B (o¢ 4 (s), dq, (0e.2(s))) <
2, is holomorphic. The third inequality follows by computing ‘aém(s)’ and observ-
ing that, due to (81),
mre _os < 3§
Te = Qj(Uf,x(S))~

For the lower bound, let o : [0,1] — €; be an absolutely continuous curve with
0(0) = 0¢ o (t1) and o(1) = 0¢ »(t2). Let

a = max {t €1[0,1]: |o(t) — x| > %Ee—ztl} .

Then , .
§ —2t £

)—z| < e <=

o(t) —af < T < 3
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for all ¢ € (a,1]. So, by Lemma
1
lo,(0) > / ko, (o(s);0'(s))ds
1 !
> ag/ o)y,
o lo(s) — x|
Yd
> —ag/a glogb(s) —x|ds

ag (loglo(a) — x| —log|o(1) — x| ) = 2ae(ts — t1).

Since the above estimate is independent of the choice of o with the above properties,
it follows from Result [3.1}{2) that

Ko, (0¢,(t1),0¢,2(t1)) > 2a¢(t2 — t1).
From this and the bound in the previous paragraph, the result follows. ([l

Lemma 8.3. Let f: Q; — Qs be as in the statement of Theorem [1.10|
(1) If € € O, then lim,_,¢ f(2) exists in ﬁfnd.
(2) If € € Oy, then lim,_¢ f~1(2) exists in ﬁfnd.

Proof. By symmetry it is enough to prove (1). By compactness, it is enough to fix
a sequence (z,)n>1 in O that converges to £ and show that lim,,_, f(z,) exists in

ﬁf nd and depends only on £. Considering the tail of (zy,),>1, we can assume that
for each n there exists x,, € 90 N O¢ where z, = o¢ 4, (t,,) for some ¢, > 0. Since
zn — &, we must have ¢, — oo and z,, — &.

Observe that each f o o¢,, is a (Mg, 0)-almost-geodesic in Qy. By construction,
fo0¢, — fooege locally uniformly. By Proposition[2.6] Q5 is locally a Goldilocks
domain. Thus, by Theorem [L4] €, is a visibility domain with respect to the
Kobayashi distance. Thus, by Proposition [5.4] the limits below exist and we have

lim f(zn) - nlglgo f ©0¢.x, (tn) - tlirgo f © Ué,ﬁ(t)'

n—oo

O

With these lemmas, we are now in a position to complete the proof of Theo-

rem [T.10]

Proof of Theorem [L.10] The first step to proving Theorem [T.10] is to produce a
candidate for the homeomorphism whose existence the theorem claims. In view of
Lemma[8.3] it suffices to establish the following

Claim 1.
(1) If £ is an end of €, then lim,_,¢ f(2) exists in QQEnd.
(2) If ¢ is an end of s, then lim,_,¢ f~!(z) exists in ﬁfnd.

By symmetry it is enough to prove part (1) of Claim[Il Suppose, for a contra-
diction, that there exist sequences (wp)p>1 and (zp)p>1 in O such that z, — &,
wy, — & but f(z,) — m1, f(wy) — 12, and 7y # n2. Since € is an end of €, for
each n we can find a curve o, : [0,1] — Q; joining 2, and w, such that o,([0,1])
leaves every compact subset of Q1. By perturbing each o, we may assume that
an([0,1]) C Q4.
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Let C,, := f(0,([0,1])). Passing to a subsequence and relabeling, if needed,
we can assume that C), converges in the local Hausdorff topology to a closed set
C c C%. Since 0,([0,1]) leaves every compact subset of {21, we must have C' C 9.
Since 11 # 12, C must be non-empty. By construction, if n € C, then there exist
points u,, € 0,([0,1]) such that f(u,) — 7. So, by Lemma[8.3]

lim £71(2) = Jim () = Jim = €

Then, since ¢ is an end of Q,

: -1
(8.2) Zh_r)r}] |f71(z)| = oo.

Arguing as in Lemma the closure of C' in Q""" is connected. Then C inter-
sected with each connected component of 925 is connected. Since each connected
component of 9 is homeomorphic to S* or R, we can find a subset I C C' that is
homeomorphic to an open interval. Since (25 is a Lipschitz domain, after possibly
shrinking I we can find a topological embedding 7 : D — C such that

ITcrDcQul

a
\

FIGURE 1. The embedding of D by 7

(see Figure[T)). Next, fix a Riemann mapping 1 : D — 7(D). By the Carathéodory’s
extension theorem, 9 extends to a homeomorphism D 2 7(ID). In particular, ¢ ~*(I)
is an open arc in S*.

Since € is a Lipschitz domain, there exist € > 0 and zg € C\y with B(zg,€) C
C\Qy. Then consider the map ¢ : D — D\{0} given by

¢(w) = —Zo—ffl(z,/}(w)y weD.
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By (82), if € € ¢p=1(I), then

li ) =o.
rl/mlqﬁ(re) 0

Then, since ¢~'(I) is an open arc in S*, the Luzin-Privalov Theorem (see [CLGG,
Chapter 2]) implies that ¢ = 0. Thus, we have a contradiction. This establishes

Claim [ B
In view of Claim[[} we can now define the following maps. Define F : "
0" by
f(2), if z € Qq,
F(Z) = ( ) A —FEnd
lim,_,, f(w), ifze€00] .
Next, define G : ﬁfnd — ﬁfnd by
(), if z € Q,
G(z) =1 ) . . o
limy_, f~(w), if z € 99,

We would be done if we can prove:
Claim II. F is a homeomorphism and F~! = G.

We first argue that F' and G are continuous. By symmetry it is enough to
show that F' is continuous. Since ﬁfnd is compact, it is enough to fix a sequence
(€n)n>1 in ﬁfnd for which &, — &, F(&,) — n, and then show that n = F(§).

By Claim [1 we may assume that (€n)n>1 and & are contained in 8§fnd. Since
lim, ¢, f(2) = F(&,), for each n we can find z, € Q sufficiently close to &, such
that z, — & and f(z,) — 1. Then
n=lim f(z) = lim f() = F(€).
n—oo z—E&

So, F' is continuous.

Finally, notice that (FoG)|q, = idq, and (Go F)|q, = idq,, whence, by density,
FoG =idgene and Go F = idgena. So, F' is a homeomorphism and Fl=G. O

2 1

9. KOBAYASHI GEOMETRY OF PLANAR DOMAINS: NON-GROMOV-HYPERBOLIC
DOMAINS

In this section we construct two examples of planar domains 2 where € is a
visibility domain but (2, Kq) is not Gromov hyperbolic. In the first construction,
the obstruction to Gromov hyperbolicity comes from the existence of a Z? action,
while in the second the obstruction comes from asymptotic isometric embeddings
of metric spaces admitting “fat triangles.”

9.1. Using Z?2 actions. The first example comes directly from the following
Proposition 9.1. If
Q:=C\Upnez{z€C:|z— (m+ni)| <1/4},

then Q is a visibility domain, but (2, Kq) is not Gromov hyperbolic.
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Proof. Fix zy € Q and consider the map F' : Z? — Q defined by
F(m,n) = zo +m+ in.

We claim that F' is a quasi-isometric embedding, which will imply that (Q, Kq) is
not Gromov hyperbolic. Here, the metric on Z*—which we shall denote by dzz—is
dZ2((m1,n1), (m2, ng)) = |m2 — m1| + ‘ng — Tl1|.

Since (2 is invariant under translations by Z + Z - i, Lemma[2.5limplies that there
exists C1 > 0 such that kq(z;v) > C1 |v] for all z € Q and v € C (even though it is
a rather inefficient lower bound). Then

Kq(z1,22) > Cy |21 — 22

for all z1, 29 € Q. Hence, for any (my,n1), (ma,n2) € 72,

Ko (F(ma,m), F(ma,n2)) = Ciy/Ims — maf* + ny — |

Ch

> 21

V2

Notice that the maps S, T : Q@ — Q given by S(2) =2+ 1 and T(z) = z + ¢ are
commuting biholomorphisms. Further, F(m,n) = S™(T"(zy)) and so

Kqo(F(my,n1), F(mz,n2)) = Ko(S™ ™™ (20), T (20))
< Ko(S™ 7" (20), 20) + Ka(zo, T 7™ (20))
= Ko(8I™7™(20), 20) + Ka(z0, T (20))

(Ima —ma| + [n2 — n1l).

|7TL2—’H'L1|—1 |n2_n1‘_1
<Y KalSGo) ST Y Kall (). T ()
=0 i=0

= Cy(|ma — ma| + |n2 — n4),

where Cy := max{Kq(T(20), 20), Ka(S(20), 20) }-

Now, note that the map ® : (z,y) — (|z], |y|) (where |-] is the floor function) is
a (v/2,2)-quasi-isometric embedding from (R?, dgye) to (Z*,dy2). So, the last two
chains of inequalities imply that Fo® is a quasi-isometric embedding from (R?, dgyc)
to (2, Kq). Secondly, note that as €2 is a planar hyperbolic domain, (2, Kq) is a
geodesic metric space (recall that Kq coincides with the hyperbolic distance on ).
So, if (2, Kq) were Gromov hyperbolic, it would follow from [BH99| Chapter III.H,
Theorem 1.9] that (R?, dgye) is Gromov hyperbolic, which is clearly false. Thus,
(2, Kq) is not Gromov hyperbolic. However, it follows from Proposition [2.6] and
Theorem[1.4] that € is a visibility domain. O

9.2. Non-hyperbolic domains in the limit. For s > 0, define 4, := {z € C:
e ® <z < 1}

Lemma 9.2. For s > 0, define
3(s) = inf { (z[y);"* —min {(z]2);". (y]2);" } : 2,9, 2,p € A}
Then limg\ 0 0(s) = —oo.

Proof. Let Qs :={z+iy € C: —s <z <0, y € R}. Then, the map 7 : Q; — Aq,
where 7(z) := €7, is a covering map. Hence, for any z,w € A,

Ka,(z,w) =inf{Kq, (Z,w) : Z€n {2}, w € 7 {w}}.
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Since 1 3 z — sz € g is an isometry, there exists ¢ > 0 such that the curve
Gs(t) := —(s/2) +icst is a geodesic in Qg and hence o4(t) 1= e™%/2€* is a local
geodesic in A;. In fact, if [t] — to] < Z, then

Ka, (o(t1),0(t2)) = [t1 — ta].
Now, fix s > 0, and let p = 04(0), x = 0, (2%)7 =0 (_i)’ and y = o (23%)
Then, we compute to get

KAs(pv J?) = KAS(va) = KAS(ZW?J) = KAS (y7p) =

s’
and _
Ka, (z,y) = Ka,(p,2) = =
Hence
(w‘y);‘s _ min{(;v|z);‘s, (y|2);\s} — 0 — min {%7 %} _ _%.
Thus, §(s) < —5~, and the result follows. 0

We now describe the domain that will be the focus of this section. Fix a sequence
Sp)n>1 of numbers in (0,1) such that for any s € (0,1) there exists a sequence
(nj)j>1 in N with n; — oo so that s,, / s. Next, for each n > 1, let 2, :=
3(n —1) € Z>o. Finally,

(%) Let Q & C be a connected domain with C* boundary such that, for each
n>1,

n 4 Ay, CB(2,2) N O
Czpt (A, U{z€Cre ™ <|z| <2, —n ' <Im(z) <n'}).

Thus, 2 consists of a countable union of annuli centered at points along the real
axis, each with outer radius 1 and of varying inner radii, with thin strips, loosely
speaking, joining adjacent annuli. To elaborate further, consider the auxiliary do-

main
Qo= (za+ (A, U{z€Cre™ <[z <2, —n7' <Im(z) <n"'})).
n=1

Our €2 looks approximately like Q: more precisely, 2 & Q) is obtained by smoothen-
ing the boundary of 2 but ensuring that (z, + As,) C Q2 for each n > 1 and such
that the second inclusion in the description (%) holds true for each n > 1.

Lemma 9.3. Let Q be as described above. If s € (0,1), s, /s, and z,w € A,
then
K, (z,w) = lim Kq(z+ 2n;,w + 2p;).
N Jj—o0 '
Proof. Fix s € (0,1), s,, /s, and z,w € A,. Notice that

limsup Ko (2 + 25, w + 2,,) < limsup Kz"j vA,, (24 zn;,w+ 2n))
: ; .

j—oo Jj—oo
(9.1) =limsup K4, (z,w) < Ka, (2,w) Vz,w € A
j—ro0 7
since (AS"]_ )jzl is a nested sequence of annuli.

Let ¢; : D — Q be a holomorphic covering map with ¢;(0) = z + 2, and
¢j(tj) = w+ z,, where t; € (0,1) and Kp(0,t;) = Kqo(z + 2n,;, w + 2,,). Notice
that {¢; : j > 1} is relatively compact in [0, 1) by (9.1).
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Consider ®; : D — C given by ®;(() = —z,, + ¢;j(¢). Then, ®;(0) = z and
®,;(D) C Q\ B(0,e2%) when j is sufficiently large (recall that z € Ay). Then, by
Montel’s theorem, we can find a subsequence (®, )x>1 such that

(9.2) khﬁrgo Kq (z + zn, W+ ank) = hjn_l}g‘}f Kao(z+ zn;, w + 2n;)

and ®;, converges locally uniformly to a holomorphic map ¢ : D — C. Then
®(D)NB(0,2) C A,U{z€C:e* <|z] <2and Im(z) = 0}.
Since ®(D) is open, this implies that ®(D)NB(0,2) C A;. Since &(D) is connected,
then ®(D) C A,. Then, by (@:2) and the definition of ¢;,
liminf Ko (2 4 2n;, w+2p,;) = lim Kp(0,;,)> lim K4, (®(0), (L)) =Ka,(z,w).
k—o00 k—o0

Jj—o0

From this and (0.I)), the result follows. O
We now have all the ingredients for the second type of example alluded to above.

Proposition 9.4. Let Q C C be as described by (). Then, Q is a visibility domain,
but (2, Kq) is not Gromov hyperbolic.

Proof. Fix m € N. By Lemma[0.2]there exist s > 0 and p, z,y, z € A, such that
(x]y)ye <min{(z]2);°, (y2);*} = (m+1).
Fix n; — oo such that s,, /s. Then by Lemma [0.3]

(x4 Zn; ly + Zn; );2+znj < min {(37 + Zn, |z + Zn; );2+z,Lj Ny + Zn; |z + Zn; );2+Z,Lj } -m

for j sufficiently large.

Since m € N was arbitrary, (2, Kq) is not Gromov hyperbolic. However, as
Q has smooth boundary, by Proposition [2.6] and Theorem [T.4] Q is a visibility
domain. O

10. THE RELATIONSHIP BETWEEN (GROMOV HYPERBOLICITY AND THE WEAK
VISIBILITY PROPERTY

While this section is devoted to the proof of Theorem [[.11] we shall take a detour
to present an alternative formulation for (2, K) to be Gromov hyperbolic. This
result provides a clean and intuitive proof of Theorem [I.1T] Such a result may also
be of independent interest. Thus, we begin with:

10.1. A slim-triangles formulation of Gromov hyperbolicity of (Q2, Kq).
We begin with a pair of definitions inspired by our notion of (1, k)-almost-geodesics.

Definition 10.1. Let Q ¢ C? be a Kobayashi hyperbolic domain and I C R be
an interval. For k > 0, a map o : I — Q is called a (1, k)-near-geodesic if o is
continuous and for all s,t € I,

t—s|—r < Kq(o(s),o(t)) < |t —s|+ k.

Definition 10.2. Let Q C C? be a Kobayashi hyperbolic domain. Fix £ > 0. We
shall call a family % of (1, k)-near-geodesics a r-admissible family if the following
conditions are satisfied:

e for each pair of distinct points z,w € ), there exists a (1, k)-near-geodesic
o€ .F,0:]0,T] = Q, such that 0(0) = z and o(T) = w;
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e if a (1, k)-near-geodesic o : [0,T] — Q is in .#, then so is &, where
o(t):=a(T —1t), tel0,T].

For brevity, if z,w €  (not necessarily distinct), we shall use the notation
0|z ~w to denote that o : [0,T] — Q is a (1, k)-near-geodesic, for some specified
k > 0, joining z and w. Whether [0(0) = z and o(T) = w] or [¢(T) = w and
o(0) = 2] will be clear from the context. The notion introduced in Definition [10.2]
is non-vacuous because, in view of Proposition [5.3] given a x > 0, the family of
all (1, k)-almost-geodesics is a k-admissible family. The above discussion sets the
stage for the principal collection of concepts of this section.

Definition 10.3. Let Q € C? be a Kobayashi hyperbolic domain. Fix & > 0.
(1) A k-triangle is a triple of (1, k)-near-geodesics a|b —~ ¢, f|a —~ ¢ and
v|a~b, where a,b,c € Q. We call a, b and ¢ the vertices, and the images
of a, 8 and y—which, by a mild abuse of notation, we shall also denote

simply as «, 8 and -y, respectively—the sides of this k-triangle.
(2) Let 6 > 0. A s-triangle A is said to be d-slim if, for each side o of A,

c UZGA\{U}{Z €0 : Ko(z,%) <6}

(3) Let .Z be a k-admissible family of (1, x)-near-geodesics. We say that
satisfies the (.Z, kK, d)-Rips condition, where § > 0, if every k-triangle in
Q whose sides are (the images of) (1, k)-near-geodesics belonging to .# is
0-slim.
We first need a couple of lemmas.
Lemma 10.4. Let Q C C? be a Kobayashi hyperbolic domain. Fiz x > 0 and fix
a k-admissible family F of (1, k)-near-geodesics. For any o :[0,T] — Q in F and
any z € §, we have (U(O)|U(T))? < Kaq(z,0) 4+ 3k/2.
Proof. Fix 0 € # and z € Q. Let 7 € [0,T] be such that Kq(z,0) = Kq(z,0(7)).
We estimate:
Ka(0(0),2) + Ka(z,0(T)) < Ka(0(0),0(7)) + Ka(o(7),0(T)) + 2Ka(z,0)
< (|7 =0+ |T — 7| + 2) + 2Kq(z,0)
< Kq(o(0),0(T)) + 3k + 2Kq(z,0).
The second and third inequalities above are due to the fact that o is a (1, k)-near-
geodesic. Thus

Kq(0(0),2) + KQ(ZaUQ(T)) — Ka(0(0),o(T)) < 37% + Ka(z,0).

As o and z were picked arbitrarily, the result follows. O

Lemma 10.5. Let Q C C¢, k > 0 and .F be as in Lemma [[04l Suppose
(#) for any o : [0,T) = Q in F, any point p € o([0,T]) and any z € Q, we
have
min {(0(0) 12)2, (z|a(T))j}} < 6.
Then, we have
Ko(z,0) < (0(0)|o(T))$ + 26 + 3k/2

for every o : [0,T] = Q in F and every z € Q.
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Proof. Fix 0 € .% and z € Q. By (#), [0,T] is the union {t : (0(0)|z)ff(t) <otu{t:
(z] U(T))S(t) < 4} of non-empty closed sets. So, there is a 7 € [0, 7] such that
Kaq(z,0(1)) + Kal(q,o0(7)) — Ka(z,q) <26
for ¢ = 0(0),0(T). Thus:
2Kq(z,0) < 2Kq(z,0(7))
<46+ Kq(z,0(0)) + Ka(z,0(T)) — (Ka(c(0),0(7)) + Ka(o(1),0(T)))
<45+ Kq(z,0(0)) + Ko(z,0(T)) — (|7 = 0| + |T — 7| — 2k)
<46+ Kq(z,0(0)) + Kq(z,0(T)) — Kq(o(0),0(T)) + 3k
=46 +2(0(0)|o(T))S + 3%

The third and fourth inequalities above are due to the fact that o is a (1, k)-near-
geodesic. As 0 € % and z € () were arbitrarily chosen, the result follows. O

Lemma [10.5] assists in the key result of this section. This result is an equivalent
formulation of Gromov hyperbolicity of (2, Kq), © being Kobayashi hyperbolic, in
terms of a slim-triangles criterion—resembling what is known for proper Gromov
hyperbolic spaces—without any assumption on properness of (Q, Kq). If (Q, Kq)
is Gromov hyperbolic, then we say that (Q, Kq) is d-hyperbolic to refer to the
constant § > 0 that appears in the inequality defining Gromov hyperbolicity.

Theorem 10.6. Let Q C C¢ be a Kobayashi hyperbolic domain. Let k > 0 be such
that there exists some k-admissible family of (1, k)-near-geodesics. Then:
(1) Suppose (2, Kq) is d-hyperbolic for some 6 > 0. Then, for any k-admissible
family F, Q satisfies the (%, K, 36 + 6K)-Rips condition.
(2) Suppose, for some k-admissible family F, Q satisfies the (F,k,d)-Rips
condition. Then (Q, Kq) is (36 + 6k)-hyperbolic.

Proof. We first prove (I). Thus, assume that (2, Kq) is d-hyperbolic for some
0 > 0. Next, fix a k-admissible family .%. Consider an arbitrary o : [0,7] — 2 in
%, an arbitrary point p € ¢([0,7T]) and an arbitrary point z € Q. Let 7 € [0,T] be
such that o(7) = p. By d-hyperbolicity,

min { (0(0)|2)5, ([ 0(T))§ } < (0(0) ()} +8 < 31/2+6,

D )
where the second inequality follows from Lemma by taking z = p therein. We
have just established that

(10.1)  the condition (4) holds with the parameter  replaced by (0 + 3x/2).

Now, consider a k-triangle A whose vertices are a, b and ¢; whose sides «,
B and v belong to .%; and where the labels for these sides are as described in
Definition[10.3[[T). It suffices to show that Kq(p, 3U7) < (35 +6k) for an arbitrary
p belonging to the image of a. In view of and Lemma[10.5] we have

Kq(p,B) < (a|c);2 + 26 +9k/2 and

Kao(p,7) < (a]b);) + 20+ 9/2,
whence, by d-hyperbolicity, it follows from the above that

Ko(p, BU7) < (ble)y + 30 + 9r/2.
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Recall: p is in the image of the (1, k)-near-geodesic a | b~ ¢. Thus, by Lemma[10.4]
(b|c)§ < 3k/2. So, from the last inequality, we have

ng(p,ﬂ U’y) < 39 + 6k.

As remarked above, this suffices to show that A is (30 + 6x)-slim. It follows that
() satisfies the (#, k, 30 4+ 6x)-Rips condition.

To prove (2), suppose .# is a s-admissible family such that Q satisfies the
(%, k,0)-Rips condition. Consider an arbitrary o : [0,7] — Q in %, an arbi-
trary point p € o([0,7]) and an arbitrary point z € Q. By k-admissibility, there
exist (1, k)-near-geodesics

plz—~c(0) and v|z—~0o(T),

whence p, o and v form the sides of a (perhaps degenerate) x-triangle. As p lies in
o, by hypothesis there is a point ¢ € p U v such that Kq(p,q) < §. Assume that
q € p. Suppose p : [0, R] — § is such that p(0) = z, and let 7 € [0, R] be such that
p(7) = q. We compute, using a by-now-familiar move for the second inequality:

Kq(0(0),p) + Ka(z,p) < Ka(0(0),q) + Kalg, p) + Ka(p, q) + Ka(g, 2)
<26+ Kq(o(0),2) + 3k

= (0(0)]2)5 <6+ 3r/2.

The above inequality was obtained under the assumption that ¢ € p. If, instead,
¢ € v then we would get the inequality (0(T)|z);2 < § + 3k/2. Since at least one
of the last two inequalities must hold, we get

min { (0(0)|2)f, (2| o(T))§ } <8+ 3k/2,
which leads to the conclusion:

(10.2)  the condition (4) holds with the parameter § replaced by (d + 3k/2).

Now, consider points a, b, c,0 € Q. Form a k-triangle A\ whose vertices are a, b
and ¢; whose sides «, 8 and ~ belong to .%, and where the labels for these sides are
as described in Definition [[0.3(T). By Lemma [10.4] we have

(@|b)? < Kq(o,7) +3k/2 and  (b|e)? < Ko(o,a) + 3k/2.

Owing to the (%, k,0)-Rips condition, there exist points p, and p., that lie in the
sides « and ~, respectively, of A such that

Kq(o,pa) < K(o,8)+6 and Kaq(o,py) < K(o,p)+ 0.

By the last four inequalities
min {(a|b)§ , (b|c)§} < K(0,8) + 8+ 3r/2.
This implies—in view of and Lemma [T0.5] that
min {(a|b)§ : (b\c)?} < (al)? +2(6 +3r/2) + 6 + 3k.

As a,b,c and o were arbitrary, it follows that (92, Kq) is (30 + 6k)-hyperbolic. O
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10.2. The proof of Theorem In this proof, o € Q is some point which will
stay fixed. Furthermore:

e the notation “% p” will denote approach to p € 0gf2 with respect to the
topology on (2 U 0gf?),

e the notation “— ¢” will denote approach to & € BﬁE"d with respect to the
topology on ﬁEnd,

e lim will denote limits in all contexts other than the topology on (QUdgQ).

Let 6 > 0 be such that (Q, Kq) is é-hyperbolic. Let GQ denote the homeomor-
phism from (2 U d¢€?) onto Q""" Which extends idg.

Claim 1. (2, Kq) is Cauchy-complete.

. - . . . —End
Let (zn)n>1 C © be a sequence having no limit points in 2. Since " s

compact, we may assume without loss of generality that z, — £ for some £ €
—FEnd

Q. Consider any subsequence (zy, );>1 such that (Kq (o, 2, )) -, is convergent

E>1
in [0, 4-00]. By hypothesis, (2 U dgQ) is compact. So, we may assume, by passing
to a subsequence and relabeling if needed, that there exists a point p € 952 such
that B

an% p and idg(p) =&

By Result[3:612), (25, )r>1 is a Gromov sequence. So:

400 = lim inf (zn |an) < hmlnf (2n,, |an) = hmlnf Kq(o,zn, ).
J,k—o00

Hence, the function Kgq(o,-) is proper. By Proposition 3.4l (9, Kg) is Cauchy-
complete.

Claim I1.  is a weak visibility domain.

Assume, aiming for a contradiction, that € is not a weak visibility domain.
—FEnd —~FEnd .
Then, there exist a constant £ > 0, points £, € 0f) " 0" open neighborhoods

Ve and V;, of £ and 7, respectively, such that Vg N V,, = () and a sequence of
(1, k)-almost-geodesics (op)n>1, on : [0, T,,] — Q such that

0u(0) € Ve, o(T) €V ¥n > 1, and  lim Kq(o,0,) = +oc.

In the last assertion, we have used the fact that Kq(o,-) is proper. Passing to a
subsequence and relabeling if needed, we may assume:

o 0,(0) = & and o, (T},) — 1/, where &, 1/ € I "
e (Koo, O'n(O)))n>1 and (KQ(O, on(Tn)))n>1 are monotone increasing se-
quences. B B

Since Vi NV, =0, & # 1. Write:
zn = 0p(0) and  w, = 0, (T}).

By our hypothesis (note that z, — & and w,, — 7 in Q" ) and by Result [3.6]2),

we have )

[(Ga)ns1] = idg (€) and  [(wp)ns1] = idg (7).

Thus, [(zn)n>1] # [(wn)n>1] and so, by definition

lim sup (2, |wn) < +oo.
m,n—oo
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In particular, therefore

(10.3) lim sup (zn\wn)? < +o0.

n— oo

Now, fix (we make use of Claim [If once again, together with the Hopf~Rinow
theorem: Result[3:3)

e some geodesic of (Q, Kq) joining o and z,, and call it p,;
e some geodesic of (2, Kq) joining o and w,, and call it v,,.

In the notation of Theorem [TI0.6] and with & as above, let .# be the family of all
(1, k)-near-geodesics in Q. Clearly, % is k-admissible. Finally, let A, denote the
k-triangle whose sides are p,,, o, and v,. Let us write 6* := (36 + 6x). By part (1)
of Theorem [I0.6] we get that (2 satisfies the (%, k, 6*)-Rips condition. In particular,

on C UzeAn\{an}{Z €Q: Kqg(z,%) <6}
for each n > 1. Since 0, ([0, T}]) is connected, we can find a point
bp€{z2€Q: Kaqlz,pn) <6tN{z€Q: Kq(z,v,) <}
for each n > 1. Next, fix a, € p, and ¢, € v, such that
Ka(an,byn), Ka(cn,b,) < 6°
for each n > 1. Clearly,
Kaq(o,a,) > Kq(o,0,,) — 6%, Kaq(o,¢n) > Kq(o,0p) — 87,
for each n > 1. From the above and the fact that p,, and v,, are geodesics,
Kq(an, zn) < Kq(o, zn) — Kq(o,0p,) + 67,
Ka(en,wy) < Ko(o,w,) — Kq(o,0,,) + 6%,
for each n > 1. By the triangle inequality and the last two inequalities, we get:
Ko(2n,bn) < Ka(o,2n) — Ka(o,04) + 267,
Ko (wn, bn) < Ka(o,wn) — Ka(o,00) + 267,
for each n > 1. From the last two inequalities, it follows that
2Kq(0,00) < 2 (2 |w)S + 45"
for each n > 1. From this and (I0:3) we have

lim sup Kq (0, 0,,) < limsup (z, |wn)(§2 + 25" < 400,
n—oo n—oo

which contradicts the fact that lim, . Kq(0,0,) = +00. Hence, our assumption

must be false, which establishes Claim [IT]

10.3. An application of Theorem [I.11]

Proof of Theorem [I.12] Suppose the conclusion of the theorem is false. Then there
exists a germ of a complex 1-dimensional variety, say V', in 9Q2. Let p be a regular
point of V. By the condition on 02, it is easy to see that there exist a neighborhood
U of p, a unit vector v, and a constant € > 0 such that

e U/ NV is the image of an injective holomorphic map ¢ : D — e,
o (UNV)+tv C Q for every t € (0,¢).
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Write £ := ¢(1/2) and 7 := ¢(—1/2); by injectivity of ¢, & # n. Next, write

Pn =@+ (ﬁ) v,

and set z, := @, (1/2), w, = @,(—1/2) for each n € N. Finally, let v : ([0,7],0,T)
— (D, —1/2,1/2) denote the geodesic with respect to the Poincaré distance on D
from —1/2 to 1/2 which lies in (—1, 1), and define the path o,, := ¢, o~ for each
n. By construction, ¢, (D) C Q for each n. Recall that v is the restriction of a
diffeomorphic embedding of R into ID. As the Poincaré metric on D equals kp, we
have by definition kp(y(t),~'(t)) = 1 for all ¢ € [0, T]. Thus, by the holomorphicity
of ¢, we get for each n > 1:

ke (on(t), o0 (1)) = ka(on(¥(1)),

(10.4) < kn(v(1),7'(t)
Next, observe that for each n > 1:

s = t] =T < 0 < Ka(0u(s), 0a(t)) < Kn(1(s),7() = |s — 1]

for every s,t € [0,T]. From the latter inequality and (10.4), we conclude that, for
each n, o, is a (1,T)-almost-geodesic joining z, to w,. By construction, we can

find ﬁEﬂd—open neighborhoods V¢ and V,, of £ and 7, respectively, such that
Ve NV, =VenV, =0,

and such that z, € V¢ and w, € V,, for all sufficiently large n. By construction,
given a compact K C {2, there exists an integer Nx > 1 such that o, N K = { for
every n > N. Since each o, is a (1, T)-almost-geodesic, we conclude that € is not
a weak visibility domain. But as (2, Kq) is Gromov hyperbolic and idg extends to

. =End .
a homeomorphism from (2 U 02) onto " the last statement contradicts the
conclusion of Theorem Therefore, our assumption must be false, whence 0f)
does not contain any germs of complex varieties of positive dimension. O

11. A WOLFF-DENJOY THEOREM: PROOF OF THEOREM [L.14]

The proof of Theorem[T.T4]resembles the proof of Theorem 1.8 in [BM21], which
is very similar to the proof of Theorem 1.10 in [BZ17|. The present argument re-
quires two preliminary results which are analogous to Proposition 4.1 and Theorem
4.3 in [BM21|, but whose proofs are slightly different due to the fact that we must
consider unbounded domains as well.

Given two complex manifolds X and Y, let Hol(X,Y") denote the space of holo-
morphic maps from X to Y. A sequence (fy,),>1 in Hol(X,Y) is called compactly
divergent if for every pair of compact subsets K1 C X and Ky C Y, the intersection
fn(K1) N Ky is empty for all sufficiently large n.

Lemma 11.1 (Analogous to Theorem 4.3 in [BM21]). Let @ C C% be a weak
visibility domain and X be a connected complex manifold. If (fn)n>1 s a compactly

divergent sequence in Hol(X,Q), then there exist £ € 8§End and o subsequence
(fn,)j>1 such that

j—o0

forall z € X.
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Proof. Fix zg € X. Passing to a subsequence and relabeling, if needed, we can

. ., . . =End .. .
suppose that & = lim, . fn(20) exists in O " Aiming for a contradiction,
suppose that there exists z; € X such that (f,(21))n>1 does not converge to &.
Passing to a further subsequence, we can suppose that & = lim, . fn(21) exists

and o # &1.

Fix a smooth curve o : [0,T7] — X joining 2o to z1. Since the Kobayashi metric is
upper-semicontinuous, we can assume that kx (o(t);0'(t)) < 1 for every t € [0,T].
Write 6, := f,, o o. Then,

ko (0n(t); 67,(1) < kx (o (t); o' (1) < 1
for every ¢ € [0,T] and every n. Furthermore:
Ka(6n(5):60(0)) < Kx(o(s).00) < [ kx(o(r)io' () dr <s 1],
Kqo(Gn(s),n(t)>0>1|s—t|—-T

for every t € [0, and every n. Thus, each &, is a (1,T)-almost geodesic. By the
weak visibility property, there exists a compact set K C €2 such that

0 # KN&,([0,T)) = KN fo(o([0,T)))

for every n. Since (fy)n>1 is a compactly divergent sequence, we have a contradic-
tion. (Il

Lemma 11.2 (Analogous to Proposition 4.1 in [BM21]). Let Q C C? be a weak
vistbility domain, o € ), and F : Q — Q be a holomorphic self-map. If

lim sup Ko (F"(0),0) = oo,

n— oo

then there exists £ € 80" so that
lim F*i(0) =¢
j—o0
for every sequence (pj);>1 in N with lim;_, o Ko(F*i(0),0) = oco.

The proof is similar to the proof of Proposition 4.1 in [BM21], which is based on
an argument of Karlsson [Kar01].

Proof. Fix an increasing sequence (v;);>1 in N so that
(11.1) max{Kq(F*(0),0) : k=1,...,v; — 1} < Kq(F"(0),0)

for every j > 1. Passing to a subsequence and relabeling, if needed, we can suppose
that & :=lim;_, o F*7 (0) exists in 8",

Fix a sequence (u;);>1 in N with lim; o Kq(F*i(0),0) = co. Aiming for a
contradiction, suppose that (F*i(0));>1 does not converge to §. Passing to a sub-
sequence, we can suppose that F"i(o) — n and n # £. Next fix a subsequence
(vi;)j>1 such that p; < v, for all j € N. For each j € N, let o; : [0,T}] — Q be
a (1, 1)-almost-geodesic joining F*i(0) to F"i (0). By the weak visibility property,
there exists a sequence (t;);>1, t; € [0,T}], such that

R :=sup Kq(0,0;(t;))
j=0
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is finite. Then, since each o; is a (1, 1)-almost-geodesic, we have
Ko(F"i(0),F"(0)) 2 Tj — 1 = Kq(F"i(0),04(t;)) + Kalo;(t;), F(0)) = 3
> Kq(F"i(0),0) + Kq(o, F*i (0)) — 3 — 2R.
Further, by the distance decreasing property of the Kobayashi distance under holo-
morphic maps, and by (IL1.1)),
Kq(F"(0), F*i(0)) < Kq(F" " (0),0) < Kq(F"%(0),0).
Combining the last two equations we have
Kqo(o, F*(0)) <34+ 2R
which contradicts the assumption that lim;_,., Kq(F*i(0),0) = occ. O

We are now in the position to give a proof of Theorem[T.14] Since this proof is
nearly identical to the proof of Theorem 1.8 in [BM21|, we shall be brief. We should
mention here that, although the domains considered in [BZ17, Theorem 1.10] and
[BM21} Theorem 1.8] are visibility domains, the weak visibility property is sufficient
for these proofs to work.

Proof of Theorem [1.14] The proof of Theorem 1.8 in [BM21] applies to the present
set-up essentially verbatim with Lemma [T1.] replacing any reference to Theorem
4.3 in |[BM21|, Lemma [IT.2] replacing any reference to Proposition 4.1 in [BM21],
and the words “€2 is a weak visibility domain” replacing the phrase “Q) is a visibility
domain”. The only modifications that occur are the following:

e We need a definition of the function G5 in the case when ¢ is an end of Q.
In this case, G5 should be defined by

Gs(x1,29) = inf {Kq(F™(x1),22) : m € N and F(x1) € Us},
where Us is the connected component of Q \ B4(0,6~1) that contains the
end &.

. . —FEnd
e Given a compact subset K C 2 and a point 5 € " , we need to know
that the quantity

e :=liminf inf Kq(k,z)
z=n k€K

is contained in (0,00]. In the unbounded case this requires a slightly dif-
ferent argument than the one given in [BZ17] or [BM21]. In our setting we
can argue as follows: fix a compact set K’ C Q such that K ¢ int(K’). As
Q is Kobayashi hyperbolic, the Euclidean topology and the Kgq-topology
coincide (see [JP93} Section 3.3], for instance). So, Q2 \ int(K’) is closed in
the Kq-topology and K 3 k — Kq(k,Q\ int(K')) is a continuous function
that is positive at each k € K. As K is compact,

r - . /
€ = ]gg(KQ(k,Q\mt(K )

is positive. Then € > ¢ > 0 and the argument is complete.
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