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1. Introduction and preliminaries

The classical Dirichlet problem associated with a differential operator L is the prob-
lem of finding a function u on a domain 2 that satisfies the equation Lu = 0 on
Q and u = f on 0N for a given boundary function f : 9 — R. This problem has
classically been well-studied for the linear operator L = A by Oskar Perron in [52],
and more recently for its nonlinear counterpart L = A,. For the most general class
of boundary functions f the problem has a (perhaps not unique) solution, called the
Perron solution (see for example [28] and the notes therein). In the setting of metric
measure spaces whose measures are doubling and support a p-Poincaré inequality,
the method of Perron, has been extended in [11].

The Dirichlet problem, as posed above, is in many cases quite restrictive. For
example, in the case of a slit disc in the plane, one should consider points on
the slit not as single points in the boundary of the slit disc domain, but as two
different points on an appropriate boundary, as seen by approaching the point from
one side as opposed to the other side. Indeed, in the setting of a wide class of
Fuclidean and Riemannian domains, if the boundary of the domain is sufficiently
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regular (for example, rectifiable), then the Dirichlet problem for the operator L = A
can be posed to take into account this notion of different ways of ”approaching” the
boundary points. This is the method of Martin boundary developed by, for example,
Anderson—Schoen [8], Ancona [6], [7]. The minimal Martin kernel functions, which
compose the Martin boundary of the domain, are analogs of Poisson kernels to more
irregular setting and provide us with integral representations of the solution to the
corresponding Dirichlet problem. In the setting of a slit disc one can see that there
are two distinct minimal Martin kernels corresponding to each point on the slit
(except for the tip of the slit).

Although the notion of Martin boundary does make sense even for nonlinear
subelliptic operators such as L = A, (see for example Holopainen—Shanmugalingam-—
Tyson [31], Lewis—Nystrom [40]), because the operator is not linear we cannot hope
to use the Martin boundary as a kernel to solve the corresponding Dirichlet prob-
lem. The goal of this paper is to instead use an alternative notion of boundary,
called the prime end boundary, to pose a more general Dirichlet problem. The last
two sections of this paper will focus on modifying the Perron method for the setting
of prime end boundary.

The notion of prime end boundary was first proposed by Carathéodory [16],
and used successfully by Ahlfors [3], Beurling [9], Nakki [49], Minda—Nakki [45],
Ohtsuka [51] in some settings to study problems related to boundary regularity
of conformal and quasiconformal mappings. Others who formulated versions of
prime ends include Epstein [21], Mazurkiewicz [43], and Kaufmann [36]. More
recently prime ends have been used by others including Ancona [5] and Rempe [53]
in various settings to study problems related to potential theory and dynamical
systems. These studies are set in Euclidean domains or domains in a topological
manifold (as in [43]), and generally require that the domain be simply connected (in
the planar case) or, at least, be locally connected at the boundary (quasiconformally
collared domains). The literature on prime ends is quite substantial, and we cannot
hope to provide an exhaustive list of references here; we recommend the interested
reader to also consider papers cited in the above references.

In this note we construct a modified version of prime ends in the setting of
general domains in metric setting, for the purpose of studying Dirichlet problems
for p-harmonic functions (L = A, in the Euclidean setting) on domains. The
results of this paper are new even in the Euclidean setting, for example when the
Euclidean domain is a nonsimply connected one. In the future authors intend to
use the prime ends constructed in this paper to further study the Dirichlet problem
potential theory of various metric measure spaces such as Riemannian manifolds,
Heisenberg groups, and more general sub-Riemannian manifolds.

The rest of this section is devoted to the preliminary notions and definitions
needed in the paper. In Section [1.1: label! We have to use labels! /A] we
set up the definition of prime end boundary of domains in metric measure spaces
and the associated topology. In Section [1.2: label! We have to use labels!
/A] we study the structure of prime end boundary in relation to a more metric-
driven boundary called the inner diameter boundary, and prove that if the domain
is a John domain then the prime end boundary is equivalent to the inner diameter
boundary and has single-point impressions. In some circumstances a domain might
have some points in its topological boundary that may not be covered by prime
ends; thus it is beneficial for us to also understand the more general notion of ends
— which prime ends are in some sense the minimal ones (this is analogous to the fact
that not all Martin kernels are minimal Martin kernels). In some circumstances as
in Example 5.1 it is more beneficial to consider the wider class of ends than just
prime ends; however, in this note we will focus solely on the prime end boundary.
[1.3: Put descriptions of sections here once reorganized.]
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2. Preliminaries

Let (X, d, 1) be a metric measure space equipped with a metric d and a measure
(and containing more than one point). We will assume that p is a Borel measure
such that 0 < u(B) < oo for all balls B in X.

We also let p > 1 be fixed. We shall later impose additional assumptions on
p, in particular, we shall require that 1 < p € Q(x), where Q(z) is the pointwise
dimension set defined below.

Throughout the paper, 2 will be a proper bounded domain in X, i.e. a proper
bounded nonempty connected open subset of X.

A wide class of metric measure spaces of current interest, including weighted
and unweighted Euclidean spaces, Riemannian manifolds, Heisenberg groups, and
other Carnot—Carathéodory spaces, all have locally doubling measures that support
a Poincaré inequality locally. Since we are interested in unifying the potential theory
on all these spaces, we will assume these properties for the metric spaces considered
in this paper. Because the domain under consideration is assumed to be bounded,
there is no loss of generality in assuming the doubling and Poincaré inequality
properties as global properties, with only simple modifications needed to go from
spaces with globally held properties to spaces with locally held properties.

A measure p is said to be doubling if there is a constant C, > 0 [2.1: I changed
to C, as the constant dep. on p. /A] such that for all balls B = B(x,r) =
{y € X :d(z,y) <1},

H(2B) < Coupu(B),

where AB(x,r) = B(x, A\r). A consequence of the doubling property is the following
polynomial-type lower mass bound on the decay of measures of balls. There are
constants C, Q > 0 such that for all z € X, 0 < r < R and y € B(z, R),

w(B(z,R)) — C

pBly,r) 1 (T)Q.
R

(2.1)

Indeed, Q = log, C), will do, but there may be a better exponent. Note also that if
(2.1) is satisfied then p is doubling, so that u is doubling if and only if there is an
exponent () such that (2.1) holds.

If v is doubling, then X is complete if and only if it is proper (i.e. every closed
bounded set is compact), see Bjorn-Bjorn [10], Proposition 3.1.

The following lemma is an easy consequence of the doubling property. It will
often be used without further notice; see for example Heinonen [26], [2.2: Provide
specific ref. /A], or Lemma 3.6 in [10].

’ lower-mass-bound
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Lemma 2.1. Assume that p is doubling. Let B = B(x,r) and B’ = B(a/,r") be
two balls such that d(z,z’) < ar and r/a < r' < ar. Then u(B') ~ u(B) with the
comparison constant depending only on a > 1 and the doubling constant C\,.

If X is also connected then there exist constants C' > 0 and ¢ > 0 such that for
allz e X, 0<r < Randye€ B(z, R),

w(B(y,r)) T\
W(B(z R) <c(z)- (2:2)

Note that we always have 0 < ¢ < @ and that any 0 < ¢’ < ¢ and Q' > Q will
do as well.
X is Ahlfors Qo-regular if there is a constant C such that

érQO < u(B(z,r)) < Cr

for all balls B(z,r) C X with » < 2diam X. In this case, the best choices for ¢
and @ are to let ¢ = Q = y. We emphasize that in this paper we do not restrict
ourselves to Ahlfors regular metric spaces.
Garofalo-Marola [22] introduced the pointwise dimension qo(x) as the supremum
of all ¢ > 0 such that
wB(@r) _ o (7’ )‘I_

u(B(z, R)) R

for some C; > 0 and all 0 < » < R. Since the analysis considered in this paper
is local, we do not need the global nature associated with requiring the above
inequality for all R > 0.

Definition 2.2. Given x € X we consider the pointwise dimension set Q(x) of all
possible ¢ > 0 for which there are constants C; > 0 and R, > 0 such that

B g (1) 23

forall 0 <r < R< R, and all y € B(z, R).

Notice that @(x) now denotes a set of positive numbers, and that Q(z) is a
bounded interval, and indeed Q(z) = (0,q0) or Q(z) = (0,qo] for some positive
number go. If the measure p is Ahlfors Qo-regular at z, then gy = Qo and Q(z) =
(0, QO}

The pointwise dimension Q(z) will appear in some of our results in connection
with the capacity and the modulus of curve families, see Section 6. Note that

q < q0 < Q7
where ¢ and @ are as in (2.1) and (2.2).

Example 2.3. Let X = R" be equipped with the doubling measure du(x) = |x|* dz
for some fixed & > —n. Then u(B(0,r)) is comparable to "+, while for z # 0,
w(B(z,r)) is comparable to r™ with comparison constants depending on |z|, and u
is globally doubling. It follows that (2.1) and (2.2) hold with ¢ = min{n,n + a}
and @ = max{n,n + a}. Note that for a close to —n we have ¢ close to 0.

We follow Heinonen—Koskela [27] in introducing upper gradients as below ([27]
calls upper gradients as very weak gradients).

[2.3: I changed path to curve throughout (not in pathconnected) as
we used curve more often than path. /A]

’ upper-mass-bound

’ upper-mass—bound-q
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Definition 2.4. A nonnegative Borel measurable function ¢ on X is an upper
gradient of an extended real-valued function u : X — [—o00, 00| if for all rectifiable
curves 7 : [0,1,) — X, parameterized by arc length ds, we have

ur(0) ~utr(1) < [ g, (2.4)

Y

whenever both f(v(0)) and f(~(l,)) are finite, and fv gds = oo otherwise. If g is a
nonnegative measurable function on X and if (2.4) holds for p-a.e. rectifiable curve,
then g is a p-weak upper gradient of f.

By saying that (2.4) holds for p-a.e. rectifiable curve, we mean that it fails only
for a curve family with zero p-modulus, see (6.1) below. It is implicitly assumed
that f7 gds is defined (with a value in [0, 00]) for p-a.e. rectifiable curve.

Here and throughout the paper we require curves to be nonconstant, unless
otherwise stated explicitly.

The p-weak upper gradients were introduced in Koskela-MacManus [39]. They
also showed that if g € LP(X) is a p-weak upper gradient of f, then one can find a
sequence {g;}32; of upper gradients of f such that g; — g in LP(X). If f has an
upper gradient in LP(X), then it has a minimal p-weak upper gradient g5 € LP(X)
in the sense that for every p-weak upper gradient g € LP(X) of f, gy < g a.e., see
Corollary 3.7 in Shanmugalingam [56].

Next we define a version of Sobolev spaces on the metric space X due to Shan-
mugalingam [55].

Definition 2.5. Whenever u € LP(X), let

1/p
fullvrooe = ([ o duvint [ g#an)
X 9 Jx

where the infimum is taken over all upper gradients of u. The Newtonian space on
X is the quotient space

NYP(X) = {u: ||lullyrr(x) < 00}/~,
where u ~ v if and only if ||u — v||x1.p(x) = 0.

We say that X supports a p-Poincaré inequality, i.e. there exist constants C' > 0
and A > 1 such that for all balls B C X, all integrable functions f on X and for all
upper gradients g of f,

1/p
F 1 = faldu < C(diam B)( | du) , (2.5)
B A\B

where fp:= {5 fdp:= [, fdu/u(B).

Such Poincaré inequalities are often called weak since we allow for A > 1.

By the Holder inequality, it is easy to see that if X supports a p-Poincaré
inequality, then it supports a ¢-Poincaré inequality for every ¢ > p. A deep theorem
of Keith—Zhong [37] shows that if X is complete, p > 1 and p is doubling, then it
even supports a p-Poincaré inequality for some p < p. Such a g-Poincaré inequality
for some ¢ < p was earlier a standard assumption for the theory of p-harmonic
functions on metric spaces. In the definition of the Poincaré inequality we can
equivalently assume that g is a p-weak upper gradient.

eq:upperGrad
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3. Carathéodory ends and prime ends

Let us take a quick look at how Carathéodory [16] defined ends and prime ends
when he introduced the topic in 1913 (for simply connected planar domains).

Let Q C R? be a simply connected domain. A cross cut of  is a closed Jordan
arc in Q with endpoints on the boundary of Q. A sequence {cx}52, of cross cuts is
called a chain if for every k, (1) ¢ NCr+1 = &, and (2) every cross cut ¢, separates
Q into exactly two subdomains, one containing c,_; another containing cgy1, let
Dy, be the latter subdomain. The impression of the chain is ﬂ;ozl Dy, which is a
nonempty connected compact set.

Carathéodory then defines when a chain divides another chain, and says that two
chains are equivalent if they divide each other. This leads to an equivalence relation
for which the equivalence classes are called ends. The impression is independent of
the representing [3.1: representing/representative? (also elsewhere)] chain.

The ends are then naturally partially ordered by division, and he says that a
prime end is an end which is only divided by itself, or in other terms is minimal
with respect to the partial ordering. The impression of a prime end is always a
subset of 0€2.

Later it was realised that if one imposes some extra condition on the chains,
such as an extremal length condition, then the corresponding ends are automatically
minimal, and they are therefore called prime ends, so that when this approach is
used there are no ends (other than prime ends) and no need for weeding out bad
ends. This approach leads to the same prime ends as in Carathéodory’s approach.
According to our investigations, the first use of extremal length in connection with
prime ends is due to Schlesinger [54].

Prime ends are an important tool in various situations, and the theory works very
well for simply (and finitely) connected planar domains. For infinitely connected
domains, as well as in higher dimensions, the theory is not working quite so well,
at least not for general domains. However, when restricting to certain domains it
has proved useful also in higher dimensions.

We want to study prime ends in quite general situations, and see how far the
theory can be developed. We therefore give two approaches. In the first we start by
defining ends and then say that the prime ends are the ends which are minimal (with
respect to the partial order). In the other approach we require the ends initially to
satisfy a p-modulus condition, and to distinguish these ends from the earlier ones
we call them Mod,-ends. Here we have a choice of p (a real number larger than
1), leading us to different notions. The p-modulus condition is a generalization of
extremal length, the latter being connected with the 2-modulus, and thus seems
natural to consider.

In our generality it is possible that the Mod,-ends are not minimal, and we
therefore also introduce Mod,-prime ends.

4. Ends and prime ends

From now on we assume that X is complete and supports a p-Poincaré inequality,
and that p is doubling.
We are now ready to give our definition of ends and prime ends.

Definition 4.1. A bounded connected set £ & € is an acceptable set of Q if ENOS
is nonempty.

Since an acceptable set E is bounded, E is compact, and as E is connected, Eis
connected as well. Moreover, F is infinite, as otherwise we would have F = E C ).
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Therefore, E is a continuum. Recall that a continuum is a connected compact set
containing more than one point.

deff-chain| Definition 4.2. A sequence {E}}72, of acceptable sets is a chain if
it-subset (a) Fxy1 C Ep forallk=1,2,..;

pos—dist| (b) dist(QNOEs1,QNIE) >0 forall k=1,2,...;

impr (c) The impression (\pey Ex C ON.

| il

rmk-interior| Remark 4.3. As {F, k152 is a decreasing sequence of continua, the impression is ei-
ther a point or a continuum. Moreover, (a) and (b) above imply that Ex.q C int Ej.
In particular int Fy # @. [4.1: I deduce this without using connectedness.

/A]

Definition 4.4. We say that a chain {Ej}°, divides the chain {F},}7°, if for each
k there exists [ such that F; C Fj. Two chains are equivalent if they divide each
other, in which case we write {Ey}52, ~ {F,}32 ;.

A class of equivalent chains is called an end and denoted [Ey], where {Ej}7° | is
any of the chains in the equivalence class. The impression of [Ey|, denoted I[Ey],
is defined as the impression of any representative chain.

The collection of all ends is called the end boundary and is denoted by 9.

(In this definition we implicitly assumed that k& and [ are positive integers. We
make similar implicit assumptions throughout the paper to enhance readability.)

Note that if a chain {F}}2, divides {E}}2 , then it divides every chain equiv-
alent to {Ej}7°,. Furthermore, if {Fj}?2, divides {Ej}?2,, then every chain
equivalent to {Fj}7°, also divides {Ex}7,. Therefore, the relations of dividing
and equivalence extend in a natural way from chains to ends, the former becomes
a partial order and the second becomes equality. Note also that the impression is
independent of the choice of representing chain. Indeed, if {Ej}72 , divides {F}}72,
then I[E}y] C I[F)] and the opposite inclusion holds similarly.

rmk-open| Remark 4.5. Let {E}}72, be a chain. By Remark 4.3, E41 C int Ej. Unfortu-
nately int E} is not necessarily connected, but if we let Gy be the component of
int F) containing Fj11, then Gy is an open acceptable set. As G C 0F) we get
that {G1}72, is a chain. Since Ej41 C Gy, for all k, we see that {G}}72, is divisible
by {Er}72,. On the other hand, {G}72, clearly divides {Ej}2,, and thus they
are equivalent and [Gy] = [Ey].

As a consequence we could have required that acceptable sets are open without
any consequences whatsoever for our theory. On the other hand, with our definition
we have a bit more freedom when we construct examples.

[4.2: Is there any point not requiring that acceptable sets be open?

/A]

Let us next show that there is a certain redundancy in the collection of ends.
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/ /’f ™ x\'i,l
.I .III- .".fl'r M M'| -‘lll 1 |

Example 4.6. Let Q@ = (0,10) x (0,1) be the unit square in the plane and let
E, = (0,1) x (0,1/k) and F}, = ﬁB(%,l/Qk), k=1,2,.... (For simplicity we
often see R as a subset of R™.) Then the chain {F}};, is divisible by the chain
{Fi}32,, but {F}}72, is not divisible by {Ej}72 ;. The above figure illustrates this
example.

Such a redundancy might not cause a problem in some applications (see e.g.
Miklyukov [44], where the analogs of acceptable sets are not even required to be
connected), but since one of our aims is to use the notion of ends to construct a
more general boundary of a domain such a redundancy creates a difficulty in using
the collection of all ends as boundary. To overcome this type of redundancy, we
consider the smallest ends in the following sense.

Definition 4.7. An end [E}] is a prime end if the only end dividing it is [E}] itself.
The collection of all prime ends is called the prime end boundary and is denoted by

opQQ.

Prime ends are minimal with respect to the division partial order on the collec-
tion of ends.

5. Examples and comparison with Carathéodory’s
definition

We shall see later that in nice domains, every boundary point corresponds to at least
one prime end. However, the following example illustrates that in some situations
one may need to also consider ends which are not prime ends.

Example 5.1. Let Q be the topologist’s comb, i.e. the unit square (0,1)? C R? with
the segments S = (3,1) x {27%} removed. Let 2o = (3,0) and let I =(3,1] x {0}
be the set of inaccessible points, see Definition 7.5. Then the sets

Ek:{(m,y)GQ:%<3:<1and0<y<2_k}u(B(xo,2_k)ﬁﬂ),

k = 1,2,..., define an end with the impression I U {z¢}. However, this is not
a prime end, as it is divided by the chain {B(z0,27%) N Q}32,, which defines a
prime end with impression {zo}. Note that there is no prime end with impression
containing a point from I, cf. Corollary 7.12. We point out here that the prime
ends of this domain are also Mod,-prime ends, for 1 < p < 2, in the sense defined
in Definition 6.2, by Proposition 7.4.
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It should be observed that with Carathéodory’s prime ends the situation is
different. In this case {xo} is not the impression of any prime end, instead I U{zo}
is the impression of a Carathéodory prime end.

The following example is a major motivation for us.

Example 5.2. Let  be the slit disc B(0,1) \ (—1,0] € R% Then for each z €
[-1,0) there are two prime ends with the impression {z} (one coming from the
positive half-space and one from the negative half-space). For x € 90\ [—1,0) there
is exactly one prime end with the impression {z}, and these are all prime ends.

Proposition 5.3. Let Q2 be a bounded simply-connected domain in the plane. If
{cr}32, is a Carathéodory prime end, then [Dy] is an end, where Dy, are defined as
in Section 3.

In fact the proof below shows that the corresponding result is true for all
Carathéodory ends with impression in the boundary. (Of course, conversely if
{ex}32, is a Carathéodory end with impression containing some point in €2, then
[Dg] is not an end.)

[5.1: In Section 3 I’ve remarked that all Caratéodory prime ends have
impressions in the boundary, which is a well-known fact and I don’t see
a reason for us proving it. Using this made the proof below considerably
shorter than Tomasz’s proof in the extra notes. /A]

Proof. As the impression is a nonempty subset of 0f2, see Section 3, each Dy is
an acceptable set. It thus follows that {Dy}?°, is a chain, the condition (b) in
Definition 4.2 being satisfied since the cross cuts are disjoint. Hence [Dy] is an
end. O

Observe that not every Carathéodory prime end gives a prime end. This is due
to the fact that we have more ends in some cases, see Example 5.1, which again
depends on the fact that we only require that an acceptable set E is connected, not
that its boundary 2 N OF is connected.

That we do not recover Carathéodory’s prime ends in the simply connected
planar case is a drawback with our theory, and in many situations our theory is
inferior to Carathéodory’s. On the other hand, it is well known that Carathéodory’s
theory to it is full extent is limited to simply and finitely connected planar domains.
We will see in Section 7 that there is a close connection between our prime ends and
accessibility of boundary points, a connection lost with Carathéodory’s definition,
as shown by Example 5.1 (z( is an accessible point but there is no Carathéodory
prime end with impression equal to {zo}). This connection is crucial for our results
in Sections 9-11.

Example 5.4. Let us give one more example, the double equilateral comb shows
(see picture below). From the point of view of Carathéodory’s theory the limiting
bottom segment is the impression of the prime end, while for us the prime end
is associated only with the subinterval corresponding to the limit of the ”common
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parts” of the comb’s teeth.

[5.2: The text below was too early, before we had defined our ends.
As you can see I have now discussed the relation between our theory
and Carathéodory’s both in this section and in Section 3. The reason for
just comparing with Carathéodory’s theory is that it is very well known,
while the theories of others like Nikki are much less known.

I’'m leaving the text below here for now. We should clearly compare
our definition with Nikki, Ohtsuka, Karmazin ..., but perhaps in much
less detail than what I’ve done with Carathéodory’s theory. I'm also
not sure where this should be put, possibly already in the introduction.
Maybe we should leave this as point to be decided later rather than right
now. /A]

Carathéodory [16] first developed a theory of prime ends in the setting of simply
connected planar domains, see Section 3, and Niakki [49] developed a theory of prime
ends in the higher-dimensional Euclidean setting using techniques of extremal length
(related to our notion of Mod,-ends in Section 6).

The boundaries of our acceptable sets correspond to Carathéodory’s cross-cuts,
and our acceptable sets correspond to the components D,,. Our definition differs
from earlier definitions of prime ends. [5.3: Has anyone defined prime ends
using acceptable sets as we do? Probably Karmazin. /A] There are several
reasons for this. First, the topology of a metric space is more complicated than
that of R™. (The reader should think of R™ with a number of holes removed as
a particular example of a metric space under consideration.) If we require the
boundary of an acceptable set to be connected, then it is not easy to construct
ends using metric balls for example because boundaries of such balls need not be
connected, and so it is not clear that there will be any end in the metric setting.
Therefore, we have replaced cross-sets by acceptable sets. Analogs of cross-sets in
our setting are the boundaries of the acceptable sets.

(1) Carathéodory and Né#kki’s cross-cuts are connected, while boundaries of ac-
ceptable sets need not be.

(2) Cross-cuts break the domain into exactly two components, whereas the bound-
aries of acceptable sets break the underlying domain into at least two compo-
nents.

[5.4: I have referred to Kaufmann; his papers are in German there are
no reviews, and Epstein’s constructions do not seem to be so good, since



sect-Modp-ends ‘

deff-Modp-end

’ lem- en{uhtpdimeMedyi
’ it-prime-end-eq

IATEXed November 10, 2011 14:43

Prime ends on metric spaces 11

he a priori requires the chain to have ”shrinking to zero” diameters, and
so is too restrictive. These have been put in introduction, together with
Ancona. /N]

6. Modulus ends and modulus prime ends

The notion of ends and prime ends discussed in the previous section does not take
into account the potential theory associated with the domain. In this section we
give a subclass of ends and prime ends associated with the potential theory, using
the notion of p-modulus. Here, 1 < p < oc0.

Let T be a family of rectifiable curves in X. The p-modulus of the family T is

Mod,(T) := inf/ PP du, (6.1)
PJx

where the infimum is taken over all nonnegative Borel measurable functions p on X
such that [ pds > 1 for every v € I'. (As usual inf @ := c0.) It is straightforward
to verify that Mod,, is an outer measure on the collection of all rectifiable curves on
X. If I'y and T’y are two families of rectifiable curves in X such that I'y C I's, then
Mod,(T'y) < Mod,(I's), this monotonicity will be useful in this paper. For more on
p-modulus we refer the interested reader to Heinonen [26] and Vaiséla [58].

For nonempty sets F, F and U in X, we let I'(E, F,U) denote the family of all
rectifiable curves v : [0,1,] — U U E U F such that v(0) € E and (l,) € F. As
in [58], the modulus of the curve family I'(E, F, U) is the number

Mod,(E, F,U) := Mod,({yNU : v € T(E, F,U)}).

[6.1: Do we need this with E,F ¢ U. In that case I don’t see how to
use YN U as it isn’t a curve in general. T hope we don’t need that. My
hope is that we may define I'(E, F,U) to be the family of all rectifiable
curves v : [0,l,] = U (not - UUEUF) such that v(0) € E and 7(l,) € F./A]

Definition 6.1. A chain {E}}72, is a Mod,-chain if

lim Mod, (K, Ex, Q) =0 (6.2)
k—oo

for every compact set K C Q.

Note that if {Ex}?2, is a Mod,-chain and {Fy}32, divides {Ej}?2,, then
{Fi}%2, is also a Mod,-chain; this follows from the fact that whenever K C Q
is a compact set, then for each k there exists ny such that F,, C Ej. Thus
(K, F,,,Q) CI'(K, E, Q) and Mod, (K, Fy,, , ) < Mod, (K, Ej, Q).

Definition 6.2. An end [Ej] is a Mod,-end if there is a Mod,-chain representing
it. A Mod,-end [Ej] is a Mod,-prime end if the only Mod,-end dividing it is [Ej]
itself.

As above it follows that any chain representing a Mod,-end is a Mod,-chain.

Lemma 6.3. (a) An end dividing a Mod,-end is also a Mod,-end.
(b) A Mod,,-end is a prime end if and only if it is a Mod,-prime end.

Proof. (a) The first part follows just as above from the monotonicity of Mod,,.
(b) Let E be a Mod,-end. If F is a prime end, then there is no other end dividing
it, let alone any other Mod,-end dividing it. Thus E must be a Mod,-prime end.
Conversely, if E is a Mod,-prime end and F' is an end dividing F, then F'is a
Mod,p-end, by (a). Hence F' = E, and thus E is a prime end. O

’ eq-deff-modulus
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removed radius

Example 6.4. Let 2 be the unit ball in R, n > 3, with a radius removed. Then
for every boundary point x € 02 there is a prime end P, with it as impression, see
Proposition 7.1 and Corollary 7.7.
Let I be a closed subsegment of the removed radius and let

Ep ={z e Q:dist(x,I) < 1/k}.

Then [Ey] is an end with I as impression. This is not a prime end as it is divided
by P, for x € I. If p < n — 1, then Mod, (K, Ej,?) — 0 as k — oo, and thus [Ej]
is a Modp-end but not a Mod,-prime end.

Under some conditions [6.2: I don’t think one can use the word “cir-
cumstance” here. Also in some other places the word “might” was used
where I think that it logically more correct to write “may”. /A] all Mod,-
ends are Mod,-prime ends, and in this case one does not need to do the further
subdivisions, see e.g. Section 11.

The notion of Mod,-prime end is similar in flavour to the concept of p-parabolic
prime ends discussed in Miklyukov [44] and Karmazin [35]. The name p-parabolicity
has been used in the literature to denote spaces where there is not enough room out
at infinity (in the sense that the collection of all curves that start from a fixed ball
in the space and leave every compact subset of the space has p-modulus zero). See
[6.3: Is this list good? Let us leave this question to later. /A] [29], [30],
[18], [41], [23], [24] [42], [47], [33], and [19] for some applications of the notion of
parabolic ends. A prime end is a Mod,-prime end if there is insufficient room close
to the impression of the prime end. In this sense one could think of a Mod,-prime
end as a p-parabolic end of the domain.

Recall that if {E;}°, is a chain, then {F}}3°, is a decreasing sequence of
continua, and so the impression is either a point or a continuum. Corollary A.7
implies that condition (c) in Definition 4.2 follows if {Ej}7° , is a Mod,-chain and
Q — 1 < p [6.4: This doesn’t make sense now. What did we want to say
in this sentence? Is it still relevant? /A].

The condition limg_,o Mod, (K, Ex, Q) = 0 depends heavily on p. For example,
if 1 <p¢ Q(x), then the collection of all curves in X passing through x has positive
p-modulus, and hence in general there are no chains with x in their impressions.
(Here, Q(z) denotes the pointwise dimension set from Definition 2.2.) However, it
can happen that for some x € 9Q, and every K € Q we have Mod, (K, {z},Q) =0,
even if 1 < p ¢ Q(x). This is the case e.g. if  C R" (unweighted) has an outward
polynomial cusp of degree m and p < m + n — 1, see [20, Example 2.2].
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Remark 6.5. Many p-modulus estimates are not available in the nonconformal
case. In R™, N&kki [49] uses the condition

0< MOdn(Q \ Ey, Ek+1, Q) < o0 (63)

instead of condition (b) in Definition 4.2. For p = n in the Euclidean setting,
the conditions are equivalent. In Ahlfors @Q-regular metric spaces, formula (3.9)
in Theorem 3.6 of Heinonen—Koskela [27] shows the same equivalence (with n re-
placed by @ in (6.3)). See also the discussion on p. 16 and Remark 3.28 of [27].
In more general metric spaces there is no value of p for which the corresponding
equivalence is true (see Example 2.7 of [1] and Example 6.6 below), and so we
have explicitly required that chains {Ej}32 , satisfy dist(Q2 N OEy, QN OEk41) > 0.
This modification automatically implies that Mod,(Q \ Ex, Ex+1,8) < oo, since
the function p = xq/7, with 7 = dist(Q2 N OEk, Q2 N 0Fk41), is admissible in the
definition of Mod, (2 \ Ek, Ex+1,2). By Definition 4.2, the sets Q \ Ej and Ej4q
are disjoint and have nonempty interiors. It therefore follows from Lemma A.3 that
MOdp(Q \ By, Exq1, Q) > 0.

Example 6.6. [6.5: (For Anders: I still need to check this example.)]

Let Q = B(0,2) CR?, E = [-1,0] x {0} and F = [0,1] x {0}. If 1 < p < 2, then
dist(E, F)) = 0 even though Mod, (E, F, ) < co, as we shall next see.

Let I'yg be the family of curves in ) passing through the origin. Since singletons
have zero p-capacity in R?, we have Mod,(I'y) = 0. We shall therefore in this
example only consider curves which do not pass through the origin. Let v : [a,b] —
Q be such a curve connecting E to F' in 2. Joining v with its reflection in the real
axis makes a closed curve 7 in ) around the origin. The residue theorem now yields

that
/Zdz /dz .
5 = — =27
5 |21 ¥z

and considering the imaginary part of Zdz, we obtain using symmetry and the
Cauchy—Schwarz inequality that

dy —yd (¢ d
7T:/96‘12/ nyS/ Iv(t)\dt:/ 5
y TTHY o @) 5 [(s)]
where ds is the arc length parameterization of ~. It follows that the function
p(z) = 1/m|z| is admissible in the definition of Mod,(E, F, ) and hence

2 93—pgl-p
PP dxdy = le_p/ P dr = " < 0.
0

Mod,,(E, F,Q) < / o

Q

7. Singleton impressions and accessibility

It is clearly useful to have criteria for when ends are prime ends and Mod,-prime
ends.

The ends are naturally divided into two classes, those with singleton impressions
and those with larger (continuum) impressions. The former are not surprisingly
simpler to handle, and our many focus in the later sections will be on singleton-
impression ends.

It turns out that ends with singleton impressions are always prime ends.

Proposition 7.1. If an end has a singleton impression, then it is a prime end.

[7.1: This was a corollary, but the essence of the proposition before
was this, and I couldn’t see any reason to leave the statement as it was.

/A]
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Note, however, that there are prime ends with nonsingleton impressions, see also
below for more details.

Before proving this result let us give a characterization of singleton-impression
ends.

Proposition 7.2. Let [Ei] be an end. Then it has a singleton impression if and
only if diam E, — 0 as k — oo.

Proof. Assume first that diam Ej, — 0. As diam I[E}] < diam E}, = diam E}, for all
k it follows that diam I[Ey] = 0, i.e. that I[E)] contains at most one point. Since
I[E}] is nonempty it must be a singleton.

Conversely, assume that diam E, > 46 > 0 for all k, and let = € I[E)]. Then
Ay = Ey \ B(z,0), k = 1,2,..., are nonempty compact sets. Hence there is
Y € Np—; Ak Thus also y € I[E}] and the impression is nonsingleton. O

The following observation will also be useful.

Remark 7.3. If a connected set F' C 2 intersects both A and Q\ A, then FN (2N
0A) is nonempty.

A direct consequence is that if Ey, Fxy11 and F are connected subsets of 2 with
Eyi1 C Ey, Exy1NF # @ and F \ Ey # @, then F' meets both Q2 N 0E;+1 and
QN OEj, which implies in turn that dist(Q N OEk41, Q2N OE) < diam F.

Proof of Proposition 7.1. Let [F}] be an end with a singleton impression. Assume
that [F}] is not a prime end. Then there exists an end [Fj] dividing [F}] such that
[Fi] does not divide [Ey]. It follows that there is ! such that for each n there is
my, > n with F,,, \ E; # @. By the nested property of the chain {F}}?°; we get
that Fj \ E; # @ for all k. From this we infer that for all k there exists y, € Fi \ E;.

As [E}] divides [F}], for every k there exists j, > [+ 1 such that E;, C Fj. Let
z € Ej, be arbitrary. Then x € Fi, N Ej41 and y € Fi, \ E;. As F}, is connected,
Remark 7.3 implies that

dist(QNOE;+1,Q2NOE)) < diam F, — 0 as k — oo,

by Proposition 7.2. Thus dist(2 N 0E;+1, Q2 NOE;) = 0, contradicting the fact that
{E;}?2, is a chain. O

For Mod,,-prime ends we have the following result.

Proposition 7.4. If [Ey] is an end with singleton impression I[Ex] = x and 1 <
p € Q(x), then [Ey] is a Mod,-prime end.

Proof. By Proposition 7.2, diam Ej, — 0 as k — oo, and thus [E}] is a Mod,,-end by
Lemma A.2. Moreover, Proposition 7.1 shows that [F}] is a prime end, and hence
it is a Mod,-prime end. O

Definition 7.5. We say that a point x € 99 is an accessible boundary point if
there is a (possibly nonrectifiable) curve v : [0,1] — X such that y(1) = x and
2([0,1)) € €.

Moreover, if [Ey] is an end and there is a curve « as above such that for every
k there is 0 < t5, < 1, with v([tx, 1)) C E, then x € 09Q is accessible through [Ey].

Lemma 7.6. Let v:[0,1] — X be a curve such that v([0,1)) C Q and y(1) =z €
0. Let also {ry}32, be a strictly decreasing sequence converging to zero as k — oo.
Then there exist a sequence {0y }52, of positive numbers smaller than 1 and a prime
end [Fy] such that I[Fy] = {«}, v([0k,1)) C Fk and Fy is a connected component
of QN B(z,ry) for allk =1,2,.... If 1 < p € Q(x), then this prime end is also a
Mod,,-prime end.
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Proof. Note first that by the continuity of v, for each k = 1,2,..., there exists
0 < d; < 1 such that

v([6k,1)) € QN B(z, 7).

Let Fj be the connected component of QN B(z,ry) containing v(dx). It follows
directly that v([0x,1)) C Fj and hence x € Fy, showing that Fy, is an acceptable
set. Also, by construction, Fj11 C Fy for all k=1,2,....

Since Q N OFy, C 0B(x,r), it follows that for all k =1,2,...,
diSt(Q NOF;, QN 8Fk+1) > 0.

Also, as Fj, C B(z, 1), we have that I[Fy] = {x}.
Finally, Proposition 7.1 implies that [F}] is a prime end. Moreover, if 1 < p €
Q(z), then by Proposition 7.4 it is also a Mod,,-prime end. O

Corollary 7.7. Let x be an accessible boundary point of Q. Then there is a prime
end [Fy] with I[Fy,] = {z}. If p < Q(z), then this prime end is a Mod,-prime end.

Proposition 7.8. Let [Ey] be an end and x € I[Ey]| be accessible through [Ey).
Then the following are equivalent:
(a) [Ek] is a prime end;
(b) I[Ey] = {z};
(c¢) limg— oo diam Ey, = 0.
If 1 <pe Q(x), then also the following statement is equivalent to the statements

above:
(d) [Ex] is a Mod,-prime end.

Proof. (¢) = (b) This also follows from Proposition 7.2, as x € I[E| by assumption.

(b) = (a) This follows from Proposition 7.1.

(a) = (c) As z is accessible through [E}], there exists a curve v : [0,1] — X and
an increasing sequence of positive numbers ¢t — 1, as kK — oo, such that (1) = z
and for k =1,2..., y([tx, 1)) C Ei. Lemma 7.6 with e.g. ), = 27* provides us with
a prime end [F}] such that I[Fy] = {z} and v([0k, 1)) C F} for some 0 < §; < 1,
k=1,2,....

We shall show that [F] divides [Ej]. If not, then there exists k such that for
every | > k + 1 there is a point ; € F; \ Ey. Since t; — 1 as j — oo, for every
[ > k+1 we can find j; > [4+1 such that t;, > ¢; and hence y; :=~(t;,) € Ej, C Epy1.
As z; ¢ Ey, and y; € Eyy1, Remark 7.3 yields

dist(QN OEk, QNIFky1) < diamF, — 0 asl — oo,

which contradicts the definition of chains.

Hence, [F}| divides [F%], and as [Ej] is a prime end, it follows that [Ey] = [Fk],
and in particular, diam E;, — 0 as k — oo.

Let us finally assume that 1 < p € Q(z).

(b) = (d) This follows from Proposition 7.4.

(d) = (a) This follows from Lemma 6.3 (b). O

The following example shows that the assumption of accessibility is essential in
Proposition 7.8.
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Example 7.9. Let Q C R? be the domain obtained from the unit square (0,1) x
(0,1) by removing the line segments (0,1 — 1/k) x {1/k} for positive even integers
k and removing the line segments (1/k,1) x {1/k} for odd integers k > 3. The
end [Ey| given by E = (0,1) x (0,1/(k +2)) [7.2: Ej changed. Ok? /A]is a
Mod,,-prime end for all 1 < p < co with the impression I[Ey] = [0,1] x {0} and
limy_, o diam E,, = 1.

In fact, we have the following result.

Proposition 7.10. If [Ey] is an end and I[Ey] = {x}, then x is accessible through
[EL].

Proof. By Remark 4.5, we can assume that each Ej is open. As X is quasiconvex
[7.3: We should define and talk about this at some point, but let us
decide where later. /A], Lemma 4.38 in Bjorn-Bjorn [10] then implies that E,
is pathconnected. Choose zj € Ey \ Ex41 for k = 1,2,.... Since both x and g1
belong to Ej, and Ej, is pathconnected, there exists a curve v : [1—1/k,1—1/(k+
1)] — Ej connecting xj to xx+1. Let v be the union of all these curves. More
precisely, let v : [0,1] — X be given by v(t) = y(t) if t € [1 — 1/k, 1 —1/(k + 1)],
k=1,2,...,and v(1) = z. As diam E; — 0, ~ is continuous at 1, and hence z is
accessible along v through [F%]. O

Corollary 7.11. If [Ey] is a prime end and x € I[Ey], then the following are
equivalent:

(a) I[E:] = {z};

(b) z is accessible through [Ey];

(¢) limg— oo diam Ej, = 0.

Proof. (a) = (b) This follows directly from Proposition 7.10.
(b) = (c) This follows from Proposition 7.8.
(¢) = (a) This follows from Proposition 7.2 as x € I[Ey]. O

Corollary 7.12. Let x € 02. Then the following are equivalent:
(a) x is accessible;
(b) there is an end [Ey| with I[Ey] = {x};
(c) there is a prime end [Ey] with I[[Ey] = {z}.
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If 1 <peQ(x), then also the following statements are equivalent to the state-
ments above:
(d) there is a Mod,-end [Ey] with I[E}] = {x};
(e) there is a Mod,-prime end [Ey] with I[Ey] = {«}.

Proof. (a) = (c¢) This follows from Corollary 7.7.
(¢) = (b) This is trivial.
(b) = (a) This follows from Proposition 7.10.
Let us finally assume that 1 < p € Q(x).
(b) = (e) This follows from Proposition 7.4
(e) = (d) = (b) These implications are trivial. O

8. The topology on ends and prime ends

We would like to find homeomorphisms between dp€2 and other boundaries. To do
so we need to have a topology on 0pf, or really on 2 U dpf. Let us be a little
more general and introduce a topology on Q U dg€). It then naturally induces a
topology on 2U dp§) and also on the boundaries connected with Mod,-prime ends
introduced in Section 6.

Definition 8.1. We say that a sequence of points {x,}52, in Q converges to the
end [Ey|, and write z,, — [Eg], as n — oo, if for all k there exists nj such that
T, € E, whenever n > ny.

[8.1: I have avoided using lim z,, as the limits here need not be unique.
See also comment to the reader below. /A]

Observe that if z,, — [Fj] and [Ej] divides [F}], then z,, also converges to [Fy].
Thus the limit of a sequence need not be unique, and we therefore avoid writing
lim,, oo T,. It is less obvious that this problem remains even if we restrict our
attention to prime ends, see Example 8.6 below.

Definition 8.2. We say that a sequence of ends {[E}]}0, converges to the end
[ExX] if for every k, there is ny such that for each n > ny, there exists [, x such that
Ep CE”.

Note that the integers n; and [, in Definitions 8.1 and 8.2 depend on the rep-
resentative chain of the corresponding ends. However, both notions of convergence
are independent of the choice of representative chain.

Definition 8.3. Convergence of points and ends defines a topology on QU dg{2 by
saying that a family C' C QU 0 of points and ends is closed if whenever (a point
or an end) y € QU 9 is a limit of a sequence in C, then y € C.

Here, a sequence {z,, }5°; of points in {2 converges to a point y € Q as given by
the metric space.

It is not hard to verify that the open sets in the topology are given as G; U G¥,
where i1 and G are open subsets of  and GF C QU g is the union of G5 and
all the ends [Ej] such that Ej, C G for some k.

Theorem 8.4. The topology defined above is indeed a topology on QU Ogf2.

Proof. (1) The empty set and the collection of all ends are clearly closed.

(2) Let Cp and Cs be closed subsets of Q U 0. Assume that {y,}52, is a
sequence in C7 U Cy such that y, — yo. There is either a subsequence, y,, in
C1, or else a subsequence y,, lies in Cy. Since a subsequence of a convergent
sequence converges to the same limit, it follows that y. € Ci or ys € Co. Hence
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Yoo € C1 U Cy. By induction, for any positive integer N we have that U£LV=1 C, is
closed whenever C1,...,Cy are closed.

(3) Now let {C;}icz be a collection of closed subsets of 2 U dg). Consider a
sequence {Yn }nly € [jez Ci- If Yn — Yoo, @s n — o0, then, since the C; are closed,
Yoo € C; for all i € Z. Therefore, ys € ﬂieI C; and the intersection is closed. [

If F and F are two distinct ends such that E divides F', then any neighbourhood
of F contains F, and thus the topology does not satisfy the T1 separation condition.

If we however restrict ourselves to prime ends, i.e. to € U 0p€2, then the T1
separation condition is satisfied.

Proposition 8.5. The topology on QU 0p$) satisfies the T1 separation condition.

Proof. If x € Q, then {z} is closed in our topology. Thus to verify the T1 separation
condition we need to show that {P} is closed for any prime end P. We thus need
to consider the sequence {P,,}22 ,, with P, = P for all n. Assume that P, — Py
as n — 00, where Py, is a prime end. As the sequence is constant it is not hard to
see that P must divide P,,. Since P, is a prime end, we thus must have P = P..
Hence {P} is closed. O

The topology obtained on Q U dpS2 does not need to satisfy the T2 separation
condition, and can thus be nonmetrizable, as shown by the following example. In
Section [8.2: label! We have to use labels! /A] we will study a condition
under which this topology is metrizable.

Example 8.6. Let ) C R? be obtained from removing the following 2-dimensional
sets from the cube (—1,1) x (0,2) x (0, 2):

[—1,-1/(2k + 1)] x {1/(2k + 1)} x [0, 2]
and [1/(2k +1),1] x {1/(2k + 1)} x [0,2] for k = 1,2, ...,

and
[1/2k — 1,1 — 1/2k] x {1/2k} x [1/2k,2] for k = 2,4,6, ...

and
[1/2k — 1,1 —1/2k] x {1/2k} x [0,2 — (1/2k)] for k = 1,3,5, ...

There are two prime ends, with impressions [—1,0] x {0} x {1} and [0, 1] x {0} x {1},
but the sequence {(0,1/n,1)}22; converges to both of them.

It follows that any neighbourhood of any of these two prime ends contains all
but a finite number of points from this sequence. Hence these two prime ends do
not have disjoint neighbourhoods, or in other terms the T2 separation condition
fails.

Observe that 2 is simply connected.

[8.3: I’ve moved the following convergence discussion. I’'m not sure
we’re we should have it. Do we really need it? Should we delete it? /A]
Definition 8.2 implies that there are sequences {z'}°, in 2, n =1,2,..., and
a sequence {x$°}2, in Q with the properties:
(1) =z — [E}], as i — oo
(2) x$° — [ER°], as i — oo;

(3) limsup,, o limsup, . d(z?,z°) =0. [8.4: Why? /A]

(R K2
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However, even with the additional assumption that diam(Ey) — 0, this sequential
criterion does not imply convergence of prime ends — consider e.g. the slit disc, see
Example 5.2, and let z}' converge to a point on the slit from one side and z$° from
the other side.

Instead we should use the Mazurkiewicz distance.

Definition 8.7. We define the Mazurkiewicz distance dy; on by
dy(z,y) = inf diam F,

where the infimum is over all connected sets E' C €2 containing x,y € €.
Lemma 8.8. The sequence of ends {[E}|}52, converges to the end [Ep°] with
limy,_, o diam(ER°) = 0 if and only if whenever {z}}°,, n=1,2,..., and {x°}2,
are sequences in §) such that

(a) z] — [E}], as i — oo;

(b) @
we must have

— [EfX], as i — oo;

lim sup lim sup dps (2}, 25°) = 0.

n—00 71— 00

Proof. Assume that a sequence of ends {[E}']}72; converges to the end [E°]. Let

{zP}52, and {z°}$2, converge to [E}] and [E;°], respectively. By the definition of
convergence of a sequence we have that for each k and n there exists my, ,, such that
for all ¢ > my, ,, we have x}' € E}'. Similarly there is N, such that for j > N;, we have
that z7° € Ep°. The definition of convergence of a sequence of ends to an end implies
that there exists ny such that for all n > ny we can find [, ; with the property that
if I > I 1, then E]* C Ep°. We may take [, , > max{my_,, Ni} and therefore there
are ' € E]' C E° and x{° € E° such that da (2], 27°) < diam(ER°) whenever
1 > 1, . Since diam(ER°) — 0 we have that

0 < limsup limsup dps (27, 27°) < diam(Ep°) — 0.

n— 00 |—o0

To prove the opposite implication we proceed by reductio ad absurdum. Let
{z°}22, converge to an end [E}°] and assume {[E}]}22, does not converge to the
end [ER°]. Then there exists ko such that for all n there is m,, > n with the property
that ;™" \E,ff) # @ for all [. For each positive integer n we can construct a sequence
{x7}72, by choosing x7 € EJ' \ E° if this set is not empty and 27 € E* otherwise.
Clearly lim; o 2} = [E}}], and so by hypothesis we must have

lim sup lim sup dps (2}, 23°) = 0,

n— o0 17— 00

contradicting the assumption that E;"" \E,;’j # o, since then for large i we
have that dy(z§°,2}) > ¢ > 0 for a constant ¢ depending on diam(E°) [8.5:
Why? /A]. Furthermore, to see that diam(E;°) — 0, we notice that otherwise
lim supy,_, ., diam(E}°) > 0. We can choose sequences {z7°}7°, and {y°}7°, such
that z7°,yp° € Ep° and dist(z5°,y5°) > § diam(Ep°). For each positive integer n
take any sequence {a} }%2 , with af € E}'. With such a choice of sequences we have
by the triangle inequality that

limsup limsup dps(aj, z7°) # 0 or limsuplimsupdy(ag,yi’) # 0,
n—oo k—o00 n— oo k—oo

resulting in a contradiction. O



sect-Mazur

innerDiam

preservelength ‘

I4TEXed November 10, 2011 14:43

20 Tomasz Adamowicz, Anders Bjorn, Jana Bjorn and Nageswari Shanmugalingam

9. Prime ends and the Mazurkiewicz boundary

We now focus on describing the relations between the prime end boundary and two
other boundaries, the topological boundary and the Mazurkiewicz boundary. Our
investigations are motivated by the fact that having established homeomorphism or
embedding between two kinds of boundaries one may discuss the correspondence
between ends (or prime ends) and their impressions.

Let us mention that in Bjorn-Bjoérn—Shanmugalingam [13] the Dirichlet problem
for p-harmonic functions with respect to the Mazurkiewicz boundary is studied in
domains which are finitely connected at the boundary (see the next section for
the definition of finite connectivity on the boundary). By Theorem 10.8 this is
equivalent to studying the Dirichlet problem with respect to the prime end boundary
for such domains. We refer to [13] for further details on the Dirichlet problem, but
this is another important motivation for this and the next section.

The discussion in the previous section indicates that path accessibility of a
boundary point determines whether there is a prime end with a singleton impres-
sion. Motivated by this, we consider the following Mazurkiewicz metric associated
with the connectedness properties of the domain at the boundary points. Recall also
from the previous section that if [Ej] is a singleton end, then it is always a prime
end, and moreover, if 1 < p € Q(x), then it is also automatically a Mod,-prime
end.

Definition 9.1. We define the Mazurkiewicz distance dys on §2 by
dy(z,y) = inf diam E,

where the infimum is over all connected sets E' C €2 containing x,y € €.
. . . =M .
The completion of the metric space (€2, dys) is denoted Q and dj; extends in

=M
the usual way to 2 . Namely, for dp;-Cauchy sequences {x, }o2 1, {yn}52, € Q we
define the equivalence relation

{xn}zozl ~ {yn}zozl if nlgréo dM(mn,yn) =0.

The collection of all equivalence classes of d/-Cauchy sequences can be formally

M
considered to be 0, but we will identify equivalence classes of d,;-Cauchy se-
quences that have a limit in € with that limit point. By considering equivalence
classes of dp/-Cauchy sequences without limits in 2 we define the boundary of {2

—M
with respect to dps as 9y Q2 = Q@ \ Q. Because X is quasiconvex, we know that
—M
Q is locally compact; it follows that 2 is an open subset of . We extend the
original metric d; on €2 to o by letting
d]p[(l'*,y*) = lim dM(Inayn)7
n—oo

it o* = {zp}52, € oY and v = {yn}2, € QY. This is well defined and an
extension of djy.

Remark 9.2. Clearly, dys is a metric on Q. When z,y € 2, we have dy(z,y) >
d(z,y). Observe that if B(z,r) C Q, then by the L-quasiconvexity of X, we have for
all y € B(x,r/L) that dy(x,y) < Ld(z,y). Thus, djys and d are locally biLipschitz
equivalent in  and define the same topology inside 2.

By Remark 9.2, every point in ) can be identified with exactly one equivalence
class of dp;-Cauchy sequences in 2. This is, of course, not true on the boundary of
) in general.
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Lemma 9.3. There is a continuous map W : 0y — 0.

In fact, there is a continuous map V¥ : o™ = Q such that Ulq is the identity
map and Vg0 : Ol — 0N

This mapping need not be surjective nor injective in general, as demonstrated
by the topologist’s comb considered in Example 5.1 and the slit disc considered in
Example 5.2, respectively.

Proof. Let {x,}52; be a dj-Cauchy sequence in 2 representing a point in o
Since d(z;, ;) < dy(mi, x;), it follows that {z,}22; is a Cauchy sequence in the
given metric d [9.1: We say given metric here as in our other papers. /A]
as well, and so by the completeness of X, we can set

U ({z,}22,) = lim x, € Q.

. . . ... =M
The map ¥ is well defined, since every sequence representing the same point in 2
converges to the same limit in the given metric d.

To prove the continuity of ¥, consider {z,}°,{yn}>; € 0" and let 2 =
U ({z,}521) and y = U ({yn}221). Then by definition we have that

dM({iEn}ff:u {yn ;1.0:1) = nll)nolo dM(xm Yn) > lim d(xnvyn) =d(z,y).

n—oo

Therefore d(U({x,}221), ¥({yn}s2)) < dy({zn}seq, {yn}se,), that is, ¥ is 1-
Lipschitz continuous. O

Next, we show that under rather general assumptions, the prime end boundary
and the Mazurkiewicz boundary coincide. Recall Remark 7.3. [9.2: Should the
last sentence be deleted? It doesn’t make sense to me to have it here.

/A]

Theorem 9.4. Assume that every prime end in Q has a singleton impression.
Then there is a homeomorphism ® : 0p€) — Op€0.

This is a special case of the following result.

Theorem 9.5. Let Osp€) be the set of all singleton ends (which are automatically
prime ends by Proposition 7.1).

Then there is a homeomorphism ® : Q U Jsp) — ﬁM such that ®|q is the
identity map and ®|agpq : Ospt — Q2.

Recall that by Proposition 7.2 an end [E}] has a singleton impression if and only
if limg_, o, diam Fy, = 0. We will use this fact (implicitly) several times in the proof
below.

Proof. Step 1. Definition of ®. Let [Ey] € 0spQQ. For each k choose zj, € Ey. Then
for [ > k we have that zp,x; € Ej and as Ej is connected, this implies that

dy(zg, z;) < diam Ey — 0, as k — oo.

Thus, {71 }72, is a dp-Cauchy sequence and corresponds to a point y € o 1 Y
belonged to €, then we would have y € (,—, E) = I[Ej|, which is a contradiction.
Thus y € 0y, and we define

O([Ek]) = y-

For x € Q) we, of course, define ®(z) = x.
Step 2. @ is well defined. [9.3: This step had two parts. However, the
first was a special case of the second, hence I deleted it. Ok? /A] To see
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this, we assume that {Eg}72, ~ {E} }72, are equivalent chains and let z;, € Ej, and
x € B, k=1,2,.... Then for every k, there exists [; such that E;, C E;. Hence
for all j > k and | > I, we have that x; € E; C E;, C E}, and mg € E; C Ej. Thus

dy (21, 2%) < dlam Ej, — 0, as k — oo,

and it follows that {zx}32, and {z}}72, are equivalent as das-Cauchy sequences.
Hence ® is well-defined.

Step 3. @ is surjective. Let {x,}52, be a dp-Cauchy sequence in €, corre-
sponding to a point in dp;Q. We can assume that for all j, k > n,

d(xj, z) < dpr(ag,a) <2771 (9.1)

It follows that {z,}5%, is a d-Cauchy sequence and converges to some z € 9.
Moreover,
d(zg, ) <271 (9.2)

For each k = 1,2,..., let Ej, be the connected component of QN B(z,27*) containing
zg. Then for all j > k, (9.1) implies that there exists a connected set F' C 2 such
that 2, 2, € F and diam F' < 27%~1. Using (9.2), it follows that FF C QN B(z,27%)
and as F' is connected and x, € Ej, we obtain that F' C Ej, and z; € Ej, for all
j > k. Letting j — oo shows that x € Ej for k =1,2,....

This also shows that zyp11 € Ej and as Ej4; is connected, we obtain that
Eyy1 C E, for all k.

Since QN OE), C dB(x,27%), we obtain that

dist(QN OEky1,Q2NIEL) > 2751 > 0.

By construction we know that diam Fj — 0, and hence {Ej}$2, is a chain with
impression {z}. By Proposition 7.1, [Ej] is a prime end. Moreover, ®([Ex]) =
{zn}52 ;. Thus @ is surjective. (That ®|q is bijective is clear.)

Step 4. @ is injective. Let [Ey] and [Fy] be two distinct singleton prime ends.
So {Fj}72, does not divide {Ej}32,. Hence, there exists k such that for each !
we can find a point y; € F; \ Ex. We need to show that {y;};°, is not equivalent
to any sequence representing ®([Ej]). Let z,, € E, for each n, and assume that
{zn}02 ~ {yi};2,. Then for all sufficiently large n,l >k + 1,

dpyr(xn, y1) < dist(QN OEk1, Q2N IEY),
and so there exist connected sets K, ; C Q such that z,,y, € K, and
diam Kn,l < diSt(Q N 8Ek+1, QN 8Ek)

As zp € Epyy1 C Ep and y € Q\ B, C Q\ Egy1, the sets K,,; must meet both
QN OFEk+1 and QN OFE,. Remark 7.3 yields that

diSt(Q NOEk+1,02N BEk) < diam K, < diSt(Q NOEk+1,02N 8Ek),

which is a contradiction. Thus {z,}32; and {y;};°, cannot be equivalent, and ® is
injective.

Step 5. ® is continuous. [9.4: Is it clear that continuity can be shown
by sequential continuity? Similarly for ®~!. /A] As ®|q is continuous, it is
enough to show that the image of every sequence with a limit in dsp{2 has the right
limit. There are two such types of sequences we need to consider.

Assume first that the sequence of singleton prime ends {[E}]}0%, converges to
the singleton prime end [E°]. This means that for each k there exists ny such that

eq-surjective
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whenever n > ny we can find I, ;, > k so that Ej' ~C Ep°. Let ®([EY]) = {=} )72,
and ([EF) = {s 1.

If € > 0, then there exists & such that diam E}° < e. Then for all m > n > ny
we have x{? . € ElT:L.k C B and xff’k C ElO:k C E°. Hence

dyr(z)” oy ) < diam B <e.

This shows that {®([E}])}o2, converges in dys to ®([E°]) as n — oo.
Assume next that Q 3 y,, — [Fx] € 9sp§2, as n — oo. Thus for each k there is
ng such that y, € Ey if n > ny,. As Ej is connected we see that

dM(yl7ym) < diam Fj if l,m > ng.

Since diam Ej, — 0, as k — oo, this shows that {y,}22; is a dj/-Cauchy sequence.

Letting xr = yn, shows that ®([Ey]) = {zx}72; ~ {yn}5Z:, which is the limit of
. =M

{yn}o,in Q.

Thus we conclude that ® is continuous.

Step 6. ®1 is continuous. As in Step 5 there are two types of sequence we need
to consider.

Assume first that the sequence of singleton prime ends {[E}]}72, does not con-
verge to the singleton prime end [Ef°]. This means that there exists k and an
increasing sequence n; — oo (depending on k) such that for all 4,l = 1,2,..., we
have E/" ¢ Ep°. For | > k + 1, choose x;"* € E" \ E° and z{° € E® C E5,.
Remark 7.3 implies that for all i =1,2,... and [ > k+ 1,

6= diSt(Q n 8Ek+1,Q n 8Ek) < dM(lL’;h,[L'?o)
It follows that for all i =1,2,.. .,
dy (([E)"]), ®([ET7])) = 6 > 0.

Thus, ®([E]""]) cannot converge to ®([E/*]) as i — oo, and hence the sequence
{®([E}])}22, does not converge to ®([ER°]) either.

Assume next that {y,}22; is a sequence of points in  which does not converge
to the singleton prime end [ER°]. [9.5: Details need to be added. /A]

This shows that ®~! is continuous and so ® is a homeomorphism. O

10. Finitely connected domains

In general not all prime ends have singleton impressions. In this and the next
section we explore conditions under which all prime ends have this property.
Here we present a condition which guarantees that all prime ends have singleton

impressions, and moreover is equivalent to compactness of the prime end closure
P

Q = QU IpQ in this case, see Theorem 10.10. (See the topologist comb in

—P . .
Example 5.1 for an example when ) is not compact. Observe that all the prime
ends have singleton impression in this case example.)

Definition 10.1. We say that Q is finitely connected at xg if for every r > 0 there
is an open set G (open in X) such that zy € G C B(z,r) and G N Q has only
finitely many components.

The terminology above follows Néakki [48] who seems to have first used it in print
(for R™). (Nakki [50] has informed us that he learned about the terminology from
Viiséld, who however first seems to have used it in print in [58].)
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Let us introduce some further notation. Fix xg € 02 (we do not assume that

(1 is finitely connected yet). For each r > 0 let {G, (T)};\/:(r) be the components of

B(zo,r) NQ which have z in their boundary, i.e. zg € G;(r). Here N(r) is either
a nonnegative integer or co. Let further

N(r)

H(r) = (B(zo,m) N ) \ U G;(r)

be the union of the remaining components (if any). (The sets G;(r) and H(r) of
course depends on xg.)

[10.1: There was an example here with N(r) =1 for all r, but still not
finitely connected, that I deleted. It fits more into mbdy. /A]

The following characterization of finite connectedness is useful.

Proposition 10.2. The set € is finitely connected at xqg if and only if for all r > 0,
N(r) < oo and zo ¢ H(r).

See Bjorn—Bjorn-Shanmugalingam [14] for a proof.

Lemma 10.3. Assume that Q) is finitely connected at a boundary point xq. Let
[Ex] be an end with xo € I[Ey]. Then there exists a decreasing sequence of positive
numbers 1, < 27 such that for each k = 1,2,..., there is a connected component
Gj,(ri) of B(xo,ry) satisfying xo € Gj, (1) and Gj, (1) C E.

Proof. As dist(QNIEy, QNOEk+1) > 0, at least one of the two distances dist(zq, 2N
OEy) > 0, dist(zg, QN IE)4+1) must be positive. If dist(zg, QNIE)) > 0, then there
exists 0 < 7, < 27% such that r, < dist(zg, 2 N JE). Consider the connected
components G1 (), ..., Gn(r,)(Tx) of B(xo, )N that have g in their boundary.
Let H(rg) = QN B(zo,mx) \ U;-V:(;’“)Gj(rk). As Q is finitely connected at xg,
Lemma 10.2 shows that x¢ ¢ H(r%), so at least one of G1(ry), ..., Gn(r)(rk) has
a nonempty intersection with E}y, say G1(rg). Since G1(ry) is connected and 7 <
dist(xg, 2 N OE}), we must have G1(ry) C Ej.

If instead dist(zo, 2 N OEk+1) > 0, then we find in the same way G1(rg+1) C
Ey 1 C E; and let ry = rgqq.

By constructing the above sequence of positive numbers 7 inductively, we can
also ensure that the sequence is a decreasing sequence. O

Proposition 10.4. Assume that Q is finitely connected at xo. Let [Ey] be an end
with kg € I[Ey]. Then there is a sequence of positive numbers ry that decreases
to 0, and a prime end [Fy] which divides [Ey], such that F, = Gj, (ri) for some
1 < jk < N(Tk), and I[Fk} = {JZQ}

If moreover [Ey] is a prime end, then [Ey] = [F] and I[Ey] = {zo}

[10.2: The proof below needs to be rewritten, who wrote it? It is
said that the metric is on the tree, but it is defined for curves on the
tree. Moreover, which curves are considered is not specified, I guess
curves going down the tree. Also no motivation for why the completion
is compact is given. /A]

Proof. Let the decreasing sequence of positive numbers 7y, be as in Lemma 10.3, and
T be the tree whose vertices are the components G;(ry) provided by Lemma 10.3.
Two vertices in this tree are connected by an edge if and only if the two vertices
are G;(ry) and Gp(rg+1) for some k € Nand 1 < j < N(rg), 1 < m < N(r41)
and G7n(Tk+1) C Gj (Tk).
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We introduce a metric on the tree T by t(p, ¢) = 27", where n is the level where
the curves p and ¢ branch, i.e. they have a common ancestor G;(r,,) but belong to
different branches corresponding to Gy, (7+41) and G (rp41). This is a metric on T
that turns 7" into a bounded metric space whose completion is compact.

For each positive integer k, let Py be the collection of all vertices on geodesic
curves in 7" which pass through the vertex corresponding to the component G;(ry) C
Ey. By Lemma 10.3, each Py is nonempty. Clearly, P, D P41 and each Py is
closed in the above metric. It follows that there exists a curve p € (N, Px. The
vertices of this curve p correspond to a chain {G;, (14)}32,, and by Lemma 10.3 it
divides [Ey]. Since diam G, (1) < 2r < 2'7% the obtained end is a prime end by
Proposition 7.1.

If [E}] is a prime end, then we must have [Ey] = [Fi| and thus I[Ey] = {z¢}. O

Definition 10.5. If Q is finitely connected at xg € 92 and N(r) = 1 for all suffi-
ciently small r in the definition of finite connectedness, then 2 is locally connected
at xo. If Q is finitely (or locally) connected at every boundary point, then it is
called finitely (or locally) connected at the boundary.

The following results are direct consequences of Proposition 10.4.

Corollary 10.6. IfQ is finitely connected at xg € OS2, then there exists a prime end
[Fy] with I[Fy] = {xo}. Furthermore, if [Ey] is a prime end such that xo € I[E}]
then I[Ey] = {zo}.

[10.3: I don’t see how the existence is a direct consequence. However
it may follow from the proof when it has been clarified. /A]

Corollary 10.7. If Q is locally connected at the boundary and [Ey] is a prime end
in Q, then I[Ey] = {x} for some x € O and there exist radii v > 0, such that

Bz, rp)NQC E,, k=1,2,....

Theorem 10.8. If Q) is finitely connected at the boundary, then there is a homeo-
morphism P : QP — QM such that ®|q is the identity map. Furthermore, if

1<pe(N):={q:q€Qx) for all x € IN},
then 0pS) is also the Mod,-prime end boundary.

[10.4: T defined Q(92) above. This should maybe be defined earlier.
/A]

Proof. This first part follows immediately from Theorem 9.5 and Proposition 10.4,
while the last part follows from Proposition 7.4. O

Corollary 10.9. If Q is finitely connected at the boundary, then the prime end
closure QU is metrizable with metric mp defined as follows. If y,z € ﬁp, then

mp(y,z) = dy(P(y), D(2)).

=P
The topology on Q0 given by this metric is equivalent to the topology given by the
sequential convergence discussed in Section 8.

[10.5: The following is a more general result than before, taking into
account the new discussion of dspQ2. /A]

Theorem 10.10. The following are equivalent:
(a) Q is finitely connected at the boundary;
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—P
i3-P (b) Q@ is compact and all prime ends have singleton impressions;
i3-SP (¢) QU Isp Y is compact;

(d) a™ s compact.
Proof. (a) < (d) This is shown in Bjérn-Bjérn—-Shanmugalingam [14].

(¢) < (d) This follows directly from Theorem 9.5.
(a) = (b) By Proposition 10.4 all prime ends have singleton impressions. Hence

o’ =au Osp2, which is compact by the already shown implication (a) = (c).
(b) = (c) Since all prime ends have singleton impressions, we have that Q U

—P
OJspf) = Q) |, which is compact by assumption. O

We say that € is N-connected at a point x¢ € 0N if € is finitely connected
at z¢ and for sufficiently small » > 0 we have N(r) = N, see also Bjorn-Bjorn—
Shanmugalingam [14].

Lemma 10.11. Assume that Q is N-connected at xo € 0. Then there are exactly
N distinct prime ends, [E}],...,[EYN] with impression {xo}. Furthermore, there
are mo other prime ends with xq in their impressions.

This follows from Theorem 9.5 together with a result in Bjorn-Bjérn—-Shanmugalingam [14],
but let us give a more direct proof.

Proof. Without loss of generality assume that N(1) = N. Then for positive integers
k we consider G;(1/k), the connected components of B(zo,1/k) N that have
in their boundaries, for j = 1,..., N. We can label them in such a way that for
j=1,...,N we have G;(1/m) C G;(1/k) if m > k. It can be directly checked that
the choice of E,i = G;(1/k) for j = 1,...,N and for positive integers k gives us
ends [Fj}| with impression {zo} for j =1,..., N. If j; # jo, then for every choice of
positive integers ki, ko we have Eﬁ N Eiz = @. Thus the ends [EiL j=1,...,N,
are pairwise distinct, neither dividing the other. By Proposition 7.1, these ends are
prime ends.

[10.6: I added the following part of the proof which was entirely
missing. /A]

It remains to show that there are no more prime ends with x in the impression.
Let [Ex] be a prime end with zg € I[Ey]. By Proposition 10.4, there is a sequence
of positive numbers rj, that decreases to 0, and a singleton prime end [Fj] which
divides [E}], such that Fj, = G;, (1) for some 1 < ji, < N(ry) = N. As Gj, (i) =
Fy C Fy = G, (r1) we must have jy = j;. Hence [F},] = [E}']. Since [Ej] is a prime
end we must have [Ey] = [Eil] showing that there are no more prime ends. O

Corollary 10.12. If Q2 is locally connected at the boundary, then there is a home-

omorphism T 0" -0 such that T|q is the identity map.

Proof. Let ¥ : QM — Q be the continuous mapping defined in Lemma 9.3. By

Lemma 10.11, ¥ is bijective. [10.7: Show that ¥~! is continuous. /A]
Letting T = W o @, where ® is from Theorem 10.8, and using Theorem 10.8

completes the proof. O

In Karmazin [34] another definition of prime ends is considered using curves in
the domain € that accumulate towards some part of 9€; see also Suvorov [57]. Us-
ing such curves, they construct a chain of sets (not quite [10.8: What does “not
quite” mean? /A] similar to our acceptable sets), and give a characterization (in
terms of the Mazurkiewicz metric) of the curve for which the corresponding chain
gives a prime end. We point out that their construction is for simply connected Eu-
clidean domains, and hence are different from our construction of ends and prime
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ends. In their investigations ends play a crucial role in analysis of various compact-
ifications, quasiconformal extension problem as well as in boundary behaviour of
quasiregular mappings.

11. John and uniform domains

In this section dq(z) stands for the distance of the point € Q to X \ Q with respect
to the given metric d.

Definition 11.1. A domain Q C X is a John domain if there is a constant C > 0,
called a John constant, and a point x¢ € €, called a John centre, such that for every
x € Q there exists a rectifiable curve v : [0,1()] — Q parameterized by arc length,
such that = v(0), zo = v(I(7y)) and for every t € [0,1(y)], we have

t < Cada(v(t)). (11.1)

A domain Q C X is a uniform domain if there is a constant C' > 0, called
a uniform constant, such that whenever z,y € ) there is a rectifiable curve ~ :
[0,1(7)] — €, parameterized by arc length, connecting x to y and satisfying the
following two conditions:
I(v) < Cd(z,y),

and for all points z in the trajectory of =,

min{l<7m,z)7 l('Yy,z)} < Céﬂ(z)

Here vy, . denotes the subcurve of v with end points x and z.

Observe that uniform domains are necessarily John domains.

In this section we will show that under some assumptions all Mod,-ends are
prime ends. Let us however first draw some consequences of the results in the
previous section.

Theorem 11.2. Let Q be a John domain. Then there is a constant N depending
only on the doubling constant C,, and the John constant, such that €} is at most
N-connected at every boundary point.

This follows from Lemma 4.3 in Aikawa—Shanmugalingam [4].

Corollary 11.3. Let Q be a John domain. Then the following are true:
(a) Ewery prime end has a singleton impression.

(b) There is a homeomorphism @ : Q" =" such that ®D|q is the identity map.
(c) If
1<pe() :={q:q€ Qx) for all x € IN},

then 0pS) is also the Mody,-prime end boundary.
(d) The prime end closure Q" is metrizable and compact.
(e) There is a positive integer N, depending only on the doubling constant C,, and

the John constant, such that for every x € Q) there are at most N prime ends
of Q that contain x in their impressions.

This corollary follows directly from Theorem 11.2 together with the results from
Section 10. Let us also point out the following special case of Corollary 10.12.

Corollary 11.4. Let 2 be a John domain, which is locally connected at the bound-
ary. Then there is a homeomorphism Y : Q" = Q such that Y|q is the identity
map.

In particular, this holds for every uniform domain 2.

eq-def-John
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[11.1: Why are uniform domains locally connected at the boundary?
Provide reference? /A]

Note that there are plenty of John domains which are locally connected at the
boundary, but which are not uniform.

Example 11.5. Let Q be the inward cusp domain in R?. Clearly, € is a John
domain, but not uniform. However, it satisfies the hypotheses of Corollary 11.4.

Example 11.6. Let Q be the unit disc in R? from which the closed discs B(x;,r;)
with z; = (1 —1/4,0) and r; =1/25(j + 1), j = 1,2,..., have been removed.
Then the distance between two consecutive ballsis 1/5(j41)(j+2), showing that
any curve in  connecting the north and the south pole of some B; has distance to
R?\ © comparable to 1/j(j+1)(j +2), while its length is comparable to 1/5(j +1).

We are now ready to formulate and prove one of our main results.

Theorem 11.7. If Q is a John domain and p > Q — 1, then every Mod,-end is a
prime end with singleton impression.

Note that the conclusion of the above theorem fails if [E}] is merely known to be
an end. Furthermore, this theorem does not tell us that singleton Mod,-ends exist,
but as we will see later, if in addition 1 < p € Q(99), then singleton Mod,-ends
exist for every x € 99Q.

[11.2: I still need to go through everything from here on. /A]

For this we need the following lemma about chains of balls in John domains.

Lemma 11.8. Let 2 be a John domain with a John centre xo and a John constant
Cq. Let py < da(xg)/4X and A = Cqodq(xo)/po > 4CqX. Then every x € Q can be
connected to the ball By := B(zo,po) by a chain of balls {B;; : i =0,1,...;j =
0,1,...,m;} satisfying the conditions (a)—(e) of Lemma A.4 with M = 2A.

Proof. Let v be a John curve connecting = to xg in 2. Assume that - is parame-
terized by its arc length and that v(0) = x and (L) = xo, where L = [(v) is the
length of . Choose i, € N such that 4\Cqp;, < do(x)/2. Recall that p;, = 27 % p.
The first ball By o = B(zo,po) in the chain clearly satisfies 4ABg o C €. Also,
by (11.1),
d(l‘o,l‘) S L S CQ(SQ(Z‘(J) = Apo

Assume that the ball B; ; has already been constructed and that it satisfies (a).
Let
c=inf{t € [0,L] : y(t) € B; ;}.

Assume first that ¢ < i,. If ¢ > 4A\Cop;, then let B; j11 = B(x; j+1,p:i) with
x; j+1 = 7(c¢) be the successor of B; ;. Note that by construction and by (11.1),

4/\09/)1 S C S CQ5Q(I¢J+1), (112)

i.e. 4)\Bi7j+1 c Q.
If ¢ < 4)\0{2,01, then let m; :j and let BH—LO = B(xi+1,07pi+1) with Ti+1,0 =
v(c) be the successor of B; ;. Note that (11.2) implies

da(iv1,0) > 0a(Tim,) — pi = 4Xpi — pi > 4Xpig1

and hence 4A\B; 1,9 C €.

For ¢ = i, and ¢ > 0, let B;, j+1 = B(xi, j+1,pi,) With x;, j41 = 7(c) be the
successor of B;, ;. Note that if ¢ > 4A\Cqp;,, then (11.2) implies that 4\B; ;11 C Q.
On the other hand, if 0 < ¢ < 4ACqp;,, then the same conclusion follows from the
fact that

1
d(zi, jy1,7) <c <4XCap;, < 5(59(1‘)

eq-de-0Om-j
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and hence
1
Oa(2i, j+1) 2 Oa(2) — d(zi, j+1,2) 2 S0a(z) = 4Api,.

If i =i, and ¢ = 0 or if ¢ > iy, then let B;119 = B(z, pi+1) be the successor of
B; ;. Then clearly

1
4Ap; < 4Xp;, < 559(1”)

and thus 4AB; 1,9 C €.

The balls {B;; : i = 0,1,...;5 = 0,1,...,m;} cover 7 in the direction from
xo to x and neighbouring balls always have nonempty intersection. Thus, (e) is
satisfied. Also, (a) is satisfied by construction and the comments above.

As for the other properties, note first that if ¢ > i,, then there is only one ball
with radius p; and that ball is centred at x. This proves (d), so it remains to prove
(b) and (c).

For i = 0 and all j < mg we have that

0 <d(xoj,z) <c<L—jpy < Cabalxo) —jpo = (A—j)po,

showing that my < A and d(zo;,2) < Apo.
Similarly, for 0 < i < i, we have by construction that

0< d((Ei’j,QIJ) <c< 4)\09[)171 — jpl = (8)\0{2 — ]),OZ

and hence j < 8A\Cq < 2A. This also shows that d(z; ;,z) < 2Ap;.
For i > ig, (b)—(d) are obvious. O

Corollary 11.9. Let Q) be a John domain with a John centre xy and a John con-
stant Cq. Let py < dq(x)/4X and B = B(xg,po). If p > Q — 1, then there exists a
constant C' > 0 depending only on Cq, B, p, the doubling constant and the constants
in the p-Poincaré inequality, such that for all E C Q\ B,

H°(E) < CMod,(E, B(xo,r), ).
Proof. This follows directly from Lemmas A.4 and 11.8. O

Proof of Theorem 11.7. As each Ey, k=1,2,..., is a connected set, Corollary 11.9
and Definition 4.2 then imply

diam(Ey) < H°(Ex) < CMod,(Ey, B,Q2) — 0 as k — oo,

where the ball B is as in Corollary 11.9. Proposition 7.1 then shows that [Ej] is a
prime end. O

The conclusion of Theorem 11.7 holds for somewhat more general domains as
well.

Theorem 11.10. Let p > Q — 1. Assume that for all 0 < r < diam(f), there
ezists a closed set F C Q) such that H°(F) < r and Q\ F is a John domain, with
a John constant depending on r. Then every Mod,-end [Ey] in Q has a singleton
impression and is a prime end and, if in addition max{1,Q — 1} < p € Q(x), a
Mod,-prime end.

Proof. Let 0 < r < diam €2 and F be the set associated with r as in the assumption
of the theorem. Given an end (Ey) of Q, let E} = Ep \ F and ' = Q\ F. Let x
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be the John centre of Q" and B = B(wg, p) € 2. Every curve connecting B to E},
in Q' connects B to Ej D Ej, in Q and hence

Mod, (B, E}, ') < Mod, (B, Ey, Q).
As ) is a John domain, this together with Corollary 11.9 implies that
H°(E},) < CMod,(B, E, Q) < CMod,(B, Ey, Q),
where C' depends on r but not on Ej. Since Ej is connected, it follows that
diam By, < H°(Ex) < HP(F) + H°(E},) < 7+ CMod, (B, Ex, Q).
Since [Ey] is an end, limy, Mod,, (B, Ex, ) = 0. Hence, we have

lim sup diam Ej, < r.

k—o0

Letting » — 0 shows that limy diam Fj = 0, and an application of Proposition 7.1
completes the proof. O

The following lemma is a consequence of Lemma 7.6 and Theorem 11.10.

Lemma 11.11. Under the assumptions of Theorem 11.10, every prime end is a
Mod,,-prime end and has a singleton impression.

Our final result relates prime ends to the Mazurkiewicz boundary from Sec-
tion 9. The conclusion about metrizability and compactness will be important in
our forthcoming paper on Dirichlet problems with respect to prime end boundaries.

Theorem 11.12. Let Q be a John domain. If max{1,Q — 1} < p € Q(9N), then
the Mod,,-end boundary and the prime end boundary coincide.

Proof. [11.3: Give proof or reference to above. /A] O

Appendix A. Modulus and capacity estimates

In this section, we will provide several estimates for the modulus and capacity

needed in our study of prime ends. While the proofs of these results are note directly

pertinent to the discussion on prime ends developed in this paper, we include them

here for completeness, since these results do not appear elsewhere in literature.
[A.1: T moved this lemma here. /A]

Lemma A.1. For any choice of disjoint sets E, F C £ we have
Mod,(E, F, ) = cap,(E, F,Q), (A1)

where cap,(E, F, Q) is the relative p-capacity of the condenser (E, F,Q) defined by

cap,(E, I, Q) = inf/ gb du,
Q

u

with the infimum taken over all u € NYP(Q) satisfying0 <u <1 onQ, u=1 on
E, andu=0 on F.

If, moreover, X is quasiconvex then the infimum in the definition of cap, can
equivalently be taken over continuous u € N'P(2) alone. [A.2: I think it is
necessary to have F and F closed for this to be true. /A]

eq-capp=modp
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Proof. To see the validity of (A.1), note that clearly by (2.4) and the fact that for
u € N'P(Q) there are upper gradients g; — g, in LP({), we have cap,(E, F,Q) >
Mod, (E, F, ). On the other hand, if p is an admissible function used for computing
Mod,(E, F,?), then we define a function f on X by

f(x)—min{l, inf/ pds},
Tz Jyg o

where we let p = 0 in X \ © and the infimum is taken over all rectifiable curves
connecting F to x (including constant ones). Observe that f =0on E, f =1 on F
and p is an upper gradient of f, by Lemma 3.1 in Bjérn—Bjérn—Shanmugalingam [12]
(or Lemma 5.25 in Bjorn-Bjorn [10]). By Jarvenpaa—Jarvenpad-Rogovin—Rogovin—
Shanmugalingam [32] the function f is measurable on X, and since | f| < 1 it follows
that f € N1P(Q) and

cap, (E, F,Q) sz]/

ﬁ@ﬁ/ﬁ@
Q Q

Hence, by taking infimum over all such p we get that
cap,(E, I, Q) < Mod,(E, F, Q). O
Lemma A.2. Letz € Q. If 1 <p € Q(z), then for every compact K C Q\ {z},

ling) Mod,(B(z,r), K,Q) = 0.

[A.3: I think we need this for z € 9Q in the proof of Proposition 7.4,
in which case the proof at least needs to be rewritten. I don’t know if
we also need it for z € Q. /A]

Proof. Let p > 0 be such that B(z,2p) C Q\ K and £ > 0 be arbitrary. As 1 <p €
Q(z), Theorems 3.2 and 3.3 in Garofalo-Marola [22] imply that cap,({z}, B) = 0
for every ball B containing z.

Since cap,, is an outer capacity, by e.g. Theorem 6.16 in Bjorn-Bjorn [10], there
exists 0 < r < § such that cap,(B(z,7),B) < . This means that there exists
u € Ny*(B) such that u = 1 on B(z,r), 0 <u < 1, and [, g% du < e, where g, is
the minimal p-weak upper gradient of u.

Let n(y) = (1 — dist(y, B(z, p))/p)+. Then v = un € Ny*(B(x,2p)) and v = 1
on B(z,r). It follows that for a.e. curve v in Q with endpoints y € B(z,r) and
ze K,

1=uly) —u(z)| < /gv ds.
¥
Hence Mod,(B(z,r), K,Q) < [ g% dp.
Since gy < 1gy + gy the Poincaré inequality for NO1 "P_functions then yields

2r—1
[oawsr [ gas 2o [ wap<con) [ gauscepe
X B B B

Since € was arbitrary, this finishes the proof. O
Lemma A.3. Let E, F C Q) be disjoint and with nonempty interiors. Then

Mod, (E, F, ) = cap,(E, F, Q) > 0.
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Proof. By (A.1l), it is enough to show that
/ ghdu>c>0
Q

for every u € N1P(Q) such that w =1 on E and u = 0 on F. Note that if there are
no admissible functions wu, then theorem trivially holds since then both quantities
under study are infinite, and hence equal.

Let = and y be points in the interiors of F and F, respectively, and let  :
[0,,] — § be a rectifiable curve connecting x to y. Let 0 < r < dist(y,X \ Q)
be such that both B(z,r) C E and B(y,r) C F. Cover « by balls B; = B(zj,r),
j=0,1,...,n, such that By = B(z,r), B, = B(y,r) and B; N Bj;1 is nonempty,
ji=0,1,...,n—1.

Then B C 2B; C 3Bj41, 5 =0,1,...,n — 1 and hence

lup; —up; | <lup; —usp;| + [up;,, —usp,| < C][ o= s |
2B,

The p-Poincaré inequality and Lemma 2.1 then yield

n—1 n—1
1=l|up, —up,| < Z|u,3j —upg, | < C’Z][ |u — uzp;
j=0 j=0 2Bj

n—1 1/p 1/p
Crn
<cyr(f 5) < (/ 5) ,
— <2AB7.,g 1(Bo) Qg

J

where C' is independent of u. Taking infimum over all admissible functions u yields
the desired result. O

Next, we shall relate the modulus to the Hausdorff content.
Recall that the s-dimensional Hausdorff content Hi (E) of a set E C X is the

number - -
HE(E) = inf{er Ec | B(xi,ri)}.
j=1 j=1

Lemma A.4. Let E C Q and B(xg,7) C Q\E. Assume that there exists a constant
M > 0 such that for every x € E there exists 0 < pg < 1 such that x can be connected
to the ball By = B(xo, po) by a chain of balls {B; ; : ¢ =0,1,...;5=0,1,...,m;}
with the following properties:

(a) For all balls B in the chain, we have 3B C .

(b) For all i and j, the ball B; ; has radius p; = 2%y and centre x; 5 such that
d(l‘id‘, l‘) S Mpi.

) For all i, we have m; < M.
(d) For large i, we have m; = 0 and the balls B; o are centred at x.

) The balls B; j are ordered lexicographically, i.e. B; ; comes before By jr if and
only ifi <i' ori=1i and j < j'. If B;; and By j are two neighbours with
respect to this ordering, then B; ; N By ;1 is nonempty.

Let s >0 and p > Q — s. Then there exists a constant C' depending only on M, p,
s, Q, r, the doubling constant Cy and on the constants in the Poincaré inequality
such that

Hi(E) < Ccap,(E, B(zo,r),Q) = CMod,(E, B(xo,7),8).

Proof. By (A.1) and the comment after it, we can test cap,(E, B(zo,7),$) by
continuous functions. Let therefore u € N'?(£2) be continuous and such that v = 0
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on B(zg,7) and u=1on E. Consider x € E andlet C;, = {B;,;:i=0,1,...;j =
0,1,...,m;} be the corresponding chain. For each ball B in the chain let B* be its
immediate successor. Since B N B* is nonempty, we have B* C 3B. Note also that
properties (b) and (c) above imply that for all ¢ = 0,1,... and j =0,1,...,m;, we
have

Bij € (M +1)B(z, pi) C (M +1)B(,po) C (2M + 1) Bo,o. (A.2)
Since x is a Lebesgue point of u, a telescopic argument together with assumption (d)
implies

1= ‘u('x) - uBo,0| = lliglo |uBz:.0 - uBo,ol

<> up—up| < Y (lup — usp| + |up- — usp). (A.3)
BeC, BeC,

Lemma 2.1 and the p-Poincaré inequality yield

1/p
e~ ol <€ f - wanldn< o) dtan)
3B 3\B

where r(B) is the radius of the ball B. The difference |ugp — ugp| is estimated
similarly and inserting both estimates into (A.3) together with (2.1) and (A.2)

implies
1/p
b=¢ Z 1/’” (/3,\3 9 du)

BeC,

Q
S ( / )“p
< r(B)1—Q/p P ,
= 1(Boo)'/P (B) s

BeC,

where C' depends only on M, p, @, the doubling constant C; and on the constants
in the Poincaré inequality.
Since p > @ — s, we have p — @ + s > 0 and hence

S (p—Q+s)/p
1= CZQ—i(p—Q+S)/p > % Z (T(B)) \

i=1 BeC, Po

where C' depends only on p and ). Comparing the last two estimates we see that
there exists a ball B, € C, such that

(T(Bm)>(PQ+S)/P - <T(Bm))(PQ+S)/P
r N Po
g 1/p
Cror
B 1Q/p</ P d > ,
(300)1/” r(Be) SABIgu a

where C' depends on the same constants as before, but not on u or x.
Repeating this argument for every € E, we obtain balls B, z € E, such that

C’errs
r(Bg)® < 7/ o, dp.
1(Bo,o) Jsam,

The balls {3AB, }.cr cover E and hence the 5-covering lemma allows us to choose
pairwise disjoint balls 3A\B,,, i = 1,2..., so that E C | J;2, 15AB,,. Thus we get

| /\

oo

CE ir(lwms =154 Y (B

i=1

p+s p+s
w(Bo,o) 3\B. (BO,O) Q

’ eq-Bij-subset-Boo

eq-telescopic
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Taking infimum over all admissible functions u finishes the proof. O

Lemma A.5. Let FF € Q and B = B(zg,r) € Q\ F. Then there exists 0 < pg < r
such that every x € F' can be connected to the ball By o = B(xo, po) by a chain C,
satisfying the conditions (a)—(e) of Lemma A.4.

Proof. Since Q is connected, there exists 0 < ¢ < r such that both B and F belong
to the same connected component of

Q. :={z € QN B(xg, 1/¢) : dist(x, X \ Q) > ¢}

Choose 0 < py < ¢/4X and let B; = B(wi,po/2), i = 1,...,N, be a maximal
pairwise disjoint collection of balls with centres in .. By the doubling property,
there are only finitely many such balls and their number N depends only on &, pg
and the doubling constant. The balls 2B;, i = 1,2,..., N, cover €. and 4AB; C )
foralli=1,2,...,N.

Let « € F be arbitrary. By connectedness, there exists a curve in €2, from z( to
x. We can therefore from 2B;, i = 1,2,..., N, choose a chain of balls covering ~.
Number these balls in the direction from xy to x and call them By ;, j = 1,2,...,myg.
Clearly, mg < N and neighbouring balls in the chain have nonempty intersection.
Complete the chain by the balls B; o = B(x, p;), where p; = 2 pg, i = 1,2,....

It remains to verify that the conditions (a)—(e) of Lemma A.4 are satisfied. The
only property that needs some justification is that d(z;;,z) < Mp; with M
max{N,2/epp}. For i > 1, this is trivial and for ¢ = 0 we have d(zg;, )
diam Q. < 2/e. The other properties follow by construction.

OIA I

Remark A.6. The proof of Lemma A.5 shows that M = max{N,2/epo}. It follows
that M (and hence also C' in Lemma A.4) depends on dist(F, X \ Q). The estimate
in Lemma A.4 therefore does not apply if we only know that F' C Q. Indeed, in
the topologist’s comb from Example 5.1, the interval I C £ is not accessible by
any curve and hence Mod, (I, K,Q) = 0 for all K € Q. See, however, Lemma 11.8
below.

Corollary A.7. Let F C Q be a continuum and B = B(zg,r) € Q\F. Ifp > Q-1,
then Mod,,(F, B, ) > 0.

Proof. Since F is a continuum, we have 0 < diam F' < H!_(F) and the result follows
directly from Lemmas A.4 and A.5. O

References

[1] T. AbaAMOWICZ, N. SHANMUGALINGAM, Non-conformal Loewner type es-
timates for modulus of curve families, Ann. Acad. Sci. Fen., Math. 35
(2010), no. 2, 609-626.

[2] L. V. AHLFORS, Lectures on Quasiconformal Mappings, Second Edition,
University Lecture Series, Vol. 38, AMS, 2006.

[3] L. V. AHLFORS, Conformal invariants: topics in geometric function the-
ory, McGraw-Hill Series in Higher Mathematics. McGraw-Hill Book Co.,
New York-Diisseldorf-Johannesburg, 1973. ix+157 pp.

[4] H. Aikawa, N. SHANMUGALINGAM, Carleson-type estimates for p-
harmonic functions and the conformal Martin boundary of John domains
in metric measure spaces, Michigan Math J. 53 (2005), 165-188.

[5] A. ANCONA, Sur la théorie du potentiel dans les domaines de John, Publ.
Mat. 51 (2007), 345-396.



IATEXed November 10, 2011 14:43

(6]

Prime ends on metric spaces 35

A. ANcONA, Une propriété de la compactification de Martin d’un domaine
euclidien (French), Ann. Inst. Fourier (Grenoble) 29 (1979), no. 4, ix, 71—
90.

A. ANCONA, Negatively curved manifolds, elliptic operators, and the Mar-
tin boundary Ann. of Math. (2) 125 (1987), no. 3, 495-536.

M. T. ANDERSON, R. SCHOEN, Positive harmonic functions on complete
manifolds of negative curvature, Ann. of Math. (2) 121 (1985), no. 3, 429-
461.

A. BEURLING, A minimum principle for positive harmonic functions, Ann.
Acad. Sci. Fenn. Ser. A T 372 (1965), 7 pp.

A. BJORN and J. BJORN, Nonlinear Potential Theory on Metric Spaces,
to appear in EMS Tracts in Mathematics, European Math. Soc., Zurich.
A. BJORN, J. BJORN, N. SHANMUGALINGAM, The Perron method for p-
harmonic functions in metric spaces, J. Differential Equations 195, (2003),
398-429.

A. BJORN, J. BJORN and N. SHANMUGALINGAM, Quasicontinuity of
Newton—Sobolev functions and density of Lipschitz functions on metric
spaces, Houston J. Math. 34 (2008), 1197-1211.

A. BIORN, J. BJORN, N. SHANMUGALINGAM, The Dirichlet problem for
p-harmonic functions with respect to the Mazurkiewicz boundary, In prepa-
ration.

A. BJORN, J. BJORN, N. SHANMUGALINGAM, The Mazurkiewicz distance
and sets which are finitely connected at the boundary, In preparation.

J. BJORN, N. SHANMUGALINGAM Poincaré inequalities, uniform domains
and extension properties for Newton-Sobolev functions in metric spaces, J.
Math. Anal. Appl. 332 (2007), no. 1, 190-208.

C. CARATHEODORY, Uber die Begrenzung einfach zusammenhingender
Gebiete(German), Math. Ann. 73 (1913), no. 3, 323-370.

J. CHEEGER, Differentiability of Lipschitz functions on metric measure
spaces, Geom. Funct. Anal. 9 (1999), no. 3, 428-517.

T. CourLHON, I. HOLOPAINEN, L. SALOFF-COSTE, Harnack inequality
and hyperbolicity for subelliptic p-Laplacians with applications to Picard
type theorems, Geom. Funct. Anal. 11 (2001), no. 6, 1139-1191

J.L. DooB, Conformally invariant cluster value theory, Illinois J. Math.
5 1961 521-549.

E. DURAND-CARTAGENA, N. SHANMUGALINGAM, A. WILLIAMS, p-
Poincaré inequality vs. oo-Poincaré inequality; some counterexamples,
Math. Z., to appear.

D. B. A. EPSTEIN, Prime ends, Proc. London Math. Soc. (3) 42 (1981),
no. 3, 385—414.

N. GAROFALO, N. MAROLA, Sharp capacitary estimates for rings in met-
ric spaces, Houston J. Math. 36 (2010), no. 3, 681-695.

A. GRIGOR'YAN, Fscape rate of Brownian motion on Riemannian mani-
folds, Appl. Anal. 71 (1999), no. 1-4, 63-89.

A. GRICOR'YAN, L. SALOFF-COSTE, Heat kernel on connected sums of
Riemannian manifolds Math. Res. Lett. 6 (1999), no. 3-4, 307-321.

P. HAaJtASz, P. KOSKELA, Sobolev met Poincaré, Mem. Amer. Math. Soc.
145 (2000), no. 688.

J. HEINONEN, Lectures on Analysis on Metric Spaces, Springer-Verlag New
York, Inc., 2001.

J. HEINONEN, P. KOSKELA, Quasiconformal maps in metric spaces with
controlled geometry, Acta Math., 181, (1998), 1-61.

J. HEINONEN, T. KILPELAINEN, O. MARTIO, Nonlinear Potential Theory
of Degenerate Elliptic Equations, 2nd ed., Dover, Mineola, NY, 2006.



36

[29]

[30]

[31]

I4TEXed November 10, 2011 14:43

Tomasz Adamowicz, Anders Bjorn, Jana Bjorn and Nageswari Shanmugalingam

I. HOLOPAINEN, Nonlinear potential theory and quasireqular mappings on
Riemannian manifolds, Ann. Acad. Sci. Fenn. Ser. A T Math. Dissertationes
74 (1990), 45 pp.

I. HoLoPAINEN, P. KOSKELA, Volume growth and parabolicity, Proc.
Amer. Math. Soc. 129 (2001), no. 11, 3425-3435.

I. HOLOPAINEN, N. SHANMUGALINGAM, J. T. TYSON, On the conformal
Martin boundary of domains in metric spaces, Papers on analysis, 147-168,
Rep. Univ. Jyviskyld Dep. Math. Stat., 83, Univ. Jyvaskyla, Jyvaskyla,
2001.

E. JARVENPAA, M. JARVENPAA, K. ROGOVIN, S. ROGOVIN, N. SHAN-
MUGALINGAM, Measurability of equivalence classes and MEC,-property in
metric spaces, Rev. Mat. Iberoam. 23 (2007), no. 3, 811-830.

S. KAKUTANI, Two-dimensional Brownian motion and the type problem of
Riemann surfaces, Proc. Japan Acad. 21 (1945), 138-140 (1949).

A. P. KARMAZIN, Quasiisometries, the theory of prime ends and metric
structures on domains (Russian), monograph, Surgut, 2008.

A. P. KARMAZIN, Parabolicity and Hyperbolicity conditions for boundary
elements of surfaces, (Russian) Mat. Zametki 70 (2001), no. 6, 948-951;
translation in Math. Notes 70 (2001), no. 5-6, 866-869.

B. KAUFMANN, Uber die Berandung ebener und raumlicher Gebiete (Pri-
mendentheorie) (German), Math. Ann. 103 (1930), no. 1, 70-144.

S. KeiTH, X. ZHONG, The Poincaré inequality is an open ended condition
, Ann. of Math. (2) 167 (2008), no. 2, 575-599.

J. KINNUNEN, O. MARTIO, Nonlinear potential theory on metric spaces,
Mlinois J. Math. 46 (2002), no. 3, 857-883.

P. KoskeLA, P. MACMANUS, Quasiconformal mappings and Sobolev
spaces, Studia Math. 131 (1998), no. 1, 1-17.

J. LEwis, K. NYSTROM, Boundary behavior and the Martin boundary
problem for p harmonic functions in Lipschitz domains, Ann. of Math. (2)
172 (2010), no. 3, 1907-1948.

P. L1, L.-F. TaMm, Green’s functions, harmonic functions, and volume
comparison, J. Differential Geom. 41 (1995), no. 2, 277-318.

P. L1, J. WANG, Weighted Poincaré inequality and rigidity of complete
manifolds, Ann. Sci. Ecole Norm. Sup. (4) 39 (2006), no. 6, 921-982.

S. MAZURKIEWICZ, Recherches sur la théorie des bouts premiers (French),
Fund. Math. 33, (1945). 177-228.

V.M. MIKLYUKOV, Some criteria for parabolicity and hyperbolicity of the
boundary sets of surfaces, Izvestiya: Mathematics 60 (1996), no. 4, 763
809.

D. MINDA, R. NAKKI, Invariant metrics on Riemann surfaces, J. Analyse
Math. 39 (1981), 25-44.

J. R. MUNKRES, Topology a First Course, Prentice-Hall, Englewood Cliffs,
NJ, 1975

T. NAPIER, M. RAMACHANDRAN, Filtered ends, proper holomorphic map-
pings of Kdhler manifolds to Riemann surfaces, and Kdahler groups, Geom.
Funct. Anal. 17 (2008), no. 5, 1621-1654.

NAKKI, R., Boundary behavior of quasiconformal mappings in n-space,
Ann. Acad. Sci. Fenn. Ser. A I Math. 484 (1970), 1-50.

R. NAKKI, Prime ends and quasiconformal mappings, J. Analyse Math,
35, (1979), 13—-40.

NAKKI, R., Private communication, 2010.

M. OHTSUKA, Dirichlet problem, Extremal length and Prime ends, Van
Nostrand Reinhold Company, 1970.



IATEXed November 10, 2011 14:43

[52]
[53]
[54]

[55]

Prime ends on metric spaces 37

O. PERRON, Fine neue Behandlung der ersten Randwertaufgabe fiir Au =
0, Math. Z., 18, (1923), 42-54.

L. REMPE, On prime ends and local connectivity Bull. Lond. Math. Soc.
40 (2008), no. 5, 817-826.

E. SCHLESINGER, Conformal invariants and prime ends, Amer. J. Math.
80, (1958), 83-102.

N. SHANMUGALINGAM, Newtonian spaces: an extension of Sobolev spaces
to metric measure spaces, Rev. Mat. Iberoamericana, 16 (2000), no. 2,
243-279.

N. SHANMUGALINGAM, Harmonic functions on metric spaces, Illinois J.
Math. 45 (2001), no. 3, 1021-1050.

G. D. Suvorov, The metric theory of prime ends and boundary properties
of plane mappings with bounded Dirichlet integrals (Russian) “Naukova
Dumka”, Kiev, 1981. 167 pp.

VAISALA, J., Lectures on n-dimensional Quasiconformal Mappings, Lec-
ture Notes in Math. 229, Springer, Berlin—Heidelberg, 1971.



	Introduction and preliminaries
	Preliminaries
	Carathéodory ends and prime ends
	Ends and prime ends
	Examples and comparison with Carathéodory's definition
	Modulus ends and modulus prime ends
	Singleton impressions and accessibility
	The topology on ends and prime ends
	Prime ends and the Mazurkiewicz boundary
	Finitely connected domains
	John and uniform domains
	Modulus and capacity estimates
	References

